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Abstract

Purpose

Early detection for colorectal cancer (CRC) is challenging and crucial for effective intervention, as the
S-year survival rate declines sharply in advanced stages. Recently, liquid biopsy including small
extracellular vesicles (sEVs) have gained significance in CRC diagnosis. The aim of this study was to
apply a novel sEV isolation system to analyze circulatory RNA expression in CRC patients compared

to healthy population.

Methods

Blood plasma samples of 80 colorectal cancer patients and 20 healthy controls were obtained from the
Biological Resource Center of Asan Medical Center in Seoul, Korea. The enrolled subjects included
individuals with histologically confirmed stage 0-1 (n = 20), stage 2 (n = 20), stage 3 (n = 20), and stage
4 colorectal cancer (n = 20) with healthy controls (n = 20). Integrated tool for EV isolation, EV-derived
protein and EV-derived nucleic acid (NA) extraction with EV enrichment (SF-ZAHVIS) was used to
isolate SEVs from plasma samples. SEV derived microRNAs (miRNAs) and circular RNAs (circRNAs)
were compared between healthy control and according to each cancer stage. The efficacy of the sEV
isolation system was assessed through a comparison with conventional sEV isolation techniques

(ultracentrifugation [UC] and total exosome isolation [TEI] methods).

Results

The SF-ZAHVIS demonstrated an effective approach for sEV isolation, yielding purity and
concentration comparable to the established UC and TEI techniques. The SF-ZAHVIS system
successfully extracted EV derived non-coding RNAs and detected potential CRC miRNA markers
(miR-23a-3p, miR-92a-3p, miR-125a-3p, miR-150-5p). The relative expression level of miR-23a-3p,
miR-92a-3p, and miR-125a-3p was significantly higher in the CRC samples compared to healthy
control (P = 0.0014, 0.0002, and 0.0274, respectively). Expression level of miR-150-5p was
significantly lower in the CRC group compared to healthy control (P < 0.0001).

Conclusion
The SF-ZAHVIS system is capable of isolating sEVs efficiently. By using this novel system, miRNAs

could be assessed from blood plasma to detect CRC.
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1. Introduction

Colorectal cancer (CRC) stands as third most prevalent malignant tumors globally. It poses a
significant risk of metastasis and recurrence, ranking second as a cause of cancer-related deaths.!
Diagnosing CRC at early stages offers crucial treatment opportunities, significantly reducing CRC-
associated mortality rates. It is well-documented that the 5-year relative survival rate for CRC patients
dramatically declines from approximately 90% in stages 1 and 2 to less than 20% in stage 4.
Colonoscopy serves as the gold standard for CRC diagnosis, providing the advantage of direct
visualization of the entire colon and facilitating the immediate detection and removal of suspicious
growths or precancerous polyps. Recent studies have shown the benefits of colonoscopy for preventing
CRC and lower pathologic stages of CRC when screened by colonoscopy.>* Despite its benefits,
colonoscopy comes with certain limitations, including invasiveness and challenges related to cost and
accessibility. It is reported that adherence to repeated colonoscopy screening is around 54 percent in
people with high-risk adenomas at guideline-recommended interval.’ Also, people with positive stool-
based testing who need sequential colonoscopy received the required colonoscopy in only 50 to 87
percent.® Other diagnostic modalities such as computed tomography (CT), magnetic resonance imaging,
and tissue biopsies are time-consuming and costly. Moreover, they are not suitable for frequent
monitoring of patients.

Therefore, constant need for a more accessible, economic, and effective method of diagnosing
colorectal cancer has been raised. One of the ideal specimen for cancer diagnosis is the peripheral blood
as it can be readily extracted in a repeated manner.” Various liquid biopsies have been studied not only
for colorectal cancer but also for other malignancies such as gastric, esophageal, pancreatic, and breast
cancers for less invasive screening.®® Blood circulating biomarkers can be analyzed in real-time with
minimal invasiveness. Successful results regarding liquid biopsy include variations in the levels of
circulating tumor DNA (ctDNA), enabling earlier detection of CRC of having approximately 10 months
lead time compared to CT scans and serum carcinoembryonic antigen (CEA).!® Also, the significance
of small extracellular vesicles (SEVs, < 200 nm) in CRC diagnosis has garnered substantial attention.!!
EVs, present in various body fluids including plasma, serum, saliva, and urine, play crucial roles in
biological processes by serving as intercellular messengers for exchanging biological substances
between cells. Exosomes are small EVs (30-150nm) and were relatively considered less important,
classified as “cellular dust” or even mere bags of cell’s garbage.!? Since the mid 1990’s, the role of
exosomes were found to be related to intracellular communication, antigen presentation and shuttling

of biologic agents.'* Exomes include proteins, nucleic acids (NAs), lipids, and metabolites which reflect



the genetic, epigenetic, and conditional composition of the parent cells. For that reason, tumor-derived
exosomes originating from cancer cells have emerged as promising biomarkers for early cancer
detection, potentially providing insights into the presence and progression of cancer.'*

Among the cargo of exosomes, non-coding RNA (ncRNA)s such as exosome-derived circRNAs and
miRNAs have attracted significant interest due to their roles in diverse cellular functions and their
implications in several pathological processes. CircRNAs, typically larger than 200 nucleotides (nt),
are ncRNAs that form closed-loop structures without 5’ and 3’ ends, and they are closely associated
with the initiation and progression of cancers. They exhibit stability in blood and play critical roles in
intercellular communication.'> Similarly, miRNAs are small ncRNAs that have roles in CRC initiation,
progression, and metastases by regulating translation and stability of specific mRNAs. miRNAs have
been found to be extremely stable compared to RNA molecules in plasma, resistant to nuclease
activity.'* These ncRNAs are reported to be abundant in small EVs, enhancing the already stable feature
and hence being optimal biomarkers using EV extraction.

The isolation of EVs and exosomes is paramount for obtaining reliable information on the sensitivity
and accuracy of exosome-derived biomarkers.'® Consequently, there has been a recent emphasis on the
development of rapid and convenient techniques to isolate high-concentration and high-purity
exosomes from limited samples. Ultracentrifugation (UC) and total exosome isolation (TEI) method
are currently the more commonly used techniques for exosome isolation. However, it requires expensive
ultracentrifuges and involves a complicated, labor-intensive, and time-consuming process. Furthermore,
the physical damage caused by high-speed centrifugation can result in the loss of EV-derived
biomarkers, thereby reducing detection sensitivity.!” Therefore, the urgent need for the development of
anovel method that can accurately, conveniently, and economically isolate high-concentration and high-
purity exosomes is clear.

In this study, we have developed a syringe filter-based simple and fast system for sEV isolation using
zeolite-amine (zeolite-NH>) and hydrazides, termed as the SF-ZAHVIS system. We aim to extract SEVs
from blood plasma and compare miRNA and circRNA expression of CRC patients to healthy population
to diagnose CRC.



2. Materials and Methods

2.1 Collection of Clinical Samples

For the clinical validation of the SF-ZAHVIS system, the present study was approved by the
Institutional Review Board of Asan Medical Center (IRB no. 2023-0484) and all participants provided
informed consent prior to their inclusion. A total of 100 blood plasma samples were obtained from the
Biological Resource Center (BRC) of Asan Medical Center in Seoul, Korea. Blood from the patient
planned for surgery was collected in citrate tubes 1 day prior to operation, typically in two tubes (5cc
each). The collected blood was centrifuged at 4°C, 3000rpm (1,900g) for 10 minutes. (Equipment used:
Hanil Science Combi-514R). 1.5ml of the upper plasma layer was taken and transferred to an Eppendorf
(EP) tube, then centrifuged again at 4°C, 13,100rpm (16,000g) for 10 minutes. (Equipment used:
Eppendorf centrifuge-5415R). Approximately Iml of the upper layer of centrifuged plasma was
transferred to a cryotube for freezing. Blood plasma samples of healthy participants visiting the Health
Screening & Promotion Center was obtained from BRC of Asan Medical Center.

All samples were stored in a liquid nitrogen tank (LN tank) at -196°C for preservation. The enrolled
subjects included individuals with histologically or cytologically confirmed stage 0-1 CRC (n = 20),
stage 2 CRC (n=20), stage 3 CRC (n =20), stage 4 CRC (n = 20), and healthy controls (n =20). These

samples were properly classified and utilized for subsequent analysis.

2.2 Nucleic acid marker selection

Initially, we selected eleven miRNAs known to be associated with the diagnosis and prognosis of CRC
(miR-19, miR-21, miR-23, miR-92, miR-99, miR-125, miR-141, miR-150, miR-182, miR-223, and
miR-1246) and the commonly used miRNA housekeeping gene U6 from literature search. Furthermore,
we selected three CRC-related circRNAs markers (CircLPAR1, CircLONP2, and CircPNN) and
synthesized primers for the quantitative polymerase chain reaction (qQPCR) of circRNA and the
commonly used GAPDH as circRNA housekeeping gene using the Circlnteractome database and the

NCBI primer design tool.'>!¥-32

2.3 Cell line culture

The human colorectal carcinoma cell line HCT116 (ATCC #CCL-247) and the normal human colon
cell line CCD-18Co (KCLB #21459) were obtained from the American Type Culture Collection and
the Korean Cell Line Bank, respectively. Both cell lines were cultured under standard conditions at

37°C and 5% CO,. The Dulbecco’s modified Eagle medium (DMEM) medium was supplemented with
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10% exosome-depleted fetal bovine serum (FBS) and a cocktail of antibiotic-antimycotic. For the
isolation of EVs from both HCT-116 and CCD-18Co cells, the cells were grown until they reached
around 80% confluence. The cell cultures were then centrifuged at 400g for 30 minutes at 4°C to obtain
the cell-free supernatant. After filtration using a Polyvinylidene Fluoride (PVDF) 0.22 um syringe filter,
these supernatants were either immediately utilized for EV isolation via the SF-ZAHVIS system, UC,
and TEI methods, or stored at -20°C for up to 4 weeks. 100X antibiotic—antimycotic (#15240062),
exosome-depleted FBS (#A2720803), DMEM (#41965039) and RPMI 1640 Medium (#A1049101)

were sourced from Gibco.

2.4 Workflow of the SF-ZAHVIS system

The zeolite-NH, utilized in the SF-ZAHVIS system was synthesized as following. A total of 3g of
zeolite was washed twice for 10 minutes at 550 rpm using dextrose water (DW) and 95% ethanol. To
ensure the uniformity of the zeolite size, larger particles that had precipitated within a minute were
removed during the first washing step. After each wash, the washed zeolite was briefly centrifuged at
1,000 rpm for 10 seconds, and the supernatant was discarded to eliminate smaller-sized particles. The
zeolite was then subjected to amine group functionalization, achieved by incubating it in a 2% 3-
Aminopropyl(diethoxy) methyl silane (APDMS) solution in 95% ethanol for 4 hours at 450 rpm. The
synthesized zeolite-NH; was washed three times for 5 minutes at 550 rpm using DW and 95% ethanol.
Following these steps, the zeolite-NH> was left to dry completely in a vacuum chamber for over 24
hours. The dried zeolite-NH, was stored at room temperature until further use.

The SF-ZAHVIS system is an integrated tool for sEV isolation, sEV-derived protein and sEV-derived
NA extraction, with sEV enrichment. Initially, zeolite-NH, and malonic acid dihydrazide (MDH) were
mixed per 1 mL of the prepared biological sample and incubated for 10 minutes. This mixture was then
transferred into a suitable volume Kovax syringe and connected to a PVDF 0.45 pm syringe filter. By
gently pressing the syringe by hand, all unreacted waste was removed. Then, the concentrated EVs
bound to the zeolite-NH> on the filter surface were washed with phosphate buffered saline (PBS). The
isolation of sEVs was achieved by injecting 300 puL of high pH elution buffer, including 10 mM sodium
bicarbonate at pH 10.4, viaa BD 1 mL syringe and incubating for 1 minute. Subsequently, EVs detached
from the zeolite-NH surface were separated by injecting air. For EV-derived protein extraction, 300 uLL
of Radio-immunoprecipitation assay (RIPA) lysis buffer was injected using a BD 1 mL syringe,
followed by 20 minutes incubation at 4°C. Proteins from EVs within the RIPA lysis buffer were then

extracted by air injection. For the extraction of NAs from EVs, 300 uL of NP-40 lysis buffer containing



7.5 mg of MDH was injected using a BD 1 mL syringe and incubated at room temperature for 20
minutes. The EV-derived proteins were removed via air injection, followed by a wash with 3 mL of
PBS and removal of residual PBS within the filter. Finally, the EV-derived NAs were eluted by injecting
300 uL of high pH elution buffer via a BD 1 mL syringe and incubating for 1 minute. The NAs detached
from the zeolite-NH, surface were then separated by injecting air (Figure 1). Zeolite (#96096) and 3-
APDMS (#371890) were acquired from Sigma-Aldrich. Malonic acid dihydrazide (#M3206) was
sourced from Tokyo Chemical Industry. Kovax 1-30 mL and BD 1 mL syringe (#309628) were obtained
from Korea Vaccine and Becton, Dickinson and Company, respectively. Polytetrafluoroethylene (PTFE)
3 pm syringe filter (#18140), PTFE 1 pm syringe filter (#16278), PVDF 3 um syringe filter (#18215),
PVDF 1 um syringe filter (#18214) were obtained from Tisch Scientific. PVDF 0.22 um syringe filter
(#FJ25ASCCA002DLO01) and PVDF 0.45 um syringe filter (#FJ25SASCCAO004FL01) were supplied by
GVS Filter Technology. RIPA lysis and extraction buffer (#89901) from Thermo Scientific and NP-40
lysis buffer (#J60766) from Alfa Aesar were used for EV lysis.
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2.5 EV isolation and characterization

In order to validate the SF-ZAHVIS system, we employed traditional methods of EV isolation,
including UC and TEI methods. For UC, 10 mL of cell culture medium was subjected to centrifugation
at 110,000 g for 70 minutes at 4°C, after which the supernatant was discarded, leaving the EV pellet.
The TEI method involved mixing 10 mL of cell culture medium with 5 mL of TEI reagent. The mixture
was then incubated overnight at 4°C, followed by centrifugation at 10,000 g for 60 minutes at 4°C and
the supernatant was discarded. The EV pellet in both methods was reconstituted in either 300 puL of
PBS for EV collection or in 300 pL of RIPA lysis buffer for EV-derived protein extraction. The isolated
EVs were characterized by their morphology, count, diameter, and surface properties via scanning
electron microscopy (SEM), transmission electron microscopy (TEM), nanoparticle tracking analysis
(NTA), dynamic light scattering (DLS), and zeta potential analyses. Furthermore, the Bradford assay
and western blot analysis were performed to determine the protein concentration and identify marker
proteins of extracted EV-derived proteins.

The morphology of the sEVs isolated using the SF-ZAHVIS system, UC, and TEI methods was
assessed using TEM and SEM. For TEM imaging, we diluted the EVs 1:10 in PBS and incubated them
on a Formvar/carbon-coated copper grid at 37°C for 30 minutes. For CD9 labeling, the grid was initially
blocked with 5% BSA for 20 minutes, and then incubated with a 10 nm gold tagged CD9 antibody,
diluted according to the manufacturer's instructions, at 4°C overnight. For both blank and CD?9 labeling
images, the grids were treated with 2.5% glutaraldehyde and 3% citrate solution for 5 minutes each,
washed with DW, and placed on parafilm. These grids were left to dry overnight in a fume hood. The
TEM images were visualized with a JEM-ARM200F device (JEOL, Japan). For SEM imaging, we
diluted the EVs at a ratio of 1:10 in PBS and placed drops on a silicon wafer, which we left at 37°C for
30 minutes. We then fixed the wafer for 10 minutes using 2.5% glutaraldehyde. We soaked the wafers
in different percentages of ethanol (30%, 50%, 70%, 80%, 90%, and 100%) for 15 minutes each time.
After dried in a fume hood, we covered the wafers with a thin layer of platinum (Pt) and captured images
using a JSM-7610F-Plus device (JEOL). Glutaraldehyde (#340855) was acquired from Sigma-Aldrich.
Invitrogen supplied the Total Exosome Isolation Reagent (#4478359).

To determine the quantity, diameter distribution, and surface properties of the EVs, we performed NTA,
DLS, and zeta potential analysis following standard protocols. We resuspended the separated EVs in
PBS at ratios of 1:50 or 1:100 and injected them into cuvettes. For the NTA, we used the NS300
instrument and NanoSight software (Malvern Panalytical Ltd. United Kingdom) to measure the

concentration and intensity distribution of EVs. The number distribution of EVs was measured using



DLS with the ELS-Z1000 instrument (Otsuka Electronics, Japan) and Photal software (Otsuka
Electronics). The surface charge of EVs was measured with a NANO ZS 90 instrument (Malvern

Panalytical).

2.6 Western blot analysis, Real-time PCR, and relative quantification (RQ)

EV-derived proteins extracted from the SF-ZAHVIS system, UC, and TEI methods were analyzed.
Protein concentration was determined using the Bradford assay, with a series of BSA dilutions as the
standard. Equal protein amounts (20 pg) were separated on 10% SDS-PAGE and transferred to a PVDF
microporous membrane. The membrane was blocked for 1 hour in PBS-Tween 20 containing 5% skim
milk. Primary antibodies (CD9, CD63, CD81, ARF6, GRP78, GM130, and Calnexin) were diluted
following the manufacturer's instructions and incubated overnight at 4°C. The membranes were then
put in a solution of HRP-tagged secondary antibodies diluted again according to the instructions from
the manufacturer for 1 hour. Marker proteins were detected using a 1:1 mixture of peroxidase and
chemiluminescent substrate, and images were captured with a ChemiDoc MP Imaging System (Bio-
Rad) and Image Lab software (Bio-Rad). The antibodies included Rabbit Anti-CD9 antibody
(#ab236630), Rabbit Anti-CD63 antibody (#ab134045), Mouse Anti-CD81 antibody (#ab79559),
Rabbit Anti-ARF6 antibody (#ab131261), Rabbit Anti-GRP78 antibody (#ab108615), Rabbit Anti-
GM130 antibody (#ab52649), Goat Anti-Rabbit IgG/HRP antibody (#ab205718), Goat Anti-Mouse
IgG/HRP antibody (#ab6789), Donkey Anti-Rabbit IgG/Gold antibody (#ab39597) from Abcam Plc,
and Rabbit Anti-Calnexin antibody (#2679S) from Cell Signaling Technology.

We employed the Mir-X miRNA qRT-PCR TB Green Kit for miRNA cDNA synthesis and qPCR
analysis. The process involved mixing 4 ul of sEV-derived NAs from the SF-ZAHVIS sample with 5
ul of reaction buffer and 1 ul of reverse transcription enzyme, followed by an hour of incubation at 37
°C. After inactivating the enzyme at 85 °C for 5 minutes, we added 90 ul of RNase-free water to the
reagent, and the 100 pl of synthesized cDNA was stored at -20 °C for future use. For the qPCR of
miRNA, we combined the cDNA with miRNA-specific forward primer, mRQ 3’ reverse primer, and
TB green premix. The amplification protocol consisted of an initial denaturation step at 95 °C for 10 s,
followed by 40 cycles of 5s at 95 °C and 20 s at 60 °C and a final melt curve stage. Mir-X miRNA qRT-
PCR TB Green Kit (#638314) was obtained from Takara. The oligonucleotides used were purchased
from BIONICS and Macrogen.

For circRNA in qPCR analysis, we used the SuperScript [V First-Strand Synthesis System with a 50
uM random hexamer for denaturing template RNA. After combining the 11 ul of sEV-derived circRNA



samples from the SF-ZAHVIS with reaction buffer and reverse transcription enzyme, we incubated the
20 ul of combined reaction mixture for 10 minutes at 23 °C, 10 minutes at 50 °C, and 10 minutes at 80
°C. We then added 30 pl of RNase-free water to the synthesized cDNA and stored it at -20 °C until use.
For qPCR analysis of circRNA, we mixed 5 ul of synthesized cDNA and primer sets with Brilliant 111
SYBR Green QPCR Master Mix. The amplification protocol consisted of an initial denaturation step at
94 °C for 2 min, followed by 50 cycles of 15 s at 94 °C, 30 s at 55 °C, and 1 min at 68 °C. The
amplification concluded with a final melt curve stage. Invitrogen supplied the SuperScript IV First-
Strand Synthesis System (#18091050) and Brilliant IIl SYBR Green QPCR Master Mix (#600882) was
supplied by Agilent Technologies.

To calculate the RQ of miRNA and circRNA candidates, U6 snRNA and GAPDH were utilized as
internal control genes to normalize miRNA and circRNA expression levels, respectively. The gene
expression quantification was carried out by following these steps: (1) The difference in threshold cycle
(ACt) was computed by subtracting the Ct value of the reference gene from the Ct of the target gene.
(2) The ACt value for CRC samples were then normalized to the average ACt of the healthy control

group, resulting in AACt. (3) Finally, the RQ was calculated using the formula 2—AACt.

2.7 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics version 27.0 (IBM Corp., Armonk, NY,
USA), GraphPad Prism software version 8.0.1 (GraphPad Software, La Jolla, CA, USA), and Python
version 3.10.13. Python was specifically utilized to compute the Receiver Operating Characteristic
(ROC) curve and the Area Under the Curve (AUC) with the Scikit-learn library. The ROC curve was
visualized using the Matplotlib library, with figures generated via GraphPad Prism software. The Mann-
Whitney U-test was employed to compare continuous variables after assessing the data distribution
using the Kolmogorov-Smirnov test and Shapiro-Wilk test. All results are representatives of at least
three independent experiments. For all statistical tests, P-values less than 0.05 were considered

statistically significant.



3. Results

3.1 SF-ZAHVIS system compared to UC and TEI

The efficacy of the SF-ZAHVIS system was assessed through a comparison with commonly employed
EV isolation techniques, specifically the UC and TEI methods. Initially, we verified the morphology of
EVs isolated by each method through blank TEM and SEM images, which revealed spherical sEVs of
approximately 100 nm in size in all cases (Figure 2a—c). Furthermore, we confirmed the presence of
CD?9, a specific marker protein from the tetraspanin family for sEVs, using 10 nm gold particles for
immuno-labeling (Figure 2d—f). EV’s particle size distribution, based on signal intensity and number,
was determined through NTA (SF-ZAHVIS for 187.1 + 27.5, UC for 202.4 + 36.7, and TEI for 222.5 +
65.3, nm) and DLS (SF-ZAHVIS for 172.2 + 34.0, UC for 176.3 + 26.2, and TEI for 114.2 £ 26.7, nm)
analysis. Additionally, we noted that isolated EVs possessed zeta potentials between -10 and -25 mV
(SF-ZAHVIS for -21.1 £ 2.57, UC for -15.53 = 1.56, and TEI for -10.67 = 0.91), indicating a negative
charge (Figure 2g). The ratio of particle number to protein concentration in the isolated EVs is a crucial
metric, indicating the concentration and purity of sEVs, with a higher ratio suggesting successful
isolation due to the increased particle concentration. The SF-ZAHVIS system achieved sEV isolation
with a high concentration and purity comparable to the UC (5.45 x 10'° £ 2.68 x 10°) and TEI (5.27 x
109 £+ 3.19 x 10°) methods, as indicated by a particle/protein concentration ratio of 5.26 x 10!+ 1.16
x 10° (Figure 2h). Next, to determine the quantity and purity of the extraction of EV-derived proteins
by the SF-ZAHVIS system and confirm the presence of sEV specific proteins, we conducted a western
blot analysis for sEV-specific proteins (CD9, CD63, and CD81) as well as non-specific proteins (ARF6,
GRP78, GM130, and Calnexin). As seen in Figure 2i, all three techniques demonstrated the presence
of the representative sEV markers belonging to the tetraspanin family, namely CD9, CD63, and CDS1.
Furthermore, the presence of microvesicle marker ARF6, apoptotic body marker GRP78, Golgi marker
GM130, and endoplasmic reticulum marker Calnexin was not observed, thus confirming the lack of

contaminant proteins in the isolated sEVs (Figure 2j).
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Figure 2. Comparison of the SF-ZAHVIS system with conventional methods. Representative TEM
images of EVs obtained from (a) the SF-ZAHVIS system, (b) UC, and (c¢) TEI methods. Representative
TEM images of CD9-labelled EVs acquired from (d) the SF-ZAHVIS system, (¢) UC, and (f) TEI
methods. (g) Zeta potential of isolated EVs. (h) Purity of EVs based on the ratio of EV particle
concentration to protein concentration, determined using NTA and Bradford assay. (i) Western blot
analysis for the detection of sEV-specific tetraspanin family proteins (CD9, CD63, and CD81), and (j)
non-specific protein markers (ARF6 for microvesicles, GRP78 for apoptotic bodies, GM130 for Golgi
apparatus, and Calnexin for Endoplasmic Reticulum). Error bars represent the standard deviation for a

single experiment (N > 3).
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3.2 MarKker selection in cell cline culture

To assess the SF-ZAHVIS system in extracting EV-derived NAs and to detect CRC-related biomarkers,
we analyzed non-coding RNAs from EVs extracted from the cell culture medium of the CRC cell line
HCT116 using real-time PCR (qPCR). All primers utilized in the gPCR were provided in Table 1. We
analyzed the pre-selected eleven miRNAs known to be associated with the diagnosis and prognosis of
CRC (miR-19, miR-21, miR-23, miR-92, miR-99, miR-125, miR-141, miR-150, miR-182, miR-223,
and miR-1246). SF-ZAHVIS system successfully extracted EV-derived ncRNAs and detected all
potential CRC miRNA markers. Amongst the miRNA markers, miR-19a-3p, miR-21-5p, miR-23a-3p,
miR-92a-3p, miR-125a-3p, miR-150-5p, and miR-1246 presented significantly different expression
between the cancer cell line and normal colon cell line (P values of 0.0022, 0.0022, 0.0022, 0.0043,
0.0043, 0.0022, and 0.0022 respectively) (Figure 3).

Furthermore, we analyzed three CRC-related circRNAs markers (CircLPAR1, CircLONP2, and
CircPNN) and synthesized primers for the qPCR of circRNA. Similar to EV-derived miRNAs, we
confirmed that the SF-ZAHVIS system is capable of extracting EV-derived circRNAs, and all three
biomarkers were detected. All three circRNAs (CircLPAR1, CircLONP2, and CircPNN) presented
significant difference in expression between the cancer cell line and normal colon cell line (P values of

0.0022, 0.0022, and 0.0152 respectively) (Figure 4).

3.3 MicroRNA markers analysis in blood plasma of CRC patients and healthy population

Biomarkers with significantly different expression in the cell line cultures were analyzed in clinical
samples. MicroR-23a-3p, miR-92-3p, and miR-125a-3p presented significantly higher expression in the
CRC samples compared to the samples of healthy population (P values of 0.0014, 0.0002, and 0.0274
respectively). CRC samples showed significantly lower expression of miR-150-5p (P < 0.0001)
compared to healthy samples (Figure 5a).

ROC curves estimating the performance of each biomarkers distinguishing CRC from healthy samples
are depicted in figure 5b. The highest AUC was presented by miR-150-5p with 0.85. F1 score was
highest in miR-23a-3p with 80.27% and miR-150-5p with 79.41% (Figure 5b). Other miRNAs and
circRNAs showed no significant difference in expression between the CRC samples and healthy
samples (Figure 6).

Among the markers which showed significantly distinctive expression, miR-23a-3p and miR-150-5p
presented significant difference in all four stages of CRC compared to healthy control. MicroR-92a-3p

did not present significant difference in stage 0-1 patients and miR-125a-3p did not show significant
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difference in stage 3 and stage 0-1 (Table 2).
The miRNAs that presented significant expression difference in CRC samples were compared between

each cancer stages. There was no inter-stage difference in any of the four markers (Table 3).
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Table 1. Primer sets for detection of EV-derived RNAs (miRNAs and circRNAs) associated with CRC

used in this study.

Target Location Sequence (5'-3") Length
(bp)
hsa-miR-19a-3p Forward TGT GCA AAT CTA TGC AAAACT GA 23
hsa-miR-21-5p Forward TAG CTT ATC AGA CTG ATG TTG A 22
hsa-miR-23a-3p Forward ATC ACATTG CCA GGG ATT TCC 21
hsa-miR-92a-3p Forward TAT TGC ACT TGT CCC GGC CTG T 22
hsa-miR-99b-5p Forward CAC CCG TAG AAC CGACCTTGC G 22
hsa-miR-125a-3p Forward ACA GGT GAG GTT CTT GGG AGC C 22
Micro hsa-miR-141-3p Forward TAA CAC TGT CTG GTA AAG ATG G 22
RNAs hsa-miR-150-5p Forward  TCT CCC AAC CCT TGT ACC AGT G 2
hsa-miR-182-5p Forward TTT GGC AAT GGT AGA ACT CAC ACT 24
hsa-miR-223-3p Forward TGT CAG TTT GTC AAATAC CCC A 22
hsa-miR-1246 Forward AAT GGA TTT TTG GAG CAG G 19
Universal Reverse mRQ 3' Primer from TAKARA
Forward CTC GCT TCG GCA GCA CA 17
U6
Reverse AAC GCT TCA CGA ATT TGC GT 20
Forward GTA GTT CTG GGG CGT GTT CA 20
circLPAR1
Reverse TAG GTG GAT GGG GAG CTT CA 20
Forward GTG AAG GTG GCA GAA GGA CA 20
circLONP2

Circular Reverse TGG GTT GTT CAC TCC CAC AG 20
RNAs Forward  CCT GGA AGA ATG TGT CCA GCT A 2

circPNN
Reverse GCT TTC TCT CTT CTT CTG CCT G 22
Forward TAT CGT GAT GCT AGT CCG ATG 21

GAPDH
Reverse TGC AGC TAG CTG CAT CGA TCG G 22

14



P=0.0022, ** P=0.0022, ** P=0.0022, ** P=0.0043, ** P =0.0931, ns P=0.0043, **

hsa-miR-19a-3p hsa-miR-21-5p hsa-miR-23a-3p hsa-miR-92a-3p hsa-miR-99b-5p hsa-miR-125a-3p
30— B 104 R 3 a4
[ ]
L] L
25 5 %
s s 5 s &4 FRR . 5 . " 5 M -
W a . ® k- - - "
e} 20— o 4 o a -~ o - &
g s £ 6 - £ 3 - = £ £ 34
£ = £ = E = E = £ = E =
5T 154 . 5T 4 &3 3] = g
ZE £33 FE gE =& 133
g g r 7 g . 2 7
s " N £ % R :
] = [ ] = L] = = = ™ -
a @ [ [T @ 7]
g . g 4. =8 g 27 = EERE i & g 11 ﬁEr
— = ] n
u
0 ] el 0 ! : 0 . : 0 ! : 0 ! : 2 ! :
HCT116 CCD-18co HCT116 CCD-18co HCT116 CCD-18co HCT11& CCD-18co HCT116 CCD-18co HCT116 CCD-18ca
P=0.8182, ns P =0.0022, ** P=0.1320, ns P =0.3095, ns P=0.0022, **
hsa-miR-141-3p hsa-miR-150-5p hsa-miR-182-5p hsa-miR-223-3p hsa-miR-1246
3 34 5 10+ 20+
[ ]
L] 8- »
€ u g £ " N i ] " £ .
= H = E E H .
2 K] 24 » ] o 6 o
S i ] ] T
] o E g E [+] = [+ = g 1
3= L FE FE £33
g % g g ? ¢ —.t 2
= 1 = 14 = = 24 =
= » = = = % =
[ a ] c
= . 3 5 4 . < 1 *** . 3 5
4 [:4 o -4 0 n [+33
0 . 0 ; . a T . -2 ] . 0 ; -—r
HCT116  CCD-18co HCT116  CCD-18co HCT116  CCD-18co HCT116  CCD-18co HCT116  ©CD-18co

Figure 3. miRNA expression in colorectal cancer cell line compared to normal cell line.
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Figure 6. Unsignificant miRNA and circRNA expressions in CRC plasma compared to plasma of healthy population.
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Table 2. miRNA expression compared between each CRC stages and healthy control (P values).

CRC CRC CRC CRC
Marker CRC vs HC

stage 4 vs HC  stage3 vs HC  stage 2 vs HC  stage 0/1 vs HC
miR-23a-3p 0.0014 0.026 0.004 0.018 0.012
miR-92a-3p 0.0002 0.001 0.012 <0.0001 0.052
miR-125a-3p 0.0274 0.003 0.414 0.023 0.369
miR-150-5p <0.0001 <0.0001 0.012 <0.0001 <0.0001
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Table 3. miRNA expression compared between each CRC stages (P values).

Marker

miR-23a-3p

miR-92a-3p

miR-125a-3p

miR-150-5p

CRC
stage 4 vs 3

0.9680

0.1826

0.0675

0.2648

CRC
stage 4 vs 2

0.9680

0.8410

0.7994

0.6395

CRC
stage 4 vs 0/1

0.6980

0.1493

0.1022

0.6395

CRC
stage 3 vs 2

0.9467

0.1653

0.1826

0.5291

CRC
stage 3 vs 0/1

0.6783

0.7584

0.9254

0.0718

CRC
stage 2 vs 0/1

0.9254

0.0810

0.2012

0.4135
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4. Discussion

This study examined the efficacy of anew sEV isolation system designed for more simple and practical
extraction of sEVs and following CRC biomarker analysis. The SF-ZAHVIS was able to extract sEVs
efficiently, comparable to UC and TEI methods. NA markers analyzed from CRC patient plasma using
this novel method showed significantly high expressions of miR-23a-2p, miR-92a-3p, miR-125a-3p,
and low expression in miR-150-5p compared to healthy population. These results contribute to the
growing interest in utilizing sEVs for cancer diagnosis.

The use of blood based liquid biopsies to early diagnose CRC and identify minimal residual disease
(MRD) in CRC has been studied extensively to date. Various cancer derived components circulating in
patient plasma such as circulating tumor cells (CTC), ctDNA, ncRNAs such as miRNA and circRNA,
proteins, and EVs including exosomes are rising candidates for new diagnostic biomarkers. For instance,
ctDNA has been reported to be accurate in detecting MRD of CRC after primary tumor resection and
can predict recurrence.® With this result, further application of liquid biopsy was able to proficiently aid
clinicians in actual decision making for the administration of chemotherapy.*> However, screening and
early diagnosis of CRC has proven to be difficult with the new liquid-based markers due to its low
detection rate and lower sensitivity in early CRC compared to advanced CRC.3*** The median
sensitivity of a multi-analyte blood test assessing levels of circulating proteins and mutations in cell-
free DNA for stage I cancers were 43 percent compared to 73 and 78 percent in stage Il and III
respectively.®> Another study showed 50 percent of stage I CRC patients with ctDNA alterations
compared to 89, 90, and 93 percent in stage 11, I1I, and IV CRC patients respectively.** Early CRC tend
to have smaller tumor size and therefore excrete minimal quantities of DNA into patient bloodstream.
In addition, identifying significant genetic alterations without the knowledge of genetic composition of
the original primary tumor is challenging.

Other than ctDNA, miRNAs in blood samples have shown its role related to various human cancer.
213638 miRNAs are small ncRNAs that regulate translation and stability of target mRNAs, and has
been shown to be deeply involved in cancer biology; regulation of cellular development, differentiation,
proliferation, apoptosis, and metabolism.*** Although miRNAs were initially thought to be globally
reduced in cancer, following studies show that miRNAs have both oncogenic and tumor suppressive
functions and CRC in particular, more oncogenic.*’ Ng et al. performed a comparison study between
90 patients with CRC and 50 healthy control, assessing miRNA expression using RT-PCR-based
miRNA profiling from plasma samples. miR-92 was significantly elevated in patients with CRC (P <

0.0005), showing the potential of miRNAs for CRC screening.*! Upregulation of miR-92a in cancer is
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reported by several other studies and has been shown to promote proliferation, invasion, and migration
of CRC through the RECK-MMP signaling pathway as well as targeting KLLF4 and downstream p21.
This is associated with poor prognosis in CRC.?** The results from the present study showing
significant upregulation of mi-92a in CRC is in accordance with previous results. Also in CRC, miR-
23a is known to promote the transition of indolent to invasive CRC, functionally promoting migration
and invasion of cancer cells.!”* Additionally, down regulated serum exosomal miR-150-5p in CRC
patients compared to healthy population has been previously reported using exosome isolation by UC.!#
These results correlate with the findings from the present study, providing further evidence of diagnostic
values of such biomarkers in CRC.

Another ncRNA recently taking attention in cancer management is the circRNAs. CircRNAs are
single-stranded RNAs generated from back-splicing of pre-messenger RNAs. Structured as a covalently
closed continuous loop, circRNAs are more stable and resistant to exonucleases compared to linear
RNAs.* In the past they were considered as products of molecular accidents during splicing or other
insignificant pathogens.**¢ However, recent researches identified circRNAs as a type of endogenic
ncRNA that has tissue specific expression patterns, and is also related to the development of various
cancers.*”*® CircRNAs interact with miRNAs and act as sponges or decoys, limiting miRNAs actions
for control of gene expression. This is relevant to cancer cell proliferation, migration, and angiogenesis.
Specifically, circPACRGL has been identified to promote cell proliferation, migration, invasion, and
neutrophil differentiation.'> CircLONP2 has been reported to be upregulated in CRC patients with poor
prognosis and directly interacts with miR-17 which enhanced the cancer cell aggressiveness.*! In top of
the exceptionally stable characteristic, circRNAs are especially abundant in sEVs, and exosomal
circLPAR1 was previously reported to be markedly down regulated in CRC patients®®, while exosomal
circPNN was significantly upregulated compared to healthy control group.*’ Unfortunately, the results
from the present study revealed no significant difference between CRC and healthy control clinical
samples. On the other hand, analyses of circRNAs in cell line showed significant upregulation of
circPNN, circLONP2 and down regulation of circLPARI1, which is in accordance with previously
reported studies.

To date, many studies have reported various results on different n.cRNAs in CRC. However, the results
are not always unified, e.g., the upregulation of miR125a-3p in the present study is contradicted by
other studies showing inhibition of CRC proliferation by miR-125.? It has been shown that the different
methods for isolating sEVs from various biological fluids result in significantly different yield and

purity of the physical characters of SEVs and also its compositions including miRNAs and proteins.*
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Also, the type of biological fluid used for analysis is known to differ in ncRNAs expression profile.>!
Therefore, the aim to apply optimal method of exosome isolation to the apposite biological fluid is still
unresolved. Nevertheless, extraction of circulating EVs and analyzing biomarkers within the EVs has
advantages compared to freely circulating biomarkers. The biomarkers including NAs are protected my
lipid bilayer of the sEVs from degradation by proteases and nucleases.’> Therefore, biomarker
expressions assessed from EV-derived markers can reflect a more preserved status of the tumor that
excrete the specific sEVs.> This is shown in a study by Dohmen et al. where the authors compared
exosomal miRNAs and free circulating miRNAs in CRC. Significantly different expression was noted
between the exosomal miRNAs of CRC and healthy controls but there was no significant difference
noted in the free circulatory miRNAs.>* Yet, studies directly comparing circulating biomarkers and
exosomal biomarkers are limited. The procrastination of progress and clear results in EV research owe
to the challenges including incompetent extraction methods, difficulties in characterization, and the lack
of specific biomarkers.

Although exosome research has increased vigorously in the recent decade, exosome isolation
techniques are still in the developing level and not standardized.'® Exosomes are a subset of EVs which
also include apoptic bodies and microvesicles. Other components in clinical blood samples such as
lipoproteins, chylomicrons, and microvesicles have similar size to exosomes, making it difficult for
purified isolation. The conventional EV isolation methods isolate EVs either by the physical properties
(density/size) or function. UC is the gold-standard in which applies centrifugal forces to separate
components according to their density.” However, the force used in UC changes the morphology of
EVs, in top of the time consuming process with low recovery and purity. Other established methods,
the size exclusion chromatography (SEC) and ultrafiltration (UC) both isolate EVs according to size
differences. However, these methods also have limitations in that the pores used for isolation may be
clogged resulting in low recovery and purity.**>” Other common disadvantages of conventional methods
include expensive equipment and time consumption. This necessitates new methods and has led to
development of diverse novel methods. Herein, we present a simple, practical system which isolates
sEVs in a timely matter. Approximately 30 minutes are required to isolate sEVs from a single blood
plasma sample. Sequential NA extraction can be managed with just additional 5 minutes. This method
showed comparable purity to conventional methods (UC and TEI). Moreover, the overall process is
uncomplicated, easy to repeat, and not dependent on sample volume. As this is the early validation
stages for the novel sEV isolation system, there are limitations in that the extraction process must be

done manually and therefore not yet suitable for large number of cases.
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Despite the advantages of SF-ZAVHIS, there are several limitations to overcome for application to
clinical practice. In this study, the exploration of miRNAs and circRNAs were performed in pre-selected
11 markers. However, published data on significant biomarkers, including miRNAs, circRNAs, and
proteins are overflowing with universal markers such as EPCAM?®, and other markers with
contradicting results needing further validation. The inconsistent results may result from technical
differences, various method of data processing, and samples collected from different backgrounds.*
For instance, even though we selected circRNAs due to the advantages including the intrinsic stability
and resistance to catalysis®®¢!, there was no significant results from analyzing clinical plasma samples.
Validation of purely extracted sEVs from cancer cell line culture could be performed by comparing SF-
ZAHVIS to UC and TEI. However, due to the limited plasma sample volume, we could not perform all
three methods of SEV extraction (SF-ZAHVIS, UC, and TEI) for the clinical samples. Therefore, it is
unclear whether the concentration of sEVs extracted from clinical plasma samples were adequate to
detect circRNAs and identify significant difference between CRC and healthy controls. The difference
in concentration and purity of SEVs, miRNAs, and circRNAs of clinical samples to cell line cultures
may be the reason to the disparate results, because sEVs isolated from cell culture systems are usually
obtained from large numbers of cells beyond physiologic range.® Moreover, utilizing circulatory
exosomal miRNAs or cirRNAs for early-stage cancer diagnosis is challenging in that RNAs have low
expression levels, making it even arduous combined with the task of isolating pure concentrated sEVs.
The results from the present study in which there was no significant difference in miRNA expression
between each stages, and of which only two miRNAs (miR-23a-3p and miR-150-5p) showed significant

difference between stage 0-1 and healthy control may result from failure to overcome such difficulties.
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5. Conclusion
In conclusion, the SF-ZAHVIS system is capable of isolating sEVs efficiently. By using this novel
system, miRNAs could be assessed from blood plasma to distinguish CRC from healthy population.
Further validation assessing clinical samples with other conventional sEV isolation techniques, in
various clinical settings, with a greater number of cases collected in a prospective manner is crucial for

standardizing the SF-ZAHVIS system.
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