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Graphical Abstract

Highlights
1. Non-caveolar caveolin-1 drives non-canonical localization of hnRNPK to mul-
tivesicular bodies (MVB) via membrane raft-dependent mechanism.
2. MVB localized hnRNPK mediates EV loading of AsUGnA motif-containing
miRNA, which is required for EV-induced in vitro osteoclastogenesiss.
3. Elevated EV hnRNPK in biofluids from metastatic cancer patients suggest a
role as a biomarker.
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Abstract
Background: Caveolae proteins play diverse roles in cancer development and
progression. In prostate cancer, non-caveolar caveolin-1 (CAV1) promotesmetas-
tasis, while CAVIN1 attenuates CAV1-induced metastasis. Here, we unveil a
novelmechanism linking CAV1 to selective loading of exosomeswithmetastasis-
promoting microRNAs.
Results:We identify hnRNPK as a CAV1-regulated microRNA binding protein.
In the absence of CAVIN1, non-caveolar CAV1 drives localisation of hnRPNK
to multi-vesicular bodies (MVBs), recruiting AsUGnA motif-containing miR-
NAs and causing their release within exosomes. This process is dependent on
the lipid environment of membranes as shown by cholesterol depletion using
methyl-β-cyclodextrin or by treatment with n-3 polyunsaturated fatty acids. Con-
sistent with a role in bone metastasis, knockdown of hnRNPK in prostate can-
cer PC3 cells abolished the ability of PC3 extracellular vesicles (EV) to induce
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osteoclastogenesis, and biofluid EV hnRNPK is elevated in metastatic prostate
and colorectal cancer.
Conclusions: Taken together, these results support a novel pan-cancer mech-
anism for CAV1-driven exosomal release of hnRNPK and associated miRNA in
metastasis, which is modulated by the membrane lipid environment.

KEYWORDS
cancer, cargo, epigenetics, extracellular vesicle, hnRNPK, lipid raft, membrane raft, miRNA,
RNA-binding protein, RNA sequence motif

1 INTRODUCTION

Caveolae are a flask-shaped subtype of membrane raft
formed by the interaction of structural membrane pro-
tein caveolin-1 (CAV1) and cytoplasmic protein cavin-
1 (CAVIN1) (also called PTRF, polymerase I and tran-
script release factor) in a cholesterol- and sphingolipid-
rich membrane.1 While these proteins are co-expressed
in healthy human cells, advanced prostate cancer cells
express CAV1 without CAVIN1, leading to aberrant pro-
metastatic non-caveolar CAV1 domains.2 We have utilised
prostate cancer cell line models to assess the roles of
these caveolae proteins in regulating EV cargo and disease
pathology.
The expression pattern CAV1+/CAVIN1- is replicated

in the non-caveolar PC3 (aggressive prostate cancer)
cell line. Ectopic expression of CAVIN1 in PC3 cells
(CAV1+/CAVIN1+ expression, named here PC3-CAVIN1)
not only rescues caveolae formation, but attenuates mul-
tiple oncogenic properties in vitro and in vivo.2,3 In addi-
tion to suppressed growth and migration, PC3-CAVIN1
cells display an altered tumour microenvironment in a
xenograft model, including reduced stromal myofibrob-
lasts and attenuated metastasis to lung and bone.4 Mecha-
nistically, this was found to be due to altered extracellular
vesicle (EV) content affecting osteoblast proliferation and
differentiation.4
EVs are membrane-enclosed particles that are naturally

released from a cell. They are reported to transfer func-
tional messenger RNAs (mRNAs), microRNA (miRNAs)
and proteins to recipient cells and thereby change their cel-
lular processes.5 Twomajor types of EVs have been defined
based on the route of release: exosomes are generated in
the endocytic system in multi-vesicular bodies (MVB) and
are released via fusion of the delimiting membranes of the
MVB with the plasma membrane, while larger microvesi-
cles pinch off the cell surface.5 In this paper, we follow the
recommendation of the International Society of Extracel-
lular Vesicles, we have used the term ’exosome’ when we
know the mode of biogenesis, and the term ’EV’ to denote
a mixture of vesicles or where mode of biogenesis is not

clear.6 Regardless of the mode of biogenesis, both vesicle-
based communication systems appear to be exquisitely reg-
ulated in normal physiology but are altered in diseases,
including cancers.7 Ultimately, the pathological or physi-
ological effects delivered by EVs are largely dependent on
the cargo.
In recent years, the RNA content of EVs, particularly

the microRNA (miRNA) subpopulation, has been increas-
ingly implicated in disease pathology.8 miRNAs are key
regulatory molecules that control the expression of sev-
eral genes by directly binding tomRNA to suppress protein
translation,9 which ultimately results in altered pathway
activity. While studying PC3 EV miRNA as a modulator
of osteogenic activity, we made the intriguing observation
that the osteogenic miR-148a-3p was reduced in CAVIN1
PC3 EVs without altering total cellular levels.4 Although
CAVIN1 expression alters the PC3 membrane raft and EV
proteome,3 CAVIN1 itself was not detected in EV,4 suggest-
ing that CAVIN1 indirectly regulates EV miRNA content.
EV cargo can be ascertained passively from the cyto-

plasm during biogenesis, or via regulated sorting mech-
anisms. Protein cargos are loaded to EVs via endoso-
mal sorting complexes required for transport complex
and tetraspanin-based mechanisms.10 EV membranes are
enriched in cholesterol and sphingolipids,11 a property
shared with caveolae membranes and membrane raft frac-
tions that are obtained as detergent-resistant membranes
(DRMs). In contrast to the surrounding membrane, mem-
brane rafts possess differing biophysical properties, such
as increased bilayer thickness and viscosity, which drive
lateral lipid and protein compartmentalisation.12 EVmem-
brane lipid composition has been implicated in protein13,14
and RNA cargo sorting,15 although themechanisms are yet
to be elucidated.
As caveolae formation impacts membrane raft

proteome,1 we hypothesised that CAVIN1 regulates
miRNA loading to EVs by modulating RNA-binding
proteins in the membrane raft. To test this hypothesis, we
sought to identify RNA-binding proteins responsible for
selective EV miRNA loading and target miRNA sequence
motif/s, using an integrated approach combining small
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RNA sequencing, computational and cell-based analyses.
We identified heterogeneous nuclear ribonucleoprotein
K (hnRNPK) as the central mediator of CAV1-driven
sequence-specific miRNA sorting. While hnRNPK is a
multi-functional nuclear protein with known healthy and
disease functions, this study provides the first documented
role of exosomal hnRNPK and its direct interaction with
miRNA in cancer. Furthermore, regulation of miRNA
sorting via membrane remodelling driven by non-caveolar
CAV1 provides integrated mechanistic understanding of
exosomal cargo loading.

2 MATERIALS ANDMETHODS

2.1 Human subjects and samples

For the prostate cancer cohort, ethical approval was
obtained from the University of Queensland Medical
Research Ethics Committee (project number: 2004000047)
and the Royal Brisbane and Women’s Hospital Human
Research Ethics Committee (HREC/09/QRBW/320,
HREC/09/QRBW/305 together with 1995/088B). Informed
consent was obtained from all participants. Initial and
updated biopsy and radical prostatectomy (RP) histology
specimens were reviewed by expert uropathologists.
Risk stratification for biopsies was performed using the
D’Amico criteria recommended in the American Uro-
logical Association Guidelines. Seminal fluid specimens
collected into sterile urine jars containing 20 ml Hanks
Balanced Salt Solution were layered over a 10 ml isotonic
Percoll gradient (GE Healthcare-Pharmacia) and cen-
trifuged at 974 × g for 30–60 min at 4◦C. The non-sperm
epithelial cell layer was harvested for cell-based analyses
as previously reported, while supernatants (seminal
plasma) were collected in 1 ml aliquots, snap-frozen on
dry ice and stored at −80◦C. All samples used for this
study were assessed as clinically significant at follow-up.
Progressively rising serum prostate-specific antigen levels
post-therapy (RP, androgen-deprivation therapy, external
beam therapy) indicated the presence of non-localised,
metastatic disease at the outset.
The colorectal cancer study was approved by Ochsner

Clinic Foundation investigative review board and con-
ducted in accordance with the ethical standards of the
Institutional Committee on Human Experimentation.
Patients undergoing resection for colorectal adenocarci-
noma were invited to participate. Tissue and blood sam-
ples were collected from consenting patients at surgery. A
board-certified pathologist determined the final diagnosis,
tumor type and grade. Plasma samples were isolated from
whole blood and stored at −20◦C prior to experiments.

Both patient cohorts information can be found in Table
S1 (prostate cancer cohort, Tab 1; colorectal cancer cohort,
Tab 2).

2.2 Cell culture

2.2.1 Source and general culture conditions

HEK293 cells were a generous gift from the Simpson lab-
oratory, University of Queensland Diamantina Institute
(UQDI), Faculty of Medicine, The University of Queens-
land. PC3 cell lines were cultured in 5% FBS/RPMI1640
media (Bovogen, Gibco) at 37◦C in a 5% CO2 incuba-
tor (generation and characterisation described by Moon
et al2). LNCaP cell lines (generation and characterisation
described in2) were cultured in 8% FBS/RPMI1640 media
(Bovogen, Gibco), and HEK293 cell lines were cultured
in 10% FBS/DMEM media (Bovogen, Gibco) in the same
conditions. Stable expression of GFP (-CONT cells) and
GFP taggedCAVIN1 (-CAVIN1 cells) or CAV1 (-CAV1 cells)
in cell lines were maintained in 0.1 mg/ml G418 (Gibco).
RAW264.7 cells were a generous gift from the Anderson
laboratory (Iron Metabolism, QIMRB) and grown in 10%
FBS/DMEM.

2.2.2 Generation of CAV1-HEK293 cells

Lentiviral particles for GFP tagged CAV1, GFP and con-
trol (pLV411) were obtained from UQDI ARVEC facil-
ity, and cells were transduced as previously described.16
Transduced cells were selected by GFP expression using
fluorescence-activated cell sorting.

2.2.3 Transient knockdown using siRNA

Wild type PC3 cells were grown in 10 cm dishes
until 80% confluency prior to siRNA treatment, using
three dishes per condition, per replicate. Transfection of
hnRNPK or non-targeting ON-TARGETplus SMARTpool
siRNA (Dharmacon) was completed as per manufacturer’s
instruction. Briefly, lipofectamine 2000 was used to trans-
fect 100 nM siRNA into PC3 cells in serum-free conditions.
After 24 h incubation, conditionedmedia was collected for
EV extraction.

2.2.4 Cell line treatments

Cells were grown in 10 cm plates (for subcellular fraction-
ation) or in six-well plates with coverslips (for microscopy)
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until 70% confluency in normal growth conditions. Media
was removed, and cells were washed with PBS, fol-
lowed by addition of membrane raft disrupting reagent
in RPMI-1640 media containing 5% lipoprotein deficient
serum (LPDS). After 24 h incubation, cells were fixed in
4% paraformaldehyde (PFA) for microscopy, or harvested
using a cell scraper then transferred to Eppendorf tubes.
Cell pellets were stored at −20◦C.

2.2.5 Osteoclastogenesis assay

One thousand RAW264.7 were seeded into 24 well plates
in normal growth conditions. After 24 h, 10 μg/mL EVs
fromhnRNPK-knockdownor non-targeting siRNA treated
PC3 cells, or EV-depleted media (50μL per well), or posi-
tive control (40 ng/mL RANKL), or PBS (50μL) negative
control were added. After 72 h, media containing treat-
ments were refreshed. After a further 48 h, cells were
fixed in 4% PFA and TRAP stained for 1 h at 37◦C using
2.5 mM Naphthol-ASBI phosphate, 0.5 mM Fast Red Vio-
let LB, 0.1M sodiumacetate, 50mMsodium tartrate and 1%
Triton-X100. Using light microscopy (40x magnification),
10 fields were captured for each well and multinucleated
TRAP-positive were counted. Three biological replicates
were completed using EVs collected from three separate
knockdown experiments.

2.3 EV purification

2.3.1 EV purification from culture
supernatant

EVs were isolated from cultured cells using ultrafiltra-
tion and ultracentrifugation. Briefly, cells were seeded and
grown in appropriate growth media in 15-cm dishes until
70% confluency. Growth media was removed, and cells
were gently washed three times with PBS, to remove FBS
EVs, before serum free RPMI1640 (Gibco) was added. After
incubation for 24 h, the supernatant was collected, and
whole cells and debris were removed by centrifugation at
800 x g for 5 min at 4◦C and subsequently 5,000 x g for
10 min at 4◦C. Cleared supernatant was then concentrated
using Amicon 10 kDa spin column units (Millipore) until
1 ml of concentratedmedia remained. Concentratedmedia
was transferred to ultracentrifuge microfuge tubes, and
EVs were extracted at 100,000 x g, 2 h, 4◦C. EV pellets were
washed with cold PBS, resuspended in PBS and stored at
−80◦C. EVs isolated from PC3 cell lines were previously
characterised.2

2.3.2 EV purification from plasma and
seminal plasma

Plasma was diluted with an equal volume of PBS and cen-
trifuged at 2,000 x g for 30 min at 4◦C to pellet any cellular
debris. The supernatant was centrifuged at 12,000 x g for
45min at 4◦C to pellet larger vesicles. The supernatant was
transferred to an ultracentrifuge tube and centrifuged at
100,000 x g for 2 h to pellet EVs. The 100,000 x g pellet was
resuspended in PBS and filtered through a 0.22 μm filter
to break up any clumps and centrifuged again at 100,000 x
g for 2 h. The EV pellet containing the enriched exosome
population is resuspended in PBS and at −80◦C until later
use.
To collect EVs from seminal plasma, a 1 ml aliquot

of dilute seminal fluid supernatant was centrifuged at
100,000 x g for 60 min, and resulting pellets were washed
using PBS and stored at −20◦C until use.

2.4 Small RNA-sequencing and
differential abundance analysis

Total RNA from cells and EVs were isolated by Trizol
(Invitrogen) extraction, carried out at room temperature
(approximately 22◦C) as per manufacturer’s instruction.
Resuspended RNAwas quantified using a Nanodrop Spec-
trophotometer to ensure equal quantities of RNA for RNA-
seq analysis.
Small RNAs were selected for sequencing using the

NEBNext Small RNA library Prep Kit. Libraries were size
selected using a Perkin Elmer Labchip XT. Whole cell and
EV libraries were multiplexed from three biological repli-
cates and sequenced on an Illumina NextSeq mid-output
run at a read depth of one million reads per sample. Reads
were mapped to miRBase (v21), resulting in raw count
data. The RNA sequencing data have been deposited to
the Gene Expression Omnibus under the accession num-
ber GSE109356.
miRNA counts were filtered to remove low abundant

miRNA with less than 20 counts identified in total across
all replicates, and remaining data were normalised using
the empirical normalisation method from the RUVseq
package in R studio.17 This normalisationmethod assumes
RNA amount is equal across the samples as an alternative
to RNA-spike in normalisation methods (no spike in used
here). Data sets were split into EV (resulting in log2FC EV)
and cellular data (log2FC Cell) for subsequent processing.
The normalised counts were processed using DESeq2 R
software package using the standard pipeline to compare
the three biological replicates for each condition.18 miR-
NAs consistently identified in EVs were compared to their
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cellular levels to determine selective export by calculating
fold enrichment (FE)where FE= log2FCEV – log2FCCell.
Graphpad Prism 7 was used to generate heat maps and
scatterplots.

2.5 RNAmotif discovery and
enrichment analysis

Mature miRNA sequences were acquired from miRBase
(v21). MEME (Multiple EM for Motif Elicitation) program
was used for the de novo discovery of RNA motifs sig-
nificantly overrepresented in selectively exported miRNA
sequences with parameters adjusted to zero or one motif
occurrence per sequence (-mod zoops), minimal motif
length equals 4 (-minw 4), maximal motif length equals
10 (-maxw 10) and 0-order background frequencies of
nucleotides based on input miRNA sequences. Small
motifs were predicted (4–10 nucleotides) due to the small
size ofmaturemiRNAs.Motifs identified are returnedwith
an E-value to describe the likelihood of a random occur-
rence of this motif in the inputted sequences, where E-
values < 0.05 are considered statistically significant, and
not occurring by chance. Enrichment analysis of motifs
discovered in the selectively exported miRNA sequences
(all EVmiRNAs used as background) was performed using
the algorithms implemented in TAMO package.19 Church
values and p-values were calculated in the TAMOpackage,
as two different representations of statistical significance
of the motifs.20 Position-specific scoring matrices of other
RNA-binding proteins were acquired from RNA-Binding
Protein database.21 Transcript targets for the motif con-
taining microRNAs were identified using miRTarBase and
applied to PANTHER and Reactome online software.22,23

2.6 Immunoprecipitation

Cells were lysed in cold hypotonic lysis buffer (10mMTris-
Cl [pH 7.5], 20mMKCl, 1.5mMMgCl2, 5mMDTT, 0.5mM
EDTA, 5% glycerol, 0.5% NP-40) supplemented with 40
U/μL RNase OUT (ThermoFisher) and protease inhibitors
(Aprotinin, Antipain, Pepstain A, Leupetin, Benzamidine)
for RNA-immunoprecipitation. Resulting lysate was incu-
bated at 4◦C for 1 h with 1 nmol 3′ biotinylated miRNA
oligonucleotidewith gentle rotation to avoid settling. Reac-
tionmixturewas added towashedM-270 streptavidinDyn-
abeads and incubated for a further 90 min at 4◦C. Super-
natant was subsequently removed and used to confirm tar-
get presence in reaction. Beads were washed five times
with lysis buffer before incubation at 95◦C for 5 min in
SDS-PAGE buffer to elute protein for subsequent west-
ern blotting. Quantities were determined using the LI-

COR Odyssey software to measure hnRNPK band inten-
sity and normalised to total intensity across the replicate
to account for differences in blotting efficiency. The tar-
get oligonucleotide was designed to mimic mature miR-
148a-3p sequence, with a 3′ biotin modification. The nega-
tive control oligonucleotidewas generated usingGenScript
scramble sequence generator and compared to known
miRNA sequences using miRBase’s search by sequence
function to confirm no possible mimic (all oligonucleotide
sequences available in Table S6).
Co-immunoprecipitation experiments to determine

hnRNPK binding partners were performed using Pierce
magnetic Protein A/G beads, as per manufacturer’s
instruction. Eluent was collected after boiling with
SDS-PAGE buffer.

2.7 Western immunoblotting

Proteins were separated on 12.5% acry-
lamide/bisacrylamide gels with 4% stacking gel and
transferred to Immobilon-P PVDF membranes (Merck
Millipore) for 1 h at 100 V. Membranes were blocked
using 3% BSA/TBS buffer and incubated with diluted pri-
mary antibodies (1 μg/ml) and LI-COR IRdye secondary
antibodies (0.75 μg/ml).

2.8 In vitro microscale thermophoresis
assay

To produce recombinant hnRNPK for in vitro microscale
thermophoresis (MST) assay, a vector encoding the Homo
sapiens hnRNPK gene was obtained and sub-cloned into a
pETM-11 backbone engineered with an N-terminal 6xHis-
GFP tag and tobacco etch virus recognition sequence as
per.24 Dilution series of recombinant hnRNPK or negative
binding control BSA (NanoTemper Technologies) starting
at 150 μM were prepared in 50 mM HEPES, 0.3 M KCl,
pH 7.4 and mixed with 5′ 6-FAM labelled RNA oligonu-
cleotides (integrated DNA technologies) to a final RNA
concentration of 40 nM. The temperature jump data from
three replicate measurements were averaged and anal-
ysed using the implemented fitting software NT Analy-
sis (NanoTemper Technologies). Binding isotherms were
fitted using the Hill equation. MST measurements were
performed in standard treated capillaries (NanoTemper
Technologies) on a Monolith NT.115 system (NanoTem-
per Technologies) using 40% LED and 40% IR-laser power.
Laser on and off times were set at 30 s and 5 s, respec-
tively. RNA probe names and sequences used in these
experiments were designed to mimic wild type miR-148a-
3p sequence, or mimic with transition mutations in the
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motif region (all oligonucleotide sequences are available in
Table S6).

2.9 Microscopy

2.9.1 Immunofluorescence microscopy

Cells were grown to 70% confluency on coverslips prior to
fixation with 4% PFA for 30 min at room temperature. All
further incubations were performed at room temperature.
Afterwashingwith PBS, 0.1%Triton-X100 in blocking solu-
tion (1% BSA/PBS)was added to the coverslips to block and
permeabilize the cells. Cells were incubated with desired
primary antibodies for 1 h followed by washing three times
with PBS and incubating with secondary AlexaFluor anti-
bodies for an additional 1 h. Nuclei were stained using
1:1000 dilutions of DAPI (4′,6′-diamidino-2-phenylindole,
Sigma) and mounted using Prolong Diamond mounting
media (Invitrogen).

2.9.2 miRNA in situ hybridisation

Cellswere grown to 70% confluency on coverslips andwere
fixed using 100% cold methanol in preparation for miRNA
in situ hybridisation (as described in Robinson et al25).
Negative control, Cy5-scrambled-miR-148a oligo, was gen-
erated using the GenScript scramble sequence generator
and compared to known miRNA sequences using miR-
Base’s search by sequence function to confirm no known
predicted target (all oligonucleotide sequences are avail-
able in Table S6).

2.9.3 Co-localisation analyses

Two different co-localisation experiments were conducted
using the same statistical method and processing. Images
obtained from the immunofluorescence and miR-ISH
experiments were analysedwith the Coloc2 analysis on the
ImageJ (FIJI) software. Given that hnRNPK is known to be
present in multiple localisations (nucleus and cytoplasmic
regions), we used region of interest (ROI) analysis to focus
on the areas where the miRNA probe or the MVB marker
was in high concentration. A total of 10 ROI were used for
each condition across at least three biological replicates,
using two–three cells per replicate.

2.10 Subcellular fractionation

Cell pellets for cytoplasm/nucleus fractionation were
resuspended in a hypotonic extraction buffer (10 mM Tris

pH 7.5, 10mMNaCl, 0.5 mMETDA, and protease inhibitor
cocktail) and incubated on ice for 30 min. Crude extrac-
tion of nuclear and cytoplasmic extraction was completed
by passing the sample 20 times, although a 24 g needle, and
nuclear fraction extracted by centrifugation at 1000 x g for
30 min. Supernatant was collected as cytoplasmic fraction,
and pelleted nuclear fraction was washed with PBS.
Cell pellets for detergent resistant membrane (DRM)

extraction were extracted as per Inder et al.3 Five fractions
were collected; sucrose percentage (refractometer) and
protein concentration (BCA assay, Pierce) were recorded.

2.11 ddPCR of EVmiRNA

RNAwas extracted fromEV pellets usingmirVanamiRNA
isolationwith enrichment for small RNA. Equal amount of
RNA was processed for reverse transcription, using miR-
cury LNA RT kit. Samples were then diluted 1:50 and pre-
pared for ddPCR using EVA green SYBRmix and commer-
cial LNA miRNA probes, as per manufacturer’s instruc-
tion. The PCR mix was partitioned into droplets before
conducting PCR, and ddPCR results acquired using the
QX200Digital Droplet system (BioRad) and recommended
protocol. Quantasoft software determined concentration of
each target (Poisson corrected copies/μL).

2.12 Proteomics

Sequential Windowed Acquisition of All Theoretical Frag-
ment Ion Mass Spectra (SWATH) proteomics was con-
ducted for colorectal cancer patient plasma EV. For com-
prehensive information related to SWATH analysis, see
supporting methods and materials.
Briefly, EV samples were prepared using a standard

trypsin (Promega) digest method, using dithiothreitol
(Sigma) and iodoacetamide (Sigma). Note that 2 μg peptide
was analysed in data-dependent acquisition mode using
a SCIEX Triple TOF spectrometer (ABSCIEX, Redwood
City, CA, USA) coupled to a Nano Ultra 1D+HPLC system
(Eksigent, Redwood City, CA, USA). For SWATH process-
ing, the SWATHAcquisitionMicroapp (version 2.0) within
PeakView (RRID: SCR_015786; version 2.2) was used to
align samples with the SWATH library.
A total of 16 colorectal cancer plasma EV were anal-

ysed, four patient samples was selected for each grade I to
IV, then grouped as early (grades I and II) or metastatic
(grades III and IV), making n = 8 per group. Fold changes
were generated using the mean normalised intensity for
each protein comparing between early and metastatic col-
orectal cancer (CRC), and log2 transformed. For volcano
plot, p-values were converted to -log2p-values and plotted
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against log2FC using R studio. Statistically significant pro-
teins (p-value < 0.05) were coloured red, and those pro-
teins increased in metastatic CRC (positive log2FC value)
were labelled with gene name for visibility. Using Graph-
Pad Prism, early and metastatic CRC-normalised intensi-
ties for hnRNPKwere graphed using box andwhisker plots
which displays range of observation, median and upper
and lower quartiles.

2.13 Statistical analysis

Data are presented as means ± SEM unless otherwise
stated in figure legends. Statistical analysis using two-
sided Mann-Whitney test was completed using GraphPad
Prism (v7) or Excel, where applicable. Correlation anal-
ysis was completed using ImageJ Coloc2 function (Pear-
son correlation, no threshold). RNA-seq data were anal-
ysed using DESeq2. This package as default considered p-
values< 0.05 statistically significant for t test and false dis-
covery rate corrected data. Default statistical tests, includ-
ing two-sided t test and Church scores, were acquired from
TAMOandMEME suite packages, where applicable. Exact
p-values, n values and statistical test used are shown in fig-
ures and figure legends.

3 RESULTS

To test the hypothesis that CAVIN1 regulates miRNA load-
ing to EVs by modulating RNA-binding proteins in the
membrane raft proteome, we began by identifying a reper-
toire of selectively loadedmiRNAs and a candidatemiRNA
binding protein in the EV and raft proteome regulated by
CAVIN1 expression.

3.1 CAVIN1 expression in PC3 cells
selectively regulates EVmiRNA loading

Previously we used a candidate approach to demonstrate
that CAVIN-1 induced selective reduction of miR-148a-
3p in PC3 EV but not in the cell, while miR-125a-3p
was not significantly altered in either compartment.4 To
determine the broader applicability of the observation,
we used RNA sequencing to map the repertoire of selec-
tively exported miRNA associated with CAVIN1 expres-
sion in PC3 cells. As depicted in Figure 1A, EV miRNAs
with their respective cellular miRNA content from PC3-
CAVIN1 cells (CAV1+/CAVIN1+) and control PC3-CONT
cells (CAV1+/CAVIN1-) were analysed. A total of 317 miR-
NAswere identified in both cells andEVs over three biolog-
ical replicates. To evaluate the CAVIN1-induced changes in
EV and cellular miRNA levels, log2 fold change (log2FC)

values were generated for EV and cell fractions (Table S2,
Tabs 1 and 2). Overlap analysis showed that a large propor-
tion of miRNAs with altered EV abundance (fold change
increased or decreased by two-fold) tends not to be sim-
ilarly altered in cellular expression (Figure 1B), support-
ing the presence of sorting mechanisms regulating the
EV miRNA content independent of cellular expression
changes.
To define the repertoire of selectively loaded miRNA

in this system, we plotted CAVIN1-dependent log2FCEV
compared to log2FCcell, where passively sampled miR-
NAs are expected to exhibit equivalent log2FC in EVs
and cells (black line in scatterplot; Figure 1C), while
selectively loaded miRNAs will show CAVIN1-dependent
change (increase or decrease) in the log2FCEV compared
to log2FCcell. Based on a combined threshold of at least
a twofold decrease in EV from PC3-CAVIN1 cells com-
pared to PC3-CONT (log2FCEV ≤-1) and at least a two-fold
depletion in EV compared to cell (log2FCEV – log2FCcell
≤ -0.5, indicated by shaded area in Figure 1C), a total of
47 miRNAs were deemed to be selectively down-regulated
by CAVIN1 via a selective export mechanism (Figure 1D,
Table S2, Tab 3). As expected, the list includesmiR-148a-3p,
previously shown to be selectively down-exported in PC3-
CAVIN1 EVs by quantitative reverse transcription poly-
merase chain reaction (qRT-PCR).4
Next, we used the mature sequences of the 47 selec-

tively exported miRNAs for de novo RNA motif dis-
covery using expectation-maximisation algorithms.26 A
single RNA motif, AsUGnA, was found (Figure 1E, E-
value = 0.019), which is significantly enriched in CAVIN1-
inhibited selectively exported miRNAs compared to all 317
cellular miRNAs (enrichment score = 4.12; p-value = 7.5e-
05, Table S2, Tab 4). For comparison, enrichment of the
binding motifs previously identified for miRNA sorting
proteins, hnRNPQ and hnRNPA2B1, were also determined
and showed no enrichment in our selectively exported
miRNAs (Table S2, Tab 4). Of the 47 selectively exported
miRNAs down-regulated by CAVIN1, 21 miRNAs con-
tain sequences with over 70% similarity to the identified
AsUGnA motif (Table S2, Tab 5), with the known CAVIN1
down-regulatedmiR-148a-3p showing 85% similarity to the
identified AsUGnA motif (Table S2, Tab 5). Alignment of
these sequences shows no positional preference for the
motif along themature sequence (Table S2, Tab 5, Columns
C and D).
We then conducted pathway enrichment analysis on

the targets of the 21 AsUGnA motif-containing miR-
NAs that were down-regulated by CAVIN1 in PC3-
CAVIN1 (CAV1+/CAVIN1+) EVs. This revealed the pro-
tein targets mediated by these miRNA are enriched for
immune responses and angiogenesis GO terms, as well as
pathways related to proliferation and adhesion, such as
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F IGURE 1 CAVIN1 selectively regulates EV miRNA content in PC3 cells. (A) Experimental design aimed to identify miRNAs selectively
exported to EVs using small RNA sequencing data. DESeq2 analysis was conducted on miRNA counts for EV and cell content, where log2 fold
change (log2FC) was calculated between PC3-CONT and PC3-CAVIN1 cells and their respective EVs (n = 3). (B) Comparison of miRNAs
altered in cells and EVs. Data shown are number of cellular (expression changes) and EV miRNAs (secretion changes) with a log2FC > 1,
and← 1. (C) Scatter plot of log2FC in EV and cell for each miRNA (represented by a dot). Diagonal black line represents equivalent change in
EV and cellular miRNA levels upon CAVIN1 expression. Red dotted lines indicate log2FC EV of −1 and log2FC EV less than log2FC cell by
−0.5. Selected miRNAs are indicated by shaded area. (D) Heatmap showing row normalised log2FC of the 47 selectively exported miRNAs.
Black arrows mark miRNA of focus in other assays. (E) Sequence motif enriched in the selective exported miRNA data set, with positional
alignment of the identified motif in motif-containing miRNA used for subsequent experiments

TGF, EGF, FGF, MAPK and NOTCH pathways (Table S2,
Tab 6). This suggested that motif-directed miRNA loading
into EVs may promote pro-metastatic pathways in target
cells.

3.2 hnRNPK subcellular localisation is
regulated by CAV1 and CAVIN1

To identify RNA binding proteins down-regulated by
CAVIN1 in both EV and membrane raft fractions, we

made use of our published PC3/PC3-CAVIN1 quantita-
tive subcellular proteomics dataset.3 Searching for RNA-
binding proteins (GO: 0003723) that were down-regulated
in both EV and DRM identified a single protein: heteroge-
neous nuclear ribonucleoprotein K (hnRNPK). This was
intriguing, as two other members of the hnRNP family,
hnRNPA2B1 and hnRNPQ,were recently reported tomedi-
atemiRNA loading to EVs.27,28 This prompted us to inspect
the proteomics data for all members of the hnRNP fam-
ily, revealing that only hnRNPK was significantly altered
in both fractions by CAVIN1 expression (Figure 2A).
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F IGURE 2 Non-caveolar CAV1 regulates hnRNPK localisation. (A) hnRNP family member abundance in EV and DRM fractions shown
as fold change between PC3-CAVIN1 and PC3-CONT cells (CAVIN1/CONT) originally reported in.3n = 3, error bars represent standard
deviation. *p ≤ 0.05. (B–D) Diagrams (left) depict the CAV1 and CAVIN1 status of each cell line used. Confocal immunofluorescent
microscopy of hnRNPK (red) and CD9 (green) MVB marker in three cell systems: (B) PC3 cell line with and without CAVIN1 (PC3-CAVIN1
and PC3-CONT, respectively); ectopically expressed CAV1 in LNCaP (C) and HEK293 (D) cell lines. White arrows point to example areas of
co-localisation. All scale bars indicate 10 μm. Quantitative co-localisation analysis (right) was performed using Pearson correlation on 10
regions of interest for each condition from three to four biological replicates (composite images for all replicates used in co-localisation
analysis available in Figure S2, S3 and S4). A two-sided unpaired Mann-Whitney test was used to compare Pearson coefficient values between
the conditions

hnRNPK is predominantly located in the nucleus in
normal cells but has been reported to translocate to the
cytoplasm in some cancer cells.29,30 In prostate cancer,
hnRNPK localisation was previously reported to regu-
late androgen receptor (AR) activity and prostate cancer

prognosis.31–33 Nuclear hnRNPK was reported to be part
of a transcriptional repressor for AR gene31 and corre-
lated with Gleason grade and poor prognosis.32 On the
other hand, cytoplasmic hnRNPK was proposed to down-
regulate AR mRNA translation in prostate cancer.33 The
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detection of hnRNPK in PC3 EV led us to hypothesize
that hnRNPK translocates to MVB together with miRNA
cargo, becomes incorporated into intraluminal vesicles
and secreted in exosomes. To begin assessing this, we per-
formed immunofluorescence co-localisation of hnRNPK
with the MVB marker CD9.
In PC3-CONT cells, hnRNPK was detected in cytoplas-

mic puncta that co-localised with CD9 (Figure 2B). Co-
localisation with CD9 was lost in PC3-CAVIN1 cells (Fig-
ure 2B),with hnRNPK instead co-localisingwith endoplas-
mic reticulum and mitochondria (Figure S1, Table S3, Tab
1). To determine if CAVIN1 directly influences hnRNPK
localisation or acts by neutralizing non-caveolar CAV1, we
ectopically expressed CAV1 in two cell lines that naturally
lack CAV1 and CAVIN1, namely the androgen-sensitive
prostate cancer cell line LNCaP, and human embryonic
kidney HEK293 cells. While hnRNPK was found to be
entirely localised in the nucleus in LNCaP-CONT and
HEK293-CONT cells, expression of CAV1 alone caused
the translocation of hnRNPK to the MVB (Figures 2C
and 2D, S2, and S3). This was further solidified by co-
localisation analysis between hnRNPK and CD9 for each
condition (Figures 2B–2D, Table S3, Tab 1). In contrast,
expression of CAVIN1 alone reduced hnRNPK expression
in the nucleus but did not induce MVB localisation in
LNCaP cells (Figure S2). These results suggest that non-
caveolar CAV1 drives MVB hnRNPK localisation, while
CAVIN1 neutralises CAV1 action.

3.3 hnRNPKmodulates PC3 miRNA
composition and EV osteoclastogenesis
activity

To establish a role for hnRNPK in EV miRNA compo-
sition, we next tested if hnRNPK is required for PC3
loading of AsUGnA motif-containing miRNA into EVs.
We conducted hnRNPK knockdown in PC3 cells using
hnRNPK-targeting siRNAs (si-hnRNPK, SMARTpool) or
non-targeting siRNA (si-NegCont). Knockdown efficacy
and EV purity were confirmed by western immunoblot-
ting for hnRNPK, EV markers CD9 and TSG101, and the
endoplasmic reticulum marker binding immunoglobulin
protein (BIP) (Figure 3A).
The effect of si-hnRNPK on the EV composition of

selected miRNAs was evaluated using ddPCR. For this
analysis, we chose two motif-containing miRNA (miR-
148a-3p and miR-101-1-3p) and 1 miRNA without motif
(miR-29a-3p). In agreement with a role for AsUGnAmotif
in hnRNPK-mediated EV loading, motif-containing miR-
148a-3p and miR-101-1-3p were downregulated in EVs
when cellular hnRNPK levels are reduced, but non-motif
miRNA miR-29a-3p was not affected (Figure 3B). Assess-

ment of EV number and size by nanoparticle tracking
analysis showed no impact of hnRNPK knockdown (Fig-
ure 3C), indicating that hnRNPK is not required for EV
biogenesis.
To assess the functional impact of si-hnRNPK EVs,

we made use of our previously established assay of PC3
EV-induced RAW264.7 cell osteoclastogenesis.4 Osteoclast
formation and activity are crucial in the pre-metastatic
niche in bone,34 and EV-delivered miRNAs have been
implicated in bone remodelling.35 Indeed, we previously
showed that PC3 EVs alone induced osteoclastogenesis of
the model RAW264.7 cell line to a similar extent as the
positive control RANKL,4 which was replicated by the
negative control siRNA condition in the current experi-
ment, si-NegCont EV (Figure 3C). Strikingly, si-hnRNPK
EVs induced minimal osteoclastogenesis, comparable to
EV-depleted media from si-NegCont (Figure 3C). This
assay suggests that hnRNPK is required for EV-mediated
osteoclastogenesis.
Taken together, the hnRNPK knockdown experiments

establish a functional pro-metastatic role for hnRNPK pos-
itive EVs, potentially via targeted recruitment of specific
miRNAs.

3.4 hnRNPK directly binds miR-148a-3p
at the conserved AsUGnAmotif

While hnRNPK is known to bind messenger RNA
(mRNA), there has only been a single report on miRNA
binding,36 and no specific RNA motif apart from a short
poly-C region.37 Therefore, we conducted a series of
experiments to evaluate hnRNPK-miRNA interactions.We
chose miR-148-3p as proof of concept since it contains
the AsUGnA motif, and we had previously validated this
miRNA in PC3 cells and EV by qRT-PCR.4
Firstly, biotinylated miRNA mimics were used to pull

down binding proteins from PC3-CONT (CAV1+/CAVIN-
) cell lysate. For each biological replicate, the same
cell lysate was split across four tubes containing
biotin-miR-148a-3p (miR-148a-3p, motif-containing),
biotin-miR-30a-5p (miR-30a-5p, motif-containing), biotin-
miR-363-3p (miR-363-3p, non-motif containing) and
biotin-scrambled miRNA (negative control), respectively.
Then, streptavidin-coated beads were used to isolate the
biotin-miR bound proteins. hnRNPK binding to these
target miRNA was determined by immunoblotting and
quantitation of the band intensity. A fraction of the
supernatant (unbound) after pulldown was also loaded as
a control to confirm the presence of hnRNPK in the lysate.
As shown in Figure 4A, hnRNPK was detected in motif-
containing miR-148a-3p andmiR-30a-5p pulldown but not
in the miR-363-3p or control pulldown, demonstrating the
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F IGURE 3 Depleting hnRNPK reduces secretion of motif-containing miRNA and osteoclastogenic potential of PC3-derived EVs. (A)
Representative western immunoblotting of hnRNPK, CD9, TSG101 and BIP in EVs from cells treated with hnRNPK targeting siRNA
(si-hnRNPK) or non-targeting control (si-NegCont) siRNA confirms hnRNPK knockdown efficiency and EV purity. Note that 10 μg of EV and
whole cell lysate (WCL), and equal volume EV-depleted media were loaded to each well. (B) EV content of miR-148a-3p, miR-101-3p and
miR-29a-3p from si-NegCont and si-hnRNPK treated cells measured by ddPCR. (C) EV number and size analysis of EVs extracted from
si-NegCont and si-hnRNPK treated cells by NanoSight. All error bars represent standard deviation (n = 4). All statistical tests used were
two-sided and paired. (D) Representative images of RAW264.7 cells treated with si-NegCont and si-hnRNPK EVs, EV-depleted media (dep) or
controls (40 ng/mL RANKL positive differentiation control, or PBS negative control) for a total of 5 days, and evaluated for TRAP and
multinuclear status (left). Multinucleated and TRAP resistant cells were counted for each condition and shown in a box-and-whisker plot.
n = 3, and p-value calculated using a two-sided ANOVA

ability of hnRNPK to specifically bind motif-containing
miRNAs in the cellular context.
To further confirm direct binding, we performed in

vitro microscale thermophoresis assay using recombinant
hnRNPK, and 5′ 6-FAM tagged miR-148a-3p. Microscale
thermophoresis uses fluorescence to monitor the move-
ment of a molecule in response to an applied temper-
ature gradient. Compared to BSA (binding control), the
increased binding between miR148a-3p with increasing
concentrations of hnRNPK (dose response) was observed
by increasing delta normalised fluorescence (ΔFnorm, Fig-
ure 4B). To determine if the RNA motif AsUGnA medi-
ates hnRNPK binding for miR-148a-3p, dissociation con-
stants were calculated for the binding between hnRNPK
andmiR-148a-3pmimic andmiR-148a-3pmutantwith sub-
stitutions at positions 2 and 3 of the motif (motif_mutant),
or a scrambledmotif region (motif_scrambled). The higher
Kd observed for the mutant and scrambled miRNAs in
Figure 4B show that changes to the AsUGnA motif

within miR-148a-3p sequence significantly reduced bind-
ing strength, indicating that this motif participates in
hnRNPK binding to miR-148a-3p. Taken together, these
data confirm the direct interaction between hnRNPK and
miR-148a-3p via the AsUGnA motif.

3.5 hnRNPK co-localises with
selectively exported miRNAs in MVBs

Having confirmed direct binding of hnRNPK with the
AsUGnA motif in miR-148a-3p, we next examined the
localisation of hnRNPK and motif-containing miRNA
in the PC3 cell model. miRNA in situ hybridisation
(miR-ISH) using fluorescent Cy5-conjugated antagomiRs
was coupled with indirect immunofluorescence using
hnRNPK antibody to detect hnRNPK. Representative
images for each condition are shown in Figure 5 with
qualitative profile plot highlighting the spatial detection of
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F IGURE 4 hnRNPK directly binds to motif-containing
miRNA to regulate EV export. (A) Representative hnRNPK
immunoblotting RNA-immunoprecipitation (RNA-IP) experiments
using either biotinylated miR-148a-3p, miR-30a-5p, miR-363-3p or
scrambled miR-148a-3p (Neg. Control). Supernatants (20% of total)
from the pulldowns were probed to confirm the presence of
hnRNPK in the cell lysate. Band intensity was quantitated from four
separate experiments, normalised across the replicate and compared
to negative control condition using parametric t-test. (B) Microscale
thermophoresis (MST) assay was used to assess in vitro binding
between recombinant hnRNPK at increasing doses, and
miR-148a-3p and two motif mutants. Top, similarity between probe
sequence and putative hnRNPK-binding motif was compared for
each probe, where similarity scores (%) are reported for matches in
the tested motif region (N/A, if no match was made in motif region).
Left, example dose response curve shows increased binding affinity
(Δ Fnorm, normalised change in fluorescence) with increasing
concentrations of hnRNPK, but not BSA (control). Right,
dissociation constants (Kd) calculated from the MST dose response
curves (n = 3, ± standard deviation) show hnRNPK binding affinity
to miR-148a-3p (motif_mimic), miR-148a-3p with ‘mutated motif’
(motif_mutant) and with a scrambled motif (motif_scrambled),
with lower Kd indicating stronger binding

hnRNPK and target miRNA. Quantitative co-localisation
analysis on 10 regions per condition was used to quantitate
co-localisation between miR-148a probes and hnRNPK in
each condition (Figure 5C, Table S3, Tab 2).

As shown in Figure 5A, miR-148a-3p co-localised with
hnRNPK at distinct cytoplasmic puncta in PC3-CONT
cells, but not in PC3-CAVIN1 cells. On the other hand,
in the absence of hnRNPK (si-hnRNPK, Figure 5A), miR-
148a-3p localised to nuclear bodies. This result suggests
that nuclear bodies are the default localisation for miRNA
when not bound by hnRNPK and that hnRNPK does not
interact with the target miRNA in PC3 CAVIN1 cells,
potentially because of differential compartmentalisation
and/or post-translational modification. As precursor miR-
148a possesses the validated sequence motif, we also eval-
uated its co-localisation using a loop region probe. We
observed co-localisation of hnRNPK and loop probe (spe-
cific to precursor form) in nuclear bodies but not in
cytoplasmic puncta (Figure 5C). This result suggests that
mature miRNA are most likely the target of hnRNPK-
mediated exosomal sorting.
To supplement this observation, we assessed hnRNPK

co-localisation with an additional motif-containing
miRNA (miR-30a-5p), as well as non-motif containing
miRNA (miR-363-3p) and a non-targeting scrambled
control (Figure 5D, S4, Table S3). Consistent with the
miR-148a-3p results, miR-30a-5p (but not precursor miR-
30a) co-localised with hnRNPK in cytoplasmic puncta in
PC3-CONT cells, whereas miR-363-3p displayed a diffuse
cytoplasmic signal not specific to hnRNPK (Figure S4).
The co-localisation observed between miR-30a-5p and
hnRNPK in cytoplasmic puncta was lost in PC3-CAVIN1
cells, but co-location at the nuclear bodies was maintained
(Figure S4). These results confirm the specific interaction
between hnRNPK and mature motif-containing miRNA
to cytoplasmic puncta.
Lastly, we tested the hypothesis that hnRNPK-miR-148a-

3p interaction occurs at forming EVs of endosomal ori-
gin (exosomes) by co-localisation analysis of both hnRNPK
and miR-148a-3p with the MVB marker CD9 (Figure 5E).
Co-localisation of hnRNPK, miR-148a-3p and CD9 was
assessed by profile plot andPearson correlation inPC3 cells
whichhad been treatedwith hnRNPK siRNA (si-hnRNPK)
or non-targeting control (si-NegCont). As shown in Fig-
ure 5E, high correlation of hnRNPK,miR-148a-3p and CD9
was observed in si-NegCont PC3 cells (r = 0.62–0.7), while
no co-localisation was observed between these molecules
after treatment with si-hnRNPK (r= 0.03–0.18), indicating
that hnRNPK is required for localisation of miR-148a-3p to
the forming exosome.

3.6 Membrane lipid environment
dictates hnRNPK localisation

CAV1 binding to hnRNPKA2/B1 was recently reported
as a mechanism of loading miRNA to microvesicles in
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F IGURE 5 hnRNPK co-localises with mature motif-containing miRNA in PC3-CONT cells. Fluorescent probes (green) targeting the 3
prime arm of miR-148a (miR-148a-3p, A) or the precursor-specific loop region of miR-148a (miR-148a-loop, B) in PC3 cells relative to hnRNPK
(red). DAPI staining shows the nucleus in blue. Profile plots (right) display hnRNPK intensity relative to miRNA intensity for a cross-section
of the cell (nuclear region boxed). Scale bars are 10μm. (C and D) Quantitative co-localisation analysis was performed in PC3 cells between
hnRNPK and miR-148a (C), miR-30a (D), and miR-363-3p (D) probes. Each bar represents Pearson correlation coefficients from 10 regions of
interest for each condition, from three to four biological replicates, two-three cells per replicate (individual data points supplied in Table S3,
Tab 2). A two-sided unpaired Mann-Whitney test was used to determine significance. (E) Localisation of hnRNPK, miR-148a-3p and exosome
marker (CD9) were visualised and analysed by profile plot and Pearson correlation between profiles. This is shown in PC3 cells treated with
hnRNPK-targeting (si-hnRNPK) or non-targeting siRNA (si-NegCont)

lung epithelial cells.38 While we observed that CAV1 is
indeed released in PC3 EV via the endosomal-pathway,39
its release is not altered in PC3-CAVIN1 cells.4 To test
the possibility that CAV1 binds to hnRNPK in the PC3
cellmodel, we conducted a coimmunoprecipitation experi-
ment to find hnRNPK binding partners in both PC3-CONT
and PC3-CAVIN1 whole cell lysates. Western blotting of
the eluent identified known hnRNPK binding partners;
FUS and YB1, but not CAV1 or CAVIN1 (Figure 6A). These

results indicate non-caveolar CAV1 regulates hnRNPK
localisation via indirect mechanisms.
As CAV1 and CAVIN1 regulate the formation of caveo-

lae, we speculated that hnRNPK localisation may be asso-
ciated with membrane raft structures. To test this hypoth-
esis, we monitored hnRNPK localisation after exposure
to compounds which target membrane raft formation,
namely cholesterol, methyl-β-clycodextrin (MβCD) and
omega-3 polyunsaturated fatty acids (n-3 PUFA). While
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F IGURE 6 Remodelling of membrane raft environments regulates hnRNPK localisation. (A)Western blot following
co-immunoprecipitation to assess hnRNPK binding partners in PC3-CONT (CONT) and -CAVIN1 (CAVIN1) cells. Eluent and starting lysate
were blotted for hnRNPK, as well as known hnRNPK binding partners, FUS and YB1, and potential binders CAV1 and CAVIN1. Non-targeting
IgG was used as a negative control (Neg Cont) for the immunoprecipitation experiment using PC3-CONT lysate. (B-E) PC3 cells were exposed
to 500μMMβCD, 50μM cholesterol (Chol), or n-3 PUFA (30μMDHA: 45μM EPA) in LPDS/RPMI1640 for 24 h. Cells were exposed to
LPDS/RPMI1640 as a non-treatment control (termed Control). (B) Sucrose gradient separation of detergent resistant membranes (DRMs,
fraction 3) from cellular membranes (fraction 4 and 5) of PC3 cells. The effect of CHOL, MβCD and n-PUFA on DRM was measured by
relative protein abundance of each fraction (mean ± SD, fraction abundance relative to total protein). Bar depicts max-mix range and mean
for three biological replicates. Note that 3:5 ratio was calculated comparing mean abundance of fraction 3 and 5, and p value compared
abundance between 3 and 5. (C) DRM fractions were immunoblotted for hnRNPK and CAV1 (membrane raft marker). Equal volume was
loaded into each well. (D) Localisation of hnRNPK (red) and DAPI (blue) following exposure to lipid manipulation reagent. Scale bar is 10
μm. Profile plots (right) highlight the overlap between hnRNPK and DAPI signal, with the nuclear regions boxed. For additional replicates
(n = 3), see Figure S5. (E) Cytoplasmic-to-nuclear hnRNPK ratio compared across the different manipulations, relative to non-treatment
control (100%). Error bars represent standard deviation (n = 4 per condition). Paired t-test compares each condition to negative control.
Figure S5 displays western immunoblot underpinning this figure, and quantitation available in Table S4
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addition of cholesterol induces tight clustering of sph-
ingolipids to form membrane rafts, addition of bulky n-
3 PUFA destabilises this clustering effect by displacing
cholesterol and decreasing molecular order.14,40
PC3 cells were treated with cholesterol (CHOL),

the cholesterol-chelating agent Methyl-β-cyclodextrin
(MβCD) or n-3 PUFA (EPA and DHA) for 24 h. Membrane
raft fraction was collected by the DRM method involving
detergent extraction and sucrose gradient (Figure 6B).
DRM protein abundance (Figure 6B; TableS4, Tab 1) and
immunoblotting for CAV1 as a known membrane raft
protein confirmed successful DRM floatation to fraction
3, where hnRNPK was also detected in control treatment
(Figure 6C). As expected, MβCD and n-3 PUFA treatment
disrupted membrane rafts, as seen by loss of CAV1 from
fraction 3 and reduction of DRM protein. In agreement
with our hypothesis, hnRNPK was also lost from fraction
3 under the same conditions (Figure 6C). Furthermore,
relative DRM protein content across the conditions shows
the same trend (Figure 6B; Table S4, Tab 1), indicating that
hnRNPK is regulated with other raft proteins in PC3 cells.
We then assessed whether hnRNPK localisation is

altered by raft disruption using immunofluorescent
microscopy (Figure 6D). Extranuclear hnRNPK (red) was
observed in control and cholesterol treatments (arrows in
Figure 6D) but tends to be reduced upon raft disruption
by MβCD and n-3 PUFA, with increased localisation
to nuclear regions (blue, region boxed). To quantify
this trend, we performed an independent experiment
where we extracted cytoplasmic and nuclear fractions
from exposed cells, and measured hnRNPK signal in
each compartment via quantitative immunoblotting
(Figure 6E). Cytoplasmic-to-nuclear ratios were compared
to non-treatment control to determine deviation from
the baseline cytoplasmic abundance. Cholesterol expo-
sure increased hnRNPK cytoplasmic signal compared
to nuclear compartment (Figure 6E, Table S4, Tab 2),
consistent with increased membrane raft formation.
Conversely, disruption of membrane rafts via n-3 PUFA or
MβCD resulted in reduced cytoplasmic hnRNPK content
and redistribution to the nuclear compartment. These
data confirm aberrant hnRNPK localisation is induced by
membrane raft formation driven by non-caveolar CAV1,
where remodelling by treatment or caveolar formation
returns hnRNPK to canonical nuclear localisation.

3.7 Elevated EV hnRNPK detected in
body fluids frommetastatic prostate and
colorectal cancers

Finally, we went on to measure hnRNPK EV protein in
cancer biofluids. We made use of a limited cohort of

F IGURE 7 EV hnRNPK is elevated in body fluids from
metastatic prostate and colorectal cancer. (A) EVs were prepared
from seminal plasma samples from patients with clinically localised
prostate cancer and metastatic prostate cancer. Extracts (15 μg EV
protein or PC3 whole cell lysate) were immunoblotted for hnRNPK,
EV markers CD9 and actin, and cellular marker ERp44. (B) SWATH
data for plasma EV proteomics derived from CRC patients with
either metastatic (Grade III and IV, n = 8) or non-metastatic (Grade
I and II, n = 8) disease. Log2 fold changes (log2FC) were calculated
for all proteins detected in CRC EVs, comparing low- to high-grade
protein levels, and p-value calculated using a two-sided unpaired
t-test. All significant proteins (p-value < 0.05) are shown in red, and
proteins increased in metastatic disease labelled. For normalised
intensity and processed data, see Table S5. (C)Mean normalised
protein intensities for plasma EV hnRNPK for non-metastatic and
metastatic CRC

prostate cancer patients with long-term follow-up. Sem-
inal plasma EVs collected by ultracentrifugation were
immunoblotted for hnRNPK from four localised prostate
cancer and fourmetastatic prostate cancer cases. A cellular
marker (ERp44) and EV markers (CD9 and β-actin) were
used to assess cellular contamination and confirm EV iso-
lation. In this small cohort, all four metastatic cases dis-
played elevated levels of EV hnRNPK, with no detectable
signal observed in the non-metastatic samples (Figure 7A).
To further extend this finding, we next examined plasma

EVs from a cohort of colorectal cancer patients, as CAV1
has been previously associated with metastatic CRC,41–43
and hnRNPK has been detected in both EV and mem-
brane raft proteomes of colorectal cancer.44–46 Unbiased
proteomics using SWATH-MS was conducted on plasma
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EVs from a cohort of 16 CRC patients: eight early (Grade
I and II) and eight metastatic (Grade III and IV). Of the
1150 proteins measured, 16 proteins were significantly dif-
ferent between early and metastatic disease (Figure 7B,
Table S5). Only five EV proteins were significantly higher
in metastatic CRC, with hnRNPK having the highest fold-
change (log2FC = 2.47, p-val = 0.039). The boxplot in Fig-
ure 7C shows the normalised intensity of hnRNPK levels
in plasma EVs from early versus metastatic CRC. Taken
together, these limited clinical cohort studies conducted
using independent methods suggest a potential role for EV
hnRNPK in metastatic disease.

4 DISCUSSION

Recent studies highlight key roles of EVs in multiple steps
of cancer progression, frommetastatic niche establishment
to immune suppression.7,47 Given their pleiotropic actions,
inhibiting the release of metastasis-promoting EVs would
be an attractive approach, if the mechanisms of this EV
cargo loading were known and targetable. Initial research
on cancer exosomes focused on the proteomic cargo, but
recent studies highlight key roles for exosomal miRNA in
cancer.48 Furthermore, while many studies consider the
importance of lipid composition in EV biogenesis, this is
the first study to define themolecular components ofmem-
brane lipid-mediated selective EV miRNA loading. Specif-
ically, this study reveals a mechanistic link between non-
caveolar CAV1-driven membrane remodelling and exoso-
mal miRNA composition, through motif-guided miRNA
recruitment via hnRNPK protein redistribution. The func-
tional role for hnRNPK in PC3 EV-mediated osteoclasto-
genesis and EV hnRNPK detection in metastatic prostate
and colorectal cancers implicate EV hnRNPK as a poten-
tial biomarker for metastatic cancer. Importantly, we show
that raft disruption by MβCD or n-3 PUFA effectively
reduced hnRNPK cytoplasmic localisation, opening the
door for potential metastasis chemoprevention.
This study utilised non-caveolar CAV1 in aggressive

prostate cancer cells as a model system to investigate
the molecular mechanisms of miRNA loading to EVs.
CAV1 primarily resides in plasma membrane caveolae in
the presence of the co-factor protein CAVIN1.1,49 In the
absence of CAVIN1, non-caveolar CAV1 is internalised for
degradation via endolysosomes.1,49 This continual endo-
cytosis of non-caveolar CAV1 also leads to broader mem-
brane remodelling, impactingMVB and exosome composi-
tion. Indeed, recent studies implicate intracellular CAV1 in
regulating various organelle compartments, with particu-
lar emphasis on roles in autophagosomes and cancer.39,50,51
The premise that membrane remodelling drives exoso-
mal miRNA sorting is consistent with our prior observa-

tion thatCAVIN1 attenuates non-caveolarCAV1 in prostate
cancer but CAVIN1 itself was not detected in PC3 EVs.2
In addition to CAV1, other metastasis-promoting genes

likeRas family proteins and tetraspanins also impactmem-
brane composition,52–54 hence, membrane remodelling
appears to be a common mechanism underlying release
of pro-metastatic EVs in cancers. The role of membrane
raft proteome in mediating cholesterol-associated metas-
tasis was previously highlighted in our prostate cancer
xenograft hypercholesterolemic diet study,55 which identi-
fied a cholesterol-responsive protein, IQGAP1, that medi-
ates cell migration and invasion and was essential for
hypercholesterolemia-induced metastasis in vivo.55 While
cholesterol is known to regulate gene expression via
SREBP and LXR, cholesterol treatment did not increase
IQGAP1 transcription in prostate cancer cells, but rather
increased membrane raft IQGAP1,55 presumably stabiliz-
ing the protein. Together with the new data showing
membrane rafts regulate hnRNPK translocation and EV
miRNA, membrane remodelling appears to activate multi-
ple metastasis-promoting pathways. This process could be
targeted in novel metastasis chemoprevention.
The classic gene silencing role ofmiRNAs involves direct

interactions with Argonaute proteins (AGO) and forma-
tion of miRNA-induced silencing complex (miRISC) lead-
ing to translational repression and/or degradation of tar-
get mRNAs.56 miRISCs have been detected in several sub-
cellular compartments in the cytoplasm (P-bodies, stress
granules, MVB, ER) as well as in the nucleus.57 The impor-
tance of subcellular location of specific miRISC is begin-
ning to be appreciated.57 In one recent study, a paraspeckle
protein SFPQ (splicing factor proline/glutamine rich) has
been reported as influencing mRNA-miRNA targeting via
RNA sequence motifs and AGO2 interactions in both
nucleus and cytoplasm.58 However, it is still unknown
if hnRNPK could itself interact with miRISC and play
a role in miRNA regulation in the nucleus of non-
malignant cells. As reported by Treiber et al, the vari-
ous members of the hnRNP family also seem to partici-
pate in miRNA biogenesis59; however, their exact role and
whether miRISC is involved are yet to be determined. It
is tempting to suggest that hnRNPs involved in biogen-
esis simply becomes mis-localised under certain stimuli,
leading to altered miRNA loading to EVs. This hypothesis
should be evaluated in future studies.
This study further establishes the hnRNP family as

EV miRNA chaperones, following recent reports for
hnRNPA2B1 and hnRNPQ.27,28 Lee et al recently reported
direct interaction with phosphorylated CAV1 mediates
hnRNPKA2B1 EV recruitment.38 In PC3 cells, we did
not detect direct interaction between hnRNPK and CAV1,
but demonstrated non-caveolar CAV1-induced membrane
raft-mediated hnRNPK translocation to MVB/EV. We
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speculate that different mechanisms regulate the EV
targeting of different hnRNP family members, loading
a different miRNA repertoire to EVs. Future studies
should investigate the differential regulatory mechanisms
of hnRNP family members’ subcellular localisation and
miRNA sorting.
hnRNPK shuttles between nuclear and cytoplas-

mic stress granules in healthy cells, regulated by
phosphorylation.60,61 It is predominantly nuclear in
non-malignant cells (Figure 4C 62), but reported to be
overexpressed in various cancers with an increase in
cytoplasmic localisation.29,63 This change in subcellu-
lar localisation is proposed to be a major regulator in
hnRNPK pro-oncogenic functions over its canonical
healthy nuclear function. This study provides the first
evidence that cytoplasmic hnRNPK co-localises withMVB
and participates in motif-basedmiRNA loading to forming
exosomes. While we demonstrate the raft-dependency
of hnRNPK translocation, further work is required to
establish how hnRNPK interacts with membrane rafts in
a regulated manner.
In summary, our study confirms hnRNPK as a motif-

dependent exosomal miRNA-sorting protein, that is, reg-
ulated by membrane rafts and provides initial evidence for
elevated EV hnRNPK in metastatic cancers. Raft disrup-
tion by cholesterol depletion or n-3 PUFA treatment is a
potential approach to attenuate metastatic EV production.
While we have focused on implications in cancer, extra-
nuclear hnRNPKhas been reported to play a role in several
other biological processes, including axonal outgrowth64
via local axonal mRNA translation65 as well as regula-
tion of dendritic spine morphology.66 Hence, membrane
remodelling may have broader roles in RNA subcellular
localisation and release.
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