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Abstract: Breast cancer (BC) is the most common malignancy in women and is one of the leading causes of cancer-
associated deaths. The analysis of data obtained from online databases revealed that RILPL2 expression in BC tis-
sues is lower than that in normal tissues, and that RILPL2 upregulation is correlated with prolonged recurrence-free
survival (RFS), overall survival (0S), and distant metastasis-free survival (DMFS). However, the function of RILPL2
in tumor proliferation and metastasis remains unclear. In this study, we demonstrated that RILPL2 had lower ex-
pression in BC tissues than in adjacent normal tissues, and that RILPL2 expression was significantly negatively
correlated with tumor size, histological grade, and lymph node metastasis. Univariate analysis showed a positive
correlation between RILPL2 and estrogen receptor (ER) expression and a negative correlation between RILPL2 and
human epidermal growth factor receptor 2 (HER2) expression. Overexpression of RILPL2 inhibited BC cell prolifera-
tion and metastasis in vitro and in vivo. In addition, the interaction of exogenous RILPL2 with TUBB3 resulted in the
downregulation of BC cell proliferation and migration and upregulation of PTEN expression by promoting destabiliza-
tion of TUBB3. Furthermore, RILPL2 could reverse BC cell resistance to taxotere-mediated apoptosis by regulating
the TUBB3/PTEN/AKT pathway. In conclusion, these results suggest that RILPL2 could be a novel biomarker for the

diagnosis and treatment of BC.

Keywords: Breast cancer, RILPL2, TUBB3, metastasis, chemoresistance, prognosis

Introduction

Breast cancer is one of the most common can-
cers in women, accounting for approximately
522,000 deaths worldwide in 2012 [1]. The
comprehensive treatment of BC can significa-
ntly improve its prognosis. However, owing to
the biological complexity of BC, the most wide-
ly used clinicopathological markers (estrogen
receptor [ER], progesterone receptor [PR], hu-
man epidermal growth factor receptor 2 [HE-
R2], and Ki-67) are not sufficient to fully evalu-
ate the treatment response, metastasis pat-
tern, and clinical outcome [2]. Therefore, the
identification of novel and effective biomarkers
may improve BC prognosis and provide new
therapeutic strategies.

The Rab-interacting lysosomal protein-like 2
(RILPL2) gene encodes a protein that contains

a Rab-interacting lysosomal protein-like domain
similar to that of RILP. The formation of the
Rab7/Rab34 complex promotes the interaction
between RILP and dynein-dynactin to guide late
endosome and lysosome movement towards
microtubules [3]. Unlike RILP, RILPL2 does not
consist of a Rab7 junction region, which prev-
ents its ectopic expression from the lysosomal
compartment [4]. Although RILPL2 does not
affect lysosomal trafficking, it may still act as
a functional Rab effector due to its interaction
with activated Rab34 and Rab36 [5, 6]. Lise et
al. [7] used reduced RILPL2 mutation or inhib-
ited MyoVa function to show that disruption of
the RILPL2-MyoVa interaction inhibits the activ-
ity of RILPL2 and subsequent activation of
Racl. Therefore, MyoVa-mediated transport is
important for RILPL2 function in neuronal regu-
lation. Furthermore, RILPL2 plays a role in viral
replication and can serve as a potential target
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for HCV treatment [8]. We recently analyzed ge-
nes that differ in expression between cancer
and adjacent normal tissues using the ONCO-
MINE database, which contains considerable
data for clinical BC samples. We observed that
RILPL2 mRNA expression is significantly redu-
ced in the majority of BC samples. However, the
functional mechanism of RILPL2 in BC has not
been studied before. Therefore, in this study,
we have examined the expression pattern of
RILPL2 in BC, investigated its biological func-
tions, and correlated obtained results with BC
patient treatment.

Materials and methods
Human specimens

A total of 180 pathologically confirmed BC pa-
tients at the Affiliated Hospital of Hebei Uni-
versity of Engineering were recruited betwe-
en January 2012 and December 2014, and a
further 7 patients between January 2018 and
February 2018. The selection criteria were as
described previously [9, 10]. The study was
conducted in accordance with the Declaration
of Helsinki, and the Ethics Committee of the
Affiliated Hospital of Hebei University of En-
gineering approved the protocol.

Human BC cell lines and plasmids

MCEF-7, MDA-MB-231, HCC1937, T-47D, and SK-
BR-3 cell lines were purchased from American
Type Culture Collection (USA) and were cultured
in RPMI-1640 supplemented with 10% fetal
calf serum (FCS). MCF-10A cells were cultured
in DMEM/F12 (Invitrogen) supplemented with
5% horse serum and incubated in an atmos-
phere containing 5% CO,, at 37°C. Recombina-
nt retroviruses carrying PLNCX2, PLNCX2-RI-
LPL2, or TUBB3 vectors were synthesized bas-
ed on relevant instructions (Clontech). MDA-
MB-231 or T-47D cells treated with polybrene
[8 mM (Sigma-Aldrich)] were infected with these
retroviruses and were subsequently selected
with G418 [750 mM (Calbiochem)].

RNA interference

Recombinant lentiviruses encoding short-hair-
pin RNAs (shRNAs) specific for human RILPL2
or TUBB3 were designed and prepared by Ge-
neChem (Shanghai, China). RILPL2 target sequ-
ence (RILPL2-shRNA#1) used here was: 5’-GC-
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TGCAGGAACGCAACAAACT-3’; RILPL2-shRNA#2
used here was: 5-GGCCTGATTCCACCAAGAG-
AA-3’; TUBB3-shRNA used here was: 5-GCAC-
GTTGCTCATCAGCAAGG-3’, and scrambled (scr)-
shRNA, used as a negative control, target se-
quence was: 5-TTCTCCGAACGTGTCACGTTT-3'.
Lentiviruses were transfected into cells based
on relevant instructions. The efficiency of RI-
LPL2 and TUBB3 knockdown was assessed
using real-time quantitative PCR or western
blotting. A transfection efficiency greater than
80% was considered stable.

IHC analyses

All antibodies, including rabbit polyclonal anti-
human RILPL2 antibody and mouse monoclo-
nal anti-human ER, PR, and HER2 antibodies,
were purchased from AbCam. After staining,
the protein levels of RILPL2, ER, and HER2 we-
re examined according to the criteria described
previously [9, 10]. Two independent patholo-
gists performed the analyses.

Real-time PCR

For reverse transcription, total RNA was extra-
cted with Trizol reagent according to manufac-
turer’s instructions (Invitrogen). Real-time PCR
was performed using the following primers to
examine RILPL2 expression levels: RILPL2, fo-
rward: 5-GGTCTCTTAGTTACGATGGTA-3’, rever-
se: 5'-GCAGCCTCATTAGTTCCTT-3’; GAPDH (con-
trol), forward: 5’-TGACTTCAACAGCGACACCCA-3’,
reverse: 5-CACCCTGTTGCTGTAGCCAAA-3'.

Co-immunoprecipitation and immunoblotting

Cells were collected and lysed with lysis buffer
containing 20 mM Tris-HCI pH 7.4, 150 mM
NaCl, 1% TritonX-100, and protease inhibitors.
Total protein concentration was determined
using a BCA Protein Assay Kit (Pierce). Cell
extracts (2-3 mg) were incubated with the ra-
bbit anti-human RILPL2 antibody for 2 h at 4°C,
followed by incubation with protein G Plus-
agarose for 2 h. The resultant immunoprecipi-
tates were washed five times with lysis buffer,
subjected to 10% SDS-PAGE, and transferred
to PVDF membranes for immunoblotting. The
membranes were blocked in 5% milk/TBS-Tw-
een for 1 h at room temperature, followed by
overnight incubation with the primary antibody
at 4°C and subsequent incubation with the sec-
ondary antibody for 2 h at room temperature.
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Proteins were visualized by enhanced chemilu-
minescence (Amersham) and the results were
quantified using Image-J (NIH). The rabbit anti-
bodies used to detect RILPL2 and TUBB3 were
obtained from AbCam (Cambridge, UK). The
rabbit antibodies used to detect XIAP, cleaved
caspase 9, AKT, p-AKT, and PTEN were obtained
from Cell Signaling (Beverly, MA, USA).

MTT assay

Cells (1.5 x 10* cells/mL) were plated in 96-well
plates and were allowed to grow for 2 to 5 days.
Cell proliferation rates were determined using
the MTT assay. For each time point, 10 mL MTT
(5 M) was added per well and the samples were
incubated for 4 h. Subsequently, 100 yL DMSO
was added per well and the reaction was mea-
sured using a microplate reader at 490 nm.
Three replicate wells were used for each
sample.

Wound healing assay

A marker pen was used to draw uniform hori-
zontal lines on the back of the 6-well plate.
Approximately 2 x 10° cells were added and the
gun head was scratched the following day. Cells
were washed with PBS for three times and were
incubated with serum-free medium in an atmo-
sphere containing 5% CO, at 37°C. Samples
were collected at O, 8, and 24 h, and images
were captured.

Invasion assay

Chambers were placed in a 24-well plate and
500 pL serum-free medium was added to the
upper and lower chambers. A serum-free cell
suspension containing 5 x 10* cells/well (500
uL) was added to the upper chamber and 750
uL of 30% FBS medium was added to the lower
chamber. The cells were incubated at 37°C for
24 h and were stained with hematoxylin and
eosin (H&E). Cell images were captured under a
microscope.

Transwell assay

A serum-free cell suspension containing 5 x
10* cells/well (24-well plate) was prepared.
Culture medium was removed from the upper
chamber and was replaced with 100 uL cell
suspension, and in the lower chamber, 600 uL
of 30% FBS medium was added. The cells were
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incubated at 37°C for 24 h. Subsequently, the
chamber was fixed in 4% paraformaldehyde for
30 min. A staining solution (1-2 drops) was used
to stain cells for 1-3 min. Cell images were ca-
ptured under a microscope.

Caspase-3 activity assay

The RIPA buffer was used to lyse cells and BCA
protein analysis (Pierce) was used to quantify
the protein concentration. Caspase-3 activity
was measured using AC-DEVD PNA (Beyotime)
after incubating 200 ug of cell lysate at 37°C
for 2 h. Absorption was measured at 405 nm
using a fluorescent star Optima microplate
reader (BMG Labtech, Cary, NC, USA).

Cell apoptosis analysis

The cells collected after PBS washing were
stained with annexin V and propidium iodide
(PI) using the annexin V-PI detection kit (Roche,
Mannheim, Germany). Apoptosis was mea-
sured by flow cytometry (BD Biosciences, San
Jose, California, USA).

Tumor growth and metastasis in nude mice

Four- to six-week-old female nude mice were
obtained from Shanghai Lingchang Biological
Technology Ltd. (Shanghai, China). RILPL2-
overexpressing MDA-MB-231 cells were inject-
ed into the flanks of BALB/c female nude mice
(8 mice/group). All mice were monitored every 7
days and were sacrificed after 7 weeks, follow-
ing which tumor volume and weight were
quantified.

For the in vivo metastasis experiment, RILPL2-
overexpressing cells were injected into the cau-
dal vein. Nude mice were anesthetized by iso-
flurane gas using an in vivo imaging instrument
with a gas anesthesia system. The mice were
sacrificed at 10 weeks after treatment, and
metastatic lung nodules were counted.

For the in vivo chemoresistance experiment,
RILPL2-overexpressing MDA-MB-231 cells we-
re injected into the flanks of BALB/c female
nude mice (10 mice/group). Each group was
randomly divided into the following two sub-
groups in the second week: mice that were left
untreated and mice who received intraperito-
neal injections of taxotere (10 mg kg?) (for 3
cycles), as previously described by Ghebeh et
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al. [11] and Zhang et al. [12]. Animal handling
and research protocols were approved by the
Animal Care and Use Committee of the Affiliated
Hospital of Hebei University of Engineering.

ONCOMINE analysis

RILPL2 mRNA expression in BCs was deter-
mined by analyzing data from the ONCOMINE
database (www.oncomine.org). In our study, BC
specimen data were compared with control
datasets using the Student’s t-test to deter-
mine the p-value. Fold change was defined as
2, and the p value was set at 0.01.

CCLE analysis

RILPL2 mRNA levels in breast cancer were an-
alyzed based on the CCLE database (https://
portals.broardinstitute.org/ccle/home), which
is an online data set containing 947 sequen-
cing data of human cancer cell lines to help
identify genes associated with cancer or drug
sensitivity.

Kaplan-Meier survival analysis plotter

The prognostic values of RILPL2 expression le-
vels in BC samples were examined by deter-
mining the RFS, OS, and DMFS using the Ka-
plan-Meier plotter (http://kmplot.com/analy-
sis/) [13]. Kaplan-Meier survival curve, log-rank
p-value, and HR with 95% confidence intervals
were calculated and plotted in R using Bio-
conductor packages.

Statistical analysis

The SPSS 23.0 software was used for statisti-
cal analyses. Categorical variables were com-
pared using the Student’s t-test, Wilcoxon rank
sum, and Pearson’s correlation tests. A P value
of < 0.05 was considered significant.

Results
RILPL2 expression is reduced in BC

RILPL2 mRNA expression was significantly lo-
wer in BC samples than in normal samples,
both of which were obtained from a large num-
ber of data sets by ONCOMINE analysis. RILPL2
MRNA expression in BC tissue was reduced by
1.690-fold and 1.306-fold compared to that in
normal tissue from 450 samples and in ano-
ther dataset of 1700 samples obtained from
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TCGA and Curtis database, respectively (Figure
1A, 1B). The pooled results of the six clinical
cohorts showed a significant decrease in RIL-
PL2 expression in BC (P = 2.72E?7; Figure 1C).
In addition, we performed CCLE analysis to co-
mpare RILPL2 mRNA expression in tumor tis-
sues from other organs. We found that RILPL2
MRNA expression was low in the BC cell lines
(Figure 1D).

RILPL2 protein expression in seven BC tissues
and seven adjacent non-tumor tissues was
assessed using western blotting. As shown in
Figure 2A, RILPL2 protein expression was sig-
nificantly lower in BC tissues than in the adja-
cent normal breast tissues (P < 0.01).

IHC was performed to confirm this finding and
to investigate the localization of RILPL2 in BC
tissues. RILPL2 was primarily stained in the
cytoplasm and membranes of BC tissues. ER
staining occurred mainly in the nucleus and to a
lesser extent in the cytoplasm, while HER2
staining was localized to the cellular mem-
brane. Examples of the upregulated expression
of RILPL2, ER, and HER2 are shown in Figure
2B-D, respectively.

IHC revealed a RILPL2-positive expression rate
of 32.78% (59/180) in BC tissues, which was
significantly lower than 66.7% (60/90), observ-
ed in the adjacent normal breast tissues (P =
0.000). Moreover, the positive expression of
RILPL2 protein was negatively correlated with
tumor size, histological grade, and lymph node
metastasis of BC (P = 0.001, P = 0.014, and P
= 0.021, respectively; Table 1).

RILPL2 expression correlates with molecular
subtypes and clinical IHC markers

ONCOMINE analysis of TCGA data showed th-
at RILPL2 mRNA expression is significantly hi-
gher in ER-positive (ER+) BC patients than in ER-
negative (ER-) BC patients (P < 0.0001; Figure
3A). In addition, RILPL2 expression in the HE-
R2+ and TNBC (triple-negative BC) subtypes
was significantly lower than in the HER2- and
other subtypes of BC in the TCGA database (P <
0.0001; Figure 3B, 3C).

Furthermore, univariate analysis showed that
RILPL2 expression was high in ER+ cases (P =
0.002; Table 2) and low in HER2+ cases (P =
0.023; Table 2).
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Figure 1. Analysis of RILPL2 mRNA expression in breast cancer. Boxed plots from the ONCOMINE database were
used to compare the expression of RIPL2 mRNA in normal tissues and BC tissues. The p value was set to 0.01. A.
RILPL2 mRNA expression from TCGA database. B. RILPL2 mRNA expression from Curtis database. C. Meta-analysis
of gene expression profiling for RILPL2 in BC using ONCOMINE, with P < 0.05 and fold change > 1.5. The colored
squares indicate the median rank for RILPL2 across each analysis comparing BC with normal tissue. D. CCLE analy-

sis showed that the expression level of RILPL2 mRNA was lower in BC cell lines (shown in red frame).
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Figure 2. Low expression of RILPL2 in human breast cancer. (A) Western blotting was used to verify the expression
of RIPL2 protein in the matched normal (N) and cancer (T) regions in BC patients. The expression of RILPL2, ER,
and HER2 as assessed by immunohistochemical staining was shown in (B-D), respectively. Green arrows indicated
nuclear staining; red arrows indicated cytoplasmic staining; blue arrows indicated membrane staining. Results were

showed as means + SD. The statistical significance was assessed by Student’s t-test; **P < 0.01.

RILPL2 expression correlates with favorable
prognosis in BC

We then estimated the prognostic value of
RILPL2 in BC using the Kaplan-Meier survival
analysis plotter. High expression of RILPL2
MRNA correlated with increased RFS, OS, and
DMFS in BC patients (HR = 0.52, P = 8.9¢%; HR
= 0.65, P = 0.013; HR = 0.43, P = 2.5e7; Fi-
gure 4A-C). Sub-analysis showed that high
expression of RILPL2 mRNA was significantly
correlated with better RFS in luminal A, luminal
B, and TNBC subtypes of BC (HR = 0.55, P =
2.2e%: HR = 0.58, P = 7e%: HR = 0.54, P =
0.00018). However, no significant correlation
was found between high RILPL2 expression
and better RFS in the HER2 subtype of BC (HR
= 1.23, P = 0.4; Figure 4D-G). Notably, we also
found that elevated RILPL2 mRNA expression
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was significantly associated with better RFS in
patients receiving chemotherapy (HR = 0.51, P
= 0.0012), suggesting that RILPL2 may pos-
sess functions in the chemosensitivity of BC
cells (Figure 4H).

Furthermore, we obtained patient follow-up
data and found that 45 out of 180 patients had
died, with a 6-year OS rate of 85.0%. Of the 45
patients that had died, RILPL2 expression was
downregulated in 35, while only 10 patients
died with upregulated RILPL2 expression. As
shown in Table 1, 59 out of 180 BC samples
exhibited RILPL2 positive expression and 121
exhibited RILPL2 negative expression. Kaplan-
Meier analysis showed that the OS of patients
with RILPL2 positive expression was signifi-
cantly higher than that of patients with RILPL2
negative expression in their BC samples (log-
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Table 1. The relationship between RILPL2 expres-
sion and the clinicopathological factors (n = 180)

Varible n RILPL2 RILPL2* p varible
Tissue 0.000
Cancer tissue 180 121 59
Adjacent tissue 90 30 60
Age 0.343
> 40 152 100 52
<40 28 21 7
Tumor size 0.001
T1 38 18 20
T2 112 78 34
13,4 30 25 5
Histological grades 0.014
I 20 11 9

Il 65 38 27
1 95 72 23

Lymph node metastasis 0.021
Negative 67 38 29
Positive 113 83 30

“+” positive; “-”, negative.

rank test, P < 0.05, Hazard Ratio = 0.4692,
95% Cl of ratio = 0.2569-0.8570; Figure 41).

RILPL2 regulates BC cell proliferation and mi-
gration in vitro

Western blotting results revealed that RILPL2
protein expression levels were lower in the five
BC cell lines-MDA-MB-231, T-47D, HCC1937,
MCF-7, and SKBR-3-than in the non-tumorig-
enic breast epithelial cell line MCF-10A (p <
0.05; Figure 5A). In addition, RILPL2 protein
expression levels were higher in MDA-MB-231
and T-47D cell lines than in the other three BC
cell lines (P < 0.05; Figure 5A). Therefore, we
selected MDA-MB-231 and T-47D cell lines for
subsequent knockdown or overexpression st-
udies.

We performed RILPL2 knockdown or overexp-
ression in T-47D and MDA-MB-231 cells, and
the infection efficiency was above 80% at 72 h
post-infection with RILPL2-shRNA (Figure 5B).
Immunoblotting and gqPCR analysis revealed
that RILPL2 protein and mRNA expression were
both significantly decreased upon RILPL2-sh-
RNA transfection compared to scr-shRNA tran-
sfection. However, RILPL2 protein and mRNA
expression significantly increased upon RILP-
L2 overexpression in T-47D and MDA-MB-231
cells (P < 0.01; Figure 5C). RILPL2 overexpres-
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sion significantly inhibited cell proliferation,
as assessed by the MTT assay in both T-47D
and MDA-MB-231 cell lines (P < 0.01; Figure
5D). However, co-transfection of RILPL2-sh-
RNA into the two RILPL2-overexpressing BC
cell lines completely restored cell prolife-
ration levels (P < 0.01; Figure 5D). Next, wo-
und healing assays, invasion assays, and
transwell assays were performed to evalua-
te the role of RILPL2 in BC cell migration.
MDA-MB-231 cells overexpressing RILPL2
migrated much slower than the control ce-
lls, whereas co-transfection of RILPL2-sh-
RNA into the RILPL2-overexpressing MDA-
MB-231 cells completely restored cell mig-
ration ability (P < 0.05, Figure 5E-G). These
results indicate that RILPL2 controls the
growth and migratory ability of BC cells in
vitro.

RILPL2 regulates BC cell proliferation and
migration in vivo

We next studied whether RILPL2 could con-

trol the proliferation and migration of BC
cells in vivo. RILPL2-overexpressing MDA-MB-
231 cells and their corresponding control cells
were injected into nude mice, and tumor growth
was recorded for seven weeks before the mice
were sacrificed. The volume of RILPL2-over-
expressing MDA-MB-231 tumors over the du-
ration of the experiment was significantly sm-
aller than that in the control group (P < 0.05;
Figure 6A, 6B). Consistent with these data, RI-
LPL2-overexpressing MDA-MB-231 tumors wei-
ghed significantly less than the control tumors
at the end of the experiment (P < 0.01; Figure
6C). To investigate the potential role of RILPL2
in metastasis in vivo, RILPL2-overexpressing
MDA-MB-231 cells were injected into the cau-
dal vein of nude mice, observed for 10 weeks,
and quantified in the metastatic lung nodules.
We found that RILPL2 overexpression in MDA-
MB-231 cells could significantly reduce lung
metastatic nodules (P < 0.05; Figure 6D). In
conclusion, these results show that RILPL2
may regulate the growth and metastasis of BC
cells in vivo.

RILPL2 inhibits BC cell proliferation and migra-
tion by downregulating TUBB3 stability

To identify target proteins downstream of RI-
LPL2, we used the Pathway Commons Protein-
Protein Interactions dataset (http://amp.ph-
arm.mssm.edu/Harmonizome/). This dataset

Am J Cancer Res 2019;9(8):1583-1606



Roles of RILPL2 in breast cancer

RILPL2 Expression in TCGA Breast
Grouped by Estrogen Receptor Status

A
TCGA Breast Statistics
Reporter: | A_23_P76109 N

p<0.0001

'
e
w

log2 median-centered ratio
'

=1.5

.

-20 [ 0 . ,

Legend
0. No value (225)
1. Estrogen Receptor Negative (95)

2. Estrogen Receptor Positive (273)

£ - RILPL2 Expression in TCGA Breast
m Grouped by Triple Negative Status
TCGA Breast Statistics
Reporter: | A_23_P76109 v p<0.0001
30
2.5 '
20 - *
2 1.5
§ os
c
3 00
H
,E -0.5
g
-1.0 |
1.5 - .
-20
[ 0 1 2
Legend

0. No value (244)
1. ERBB2/ER/PR Negative (49)

2. Other Biomarker Status (300)

Table 2. Correlations between RILPL2 expres-
sion and immunohistochemical markers

Varible n RILPL2-  RILPL2*  pvarible
ER 0.002
- 58 48 10
+ 122 73 49
PR 0.1
- 64 48 16
+ 116 73 43
HER2 0.023
- 137 86 51
+ 43 35 8
“+” positive; “-”, negative. ER, estrogen receptor; HER2,

human epidermal growth factor receptor 2; PR, proges-
terone receptor.
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Figure 3. RILPL2 mRNA expression in different
molecular subtypes of breast cancer. A. RILPL2
expression in 95 ER-negative and 273 ER-pos-
itive breast cancer tissues using ONCOMINE
analysis (P < 0.0001). B. RILPL2 expression
in 228 HER2-negative and 73 HER2-positive
breast cancer tissues using ONCOMINE analy-
sis (P < 0.0001). C. RILPL2 expression in 49
TNBC and 300 other subtype breast cancer tis-
sues using ONCOMINE analysis (P < 0.0001).

identified CAND1, HEXDC, TUBB4A, and Class
IlI-tubulin (Ill-tubulin, TUBB3) as potential inter-
actors of RILPL2 [14]. On further investigation,
we could not measure the interaction of RILPL2
with CAND1, HEXDC, or TUBB4A in BC cells
(data not shown). However, we performed the
co-immunoprecipitation assay and found that
exogenous RILPL2 interacted with TUBB3 in
293 cells (Figure 7A). Moreover, RILPL2 overex-
pression inhibited protein expression of TUBB3
in T-47D and MDA-MB-231 BC cells (P < 0.01;
Figure 7B). Co-transfection of RILPL2-shRNA
into the RILPL2-overexpressing MDA-MB-231
cells completely restored TUBB3 expression (P
< 0.01; Figure 7B). In addition, RILPL2 overex-
pression did not alter TUBB3 mRNA expression

Am J Cancer Res 2019;9(8):1583-1606
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Figure 4. The prognostic values of RILPL2 in breast cancer. (A-C) High mRNA level of RILPL2 was associated with
increases in (A) RFS, (B) 0S, and (C) DMFS in BC patients. (D-G) High RILPL2 mRNA level was associated with in-
creased RFS in luminal A, luminal B and TNBC subtype BC patients, but not in HER2 subtype BC patients. (H) High
RILPL2 mRNA level was associated with increased RFS in BC patients who had received chemotherapy. (I) Kaplan-
Meier survival curves showed the OS in 180 BC patients in relation to RILPL2 expression.

(Figure 7C). Therefore, RILPL2 may regulate TU-
BB3 protein expression on a posttranslational
level. To test this hypothesis, we determined
whether RILPL2 altered TUBB3 stability by tr-
eating MDA-MB-231 cells with cycloheximide
(CHX) to inhibit protein synthesis. The overex-
pression of RILPL2 induced TUBB3 degrada-
tion in MDA-MB-231 cells (Figure 7D), which
suggests that RILPL2 destabilizes TUBB3 in BC
cells. In support of this notion, RILPL2 over-
expression promoted TUBB3 ubiquitination
(Figure 7E).

To investigate whether TUBB3 is a primary tar-
get of RILPL2 in regulating BC cell proliferation
and migration, endogenous TUBB3 was over-
expressed in RILPL2-transfected T-47D and
MDA-MB-231 cells. We observed that the RI-
LPL2-induced inhibition of cell proliferation and
migration was reversed by TUBB3 overexpr-
ession in T-47D and MDA-MB-231 cells, as
assessed by MTT, invasion and wound assays
in MDA-MB-231 cells (P < 0.01; Figure 7F-H). Th-
ese results reveal that RILPL2 inhibits the pro-
liferation and migration of BC cells by downreg-
ulating TUBB3 stability.

RILPL2 positively regulates PTEN expression
by destabilizing TUBB3

Loss of PTEN is observed in many primary can-
cers, including BC, and often leads to activation
of the PIBK/AKT pathway [15, 16]. Joshua et al.
[17] have reported that TUBB3 can inhibit PTEN
expression and activate the AKT pathway in
non-small cell lung cancer. Therefore, we test-
ed whether TUBB3 could regulate PTEN expr-
ession in BC cells. First, we confirmed that TU-
BB3 protein expression was significantly down-
regulated in TUBB3-shRNA-TA7D and -MDA-
MB-231 cells, and that re-expression of TUBB3
in TUBB3-shRNA-T47D and -MDA-MB-231 cells
restored its protein levels (Figure 8A). Strikingly,
BC cells with stable TUBB3 knockdown dis-
played significantly increased PTEN expressi-
on (Figure 8A). Moreover, restoration of TUBB3
expression abolished the increase in PTEN ex-
pression, thus confirming that TUBB3 can regu-
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late the expression of PTEN in BC cells (Figure
8A).

Our previous results revealed that RILPL2
expression negatively correlates with HER2
expression in BC. The HER2/PTEN/AKT path-
way is critical in the carcinogenesis of BC [18].
However, some studies have also demonstrat-
ed the importance of the PTEN/PI3BK/AKT pa-
thway in ER+ HER2- and TNBC subtypes of BC
[19-21]. To identify the relationship between
RILPL2 and this pathway, we overexpressed TU-
BB3 in RILPL2-overexpressing T-47D and MDA-
MB-231 cells. Cells transfected with nonfun-
ctional vector served as controls. Strikingly, we
found that RILPL2 could promote protein ex-
pression of PTEN in BC cells (p < 0.01; Figure
8B). However, PTEN expression was significa-
ntly decreased by overexpression of TUBB3 (P
< 0.01; Figure 8B). These results suggest that
RILPL2 may positively regulate PTEN expres-
sion by destabilizing TUBB3.

RILPL2 reverses BC cell resistance to taxotere-
mediated apoptosis by downregulating the
TUBB3/PTEN/AKT pathway

Triple-negative breast cancer (TNBC) has poor-
er clinical characteristics than other subtypes
of BC. TNBC tumors proliferate faster, relapse
earlier, metastasize easily, and are therefore
associated with poorer prognosis [22-24]. Th-
ere is currently no effective target drug avail-
able for TNBCs; cytotoxic chemotherapy rem-
ains the main adjuvant therapy for TNBCs [25].
A few studies have found that TUBB3 plays an
important role in conferring resistance to pa-
clitaxel-based chemotherapy [26-28]. We have
demonstrated that elevated RILPL2 mRNA
expression is significantly associated with be-
tter RFS in patients receiving chemotherapy,
suggesting that RILPL2 may possess some
functions in the chemosensitivity of BC cells
(Figure 4H). To evaluate whether RILPL2 can
directly alleviate resistance to chemotherapy
in TNBC cells, we treated RILPL2-overexpress-
ing MDA-MB-231 cells with the common micr-
otubule-targeting chemotherapeutic agent ta-
xotere (docetaxel). Apoptosis rate was signifi-
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Figure 5. Effects of RILPL2 on BC cell proliferation, migration, and invasiveness in vitro. (A) Levels of RILPL2 protein were analyzed by western blotting in five breast
cancer cell lines and one untransformed breast cell line. (B) T-47D and MDA-MB-231 cells infected with RILPL2-shRNA lentivirus were examined by fluorescence
microscopy 3 days post-infection. (C) RILPL2 protein and mRNA expression levels were examined by western blotting and qPCR in T-47D and MDA-MB-231 cells
after infection with lentivirus containing RILPL2-shRNA or pLNCX2-RILPL2. (D-G) RILPL2-shRNA or scr-shRNA were transfected into RILPL2-overexpressing T-47D and
MDA-MB-231 cells. Cell growth rate monitored by MTT assay (D) in T-47D and MDA-MB-231 cells. Cell wound (E), invasiveness, (F) and migration (G) were monitored
in MDA-MB-231 cells (n = 3). The statistical significance was assessed by Student’s t-test; *P < 0.05, **P < 0.01.
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static lung nodules were quantified. Results are presented as means + SD. The statistical significance was assessed

by Student’s t-test; *P < 0.05, **P < 0.01.

cantly higher in RILPL2-overexpressing MDA-
MB-231 cells than in control cells following
treatment with 200 ng/mL taxotere (P < 0.01;
Figure 9A). Then, we used RILPL2-overexpr-
essing MDA-MB-231 cells (or control MDA-
MB-231 cells) in a xenograft tumor model
(Figure 9B). The size of tumors formed by the
control cells was slightly reduced upon taxotere
treatment (P > 0.05, Figure 9C); however, the
size of the tumors formed by RILPL2-overex-
pressing cells was significantly reduced upon
taxotere treatment (P < 0.05, Figure 9D). These
results indicate that RILPL2 expression is di-
rectly related to the decrease in chemoresis-
tance. Meanwhile, treatment of RILPL2-over-
expressing MDA-MB-231 cells with taxotere
induced a decrease in TUBB3 and p-AKT exp-
ression levels and an increase in PTEN expres-
sion levels in a dose-dependent manner (Figure
10A). The protein levels of TUBB3 and p-AKT in
RILPL2-overexpressing cells were significantly
lower than in control cells following treatment
with various doses of taxotere (P < 0.05; Figure
10A). In contrast, the protein levels of PTEN
were significantly higher in RILPL2-overexpr-
essing cells than in control cells following tr-
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eatment with various doses of taxotere (P <
0.01; Figure 10A). However, co-transfection of
RILPL2-shRNA into the RILPL2-overexpressing
MDA-MB-231 cells completely restored TUBB3
and p-AKT expression, and reduced PTEN ex-
pression in a dose-dependent manner (P <
0.05; Figure 10B). In addition, no change was
detected in total AKT expression (P > 0.05;
Figure 10A, 10B). These results show a signifi-
cant correlation between RILPL2 expression
and inhibition of TUBB3/PTEN/AKT signaling
for chemotherapy by the increased expression
of PTEN and decreased AKT phosphorylation in
response to RILPL2 overexpression upon tax-
otere treatment.

X-linked apoptotic protein inhibitor (XIAP) is a
member of the apoptotic protein inhibitor (IAP)
family and its expression is regulated by up-
stream AKT [11, 29]. We therefore tested wh-
ether RILPL2-mediated inhibition of AKT sign-
aling resulted in decreased expression of XIAP.
Treatment of RILPL2-overexpressing MDA-
MB-231 cells with taxotere decreased XIAP le-
vels in a dose-dependent manner (P < 0.01;
Figure 11A). However, co-transfection of RILP-
L2-shRNA into the RILPL2-overexpressing MDA-

Am J Cancer Res 2019;9(8):1583-1606
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MB-231 cells completely restored XIAP expres-
sion in a dose-dependent manner (P < 0.01;
Figure 11B). Studies have shown that XIAP can
act on caspase 9 and caspase 3. Caspase 9
directly regulates the intrinsic apoptosis path-
way, while caspase 3 is important for apopto-
sis and activation of poly (ADP ribose) poly-
merase (PARP), which is major protein involved
in cellular death [11, 29]. In contrast to decr-

1599

eased XIAP expression, the active levels of cas-
pase 9 (P < 0.04; Figure 11B) and caspase 3 (P
< 0.01; Figure 11C) were significantly increased
in RILPL2-overexpressing cells upon taxotere
treatment. Therefore, our results show that
RILPL2-mediated chemosensitivity in BC cells
is correlated with downregulation of TUBB3/
PTEN/AKT signaling and concurrent upregula-
tion of proapoptotic factors.
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Discussion

To our knowledge, this is the first systematic
study on the functional mechanism of RILPL2-
mediated proliferation and metastasis in BC.
ONCOMINE and CCLE analyses showed that
RILPL2 mRNA expression was significantly
lower in BC samples than in normal samples,
which was consistent with our protein expres-
sion data obtained by western blotting and IHC.
The tumor size, histological grade, and lymph
node metastasis are indicators to evaluate the
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Figure 11. RILPL2 reverses BC cell resistance to Taxotere by
regulating the XIAP/caspase 9 pathway. A, B. RILPL2-shRNA
or scr-shRNA were transfected into RILPL2-overexpressing
MDA-MB-231 cells following treatment with various doses
of Taxotere for 24 h. Levels of XIAP and active caspase 9
were examined by western blotting in MDA-MB-231 cells (n
= 3). C. Active caspase 3 level was examined by caspase-3
activity assay in Vector- or RILPL2-expressing MDA-MB-231
cells in the presence or absence of 200 ng/mL Taxotere for
24 h (n = 3). Results are presented as means * SD. The
statistical significance was assessed by Student’s t-test; *P
<0.05, **P < 0.01.

proliferation, metastasis, and prognosis of BC
[30, 31]. We found that low RILPL2 expression
is positively correlated with tumor size, histo-
logical grade, and lymph node metastasis, and
high RILPL2 expression is correlated with
increased RFS, 0S, and DMFS in BC patients.
Interestingly, subgroup analysis showed that
high RILPL2 expression indicates better RFS in
luminal A, luminal B, and TNBC subtypes of BC,
indicating that RILPL2 may be a tumor suppres-
sor to regulate BC tumorigenesis, and a favor-
able prognostic factor for BC.
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BC is a heterogeneous disease, not only be-
cause of its clinical and pathological charact-
eristics, but also because of different molecu-
lar characteristics observed between different
BC subtypes [32, 33]. It is believed that the
prognosis of luminal-type BC is better than that
of other subtypes, because the HER2 and TNBC
subtypes of BC are prone to recurrence and
metastasis after treatment [33-35]. Therefore,
understanding the molecular subtypes plays
an important role in designing appropriate BC
treatments [34-36]. The online database sh-
owed that RILPL2 mRNA expression was signifi-
cantly higher in ER+ tumors and lower in HER2+
and TNBC subtype tumors. Furthermore, uni-
variate analysis showed that RILPL2 expres-
sion was positively associated with ER expres-
sion and negatively associated with HER2
expression. These results revealed that RILPL2
expression is correlated with the molecular
subtypes of BC and is positively associated
with the subtype with better prognosis. RILPL2
may therefore be a novel clinicopathological
biomarker to assess the risk of recurrence and
metastasis, and guide BC treatment. However,
the relationship between RILPL2 and other
pathological markers needs further experimen-
tal verification.

Next, we explored the effects of RILPL2 on BC
cell behavior both in vitro and in vivo, and the
underlying potential mechanisms. Western
blotting revealed that RILPL2 expression in BC
cells was lower than that in normal breast epi-
thelial cells, and this result was consistent with
our results from clinical samples. Surprisingly,
RILPL2 expression in ER+ cells (MCF-7 and
T-47D) was higher than that in HER2+ cells
(SKBR-3), but lower than that in TNBC cells
(MDA-MB-231). These results were not consis-
tent with our clinical sample results, suggesting
that RILPL2 expression in BC cells cannot com-
pletely reflect the behavior of BC with different
molecular and clinicopathological subtypes.
Although RILPL2 expression was low in all of
the tested BC cell lines, MDA-MB-231 and
T-47D BC cells exhibited slightly high RILPL2
expression; therefore, these cells were select-
ed for subsequent knockdown and overexpres-
sion analyses. Our results revealed that upreg-
ulated RILPL2 expression could inhibit BC
growth and metastasis. However, this effect
was reversed when RILPL2-shRNA was trans-
fected into RILPL2-overexpressing BC cells.
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Overall, these results underlie how the aberrant
regulation of RILPL2 can contribute to the inhi-
bition of BC tumorigenesis and metastasis.

Microtubules consist of a- and B-tubulin mono-
mers that associate with one another to form
heterodimers [37]. Tubb3-a B-tubulin homoty-
pe-plays an important role in cancer progre-
ssion [38-40]. Lebok et al. [41] found that high
expression of TUBB3 in BC was correlated with
high tumor grade, lack of ER and PR, and HER2
upregulation. TUBB3 upregulation is also asso-
ciated with poor prognosis of BC patients. Our
results revealed that the newly identified tumor
suppressor RILPL2 could directly interact with
TUBB3 and downregulate TUBB3 protein
expression. We also found that RILPL2 does
not affect TUBB3 mRNA expression, suggest-
ing that RILPL2 may regulate TUBB3 protein
expression by a posttranslational mechanism.
TUBB3 expression is regulated in a cell cycle-
dependent manner, and its protein levels are
controlled by the ubiquitin-proteasome system
[42]. We found that RILPL2 decreases the pro-
tein expression of TUBB3 by promoting TUBB3
ubiquitination. These results demonstrate that
RILPL2 regulates TUBB3 protein expression, at
least in part, by the ubiquitin-proteasome sys-
tem in BC cells. However, as regulatory interac-
tions between proteins are complex, the path-
ways related to RILPL2 and its effects on
TUBBS3 require detailed study in the future.

Constitutive activation of the PI3BK/AKT path-
way, which regulates cell growth and migration,
has been reported in many types of cancer,
including BC. PTEN negatively regulates the
PI3K/Akt pathway [11, 15, 16]. Joshua et al.
[17] have reported that TUBB3 could inhibit
PTEN expression and activate the AKT pathway
in non-small cell lung cancer. Meanwhile, sev-
eral studies have revealed that TUBB3 is a can-
didate biomarker for microtubule-targeted che-
moresistance in BC [26, 43-46]. Hence, we
hypothesized that RILPL2 may reduce TUBB3-
induced BC resistance to chemotherapy. First,
we observed that the levels of apoptosis in
RILPL2-overexpressing cells were significantly
higher than those in control cells that were
treated with taxotere. We found that RILPL2
overexpression is associated with decreased
TUBB3 expression, increased PTEN expres-
sion, and impaired AKT activation upon tax-
otere treatment, potentially explaining the lack
of resistance of RILPL2-overexpressing cells to
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chemotherapy. These results strongly suggest
that RILPL2 inhibits TUBB3-mediated anti-
apoptotic effects, at least in part, via the PTEN/
AKT pathway in BC cells.

Several studies have confirmed that AKT pro-
duces anti-apoptotic effects by phosphorylat-
ing different downstream substrates [11,
47-49]. AKT can phosphorylate XIAP to protect
it from degradation by cisplatin, doxorubicin,
and taxotere, and inhibits apoptosis [11, 29,
50]. In agreement with this finding, we have
revealed that the reversal of chemoresistance
mediated by RILPL2 in BC cells is associated
with decreased levels of XIAP. It is important to
note that XIAP is the most effective caspase
inhibitor [11, 51]. This is consistent with our
finding that caspase-3 and -9 are activated in
RILPL2-overexpressing BC cells. Our data clear-
ly demonstrate that RILPL2 overexpression in
BC cells leads to decreased expression of
TUBB3, p-AKT, and XIAP, and a concurrent
increase in the expression of PTEN and apop-
totic factors.
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