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Proteomic Analysis of Exosomes from Mutant
KRAS Colon Cancer Cells Identifies
Intercellular Transfer of Mutant KRAS*s
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Activating mutations in KRAS occur in 30% to 40% of
colorectal cancers. How mutant KRAS alters cancer cell
behavior has been studied intensively, but non-cell auton-
omous effects of mutant KRAS are less understood. We
recently reported that exosomes isolated from mutant
KRAS-expressing colon cancer cells enhanced the inva-
siveness of recipient cells relative to exosomes purified
from wild-type KRAS-expressing cells, leading us to hy-
pothesize mutant KRAS might affect neighboring and dis-
tant cells by regulating exosome composition and behav-
ior. Herein, we show the results of a comprehensive
proteomic analysis of exosomes from parental DLD-1 cells
that contain both wild-type and G13D mutant KRAS alleles
and isogenically matched derivative cell lines, DKO-1 (mu-
tant KRAS allele only) and DKs-8 (wild-type KRAS allele
only). Mutant KRAS status dramatically affects the compo-
sition of the exosome proteome. Exosomes from mutant
KRAS cells contain many tumor-promoting proteins, includ-
ing KRAS, EGFR, SRC family kinases, and integrins. DKs-8
cells internalize DKO-1 exosomes, and, notably, DKO-1
exosomes transfer mutant KRAS to DKs-8 cells, leading to
enhanced three-dimensional growth of these wild-type
KRAS-expressing non-transformed cells. These results
have important implications for non-cell autonomous ef-
fects of mutant KRAS, such as field effect and tumor
progression. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.022806, 343-355, 2013.

K-RAS (KRAS) is a small, monomeric GTPase whose bio-
logical activity is specified by its nucleotide binding state.
Multiple lines of evidence highlight the importance of KRAS in
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colorectal cancer (CRC).! For example, activating missense
mutations in KRAS, which lock the protein into the GTP-
bound state, occur in 30% to 40% of CRCs and are strongly
associated with poor prognosis (1, 2). Also, mutant KRAS
negatively predicts responsiveness to anti-EGF receptor
(EGFR) therapy (3).

Early attempts to decipher the neoplastic consequences of
mutant KRAS relied on overexpression studies. A drawback
of these studies is their failure to simulate the genetic condi-
tions present in human tumors, where there is often one
wild-type (WT) and one mutant KRAS allele (1). More recently,
KRAS mutant CRC cell lines have been engineered to selec-
tively contain either the wild-type or the mutant KRAS allele
(4), and a single mutant Kras allele has been activated in the
intestine using genetically engineered mice (5). Detailed stud-
ies using these complementary approaches demonstrate a
wide range of tumor-promoting effects of mutant KRAS (re-
viewed in Ref. 6). Much of what is known about mutant KRAS
pertains to its ability to alter the behavior of a transformed cell
in a cell autonomous manner. With the exception of increased
tumor vascularity via increased tumor-derived VEGF expres-
sion (7, 8), non-cell autonomous effects of mutant KRAS have
been much less studied.

Exosomes are 30- to 100-nm secreted vesicles that have
emerged as a novel mode of intercellular communication (9).
We recently reported that exosomes purified from condi-
tioned medium of mutant KRAS CRC cells contained higher
levels of the EGFR ligand amphiregulin (AREG) and enhanced
invasiveness of recipient cancer cells relative to exosomes
from isogenically matched wild-type KRAS cells (10). These
results prompted us to perform a comprehensive analysis of
exosomes purified from these cells. Herein, we show that
mutant KRAS induces many changes in exosomal protein
composition. Notably, we show that (i) KRAS is contained
within exosomes, (ii) exosomes can transfer mutant KRAS to

" The abbreviations used are: CRC, colorectal cancer; DD, 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine; EGFR, epider-
mal growth factor receptor; EXO, exosome; FDR, false discovery rate;
MRM, multiple reaction monitoring; WCL, whole cell lysate; WT,
wild-type.
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cells expressing only wild-type KRAS, and (jii) mutant KRAS-
containing exosomes enhance wild-type KRAS cell growth in
collagen matrix and soft agar. These results have important
implications for the progression of CRC tumors by providing a
mechanism by which the tumor microenvironment may be
influenced by non-cell autonomous signals released by mu-
tant KRAS-expressing tumor cells.

EXPERIMENTAL PROCEDURES

Cell Culture, Reagents, and Antibodies—DKs-8, DLD-1, DKO-1 (4),
and RIE-1 cells were cultured as described elsewhere (10, 11). Cells
were maintained in serum-containing DMEM (Mediatech, Manassas,
VA). Bovine growth serum was purchased from HyClone (Logan, UT),
and all other cell culture reagents were purchased from Mediatech
unless otherwise stated. Triscarboxyethylphosphine was purchased
from Pierce (Rockford, IL), sequencing grade trypsin was obtained
from Promega (Madison, WI), and trifluoroethanol and dithiothreitol
were acquired from Acros (Geel, Belgium). Trifluoroacetic acid, am-
monium bicarbonate, and urea were purchased from Fisher Scientific
(Pittsburgh, PA). All other reagents were purchased from Sigma (St.
Louis, MO). For a list of other reagents, see the supplemental “Ex-
perimental Procedures” section.

Exosome Isolation—Exosomes were isolated from conditioned me-
dium of DKs-8, DLD-1, and DKO-1 cells as previously described, with
slight modification (10). Briefly, cells were cultured in DMEM supple-
mented with 10% bovine growth serum until 80% confluent. The cells
were then washed three times with PBS and cultured for 48 h in
serum-free medium. The serum-free conditioned medium was re-
moved and centrifuged for 10 min at 300 X g to remove cellular
debris, and the resulting supernatant was then filtered through a
0.22-um polyethersulfone filter (Nalgene, Rochester, NY) to reduce
microparticle contamination. The filtrate was concentrated ~300-fold
with a 100,000 molecular-weight cutoff centrifugal concentrator (Mil-
lipore). The concentrate was then subjected to high-speed centrifu-
gation at 150,000 X g for 2 h. The resulting exosome-enriched pellet
was resuspended in PBS containing 25 mm HEPES (pH 7.2) and
washed by centrifuging again at 150,000 X g for 3 h. The wash steps
were repeated a minimum of three times until no trace of phenol-red
was detected. The resulting pellet was resuspended in PBS contain-
ing 25 mm HEPES (pH 7.2) as described previously (10), and the
protein concentrations of the exosome preparations were determined
with a MicroBCA kit (Pierce). The number of exosomes per microgram
of protein was determined by means of nanoparticle tracking analysis
(NanoSight, Wiltshire, UK) according to the manufacturer’s recom-
mendations. Analysis was performed on three independent prepara-
tions of exosomes.

Digestion and Isoelectric Focusing of Peptides—Three separate
preparations of exosomes were purified, and the same protein con-
centration of each sample was analyzed. The samples were digested
with trypsin using a trifluoroethanol (TFE) digestion procedure as
described elsewhere, with minor modifications (12), and isoelectric
focusing was adapted from Cargile et al. (13). For detailed methods of
TFE digestion and isoelectric focusing of tryptic peptides, see the
supplemental “Experimental Procedures” section.

Reverse Phase LC-MS/MS Analysis—LC-MS/MS analyses were
performed on an LTQ-Orbitrap hybrid mass spectrometer (Thermo
Electron, San Jose, CA) equipped with an Eksigent nanoLC and
autosampler (Dublin, CA). Peptides were resolved on a 100 um X 11
cm fused silica capillary column (Polymicro Technologies, LLC, Phoe-
nix, AZ) packed with 5 um, 300 A Jupiter C18 (Phenomenex, Tor-
rance, CA) using an inline 100 mm X 4 cm solid phase extraction
column packed with the same C18 resin as that previously described
(14). Liquid chromatography was carried out at room temperature at

a flow rate of 0.6 wl min~" using a gradient mixture of 0.1% (v/v)

formic acid in water (solvent A) and 0.1% (v/v) formic acid in aceto-
nitrile (solvent B). For additional details, see the supplemental “Ex-
perimental Procedures” section.

Database Searching and Statistical Analysis of Spectral Counts—
The “ScanSifter” algorithm read the tandem mass spectra stored as
centroided peak lists from Thermo RAW files and transcoded them to
mzML files (15). For detailed analysis, see the supplemental “Exper-
imental Procedures” section. Protein groups identified were submit-
ted to Webgestalt for GOSIlim analysis and to the Ingenuity Pathways
analysis package. In order to classify protein groups, the data were
sorted based on relative levels, and proteins were identified that
differed by greater than 3-fold between groups and had a false
discovery rate (FDR) of less than 0.05. Classifications of proteins that
had significantly different levels were made based on the DAVID
(http://david.abcc.ncifcrf.gov/) and Uniprot databases.

To identify any potential proteins that might differentiate cellular
mutant KRAS status, we statistically evaluated the differences using
our previously published approach, with some modifications (16). To
calculate the rate ratio, reported spectral counts are reverse calcu-
lated using model-generated rates and provided offset numbers. The
rate ratio is the ratio of the group rates expressed as the base-2 log
of the ratio of the rates (16). This ratio represents the quantitative
difference between the compared groups. A generalized linear mixed
effect model (17) was fitted to handle exosome values expressed as
count data with repeated measurements for each cell line sample; p
values were obtained for each comparison based on a likelihood ratio
test. Rate ratios were determined by comparing the expected values
of the two mutant states. An FDR controlling procedure was applied
to handle the multiple comparisons when testing thousands of pro-
teins simultaneously. To test whether there was a monotone increas-
ing trend in exosomal levels for DKs-8, DLD-1, and DKO-1 cells, a
Jonckheere-Terpstra trend test was applied (18). See the supplemen-
tal “Experimental Procedures” section for additional statistical
considerations.

Detection of Peptides via LC-Multiple Reaction Monitoring— DKs-8
and DKO-1 cells were grown to 80% confluence and serum starved
overnight. One million cells were incubated with 100 pg of the indi-
cated exosomes or mock treated for 1 h under constant rotation at
37 °C. Cells were then pelleted and washed three times with ice-cold
PBS, and the detection of peptides was performed as described in
the supplemental “Experimental Procedures” section.

LC-Multiple Reaction Monitoring— Peptide samples were analyzed
in triplicate (2-ul injection volume) on a TSQ Vantage triple quadru-
pole mass spectrometer (Thermo-Fisher, San Jose, CA) equipped
with an Eksigent nanoLC solvent delivery system (Eksigent, Dublin,
CA), an autosampler, and a nanospray source. For details, see the
supplemental “Experimental Procedures” section (19). Concentra-
tions for KRAS peptides were normalized to protein input and re-
ported as fmol/ug protein.

For the relative quantification of exosomal marker proteins, the
labeled reference peptide method was used (20). Cell samples were
lysed and digested prior to LC-multiple reaction monitoring (LC-
MRM) analysis as described elsewhere (21). A stable isotope labeled
version of the B-actin peptide GYSFTTTAER was used as an internal
standard (25 fmol/ul). The integrated chromatographic peak areas for
the transitions of each targeted peptide were obtained from Skyline
(22), summed, and normalized to summed peak areas for the 3-actin
internal standard, as we have described elsewhere (20).

Biochemical Analysis—For Western blotting, DKs-8, DLD-1, and
DKO-1 cells were lysed, and proteins were resolved via SDS-PAGE
and Western blotted as described in the supplemental “Experimental
Procedures” section. For Western blotting, 100 ng whole cell lysate
(WCL) and 10 pg exosome protein (EXO) were used for CTNND1,

344

Molecular & Cellular Proteomics 12.2


http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://david.abcc.ncifcrf.gov/
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1
http://www.mcponline.org/cgi/content/full/M112.022806/DC1

Composition and Behavior of Mutant KRAS Exosomes

ITGAV, ITGB1, RAP1, and SRC; 100 ug of WCL and 30 pg of EXO
were used for CTNNA, ITGA2, LYN, and KRAS; 200 ug WCL and 30
ng EXO were used for CTTN and EPHA2; 50 ug WCL and 20 png EXO
were used for ITGAB6; and 50 ug WCL was used for TUBA.

Electron Microscopy—Exosomes were purified from conditioned
medium of DKs-8 or DKO-1 cells, and imaging was performed as
described elsewhere (10). The diameter of 100 exosomes from each
of two independent exosome preparations (200 total) was determined
using Imaged software.

Flow Cytometry Internalization Assay—To determine whether exo-
somes are internalized, exosomes isolated from DKO-1 or DKs-8 cells
were labeled with 100 ng 1,1'-dioctadecyl-3,3,3',3'-tetramethylin-
dodicarbocyanine (DiD)/mg EXO and washed to remove unincorpo-
rated DiD. DKO-1 or DKs-8 recipient cells were grown to 50% con-
fluence and cultured in serum-free medium overnight. DiD-labeled
exosome internalization by recipient cells was performed as previ-
ously described (10). Briefly, cells were removed from culture dishes,
washed, and incubated with DiD-stained exosomes under constant
rotation for the indicated times. Cells were immediately diluted into
100 vol ice-cold PBS supplemented with 10% BSA, followed by
washing. The cells were analyzed via flow cytometry to determine the
total fluorescence (surface-associated exosomes + internalized exo-
somes) and the percentage of labeled cells. The cells were then
exposed to 200 mm Sudan Black in PBS supplemented with 0.5%
DMSO and 5% bovine serum for 5 min at 4 °C to quench DiD
fluorescence on the surface of recipient cells. Flow cytometry was
repeated to determine the fluorescence of internalized exosomes.

Microscopic Internalization Assay—DKs-8 and DKO-1 exosomes
were stained with the lipophilic membrane dye DiD (Invitrogen, Grand
Island, NY) as described elsewhere (10). Recipient DKs-8, DKO-1, or
RIE-1 cells were plated on coverslips in 24-well tissue culture dishes
at a density of 5.0 X 10* cells/well. After the cells had been main-
tained in serum-containing medium for 24 h, the cells were washed
and incubated with serum-free medium for an additional 24 h. The
adherent cells were then incubated with 100 ng of DiD-stained exo-
somes for 30 min at 37 °C on an orbital shaker. Subsequently, the
cells were washed three times with PBS, fixed in 4% paraformalde-
hyde for 30 min, permeabilized with 0.2% Triton-X100, incubated with
AlexaFluor 488-Phalloidin (Invitrogen), and mounted on slides. Inter-
nalization was visualized on a Zeiss LSM 510 Meta confocal micro-
scope with a 63X objective.

Three-dimensional Cell Culture—For growth in a three-dimensional
collagen gel matrix (23), three layers of collagen were used in 48-well
tissue culture dishes. Prior to being plated in collagen, DKs-8 and
DKO-1 cells were trypsinized, syringed, and resuspended in serum-
free DMEM at a concentration of 5 X 10° cells/ml. The top and bottom
layers contained 150 wl/well of PureCol collagen (Advanced Biom-
atrix, San Diego, CA) diluted to 2 mg/ml in serum-free DMEM. The
middle layer consisted of 150 ul/well of 2 mg/ml collagen in serum-
free DMEM and 5 X 10° cells. Serum-free medium or serum-free
medium supplemented with 50 g of DKs-8 or DKO-1 exosomes was
added. Medium was replaced twice weekly for 2 weeks. Colonies
were detected by using a Gel Count imager (Oxford Optronix, Oxford,
UK). Three technical replicates were performed for each of three
experiments. The mean colony number for each sample was plot-
ted = the S.E., and statistical significance was reported as p < 0.05.
The results for colony diameters are reported as a boxplot through
their five summary statistics: sample minimum (lowest bar), lower
quartile (Q1, the lower hinge), median (Q2), upper quartile (Q3, the
upper hinge), and the sample maximum (highest bar). A two-sample
t test was applied to assess the mean colony diameter difference
between the samples, and statistical significance is reported as p <
0.001.

Soft Agar Growth—Prior to being plated in agarose, RIE-1 cells
were rotated end over end with the indicated exosomes (50 ug
exosomes/5.0 X 10° cells) or mock treated for 2 h at 37 °C. The cells
were then plated in six-well dishes in triplicate at a density of 6.25 X
10* cells/well in 0.4% Type VIl agarose (Sigma) over a hardened layer
of 0.8% agarose. The cells were incubated at 37 °C in 5% CO, for 7
days, and colonies were counted using a Gel Count imager. Three
technical replicates were performed for each of three experiments.
The mean colony number for each sample was plotted + the S.E., and
statistical significance was reported as p < 0.01.

RESULTS

Cellular KRAS Status Affects Exosomal Protein Composi-
tion as Determined via LC-MS/MS—Qur prior study showed
that exosomes released by mutant KRAS-expressing CRC
cells contained markedly higher levels of AREG than exo-
somes from their isogenically matched WT KRAS derivatives
(10). We hypothesized that there might be global changes in
the protein composition of exosomes based on the mutant
KRAS status of the producing cell. Exosomes were purified
from the serum-free conditioned medium of parental DLD-1
cells and their isogenically matched derivatives: DKO-1 (mu-
tant KRAS allele only) and DKs-8 (WT allele only) cells. Serum-
containing medium was not used during collection because of
the known presence of exosomes in bovine serum (24). To
ensure that the exosomal preparations derived from these
cells were both enriched in exosomes and relatively devoid of
larger extracellular vesicles, vesicles were subjected to exo-
somal marker and size analysis (Fig. 1). These vesicles con-
tained the exosome-specific markers HSP70 (25), TSG101
(26), and Flotillin-1 (10), but they did not contain voltage-de-
pendent anion channel (VDAC), a mitochondrial protein (Fig.
1A). Size analysis by means of transmission electron micros-
copy (TEM) showed that DKs-8 vesicles had a mean diameter
of 59.2 nm = 14.2 nm and DKO-1 vesicles had a mean
diameter of 56.3 nm = 17.9 nm (Fig. 1B). Importantly, no
vesicles were larger than 140 nm. Although we cannot ex-
clude the possibility that other types of vesicles are contained
in our preparations, these results are consistent with the
reported size of exosomes (9) and smaller than the reported
size of microvesicles, which range in diameter from 200 nm to
1 um (27). Combined, these results strongly support the purity
of these exosome preparations. To determine the concentra-
tion of exosomes produced by each of the cell lines, nano-
particle tracking analysis was performed. The results show
relatively similar numbers of vesicles per microgram of protein
for DKs-8, DLD-1, and DKO-1 exosome preparations (supple-
mental Fig. S1A), suggesting that the three cells lines secrete
equivalent levels of exosomes under serum-free conditions.

To determine whether protein composition was altered in
exosomes derived from DLD-1, DKs-8, or DKO-1 cells, we
performed a comprehensive proteomic analysis. Three bio-
logical preparations of exosomes from each line were purified
via sequential differential centrifugation. Because of the low
yield associated with sucrose gradient fractionation, this pro-
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Fic. 1. Extracellular vesicles purified from DKs-8, DLD-1, and
DKO-1 cells have exosomal characteristics. A, exosomes were
purified from conditioned medium of DKs-8, DLD-1, and DKO-1 cells
via differential centrifugation as described in the text. One hundred
micrograms of whole cell lysate (WCL) protein and 10 pg of exosome
(EXO) protein were resolved via SDS-PAGE and Western blotted with
the indicated antibodies. Experiments were performed at least in
triplicate. B, two independent exosome preparations from DKs-8 and
DKO-1 cells were negatively stained and viewed via TEM. Represent-
ative field images show vesicles with a smooth, saucer-like morphol-
ogy characteristic of exosomes (left-hand panels). The mean diameter
of 200 vesicles was calculated from TEM images, and the exosome
frequency was plotted for indicated size groups of 10 nm each
(right-hand panels). The mean diameter for DKs-8 is 59.2 nm = 14.2
nm, and the mean diameter of DKO-1 is 56.3 nm + 17.9 nm. Scale bar
represents 100 nm.

cedure was not used. To exclude possible microvesicle con-
tamination, exosome preparations were filtered through a
0.22-um filter. The purified exosomes were digested, fraction-
ated using isoelectric focusing of the peptides, and analyzed
via LC-MS/MS analysis (three technical MS replicates per
sample).

LC-MS/MS datasets were searched and filtered as de-
scribed earlier (see Experimental Procedures). We found a
total of 185,000 confidently identified spectra corresponding
to 15,359 peptides and 1,924 protein groups (minimal protein
reporting with parsimony applied) (Dataset 1). This corre-
sponded to a protein-level FDR of 2% and a peptide-to-
spectrum match FDR of 0.6%. The average, standard devia-
tion, and coefficient of variation demonstrate the high
reproducibility of our analysis (supplemental Table S1). To
determine the biological processes, molecular functions, and
cellular components associated with the proteins identified by

the LC-MS/MS analysis, GOSIlim Classification analysis was
used (supplemental Figs. S1B, S1C, and S1D). Of the 1,924
protein groups identified, 1,820 were assigned to a gene. The
majority of these protein groups were shared among DKs-8,
DLD-1, and DKO-1 exosomes when examined for the pres-
ence or absence of proteins (Fig. 2A). Twenty-three proteins
were present only in DKs-8 exosomes, one in DLD-1 exo-
somes, and two in DKO-1 exosomes (Fig. 2A and Dataset 1,
sheet 2). Protein groups represent protein family members
that contain common tryptic peptides; hereinafter, unless oth-
erwise stated, they are referred to as proteins.

In addition to determining the presence or absence of pro-
teins, we also assessed the relative levels of proteins within
exosomes based on donor cell mutant KRAS status. To this
end, we performed both pairwise and trend analyses (Dataset
2, sheet 1, and Dataset 3). Table | represents both pairwise
comparisons generated with a generalized linear mix model
and Jonckheere-Terpstra (JT) trend analysis. For pairwise
comparisons, all proteins represented a FDR of less than 0.05.
This table represents the number of proteins whose levels
were increased or decreased in the indicated exosome com-
parisons given rate ratio ranges of greater than 3, less than 3,
but greater than 2, and less than 2, but greater than 1.5. In
addition, the numbers of proteins with increasing or decreas-
ing trends from DKs-8 to DLD-1 to DKO-1 exosomes are
shown with FDR values of less than 0.05 or 0.01.

The results from a generalized linear mixed effect model of
pairwise comparisons (DKs-8 versus DKO-1, DLD-1 versus
DKO-1, DLD1 versus DKs-8) showed the greatest number of
exosomal protein level differences between DKs-8 and
DKO-1 exosomes (416 total proteins, Table I). Significance
was defined as a greater than 3-fold difference (rate ratio) in
protein level between DKs-8 and DKO-1 samples and a FDR
of less than 0.05 based on pairwise analysis (Dataset 2). A
heat map depicting the relative abundance of proteins with
significantly different levels was generated for DKs-8 and
DKO-1 exosomes. The DLD-1 exosomal protein level differ-
ences were then included in the heat map for the regulated
proteins (Fig. 2B and supplemental Fig. S2).

Both DLD-1 cells and DKO-1 cells contain mutant KRAS.
These cell lines form a similar number of tumors in nude mice
and colonies in soft agar (4). Loss of WT and duplication of
mutant KRAS alleles occurs in cancer (28-31); there is evi-
dence that WT KRAS might act as a tumor suppressor and
that the balance between mutant and WT KRAS alleles is
critical for the oncogenic potential of KRAS. As a result, we
asked whether further functional classification of exosomal
proteins correlated with KRAS status in DKO-1, DLD-1, and
DKs-8 exosomes. Eighty-one proteins were significantly
higher in DLD-1 exosomes than in DKs-8 exosomes (Table |
and Dataset 2, sheet 6); we show that proteins with fairly
similar functions (endocytosis, adhesion, regulation of actin
cytoskeleton) have higher levels in both DLD-1 and DKO-1
exosomes than in DKs-8 exosomes (supplemental Fig. S3).
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Fic. 2. Proteomic analysis of exo-
somes. A, Venn diagram representing the
presence, absence, or overlap of protein
groups identified through LC-MS/MS in
the indicated exosomes. B, heat map rep-
resenting proteins that were significantly
up- and down-regulated in the DKs-8 ver-
sus DKO-1 pairwise analysis (see text).
The data were sorted based on relative
levels and proteins identified that differed
by greater than 3-fold between groups
and an FDR < 0.05. The DLD-1 exosomal
protein level differences were included for
these proteins. Red represents proteins
that were up-regulated, and green repre-
sents proteins down-regulated. C, D,
classification of proteins identified. Pro-
teins that were significantly (C) up-regu-
lated in DKO-1 exosomes relative to
DKs-8 exosomes or (D) up-regulated in
DKs-8 exosomes relative to DKO-1 exo-
somes were classified based on their Uni-
prot identified function. Statistical criteria
used were an FDR of <0.05 and a rate
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However, we chose to perform further analysis on the DKO-1
exosomes compared with the DKs-8 exosomes because this
comparison yielded the greatest number of differences (Table
0).

We also performed a trend analysis of protein levels in
exosomes purified from the three isogenically matched cell
lines using the JT trend test (Dataset 3) (18). There were 102
proteins that were increased and 276 proteins that were de-
creased (p < 0.05) based on the trend from DKs-8 to DLD-1
to DKO-1 exosomes (Table I). When more stringent criteria
were applied (o < 0.01), 50 proteins were increased and 83
proteins were decreased.

Classification of KRAS-regulated Exosomal Proteins—Fur-
ther analysis of the mutant KRAS-regulated exosomal pro-
teins as delineated by pairwise comparison (Fig. 2B and sup-
plemental Fig. S2) shows how these proteins fall into
categories of distinct cellular functions. Each protein was
classified by its Uniprot-defined function, and proteins within
each functional group were represented as a percentage of
total regulated proteins. The results were plotted as pie
charts, one for proteins with levels significantly higher in
DKO-1 exosomes (Fig. 2C and Dataset 2, sheet 2) and the
other for proteins with levels significantly higher in DKs-8
exosomes (Fig. 2D and Dataset 2, sheet 3). Significance was
defined as an FDR < 0.05 and a rate ratio of >3. Individual
functional groups with lower than 2% of the total proteins
were grouped and classified as miscellaneous. Proteins as-
sociated with vesicle components/transport and cellular ad-
hesion predominated in DKO-1 exosomes, whereas RNA

lon Binding (12%)

Cell Cycle
Misc.(14%) (6%)

ATP or GTP
Binding (7%)

Misc.(13%)

Unclassified (10%)

binding was the most heavily represented group in DKs-8
exosomes (Figs. 2C and 2D). Similar results were obtained
when a more stringent FDR of <0.01 was used (data not
shown). These results show that mutant KRAS expression
alters exosome content by enriching exosomes with proteins
involved in cellular adhesion, cytoskeletal rearrangement, and
migration, processes that are often altered during cancer
progression.

Confirmation of LC-MS/MS-identified Exosomal Pro-
teins—In order to confirm the LC-MS/MS results, Western
blotting analysis for specific candidate proteins was per-
formed on DKs-8, DLD-1, and DKO-1 WCL and EXO (Fig. 3A).
Similar to the proteomics results (Dataset 1), KRAS, EGFR,
RAP1, SRC (c-Src), LYN, B1 integrin (ITGB1), a2 integrin
(ITGA2), aV integrin (ITGAV), cortactin (CTTN), and p120
catenin (CTNND1) exhibited higher levels in DKO-1 exosomes
than in DLD-1 and DKs-8 exosomes. In contrast, a-catenin
(CTNNA) had higher levels in DKs-8 exosomes than in DLD-1
or DKO-1 exosomes. Western blotting analysis also sup-
ported the trend analysis, showing increasing levels of a6
integrin (ITGAB), B4 integrin (ITGB4), EPHA2, and EPS8 from
DKs-8 to DLD-1 to DKO-1 exosomes (Figs. 3B and 3C).
KRAS, CTTN, EPS8, ITGAG6, ITGB4, and EPHA2 levels were
significantly higher in DKO-1 than in DKs-8 exosomes,
whereas CTNNA levels were significantly lower (Dataset 2 and
Figs. 3A and 3B). To confirm equivalent loading, exosomal
protein gels were stained with Sypro Ruby and imaged
(Fig. 3E).
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TABLE |
Proteomic and statistical appraisal of KRAS-regulated exosomal proteins based on spectral analysis

JT trend analysis

Pairwise comparison

Exosome Trend from DKs-8 to DLD-1 to DKO-1
comparison FDR < 0.05 rate ratio
Trend p value FDR < 0.05 Trend p value FDR < 0.01
>3.0 <3.0, >2 <2,>1.5
DKO-1 vs. DKs-8 1 126, | 290 142, | 82 123, | 38 1102, | 276 1 50, | 83
DLD-1 vs. DKs-8 181, | 141 142, | 26 118,110
DKO-1 vs. DLD-1 1319 1313 103

Pairwise comparisons in the table represent proteins with an FDR of <0.05. Left, the columns represent the number of proteins that had a
quantitative protein level difference based on the rate ratio between the indicated exosomes. The differences are grouped as greater than or
equal to 3, less than 3 but greater than or equal to 2, and less than 2 but greater than 1.5. Right, the number of proteins that exhibited an
increasing trend from DKs-8 to DLD-1 to DKO-1 or a decreasing trend from DKs-8 to DLD-1 to DKO-1 based on a trend p value FDR of <0.05
or <0.01.

o

WCL EXO WCL EXO ; WCL " EXO
i el © T Y owow c c
249249¢ £9¢¢£9%2 Zaowr g4{OwWr
S St B o . | Mutant & | M Mutant
ews ..« KRAS ‘.. - |TGAB 23 g3
s s
—-—- « == EGFR - - s TeBa E 2 g 2|
B . w» RAP1 -— - - ‘ EPHA2 1 . 1| ﬂ
e I BN EPSO DKs-8 DKO-1  DKs8 DKO-1
- LYN
¢ == c ITGAE ITGB4 E
SENw meg TGBE1 " —| , 007 l: -
€ 0034 I *E 5 o e B
—— - TGA2 B 3 005’ & 338
[3_—] 003l = % O 5‘ [a)
SR - TGAV 001 - 003} =R
? & o ® N N
o ¢ — —
e i CTTN & & &7 & : =
T - CTNNA EPHA2 EPS8
T - - —
! e
- s #= CTNND1 2 002 1| 20015 —
3 - 3 = =R - |
save TUBA 2001 5 2 iD[1.04] 1 ‘mg
j = 0005 EE SD[ 09 [NiA| .09 |
P o o 5 N N
$ o O o
F & oF Q‘{f’ 0\9 o

Fic. 3. Confirmation of LC-MS/MS results. A, B, equal concentrations of WCL and equal concentrations of EXO purified from DKs-8,
DLD-1, and DKO-1 cells were resolved via SDS-PAGE and Western blotted with the indicated antibodies (for protein concentrations, see
“Experimental Procedures”). C, trend analysis of proteins Western blotted in B. A trend analysis using the Jonckheere-Terpstra trend test was
performed, and results for the indicated proteins were plotted. The y-axis indicates normalized counts, which are equivalent to the observed
counts divided by the total number of confident identifications. The results follow the trend shown in B for ITGA6 (IPI00010697), ITGB4
(IP100220845), EPHA2 (IPI00021267), and EPS8 (IP100290337). D, KRAS is present in WCL and EXO. Proteins from DKs-8 and DKO-1 WCL
and EXO (see supplemental Experimental Procedures) were resolved via SDS-PAGE and subjected to targeted LC-MRM analysis for WT
(LVWWGAGGVGK) and mutant (LVVWVGAGDVGK) (G13D) KRAS peptides. Concentrations of WT and mutant KRAS peptides were normalized
to protein input and reported as fmol/ug protein. All experiments were performed at least in triplicate. E, equal protein concentrations of
exosomes were resolved via SDS-PAGE and then gel stained with Sypro Ruby (see supplemental Experimental Procedures). Below,
densitometry was performed on three biological replicates of DKs-8, DLD-1, and DKO-1 exosomes. Integrated densities of the entire lane were
determined, and mean values (ID) and the S.D. were calculated. No statistically significant differences were found. The results show equivalent
levels of exosomal proteins in the three preparations.

LC-MRM Measurement of Exosomal WT and Mutant KRAS  only allow the detection of total KRAS proteins and do not

Peptides—A notable finding was that KRAS protein was
markedly enriched in exosomes from cells with mutant KRAS
relative to WT KRAS only cells, despite equivalent levels of
KRAS in the WCL as determined via LC-MS/MS and Western
blot analysis (Fig. 3A, Dataset 1, Dataset 2). These methods

distinguish between mutant and WT proteins. Therefore, to
distinguish between WT and mutant KRAS, we utilized LC-
MRM. Peptides specific for WT (LVVVGAGGVGK) and mutant
(LVWVGAGDVGK) (G13D) KRAS were designed, and the levels
of mutant and WT KRAS in DKs-8 and DKO-1 cell lines and
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their respective exosomes were measured (32). In general,
KRAS peptides were more abundant in exosomes than in
cells. In DKs-8 exosomes, WT peptide was present at 0.9 =
0.07 fmol/ug protein, and in cells, this value was 0.56 + 0.07
fmol/ug protein, whereas in DKO-1 exosomes, G13D mutant
peptide was present at 4.1 = 0.19 fmol/ug protein, and in
cells this value was 0.6 * 0.02 fmol/ug protein (Fig. 3D).
Combined, the results from LC-MS/MS, Western blotting, and
targeted LC-MRM analyses strongly support the presence of
WT KRAS and an enrichment of mutant KRAS in exosomes,
and lead us to hypothesize that activated KRAS might have
enhanced localization to exosomes.

Exosomes Are Internalized by Recipient Cells—As exo-
somes derived from mutant KRAS-expressing cells contain
proteins involved in cancer initiation and progression, we
hypothesized that internalization by recipient WT KRAS-ex-
pressing cells might alter cell behavior. To test whether exo-
somes are internalized, we utilized the lipophilic membrane-
diffusible dye DiD to label purified exosomes and measured
non-surface DiD uptake into recipient cells. Specifically, DiD-
stained DKs-8 or DKO-1 exosomes were incubated with re-
cipient DKs-8 or DKO-1 cells for 1 to 60 min. Flow cytometry
was used to determine the recipient cell initial mean fluores-
cent DiD intensity. Cells were then incubated with Sudan
Black to quench cell-surface-bound DiD-stained vesicles.
Flow cytometry was repeated to quantitate the percentage of
cells with internalized DiD-stained exosomes (10). The results
show that greater than 80% of cells contained DiD-stained
exosomes inside the cell by 5 min of incubation (Fig. 4A), sug-
gesting the rapid internalization of exosomes by recipient cells.

Subsequently, we asked whether there was an increase in
exosomal markers in recipient cells after a 1 h exposure to
exosomes. Increased levels of the exosomal markers
PDCD6IP (26), TSG101 (10, 26, 33), and CD9 (10) were de-
tected in recipient cells via targeted LC-MRM (Fig. 4B). It
is interesting to note that the ESCRT complex proteins
PDCD6IP and TSG101 were identified in our LC-MS/MS anal-
ysis of exosomal contents (Dataset 1). Combined, these data
are supportive of exosome internalization and protein incor-
poration by DKs-8 and DKO-1 recipient cells. Based on pre-
vious reports (34, 35), we hypothesize that exosomes might
fuse with the plasma membrane and/or be internalized by
recipient cells via endocytosis. Future studies will examine
these possibilities.

To further examine exosome internalization, we asked
whether DKs-8 and DKO-1 exosome internalization was visi-
ble by microscopy. DiD-stained DKs-8 or DKO-1 exosomes
were incubated for 30 min with recipient DKs-8 cells, DKO-1
cells, or the non-transformed WT KRAS-expressing rat intes-
tinal epithelial cell line RIE-1. The recipient cell actin cytoskel-
eton was visualized by means of phalloidin staining. The
results show the internalization of exosomes by all recipient
cells tested after 30 min of incubation (Fig. 4C and supple-
mental Fig. S4A). Although we cannot exclude the possibility

that a population of exosomes adhere to the outside of the
plasma membrane, these three pieces of data provide strong
support for recipient cell internalization of exosomes.

Mutant KRAS Is Present in DKs-8 Cells after DKO-1 Exo-
some Incubation—Exosomes may play a role in cell-cell com-
munication through the horizontal transfer of proteins. Having
demonstrated the presence of mutant KRAS in DKO-1 exo-
somes (Figs. 3A and 3D) and the internalization of exosomes
by recipient cells (Fig. 4), we asked whether exosomes trans-
fer mutant KRAS to recipient cells expressing only WT
KRAS. DKs-8 and DKO-1 cells were mock treated or incu-
bated with DKs-8 or DKO-1 exosomes for 1 h, and LC-MRM
was used to detect G13D and WT peptides in WCL. To
account for the relative contributions to the WT peptide
signal by NRAS and HRAS (LVWVGAGGVGK is common to
KRAS, NRAS, and HRAS), the NRAS/HRAS-specific peptide
QGVEDAFYTLVR was also monitored; it was not found to
vary among the experimental conditions (Fig. 5A). G13D
mutant peptide was detected in DKs-8 cells after incubation
with DKO-1 cell-derived exosomes (0.3 += 0.15 fmol/ug
protein), suggesting the incorporation of exosome-delivered
mutant KRAS protein. Corresponding increases in WT pep-
tide after DKO-1 cells were incubated with DKs-8-derived
exosomes were not observed (Fig. 5B). One possible expla-
nation for this observation is that there is less WT KRAS
peptide present in DKs-8 exosomes than there is KRAS®'3P
peptide in DKO-1 exosomes (Figs. 3A and 3D, Dataset 2).
No other significant changes in WT or G13D peptides were
observed (Fig. 5A). These results demonstrate a selective
transfer of mutant KRAS from DKO-1 cells to DKs-8 cells via
exosomes.

DKO-1 Exosomes Enhance Three-dimensional Growth of
Non-transformed Cells—The ability of cancer cells to adhere
to one another, survive, and proliferate while isolated within
the extracellular matrix is critical to the early stages of tumor
progression (36, 37). We hypothesized that exosomes purified
from DKO-1 cells expressing a variety of cell adhesion, mi-
gration, cytoskeletal proteins (supplemental Fig. S1 and Fig.
2), and mutant KRAS (Figs. 3A and 3D) could, if added to
DKs-8 cells, enhance their ability to grow in three dimensions.
To test this possibility, DKs-8 or DKO-1 recipient cells were
cultured in collagen gel with serum-free medium or serum-
free medium supplemented with either DKs-8 or DKO-1 exo-
somes for 14 days. The results show that DKO-1 exosomes
significantly increased both the number and size of DKs-8
colonies relative to serum-free control or DKs-8 exosomes
(Fig. 5C and supplemental Fig. S4B). However, DKO-1 exo-
somes had less of an effect on DKO-1 recipient cells, likely
because the same complement of proteins presented are
produced.

In addition, we compared the transforming effect of
DKO-1 and DKs-8 exosomes on the non-transformed WT
Kras-expressing rat intestinal epithelial cell line RIE-1. The
ability of cells to form anchorage-independent colonies in
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Fic. 4. KRAS-containing exosomes are rapidly internalized. A, DiD-stained exosomes were purified from DKs-8 and DKO-1 cells and
incubated with recipient DKs-8 or DKO-1 cells for the indicated times. Flow cytometric analysis was performed as described in the text. Ten
thousand events were counted, and the experiment was performed in triplicate. B, exosomal markers increase in recipient cells after incubation
with exosomes. Recipient cells were incubated with the indicated exosomes for 1 h, and cell extracts were subjected to targeted LC-MRM
analysis. The chromatographic peak areas for the transitions of each targeted peptide were summed, normalized to summed peak areas for
the B-actin internal standard, and plotted as the fold change in the normalized MRM intensity = the S.D. (* indicates a p value of <0.05). C,
DKs-8 or DKO-1 cells were mock treated or incubated with the indicated DiD-stained exosomes for 30 min. Cells were fixed, permeablized,

stained with Alexa Fluor 488-phalloidin, mounted, and visualized by means of confocal microscopy.

soft agar is a hallmark of the transformed phenotype. RIE-1
cells were plated in soft agar with mock treatment, DKs-8
exosomes, or DKO-1 exosomes. After 7 days, colony for-
mation was measured; the results showed a statistically
greater number of colonies when cells were co-incubated
with DKO-1 exosomes than when incubated with DKs-8
exosomes (Fig. 5D), further supporting the idea that mutant
KRAS-containing exosomes enhance the transformation of
non-transformed WT KRAS-expressing cells. Taken to-
gether, these results strongly suggest that altering the
KRAS status within a cell significantly alters its exosome
proteome and the functional consequences of these exo-
somes for recipient cells.

DISCUSSION

Exosomes are implicated in intercellular signaling and as
regulators of tumor progression; however, it is unknown the
extent to which the contents of exosomes differ between
normal and cancer cells and how signals transmitted by exo-
somes might vary. To examine whether KRAS status affected
exosome composition and behavior, we purified exosomes
from DLD-1 (mutant and WT KRAS) cells and its KRAS variant
isogenic cell lines: DKs-8 (WT KRAS only) and DKO-1 (mutant
KRAS only). A comprehensive proteomic analysis was per-
formed, and the results show that KRAS status markedly
affects exosome composition (Dataset 1). Exosomes purified
from cells expressing mutant KRAS contain higher levels of
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cancer-associated proteins than do exosomes from cells ex-
pressing only WT KRAS (Figs. 2, 3A, and 3B; supplemental
Fig. S1). Among these proteins is KRAS itself (Fig. 3A). We
have shown that mutant KRAS is enriched relative to WT
KRAS in exosomes (Fig. 3D). Further, we have shown that
mutant KRAS-containing exosomes purified from DKO-1 cells
transfer mutant KRAS to recipient DKs-8 cells that express
only WT KRAS (Fig. 5B). Exosomes are rapidly internalized by
DKs-8 recipient cells (Figs. 4A-4C), and DKs-8 cells have
significantly enhanced growth in three dimensions in re-
sponse to exosomes containing mutant KRAS (Figs. 5C and
5D; supplemental Fig. S4B). Combined, our results suggest
that the mutation of KRAS can alter the signals released by
cells via exosomes, leading to a growth advantage for nearby
WT KRAS-containing cells.

Our study is the first to specifically detect KRAS in exo-
somes (Figs. 3A and 3D, Datasets 1 and 2). Ras family
members have been detected in a variety of vesicles. KRAS
associates with early endosomes, late endosomes, and lyso-
somes, as well as recycling endosomes (38); KRAS and HRAS
bind to Arf6-associated clathrin-independent endosomes
(38). HRAS and NRAS, but not KRAS, are reported to localize

in ~100-nm non-plasma membrane-derived cytoplasmic ves-
icles termed rasosomes (39, 40).

HRAS and NRAS have been found in exosomes purified
from transformed cells (41, 42) and urine (43). HRAS, NRAS,
and KRAS were previously detected in exosomes via LC-MS/
MS; however, that study did not describe the peptides iden-
tified, and further validation was not provided (44). Therefore,
we are the first to document the presence of KRAS in exo-
somes, not only by means of LC-MS/MS proteomics, but also
through targeted LC-MRM and Western blot analysis (Figs.
3A, 3D; Datasets 1 and 2). Moreover, we show that the level
of KRAS in exosomes increases when mutant KRAS is ex-
pressed in the donor cell (Figs. 3A, 3D; Datasets 1 and 2),
suggesting that mutant KRAS localizes to exosomes to a
greater extent than WT KRAS, which might be a process
directly or indirectly regulated by activated mutant KRAS
itself.

Although we do not know the mechanism(s) by which KRAS
traffics to exosomes or why mutant KRAS is preferentially
targeted there, we propose several possibilities: plasma
membrane aggregated active KRAS might induce trafficking
to exosomes; localization might be enhanced by protein mod-
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ification of KRAS, such as protein kinase C phosphorylation of
the KRAS hypervariable region, leading to its accumulation at
endomembranes (45); KRAS might “piggy-back” with binding
partners that are targeted to exosomes, particularly those
binding partners that interact with GTP-bound KRAS; and
finally, in our favored model, ubiquitin modification of KRAS
regulates its trafficking to exosomes.

A recent report shows that KRAS is ubiquitylated (46). Be-
cause ubiquitylation has been implicated in exosomal sorting
(47), and given that ubiquitin is one of the most abundant
peptides based on the number of spectra detected by pro-
teomics in our exosomes (Dataset 1), ubiquitin-modified ac-
tivated KRAS might be specifically targeted to these vesicles.
This hypothesis is supported by the concordance of identified
protein groups in our exosomes with those found in the ubig-
uitin-modified proteome of HCT116 cells (48). This corre-
sponds to a 58% overlap of the exosomal identified proteins
(Dataset 1) with the identified ubiquitin-modified proteins (p
value of <0.001) (Dataset 4) when using Fisher’s exact test for
the null hypothesis of independence of these two studies. If
we estimate the lower limit of the number of proteins per cell
as ~10,000 (supplemental Experimental Procedures), then
our analysis excludes the random association of exosome
proteins with ubiquitin-modified proteins. The significance of
this overlap indicates that this is a non-random association
(49). Future investigations will examine how KRAS is trafficked
to exosomes and whether ubiquitin modification regulates
KRAS and other proteins trafficking to exosomes.

Exosomal proteomic analysis shows other KRAS-induced
differences that might have non-cell autonomous functional
consequences. Integrins are one such class of proteins that
might facilitate exosome-induced effects on cell adhesion
(50), migration (51), or invasion (10). Many of the identified
integrin subunits (ITGB1, ITGA2, ITGAV, ITGAG, and ITGB4)
(Dataset 1) were previously reported as exosomal compo-
nents (52), but we have shown that their exosomal composi-
tion is regulated by mutant KRAS. This observation is sup-
ported by earlier reports showing the regulation of integrin
expression or activity by KRAS. Decreased expression of
ITGB1 has been detected in cancer tissue (53), and the ex-
pression of G12V mutant KRAS in HD6-4 colon cancer cells
inhibits ITGB1 glycosylation and loss of cell-cell adhesion
(54). Induced expression of the ITGAV subunit increases the
metastatic potential of melanoma cells (55), and its levels are
decreased upon antisense knockdown of mutant KRAS in
SW480 cells (56), supporting the notion that KRAS regulates
its expression. Similarly, ITGA6-ITGB4 complex expression is
up-regulated in a number of cancers, and its induction corre-
lates with progression to invasive carcinoma (55). Keratino-
cytes lacking the ITGA6-ITGB4 complex are resistant to Ras
transformation, suggesting a cooperative role of these pro-
teins in cancer progression (57). Combined, these reports
support the idea that integrin subunits and complexes are

regulated by and cooperate with Ras to promote tumor ag-
gressiveness. Future studies will determine whether the pres-
ence of integrin subunits or complexes in exosomes also
plays a role in this phenomenon.

A number of proteins with higher levels in DKO-1 exo-
somes have been found in tumor-adjacent tissue, including
mutant KRAS, EGFR, and SRC (58), suggesting that aber-
rant expression of these proteins predisposes tissue to
cancer growth, and the introduction of other proteins con-
tained in exosomes also might provide a growth advantage.
Among these, EPHA2 and EPS8 levels positively correlate
with mutant KRAS expression in cancer tissue and cells (59,
60), and when KRAS is transfected into intestinal epithelial
cells, enhanced CTNND1 phosphorylation is observed (61).
These proteins might play an important role in imparting
exosome-induced effects on recipient cells. Further, several
of the most significantly mutated genes detected in CRC
(62) (KRAS, NF1, ARID1A, MSH2, CTTNB1, and PIK3R1)
were found in the DKO-1 exosomes, making exosomal de-
livery of mutant forms of these proteins to adjacent tissue a
potential mechanism by which tumors may promote field
effect.

Field effect has been proposed to explain how histologically
non-dysplastic epithelium is preconditioned for cancer growth
(63), and it appears to result from growth advantages pro-
vided by the tumor microenvironment. Because KRAS is often
mutated in colon cancer cells and tissues (64), and because
this dysregulates a variety of intracellular signaling processes
(65), it is important to determine the contribution of KRAS to
field effect. The observed non-cell autonomous effects in-
duced by mutant KRAS-containing exosomes (Fig. 5) suggest
that exosomes might play a role in mutant KRAS-induced field
effect and the establishment of the tumor niche.

We hypothesize that one mechanism by which mutant
KRAS-containing exosomes might facilitate tumor niche de-
velopment is alteration of the tumor stroma. Recently, active
Whnt proteins were found to be localized in exosomes, and
these exosomes activate the transcription of an exogenously
expressed Wnt reporter in recipient cells (66). Peinado et al.
showed that bone marrow from mice exposed to melanoma-
derived exosomes induced greater primary tumor size and
numbers of metastases than bone marrow from control mice
(67). Additionally, it has been reported that cancer-derived
exosomes enhance fibroblast-to-myofibroblast differentiation
(68). Given these reports, one of our future directions is to
begin analyzing whether mutant KRAS-containing exosomes
similarly alter the tumor microenvironment. We cannot ex-
clude the possibility that exosomes from normal cells sur-
rounding the tumor niche also might have a suppressive effect
in tumor growth.

In addition to exosomes exerting field effects on local cells,
exosomes may also induce non-cell autonomous effects at
distant metastatic sites. When Paget first asserted the “seed
and soil” hypothesis (69), it was unknown what factors might
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enrich a distant site, making it hospitable for metastatic
growth. More recently, Kaplan et al. found that conditioned
medium purified from Lewis lung carcinoma cells or B16
melanoma cells stimulated the migration of VEGFR1™* bone-
marrow-derived cells (BMDC) through Transwell filters to a
greater extent than serum-containing medium. Further, this
study showed that the intraperitoneal injection of cancer cell-
conditioned medium could direct the formation of metastatic
deposits of injected cancer cells in vivo (70). The authors
hypothesize that chemokines or cytokines present in the con-
ditioned medium of cancer cells are responsible for the met-
astatic growth of BMDC; however, given our results of
exosomal transfer of mutant KRAS (Fig. 5B) and enhanced
three-dimensional growth of WT KRAS cells stimulated by
mutant KRAS-containing exosomes (Figs. 5C and 5D; sup-
plemental Fig. S4B), it is possible that exosomes play a key
role in a similar phenomenon in colon cancer.

The study of exosomes in cancer is a nascent field of
inquiry, and many questions remain unanswered. Among
these are how proteins are targeted to exosomes, what the
mechanism of exosome biogenesis and uptake is, how exo-
somes exert effects on recipient cells, and how cancer cells
exploit exosomal content transfer or signaling to enhance the
tumor microenvironment. This study sheds light on several of
these questions by providing evidence that donor cell mutant
KRAS expression alters exosome content, allowing for exo-
somal localization of mutant KRAS, as well as other proneo-
plastic proteins; that these exosomal proteins can be trans-
ferred to recipient cells; and that mutant KRAS-containing
exosomes stimulate enhanced growth of non-transformed
WT KRAS-expressing cells in three dimensions. We hypoth-
esize that these events allow mutant KRAS-expressing tumor
cells to alter neighboring cells through field effect and pro-
mote metastatic progression by seeding the soil of pre met-
astatic niches.
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