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Abstract

Emerging evidence links exosomes to cancer progression by the trafficking of oncogenic factors
and neoplastic reprogramming of stem cells. This necessitates identification and integration of
functionally validated exosome-targeting therapeutics into current cancer management regimens.
We employed quantitative high throughput screen on two libraries to identify exosome-targeting
drugs; a commercially available collection of 1280 pharmacologically active compounds and a
collection of 3300 clinically approved compounds. Manumycin-A (MA), a natural microbial
metabolite, was identified as an inhibitor of exosome biogenesis and secretion by castration-
resistant prostate cancer (CRPC) C4-2B, but not the normal RWPE-1, cells. While no effect was
observed on cell growth, MA attenuated ESCRT-0 proteins Hrs, ALIX and Rab27a and exosome
biogenesis and secretion by CRPC cells. The MA inhibitory effect is primarily mediated via
targeted inhibition of the Ras/Raf/ERK1/2 signaling. The Ras-dependent MA suppression of
exosome biogenesis and secretion is partly mediated by ERK-dependent inhibition of the
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oncogenic splicing factor hnRNP H1. Our findings suggest that MA is a potential drug candidate
to suppress exosome biogenesis and secretion by CRPC cells.
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1. Introduction

Prostate cancer (PC) is the most common and the second leading cause of cancer-related
deaths among American males. Despite the initial response to various treatment regimens
[1], some PC patients inevitably progress to castration-resistant PC (CRPC). Thus, there is a
need to develop new, highly effective therapeutic agents to circumvent advanced disease.

Recently, the breadth of knowledge about biogenesis, ‘cargo’ contents and intercellular
communication of diverse types of cancer-derived extracellular vesicles (EVS) in a variety of
physiologic contexts [2] has expanded considerably. EVs encompass a broad range of
secreted vesicles, including exosomes, microvesicles (MVs), and apoptotic blebs [3]. In
addition to their own selective markers, the membranous nano-sized exosomes harbor
surface markers indicative of their cellular origin. The exosome “cargo’ contains a wide
variety of RNAs (including mRNAs, non-coding RNAS), proteins, DNA and lipids [4]. The
endosomal sorting complex required for transport (ESCRT) machinery and their associated
proteins, such as tumor susceptibility gene 101 (TSG101), hepatocyte growth factor-
regulated tyrosine kinase substrate (Hrs) and ALG-2 interacting protein X (Alix), are pivotal
to biogenesis, cargo sorting and secretion of exosomes [5].

Exosomes are implicated in cell-cell communication and modulation of the biology of
recipient cells [6]. The PC-derived exosomes are detected in the prostatic secretions, seminal
fluid, tissue, urine, and blood [7], implicating their clinical utility as ‘liquid biopsies’ in the
diagnosis and prognosis of PC. The tumor-derived exosomes promote growth, angiogenesis,
and metastasis of recipient cells [8]. We recently demonstrated that trafficking of oncogenic
factors by PC cell-derived exosomes subvert tumor microenvironment and prime oncogenic
reprogramming of tumor-tropic PC patients’ derived adipose stem cells, leading to tumor
clonal expansion /n vivo [9]. However, currently, there are no drugs that selectively target
pathways involved in exosome biogenesis and secretion by cancer cells and their uptake by
recipient cells. Such drugs may prove to be clinically effective for the prevention and/or
treatment of advanced PC.

The family of heterogeneous nuclear ribonucleoproteins (hnRNPs) regulates pre-mRNA
biogenesis, metabolism, and transport [10]. As a bona fide component of the nuclear matrix,
the hnRNP H/F subfamily (hnnRNP H1, hnRNP H2, hnRNP F, and hnRNP 2H9) are
characterized by the possession of the quasi-RNA binding recognition motif (QRRM).
Notably, we recently demonstrated the selective expression and growth promotion ability of
the oncogenic slicing factor hnRNP H1 in CRPC cells via transcriptional upregulation of
androgen receptor (AR) and it is spliced variant AR-V/7 [11]. However, the functional role of
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hnRNPs, including hnRNP H1, in the biogenesis and/or section of exosomes remains
elusive.

Ras proteins are small GTPases that function as molecular switches by alternating between
inactive GDP-bound to active GTP-bound states. Active Ras (GTP bound Ras) binds to and
activates downstream effectors, such as PI3K, RAF/MEK/ERK pathway, and initiates a
cascade of cellular events related to tumor and non-tumor pathologies [12, 13]. Although
Ras mutations in prostate cancer are infrequent, they play a pivotal role in multiple pathways
that have been implicated in prostate cancer growth, transformation, differentiation, stress
responses to androgen independence [14].

The present study provides evidence for the first time that Manumycin (MA) suppresses
exosome biogenesis and secretion in CRPC cells via inhibition of Ras signaling pathway and
hnRNP H1 expression. The shRNA silencing of hnRNP H1 attenuated the endogenous
levels of Alix, Rab27a, and Ras, suggesting that hnRNP H1 is pivotal to MA-mediated
inhibition exosome biogenesis and secretion in CRPC cells.

2. Materials and Methods

2.1 Materials

RPMI 1640, K-SFM, penicillin/streptomycin solution, fetal bovine serum (FBS) were from
Invitrogen (Camarillo, CA). Manumycin A (MA) and GW4869 were purchased from
Cayman Chemical Company (Denver, CO). The NCGC Pharmaceutical Collection (NPC)
was custom assembled at National Center for Advancing Translational Sciences (NCATS,
NIH, Bethesda, MD). The Ras activation assay kit (17-218) was purchased from Millipore
(Darmstadt, Germany). U0126 and SB203580 were from Promega (Madison, WI) and
SP600125 and the LOPAC collection were purchased from Sigma (Sigma-Aldrich, St.
Louis, Missouri). Unless otherwise indicated, all other drugs were purchased from Sigma
(St. Louis, MO, USA).

2.2 Cell culture and plasmids

The human normal prostate epithelial RWPE1 cells and CRPC cells (PC-3 and 22Rv1) were
purchased from ATCC (Manassas, VA). The C4-2B cells were a kind gift of Dr. LW Chung
(Cedars-Sinai, LA). The PC cells were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum, 2mM L-glutamine and 1% penicillin/streptomycin (P/S). The
RWPE-1 cells were maintained in K-SFM media with supplements (ATCC). For routine
maintenance, each cell line was cultured as a monolayer at 37°C in a 5% CO2, 95% air
incubator. Two C4-2B cell lines stably expressing a control ShRNA or hnRNP H1 shRNA
were generated as we described [11]. All cell lines were authenticated by short tandem
repeat (STR) profiling at Genetica DNA Laboratories (LabCorp, Burlington, NC).

2.3 Cell proliferation

The experiments were performed as we described [15]. Briefly, a panel of control (RWPE-1)
and CRPC (C4-2B, PC-3, and 22Rv1) cells were seeded in a 96-well plate and treated with
MA at a concentration range of 0 (DMSO vehicle) to 250 nM in triplicates for 48 h. Fresh
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media containing 0.5 mg/ml MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide] was then added for 4 h. The supernatants were removed and the resulting formazan
crystals were solubilized in DMSO and measured at 570 nm using a BioTek microplate
reader (BioTek, Winooski, VT).

2.4 Immunoblot and PCR analyses

Oligonucleotide primers for both convention and Real-Time PCR were synthesized by
Integrated DNA technologies (Coralville, lowa) and are listed in Supplementary Table S1.
Total RNA and proteins were isolated from various using standard protocols as we described
[11]. Total RNA was subjected to conventional PCR and/or Real-Time PCR analyses using a
master mix from Bio-Rad Laboratories (Hercules, CA). Protein extracts were subjected to
immunoblot analysis using with antibodies against Alix, Hrs, NA*-K2* ATPase, Rab5, Ras,
p-Raf, Raf, p-ERK, and ERK (Cell Signaling Technology, Danvers, MA), TSG101, CD9,
CD81, CD63, and GAPDH (Santa Cruz Biotechnology, Dallas, TX), Rab27a (Proteintech,
Chicago, IL). Immune complexes were detected with appropriate secondary antibodies from
Santa Cruz Biotechnology (Dallas, TX) and chemiluminescence reagents (Pierce, Rockford,
IL, USA). Immunoblot signals were captured using the Image Quant Las 300 (GE
Healthcare, Piscataway, NJ). Densitometric analysis was performed using ImageJ (NIH,
Bethesda, MD, USA, http://imagej.nih.gov/ij/)

2.5 Ras activity assay

The Ras Activity assay kit (Catalog # 17-218) was purchased from Millipore and Ras
affinity precipitation assay was performed as described in the manufacturer’s protocol [16].
Briefly, C4-2B cells were stimulated for with MA or DMSO for 30 min or 48 hours and
rinsed twice with PBS, following which MLB lysis buffer was added and the cell lysates
were collected by centrifugation. For the negative and positive loading controls, 5uL of
GDP, (ImM final concentration) and 5uL of GTP+yS (100uM final concentration) were
added, respectively, to cell lysate extracts for 30 minutes at 30°C with agitation. Active Ras
was pulled down with 10 pg purified Raf-1 RBD-agarose beads by incubating 1 mg of cell
extracts for 45 min at 4°C with gentle agitation. The beads were washed, collected and
reduced in Laemmli sample buffer. Active Ras (Ras-GTP) bound to the GST-RBD was
dissociated by addition of SDS/PAGE loading buffer, and fractionation onto a 4-20% Mini-
PROTEIN TGX™ polyacrylamide gel (Bio-Rad, Hercules, CA, USA). After transfer, the
membranes were blotted with an anti-Ras Ab, clone RAS10 (EMD Millipore, Billerica,
MA).

2.6 Sucrose gradient and exosome biomarker analyses

To examine the effect of MA on exosome biogenesis, C4-2B cells were incubated in RPMI
media and treated with vehicle or MA for 48 h. Cells were washed, pelleted, and re-
suspended in 0.5 ml of PBS. The cells were then lysed by drawing through a 21-gauge
needle 20 times, centrifuged at 14,000 rpm for 15 min at 4°C to pellet the insoluble fraction.
The supernatant (1 mg protein) was then applied to the top of a tube containing
discontinuous (8%/15%/20%/30%/35%) sucrose gradient and centrifuged for 16 h at
100,000 x gat 4°C. Fractions of 500 pL each were collected by a needle and then separated
by SDS-polyacrylamide gradient gel electrophoresis and analyzed by Western blotting for
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exosome markers Alix (exosome biogenesis marker), Hrs (multivesicular bodies marker),
Rab5 (early endosome marker), Rab27a (exosome secretion marker), Rab7 (late endosome
marker), GAPDH and Na*-K* ATPase (plasma membrane Marker). Immunoblot signals
were captured and densitometric analysis was performed as described above.

2.7 Exosome isolation

2.8 Analysis

Exosomes from conditioned media (CM) of C4-2B cells cultured in exosome-free media
containing MA or control vehicle were purified by differential ultracentrifugation (DU) as
we described [9], with minor modifications (Supplementary Fig. S1) or by an exoEasy Maxi
Kit per manufacturer’s instructions (QIAGEN GmbH, Hilden, Germany).

of exosomes by the gNano-IZON system and NanoSight 300

The impact of MA on exosome secretion was examined by the gNano-1ZON and NanoSight
300 systems by measuring the concentrations, particle diameter, and size-distribution of
exosomes harvested from the CM of C4-2B cells cultured in exosome-free media containing
MA or vehicle (DMSQ). The gNano system (Izon, Cambridge, MA, USA) allows the
detection of exosomes using Tunable Resistive Pulse Sensing (TRPS) technology by driving
vesicles through a pore using a combination of electrophoretic and convective flow induced
by the applied voltage and an external pressure across the pore, respectively [17]. We first
calibrated the voltage, stretch, pressure, and baseline current by using two standard beads:
CPC100B (mode diameter of 110 nm (Izon) and a concentration of 1.1E13/mL) and
CPC70D (mode diameter of 70nm (lzon) and a concentration of 2.8E13/mL). Finally, we
optimized the system at a stretch of 48.50 mm, with a voltage of 0.30 V and 5.0 mbar
pressure level. For analyses, 40 uL of the diluted sample was placed in the upper fluid cell
under identical conditions. To prevent cross-contamination between samples, the upper fluid
cell was washed 3 times with 100 uL PBS to remove residual particles after each
application. We employed two pore types applicable to the intended measurement size range
for extracellular vesicles; NP100 for 50-200nm size range, and NP400 for 200-800nm size
range. For analysis with NP100, the samples were filtered by 0.22-micron Millex-HV
Syringe Filter (EMD Millipore, Billerica, MA, USA). The data analysis was performed with
gNano-1ZON software. Size distribution within exosome preparations was also validated by
measuring the rate of Brownian motion using the NanoSight 300 system, which is equipped
with particle-tracking software (NanoSight, Amesbury, U.K.).

2.9 Analysis of exosomes by the NanoFACS system

The assay was performed as previously described (18-20). The NanoFACS system consists
of Beckman Coulter Astrios-EQ MoFlo Sorter, configured with Side Scatter (SSC) detectors
on each laser path, including the 405, 488, 561, and 640 nm lasers. With this configuration, a
561-nm SSC threshold was set, to allow a stable rate of background scattered light detection
from the fluidics stream at the instrument noise floor. The 488 nm SSC and Forward Scatter
(FSC) were used to detect scattered light from the exosomes and reference beads, with a
resolution range of ~50-500 nm, as defined by control particles. Reference particles with
known concentrations, validated by NanoSight NTA (LM-10, 405nm), were used as
counting reference beads for quantification of nanoFACS-analyzed exosomes. Exosomes
derived from the CM of CD63-GFP-expressing C4-2B cells maintained in exosome-free
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DMEM media and treated with DMSO, MA (250 nM) and/or GW4869 (0.25 or 10uM) were
analyzed. The approximate size and concentration of the particles using the FSC and SSC
parameters were measured relative to reference material controls. The FSC parameter along
the X-axis depicts measurement of the amount of the laser beam that passes around the
particle. The SSC parameter along the Y-axis detects the light scattered in the perpendicular
direction, and, due to a larger collection angle, is more sensitive than FCS for particles with
~100 nm in size. Additionally, the GFP signal of the secreted CD63-GFP particles was also
measured at 523 nm.

2.10 Statistical analysis

3. Results

Data are presented as Means = S.E.M. of more than three independent experiments
performed in triplicate. For Western blots, a case representative experiment is depicted in the
figures section. Comparisons between multiple groups were performed with ANOVA with
Bonferroni’s test using GraphPad Prism. Statistical significance was considered at A< 0.05.

3.1 High throughput screen (HTS) for CD63-GFP biogenesis

Two libraries were screened to examine a variety of compounds on exosome biogenesis; the
LOPAC, a commercially available collection of 1280 pharmacologically active compounds,
and the NPC (NCATS Pharmaceutical Collection, NIH), a collection of 3300 clinically
approved compounds were screened for this assay. CD63-GFP-expressing C4-2B cells were
generated and the screen was implemented in a dose response mode and the compounds
were selected on the basis of GFP signal. One hundred and twenty-eight biogenesis
activators and inhibitors were selected and re-tested in the same assay using 11-point dose
responses to confirm activity and generate more accurate 1Csq for these compounds.
Analysis of secreted exosome in the CM of CD63-GFP-expressing C4-2B cells treated with
MA or DMSO for 24 h was performed by NanoSight 300. Manumycin A produced a robust
and reproducible dose response (0, 250 and 500 nM) in attenuating exosome biogenesis

(Fig. 1).

3.2 MA inhibits exosome biogenesis and secretion by CRPC cells

Dose response cell viability studies were performed to determine the non-cytotoxic dose
(sub-1Cgq concentrations) of MA to evaluate its effect on exosome biogenesis and secretion.
While no effect was observed on RWPE-1 (Fig. 2A) and PC-3 cells (Supplementary Fig.
S1), cellular exposure to MA (250 nM) for 48 hr caused ~8% and 10% cell death in C4-2B
(Fig. 2B) and 22Rv1 (Supplementary Fig. S2), respectively, in comparison to controls. Since
the pathways involved in the biogenesis and secretion of exosomes (3—150 nm) and
microvesicles (MVs; >200 nm) differ, particle measurements were carried out to determine
if their size-distribution and concentrations are modulated by the MA treatment in CRPC
cells. Supplementary Fig. S2 shows the workflow of exosome and MV isolation by DU and
sequential ultrafiltration. Analysis of secreted exosome and MVs in the CM of C4-2B,
22Rv1, PC-3 or RWPE-1 cells treated with MA or DMSO for 48 h was performed by the
TRPS system using NP100 (50-200) and NP400 (200-800 nm) nanopores, respectively. The
analysis showed no difference in the particle size-distribution, particle diameter or diameter
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mode (average size) of exosomes and MVs secreted by C4-2B (Fig. 2C; upper and lower
panels, respectively), 22Rv1, and PC-3 cells (Supplementary Fig. S3A-C) treated with MA
in comparison with DMSO. However, exosome quantification using NP100 nanopore (1zon)
indicated that MA (250 nM) significantly suppressed exosome secretion in C4-2B, 22Rv1,
and PC-3 cells by 50%, 65%, and 60%, respectively, as compared to the controls, but not in
the normal RWPE-1 cells (Fig. 2D). While no effect was observed on particle diameter,
similar pattern, but to a lower extent, of exosome biogenesis inhibition was observed by
GW4869 in 22RV1 and PC-3 cells (Supplementary Fig. S4). Notably, a significant exosome
biogenesis inhibition was detected upon combination of MA and GW4869 as opposed to
either treatment alone (Supplementary Fig. S4). The secreted exosomes were validated by
the expression of tetraspanins (CD9, CD63, and CD81) and exosome biogenesis markers
Alix and TSG101 by Immunoblot and PCR analyses (Fig. 2E).

Next, using pCMV-CD63-GFP expression plasmid, we generated a stable C4-2B cell clone
expressing the exosomal marker CD63 fused with GFP. Treatment of these cells with MA
(250 nM) or DMSO for 48 h had no significant effect on cell viability (Fig. 3A). In order to
independently corroborate the results of the qNano-1ZON experiments, the exosome
secretion by MA-, and DMSO-treated CD63-GFP-expressing cells was analyzed by a
NanoFACS system. This is a high-resolution and high-throughput flow cytometry for
quantification and multiparameter characterization of nano-sized cell-derived vesicles. The
purified exosomes were analyzed and quantified in tandem with 200-nm reference beads, as
a numeric counting control. As shown in Fig. 3B and C, the secretion of exosomes in MA-
treated C4-2B-CD63-GFP was significantly reduced (12.25 fold) compared with controls.
The data was further validated by measuring GFP signal of the secreted CD63-GFP-labeled
exosomes as an indirect quantitation of exosome (Fig. 3D). Taken together, data from
gNano-1ZON and NanoFACS analyses indicate that MA inhibits exosome secretion in
CRPC cells.

We examined key regulatory cellular targets involved in biogenesis and secretion in MA
treated CRPC cells. Dose response experiments demonstrated that MA decreases Alix
expression at a concentration range of 100 to 250 nM in C4-2B cells, but not in the RWPE-1
cells, as evidenced by gRT-PCR (bar graphs) and immunoblot (bottom panels) analyses (Fig.
4A). Subsequent time course experiments demonstrated a robust decrease in Alix mMRNA
transcripts and protein levels (Supplementary Fig. S5 A, B) in C4-2B cells when treated with
250nm of MA for 12 to 48 h period. Dose response experiments demonstrated that MA
decreases Alix expression at a concentration range of 100 to 250 nM in C4-2B cells, but not
in RWPE-1 cells as evidenced by qRT-PCR (bar graph) and immunoblot (bottom panels)
analyses (Fig. 4A). Next, the marker expression of exosome biogenesis and secretion was
examined in discontinuous sucrose gradient centrifugation fractions (8%/15%/20%/30%/
35%) procured from C4-2B cells treated with vehicle (DMSO) or MA (250 nM) for 48 h.
The sucrose fractions were separated by SDS-polyacrylamide gel electrophoresis and
analyzed by Western blotting for the presence of exosome biogenesis markers, Alix; the
multivesicular body marker, Hrs; early endosome marker, Rab 5, and late endosome/
secretion marker Rab27a. Whereas no change observed in Rab 5 levels, MA decreased the
levels of Alix, Hrs, and Rab27a in C4-2B cells compared with vehicle-treated cells (Fig.
4B), suggesting a direct and selective role for MA in inhibiting exosome biogenesis in
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C4-2B cells. Notably, none of the exosome markers examined was detected in the
membrane-enriched (Na*-K* ATPase) fraction.

3.3 Manumycin A attenuates exosomes hiogenesis and secretion via inhibition of
Ras/RAF/ERK signaling pathway in C4-2B cells

Ras farnesylation is important for its activation and involvement in key cellular processes
associated with prostate cancer progression [12]. Manumycin is a potent farnesyltranferase
inhibitor (FTI) with tumoricidal activity against several cancers, especially the ones with
constitutively active Ras [21]. Thus, we sought to examine if Ras signaling mediates the
MA-induced suppression of exosome biogenesis and secretion in CRPC cells. We employed
a Ras activity assay kit, which detects binding of activated Ras (Ras-GTP) to the Ras-
binding domain (RBD) of Raf-1. The active GTP-bound Ras was then pulled down from
C4-2B cell lysates with GST-Raf-RBD coupled to glutathione—agarose. The activated Ras
fraction was determined by immunoblotting with an anti-Ras antibody. As shown in Fig. 4C
(30 min; upper panel; lane 4) and Supplementary Fig. S6 (48 hr), MA inhibited GTPyS
activated Ras in C4-2B cells. Quantitative band density blots indicated that Ras activation by
GTP-yS was significantly decreased (~ 50%) by MA (250 nM) in C4-2B cells (Fig. 4C;
lower panel).

We examined if inhibition of Ras activation by MA reduces the activation of its downstream
effectors using antibodies specific to the phosphorylated forms of c-Raf (p-Raf), ERK1/2 (p-
ERK) and total ERK. MA (250 nM) significantly decreased the endogenous p-Raf and p-
ERK protein levels relative to the total Raf and ERK in C4-2B, but not in RWPE-1, cells, as
evidenced by quantitative immunoblot analysis (Fig 4D). Next, we examined whether Ras
pathway selective inhibitors modulate the expression of exosome biogenesis (Alix) and
secretion (Rab27a) markers. The selective inhibitory efficacies of U0126, SB203580 and
SP600125 on ERK, p38 and JNK activation, respectively, were initially validated in PC-3
cells treated with vehicle or TNF-a (Supplementary Fig S7A). The selective inhibition of
Alix and Rab27a expression by the ERK inhibitor (U0126), but not by p38 (SB203580) or
JNK (SP600125) inhibitors, suggests a direct role for Ras signaling in mediating MA’s
inhibition of exosome biogenesis and secretion in CRPC cells (Fig. 5A and Supplementary
Fig. S7B, C). Taken together, MA attenuates exosome biogenesis and secretion via
inhibition of Ras/Raf/ERK1/2 pathway in CRPC cells.

3.4 MA suppresses exosomes biogenesis and secretion through ERK-dependent inhibition
of hnRNP H1 in PC cells

We examined the role of the nuclear matrix protein hnRNP H1 on Ras activation and
exosome biogenesis and secretion by CRPC cells. The decreased levels of Alix and Rab27a
following inhibition of ERK activation, but not p38 or JNK, was associated with down-
regulation of hnRNP H1 protein levels in C4-2B, 22Rv1 and PC-3 cells (Fig 5A and
Supplementary Fig S7C). We also found that MA inhibits the hnRNP H1 expression in a
dose-dependent manner in C4-2B, 22Rv1, and PC-3 cells, but not in the RWPE-1 cells (Fig.
5B). Quantitative particle analysis (QNano-1ZON; NP-100 nanopore) revealed that hnRNP
H1 shRNA-silencing significantly decreased (~70%) the exosome release by C4-2B cells as
opposed to control-transfected cells (Fig. 5C), suggesting that this nuclear matrix protein is
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involved in the MA-mediated inhibition of exosome biogenesis and/or secretion in CRPC
cells. While no difference was observed in the particle size-distribution and particle diameter
of secreted exosomes (Supplementary Fig. S8), a decrease in cellular Ras, pERK, Alix,
Rab27a and in exosomal CD9, Ras and Alix transcript levels was detected in the shRNP H1
shRNA-silenced C4-2B cells compared with the control transfected cells (Fig. 5D, left and
right panels, respectively). Similar to hnRNP H1 shRNA-silenced C4-2B cells, MA
inhibited Ras and Alix protein sorting in the exosome “cargos” of C4-2B, 22Rv1 and PC-3
cells (Fig. 5E). Taken together, the results suggest that MA targeted inhibition of
Ras/Raf/ERK signaling reduces exosome biogenesis and secretion in an hnRNP H1-
dependent manner, as evidenced by a reduction in cellular expression and exosomal sorting
of oncogenic Ras and biogenesis markers in the CRPC cells.

5. Discussion

Exosomes and other microvesicles are released into the extracellular space under both
physiological and disease conditions by virtually all cells [2]. Exosomes are essentially
involved in cellular communications through the trafficking of cytosolic components and
membrane proteins, from donor cells into recipient cells [5]. The exosome-mediated transfer
of such factors is implicated in cancer development, progression, and clonal expansion by
provoking immune suppression, angiogenesis, metastasis, development of drug resistance
and neoplastic reprogramming of tumor-recruited stem cells [3, 9]. Thus the discovery of
targeted strategies aimed at inhibiting exosome biogenesis and secretion by tumor cells
and/or their uptake by recipient cells may have important therapeutic implications.

The underlying mechanisms that govern EV formation, packaging of their ‘cargo’ and
secretion by cancer cells remain largely elusive. Such a gap in knowledge clearly hampers
efforts to unravel their pathophysiologic relevance and therapeutic targeting in cancer
initiation and progression. In this study, our two-library screens identified MA, a natural,
well-tolerated microbial metabolite and a potent experimental tumoricide [22], as one of the
lead compounds that effectively target and inhibit exosome biogenesis and secretion by
CRPC cells, but not normal prostate cells. The EV analysis by TRPS, Nanosight300 and
NanoFACS analyses revealed that MA selectively inhibits biogenesis and secretion of
exosomes (<200 nm in size) in a number of CRPC cells. This was evident by an appreciable
decrease in secreted exosomes and their biogenesis markers, Alix, Hrs and Rab27a in these
cells. The functional role of the ESCRT-0 member Hrs in exosome formation and secretion
has been documented in various cell types, including Hela cells and head and neck
squamous cell carcinoma [23]. Hrs recruits TSG101 of the ESCRT-I complex, which then
recruits ESCRT-I11 via the ESCRT-accessory protein Alix [23]. Thus, targeting exosome
biogenesis and secretion by MA may be triggered by diverse cell-type specific mechanisms.
On the other hand, Trajkovic et al. [24] reported that exosomes are released independently
from this ESCRT machinery via neutral sphingomyelinase 2 (nSMase2).

Ras, a member of the protein superfamily of a small GTPases, promotes survival pathways
in cancer cells. Ras activation is reported in many cancers, including PC [25]. Farnesylation
of Ras is required for its activation, translocation, and stimulation of mitogenic signals of the
downstream tyrosine kinase receptors [26, 27]. Farnesyltransferase inhibitors suppress
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farnesylation of Ras and prevent its plasma membrane translocation and inhibit downstream
signal transduction pathways, such as Raf-MEK-ERK (28). We documented herein that MA
inhibits Ras activity (Ras-GTP) in CRPC cell. MA targeted inhibition of Ras in CRPC cells
was coupled with a decrease in phosphorylation of its downstream effectors Raf and ERK,
suggesting that MA-induced inhibition of Ras activity may be attributed to
farnesyltransferase inactivation. The attenuation of exosome biogenesis by ERK inhibitors
further attests to the functional significance of Ras/Raf/ERK signaling in exosome
biogenesis and secretion and its crucial role in mediating MA effects in CRPC cells.

While MA (250 nM) or GW4869 alone reduced exosome release by CRPC cells, a robust
inhibition was induced by their combination. However, MA inhibition of nSMase2 was
reported at higher concentrations (10 uM) of MA [29], suggesting that lower concentrations
(250 nM) of MA may inhibit exosome biogenesis primarily through inhibition Ras pathway
in CRPC cells. The fact that low concentration of MA exerted no effect on exosome
biogenesis and secretion in normal RWPE1 cells may be attributed to its inability to
nSMase2 inhibition of low concentrations of MA and the paucity of constitutively active Ras
in these cells. Thus unlike GW4869, MA potentially attenuates exosome biogenesis (and
secretion) by targeting both Ras and nSMase2 pathways in a dose-dependent manner in
CRPC cells.

Members of the hnRNP family are implicated in activation of Ras/Raf/ERK pathway [30].
We recently documented selective expression of the oncogenic and splicing factor hnRNP
H1 in the promotion of PC progression [11]. The present study demonstrated a potential role
for hnRNP H1 in exosome biogenesis and secretion and sorting of Ras in exosomal ‘cargo’
in CRPC cells. The decrease in hnRNP H1 transcripts by the ERK inhibitor, but not p38
MAPK or JNK inhibitors, suggests that hnRNP H1 is a Ras downstream effector involved in
regulation of exosome biogenesis and secretion in CRPC cells. We also demonstrated a
decrease in cellular Ras, pERK, Alix, Rab27a in the shRNP H1 shRNA-silenced C4-2B
cells. This finding was in agreement with a previous study demonstrating that inhibition of
Raf expression levels with siRNA hnRNP H1 results in inhibition of the ERK signaling and
cellular transformation by binding and blocking activated Ras [31]. A positive feedback loop
between Ras and hnRNP H1 was also evident; the latter is potentially critical to
transcriptional upregulation of Ras in the CRPC cells. Our recent demonstration of the
pivotal role of CRPC cell-derived exosomal Ras in the neoplastic reprogramming of tumor-
tropic adipose stem cells [9], suggests that MA may potentially reduce cancer progression
by suppressing Ras exosomal sorting in hnRNP H1-dependent manner in the CRPC cells.
Taken together, hnRNP H1 facilitates MA’s suppression of exosome biogenesis and
secretion either directly through targeted inhibition of Alix and Rab27a or indirectly via
targeted inhibition of Ras expression in CRPC cells (Fig. 6).

Overall, the present study provides evidence that MA suppresses ESCRT-dependent
exosome biogenesis and secretion via inhibition of the Ras signaling pathway. The hnRNP
H1 is a pivotal downstream effector required for MA-Ras mediated inhibition of exosome
biogenesis and secretion and exosomal Ras sorting in the CRPC cells. Given their critical
role in cell-to-cell communications and neoplastic reprogramming of stem cells, our findings
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suggest that MA is a potential exosome-targeting drug to curb PC progression and exosome-
mediated cell-cell communications other disease types.
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Alix ALG-2 interacting protein X

CRPC castration-resistant prostate cancer
ESCRT endosomal sorting complex required for transport
EVs extracellular vesicles

hnRNP H1 heterogeneous nuclear ribonucleoprotein H1

Hrs hepatocyte growth factor-regulated tyrosine kinase substrate
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MVB microvesicular bodies
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Highlights for Review

. There are no known approved drugs targeting exosome biogenesis and
secretion by castration-resistant prostate cancer (CRPC) cells.

. MA suppresses exosome biogenesis and secretion via inhibition of
Ras/Raf/MEK/ERK1/2 signaling in CRPC cells.

. The Ras-dependent MA suppression of exosome biogenesis and secretion is
partly mediated via an ERK-dependent inhibition of hnRNP H1 in CRPC
cells

. MA is a potential adjuvant therapeutic drug in patients presenting with CRPC.
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Fig. 1.

Size (nm)

Measurement of exosome secretion by NanoSight 300 Nanoparticle Tracking Analysis
(Malvern, U.K.). Distribution curves of CD63-GFP-expressing C4-2B cell-derived
exosomes after treatment with DMSO, 250nM Manumycin A for 24 or 72 h. Video of
exosomes was captured in five replicates of one minute each by the NanoSight 300 using
camera level 11, slider shutter 890, and slider gain 146. Videos were analyzed using

detection threshold of 11. * denotes significance at P<0.05.
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Fig. 2.

Mgnumycin A (MA) inhibits the exosome release by C4-2B cells. RWPE-1 (A) and C4-2B
(B) cells were incubated overnight in 96-well cell culture plates with the indicated
concentrations of Manumycin A or vehicle (DMSO) and analyzed for cell viability for 48 h,
respectively. The ICgq concentration values for C4-2B cells were extrapolated from the
sigmoid dose response curve fitting (GraphPad Prism software). The error bars represent the
95% confidence intervals of three independent experiments. (C) Following differential
ultracentrifugation, extracellular vesicles and exosomes populations in the conditioned
medium (CM) of DMSO (upper panel) or MA (250 nM; lower panel) were prepared by
filtration through 0.8 uM and 0.22 pM filters, respectively, and their size distribution was
analyzed by gNano-1ZON system using NP400 and NP-100 nanopores, respectively. (D)
gNano-1ZON particle quantitative analysis (NP-100 nanopore) depicting a significant
decrease in exosome concentrations (50-200 nm size) in the CM of RWPE-1, C4-2B, 22Rv1
and PC-3 cells treated with MA compared to vehicle treated controls. (E) Expression of
exosome markers tetraspanins (CD9, CD63, and CD81) and exosome biogenesis markers
Alix and TSG101 in the exosomes of RWPE-1, C4-2B, 22Rv1, and PC-3 cells harvested by
UC and filtration (0.22 um). GAPDH was used a control. *denotes significance at p<0.05
compared to control.
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Fig. 3.

Ar?alysis of exosome release by CD-63-GFP-expressing C4-2B cells. A stable C4-2B cell
clone expressing CD63-GFP was generated as described in “Materials and Methods”. (A)
Cell viability of CD-63-GFP-expressing C4-2B cells cultured in presence of MA or vehicle
(DMSO) for 48 h. (B) The exosomes in the conditioned media (48 h) derived from CD-63-
GFP-expressing C4-2B cells exposed for MA or DMSO were isolated and analyzed by the
NanoFACS system. The size and particle concentrations were determined using the Forward
SCatter (FSC) and Side SCatter (SSC) parameters. The FSC (488 nm) is depicted along the
X-axis, whereas SSC (488 nm) on the Y-axis. PBS without EVs was used as a reference
control. (C) MA significantly suppressed (12.5-fold) exosome secretion by the cells
compared to controls. (D) The GFP signal in the tagged exosomes measured by the
NanoFACS corroborated attenuation of exosomes secretion by MA in comparison to
controls. Mean values and standard errors were derived from four independent experiments.
*denotes significance at p<0.05 compared to control
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Fig. 4.

Mgnumycin A (MA) attenuates exosomes biogenesis and secretion through inhibition of the
Ras signaling pathway in C4-2B cells. (A) RWPE-1, C4-2B, PC-3 or 22Rv1 cells were
treated with various concentrations of MA or control vehicle (DMSO) for 48 h. The
expression of Alix in cell lysates was examined by gRT-PCR (bar graph) and immunoblot
(bottom panels) analyses using primers and antibodies specific to Alix and GAPDH. (B)
Analysis of exosome biogenesis and secretion markers in fractions prepared by
discontinuous sucrose gradient centrifugation (8%/15%/20%/30%/35%) of lysates (1 mg)
procured from C4-2B cells treated with vehicle or MA (250 nM) for 48 h. Sucrose fractions
were separated by SDS-polyacrylamide gel electrophoresis and analyzed by Western
blotting for the presence of exosome biogenesis marker (Alix), a multivesicular body
marker, (Hrs), an early endosome marker (Rab 5), and late endosome secretion marker
(Rab27a). (C) Cell lysates of C4-2B treated with vehicle or MA (250 nM) for 30 min and
subjected to analysis by a Ras activation assay kit. The samples were pulled down with
Raf-1 RBD-agarose beads, analyzed by SDS PAGE and blotted with an anti-Ras antibody
(upper panel). Lane 1 and 2 are inputs. Lanes 5 (GDP alone) and 6 (GTPyS alone) are
negative and positive controls, respectively. Lanes 3 and 4 show the levels of inactive and
active Ras, respectively, upon treatment with MA. The immunoblots were normalized to
inactive Ras (GDP-negative control) and quantified by ImageJ (NIH, Bethesda, MD, USA,
http://imagej.nih.gov/ij/) (lower panel). (D) Lysates of RWPE-1 (left panel) or C4-2B (right
panel) cells treated with vehicle or MA (100 or 250 nM) were analyzed by immunoblotting
with antibodies against the phosphorylated form of Raf (p-Raf) and ERK1/2 (p-ERK) and
total ERK. Immunoblots for p-Raf and p-ERK in RWPEL1 (left bar graph) and C4-2B (right
bar graph) were quantified using ImageJ (right panel) and data are expressed as the fold-
change from control. *denotes significance at p<0.05 compared to controls
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Fig. 5.

M?A suppresses exosomes biogenesis and secretion via ERK-dependent inhibition of hnRNP
H1 in C4-2B cells. (A) Immunoblot analysis of hnRNP H1 and the exosome markers Alix
and Rab27a in C4-2B, 22Rv1 and PC-3 cells treated with an ERK inhibitor (U0126), or
DMSO (vehicle) (left panel). The protein expression levels are quantified relative to
GAPDH by ImageJ (right panel). (B) RWPE-1, C4-2B, 22Rv1 and PC-3 cells were treated
with vehicle (DMSO) or various concentrations (up to 250 nM) of MA for 48 h. Cell protein
lysates were subjected to immunoblot analysis with antibodies specific to hnRNP H1 or
GAPDH. (C) Quantitative qNano-1ZON particle analysis (NP-100 nanopore) depicting a
significant decrease (~ 70%) in exosome concentrations (50-200 nm size) in conditioned
media (CM) of C4-2B cells transfected with control short-hairpin RNA (Control-shRNA) or
hnRHP H1-shRNA expression plasmid with MA compared to vehicle (DMSO) treated
controls. (D) Total and exosome protein lysates were prepared from C4-2B cells transfected
with control or hnRNP H1 shnRNA expression plasmid. Proteins were subjected to
immunoblot analysis with antibodies against Alix, Ras, Rab27a, CD9, pERK, ERK, hnRNP
H1, and GAPDH. (E) Immunoblot analysis of Alix and Ras in the exosomes derived from
C4-2B, 22Rv1, and PC-3 cells. * denotes significance at p<0.05 compared to controls.
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chhematic representation of inhibition of exosome biogenesis and secretion by Manumycin
A in CRPC cells. The inhibition of Ras/Raf/ERK1/2 pathway by MA leads to transcriptional
down-regulation of hnRNP H1. A decrease in hnRNP H1 transcripts leads to inhibition of
exosome hiogenesis and secretion by suppressing ALIX and Rab27a. (EE) early endosome;
LE, late endosome; MVB, multivesicular bodies; ESCRT, endosomal sorting complex
required for transport.
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