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Background: NEU3 is involved in ganglioside surface metabolism and is up-regulated in renal carcinoma cells.
Results: NEU3 regulates �1 integrin trafficking and the downstream FAK/AKT pathway, influencing drug resistance and
invasive potential.
Conclusion: NEU3 is a key regulator of renal cell carcinoma malignancy.
Significance: NEU3 could be a new target for molecular therapies for renal carcinoma.

Thehumanplasmamembrane sialidaseNEU3 is a key enzyme
in the catabolism of membrane gangliosides, is crucial in the
regulation of cell surface processes, and has been demonstrated
to be significantly up-regulated in renal cell carcinomas (RCCs).
In this report, we show thatNEU3 regulates�1 integrin traffick-
ing in RCC cells by controlling �1 integrin recycling to the
plasma membrane and controlling activation of the epidermal
growth factor receptor (EGFR) and focal adhesion kinase (FAK)/
protein kinase B (AKT) signaling. NEU3 silencing in RCC cells
increased the membrane ganglioside content, in particular the
GD1a content, and changed the expression of key regulators of
the integrin recycling pathway. In addition,NEU3 silencing up-
regulated the Ras-related protein RAB25, which directs inter-
nalized integrins to lysosomes, and down-regulated the chloride
intracellular channel protein 3 (CLIC3), which induces the recy-
cling of internalized integrins to the plasma membrane. In this
manner,NEU3 silencing enhanced the caveolar endocytosis of �1
integrin, blocked its recycling and reduced its levels at the plasma
membrane, and, consequently, inhibited EGFR and FAK/AKT.
Theseeventshad the followingeffectson thebehaviorofRCCcells:
they (a) decreased drug resistance mediated by the block of
autophagyand the inductionof apoptosis; (b) decreasedmetastatic
potential mediated by down-regulation of the metalloproteinases
MMP1 and MMP7; and (c) decreased adhesion to collagen and
fibronectin.Therefore, ourdata identifyNEU3asakey regulatorof
the �1 integrin-recycling pathway and FAK/AKT signaling and
demonstrate its crucial role in RCCmalignancy.

Renal cell carcinoma (RCC)2 accounts for �2–3% of all can-
cer diagnoses each year, and the incidence of this cancer has

been rising steadily. RCC has the highest mortality rate among
genitourinary cancers (1) and encompasses many histological
subtypes, among which clear cell RCC, also called conventional
RCC, is themost common subtype (2). RCC is characterized by
a highly angiogenic and invasive phenotype and is highly resis-
tant to radiation or chemotherapy (1). Its molecular signature
includes several alterations of the VHL gene, the platelet-de-
rived growth factor and epidermal growth factor receptors
(PDGFR and EGFR), the phosphatidylinositol-3 kinase (PI3K)/
protein kinase B (AKT) pathway (3), integrins (4), and the
expression of gangliosides, such as sialic acid-containing glyco-
sphingolipids, which are usually poorly represented in normal
kidney tissues (5). In particular, the high content of globo-series
gangliosides, particularly monosialosyl galactosylgloboside
(MSGG), increases metastatic potential and is inversely corre-
lated with patient survival (6). Moreover, gangliosides that are
highly shed by RCCs induce immune cell dysfunction (7). Con-
sistent with the appearance of a distinct repertoire of ganglio-
sides, several crucial enzymatic mechanisms that regulate
ganglioside synthesis appear to be deregulated in RCC.
�-1,4-GalNAc transferase (�1,4GalNAc-T) (8), �-2,3-sialyl-
transferase (ST3GalII) (6), and the plasma membrane-associ-
ated sialidase, NEU3 (9), have been demonstrated to be altered
with regard tomRNAexpression and activity in RCCcompared
with normal kidney tissue. In particular, the sialidase NEU3 has
been demonstrated to play an important role in RCCpathogen-
esis (9). NEU3 mRNA levels are reported to be significantly
higher in RCC than in adjacent non-tumor tissues (9). NEU3
has been demonstrated to be up-regulated by interleukin-6
(IL-6) and to act in a positive feedback manner on cytokine
function by enhancing the PI3K/AKT signaling pathway, which
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results in the suppression of apoptosis and the promotion of
migration (9). In addition to RCC, the up-regulation of NEU3
has been observed in other tumor types, including colon, ovar-
ian, prostate cancer, and chronic myeloid leukemia, although
the down-regulation of NEU3 has been observed in acute lym-
phoblastic leukemia (10–13). Because of its recognition of gan-
gliosides as substrates (14), NEU3 is involved in transmem-
brane signaling and activates several surface receptors,
including EGFR and �4 integrin, which are involved in onco-
genesis (15, 16).
We sought to better elucidate the role ofNEU3up-regulation

in RCC. We stably silenced NEU3 in a primary clear cell RCC
line and in undifferentiated papillary RCC cell line. Our results
further corroborated the oncogenic activation induced by this
enzyme and demonstrated that in NEU3-silenced cells there
was an increase in GD1a content, which had the following con-
sequences: (a) a change in cellular behavior, particularly
decreased drug resistance, invasive potential, and adhesion; (b)
at the molecular level, impaired �1 integrin recycling to the
plasma membrane, and partially inhibited the focal adhesion
kinase (FAK)/AKT signaling.

EXPERIMENTAL PROCEDURES

Cell Culture and Stable Silencing of NEU3 in RCCCells—Hu-
man primary RCC cell lines were established from surgical
specimens and were kindly provided by Dr. Protti (S. Raffaele
Hospital, Milan). The CA-TC cell line was chosen from this
panel because it carries lesions and features that are typical of
clear cell carcinoma. By contrast, GR-TC cells are from an
undifferentiated papillary RCC. The CA-TC and GR-TC cells
were cultured in RPMI 1640 medium supplemented with 10%
(v/v) FBS and 2 mM glutamine (Sigma-Aldrich). To stably
silence NEU3, a short hairpin targeting the human NEU3 gene
sequence was designed with the BlockiT RNAi Designer soft-
ware (Invitrogen, Grand Island, NY). The CA-TC and GR-TC
cells were infected at anMOI of 5 according to themanufactur-
er’s instructions. The infected clones were isolated after selec-
tion with 600 �g/ml zeocin. To deplete the cholesterol and
block the caveola-mediated endocytosis, 1 � 106 mock-treated
andNEU3-silenced CA-TC cells were treated with 1mMmeth-
yl-�-cyclodextrin (M�CD) (Sigma-Aldrich) for 3 h at 37 °C.
AKT was inhibited in the mock CA-TC cells by adding 10 �M

LY294002 to the cell culture medium for 24 h.
GD1a Enrichment of CA-TCCells—To enrich for GD1a con-

tent, the CA-TC cells were cultivated in Optimem I medium
(Invitrogen) containing 50 �M GD1a that was purified from a
total gangliosidemixture extracted from bovine brain (17). The
cells were incubated for 48 h at 37 °C.
Real-time RT-PCR—Real-time PCR was performed as previ-

ously reported (13). Primer sequences are shown in supplemen-
tal Table S1.
Cell Apoptosis and Autophagy Assays—To evaluate drug

resistance, 2 � 105 mock and NEU3-silenced CA-TC and
GR-TC cells were treated with 20 �M etoposide for 24 h. Cell
viability was assessed after staining with SYTOX Green
nucleic acid stain (Invitrogen). Caspase-3 activation was
determined by Western blotting with an antibody recogniz-
ing the cleaved fragment of caspase-3 (Cell Signaling, Dan-

vers, MA). Autophagy was determined by staining etoposide-
treated cells with 1 �g/ml acridine orange (Sigma-Aldrich) for
15min and then obtainingmicrophotographs using an inverted
fluorescence microscope (IX50 Olympus). LC3B-II conversion
was quantified by Western blotting using an anti-LC3B anti-
body (Sigma-Aldrich).
SialidaseActivity Assay—The sialidase activity thatwas pres-

ent in the particulate fraction of the mock and NEU3-silenced
CA-TC andGR-TC cells was assayed using [3H]GD1a at pH 3.8
as previously reported (13). One unit of sialidase activity is
defined as the amount of enzyme liberating 1�mol product per
min.
Cell Invasiveness Assay—The invasive potential of 2 � 105

mock and NEU3-silenced CA-TC cells was assayed in vitro
using a Matrigel Invasion Chamber according to the manufac-
turer’s instructions (BD Biosciences, Franklin Lakes, NJ).
Cell AdhesionAssay—Mock andNEU3-silencedCA-TCcells

(2 � 105) were resuspended in serum-free RPMI 1640 medium
and plated in 6-well plates coated with fibronectin or collagen
type I (Sigma-Aldrich). The cells were incubated at 37 °C for 30
min. The cell culture plates were washed twice with phosphate-
buffered saline (PBS) to remove any unbound cells, fixed with
70% ethanol for 20 min at 4 °C, stained with 0.1% crystal violet
(Sigma-Aldrich) at room temperature for 20 min, and washed
twice with water. The crystal violet was eluted with 0.1% (v/v)
acetic acid, and cell adhesion was determined at 550 nm on a
Victor microplate reader (Perkin Elmer, Waltham, MA).
Zymography—Serum-free conditioned medium was col-

lected from mock and NEU3-silenced CA-TC cells and loaded
on 10% polyacrylamide gel containing 1 mg/ml gelatin or 0.5
mg/ml type I collagen.After electrophoresis, the gelswere incu-
bated in 2.5% (v/v) Triton X-100 for 30 min, at room tempera-
ture, and in 50 mM Tris/HCl, 0.2 M NaCl, 5 mM CaCl2, 0.02%
(v/v) Brij 35, at 37 °C for 18 h. Then, the gels were stained with
0.5 (w/v) Coomassie Brilliant Blue G and destained. Gelatino-
lytic activities were quantified using the Quantity One software
(Bio-Rad).
Western Blot—Proteins (25 �g) were separated on 10% SDS-

PAGE, and transferred onto PVDF membrane. The following
antibodieswere used for the assays: anti-NEU3, anti-AKT, anti-
FAK, anti-SRC, anti-�-actin (Santa Cruz Biotechnology),
anti-P-AKT (Ser-473), anti-EGFR, anti-P-EGFR (Tyr-1148),
anti-phospho-SRC (Tyr-416), anti-cleaved caspase 3 (Cell Sig-
naling), anti-BCL-2 (Sigma-Aldrich), anti-CAV1, anti-�1
integrin, anti-P-FAK (Tyr-397) (BD Biosciences). Blots were
quantified using GS-700 calibrated densitometer, and the
Quantity One software (Bio-Rad).
Biotin Internalization and Recycling Assays—Mock and

NEU3-silenced CA-TC cells (8 � 105) were washed with PBS
and incubated with 0.2 mg/ml Sulfo-NHS-SS-Biotin (Pierce)
for 30min at 4 °C. The internalization and recycling assayswere
performed as described by Steinberg et al. (18).
Metabolic Labeling of Cell Sphingolipids—[3H]sphingosine

(Perkin Elmer) cell labeling was performed as previously
described (13).
Statistical Analyses—The values are presented as themean�

S.D. The statistical analyses were performed using Student’s t
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test, and the mock data were compared with the data from the
NEU3-silenced clone.

RESULTS

NEU3 Silencing in RCC CA-TC Cells—The clear cell carci-
noma cell line CA-TCwas chosen for this study from a panel of
RCC primary cells because it is representative of themost com-
mon RCC subtype. After infection of the CA-TC cells with a
lentiviral vector containing the short hairpin targeting the
NEU3 gene, three clones were selected with zeocin. NEU3
showed a decreased protein content of 10–90% (p � 0.01) (Fig.
1A) and a decreased catalytic activity toward the ganglioside
GD1a of 62–92% (Fig. 1B). In particular, clone 2, referred to as
iNeu3Cl2, showed the lowest NEU3 expression, which was
quantified as a 90% lower protein content and a 92% lower
catalytic activity than the mock cells (Fig. 1, A and B). After
NEU3 silencing, in each clone, the expression of the lysosomal
sialidaseNEU1 did not significantly change, whereas theNEU2
and NEU4mRNA continued to be undetectable, similar to the
findings for the mock cells (Fig. 1C). iNeu3Cl2 was primarily
used for the assays described below. iNeu3Cl1 gave similar
results to those obtainedwith themock cells, whereas iNeu3Cl3
showed a similar behavior to the iNeu3Cl2 clone. For several of
the experiments, we reported the results obtained for all the
clones.
NEU3 Silencing Alters the Glycosphingolipid Pattern of

CA-TC Cells—Because gangliosides are the preferred sub-
strates of NEU3 (14, 19), we postulated that NEU3 silencing
could alter the composition of the glycosphingolipids present in
CA-TC cells. The sphingolipid pattern was evaluated by meta-
bolic labeling with [3-3H]sphingosine. After a 2 h pulse fol-
lowed by a 24 h chase, a metabolic steady state was obtained.
As expected, the ganglio- and globo-ganglioside profile of
iNeu3Cl2 cells was different from that of mock cells. GD1a,
GM2, andGM3 content underwent a 188, 37, and 88% increase,
respectively, and MSGG decreased by 61% (Fig. 2, A and B).
Among the neutral sphingolipids, sphingomyelin (SM) content
decreased by 26%, and the content of globoside 3 (Gb3), which
is the biosynthetic precursor of MSGG, decreased by 29%; by
contrast, glucosylceramide (GlcCer) content increased by 197%
(Fig. 2,C andD). The same alterationswere also observed in the
iNeu3Cl3 cells (data not shown). Notably, NEU3 silencing
induced significant modifications in the expression of pivotal
enzymes that regulate the synthesis of CA-TC cell glycosphin-
golipids. In particular, �-1,4-galactosyltransferase (A4GALT),

which catalyzes the synthesis of Gb3 from lactosylceramide,
showed a 57% decrease in mRNA content, whereas GM3 syn-
thase, which uses lactosylceramide for the synthesis of GM3,
showed a 293% increase in mRNA content (Fig. 2E). Addition-
ally, GM2 synthase mRNA increased by 57% (Fig. 2E). These
data provide a better understanding of the mechanisms that
lead to decreased Gb3 andMSGG levels and increased ganglio-
ganglioside levels.
NEU3 Silencing Reduces Resistance to Drugs in CA-TC

Cells—Because gangliosides are closely involved in the control
of many cellular processes and carcinogenesis (20), we hypoth-
esized that changes induced by NEU3 silencing could trigger
important effects on CA-TC cell behavior and malignancy. In
fact, consistent with data from other cancer types (13) and
CA-TC cells,NEU3 silencing significantly modified the config-
uration of the apoptotic machinery. NEU3 silencing increased
the mRNA expression of the pro-apoptotic molecules BAD
(105%) and BAX (104%) and decreased the expression of the
anti-apoptotic protein BCL-2 (20%). In contrast to this trend,
BCL-XLmRNA underwent a 30% increase (Fig. 3A). In partic-
ular, BCL-2 protein expression was investigated in all of the
isolated clones. A 48% (p� 0.05) and 20%decrease (p� 0.05) in
BCL-2 protein expression was observed in the iNeu3Cl2 and
iNeu3Cl3 cells, respectively (Fig. 3B). This new molecular pro-
file changed the cellular response to 24 h etoposide treatment.
Etoposide induced the death of 40% of the mock cells and 60%
of the iNeu3Cl2 cells; therefore, the drug sensitivity of the
iNeu3Cl2 cells increased by 50% (Fig. 3C). To investigate the
mechanisms of cell death that were induced by etoposide, we
searched for the expression of typicalmarkers of autophagy and
apoptosis. First, acridine orange vital staining was used to visu-
alize the formation of acidic autophagolysosomes in the non-
treated and etoposide-treated mock and iNeu3Cl2 cells. As
shown in Fig. 3D, in the absence of etoposide, autophagolyso-
somes were present in the mock cells, and etoposide treatment
further increased the number of autophagolysosomes (Fig. 3D).
By contrast, autophagolysosomeswere not detected in the non-
treated and etoposide-treated iNeu3Cl2 cells (Fig. 3D). Consist-
ent with this observation, the non-treated mock cells showed a
high activation of the LC3B-I protein, which precedes the for-
mation of LC3B-II and is characteristic of the initiation of
the autophagic pathway. Etoposide treatment significantly
increased the amount of LC3B-II in the mock cells (3.15-fold;
p � 0.01) but not the Neu3Cl2 cells (Fig. 3E). To investigate

FIGURE 1. Silencing of NEU3 in CA-TC cells. A, NEU3 protein level was assessed by Western blot analysis of three selected clones. �-actin was used as the
loading control. The blot is representative of four independent experiments. B, sialidase activity of mock and NEU3-silenced clones assayed with [3H] GD1a at
pH 3.8. C, NEU1 sialidase mRNA expression assessed by real time PCR in mock (black bar) and iNeu3Cl2 (white bar) cells. The values are the mean � S.D. of four
independent experiments.
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FIGURE 2. Effect of NEU3 silencing on CA-TC cell sphingolipid pattern. A, HPTLC separation of mock and iNeu3Cl2 cell gangliosides. The doublets are due
to the heterogeneity of the ceramide moiety. Solvent system: chloroform/methanol/0.2% aqueous CaCl2 60:40:9 (v/v). The image was acquired by radiochro-
matoscanning (Beta Imager 2000). B, ganglioside content of mock (black bar) and iNeu3Cl2 (white bar) cells. The values are the mean � S.D. of five independent
experiments. C, HPTLC separation of mock and iNeu3Cl2 cell neutral sphingolipids. Solvent system: chloroform/methanol/H2O 55:20:3 (v/v). The image was
acquired by radiochromatoscanning (Beta Imager 2000). D, neutral sphingolipid content of mock (black bar) and iNeu3Cl2 (white bar) cells. The values are the
mean � S.D. of five independent experiments. E, real time PCR analysis of the mRNA expression of the primary enzymes involved in ganglioside synthesis in
mock (black bar) and iNeu3Cl2 (white bar) cells. The values are the mean � S.D. of three independent experiments.

FIGURE 3. Effects of NEU3 silencing on CA-TC cell drug resistance. A, real time PCR analysis of mRNA levels of members of the BCL-2 family in mock (black bar)
and iNeu3Cl2 (white bar) cells. The values are the mean � S.D. of five independent experiments. B, BCL-2 protein content assessed by Western blot in mock and
NEU3-silenced clones. �-Actin was used as the loading control. The values are the mean � S.D. of five independent experiments. C, mock (black bar) and
iNeu3Cl2 (white bar) cell viability was determined with SYTOX staining after etoposide treatment. The values are the mean � S.D. of five independent
experiments. D, detection of acidic vesicular organelles in etoposide-treated mock and iNeu3Cl2 cells with acridine orange staining. The cells were examined
by fluorescence microscopy. Representative images from three independent experiments were shown. Original magnification �40 (Olympus Ix50). E, Western
blot analysis of LC3B proteins in mock and iNeu3Cl2 cells after etoposide treatment. The blot is representative of four independent experiments. F, caspase 3
activation was determined by evaluation of the corresponding cleavage fragment in mock and iNeu3Cl2 cells after treatment with etoposide. �-Actin was used
as the loading control. The blot is representative of four independent experiments.
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apoptosis, we evaluated caspase-3 activation by detecting the
presence of the corresponding cleaved fragment. With regard
to caspase-3 activation, etoposide had no effect on the mock
cells; however, it was effective on the iNeu3Cl2 cells as demon-
strated by the appearance of the 17–19 kDa caspase-3 fragment
(p � 0.001) (Fig. 3F).
NEU3 Silencing Reduces the Invasive Potential of CA-TC

Cells and Induces the Down-regulation of the Matrix Metallo-
proteinase-1 (MMP1) and Metalloproteinase-7 (MMP7) Genes—
The second modification affecting the malignant behavior of
NEU3-silenced CA-TC cells was linked to invasive potential.
NEU3 silencing reduced the invasiveness of CA-TC cells by
70.2% as assessed with Matrigel-coated filters (invading mock
cells after 24 h, 22.5%; invading iNeu3Cl2 cells after 24 h, 6.7%)
(Fig. 4A). It is well known that MMPs play a central role in
regulating tumor cell invasion and in remodeling the stromal
microenvironment (21). To investigate whether NEU3 affected
RCC cell invasion by modulating the expression/activity of
MMPs, we determined the gene expression of the primary
MMPs that act in RCC. MMP1 and MMP7 expression was
reduced by 75 and 95%, respectively, in the iNeu3Cl2 cells com-
pared with the mock cells (Fig. 4B). Although the gene expres-
sion of MMP9 and MMP2 remained unchanged after NEU3
silencing (data not shown), in zymographic assays, the MMP2
and MMP9 collagenolytic activity decreased by 35 and 15%,
respectively (p � 0.05), and the gelatinolytic activity decreased
by 25 and 17%, respectively (p � 0.05) (Fig. 4C). This evidence
could be directly linked to the down-regulation of MMP7
because MMP7 enzymatically activates MMP9 and MMP2
(22). In addition, iNeu3Cl2 cells showed less adhesion to type I

collagen (�56.5%) and fibronectin (�30%) compared with
mock cells (Fig. 4D).
NEU3 Silencing Alters the Recycling Pattern of �1 Integrin to

the Plasma Membrane in CA-TC Cells—To clarify the molec-
ular mechanisms that are regulated by NEU3 in CA-TC cells,
we assessed the surface content/activation of key signaling pro-
teins. In the iNeu3Cl2 and iNeu3Cl3 cells, we detected a
decrease in the plasma membrane levels of caveolin 1 (CAV1)
by 67 and 76%, respectively, and of �1 integrin by 40 and 30%,
respectively (p� 0.01) (Fig. 5A). ThemRNA expression of both
�1 integrin andCAV1was unchanged (data not shown). There-
fore, these data indicated that the synthesis of �1 integrin and
CAV1 was not impaired in the NEU3-silenced clones. Because
CAV1 is themain component of caveolae and is a key regulator
of the endocytic route and internalization of integrins (23), we
hypothesized that an alteration of endocytosis via caveolae
could occur after NEU3 silencing. Additionally, this could be
related to the decrease in �1 integrin at the plasma membrane.
To test this hypothesis, we treated mock and iNeu3Cl2 cells
with the cholesterol-depleting agent, M�CD, to disrupt cave-
olae and block caveola-mediated endocytosis. As shown in Fig.
5B, afterM�CD treatment, the amount of �1 integrin localized
to the cell surface of the iNeu3Cl2 cells was higher than on the
mock cell surface (�58%; p � 0.05). This is the opposite of that
observed in the absence of M�CD. To directly investigate the
internalization process of �1 integrin in the mock and
iNeu3Cl2 cells, we used a biotin internalization assay. The
internalized �1 integrin was quantified by calculating the per-
centage of biotinylated/internalized �1 integrin in relation to
the total amount of �1 integrin. We demonstrated that the
internalization of �1 integrin occurred more rapidly in the
iNeu3Cl2 cells than in the mock cells (�125% after 2 min;
�48% after 10min, respectively) (Fig. 5C). Further demonstrat-
ing the occurrence of more rapid caveolar endocytosis, SRC
kinases that are crucial for this process (24) were more abun-
dant (�102%; p � 0.01) and active (�222%; p � 0.01) in the
iNeu3Cl2 cells in comparison to mock cells (Fig. 5D). More-
over, the fate of the internalized �1 integrin was different in the
mock and iNeu3Cl2 cells. The recycling of �1 integrin from the
endosomes and perinuclear compartmentwasmonitored using
a pulse-chase technique. In the mock cells, 70% of the internal-
ized �1 integrin returned to the plasma membrane within 15
min versus 15% in the iNeu3Cl2 cells (Fig. 5E). By contrast, in
the iNeu3Cl2 cells, 40% of the �1 integrin appeared to be
degraded because after a 30 min incubation at 37 °C, the
amount of total �1 integrin decreased by 40%. Conversely, no
change in the total amount of �1 integrin was detected in the
mock cells (Fig. 5F). To identify a molecular explanation for
these results, we evaluated the mRNA expression of two pro-
teins, the Ras-related protein RAB25 and the chloride intracel-
lular channel protein 3 (CLIC3), which were previously
reported to regulate the fate of internalized �1 integrin (25). In
cancer cells that lack CLIC3, routes active integrins to lyso-
somes where they are degraded. Conversely, when CLIC3 is
up-regulated, lysosomally routed active integrins return to the
plasma membrane, enabling their continued signaling. As
shown in Fig. 5G, in themock cells, the expression ofCLIC3was
higher thanRAB25 (�400%), whereas in the iNeu3Cl2 cells, the

FIGURE 4. Effects of NEU3 silencing on CA-TC cell invasion and adhesion
potential. A, matrigel invasion assay of mock (black bar) and iNeu3Cl2 (white
bar) cells. The values are the mean � S.D. of five independent experiments.
B, real time PCR analysis of MMP1 and MMP7 mRNA expression in mock (black
bar) and iNeu3Cl2 (white bar) cells. The values are the mean � S.D. of five
independent experiments. C, representative collagen and gelatin zymo-
grams of conditioned medium collected from mock and iNeu3Cl2 cells.
D, mock (black bar) and iNeu3Cl2 (white bar) cell adhesion assay to collagen
type I-coated wells and fibronectin-coated wells. The values are the mean �
S.D. of five independent experiments.
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RAB25mRNA increased (�233%) andCLIC3was unexpressed
compared with the mock cells.
NEU3 Silencing Inhibits the FAK/AKT and EGFR Signaling

Pathways in CA-TC Cells—Based on the previous results, we
analyzed the primary intracellular signaling pathways associ-
ated with �1 integrin. In the iNeu3Cl2 cells, there was a signif-
icant down-regulation of FAK signaling as demonstrated by a
decrease in the phosphorylated/active form (60%; p � 0.01)
(Fig. 6A). It is well known that FAK is an upstream regulator of
the PI3K/AKT signaling pathway (26). Therefore, to assess
whether this interaction between the FAKandPI3K/AKTpath-
ways occurs in the CA-TC cells, we evaluated the inhibition of
AKT and found a decrease in the phosphorylated/active form
(90%, p � 0.01) in iNeu3Cl2 cells (Fig. 6A). Moreover, the acti-
vation/phosphorylation of EGFR was also decreased in the
iNeu3Cl2 cells (78%; p� 0.01), whereas themembrane content
of EGFR remained unchanged (p� 0.01) (Fig. 6B). Cooperative
signaling between integrins and growth factor receptors has
been demonstrated previously (27). The down-regulation of
AKT that was induced byNEU3 silencing was demonstrated to
be the main factor that was responsible for the effects observed
after NEU3 silencing regarding the autophagy/apoptosis shift
and the reduction in invasive potential. In fact, the inhibition of
AKT signaling in themock cells obtained by treatment with the

inhibitor LY294002 for 24 h (Fig. 6C) led to a decrease inBCL-2,
MMP1, and MMP7 mRNA expression by 36, 37, and 50%,
respectively (Fig. 6D).
GD1a Enrichment on the CA-TC Cell Plasma Membrane

Down-regulates �1 Integrin Content and Impairs the FAK/AKT
Signaling Pathway—Among the modifications to ganglioside
patterns that were induced by NEU3 silencing (Fig. 1A), the
increase in GD1a content could be a direct effect of the cata-
bolic block caused by the lack of NEU3. To investigate the
effects of an increased abundance of GD1a on the CA-TC cell
plasma membrane, the mock cells were incubated with 50 �M

GD1a for 48 h. After this treatment, the overall effects that were
observed were similar to those observed after NEU3 silencing.
CAV1was significantly down-regulated (40%; p� 0.01), and�1
integrin content on the cell surface also decreased (27%; p �
0.05) (Fig. 7A). Confirming a modification to �1 integrin traf-
ficking after GD1a incorporation, RAB25 expression increased
by 100%, whereasCLIC3 expression decreased by 80% (Fig. 7B).
Therefore, the samedownstreammodifications of cell signaling
that were observed in the NEU3-silenced cells occurred in the
GD1a-treatedmock cells, and FAK activation was decreased by
60% and AKT activation was entirely inhibited (Fig. 7C). Addi-
tionally, the expression of BCL2 and MMP7 mRNA decreased
by 55.4 and 29%, respectively (Fig. 7D). Fig. 7E summarizes the

FIGURE 5. Modification of �1 integrin trafficking induced by NEU3 silencing in CA-TC cells. A, Western blot image of mock and NEU3-silenced clone cell
membrane fractions probed with anti-CAV1 and anti-�1 integrin antibodies. An equal amount of protein was loaded in each lane. The blots are representative
of five independent experiments. B, Western blot analysis of membrane �1 integrin content in mock and iNeu3Cl2 cells after M�CD treatment. An equal
amount of protein was loaded in each lane. The blots are representative of four independent experiments. C, �1 integrin internalization in mock (black bar) and
iNeu3Cl2 (white bar) cells as determined with biotin internalization assays. The values are the mean � S.D. of five independent experiments. D, Western blot
image of mock and iNeu3Cl2 cell lysates probed with anti-SRC and anti-P-SRC antibodies. The blots are representative of four independent experiments. E, �1
integrin recycling in mock (black bar) and iNeu3Cl2 (white bar) cells as determined with biotin recycling assays. The values are the mean � S.D. of five
independent experiments. F, �1 integrin degradation in mock (black bar) and iNeu3Cl2 (white bar) cells determined by calculating the percentage of total
biotinylated �1 integrin recovered after 30 min at 37 °C relative to the total starting �1 integrin. The values are the mean � S.D. of five independent
experiments. G, real time PCR analysis of RAB25 and CLIC3 mRNA expression in mock (black bar) and iNeu3Cl2 (white bar) cells. The values are the mean � S.D.
of four independent experiments.
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molecular mechanisms that were induced by the increase in
GD1a after NEU3 silencing in CA-TC cells.
NEU3 Silencing Alters theMalignant Behavior of Undifferen-

tiated Papillary RCC Cells—To determine whether the effects
observed afterNEU3 silencing could be related to the RCC cell
type, we silenced the enzyme in an undifferentiated papillary
RCC cell line, GR-TC (silencing degree: �80% protein con-
tent). Membrane sialidase activity of GR-TC before and after
NEU3 silencing is shown in Fig. 8A. The ganglioside profile of
GR-TC mock cells (GR-mock) was very different from that of
CA-TC cells (Fig. 8,B andC). This observation is not surprising
because of the histological dissimilarity between the two cell
lines. In the NEU3-silenced GR-TC cells (GR-iNeu3), only
GD1a was increased (93%) (Fig. 8, B andC). Among the neutral
sphingolipids, Gb3 decreased by 44% (Fig. 8,D andE), similar to
the NEU3-silenced CA-TC cells. Moreover, in the GR-iNeu3
cells, we observed similar molecular and behavioral changes to
those observed in the NEU3-silenced CA-TC cells. In particu-
lar, the surface content of �1 integrin decreased by 60% (p �
0.01) (Fig. 9A). After etoposide treatment, the mortality of the
GR-iNeu3 cells increased by 47% (Fig. 9B), whereas the GR-
mock cells displayed increased autophagy (Fig. 9C). Addition-
ally, the expression of MMP1 and MMP7 decreased by 44 and
48%, respectively, in the GR-iNeu3 cells (Fig. 9D).

DISCUSSION

Through studying the pathogenesis of RCC, it is becoming
clear how alterations in specific signaling pathways make RCC
tumors lethal and resistant to therapy (28). In particular, the
PI3K/AKT pathway is constitutively active and is responsible
for cell growth and survival (29). The up-regulation of the
plasma membrane sialidase NEU3 in RCC has previously been

demonstrated to be indirectly involved in altering PI3K/AKT
signaling through hyper-activation of the IL-6 pathway (9). Our
results further demonstrated that NEU3 is intrinsically linked
to RCC cell deregulation and is directly involved in PI3/AKT
activation in an IL-6 independent manner. Our results also
demonstrated that through the modulation of ganglioside and
globoside content, NEU3 alters �1 integrin trafficking in RCC
cells.NEU3 silencing, which was performed in an RCC cell line
thatwas representative of clear cell carcinoma, drasticallymod-
ified the sphingolipid pattern. The control of GD1a content
seemed to be crucial for RCC cell malignancy, and its increase
as a consequence of NEU3 silencing or after exogenous GD1a
incorporation drastically changed the functional activity of the
specialized areas of the plasma membrane known as caveolae,
where NEU3 has been previously shown to localize (30). These
events critically impaired the recycling of �1 integrins, which
are closely involved in metastasis, cell growth and survival (27,
31, 32). The ability of gangliosides, including GD1a, to increase
caveolar endocytosis has previously been demonstrated (33)
and seems to be linked to modifications of the membrane envi-
ronment, such as cholesterol packing or the induction of CAV1
phosphorylation (24). Therefore,NEU3 silencing increased the
caveolar endocytosis rate via an increased activation of SRC
kinases and led to a more rapid internalization of �1 integrins.
Notably, the fate of internalized �1 integrins was significantly
reprogrammed after NEU3 silencing. In the mock cells, the
internalized �1 integrin was rapidly recycled to the plasma
membrane; by contrast, in the NEU3-silenced cells, it was
sorted toward lysosomes. The differential sorting of caveo-
somes appeared to be mediated by the up-regulation of RAB25
and the parallel down-regulation of CLIC3. As a result of these
events, in the NEU3-silenced cells, the concentration of �1
integrin on the plasma membrane was significantly decreased
and its associated signaling, which drives tumor progression,
was reduced. First, EGFR activation decreased. Cooperative
signaling between integrins and growth factor receptors has
been demonstrated previously (27). In addition, it could be
hypothesized that the increase in GM3 and the decrease in glo-
boside content could work together to reduce EGFR activation
(15, 34). Second, the down-regulation of �1 integrin affected
the phosphorylation/activation of FAK. FAK colocalizes with
integrins and acts as an early sensor of signaling to directly
stimulate tumor progression (35) or activate PI3K/AKT (26).
Consistent with this view, the down-regulation of FAK was
associated with a markedly reduced AKT activation in the
NEU3-silenced cells. All of these events are schematically
depicted in Fig. 7E. In addition to the increase in GD1a and
GM3 content, NEU3 silencing induced modifications of the
expression of other enzymes involved in sphingolipid synthesis.
These events radically altered the balance of sphingolipid syn-
thesis by enhancing the production of ganglio-series ganglio-
sides to the detriment of globo-series gangliosides, in particular
MSGG. The increase in globo-series ganglioside content is a
process that is intrinsically connected to RCC progression (36).
In particular, MSGG is usually absent in healthy renal tissues
and is associated with the metastatic potential of RCC (6). The
induction of GM3 enrichment on the plasma membrane has
been previously demonstrated to cause a concomitant decrease

FIGURE 6. Signaling pathways altered by NEU3 silencing in CA-TC cells.
A, Western blot image of total mock and iNeu3Cl2 cell lysates probed with
anti-P-FAK, anti-FAK, anti-P-AKT, and anti-AKT antibodies. B, Western blot
image of mock and iNeu3Cl2 cell membrane fractions probed with anti-P-
EGFR and anti-EGFR antibodies. The blots are representative of five independ-
ent experiments. C, AKT activation in mock cells after 10 �M LY294002 treat-
ment for 24 h. The blot is representative of three independent experiments. D,
effects of 10 �M LY294002 treatment on the mRNA expression of BCL-2,
MMP-1, and MMP-7 in mock cells. Non-treated mock cells: black bar;
LY294002-treated mock cells: white bar. The values are the mean � S.D. of
four independent experiments.
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FIGURE 7. GD1a involvement in the molecular effects induced by NEU3 silencing. A, Western blot image of mock and 50 �M GD1a-treated mock cell
membrane fractions probed with anti-CAV1 and anti-�1 integrin antibodies. An equal amount of protein was loaded in each lane. The blots are representative
of three independent experiments. B, real time PCR analysis of RAB25 and CLIC3 mRNA expression in mock (black bar) and 50 �M GD1a-treated mock (white bar)
cells. The values are the mean � S.D. of three independent experiments. C, Western blot image of total mock and 50 �M GD1a-treated mock cell lysates probed
with anti-P-FAK, anti-FAK, anti-P-AKT, and anti-AKT antibodies. The blots are representative of three independent experiments. D, real time PCR analysis of
BCL-2 and MMP7 mRNA expression in mock (black bar) and 50 �M GD1a-treated mock (white bar) cells. The values are the mean � S.D. of three independent
experiments. E, schematic image of �1 integrin trafficking in mock and iNeu3Cl2 cells.

FIGURE 8. Effect of NEU3 silencing on GR-TC cell sphingolipid pattern. A, sialidase activity of mock and GR-iNeu3 cells assayed with [3H]GD1a at pH 3.8.
B, HPTLC separation of GR- mock and GR-iNeu3 cell gangliosides. Doublets are due to the heterogeneity of the ceramide moiety. Solvent system: chloroform/
methanol/0.2% aqueous CaCl2 60:40:9 (v/v). Image acquired by radiochromatoscanning (Beta Imager 2000). C, ganglioside content of GR-mock (black bar) and
GR-iNeu3 (white bar) cells. Values are the mean � S.D. of three independent experiments. D, HPTLC separation of GR-mock and GR-iNeu3 cell neutral
sphingolipids. Solvent system: chloroform/methanol/H2O 55:20:3 (v/v). Image acquired by radiochromatoscanning (Beta Imager 2000). E, neutral sphingolipid
content of GR-mock (black bar) and GR-iNeu3 (white bar) cells. Values are the mean � S.D. of three independent experiments.
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inMSGG,which suggests the occurrence of an inverse relation-
ship between the synthesis of ganglio-series gangliosides and
globo-series gangliosides (37). Therefore, it can be postulated
that the increase in gangliosides and themodification of signal-
ing pathways induced by NEU3 silencing could secondarily
affect overall sphingolipid synthesis and further decrease the
aggressiveness of RCC cells. Consistent with the molecular
events observed, the effects of NEU3 silencing on the RCC cell
malignant phenotype and behavior were significant and
involved drug resistance, invasive potential, and adhesion. First,
resistance to etoposide decreased. NEU3 silencing promoted a
shift from autophagy, which seemed to be the characteristic
response ofmockCA-TCcells to etoposide, to apoptosis, which
led to the death of NEU3-silenced cells. The progression of
RCC is usually related to the de-repression of LC3B, which
stimulates autophagy and plays a prominent role in sustaining
cell viability during nutrient starvation, metabolic stress or
radio/chemotherapeutical treatments (38). Possibly, the ten-
dency of NEU3-silenced cells to enter apoptosis instead of
autophagy relied on changes inBCL-2 andBAX expression. It is
well known thatBCL-2overexpression, as observed in themock
cells, inhibits apoptosis but not autophagy when BCL-2 is tar-
geted to the mitochondria (39). By contrast, BAX overexpres-
sion, which activates the intrinsic apoptosis pathway, also
causes caspase-mediated cleavage of beclin 1 (40). Beclin 1 is
the primary inducer of autophagy. After beclin 1 has been
cleaved by caspases, it acquires a new apoptosis-promoting
function but is not able to activate autophagy (40). The shift of
NEU3-silenced cells fromautophagy to apoptosiswas related to
a higher rate of cell death in response to etoposide. This is
consistent with the observation that autophagy does not neces-

sarily lead to cell death and may act as a protective mechanism
in tumor cells treated with chemotherapeutic compounds (41).
The second effect that was a consequence ofNEU3 silencing in
CA-TC cells was a marked decrease of the adhesion and inva-
sive potential that was caused by the down-regulation of �1
integrin and reduced expression ofMMP1 andMMP7 that also
affected the activity of MMP2 and MMP9. In particular, the
increased expression ofMMP7was previously associatedwith a
poor survival outcome for RCCpatients.MMP7 exhibits a wide
spectrum of proteolytic activity against many components of
the extracellular matrix. It is preferentially expressed at the
invasive front of tumors and enhances the infiltrating capability
of the tumor by activating MMP2 andMMP9 (42). TheMMP7
andMMP1 down-regulation that was induced byNEU3 silenc-
ing appeared to be a direct consequence of AKT inhibition
because it was reproduced in the mock cells treated with the
AKT inhibitor, LY294002. The strong correlation of these
events with NEU3 silencing was demonstrated by the use of
clones expressing NEU3 in different amounts. iNeu3Cl2 and
iNeu3Cl3, which displayed 80–90% silencing, demonstrated
the same effects, whereas iNeu3Cl1, which displayed only 10%
silencing, did not demonstrate any molecular or phenotype
changes. Moreover, the main effects observed in CA-TC cells
that were a consequence ofNEU3 silencing were also observed
in undifferentiated papillary RCC GR-TC cells. Although the
global sphingolipid pattern of the GR-TC cells is different from
that of CA-TC cells,NEU3 silencing also induced an increase in
GD1a, a decrease in plasmamembrane �1 integrin, an increase
in cell death after etoposide treatment, and a decrease inMMP1
andMMP7 expression in the GR-TC cells.

FIGURE 9. Effect of NEU3 silencing on GR-TC cells. A, Western blot image of GR-mock and GR-iNeu3 cell membrane fractions probed with anti-�1 integrin
antibody. An equal amount of proteins was loaded in each lane. Blots are representative of four independent experiments. B, GR-mock (black bar) and GR-iNeu3
(white bar) cell viability assessed through SYTOX staining after etoposide treatment. Values are the mean � S.D. of three independent experiments. C, detection
of acidic vesicular organelles in etoposide-treated GR-mock and GR-iNeu3 cells through acridine orange staining. Cells were examined by fluorescence
microscope. Representative images from three independent experiments were shown. Original magnification �40 (Olympus Ix50). D, real time PCR analysis of
MMP1 and MMP7 mRNA expression in GR-mock (black bar) and GR-iNeu3 (white bar) cells. Values are the mean � S.D. of three independent experiments.
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In conclusion, our results confirmed the primary oncogenic
role of NEU3 up-regulation in RCC and its involvement in �1
integrin trafficking and signaling pathways that are critical for
RCC progression. Therefore, NEU3 could be a new molecular
target for the development of more specific therapies for RCC.
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