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Proteome Science

Exosome proteomes reveal glycolysis-related 
enzyme enrichment in primary canine 
mammary gland tumor compared to metastases
Hui‑Su Kim1,2 and Je‑Yoel Cho1,2* 

Abstract 

Objective Numerous evidence has highlighted the differences between primary tumors and metastases. Nonethe‑
less, the differences in exosomal proteins derived from primary tumor and metastases remain elusive. Here, we aimed 
to identify differentially expressed exosomal proteins from primary canine mammary gland tumor and metastases 
to understand how they shape their own tumor microenvironment.

Methods We clearly distinguished primary canine mammary gland tumors (CHMp) from metastases (CHMm) 
and profiled the proteins within their secreted exosomes using LC–MS/MS. Moreover, the abundance of glycolysis 
enzymes (GPI, LDHA) in CHMp exosome was verified with Western blotting, To broaden the scope, we extended 
to human colorectal cancer‑derived exosomes (SW480 vs. SW620) for comparison.

Results We identified significant differences in 87 and 65 proteins derived from CHMp and CHMm, respec‑
tively. Notably, glycolysis enzymes (GPI, LDHA, LDHB, TPI1, and ALDOA) showed specific enrichment in exosomes 
from the primary tumor.

Conclusion We observed significant differences in the cellular proteome between primary tumors and metasta‑
ses, and intriguingly, we identified a parallel heterogeneity the protein composition of exosomes. Specifically, we 
reported that glycolysis enzymes were significantly enriched in CHMp exosomes compared to CHMm exosomes. We 
further demonstrated that this quantitative difference in glycolysis enzymes persisted across primary and metastases, 
extending to human colorectal cancer‑derived exosomes (SW480 vs. SW620). Our findings of the specific enrichment 
of glycolysis enzymes in primary tumor‑derived exosomes contribute to a better understanding of tumor microenvi‑
ronment modulation and heterogeneity between primary tumors and metastases.

Keywords Cancer, Primary tumor, Metastases, Exosome, Proteomics

Background
Ninety percent of cancer-related deaths are attributed 
to metastases [1]. To address this high mortality rate, 
understanding the distinctions between primary tumor 
and metastases is a crucial task in unravelling the 
intricacies of disease progression. The primary tumor 
is where cancer originates and initially manifests, rep-
resenting the early genetic changes and molecular 
characteristics that determine its origin [2]. However, 
an intriguing aspect is that, even if they share the same 
origin, primary tumors and metastases have distinct 
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cellular characteristics [3]. Based on these disparities, 
primary tumors and metastases have different com-
munication systems in forming their tumor microenvi-
ronment. Accumulating evidence revealed that cancer 
cells not only directly interact with surrounding cells 
such as fibroblasts, endothelial cells, and immune cells 
within the tumor microenvironment but also indi-
rectly create their desired niche by secreting soluble 
factors [4, 5]. The communication between cancer 
cells and the surrounding microenvironment is com-
plex and involves various signaling pathways and inter-
actions [6–8]. Through this intricate interplay, cancer 
cells can modulate the tumor microenvironment to 
support their survival, growth, invasion, and the for-
mation of metastases [9]. Recently, the role of signal-
ing molecules in regulating the tumor niche has been 
well established not only for soluble proteins but also 
for exosomes [10, 11].

Exosomes, a specific type of extracellular vesicle, 
are secreted by various cells and typically range in size 
from 30 to 150 nm are found in biological fluids [12]. It 
is known that cancer cells secrete a higher number of 
exosomes compared to normal cells. These exosomes 
contain proteins, RNAs, DNAs, and non-coding RNAs 
[13, 14]. The components within exosomes are shuttled 
through various mechanisms within cells, reflecting 
the characteristics of the parent cells [15]. The compo-
sition of exosomes can vary depending on the cell type 
and the conditions under which they are secreted [16]. 
Numerous studies have shown that exosomes derived 
from cancer cells carry oncogenic proteins, mRNAs, 
and ncRNAs, which can contribute to the formation of 
a metastatic niche in nearby or distant cells [17–19]. 
However, many studies tend to overlook the distinct 
heterogeneity between primary tumors and metastases 
and treat them without clear distinction.

In this study, our objective was to conduct a detailed 
profiling and identification of distinct proteins present 
in exosomes derived from primary tumors compared 
to those originating from metastases. We used canine 
mammary gland tumor patients-derived cell lines; 
CHMp for primary tumor and CHMm for metastases. 
Through the utilization of LC–MS/MS, we conducted 
an extensive analysis to uncover unique protein sig-
natures inherent to exosomes derived from primary 
tumors and metastases. Proteome analysis of these 
exosomes revealed significant differences between 
them. More importantly, glycolysis enzymes (GPI, 
LDHA, TPI1, and ALDOA) were significantly enriched 
in the exosomes of primary tumors of both canine 
mammary tumor and human colorectal tumor, com-
pared to metastases.

Methods
Cell culture
Canine mammary tumor cells (CHMp and CHMm) 
were established and obtained from the N. Sasaki lab 
[20]. CHMp, derived from primary tumors and CHMm, 
derived from metastatic cancer, were maintained in 
RPM I1640 medium (Hyclone, SH30027) supplemented 
with 10% fetal bovine serum (FBS; Gibco, 1,600,044) 
and 50 ug/ml gentamicin (Sigma‒Aldrich, G1272) at 
37 °C humidified incubator with 5% CO2. Two cell lines 
used in the study were authenticated, Mycoplasma-free.

Exosome isolation
Exosome isolation was performed as previously 
described [21], and the isolation method is summa-
rized in Fig. 1A. Briefly, CHMp and CHMm cells were 
cultured until reaching 80–90% confluency. Twenty-
four hours before exosome isolation, cells were washed 
twice with PBS and then cultured with serum-free 
RPMI medium without any supplements. The culture 
supernatant (CS) was collected and subjected to dif-
ferential centrifugation: 300 × g for 10  min to remove 
dead cells, 2,000 × g for 10  min to remove cell debris 
and 10,000 × g for 30 min. The supernatant was further 
centrifuged at 100,000 × g for 80  min. The pellet from 
ultracentrifuge was washed once with PBS and resus-
pended with appropriate buffers for the assay. All cen-
trifugation steps were performed at 4 °C.

Electron microscopy (EM)
Isolated exosomes were dissolved in PBS at a concen-
tration of 1 μg/μL. Subsequently, 1 μg of exosomes was 
placed on glow discharged carbon-coated copper grids 
for 1 min. Excess liquid on the grid was removed using 
filter paper, and negative staining was performed using 
a 2% (v/v) uranyl acetate solution for 10  min. After 
draining the staining solution, the grids were air-dried, 
and they were immediately observed under transmis-
sion electron microscopy (TEM) at 120 kV. TEM imag-
ing was conducted using a TEM Talos L120C (Czech) 
which located at the NICEM at the Seoul National 
University.

Western blot assay
The Western blot assay was performed following a pre-
viously reported method [22]. Briefly, exosomes were 
lysed using RIPA buffer supplemented with 4% (v/v) 
25 × protease (Roche, 04693116001) and 10% (v/v) 
phosphatase inhibitor cocktails (Roche, 049068545001). 
The lysed exosomal proteins were quantified using a 
BCA assay, and equal concentrations of CHMp, CHMm 
SW480, and SW620 exosomal proteins were loaded 
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onto SDS-PAGE gels. The proteins separated by SDS-
PAGE were transferred to an 0.2  µm nitrocellulose 
membrane (Amersham™ Protan™, 10,600,004) fol-
lowed by overnight incubation with respective primary 
antibodies at 4  °C. Subsequently, after three washes 
with 0.05% (v/v) TBS/Tween 20, secondary antibodies 
were applied. After three washes with 0.05% (v/v) TBS/
Tween 20, membrane was subjected to chemilumines-
cence detection using ECL (Biomax, BWP0200). (Pri-
mary antibodies; LDHA (expected molecular weight; 
37  kDa), Cell Signaling Technology, 3582  T, 1:1,000, 
and GPI (expected molecular weight; 60  kDa), Cell 
signaling Technology 94,068, 1:1,000, Secondary anti-
bodies; Goat anti-Rabbit IgG + H + I HRP conjugated, 
Bethyl, A90-116P, 1:3,000).

Proteomics sampling and LC–MS/MS
Exosomal proteins from CHMp and CHMm (50 µg each) 
were digested with trypsin according to filter-aided sam-
ple preparation (FASP) digestion method [23]. FASP 
digestion was performed as previously reported in our 
laboratory [24]. Briefly, 50 µg of protein were mixed with 
200ul of 8 M urea in 30 K Microcon devices (Millipore, 
YM-3). The reduction (10  mM of TCEP, Tris (2-car-
boxyethyl) phosphine) and alkylation (40  mM of IAA, 
iodoacetamide) of proteins were performed on 30  K 
Microcon with centrifugation washing. The resulting 
concentrates were digested with Pierce MS-grade trypsin 
for overnight at 37’C and desalted using StageTip C18 

method. Briefly, The C18 stage tip was made by mount-
ing three C18 discs (Empore, 2215) for reversed-phase 
material. Each StageTip was activated with sequentially 
100% methanol, 80% (v/v) acetonitrile (ACN) in 0.1% 
formic acid and 0.1% formic acid. Next, peptides were 
loaded and washed with 0.1% formic acid. Finally, elu-
tion of peptides was performed using 60% (v/v) ACN in 
HLPC-grade water. Eluted peptides were quantified by 
BCA peptide assay (Thermo Fisher Scientific, 23,275) and 
25 µg of peptides labeled with Tandem Mass tag (TMT) 
six-plex isobaric label reagent (Thermo Fisher Scientific, 
90,061) following the manufacturer’s recommendation. 
The labeled peptides were fractionated into three parts 
using by SDB-RPS (poly(styrenedivinylbenzene) reverse 
phase sulfonate). The detailed protocol and buffer com-
positions were described at Mann et al. [25].

Liquid chromatography-tandem mass spectrom-
etry (LC–MS/MS) analysis was performed with a Q 
Exactive (Thermo Fisher Scientific) coupled with an 
EASY-nLC1200 UHPLC system (Thermo Fisher Scien-
tific) as previously reported in our lab [22]. The pep-
tides were injected into an EASY-Spray column (75 μm 
i.d. × 50  cm; PepMap RSLC C18 particle, 2  μm parti-
cle size, 100  Å pore size) and subjected to a 90-min 
LC gradient at a flow rate 250  nl−1. The MS data were 
acquired in data-dependent mode and the full scan 
resolution was set to 120,000 at m/z 400. MS/MS raw 
data were processed with MaxQuant (ver1.6.5.1) soft-
ware and Uniprot dog proteome (number of entries: 

Fig. 1 Isolation and characterization of exosomes. A Schematic flow of exosome isolation. B Transmission electron microscopy of exosomes 
from CHMp and CHMm cells. Exosomes are negative stained. Isolated exosomes show a cup‑shaped morphology. Scale bar: 200 nm. C Dynamic 
light scattering analysis of CHMp and CHMm‑derived exosomes. The mean diameter size of CHMp‑derived exosomes were 91.6 ± 17.5 nm 
and CHMm‑derived exosomes were 33.0 ± 0.0 nm
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43,621) was used for database searching. Proteins iden-
tified with two or more unique peptides (> 9 amino 
acids) were considered significant. The false-discovery 
rates (FDRs) were less than 1% at global protein level. 
TMT intensity efficiency, multi-scatter plots and Prin-
cipal Component Analysis (PCA) of identified exoso-
mal proteins were analyzed using Perseus software 
(v1.6.15.0).

Bioinformatic analysis
The UniProt database was employed to categorize pro-
tein based on their subcellular localization. Gene Ontol-
ogy (GO) analysis was carried out using the DAVID 
functional annotation tool (v6.8) (https:// david. ncifc rf. 
gov/ tools. jsp). For network analysis, the STRING DB 
(v11) (https:// string- db. org/) was utilized. Additionally, 
Gene set enrichment analysis (GSEA) plots of differ-
entially enriched proteins were generated using GSEA 
software (v.4.1.0).

Results
Isolation and characterization of cancer cell‑derived 
exosomes
To investigate differences between primary tumor and 
metastases, we aimed to use tumor cell lines originated 
from same individual patient. Unfortunately, no paired 
human breast cancer cell lines were available for this 
purpose. Thus we choose to utilize canine mammary 
gland tumor cell lines; CHMp representing the primary 
tumor and CHMm representing metastases, derived 
from metastatic lung pleural effusion originated from 
same individual [20]. Canine mammary gland tumor 
cell lines, CHMp and CHMm was driven by their natu-
ral occurrence and the gene regulatory sequence and 
reference genome of dogs is more similar to humans 
than mice [21, 26].

We previously established an exosome isolation 
method to purify exosomes from CHMp and CHMm 
[21]. The detailed strategy is outlined in Fig.  1A. To 
further characterize the morphology of CHMp and 
CHMm-derived exosomes, negative staining was per-
formed, and transmission electron microscope (TEM) 
was used. The isolated exosomes exhibited cup-shaped 
membranous vesicles with sizes below 200  nm, and 
there was no significant difference in the morphol-
ogy of exosomes between the CHMp and CHMm 
(Fig. 1B). Exosome diameter measurement by dynamic 
light scattering (DLS) showed that the average diam-
eter of exosomes derived from CHMp was within 
91.6 ± 17.5  nm, while exosomes derived from CHMm 
were approximately 33.0 ± 0.0 nm in size (Fig. 1C).

Proteomic profiling and comparison between CHMp‑ 
and CHMm‑derived exosomes
Next, we analyzed the proteins within the cell-derived 
exosomes. The proteins isolated from the exosomes were 
digested into peptides using the FASP method. Technical 
replicates consisting of three samples each from CHMp 
and CHMm, were labeled with TMT, fractionated, and 
subjected to LC–MS/MS (Fig.  2A). The exosomal pro-
teins derived from CHMp and CHMm were analyzed 
in biological triplicates, and the TMT intensity for each 
replicate was uniformly labeled across all replicates 
(Fig.  2B). To assess the correlation among replicates for 
the CHMp and CHMm exosomal proteins, we performed 
principal component (PC) analysis which demonstrated 
a high correlation (> 0.9) between replicates (Fig. 2C,D). 
The exosome markers CD9, CD63, CD82, TSG101, Alix 
and GAPDH were enriched in all exosomes, while other 
markers such as Nucleus (HSP90B1, HIST2H3A, SUB1), 
Golgi (MAN2A1, BTGALT1), Lysosome (LAMP1), and 
Mitochondria (ITGB5) were not (Fig.  2E). Out of total 
1,284 identified proteins, 87 proteins were enriched 
in CHMp exosomes by log2(fold change) > 1.2 and 
p-value < 0.05 and 65 proteins in CHMm exosomes by 
log2(fold change) < -1.2 and p-value < 0.05 (Fig.  2F, and 
Table  1, 2, 3 and 4). The 87 CHMp exosomal proteins 
were predominantly localized in the extracellular region 
or nucleus, while 65 CHMm exosomal proteins showed 
different localization patterns, mainly in the extracellu-
lar region or plasma membrane (Fig.  2G). These results 
suggest significant differences in the composition of exo-
somal proteins derived from primary tumors and metas-
tases, indicating that heterogeneity between primary 
tumors and metastases is reflected in the composition of 
exosomal proteins.

Protein interactions identified in CHMp and CHMm 
exosomal proteins
To gain a better understanding of the function of the 
identified exosomal proteins, we conducted Gene ontol-
ogy (GO), STRING (Search Tool for the Retrieval of 
Interacting Genes) and Gene Set Enrichment Analysis 
(GSEA) (Fig.  3). GO analysis was conducted for each 
group, including biological process (BP), cellular com-
ponent (CC), and molecular function (MF) (Fig.  3A). 
CHMp exosomal proteins were significantly enriched in 
Collagen, Poly (A) RNA, and protein bindings, whereas 
CHMm exosomal proteins were mainly involved in the 
extracellular matrix proteins organization and binding 
(Integrin, Laminin, and Cadherin). The protein interac-
tion hubs of the CHMp and CHMm exosomal proteins 
were found to be completely different. The terms of "Pro-
teasome", "Glycolysis/Gluconeogenesis", “Splicing fac-
tor” and "Extracellular matrix-collagen" were exclusively 

https://www.david.ncifcrf.gov/tools.jsp
https://www.david.ncifcrf.gov/tools.jsp
https://www.string-db.org/
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Fig. 2 Proteomic profile of CHMp and CHMm‑derived exosomes. A Schematic figure of exosome proteomics analysis. B TMT labeling intensity 
efficiency between CHMp and CHMm exosomal proteins in triplicates. C‑D Principal Component Analysis (PCA) of CHMp and CHMm exosomal 
proteome replicates. C TMT intensity correlation of the replicates of CHMp and CHMm exosomal proteins. PCA showed high correlation 
for technical and biological replicates. D PCA showed high correlations of CHMp and CHMm exosomal protein triplicates. The X and Y axes show 
principal component 1 and principal component 2, respectively. E Heatmap of 13 exosomal proteins representing cellular localization. CD9, CD63, 
CD82, TSG101, Alix and GAPDH for exosome, HSP90B1, HIST2H3A and SUB1 for nucleus, MAN2A1, BTGALT1 for golgi, LAMP1 for lysosome, ITGB5 
for mitochondria. F Volcano plot based on the Log2 (fold change) and their ‑Log10 (p‑value) of CHMp and CHMm exosomal proteins. In the plot, 
red dots indicate the proteins that are statistically enriched in CHMp exosomes, blue dots represent proteins enriched in CHMm exosomes, 
and grey dots represent proteins that are not statistically significant. Significantly enriched proteins in CHMp exosomes compared with CHMm 
exosomes as control, Student’s t‑test, p < 0.05, obtained in Perseus software. G The subcellular localization of CHMp and CHMm exosomal proteins 
showing significantly differential expressions. Predicted subcellular localization were obtained from UniProt (https:// www. unipr ot. org/). CHMp 
exosomal proteins were predominantly located in the nucleus and extracellular region. n = 3 biologically independent exosomal protein isolations. 
Figure 2A created with BioRe nder. com

https://www.uniprot.org/
http://www.BioRender.com
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Table 2 CHMp enriched exosomal protein list

‑Log(p‑value) Difference(CHMp/CHMm) Gene name

3.825927762 4.232747396 VCAN

3.446658115 4.144786835 SERPINF1

2.855851168 4.076141993 COL1A2

2.364573136 3.860753377 COL1A1

4.010542696 3.840995789 BGN

3.01330113 3.472952525 RARRES2

3.46470961 3.431823413 CSF1

2.957979378 3.404488246 PPIB

2.730731501 3.381497065 COL5A2

2.584980508 3.119366964 MMP19

3.200554284 2.939285914 ANGPT1

3.992483184 2.853436152 PTX3

2.247380194 2.708808899 SERPINE2

1.999240186 2.703020096 CA9

2.340838841 2.562550863 VIM

3.586221933 2.529642105 COL15A1

2.279769264 2.508499781 CALU

2.29022807 2.498077393 FBN1

4.078013061 2.314013799 FSTL1

2.033073433 2.303468704 CCDC80

2.435262128 2.303056717 DPYSL3

1.532973002 2.284193675 NCL

1.783534213 2.279807091 HP1BP3

2.579635598 2.162349701 LOXL2

1.642646981 2.157704989 SF3A2

1.905211843 2.153563182 LGALS1

2.312220276 2.063093821 DCTN2

3.15621547 2.059827805 LDHA

2.898016023 2.038072268 QPCT

3.80319952 2.027355194 LRP1

1.658663759 2.019675891 SNRNP70

3.353548868 1.965273539 LTBP1

1.92614043 1.950872421 LMNA

2.058117674 1.931167285 PDCL3

1.793949072 1.926321665 PLOD2

2.784330443 1.869923274 FLNA

3.316970744 1.850252151 HTRA1

2.456524848 1.807861328 DCTN1

2.382420122 1.78372701 PLA2G7

2.557440061 1.765195847 SPARC 

3.041392709 1.753854116 COL5A1

2.568047412 1.675702413 PLOD1

1.35656781 1.664530436 NPM1

2.912536394 1.648955027 HAPLN3

1.364246165 1.637510935 LOC474472;YBX1

1.394159141 1.620957057 IGFBP7

1.65013999 1.564975103 SF3A1

2.505482247 1.542140961 LDHB

1.914909424 1.533444405 SND1

Table 2 (continued)

‑Log(p‑value) Difference(CHMp/CHMm) Gene name

2.039593579 1.507152557 PKM

1.884925665 1.493344625 TPI1

1.570956741 1.486865362 ILF2

4.348776385 1.473365784 PLOD3

3.535210432 1.468423843 GPI

1.953482022 1.450750351 ACTN1

1.868517468 1.446697871 ALDOA

2.153515994 1.438435872 ECM1

1.799269881 1.438388824 CTSB

2.258058226 1.428877513 UGP2

1.862710543 1.425952276 PSMB5

2.040322167 1.420176188 EHD2

2.072235175 1.414199829 ACTR1B

1.797192652 1.405944824 DYNC1H1

1.825208991 1.386330287 PSMA6

2.242046087 1.380494436 LGALS3

1.597058613 1.372160594 SF3B1

2.303290321 1.354293187 TSPAN9

2.316514596 1.345461528 Tg;TG

3.946996683 1.3450044 HEXB

3.258978315 1.344204585 AHCY

1.550451453 1.326200803 ARCN1

1.706817155 1.311513901 HSP27;HSPB1

1.708554258 1.311414083 COPA

1.408369909 1.29447333 COPZ1

2.345958928 1.280286153 DPYSL2

1.636177274 1.275075277 SERPINE1

2.200055363 1.262718836 PSMA3

1.680226216 1.261900584 SF3B3

1.926596316 1.259480158 PSMA7

1.985258345 1.253908793 QSOX1

1.841587306 1.246202469 PSMB2

2.334829633 1.229386012 PSMB3

1.331715302 1.227722804 EIF3A

1.853659617 1.223726273 ENO1

2.122573335 1.221523285 CAND1

1.822941849 1.217698415 PSMA5

1.892662003 1.214228312 PSMB4

composed of CHMp exosomal proteins (Fig.  3B). On 
the other hand, interactions with laminin (LAMA3, 
LAMA5, LAMB1, LAMB3, LAMC1, and LAMC2) 
proteins were observed in CHMm exosomal proteins 
(Fig.  3C). These protein–protein interaction (PPI) hubs 
were also reflected in the Gene Set Enrichment Analysis 
(GSEA). The GO analysis of CHMp exosomal proteins 
revealed enrichment in the "carbohydrate catabolic pro-
cess", while the Reactome analysis showed enrichment 
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Table 3 CHMm enriched exosomal protein list

‑log(p‑value) Difference(CHMp/
CHMm)

Gene name

4.506375702 ‑1.254926682 PRSS22

2.291151336 ‑1.260751724 LOC100855903;YWHAZ

3.16926308 ‑1.2680041 Oas2;OAS2

2.877796008 ‑1.272038142 4F2hc;SLC3A2

2.461284871 ‑1.33093071 EDIL3

2.651022336 ‑1.373197556 MARCKSL1

1.460425708 ‑1.434253693 CYR61

3.709946753 ‑1.4405454 GLTP

3.035761035 ‑1.45499293 LAMA5

2.146898533 ‑1.468008041 FERMT1

3.139041149 ‑1.487693787 PLAU

3.909790758 ‑1.501808802 ADAMTS1

2.974811694 ‑1.582276026 EPB41L1

3.562466945 ‑1.631938299 ITGA2

3.45317765 ‑1.648342133 ARRDC1

3.689625424 ‑1.651777903 LAMB1

3.988619856 ‑1.697559357 LAMC1

4.478561433 ‑1.705554326 DSG2

2.189894031 ‑1.814268112 PLAT

3.321172408 ‑1.890741348 L1CAM

3.643548691 ‑1.915160497 CTNNA1

3.591474729 ‑1.995358149 ATP1B1

3.422291835 ‑2.020580928 TGFBI

3.893879143 ‑2.051908493 TIMP2

2.837414475 ‑2.061990738 FLT1

4.059538472 ‑2.062202454 GOLM1

4.989410104 ‑2.065231959 LAMA3

2.606813109 ‑2.079588572 THBS1

4.056597069 ‑2.08832105 ZDHHC5

3.406738656 ‑2.101538976 SLC44A2

4.862737461 ‑2.118820826 SEMA3C

3.732651284 ‑2.129861196 LSR

3.834112047 ‑2.182456334 CPD

2.498679744 ‑2.196196238 timp3;TIMP‑3

3.754024745 ‑2.218083064 KIAA0040

4.164748799 ‑2.242208799 PROM2

3.829128818 ‑2.289141973

4.784021165 ‑2.292790095 CXADR

3.929900312 ‑2.355760574 LAMB3

4.371178247 ‑2.359786034 VTCN1

3.515384416 ‑2.375387192 KRT19

2.964369917 ‑2.413296064 SDC1

4.487920622 ‑2.41403389 LAMC2

3.715175607 ‑2.446184476 IL1RAP

4.603869955 ‑2.557299614 GPRC5C

3.797982634 ‑2.609004974 PTGFRN

5.100710449 ‑2.623574257 ST14

3.400650117 ‑2.652560552 KRT7

5.324739264 ‑2.747966766 MMRN2

Table 3 (continued)

‑log(p‑value) Difference(CHMp/
CHMm)

Gene name

5.740500316 ‑2.793313344 GPRC5A

4.427999633 ‑2.828067144 AGRN

4.787621977 ‑2.836886724 SLC2A9

5.590810378 ‑2.971192042 TF

5.628379284 ‑3.04624176 FAM3D

3.946455631 ‑3.132736206 TINAGL1

2.767503537 ‑3.19803683 CLDN7

4.602169944 ‑3.2772096 INHBA

5.814537685 ‑3.343172073 TMPRSS11E

5.40084921 ‑3.421566645 S100A16

3.665249927 ‑3.558298111 EPCAM

4.417990435 ‑3.645421346 CDH1

4.347089343 ‑3.653319677 FGFBP1

4.221828618 ‑4.036827723 TMPRSS11B

3.505575643 ‑4.145844777 COL12A1

3.74733543 ‑4.169596354 S100A14

in "TCR signaling" (Fig. 3C). In addition, the GO analy-
sis of CHMm exosomal proteins showed enrichment 
in the "positive regulation of GTPase activity", and the 
Reactome analysis indicated enrichment in "laminin 
interaction" (Fig.  3D). These results indicate that the 
composition of exosomal proteins differs between the 
two cell types, leading to distinct predicted functions. 
This highlights the potential functional variations of 
these exosomes in relation to their tumor microenviron-
ment and target cells.

Glycolysis enzymes were enriched in primary tumor 
derived exosomes
To investigate whether the differences observed in canine 
mammary gland tumor-derived exosomal proteins are 
applicable to other species and cancers, we conducted a 
comparative analysis using proteomic data from human 
primary (SW480) and metastatic (SW620) colorec-
tal cancer-derived exosomes [27]. We selected SW480 
enriched exosomal proteins with fold change (fold 
change) > 1.2 and p-value < 0.05 and compared them with 
CHMp exosomal proteins. Among the selected proteins, 
we found 19 proteins that were more abundant in both 
SW480 and CHMp exosomal proteins, with several pro-
teins related to glycolysis/gluconeogenesis (GPI, LDHA, 
LDHB, TPI1, and ALDOA) being commonly enriched 
(Fig.  4A). Notably, GPI showed more than a three-fold 
enrichment in both the CHMp and SW480 primary 
tumor exosomes compared their respective metastases 
(Fig.  4B and Supporting Information Table  1). The gly-
colysis enzymes enriched in the exosomes of primary 



Page 44 of 49Kim and Cho  Proteome Science            (2024) 22:4 

the molecular composition of exosomes derived from 
primary tumors and metastases. Notably, our analysis 
revealed a significant enrichment of glycolysis enzymes 
specifically in the exosomes derived from primary 
tumors. This finding suggests that primary tumor-derived 
exosomes may play a role in modulating the metabolic 
landscape of the tumor microenvironment.

Canine mammary tumors (CMT) are the most com-
mon disease in female dogs. Recently, the use of CMT as 
a model for human breast cancer has been recognized in 
the field of comparative medicine. This approach is jus-
tified by the genetic and epigenetic proximity between 
dogs and humans, surpassing that of mice. Furthermore, 
human breast cancer and CMT not only share the com-
monality of being spontaneous cancers but also exhibit 
similarities in epidemiological, environmental, and path-
ological features, including histological and molecular 
heterogeneity.

We conducted a comparative analysis using the exo-
some proteomics data from human primary and meta-
static colorectal cancer cells (SW480 and SW620). This 
analysis also revealed a significant enrichment of glyco-
lysis enzymes in primary tumor-derived exosomes, con-
sistent with our findings in CHMp exosomes. Glycolysis, 
a key metabolic pathway involved in energy production 
and biosynthesis in cancer cells [24], is closely associated 

Table 4 Differentially expressed top 10 proteins in CHMp and CHMm‑derived exosome

‑Log10(p‑value) Differene (log2 
CHMp/CHMm)

Gene name Report intensity

CHMp_1 CHMp_2 CHMp_3 CHMm_1 CHMm_2 CHMm_3

3.825927762 4.232747396 VCAN 22.4696102 23.130125 22.8115883 18.2517414 18.4355888 19.0257511

3.446658115 4.144786835 SERPINF1 20.4119377 21.3593349 20.863781 16.3416576 16.6676102 17.1914253

2.855851168 4.076141993 COL1A2 22.7126141 21.9729519 21.4228573 17.4363213 17.8027821 18.6408939

2.364573136 3.860753377 COL1A1 23.5662785 22.3222084 21.7536869 18.0861778 18.5545368 19.419199

4.010542696 3.840995789 BGN 19.9547539 20.5440636 20.384058 16.2550659 16.3103294 16.7944927

3.01330113 3.472952525 RARRES2 18.1875172 19.4561939 18.4302883 15.1363106 15.1118288 15.4070024

3.46470961 3.431823413 CSF1 17.621851 18.419836 18.4972439 14.5360651 14.7791548 14.9282408

2.957979378 3.404488246 PPIB 21.0832329 22.3854809 21.5912189 18.1218681 18.1542244 18.5703754

2.730731501 3.381497065 COL5A2 23.3597107 22.7222366 22.1970959 18.8724041 19.2987614 19.9633865

2.584980508 3.119366964 MMP19 18.9543552 20.2667084 19.8475399 16.0876484 16.6415997 16.9812546

2.767503537 ‑3.19803683 CLDN7 16.8106461 16.8545284 16.4988022 20.686285 19.7997971 19.2720051

4.602169944 ‑3.2772096 INHBA 18.7562962 18.5668488 18.6019745 22.1732864 21.7049751 21.8784866

5.814537685 ‑3.343172073 TMPRSS11E 17.8801098 17.732975 17.9181767 21.2247028 21.088419 21.2476559

5.40084921 ‑3.421566645 S100A16 16.0853691 15.9640923 15.9379711 19.5739841 19.2752151 19.4029331

3.665249927 ‑3.558298111 EPCAM 18.4208241 17.7122993 17.5997238 21.6120281 21.2593136 21.5363998

4.417990435 ‑3.645421346 CDH1 18.0086479 17.600668 17.6528454 21.2072315 21.3393021 21.6518917

4.347089343 ‑3.653319677 FGFBP1 17.6992741 17.1020584 17.217598 20.8836784 21.0111351 21.0840759

4.221828618 ‑4.036827723 TMPRSS11B 18.6092434 18.0568485 18.0198193 22.4973125 22.0662174 22.2328644

3.505575643 ‑4.145844777 COL12A1 22.7758141 21.8359566 21.7053547 26.0335541 26.2941608 26.4269447

3.74733543 ‑4.169596354 S100A14 16.9048939 15.9426975 16.095644 20.5289803 20.3158398 20.6072044

tumors are all involved in lactate production during the 
glycolysis process (Fig.  4C). Western blot showed that 
GPI proteins were significantly enriched in primary 
tumor-derived exosomes across species and cancers. 
LDHA proteins were enriched only in CHMp-derived 
exosomes (Fig.  4D). We confirmed the levels of Alix 
in exosomes to serve as a loading control. Among the 
genes of the five proteins selected, GPI, LDHA, TPI1, 
and ALDOA showed high expression in both breast can-
cer and colorectal cancer and were associated with poor 
patient prognosis (Fig.  4E). In summary, we identified 
glycolysis enzymes specifically enriched in the exosomes 
derived from primary tumors. These findings suggest that 
primary tumor-derived exosomes are likely to affect on 
the lactate production of neighboring tumor microenvi-
ronment or distant target cells and have implications for 
cancer prognosis.

Discussion
Metastases exhibit unique characteristics and high het-
erogeneity due to the differential tumor microenvi-
ronment (TME) in which they reside [3, 28]. To gain a 
deeper understanding of the heterogeneity between pri-
mary tumors and metastases, we focused on analyzing 
proteins respectively. In our study, we employed LC–MS/
MS to screen exosomal proteins, providing insights into 
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Fig. 3 Comparative proteomic analysis between CHMp and CHMm exosomal proteins. A Gene Ontology (GO) analysis of statistically enriched 
in CHMp and CHMm exosomal proteins by the web tool DAVID v 6.8. (Yellow bars; BP, biological process. Green bars; CC, cellular component, 
blue bars; MF, molecular function). B STRING network analysis of differentially expressed proteins (DEPs) in CHMp exosomal proteins. Protein–
Protein Interaction (PPI) network showing that CHMP exosomal proteins are enriched in proteasome, glycolysis/gluconeogenesis, splicing factor 
and extracellular matrix‑collagen. C STRING network analysis of DEPs in CHMm exosomal proteins. CHMm exosomal proteins are enriched in Laminin. 
Proteins are shown as nodes. D‑E Gene set enrichment analysis (GSEA) between DEPs in CHMp and CHMm exosomal proteins. D GSEA revealed 
carbohydrate catabolic process were significantly enriched in CHMp exosomal proteins. E Laminin pathways enriched in CHMm exosomal proteins



Page 46 of 49Kim and Cho  Proteome Science            (2024) 22:4 

with tumor metastasis [25]. Exosome-mediated meta-
bolic reprogramming plays a crucial role in tumor micro-
environment formation and tumor progression [26], 
affecting various surrounding cell types, including nor-
mal fibroblasts, cancer-associated fibroblasts (CAFs), 
mesenchymal cells (MSCs), endothelial cells (ECs), and 
immune cells. The key mediators involved in this process 
are the miRNAs and proteins within the exosomes. Exo-
somal miRNAs such as miR-105, miR-155, and miR-210 

derived from cancer cells have been shown to increase 
glycolysis in CAFs, leading to enhanced lactate produc-
tion that fuels cancer cell growth. Among exosomal 
proteins, VEGF found in exosomes stimulates glycolysis 
in endothelial cells, while the glycolytic enzyme PKM2 
enhances glycolysis in MSCs [26].

A recent report revealed that exosomes derived from 
cancer cell lines with high metastatic potential contain a 
greater abundance of glycolytic enzymes [29]. Notably, 

Fig. 4 Comparative analysis of primary tumors‑derived exosomal proteins between CHMp and SW480. A Venn diagram illustrating the 19 common 
proteins between CHMp and SW480 DEPs. Venn diagram visualized using the Venny 2.1. DEPs satisfying the fold change > 1.2 and p‑value < 0.05. 
B The five proteins commonly enriched in both CHMp and SW480 exosomal proteins. (Purple bars; CHMp enriched, yellow bars; SW480 enriched). 
GPI showed highly enriched in both CHMp and SW480. C Glycolysis and gluconeogenesis pathway. Primary tumor enriched enzymes (GPI, LDHA, 
LDHB, TPI1, and ALDOA) were bolded. D Western blot analysis of primary tumor and metastases‑derived exosomes for GPI and LDHA. GPI showed 
enrichment both in CHMp and SW480, whereas LDHA showed enrichment only in CHMp exosomes. Alix was used as loading control. E Kaplan–
Meier survival curves of GPI, LDHA, TPI1, and ALDOA of breast cancer and colorectal cancer patients. High‑level expressions of GPI, LDHA, TPI1 
and ALDOA in breast and colorectal cancer patients showed worse overall survival outcomes. Kaplan–Meier plots derived from http:// kmplot. com/ 
analy sis/

http://www.kmplot.com/analysis/
http://www.kmplot.com/analysis/
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GPI showed substantial enrichment in both primary 
tumor-derived exosomes and primary colorectal cancer-
derived exosomes compared to their respective meta-
static counterparts. In various cancers, GPI expression 
is increased by c-Myc and HIF-1 [30]. GPI knock-out 
(KO) has been shown to inhibit cancer cell growth [31], 
suggesting a significant role for GPI in cancer progres-
sion. Understanding the mechanisms underlying exoso-
mal transfer of GPI and its impact on the TME indicates 
the importance of communication between cancer cells 
and their microenvironment. Further research is war-
ranted to elucidate the specific role of exosomal GPI in 
mediating cancer cell growth and its implications for 
tumor progression and therapeutic interventions target-
ing the TME.

Not only GPI but also these glycolysis enzymes, except 
for LDHB, have been associated with patient’s poor 
prognosis in breast cancer and colorectal cancer. These 
findings suggest that primary tumor-derived exosomes 
may influence lactate production in the tumor micro-
environment or distant cells, thereby impacting cancer 
prognosis [32, 33]. Our findings also indicate that lac-
tate production enzymes enriched in the exosomes are 
not limited to a specific species or type of cancer, but 
represent a characteristic of primary tumors independ-
ent of species or cancer types. Moreover, exploring the 
enrichment of glycolysis enzymes in the exosomes may 
uncover their potential role in shaping the metabolic 
microenvironment.

Similar to glycolysis enzymes, splicing factors specifi-
cally enriched in primary tumors compared to metastases 
have been reported to play a role in the Epithelial-Mes-
enchymal Transition (EMT) during the metastatic pro-
gression of cancer [34]. This suggests their significant 
involvement in tumor progression. Splicing factors play 
a crucial role in RNA splicing, a process that transforms 
the initial RNA transcript (pre-mRNA) generated by the 
transcriptional apparatus into mature mRNA. Recently, 
it has been revealed that splicing factors are involved in 
the regulation of the Epithelial-Mesenchymal Transition 
(EMT) in the metastatic cascade of cancer. Moreover, 
numerous core splicing complexes (e.g., SF3B1, SF3B2, 
and SFRS1) in oncogenic Madin-Darby canine kidney 
cell-derived exosomes have been identified to promote 
metastatic progression [35]. Additionally, it has been 
reported that splicing components within exosomes are 
involved in the selective enrichment of miRNA. Splic-
ing factors (SRSF1, EIF3B, TIA1) are implicated in the 
enrichment of pancreatic cancer-derived exosomal 
miRNA, particularly contributing to the exosome shut-
tling of miR-1246 [36]. Thus, exosomal spliceosome 
components, by participating in the selective shuttling of 
exosomal miRNA, imply that the functions manifested 

in cells may vary depending on which miRNA is shuttled 
into exosomes by spliceosome components. Exosomal 
miRNA, plays a crucial role in the tumor microenviron-
ment. Considering the imbalanced enrichment of splice-
osome components, further study is needed to investigate 
the differences in miRNA within exosomes derived from 
primary tumors and metastases.

The role of the proteasome in cancer involves its cru-
cial function in maintaining proteostasis within cells 
by removing short-lived regulatory proteins and dam-
aged proteins. The eukaryotic 26S proteasome is com-
posed of the 20S core particle proteasome and the 19S 
regulatory particle (RP). The 20S core protein consists 
of 7 alpha subunits and 7 beta subunits, with the alpha 
subunits forming a cylindrical structure. Notably, beta 
subunits, specifically beta 1, beta 2, and beta 5, possess 
hydrolytic activity, cleaving the C-terminal peptide bond 
behind specific amino acids to exhibit Thr protease activ-
ity [37]. Exosomes derived from primary cancer contain 
a higher abundance of proteasome subunits compared 
to those from metastatic cancer. Specifically, they signifi-
cantly contain all alpha subunits except for alpha subu-
nit 4, and beta subunits with catalytic activity, such as 
beta subunit 2, 5, 3, and 4. Recent proteomic analyses of 
exosomal proteins have revealed the presence of numer-
ous proteasome subunits in exosomes [38]. In exosomes 
derived from a mouse model of prostate cancer, all subu-
nits of the 20S proteasome were confirmed, and tumor-
associated macrophages exhibited a higher abundance 
of proteasomes in exosomes compared to naïve mac-
rophages [38]. Moreover, studies suggest that exosomes 
can induce angiogenesis and enhance metastatic activity. 
Additionally, in mice with vascular injury, an increase in 
apoptotic exosomes containing the 20S proteasome core 
has been reported, indicating potential implications in 
autoantibody production and rejection acceleration [39]. 
Although the presence of proteasomes in exosomes has 
been observed, their exact role within exosomes remains 
elusive. Whether exosomes serve to deliver proteas-
omes to other cells or discard intracellular proteasomes 
is an area yet to be fully understood. Further research is 
needed to unravel the specific purpose, origin, mecha-
nisms, and substrate specificity of these 20S proteasomes 
for understanding the role of primary tumor-derived 
exosomes. In this study, we report the identification of 
proteasome subunits are unique to the CHMp exosomal 
protein.

Overall, unraveling the connections between primary 
tumors and glycolysis-related exosomal proteins can pro-
vide a deeper understanding of the mechanisms driving 
cancer progression and open new avenues for the devel-
opment of targeted therapeutic strategies aimed at dis-
rupting these processes.
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Conclusions
In this study, through LC–MS/MS, we discovered sig-
nificant differences between the CHMp and CHMm-
derived exosomal proteins. Enrichment of glycolysis 
enzymes (GPI, LDHA, LDHB, TPI1, and ALDOA) in 
exosomes derived from primary tumors indicates their 
potential contribution to metabolic reprogramming on 
nearby or distant target cells. However, this study is 
limited by the use of only two cell lines, and the spe-
cific mechanisms by which enzymes involved in this 
process may impact tumor microenvironment cells 
have not been elucidated. In future studies, we will fur-
ther expand our analysis by including different types 
of primary and metastatic cell lines for comparison 
and investigate the specific functions of these glycoly-
sis enzymes while exploring their roles in tumorigene-
sis. In summary, larger and more in-depth studies are 
crucially needed to elucidate the roles of glycolysis 
enzymes derived from primary tumors.
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