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to TRADD in breast cancer
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Abstract

Background Drug resistance, including Adriamycin-based therapeutic resistance, remains a challenge in

breast cancer (BC) treatment. Studies have revealed that macrophages could play a pivotal role in mediating the
chemoresistance of cancer cells. Accumulating evidence suggests that tRNA-Derived small RNAs (tDRs) are associated
the physiological and pathological processes in multiple cancers. However, the underlying mechanisms of tDRs on
chemoresistance of BC in tumor-associated macrophages remain largely unknown.

Methods The high-throughput sequencing technique was used to screen tDRs expression profile in BC cells.

Gain- and loss-of-function experiments and xenograft models were performed to verify the biological function of
3’tRF-Ala-AGC in BC cells. The CIBERSORT algorithm was used to investigate immune cell infiltration in BC tissues.

To explore the role of 3'tRF-Ala-AGC in macrophages, M2 macrophages transfected with 3"tRF-Ala-AGC mimic or
inhibitor were co-cultured with BC cells. Effects on Nuclear factor-kb (NF-kb) pathway were investigated by NF-kb
nuclear translocation assay and western blot analysis. RNA pull-down assay was performed to identify 3'tRF-Ala-AGC
interacting proteins.

Results A 3'tRF fragment of 3'tRF-AlaAGC was screened, which is significantly overexpressed in BC specimens

and Adriamycin-resistant cells. 3'tRF-AlaAGC could promote cell malignant activity and facilitate M2 polarization

of macrophages in vitro and in vivo. Higher expression of M2 macrophages were more likely to have lymph node
metastasis and deeper invasion in BC patients. Mechanistically, 3"tRF-AlaAGC binds Type 1-associated death domain
protein (TRADD) in BC cells, and suppression of TRADD partially abolished the enhanced effect of 3'tRF-AlaAGC
mimic on phenotype of M2. The NF-kb signaling pathway was activated in BC cells co-cultured with M2 macrophages
transfected with 3’tRF-AlaAGC mimic.
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Conclusions 3'tRF-AlaAGC might modulate macrophage polarization via binding to TRADD and increase the effect
of M2 on promoting the chemoresistance in BC cells through NF-kb signaling pathway.

Keywords 3'tRF-AlaAGC, TRADD, Macrophages polarization, NF-kb signaling pathway, Chemoresistance, Breast

cancer

Introduction

According to the 2020 global new cancer data released by
the International Agency for Research on Cancer (IARC)
of the World Health Organization, the incidence rate of
breast cancer (BC) has surpassed that of lung cancer,
becoming the most common cancer [1]. The overall sur-
vival of BC patients has obviously improved in the past
decades because of the enhancement of comprehensive
treatments. However, distal metastasis and drug resis-
tance still lead to poor prognosis. Adriamycin (ADR), is a
traditional anthracycline chemotherapeutic drug, which
has been widely applied for BC patients as well as other
anti-cancer agents due to its ability to break DNA and
interfere with transcriptional inhibition of mRNA syn-
thesis, ultimately leading to cell apoptosis [2]. Notwith-
standing, ADR destroyed the structure and function of
cell membrane, resulting in cytotoxicity and drug resis-
tance, which in turn leads to poor chemotherapy efficacy
[3]. Nowadays, drug resistance has become the primary
cause of chemotherapy failure, metastasis and recurrence
of BC in clinic [4].

Non-coding RNAs (ncRNAs) have been identified and
revealed to act as either tumor promoters or antion-
cogenes in cancer progression. They also play a role in
regulating tumor resistant mechanisms, such as long
non-coding RNAs in BC [5], microRNAs in melanomas
[6], and circular RNAs in gastric cancer [7]. In recent
years, a novel ncRNAs named tRNA-Derived small
RNAs (tDRs) have gradually attracted researchers’ atten-
tion, which is derived from specific cleavage of precursor
or mature tRNA and expressed in various human cancers
[8, 9]. Increasing studies conformed that tDRs perform a
variety of valuable functions for the cell, such as involve-
ment in gene silencing, translation efficiency, ribosome
genesis, etc., and can regulate tumorigenesis and cancer
development at multiple levels [10-12]. A recent study
demonstrated that tRF-3024b hijacks miR-192-5p to
increase BCL-2-mediated resistance to cytotoxic T lym-
phocytes in Esophageal Squamous Cell Carcinoma [13],
In hormone receptor-positive (HR+) BC, exosome-trans-
mitted tRF-16-K8J7K1B promotes tamoxifen resistance
by reducing drug-induced cell apoptosis [14]. Never-
theless, whether tDRs play a pivotal role in Adriamycin
resistance in BC remains unclear.

Tumor microenvironment (TME) is a key factor
affecting tumor occurrence and progression, which is
a local pathological environment composed of tumor
cells, endothelial cells, fibroblasts, inflammatory cells

and extracellular matrix. In addition, TME provided a
favorable environment for drug resistance and immune
escape, thereby promoting the growth and metastasis of
tumor cells [15, 16]. Macrophages are the most abundant
infiltrative immune-related stromal cells present in and
around tumors, which transform into M1 and M2 phe-
notypes with different functions by different stimuli [17].
In BC, M2 type macrophages promote tumor malignant
progression, immunosuppression and drug resistance
by inducing angiogenesis, degrading tumor extracellular
matrix and assisting tumor cells to escape immune sur-
veillance [18-20]. However, the underlying mechanism
of M2 macrophages activation in BC drug resistance
remains unknown. Recent studies have confirmed that
tDRs can exist abundantly and stably in various bodily
fluids in the form of free or encapsulated extracellular
vesicles, thereby affecting intercellular communication
in the TME, while hypoxia, oxidative stress and inflam-
matory cytokines in the TME can induce or inhibit tDRs
[21, 22]. Based on this, we hypothesized that tDRs could
affect the phenotype of macrophages in the TME and
further regulate the chemoresistance in BC.

In the present study, we identified a specific tDRs
(3'tRF-AlaAGC) and explored it’s expression pattern and
biological function, evaluating whether 3’tRF-AlaAGC
could modulate macrophages polarization to affect
BC cells chemoresistance. Through in vitro and in vivo
experiments, we indicated that 3'tRF-AlaAGC could
regulate the phenotype of macrophage via binding to
TRADD and increase the effect of M2 macrophage on
promoting the chemoresistance in BC cells, hoping that
our finding may aid identifying a potential therapeutic
target to overcome for drug resistance in BC.

Materials and methods

Clinical samples

The study was approved by the Clinical Research
Ethics Committee of Nanjing Medical University
(No#2020—-130). From 2021 to 2023, we collected 81
serum samples form patients with BC, who visited the
thoracic surgery department of Jiangsu Cancer Hospi-
tal. All samples were stored at -80°C after centrifugation
until further processing.

Cell culture and cell transfection

The human BC cell lines MCF-7 was obtained from the
Cell Bank of Chinese Academy of Sciences (Shanghai,
China). The human Adriamycin-resistance cells (MCF-7/
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ADR) were purchased from Jiangsu KeyGEN Biotech
(KG224) and maintained the drug resistance with 250 ng/
ml Adriamycin (KGA8183). The human monocyte cell
line THP-1 was obtained from Guangzhou Cellcook Bio-
tech Company (CC1904). THP-1 cells were maintained
in RPMI-1640 medium supplemented with 10% (v/v)
fetal bovine serum (Gibco Invitrogen, Carlsbad, CA) and
1% antibiotics and 0.05mM B-mercaptoethanol (Aladdin,
China) in a 37°C-incubator containing 5% CO2.

Cells were seeded into 6-well or 12-well plates 24 h
before transfection and transfected with Lipofectamine™
3000 transfection reagent (Invitrogen, USA). The syn-
thetic tiRNA single-strand mimic/inhibitor of 3'tRF-
Ala-AGC and corresponding negative control (Ribobio,
China) were optimized for MCF-7 and MCF-7/ADR cells
according to the manufacturer’s instructions. Short inter-
fering (si)RNAs targeting TRADD were obtained from
Ribobio. There different siRNAs against TRADD were
chosen. Cells were transiently transfected with individual
siRNAs by using Lipofectamine™ 3000, then collected for
subsequent assays after 48 h incubation.

Induction of THP-1 derived macrophages

THP-1 cells were treated with 100 ng/ml phorbol
12-myristate 13-acetate (PMA, MedChemExpress,
HY-18,739) for 48 h to generate macrophages as previ-
ously reported [17]. The matured macrophages were
exposed to LPS (100ng/ml, Solarbio) and IFN-y (20 ng/
ml, PeproTech) for 48 h to obtain M1 polarized macro-
phage. M2 polarized macrophage were obtained by treat-
ment with IL-4 and IL-13 (20 ng/ml, PeproTech) for 48 h.
As for co-culture experiments, macrophage cells were
cultured in 0.4 pum pore size 12-well Transwell inserts
(LABSELECT, 14,211) while BC cells were cultured in the
bottom well of the Transwell chamber.

RNA isolation, cDNA synthesis and quantitative real-time
PCR

Total RNA of cells was extracted using TRIzol reagent
(Life Technologies, USA). Then, the RNA was quantified
using a riboSCRIPT™ Reverse Transcription Kit (Ribobio,
China) following the manufacturer’s protocol and reverse
transcribed to cDNA with Bulge-loop™ miRNA qRT-PCR
primers (Ribobio, China) specific for 3'tRF-AlaAGC.
SYBR Green Mix was used to perform qPCR in a volume
of 10 pl, and 3'tRF-AlaAGC template was normalized to
RNUBG6B. After adding forward primer and reverse primer,
the mixtures were incubated at 95 °C for 10 min, followed
by 40 cycles at 95 °C for 10 s, 60 °C for 20 s, and 70 °C for
10 s. Other genes were performed with HiScript® I Q RT
SuperMix for qPCR (Vazyme, China), B-actin was used
for mRNA template normalization. Relative expression
levels of 3'tRF-AlaAGC and mRNA were determined
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via the 2724CT or 272€T methods. All primers sequences
were shown in Supplementary Table S1.

Gene ontology (GO) and Kyoto encyclopedia of genes and
genes and genome (KEGG) pathway enrichment analysis
The GO terms for 3'tRF-AlaAGC target genes based
on homologies were extracted (http://www.geneontol-
ogy.org). The Database for Annotation, Visualization
and Integration Discovery software (http://david.abcC.
ncifcrf.gov) was used to perform GO analysis to iden-
tify biological processes (BP), cellular components (CC),
and molecular functions (MF) of these target genes.
KEGG database (http://www.genome.jp/kegg/) was used
to retrieve 3'tRF-AlaAGC target genes. Go and KEGG
analyses with P<0.05 were considered as statistically
significant.

Adriamycin cytotoxicity assay

For CCK-8 Adriamycin toxicity explorations, cells were
plated at a density of 3-5x10% cells /well in 96-well.
Following 24 h of incubation, serial dilutions of Adria-
mycin were added to the cells in complete medium for
different concentrations. Add an equivalent volume of
corresponding vehicle to the wells labeled with drug con-
centration 0 as the control. While, wells with the reagent
combinations but no cells are used as blank. After 24 h
of treatment, the medium was replaced by 100 pl of fresh
medium and 10 ul CCK-8 reagent (APEXBIO, USA), then
incubated for 3—4 h at 37°C. The OD value was measured
at 450 nm by microplate reader. Calculate the cell viabil-
ity of each group according to the following formula:
(OD [drug] - OD [blank]) / (OD [control] - OD [blank]) x
100%. For clone formation assay, cells in each group were
seeded in 6-well (1x 10 cells per well) and incubated in
complete culture with Adriamycin (3pug/ml) for 7-10
days. At the end of the study, cells were fixed with 4%
paraformaldehyde for 15 min at room temperature and
stained with 1% crystal violet and the number of clones
was counted to assess cell proliferation.

Flow cytometry analysis

M1 and M2 polarized macrophages were harvested and
then washed twice in PBS. Cells were resuspended in
PBS with a concentration of 1x10” cell/ml. A volume of
100 pl of these suspended cells was transferred into flow
tubes and stained for 15 min at room temperature with
PE Mouse Anti-Human CD86 (BD Pharmingen, 555,665)
in the dark. For intracellular staining, add 1xFix the
membrane breaking solution at 4 °C for 25 min according
to manufacturer’s instructions of Fixation/Permeabliza-
tion Kit (BD Pharmingen, 554,714). After centrifugation,
Alexa Fluor 647 anti-human CD 206 (Biolegend, 321,116)
was added and incubated at 4 °C for 30 min. Finally,
PBS was resuspended and tested. Prepare single-cell
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suspension samples from mice subcutaneous tumor tis-
sue then add PE Anti-CD163 (Abcam 269,322) and Anti-
Human CD206 (proteintech 18704-1-AP), Dylight 488,
Goat Anti-Rabbit IgG (Abbkine, A23220) as fluores-
cent secondary antibodies for CD206. After incubation,
nucleation, washing, and fixation, flow cytometry was
performed.

Cell apoptosis was measured by flow cytometry using
Annexin V-FITC/PI kit (Absin, 50001-100T). The trans-
fected cells were harvested after being treated with
Adriamycin (3 pg/ml) for 24 h. 500 pl Binding buffer was
added to suspension cells. FITC Annexin V (5 pl) and
5 pl propidium iodide (PI) were added and incubated for
5-15 min in the dark according to the manufacturer’s
protocol. And then, cells were analyzed by Agilent Novo-
Cyte-D2060R. Results were analyzed by NovoExpress
software.

Cell cycles were detected using PI/RNase Stain-
ing Buffer Kit (BD Pharmingen, 550,825) following the
manufacturer’s instructions. In short, prepared single
cell suspension was fixed with 75% ethanol overnight
at 4 C and washed off with PBS before staining. Add
500 pl PI solution for 15 min at room temperature in the
dark. DNA content was detected by Agilent NovoCyte-
D2060R. The percentage of cells in G1, S and G2 phase
was analyzed using NovoExpress software.

In vivo animal model

All animal experimental procedures were approved by the
Animal Ethics Committee of the Nanjing Medical Uni-
versity. Eighteen Balb/c nude mice (Female, 4—6 weeks
old) were purchased from Hangzhou Ziyuan Experi-
ment Animal Technology Co., Ltd (Hangzhou, China).
MCE-7/ADR cells in the logarithmic growth phase were
resuspended and digested to a density of 5x10° cells/ml.
Each mouse was inoculated with 200 ul of cell suspension
into the abdominal wall. After the tumor size reached
80 mm?, mice were randomly divided into three groups.
And then, 10 nmol of 3’tRF-AlaAGC agomir and cor-
responding negative control (NC) were injected into tail
vain of the mice every 3 days, for a total of 10 injections.
The reagents were purchased from Ribobio (Guangzhou,
China), and phosphate buffer saline was injected into the
mock group. The weight and tumor diameter of mice
were measured every 3 days during administration, and
the tumor volume was calculated according to the for-
mula: width?xlengthx0.5. All mice were sacrificed at the
end of explorations, and the subcutaneous xenografts
tissues in each group were excised and photographed
before proceeding with subsequent experiments.

IHC and TUNEL staining
According to the manufacturer’s protocol, we per-
formed immunohistochemistry (IHC) assay on the tissue
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samples. In short, tissue samples were fixed, paraffin-
embedded, dewaxed, rehydrated and antigen retrieval.
Next, each sample was incubated with primary anti-
bodies overnight at 4°C, followed by incubation with
HRP-labeled secondary antibodies at 37 °C for 30 min.
Immediately after, sections were incubated with DAB
solution and counterstained with hematoxylin and eosin.
The staining intensity determined by two pathologists
was defined as follows: negative (0); weak (1); moderate
(2); strong (3). Images were obtained with a microscope.
As for terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining, Sect. (4 pm
thick) cut from paraffin-embedded tissue were dewaxed
and fixed. And then, repaired with protease K for 20 min
at 37 'C. The TUNEL assay kit (Beyotime Biotechnology,
C1088) containing TdT was prepared immediately before
use according to the manufacturer’s protocol. Subsequent
to washing with PBS, the sections were counterstained
with DAPI. Images were captured with a fluorescence
microscope.

RNA pull-down assay and silver staining

Biotinylated tRF probes were synthesized by RiboBio
(Guangzhou, China). RNA pull-down was performed
using Pierce™ Magnetic RNA-Protein Pull Down Kit
(Thermo, 20,164) according to the manufacturer’s
instructions. Briefly, Cells lysates prepared in the IP lysis
buffer were incubated with biotin-coupled probe of tRFs
which was pre-bound on magnetic beads. After incuba-
tion at 4 °C for 1-2 h, beads were magnetically separated
and washed. Then, washing with the washing buffer, the
RNA-bead complexes were harvested using elution buf-
fer and take a boiling water bath for 10 min, and remove
the supernatant to obtain the eluent. After pull down
assay performed as describe above, supernatant mixed
with loading buffer was subjected to SDS-page electro-
phoresis. Next, we stained and developed the gel until the
target band is clear, and then take photos.

Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturer’s instructions, the con-
centration of TGF-B and IL-10 levels were detected
with a Human/Mouse/Rat TGF-B1 ELISA Kit (MULTI-
SCIENCES, EK981-96) and Human IL-10 ELISA Kit (
MULTISCIENCES, EK110/2-48), respectively.

NF-kb nuclear translocation assay

Effects on NF-kb pathway was detected using the NF-xb
Activation Nuclear Translocation Assay Kit (Beyo-
time, SN368). Cells were fixed and washed with PBS for
3 times. After that, cells were blocked with BSA, and
incubated with p65 primary antibody and Cy3 tagged
secondary antibody in turns. Finally, DNA staining was
performed with 4,6-diamidino-2-phenylindole (DAPI)
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for 5 min at room temperature. Images were acquired by
a fluorescence microscope.

Western blot analysis

Total proteins were extracted by RIPA lysate (Servivebio,
G2002). Protein concentration determined using a BCA
protein assay kit (Servivebio, G2026). Equal amount of
protein from each sample were separated by SDS-PAGE
and transferred to polyvinylidene fluoride membranes
and incubated with primary antibodies directed against
target proteins: TNF-a (Servivebio, GB11188), IL-1p
(Affinity, AF5103), CD86 (Wanleibio, WL05184), CD206
(Proteintech, 18704-1-AP), IL-10 (Proteintech, 60269-
1-Ig for human; Abcam, ab189392 for mice), ABCG2
(Proteintech, 27286-1-AP), MDR1(Proteintech, 22336-
1-AP), cleaved-caspase3 (Affinity, AF7022), cleaved-cas-
pase9 (Cell Signaling Technology, 7237T), Bal-2(Affinity,
BF9103), TRADD (Proteintech, 15468-1-AP), p65 (Ser-
vivebio, GB11997), p-p65 (Servivebio, GB113882), CCL-
22(Abcam ab124768). GAPDH (Servivebio, GB15002)
and actin (Servivebio, GB15001) chosen as a loading
control.

Evaluation and analysis of tumor-infiltrating immune cells
Datasets from Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo/) was obtained in the public
domain, which included expression of different genes and
the corresponding clinical information. All gene expres-
sion was normalized for further investigations. Finally,
we selected GSE25065 as the target dataset, including 56
cases of chemosensitivity and 142 chemoresistance. The
GIBERSORT algorithm was used to transform normal-
ized gene expression data into relative proportions of
22 types of immune cells of BC tissues. After screening
according to P<0.05, 191 samples (55 sensitive tissues
vs.136 resistant tissues) from GSE25065 was included for
further analysis. The expression of immune cells in was
analyzed by R software. A heatmap was used to show the
expression pattern of immune cells in chemo-sensitive
and chemo-resistant BC tissues.

Statistical analysis

All of the statistical data were conducted using SPSS
Statistics Version 20.0 and GraphPad Prism v9.4.1. Data
from biological triplicate experiments were presented as
meanzstandard deviation. Comparisons between two
groups were performed using Student’s ¢-test or a non-
parametric Mann-Whitney U test. The Ordinary one-
way ANOVA or a nonparametric Kruskal-Wallis test was
used to perform statistical analysis of multiple compari-
son groups of data. P<0.05 was accepted as statistically
significant.
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Results
tDRs are associated with adriamycin resistance in BC
Firstly, the half-maximal inhibitory concentration (ICg,
value) of MCF-7/ADR and MCF-7 cells were detected
by CCK-8 to verify Adriamycin-resistance BC cells.
As shown in Fig. 1A, the IC;, value of MCF-7/ADR
cells was significantly raised (4.28 pg/ml vs. 51.37 pg/
ml; P<0.001). Compared with MCEF-7 cells, the protein
level of ABCG2, MDR1 and Bcl-2 in MCF-7/ADR cells
increased, while the levels of cleaved-caspase 9 protein
decreased (Fig. 1B). All observations indicated that the
acquired resistance of BC cells was relatively obvious.
The high-throughput sequencing technique was used
to screen tDRs expression profile in MCF-7/ADR and
MCE-7 cells. The scatter plot in Fig. 1C indicated that
the expression level in the two groups (up- and down-
regulated fragments). The identification criteria of dif-
ferently expressed tDRs were defined as the absolute
value of fold change>2 and P<0.05. Total 73 novel
tDRs, including 39 upregulated and 34 downregulated,
were identified (Fig. 1D). According to fold change>2.5,
P<0.05, with large difference between groups and small
difference within groups, 6 up regulation and 4 down
regulation tDRs were determined (Fig. 1E). The above
10 tDRs were validated by qRT-PCR, and the results
showed that the expression trend of cell line validation
was basically consistent with the sequencing results,
the expression of tRF-58-75-Ala-AGC-1 (FC=2.066,
P=0.0007) was significantly upregulated in Adriamycin-
resistant cell sublines (Fig. 1F). As shown in Fig. 1G, the
novel tRF-58-75-Ala-AGC-1, located at chromosome
6 (chr6:28,763,741—-28,763,812) and a length of 72 bp
(http://genome.ucsc.edu/). In the MINTbase v2.0 (http://
cm.jefferson.edu/MINTbase/.), the molecule of tRE-
58-75-Ala-AGC-1 belong to a class of 18nt small RNAs
and the sequence is 5'-TCCCCAGTACCTCCACCA-3'.
The fragments matched perfectly to the 3’ end of mature
tRNA- Ala-AGC-1-1 and cleavage site is located on the
T-loop in the sequence. Figure 1H displayed dissolution
curve and amplification curve of tRF-58-75-Ala-AGC-1
in BC cells using qRT-PCR. Subsequently, we performed
the Sanger sequencing of the PCR products, and the
sequences matched perfectly (Fig. 1I). Finally, we fur-
ther detected the expression of tRF-58-75-Ala-AGC-1 in
serum from 81 BC patients. As shown in Fig. 1], higher
expression of tRF-58-75-Ala-AGC-1 was observed in
patients with higher T stages (T1 vs. T3-4: P=0.0036;
T2 vs. T3-4: P=0.0314) and lymph node metastasis
(P=0.0117). Furthermore, when all BC serum samples
were segregated based upon TNM stage, the gradual
increase in serum tRF-58-75-Ala-AGC-1 expression lev-
els was clearly discernible (P=0.0001). According to the
naming method of Tao et al. [23], we named tRF-58-75-
Ala-AGC-1 as 3'tRF-AlaAGC.
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Fig. 1 tDRs are associated with Adriamycin resistance in breast cancer. A The CCK-8 toxicity confirming the ICy, value in MCF-7 and MCF-7/ADR cells. B
Western blot analysis for ABCG2, MDR1, cleaved caspase-9 and Bcl-2 in breast cancer cells. CThe scatter plot between two groups for tDRs. D The heatmap
of 73 candidate tumor-related differential tDRs. E Ten tDRs between the two groups, of which 6 were up-regulated and 4 were down-regulated in MCF-7/
ADR cells. F RT-PCR was used to verify 10 different tDRs in two cell lines. G The biological characteristics of tRF-58-75-Ala-AGC-1 in UCSC and MINTbase
database. H Dissolution curve and amplification curve of tRF-58-75-Ala-AGC-1. | The product of gRT-PCR was confirmed by Sanger sequencing. J Scatter
plot representation of tRF-58-75-Ala-AGC-1 level in serum of breast cancer patients. *P<0.05, **P<0.01

3’ tRF-AlaAGC suppressed chemosensitivity of BC

The relative high expression cell line MCF-7/ADR and
relative low expression cell line MCEF-7 were selected
to inhibition or overexpression 3'tRF-AlaAGC, respec-
tively. MCF-7/ADR cells with 3'tRF-AlaAGC inhibitor
performed higher Adriamycin toxicity and lower viabil-
ity compared with the negative control (Fig. 2A). Colony
formation assay displayed that 3'tRF-AlaAGC inhibitor
significantly decreased the number of cell clone (Fig. 2B).
Meanwhile, flow cytometry analysis showed that inhibi-
tion of 3’tRF-AlaAGC significantly increased the per-
centage of cells in the G1 peak and the apoptosis ability
in MCE-7/ADR cell (Fig. 2C, D). In contrast, 3'tRF-
AlaAGC mimic showed the opposite tendency in MCEF-7

cell (Fig. 2E-H). Taken together, these finding suggested
that 3'tRF-AlaAGC promoted BC cells Adriamycin resis-
tance in vitro.

Subcutaneous xenograft experiments were under-
taken to discuss the function of 3'tRF-AlaAGC in vivo.
As shown in Fig. 2I, the bodyweight of the nude mice
in 3'tRF-AlaAGC agomir group markedly decreased
compared with the control group. But then, the volume
and weight of subcutaneous tumors were significantly
enhanced in 3'tRF-AlaAGC agomir group relative to
that of the control group (Fig. 2J). The results of western
blot assays revealed that the level of cleaved caspase-3
and cleaved caspase-9 in 3’tRF-AlaAGC agomir group
decreased, while the levels of Bcl-2 increased (Fig. 2K).
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Moreover, the TUNEL assay displayed that 3'tRF-
AlaAGC suppressed the apoptosis of the tumor cells of
transplanted mice (Fig. 2L). Besides, the western blot
assays and IHC assays demonstrated the high expres-
sion of ABCG2 and MDRI in the 3'tRF-AlaAGC agomir
group (Fig. 2M, N). These results indicated that 3'tRF-
AlaAGC weakened chemosensitivity of BC in vivo.

The landscape of immune infiltration in BC tissue

We investigated the expression of different immune
cells in BC tissues according to the CIBERSORT algo-
rithm. As shown in Fig. 3A, the expression of 22 sub-
populations of immune cells varies significantly between

chemo-sensitive and chemo-resistant BC tissues (55
sensitive tissues vs.136 resistant tissues). In the heat-
map, there were greater differences in the expression of
MO, M1 and M2 macrophage between the chemo-sen-
sitive and chemo-resistant tissues among the immune
cells (Fig. 3B). It suggested that macrophages with dif-
ferent phenotypes maybe play a key role in mediating
drug resistance in BC. Violin diagram was used to ana-
lyze the differential expression of 22 immune cells in the
two groups. Compared with chemo-sensitive BC tissues,
the relative expression of M2 macrophages in chemo-
resistant tissues tended to increase (Fig. 3C, P=0.11).
Nevertheless, Fig. 3D analyzes the correlation of different
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immune cells in BC tissue. The results displayed that the
expression of M2 macrophages was negatively correlated
with NK cells resting. Finally, we further analyzed the
correlation between M2 macrophages and pathological
parameters in chemo-resistant BC tissues according to
the GSE25065 dataset. Results displayed that those with
higher expression of M2 macrophages were more likely
to have lymph node metastasis (P=0.008, Fig. 3E) and
deeper invasion (cT12 vs. cT34: P=0.007, Fig. 3F).

M2 macrophages promoted the chemoresistance of BC

Human THP-1 monocyte cells were treated with PMA
to generate macrophages. MO macrophages were then
polarized toward M1 and M2 with LPS/IEN-y and IL-4/
IL-13, respectively. The growth state of THP-1 cells has
changed from the original suspended state to adher-
ent state, and the cells have grown into pseudopods

(Fig. 4A). By measuring the mRNA levels of macro-
phages, M1-polarized macrophage exhibited significantly
higher expressions of IL-1p, TNF-a and CD86 than the
MO and M2 macrophages. While compared with MO
and M1 macrophages, the expression of CCL22, IL-10
and CD206 were markedly higher in M2 macrophages
(Fig. 4B). Similar results were also reflected in western
blot assay, that is, IL-1p, CD86 and TNF-a were highly
expressed in M1 macrophages than MO and M2 mac-
rophages. In contrast, M2 macrophages were shown to
highly express CD206 and IL-10 (Fig. 4C). Furthermore,
flow cytometry showed that CD86 expression was higher
in M1 macrophages, and CD206 was higher in M2 mac-
rophages (Fig. 4D). The co-culture system of BC cells and
macrophages is presented in Fig. 4E.

Subsequently, MCF-7 and MCEF-7/ADR cells were
co-cultured with MO, M1 and M2 macrophages to
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investigate the influence of distinct macrophage phe-
notypes on BC cells. As showed in Fig. 4F, MCF-7 and
MCE-7/ADR cells were co-cultured with M0, M1 and M2
macrophages, then exposed to Adriamycin for 24 h. The
IC50 value of BC cells co-culture with M2 macrophages
was significantly higher than that of cells co-culture
with MO and M1 macrophages. In a word, M2 macro-
phages could enhance the chemoresistance of BC cells.
Moreover, the higher protein level of MDR1, ABCG2
and lower protein level of cleaved caspase-3, cleaved
caspase-9 in BC cells co-culture with M2 macrophages
(Fig. 4G).

Finally, the expression of 3'tRF-AlaAGC in MO, M1,
M2 macrophages and BC cell was detected with real-time
PCR. The 3'tRF-AlaAGC expression level in M2 macro-
phages was significantly higher than other cells (Fig. 4H).
In addition, the 3'tRF-AlaAGC expression level in BC
cells co-culture with M2 macrophages was also markedly

higher than that of cells co-culture with MO and M1 mac-
rophages (Fig. 41). These results suggested that increased
expression of 3'tRF-AlaAGC in M2 macrophages may be
involved in regulating the effect of macrophages on drug
resistance of BC cells.

M2 macrophages treated with 3'tRF-AlaAGC regulated
chemoresistance of BC cells

In order to investigate the role of 3'tRF-AlaAGC in M2
macrophages, we transfected 3'tRF-AlaAGC inhibitor
or mimic into M2 macrophages and co-cultured them
with BC cells. MCF-7/ADR cells co-cultured with M2
macrophages transfected with 3'tRF-AlaAGC inhibi-
tor exhibited reduced drug resistance, halted cell cycle
progression, and increased apoptosis (Fig. 5A-C). More-
over, there were lower expression of ABCG2, Bcl-2 and
higher expression of cleaved caspase-3, cleaved caspase-9
compared with negative group (Fig. 5D). In contrast, the
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MCE-7 cells co-cultured with the M2 macrophages trans-
fected with 3'tRF-AlaAGC mimic showed the opposite
tendency, that is, attenuated chemosensitivity (Fig. 5E-
H). The above results suggested that 3'tRF-AlaAGC in
the M2 macrophages could regulate the chemotherapy
effect of BC cells.

3’tRF-AlaAGC induces M2 polarization of macrophage

We transfected the 3'tRF-AlaAGC mimic/inhibitor and
negative control into M1 and M2 macrophages, respec-
tively. Interestingly, we found that after transfection
with 3'tRF-AlaAGC mimic, the expression of IL-10 and
CCL22 (markers of M2 macrophages) in macrophages
increased significantly, while the expression of TNF-a
and IL-1B (markers of M1 macrophages) decreased. Con-
versely, after transfection with inhibitor, the expression
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of IL-10 and CCL22 in macrophages decreased, and
the expression of TNF-a and IL-1f increased (Fig. 6A).
Meanwhile, the ELISA results also demonstrated that the
levels of TGF-f and IL-10 in supernatant of M1 and M2
macrophages treated with 3'tRF-AlaAGC mimic were
higher than those in control cells. As for the cells trans-
fected with inhibitor, the concentrations of TGF-p and
IL-10 in supernatant were relatively low (Fig. 6B).

In the subcutaneous tumor tissue of mice, the mRNA
and protein levels of IL-10 and CCL22 were significantly
increased in the 3'tRF-AlaAGC agomir group compared
with the control groups (Fig. 6C, E). In addition, the con-
centrations of TGF-p and IL-10 in mice serum of 3'tRF-
AlaAGC agomir group were markedly raised (Fig. 6D).
Flow cytometry results revealed that CD206"CD163"
expression in the 3'tRF-AlaAGC agomir group was sig-
nificantly increased compared with the control groups
(Fig. 6F). Based on the above results, we inferred
that 3'tRF-AlaAGC could regulate the phenotype of
macrophages.
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M2 macrophages treated with 3'tRF-AlaAGC regulate

chemoresistance of BC cells through NF-kb signaling

According to the data of GSE25065, 198 BC tissues
divided into drug resistant group and sensitive group,
and the differential expression signals were analyzed by
GESA software (http://www.webgestalt.org/). As shown
in Fig. 7A, the expression of NK-kb signaling pathway
in drug resistant group was enhanced. The results of
GO analysis of the DEGs-3'tRF-AlaAGC target genes
were presented in Fig. 7B, which revealed that these
target genes were significantly enriched in BP of regula-
tion of signaling, positive regulation of cellular process
and generation of neurons. The significant CC terms
included intracellular, cytoplasm, cell junction and
organelle membrane. MF terms included protein bind-
ing, enzyme binding and transcription regulator activity.
Meanwhile, enriched signaling pathways for target genes
of 3'tRF-AlaAGC identified by KEGG pathway analysis
were ranked according to the -log;,(pvalue). The signifi-
cant 14 signaling pathway include Ras signaling pathway,
cAMP signaling pathway, Cell adhesion molecules, TNF
signaling pathway, NF-«b signaling pathway and so on
in MCF-7 and MCEF-7/ADR cells (Fig. 7C). The above
results suggesting that NF-kb signaling pathway may be
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involved in the regulation of drug resistance in BC. NF-«kb
family transcription factors are key conditioning factors
for immune response, inflammation and cancer, and par-
ticipate in the regulation of cell apoptosis through vari-
ous mechanisms [24]. Subsequently, we investigated the
influences of BC cells co-cultured with M2 macrophages
transfected with 3’tRF-AlaAGC mimic or inhibitor on
NF-«b signaling pathway by NF-«xb nuclear translocation
assay and western blot analysis. Nuclear translocation of
p65 was observed after 24 h of MCF-7 cell co-cultured
with M2 macrophages transfected with 3'tRF-AlaAGC
mimic, which confirmed the activation of NF-«b signal-
ing. And the translocation of p65 elicited by HumanKine®
recombinant human TNF-a protein (proteintech, HZ-
1014-10UG) with a concentration of 10ng/ml was dis-
tinctly suppressed of MCF-7/ADR cell co-cultured with
M2 macrophages transfected with 3'tRF-AlaAGC inhibi-
tor (Fig. 7D). Western blot results displayed that MCEF-7
cells co-cultured with M2 macrophages transfected with
mimic significantly increased the expression of p-65 and

P-p-65. Conversely, MCF-7/ADR cells co-cultured with
M2 macrophages transfected with inhibitor showed a
decrease in the expression of p-65 and P-p-65 (Fig. 7E).
Therefore, these results revealed that 3'tRF-AlaAGC in
M2 macrophages regulate the chemoresistance BC cells
via NF-«b signaling pathway.

3’tRF-AlaAGC regulated M2 polarization of macrophages
in a TRADD-mediated manner

TRADD is an adaptor molecule involved in mediating
multiple biological activities, including cell survival, cell
proliferation, cell differentiation, apoptosis, necropto-
sis and inflammation. It has a variety of protein binding
partners and participates in different signal pathways,
including NF-kb and Mitogen Activated Protein Kinase
activation [25, 26]. To validate the expression correla-
tion between TRADD and NF-kb, we used TCGA data
to preform co-expression analyses via GEPIA (Gene
Expression Profiling Interactive Analysis; http://gepia.
cancer-pku.cn/index.html). TRADD expression was
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positively associated with NF-xb (r=0.3, P<0.01) in BC
(Fig. 8A). What’s more, the results of qRT-PCR and west-
ern blot analysis showed that down-regulation of 3'tRF-
AlaAGC induced a significant decrease of TRADD in
MCE-7/ADR cells. In contrast, in MCEF-7 cells transfected
with mimic showed the opposite tendency (Fig. 8B).
Then, the statistical analysis in public databases TCGA
revealed that the level of TRADD in BC was significantly
higher than normal samples (Fig. 8C, P<0.001). In addi-
tion, compared with chemo-sensitive BC tissues, the
relative expression of TRADD was significantly higher
in chemo-resistant tissues (Fig. 8D, P=0.035). Interest-
ingly, analysis of the TRADD 3'-UTR sequence using
TargetScan (http://www.targetscan.org/) and microRNA.
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org (http://www.microrna.org/microrna/) revealed the
possible binding site for 3'tRF-AlaAGC, implying that
the TRADD gene transcript may be a direct target of
3'tRF-AlaAGC (Fig. 8E). After that, we performed RNA
pull-down assay and silver staining assay to detect 3'tRF-
AlaAGC-associated proteins (Fig. 8F, G). Indeed, the
results evidenced that the association of 3'tRF-AlaAGC
with TRADD.

To determine whether the dysregulation of TRADD is
involved in the regulate the phenotype of macrophages
by 3'tRF-AlaAGC, we used specific siRNAs against
TRADD to knock down TRADD expression and veri-
fied that si-TRADD-2 have relatively high knockdown
efficiency for MCF-7 and MCEF-7/ADR cells (55% and
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41%, respectively; Fig. 8H, I). As shown in Fig. 8], co-
transfected with TRADD siRNA significantly eliminated
the elevated protein expression of TRADD induced by
the 3'tRF-AlaAGC mimic in BC cells. Moreover, the level
of TGF-B and IL-10 in the supernatant of 3'tRF-AlaAGC
mimic and si-TRADD co-transfected M2 macrophages
was lower than that in cells transfected with mimic alone
(Fig. 8K). Furthermore, flow cytometry showed that
the level of CD206 was partially attenuated after 3'tRF-
AlaAGC mimic and si-TRADD co-stimulation (Fig. 8L).
These data illustrated that 3'tRF-AlaAGC regulates M2
polarization of macrophages in a TRADD-mediated
manner.

Discussion

Over the past decades, the overall prognosis of patients
with early-stage BC has been greatly improved through
standard chemotherapy after surgical resection. Anthra-
cycline drugs, such as Adriamycin, as first-line chemo-
therapy drugs for BC, which inhibit DNA synthesis and
cause cell apoptosis. However, chemotherapy is not effec-
tive due to drug resistance. Nowadays, with the devel-
opment of sequencing technology, new types of small
non-coding RNAs including tDRs have been identified in
kinds of cancer [27, 28]. Accumulating evidence showed
that tDRs can be involved in drug resistance of multiple
tumors [29]. tDRs can replace the eukaryotic translation
initiation factor 4G (eIF4G) that binds to mRNA, thereby
inhibiting protein translation [30]. In addition, they can
promote the distribution of stress granules (SGs) asso-
ciated with drug resistance under stress conditions [31,
32]. In the current study, our data displayed that 3'tRF-
AlaAGC was markedly upregulated in Adriamycin resis-
tant BC cell. Higher expression of 3'tRF-AlaAGC were
more likely to have lymph node metastasis and deeper
invasion in patients with BC. Meanwhile, gain- and loss-
of-function experiments of 3'tRF-AlaAGC in BC cells
demonstrated that 3'tRF-AlaAGC could promote cell
Adriamycin resistance and the progression of cell cycle,
and suppress cell apoptosis. Consistent with the result,
the animal experiments suggested 3'tRF-AlaAGC weak-
ened chemosensitivity of BC in vivo.

Increasing evidence indicated that the acquired resis-
tance could be induced by the TME [16, 33]. Tumor
associated macrophage (TAMs) is an important part of
TME, which number and phenotype of macrophages are
closely related to tumor growth and prognosis [34—36].
The M2 macrophages can play an immunosuppressive
and tumorigenic role as TAMs. In this study, we found
that expression of M2 macrophages correlated with the
¢INM stage and lymph node metastasis of BC. Com-
pared with MO and M1 macrophages, M2 macrophages
could enhance the chemoresistance of BC cells and sup-
press cell apoptosis. Furthermore, M2 macrophages is
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highly expressed 3'tRF-AlaAGC, and 3'tRF-AlaAGC
level in BC cells co-culture with M2 macrophages was
also significantly higher than that of cells co-culture
with MO and M1 macrophages. Importantly, the 3'tRE-
AlaAGC in M2 macrophages might impact the chemore-
sistance of BC cells by regulating the polarization of M2
macrophages.

Macrophages display a high plasticity, which allows
them to adapt their phenotype in response to different
environmental stimuli [37]. Many studies have shown
that macrophages predominantly exhibit a M2-like phe-
notype in malignant tumors [38]. Tumor associated M2
macrophages improve tumor cell growth and survival
and stimulate angiogenesis and metastases. In recent
years, several studies have revealed that non-coding
RNAs can regulate the polarization of macrophages. For
instance, miR-934 induced M2 macrophage polariza-
tion by downregulating PTEN expression and activating
the PI3K/AKT signaling pathway in colorectal cancer
[39]. LncRNA MIR155HG promotes colorectal cancer
progression and enhances oxaliplatin resistance in CRC
cells through M2 macrophage polarization by regulat-
ing ANXA2 [36]. tsRNA-14,783 might be participated
in keloid formation via regulation of M2 macrophages
polarization [40]. The results of our study indicated that
BC cells co-cultured with M2 macrophages transfected
with 3'tRF-AlaAGC mimic demonstrated resistance to
drugs and enhanced malignant cellular behavior. Simulta-
neously, the 3'tRF-AlaAGC mimic increased the expres-
sion of M2 macrophage markers IL-10 and CCL-22, and
decreased the expression of M1 macrophage markers
TNEF-a and IL-1B. Conversely, the 3'tRF-AlaAGC inhibi-
tor has the opposite effect. All above results revealed
that 3’tRF-AlaAGC could regulate the phenotype of
macrophages.

NEF-kb is one of the best understood immune-related
pathways due to the increasing research, which has been
shown to play a role in apoptosis by regulating genes
involved in cell death [41, 42]. Here we found that the
expression of NF-kb signaling pathway in BC chemore-
sistance tissues was enhanced. What’s more, enriched
signaling pathways for target genes of 3'tRF-AlaAGC
identified by KEGG pathway analysis, it was found that
NF-«b signaling pathway is also one of them. TRADD
has previously been shown to target the Micro-RNA-
30c-2-3p in BC and negatively regulate NF-«xb signal-
ing [43]. In the present study, we showed that TRADD
expression was positively associated with NF-«xb by use
of public database. Moreover, there are potential binding
sites for TRADD on 3'tRF-AlaAGC, which could regu-
late TRADD expression in BC cells. On the other hand,
RNA pull-down assay results evidenced that the associa-
tion of 3'tRF-AlaAGC with TRADD. Interestingly, rescue
experiments displayed that the suppression of TRADD
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Fig. 9 Proposed working model 3'tRF-AlaAGC might modulate macrophage polarization via binding to TRADD and increase the effect of M2 macro-
phage on promoting the chemoresistance of BC cells through NF-kb signaling pathway

partially abolished the enhanced effect of 3'tRF-AlaAGC
mimic on phenotype of M2 macrophages. And then,
BC cells co-cultured with M2 macrophages transfected
with 3’tRF-AlaAGC mimic showed stronger chemore-
sistance, cell proliferation and weaker apoptosis abil-
ity. Meanwhile, higher expression of ABCG2, Bcl-2 and
lower expression of cleaved caspase-3 and cleaved cas-
pase-9 in experimental group. Certainly, the expression
of TARDD, p-65 and P-p-65 in MCF-7 cells co-cultured
with M2 macrophages transfected with 3'tRF-AlaAGC
mimic were significantly increased. Our results indicated
that 3'tRF-AlaAGC in M2 macrophages regulate the che-
moresistance BC cells via NF-kb signaling pathway. In
the previous study showing the tRF-3022b modulates cell
apoptosis and M2 macrophage polarization via binding
to cytokines in colorectal cancer [44]. In ovarian cancer,
miR-21 modulated the polarization of M2 macrophages
and regulate the chemoresistance via PI3K/AKT signal-
ing [45]. Therefore, we speculated that 3'tRF-AlaAGC
might modulate macrophage polarization via binding
to TRADD and increase the effect of M2 macrophage
on promoting the chemoresistance of BC cells through
NEF-«b signaling pathway (Fig. 9).

Conclusion

In summary, we demonstrate, for the first time, 3'tRE-
AlaAGC is specifically overexpressed in Adriamycin
resistant BC cells and enhances drug resistance through
NF-kb signaling pathway. In addition, 3'tRF-AlaAGC
modulates M2 macrophage polarization by binding to
TRADD.
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