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Abstract

Background Nod?2 is involved in innate immune responses to bacteria, regulation of metabolism, and sensitivity to cancer.
A Nod2 polymorphism is associated with breast cancer, but the role of Nod2 in the development and progression of breast
cancer is unknown.

Methods Here, we tested the hypothesis that Nod2 protects mice from breast cancer using the 4T1 orthotopic model of
mammary tumorigenesis. WT and Nod2~'~ mice were injected with 4T1 mammary carcinoma cells and the development
of tumors was monitored. A detailed analysis of the tumor transcriptome was performed and genes that were differentially
expressed and pathways that were predicted to be altered between WT and Nod2~~ mice were identified. The activation of
key signaling molecules involved in metabolism and development of cancer was studied.

Results Our data demonstrate that Nod2~~ mice had a higher incidence and larger tumors than WT mice. Nod2~'~ mice had
increased expression of genes that promote DNA replication and cell division, and decreased expression of genes required for
lipolysis, lipogenesis, and steroid biosynthesis compared with WT mice. Nod2~'~ mice also had lower expression of genes
required for adipogenesis and reduced levels of lipids compared with WT mice. The tumors in Nod2™~ mice had decreased
expression of genes associated with PPARoa/y signaling, increased activation of STAT3, decreased activation of STATS, and
no change in the activation of ERK compared with WT mice.

Conclusions We conclude that Nod?2 protects mice from the 4T1 orthotopic breast tumor, and that tumors in Nod2™'~ mice are
predicted to have increased DNA replication and cell proliferation and decreased lipid metabolism compared with WT mice.
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Introduction additional susceptibility loci will be identified [5]. This
genetic complexity greatly contributes to the diversity in

Breast cancer accounts for 25% of new cancer cases in  the pathophysiology of breast cancer and its responsiveness

women and is the most frequent cause of cancer-related
deaths in women worldwide [1, 2]. Breast tumors exhibit
large diversity in phenotype, development, and responsive-
ness to treatments, which results in a poor prognosis for
patients [3, 4]. Genetic studies have identified a few hun-
dred susceptibility loci associated with familial relative
risk for breast cancer. However, the breast cancer heritabil-
ity remains mostly unexplained, with the expectation that
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to chemotherapies. In addition, there are few tissue mark-
ers that can consistently diagnose breast cancer at an early
stage, an important factor for improving prognosis [6]. Thus,
a comprehensive gene expression profile will help develop
more effective diagnostics markers and treatments for
patients with breast cancer.

Nod?2 is a cytoplasmic innate immunity protein, which
is stimulated by bacterial peptidoglycan fragments result-
ing in the activation of NF-kB and MAP kinase-signaling
cascades and the production of inflammatory molecules and
anti-microbial peptides [7—10]. There is increasing evidence
that besides bacterial peptidoglycan, Nod2 is likely activated
by other ligands, including cellular ligands released during
stress [11, 12]. In vivo, Nod?2 has a critical role in maintain-
ing intestinal homeostasis and is a major susceptibility gene
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for Crohn’s disease [13, 14]. Furthermore, polymorphisms
in Nod?2 are associated with an increased risk for colorectal
cancer [15-17]. In experimental models, Nod2 deficiency
promotes the development of colitis and colorectal cancer
[18], which may depend on the inhibition of Toll-like recep-
tor (TLR)-mediated activation of NF-xB and MAPK sign-
aling [19], though the underlying mechanism is not fully
understood.

We and others have previously shown that Nod2 pro-
tects mice from the development of diet-dependent obesity
[20, 21]. Nod2™'~ mice on a high-fat diet (HFD) become
obese, develop steatosis, and exhibit increased expression
of genes for many inflammatory molecules, compared with
wild-type mice on HFD. Notably, the Nod2™'~ HFD micro-
biota contributes to the development of obesity and stea-
tosis in these mice [20-22]. We also recently showed that
the Nod2 deficiency results in the increased sensitivity to
obesity-dependent hepatic tumorigenesis [23]. The develop-
ment of liver tumors in Nod2™'~ mice depends on HFD and
involves increased expression of genes involved in cell pro-
liferation, immune responses, and cholesterol biosynthesis.
These Nod2~'~ mice display increased infiltration of neutro-
phils, inflammatory monocytes, and T cells in the liver, and
increased activation of STAT3 and ERK signaling molecules
[23]. Nod2 has also been shown to protect mice from the
development of hepatocellular carcinoma (HCC) induced
by N-nitrosodiethylamine/carbon tetrachloride or tumor
xenograft [24]. In vitro, molecular changes associated with
chemically induced HCC in the absence of Nod2 depended
on the increased activation of adenosine 5’-monophosphate
activated protein kinase (AMPK) and apoptosis [24].

Nod2 may also be associated with increased risk for
breast cancer, because the Nod2 variant 3020insC is associ-
ated with early-onset breast cancer and increased expres-
sion of Nod2 inhibits cell proliferation of the Hs578T breast
cancer cell line [25-27]. However, the role of Nod2 in the
development of breast cancer and the underlying mecha-
nisms are poorly understood.

In the current study, we tested the hypothesis that Nod2
protects mice from breast cancer. Using an orthotopic
model, we demonstrate that Nod2~'~ mice are more suscep-
tible to the development of 4T1 breast tumors. We analyzed
the tumor transcriptome and identified pathways that are
predicted to be differentially regulated between WT and
Nod2™'~ mice. 4T1 tumors in Nod2~'~ mice had significantly
increased expression of genes involved in DNA replication
and repair and cell proliferation and significantly decreased
expression of genes involved in lipolysis, lipogenesis, steroid
biosynthesis, and adipogenesis compared with WT mice.
The tumors in Nod2~~ mice displayed increased expression
of genes in ErbB signaling but decreased expression of genes
in PPARa/y and stress response signaling. Nod2™~ mice also
showed increased activation of STAT3, reduced activation
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of STATS and no change in the activation of ERK compared
with WT mice. Based on these changes, we suggest that
Nod? protects mice from transplanted tumors and that the
orthotopic tumor model in Nod2™'~ mice provides a viable
in vivo system to study the development of breast cancer and
the effectiveness of therapeutics.

Materials and methods
Mice and induction of breast tumors

We used WT and Nod2~'~ mice on a BALB/c background
for all experiments. The original founder WT BALB/c mice
were obtained from Harlan-Sprague-Dawley. Nod2™~ mice
on BALB/c background were described previously [20, 23].
All mice were bred and kept under conventional pathogen-
free conditions in the same room in our facility to minimize
any environmental differences. Mice were kept on Teklad
#7001 chow diet. For each experiment, mice from several
different cages and breeder pairs were used. The BALB/c
background of knockout mice and their negative status for
all common viral and bacterial pathogens and parasites were
confirmed as previously described [47]. All experimental
protocols with mice were approved by the Indiana University
School of Medicine-Northwest Institutional Animal Care
and Use Committee. All methods were carried out in accord-
ance with relevant guidelines and regulations. All methods
are reported in accordance with Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines (https://arriv
eguidelines.org).

We used 4T1 cells (ATCC CRL-2539) to establish ortho-
topic tumors in mice. 4T1 is a mammary carcinoma cell
line, which rapidly establishes tumors when injected into
the mammary tissue of mice, and thus, provides a well-
established orthotopic breast cancer model [28, 29]. There
is one other cell line, TS/A, which develops syngeneic mam-
mary tumors in BALB/c mice [30]. However, compared with
4T1, the TS/A cell line has not been used as extensively
in research and there are fewer resources. We, thus, used
4T1 cell for our current experiments. 4T1 cells were cul-
tured according to ATCC guidelines. For transplant, cells
around 60-80% confluency were detached, centrifuged,
and resuspended in HBSS at 2x 10° cells/ml. Each mouse
was injected with 1x 10* cells into the mammary fat pad
under the abdominal mammary gland and tumor growth
was monitored every day. Tumors became visible on day 5
following the injection and mice were sacrificed on day 9.
At the time of sacrifice, tumors were measured using Mitu-
toyo Vernier caliper for height, width, and length. In cases
when the height of the tumor could not be measured, the
smallest measurement was taken as the height. The formula
V=(nXxWxHxL)/6 was used to calculate the volume of
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each tumor. Blood and tumor samples were collected for
biochemical and molecular assays.

RNA extraction, sequencing, RT-qPCR, and data
processing

To identify genes that were differentially expressed between
the tumors in WT and Nod2~'~ mice, we analyzed the total
RNA population by RNA sequencing. RNA was isolated
from the excised tumors of individual mice using the TRI-
ZOL method (InVitrogen), followed by purification on RNe-
asy spin columns using the Qiagen RNeasy Mini Kit [20,
23]. RNA sequencing and initial analysis were performed
at the Center for Genomics and Bioinformatics, Indiana
University Bloomington. Reads were adapter trimmed and
quality filtered using Trimmomatic ver. 0.33 (http://www.
usadellab.org/cms/?page=trimmomatic), with the cutoff
threshold for average base quality score set at 20 over a win-
dow of 3 bases. Reads shorter than 20 bases post-trimming
were excluded. More than 98% of the reads (on average
24.1 million read pairs per library) passed the quality filters.
Cleaned reads were mapped to the mouse reference genome
GRCm38 (gencode M16), using TopHat?2 ver. 2.1.1 (https://
doi.org/https://doi.org/10.1186/gb-2013-14-4-r36). Approxi-
mately 95.2% of the total cleaned reads mapped to the refer-
ence and more than 96.5% of those mapped uniquely. All
supporting transcriptomic data have been deposited with
NCBI’s Gene Expression Omnibus.

Differential expression with statistical analysis was cal-
culated using the software DESeq2 [20, 23, 31]. The fold
change was computed for Nod2™'~ relative to WT, and genes
that had a fold change of >2 (increased or decreased) and
FDR P <0.05 were considered as biologically and signifi-
cantly different between the 2 groups. We analyzed the data
using Ingenuity Pathway Analysis software (Qiagen) to iden-
tify Gene Ontology biological functions, pathways and dis-
eases that are predicted to be differentially activated between
WT and Nod2™~ mice.

The change in gene expression was confirmed for select
genes by RT-qPCR. cDNA was synthesized using the Ther-
moFisher High-Capacity cDNA Reverse Transcription Kit
(with random primers) and then amplified with gene specific
primers using the ThermoFisher Fast SYBR Green Master
Mix. The genes and primers used for qPCR are shown in
Supplementary Table S5. The expression was calculated
using the comparative cycle threshold method with three
housekeeping genes (Actb, Gusb, and Gapdh).

Network analysis of differentially expressed genes
Protein—protein interactions among the differentially expressed

genes in adipogenesis were predicted using Search Tool for
the Retrieval of Interacting Genes (STRING) software v11.0

(http://string-db.org) with the combined score set at 0.7.
STRING uses genomic context information text mining,
experimental data, and database searches as sources for inter-
action criteria [32].

Lipid assays

Tumor homogenates were prepared as described previously
and the total amount of cholesterol and triglyceride was quanti-
fied using fluorometric kits from BioVision Inc [20].

Western blots

Tumor samples homogenates were prepared and analyzed
by Western blots as described previously [23]. Proteins were
separated on 12% SDS-PAGE gels and transferred to PVDF
membrane. The membrane was incubated with the primary
antibody overnight and with the secondary antibody for 1 h,
washed with TBST, and then developed with the SuperSig-
nal™ West Pico Plus Chemiluminescent or SuperSignal™
West Femto Maximum Sensitivity Substrate. The chemilu-
minescent signal was captured using Azure 400 and band
intensities were measured using ImagelJ. All antibodies were
purchased from Cell Signaling Technology. All primary anti-
bodies were rabbit monoclonals and were diluted 1:500 for
phospho-Stat5 (Tyr694, Cat. # 4322) and 1:1000 for phos-
pho-STAT3 (Tyr705, Cat. # 9145), phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204, Cat. # 4370), and p-Actin (Cat. #
4970). Anti-rabbit IgG, HRP-linked secondary antibody (Cat.
#7074) was diluted 1:1000.

Statistical analysis

Differential expression of genes with statistical analysis was
calculated using the software DESeq2 and is described in the
RNA sequencing section. The significance of differences in
pathway analysis was determined using the Ingenuity Pathway
Analysis (Qiagen). Other quantitative results are presented as
means + SEM and the significance of differences was deter-
mined by the Student’s #-test or by Chi square. The N and P
values are indicated in the Figures and Tables; P <0.05 was
considered significant. The heatmaps were generated using
Java TreeView and represent individual and mean fold changes
in Nod2~"~ mice relative to WT mice, after converting < 1
ratios to negative fold differences using the formula: (—1)/
ratio.

@ Springer


http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
https://doi.org/
https://doi.org/
https://doi.org/10.1186/gb-2013-14-4-r36
http://string-db.org

988 Page 4 of 17

Molecular Biology Reports (2024) 51:988

Results
Nod2 protects from orthotopic 4T1 breast tumors

To test our hypothesis that Nod2 protects mice from the
development of breast tumors, we injected 4T1 cells into
the abdominal mammary fat pad of WT and Nod2™'~ female
mice. 4T1 is a mammary carcinoma cell line derived from
BALB/c mice. 4T1 cells rapidly establish tumors when
injected into the mammary tissue of BALB/c mice, and thus
provide a well-studied syngeneic orthotopic breast cancer
model [28, 29]. Tumors were visible by day 5 after the injec-
tion and on day 9 mice were sacrificed and tumors were
extracted, measured, and analyzed. Nod2~'~ mice developed
larger tumors; the tumor weight and volume were signifi-
cantly higher in Nod2~'~ mice than in WT mice (Fig. 1A-C).
There was also a significant difference in the incidence of
tumor development between WT and Nod2™'~ mice; 100% of
Nod2™'~ mice developed tumors, whereas only 50% of WT
mice developed tumors (Fig. 1D). These results indicate that
Nod?2 protects mice from the development of the orthotopic
4T1 mammary tumors.

Development of 4T1 breast tumors in Nod2~'~ mice
is associated with differential expression of genes
in lipid metabolism, cell cycle, and cancer pathways

To unravel the molecular mechanisms underlying the devel-
opment of breast tumors in Nod2™'~ mice in an unbiased
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Fig. 1 Nod2™'~ mice are more susceptible to the development of 4T1
orthotopic tumors than WT mice. WT and Nod2™~ female mice were
injected with 4T1 cells into the mammary fat pad and tumor growth
was monitored every day. Mice were sacrificed on day 9 following
the transplant, and tumors were measured for weight, height, and
length and the volume was calculated. A Representative images of
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manner, we performed RNAseq using total RNA from the
tumors of WT and Nod2™'~ mice injected with 4T1 cells.
Compared with WT mice, Nod2~'~ mice had significantly
altered expression of over 3000 genes with at least 5%
FDR (false discovery rate, P <0.05). Of these 3000 genes,
over 800 genes had > twofold increase in expression and
over 2000 genes had <twofold decrease in expression in
Nod2™'~ mice (Supplementary Fig. S1). We analyzed the
differentially expressed genes using Ingenuity Pathway
Analysis software (Qiagen) to identify Gene Ontology (GO)
biological functions and diseases that are altered between
WT and Nod2~~ mice [23]. Based on the number of differ-
entially expressed genes, the most altered biological func-
tions between WT and Nod2™'~ mice were lipid metabo-
lism and cell cycle (Table 1). The top three diseases that
were predicted to be significantly altered between WT and
Nod2~'~ mice were cancer, endocrine system disorders, and
reproductive system diseases (Table 1).

We further analyzed our transcriptomics data for spe-
cific pathways associated with the biological functions and
diseases that were significantly altered between WT and
Nod2™'~ mice (Table 2). Gene expression analysis predicted
that tumors in Nod2™~ mice had increased DNA replication,
DNA repair, and cell cycle and its regulation (Table 2). By
contrast, tumors in Nod2~'~ mice were predicted to have
decreased biosynthesis and hydrolysis pathways for fatty
acids, triglycerides, and cholesterol (Table 2). Tumors in
Nod2™'~ mice were also predicted to have reduced adipogen-
esis. We analyzed our transcriptomics data for differential
activation of regulatory molecules and signaling pathways
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two WT (1 and 2) and Nod2™'~ (1 and 2) mice with tumors (indicated
by black arrows), B average tumor weight+SEM, C average tumor
volume + SEM, and D percent of mice with tumors. N=10-12 mice/
group. Significance of difference B, C by #-test and D by Chi-square.
*P <0.05 and **P <0.001 Nod2™'~ versus WT
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Table 1 Top Gene Ontology
biological functions and

Gene ontology biological functions and diseases

Number of genes P-value range

diseases significantly altered in
the 4T1 tumors of Nod2™"~ mice
compared with WT mice

Biological function

Lipid metabolism 405
Cell cycle

1.51E-07 to 1.23E-30
345 1.42E-07 to 6.22E-24

Disease Cancer 1584 1.52E-07 to 1.70E-37
Endocrine system disorders 1348 1.67E-07 to 1.80E-32
Reproductive system diseases 1080 1.52E-07 to 9.27E-29

Table2 Top Gene Ontology

pathways that are predicted to Gene ontology pathways Prvalue
be significantly altered in the DNA replication and repair DNA replication 5.012E-11
4T1 tumors in Nod2™~ mice . . . .
compared with WT mice Deoxyribonucleotide de novo biosynthesis 6.760E-3
Nucleotide excision repair 2.911E-02
Mismatch repair 8.511E-04
Double-strand DNA repair 3.467E-05
Cell cycle and regulation Cyclins and cell cycle regulation 4.074E-4
Checkpoint regulation 1.950E-05
Lipogenesis Fatty acid biosynthesis 1.778E-05
Triglyceride biosynthesis 1.862E-06
Phosphatidylglycerol biosynthesis 7.244E-04
Lipolysis Mitochondrial fatty acid oxidation 1.995E-16
Peroxisomal beta-oxidation 1.738E-03
Steroid biosynthesis Cholesterol biosynthesis 2.630E-05
Estrogen biosynthesis 3.467E-03
TCA cycle & pyruvate metabolism TCA cycle 1.738E-3
Biosynthesis of acetyl CoA 1.023E-3
Adipocyte biology Adipogenesis 1.445E-04
Signaling PPARa and PPARY 1.810E-36
LXR/RXR 9.550E-4
ErbB 5.010E-60
Stress response Glutathione-mediated detoxification 3.162E-08
Nrf2-mediated oxidative stress response 4.786E-03

between WT and Nod2~'~ mice. The PPARa/PPARYy and
LXR/RXR signaling pathways were predicted to be sig-
nificantly inhibited, whereas the ErbB signaling pathway
was predicted to be significantly elevated and glutathione-
mediated detoxification and Nrf-2-mediated oxidative stress
response to be significantly decreased in Nod2™'~ mice com-
pared with WT mice.

We next identified individual genes associated with these
pathways with a focus on genes that have > twofold increase
or decrease in expression and 5% or lower FDR between the
two groups of mice. The change in expression (fold change)
of individual genes in Nod2~'~ mice compared with WT
mice is shown as heat maps and the genes are grouped
together by their function/pathway (Figs. 2, 3, 4, 5). Many
genes belong to multiple pathways, but in the heat maps,
genes are only included in their identified primary pathway.
Change in gene expression for select genes in cell cycle and
lipid metabolism was confirmed by RT-qPCR (Fig. 6).

Development of 4T1 breast tumors in Nod2~'~ mice
is associated with increased expression of genes
involved in DNA replication and repair, and in cell
cycle

Based on our transcriptomic data, 4T1 tumors in
Nod2™'~ mice had a significantly higher expression of genes
in DNA replication compared with WT mice (Table 2).
Genes that code for proteins required for replication were
overwhelmingly upregulated in the tumors of Nod2~~ mice
and included enzymes and accessory proteins: DNA poly-
merases (Polal, Pola2, Pole), primases (Priml, Prim2),
topoisomerases (Top2a, Topbp1), and DNA helicase (mini-
chromosome maintenance complex, Mcm2-7, Mcml10)
(Fig. 2 and Supplementary Table S1). Genes coding for
proteins that mediate chromatin assembly and integrity
(Chafla, Chaflb, Dnmtl, Hatl, Uhrfl) were also upregu-
lated. The expression of genes that code for proteins involved
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Fig.2 The 4T1 tumors in Nod2™'~ mice have increased expression
of genes that promote DNA replication, repair, and cell prolifera-
tion. Heatmap representation of the fold change in gene expression in
the tumors of Nod2™~ mice compared with WT mice. The genes are
grouped based on pathways. The fold ratio for individual Nod2™"~
mice to the average of WT mice is shown in lanes 1 to 3 and the aver-

in nucleotide synthesis or salvage pathways (Cdadcl, Ctps,
Dck, Mtap, Rrm2, Tyms, Uck2) was also significantly
increased in Nod2™'~ mice.

Nod2™'~ mice had an increased expression of genes
in DNA repair pathways, including nucleotide excision
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age (Avg) fold change for all Nod2™~ mice. Asterisks indicate genes
that were previously shown to be associated with cancer. Genes that
have a>twofold increase or decrease and with FDR P<0.05 are
included in the heatmap. N=3 mice/group. The numerical data for
individual and average RNA fold change (Nod2™"~/WT) are shown in
Supplementary Table S1

repair, mismatch repair, and double-stranded DNA repair
pathways, compared with WT mice (Table 2). Genes in
nucleotide excision repair (Erccl, Radl8), mismatch
repair (Exol, Msh2, Msh6), double strand DNA repair
(Blm, Brcal, Brca2, Fancd2, Mrel la, Rad21), and genes
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Fig.3 The 4T1 tumors in Nod2~'~ mice have decreased expression of
genes for proteins in lipid metabolism, TCA cycle, and steroid bio-
synthesis and signaling. Heatmap representation of the fold change
for gene expression in the tumors of Nod2™'~ mice compared with

that participate in more than one repair pathway (Dna2,
Fenl, Pole2, Rad51, Rad51c, Rad54b, Rfc3) were upregu-
lated in the tumors of Nod2™'~ mice compared with WT
mice (Fig. 2 and Supplementary Table S1).
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WT mice. The genes are grouped based on pathways and calculated
and presented as in Fig. 2. The numerical data for individual and
average RNA fold change (Nod2~~/WT) are shown in Supplementary
Table S2

Nod2™'~ mice had a significantly higher expression
of genes involved in the cell cycle, which includes cyc-
lins and cell cycle regulation and checkpoint regulation
compared with WT mice (Table 2). Genes that code for
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proteins required for or promoting the cell cycle were over-  cyclin-dependent kinases and accessory proteins (Cdkl,
whelmingly upregulated in Nod2™~ mice and included  Cdk2, Cdk6, Ckslb, Cks2), Aurora kinases (Aurka, Aurkb),
genes that code for cyclins (Ccna2, Cenb2, Cendl, Cenf),  and E2F transcription factors (Cdca4, E2f1, E2f7, EdfS).

@ Springer



Molecular Biology Reports (2024) 51:988

Page90of17 988

«Fig.4 The 4T1 tumors in Nod2™'~ mice have decreased expression
of genes that promote adipogenesis, decreased PPARy signaling,
and decreased lipids. A Heatmap representation of the fold change
for gene expression in the tumors of Nod2™'~ mice compared with
WT mice. The results are calculated and presented as in Fig. 2. B
STRING analysis of genes that regulate adipogenesis and are differ-
entially expressed between WT and Nod2™'~ mice. Protein—protein
interactions with a combined confidence score of 0.7 or higher are
shown and interactions between only 2 proteins are excluded. The
interactions between expressed proteins are indicated by the con-
necting lines, and darker lines represent a stronger association than
lighter lines. C average triglyceride levels + SEM and average choles-
terol levels + SEM in the tumors of WT and Nod2™'~ mice, from two
experiments. A, B N=3 and C N=10 mice/group. C Significance
of difference by t-test, *P <0.05 Nod2~'~ versus WT. The numerical
data for individual and average RNA fold change (Nod2™'=/WT) in A
are shown in Supplementary Table S3

Nod2™'~ mice had significantly higher expression of genes
that code for centromere proteins, which are essential for
forming the kinetochore or attachment of the chromosomes
to the mitotic spindle (Cenpa, Cenpcl, Cenpe, Cenpf,
Cenph, Cenpi, Cenpl, Cenpn, Cenpt, Cenpu, Incenp),
and for several cell cycle associated ubiquitin ligases and
accessory proteins required for ubiquitination (Cdc20, D1,
FbxoS5, Skp2, Ube2s). Nod2™'~ mice had significantly higher
expression of the cell proliferation markers (Mki67, Mybl2,
Myc) compared with WT mice (Fig. 2 and Supplementary
Table S1). By contrast, there was decreased expression of
several cell cycle inhibitors (Cdknlc, Cdkn2b, Cdkn2c,
Cppedl, Hdacll, Incal, and Tspyl2). Increased expression
of select genes in cell cycle (Ccnb2, Cdkl, Cdk6, Pcna, and
Myc) in Nod2™~ tumors compared with WT tumors was
confirmed by RT-qPCR (Fig. 6A).

These results demonstrate that the 4T1 tumors in
Nod2™'~ mice had increased expression of genes that pro-
mote DNA replication and cell division, which likely con-
tributed to the higher incidence and larger 4T1 tumors in
Nod2™~ mice compared with WT mice.

Development of 4T1 breast tumors in Nod2~/~
mice is associated with decreased expression

of genes involved in lipid and steroid metabolism
and signaling

Gene expression analysis of 4T1 tumors predicted a reduc-
tion in lipid metabolism, both biosynthesis and hydroly-
sis, in Nod2™~ mice compared with WT mice (Table 2).
Nod2™'~ mice had significantly decreased expression of
genes coding for enzymes in fatty acid synthesis (Acaca,
Acach, Acly, Acotl, Acot2, Acotd, Acot7, Acss2, Fasn)
and desaturation of fatty acids (Cyb5a, Cyp4b3, Fads3,
Fads6, Scdl, Scd2, Scd3, Scd4) (Fig. 3 and Supplementary
Table S2). Genes coding for enzymes in phospholipid and
triacylglycerol synthesis (Agpat2, Agpat3, Chptl, Dgatl,
Dgat2, Gpam, Gpat3, Gpat4, Lpcat3, Lpinl, Mogatl,

Ormdl3, Oxctl, Plpp2, Plpp3, Ptdss2), and its regulators
(Mel, Midlip1, Mlxipl) were downregulated. The expression
of genes coding for enzymes in choline metabolism and its
transport (Chdh, Slc44a4), the citrate transporter (Slc25al),
and genes related to ketone body metabolism (Acatl,
Acss3, Hmgcs2, Oxctl) was also significantly decreased in
Nod2™~ mice (Fig. 3 and Supplementary Table S2).

Nod2™'~ mice also showed significantly decreased expres-
sion of genes involved in fatty acid oxidation and triglyc-
eride hydrolysis. Genes coding for carnitine/acyl-carnitine
transporters (Cpt2, Crat, Slc22a4, Slc22a5) and lipid trans-
porters (Abca6, Abca9, Abcd2, Cd36) were downregulated
in Nod2™'~ mice compared with WT mice (Fig. 3 and Sup-
plementary Table S2). Nod2™'~ mice also had significantly
decreased expression of genes coding for enzymes in mito-
chondrial fatty acid oxidation (Acaa2, AcadlO, Acadm,
Acads, Acadsb, Acadvl, Acsll, Ecshl, Hadh, Hadha, Hadhb)
and peroxisomal fatty acid oxidation (Abcd2, Acaala,
Acaalb, Acoxl, Echl, Eci3, Hsd17b4). Moreover, genes
coding for enzymes and their regulators in triglyceride
hydrolysis (Abhd5, Lipe, Lpl, Mgll, Pnpla2, Pnpla3) and
oxidation of odd-chain fatty acids (Mcee, Mut, Pcca, Pccb)
were also downregulated in Nod2~'~ mice (Fig. 3 and Sup-
plementary Table S2).

Nod2™'~ mice had significantly decreased expression of
genes for steroid biosynthesis, including estrogen biosyn-
thesis, compared with WT mice (Table 2). Genes coding for
proteins in cholesterol synthesis (Acat2, Cyp2d22, Cyp2Zel,
Cyp2f2, Cyp2j9, Nsdhl) and cholesterol transport (AbcaZ2,
Abca5, Abca8a, Gramdlb, Scp2, Stard4) were downregu-
lated in Nod2~~ mice (Fig. 3 and Supplementary Table S2).
The expression of genes for enzymes involved in the syn-
thesis and activation of sex hormones (Akricl4, Akricl8,
Gsta3, Hasd17b8, Hsd17b12, Hsd17b14) and signaling by
these hormones (Esr, Esrra, Ncoal, Osbplla, Pgr, Rxra,
Whbp2) was also downregulated in Nod2~'~ mice.

Gene expression analysis of 4T1 tumors predicted
a reduction in the LXR/RXR signaling pathway in
Nod2™'~ mice compared with WT mice (Table 2). LXRs
are nuclear receptors that bind oxysterols, and are impor-
tant regulators of cholesterol, fatty acid, and glucose home-
ostasis. Genes that were significantly downregulated in
Nod2™'~ mice and regulated by LXR include many genes
in lipid metabolism (Acaca, Cd36, Echsl, Fasn, Hadh, Lpl,
Osbplla, Scdl, Scd3, Srebfl). SREBF1 is a transcription
factor with a critical role in promoting the expression of
genes in lipid metabolism. The lower expression of SrebfI in
Nod2™'~ mice correlates with decreased lipid metabolism in
these mice. Expression of Por, which codes for cytochrome
P450 oxidoreductase, an enzyme required for the activity
of cytochrome P450 enzymes, was also significantly down-
regulated in Nod2~'~ mice compared with WT mice (Fig. 3
and Supplementary Table S2).
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«Fig.5 The 4T1 tumors in Nod2~'~ mice have decreased expression of
genes in stress-response and increased expression of genes in ErbB
signaling. A Heatmap representation of the fold change for gene
expression in the tumors of Nod2™~ mice compared with tumors in
WT mice. The genes are grouped based on pathway/function and
calculated and presented as in Fig. 2. B, C Tumor homogenates were
analyzed for activation of signaling molecules using antibodies to
p-STAT3, p-STATS, and p-ERK. p-Actin was used as a control. B
Representative blot images from two experiments. C Band intensities
were measured using ImageJ, the ratios of phosphorylated protein to
actin were calculated and the mean fold changes+SEM in Nod2™/~
mice over WT are shown; N=10 mice/group; significance of differ-
ence by t-test for Nod2™'~ versus WT, #*P<0.05. The numerical data
for individual and average RNA fold change (Nod2™'~/WT) in A are
shown in Supplementary Table S4

In addition to lipid metabolism, the expression of genes
in the TCA cycle and biosynthesis of acetyl CoA were sig-
nificantly inhibited in the tumors of Nod2~'~ mice compared
with WT mice (Table 2). Nod2~~ mice had significantly
decreased expression of genes that code for enzymes in the
TCA cycle (Acol, Aco2, Cs, Mdhl, Ogdh, Sdha) and pro-
teins in pyruvate metabolism and transport (Pcx, Pdhal,
Pdhb, Pdhx, Pdk2, Pdk3, Pdp2, Slc16a3). The transport of
pyruvate into the mitochondria and its conversion to acetyl
CoA are critical for the TCA cycle and for the fatty acid
biosynthesis. Thus, decreased transport and conversion
of pyruvate would result in decreased fatty acid synthesis
and the TCA cycle; and expression of genes in both path-
ways was lower in Nod2~'~ mice compared with WT mice.
Decreased expression of select genes in lipid metabolism
(Aacs, Acaca, Agpat2, Cpt2, Fasn, Lipe, Plinl, Pparg, and
Scdl) in Nod2™'~ tumors compared with WT tumors was
confirmed by RT-qPCR (Fig. 6B).

Thus, our results demonstrate that the 4T1 tumors in
Nod2™'~ mice had significantly decreased expression of
genes involved in lipid and steroid metabolism and regula-
tion compared with the tumors in WT mice.

Development of 4T1 breast tumors in Nod2~'~ mice
is associated with decreased expression of genes
involved in adipogenesis and PPAR signaling

Gene expression analysis of 4T1 tumors also predicted a
reduction of adipogenesis in the 4T1 tumors of Nod2™~ mice
compared with WT mice (Table 2). Nod2~'~ mice had signif-
icantly decreased expression of genes involved in the forma-
tion of lipid droplets (Bscl2, Btnlal, Ccdc3, Cidec, Fitm2,
Methigl, Mettl7a2, Plinl, Plin4, Plin5) and adipocyte
metabolism (Aacs, Adrb3, Angptl8, Fabp4, Ffar4). Genes
for proteins that promote adipocyte differentiation (Aamdc,
Adig, Angptl8, Apmap, Arxesl, Atf5, Bmp4, Cebpa, Cmkirl,
Fzd4, Lgals12, Nsd2, Pparg) were also downregulated in
Nod2™'~ mice (Fig. 4A and Supplementary Table S3).

4T1 tumors in Nod2~'~ mice displayed many changes
in the expression of genes involved in adipocyte signaling.
Overall, these changes suggest an inhibition of adipogen-
esis and increased adipocyte dedifferentiation. These mice
had increased expression of genes for the adipokine apelin
and its receptor (Apin, Aplnr), an inhibitor of adipogenesis.
In contrast, the expression of genes for the adipokine adi-
ponectin (Adipog) and its receptor (Adipor2), which regulate
metabolism in adipocytes and promote adipogenesis, was
significantly decreased in Nod2™~ mice. Insulin has a criti-
cal role in promoting adipocyte differentiation and genes that
code for components of the insulin signaling pathway were
downregulated (Akt2, Fcor, Foxol, Foxo4, Irsl), whereas
expression of Fhl2, an inhibitor of Foxol, was upregulated
(Fig. 4A and Supplementary Table S3).

Analysis of differentially expressed genes in other sign-
aling pathways also predicted a decrease in preadipocyte
proliferation and adipogenesis in Nod2™'~ mice compared
with WT mice. The expression of fibroblast growth factor
10 (Fgf10), which stimulates preadipocyte proliferation
and adipogenesis, was downregulated in Nod2™~ mice. The
expression of the Wnt receptor frizzled 6 (Fzd6), which is
often increased in triple-negative breast cancer, was upregu-
lated in Nod2™'~ tumors. The expression of bone morpho-
genetic protein 4 (Bmp4), a member of the TGFf family
that promotes adipocyte maturation and differentiation,
was decreased in Nod2™'~ mice. The expression of Gli3, a
transcription factor activated by Hedgehog signaling, which
suppresses adipogenesis, was upregulated in Nod2™'~ mice
(Fig. 4A and Supplementary Table S3).

We identified regulatory molecules that are differen-
tially expressed between WT and Nod2~'~ mice. Based
on the P value, the top 5 regulators included PPARa and
PPARYy (Table 2), which are nuclear receptors that regu-
late transcription of genes involved in lipid and carbohy-
drate metabolism and cell proliferation and differentiation.
PPARY is expressed predominantly in the adipose tissue and
induces expression of many genes involved in adipogenesis,
including Acox1, Acsll, Ascl4, Cebpa, Cd36, Cpt2, Fabp4,
Lpl, Plinl, Scdl, Scd4, Sic27al, Slc27a4, which were dif-
ferentially regulated between WT and Nod2~'~ mice. The
transcription factor CEBPux also plays a critical role in pro-
moting adipocyte growth and differentiation. The expres-
sion of Cebpa and its activator A#f5 were both significantly
decreased in Nod2™'~ mice. The expression of Foxc2, a tran-
scription factor associated with epithelial to mesenchymal
transition, was upregulated in Nod2™'~ mice (Fig. 4 and Sup-
plementary Table S3). Our STRING analysis further dem-
onstrates that many of the differentially regulated genes in
adipogenesis are regulated by PPARy (Fig. 4B). Further-
more, 4T1 tumors in Nod2~~ mice had significantly lower
levels of total triglyceride and cholesterol compared with
WT mice (Fig. 4C).
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Our results demonstrate that the development of 4T1
tumors in Nod2™'~ mice was associated with a dramatic
decrease in the expression of genes involved in lipid metabo-
lism and adipogenesis, which was accompanied by reduced
lipid content.

Development of 4T1 breast tumors in Nod2~/~
mice is associated with decreased expression
of stress-response genes and increased ErbB
signaling

Gene expression analysis of 4T1 tumors also predicted
a reduction of glutathione-mediated detoxification and
Nrf2-mediated oxidative stress response pathways in
Nod2~'~ mice compared with WT mice (Table 2). Nrf2 is
a transcription factor that induces the expression of genes
involved in detoxification reactions. Nod2~~ mice had sig-
nificantly decreased expression of genes for glutathione
peroxidase (Gpx3, Gpx4), members of the glutathione
S-transferase family (Gsta3, Gsta4, Gstkl, Gstml, Gstm2,
Gstm3, Gstm4, Gstm5), microsomal glutathione S-trans-
ferase (Mgstl, Mgst2, Mgst3), members of the aldehyde
dehydrogenase family (Aldhlll, Aldhll2, Aldh2, Aldh3b2,
Aldh3b3, Aldh4al), and heat shock proteins (Dnajb2,
Dnajc4, Dnajcl5) (Fig. SA and Supplementary Table S4).
Transcriptomic data predicted increased activation of
the ErbB signaling pathway in Nod2™'~ tumors compared
with WT tumors (Table 2). The ErbB receptor tyrosine
kinase family consists of four cell surface receptors,
ErbB1, ErbB2, ErbB3, and ErbB4, and plays a critical
role in many cancers. There was no significant difference
in the expression of ErbB1, ErbB2, and ErbB4 between
Nod2™'~ and WT mice, whereas the expression of ErbB3
was significantly decreased in Nod2™'~ mice (Fig. 5 and
Supplementary Table S4). However, Nod2~'~ mice had
significantly increased gene expression of ligands that bind
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and activate ErbB receptors (Epgn, Ereg, Hbegf, Nrgl,
Tgfa) and downstream targets, including phosphatases
that inhibit the MAP kinase pathway (Dusp5, Dusp6) and
integrin subunits (I1ga2, Itga3, Itga5, Itgbl) (Fig. SA and
Supplementary Table S4).

The role of Nod2 in innate immunity and inflamma-
tion is well characterized. A deficiency in Nod?2 is linked
to increased inflammation and the development of Crohn’s
disease and colorectal cancer and may also contribute to the
development of obesity and hepatocellular carcinoma [7, 8,
20-23]. However, in our breast cancer model, Nod2™"~ mice
did not develop a strong immune response. There were
only a few immune response genes differentially expressed
between WT and Nod2™'~ mice. Nod2™'~ mice had sig-
nificantly higher expression of the chemokine genes, Ccl3,
Cxcll, Cxcl3, Cxcll0 and Cxclll, which suggests that there
may be increased neutrophil and macrophage infiltration
in the tumors of these mice. Nod2™'~ mice also had higher
expression of aconitate decarboxylase (Acodl) gene (Fig. 5A
and Supplementary Table S4), which converts cis-aconitate
to itaconate, a metabolite that mediates crosstalk between
innate immunity and metabolism and is elevated in certain
tumors [33].

We further identified differences in the expression of
keratins and collagens between WT and Nod2~~ mice.
Keratins (cytokeratins) are the major cytoskeletal proteins
in epithelial cells and include ~ 20 different proteins, whereas
collagens are the predominant proteins in the extracellular
matrix and include ~ 28 different proteins. The expression
of individual keratins and collagens is frequently altered in
cancer and specific changes help differentiate between sub-
types of a cancer [34]. The 4T1 tumors in Nod2™'~ mice had
significantly higher expression of genes for several kerat-
ins, including Krti1, Krt6a, Krt6b, Krt10, Krtl5, Krtl6,
several collagens, including Collal, Col6a3, Col8al, and
Coll2al, and inhibitors of proteases (Serpinel, Serpine2)
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that modify the extracellular matrix (Fig. SA and Supple-
mentary Table S4).

We next analyzed the activation of STAT3, STATS, and
ERK1/2, which are activated by multiple signaling path-
ways, including ErbB, and are often activated in many
cancers. Nod2~'~ mice had significantly higher levels of
p-STAT3, lower levels of p-STATS and no difference in
levels of p-ERK1/2 compared with WT mice (Fig. 5B and
C). These results correlate with the decreased expression
of Stat5a (Fig. 3) and the increased expression of MAPK
inhibitors (Dusp5, Dusp6) in Nod2™~ mice (Fig. 5A).

Development of 4T1 breast tumors in Nod2~'~ mice
is associated with altered expression of genes
associated with cancer

We next determined whether the genes differentially acti-
vated in Nod2™'~ mice (Table 1 and Figs. 2, 3, 4, and 5)
have been previously identified in cancer patients or in can-
cer models. We searched for these genes in different data-
bases including PubMed and GeneCards. The vast major-
ity of the differentially expressed genes between WT and
Nod2™'"~ mice have been previously identified either in can-
cer patients, including breast cancer, or in cancer models
(Table 3). These genes are marked with an asterisk in the
heat maps (Figs. 2, 3, 4, and 5).

Discussion

Breast cancer patients exhibit great variation in the devel-
opment and progression of tumors and in their response to
treatment. This diversity is largely determined by differences
in the transcriptional profile of tumors among patients and
current management strategies are often based upon obtain-
ing a molecular signature of the tumor [3, 4]. Despite this

approach, the treatment success rate is low, as genetic con-
tributions to the development and treatment of breast can-
cer are not completely understood. Thus, a comprehensive
understanding of the differences in gene expression among
different breast cancer subtypes is essential for developing
more effective treatments.

Chronic inflammation plays an important role in all stages
of tumor development, including initiation, growth, inva-
sion, and metastasis [35-37]. There is dynamic crosstalk
between cancer and innate immune cells, which may induce
antitumor immunity or promote tumor development. Nod2
is a key player in innate immune responses to bacteria, and
emerging evidence shows that Nod? is also involved in the
susceptibility to and development of colorectal cancer and
hepatocellular carcinoma [15-17, 23, 24]. Further, the Nod2
variant 3020insC is significantly associated with early onset
of breast cancer [25, 38]. However, the role of Nod2 in the
development of breast cancer has not been demonstrated.

In the current study, we tested the hypothesis that Nod2-
deficient mice are more susceptible to the development of
breast tumors. We used an orthotopic model for this study
and demonstrated that Nod2~'~ mice injected with 4T1 mam-
mary carcinoma cells developed significantly larger tumors
than similarly treated WT mice. The incidence of disease
was also significantly higher in Nod2™~ mice; 100% of 4T1
Nod2™'~ mice, but only 50% of WT mice, developed tumors.

We performed a comprehensive analysis of changes in
gene expression in the tumors of WT and Nod2~'~ mice to
identify pathways that are predicted to be differentially acti-
vated. Within these pathways, we next identified genes that
were differentially expressed and showed that the tumors
in Nod2™'~ mice have significantly increased expression of
genes involved in DNA replication and repair pathways com-
pared with WT mice. There were 80 genes included in this
panel and 98% of these genes had increased expression in
Nod2™'~ mice compared with WT mice. Most of these genes

Table 3 Genes differentially

s Pathways
expressed in 4T1 tumors of

% Genes associ-
ated with cancer

Number of genes with > twofold change
(Nod2™/WT), P<0.05

Nod2™~ mice compared with
WT mice that were previously
shown to be associated with
cancer

DNA replication and repair

Cell cycle

Lipolysis

Lipogenesis

Steroid biosynthesis & signaling

Pyruvate metabolism & TCA cycle

Adipogenesis
ErbB signaling
Stress response
Immune response
Keratins

Collagen and protease inhibitors

80 100
105 97
53 91
55 84
45 91
18 100
49 73
28 96
34 88
17 94
9 100
10 100
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are required for and/or promote DNA replication and repair.
Nod2™~ mice also showed significantly increased expression
of genes for cell cycle and cell proliferation pathways; 93%
of the 105 genes in this panel had increased expression in
Nod2~'~ mice. Most of these upregulated genes are required
for and/or promote cell cycle and genes that were downregu-
lated are inhibitors of the cell cycle. Thus, the overwhelming
effect of the changes in gene expression in Nod2™'~ mice
likely promotes DNA replication and cell division, which is
consistent with the development of larger tumors and higher
incidence of tumors in Nod2™'~ mice.

Metabolic reprogramming is one of the hallmarks of
cancer, as rapidly proliferating cells have increased energy
and macromolecule requirements [35, 39]. Both cancer and
surrounding cells undergo profound changes in metabolism
during tumorigenesis and these changes affect the prolifera-
tion, invasion, and metastasis of the tumor. The tumors in
Nod2™~ mice had decreased lipogenesis and lipolysis com-
pared with WT mice. Nod2~~ mice exhibited an overwhelm-
ingly decreased level of expression of genes for proteins
required for the biosynthesis of fatty acids, triglycerides
and glycerophospholipids; 93% of the 55 genes in the lipo-
genesis panel had decreased expression. Additionally, there
was a decreased expression of genes for proteins required
for fatty acid oxidation (both mitochondrial and peroxiso-
mal) and breakdown of triglycerides. 96% of the 53 genes
included in the lipolysis panel had a decreased expression
in Nod2™'~ mice. Expression of genes involved in steroid
biosynthesis and steroid signaling were also downregulated
in Nod2™~ mice; 91% of the 45 genes included in this panel
had a decreased expression compared with WT mice.

The changes in lipid metabolism were accompanied
by a strong decrease in the expression of genes involved
in adipogenesis in Nod2™~ mice compared with WT mice.
Nod2™"~ mice had decreased expression of genes required
for the formation of lipid droplets and for markers of mature
adipocytes. Insulin signaling and activation of downstream
proteins, such as Foxol, are essential for adipocyte differen-
tiation [40]. There was a reduced expression of genes in the
insulin signaling pathway and its downstream targets. The
expression of genes for the key transcription factors that pro-
mote adipogenesis, PPARy and C/EBPa, was also decreased
in Nod2™'~ mice. These changes in gene expression were
accompanied with decreased levels of both triglycerides and
cholesterol in the tumors of Nod2™'~ mice.

The 4T1 cells were injected into the fat pad of the mam-
mary gland and adipocytes likely are part of the tumor
microenvironment. Solid tumors are often found near white
adipose tissue (WAT), which is a key player in tumor pro-
gression. On exposure to cancer cells, adipocytes undergo
delipidation and dedifferentiation and acquire a fibroblast-
like morphology. Delipidation provides the fuel neces-
sary for the proliferation of cancer cells and increased

@ Springer

dedifferentiation of adipocytes is associated with aggres-
sive tumors [40—42]. Thus, our results suggest that in
Nod2™'~ mice, adipocytes in the tumor microenvironment
rapidly undergo dedifferentiation and delipidation. These
changes likely support the rapid growth of 4T1 tumors in
Nod2™'~ mice.

This process of dedifferentiation and delipidation of WAT
is often accompanied by increased inflammatory markers,
TNFa, IL6, IL1a, and IL1f3. However, there was no differ-
ence in the gene expression for these proteins between WT
and Nod2™'~ mice. Despite the role of Nod2 in modulating
immune responses and inflammation, there was only a mild
increase in the expression of genes involved in the immune
response in the tumors of Nod2™'~ mice compared with
WT mice. Thus, inflammation may not play a significant
role in the higher incidence and larger size of tumors in
Nod2™'~ mice.

Murine 4T1 tumors are similar to triple-negative breast
cancer (TNBC) in humans, as they express low levels of
estrogen, progesterone, and ErbB2 receptors. Similarly,
the gene expression of these three receptors was also low
in Nod2™'~ tumors. There are different subtypes of TNBC
tumors: BL1 and BL2, which are heavily enriched in cell
cycle and DNA replication pathways and growth factor sign-
aling; IM subtype, which is enriched in immune cell pro-
cesses and cytokine and chemokine signaling; M and MSL
subtypes, which are enriched in cell motility and cellular
differentiation; and LAR subtype, which is enriched in hor-
monally regulated pathways, including steroid biosynthesis,
porphyrin metabolism and androgen/estrogen metabolism
[34]. There is also differential expression of keratins within
these subtypes [34]. 4T1 tumors in Nod2™'~ mice resemble
the BL1 and BL2 TNBC subtypes with a gene expression
signature that is enriched for cell cycle and DNA replica-
tion, reduced for steroid biosynthesis, steroid signaling, and
immune response, and increased expression of Krt5, Krt6a,
Krt6b, and Krtl16 genes.

We further demonstrate that Nod2~~ mice had increased
levels of activated STAT3, a transcription factor that is
frequently activated in breast cancer [43]. By contrast,
activation, and expression of STAT5 were decreased in
Nod2~'~ mice and inhibition of this transcription factor have
been observed in breast cancer patients [43, 44].

The importance of Nod2 in bacterial innate immune
responses, inflammation, and colitis is well established [7,
8]. There is also increasing evidence that Nod2 regulates
metabolism, as Nod2~'~ mice are more prone to the develop-
ment of diet-dependent obesity, hepatic and adipose tissue
inflammation, and liver cancer [12, 20-24]. However, the
mechanisms by which Nod2 modulates the development
of these diseases are not well understood. One proposed
explanation for the increased inflammation associated with
Nod?2 deficiency is that Nod2 suppresses signaling through
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TLRs, which are major contributors to inflammation. In
the absence of Nod2, TLR activation is unchecked, which
results in hyperinflammation [19, 45-47]. A second parallel
mechanism that may contribute to the development of diet-
dependent obesity and hepatic malignancy in Nod2~'~ mice
may be the recently described Nod2-mediated activation
of AMPK [24]. In this study, the authors show that Nod?2
protects from N-nitrosodiethylamine/carbon tetrachloride-
induced hepatocarcinogenesis and that in hepatic tumor
cell lines, Nod2 binds to and activates AMPK signaling,
which inhibits mTORCI] resulting in an anti-tumor effect
[24]. However, these in vitro results have not been confirmed
in vivo. AMPK is a master regulator of metabolism and cell
proliferation, and changes in the activation of AMPK con-
tribute to many diseases, including breast cancer [48, 49].
The development of breast cancer in Nod2~'~ mice is
associated with an overwhelming increase in the expression
of genes associated with DNA replication and cell cycle, an
overwhelming decrease in the expression of genes associated
with lipid metabolism, and a few changes in the expression
of genes associated with immune response. These changes
may be fueled by increased dedifferentiation and delipida-
tion of surrounding adipocytes. Based on these changes, we
hypothesize that the role of Nod2 in regulating AMPK may
contribute to the development of breast cancer. Our future
studies will focus on the verification of this hypothesis.

Conclusion

We have demonstrated that the pattern recognition recep-
tor Nod2 protects mice from tumors in an orthotopic model
of mammary carcinoma. Our results indicate that Nod?2 is
essential for maintaining optimal levels of DNA replication,
cell growth and division, lipid metabolism, and adipogen-
esis. A Nod2 deficiency combined with stress (transplanted
carcinoma cells) results in increased expression of genes
that likely promote DNA replication and cell division and
decreased expression of genes required for lipid metabolism
and adipogenesis. These imbalances likely lead to increased
sensitivity to and rapid development of orthotopic tumors
in Nod2™~ mice. Our results further support growing evi-
dence that Nod2 possesses other functions, besides immune
responses to bacterial peptidoglycan, and that Nod?2 is
required for maintaining cellular homeostasis in response
to different stresses. Thus, we demonstrate that the genetic
background (the presence or absence of functional Nod2)
affects the host’s sensitivity to breast cancer and, therefore,
the Nod2™'~ orthotopic tumor model may provide a novel
in vivo system for the study of molecular changes associ-
ated with various subtypes of breast cancer, and for testing
the effectiveness of therapeutic drugs in genetically different
hosts.
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