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A B S T R A C T

Angio-associated migratory cell protein (AAMP) is expressed in some human cancer cells. Previous studies have
shown AAMP high expression predicted poor prognosis. But its biological role in non-small cell lung cancer
(NSCLC) cells is still unknown. In our present study, we attempted to explore the functions of AAMP in NSCLC
cells. According to our findings, AAMP knockdown inhibited lung cancer cell proliferation and inhibited lung
cancer cell tumorigenesis in the mouse xenograft model. Epidermal growth factor receptor (EGFR) is a primary
receptor tyrosine kinase (RTK) that promotes proliferation and plays an important role in cancer pathology. We
found AAMP interacted with EGFR and enhanced its dimerization and phosphorylation at tyrosine 1173 which
activated ERK1/2 in NSCLC cells. In addition, we showed AAMP conferred the lung cancer cells resistance to
chemotherapeutic agents such as icotinib and doxorubicin. Taken together, our data indicate that loss of AAMP
from NSCLC inhibits tumor growth and elevates drug sensitivity, and these findings have clinical implications to
treat NSCLC cancers.

1. Introduction

Angio-associated migratory cell protein (AAMP) was initially iso-
lated from a human melanoma cell line in 1995 [1]. AAMP is a 52kD
protein that contains two immunoglobulin-like domains, a heparin
binding consensus sequence and a repeat WD40 motif which plays
various roles in cell cycle control, protein-protein interaction, tran-
scriptional activation, and signal transduction [2,3]. AAMP is expressed
in different cell types, including smooth muscle cells, dermal fibro-
blasts, renal proximal tubular cells and cancerous cells like human
breast carcinoma cells, melanoma cells and prostate cancer cells [4–8].

Recent studies suggest AAMP plays an important role in angiogen-
esis by promoting endothelial tube formation [9,10]. And, it is im-
plicated in cell migration via the ROCK/RHOA signaling pathway [11].
AAMP was also reported to affect cell growth in HECV cells, but its

mechanism is still unknown [12]. AAMP expression is increased in a
number of cancer cells like invasive gastrointestinal and breast carci-
noma cells; it is considered a marker of poor prognosis [13,14].

The epidermal growth factor receptor (EGFR), which is anchored in
the cytoplasmic membrane, belongs to the ERBB family of receptor
tyrosine kinases [15]. EGFR is widely expressed and plays a critical role
in cell growth, proliferation and differentiation [16]. Dimerization is
essential for EGFR activation in healthy cells. When activated, the
COOH-terminal portion is phosphorylated at specific sites, such as 1173
tyrosine, which initiates intracellular signaling pathways [15,17]. As
expected, dysregulated EGFR activation is found in multiple cancer
cells, including lung cancer, indolent bronchioalveolar carcinoma and
non–small cell lung cancer [18,19].

Overexpression and mutations are the main causes of EGFR dysre-
gulation. Its overexpression causes positive signal activated
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continuously, resulting in proliferation out of control and drug re-
sistance. In some cases, EGFR silencing sensitized tumor cells to dox-
orubicin-induced apoptosis [20]. Besides, EGFR activating mutations,
including exon 19 detection an exon 21-point mutations, give the
ability to escape negative regulation [21]. Because of the importance of
EGFR, drugs targeted to mutational EGFR, such as gefitinib, erlotinib
and icotinib, have been used for the treatment of lung cancers [19].
However, acquired resistance to these drugs was developed in long-
term treatment. The specific mechanism of first-generation EGFR-TKIs
resistance (e.g. gefitinib, erlotinib and icotinib) was a secondary T790M
mutation acquisition [22]. The threonine to methionine mutation in-
creases the affinity between ATP and EGFR in tyrosine kinase domain,
thus repressing the binding of EGFR-TKIs to EGFR. The acquired re-
sistance limits TKIs' long-term efficacy. Thus, it is significant to pursue
strategies to overcome TKIs-resistance in NSCLC cells.

It has been predicted by affinity capture MS that AAMP interacts
with EGFR [23], but the significance of this combination is still un-
known. In this study, we show AAMP interact with EGFR and active
MAPK signal pathway by promoting EGFR dimerization, which en-
hanced tumor cell proliferation and tumorigenesis. In addition, we also

find AAMP silencing enhances apoptosis caused by icotinib and dox-
orubicin in EGFR mutation and wide-type NSCLC cells.

2. Materials and methods

2.1. Cell culture

Human NSCLC cell lines were originally obtained from American
Type Culture Collection. A549 and H1792 cell lines have been au-
thenticated in Microread Gene Technology by STR analysis. H1792,
Calu-1, H460, H1975 and A549 cell lines were maintained in
RPMI1640 (Sigma Aldrich, R6504) supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco).

2.2. Antibodies

Commercially available primary antibodies for the following pro-
teins were used: AAMP (Invitrogen, #PA5-31454, 1:5000); EGFR (Santa
Cruz, #sc-03, 1:3000); p-EGFR-Y1173 (Invitrogen, #MA5-15158,
1:8000); ERK1/2 (CST, #9102, 1:2000); p-ERK1/2 (CST, #4370P,
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Fig. 1. AAMP inhibition impaired cell proliferation in NSCLC cells. (A) Western blot of AAMP from six non-small cell lung cancer cells. (B) Calu-1 cells were treated
with AAMP siRNAs for 24 h and then reseeded in 24-well plates. Cells were imaged at 24 h and 48 h with high connotation microscope. Cell number and proliferation
rate were calculated using provided software. The error bars represent the SD (n=4), *P < .05, **P < .01 and ***P < .001. (C) AAMP was overexpressed in A549
cells for 24 h. Cells were reseeded in 24-well plates and imaged at 24 h and 60 h with high connotation microscope. Cell number and proliferation rate were
calculated using software. The error bars represent the SD (n= 4), *P < .05 and **P < .01. (D) AAMP was silenced in Calu-1 cells for 24 h then cultivated in 96-
well plates. EdU assay was performed according to instructions. The error bars represent the SD (n=5), ***P < .001. (E) Calu-1 was transfected with AAMP siRNAs
and then cultivated in agar culture medium for 24 h. Cells were stained after 7 days and cell number was calculated by software. The error bars represent the SD
(n=3), **P < .01 and ***P < .0001. (F) Plasmid pcDNA3.1-AAMP and its empty control were transfected into H460 cells for 24 h. Cells were re-cultivated in agar
culture medium for 7 days and cell number was calculated by software. The error bars represent the SD (n=3), **P < .01.
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1:3000); CCND1 (CST, #2926, 1:2000); CCND3 (CST, #2936, 1:2000);
CASP8 (CST, #1C12, 1:1000); CASP3 (NOVUS, #NB100-56708, 1:500);
HA (Sangon Biotech, #AB10004, 1:10000); FLAG (Sigma-Aldrich,
#F7425-2MG, 1:10000); ACTB (Sigma-Aldrich, #A1978, 1:10000).

2.3. siRNA and shRNA design

siAAMP-1 and siAAMP-2 siRNAs targeted the sequence 5′-GAGAG
CTGTG GTAGGCTAT-3′ and 5′-CUCUUAGGCAUCAGUGUCA-3′, re-
spectively. The lentiviruses containing AAMP 1st and 2nd shRNA were
generous gifts from Shanghai Jiao Tong University College of Basic
Medical Sciences, Shanghai, China.

2.4. Plasmids

The AAMP ORF sequence was amplified from Calu-1 cDNA using the
following primers: sense, 5′-GGG TACCGCCGCCACCATGGAGTCCGAA
TCGGAAAGC-3′ and antisense, 5′-GGGATCCTTA ACGGTCAGGCCTTT
GGAC-3′. The HA-AAMP sequence was amplified from the pcDNA3.1-
AAMP plasmid. EGFR gene with FLAG tag was amplified from H1299
cDNA using the primers: sense, 5′-CGGTACCGCCGCCACCATGCGACC
CTCCGGGACGGCCGG GGC-3′ and antisense, 5′-CCTCGAGTCACTTGT
CGTCATCGTCTTTGTAGTCTGAAATT CACTGCT-3′.

2.5. Western blot assay

Cells were homogenized in lysis buffer on ice for 30min after

washed with PBS. Samples were centrifuged at 13200 rpm for 15min
followed by protein quantification. Proteins were separated by SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked in 5% nonfat powder in PBST for 1 h at room
temperature and then immunoblotted with primary antibodies at 4 °C
overnight. After washing with PBS, membranes were incubated with
second antibodies conjugated with HRP for 2 h at room temperature.
Protein expression was visualized using western blot detection substrate
(Millipore, #WBKLS0500).

2.6. Construction of stable cell lines

1 μg plasmids containing shRNA sequences (pGIPZ-luc, pGIPZ-
shAAMP-1 and pGIPZ-shAAMP-2), 0.25 μg of the envelope plasmid
pMD2.G and 0.75 μg of the packaging plasmid psPAX2 were transfected
into 293FT cells using Lipofectamine 2000 (Invitrogen). The cell culture
media was refreshed 18 h after transfection. Lentivirus supernatant was
collected at 48 h and transduced into H1792 cell line for 24 h before cell
culture media was refreshed. Monoclonal cells were screened by
Puromycin [2 μg/ml] and identified by western blot assay.

2.7. High-content microscope analysis

Calu-1 and H1792 cell lines were transfected with 220 nM AAMP
siRNAs or 1 μg plasmid pcDNA3.1-AAMP after seeded in 6-well plates.
Cells were imaged continuously for 48 h or 60 h using high-content
microscope after reseeded in 12-well plates. Cell numbers were counted
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Fig. 2. Downregulation of AAMP suppressed H1792 xenograft growth in vivo. (A) B-NSG mice were injected with control cells or stably AAMP-silenced cells as
indicated. The tumor size was measured every two days. Images show variation of tumor size after 60 days. The error bars represent the SD (n=5), **P < .01. WB
showed AAMP expression in pGIPZ-luc and pGIPZ-shAAMP transfected H1792 cells. (B) The mice were sacrificed on the 82nd day. Tumors were dissected and
weights were calculated. The error bars represent the SD, **P < .01. (C) Tumors were dissected from mice and WB detected the level of phospho-EGFR (Y1173),
phospho-ERK and AAMP in different group.
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at various time points using the high-content microscope software.

2.8. SRB assay

H1975 cells transfected with 220 nM AAMP siRNAs for 24 h were
reseeded in 96-well plates and then treated with icotinib [20 μM] for 0,
24, 48 and 72 h. Cells were fixed suing 10% trichloroacetic acid (TCA)
for 2 h at 4 °C and then washed with sterile water 3 times. Samples were
stained with SRB (sulforhodamine B) for 10min followed by rinse with
1% acetic acid. Absorbance at 450 nm was detected after SRB was
dissolved by Tris-base (10mM, pH=10). Cell survival rate is positively
with 450nM absorbance.

2.9. Plate clone assay

Cells were transfected with 220 nM AAMP siRNAs or 1 μg AAMP
plasmid for 24 h and reseeded in 6 cm dishes at a density of 125 cells/
ml. During culture process, culture medium was refreshed every 3 days.
Cells were fixed with 10% trichloroacetic acid (TCA) for 2 h at 4 °C
followed washing with sterile water 3 times. Cell number was calcu-
lated after SRB staining without dissolve following above.

2.10. Soft agar clone formation assay

The soft agar clone formation assay was performed using 6-well
plates. The bottom layer contained 1.5mL of 0.7% agar in complete
medium and the top layer included 1.5 mL of 0.35% agar in complete

medium containing 3000 cells. 200 μL fresh medium with 10% (v/v)
fetal bovine serum (FBS, Gibco) was added into each hole every 3 days.
Cells were cultured for 2–3weeks. After culturing, the colonies were
stained with nitroblue tetrazolium chloride solution (200 μL/well), and
the number of clones were counted.

2.11. EdU assay

H1792 and Calu-1 cells were transfected with 220 nM AAMP siRNAs
in 6-well plates for 24 h. The cells were suspended and seeded in 96-
well plates at 6000 cells per 100 μl, and then cultured for 18 h. Cell
proliferation was assessed using an EdU Cell Proliferation ELISA kit
(Beyotime Biotechnology, Shanghai, China).

2.12. Xenograft study

Female B-NSG 5-week-old mice were purchased from Biocytol
(Beijing, China). These mice were divided into 3 groups: H1792/pGIPZ-
luc, H1792/pGIPZ-shAAMP-1 and H1792 /pGIPZ-shAAMP-2. A total of
2× 106 cells suspended in 100 μl of PBS were injected subcutaneously.
The tumor volume was calculated according to the formula
V= π×(length×width2)/6. All the animal experiments were carried
out in accordance with the approval of the Animal Research Committee
of Shandong University.
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Fig. 3. AAMP interacted with EGFR and promoted dimerization. (A) H1792 cells were transfected with pcDNA3.1-HA-AAMP for 24 h then analyzed by co-im-
munoprecipitation analysis and Western blot. (B) IP and WB analyses of the interaction of endogenous AAMP and EGFR in H1792 cells. (C) EGFR was divided into 3
fragments, including extracellular and transmembrane fragment (ETTM), cytoplasmic and transmembrane fragment (CTTM) and cytoplasmic fragment (CT). (D) The
interaction of AAMP with different fragments of EGFR, including CTTM, CT and ETTM was detected by co-immunoprecipitation assay. Western blot was used for
FLAG and HA detection. (E) Co-immunoprecipitation assay was performed in Calu-1 cell after transfection with pcDNA3.1-EGFR-FLAG, pcDNA3.1-EGFR-HA, AAMP
siRNA and EGF [5 ng/mL]/5min treatment. HA, FLAG and AAMP were detected by Western Blot. Graphs represent FLAG/HA ratios in EGF treatment groups
(means± s.e.m.). The error bars represent the SD, *P < .05.
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2.13. Apoptosis evaluation by flow cytometry

Cells were incubated with annexinV-FITC and PI using an Apoptosis
Detection Kit (EnoGene, #BA11100) according to instructions. Flow
cytometry was utilized to separate apoptosis cells from normal cells.

2.14. Wound-healing scratch assay

Cells were seeded in 6-well plate respectively and cultured over-
night. Scratches were made using a p-200 pipette tip when cells were
grown to monolayer confluency. Suspended cells were wiped off using
PBS washing for 3 times and adherent cells were cultured with optimal
medium supplemented with 1% FBS for 48 h–60 h. Images were cap-
tured every 12 h. The migration rate was calculated according to
images.

2.15. Statistical analyses

Image-Pro Plus was used for wound-healing scratch assay.
GraphPad Prism 5.0 and Image J were used for statistical analyses.
Values are expressed as the mean ± standard deviation. Student's t-test
was used for analysis, and P < .05 was considered significant.

3. Results

3.1. AAMP promoted cell proliferation and clonogenic ability in NSCLC in
vitro

Although many reports have studied AAMP in some cancer cells,
expression level of AAMP in NSCLC cells has gone undefined. Thus, we
measured expression levels of AAMP in several non-small lung cancer
cell lines by western blot (Fig. 1A). Results show AAMP was highly
expressed in H1792, H157, H1299 and Calu-1; expression was sig-
nificantly less in H460 and A549 cell lines. Therefore, H1792 and Calu-

1 cell lines were chosen for suppression analysis; H460 and A549 cell
lines were selected for overexpression experiments.

We generated two siRNAs, AAMP siRNA #1 and #2, to investigate
the function of AAMP in NSCLC cells. Data show cell number was sig-
nificantly reduced compared with control after AAMP siRNA transfec-
tion for 48 h in H460 and Calu-1 cell lines (Fig. S1A). In addition, cell
number was significantly less after AAMP knockdown in both Calu-1
and H1792 cells (Fig. 1B and Fig. S1B). In contrast, cellular prolifera-
tion rate increased after overexpression of AAMP (Fig. 1C). Con-
sistently, EdU assay results show cell proliferation was significantly less
after AAMP knockdown (Fig. 1D and S1C) and increased when AAMP
was overexpressed (Fig. S1D).

Using plate clone assays to investigate long-term proliferation of
tumor cells, we found the number of tumor clusters decreased after
AAMP was silenced in two weeks of culture (Fig. S2A, B and E). As
expected, the number of tumor clusters increased after AAMP over-
expression (Fig. S2C and D). Meanwhile, we found the ability of pro-
liferation and clonogenicity positively correlated with the level of
AAMP (Fig. S3A, B).

We also conducted soft agar clone formation assays in vitro to in-
vestigate cancer cell growth in a 3D environment in the absence or
overexpression of AAMP. We found clone numbers were significantly
reduced when AAMP was silenced in Calu-1 cells (Fig. 1E). However,
more cell clones were detected after AAMP overexpression compared
with the control cells (Fig. 1F). In summary, these data show AAMP
promotes NSCLC cell proliferation and clonogenic ability in vitro. In-
terestingly, we observed that the expression level of AAMP was also
closely related to cell migration ability (Fig. S3C).

3.2. Downregulation of AAMP suppressed H1792 xenograft growth in vivo

We explored the role AAMP plays in tumor growth in vivo. In these
experiments, H1792 pGIPZ-shAAMP-1 and pGIPZ-shAAMP-2 cells, with
corresponding control cells pGIPZ-luc, were injected in the subcutis of

+ + - - - -

- - + + - -

- - - - + +

- + - + - +

siCTRL

siAAMP-1

siAAMP-2

EGF[5ng/ml]/5min

AAMP

ACTB

EGFR

p-EGFR(Y1173)

AAMP

ACTB

EGFR

p-EGFR(Y1173)

+ + - -

- - + +

- + - +

pcDNA3.1

pcDNA3.1-AAMP

EGF[5ng/ml]/5min

AAMP

ACTB

EGFR

p-EGFR(Y1173)

AAMP

ACTB

EGFR

p-EGFR(Y1173)

Calu-1 H1792

H460 A549

A

C

+ + - - - -

- - + + - -

- - - - + +

- + - + - +

siCTRL

siAAMP-1

siAAMP-2
EGF[5ng/ml]/5min

B

+ + - -

- - + +

- + - +

pcDNA3.1

pcDNA3.1-AAMP

EGF[5ng/ml]/5min

D

Fig. 4. AAMP promoted EGFR phosphorylation at Tyr1173. (A)–(B) AAMP knockdown and EGF [5 ng/mL]/5min treatment were performed in Calu-1 and H1792
cells. Phosphorylation of EGFR (Y1173) and EGFR were detected by WB. (C)–(D) H460 and A549 cells were transfected with pcDNA3.1-AAMP for 24 h and then
treated with EGF [5 ng/mL] for 5 min. The level of phosphorylation EGFR (Y1173) and EGFR were detected by WB. The band of AAMP and ACTB in A549 cells
derived from the same membrane of Fig. 5B.
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B-NSG mice. The sizes of heterogeneous tumors were continuously
measured until mice were sacrificed. The AAMP levels of the three
H1792 cell lines are shown by western blot (Fig. 2A). Both H1792
pGIPZ-shAAMP-1 and pGIPZ-shAAMP-2 cell line xenografts grew more
slowly compared with control group (Fig. 2A). In addition, the tumor
weights were significantly less in H1792 pGIPZ-shAAMP xenografts
compared with the control group (Fig. 2B). Western blot also showed
that the phosphorylation of EGFR (Y1173) and ERK were lower in
pGIPZ-shAAMP tumor tissues than that in controls (Fig. 2C). No sig-
nificant difference in mouse weight was found among the three groups
(Fig. S1E). These results demonstrate that AAMP promotes tumor cell
growth in vitro and in vivo.

3.3. AAMP promoted EGFR dimerization and phosphorylation at Tyr1173

We wanted to understand how AAMP promotes cell proliferation
and tumorigenesis and of other proteins participate in this process. Data
suggest AAMP and EGFR interact with each other [23]. EGFR belongs to
the HER family and plays a critical role in cell growth and proliferation
[24]. We performed co-IP experiments to understand the relationship
between these two proteins and found AAMP interacts with exogenous
and endogenous EGFR in NSCLC cells (Fig. 3A and B). To locate the
binding region, we divided EGFR into three fragments, including ex-
tracellular and transmembrane fragment (ETTM), cytoplasmic and
transmembrane fragment (CTTM) and cytoplasmic fragment (CT)
(Fig. 3C). Co-IP results show AAMP interacts with the cytoplasmic part
of EGFR (Fig. 3D).

Next，we wonder the biological function of the combination. Given
that protein dimerization is a precondition of EGFR activation [25], we
asked whether AAMP would promote EGFR dimerization. Here, we

chose EGF as the agonist of EGFR. Calu-1 cells were transfected with the
plasmid pcDNA3.1-EGFR-HA and pcDNA3.1-EGFR-FLAG in the pre-
sence of AAMP knockdown. Co-IP results show that downregulation of
AAMP inhibited EGFR dimerization (Fig. 3E). As reported, phosphor-
ylation of EGFR is crucial for its activity, particularly at the Tyr1173
residue [26,27]. We questioned whether AAMP silencing would repress
EGFR phosphorylation. Our experiments show reduction of AAMP in-
hibited the phosphorylation of EGFR at Tyr1173 (Fig. 4A and B), and
increased AAMP led to higher EGFR phosphorylation (Fig. 4C and D).
Taken together, our data suggest that AAMP interacts with EGFR and
promotes its phosphorylation by facilitating dimerization.

3.4. AAMP activated downstream signaling pathway of EGFR

As a receptor tyrosine kinase, EGFR initiates multiple signaling
pathways [28]. Among these, the ERK1/2 MAPK pathway induces a
wide array of physiological and pathological responses, such as cell
growth and proliferation [29,30]. Given that AAMP interacts with
EGFR and promotes its phosphorylation, we asked whether AAMP af-
fects ERK1/2, the downstream signaling pathway of EGFR. Our data
show ERK1/2 phosphorylation was reduced after AAMP knockdown
(Fig. 5A) and increased after AAMP overexpression (Fig. 5B). To test
whether the variation of p-ERK1/2 was influenced by AAMP expres-
sion, we performed rescue experiments by AAMP inhibition with RNAi
in Calu-1 and H1792 cells and expression was recovered by pcDNA3.1-
AAMP plasmid transfection. Results show ERK1/2 phosphorylation was
restored after AAMP expression was rescued (Fig. 5C).

Considering the significant impact of AAMP on ERK1/2 activation
and the interaction between AAMP and EGFR, we wondered if EGFR is
an intermediate protein in AAMP-ERK1/2 regulation. We measured
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Fig. 5. AAMP activated EGFR downstream MAPK signaling pathway. (A) Calu-1 and H1792 cells were transfected with AAMP siRNAs for 24 h and then treated with
EGF [5 ng/mL] for 5min. The level of phosphorylation ERK1/2 (p-ERK1/2), ERK1/2 and CCND1 were detected by Western blot assay. Samples are the same as
Fig. 4A and B. (B) H460 and A549 cells were treated with EGF [5 ng/mL] for 5min after being transfected with pcDNA3.1- AAMP for 24 h. p-ERK1/2, ERK1/2 and
CCND1 levels were measured by WB. The sample of A549 is the same as Fig. 4D (C) AAMP was either knocked down or overexpressed in H1792 and Calu-1 cells
before EGF [5 ng/mL] treatment for 5min. ERK1/2 and p-ERK1/2 levels were measured by WB. Graphs represent phospho-ERK1/2/ERK1/2 ratios in EGF treatment
groups (means ± s.e.m.). The error bars represent the SD, *P < .05, **P < .01 and ***P < .001. (D) Calu-1 was transfected with AAMP siRNA and pcDNA3.1-
EGFR-FLAG. ERK1/2 and p-ERK1/2 levels were evaluated by WB after cells were treated with EGF [5 ng/mL] for 5min. Graphs represent phosphor-ERK1/2/ERK1/2
ratios in EGF treatment groups (means ± s.e.m.). The error bars represent the SD, *P < .05 and ***P < .001.
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phosphorylation level of ERK1/2 after AAMP knockdown and EGFR
overexpression in the same cells. Western blot data show ERK1/2
phosphorylation was repressed after AAMP silencing. Interestingly,
EGFR overexpression recovered p-ERK1/2 level after AAMP silencing
(Fig. 5D). These data demonstrate EGFR overexpression rescues the
reduction of ERK1/2 phosphorylation caused by AAMP inhibition, in-
dicating AAMP activates ERK1/2 through EGFR activation.

3.5. AAMP silencing elevated sensitivity to icotinib in H1975 cells

H1975 cells were confirmed as a first-generation EGFR-TKIs re-
sistance cell lines with two EGFR activating mutations (L858R and
T790M). Thus, we wonder whether AAMP suppression elevates sensi-
tivity to icotinib in H1975 cells. AAMP siRNA transfection was perform
in H1975 cells for 24 h. Apoptosis was detected by western blot and
flow cytometry after icotinib treatment at 20 μM for 24 h. Results show
that combination between AAMP inhibition and icotinib increased the
percentage of apoptosis cells (Fig. 6A) and cleaved forms of caspase-8
and caspase-3 (Fig. 6B). Furthermore, the percentage of survival cells
was decreased in a time-dependent manner with icotinib [20 μM]/24 h
treatment when AAMP was silenced (Fig. 6C). These data suggest
AAMP downregulation enhanced sensitivity to icotinib in H1975 cells

with TKIs resistance EGFR mutations.

3.6. EGFR has minimum influence on AAMP expression

Since AAMP plays an important role in EGFR activation, we wonder
whether EGFR exert an influence on AAMP. As AAMP is an adaptor
protein, and no enzymatic activity has been found yet. Thus, we de-
tected the level of AAMP after EGFR knockdown in EGFR wild type and
mutant cell lines respectively. The results showed that EGFR repression
had minimum effect on AAMP expression (Fig. S4A and B). In addition,
we transfected EGFR single mutation (L858R) and double mutation
(L858R/T790M) plasmids into NSCLC cells to test the protein level of
AAMP. Similarly, no big difference in AAMP levels was found (Fig.
S4C). These results indicate AAMP regulates EGFR activity, while EGFR
has minimum effect on AAMP level.

3.7. AAMP inhibition promoted apoptosis caused by doxorubicin in NSCLC

Our previous studies have found that doxorubicin induces EGFR
downregulation in dose-dependent and time-dependent manners in
NSCLC cells (Fig. 7A). Besides, evidence above revealed that suppres-
sion of AAMP impaired proliferation and survival through EGFR

H1975

+ + - - - -
- - + + - -
- - - - + +
- + - + - +

siCTRL

siAAMP-1

siAAMP-2
Icotinib [20µM]/24h

A

CASP8

CASP3

AAMP

ACTB

CFs (p21/19)

CFs (p43/42)

B C

siCTRL siAAMP-1 siAAMP-2

Icotinib
-

Icotinib
+

P
I

AnnexinV-FITC

H1975

p-ERK1/2

ERK1/2

Fig. 6. AAMP downregulation elevated the sensitivity to icotinib in H1975 cells. (A) H1975 cells were transfected with AAMP siRNAs for 24 h and then treated with
icotinib [20 μM] for 24 h. Flow cytometry was used to measure apoptosis rate (n=4). (B) H1975 cells were treated with icotinib [20 μM] for 24 h after being
transfected with AAMP siRNAs for 24 h. The cleavage of caspase 8 and caspase 3 was detected by Western blot. (C) H1975 cells were reseeded in 96-well plate after
AAMP downregulating. Cells were fixed separately after icotinib [20 μM] treated for 0, 24, 48 and 72 h. SRB assay was performed to detect survival rate (n=5).
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activation inhibiting in NSCLC. To test the specific role of AAMP in
apoptosis caused by doxorubicin in cancer cells, we treated H1792 and
Calu-1 cells with doxorubicin for 24 h after AAMP siRNA transfection.
The data show that AAMP downregulation enhanced cleavage of cas-
pase-8 and caspase-3 caused by doxorubicin significantly (Fig. 7B),
while the cleavage in H460 and A549 cells overexpressing AAMP was
declined (Fig. 7C). We achieved similar results using flow cytometry
(Fig. 7D). These results collectively demonstrate that the combination
of doxorubicin with AAMP inhibition potently induces apoptosis in
NSCLC cells.

4. Discussion

AAMP is found in many tumors which suggests it plays important
role in cancers [6–8]. AAMP contains a repeated-WD40 domain that is
correlated with functions such as apoptosis, autophagy, motility and
growth. Therefore, it could be a multifunctional protein. However,
nowadays we just have realized a little bit about it, such as inhibiting
NF-κB signaling pathway [6] and promoting angiogenesis [31]. Its
molecular mechanism in cancer cells remains largely unclear. In our
study, we found that AAMP suppression inhibited proliferation in vitro
in NSCLC cells. Moreover, heterogeneous tumors grow more slowly at
the condition of AAMP silence in a xenograft mouse model. These data
remind the importance of AAMP in tumorigenesis. Indeed, AAMP is a
novel marker of lung cancer progression [13,14]. Because of its unique
sequence, AAMP is likely to function through the interaction with other
proteins. Accidentally, proteomic analysis showed that AAMP interacts
with EGFR [23], which provides clues for mechanism research.

There are> 58 encode transmembrane protein receptor tyrosine
kinases (RTKs) in cells. Among them, epidermal growth factor receptor

(EGFR) was the first one identified and linked to cancer. Thus, it is the
most intensively studied RTK all over the world. However, the me-
chanism of EGFR activation is still not fully understood. EGFR functions
as an oncogenic protein and is correlated with cell growth, differ-
entiation and motility [16]. It exists as two forms, monomers and di-
mers. When transformed from monomer state into dimer, EGFR is ac-
tivated and autophosphorylated at tyrosine 1173, 1068 and 1086 sites
to trigger downstream signal pathways, such as RAS-RAF-MEK-ERK,
PI3K-AKT and PLCγ [32], which eventually promotes cell survival,
proliferation and anti-apoptosis. In NSCLC cells, EGFR overexpression
and continuous activation are widespread and provide momentum in
tumorigenesis [33]. Meanwhile, tumor cells may benefit from dysre-
gulation of EGFR to obtain drug resistance. Thus, how to block acti-
vation of EGFR effectively is critical for NSCLC therapy. Nowadays,
most studies of EGFR overactivity focus on its own mutations and
overexpression and researches about accessory protein are rarely found.

Here, we reported AAMP protein contributing to EGFR activation.
We noted that AAMP silencing inhibited EGFR phosphorylation at
tyrosine1173 site, which reminded us the important role of AAMP in
EGFR activation. Co-IP experiments showed that AAMP interacted with
EGFR and less dimers of EGFR were detected when AAMP was down-
regulated. These results demonstrated that AAMP may be a helper in
the process of dimerization to promote EGFR phosphorylation and ac-
tivate downstream signaling pathways in NSCLC cells. Subsequent data
revealed that AAMP inhibition suppressed phosphorylation of ERK1/2
and proliferation as expected.

Oncogene-targeted therapy has always been favored and achieves
better effects. Administration of EGFR tyrosine kinase inhibitors (TKIs)
is wildly used in NSCLC treatment with a higher overall response rate,
longer overall survival and lower incidence of adverse reactions relative
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Fig. 7. AAMP reduced the sensitivity to doxorubicin in NSCLC cells. (A) H1792 cells were treated with doxorubicin at 0, 0.5, 1, 2, 4 μM for 24 h. A549 cells were
treated with doxorubicin at 1 μM for 0, 12, 24 and 48 h. The level of EGFR was measured by WB. (B) AAMP downregulation and doxorubicin [1 μM]/24 h treatment
were performed in H1792 and Calu-1 cells. WB was used to detect the cleavage of caspase 8 and caspase 3. (C) H460 and A549 cells were treated with doxorubicin
[1 μM] for 24 h after being transfected with pcDNA3.1-AAMP. The cleavage of caspase 8 and caspase 3 were measured by WB. (D) AAMP downregulation and
upregulation were performed in Calu-1 and A549 cells. Apoptosis rate was detected by flow cytometry after doxorubicin [1 μM]/24 h treatment (n= 4).
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to drug chemotherapy [34,35]. Unfortunately, almost all patients de-
velop acquired resistance after EGFR TKI treatment for 1 year. Thus,
combination is a better choice than EGFR TKI therapy alone. Currently,
multiple combination treatments have developed, such as association of
PD1 blockade with EGFR TKIs [36], Erlotinib plus Cabozantinib [37]
and combination of EGFR TKIs with radiotherapy [38]. In our study, we
found AAMP suppression elevated sensitivity to icotinib, the first gen-
eration EGFR TKI, in drug-resistant H1975 cells. This means AAMP can
both promote EGFR activation and improve its resistance to TKI. Fur-
thermore, our results also showed that AAMP downregulation could
improve apoptosis caused by doxorubicin in NSCLC cells. Those suggest
that AAMP may play an important role in drug-resistance include EGFR
TKI and chemotherapeutics. Therefore, it is significant to develop in-
hibitors of AAMP or drugs downregulate it and combination of them
with EGFR TKI or chemotherapy drugs may achieve extraordinary ef-
fects.

Taken together, our data demonstrate that loss of AAMP inhibits cell
proliferation by impairing EGFR activation and enhances icotinib and
doxorubicin sensitivity in EGFR mutation and wide-type NSCLC cells. In
this study, we identified a regulator of EGFR dimerization and high-
lighted a novel mechanism of EGFR regulation in NSCLC cells, sug-
gesting that approaches to downregulate AAMP or interrupt the inter-
action of AAMP and EGFR can enhance the efficacy of EGFR-targeted
therapy in cancer treatment. Meanwhile, the downregulation of AAMP
can also enhance the lethal effect of chemotherapy drugs. These find-
ings may offer key insights into developing novel strategy to treat lung
cancers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2019.05.004.
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