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Abstract
Objective: Layilin is a type I transmembrane protein that possesses a C-type lectin motif in its extracellular
domain, and whose functions have not yet been completely understood. Previously, we reported that layilin was
highly expressed in malignant glioma cells. In this study, we investigated whether layilin was functionally re‐
lated to low-density lipoprotein receptor (LDLR) in malignant glioma cells because one of the characteristics of
malignant glioma cells is the high expression of LDLR.
Methods: Under layilin-knockdown (KD) conditions in A172 cells, a malignant glioma cell line, we measured
LDLR mRNA and protein levels by quantitative polymerase chain reaction and western blotting, respectively.
Furthermore, we measured LDL uptake in layilin-KD cells by LDL uptake assay.
Results: Even though the amounts of mRNA for LDLR were unaffected by layilin-KD, the amounts of LDLR
protein were significantly increased by layilin-KD 48 h after transfection with small interfering RNAs for layilin
(p<0.05). Accordingly, LDL uptake was increased by layilin-KD (p<0.05).
Conclusion: Our data suggest a novel function of layilin, that is, down-regulation of LDLR at the protein level.
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1. Introduction

Layilin is a type I transmembrane protein that
possesses a C-type lectin motif in its extracellular do‐
main1). Initially, layilin was reported to function as a
cell surface receptor for hyaluronic acid2), and its in‐
tracellular part was reported to interact with cytoske‐
letal proteins such as talin, merlin, and radixin1,3).
However, its functions have not yet been completely
understood. Previously, we reported that layilin was
more strongly expressed in malignant glioma cells
than in normal astrocytes, and it mediated epithelial-
mesenchymal transition (EMT)-like change to ac‐

quire and promote high invasiveness through SNAI1
in malignant glioma cells4). In other words, the strong
expression of layilin could be one of the characteris‐
tics of malignant glioma cells.

Also, another characteristic of malignant glioma
cells is the high expression of low-density lipoprotein
receptor (LDLR), in that it has been reported that
normal glia cells rarely express LDLR, but multiple
malignant glioma cell lines strongly express LDLR5).
Recently, based on the high expression of LDLR, use
of LDLR as a therapeutic target has been intensively
investigated5–7). As is well known, LDLR, a cell sur‐
face protein with a molecular weight of 160 k, cap‐
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tures serum LDL particles and delivers them into
cells8,9). Presently, it is unclear why LDLR is highly
expressed in malignant glioma cells.

As their characteristics mentioned above, both
layilin and LDLR are highly expressed in malignant
glioma cells, and we are unaware of any report on the
functional relations between these two molecules.
Therefore, in this study, we investigated whether layi‐
lin affected the amounts of LDLR and LDL uptake in
malignant glioma cells.

2. Materials and methods

2.1 Cell culture
A172 cells of a human malignant glioma cell

line (DS Pharma Biomedical Co., Ltd., Osaka, Ja‐
pan), derived from glioblastoma (WHO grade IV),
were cultured in an RPMI1640 medium (Sigma-Al‐
drich, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin,
and 100 μg/ml streptomycin (Sigma-Aldrich). The
cells were cultured at 37°C in a humidified atmos‐
phere with 5% CO2.

2.2 Transfection of A172 cells with small inter‐
fering RNA (siRNA)

A172 cells were transfected with 200 pmol
siRNA per 100-mm dish using lipofectamine® RNAi‐
MAX (Invitrogen, Carlsbad, CA, USA). The two kinds
of siRNA for human layilin mRNA (siL-1; nucleotides
1019–1043, AAGCTGCCTTGAATCTGGCCTACAT
and siL-2; nucleotides 1564–1598, CACAGAAGGTC
TATGAACAAGCTTA in NM_001258390.1; Invitro‐
gen) were used to avoid off-target effects. As a nega‐
tive control, A172 cells were similarly transfected
with a control siRNA (Stealth RNAi™ Negative Con‐
trol Medium GC Duplex, Invitrogen).

2.3 RNA extraction and reverse transcription
RNA extraction and the following reverse tran‐

scription were performed as described previously10).
Briefly, total RNA samples extracted from A172 cells
using RNeasy® (Qiagen, Venlo, The Netherlands)
were subjected to reverse transcription using a High
Capacity cDNA Reverse Transcription Kits (Life
Technologies, Rockville, MD, USA) according to the
manufacturers’ instructions.

2.4 Quantitative PCR (qPCR)
qPCR was performed by an ABI Prism® 7000 Se‐

quence Detection System (Applied Biosystems, Foster
City, CA, USA). To estimate the amounts of mRNA

for layilin and glyceraldehyde 3-phosphate dehydro‐
genase (GAPDH), a mixture of 2 μg of the total RNA
sample-derived cDNA, 300 nM each of forward and
reverse primers, and Power SYBR® Master Mix (Ap‐
plied Biosystems) was subjected to qPCR. Nucleotide
sequences of the primers are as follows: layilin: 5´-
CACAGCCTGCCAGGACCTTTA and 5´-TGCACC
GGTCATCATTCCA, and GAPDH: 5´-TGGTATGG
TGGAAGGACTCA and 5´-ATGCCAGTGAGCTTC
CCGTT. To estimate the amounts of mRNA for
LDLR, a mixture of 2 μg of the total RNA sample-
derived cDNA, a solution of TaqMan® Gene Expres‐
sion Assays (Hs01092524_m1, Applied Biosystems),
and TaqMan® Gene Expression Master Mix (Applied
Biosystems) was subjected to qPCR. The thermal cy‐
cle conditions used were 95°C for 10 min, followed
by 40 cycles of 95°C for 15 sec and 60°C for 60 sec.

2.5 Protein extraction from cultured cells
Cultured cells were collected and washed in

phosphate-buffered saline (PBS) and were sonicated in
a lysis buffer containing 20 mM Tris-HCl, 250 mM
NaCl, 1% NP-40, 1 mM dithiothreitol, and a protease
inhibitor cocktail (Roche, Basel, Switzerland). After
centrifugation, the collected supernatants were used
as whole cell protein samples. Nuclear and cytosolic
fractions were prepared with a Nuclear/Cytosolic
Fractionation Kit (CELL BIOLABS INC, San Diego,
CA, USA).

2.6 Western blotting
Western blotting was performed as described

previously10). The protein samples, which were sepa‐
rated by 15% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), were transferred
onto polyvinylidene difluoride membranes. Goat pol‐
yclonal antibodies against human layilin (R&D Sys‐
tems, Inc., Minneapolis, MN, USA), mouse monoclo‐
nal antibodies against human LDLR (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), and β-actin
(Sigma) were used as primary antibodies. Horserad‐
ish peroxidase-conjugated rabbit anti-goat IgG anti‐
bodies (Agilent/DAKO, Santa Clara, CA, USA) and
anti-mouse IgG antibodies (Cell Signaling Technol‐
ogy Inc., Danvers, MA, USA) were used as secon‐
dary antibodies, respectively. The bound antibodies
were visualized using ImmunoStar® LD (FUJI FILM,
Osaka, Japan).

2.7 Measurement of LDL uptake
The LDL uptake was assessed by LDL Uptake
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Fig. 1. Effects of layilin-KD on the expression of LDLR in A172 cells

A172 cells were transfected with control siRNA (siC) and two kinds of layilin siRNA

(siL-1 and siL-2). RNA extracted from the cells was used for reverse transcription and

subsequent qPCR to estimate the amounts of mRNA for layilin, LDLR, and GAPDH.

Measured mRNA levels of layilin and LDLR were corrected using those of GAPDH (A
and B, respectively). In each panel, the average of the corrected mRNA levels in the sam‐

ples transfected with siC was defined as 1.0 (n=3 in each condition). Mean values with

SD are shown.

Cell-Based Assay Kit (Cayman Chemical, Ann Ar‐
bor, MI, USA). Specifically, 8.0 × 104 A172 cells,
transfected with siL-1, siL-2, or siC in an RPMI 1640
medium containing 10% FBS, were seeded onto 35-
mm glass-based dishes (ASAHI GLASS, Tokyo, Ja‐
pan). At 48 h later, the culture medium was replaced
with a serum-free RPMI 1640 medium containing
LDL-DyLightTM 550. After 6 h, the A172 cells were
fixed in PBS containing 4% paraformaldehyde. Nu‐
clei were stained with DAPI (Wako Pure Chemical
Industries, Osaka, Japan). The uptaken LDL-Dy‐
LightTM 550 and nuclei were visualized by fluores‐
cence microscopy (BZ-X710, KEYENCE, Jena, Ger‐
many). Fluorescent brightness of the LDL-DyLightTM

550 and the number of pixels were measured using a
BZ-X Analyzer (KEYENCE).

2.8 Statistical analysis
Statistically significant differences were calcu‐

lated with the Student t-test. A value of p < 0.05 was
considered to be statistically significant.

3. Results

3.1 Effects of layilin-KD on the amounts of
LDLR mRNA and proteins

To assess the effects of layilin on mRNA and
protein levels of LDLR in A172 cells, we prepared
layilin-KD A172 cells using two kinds of siRNAs for
layilin. After 24, 32, 40, 48, and 72 h, we prepared
total RNA and protein samples from the cells. The re‐
sults showed that the mRNA expression of layilin
was completely suppressed by the two siRNAs
through the experimental time of 24–72 h after trans‐
fection (Fig. 1A). In the measurement of mRNA for
LDLR, we found that the amounts of mRNA for
LDLR were unaffected by layilin-KD through the ex‐
perimental time of 24–72 h after transfection
(Fig. 1B). Next, our results showed that the protein
amounts of layilin were decreased to approximately
1/4 by the two siRNAs through the experimental time
of 24–72 h after transfection (Fig. 2A). The protein
amounts of LDLR were found to be significantly de‐
creased at 24 and 32 h after transfection with siL-2
but not with siL-1. This decrease may be due to off-
target effects. Interestingly, the protein amounts of
LDLR were found to be significantly increased by
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Fig. 2. Effects of layilin-KD on the amounts of LDLR protein in A172 cells

The protein samples, which were extracted from the whole cells, were subjected to western

blotting (A). The intensity of the detected bands was measured by densitometry. The meas‐

ured intensities of the layilin and LDLR bands were normalized using that of β-actin bands

(B and C, respectively). The average of the normalized intensity of the layilin and LDLR

bands in the “siC” samples was defined as 1.0.

nearly 2-fold at 48 h after siRNA transfection, and a
significant increase was still observed at 72 h after
siRNA transfection (Fig. 2B). These data suggest that
layilin acts to down-regulate the amounts of LDLR at
the protein level but not at the mRNA level.

3.2 Effects of layilin-KD on LDL uptake
Generally, the major function of LDLR is uptake

of LDL. Therefore, we investigated whether the ob‐
served increase in LDLR proteins actually increased
the uptake of LDL by the cells. The results showed
that the number of moderate and high fluorescence
intensity pixels, which indicate uptaken fluorescent
LDL molecules, was increased by approximately 3-
fold (Fig. 3A, B). These data indicate that layilin is
involved in regulating LDL uptake.

4. Discussion

Our findings are summarized as follows: 1) layi‐
lin down-regulates LDLR at the protein level but not
at the mRNA level; and 2) layilin is involved in regu‐
lating LDL uptake.

Regarding the first point, as layilin-KD in‐

creased the amounts of LDLR protein, although layi‐
lin-KD did not affect LDLR transcription, we specu‐
late that layilin suppresses LDLR protein stability.
Generally, the amounts of LDLR are regulated at the
rate of LDLR degradation that is promoted by pro‐
protein convertase subtilisin/kexin type 9 (PCSK9)
and inducible degrader of the LDL-receptor
(IDOL)11,12). Thus, layilin may suppress LDLR pro‐
tein stability by directly acting on LDLR or by up-
regulating the expression levels and activity of
PCSK9 and IDOL. This point needs to be clarified in
the future.

Also, as multiple malignant glioma cell lines
strongly express LDLR, LDLR has attracted attention
as a therapeutic target of malignant gliomas5,11,12). No‐
tably, LDL-based nanoparticles containing anticancer
drugs have been developed. Furthermore, polyester-
based nanoparticles with LDLR-binding peptides
have been developed as a drug transporter. Drug de‐
livery systems targeting LDLR have great potential
for glioma therapy13–15). Therefore, an important next
step would be to clarify the mechanism by which
layilin regulates LDLR proteins in malignant glioma

14

Ushimaru S Arito M et al56



Fig. 3. Effects of layilin-KD on LDL uptake.

First, 8.0 × 104 A172 cells transfected with siL-1, siL-2, or siC in an RPMI 1640 me‐

dium containing 10% FBS were seeded onto 35-mm glass-based dishes. Then, 48

hours later, the cells were cultured in a serum-free RPMI 1640 medium containing

LDL-DyLightTM 550 for 6 h. After the cells were fixed in PBS containing 4% parafor‐

maldehyde, nuclei were stained with DAPI. Finally, LDL-DyLightTM 550 (red) and the

nuclei (blue) were visualized using fluorescence microscopy (A). Fluorescent bright‐

ness of LDL-DyLightTM 550 and the numbers of the pixels were measured using a BZ-

X Analyzer. Fluorescent brightness values of 0–23, 24–100, 101–177, and 178–255

were defined as “Negative”, “Low”, “Medium”, and “High”, respectively (B).

cells.
Regarding the second point, as layilin-KD in‐

creased LDL uptake, this suggested that layilin sup‐
pressed LDL uptake by down-regulating the amount
of functional LDLR. Recently, several studies have
been conducted on the roles of LDL in cancer cells.
Increased LDLR expression and the consequent in‐
creased uptake of LDL cholesterol have been re‐
ported in breast cancer cells16–18). Furthermore, LDL
cholesterol and 27-hydroxycholesterol, a metabolite
of cholesterol, have been reported to promote prolif‐
eration and migration associated with EMT16–19). Sim‐
ilar results focusing on 27-hydroxycholesterol have
been reported in glioblastoma cell lines such as
U118MG and U251MG20). These studies and the
present study suggest that layilin may suppress pro‐
liferation and migration associated with EMT by the
down-regulation of LDLR in malignant glioma.
However, we previously reported that layilin was es‐

sential for TNF-α-induced EMT of renal tubular epi‐
thelium-derived cancer cells21). Moreover, we re‐
cently reported that layilin induced SNAI1-mediated
EMT-like change to enhance the invasive ability of
glioblastoma cell lines such as A172 cells4). Our ser‐
ies of studies have provided evidence that layilin pro‐
motes EMT and invasive ability in cancer cells. Re‐
markably, although layilin suppresses LDLR protein
levels, the down-regulation of LDLR does not seem
to suppress LDL-mediated EMT. This point is a new
problem raised by the present study. Future studies
on the role of LDL/LDLR in layilin-mediated EMT
and also the role of layilin in LDL/LDLR-mediated
EMT are needed to resolve this problem.

5. Conclusion

Our data indicate that layilin down-regulates
LDLR at the protein level to suppress LDL uptake.
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