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Abstract: Breast cancer is a molecularly heterogeneous disease that can be subdivided into different subtypes. 
Compared with the other subtypes, luminal breast cancer (LBC) is considered more susceptible to bone metas-
tasis. However, the intrinsic mechanisms remain elusive. Bioinformatics analysis of the preset study showed that 
N-acetyltransferase 1 (NAT1) was specifically expressed in LBC and closely correlated with bone metastasis. In ad-
dition, NAT1 could promote LBC cell migration and clonal formation, induce osteoclast differentiation and raise the 
Rankl/Opg ratio in osteoblasts. Our in vivo experiment demonstrated that NAT1 promoted LBC bone metastasis and 
bone destruction, which could be reversed by NAT1 inhibitor treatment. The result of cytokine array showed that 
NAT1 could significantly over activate the NF-κB signaling pathway and up-regulate the expression of IL-1B, which 
further worked as downstream factors in these processes. All these results demonstrated NAT1 was up-regulated in 
LBC and promoted the formation of bone metastatic niche and osteolytic bone metastasis through the NAT1/NF-κB/
IL-1B axis. This finding may provide a new pathway to help understand the mechanisms of LBC bone metastasis and 
suggest a novel therapeutic and diagnostic target for its treatment.
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Introduction

Breast cancer (BC) is one of the most common 
malignant tumors in women. There are about 
one million new cases and 400,000 deaths in 
the world, and about 270,000 new cases and 
70,000 deaths in China every year [1-3]. BC has 
become the first killer threatening women’s 
health. Like other malignant tumors, metasta-
sis has become the main reason for the failure 
of clinical treatment of BC [4]. Once metastasis 
occurs, it is difficult to control the disease from 
progressing by the treatments currently avail-
able. BC is extremely aggressive, and the bone 
is one of the most common distant metastatic 
organs [5]. Bone metastasis usually causes 
severe pain, pathological fracture, spinal cord 
compression, hypercalcemia and other skele-
tal-related events (SREs) [6], which seriously 
affect the life quality of patients, and bring 
heavy financial burdens to clinical treatment 

and home nursing care. The median survival of 
BC patients with bone metastasis is about 2-3 
years, and only 20% patients survive for more 
than 5 years [7]. Bone metastasis is the “water-
shed” to accelerate the process of death.

According to the expression patterns of estro-
gen receptor (ER), progesterone receptor (PR) 
and growth hormone receptor (Her2) on cancer 
cells, BC can be subdivided into luminal breast 
cancer (LBC), Her2 and triple negative (TNBC) 
subtypes [8]. A large number of studies suggest 
that different types of BC have different clinical 
prognoses. LBC is considered a subtype with 
relatively good prognosis but more susceptible 
to bone metastases [9-11]. Similar results were 
also observed in our previous studies. A retro-
spective study of 87 BC patients with bone 
metastasis demonstrated LBC cell predilection 
of bone metastasis [12]. And gene set enrich-
ment analysis (GSEA) in our another previous 
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study showed less aggressive and low-grade 
features of BC patients with bone metastasis 
compared with those without bone metastasis, 
while LBC is more susceptible to bone metasta-
sis [13]. However, the intrinsic mechanisms 
underlying the regulation of bone metastasis in 
BC remains elusive. 

Transformation from a primary tumor to overt 
formation of metastasis is a complex process 
involving the participation of various types of 
cells [14, 15]. Once tumor cells are disseminat-
ed into the bone microenvironment, utilization 
and reconstruction are started and a bone met-
astatic niche will be built, which disrupts the 
balance between osteoclasts (OCs) and osteo-
blasts (OBs) [16-18]. Chemokines and other 
soluble factors such as interleukin-1B (IL-1B) 
work as connectors and regulators in this pro-
cess. IL-1B is a member of the of the IL-1 family 
as a secreted protein composed of 269 amino 
acids [19]. The expression of IL-1B is up-regu-
lated in primary tumors and closely related to 
the clinical prognosis of tumor patients [20, 
21]. IL-1B secreted by tumor cells is involved in 
the regulation of tumor bone metastasis and 
transformation of the bone microenvironment 
[22].

The main aim of the present study was to 
screen key molecules that regulate LBC bone 
metastasis. We found that N-acetyltransferase 
1 (NAT1) was upregulated in LBC, suggesting 
that NAT1 may play a regulatory role in LBC 
bone metastasis by promoting bone metastatic 
niche formation. This finding may provide a 
novel therapeutic and diagnostic target for the 
management of BC bone metastasis, especial-
ly in LBC patients.

Human BC cell lines (MCF-10A, HBL-100, Hs- 
578T, BT-549, MDA-MB-231, BT-474, T47D and 
MCF7) as well as RAW 264.7 and MC3T3-E1 
cells were obtained from American Type Culture 
Collection (ATCC). Bone marrow-derived macro-
phages (BMMs) and bone marrow-derived stro-
mal cells (BMSCs) were isolated from C57/BL6 
mice as previously described [23]. 

A total of 44 primary BC tissue specimens and 
16 BC bone metastatic tissue specimens were 
obtained from patients who received corre-
sponding surgeries at Changzheng Hospital 
(Shanghai, China). Informed consent was sig- 
ned by all the participating patients. Ethical 
consents were granted by the committees for 
ethical review of research involving Human 
Subjects of Navy Medical University (Shanghai, 
China).

Real-time quantitative PCR (qRT-PCR)

Total RNA was extracted by using TRIzol (Ther- 
mo Fisher Scientific, Waltham MA, USA). Re- 
verse transcription and qRT-PCR were per-
formed with PrimeScript™ RT Master Mix and 
SYBR Premix Ex Taq (Takara, Kyoto, Japan) 
according to the corresponding instructions. 
Data were analyzed by 2-ΔΔCt method. Related 
primers are listed in Table 2.

Western blot

Total protein was extracted using RIPA buffer. 
Samples were equally loaded in a 10% sodium 
dodecyl sulfate gel and transferred to nitrocel-
lulose membranes. After being blocked with 5% 
bovine serum albumin, the membranes were 
incubated with the indicated primary antibod-

Table 1. Tumor metastases of the left heart ventricle model

Group No. of mice with 
metastases

No. of 
lesions

No. of Bone 
lesions Bone/Total

shNC 6/6 21 16 76.2%
sh1# 4/6 8 3 37.5%

Table 2. Primer sequences used in this study
Gene Forward primer (5’→3’) Reverse primer (5’→3’)
β-actin GTACGCCAACACAGTGCTG CGTCATACTCCTGCTTGCTG
Human NAT1 ACTGGCATGATTCACCTT TTCCCTTCTGATTTGGTC
Human IL-1B CACGATGCACCTGTACGATCA GTTGCTCCATATCCTGTCCCT
Mouse Rankl ATCCCATCGGGTTCCCATAA TTCGTGCTCCCTCCTTTCAT
Mouse Opg CAGATGGGTTCTTCTCAGGT TCTCGGCATTCACTTTGGTC

Materials and methods

Bioinformatics analysis

BC and normal tissue speci-
mens from the Cancer Genome 
Atlas (TCGA) were analyzed by 
expression profile microarrays. 
Data set GSE2034 and GSE- 
12777 were obtained from the 
Gene Expression Omnibus (GE- 
O; http://www.ncbi.nlm.nih.gov/
geo/) and used for further 
analysis.

Cells and clinical samples
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ies overnight at 4°C, then with DyLight 800- 
conjugated secondary antibody and scanned 
with LI-COR Infrared Imaged Odyssey (Gene 
Company Ltd.). Primary antibodies are as fol-
lows: anti-NAT1, anti-IKB-α, anti-p-IKB-α, anti-
IKK-β, anti-p-IKK-β, anti-p65, anti-p-p65 (Ab- 
ways, Shanghai, China), anti-IL-1B (Abcam, UK), 
anti-Histone H3 (Cell Signaling Technology, 
USA) and anti-β-actin (Sigma-Aldrich, USA).

Immunohistochemistry (IHC) staining

All the clinical specimens were fixed with 4% 
paraformaldehyde and embedded in paraffin. 
Sample processing was based on the standard 
procedure as previously described [24]. The 
expression of NAT1 was detected by imaging 
with a microscope (Leica, Wetzlar, German) and 
measured with a multiplicative quick score sys-
tem [25]. The total score of 0-9 was rated as 
NAT1-low, while the score of 10-18 was rated as 
NAT1-high.

Construction of NAT1 knockdown and overex-
pression cell lines 

The specific short hairpin RNA (shRNA) plas-
mids targeting human NAT1 and NAT1 over 
expression (OE) plasmid were constructed. The 
shRNA oligos were GTTCCCTTTGAGAACCTTAAC 
(sh1#) and ATCTACTCCTTTACTCTTAAG (sh2#). 
The virus was harvested from the supernatant 
of 293T cells 48-h post-transfection of the 
shRNA or OE plasmids. T47D and MCF7 cells 
were further infected with shRNA virus, and 
BT-549 cells were infected with OE virus.

Cell migration and clonal formation assays

Transwell assays were carried out for cell migra-
tion with Boyden chambers (Corning, USA). 
5×104-1×105 tumor cells suspended with 100μl 
serum-free medium were added into the apical 
chamber, while the basolateral chamber was 
filled with 600 μl medium supplemented with 
2% fetal bovine serum (FBS). After 8-h culture 
in the cell incubator with T47D and BT-549 
cells, and 20 h with MCF7 cells, migrated cells 
were fixed with 4% paraformaldehyde and 
stained with 0.1% crystal violet. Bright-field 
images were obtained with an Olympus invert-
ed microscope and migrated cells were count-
ed using Image-Pro Plus 6.0. For clonal forma-
tion assay, cells in logarithmic growth were 
plated into 6-well plates (1000 cells/well) and 

cultured for at least 7 days. Cells were fixed, 
stained and imaged thereafter. NAT1 inhibitor 
and Recombinant Human IL-1B (PeproTech, 
USA) was added directly in the apical chambers 
or 6-well plates when needed.

Differentiation of BMMs and BMSCs

Differentiation medium for OC was prepared 
with 10 ng/ml M-CSF and 50 ng/ml RANKL 
(R&D, Minneapolis, MN, USA) on the basis of 
modified α-MEM containing 10% FBS, while the 
supplements of differentiation medium for OB 
were 50 µg/ml L-ascorbic acid, 1 mM dexa-
methasone and 1M β-glycerophosphate. Addi- 
tionally, conditioned medium (5% for OC differ-
entiation and 10% for OB differentiation) or 
IL-1B was added into the differentiation medi-
um. For OC differentiation, isolated BMMs were 
seeded into 96-well plates (1×104 cells/well) 
and incubated with the OC differentiation medi-
um for 5-7 days. The medium was changed 
every 2 days. Cells were fixed with 4% parafor-
maldehyde, permeabilized with 0.1% Triton-X 
100, renatured with 0.1% PBST (Sangon Bio- 
tech, Shanghai, China) and stained with tar-
trate resistant acid phosphatase (TRAP) stain-
ing kit (Sigma-Aldrich, USA). For OB differentia-
tion, isolated BMSCs were plated into 24-well 
plates (1×105 cells/well) and cultured with OB 
differentiation medium for 7 days. Differentiated 
cells were subjected to the same process as OC 
mentioned above, but stained with alkaline 
phosphatase (ALP) staining kit (Sigma-Aldrich, 
USA). 

Animalmodels

Luciferase-labeled T47D shNC and sh1# cells 
were inoculated into the left heart ventricles or 
directly injected into the bone marrow cavity of 
the right tibia in BALB/c female nude mice aged 
4-5 weeks (n= 6 per group). The NAT1 inhibitor 
(10 μM, 0.1 ml) or PBS was intraperitoneally 
(i.p.) injected every two days after tumor inocu-
lation into the left heart ventricles to explore 
the potential treatment effects in BALB/c 
female nude mice aged 4-5 weeks (n=8 per 
group). Metastatic conditions were monitored 
by using an in vivo imaging system (Ivis System, 
Caliper Life Sciences, USA). Bone metastatic 
lesions were further radiographically assessed 
and histopathologically analyzed with H&E and 
TRAP staining. All mice were randomly divided 
into two groups and the animal care and experi-



NAT1/NF-κB/IL-1B promotes LBC bone metastasis

2467 Am J Cancer Res 2020;10(8):2464-2479

ments were in accordance with the guidelines 
of the use of laboratory animals of Navy Medical 
University and approved by the Committee on 
the Ethics of Animal Experiments of the Navy 
Medical University. 

Luciferase reporter assays

As previously described [26], dual luciferase 
assays were conducted in a 24-well plate. 
BT-549 cells were cultured to 70% confluence 
and transfected with indicated concentrations 
of NAT1-OE plasmid. After 24-h transfection, 
firefly and Renilla luciferase levels were quanti-
fied sequentially using the Dual Luciferase 
Assay kit (Promega, USA) following the manu-
facturer’s recommendations.

Immunofluorescence staining

BT-549 cells were seeded on glass coverslips 
and transfected with OE-NAT1 or ZsGreen 
Vector plasmids. After 12-h culture, cells were 
fixed with 4% paraformaldehyde. After permea-
bilization and blocking with bovine serum albu-
min, the cells were incubated with the primary 
antibody at 4°C overnight and secondary anti-
body for 2-h at room temperature. The cells 
were then incubated with DAPI for 5 min and 
mounted on glass slides for microscopic 
analysis.

Statistical analysis

The sample size was defined according to our 
preliminary experiment. In vitro experiments 
were repeated at least three times in our study. 
All statistics were analyzed by using SPSS (ver-
sion 22.0.0, IBM corp., New York, USA) or 
GraphPad Prism, (version 7, La Jolla, CA, USA). 
Results are presented as means ± standard 
deviation (SD). Significant differences were cal-
culated by unpaired Student’s t test, Mann-
Whitney U test and one-way ANOVA according 
to different types of data. Overall survival (OS) 
and metastasis-free survival (MFS) were mea-
sured by the Kaplan-Meier method and ana-
lyzed by log-rank tests. P value <0.05 was con-
sidered to be statistically significant.

Results

NAT1 is a key regulator in LBC bone metasta-
sis by bioinformatics analysis

To identify key regulators in in LBC bone metas-
tasis, we first reviewed the TCGA data set which 

included 726 BC samples and 113 normal con-
trols. Tumor samples were classified into three 
groups as Her2+, TNBC and LBC. Comparison 
of different BC subtypes and normal controls 
identified a series of 58 genes which were spe-
cifically expressed in LBC with at least a two-
fold change (Figure S1A). As aforementioned, 
previous studies have reported several gene 
sets which may play vital roles in regulation of 
BC bone metastasis. We compared our 58 
genes with two published gene sets of bone 
metastasis (Smid Bone Metastases [27] and 
Savci Bone Metastases [28]) and finally identi-
fied NAT1, which was specifically expressed in 
both LBC (Figure 1A) and bone metastases 
gene sets (Figure S1B). Tumor samples were 
binary divided according to the ER, PR and Her2 
status and identified that the expression of 
NAT1 was closely correlated with ER and PR, 
but interrelated little with the expression of 
Her2 (Figure 1B). Therefore, we speculated 
that NAT1 may work as a key regulator in LBC 
bone metastasis.

The dataset GSE2034 [29] consisting of 286 
primary BC patients was used for further confir-
mation. NAT1 was significantly up-regulated in 
ER+ BC patients, which are mainly LBCs. The 
expression of NAT1 was closely correlated with 
the LBC markers (Figure S2). NAT1 expression 
in the primary tumors of patients with bone 
metastasis was higher than that in those with 
no bone metastasis (Figure 1C). Also, patients 
with high NAT1 expression in their primary BC 
tumors were more susceptible to bone metas-
tasis but not to brain or lung metastasis 
(Figures 1D and S3). Comparison of BC cell 
lines also revealed significantly high expression 
of NAT1 in the Luminal groups (Figure 1E). 

Expression of NAT1 in cell lines and bone me-
tastasis samples

The expression of NAT1 was detected in two 
normal breast and six BC cell lines (3 TNBCs 
and 3 LBCs) by qRT-PCR and Western blot, and 
the result showed that NAT1 was highly 
expressed in LBC (Figure 1F, 1G). Clinically, 44 
primary BC and 16 bone metastasis specimens 
were subjected to IHC staining. As expected, 
the expression of NAT1 was significantly up-
regulated in the bone metastasis specimens 
(15/16, 93.75%) (Figure 1H, 1I), and only in 
54.55% (24/44) of the primary BC specimens. 
Primary BC patients were further followed up to 
observe bone MFS. Survival curves indicated 
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Figure 1. NAT1 was up-regulated in LBC and correlated with bone metastasis. (A, B) The TCGA database indicate that NAT1 was upregulated in LBC. Meanwhile, the 
expression of NAT1 was correlated closely with ER and PR. but interrelated little with the expression of Her2. (C) Compared with bone metastasis -free patients. Bone 
metastatic patients had a higher NAT1 expression in their primary tumors. **P=0.0038 by Mann-Whitney U test. (D) Kaplan-Meier plot of BMFS for patients with 
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that patients with high NAT1 expression were 
more susceptible to bone metastasis.

NAT1 promotes LBC cell migration and clonal 
formation, and induces the bone metastatic 
niche

The expression of NAT1 was stably down-regu-
lated in two LBC cell lines T47D and MCF7 by 
shRNAs, and stably over-expressed in the TNBC 
cell line BT-549 (Figure S4). Transwell assay 

revealed that depletion of NAT1 by either shR-
NAs or specific inhibitors could significantly 
reduce cell migration. As expected, NAT1 over-
expression promoted BT-549 cell migration 
(Figure 2A-F). Meanwhile, clonal formation was 
also attenuated either by shNAT1 or inhibitor 
treatment on LBC cell lines (Figure 2G-J). 

The Published literature indicates that tumor 
cells can induce an organ specific niche for 
metastasis formation and progression. Such 

primary BCs. nHigh=203. nLow=83. Log-Rank p=0.0008. (E) Expression of NAT1 between Luminal and non-Luminal BC 
cell lines. **P=0.0018 by Mann-Whitney U test. (F, G) NAT1 expression in normal and BC cell lines. (H-K) IHC stain-
ing of primary BC (n=44) and BC bone metastasis (n=16). The expression of NAT1 was significantly up-regulated 
in bone metastasis (I). *P=0.0193 by unpaired t test. Expression of NAT1 in primary and metastatic BC samples 
(J). P=0.0049 by one-way ANOVA. Kaplan-Meier plot of primary BC tumors in bone metastasis-free patients (K). 
nHigh=24. nLow=20. Log-Rank P=0.0023. 

Figure 2. Effect of NAT1 on BC migration and clone formation. A, B. Knockdown of NAT1 in LBC cell lines reduced 
cell migration by transwell assay. ***P<0.001 by unpaired t test. C, D. Cell migration was depressed by NAT1 inhibi-
tor at indicated concentrations. *P<0.05. ***P<0.001 by unpaired t test. E, F. Upregulation of NAT1 expression in 
TNBC cell line BT-549 promoted tumor migration. ***P<0.001 by unpaired t test. G-J. NAT1 knockdown or NAT1 
inhibitor significantly depressed tumor clonal formation in LBC cell lines. *P<0.05. ***P<0.001 by unpaired t test.
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findings are also applied to bone metastasis. To 
assess the effect of NAT1 on bone metastatic 
niche, tumor conditioned media were collected 
and added to the culture systems of OC and OB 
differentiation for simulation of the BC-induced 
bone metastasis niche. The results showed 
that the role of the tumor conditioned media in 
promoting osteoclastogenesis was attenuated 
when NAT1 was knocked down (Figure 3A up 
and 3B left). However, tumor conditioned media 
harvested from BT-549 cells with NAT1 overex-
pression promoted the process of OC differen-
tiation (Figure 3C up and 3D left). 

With respect to OBs, the tumor conditioned 
media could not only promote cell differentia-
tion, but regulate the expression of Rankl and 
Opg. These results indicate that NAT1 had a 
weak effect on OB differentiation (Figure 3A 
down and 3C down), but significantly affected 
the process of gene expression (Figure 3B right 
and 3D right). NAT1 Knockdown in tumor cells 
down-regulated the expression of Rankl and 
up-regulated Opg, and decreased the Rankl/
Opg ratio. Reversely, NAT1 overexpression pro-
moted Rankl and depressed Opg, eventually 
increasing the Rankl/Opg ratio.

NAT1 promotes LBC osteolytic bone metasta-
sis in vivo

To further confirm the effect of NAT1 on LBC 
bone metastasis, three animal models were 
used for in vivo investigation. Firstly, luciferase 
labeled T47D-shNC and sh1# cells were inocu-
lated into the left heart ventricle of the nude 
mice and cultured for 3 weeks. Metastasis 
involvement was measured in vivo and the 
mice were sacrificed thereafter. Lesions detect-
ed by in vivo images (Figure 4A, 4B) and further 
confirmed by autopsy (Table 1). In mice admin-
istered with shNC cells, tumor metastasis was 
detected in all 6 mice and 16 of the 21 lesions 
involving the bone structures. However, metas-
tasis was detected in 4 of the 6 mice with sh1# 
cells and only 3 involving bone structures of the 
total 8 lesions. These results suggested that 
knockdown of NAT1 significantly hindered LBC 
metastasis, especially to the bone. 

The second model was used to investigate the 
effect of NAT1 on tumor induced bone meta-
static niche. Luciferase labeled T47D-shNC and 
sh1# cells were directly injected in to the right 
tibia bone marrow cavity of nude mice (n=6 for 

each group). In vivo luciferase signals were 
detected after two weeks and indicated ad- 
vanced lesions in shNC groups (Figure 4C, 4D). 
Extensive bone destruction and overt OC acti-
vation were detected by X-ray scan and Trap 
staining after mice were sacrificed (Figure 4C).

Finally, we investigated the potential therapeu-
tic effect of the NAT1 inhibitor. After inoculation 
of the tumor into the left heart ventricles, mice 
were treated with the NAT1 inhibitor (10 uM, 
0.1 ml) or PBS every two days by i.p. After a 
50-day follow-up period, all mice in control 
group died with a median survival of 26.5 days 
and 6 of the 8 mice in the treatment group died 
with a median survival of 34.5 days (Figure 4E). 
All these results strongly indicate the vital roles 
of NAT1 in regulating LBC osteolytic bone 
metastasis.

IL-1B is regulated by NAT1 through NF-κB sig-
naling pathway

Our previous finding indicated that NAT1 could 
regulate the bone metastasis niche by tumor 
conditioned media. As NAT1 is an intracellular 
enzyme, there should be secretable down-
stream cytokines that act as regulators in the 
process. Hence, we collected the tumor condi-
tioned media and subjected them to cytokine 
array analysis. A total of 267 differentially 
expressed genes (DEGs) were detected and fur-
ther subjected to GO and KEGG analyses. The 
results indicated that the downstream cyto-
kines played vital roles in cell migration, motili-
ty and chemotaxis (Figure S5). Altogether 140 
proteins were significantly down-regulated in 
sh1# cells and the top 20 are listed in Figure 
5A. Special attention was paid to IL-1B, a key 
regulator of tumor progression and metastasis 
in various types of cancers. Meanwhile, KEGG 
analysis also revealed that the NF-κB signaling 
pathway, a key regulation pathway in IL-1B 
expression, was significantly inhibited after 
NAT1 depletion (Figure 5B).

To confirm the finding by cytokine array, we first 
performed the qRT-PCT and demonstrated that 
NAT1 played a role in regulating the expression 
of IL-1B at mRNA level (Figure 5C, 5D). Secondly, 
a luciferase reporter gene assay revealed that 
the NF-κB luciferase activity of BT-549 cells 
was significantly upregulated after OE-NAT1 
vectors transfection in a dose-dependent man-
ner (Figure 5E). Western blot indicated that 
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Figure 3. Effect of NAT1 expression on tumor induced bone metastatic niche. (A, B) Knockdown of NAT1 attenuated LBC-promoted bone metastatic niche. Tumor 
conditioned media were collected and added to the culture systems of OC and OB differentiation to simulate the BC-induced bone metastatic niche. Knockdown of 
NAT1 significantly decreased tumor induced OC differentiation (A up and B left. One-way ANOVA. *P<0.05. **P<0.01. ***P<0.001) but had little effect on OB differ-
entiation (A down). However. knockdown of NAT1 significantly decreased tumor induced Rankl expression in OBs and upregulated Opg expression. One-way ANOVA. 
pRankl=0.0003. pOpg=0.0027. (C, D) Upregulation of NAT1 in BT-549 cells promoted tumor induced OC differentiation (C up and D left. One-way ANOVA. *P<0.05. 
***P<0.001), and increased Rankl expression but decreased Opg expression in OBs. One-way ANOVA. pRankl=0.0111. pOpg=0.0050.
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Figure 4. Inhibition of NAT1 attenuates LBC osteolytic bone metastasis. A, B. Luciferase labeled T47D-shNC and sh1# cells were inoculated into the left heart ven-
tricle of the nude mice and cultured (n=6 for each group). Mice were sacrificed and metastasis was evaluated after 3 weeks. **P=0.0016 by Mann-Whitney U test. 
C, D. Luciferase labeled T47D-shNC and sh1# cells were directly injected in to the right tibia bone marrow cavity of the nude mice (n=6 per group). After two-week 
culture, the mice were sacrificed and local bone destruction was detected by X-ray and Trap staining. **P=0.0043 by Mann-Whitney U test. E. After successful in-
oculation of T47D cells into the left heart ventricles. 16 nude mice were equally randomized into, and treated either with the NAT1 inhibitor (10 uM. 0.1 ml) or PBS 
every two days by i.p. injection. Mice were cultured till death or to 50 days after tumor inoculation. Survival time was recorded and Kaplan-Meier plot was drawn 
accordingly. Log-Rank P=0.0349.
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NAT1 knockdown inhibited the phosphorylation 
of ikba, ikkb, and NF-κB p65, which ultimately 
depressed the expression of IL-1B. And as 
expected, overt activation of the NF-κB signal-
ing pathway and upregulation of IL-1B expres-
sion were observed after transfection of the 
OE-NAT1 vector into TNBC BT-549 cells. How- 
ever, co transfection of siRNAs targeting NF-κB 
p65 (sip65) together with the OE-NAT1 vector 
abolished the upregulation of IL-1B expression 
(Figure 5F). Finally, nuclear p65 detection and 
immunofluorescence images further confirmed 
the regulatory effect of NAT1 on NF-κB signaling 
pathway (Figure 5G-I).

NAT1/NF-κB/IL-1B axis promotes LBC osteo-
lytic bone metastasis

Several rescue experiments were performed to 
confirm the role of IL-1B in regulating LBC bone 
metastasis and bone destruction. As shown in 
Figure 6, IL-1B could rescue the processes of 
cell migration, clone formation and tumor 
induced OC differentiation. Meanwhile, IL-1B 
could also restore the Rankl/Opg ratio in OBs. 
Taken together, our findings demonstrated that 
NAT1 was up-regulated in LBCs, and promoted 
the formation of bone metastatic niche and 
osteolytic bone metastases through the NAT1/
NF-κB/IL-1B axis (Figure 6H).

Discussion 

Many studies have demonstrated that LBC is 
more susceptible to bone metastasis than 
other types of BC. Smid et al. analyzed 334 
cases of primary BC and found that 48 (67.6%) 
of the 71 bone metastases were associated 
with LBC [10]. Zhang et al. summarized 715 
cases of various types of BCs and divided them 
into two groups according to the expression of 
ER. The results showed that bone metastasis 
was more likely to occur in LBC patients with 
positive ER [30]. Foulkes et al. reviewed more 
than 600 related studies and found that the 
lung metastasis rate of patients with TNBC was 
high as 40%, with a bone metastasis rate of 
10% vs. 40% in non-TNBC patients [11]. Sihto 
et al. focused on the cumulative organ distribu-
tion of tumor metastasis and found that there 
were 321 metastatic lesions in 234 cases, of 
which the highest incidence was bone metasta-
sis (n=127, 39.6%), and most of them were 
from LBC [9]. Based on these clinical findings, 
we speculated that genes specifically expressed 

in LBC may contribute to the intrinsic mecha-
nism in regulating bone metastasis. A total of 
58 genes were identified and compared with 
published bone metastases gene expression 
signatures thereafter. Finally, NAT1 was 
screened as the candidate.

NAT1 is an enzyme involved in the biotransfor-
mation of many aromatic and heterocyclic 
amines [31]. A large number of related studies 
have shown that NAT1 and its gene polymor-
phism are closely related to tumor develop-
ment [32, 33]. The expression of NAT1 was sig-
nificantly increased in ER + breast cancer and 
closely related to the degree of malignancy [34, 
35]. Tiang et al. downregulated the expression 
of NAT1 by shRNA in three negative BC cell 
lines, and found that the migration and metas-
tasis abilities of BC tumor cells were decreased 
significantly [36]. In the current study, we first 
demonstrated that the expression of NAT1 was 
closely related to ER expression and consistent 
with luminal markers GATA3 and FOXA1. Our 
clinical data also confirmed the interrelation-
ship between NAT1 expressions and bone 
metastasis.

After colonization, disseminated tumor cells 
will reconstruct the bone microenvironment by 
interacting with bone marrow stromal cells, 
which disrupts the balance of bone metaboliza-
tion and finally constructs a bone metastatic 
niche [7, 15, 37]. BCs are featured with mixed 
patterns of both excessive bone destruction 
and reactive bone formation, which requires 
the participation of both OCs and OBs [38, 39]. 
Our results indicated that NAT1 overexpression 
could not only directly promote OC differentia-
tion but also restore the Rankl/Opg ratio in 
OBs. 

As NAT1 is an intracellular enzyme, there should 
be secretable downstream cytokines that act 
as regulators in the process. Our cytokine array 
finally identified IL-1B as a potential target of 
NAT1. IL-1B is an inflammatory chemokine 
which plays important roles in tumor initiation 
and metastasis [40, 41]. Primary BC patients 
with high IL-1B expression were found to be 
more susceptible to bone metastasis [42]. 
IL-1B expression was up regulated in bone tro-
pism subclones compared with parental MDA-
MB-231 cells [43]. Liu et al. reported that bone 
metastasis was significantly reduced when 
IL-1B was knocked out, while IL-1B overexpres-
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Figure 5. NAT1 promotes IL-1B expression through NF-κB signaling pathway. A, B. After 12-h culture, the conditioned media of T47D-shNAT and sh1# cells were 
subjected to cytokine array analysis. IL-1B was found to be significantly downregulated after NAT1 knockdown while the KEGG analysis indicated the inhibition of 
NF-κB signaling pathway. C, D. qRT-PCR confirmed the regulatory effect of NAT1 on IL-1B expression. **P<0.01. ***P<0.001 by unpaired t test. E. Relative NF-κB 
luciferase activity of BT-549 cells after transfection with OE-NAT1 vectors. One-way ANOVA. P<0.001. F, G. Western blot array indicated that NAT1 significantly af-
fected the phosphorylation of NF-κB signaling pathway and p65 nuclear transportation. H, I. Immunofluorescence indicated that NF-κB p65 nuclear transportation 
was significantly upregulated after OE-NAT1 transfection in BT-549 cells. ***P<0.001 by unpaired t test.

Figure 6. IL-1B promotes LBC osteolytic bone metastasis. A-G. IL-1B could rescue NAT1 depletion induced downregulation of BC migration. clone formation. OC dif-
ferentiation and OB Rankl/Opg expression. One-way ANOVA. **P<0.01. ***P<0.001. H. A schematic illustration of the NAT1/NF-κB/IL-1B axis in regulation of the 
LBC bone metastatic niche and osteolytic bone metastasis.
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sion increased prostate cancer bone coloniza-
tion [44]. Compared with those in the bone 
microenvironment, IL-1B secreted by tumor 
cells play more important roles in metastasis 
and bone implantation [22]. Tumor-derived 
IL-1B can promote OB proliferation and cyto-
kine secretion by the latter cells, which can 
help bone colonization [22, 45]. Meanwhile, the 
osteolytic ability of OCs induced by IL-1B was 
significantly enhanced under pathological con-
ditions [46]. Therefore, inhibition of IL-1B sig-
naling pathway can not only inhibit tumor 
growth, but target the bone microenvironment, 
inhibit osteoclast differentiation, reduce the 
release of bone-derived growth factors, and 
control tumor bone metastasis [47]. It was 
found in our study that NAT1 could promote 
IL-1B expression via the NF-κB signaling path-
way, and IL-1B could not only promote BC cell 
proliferation and colonization but help con-
struct the bone metastatic niche. The NAT1/
NF-κB/IL-1B axis works as an intrinsic mecha-
nism in LBC bone metastasis.

Previous studies suggested that low-level NAT1 
was associated with tamoxifen resistance and 
that NAT1 could be a candidate marker to pre-
dict the effect of antiestrogen therapy, which 
reveals the potential regulatory function of ER 
inhibitor on NAT1 [48, 49]. Moreover, it can be 
learned from several studies that endocrine 
therapy is able to inhibit IL-1B mRNA levels and 
that IL-1B could influence tamoxifen resistance 
through the methylation of ERα gene [50, 51]. 
These conclusions may remind us of the possi-
bility that endocrine therapy could play a regu-
latory role in LBC bone metastasis via the 
NAT1/NF-κB/IL-1B axis. However, bone metas-
tasis is a complex process with multiple mecha-
nisms, the insights of which remain to be fur-
ther explored.

In summary, our study provided a new pathway 
may help understand the mechanism underly-
ing LBC bone metastasis. NAT1 was found to be 
upregulated in LBC, which was closely associ-
ated with tumor bone metastasis by promoting 
tumor cell migration and colonization, bone 
metastasis niche formation and osteolytic 
bone metastasis through the NAT1/NF-κB/
IL-1B axis.
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Figure S1. Identification of NAT1 as key regulators of LBC bone metastasis. A. Heat map of specific expressed genes 
in normal breast tissues and different BC subtypes in TCGA database, red box indicates the genes of specific high 
expression in LBC. B. Venn diagram of specific high expression genes in LBC and related gene sets of BC bone 
metastasis in literatures. 

Figure S2. Expression of NAT1 in data set GSE2034. A. NAT1 was significantly up-regulated in ER+ BC patients. 
***P<0.001 by Mann-Whitney U test. B-D. The expression of NAT1 closely correlated with markers of LBC.

Figure S3. Kaplan-Meier plot of BrMFS (A), LMFS (B), MFS (C), and Non-BMFS (D).
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Figure S4. Construction of NAT1 knockdown and overexpression cell lines. A. NAT1 mRNA expression in indicated 
cell lines by qRT-PCR. B. NAT1 protein expression in indicated cell lines by western blot.
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Figure S5. Go analysis of DEGs.


