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Abstract
Triple negative breast cancer (TNBC) is a particularly lethal breast cancer (BC) subtype driven by cancer
stem cells (CSCs) and an immunosuppressive microenvironment. Our study reveals that nucleus
accumbens associated protein 1 (NAC1), a member of the BTB/POZ gene family, plays a crucial role in
TNBC by maintaining tumor stemness and in�uencing myeloid-derived suppressor cells (MDSCs). High
NAC1 expression correlates with worse TNBC prognosis. NAC1 knockdown reduced CSC markers and
tumor cell proliferation, migration, and invasion. Additionally, NAC1 affects oncogenic pathways such as
the CD44-JAK1-STAT3 axis and immunosuppressive signals (TGFβ, IL-6). Intriguingly, the impact of NAC1
on tumor growth varies with the host immune status, showing diminished tumorigenicity in natural killer
(NK) cell-competent mice but increased tumorigenicity in NK cell-de�cient ones. This highlights the
important role of the host immune system in TNBC progression. In addition, high NAC1 level in MDSCs
also supports TNBC stemness. Together, this study implies NAC1 as a promising therapeutic target able
to simultaneously eradicate CSCs and mitigate immune evasion.

Introduction
Nucleus accumbens-associated protein 1 (NAC1), encoded by NACC1 gene and originally identi�ed as a
cocaine-inducible transcript from the nucleus accumbens [1], is a transcription co-regulator that belongs
to the BTB/POZ gene family. NAC1 BTB/POZ domain homodimer forms complexes and participates in
various biological processes such as transcription regulation, protein degradation, cell proliferation, and
apoptosis. NAC1 is important for the pluripotency of embryonic stem cells [2, 3], and can promote
mesodermal formation and repress neuroectodermal fate selection in embryonic stem cells via
cooperation with other pluripotency transcription factors such as Oct4, Sox2 and Tcf3 [4]. NACC1
knockout mouse embryos and newborns exhibit a lower survival rate for embryos or newborns, with
surviving mice showing defective bony patterning in the vertebral axis [5].

NACC1 was �rst identi�ed as a cancer-associated gene in ovarian cancer [6], and its overexpression was
found in several types of human carcinomas, including ovarian cancer, cervical cancer, colon cancer, and
melanoma [6–9]. NAC1 has multifaceted roles in promoting oncogenesis through regulating the
expression of a group of genes involved in apoptosis, cell movement, proliferation, Notch signaling, and
epithelial-mesenchymal transition [10], and its high expression is associated with tumor growth, survival,
and therapy resistance [6, 10–13]. We and others have showed that through its transcription-dependent or
-independent functions, NAC1 can inactivate the tumor suppressor Gadd45 [11, 12], promote pro-survival
autophagy through the HMGB1-mediated pathway [14], disable cellular senescence [15], bind to actin to
regulate cancer cell cytokinesis [16], and induce expression of fatty acid synthase [17]. In the current
study, we showed that NAC1 is not only highly expressed in triple negative breast cancer (TNBC), a highly
heterogeneous and aggressive form of breast cancer (BC), and supports malignant phenotype of the
disease but also contributes critically to the enrichment of cancer stem cells (CSCs), a small subset of
cells within tumors and plays crucial roles in driving tumor initiation, metastasis, recurrence, and therapy
resistance. The in vivo experiments demonstrated that the role of NAC1 in tumor growth and progression
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is determined by the integrity of the host immune system. Further, we showed that myeloid-derived
suppressor cells (MDSCs) with high expression of NAC1 supports stemness of TNBC, and tumoral
expression of NAC1 can modulate the functional status of MDSCs and this role of tumor NAC1 is
dependent on NK cell status of the host. These �ndings uncover a novel role of NAC1 in controlling CSCs
and MDSCs, two important drivers of tumor progression and immune evasion. Thus, therapeutic targeting
of NAC1 to simultaneously eliminate CSCs and reverse immune-suppressive tumor microenvironment
(TME) may be exploited as a novel and effective strategy to treatment of highly malignant cancer such
as TNBC.

Materials and methods

Retrieval and analysis of bioinformatics data
The pan-cancer breast cancer clinical samples from cbioportal which included TCGA, Metabric, Provision
and archive datasets [18]. were used in this study. Copy number alterations and transcriptome expression
of NAC1 in these datasets were analyzed. The expression patterns of NAC1 in the basal, luminal, and
HER2-positive breast tumors were compared with the normal samples. To determine the protein
expression of NAC1 in breast cancer tissues, we utilized UALCAN, an online platform based on TCGA-
CPTAC data, which enables the analysis of gene expression pro�les in tumor and normal samples [17,
18]. Also, the Timer2.0, a comprehensive platform for systematic analysis of immune in�ltrates in tumors
(https://cistrome.shinyapps.io/timer/, Accessed on: 6-8-2023)[19] was utilized. These computational
tools and platforms were employed to gain insights into the expression pro�les and clinical implications
of NAC1 in TNBC and their association with immune cell in�ltration and tumor immune
microenvironment.

Cell lines and culture
Human TNBC cell lines HCC-1806, BT-549, ZR751, T47D, MDA-MB-468, HCC70, and MDA-MB-231 and
normal epithelial MCF10A were from the American Type Culture Collection (ATCC); mouse TNBC cell lines
4T1 and EO771 were from ATCC. MDA-MB-231 and MDA-MB-468 cells were cultured in DMEM medium;
HCC1806, ZR751, T47D, HCC70, BT-549, 4T1 and EO771cell lines were cultured in RPMI-1640 medium. All
the cells culture media were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.
MCF10A was culture in mammary epithelial cell growth medium (Promo Cell cat#C201010). Cultured
cells were maintained at 37°C in a humidi�ed atmosphere containing 5% CO2/95% air. For hypoxic
treatment, cells were placed in a hypoxia workstation (Whitley H35 hypohydration, 1% O2 and 5% CO2) for
24 hours with a continuous nitrogen �ow.

Reagents and antibodies
The antibodies used were: GAPDH Mouse mAb (Cell Signaling Technology, #97166), β-actin antibody
(Cell Signaling Technology, #4967), NAC1 (Biolegend, cat#849302), ADAM17 (Thermo, cat#H00006868-
M01A), MMP9 antibody (Santa cruz biotechnology, cat#sc-21733), MMP1 antibody (Santa cruz
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biotechnology, cat#sc-21731), CD44 (E7K2Y) XP® Rabbit mAb (Cell signaling technology, cat#37259),
CD44-ECD (extracellular domain), anti-human CD44-ICD (intracellular domain) polyclonal antibody
(Diagnocine, cat#FNK-KO601), CD24 (Santa Cruz Biotechnology, cat#-sc-19585), Sox2 Rabbit mAb (cell
signaling technology, cat#14962), Nanog (D73G4) XP® Rabbit mAb (Cell Signaling Technology,
cat#4903), Cyclin D1 (E3P5S) XP® Rabbit mAb (Cell Signaling Technology, cat#55506), ALDH1A1 (Cell
Signaling Technology, cat#12035), STAT3 mouse mAb (Cell Signaling Technology, cat#9139), Phospho-
STAT3 (Tyr705) Rabbit mAb (Cell Signaling Technology, cat#9145), JAK1 antibody (Santa Cruz
Biotechnology, cat#sc-376996), CD130/gp130 antibody (Santa Cruz Biotechnology, cat#sc-376280),
Vimentin Rabbit mAb (Cell signaling technology, cat#5741), mouse anti-E-Cadherin antibody (BD
Transduction Laboratories™, cat#610181).

Western Blot analysis
Cells were harvested using cold phosphate-buffered saline (PBS) buffer, and the harvested cells were
centrifuged to obtain cell pellets. Proteins were extracted from the cell pellets using Laemmli buffer
supplemented with protease inhibitor (Peirce protease inhibitor, Thermos Scienti�c ref#A32963). A BCA
assay kit (Pierce BCA protein assay, Thermo Scienti�c, ref#23228) was used to quantify the amount of
protein. The protein lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to immun-Blot® PVDF (Bio Rad laboratories, ref#1620177) membranes
for immune-blotting. Following transfer, the membranes were blocked with 5% de-fatted milk for 1 hour,
followed by overnight incubation with the respective primary antibody at 4°C. The membranes were
washed three times with TBST buffer and then incubated with polyclonal goat anti-rabbit
immunoglobulins/HRP (Agilent Dako, cat#P044801-2) or goat anti-mouse immunoglobulins/HRP
(a�nity isolated) (Agilent Dako, cat#P044701-5) at room temperature for 2 hours. Proteins were
visualized using the ChemiDoc™ MP imaging system (Bio-Rad Laboratories, USA).

Clonogenic assay
Cells (1000 cells/well) were seeded in a 24-well plate and incubated for seven days. At the end of
incubation, the cells were �xed with formaldehyde for 15 minutes, followed by washing with phosphate
buffer saline (PBS). The cells were stained with 0.05% crystal violet and the colonies were imaged using
the ChemiDoc™ MP imaging system (Bio Rad, USA).

Immuno�uorescence staining
Cells were seeded on coverslips and then placed in a 24-well plate. Twelve hours later, the cells were �xed
using 4% paraformaldehyde and permeabilized using 0.2% Triton X-100. Following blocking with 5%
bovine serum albumin to minimize non-speci�c antibody binding, the cells were incubated overnight at
4°C with respective primary antibodies speci�c to the target molecules of interest. After the incubation
with primary antibodies, cells were thoroughly washed with PBS. Subsequently, �uorochrome-conjugated
secondary antibodies were applied to the cells and allowed to bind for 2 hours at room temperature. The
stained cells were imaged using confocal microscope (Nikon Eclipse Ti2) with suitable �lter sets for each
�uorochrome.
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RNA sequencing and data analysis
Total RNA was extracted using MirVana miRNA isolation kit (Thermo Scienti�c, Cat#CAM1560,
LOT:01126559) and RNA quality and integrity assessed using nanodrop 2000 spectrophotometer
(Thermo Scienti�c, USA). Subsequently, cDNA libraries were generated by reverse transcription of the
RNA, followed by double-stranded DNA synthesis. The cDNA libraries were fragmented, and size selection
was conducted to obtain fragments within the desired size range. Sequencing-speci�c adapters were
ligated to the cDNA fragments, and PCR ampli�cation was performed to enrich the libraries. The prepared
libraries were sequenced using Illumina sequencing platform (Illumina), and the resulting sequencing
data was subjected to bioinformatics analysis, which involved read alignment, transcript assembly, and
quanti�cation of gene expression levels using HISAT2 and StringTie. Analysis of differential gene
expression was conducted using the DESeq2 analysis tool to determine genes that exhibited signi�cance
between the NAC1-de�cient and NAC1-expressing cells. Functional annotations and pathway analyses
were conducted to gain insights into the biological processes and pathways associated with the
differentially expressed genes. BART platform (http://bartweb.org) was used to determine the
transcription factors (TFs) associated with the differentially expressed genes.

Animal studies
Six-weeks old female NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ), Nu/J (nu/nu) mice, BALB/c mice
and C57BL/6J mice were purchased from Jackson Laboratory Bar Harbor, ME USA. NAC1−/− mice were
generated by Dr. Jian-Long Wang (Columbia University Irving Medical Center, New York) and crossed in
the C57BL/6 background. All the animal experiments were conducted in strict compliance with the
regulations of the Institutional Animal Care and Use Committee (IACUC) of University of Kentucky.

For orthotopic tumor transplantations, tumor cells were suspended in 50 µl of PBS and growth factor-
reduced Matrigel (Corning cat#356255) in a 50/50 ratio and injected into the mammary fat pads of the
recipient mice (1 × 106 cells/mouse). For tumorigenicity experiments, mice were inoculated s.c. with
different amount of tumor cells (2000, 1000 or 500 cells/mouse, respectively). For metastasis
experiments, tumor cells (1 × 106 cells) were suspended in 50 µl of PBS and given to mice by tail vein
injection.

Immunohistochemistry analysis of clinical samples
Formalin-�xed para�n-embedded (FFPE) tumor resections from breast cancer patients were obtained
from the biospecimens core facility of University of Kentucky per the approved Institutional Review Board
(IRB) protocol). Immunohistochemistry was performed following the procedures as previously described
[20]. Counterstaining was performed with either Mayer’s or Harris’s hematoxylin. Antibodies used for
immunostaining were anti-NAC1, anti-p-STAT3, and anti-Caspase 3. Stained slides were scanned using
Aperio slide scanner at 40x magni�cation. Protein expression analysis was performed using halo
machine learning software to detect cytosol as well as nucleus protein expression, as previous described
[20].
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MDSCs and NK cells depletion.

To deplete MDSCs in nu/nu mice, the animals were administrated with control IgG (mouse IgG2A isotype
control, Clone: C1.18.4, Biocell) or anti-Ly6G antibody (anti-mouse Ly6G, Clone: 1A8, Biocell) at a dose of
4mg/kg/mouse every four days for a period of 16 days. To deplete NK cells, anti-NK1.1 antibody (anti-
mouse NK1.1, CLONE:PK136, Cat#: BE0036, Biocell) was i.p. injected to the recipient mice at a dose of
4mg/kg/mouse every four days for a period of 16 days.

Isolation of MDSCs from tumor xenografts.

Mice were orthotopically inoculated with EO771 cells, and the tumors were allowed to grow for 30 days.
Then, the mice were euthanized, and the tumors collected. Tumor tissue digestion was carried out using
collagenase-hyaluronidase at 37oC, with shaking at 200 rpm for 30 minutes. The EasySepTM mouse
MDSCs (Gr1+/CD11b+ cells) isolation kit was used to isolate MDSCs from EO771 tumors obtained from
both NAC1+/+ or NAC1−/− mice. This kit utilizes negative selection to eliminate other immune and stroma
cells. To increase the purity of MDSCs and eliminate tumor cell contamination, a CD45 positive selection
assay kit (Stem cell technologies, Canada) was utilized.

Statistical analysis
GraphPad Prism software v9.1.2 (www.graphpad.com) was used to perform statistical analyses. Details
of speci�c analysis are presented in the respective legends to �gures.

Results

High expression of NAC1 in breast cancer is associated
with poor prognosis
In TCGA samples (N = 996) and Metabric samples (N = 1866), which are mostly primary tumor tissues, we
found that NAC1 alterations were 7% and 6%, respectively (Fig. 1A), but in the metastatic tumor tissues
(cBioportal database), NAC1 alterations were 25% and 12%, respectively (Fig. 1B). Also, we observed
increased deep deletions of NAC1 mainly in breast metastatic tumors (BMT) as compared to breast
primary tumors (BPT). Expression of NAC1 mRNA positively correlated with copy number alterations
(CNAs) in breast cancer (Fig. 1C). Accordingly, the expression of NAC1 protein was substantially
increased in tumor tissues in comparison to normal tissues (Fig. S1A). NAC1 expression was remarkably
increased in the breast cancer (BC) tissues harboring alterations in TP53, RB, and c-MYC (Fig. S1B and
S1C), the pathways known to be dysregulated in BC. Immunohistochemistry staining and whole slide
machine learning analysis of patient tumor specimens from the University of Kentucky tissue bank found
increased nuclear expression of NAC1 in stage 3 tumors compared to stage 1 and 2 tumors (Fig. 1D). As
BC is a heterogeneous disease and its prognosis differs among different subtypes, we next performed
bioinformatic analysis of NAC1 expression in different subtypes of BC. In this analysis, we subdivided the
TCGA pan-cancer and Metabric datasets into six molecular subtypes: Luminal A, Luminal B, human

https://cistrome.shinyapps.io/timer/
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epidermal growth factor receptor 2 (HER2), TNBC, claudin expressing tumors, and normal tissues. The
TCGA-pan cancer dataset comprising 1084 samples has 171 basal tissues, 78 HER2-positive, 499
luminal A, 197 luminal B, and 36 normal samples; while the Metabric dataset consists of 2509 samples,
including: 209 basal, 218 claudin-low, 224 HER2-positive, 700 luminal A, 475 luminal B, and 148 normal
tissues) [18]. Our analysis found that NAC1 copy number and mRNA expression were increased in the
most aggressive basal-subtype samples as compared to other subtypes or normal tissues (p < 0.05)
(Fig. 1E and 1F). Additionally, we detected higher NAC1 protein expressions in TNBC cell lines than in
luminal or normal epithelial cells (Fig. 1G). In the basal tissue samples but not in other subtypes of BC
subtypes, NAC1 expression was associated with poor prognosis of patients (Fig. 1H and Fig. S2A-2C).
Additionally, NAC1 promoter methylation was inversely correlated with the survival of patients’ survival in
breast cancer (Fig. S2D). Analysis of the TNBC single cell Broad institute datasets[21] showed that NAC1
was not only expressed in tumor cells but also in various immune cells (Fig. 1I). In dividing basal cells,
NAC1 expression positively correlated with the CSC markers CD44, ALDH1A3 and NOTCH2 (Fig. 1J).
These results imply that the expression of NAC1 in TNBC may play an important role in driving the
malignant phenotype of this disease.

High expression of tumoral NAC1 supports stemness and
promotes malignant phenotype of TNBC
To determine whether there is a causal association between tumoral expression of NAC1 and tumor
stemness, we silenced the expression of NAC1 and then examined the expression of CSC markers.
Figure 2A-2C show that in the NAC1-de�cient HCC1806 and BT549 TNBC cells, the expression of CD44,
ALDH1A1/2, SOX2, OCT3/4, and Nanog were reduced. Flow cytometry analysis and confocal microscopy
imaging revealed a reduced expression of CD44 and increased expression of CD24 in NAC1-knockdown
cells (Fig. 2D and E, S2E). Consistently, ALDH1A1/2 activity, a key indicator of CSCs in TNBC, was lower
in the tumor cells with depletion of NAC1 than the control cells (Fig. S2F). Furthermore, we show that
knockdown of tumoral NAC1 expression reduced the in vitro mammosphere formation (Fig. 2F) and the
in vivo tumorigenicity of the tumor cells (Fig. 2G). These observations suggest that tumoral NAC1 has a
role in supporting enrichment of CSCs.

To further investigate the role of NAC1 in promoting TNBC progression, we performed bulk RNA
sequencing analysis on TNBC cells with or without knockdown of NAC1. Our analysis found 856
differentially expressed genes (DEGs) in the NAC1-de�cient cells. Out of these DEGs, 576 were
downregulated, and 280 were upregulated (adjusted p-value < 0.05, log2FoldChange > 1) (Fig. S3A). Kyoto
Analysis of the Encyclopedia of Genes and Genomes (KEGG) also showed the alterations of some
cancer-associated pathways in the NAC1-de�cient samples in comparison to the controls (Fig. S3B).
Analysis of the sequencing data revealed the enrichment of the genes essential for epithelial-
mesenchymal transition (EMT) in tumor cells expressing NAC1 (Fig. 3A), and the downregulations of
stemness and EMT-associated genes such as MUC5B family genes, L1CAM, MMP14, MMP1, ADAM17
and SDC4 [22–25] in the NAC1-de�cient tumor cells (Fig. 3B, Fig. S3A, Fig. S3C-E). E-cadherin expression
increased in the NAC1-de�cient tumor cells (Fig. 3C). The tumor stemness marker ALDH1A3, a member of
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the aldehyde dehydrogenase family and an aldolase uniquely expressed in MDA-MB-231 cells, was
signi�cantly downregulated in the NAC1-de�cient cells, as compared to the control cells (Fig. S3F). Under
hypoxia, cancer stem cells orchestrate the reprogramming of the TME to promote tumor progression[26].
Indeed, the level of NAC1 protein was elevated in the hypoxic tumor cells (Fig. 3D), and the Gene set
enrichment analysis (GSEA) showed that the hypoxia response-associated pathways were downregulated
in NAC1-de�cient TNBC cells (Fig. 3E). Also, the mRNA expressions of the hypoxia marker CA9 and tumor
vascularization VEGFA were reduced in the tumor cells de�cient in NAC1 (Fig. 3F and G). These data also
suggest the role of NAC1 in promoting tumor progression.

Our experiments using MDA-MB-231 and HCC1806 cell lines showed that tumoral expression of NAC1
had a role in bolstering the proliferation, migration, and invasion of tumor cells. Figure 4A-C show that
knockdown of NAC1 expression signi�cantly decreased the proliferation of the tumor cells, reduced their
colony formation (Fig. 4D), and inhibited their migration ability (Fig. 4E and F). In addition, the hanging
drop assay demonstrated that the sphere size, sphere number and migration ability of the tumor cells
subjected to knockdown of NAC1 were signi�cantly decreased (Fig. 4G), suggesting that the expression
of NAC1 confers tumor cell resistance to anoikis, a cellular feature that contributes to cancer
aggressiveness. Expression of NAC1 in tumor cells also affects their metastatic ability. In C57BL/6J
syngeneic mice, the tail vein injection of NAC1-expressing EO771 tumor cells led to increased lung
colonization of tumor cells, but few colonies in the lung were observed in the C57BL/6J mice injected
with the NAC1-de�cient EO771 tumor cells (Fig. S4A). The similar difference in lymph nodes metastasis
between NAC1-expressing and NAC1-de�cient MDA-MB-231 cells was observed in nude mice (Fig. S4B).
Additionally, signi�cantly fewer lung metastases were found in NAC1−/− C57BL/6J mice than in wild-type
mice (Fig. S4C-D). Nevertheless, orthotopic injection of NAC1-de�cient MDA-MB-231 tumor cells to NSG
mice resulted in more tumor cell colonization in the lung, as compared with the injection of the NAC1-
expressing cells (Fig. S4E). Because C57BL/6J, nude and NSG mouse have distinct genetic background
and immune system, the discrepancy in tumor cell dissemination observed may be attributed to the
difference in the host immune status of these mice.

Activation of STAT3 is involved in the NAC1-mediated
oncogenic roles
To explore the molecular mechanism by which NAC1 promotes TNBC progression, we used the BART
platform (http://bartweb.org) to analyze the transcription factors (TFs) and regulators likely associated
with the altered gene expressions through comparing the RNA sequencing data between the tumor cells
with or without depletion of NAC1. Analysis of TFs found that the downregulated genes associated with
loss of NAC1 were strongly associated with STAT3 transcriptional activity (p < 0.00001, AUC = 0.74)
(Fig. 5A, Fig. S5A), while the upregulated genes were highly associated with chromatin modi�er EZH2 (p < 
0.00001, AUC = 0.842) (Fig. S5B and S5C). These results are consistent with our previous analysis,
showing that combining the expressions of both NAC1 and EZH2 in clinical samples could predict the
outcome of immunotherapy better than either alone [17].
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Comparing the differentially expressed genes in the tumor cells with or without depletion of NAC1 via use
of the gene set enrichment analysis (GSEA), we observed reduced expressions of the JAK/STAT pathway-
associated genes in the downregulated gene set, as compared to the upregulated gene set in the tumor
cells with NAC1 depletion (Fig. 5B). We further analyzed the expression pro�le of STAT3 transcriptome
and protein in the NAC1-de�cient tumor cells. We found that the transcription of STAT3 was similar in the
NAC1-de�cient cells and control cells, as analyzed by qPCR, RNA sequencing data and UALCAN-TCGA
tumor tissue samples (p > 0.05) (Fig. 5C, D and E), but STAT3 protein expression increased signi�cantly in
the TCGA-tumor samples in comparison to the normal tissues (Fig. 5F). To further interrogate the
correlation and clinical relevance of NAC1 protein expression and STAT3 activity, we performed IHC
staining for NAC1, phospho-STAT3, proliferation marker Ki67 and apoptosis marker caspase3 in TNBC
samples from the tissue bank of University of Kentucky. Figure 5G shows that the level of phospho-
STAT3 protein positively correlated with NAC1 and Ki67 expression in TNBC samples; conversely,
phospho-STAT3 protein level was negatively correlated with caspase-3 expression. Depletion of NAC1 in
TNBC cells caused a reduction of phospho-STAT3 protein and slightly affected the expression of STAT3
(Fig. 5H). These results suggest that NAC1 is involved in activation of STAT3. Analysis of the RNA
sequencing data revealed that depletion of NAC1 led to a signi�cant reduction of canonical JAK/STAT3
regulator, JAK1 (Fig. 5I). Protein analysis showed similar results, i.e., depletion of NAC1 led to a reduction
in expression of JAK1 (Fig. 5J). Notably, we observed reduced expression of CD44 mRNA expression in
NAC1-de�cient tumor cells (Fig. 5K), and CRISPR knockout of CD44 resulted in a decrease of the
expression of JAK1 protein, suggesting that CD44 is an upstream regulator of JAK1 (Fig. 5L). These
results imply that the CD44-JAK1-STAT3 axis plays a role in the oncogenic function of NAC1 in TNBC.

Expression of tumoral NAC1 is associated with activation of immunosuppressive signaling.

As NAC1 showed a role in sustaining tumor stemness (Fig. 2), and CSCs can interact with immune cells
in tumor microenvironment (TME) and contribute to immune evasion [27], we next wanted to know
whether tumoral expression of NAC1 has any effects on immunosuppressive pathways. Using the gene
set enrichment analysis (GSEA), we found the alteration of the genes associated with immune response
such as TGFβ1, TGF-α signaling, interferon-gamma and in�ammation-associated genes (Fig. 6A), and the
downregulations of the innate immunity-associated genes in the NAC1-de�cient cells (Fig. 6B). Analysis
of the RNA sequencing data showed a decrease of the myeloid-derived cells granulation-linked factors in
the NAC1-de�cient tumor cells (Fig. 6C). Also, the levels of G-CSF, CCL2, SOD2, and IL6 were
downregulated in the NAC1-de�cient TNBC cells (Fig. 6D-G). Notably, analysis of gene ontology (GO)
enrichment demonstrated the genes associated with secretion pathways, such as secretory granules,
secretory vesicles and Golgi apparatus, were downregulated in NAC1 KD cells (Fig. S5D). Since EMT
activates the Rab6A-mediated exocytotic process to promote immunosuppressive cytokines secretion in
cancer and NAC1 promotes EMT (Fig. 3), we examined the effect of NAC1 on Rab6A. we found that NAC1
de�ciency signi�cantly reduced the expression of Rab6A (Fig. S5E). Because IL6 is a major ligand
involved in regulation of STAT3 activity and cooperates with G-CSF to polarize myeloid cells towards
immunosuppression, we then determined the effect of NAC1 on IL6 expression, using qPCR and enzyme-
linked immunosorbent assay. Figure 6F shows that expression of IL6 was signi�cantly decreased in the
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NAC1-de�cient tumor cells. Further, we showed that depletion of tumoral NAC1 led to signi�cant
reduction of soluble G-CSF (Fig. 6G). In contrast, EO771 cells subjected to forced expression of NAC1 had
a signi�cantly increased amount of soluble IL6 (Fig. 6H). Additionally, analysis of clinical samples
showed a positive correlation between NAC1 and TGFβ in metastatic tumor samples (Fig. 7A) but not in
the primary tumor tissues (Fig. 7B). The RNA-seq analysis showed that the expressions of TGFβ1
(Fig. 7C), the TGFβ-interacting proteins SMAD3and SMAD5 (Fig. 7D and E), and the TGFβ ligands BMP1
and BMP4 were all decreased (Fig. 7F-G) in the tumor cells subjected to knockdown of NAC1. These
results suggest that the tumoral NAC1 may have an important role in regulating immunosuppression-
associated pathways.

Role of tumoral NAC1 in tumor initiation and progression is determined by immune status of the host.

As NAC1 was shown to contribute to tumor stemness and immunosuppressive pathways including IL6,
G-CSF, and TGF-alpha (Fig. 6&7) and, both of which can affect tumor development and progression, we
next compared tumor initiation of MDA-MB-231 cells with or without knockdown of NAC1 expression. In
these experiments, nude mice or NSG mice were inoculated s.c. with tumor cells (1x106 cells/mouse), and
then the tumor growth was closely monitored (Fig. 8A). Figure 8B, and 8C show that in NK cell-competent
nude mice, the tumor cells transfected with non-targeting shRNA caused apparent tumor growths; by
contrast, the tumor cells subjected to RNAi-mediated depletion of NAC1 barely induced tumor growth.
Interestingly, in NSG mice de�cient in NK cell we observed that the tumor cells with depletion of NAC1
produced larger tumors than the tumor cells expressing NAC1 (Fig. 8D and E). We further examined and
compared the tumor cell proliferation in vivo in the nude and NSG mice and observed a similar
discrepancy to that of tumor growth (Fig. S6A and 6B). To explore the cause underlying the different
pattern of tumor initiation and development between nude mice and NSG mice, we performed
immuno�uorescence analyses on MDSCs and NK cells of the resected tumors using the respective
marker, as both nude mice and NSG mice possess myeloid derived cells [28]. Figure 8F shows that in
nude mice, tumor in�ltration of MDSCs was substantially reduced in NAC1 depleted tumors as compared
with that in NAC1-expressing tumors; however, in NSG mice, MDSCs in�ltration was increased in NAC1
depleted tumors compared with that in NAC1-expressing tumors. Immuno�uorescence analyses of NK
cells in the tumor specimens from nude mice showed that there were more in�ltrations of NK1.1+/CD16+

double positive cells (mature and activated NK cells) in NAC1-de�cient tumors than in NAC1-expressing
tumors; NK1.1+/ CD16− cells, which are inactive NK cells, were detected in the NAC1-expressing tumors
but barely detected in the NAC1-de�cient tumors (Fig. 8G). Consistent with the observation shown in
Fig. 8D and 8E, the in vivo limiting-dilution assay demonstrated that the tumorigenicity of the NAC1-
depleted tumor cells in NSG mice was higher than that of the NAC1-expressing tumor cells (Fig. S6C).
These observations imply a possible interaction between MDSCs and NK cells in the NAC1-expressing
tumors.

Presence or absence of NK cells alters the effect of tumoral
NAC1 on MDSCs
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To further demonstrate the impact of NAC1 on MDSCs and the in�uence of NK cells, we depleted myeloid
cells or NK cells of nude mice using Ly6G antibody and NK1.1 antibody, respectively, and then monitored
tumor growth in mice inoculated with MDA-MB-231 cells with or without depletion of NAC1 (Fig. 9A).
Consistent with what we observed in NSG mice (Fig. 8D and E), in the nude mice depleted of NK cells,
NAC1-depleted tumor cells exhibited a substantially enhanced tumorigenicity as compared with the
control tumor cells (Fig. 9B-F); and depletion of myeloid cells (Fig. 9G) caused a decreased growth of
NAC1-expressing tumors but led to an enhanced growth of NAC1-depleted tumors in nude mice (Fig. 9H-
L). These results demonstrate that in the presence of tumor NAC1, myeloid-derived cells have negative
effect on NK cells, and loss of NAC1 decreases the tumor-promoting activity of MDSCs but increases the
tumor-inhibiting activity of MDSCs as well as NK cells. When NK cells are depleted, the NAC1-expressing
and NAC1-depleted tumor cells both show enhanced tumorigenicity; however, when myeloid-derived cells
are deprived, the tumorigenicity of NAC1-expressing cells is reduced, but NAC1-de�cient tumor cells show
enhanced tumor growth, suggesting that absence of the tumor-inhibiting myeloid-derived cells may
diminish the activity of NK cells in NAC1-depleted tumors. These results indicate that the effect of NAC1
on myeloid-derived cells is NK cell-dependent. Also, as de�ciency of tumoral NAC1 caused
downregulation of IL6, G-CSF, and TGFβ1 (Fig. 6&7), all of which have immunosuppressive effects, NAC1
may control the status of MDSCs through modulating the levels of these cytokines, thereby impacting
tumor initiation and development.

MDSCs with high expression of NAC1 support stemness of
TNBC
Next, we determined the expression of NAC1 in MDSCs and its effect on CSCs, as the interaction of
immune cells with CSCs in TME has crucial roles in tumor growth and metastasis [29, 30]. We inoculated
BALB/c mice with 4T1 tumor cells and then compared NAC1 expression in MDSCs from tumor-bearing
mice with that in MDSCs from tumor-free mice. Figure 10A shows that in addition to the high level of
NAC1 in the tumor in�ltrated MDSCs, NAC1 was also up-regulated in MDSCs from the spleen, blood, and
bone marrow of the tumor-bearing mice, compared with those from the tumor-free animals. To assess the
effect of NAC1 in MDSCs on their activity, we co-cultured EO771 tumor cells with MDSCs from the wild-
type mice or NAC1 knockout mice (Fig. 10B), then analyzed and compared the levels of CD44 and
aldolase activity in the tumor cells. Figure 10C and 10D show that CD44 expression and aldolase activity
in the EO771 tumor cells co-cultured with Gr1+/CD11b+ cells from NAC1−/− mice were reduced, as
compared with that in the EO771 cells co-cultured with Gr1+/CD11b+ cells from the wild-type mice,
suggesting a role of NAC1-expressing MDSCs in maintaining CSCs. Also, the tumor initiation of EO771
cells was lower in NAC1−/− C57BL/6J mice than that in wild-type mice (Fig. 10E). These results imply that
NAC1 expression in MDSCs affects their tumor-promoting function as well as tumor stemness.
Additionally, Gr1+/CD11b+ cells from the tumor-bearing NAC1−/− C57BL/6J mice showed stronger
cytocidal effect than those from wild-type mice when co-cultured with tumor cells (Fig. 10G and 10H),
suggesting that expression of NAC1 in MDSCs controls their tumor-inhibitory or tumor-promotive activity.
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Discussion
We recently identi�ed a NAC1-regulated gene signature in TNBC, and this gene signature includes several
CSC-associated genes [31]. To pursue these �ndings, in this study we tested our hypothesis that
expression of NAC1 in TNBC plays a critical role in driving its malignant phenotype via supporting
enrichment of CSCs, a small subset of cancer cells that possess stem cell-like properties [32, 33] and one
of the major contributors to the tumor heterogeneity and tumor initiation, metastasis, and resistance to
therapy [34–38] [39]. The results of this study show that high expression of NAC1 in TNBC bolsters
stemness and contributes to development and progression of this neoplasm (Fig. 2–4), and this
important role involves the activation of STAT3 pathway (Fig. 5). We also demonstrate that tumoral
expression of NAC1 plays a role in activating the immunosuppressive signals such as TGFβ1, IL6 and G-
CSF (Fig. 6), and in controlling interaction between CSCs and cancer-associated MDSCs (Fig. 10).
Remarkably, the effect of NAC1 on tumor growth and progression appears to be dictated by the status of
NK cells and MDSCs (Fig. 8–9), and MDSCs with high expression of NAC1 show a supportive role in
maintaining the stemness of TNBC (Fig. 10). Although the previous studies including our own have
demonstrated the high expression of NAC1 in various cancers and its involvement in oncogenesis and
therapy resistance [6, 14, 31, 40, 41], whether NAC1 has roles in regulating CSCs and immune-TME, the
two key independent but highly related factors that contribute critically to cancer development and
progression, have been unexplored. A better understanding of the key drivers of CSCs and
immunosuppressive TME may help develop novel and effective therapeutic intervention for metastatic
malignancies such as TNBC.

There are studies showing that NAC1 participates in regulation of self-renewal and pluripotency of
embryonic stem cells [2, 3, 42] and somatic cell reprogramming by controlling the expressions of Zeb1
and E-cadherin [43]. Here, we demonstrate the promotive effects of NAC1 on the expressions of stemness
markers of breast cancer, CD44, CD24, and ALDH1 (Fig. 2), and on several BCSC (breast cancer stem
cells)-associated features, including tumor growth and metastasis (Fig. 8&S4), providing new insights
into the biological functions of NAC1. We also show that NAC1 can modulate the JAK1-STAT3 axis via
CD44 (Fig. 5), which may be responsible for the role of NAC1 in TNBC progression. These results are in
line with a previous study showing that the intracellular domain of CD44 can bind and stabilize STAT3 to
enhance its transcriptional activity [44]. Emerging evidence has revealed that enrichment of CSCs not
only directly contributes to the malignant phenotype of TNBC [45–47] but also shapes
immunosuppressive TME via interaction with immune cells to sustain their stem cell states, leading to
immune evasion and progression of the disease[48]. Interestingly, although we show that expression of
NAC1 favors CSC enrichment, the effect of NAC1 on tumor development and progression is strikingly
different in NK cell-competent nude mice and NK cell-de�cient NSG mice (Fig. 8 and Fig. 9): in nude mice,
depletion of tumoral NAC1 reduced tumor growth and inhibited tumor metastasis; but in NSG mice,
depletion of tumoral NAC1 promoted tumor growth and metastasis. Further, we observed in nude mice
that the NAC1-de�cient tumors had much less MDSC accumulation than the NAC1-expressing tumors;
oppositely, in NSG mice, the NAC1-de�cient tumors recruited much more MDSCs than the NAC1-
expressing tumors (Fig. 8I). On the other hand, the tumors with depletion of NAC1 showed more
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in�ltration of matured and activated NK cells than the tumors with NAC1 expression (Fig. 8J). These
observations imply that tumoral expression of NAC1 negatively affects antitumor immune response by
promoting the activity of immune-suppressive cells and inhibiting tumor-killing immune cells in the host
that has both MDSCs and NK cells and that NK cells can modulate the effect of NAC1 on MDSCs. Control
of the tumor-modulating role of MDSCs (tumor-associated neutrophils) by the host NK cell status has
also been found in murine breast cancer models by Ren’s group [49]. More recently, it was reported that
TME has a critical role in regulating neutrophils [50]. Nevertheless, whether myeloid-derived cells,
including neutrophils, are pro- or anti-tumorigenic and how their dual roles are regulated remain to be
further elucidated [49, 51]. Despite the emerging evidence showing that high-stemness signature
correlates with a poor immune response in solid neoplasms [52] and CSCs can recondition MDSCs and
directly shape immunosuppressive TME to sustain their stem cell states, causing immune evasion and
the malignant phenotype of CSCs [27, 48, 53]. Liu, et al [54], whether the effects of NAC1 on these
immune cells, as observed in this study, are due to the presence of CSCs or the cytokines (e.g., TGFβ1 or
IL6) produced by the NAC1-expressing tumors would need further investigation. Also, we show that
MDSCs NAC1+/+ uphold tumor cell proliferation as well as tumor stemness (Fig. 10), but the myeloid-
derived cells from the tumors grown in mice NAC1−/− are more cytocidal than that from the tumors grown
in mice NAC1+/+, implying a possible symbiosis or NAC1-governed cross-talk between MDSCs and CSCs in
TME, and this interaction might be controlled by the signaling that can simultaneously affect the
maintenance of CSCs and activity immune-suppressive cells (e.g., TGF-β, STAT3, G-CSF). Indeed, we
found that the expressions of TGF-β, STAT3, G-CSF, and IL-6 are reduced in tumor cells de�cient in NAC1
(Fig. 5–6). In addition, because accumulation of MDSCs such as G-MDSCs is one of the causes for anti-
PD1 therapy resistance [55–61], it would be interesting to test whether targeting NAC1 could improve the
e�cacy of cancer immunotherapy such as immune checkpoint inhibitors.

Conclusions
This study identi�ed NAC1 as a critical determinant that not only promotes tumor stemness but also
contributes to immunosuppressive TME. The complex role of NAC1 in TNBC progression is determined by
the integrity of the host immune system. As the chemotherapy-induced toxicity often involves alterations
of immune cells including NK cells and various myeloid-derived cells [49, 62], whether targeting of NAC1
has advantage or disadvantage in treatment of patients with TNBC and receiving other therapies might
depend on the host immune status (Fig. 11). The potential of NAC1 as a novel therapeutic target able to
simultaneously eliminate CSCs and mitigate immune-suppressive TME warrants further investigation.
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Figure 1

High NAC1 expression is associated with tumor progression, stemness, and poor prognosis in TNBC
patients.  A) Genetic alterations of NAC1 in breast cancer primary tumors (BPT) in TCGA and Metabric
cbioportal datasets. B) Genetic alterations of NAC1 in breast cancer metastatic tumors (BMT) in archived
and provisional cbioportal datasets. C) Correlation between NAC1 copy number alterations and mRNA
expression in TCGA breast cancer patient tissues. D) Evaluation of NAC1 expression in different stages of
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breast cancer. E) NAC1 mRNA expression in TNBC (basal), claudin-low, other breast cancer subtypes
(non-TNBC), and normal tissues in Metabric dataset samples. F) NAC1 copy number alterations in TNBC
(basal), other breast cancer subtypes (non-TNBC), and normal tissues in Metabric dataset samples. G)
Western blot of NAC1 expression in TNBC and non-TNBC cell lines. H) Effect of NAC1 expression on
overall survival of patients with TNBC, as analyzed using the TIDE datasets.  I) NAC1 expression in
different cell subpopulations at single cell level (Broad Institute single cell portal). J) Association of NAC1
expression with stemness markers in various cells within the TNBC tumor microenvironment (Broad
Institute single cell portal).  n.s : not signi�cant; *: p = 0.05;  ***: p = 0.01; *** : p = 0.001;  ****: p = 0.001.
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Figure 2

Effect of NAC1 on stemness of TNBC cells. A-C)Western blot analysis of the stemness-associated
markers in HCC1806 and BT549 TNBC cells with or without knockdown of NAC1. D) Flow cytometry
analysis of CD44 protein surface expression in MDA-MB-231 cells with or without knockdown of NAC1. E)
Flow cytometry analysis of CD24 protein surface expression in MDA-MB-231 cells with or without
knockdown of NAC1. F) Right: Mammosphere formation of TNBC cells with or without depletion of NAC1;
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Left: quanti�cation of the number of spheres larger than 45 µM. G) Tumor initiation and growth of MDA-
MB-231 cells with or without depletion of NAC1 in nu/nu mice. Luminescence intensity signi�es a relative
number of detectable live cells.

Figure 3
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Analysis of bulky RNA sequencing data reveals the tumor progression-associated pathways potentially
regulated by NAC1. A) Enrichment of DEGs associated with epithelial-mesenchymal transition (EMT) in
MDA-MB-231 cells with de�ciency of NAC1. B) Western blot of metalloproteases in MDA-MB-231 cells
with or without depletion of NAC1. C)Protein expression of EMT-associated marker E-cadherin in MDA-
MB-231 cells with or without depletion of NAC1. D) MDA-MB-231 and BT549 cells subjected to hypoxia
show increased NAC1 expression. E)Gene ontology analysis shows the enrichment of hypoxia, immune
regulation, and EMT-associated genes in NAC1-knockdown MDA-MB-231 cells. F) Expression of hypoxia-
associated CA9 gene in MDA-MB-231 cells with or without depletion of NAC1. G) Expression of
vascularization-associated gene VEGFA in MDA-MB-231 cells with or without depletion of NAC1.
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Figure 4

Effect of NAC1 on proliferation, migration, and invasion of TNBC cells.  A) Western blot of NAC1 in TNBC
cells transfected si-NAC1 or si-NT. B, C)Proliferation of TNBC cells with or without depletion of NAC1.
D)Clonogenic formation of MDA-MB-231 cells with or without depletion of NAC1. E) Migration of MDA-
MB-231 cells with or without depletion of NAC1. F)Wound healing assay for the migratory ability of MDA-
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MB-231 cells with or without depletion of NAC1. G) Matrigel assay for the migratory ability of MDA-MB-
231 cells with or without depletion of NAC1.

Figure 5

CD44/JAK-STAT3 is involved in the NAC1-mediated control of TNBC stemness and progression. A)
Analysis of the transcription factors (TFs) associated with the differentially expressed genes in NAC1
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knockdown cells demonstrates STAT3 as an important TF in NAC1-induced phenotypes. B) GSEA
analysis demonstrates reduction of genes associated with tumor progression phenotypes and pathways
including angiogenesis, cell migration, cell motility and JAK/STAT3 cascade. C) STAT3 qPCR mRNA
analysis of MDA-MB-231 cells. D) STAT3 mRNA expression in MDA-MB-231 cells with depletion of NAC1.
E) TCGA STAT3 mRNA expression analysis reveals insigni�cant change (p>0.05) in tumor samples
compared to adjacent normal tissues. F) STAT3 protein expression signi�cantly increases in CPTAC
dataset tumor samples compared to normal. G) Correlation between NAC1, proliferation marker KI67,
caspase 3, and phospho-STAT3 in TNBC patients’ tissue from the University of Kentucky retrospective
tissue bank. H)Depletion of NAC1 downregulates STAT3 and phospho-STAT3 protein expression in TNBC
cells. I) JAK1 mRNA expression in MDA-MB-231 cells with depletion of NAC1. J) Immunohistochemistry
analysis of JAK/STAT3 pathway-associated proteins in MDA-MB-231 cells with depletion of NAC1. K)
CD44 mRNA expression in MDA-MB-231 cells with depletion of NAC1. L) Depletion of CD44 caused
downregulation of JAK1 in MDA-MB-231 cells.
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Figure 6

Analysis of bulky RNA sequencing data reveals the immunosuppressive TME-associated factors
potentially regulated by NAC1. A) Altered oncogenic-associated pathways and genes in NAC1-de�cient
tumor cells. B) Reactome analysis shows downregulation of innate immunity-associated genes in tumor
cells with NAC1 knockdown. C) Enrichment of the genes associated with neutrophil degranulation in
tumor cells with NAC1 knockdown. D) Expression of G-CSF, CCL2, and SOD2 in MDA-MB-231cells with or
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without depletion of NAC1. E) Expression of CD44 in MDA-MB-231 cells with or without depletion of
NAC1. F) IL6 mRNA expression in MDA-MB-231 cells with or without depletion of NAC1. G) Level of
soluble G-CSF in MDA-MB-231 cells with or without depletion of NAC1. H) Soluble IL6 concentration in
EO771 cells with forced expression of NAC1.

Figure 7
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Effect of NAC1 on TGFβ1 signaling pathway. A, B) Analysis of the association of NAC1 and TGFβ1
expression using the archived metastatic breast cancer sample dataset (A) and using the Metabric breast
cancer primary tumor sample dataset (B). C-G) mRNA expressions of TGFβ1 (C), SMAD3 (D), SMAD5 (E),
BMP1 (F), and BMP4 (G) in MDA-MB-231 cells with or without depletion of NAC1.

Figure 8
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Comparison of tumor growth of NAC1-expressing and NAC1-de�cient TNBC cells in nude or NSG mice. 
A) Illustration of tumor orthotopic inoculation in nude (B) and NSG mice (E) models. Mice were
orthotopically injected with MDA-MB-231 cells (1 x 106 cells/mouse) with or without depletion of NAC1,
and tumor growth was monitored every �ve days.  B, C) Tumor growth in nu/nu mice.  D) The spleen
weight of nude mice bearing tumors.  E, F) Tumor growth in NSG mice.  G) The tumor weight of NSG
mice. H) The spleen weight of NSG mice bearing tumors. To evaluate the in�ltration of MDSCs and NK
cells into the tumor microenvironment, we performed an immuno�uorescence assay using Ly6G for
MDSCs and NK1.1 and CD16 antibodies for NK cells.  I) Tumor in�ltration of MDSCs in the tumor-bearing
nude or NSG mice.  J) Tumor in�ltration of NK cells in tumor-bearing nude mice, as shown by staining
with NK1.1 and CD16 antibodies. Red arrows indicate the inactive NK cells.
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Figure 9

Effects of NK cells on growth of NAC1-expressing and NAC1-de�cient TNBC cells in nude mice.  A)
Illustration of NK cell depletion approach.  Mice were orthotopically inoculated with the luciferase
plasmid transfected-MDA-MB-231 cells with or without depletion of NAC1 (1 x 106 cells/mouse).  On day
four following tumor inoculation, the mice were given NK1.1 antibody or control IgG (4 mg/kg)
intraperitoneally �ve times with a four day-interval to deplete NK cells.  Tumor cell proliferation and tumor
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growth were monitored using the Lago optical imaging system.  B, C) Luminescence intensity of tumor
cells grown in mice with or without NK cell depletion (B) and quanti�cation of the luminescence intensity
(photon emission) (C).  D) Tumor volume (mm3) in mice with or without NK cell depletion. E) Tumor
formations in the mice treated with NK1.1 antibody or IgG. F) Tumor weights in mice with or without
depletion of NK cells.  G) Illustration of MDSCs depletion approach. Mice were orthotopically inoculated
with the luciferase plasmid transfected-MDA-MB-231 cells (1 x 106 cells/mouse) with or without depletion
of NAC1.   On day four following tumor inoculation, the mice were given Ly6G antibody or control IgG
(4mg/kg) intraperitoneally �ve times with a four day-interval to deplete MDSCs. Tumor cell proliferation
and tumor growth were monitored using the Lago optical imaging system.  H, I) Luminescence intensity
of tumor cells grown in mice with or without depletion of MDSCs (H) and quanti�cation of the
luminescence intensity (photon emission) (I). J) Tumor volume (mm3) in mice with or without depletion
of MDSCs. K) Tumor formations in the mice treated with Ly6G antibody or IgG.  L) Tumor weights in mice
with or without depletion of MDSCs.
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Figure 10

Myeloid-derived cells with expression of NAC1 supports CSCs.  A) Expression of NAC1 in MDSCs from
4T1 tumor-bearing or tumor-free BALB/C mice.  B) Gr1+/CD11b+ cells were isolated from the NAC1+/+ or
NAC1-/- mice bearing EO771 tumors through negative selection to obtain MDSCs and were further puri�ed
using CD45 positive selection assay kit (Stemcell technologies) to eliminate contaminating tumor cells.
C) EO771 cells co-cultured with NAC1-/- Gr1+/CD11b+ cells showed reduced CD44 expression compared
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to the co-culture with NAC1+/+ Gr1+/CD11b+ cells. D) Aldolase activity of EO771 cells co-cultured with
NAC1+/+ or NAC1-/- mice Gr1+/CD11b+ cells. E) Tumor initiation ability of EO771 cells orthotopically
inoculated in NAC1+/+ or NAC1-/- mice.  F - H) EO771 cells were co-cultured with NAC1+/+ or NAC1-/-

Gr1+/CD11b+ cells, and cell viability was determined using the CellTrace™ CFSE Cell Proliferation Kit (G)
or luciferase assay (H).

Figure 11
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Proposed model.  High expression of NAC1 in TNBC promotes tumor stemness and induces secretion of
immunosuppressive cytokines, which orchestrate tumor in�ltration of MDSCs and NK cells and tumor
stemness.  MDSCs support stemness properties and aid tumor immune evasion, promoting tumor growth
and progression.
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