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Abstract

Background: Although trastuzumab provides significant clinical benefit ve breast cancers, responses
are limited by the emergence of resistance. Recent evidence suggests that lo ncoding RNAs (IncRNAs) play
important roles in tumorigenesis and chemoresistance. However, the echanism of IncRNAs in
trastuzumab resistance is not well established to date. In this research, tified the differentially expressed

IncRNA and investigated its regulatory role in trastuzumab resjstance o

er expression in trastuzumab-resistant cells compared to
sensitive cells. Increased expression ff AFAP1-ASTWwas associate with poorer response and shorter survival time of
breast cancer patients. AFAP1-AS1 lated by H3K27ac modification at promoter region, and knockdown
of AFAPT-AST reversed trastuzimab ce. Moreover, extracellular AFAP1-AST secreted from trastuzumab
resistant cells was packaged i es and then disseminated trastuzumab resistance of receipt cells.
Mechanically, AFAPT-A iated with AUF1 protein, which further promoted the translation of ERBB2

AST could induce trastuzumab resistance through associating with AUF1 and
. Therefore, AFAP1-AST level may be useful for prediction of trastuzumab resistance

Keywgafds; Breast cancer, Trastuzumab resistance, Exosome, AFAP1-AST, ERBB2

* Correspondence: minglihan@126.com; dr_dhy@163.com

'Department of Breast Surgery, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou 450052, China

®Department of General Surgery, Hainan General Hospital, Hainan Affiliated
Hospital of Hainan Medical University, No.19 XiuHua Road, Xiuying District,
Haikou 570311, China

Full list of author information is available at the end of the article

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-020-1145-5&domain=pdf
http://orcid.org/0000-0002-4905-6940
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:minglihan@126.com
mailto:dr_dhy@163.com

Han et al. Molecular Cancer (2020) 19:26

Introduction
Breast cancer has become a leading cause of cancer-related
deaths in the world, and the most common cancer among
women [1, 2]. About 20% of breast cancer patients are over-
expressed with HER-2 and therefore associated with poor
prognosis [3]. Currently, trastuzumab, a humanized mono-
clonal antibody targeting extracellular region of HER-2, has
become the alternative choice in the treatment of HER-2-
positive breast cancer [4]. However, only a fraction of meta-
static patients responds to trastuzumab and approximately
60% develop resistance after initial response [5].

Long noncoding RNAs (IncRNAs) constitute a large
class of mRNA-like transcripts, greater than 200 nucleo-
tides with no protein coding capability [6, 7]. They are
involved in a large variety of biological processes, with
reports linking the dysregulation of IncRNAs with cancer
cell invasion, proliferation and metastasis through mech-
anisms ranging from transcriptional levels to post-
transcriptional levels [8, 9]. Recently, various of studies
have reported that IncRNAs are key regulators in trastu-
zumab resistance of breast cancer. For example, Li et al.
demonstrated that IncRNA GAS5 suppresses trastuzu-
mab resistance in breast cancer [10]. Zhu et al. reported
that IncRNA UCAL1 induces trastuzumab resistance by
sponging miR-18a [11]. Shi et al. revealed the critica
role of IncRNA ATB in trastuzumab resistance in b
cancer [12]. These studies suggest that IncRNAs
important regulators in the formation of trast

regulation pathway are not well known.
Exosomes, which are membrane-
originate from endosomal multivesi

f breast cancer cells and spread to receipt sen-
s by packaging into exosomes is not well known.

In this study, we performed microarray-based gene ex-
pression profiling of trastuzumab-resistant breast cancer
by using the established trastuzumab-resistant cells. We
identified actin filament associated protein lantisense
RNA 1 (AFAP1-AS1), a 6.8-kb IncRNA that is located in
the chromosome 4p16.1, was dysregulated and closely
associated with resistance to trastuzumab therapy. More-
over, we proved the essential role of AFAP1-AS1 in
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trastuzumab resistance by incorporating into exosomes.
Mechanically, AFAP1-AS1 could bind with AU-binding
factor 1 (AUF1) protein, which enhanced the translation
of ERBB2 gene.

Materials and methods
Patient samples
Overall, 64 HER-2 positive patients who receive

ER-2 positive
stigate the predictive

survivals of these patients were followed up with a
period of 35 months. Overall survival (OS) was
ated from the date of surgery to the date of mortality
e last follow-up. Progressive-free survival (PFS) was
alculated from the date of surgery to the date of first re-
currence or the last follow-up.

Cell culture and treatment

Human HER-2-positive breast cancer cell lines SKBR-3 and
BT474, were purchased from American Type Culture Col-
lection (Manassas, United States) and maintained in Dulbec-
co’s modified Eagle (DMEM, HyClone Lab., Inc., Logan, UT)
medium supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, St. Louis, MO, USA), 100 U/ml penicillin
and 100 pg/ml streptomycin (Life Technologies, Grand Is-
land, NY, USA) in humidified air at 37 °C with 5% CO,. The
cell lines were authenticated by short tandem repeat (STR)
profiling. Trastuzumab (Herceptin) was purchased from
Roche (Basel, Switzerland) and used by dissolving in
phosphate-buffered saline (PBS). The SKBR-3 and BT474
cells resistant to trastuzumab treatment (named as SKBR-3-
TR and BT474-TR, respectively) were built by establishing
xenografts followed by four courses of trastuzumab treat-
ment as previously described [16]. Cycloheximide (CHX,
Sigma Aldrich, cat. no. 01810) was used at a final density of
20 pg/ml for 1 h.

Vector construction and cell transduction

The silencing RNA against AUF1 (si-AUF1), AFAP1-AS1
(si-AFAP1-AS1#1, si-AFAP1-AS1#2) and HNRNPA2B1
(si-HNRNPA2B1) were synthesized and purchased from
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GenePharma (Shanghai, China). Negative control siRNA is
purchased from Invitrogen (CAT#12935-110, Carlsbad,
CA, USA). AFAP1-AS1, HNRNPA2B1cDNA or negative
control cDNA was enlarged and cloned into the pcDNA3.1
expression vector, defined as p-AFAP1-AS1 and p-NC.
shRNAs targeting AFAP1-AS1 (sh-AFAP1-AS1) or nega-
tive control (sh-NC) were synthesized and loaded into lenti-
virus for in vivo assays. Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) were used for transfection with the
final concentration of 100 nM according to the manufac-
turer’s instructions. The sequences of small interfering
RNAs are presented in Additional file 2: Table S2.

Quantitative real-time polymerase chain reaction (qRT-
PCR) analysis

Total RNA was extracted with TRIzol reagent (Invitrogen,
CA, USA) and treated with DNase I (Thermo Scientific,
Waltham, MA, USA). Exosomes were isolated using Exo-
Quick Exosome Precipitation Solution (SBI, CA, USA) and
exosomal RNAs were extracted using miRNeasy Mini Kit
(Qiagen, Valencia, CA) followed by converting into cDNA
using random primers and Revert AidM-MuLV reverse tran-
scriptase (Thermo Scientific). The cDNA templates were
amplified by real-time PCR using the SYBR Green PCR Kit
(TaKaRa, Tokyo, Japan). qRT-PCR was conducted on an Ap~
plied Biosystems 7500 Sequence Detection System (A
Biosystems, Thermo Fisher Scientific, Inc.), and the

cycling conditions were as follows: 95 °C for 30s

Additional file 2: Table S2. Experimen
times and the relative expression of
using2’AACt method [17].

differentially expres
rolled for both
quencing plat

of ¢cDNA libraxy

one as previously described [16].

structions. A total of 5000 cells with corre-
g treatment were seeded onto 96-well culture
. At specific time point, CCK-8 reagent was used
for incubation for 2h at 37 °C. Then, the absorbance at
450 nm was determined by the Infinite M200 spectro-
photometer (Tecan, Switzerland).

EdU incorporation assay
The transfected breast cancer cell lines were put on ster-
ile coverslips in 96-well plates and incubated for 2 days.
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EdU kit (RiboBio, Guangzhou, China) was used in line
with user guidebook. The fixed cells were subjected to
0.5%TritonX-100 (Beyotime Inc., Shanghai, China) for 10
min and Apollo reaction for 30 min. Nuclei double-staining
with EAU and 4’,6-diamidino-2-phenylindole (DAPI; Beyo-
time) were seen as positively proliferative cells.

Cell migration assay
To determine cell migration, after trangfection,

cells were plated in medium without top
chamber of a Transwell (Cornin edium
containing 20% FBS was placed i ell. After

24-h incubation, cells were fi
15 min, the using crystal
and photographed und

scope. Experiments ried ot at least three times.

ultracentrifugation. Briefly, cells
MEM supplemented with 10%

to remove cells and 1x 10*g for 30 min, 4 °C
ove cellular debris. The resulting supernatant was

ulfra-centrifugation at 1x 10°g for 1h under 4°C. The

ellets were resuspended in PBS and ultra-centrifuged
again at 1x 10°g for 1h under 4 °C. ExoQuick Exosome
Precipitation Solution (SBI) was used to isolate exosomes
from serum followed by exosomal RNA extraction using
miRNeasy Mini Kit (Qiagen, Valencia, CA).

Transmission electron microscopy (TEM)

Exosomes isolated as described above were used for
ultramicroscopic analysis. Briefly, exosomes were resus-
pended and fixed in 30 pl 2% paraformaldehyde and
adsorbed onto a glow-discharged copper grid. After-
wards, copper grid with exosomes adsorbed was sus-
pended above the 3% glutaraldehyde droplet for fixation
then suspended above the 4% uranyl acetate droplet to
stain exosomes. Image capture was executed with TEM
(FEI, United States).

RNA immunoprecipitation (RIP) and chromatin
immunoprecipitation (ChIP)

RIP was implemented using a Magna RIP"RNA-Binding
Protein Immunoprecipitation Kit (Millipore, Cambridge,
MA, USA) as directed by the manufacturer. Post the
harvest of cells in IP lysis buffer and mechanical shear
by a homogenizer, anti-bodies against AUF1 (cat. no.
ab61193, Abcam, Cambridge, MA), HNRNPA2BI1
(ab31645, Abcam) and IgG (EMD Millipore, cat. no. 12—
371) were added and cultured with the cell extract
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overnight under 4 °C. Then streptavidin-coated magnetic
beads were added for incubation for 2h. The isolated
and purified RNAs in which AFAP1-AS1 may be
enriched was subjected to qRT-PCR measurement.

ChIP assay was carried out by the use of Simple ChIP®
Enzymatic Chromatin IP Kit (Cell Signaling Technology,
CA, USA). The cross-linked RKO and LOVO cell lines
were cultured in 4%formaldehyde for 30 min at room
temperature, followed by lysing in RIPA buffer (Thermo
Scientific, Waltham, MA, USA). Lysates were treated
with ultrasonic to acquire DNA fragments of 200- to
1000-bp in length. Immunoprecipitation was conducted
with specific antibodies against H3K27ac antibody
(Abcam, cat. no. ab4729) or the negative control IgG
antibody (EMD Millipore, cat. no. 12-371) overnight at
4°C. Following rinsing and elution, de-cross-linked
chromatin was retrieved and quantitated by qRT-PCR
with IgG antibody as negative control. Experimental pro-
cedures were performed at least 3 times.

Nucleocytoplasmic separation

Nuclear and cytosolic fractions were separated using the
PARIS kit (Am1921, Thermo Fisher Scientific, USA) as di-
rected by the manufacturer. Then, the expression levels of
GAPDH, Ul and AFAP1-AS1 in cytoplasm or nuclear o
breast cancer cells were detected using qRT-PCR ass

RNA fluorescent in situ hybridization (RNA-FIS
GFP-labeled AFAP1-AS1 probes were o

(RiboBio Inc.) according to the ma
tions. Briefly, 4% paraformaldehyde

ton. Then, cells were culture
night. All fluorescence imag
Nikon A1Si Laser
(Nikon Instrumen

1c probe over-
captured using

ard then immersed. Used different concentra-
ethanol (including 100, 95, 85, 70%) and deion-
ized Wwater to hydrate these slices, then these slices were
immersed in citrate buffer solution (0.01 mol / L, pH
6.0) and heated them and keep the temperature between
95°C and 100°C for 30 mins. After washing with PBS,
incubated with 0.5% Triton X100 for 30 min. This frac-
tion was then stained using the biotin-streptavidin HRP
detection system (ZSGB, China). These slices were incu-
bated with primary antibody targeting HER-2 (1:200,
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ab16901, Abcam) overnight at 4 °C, and the presence of
brown chromogen in the membrane indicates positive
immunoreactivity.

The immunostaining intensity of each sample was
graded as negative=0, weak=1, moderate=2, or
strong =3. The proportion of positively staini
was assessed as the percentage. The score was
culated as the intensity score multiplied by the
age of cells stained (score =intensity x, % of p
cells). Images were visualized using a ECL
(Fukasawa, Japan) microscope s
with Nikon software.

cessed

In vivo nude mouse mo
Tumor xenografts
nude mice (4—6 weeks ol

tablis with male BALB/c
ich were purchased from

S1 or sh-NC were subcutaneously injected

de mice followed by treatment with 3 mg/kg tras-

% ab intraperitoneally once every two days for 20

days. The diameters of tumors were recorded twice a

eek using a caliper and tumor volume was calculated
as (longest diameter) x (shortest diameter) 2 x 0.5. Then
the mice were sacrificed to separate grafted tumors from
them after 30 days and the weights of neoplasm were
measured immediately after resection. Then, tissues
were fixed for making pathological slides with 4% para-
formaldehyde fixation followed by IHC staining for
HER-2. Animal experiments were authorized by the In-
stitutional Review Board of The First Affiliated Hospital
of Zhengzhou University (Henan, China).

To experimentally construct lung metastases, SKBR-3-
TR cells that had been transfected to stably express fire-
fly luciferase (Xenogen Corporation, CA, USA) were in-
fected with lentiviruses carrying control shRNA or sh-
AFAPI1-AS1. Single-cell suspension (2 x 10°cells in
100 pl) in a total volume of 500 uL. PBS containing 0.1%
BSA was injected into the mouse lateral tail vein over a
60 s duration (five mice per group). After treatment with
1mg/kg trastuzumab intraperitoneally once every two
days for 5weeks, mice were abdominally injected with
luciferin (25 mg/ml in 0.1 ml PBS). At 15 min after injec-
tion, mice were anesthetized with phenobarbital sodium
and lung metastases images were observed by IVIS-100
system (Xenogen). The bioluminescent images were
overlaid on black and white photographs of the animals
that were collected at the same time. Bioluminescence
from relative optical intensity was defined manually.
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Bioinformatic analysis

The putative modification at the promoter of AFAP1-
AS1 gene were predicted using (http://genome.ucsc.edu).
Based on minimum free energy (MFE) and partition
function, the stem-loop structure of AFAP1-AS1 was
established by using (http://rna.tbi.univie.ac.at/).

Western blot assay
The cells from all groups were collected, washed with 3
ml pre-cooling PBS, placed on ice and then boiled in
SDS-sample buffer. Proteins samples were resolved by
electrophoresing on 10% polyacrylamide gel electrophor-
esis (SDS-PAGE) and then transferred to polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked
for 1h with 5% skimmed milk at room temperature
followed by incubation with the primary antibody
against AUF1 (1:1000, Abcam, cat. no. ab61193), HER-2
(1:1000, Abcam, cat. no. ab16901), and GAPDH (1:5000,
Abcam, ab9485) at 4°C overnight and then incubated
with corresponding secondary antibody at 37 °C for 1 h.
The PVDF membrane was developed using ECL chemi-
luminescent reagent. Finally, the protein bands were per-
formed with Bio-Rad Gel Doc XR+ system (Bio-Rad,
Hercules, CA, USA).

Statistical analysis
All experiments were performed in triplicate.
were presented as mean + SD. Comparison b

groups (>2). Fisher exact testing
evaluate the difference of proportio
groups. A P-value < 0.05 was consid
nificant for all analyses. Statii
formed using GraphPad P .01, GraphPad
<0.05 was consid-

icant difference.

pregulated in trastuzumab-
ated by H3K27ac
udy, breast cancer cells that are resist-

re sugcessfully established (Additional file 3: Fig-
[16]. By using SKBR-3-TR and SKBR-3 par-
Is, we extended the sequencing samples based
on the previous study [16]. Volcano plot was used for
assessing gene expression variation between SKBR-3-TR
and SKBR-3 cells (Fig. 1a). Genes with fold change more
than 2 and false discovery rate less than 0.05 were iden-
tified as significantly differently expressed. The top 10
dysregulated IncRNAs are shown by hierarchical cluster-
ing analysis (Fig. 1b). We found that IncRNA AFAP1-
AS1 was significantly dysregulated between the two
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types of cells. Interestingly, Yang et al. reported that
AFAP1-AS1 was the most dysregulated IncRNA in HER-
2-enriched subtype breast cancer [18]. Since HER-2 pro-
tein was the therapeutic target of trastuzumab, we hypoth-
esized AFAP1-AS1 may be tightly linked with HER-2
this

expression and trastuzumab resistance. To confi

established resistant sub-lines in contra
parental cell lines. Moreover, a si

AFAPI1-AS1 level was also veri
breast cancer tissues in contr

To identify the un
AFAPI1-AS1 was bhi

egion of AFAP1-AS1. As

erformed ChIP assay. We verified that
> Jac was enriched at the AFAP1-AS1 promoter re-
and the enriched level was much higher in
trastuzumab-resistant cells in contrast to respective par-
ntal cells (Fig. 1f). Moreover, trastuzumab treatment
significantly increased the H3K27ac-enriched level in
parental breast cancer cells (Fig. 1g). By using C646, a
well-known acetyltransferase inhibitor, we found that
C646 treatment repressed the H3K27ac enrichment and
AFAP1-AS1 expression level (Fig. 1h and i). Taken to-
gether, we proved that AFAP1-AS1 was upregulated in
trastuzumab-resistant cells, mainly due to the increased
H3K27ac enrichment at AFAP1-AS1 promoter region.

Silencing IncRNA AFAP1-AS1 reverses trastuzumab
resistance

To determine the essential role of AFAP1-AS1 in trastu-
zumab resistance of breast cancer cells, we silenced
AFAPI1-AS] in breast cancer cells. As shown in Fig. 2a, we
observed a significantly decreased expression of AFAP1-
AS1 in cells transfected with si-AFAP1-AS1#1 or si-
AFAP1-AS1#2 compared to controlled cells. CCK8 assay
revealed that knockdown of AFAP1-ASI significantly in-
creased the repression of cell viability induced by trastuzu-
mab treatment (Fig. 2b and c). Moreover, the ICs, values
of SKBR-3-TR and BT474-TR cells were dramatically de-
creased after knocking down of AFAP1-AS1 (Additional
file 3: Figure Slc-d). It is known that trastuzumab exerts
the anti-cancer effects via suppression of HER-2-regulated
cancer proliferation and metastasis [19], herein we per-
formed EdU staining and Transwell migration assay. EQU
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oup (Fig. 2). Furthermore, AFAP2-AS1 in-
proliferation and migration ability of SKBR-3

LncRNA AFAP1-AS1 level correlates with trastuzumab
resistance in HER-2-positive breast cancer patients
qRT-PCR was performed to detect the expression of
AFAP1-AS1 in tissue samples from 64 HER-2 positive
patients (32 trastuzumab-resistant patients and 32
trastuzumab-responding patients according to iRECIST

criteria). Figure 3a showed that AFAP1-AS1 was signifi-
cantly upregulated in trastuzumab-resistant patients
than in sensitive patients. To verify the predictive role of
circulating AFAP1-AS] in breast cancer patients, we ex-
amined whether AFAP1-AS1 was presented in extracel-
lular milieu. As shown in Fig. 3b, expression of AFAP1-
AS1 was detectable in serum of breast cancer patients
and positively correlated with that in tissue samples.
Serum AFAP1-AS1 level was significantly higher in non-
responding patients compared to responding patients
(Fig. 3c). When we divided the patients into high and
low AFAPI1-AS1 expressing groups (median value as
cut-off), the proportion of responding patients was sig-
nificantly lower in high AFAP1-AS1 level group than in
low AFAP1-AS1 level group (Fig. 3d). We verified that
distant metastasis was associated with high AFAP1-AS1
expression, while no significant difference was found in
other clinical characteristics between AFAP1-AS1 high
and low groups before trastuzumab therapy (Additional
file 1, Table S1). Kaplan-Meier analysis showed that high
AFAP1-ASI levels in pretherapy serum were correlated
with reduced PFS and OS in trastuzumab-treated breast
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detected the existence pattern of intracellular
acellular AFAP1-AS1. FISH assay with AFAP1-
robe showed that AFAP1-AS1 was mainly distrib-
uted in cytoplasm of trastuzumab-resistant cells (Fig. 4a),
suggesting that AFAP1-AS1 could be packaged into exo-
somes when secreted. Moreover, AFAP1-AS1 level in
culture medium was unchanged upon treatment with
RNase but significantly decreased when treated with
RNase and Triton x 100 simultaneously, indicating that
AFAP1-AS1 was wrapped with membrane instead of

being released directly (Fig. 4b). To confirm this hypoth-
esis, we isolated exosomes from culture medium. The
representative micrograph and video taken by TEM
showed vesicles with round or oval membrane (Fig. 4c,
Additional file 5). NTA analysis revealed that the size of
exosomes mostly ranges from 30 nm to 150 nm in diam-
eter (Fig. 4d). Exosomes isolated from SKBR-3-TR cells
and SKBR-3 parental cells exhibited similar morphology,
size, and number. Western blot assay further verified that
the exosome proteins, TSG-101 and CD81, were enriched
in exosomes but not in cell extracts (Fig. 4e). In addition,
the expression of exosomal AFAP1-AS]1 levels were equal
to that in extracellular AFAP1-AS1 levels in the cell cul-
ture medium, however, extracellular AFAP1-AS1 levels
were almost eliminated after removing the exosomes from
the medium (Fig. 4f), suggesting that exosome was the
main carrier for extracellular AFAP1-AS1. Figure 4g
showed that exosomal AFAP1-ASI level was significantly
higher in culture medium from trastuzumab resistant cell
than that from sensitive cells.
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Then, we determined how AFAP1-AS1 is incorporated
into exosomes. Previous study showed that RNA-
binding protein, heterogeneous nuclear ribonucleopro-
tein A2B1 (HNRNPA2BI1), is critical for packaging RNAs
into exosomes [20]. To clarify whether HNRNPA2B1 is

essential for AFAP1-AS]1 loading into exosomes, we per-
formed RIP assay with antibody against HNRNPA2BI.
As shown in Fig. 4h, AFAP1-AS1 was pull down by
HNRNPA2B1 antibody in SKBR-3-TR and BT474-TR
cells. By silencing HNRNPA2B1, we found that exosomal
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AFAP1-AS1 was downregulated; whereas enhanced
HNRNPAZ2BI increased the expression of AFAP1-AS1 in
exosomes accordingly (Fig. 4i-1). These data strongly sug-
gest that AFAP1-AS1 was specifically packaged into exo-
somes in an HNRNPA2B1-dependent manner.

Exosome mediated transfer of AFAP1-AS1 disseminates
trastuzumab resistance

Take a step further, we proved the AFAP1-AS1contained in
exosomes could be taken up by receipt cells via using two
prolonged stages. First, we isolated exosomes from SKBR-3-
TR cells and labelled with PKH26 dye followed by incuba-
tion with SKBR-3 and BT474 cells for 48h. Figure 5a
showed a strong red signal in receipt cells, indicating that the
exosomes were taken up by recipient cells. Second, we exam-
ined whether these exosomes could deliver AFAP1-AS1 to
recipient cells. By extracting cytoplasm RNA from receipt
cells followed by qRT-PCR assay, we verified a significantly
increased AFAP1-AS] level in recipient parental cells upon
incubation with exosomes from normal SKBR-3-TR cells,
but not AFAP1-AS1-knockdown SKBR-3-TR cells (Fig. 5b).
These results suggested that the AFAP1-AS1-contained exo-
somes can be taken by recipient cells.

We further examined whether exosome-transferred
AFAP1-AS1could confer the resistant phenotype to recipi-
ent cells. As shown in Fig. 5c-d, parental cells incu
with SKBR-3-TR-derived exosomes exhibited
sensitivity to trastuzumab treatment. To explo

GW4869 (Fig. 5e). As shown in Fig.
culture medium from SKBR-3-TR

ance to recipi-
f AFAP1-AS1 or

we supposed that AFAP1-AS1 may be
R-2 expression. By performing immuno-

R-2 protein was upregulated in SKBR-3-TR and
[R cells in contrast to the respective parental cells
(Fig. 6a, Additional file 6: Figure S2a). Flow cytometry ana-
lysis showed that the percent of HER-2 positive cells in
trastuzumab-resistant cells was significantly higher than that
in parental cells (Additional file 6: Figure S2b-d). Then, we
further examine whether HER-2 was regulated by AFAP1-
AS1. As expected, knockdown of AFAP1-AS1 decreased
HER-2 expression in trastuzumab-resistant cells (Fig. 6b).
However, when we analyzed the expression of ERBB2
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(ERBB2 was used to indicate the coding RNA of HER-2 pro-
tein) by performing qRT-PCR, the influence of AFAP1-AS1
on ERBB2 level was insignificant (Fig. 6¢). In addition, in-
creased AFAP1-AS] upregulated HER-2 protein level (Fig.
6d) without influencing ERBB2 level (Fig. 2e). qRT-PCR also
showed no correlation between AFAP1-AS1 and

however, whether AFAP1-AS1/HER-2
trastuzumab resistance needs further

LncRNA AFAP1-AS1 is associated AUF71/to play
critical roles
Our RNA-FISH show at 1-AS1 was mainly

f trastuzumab-resistant cells
r fractionation PCR, we
clusion’ (Fig. 7a). Similarly, subcel-
-AS1 was also mainly distrib-

d parental sensitive cells, suggesting the forma-
5f trastuzumab resistance was not due to the export
or/import nuclear of AFAP1-AS1. Based on online mini-
um free energy (MFE) evaluation (http://rna.tbi.univie.
ac.at/), we predicted that AFAP1-AS1 transcript at the
911-1190 nt loci formed stem-loop structures (Fig. 7b),
which is essential for the association with targeted RNA-
binding proteins. To verify the proteins associated with
AFAP1-AS1, RNA pulldown followed by mass spectrom-
etry was performed, and several potential AFAP1-AS1-
interacting proteins were identified (Additional file 8:
Table S4), among which we identified AUF1, which
could bind to 3’ untranslated region (UTR) of target
mRNA and promote its translation without influencing
the mRNA level [21]. Immunofluorescence assay showed
co-expression in cytoplasm with AFAP1-AS1 (Fig. 7c).
By designing AFAP1-AS1 probe and performing RNA
pull-down assay, we found that AUF1 protein was
enriched by AFAP1-AS1 (Fig. 7d). Moreover, RIP assay
verified that AFAP1-AS1was precipitated by AUF1 anti-
body (Fig. 7e). AUF1 was not affected by AFAP1-AS1
knockdown in both transcript and protein levels (Fig.
7f). These suggest that AFAP1-AS1 is associated with
AUF1 protein to play critical bio-functions.

LncRNA AFAP1-AS1 activates the translation of ERBB2 via
recruiting AUF1

We sought to prove that AFAP1-AS1 increases translation
activity of ERBB2 by binding with AUF1. Figure 7g showed
that silence of AUF1 down-regulated HER-2 protein level
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this effect was abrogated when SKBR-3-TR ¢
exosomes induced trastuzumab resistance in

Knockdown of AFAP1-AS1 reverses trastuzumab
resistance and metastasis in vivo

Based on our in vitro observations, we sought to validate
our data by establishing xenografts in BALB/c nude mice
models. We generated xenografts by subcutaneous injec-
tion of SKBR-3-TR and BT474-TR cells stably infected
with sh-AFAP1-AS1 or sh-NC followed by intraperito-
neal treatment of trastuzumab as described in Methods.

we treated trastuzumab resistant cells with cyclo-

(CHX), which inhibited the active synthesis and se-
cretion of proteins. We measured the degradation of
existing proteins and revealed that dysregulated
AFAP1-AS1 had no effect on half-life of HER-2 pro-
tein (Fig. 7k), indicating that AFAP1-AS1 exerted no
influence on HER-2 protein degradation. Hence, our
results proved that AFAP1-AS1 guides AUF1 to bind-
ing to HER-2 mRNA, activating its translation with-
out affecting the mRNA level.

By stripping tumors from nude mice, we presented the
xenografts from different groups after 20 days of treat-
ment (Fig. 8a). Moreover, the tumors formed in the sh-
AFAP1-AS1 group were substantially smaller than those
in the sh-NC group (Fig. 8b). By conducting IHC assay
using anti-HER-2 antibody, we found that tumors
formed from sh-AFAP1-AS1-infected cells exhibited de-
creased expression level of HER-2 than tumors formed
from control cells (Fig. 8c).
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Fig. 8d and e, the luciferase flux count along with the visible
number of lung metastases formed by sh-AFAP1-ASl1-in-
fected cells were much less than the metastasis formed by
sh-NC cells. HE-stained lung tissues showed significant im-
proved positive areas in metastasis sections in contrast to
normal lung sections (Fig. 8f). Altogether, we validated that
silence of AFAP1-AS1 reversed trastuzumab resistance and
metastasis of breast cancer in vivo.

Discussion

It has now become widely accepted that mammalian ge-
nomes encode numerous IncRNAs [22]. Dysregulation
of some IncRNAs has been shown in various type of
cancers during cancer initiation, progression and che-
moresistance, such as breast cancer [23]. However, the
functions and mechanisms behind IncRNAs in breast
cancer resistance, such as trastuzumab resistance, are
still obscure. Based on our IncRNA microarray data, we
identified an antisense IncRNA AFAP1-AS1, was highly
expressed in trastuzumab-resistant cells than in parental
cells. Gain and loss-functional assays revealed that
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knockdown of AFAP1-AS1 reverses trastuzumab resist- protein level and subsequent trastuzumab resist-
ance. In addition, extracellular AFAP1-AS1 confers tras- ance (Fig. 9).

tuzumab resistance via incorporating into exosomes. Even more effective therapies using trastuzumab
Mechanistically, AFAP1-AS1 enhanced the transla- emtansine are now available [24]. Unfortunately, resist-
tion of ERBB2 mRNA through binding with AUF1, ance to trastuzumab and other therapies that target the
thereby inducing the upregulation of HER-2 HER-2 pathway still occurs and some patients do not
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from trastuzumab-based drug regimen. In
addition, the identification of patients that will benefit from
HER-2-directed therapies is greatly hindered by a lack of
biomarkers for predicting therapeutic response [25]. This is
despite the extensive retrospective analysis of phase III clin-
ical trial data for the potential roles of related RTKs (ie.
EGFR, HER-3, IGF-1R), ligands (i.e. EGF, TGFa) or PI3K
pathway alterations. The expression of HER-2 itself is cur-
rently the only biomarker to guide treatment decisions

within this HER-2 positive patient cohort [26]. Therefore,
numerous studies have been devoted to identifying the po-
tential pathways and predictive biomarkers. At the same
time, another newly developed anti-HER2 targeted anti-
body conjugate, Ado-trastuzumab emtasine (TDM-1), has
emerged. It consists of trastuzumab plus the cytotoxic DM1
(emtasine), the first selectively and specifically delivering the
second inside the HER2+ cancer cells through receptor-
mediated endocytosis. It is specifically used for treatment of
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AP1-AST expression; which upregulates HER-2 expression by
stance. In addition, extracellular AFAP1-AS1 from trastuzumab-

experimentally proved whether T-DM
zumab resistance of breast cancer cells.
1s closely asso-
ciated with aberrant biological @ of human can-
cers [28]. It is notewg >

antisense direction
in the opposite

pathological

metastasis  [33]. Previously, IncRNA
AS1 was reported to act as a competing en-
dogehous RNA of miR-423-5p to facilitate nasopha-
ryngeal carcinoma metastasis [34]; while Yin et al.
demonstrated that AFAP1-AS1 is associated with
poor survival of patients with non-small cell lung
cancer, and enhances cell proliferation via inhibition
of p21 expression [35]. Until now, the exact regula-
tory mechanism of AFAP1-AS1 in cancer progres-
sion and resistance is not defined.

Our study investigated the potential function of AFAP1-
AS1, and revealed that dysregulation of AFAP1-AS1 abro-
gated trastuzumab resistance. More importantly, we identi-
fied that extracellular AFAP1-AS]1 could confer trastuzumab
resistance through incorporating into exosomes. Exosomes
are a new means of intercellular information exchange that
have aroused great research interest [36]. Long neglected in
research, exosomes were deemed nonfunctional cellular
components to be discarded. However, it has been gradually
revealed that exosomes are an important tool for the ex-
change of intercellular information and material [37]. Extra-
cellular exosomes may spread drug resistance among
heterogeneous populations of cancer cells, and ultimately in-
ducing treatment failure of many cancer types [38]. However,
the precise regulatory mechanism of how exosomes influ-
ence the tumor microenvironment for cell growth, metasta-
sis and chemoresistance is largely unclear. By using a two-
step validation, we verified that extracellular AFAP1-AS1
could confer trastuzumab resistance by incorporating into
exosomes, which demonstrated a novel mechanism by which
AFAP1-AS1 spread trastuzumab resistance.

Take a step further, we explored the downstream genes
targeted by AFAP1-AS1. As trastuzumab suppressed breast
cancer progression via the blockage of HER-2 signaling, we
hypothesized AFAP1-AS1 may affect the expression of HER-
2 protein. By conducting gain- or loss-functional assays, we
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proved that HER-2 was silenced by AFAP1-AS1 knockdown
in trastuzumab resistant cells whereas upregulated by over-
expression of AFAP1-AS1 in parental cells. More import-
antly, AFAP1-AS1 induced HER-2 protein level without
influencing ERBB2 mRNA level. This indicates AFAP1-AS1
may regulate HER-2 protein at translational level. To un-
cover the underlying mechanism by which AFAP1-AS] reg-
ulates HER-2 protein level, we screened the AFAP1-ASI1-
interacting proteins, and identified AUF1. AUF1 is a family
of four RNA-binding proteins (RBPs) generated by alterna-
tive pre-messenger RNA (pre-mRNA) splicing, with canon-
ical roles in controlling the stability or translation of mRNA
targets based on recognition of AU-rich sequences within 3’
UTR of target mRNA [39]. Previously, Xiao et al. demon-
strated that IncRNA FILNC1 represses c-Myc protein level
by sequestering AUF1 from binding c-Myc mRNA and sup-
pressing translation [40]. We validated that AUF1 was asso-
ciated with AFAP1-AS1 and might act as an adaptor protein
that cooperates with AUF1 to bind to ERBB2gene. By per-
forming RIP assay, we revealed that AFU1 directly interacted
with ERBB2, and AFAP1-AS1 increased this association
level. Moreover, AFAP1-AS1 showed no effect on the HER-
2 protein stability, which further supported our assumption.

Recent studies revealed the therapeutic potential of

IncRNAs by designing specific silencing molecular or overex~
pression vector to knock off or upregulate the specific

genic IncRNAs in cancer, respectively [41]. Addi
silencing nucleic acids against specific molecular

existed resistance [42]. Therefore, inhibitio
resistance via precisely controlling AF
represent as potential therapeutic meth

Conclusion
We discovered that IncRNA A w

expression and trastuzumab
he precise role of AFAP1-AS1/

rease our knowledge of noncoding
therapeutic effect in cancer and the

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512943-020-1145-5.

Additional file 1: Table S1 Clinical characteristics of 64 HER2" patients
and the expression of AFAP1-AST.

Additional file 2: Table S2 Information of the gPCR primer sequences
and silencing RNA sequences.

Page 16 of 18

Additional file 3: Figure S1 Determination of IC50 values of breast
cancer cells. (a-b) The IC50 values of breast cancer parental cells (SKBR-3
and BT474) and established trastuzumab-resistant cells (SKBR-3-TR and
BT474-TR) were determined via CCK8 assay. (c-d) The IC50 values of
trastuzumab-resistant cells transfected with si-NC or si-AFAP1-AST were
determined accordingly.

Additional file 4: Table S3 Univariate and multivariate Cox
proportional hazards regression model analysis of overall survivat’in
breast cancer patients.

Additional file 5: Dynamic video of exosome.

Additional file 6: Figure S2 HER-2 protein was up,

ure Collection; AUF1: AU-binding factor 1;
precipitation; CHX: Cycloheximide; DAPI: 4',6-

lyceraldehyde 3-phosphate dehydrogenase; H3K27ac: H3K27
n; HER-2: Human epidermal growth factor receptor 2;
B1: Heterogeneous nuclear ribonucleoprotein A2B1;

& energy; NC: Negative control; OS: Overall survival; PBS: Phosphate-
uffered saline; PCR: Polymerase chain reaction; PFS: Progressive-free survival;

PVDF: Polyvinylidene fluoride; RIP: RNA immunoprecipitation; SD: Standard

deviation; TEM: Transmission electron microscopy; UTR: Untranslated region

Acknowledgements

We thank Professor Manran Liu, The Key Laboratory of Laboratory Medical
Diagnostics, Chinese Ministry of Education, Chongging Medical University,
Chongging 400016, China, for critical technical support.

Author contributions

MH, HD and YG acquired the data and created a draft of the manuscript;
MH, HD, PL, JL, HC, YY, XY, NH, DD and JH collected clinical samples and
performed the in vitro and in vivo assays; XL, XQ and CY alyzed interpreted
the data and performed statistical analysis; HD reviewed the manuscript,
figures, and tables. All authors have read and approved the final manuscript.

Funding
This study is supported by National Science Foundation of China
((81960475,81601726,81702557).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

This study was approved by Research Scientific Ethics Committee of The First
Affiliated Hospital of Zhengzhou University, University-Town Hospital of
Chongging Medical University, The Second Affiliated Hospital of Chongging
Medical University and Hainan General Hospital. All participants signed in-
formed consent prior to using the tissues and serum samples for scientific
research.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12943-020-1145-5
https://doi.org/10.1186/s12943-020-1145-5

Han et al. Molecular Cancer (2020) 19:26

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Breast Surgery, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou 450052, China. “Department of Vascular Surgery, The
First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China.
*Department of Oncology, The First Affiliated Hospital of Zhengzhou
University, Zhengzhou 450052, China. *Department of General Surgery,
University-Town Hospital of Chongging Medical University, Chongging
400016, China. *Department of Obstetrics and Gynecology, The Second
Affiliated Hospital, Chongging Medical University, Chongging 400010, China.
®Department of General Surgery, Hainan General Hospital, Hainan Affiliated
Hospital of Hainan Medical University, No.19 XiuHua Road, Xiuying District,
Haikou 570311, China.

Received: 8 June 2019 Accepted: 28 January 2020
Published online: 05 February 2020

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394-424.

2. LiN,DengY, Zhou L, Tian T, Yang S, Wu Y, Zheng VY, Zhai Z, Hao Q, Song D,
et al. Global burden of breast cancer and attributable risk factors in 195
countries and territories, from 1990 to 2017 results from the global burden
of disease study 2017. J Hematol Oncol. 2019;12(1):140.

3. Zheng H, Zhong A, Xie S, Wang Y, Sun J, Zhang J, Tong Y, Chen M, Zhang G,
Ma Q, et al. Elevated serum HER-2 predicts poor prognosis in breast cancer
and is correlated to ADAM10 expression. Cancer Med. 2019,8(2):679-85.

4. Daniels B, Kiely BE, Lord SJ, Houssami N, Lu CY, Ward RL, Pearson SA. Long-term
survival in trastuzumab-treated patients with HER2-positive metastatic breast cance
realworld outcomes and treatment patterns in a whole-of-population Australi
cohort (2001-2016). Breast Cancer Res Treat. 2018;171(1):151-9.

5. Adamczyk A, Kruczak A, Harazin-Lechowska A, Ambicka A, Grela-!
A, Domagala-Haduch M, Janecka-Widla A, Majchrzyk K, Cicho

biological features related to trastuzumab resistance an
survival of breast cancer patients undergoing trastuz

predictors of survival in human cancer: a syste
analysis. Mol Cancer. 2016;15(1):50.

7. Josipovic |, Pfluger B, Fork C, Vasconez
Gamen E, Heringdorf DMZ, Chen W, et &
required for S1P signaling and endotheli
2018;116:57-68.

8. Malih S, Saidijam M, Mali

Tumour biol. 2016;
9. Tian T, Wang

D, Ye XM Yang AG, Jia LT. Long non-coding RNA UCA1

s breast cancer cells to trastuzumab by impeding miR-18a

ion of yes-associated protein 1. Biochem Biophys Res Commun.

1496(4):1308-13.

12. Shi SJ, Wang LJ, Yu B, Li YH, Jin Y, Bai XZ. LncRNA-ATB promotes
trastuzumab resistance and invasion-metastasis cascade in breast cancer.
Oncotarget. 2015;6(13):11652-63.

13. Boelens MC, Wu TJ, Nabet BY, Xu B, Qiu Y, Yoon T, Azzam DJ, Twyman-Saint
Victor C, Wiemann BZ, Ishwaran H, et al. Exosome transfer from stromal to
breast cancer cells regulates therapy resistance pathways. Cell. 2014;159(3):
499-513.

14.  Pefanis E, Wang J, Rothschild G, Lim J, Kazadi D, Sun J, Federation A, Chao J,
Elliott O, Liu ZP, et al. RNA exosome-regulated long non-coding RNA
transcription controls super-enhancer activity. Cell. 2015;161(4):774-89.

20.

22.

23.

24.

27.

28.
29.

30.

32.

33.

34.

35.

36.

Page 17 of 18

Dong H, Wang W, Mo S, Liu Q, Chen X, Chen R, Zhang Y, Zou K, Ye M, He
X, et al. Long non-coding RNA SNHG14 induces trastuzumab resistance of
breast cancer via regulating PABPC1 expression through H3K27 acetylation.
J Cell Mol Med. 2018;22(10):4935-47.

Dong H, Hu J, Zou K, Ye M, Chen Y, Wu C, Chen X, Han M. Activation of
LncRNA TINCR by H3K27 acetylation promotes Trastuzumab resistance and
epithelial-mesenchymal transition by targeting MicroRNA-125b in breast
Cancer. Mol Cancer. 2019;18(1):3.

Tuomi JM, Voorbraak F, Jones DL, Ruijter JM. Bias in the Cq va,
with hydrolysis probe based quantitative PCR can be correcte:
estimated PCR efficiency value. Methods. 2010;50(4):313-22.

137-44.
Villarroya-Beltri C, Gutierrez-Vazquez

rdmo E etal Trastuzumab emtansme for HERZ posmve
nced breast cancer. N Engl J Med. 2012;367(19):1783-91.

z EA, de Haas SL, Eiermann W, Barrios CH, Toi M, Im YH, Conte PF,

grtin M, Pienkowski T, Pivot XB, et al. Relationship between tumor
piomarkers and efficacy in marianne, a phase Ill study of trastuzumab
emtansine +/— pertuzumab versus trastuzumab plus taxane in HER2-
positive advanced breast cancer. BMC Cancer. 2019;19(1):517.

Shetty P, Patil VS, Mohan R, D'Souza LC, Bargale A, Patil BR, Dinesh US,
Haridas V, Kulkarni SP. Annexin A2 and its downstream IL-6 and HB-EGF as
secretory biomarkers in the differential diagnosis of her-2 negative breast
cancer. Ann Clin Biochem. 2017,54(4):463-71.

Barok M, Joensuu H, Isola J. Trastuzumab emtansine: mechanisms of action
and drug resistance. Breast Cancer Res. 2014;16(2):209.

Riddihough G. A very focused function for INcRNAs. Science. 2017;355(6320):35-7.
Jadaliha M, Gholamalamdari O, Tang W, Zhang Y, Petracovici A, Hao Q,
Tarig A, Kim TG, Holton SE, Singh DK, et al. A natural antisense INncRNA
controls breast cancer progression by promoting tumor suppressor gene
mMRNA stability. PLoS Genet. 2018;14(11):21007802.

Pian L, Wen X, Kang L, Li Z,Nie Y, Du Z, Yu D, Zhou L, Jia L, Chen N, et al.
Targeting the IGF1R pathway in breast Cancer using antisense INcRNA-
mediated promoter cis competition. Mol Ther Nucleic Acids. 2018;12:105-17.
Tang RZ, Zhu JJ, Yang FF, Zhang YP, Xie SA, Liu YF, Yao WJ, Pang W, Han
LL, Kong W, et al. DNA methyltransferase 1 and Kruppel-like factor 4 axis
regulates macrophage inflammation and atherosclerosis. J Mol Cell Cardiol.
2019;128:11-24.

Liu L, He X, Zhao M, Yang S, Wang S, Yu X, Liu J, Zang W. Regulation of DNA
methylation and 2-OG/TET signaling by choline alleviated cardiac hypertrophy
in spontaneously hypertensive rats. J Mol Cell Cardiol. 2019;128:26-37.

SuW, Xu M, Chen X, Chen N, Gong J, Nie L, Li L, Li X, Zhang M, Zhou Q. Long
noncoding RNA ZEB1-AS1 epigenetically regulates the expressions of ZEB1
and downstream molecules in prostate cancer. Mol Cancer. 2017;16(1):142.
Lian Y, Xiong F, Yang L, Bo H, Gong Z, Wang Y, Wei F, Tang Y, Li X, Liao Q,

et al. Long noncoding RNA AFAP1-AST acts AS a competing endogenous RNA
of miR-423-5p to facilitate nasopharyngeal carcinoma metastasis through
regulating the rho/Rac pathway. J Exp Clin Cancer Res. 2018,37(1):253.

Yin D, Lu X, Su J, He X, De W, Yang J, Li W, Han L, Zhang E. Long
noncoding RNA AFAP1-AST predicts a poor prognosis and regulates non-
small cell lung cancer cell proliferation by epigenetically repressing p21
expression. Mol Cancer. 2018;17(1):92.

Sun'Y, Liu J. Potential of cancer cell-derived exosomes in clinical application:
a review of recent research advances. Clin Ther. 2014;36(6):863-72.



Han et al. Molecular Cancer

37.

38.

39.

40.

41.

42.

(2020) 19:26

Azmi AS, Bao B, Sarkar FH. Exosomes in cancer development, metastasis,
and drug resistance: a comprehensive review. Cancer Metastasis Rev. 2013;
32(3-4):623-42.

Phinney DG, Pittenger MF. Concise review: MSC-derived Exosomes for cell-
free therapy. Stem Cells. 2017,35(4):851-8.

Choi YJ, Yoon JH, Chang JH. Crystal structure of the N-terminal RNA
recognition motif of mMRNA decay regulator AUF1. Biomed Res Int. 2016;
2016:3286191.

Xiao ZD, Han L, Lee H, Zhuang L, Zhang Y, Baddour J, Nagrath D, Wood CG,
Gu J, Wu X, et al. Energy stress-induced INcRNA FILNC1 represses c-Myc-
mediated energy metabolism and inhibits renal tumor development. Nat
Commun. 2017;8(1):783.

Velagapudi SP, Cameron MD, Haga CL, Rosenberg LH, Lafitte M, Duckett DR,
Phinney DG, Disney MD. Design of a small molecule against an oncogenic
noncoding RNA. Proc Natl Acad Sci U S A. 2016;113(21):5898-903.

Disney MD, Angelbello AJ. Rational Design of Small Molecules Targeting Oncogenic
Noncoding RNAs from sequence. Acc Chem Res. 2016:49(12):2698-704.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

C

Page 18 of 18

y
Xe

S

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Patient samples
	Cell culture and treatment
	Vector construction and cell transduction
	Quantitative real-time polymerase chain reaction (qRT-PCR) analysis
	Expression profile analysis of lncRNAs
	Cell viability assay
	EdU incorporation assay
	Cell migration assay
	Exosomes isolation
	Transmission electron microscopy (TEM)
	RNA immunoprecipitation (RIP) and chromatin immunoprecipitation (ChIP)
	Nucleocytoplasmic separation
	RNA fluorescent in situ hybridization (RNA-FISH)
	Immunohistochemistry (IHC) analysis and scoring methods
	In vivo nude mouse model
	Bioinformatic analysis
	Western blot assay
	Statistical analysis

	Results
	LncRNA AFAP1-AS1 is upregulated in trastuzumab-resistant cells and activated by H3K27ac
	Silencing lncRNA AFAP1-AS1 reverses trastuzumab resistance
	LncRNA AFAP1-AS1 level correlates with trastuzumab resistance in HER-2-positive breast cancer patients
	Extracellular AFAP1-AS1 is transferred through incorporating into exosomes
	Exosome mediated transfer of AFAP1-AS1 disseminates trastuzumab resistance
	AFAP1-AS1 induces trastuzumab resistance via upregulation of HER-2 expression
	LncRNA AFAP1-AS1 is associated with AUF1 to play critical roles
	LncRNA AFAP1-AS1 activates the translation of ERBB2 via recruiting AUF1
	Knockdown of AFAP1-AS1 reverses trastuzumab resistance and metastasis in�vivo

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Author contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

