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Regulated lysosomal exocytosis
mediates cancer progression
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Understanding how tumor cells transition to an invasive and drug-resistant phenotype is central to cancer bi-
ology, but the mechanisms underlying this transition remain unclear. We show that sarcomas gain these ma-
lignant traits by inducing lysosomal exocytosis, a ubiquitous physiological process. During lysosomal
exocytosis, the movement of exocytic lysosomes along the cytoskeleton and their docking at the plasma mem-
brane involve LAMP1, a sialylated membrane glycoprotein and target of the sialidase NEU1. Cleavage of LAMP1
sialic acids by NEU1 limits the extent of lysosomal exocytosis. We found that by down-regulation of NEU1 and
accumulation of oversialylated LAMP1, tumor cells exacerbate lysosomal exocytosis of soluble hydrolases and
exosomes. This facilitates matrix invasion and propagation of invasive signals, and purging of lysosomotropic
chemotherapeutics. In Arf −⁄− mice, Neu1 haploinsufficiency fostered the development of invasive, pleomorphic
sarcomas, expressing epithelial andmesenchymal markers, and lysosomal exocytosis effectors, LAMP1 and Myosin-11.
These features are analogous to those of metastatic, pleomorphic human sarcomas, where low NEU1 levels
correlate with high expression of lysosomal exocytosis markers. In a therapeutic proof of principle, we demonstrate
that inhibiting lysosomal exocytosis reversed invasiveness and chemoresistance in aggressive sarcoma cells.
Thus, we reveal that this unconventional, lysosome-regulated pathway plays a primary role in tumor progres-
sion and chemoresistance.
INTRODUCTION

Lysosomal exocytosis is a calcium-regulated process that entails re-
cruiting a pool of lysosomes to the cytoskeletal network for transport
to and docking at the plasma membrane (PM). Upon calcium influx,
docked lysosomes fuse with the PM and extracellularly release their
luminal contents (1, 2). A key mediator of the docking step of the path-
way is LAMP1, an integral lysosomal membrane protein whose highly
glycosylated and sialylated luminal domain is a substrate of the lyso-
somal sialidase NEU1 (1, 3). Sialidases hydrolyze terminal sialic acids
on sialoglycoconjugates, and NEU1 is the most widely expressed of the
four mammalian sialidases (4).

NEU1 deficiency leads to accumulation of NEU1 substrates, exten-
sive lysosomal vacuolization, and tissue/organ degeneration, as evidenced
in the neurosomatic, pediatric disease sialidosis (5, 6). NEU1 limits
lysosomal exocytosis by processing LAMP1 sialic acids, thereby
shortening its half-life (1). If NEU1 is deficient or defective, LAMP1
remains oversialylated and accumulates at the lysosomal membrane.
The latter feature renders lysosomes prone to tether and dock at the
PM, ready to engage in lysosomal exocytosis (1). The end result is
excessive exocytosis of lysosomal contents into the extracellular space
with deleterious consequences for PM and extracellular matrix (ECM)
integrity. Thus, NEU1 is the first and so far the only negative regulator
of lysosomal exocytosis, and LAMP1 is an active component of this process
(1). In the Neu1−/− mouse model of sialidosis (6), excessive lysosomal
exocytosis underlies many of the disease’s pathologic manifestations
(1, 7, 8). Specifically, in muscle connective tissue, increased lysosomal
exocytosis causes both hyperproliferation of myofibroblasts and exces-
sive deposition and processing of the ECM. The aberrantly expanded
connective tissues gradually infiltrate/invade the muscle bed, ultimately
leading to degeneration of myofibers (7). Together, these phenotypic
changes resemble those of invasive tumor cells; hence, we wanted to test
the hypothesis that deregulated lysosomal exocytosis promotes cancer
progression.

The foremost clinical hurdles in cancer treatment are metastatic
disease and chemotherapy resistance, and the identification of molec-
ular pathways mediating these processes is the focus of intensive re-
search in the field. Soft tissue sarcomas are some of the most aggressive,
untreatable cancers. Histologic subtypes have been identified, many of
which are highly heterogeneous and thus difficult to diagnose and treat.
This is especially true for pleomorphic sarcomas, which are character-
ized by high genomic instability, resulting in complex karyotypes
(9, 10). Mixed, undefined cell types that are generally negative for
common tumor markers comprise pleomorphic sarcomas; hence, di-
agnosis is often by exclusion. Giant, rhabdoid, eosin+ cells distinguish
the most malignant, high-grade, metastatic disease (11–13).

Therapeutic regimens for sarcomas currently include inhibitors of
tyrosine kinases, vascular endothelial growth factor (VEGF), or mam-
malian target of rapamycin (mTOR) and monoclonal antibodies,
which are frequently combined with chemotherapeutics (for example,
doxorubicin) (14). However, these regimens mostly do not prevent re-
lapse in patients with advanced disease (14, 15). An event generally
overlooked is the ineffective intracellular delivery of chemotherapeutics,
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which may affect the response to treatment. Anthracycline and vinca
alkaloid drugs are preferentially sequestered in the acidic lysosomes
because of their lipophilic, weak base characteristics, thereby diminish-
ing their cytotoxicity (16).

A recognized determinant of the neoplastic process is the composition
of glycans on cell surface receptors and adhesion molecules that in-
fluences their biochemical and functional properties (17, 18). This is
particularly the case for sialic acids, bulky, charged sugar residues at
the termini of glycan chains, whose aberrant processing affects cell-cell
and cell-ECM interactions, cell migration and adhesion, intracellular
signaling, and metastatic potential (17, 18). Thus, it is not surprising
that all four mammalian sialidases have been implicated in tumor
growth and spread (19, 20). Of particular relevance are the studies dem-
onstrating that overexpression of NEU1 in metastatic colon carcinoma
cells reduces liver metastasis in mice and inhibits cell migration and
invasion in vitro (21). The authors attributed these effects to NEU1-
mediated processing of sialic acids on b4 integrin and consequent at-
tenuation of extracellular signal–regulated kinase 1/2 (ERK1/2)
signaling pathways (19, 21). Although these findings underscore the
importance of NEU1 in cancer progression, they do not explain how
cancer cells acquire the ability to migrate.

Here, we provide evidence that sarcomas exploit excessive lyso-
somal exocytosis of hydrolytic enzymes and exosomes downstream
of NEU1 down-regulation to degrade/remodel the ECM and migrate/
invade adjacent tissue. Simultaneously, exacerbation of lysosomal exo-
cytosis enables tumor cells to efflux lysosomotropic chemotherapeutics.
Thus, sarcomas adopt this process to progress to an aggressive, malig-
nant phenotype. The identification of this NEU1-regulated pathway in
aggressive sarcomas offers new diagnostic and therapeutic opportunities
for these untreatable cancers.
RESULTS

Neu1+/−/Arf −/− mice develop aggressive sarcomas
To investigate the contribution of NEU1-regulated lysosomal exocyto-
sis in cancer, we compared the effects of low-Neu1 expression in tu-
mors in Neu1+/−/Arf −/− mice with those in Neu1+/+/Arf −/− mice (22).
Even though the range of tumors was similar in the two experimental
groups, distinct skewing toward the development of highly aggressive
sarcomas occurred almost exclusively in theNeu1+/−/Arf −/−mice (Fig. 1,
A to C, and table S1). On the basis of their morphology, immuno-
reactivity to canonical tumor markers, and invasiveness, these sarcomas
were categorized into two main subgroups: pleomorphic sarcomas that
developed in the extremities, retroperitoneum, and lower back and non-
pleomorphic sarcomas (Fig. 1, A and B).

Morphologically, the pleomorphic sarcomas were remarkably simi-
lar to the corresponding human tumors, in that they contained highly
heterogeneous cell types, including spindle, epitheliod, and giant rhab-
doid cells (Fig. 1E). Rhabdoid cells are characteristic of high-grade,
human pleomorphic sarcomas (12, 23). On the basis of their immu-
noreactivity toward a large panel of markers (table S2), these tumors
were further classified as UPS, P-SSMD, P-LMS, and P-MPNST (Fig.
1, A and B). They were positive for mesenchymal and epithelial mark-
ers [for example, pan-cytokeratin, vimentin, smooth muscle actin, and
smoothmusclemyosin heavy chain (Myosin-11)] and for the epithelial-
mesenchymal transition (EMT) inducer transforming growth factor b
(TGFb) (fig. S1). Like human tumors, most (65%) pleomorphic
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sarcomas in mice invaded the fascia/basement membranes and grew
rapidly (Fig. 1C). The nonpleomorphic sarcoma group included, be-
sides the tumor types listed above, OS, RMS, and SNOS (Fig. 1B). In
someNeu1+/−/Arf −/−mice, sarcomas developed concurrently with other
malignancies (for example, hematologic tumors and carcinomas).

Immunostaining of Neu1+/−/Arf −/− sarcomas for Neu1 and Lamp1
revealed that Neu1 expression was low or undetectable in most cases
and inversely associated with high-Lamp1 expression (Fig. 1, D and
E). This was particularly evident in the rhabdoid cells of pleomorphic
sarcomas (Fig. 1E), where opposing levels of Neu1 and Lamp1 were
predictive of enhanced lysosomal exocytosis. To test this further, we
established primary cells from various types of sarcomas resected from
Neu1+/−/Arf−/− mice. Compared to wild-type cells, tumor cells had
lower Neu1 activity and higher levels of high–molecular weight
Lamp1, which was likely due to oversialylation (Fig. 1, F and G)
(1). We quantified the extent of lysosomal exocytosis in these cell lines
by measuring the activity of the lysosomal glycosidase b-hexosaminidase
(b-Hex) released into the culture medium (1, 2). All three primary cell
lines showed substantially more b-Hex activity, indicating enhanced
lysosomal exocytosis (Fig. 1H).

Inverse expression of NEU1 and LAMP1 is common
in human sarcomas
We next tested the levels of NEU1 and LAMP1 in human sarcomas
by using tissue microarrays (TMAs) derived from tumors of smooth
(LMS) or skeletal muscle (RMS) origin. The LMS arrays included tu-
mors from different locations, clinical stage, and grade. NEU1 expres-
sion was low or undetectable in most cases, and LAMP1 expression
was robust (Fig. 2, A and B). Notably, NEU1 was absent in two of the
three stage III cases of LMS, one of which was pleomorphic. The RMS
arrays included embryonal, alveolar, spindle cell, and pleomorphic
types. Also, in these tumors, NEU1 expression was decreased in most
cases, concomitantly with increased LAMP1 expression (Fig. 2, C and
D). Most (73%) stage III/IV cases expressed very low or no NEU1.
These results were confirmed in 14 patient-derived RMS xenografts
(24) generated from primary or recurrent tumors (Fig. 2, E and F).
RMS with low NEU1 showed high LAMP1 levels (Fig. 2E). The best
example of this inverse expression pattern was seen in a case, for which
we had xenografts of the primary tumor and the relapse (Fig. 2F).
NEU1 was detected in the primary tumor but not in the relapse,
whereas LAMP1 levels were higher in the relapse (Fig. 2F). These analy-
ses suggest that inverse expression of NEU1 and LAMP1 consistently
associates with the most malignant forms of soft tissue sarcomas.

Human RMS cells with low NEU1 and high LAMP1 have
excessive lysosomal exocytosis
To dissect the low-NEU1–high-LAMP1 mechanism controlling lyso-
somal exocytosis in sarcomas, we used two well-characterized RMS
cell lines, RH41 and RH30 (25), that have divergent NEU1 expression
levels (Fig. 3, A to C, and fig. S2A). Low NEU1 activity in RH30 cells
(Fig. 3B) led to increased LAMP1 in these cells compared to that in
RH41 cells (Fig. 3C and fig. S2B). Using affinity chromatography with
a2,6- or a2,3-sialic acid–binding lectins, we also demonstrated that
LAMP1 accumulated in an oversialylated state especially in RH30 cells
(Fig. 3D). Given that accumulation of oversialylated LAMP1 at the
lysosomal membrane was shown to increase the number of lysosomes
poised to tether to and dock at the PM (1, 7, 8, 26), we compared the
number and intracellular location of lysosomes in both RMS cell lines.
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Fig. 1. Pleomorphic sarcomas are prevalent in Neu1+/−/Arf−/− mice. (A and B) Numbers and types of pleomorphic (A) and nonpleomorphic (B) sar-
comas that developed in WT/Arf−/− and Neu1+/−/Arf−/− mice. (C) Number of contained versus invasive pleomorphic sarcomas. (D) Quantification of NEU1

and LAMP1 expression levels in 20 sarcomas from Neu1+/−/Arf−/− mice. (E) Representative images of four pleomorphic sarcomas from Neu1+/−/Arf−/− mice
with epithelioid/rhabdoid and spindle cells, as shown by hematoxylin and eosin (H&E) staining, and absent or low Neu1 and strong Lamp1 immunostain-
ing. Examples of rhabdoid cells are marked with arrowheads. Scale bar, 25 mm. (F) Neu1 activity in cells isolated from Neu1+/−/Arf−/− sarcomas compared
with that in differentiated myofibers (MF) fromWT/Arf−/− mice (n = 5). (G) Lamp1 levels in cells isolated from Neu1+/−/Arf−/− sarcomas compared with that
inWT/Arf−/− MF. a/b-Tubulin was used as the loading control. (H) b-Hex activity assayed in the culture medium of Neu1+/−/Arf−/− sarcomas cells compared
with that of WT/Arf−/− MF, as a measure of lysosomal exocytosis (n = 5). OS, osteosarcoma; P-HS, pleomorphic hemangiosarcoma; P-LMS, pleomorphic
leiomyosarcoma; P-MPNST, pleomorphic malignant peripheral nerve sheath tumor; P-SSMD, pleomorphic sarcoma with smooth muscle differentiation;
RMS, rhabdomyosarcoma; SNOS, sarcoma non-otherwise specified; UPS, undifferentiated pleomorphic sarcoma. Data are means ± SD. ****P < 0.0001,
Student’s t test for unpaired samples.
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We first assessed the spatial positioning of lysosomes by confocal mi-
croscopy; in RH30 cells, lysosomes were primarily positioned at the
cell periphery and continuously dispatched from the cell center out-
ward (Fig. 3E, movie S2, and fig. S2C). In RH41 cells, most lysosomes
resided in the perinuclear space (Fig. 3E, movie S1, and fig. S2C).
Using live total internal reflection fluorescence (TIRF) imaging of
LysoTracker-labeled lysosomes, we showed that RH30 cells had a sig-
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015
nificantly higher number of lysosomes tethered to or docked at the
PM compared to RH41 cells (Fig. 3F, movies S3 and S4, and fig.
S2D). These results, combined with the detection of increased LAMP1
at the PM (fig. S2E), were suggestive of enhanced lysosomal exocytosis
in RH30 cells. To confirm this assumption, we first measured the
levels of fluorescence-labeled dextran effluxed by RH41 and RH30
cells. Both cell lines internalized this compound equally well (fig. S2,
G and H), but RH30 cells released it extracellularly in greater amounts
than did RH41 cells (fig. S2F). Unequivocal proof that lysosomal exo-
cytosis was indeed exacerbated in RH30 cells compared to RH41 cells
was obtained by measuring b-Hex activity in the medium (Fig. 3G).
Moreover, considering the attention given recently to the role of exo-
somes in cancer progression (27–31), we wanted to test whether enhanced
lysosomal exocytosis in low-NEU1–expressing cells would promote
increased release of exosomes. We detected a significantly higher amount
of exosomes in the medium of RH30 cells than in that of RH41 cells
(Fig. 3H). We established that these released microvesicles were bona
fide exosomes by probing Western blots of the exosome purified
preparations with canonical exosomal markers (Fig. 3I) (32).

The involvement of LAMP1 in promoting the movement of lyso-
somes to the cell periphery and consequently increased lysosomal exo-
cytosis in the RH30 cells was demonstrated by silencing LAMP1
(RH30shLAMP1) (Fig. 3J). This resulted in fewer LysoTracker+ lyso-
somes detected by TIRF imaging in the vicinity of the PM (Fig. 3K)
and, consequently, in decreased b-Hex activity in the medium and re-
duced amounts of exocytosed exosomes (Fig. 3, H and L). Knocking
down NEU1 in RH41 (RH41shNEU1) or overexpressing NEU1 in
RH30 (RH30NEU1) also inversely modulated the extent of lysosomal
exocytosis (fig. S2, I to P).

NEU1 down-regulation correlates with high MYH11
expression in aggressive human sarcomas
To identify genes whose expression correlates with NEU1 down-
regulation and potentially synergizes with NEU1 to promote cancer
progression, we queried a gene expression array of 309 sarcomas
(33). Low NEU1 was correlated with increased expression of four
genes: MYH11, CEP68, RABGAP1, and PGM5 (Fig. 4, A to C, and
fig. S3, A to C). All these genes are expressed in skeletal or smooth
muscle and are involved in actin cytoskeleton remodeling, cell divi-
sion, vesicular trafficking, and centrosome cohesion (34–37). Although
CEP68, RABGAP1, and PGM5 showed inverse correlation with NEU1,
they did not cluster in subgroups; instead, they followed a linear trend
(fig. S3, A to C). The strongest correlation was between NEU1 and
MYH11 (Pearson’s r = −0.488), which formed a graphically separate
subgroup (Fig. 4B).MYH11 encodes the smooth muscle–specific motor
Myosin-11 (37), which is often expressed in sarcomas with rhabdoid
characteristics (for example, pleomorphic LMS, RMS, and UPS) (12, 13, 23)
and is a biomarker of pleomorphic sarcomas (13). The NEU1/MYH11
inverse correlation was particularly evident in metastatic LMS (Fig. 4C
and fig. S3D). Correlation values were stronger (P ≤ 0.005) when
NEU1 expression was scored against histologic subtype and location
of the sarcomas (Fig. 4,D andE, and table S3); expressionwas lowest in 18
of 22 LMS of the retroperitoneum, which comprise the most aggressive,
metastatic sarcomas (Fig. 4E and table S3).

To validate these expression profiles, we immunostained TMAs for
Myosin-11. Within the LMS cohort, nine Myosin-11+ tumors showed
low NEU1 and high LAMP1. This was most evident in the stage
IIIb pleomorphic LMS (Fig. 4F). The three pleomorphic cases of stage
A B

C D

E F

Fig. 2. NEU1 and LAMP1 expression levels vary inversely in LMS and RMS.
(A) Quantification of NEU1 and LAMP1 expression levels in 32 LMS tissue

arrays. (B) Representative images of LMS and healthy tissues immuno-
stained for NEU1 and LAMP1. (C) Quantification of NEU1 and LAMP1 expres-
sion levels in 33 RMS tissue arrays. (D) Representative images of RMS and
healthy tissues immunostained for NEU1 and LAMP1. (E) Quantification of
NEU1 and LAMP1 expression levels in 14 patient-derived RMS xenografts.
(F) Representative images of primary and relapse RMS xenografts from the
same patient immunostained for NEU1 and LAMP1. Scale bars, 25 mm.
4 of 16
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Fig. 3. Combined low NEU1 and high LAMP1 levels result in exacerbated lysosomal exocytosis in RMS cells. (A) Real-time quantitative polymerase
chain reaction (RT-qPCR) of NEU1mRNA expression (n = 4). (B) NEU1 enzyme activity measured in RH41 and RH30 cells (n = 4). (C) Immunoblot of LAMP1 and

NEU1 in RH41 and RH30 cells. (D) Sialic acid content detected on LAMP1 from RH41 and RH30 cells. The sialic acid–containing glycoproteins were purified
through Sambucus nigra (SNA) and Maackia amurensis (MAL) columns, followed by LAMP1 immunoblotting. (E) Number of lysosomes distributed in the
peripheral and perinuclear region of RH41 compared with RH30 cells (n = 11). (F) Number of lysosomes tethered to or docked at the PM of RH41 compared
with RH30 cells quantified by live TIRF imaging (n = 4). (G) b-Hex activity assayed in the medium of RH41 and RH30 cell as a measure of lysosomal exocytosis
(n = 3). (H) Quantification of exosomes released by RH41, RH30, and RH30shLAMP1 cells (n = 4). (I) Immunoblot of exosomal markers flotillin-1, CD81, syndecan-1,
and syntenin-1 in exosome preparations purified from RH41, RH30, and RH30shLAMP1 medium. (J) Immunoblot of LAMP1 in RH30shLAMP1 cells and its empty
vector control. (K) Number of LysoTracker+ lysosomes present in the evanescent field close to the PM of RH30shLAMP1 cells and their control cells quanti-
fied by TIRF microscopy (n = 40). (L) b-Hex activity assayed in the medium of RH30shLAMP1 cells and its empty vector control (n = 5). a/b-Tubulin was
used as the loading control. Data are means ± SD or SE. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t test for unpaired samples.
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015 5 of 16
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Fig. 4. NEU1 gene expression in human sarcomas is inversely correlated with that of MYH11. (A) Heat map for NEU1 positively or negatively
correlated genes (Z score–normalized log2 expression) within different locations in LMS. Scale colors are graded from −2 (green), to 0 (black), to 2 (red).

(B) Negative linear correlation (Pearson’s r = −0.488) plot of NEU1 log2 expression signals toMYH11 log2 expression. The sarcoma class is distinctly split into
a high-MYH11– and low-MYH11–expressing, with an isolated high-expressing class primarily composed of LMS (green box). (C) Correlation of NEU1 log2
expression with MYH11 (probe set 201497_x_at) log2 expression in LMS metastasis. A green box highlights the distinct subgroup of metastatic LMS
expressing low NEU1 and high MYH11. (D) Boxplot of NEU1 expression depending on the histological type (P = 1.13 × 10−7) of sarcomas. (E) Boxplot
of NEU1 log2 expression within the LMS dependent on tumor location (P = 0.0053). Sarcoma gene set: GSE21050. (F and G) Representative image of a
pleomorphic LMS (F) and a pleomorphic RMS (G) from human TMAs immunostained for Myosin-11 (MYO11). (H) Patient-derived RMS xenograft of a
primary tumor and relapsed tumor from the same patient immunostained for Myosin-11. Scale bars, 25 mm.
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015 6 of 16



R E S EARCH ART I C L E
A

B C

D E F

G H I

Fig. 5. Myosin-11 in sarcomas from Neu1+/−/Arf−/− mice interacts with Lamp1 and contributes to lysosomal exocytosis. (A to C) Representative
images of pleomorphic sarcomas from Neu1+/−/Arf−/− mice with rhabdoid cells immunostained for Myosin-11. Scale bars, 25 mm. (D) Immunoblot of
Myosin-11 and Lamp1 in primary cells isolated from different Neu1+/−/Arf−/− sarcomas, that is, OS, MPNST, LMS, RMS, UPS, P-SSMD, and P-LMS. The
sarcoma cells used for the coimmunoprecipitation assays and for silencing of Myh11 and are indicated with “*.” (E) Lamp1 antibody coimmunoprecipitated
Myosin-11 from sarcoma cell extract. (F) Myosin-11 antibody coimmunoprecipitated Lamp1 from a cytoskeleton-enriched subcellular fraction of sarcoma cells.
(G) Levels of Myosin-11 in sarcoma cells with silencing Myh11 (shMyh11), and with silencing of both Lamp1 and Myh11 (shLamp1/shMyh11), compared with
their empty vector controls. (H) Levels of Lamp1 in sarcoma cells with silenced Lamp1 (shLamp1), and shLamp1/shMyh11, compared to their empty vector
control. (I) b-Hex activity measured in the medium of shLamp1, shMyh11, or shLamp1/shMyh11 sarcoma cells compared to that assayed in their empty
vector controls (n = 4). a/b-Tubulin was used as the loading control. Data are means ± SD. **P < 0.01, ****P < 0.0001, Student’s t test for unpaired samples.
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015 7 of 16
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IIa/IIIb RMS were Myosin-11+, though Myosin-11 is usually not
expressed in RMS (Fig. 4G). Again, the tumors showed decreased
NEU1 and increased LAMP1 expression (Fig. 2, B and D). We also
tested patient-derived RMS xenografts and demonstrated Myosin-11
immunoreactivity in three cases: two were relapses of Myosin-11−

primary tumors (Fig. 4H). These findings indicate that in most of
the highly malignant human sarcomas, the low-NEU1–high-LAMP1
pattern is associated with high Myosin-11 expression, suggesting that
they synergistically promote an invasive/metastatic state.

In Neu1+/−/Arf−/− mice, Myosin-11 interacts with Lamp1 and
contributes to increased lysosomal exocytosis
We next measured Myosin-11 expression in pleomorphic and nonpleo-
morphic sarcomas in our Neu1+/−/Arf −/−mouse model (Fig. 5, A to C).
Myosin-11+ staining was detected in most pleomorphic sarcomas with
rhabdoid cells that also showed absent or low Neu1 and high Lamp1
(Figs. 1E and 5, A to C). As observed in human samples, the rhabdoid
cells were highly Myosin-11+. These results replicated those obtained in
human sarcomas with rhabdoid features, making these mice a potential
model of this type of sarcomas.

Because Myosin-11 expression correlated with high Lamp1 and low
Neu1 (Figs. 2, A to D, and 4, B and C), we hypothesized that this motor
myosin could directly or indirectly interact with Lamp1 and thus take
part in the trafficking of lysosomes to the PM. To test this possibility, we
cross-immunoprecipitated Myosin-11 and Lamp1 from Neu1+/−/Arf−/−

sarcoma cells that expressed high levels of both proteins (Fig. 5, D to F,
and fig. S4, A to D). Cross-immunoprecipitation of the two endogenous
proteins was performed using anti-LAMP1 or an anti–Myosin-11 antibody
and visualized onWestern blots (Fig. 5, E and F, and fig. S4, A to D). Anti–
Myosin-11 antibody did not coimmunoprecipitate LAMP3 or CD63 (fig.
S5, A and B). These results support the idea that Lamp1 specifically inter-
acts with this motor myosin to facilitate lysosome trafficking to the cell
periphery. Silencing Myh11, Lamp1, or the combination of the two in
the same tumor cells lowered lysosomal exocytosis (Fig. 5, G to I), con-
firming that Myosin-11 and Lamp1 are both involved in the trafficking
of lysosomes to the PM and consequently in lysosomal exocytosis.

Enhanced lysosomal exocytosis renders human sarcoma
cells invasive and drug-resistant
We next tested the invasive capacity of RH41 and RH30 cells by seed-
ing them onto Neu1+/+ or Neu1−/− ex vivo peritoneal membranes.
RH30 cells invaded the Neu1+/+ peritoneum more readily than did
RH41 cells, demonstrating their cell-autonomous ability to migrate
through a basement membrane (Fig. 6A). Notably, the Neu1−/− peri-
toneum was more vulnerable to invasion by either cell line than was
the Neu1+/+ peritoneum (Fig. 6A). This was because Neu1 deficiency
in the recipient peritoneum triggered increased release of hydrolytic
enzymes that in part degraded its basement membrane components,
that is, laminin and collagen IV (fig. S6A), and made it more permis-
sive to cell invasion. Conversely, RH30shLAMP1 cells with attenuated
lysosomal exocytosis had reduced ability to invade either peritonea
(Fig. 6B). We confirmed that RH30 cells were more migratory than
RH41 cells using an in vitro Transwell migration assay (Fig. 6C). Re-
markably, we could enhance the migratory capacity of RH41 cells by
culturing them in the presence of exosomes purified from the RH30
medium (Fig. 6C). This effect was not observed when RH41 cells were
treated with RH30shLAMP1 exosomes (Fig. 6C). Thus, increased lyso-
somal exocytosis in tumor cells promotes invasion and degradation of
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015
the ECM, and may condition neighboring cells to become migratory
via signals released by exocytosed exosomes.

These data were supported by the outcome of orthotopic xenografts
generated in Neu1+/+/NSG (nonobese diabetic scid g) and Neu1+/−/NSG
mice using RH30 isogenic cells with low or high NEU1 expression.
We modulated NEU1 levels by overexpressing its chaperone protective
protein cathepsin A (PPCA). This approach stably increased endogenous
NEU1 activity in vivo because of the long half-life of PPCA and its ability
to stabilize NEU1 in lysosomes, as seen in CLFs of RH30PPCA cells (Fig.
6, D and E, and fig. S6B) (8, 38). Indeed, RH30PPCA had higher NEU1
activity and lower LAMP1 levels compared to the unmodified cells, and
they showed attenuated lysosomal exocytosis (Fig. 6F). RH30empty

orthotopic xenografts displayed the highest growth rate in Neu1+/−/NSG
mice (Fig. 6G). In contrast, RH30PPCA xenografts grew at a rate
similar to that of xenografts in Neu1+/+/NSG mice (Fig. 6G). Thus, the
combined effect of low NEU1 in tumor cells and the microenvironment
created the most permissive setting for tumor growth and spread.

We hypothesized that increased lysosomal exocytosis affects the re-
sponse of RMS cells to chemotherapeutics that are sequestered in ly-
sosomes because of their weak base characteristics. We found that
doxorubicin endogenous fluorescence colocalized, in part, with
LysoTracker Green in RH41 and RH30 cells; however, in RH41 cells,
doxorubicin-loaded lysosomes were mainly perinuclear, whereas in
RH30 cells, they were scattered throughout the cytoplasm (fig. S7A).
Live imaging of RH41 cells showed that doxorubicin trafficked rapidly
to the nucleus, leading to apoptosis (movies S5 and S7); in RH30 cells,
doxorubicin was primarily sequestered in lysosomes that were contin-
uously shuttled to the cell surface and often clustered in cell protru-
sions, rendering the cells resistant to the drug (movies S6 and S8).
Given that RH30 cells do not express the adenosine triphosphate–
binding cassette (ABC) transporter P-glycoprotein-1 (Pgp) (fig. S7B)
(39), we argued that increased lysosomal exocytosis would promote
the efflux of lysosomal doxorubicin, providing a mechanism for chemo-
resistance. To confirm this assumption, we measured the levels of dox-
orubicin effluxed by RH41 and RH30 cells (Fig. 6H). Both cell lines
internalized the drug equally well (Fig. 6J); however, quantification of
the effluxed doxorubicin fluorescence showed that the drug was released
in greater amounts from RH30 cells than from RH41 cells (Fig. 6H).

We unequivocally proved that the mechanism of drug efflux was
lysosomal exocytosis, by using the pharmacologic compound verapamil.
Being a calcium channel blocker, this clinically approved drug affects
calcium intake by cells, and we hypothesized that this in turn would
inhibit lysosomal exocytosis. Indeed, treatment of RH30 cells with ve-
rapamil drastically reduced the rate of exocytosed doxorubicin to the
levels of that of RH41 cells (Fig. 6H and movie S9). Comparable re-
duction of drug efflux was also observed in RH30shLAMP1 cells treated
with doxorubicin (Fig. 6I). Generating dose-response curves for dox-
orubicin treatment of the parental lines further validated these find-
ings. RH30 cells were more resistant to doxorubicin than were RH41
cells, but became sensitive when treated with verapamil (Fig. 6K).
Also, RH30shLAMP1 cells showed decreased viability when treated with
doxorubicin, reiterating the importance of this effector of lysosomal
exocytosis in chemoresistance (Fig. 6L).

Enhanced lysosomal exocytosis renders mouse sarcoma cells
invasive and drug-resistant
We then tested the invasive and drug-resistant characteristics of our
primary mouse cells isolated from Neu1+/−/Arf−/− sarcomas that had
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Fig. 6. NEU1 levels and the extent of lysosomal exocytosis in RMS cells determine their invasive potential and predict their responsiveness to
chemotherapy. (A) Number of RH41 and RH30 cells that invaded ex vivo peritonea isolated from Neu1+/+ (WT) or Neu1−/− mice (n = 10). (B) Number of

RH30shLAMP1 cells and empty vector controls that invaded peritoneal membranes fromWT or Neu1−/−mice (n = 5). (C) Number of RH30 and RH41 cells that
migrated through a Matrigel Transwell chamber; number of migratory RH41 cells that were cultured in the presence of exosomes purified from RH30 or
RH30shLAMP1 medium (exo) (n = 4). (D) NEU1 activity measured in a crude lysosomal fraction (CLF) of RH30PPCA cells compared to that in the CLF of
RH30empty cells (n = 3). (E) Cathepsin A (CA) activity measured in CLF of RH30PPCA cells compared to that in the CLF of RH30empty cells (n = 10).
(F) b-Hex activity assayed in the medium of RH30PPCA cells was compared to that in the medium of RH30empty control cells (n = 2). (G) Bioluminescence
measurement of tumor growth after injection of RH30PPCA and RH30empty cells into the flank of WT/NSG (blue) or Neu1+/−/NSG (red) mice. (H) Arbitrary
fluorescence units (AFU) of doxorubicin (Doxo) effluxed into the medium by RH41 and RH30 cells after exposure to doxorubicin (4 mg/ml) alone or
combined with 50 mM verapamil (n = 4). (I) AFU of doxorubicin effluxed into the medium of RH30shLAMP1 and RH30empty cells after exposure to doxorubicin
(4 mg/ml) (n = 4). (J) Quantification of the fluorescence intensity in individual RH41, RH30shLAMP1, and RH30empty cells after uptake of doxorubicin (n = 10). (K) Viability
curves of RH41 and RH30 cells exposed for 16 hours to the indicated doses of doxorubicin alone or combined with 50 mM verapamil (n = 6).
(L) Viability curves of RH30shLAMP1 and RH30empty cells exposed for 16 hours to the indicated doses of doxorubicin (n = 6). Data are means ± SD or SEM.
*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, Student’s t test for unpaired samples.
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enhanced lysosomal exocytosis (Fig. 5I). The invasive capacity of these
cells was drastically reduced by silencing Myh11, Lamp1, or the com-
bination of the two, suggesting again a link between lysosomal exocy-
tosis and invasiveness in these cells (Fig. 7A). Intriguingly, the combined
silencing of Myh11 and Lamp1 had a more robust effect than silencing
the individual genes, suggesting a synergistic mode of action between
the two proteins (Fig. 7A). We next measured the levels of doxorubicin
effluxed by the silenced sarcoma cells and compared it to the levels
measured in unmodified cells (Fig. 7B). Although all cells had a similar
internalization of the drug (Fig. 7C), we measured a decreased efflux of
doxorubicin in cells silenced for Myh11, Lamp1, or the combination of
the two (Fig. 7B). These results suggest that in these primary sarcoma
cells, Myosin-11 and Lamp1 cooperate in the process of lysosomal exo-
cytosis to render the cells more invasive and drug-resistant.

Last, we demonstrated that our primary mouse sarcoma cell lines
isolated from MPNST, SNOS, and OS with enhanced lysosomal exo-
cytosis (Fig. 1H) were completely or partially resistant to doxorubicin
exposure, as observed by the absence or low expression of the canon-
ical apoptotic marker cPARP (Fig. 7D). Thus, excessive lysosomal exo-
cytosis downstream of decreased NEU1 levels may be a mechanism that
enables sarcomas to acquire resistance to lysosomotropic chemo-
therapeutics in vivo.
DISCUSSION

The genetic or epigenetic changes that cancer cells undergo during
primary tumorigenesis may predispose them to respond to extrinsic
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cues that initiate an EMT process, allowing them to acquire a more
aggressive phenotype (40). Among these changes is gaining the ability
to alter cellular metabolic/catabolic machinery to create the most
permissive conditions for invasion, dissemination, and survival
(41). Many determinants of migration/invasion are cytoskeletal and ve-
sicular trafficking components and biosynthetic/processing enzymes
(42–44).

Here, we identified NEU1 as one such determinant. Altered sialic
acid content on any NEU1 target affects its basic cellular pathways that
are relevant for cancer progression, ranging from cell proliferation/
differentiation and cell adhesion to receptor recognition, signal transduc-
tion, immune functions, and vesicular trafficking (4, 19, 45). We found
that impaired sialic acid processing on LAMP1 directly affected lysosomal
exocytosis, which we have now linked to the acquisition of an
invasive, drug-resistant phenotype (1). The involvement of regulated
lysosomal exocytosis in membrane dynamics, selective secretion
of lysosomal contents, and remodeling of the PM and ECM (1, 46, 47)
makes this process an ideal system for driving tumors into an ag-
gressive state.

That lysosomal exocytosis indicates the development of the
invasive phenotype of cancer cells in vivo is well exemplified in the
Neu1+/−/Arf−/− mouse model. In this genetic background, Neu1 hap-
loinsufficiency was sufficient to promote a high prevalence of pleo-
morphic sarcomas that resemble high-grade, pleomorphic soft tissue
sarcomas in humans (11). Their morphologic similarities are rein-
forced by their common patterns of expression of markers that denote
an ongoing EMT program. Execution of this program relies on intra-
cellular signaling pathways orchestrated by specific protein kinases,
A B

D
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Fig. 7. The extent of lysosomal exocytosis in tumor cell lines derived from a Neu1+/−/Arf−/− sarcoma determines their invasive potential and
predicts their responsiveness to chemotherapy. (A) Number of sarcomas cells with silencedMyh11 (shMyh11) and Lamp1 (shLamp1) and with silencing

of both Lamp1 and Myh11 (shLamp1/shMyh11) that migrated through a Matrigel Transwell chamber, compared with their empty vector control (n = 8).
(B) Quantification of doxorubicin fluorescence (AFU) effluxed into the medium-modified sarcomas cells (shMyh11, shLamp1, and shLamp1/shMyh11)
compared to their unmodified cells after exposure to doxorubicin (4 mg/ml) (n = 4). (C) Quantification of the fluorescence intensity in individual modified
sarcoma cells (shMyh11, shLamp1, and shLamp1/shMyh11) compared to their unmodified cells after uptake of doxorubicin (n = 14). (D) Sensitivity to
doxorubicin was assayed by cleaved poly(adenosine diphosphate–ribose) polymerase (cPARP) expression after exposing Neu1+/−/Arf−/− sarcoma cells to
the indicated doses of doxorubicin. a/b-Tubulin was used as the loading control. Data are means ± SD or SEM. *P < 0.05, **P < 0.01, ***P < 0.005, ****P <
0.001, Student’s t test for unpaired samples.
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transcription factors and Rho guanosine triphosphatases (GTPases), as
well as cell adhesion proteins (for example, b4 integrin) (40). A pos-
sible mechanism implicating NEU1 down-regulation in the initiation
of an EMT program is the occurrence of oversialylation of adhesion
molecules such as b4 integrin at the cell surface and LAMP1 at the
lysosomal membrane. These combined sialic acid modifications on
these NEU1 substrates would affect cell-cell communication and
simultaneously exacerbate lysosomal exocytosis of soluble hydrolases
and exosomes. This scenario would reconcile the early observations
made in colon carcinoma cells, that is, that oversialylation of b4 integ-
rin activates the ERK1/2 signaling pathway, thereby increasing the
cells’ metastatic potential (21), with our current findings in sarcoma
cells in which oversialylated LAMP1 enhances lysosomal exocytosis,
making cancer cells migratory and invasive. We propose that
enhanced lysosomal exocytosis of hydrolytic enzymes, combined with
increased release of exosomes, cooperate in propagating signaling mol-
ecules to distant sites and educate an increasing number of cells to
acquire EMT features. This hypothesis is in line with recent reports
that implicate exosome-mediated delivery in the crosstalk between tu-
mor and stroma in cancer progression (27–31).

Intracellular movement of lysosomes depends on their actin-
mediated transport via members of the motor myosin family (48).
Altered expression of motor myosins has been linked to cancer cell
survival, invasion, and metastasis, indicating that cytoskeletal compo-
nents mediating cell contractility and organelle trafficking function in
cancer cell behavior (44, 49). Recent examples are Myosin-X up-
regulation in mutant p53–driven breast cancer models and Myosin-Va
in colorectal cancer (42, 50). In addition, up-regulation of other pro-
teins involved in regulated exocytosis (that is, BAIAP3 and Rab27b)
has been linked to tumorigenesis in desmoplastic small round cell tu-
mor and breast cancer (51, 52). We found that Myosin-11 and NEU1
are inversely expressed in metastatic and pleomorphic human LMS, in
pleomorphic and recurrent RMS, and in the pleomorphic sarcomas
with rhabdoid cells in our mouse model. This correlation extends
the role of Myosin-11 in cancer progression. In addition, we demonstrated
for the first time a direct interaction between Myosin-11 and LAMP1,
specifically in aggressive sarcomas. This result supports the notion of
strict cooperation between these two proteins in lysosomal trafficking
and exocytosis, which ultimately determines the fate of cancer cells.
Last, rhabdoid cells in the Neu1+/−/Arf−/− pleomorphic sarcomas were
Myosin-11+, reiterating their similarity with their human counterparts
and suggesting a common smooth muscle origin.

Studies of chemotherapy resistance have largely focused on the up-
regulation of Pgp or other ABC transporters (16). However, specific
inhibitors of these pumps have often proven unsuccessful in clinical
trials (53), which suggests the existence of alternative efflux mechanisms.
Sequestration of lysosomotropic drugs into acidic vesicles/lysosomes
has been proposed as a means of multidrug resistance in multiple
carcinoma cell lines (16, 53, 54), though the molecular mechanism(s)
leading to the resistance phenotype has not been defined. We have now
established that in chemoresistant, Pgp-negative RMS cells, lysosomotropic
drugs are preferentially sequestered in lysosomes before being purged
via NEU1-dependent enhanced lysosomal exocytosis.

In addition to low NEU1 expression being a potential risk factor in
the development of aggressive cancer, we predict that other cues of
neoplastic transformation place selective pressure on tumor cells to
down-regulate NEU1, especially when they transition to an invasive/
migratory disease. Whether low NEU1 expression is due to a preexisting
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015
deficiency or a transformation-related epigenetic change is current-
ly unknown and will be further investigated. Supporting this pre-
diction are two reports describing neoplastic malignancies that
developed in three siblings with type I sialidosis with low NEU1
activity (55, 56).

In conclusion, the dual action of NEU1 on processing sialo-
glycoconjugates and intracellular trafficking of lysosomes places it
upstream of these events and suggests that this enzyme mediates spe-
cific stages of cancer progression. We propose that NEU1 expression
coupled with lysosomal exocytosis effectors such as LAMP1 could be
developed as diagnostic biomarkers and have potential as therapeutic
targets for aggressive, untreatable human pleomorphic sarcomas.
MATERIALS AND METHODS

Experimental design
The main goal of this study was to understand the role of NEU1-
dependent lysosomal exocytosis in tumor invasion and chemo-
resistance. We began with crossing Neu1+/− FVB/NJ mice with
C57Bl6/129sv Arf−/− mice to assess the effect of Neu1 haploinsuffi-
ciency on tumor burden and progression. Mice were monitored for tu-
mor growth and euthanized following Institutional Animal Care and
Use Committee and National Institutes of Health (NIH) guidelines.
The St. Jude Veterinary Pathology Core (VPC) conducted extensive
histological and immunohistochemical analyses of the tumors to diag-
nose and classify the different tumor types. We established primary
tumor cell cultures from sarcomas resected from Neu1+/−/Arf−/− mice
to verify the occurrence of Neu1-dependent lysosomal exocytosis and
chemoresistance. This was done using enzyme activity assays to deter-
mine Neu1 activity, b-Hex activity in the culture medium, and Western
blotting to detect Lamp1. These results prompted us to test human
sarcoma TMAs (LMS and RMS) for expression levels of NEU1 and
LAMP1, the key regulators of lysosomal exocytosis. Our certified pa-
thologist scored the expression levels of the two proteins.

We used two RMS cell lines expressing distinct levels of NEU1 to
dissect the lysosomal exocytosis pathway in vitro. RT-qPCR, Western
blotting, and enzyme activity assays were used to determine NEU1
expression and activity as well as LAMP1 expression. The latter was
shown to be oversialylated in the low-NEU1 RMS cells compared to
the high-NEU1 RMS cells by using sialic acid binding specific lectins
(SNA and MAL). RMS cells were genetically engineered using a len-
tiviral infection system to prove that by varying NEU1 expression or
knocking down LAMP1, we could directly influence the extent of ly-
sosomal exocytosis. Exocytosed exosomes were also found to be
greater in low-NEU1 RMS cells. Finally, live TIRF microscopy showed
that the number of lysosomes docked at the cell surface and ready to
exocytose was inversely proportional to the levels of NEU1.

A large gene data set (GSE21050) comprising 309 human sarcomas
was queried by our computational biologist for NEU1 correlative gene
expression. The results obtained herein were then verified in the LMS
and RMS included in the human TMAs, in patient-derived xenografts
of RMS, in tumors from our Neu1+/−/Arf−/− mouse model, and in the
cells derived from these sarcomas. To determine whether Lamp1 and
Myosin-11 interact, we coimmunoprecipitated the two proteins in a
sarcoma cell line from a Neu1+/−/Arf−/− mouse, and Myosin-11 func-
tion in lysosomal exocytosis was further verified by silencing Myo11
and assaying lysosomal exocytosis effect by enzyme activity.
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To show that NEU1-dependent exacerbation of lysosomal exocy-
tosis increased the invasive capacity of tumors, we performed ex vivo
invasion assays by seeding RMS cells onto peritonea from Neu1+/+ or
Neu1−/− mice and counting the number of cells that invaded the base-
ment membrane. Transwell chamber migration assays were also used
to show that exosomes from low-NEU1 and high-LAMP1 cells in-
duced migration of high-NEU1, low-LAMP1 cells. These results were
validated in vivo using orthotopic xenografts of low-NEU1– and high-
NEU1–expressing RMS cells (transfected with a luciferase construct)
injected into the flank muscle of Neu1+/+/NSG or Neu1+/−/NSG mice.
Tumor growth was monitored by quantification of luciferase by bio-
luminescence imaging. Finally, to verify that exacerbated lysosomal
exocytosis in RMS cells with low-NEU1 expression conferred chemo-
resistance by the efflux of lysosome-sequestered drugs, we exposed
cells to doxorubicin and quantified the release of its native fluores-
cence into the culture medium. Viability curves of RMS cells exposed
to increasing concentrations of doxorubicin were also done to assess
the extent of the cells’ resistance. Drug resistance could be reverted by
using the calcium channel blocker verapamil. Additionally, we used
the apoptotic marker cPARP to show that primary cells derived from
Neu1+/−/Arf−/− mice with increased lysosomal exocytosis were resist-
ant to doxorubicin exposure.

Animals
All procedures were performed per NIH guidelines and animal
protocols approved by our Institutional Animal Care and Use Committee.
Neu1+/− FVB/NJ mice were crossed with NSG or C57Bl6/129sv Arf−/−

mice (provided by C. Sherr). For orthotopic xenografts, 2 × 106

RMS cells were engrafted into the flanks of 4- to 6-week-old Neu1+/+/
NSG or Neu1+/−/NSG male mice. Mice were intraperitoneally injected
with Firefly D-Luciferin (3 mg/mouse, Caliper Life Sciences) and im-
aged with the IVISH 200 system. Living Image 3.2 software (Caliper
Life Sciences) was used to generate a standard region of interest (ROI),
encompassing the largest tumor at maximal bioluminescence signal.
The same ROI was used to determine the mean radiance (photons/s
per cm2 per sr) for xenografts at all time points. Human RMS xenografts
were generated as previously described (24). Samples of primary human
RMS were obtained under Institutional Review Board approval, in ac-
cordance with NIH policies and guidance for human subjects, and im-
planted subcutaneously onto the flanks of male CB17 scid−/− mice (6
to 8 weeks old, Taconic Farms). Once the initial transplant grew to suf-
ficient size, the tumors were serially propagated by subsequent trans-
plantation into healthy mice. The VPC staff performed full necropsies.

Cell culture
RH41 and RH30 cell lines were provided by G. Grosveld and C. L. Morton.
Establishment of primary cells from Arf−/−/Neu1+/− mice was done
following G. Grosveld’s procedure: tumors were dissected, minced,
and digested at 37°C for 45 min in Hanks’ balanced salt solution sup-
plemented with Liberase TL (Roche). The cell suspensions were
filtered through 70-mm cell strainers, and cells were maintained in
standard growth conditions. All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) or RPMI (Cellgro) and supple-
mented with 10% cosmic calf serum (CCS), 2 mM Glutamax, penicillin
(100 U/ml), and streptomycin (100 mg/ml) (Life Technologies).

RH41 cells were transfected with five short hairpin RNA (shRNA)
constructs for human NEU1 gene cloned into the pLKO1 HIV-based
lentiviral vector (TRC-Hs1.0 RHS4533-NM000434, Open Biosys-
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tems). RH30 cells were transfected with the pBABE-puro plasmid
(AddGene) containing the human NEU1 complementary DNA by
using the Fugene6 Transfection Reagent protocol (Roche). For lenti-
viral transduction, vectors were produced by cotransfection of 293T
cells with 10 mg of pCAGkGP1R and 2 mg of pCAG4RTR2 packag-
ing plasmids, 2 mg of pCAG-VSVG envelope plasmid, and 10 mg of
vector plasmid, as previously described (57). The packaging and
envelope plasmids were gifts from D. Persons. RH30 cells were trans-
duced with five shRNA constructs for human LAMP1 gene cloned
into the pLKO1 HIV-based lentiviral vector plasmid (TRC-Hs1.0
RHS3979-9596672, Open Biosystems), or RH30 cells were trans-
duced with lentiviral vector containing the human PPCA gene
(pCL20c-PPCA-GFP) followed by transduction with a pCL20c-
Luciferase2-IRES-YFP plasmid. The primary sarcoma cell line was
transduced with five shRNA constructs for mouse Myh11 and mouse
Lamp1 genes cloned into the pLKO1 HIV-based lentiviral vector plas-
mid (TRC-Mn1.0 RMM4534-EG17880, RMM4534-EG16783 Dhar-
macon RNAi, GE Healthcare). Empty vectors were used as controls.
Stable cells were selected with puromycin (2 mg/ml) or fluorescence-
activated cell sorting (FACS)–sorted for green fluorescent protein (GFP)
and yellow fluorescent protein (YFP) and screened for luciferase activity.

Gene expression by RT-qPCR
RNA was isolated with TRIzol (Invitrogen), and reverse transcription
PCR was performed using the SuperScript III First-Strand (Invitro-
gen). RT2 SYBR Green/Fluorescein qPCR Mastermix (SABiosciences)
was used for real-time qPCR, which was performed using a Bio-Rad
iQ5 iCycler with the Optical System Software 1.0, using RT2 SYBR
Green/Fluorescein qPCR Mastermix (SABiosciences) following the
manufacturer’s protocol. Primers used were humanNEU1 (PPH11418A,
SABiosciences). Data were normalized to endogenous hypoxanthine
phosphoribosyltransferase 1 (HPRT1) (PPH01018, SABiosciences).

Immunohistochemistry
Tissues were dewaxed, and antigen retrieval was performed using cit-
rate buffer (0.1 M citric acid and 0.1 M sodium citrate, pH 6.0). Slides
were blocked [0.1% bovine serum albumin (BSA) and 0.5% Tween 20
with 10% normal goat serum] and incubated with the following
primary antibodies overnight: anti-NEU1 (1:50) (58), anti-LAMP1
(1:400) (Cell Signaling), and anti–Myosin-11 (1:300) (Millipore and
LSBio). Slides were incubated for 1 hour with biotinylated secondary
antibodies (Jackson ImmunoResearch Laboratory). Endogenous per-
oxidase was removed with 0.1% hydrogen peroxidase for 30 min. An-
tibody detection was performed using the ABC Kit and DAB substrate
(Vector Laboratories). Slides were counterstained with H&E. Human
cancer TMAs were obtained from US Biomax Inc. and blindly graded
by a pathologist in the VPC. Immunohistochemical analysis was done
using Target Retrieval Solution, pH 9 (DAKO), for 30 min at 98°C.
Primary antibodies used were anti-cytokeratin OSCAR (1:100) and
anti-vimentin (1:20). Both were blocked with Background Sniper for
30 min (BioCare Medical), incubated with streptavidin horseradish
peroxidase (HRP) (Thermo Fisher) for 10 min and DAB (DAKO)
for 10 min, and then counterstained with H&E. Immunohisto-
chemical analysis of TGFb was done using the antibody at 1:100
dilution followed by methyl green counterstaining. The following
primary antibodies were used: anti-cytokeratin OSCAR (SIG-
3465, Covance), anti-vimentin (EPR3776, Novus Biologicals), anti-
laminin (L9393 Sigma), anti–collagen IV (#2150/1470, AbD Serotec),
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and anti-TGFb (T 0438, Sigma). The level of NEU1 and LAMP1 was
subjectively graded on the basis of comparison to labeling of vascular
smooth muscle cells within the tumors. Labeling of tumor cells with
similar intensity to these cells was considered moderate, and labeling
that was stronger or weaker was considered high or low, respectively.

Confocal analysis
For NEU1 immunofluorescence, cells were fixed for 10 min in chilled
95% ethanol and 5% acetic acid, followed by 1-hour blocking with
Image-iT signal enhancer (Molecular Probes) and incubation with
primary antibody (1:50) in 25 mM Na-phosphate, 150 mM NaCl,
1% BSA, and 0.3% gelatin overnight at 4°C. For LAMP1 immuno-
fluorescence, cells were fixed with either 3.7% formaldehyde (nonper-
meabilized) or 4% paraformaldehyde (permeabilized). Slides were
blocked with Image-iT for 20 min. Cells were incubated with anti-
LAMP1 antibody (1:200) overnight at 4°C in 100 mM Na-phosphate
and 100 mM NaCl (pH 7.2). After 1-hour incubation with secondary
Alexa Fluor (1:400, Invitrogen), slides were mounted with ProLong
Gold antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI)
(Invitrogen). For LysoTracker fluorescence microscopy, cells were incu-
bated for 30 min at 37°C in medium containing 200 nM LysoTracker as
reported previously (1). Confocal analysis on LysoTracker-stained live
cells was performed with an inverted microscope equipped with a
C1Si confocal system. Lysosomes were identified as objects and
counted in more than 10 images. To determine the perinuclear region,
we drew a closed boundary of 3 to 5 mm outside the nuclear envelope
and assessed the number of lysosomes in this region. The “peripheral”
ROI was considered as the rest of the cytoplasm.

TIRF microscopy
Live TIRF microscopy (59) was performed with either a Zeiss Elyra
PS1 or a Marianas imaging system (Intelligent Imaging Innovations)
consisting of a Zeiss Axio Observer motorized inverted microscope
with a TIRF illuminator (Carl Zeiss MicroImaging). Images were
acquired with an Alpha Plan-Apochromat 100× 1.46 oil objective.
Monochrome images were analyzed with NIS-Elements 4.13.

Lysosomal tethering/docking quantification
The evanescent wave field depth was 100 nm. Live TIRF image analy-
sis was performed with the Elements software (Nikon). Thresholds for
intensity and size were set at the beginning of the analysis and kept for
the duration of all the analyses. For two-dimensional tracking, we
selected the lysosomes with “AutoDetect All” of “Define New ROI”
in the “Tracking” module (under “Analysis Controls”). Any lysosome
with a total path length less than or equal to 1 mm during a period of
10 s was defined as tethered/docked.

Immunoblotting
Western blots were performed as previously described (7). Briefly, cells
were lysed in radioimmunoprecipitation assay buffer [50 mM tris-HCl
(pH 7.5), 150 mMNaCl, 0.1% SDS, 1% sodium deoxycholate, 1% Triton
X-100, 1:50 Complete protease inhibitor cocktail (Roche)], and lysates
were separated by SDS–polyacrylamide gel electrophoresis gels. Nitro-
cellulose or polyvinylidene difluoride (PVDF) membranes were
blocked for 1 hour with 5% nonfat milk and subsequently probed with
primary antibodies overnight: anti-LAMP1 (1:2000, Cell Signaling or
BD Biosciences), anti-MYH11 (1:1000, LSBio or Proteintech), anti-
cPARP, anti–a/b-tubulin (1:1000, Cell Signaling), and anti-NEU1
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(1:250) (58). After washing, blots were incubated for 1 hour with
HRP-conjugated secondary antibodies. Immunoblots were developed
using SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific). Anti-Pgp was a gift from E. Schuetz. Lysosomes were
purified from RH30 Empty and RH30 PPCA using the Lysosome
Isolation Kit (Sigma) following the manufacturer’s protocol with
slight modifications. In brief, cells were lysed in four volumes of 1×
extraction buffer in a glass Dounce homogenizer. The nuclei were re-
moved by centrifugation at 1000g for 10 min. The postnuclear super-
natant was then centrifuged at 20,000g for 20 min, and the resulting pellet,
containing the CLF, was resuspended in a minimal volume of 1× extrac-
tion buffer and subjected to enzymatic assays and Western blot analysis.

Enzyme activity
NEU1 and b-Hex enzymatic activities were measured with the appropri-
ate fluorimetric substrates (Sigma), as described previously (1), and their
activity was normalized for protein concentrations. Medium collected at
16 hours of culture was spun through a Sephadex column at pH 5.5 for
1 min at 850g to normalize the pH of all samples before analysis.

Immunoprecipitation
For Lamp1 immunoprecipitation, primary sarcoma cells were lysed in
CHAPS buffer [50 mM Pipes/HCl (pH 6.5), 2 mM EDTA, 0.1%
CHAPS, leupeptin (20 mg/ml), pepstatin A (10 mg/ml), and aprotinin
(10 mg/ml)]. Total proteins (250 mg) were incubated overnight at 4°C
on a rotating platform with 2 mg of anti-LAMP1 antibody (BD Bio-
sciences) or normal immunoglobulin G (IgG) (Santa Cruz Biotechnology).
Dynabeads Protein G (Novex, Life Technologies) were simultaneously
incubated with V5 tag (1 mg/ml) antibody–blocking peptide. Beads
were washed and added to the cell lysates; samples were incubated
for an additional hour. The beads were then washed four times in
CHAPS buffer, and proteins were eluted with sample loading buffer
before immunoblotting. For Myosin-11 immunoprecipitation,
primary sarcoma cells were subjected to subcellular fractionation using
a procedure adapted from Yang and Robbins (28) to enrich for the
membrane fraction containing the cytoskeletal compartment. In brief,
cells were lysed in ice-cold buffer A [containing 320 nM sucrose, 10 mM
tris base, 5 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA
(pH 7.4), 1:50 Complete protease inhibitor cocktail (Roche)] using a
Dounce homogenizer. Homogenates were centrifuged for 10 min at
800g at 4°C. The supernatant S1 was then centrifuged for 2 hours
at 165,000g at 4°C. The pellet P2 was then solubilized in ice-cold buffer
B (containing 1% sodium deoxycholate, 10 mM tris base, 5 mM NaF,
1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA, protease inhibitors) and
subjected to immunoprecipitation experiments using 2 mg of anti-
MYH11 antibody (Abcam) or nonspecific IgG. After being transferred
to a PVDF membrane, immunoprecipitated proteins were probed
with anti-MYH11 (1:1000, Proteintech) or anti-LAMP1 (1:500, BD
Biosciences) antibodies. Immunoblot was probed with anti-CD63
(1:250, Santa Cruz Biotechnology) to test specificity of interaction be-
tween Myo11 and Lamp1.

Dextran exocytosis and uptake
Cells (6 × 104) were incubated for 2 hours with Alexa Fluor 594–
conjugated dextran (0.5 mg/ml; molecular weight, 10,000; anionic)
(Life Technologies) to allow for complete endocytosis followed by re-
distribution and accumulation of the compound in the lysosomes (58).
Cells were washed four times with phosphate-buffered saline (PBS),
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and the medium was changed. After 1 hour, the medium was spun
down and exocytosed. Alexa Fluor 594–dextran fluorescence was
measured (excitation, 585/10 nm; emission, 615/10 nm). AFU were
normalized to protein concentration.

For dextran uptake, cells were incubated with Alexa Fluor 594–
conjugated dextran (0.5 mg/ml; molecular weight, 10,000). After
30 min, cells were washed twice with PBS and imaged with a Nikon
C1 confocal system mounted on a Nikon TE2000 inverted microscope
fitted with an incubator chamber for humidity, CO2, and temperature
control. Seven to 10 images were acquired for each group of cells. The
fluorescence intensity (in arbitrary units) of the red channel was
determined for individual cells; the mean + SD are shown in the graph.

Doxorubicin efflux, uptake, and cytotoxicity
Cells (6 × 104) were treated with doxorubicin [4 mg/ml (0.04 mM) or
6 mg/ml (0.06 mM)] (LKT Laboratories) for 2 hours. Cells were washed
four times with PBS, and the medium was changed. After 2 hours, the
medium was spun down, and the native red fluorescence of exocytosed
doxorubicinwasmeasured (excitation, 485/12nm; emission, 590/10nm).
AFU were normalized to protein concentration.

For doxorubicin uptake, cells (1.5 × 105) were plated. The next day,
cells were treated with doxorubicin (t0). After 30 min of incubation
with the drug (t30), cells were imaged. Quantification of the fluorescence
intensity of the red channel (emission) was assessed as a measure of the
amount of doxorubicin uptake.

For cytotoxicity assays, cells were treated with doxorubicin (0.5 to
4 mg/ml) for 16 hours with or without 50 mM verapamil (Sigma). For
quantification of viability, the CellTiter 96 AQueous One Solution Re-
agent (Promega) was added to the culture medium, following the
manufacturer’s instructions. Absorbance at 490 nm was recorded by
measuring the quantity of formazan, which is directly proportional to
the absorbance at 490 nm.

Exosome isolation and characterization
Cells were cultured in DMEM containing 10% CCS depleted from
contaminating vesicles by ultracentrifugation for 16 hours at 100,000g.
Cultured medium was collected after 16 hours, and crude exosomes
were purified by several centrifugation steps: 10 min at 300g; 10 min
at 1200g; 30 min at 10,000g; 2 hours at 100,000g, all at 4°C. The pellet
was washed with cold PBS and centrifuged for 2 hours at 100,000g.
Quantification of total protein from the resulting pellet was done using
the bicinchoninic acid (BCA) method. Western blots of exosomal prep-
arations were probed overnight with antibodies against characterized
exosomal proteins (32, 60): anti-CD81 (Santa Cruz Biotechnology,
1:250), anti–flotillin-1 (BD Biosciences, 1:500), anti–syndecan-1 (Life
Technologies, 1:250), and anti–syntenin-1 (Millipore, 1:1000).

Ex vivo invasion assay
Neu1+/+ or Neu1−/− peritonea were mounted over Transwell inserts
(Fisher) and processed as previously described (61). RMS cells (2.5 ×
105) were overlaid onto the peritoneum and maintained in culture
for 8 days. Peritonea were fixed, embedded in paraffin, cross-sectioned,
and stained with H&E. The numbers of invading cells throughout the
length of different peritonea were counted.

Transwell migration assay and exosome uptake
RMS and primary sarcoma cell line invasion/migration was done
following the manufacturer’s instructions (Corning Biocoat Matrigel
Machado et al. Sci. Adv. 2015;1:e1500603 18 December 2015
Invasion Chambers, Corning). Migrated cells were counted from sev-
eral replicates from two independent experiments. For exosome
uptake, cells were incubated with exosomes (10 mg/ml) for 16 hours,
and the number of migrated cells was quantified.

Sialoglycoprotein purification with lectins
SNA and MAL lectin spin columns were used for specific enrichment
of glycoproteins with sialic acid–rich glycan moieties from RH41 and
RH30 cells, following the manufacturer’s protocol (Qproteome Sialic
Glycoprotein Kit, Qiagen). The same numbers of cells were used to load
the columns. The SNA column binds to Neu5Aca2-6Gal(NAc)-R, and
the MAL column binds to Neu5Ac/Gca2-3Galb1-4GlcNAcb1-R. The
resulting sialic acid–enriched glycoproteins were immunoblotted and
probed with anti-LAMP1 (1:2000; Cell Signaling) antibody.

Gene expression analysis of human sarcomas
Microarray data from Affymetrix HG-U133 plus 2 arrays were used
(GSE21050), robust multiarray average (RMA)–normalized, and sum-
marized using Partek Genomics Suite version 6.6. Principal components
analysis and quality control metrics identified two outlier samples (re-
moved), leaving 308 sarcoma samples. Pearson and Spearman corre-
lations were used to correlate the NEU1 probe set with all other probe
sets, and a false discovery rate (q value) was calculated.

Statistical analysis
Data values were expressed as means ± SD or SEM of at least two
independent experiments and evaluated using Student’s t test for un-
paired samples. Activity assays from primary sarcoma cells were com-
pared using one-way analysis of variance (ANOVA) unpaired t test.
For scatterplots, linear fits, and box plots, unequal variance t tests and
one-way ANOVA of log2 expression were calculated using STATA/MP
11.2. Mean differences were considered significant when P < 0.05.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/11/e1500603/DC1
Fig. S1. UPS that developed in a Neu1+/−/Arf−/− mouse expresses epithelial and mesenchymal
markers and TGFb.
Fig. S2. Excessive lysosomal exocytosis in RMS cells is caused by low NEU1 and high LAMP1 levels.
Fig. S3. Genes whose expression is negatively correlated with that of NEU1 expression in a
sarcoma data set (GSE21050).
Fig. S4. Showing of entire immunoblots corresponding to panels in Fig. 5 (E and F).
Fig. S5. Immunoprecipitation of Myosin-11 and CD63.
Fig. S6. NEU1 expression levels in tumor cells and the surrounding microenvironment
determine their invasiveness.
Fig. S7. Increased lysosomal exocytosis confers chemoresistance to RMS cells.
Table S1. Type of tumors developed in Neu1+/+/Arf−/− and Neu1+/−/Arf−/− mice.
Table S2. Immunohistochemical markers used for diagnosis of sarcomas.
Table S3. Metastasis status in the sarcoma data set (GSE21050).
Movie S1. In RH41 cells, lysosomes localize in the perinuclear region.
Movie S2. In RH30 cells, lysosomes distribute to the cell periphery.
Movie S3. Live TIRF imaging of LysoTracker-labeled lysosomes in RH41 as a measure of
tethering to or docked at the PM.
Movie S4. Live TIRF imaging of LysoTracker-labeled lysosomes in RH30 as a measure of
tethering to or docked at the PM.
Movie S5. Doxorubicin exposure induces lysosome aggregation and subsequent apoptosis of
RH41 cells.
Movie S6. RH30 cells maintain lysosomal trafficking and are resistant to doxorubicin exposure.
Movie S7. In RH41 cells, doxorubicin concentrates primarily in the nucleus.
Movie S8. In RH30 cells, a fraction of doxorubicin remains lysosomal.
Movie S9. RH30 cells cotreated with doxorubicin and verapamil cluster lysosomes in the
perinuclear region and undergo apoptosis.
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