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Molecular detection of exosomal
miRNAs of blood serum
for prognosis of colorectal cancer
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Colorectal cancer (CRC) is the third most common cancer affecting people. The discovery of new, non-
invasive, specific, and sensitive molecular biomarkers for CRC may assist in the diagnosis and support
therapeutic decision making. Exosomal miRNAs have been demonstrated in carcinogenesis and CRC
development, which makes these miRNAs strong biomarkers for CRC. Deep sequencing allows a
robust high-throughput informatics investigation of the types and abundance of exosomal miRNAs.
Thus, exosomal miRNAs can be efficiently examined as diagnostic biomarkers for disease screening.
In the present study, a number of 660 mature miRNAs were detected in patients diagnosed with CRC
at different stages. Of which, 29 miRNAs were differentially expressed in CRC patients compared
with healthy controls. Twenty-nine miRNAs with high abundance levels were further selected for
subsequent analysis. These miRNAs were either highly up-regulated (e.g., let-7a-5p, let-7c-5p,
let-7f-5p, let-7d-3p, miR-423-5p, miR-3184-5p, and miR-584) or down-regulated (e.g., miR-30a-5p,
miR-99-5p, miR-150-5p, miR-26-5p and miR-204-5p). These miRNAs influence critical genes in CRC,
leading to either tumor growth or suppression. Most of the reported diagnostic exosomal miRNAs
were shown to be circulating in blood serum. The latter is a novel miRNA that was found in exosomal
profile of blood serum. Some of the predicted target genes of highly expressed miRNAs participate

in several cancer pathways, including CRC pathway. These target genes include tumor suppressor
genes, oncogenes and DNA repair genes. Main focus was given to multiple critical signaling cross-
talking pathways including transforming growth factor B (TGFp) signaling pathways that are directly
linked to CRC. In conclusion, we recommend further analysis in order to experimentally confirm exact
relationships between selected differentially expressed miRNAs and their predicted target genes and
downstream functional consequences.
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Colorectal cancer (CRC) is result of the proliferation of cancerous cells from the mucosal layer in the colon and
rectum’. CRC is a major public health concern in the world, as it is the third most common cause of cancer
death?. Untreated CRC eventually progresses to systemic metastasis, which is the major cause of CRC mortality".
When first diagnosed, the stage of each individual patient’s disease needs to established, as it is the most impor-
tant step in setting a treatment plan(see file for reference). Earlier detection of CRC and more accurate assessment
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of the cancer stage could potentially help physicians better tailor cancer therapy to the patients’ exact stage. Many
risk factors contribute to the development of CRC, and individuals’ poor lifestyles may also contribute to rise in
number of CRC cases*. It was demonstrated that several tumor suppressor genes in CRC such as APC, TGEBR2,
SMAD4, PTEN and TP53, were inactivated, while in contrast, oncogenes such as KRAS, BRAF, f3-catenin, and
MYC were overexpressed>’. It was exhibited that 20-30% of CRC instances are caused by hereditary mutations,
while the remaining cases of CRCs are sporadic in nature®.

MicroRNAs (miRNAs) are short non-coding RNAs around 18-23 nucleotides (nt) that regulate transcription
and post-transcriptional modifications of their target genes’. Roles of miRNAs include inhibition or degradation
of mRNA during binding to mRNAs in 3’-UTR termini'’. Although most physiological functions of miRNAs
are undefined, their expression profiles have been illustrated in various pathology fields'!. Moreover, sensitivity
and simplicity of sampling miRNAs contribute to production of appropriate non-invasive biomarkers!’. Spotting
properties of miRNAs could assist in comprehending carcinogenesis machinery, which could potentially lead
to them becoming biomarkers that assist in establishing CRC diagnosis and prognosis'2. However, biology of
miRNAs is a massive area that is required for studying and understanding their mechanisms and applications
in clinical cancer diagnosis and treatment.

Because exosomes play a critical role in transferring or exchanging materials between distant tissues and
mediating intercellular communication'>!, they have been employed in many studies to assess their role as
diagnostic and prognostic biomarkers for CRC'®. Exosomes have been distinguished as significant transporters
for miRNAs in serum fields'®. Expression of serum miRNA is noted to be different in CRC patients, which needs
more examination to identify link between expression of specific miRNAs in both serum and tissues of CRC
patients. Because of insignificance of miRNA techniques, exosomal miRNAs might be conceivably utilized as
indicative of biomarkers for different types of cancer!?. Study of serum exosomal miR-92a-3p and miR-17-5p
for diagnosis of primary and metastatic CRC suggested that up-regulation of these miRNAs directly correlated
with stages of CRCY. Another study identified that low expression of circulating exosomal miR-4772-3p, isolated
from serum, had been considered a predictive biomarker for cancer recurrence in colon cancer patients at stages
I and III'8. Next-generation sequencing (NGS) can provide a robust informatic analysis related to sorts and
abundance of exosomal miRNAs. Thus, exosomal miRNAs can be efficiently examined as diagnostic biomarkers
for several diseases'”.

TGFf3 gene family are normally regulated in epithelial cells, however, dysregulation of any member of this fam-
ily can contribute to increasing tumorigenesis. Canonical TGFp signaling is regulated by TGFPR1, and TGFfR2,
which phosphorylate SMAD2 and SMAD3, after binding to TGFf ligands. Then, activated SMAD2 and SMAD3
comprise a complex with SMAD4. SMAD complex is a nucleoprotein that modulates expression of several target
genes and affects tumor growth by controlling cell proliferation, apoptosis, metastasis, and angiogenesis (Mas-
sagué et al.?%; Feng and Derynck?!). miRNAs have been shown to influence formation and activation of TGFf
signaling pathway, and miRNAs/TGF interaction acts in occurrence of various malignancies, including gastric,
breast, lung, pancreatic, rectal and colon cancers (Soleimani et al.?>?%).

In this study, deep sequencing approach was utilized for total blood RNAs to comparatively analyze circulat-
ing exosomal miRNAs expression in CRC patients at different cancer stages. The most strongly up-regulated
exosomal miRNAs (e.g., let-7a-5p, let-7¢c-5p, let-7£.-5p, let-7d-3p, miR-423-5p, miR-3184-5p, and miR-584-5p)
or down-regulated (e.g., miR-30a-5p, miR-99-5p, miR-150-5p, miR-26-5p, and miR-204-5p) were further inves-
tigated. These highly expressed miRNAs were predicted to target genes in cancer pathways, including CRC
pathway. These target genes involve tumor-suppressor genes, oncogenes, and DNA repair genes. Many important
signaling pathways such as transforming growth factors (TGFP) were shown to directly associate with CRC. This
work could support clarifying role of exosomal miRNAs in regulating expression of target genes that contribute
to development of CRC progression. Exosomal miRNAs may, thus, distinguish CRC cases from healthy controls
and serve as biomarkers for CRC diagnosis and prognosis.

Results

Morphological features of isolated exosomes

Exosome pellets obtained from membrane using spin column were examined firstly by TEM to prove isolation
of exosomes on a morphological level of which they were shown as sphere-shaped extracellular vesicles harbor-
ing typical bilayer and their sizes were estimated to be between 100-200 nm (Fig. 1A). In addition, Zetasizer
Nano (ZN) was used to detect physical properties of exosomes and size distribution of serum-derived extracel-
lular vesicles (EVs) including exosomes with three replicates of a typical experiment, and similar findings were
reached, where Z-Average was 232.1d.nm with Pdl of 0.157 indicating that most exosomes were collected with
other additional EVs during extraction (Fig. 1B). These findings demonstrated that exosomes have been effec-
tively isolated from serum, then, they were used further to detect new serum exosomal biomarkers for CRC.

Exosomal miRNAs expression profiles

Small amounts of RNA were taken before approaching RNA sequencing using Agilent® 2100 Bioanalyzer (Agilent
Technologies, United States) to test RNA integrity number (RIN), and results demonstrated high integrity of
RNA (9.30) (Fig. 2A). Total RNA samples were taken from nine CRC patients at different stages (CRCII, CRCIII
& CRCIV) and three healthy controls. miRNA sequencing libraries yielded 12,002,536, 12,850,941, 13,830,980
and 12,475,000 raw reads from control, CRCII, CRCIII, and CRCIV, respectively. Number of clean reads in
libraries of control, CRCII, CRCIII and CRCIV were 11,798,483 (98.20%), 12,658,663 (98.48%), 13,641,029
(98.64%), and 12,316,277 (98.69%), respectively. miRNA annotation presented known miRNAs, rRNA, tRNAs,
small nuclear (snRNA), small nucleolar (snoRNA), repeats, novel miRNAs, exonic RNAs, and intronic RNAs in
serum-derived exosomes. Expectedly, most common reads in annotation referred to exon (60.50%) followed by
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Figure 1. Characteristics of serum-derived exosomes from CRC patients. (A) TEM presented exosome
morphology with scale bars are 200 nm (left row) and 100 nm (right row). (B) Physical properties of exosomes
show size distribution of serum-derived EVs including exosomes, as assessed by Zetasizer Nano. The curve
depicts means, and standard deviations (SD) from three experiment replicates that yielded similar results.

others (22%), repeats (10%), rRNA (4%), known miRNAs (2%), snRNA (2%), snoRNA (0.35), tRNAs (0.20%),
while the least was for novel miRNAs (0.01) (Fig. 2B & S1). Length distribution of clean reads of pre-miRNAs in
control, CRCII, CRCIII, and CRCIV libraries were between 18-29 nt (longer reads were removed), while length
of mature miRNA was between 21-22 nt (Fig. 2C). Previous reports indicated that seed region of conserved
mature miRNAs is located at position between 2-8 bp. The results at first position demonstrated a negative bias
against G nucleotide for mature miRNAs with 21-22 nt length, while bias was in favor of U nucleotide for miR-
NAs with 22-24 nt (Fig. 2D & S2). Within seed region (nt position 2-8), there was no bias towards or against a
certain nucleotide. At nt position 22, there was a bias towards U nucleotide, while against C nucleotide (Fig. 2D).

Differential expression levels of exosomal miRNAs

Known and unique miRNAs expression in each sample are statistically analyzed and normalized by transcript per
million (TPM) (Zhou et al.?*). The formula is normalized expression = (read count*1,000,000)/lib-size (miRNA
read count of sample). Quality control of RNA sequencing data was shown in TPM density distribution and
Pearson correlation coefficient. The patterns of miRNAs expression of each sample were presented in miRNA
TPM density distribution as shown in Fig. 3A. While the RNA-Seq correlation shown in Fig. 3B presented the
biological replicate for each sample. The results showed that the correlation between same samples is similar (1),
but the correlation between each sample with its group, e.g., (CRC 1, 2 and 3 of group II) were (0.7), (CRC 1, 2
and 3 of group III) and (CRC 1, 2 and 3 of group IV), was 0.6.

To identify known miRNAs in serum exosomal miRNA libraries (control and CRCII, CRCIII and CRCIV),
mapped sequences were aligned to miRNA sequences of Homo sapiens in miRBase database. Total mapped miR-
NAs were annotated in each group (control and CRCII, CRCIII and CRCIV) and a total of 660 known miRNAs
were detected as shown in Venn diagram of Fig. 3C (S3). Of these, a number of 306 were shared among three CRC
as well as control groups. Differential expression of exosomal miRNAs between control vs. groups CRCII (G1),
CRCIII (G2), or CRCIV (G3) was established using statistical criteria of fold change >2.0 and P-value 0of<0.05.
Results indicated occurrence of 29 miRNAs with significantly different expression levels. Of which, a number
of 14 miRNAs were significantly up-regulated, while 15 miRNAs were significantly down-regulated (Fig. 3D).
Hierarchical clustering based on 29 DEEMs showed unclear separation between CRC groups where only group
of CRCII clustered clearly and separately from a healthy control. However, each group of CRC represents a dif-
ferent expression pattern (Fig. 3D, S4).

Predicted functions of differently expressed exosomal miRNAs
Target genes of differently expressed exosomal miRNAs (DEEMs) were predicted by using miRanda with pre-
sent relationships between miRNAs and corresponding target genes. GO Enrichment Analysis is a technique of
generating gene numbers %°. It begins by mapping all target gene candidates in database to Gene Ontology GO
(http://www.geneontology.org/).

To find significant enriched GO terms in target gene candidates, Wallenius non-central hyper-geometric
distribution was used in comparison with reference gene. From 30 DEEMs, around 14,782 predicted target
genes were identified by miRanda database and by applying ShinyGO v0.75 which presents all top 30 in each
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Figure 2. Overview of exosomal miRNAs analysis. (A) RNA integrity number (RIN) for total RNA (Agilent
2100 Bioanalyzer). (B) Pie chart showing summary of annotation of total RNA unique reads with percentages of
several RNA classes detected in dataset. (C) Length distribution of exosomal miRNAs sequences in control and
CRC groups (II, IIT and IV) library. (D) First nucleotide bias in resulted miRNAs with 18-30 nt length (1) and
bias at different positions of miRNAs with 22 nt (2).

three classes: biological process (BP), molecular function (MF) and cellular component (CC). Probable target
genes in BP class, putative target genes were highly correlated to neurogenesis, cell projection organization,
generation of neurons, and neuron differentiation. While MF class was largely associated with sequencing-
specific DNA binding, sequencing-specific duple-stranded DNA binding, transferase activity, and transferring
phosphorus-containing groups. In CC class, probable target genes were largely connected to neuron projection,
plasma membrane region, and synapse (Fig. 4A-C, S5). KEGG analysis was applied to distinguish roles of 30
DEEMs based on function of their target genes. From KEGG pathways, the top 20 high pathways were selected.

Differentially expressed miRNA target genes were enriched in metabolic pathways, pathways in cancer, pro-
teoglycans in cancer, miRNAs in cancer, MAPK, Rap1, RAS, and several cancers were involved, ex., gastric cancer,
and pancreatic cancer (Fig. 4D, S6). It will be significant in the future to functionally confirm these differentially
expressed miRNA target genes.

Identification of potential prognostic biomarkers for CRC

The 12 differently expressed exosomal miRNAs (DEEMs) showed high significance (P value <0.05) (§7). Log2
FoldChange (FC) means effective size estimated and level of miRNAs expression of CRC samples in compari-
son with healthy control. Positive log2 (FC) indicates up-regulation of miRNAs, while the negative log2 (FC)
refers to down-regulation. The six miRNAs that were up-regulated are let-7a-5p, let-7c-5p, let-7f.-5p, let-7d-3p,
miR-423-5p, and miR-3184-5p, whereas those that were down-regulated (2) are miR-30a-5p, and miR-99-5p
(Fig. 5A-H). Compared with control, there was a significant up-regulation of serum exosomal miRNAs with
high abundance (let-7f.-5p, miR-423-5p, let-7a-5p, miR-3184, let-7c-5p, and let-7d-3p) (Fig. 5A-F). Results of
let-7a-5p, let-7c-5p, let-7f.-5p, let-7d-3p, miR-423-5p, and miR-3184 were observed at a high level of miRNAs

Scientific Reports |

(2024) 14:8902 |

https://doi.org/10.1038/s41598-024-58536-3 nature portfolio



www.nature.com/scientificreports/

A TPM density distribution B
Pearson correlation between samples
CRC3_IV- 0653 0645 0617 0637 0602 0653 0608 0.639 0.616 0.587 o.su.

CRC2_IV- 0684 0675 0628 0679 0688 0685 0681 0.664 0.667 0.683.0.616

064 Group CRC1_IV- 0657 0647 0629 0.68 0711 0648 0717 0702 o.m.o.sae 0.587
[ “lerctn
/CRCI " CRC3_IIl- 0685 0664 0648 0671 0653 0664 0682 0.668 0668 0667 0616
. 2
/ CRC1_IV CRC2_IIl- 0692 0695 0649 0695 0729 0696 0.73 .o.su 0702 0664 0.639 R 1
CRC2_II o
= CRCZ_III CRC1_lll- 0664 068 0676 0717 0.729 c.nn. 073 0.682 0717 0.681 0.608 0.9
o4 CRC2_IV o
3 cncs i CRC3_Il- 0662 0685 066 0705 0.668 0702 0696 0664 0648 0685 0.653 i
"z 07
CRGS_II CRC2_Il- 0689 0692 064 07 .o‘ssa 0729 0729 0.653 0711 0.688 0.602
CRC3_IV 0.6
/ HE_1 CRC1_ll- 0652 0.676 o.szo. 07 0705 0717 0.695 0.671 0.68 0.679 0.637
/|HE 2
0.2- /HE_S HE_3- 0648 o.w.o.ezz 064 066 0676 0649 0648 0.629 0628 0617
HE_2- o671 .o.s« 0676 0692 0685 068 0695 0.664 0647 0675 0.645
HEJ-. 0671 0648 0652 0689 0662 0664 0692 0685 0657 0684 0653
N ¥ DS P R R NS (RS
AR 2R 2 S < 2 < P WA 7 ; ;
- YT RR¥ & O 0 07 O Y PNV P
00 FFFFFSEFSE S S S
| '
0 2 4
log10(TPM+1)
C D
HSALET-7ASP
HSALET-7F-5P
HSAMIR-3184-30
HSAMIR-423-5P
HSA-MIR-1273H-3P
HSAMIR-433-30
HSAMIR'584-5P
HSA-MIR-11400
A 57 50 B HSAMIR.423.30
HSAMIR-3184-5P
11 HSAMIR671.39
15 15 HSAMIR998.5P
HSALET-7C-5P
41 20 33 47 HSALET70-3
A: Control HSAMIR-382:59
HSA-MIR-22-5P
306 B:G_1 wsAM 15059
" 29 HSAMIR5-3P
17 D:G_3 HSAMIR760
HSAMIR-204-59

12 HSAMIR374ASP
HSAMIR 30459
HSAMIR145.59
HSAMIR-1998-57
HSAMIR268:5P
HSAMIR1068-57
HSAMIR2198-57

v 2
ol o

N Y
(>\\/ ’

2

S

\?5«,7 Qg,’l’ Q\(«,’:} O\} O\’J’ O\? S
FFFFFEFEEE

Figure 3. (A) The libraries of each group; control (HC), and CRC (IL, III, and I'V) are shown in different colors.
The x-axis defines the log 10 (TPM + 1). The y-axis defines the probability value of the TPM distribution. TPM:
transcripts per million. (B) Pearson’s correlation coeflicient of RNA-seq between each sample control and CRC
(IL, 111, and IV). Pearson correlation coefficient square presented in shades of blue color, the ideal experiment
settings is greater than 0.92, and the R2 (the square of the Pearson correlation coefficient) must be at least 0.8.
(C) Venn diagram representing shared known miRNAs identified in each CRC group as well as healthy control.
(D) Hierarchical clustering of 29 differentially expressed exosomal miRNAs shows colorectal cancer (CRC)
patients in different stages and healthy control (HE).

expression (P <0.05) in CRCIL, while these miRNAs were gradually down-regulated in CRC III and IV compared
with healthy control (Fig. 5A-F).

Nevertheless, exosomal miR-99b-5p and miR-30a-5p were observed at a low expression level with high
abundance compared with other down-regulated miRNAs. miR-99b-5p was down-regulated only in CRC 1V,
while miR-30a-5p was only identified in CRC II compared with healthy controls (Fig. 5G, H). Several miRNAs
were shared among CRC stages II, II, and IV including miR-150-5p, miR-204-5p, miR-26b-5p, and miR-584-5p
(Fig. 5I-L).

Expression level of miR-584-5p increased progressively in CRC II and III (827 to 1153) and decreased in CRC
IV to (458 TPM) close to expression level of healthy control (476 TPM) (Fig. 5I). In contrast, expression level of
miR-150-5p decreased gradually from healthy control until stage III (799, 221 and 164 TPM, respectively), then
increased slightly at stage IV (296 TPM), which indicates that expression level of miR-150-5p was down-regulated
from CRC II to III (Fig. 5K). While miR-26b-5p showed a sharp decrease in expression level of healthy control
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compared with CRC patients at stage II (1191-396 TPM), then gradually increased at stages IIT and IV (542 and
781 TPM, respectively). That indicates that miR-26b-5p was down-regulated in CRC II and III, and expression
level between these stages was steady (Fig. 5L). On the other hand, expression level of miR-204-5p was different
among stages, presenting a sharp decrease from healthy control to stage IT (109 and 10 TPM, respectively) with
negative log2 (FC) that is three times lower in stages II than in healthy control. Interestingly, in stage III, level
of miR-204-5p expression was increased slightly then decreased sharply at stage IV (88 to 1 TPM) with also
negative log2 (FC) that is four times lower than healthy control (Fig. 5]).

Gene target analysis of selected exosomal miRNAs

miRanda analysis was used to predict gene-targeted of 12 up/down-regulated miRNAs. To determine which of
the 12 miRNAs could be related to CRC progression, target genes that were identified in miRanda were screened
in colorectal cancer pathways, highlighting 50 genes previously associated with CRC. Results of Chord-diagram
showed that all 12 exosomal miRNAs interacted with at least one gene in CRC (Fig. 6). miR-150-5p was detected
to target a high number of CRC genes, around 29 out of 49 genes. While miR-9-5p, miR-30a-5p, and miR-
584-5p were shown to interact with a total of 16, 13, 11, and 9 target genes. However, let-7a-5p, let-7c-5p, and
let-7f.-5p were interacted with the same 14 CRC genes, including AKT2, APC2, BCL2, BRAE, CASP3, MAPK10,
MAPKS, MSH2, MSH6, PIK3CA, PIK3R5, SMAD2, TGFBRI, and TP53. While let-7d-3p interacted with one
gene, APPLI. In addition, miR-3184-5p and miR-423-5p were interacting with same 18 CRC genes including
AC007192.1, AKT1, AKT2, BIRC5, BRAF, CASP3, MAPK10, MAPK3, MLH1, MSH2, MSH6, PIK3R2, PIK3R3,
RACI, RAC2, SMAD2, TCF7, TGFBR2. However, miR-99b-5p target only one gene, PIK3R2.

Some of the known genes that altered in CRC were highly targeted by most of the 12 exosomal miRNAs. For
example, SMAD2/3 and SMAD4 were highlighted and disrupted in sporadic CRC* and our result identified 11
exosomal miRNAs were interacted with SMAD?2, one exosomal miRNAs with SMAD3 and four exosomal miR-
NAs with SMAD4. Moreover, TGFp signaling pathways including TGFf1, TGFp2, TGFp3, TGFPR1, TGFBR2
were implicated among 10 exosomal miRNAs except let-7d-3p and miR-99b-5p. Furthermore, APC and TP53
are tumor suppressor genes that are inactivated in CRC**?* and were identified to interact with seven and five
exosomal miRNAs respectively. Overall, these miRNAs had the largest number of interactions with commonly
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Figure 5. Top 12 regulated miRNAs in CRC compared with control. (A-F) miRNAs let-7a-5p, let-7c-5p, let-
7f-5p, miR-423-5p, and miR-3184-5p, respectively, showed a high level of expression only in CRC stages II. The
two lowest expressed in CRC. (G) miRNA miR-99B-5p was observed at low level of expression only in CRC
stage IV compared with healthy control. (H) miRNAs miR-30a-5p was observed at low level of expression in
CRC stages II. (I) miR-584-5p was up-regulated at CRC stages I and III. (J) miR-204-5p was down-regulated at
CRC stages IT and IV. (K, L) miR-150-5p and miR-26b-5p were down-regulated at CRC stages II and III. TPM;

transcript per million. Red box: up-regulated miRNAs; blue box: down-regulated miRNAs; black box: miRNAs
not differentially expressed.

changed genes in CRC, indicating that they may play a role in CRC development or progression through the
regulation of key genes.

Pathway analysis for selected miRNAs

Pathways of 49 genes that were targeted by miRNAs were examined to determine involvement of the 12 DEEMs
in CRC formation. Using KEGG database, enrichment pathway analysis indicated involvement of more than
100 pathways (P value > 0.05, Supplementary S3). The results showed that miRNAs play a critical role in KEGG
pathways. The top highly DEEMs were identified as targeting genes related to "microRNAs in cancer” with P
value =4.87E % followed by “Pathways in Cancer" with a P value =9.30E™"°, MAPK signaling pathway with P
value =1.24E7* RAS signaling pathway stood at position nine with P value=3.06E™!!, and PI3K-Akt signaling
pathway stood at position 13 with P value =1.59E'. Also, several cancer pathways were involved in the top 30
pathways including breast cancer with P value =5.70E™', glioma with P value=6.47E"'°, gastric cancer with P
value=3.71E% and pancreatic cancer with P value =6.84E™%. Nevertheless, colorectal cancer pathway repre-
sents a significant (p-value =1.28E7%) but not included in the top 20 enriched KEGG pathways. Furthermore,
additional signaling pathways were identified as crosstalk with CRC pathways such as WNT signaling pathway
(P value=7.39E7%), and TGFp signaling pathway (P value =9.96E~%). This is emphasizing that the 12 DEEMs
play a significant role in CRC. These findings provide a strong connection between the 12 DEEMs and various
changes that are frequently observed in CRC. Next step was to investigate where each miRNA interferes in
often-changed pathways in CRC (e.g., WNT, TGFf, RAS, PI3K-AKT, TP53, MAPK, and MSI signaling path-
ways)?830-34 miRNA-target genes that are known to be associated with CRC were combined with genes engaged
in each signaling pathway. According to these findings, majority of miRNAs were shown to be involved in at least
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Figure 6. Chord-diagram of 12 differentially expressed exosomal miRNAs targeting several genes expressed
in CRC. Around 49 target genes interacted with the 12 differently expressed exosomal miRNAs. miRNAs are
defined in a different color, while each gene target is defined in gray color.

one of these pathways. Intriguingly, various miRNAs appear to interfere in several pathways, and all 12 miRNAs
appeared to target PI3K-AKT pathway. Moreover, four miRNAs (e.g., let-7a-5p, let-7c-5p, let-7f.-5p, and miR-
150-5p) were shown to interact with the eight mentioned pathways. Interestingly, let-7d-3p was shown to interact
with apoptosis pathway, only. Moreover, miR-204-5p presented targets in all of these pathways except for TP53
pathway. Furthermore, all up-regulated miRNAs were shown to communicate with MAPK pathway. However,
TP53 pathway has lower interaction with these miRNAs. Interestingly, one miRNA (e.g., miR-99b-5p) targets
PI3K-AKT pathway, only. As a result, it is possible that the changed expression of these miRNAs may participate
in altering pathways in CRC through targeting several genes of these pathways (Fig. 7).

Validation of miRNA Expression via RT-qPCR
We analyzed RT-qPCR data derived from a study conducted to validate differentially expressed miRNAs in

patients vs. healthy controls of the deep-sequencing data, we performed qRT-PCR on the identified. The vali-
dation was conducted for two miRNAs namely miR-3184-5p and miR-423-5p using the same RNA samples of
the CRC patients except for one patient from stage IV (the result was undetermined). According to the present
findings, these two miRNA were upregulated and significantly increased in both stage IT (G1) and stage III (G2)
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Figure 7. Cross-talking KEGG pathways with Colorectal Cancer pathway showing association between
frequently changed pathways in CRC and the nine differently expressed miRNAs. Through KEGG database,
enrichment analysis was performed on the nine miRNA-target genes. The genes interfering in each signaling
pathway interacting with the miRNA-target genes were found to be associated with CRC. Number of target
genes for each miRNA presented in CRC pathways is shown. miRNAs’ connection with each KEGG pathway is
presented in red for up-regulation and blue for down-regulation.

when compared to the healthy control. In contrast, their target genes SMAD2 and TGFER2 were downregulated
in stage IT (G1) and stage III (G2) compared to healthy control. However, the expression of these genes gradually
increased, and inversely with miR-3184-5p and miR-423-5p, which were decreased in stage VI (G3) (Fig. 8A).

It was previously reported that TGFp signaling pathways are involved in multiple aspects of CRC progression;
we hypothesized that the low expression of several genes in this pathway, such as TGFBRIL, and SMAD2 in CRC,
could be due to the up-regulation of miRNAs that target this pathway. The map of each gene in the TGFp signal-
ing pathway and a list of expressed miRNAs expected to target these genes based on TargetScan prediction are
displayed in (Fig. 8B 1&2). The TargetScan database® presented the TGFBRII and SMAD3 genes were targeted
by both miR-423-5p and miR-3184-5p with one poorly conserved site.

Discussion

CRC initiation and progression are intimately linked to genetics and several environmental variables®®. Because
patients with advanced colorectal cancer (CRC) typically have a bad prognosis, detecting CRC early becomes
is extremely important®®*’. Development of useful biomarkers is critical to improve accuracy of CRC diagnosis
and treatment. Researchers have discovered that miRNA plays a crucial role in the pathogenesis and progres-
sion of CRC*. Use of miRNAs properties that are recognized at early stages in blood circulation system, or
early cancer detection, yielded highly encouraging results. However, based on differences in miRNA expression
amongst populations, environments, nutrition, etc., findings of discovered miRNA expression may change®.
Exosomal miRNA expression profiles have been reported in several studies to control various target genes that
affect recipient cell function. Thus, exosomal miRNAs with specific properties are prospective biomarkers that
can be employed as a diagnostic and prognostic tool for CRC or could be used as potential targets for therapeutic
intervention of CRC metastasis.

In the present work, the importance of serum exosomal miRNAs in CRC patients compared with a healthy
control group was examined using miRNA sequencing datasets. Detecting miRNAs in serum samples was dis-
cussed in this study to effectively discriminate malignancy from healthy controls and delivering panels of miRNAs
as predictive biomarkers for improved patient classification, specifically for CRC stages II, III and IV. Towards
this, deep sequencing was utilized to identify miRNA expression levels in serum samples at different stages of
CRC. This method provides potential benefits in universal miRNA expression research, but it also introduces
additional data analysis issues, since quantity of data obtained after deep sequencing involves millions of reads
that must be mapped to genome and normalized*. The majority of miRNA expression alterations in CRC appears
to begin during normal mucosa-to-cancer development and are sustained throughout metastatic transition,
which is consistent with our findings.

The sequencing data and bioinformatics analysis in our study provided a strong finding of mature exoso-
mal miRNAs. A number of 660 mature miRNAs were found at different stages of CRC for patients that were
successfully diagnosed. From the 29 differentially expressed miRNAs found in CRC patients compared with
healthy controls, 12 regulated miRNAs were selected depending on their high abundance levels. The highly up-
regulated miRNAs (e.g., let-7a-5p, let-7c-5p, let-7f.-5p, let-7d-3p, miR-423-5p, miR-3184-5p, and miR-584-5p)
and down-regulated miRNAs (e.g., miR-30a-5p, miR-99-5p, miR-150-5p, miR-26-5p, and miR-204-5p) were
analyzed further (Fig. 3A-D). We predicted that the 12 changed miRNAs may have influenced several critical
target genes in CRC that lead to tumor occurrence and growth. Most of diagnostic exosomal miRNAs (e.g.,
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Figure 8. (A) Verification results of upregulated miRNA. The Fold Change bar graph shows expression of
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and SMAD 2. The 3'-UTR profile on the top presents the relative expression of 3'-UTR isoforms and the total
number of 3P-seq reads. The profile presents Gencode annotation (red line), the conserved sites of the predicted
target of miRNAs (boxes). The predicted site of miRNA up-regulation is miR-423-5p and miR-3184-5p(red
boxes).

let-7a-5p, let-7c-5p, let-7f.-5p, let-7d-3p, miR-423-5p, miR-584-5p, miR-30a-5p, miR-99-5p, miR-150-5p, miR-
26-5p and miR-204-5p) have been discovered to be circulating in blood serum.

In addition, it is hypothesized that exosomes have a particular way for releasing nucleic acids into extracel-
lular fluid and include miRNA species that have been carefully packed to migrate to other cells for knocking out
cognate target genes*'~**. Accordingly, gene target prediction software was used to suggest probable target genes
based on sequence pairing. Predicted target genes of these highly expressed exosomal miRNAs strongly relate to
cancer pathways that involve CRC pathway. The target genes in CRC pathway include tumor suppressor genes,
oncogenes, DNA repair genes, and multiple critical signaling pathways such as TGFp that are directly linked
to CRC function in which this study focuses. KEGG analysis showed that differentially expressed miRNAs are
included in cancer signaling pathways and gene ontology (GO) analysis specified the top expressed miRNAs
involved in molecular functions, cellular components, and biological processes categories.

Transforming growth factor B (TGFp) signaling pathway has been identified to promote growth inhibitory of
tumorigenesis. However, dysregulation of TGFp signaling have been reported in several studies to contribute to
cancer proliferation, metastasis, and angiogenesis (Feng and Derynck®!; Massagué et al.*°). miRNAs have been
shown to influence formation and activation of TGFp signaling pathway, and miRNAs/TGF interaction was
also shown to play a significant role in development of several malignancies, including lung, breast, pancreatic,
gastric and CRC (Soleimani et al.?*?*). Oncogenic miRNAs have been found in several cancer types to enhance
proliferation, invasion, or resistance to chemotherapeutic treatments by targeting TGFp receptors, particularly
TGFBRII (Suzuki**).

By focusing on target gene sequences, let-7 family (let-7a-5p, let-7c-5p, and let-7f.-5p) has a highly similar
sequence and shares the same seeds region (3’GAUGGAG’5), leading to targeting identical genes. Members of
let-7 family (let-7a-5p, let-7c-5p and let-7f.-5p) share identical seed sequence, which represents highly conserved
region that is used to recognize target mRNAs sequences*®. This indicates that function and targets of let-7 family
may be either similar or different*®. Results of the present work showed that let-7 family members (let-7a, let-7c,
let-7f) shared same target genes in CRC pathways. Let-7 family is considered as an essential tumor suppressor
miRNA that regulates several oncogenes*. The study presented that through low level of let-7, several signal-
ing pathways are enriched such as cell cycle and cellular proliferation, which promote cancer progression®’.
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Down-regulation of let-7 negatively controls MYC and RAS expressions that are recognized to be important
regulators for CRC progression*”*%. Through direct binding, let-7 is able to inhibit RAS expression and hence
control MAPK and PI3K/AKT pathways®. Kawata and colleagues determined that serum exosomal levels of let-
7a were higher in primary CRC patients than in healthy controls, while much lower following tumor resection.
In addition, authors demonstrated that colon cancer cell lines produced these miRNAs at considerably greater
levels than normal colon cell lines™. Furthermore, a low level of let-7c expression in primary cancer tissues of
CRC relates to metastases, progressed TNM stages, and poor prognosis of patients. Let-7c acts as a tumor sup-
pressor for CRC development and metastasis by disrupting mRNAs of MMP11 and PBX3>!. While let-7f has been
confirmed to be down-regulated in both plasma and stool samples of patients with early stages of CRC (I and II)
compared with healthy control®>. Co-expression of both let-7d-3p and let-7d-5p was found to contribute to colon
cancer by exclusively inhibiting KRAS by let-7d-3p, and promoting IGF1R and THBS1 expression by let-7d-5p>.
The study by Ohshima and colleagues demonstrated that cancer cell lines that produce exosomes load a high
amount of let-7 family. It is proposed that these processes occur to release tumor suppressor miRNAs and support
ongoing tumorigenesis and metastasis®***. Referring to our results, where let-7 is a tumor suppressor miRNA,
its abundance in serum primary CRC stage seems to be a predictor of enhanced carcinogenesis and metastatic
action in malignant tissue, offering a novel perspective as to how these biomarkers are regulated (Fig. 5A-D).

By bioinformatics analysis, we identified that TGFp signaling pathways including TGFBRI and SMAD?2 are
targeted by let-7 family (Fig. 9). However, another study demonstrated that overexpression of let-7a interacts
with TGF-p1 and SMAD4 and affects cervical cancer cells*®. In addition, TGFPRI was regulated by let-7, which
could play a significant role in TGFp signaling activity at tumorigenesis stages®’. However, no other gene targets
for these miRNAs were detected. The results of miR-423-5p and miR-3184-5p indicate that they are significantly
up-regulated in serum exosomal miRNAs at CRC II compared with control. However, these two miRNAs were
down-regulated at CRC stage III and IV. miR-423-5p targets CRC pathways, particularly, tumor suppressor
genes SMAD2/3 and TGFfR2. It has been identified that miR-423-5p and miR-3184-5p share same target genes
because they have the same seed sequence (3’CGGGGAG’5)*%. Morover, miR-423-5p and miR-3184-5p were
significantly reported by several researches as oncogene and are involved in carcinogenesis, tumor development,
therapeutic sensitivity, and prognosis in different types of cancer®-%. In glioblastomas, miR-423-5p acts as
tumor promoter, leading to proliferation, invasion, and angiogenesis of cancer®. Plasma level of miR-423-5p has
previously been identified as a possible biomarker for CRC occurrence®. While miR-3184-5p has been linked to
formation of malignancies in a variety of human cancers. High expression level of miR-3184-5p was identified
in hepatocellular carcinoma (HC) cell lines, according to miRNA array data®. Furthermore, exosomal miRNA-
3184-5p was shown to be able to distinguish non-small-cell lung cancer (NSCLC) at early stages from normal
controls®. miR-3184-5p was also shown to be highly elevated in breast cancer cells and operates as an oncogene
in obesity-related breast cancer due to its influence on cell proliferation and invasion®’. By predicting target genes
for these miRNAs, it was demonstrated that certain target genes play a significant role in both activation and
inhibition of CRC. Furthermore, up-regulation of miRNAs acts as oncogenic miRNA targeting certain tumor
suppressor genes related to CRC initiation and development?. More specifically, TGESR2, SMAD2, and SMAD3
genes are key components of TGFP that regulate growth inhibitory, and abnormality of these genes contributes
to tumorigenesis*!. Inactivation of these genes results in dysregulation of TGFp signaling, which leads to loss
of growth inhibitory effect?’. Our results suggest that miR-3184-5p and miR-423-5p may accumulate in these
genes and disrupt transcriptional process of TGFp signaling pathway at this stage (Fig. 5E, F). Also, up-regulation
of exosomal miR-423-5p targeting GREM2 among TGFp pathway enhances therapeutic resistance as well as
contributes to malignant progression of prostate cancer (PC).

Moreover, miR-99b-5p and miR-30a were down-regulated in CRC in the present work and contributed to
different cancer progression stages®’~"2. miR-99b-5p was down-regulated in CRC stage IV comparing to healthy
control and was identified in our data to only target PIK3R2 gene in CRC pathway. The study by Li and colleagues
showed that miR-99b-5p was overexpressed in primary tumors of patients with CRC and that suppressing this
miRNA promotes cell migration and overexpression of mTOR of CRC cell lines. Also, authors suggested that
miR-99b-5p is collaborated with more prolonged overall survival of patients and acts as a tumor suppressor in
metastatic CRC by targeting mTOR. This indicates that miR-99b-5p may interact with mTOR and function as a
predictive factor as well as a therapeutic target for anti-metastatic CRC patients’2. Moreover, miR-99b-5p is asso-
ciated with numerous malignancies, including colon cancer®. In gastric cancer, miR-99b-5p suppressed prolifera-
tion via negatively modulating insulin-like growth factor 1 receptor (IGF-1R) and stimulating AKT pathway”>.
It was identified that exosomal miR-99b-5p has been increased after tumor surgery, representing that exosomal
miR-99b-5p expression level negatively influences tumor survival. As a result, miR-99b-5p (Fig. 5G) is identified
as a possible clinical diagnostic biomarker capable of reliably and promptly distinguishing CRC patient®. It was
identified that expression of TGF-p is affected by specific miR-99 family members such as miR-99a-5p, but not
miR-99b-5p, and target SMAD2 and SMAD4 genes in acute megakaryoblastic leukemia (AMKL)®"74,

According to previous research, miR-30a expression is related to a variety of cancer types, such as thy-
roid, breast, and gastric cancers, as well as CRC®8707576 miR-30a acts as a tumor suppressor in majority of
these malignancies by modulating conserved target genes. miR-30a targets insulin receptor substrate (IRS2),
phosphoinositide 3-kinase catalytic subunit delta (PIK3CD), and integrin f3 in CRC to inhibit proliferation,
migration, and invasion**”"”’, Interestingly, low expression of miR-30a was in all stages but in stage I was more
significant which indicates that this miRNA has a significant impact in this stage rather than other stages. It was
demonstrated that miR-30a overexpression decreased migration and invasion and controlled E-cadherin and
vascular endothelial growth factor (VEGF) expression by suppressing TM4SF1 gene. The findings indicate that
miR-30a is related to progression stage and lymph node metastasis of CRC and that it might be a new promising
source for diagnosing and therapy of CRC. Interestingly, our study identified that down-expression of miR-30a
was represented in CRC stages III than in stages III and IV (Fig. 5H), which demonstrates that miR-30a plays a
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Figure 9. TGFp signaling pathway. TGFPRI, and TGFRII are phosphorylate SMAD2 and SMAD?3 after
binding to TGF ligands. Activated SMAD2 and SMAD3 subsequently form a complex with SMAD4. SMAD
complex is a nucleoprotein that controls cell proliferation, apoptosis, metastasis, and angiogenesis, as well as
modulating target gene expression and tumor formation. MiRNAs target TGFp, TGFPRI, TGFBRIL, SMAD2/3
and SMAD4 leading to disrupt inhibition of growth in TGFp signaling pathway. Overexpressed miRNAs (red
color) and downexpressed miRNAs (blue color). Direct regulation is indicated by red dashed arrows and lines.

critical role in early stages of CRC development than in the later stages’. These findings suggest that miR-30a
is negatively related to carcinogenesis and lymph node metastasis and may function as a tumor suppressor in
CRC. Additionally, in CRC patients with severe clinical characteristics, low serum miR-30a-5p expression was
more common. Moreover, CRC patients with high serum miR-30a-5p expression had substantially longer overall
survival rate than those with low expression. Finally, analyses demonstrated that serum miR-30a-5p expression
was a significant predictor of survival in CRC patients®.

Moreover, miR-30a-5p targets TGF( signaling pathway, which could be disrupted by multiple processes
related to tumor invasion. As described in anaplastic thyroid cancer (ATC), down-regulated miR-30a-5p cor-
relates with inhibition of TGFp signaling. This miRNA was associated with induced mesenchymal-epithelial
transition (MET) and ATC cells invasion’®. Expression of SMAD2 and TGFBRI genes, which were elevated in
most primary anaplastic thyroid cancer (ATC), was regulated by miR-30 in ATC-derived cells confirming involve-
ment of TGF signaling in modifying MET/epithelial-mesenchymal transition (EMT)”. Based on these findings,
miR-30a-5p is proposed to have a potential role as a novel biomarker for CRC diagnosis and/or prognosis. On
the other hand, TGFp has been reported as a tumor suppressor in the early stages but a tumor promoter in
the later stages®’. Some overexpressed miRNAs suppress anti-proliferative signals by targeting this pathway. In
contrast, the TGFp pathway, in collaboration with BRAF, causes EMT, migration, and invasion in later stages®.
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Our results presented that TGFBR2 has also interfered with miR-30a-5p, which could be a novel biomarker that
can be studied and investigated further.

Some functions of these highly expressed miRNAs have been studied, where miR-584-5p targets some tumor
suppressor genes including STAT1, PTEN, and cyclin D1%'. The miR-584 was found in the SW620 colorectal
cancer cell line to interfere with binding of hnRNP A1 and CDK6. The study suggested that overexpression of
miR-584 acts as a tumor suppressor, which can disrupt binding between hnRNP Al and CDK6 mRNA, lead-
ing to apoptosis. This connection might be replicated for different miRs, which could lead to creation of new
cancer treatment techniques®2. Also, miR-584 was shown to be up-regulated in CRC and greater levels of this
miRNA were only previously seen in colon adenoma, not carcinoma®. Another research revealed that miR-584
was overexpressed in the early stages of gastric cancer (GC) and then down-regulated in later stages. Their find-
ings showed that high levels of miR-584 expression may be essential for primary tumor formation and gastric
carcinogenesis, then, this miRNA undergoes low levels for tumor progression and invasiveness in the metastasis
stage®!. Furthermore, the latter study suggested that miR-584 has the potential to be a diagnostic biomarker for
early identification of GC as well as a predictive factor for predicting patient clinical outcomes. Another study
indicated that in the presence of FF/CAP18 treatment, which inhibits proliferation of colon cancer cell lines,
exosomes release miR-584-5p at a high level®*. Moreover, the latter study suggested that miR-584-5p may act as
a tumor suppressor and can be a potential target to inhibit tumor progression. The study of Konishi and his team
suggested that overexpression of miR-584-5p suppress the interaction between heterogeneous ribonucleoprotein
A1 (hnRNP A1) and CDK6 mRNA, which induce apoptosis of CRC cell line in malignant transformation stage®2.
All the latter findings support our prediction that miR-584-5p is up-regulated in CRC stage (II and III), then,
down-regulated at stage IV compared with healthy control, which indicated that miR-584-5p is highly expressed
during carcinogenesis and, then, decreased to a lower level of expression during invasion and metastasis (Fig. 5I).
Moreover, miR-584 targets SMAD2, and TGFBR2 genes leading to loss of growth inhibitory and induction of
proliferation and angiogenesis of several malignancies, including CRC*?%,

MiR-150-5p was proven to be interfering in several cancers, including thyroid cancer cells (TCC), lung squa-
mous cell carcinoma cells (LSCC), prostate cancer cells (PCC), lung, breast, pancreatic and esophageal cancer and
CRC (Fig. 6)°#3-%1. The miR-150-5p targets MAP3K12 gene that inhibits the proliferation and invasion of PCC
and LSCC®38. Moreover, following surgery, the expression of exosomal miR-150-5p was elevated, showing that
tumor retention may have a detrimental impact on miR-150-5p expression®. Exosomal miR-150-5p has been
reported to inhibit the proliferation of CRC cells, assisting as a potential novel biomarker for CRC diagnosis®.
Another study found that a low expression level of miR-150 in colorectal tissue was associated with poor survival
and responsiveness to chemotherapy, demonstrating that miR-150 expression levels were correlated to CRC. It
is proposed that miR-150 be examined as a possible biomarker for CRC prognosis and treatment outcome®.
On the other hand, in breast cancer cells, increased miR-150 expression has been shown to boost clonogenicity
and cell proliferation, while reducing apoptosis®?. Various studies have also shown that miR-150 functions as
a tumor suppressor and a promising prospective biomarker by altering expression of several genes associated
with CRC progression, including ¢-Myb, c-FLIP, and VEGFA****%*, A previous study was done to clarify the
connection between miR-150 and B-catenin in CRC. It revealed that overexpression of miR-150 inhibited the
viability, proliferation, and colony formation of SW480 and HT-29 cells by targeting the Wnt/p-catenin pathway®*.
The in vivo study presented that miR-150 inhibits CRC development through regulating p-catenin. Levels of
B-catenin, c-MYC, and CCND1 were negatively correlated with miR-150 overexpression suggesting that miR-150
might decrease CRC growth and operate as a tumor suppressor by blocking B-catenin pathway®. Interestingly,
a study of the TGFB/SMAD signaling pathway in hepatic stellate cells (HSCs) revealed that inhibiting SMAD4
by the Smad4shRNA vector enormously improved miR-150 expression levels®®. Overall, these findings support
our result that found that down-regulation of miR-150 affects other downstream signaling pathways, especially
TGEp pathways (Fig. 5K). However, this miRNA was significantly down-regulated in stages II and III, not IV,
suggesting that the down-regulation of miR-150 negatively regulates CRC progression and development.

Furthermore, miR-26b expression was found in various cancers, including neck squamous cell carcinoma,
osteosarcoma, cell lung carcinoma, gastric cancer, ovarian cancer cell and CRC, which can be used as prognostic
predictor?”-1%2, The previous studies proved that miR-26b associates with CRC by interacting with different set
of target genes®>19-1% Tt was recognized that miR-26b expression was elevated in serum and tissues during the
progression of inflammatory bowel disease-related tumorigenesis'”’. Nevertheless, investigations have found
that low level of miR-26b expression was detected in CRC tissue only, not in normal tissue, indicating that miR-
26b reduction may contribute to CRC tumorigenesis'®%. Surprisingly in CRC cell lines, miR-26b correlates with
increased invasion and metastasis and contributes to lymphatic metastasis. This result appears to be paradoxi-
cal although miR-26b expression is more expressed in normal cells than in malignant tissues. The study also
determined that PTEN and WNT5A, as tumor suppressors, were inhibited by miR-26b, however, expression
of miR-26b is a predictor of poor prognosis following carcinogenesis, which might be an indication of miRNA
tissue-specificity'®. The present study also suggests that instead of comparing the expression levels of miR-26b
in CRC cells and normal colorectal mucosal epithelial cells, identifying the effect of various miR-26b expression
levels on CRC cells could be more efficient. This miRNA may have a variety of roles depending on types of cells,
and normal colorectal mucosal epithelial cells and CRC cells are the examples. Therefore, determining the func-
tion of miR-26b in CRC requires more than comparing the expression of miR-26b in CRC cells versus normal
cells. Alternatively, tracking of miR-26b expression should simultaneously be in the same CRC cell lines'®.
Moreover, miR-26b was found to induce a stem cell-like phenotype in a fraction of CRC cells, which indicates
that miR-26b acts as a regulator of CRC invasion and metastasis'®. Interestingly, overexpression of miR-26b-5p
plays a significant impact in chronic lymphocytic leukemia (CLL) development. It was determined that over-
expression of miR-26b-5p disrupts the TGFB/SMAD signaling pathway in CLL cells by targeting SMAD4 gene,
leading to a reduction expression of p21-Cip1 kinase inhibitor and increased expression of c-MYC. This study
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identified miR-26b-5p as a novel molecular pathway relating CLL development to TGFp regulation and a novel
treatment method for CLL'%. We can predict that miR-26b-5p could play a significant and key role in CRC. This
includes low expression for progression in stages II and III, while for metastasis and invasion in stage IV. The
current study presented that overexpression of miR-26b-5p contributes to preventing chondrocyte senescence
and osteoarthritis (OA) by targeting asporin mRNA. Furthermore, asporin promotes chondrocyte senescence
and exacerbates cartilage degradation by blocking the TGFp1/SMAD2 pathway, and hence plays a role in OA.
The miR-26b-5p/asporin/SMAD?2 axis represents a prognostic biomarker and a possible therapeutic target in
OA, according to these findings®. Our study demonstrated that miR-26b-5p was significantly decreased in stages
IT and III compered to control but still this miRNA has low expression in stage IV and no data for miR-26b-5p
and TGEF-p. In addition, our study supported prior research that found that miR-26b has biological impact on
CRC development (Fig. 5L).

In addition, miR-204 was shown in the present study to be significantly down-regulated in CRC tissues com-
pared with surrounding normal tissues. Previous research has found that miR-204 is often down-regulated in
many different malignancies, indicating that miR-204 plays a common function in human carcinogenesis'®-'"2.
Moreover, previous research has found that miR-204 suppresses a variety of cancerous tumors via various sign-
aling pathways, indicating that it may have distinct impacts on tumorigenesis. In the cases of pancreatic cancer
and renal clear cell carcinoma, miR-204 might inhibit tumor growth!'“!*, Also, endometrial cancer, liver cancer,
glioma, colon cancer, gastric cancer, intrahepatic cholangiocarcinoma, non-small cell lung cancer (NSCLC) and
head and neck malignancies are all identified to be repressed by miR-204'%-1'?, Furthermore, miR-204 plays a
significant key role in the sensitivity of CRC to 5-Fu chemotherapeutic drugs by targeting high mobility group
protein A2 (HMGAZ2). In a previous study, overexpression of miR-204 was detected to suppress proliferation of
SW480 cell lines and increase response sensitivity with a 5-Fu dose, indicating that miR-204 might be used as a
treatment for 5-Fu-resistant CRC'?°. Another study demonstrated that low expression of miR-204 correlates to
colon cancer pathogenesis, CRC progression, and drug resistance through overexpression of angiopoietin-like
protein 2 (ANGPTL2). However, up-regulation of miR-204 is accompanied with down-regulation of ANGPTL2
that led to induced apoptosis and inhibited cell proliferation'?!. Furthermore, this study determined that lower
level of miR-204 expression correlates with higher TNM stages and elevated ANGPTL2 expression contributing
to poor prognosis in CRC'?. According to a previous study, overexpression of miR-204 in CRC cells significantly
suppressed cell growth, lowered the ability of tumor progression of CRC cells in animals, impacted the intestinal
cancer cell migration and invasion, and increased the responsiveness of cells to targeted therapies'®. Prior studies
have shown that miR-204 is also linked to CRC via interfacing with a broad set of target genes such as HMGA2,
CXCL8, RAB22A, TPT1, PCAT6 and CREB1'**122124 Qther studies presented the role of miR-204-5p in interfer-
ing with TGFp signaling pathways through regulating Six1 and SMAD4 genes in airway smooth muscle cells of
asthma and human posterior capsule opacification, respectively'*>!?®, These findings indicate that miR-204-5p
expression was dramatically decreased in tumor tissues and cells of colorectal carcinoma patients in several
studies, suggesting that miR-204-5p may function as a tumor suppressor in CRC. Our results, interestingly,
align with these results, which proved that miR-204 -5p is valuable in malignancies, particularly CRC (Fig. 5]).
Thus, it is an opportunity to study the role of miR-204-5p with TGFp in the development or suppression of CRC.

The results also suggest that the highly expressed exosomal miRNAs, e.g., let-7a-5p, let-7¢c-5p, let-7f.-5p,
miR-423-5p and miR-3184-5p, are connected to cancer and are potentially important in CRC by targeting TGFp,
which is the important signaling in the CRC pathway (Fig. 8). However, lower expressed exosomal miRNAs, e.g.,
miR-26b-5p, miR-150-5p, miR-204-5p, and miR-30a-5p, may contribute to the progression of CRC by missed
targeting oncogenes. Only let-7d-3p and miR-99b-5p were not involved in this pathway. While an additional
study is needed to validate the target genes and investigate the downstream implications. Exosomal miRNAs
target mRNA species that are dysregulated in CRC patients, and functional pathway analysis revealed extremely
significant connections with particular CRC molecular pathways. This builds confidence that miRNA biomarkers
of CRC identified during our approach likely to be fully justified.

Significant correlation represents more than half of the statistically meaningful associations, indicating that
miRNA and target gene expression are usually moving in opposite directions. Although an increase in miRNA
levels should decrease target levels (or vice versa), it is widely known that miRNAs are dynamic gene expres-
sion regulators that inhibit protein translation rather than mRNA degradation'?’-'*. The miRNAs’ biological
significance appears by area of binding to the conserved seed region, whether at 3p or 5p end. This indicates that
miRNAs with -3p or -5p have a significant role in biological processes and can contribute to these processes in
several ways and expression patterns®>134-137,

It is challenging to determine the relative relevance of high versus low miRNA expression since the absence
or abundance of miRNAs might reflect equally relevant biological control signals. Over-expression of miRNAs
might indicate that these miRNAs play vital roles as regulators of downstream targets of biological pathways. Fur-
thermore, these miRNAs likely interfere with signaling pathways known to be aberrant in CRC, including TGFp,
TP53, KRAS, BRAF, MAPK, and BAX. Several investigations have also shown that miRNAs play a critical role in
modulating these pathways?>**°7138-141 which confirm our findings. Moreover, it was demonstrated that several
dysregulated miRNAs in CRC are analytically mapped to targets implicated in cancer progression pathways'*%.

In conclusion, serum exosomal miRNAs profile may in the future become valuable biomarkers in the man-
agement of CRC. They represent one of the non-invasive methods that may have a potential role in the future
diagnosis and screening of CRC. In addition, stage-specific expression of exosomal miRNAs might help estab-
lish a role for exosomal miRNAs in the staging, recurrence, and prognosis of CRC. Further experimentation is
required before we recommend the use of such a molecular approach in controlling CRC.
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Materials and methods

Ethical approval

The research experimental design conducted in this project followed the appropriate regulations and guide-
lines, including the Good Clinical Practice (GCP) Guidelines. The Biomedical Ethics Research Committee of
King Abdulaziz University Hospital (KAUH), Jeddah, Saudi Arabia approved the study and assigned it registra-
tion number HA-02-J-008 with reference no. 510-20. All participants provided informed consent prior to their
involvement. All blood samples were obtained at KAUH between years 2020 and 2021 after CRC patients as
well as healthy individuals signed patient information and consent form. Participants were asked to complete a
self-administered questionnaire regarding age, personal medical history and smoking. CRC was confirmed in
patients based on monitored, diagnosed, and clinical data collected using standard clinical, endoscopic, radio-
graphic, and histological criteria. Patients were qualified to participate in this study by surgeons and pathologists.

Inclusion criteria in the study healthy control arm was confirmed based on a recently completed normal
colonoscopy with no previous history of CRC and no family history of cancer consistent with known dominant
disorders. They also had no known genetic predisposition to the development of CRC. The exclusion criteria
included CRC patients that have started chemotherapy or radiotherapy before blood collection and those identi-
fied to have hereditary non-polyposis CRC or familial adenomatous polyposis.

Samples were collected from CRC patients according to TNM staging system (American Joint Committee
on Cancer AJCC). A total of 12 blood samples including nine CRC patients at stages II, III, and IV and three
healthy individuals aged between 37 and 65 years old were utilized in this study. Samples were collected by a
technician at endoscopy unit at KAUH. Clinicopathological characteristics of CRC patients are shown in Table 1.

Sample collection and preparation

Blood samples were collected and divided into serum collection tubes (Hebei Xinle Sci. & Tech. Co., LTD,
China). Samples were left for 60 min at room temperature to fully coagulate, then centrifuged for 10 min at
3000 rpm (1900xg) and 4°C by using a swinging bucket rotor. Additional centrifugation was applied on serum
samples after being transferred into 2 ml tubes. Serum samples were centrifuged for 15 min at 3000xg and 4°C
to remove additional cellular nucleic acids attached to cell debris. Collected serum samples were aliquoted into
1.5 ml microcentrifuge tubes, then labeled and stored in —80°C refrigerator. All samples were processed within
3 h of collection.

Exosome isolation

Exosomes were isolated using exoRNeasy Midi kit (Qiagen, cat. no. 77144) as described in manufacturer’s pro-
tocol except for adding buffer XE (45 ml) (Qiagen, cat. no.76214) instead of qiazol. Briefly, frozen serum (1 ml)
was centrifuged for 5min at 3000xg and 4°C after being completely thawed at room temperature to eliminate
any remaining cell debris. Around 800 pl of clear supernatant was transferred to 2 ml new tube. By adding same
volume of buffer XBP to sample and mixing gently. Mixture was added into exoEasy spin column and spun
twice for 1 min at 500xg under cooling, and flow throw was discarded and then again spun for 1 min at 4000xg
under cooling to remove liquid remaining on membrane. In this step, exosomes bound to exoEasy spin column.
Around 3.5 ml washing buffer XWP was added onto spin column and centrifuged for 5 min at 4000xg under
cooling. Then, spin column was transferred to a new collection tube. For eluting exosomes from membrane, 200
ul buffer XE was added and incubated for 1 min then centrifuged for 5 min at 500xg under cooling. For protein
analysis, 1-2 ml buffer XE was added to membrane then ultrafiltration was applied to concentrate elution. To

Variable Frequency (N=12)
Gender

Male 6

Female 6

Median range (37-65)

Age at diagnosis

TNM stage
1I 3
1II 3
v 3

Nodal stage
Positive 5
Negative 4
Tumor location
Rectum 3
Distal colon 4
Proximal colon 2

Table 1. Clinicopathological characteristics of CRC patients. Tumor stages were detected according to staging
system of AJCC, while location was detected according to proximal or distal classification.
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ensure all exosomes were collected, eluate was re-added onto exoEasy spin column and incubated for 1 min then
centrifuged for 5 min at 5000xg under cooling.

Transmission electron microscopy (TEM)

Examining exosomes by transmission electron microscopy (TEM) was done at King Abdullah University of
Science and Technology (KAUST), Thuwal, Saudi Arabia. Purified exosomes (4 pl) were carefully loaded onto
surface of pre-glow-discharged carbon-coated 300-mesh Cu formvar grid and incubated for 1 min for adsorp-
tion. Samples were then removed using filter paper and stained negatively for 1 min with 1 drop of 2% uranyl
acetate. After removing stain with filter paper, sample was left to dry. Sample was then ready for examination
under microscope. After loading samples on single tilt holder, they were inserted into Titan CT (FEI Company,
Thermo Fisher Scientific). Finally, screening and imaging of exosomes were performed using several magnifica-
tions Gatan US4000 CCD camera (Gatan, Inc., Pleasanton, CA). Image] software was used to compute radius
of exosomes based on images of exosomes obtained from TEM. Exosomes were then diluted in 1 mL PBS and
size examined by Zetasizer Nano ZS (Malvern instruments) at 25°C according to manufacturer’s instructions.

RNA extraction

For extraction of total RNAs, including miRNA, from exosomes and other extracellular vesicles (Evs), exoRNe-
asy Midi kit (Qiagen, cat. no. 77144) was used according to manufacturer’s protocol. To extract total RNA from
vesicles, around 700 pl of lysate buffer ‘QIAzol’ was added into spin column and spun for 5 min at 4000 xg, then
transferred to 1 ml tube. Lysate was incubated for 5 min at room temperature (15-25°C), which assists dissocia-
tion of nucleoprotein complexes. After incubation, 3.5 pl miRNeasy Serum/Plasma Spike-In Control was added
as spike-in exogenous control and followed by adding 90 ul chloroform with shaking vigorously for 15 s to
subsequent phase separation. Tube was incubated for 2-3 min at room temperature (15-25°C) and centrifuged
for 15 min at 12,000 xg and 4°C. Through centrifugation, sample separates into 3 phases. An amount of 300
ul upper aqueous phase containing RNA was transferred to a new 2 ml collection tube. Then, two volumes of
100% ethanol were added and mixed thoroughly by pipetting slowly several times. Then, 650 pl of sample was
transferred onto Rneasy MinElute spin column and centrifuged for 15 s. This step was repeated for remainder
of sample. Then, 700 pl of buffer RWT was added to spin column and centrifuged for 15 s and 500 pl buffer
RPE was added onto spin column and again centrifuged for 15 s. Then, 500 pl buffer RPE was added again onto
spin column and centrifuged for 2 min. All centrifugations were done for each step at >8000xg (>10,000 rpm)
and in each time flow through was discarded except for last washing with buffer RPE. RNeasy MinElute spin
column was transferred into a new 2 ml collection tube and centrifuged at high speed for 5 min with an open
lid to dry membrane, then collection tube with flow through was discarded. Spin column was then transferred
to a new 1.5 ml collection tube and 20-18 pl RNase-free water was directly added into center of membrane of
spin column. Tube was incubated for 1 min and then centrifuged for 2 min with high speed to elute RNA. All
processes of RNA extraction were done at room temperature (15-25°C) except phase separation process which
was done at 4°C. Purified total RNA was measured by NanoDrop and Bioanalyzer, then frozen at —80°C until
miRNA expression analysis was done.

RNA quantification and qualification

Novogene Experimental Department has performed RNA quantification and qualification processes, and 1%
agarose gels were used to monitor RNA breakdown and protein contamination. NanoPhotometer spectropho-
tometer was used to assess purity of RNA (Implen, CA, USA). RNA Nano 6000 Assay kit of Agilent Bioanalyzer
2100 system was used to test RNA integrity and quantity (Agilent Technologies, CA, USA).

Small RNA library preparation and lllumina sequencing

Sequencing preparation was done by Novogene AIT Genomics (Singapore) utilizing NEBNext® Multiplex Small
RNA Library Prep Set for Illumina® (NEB, United States). For miRNA library construction, 3 pg total RNA per
sample was used as input material. NEBNext® Multiplex Small RNA Library Prep Set for Illumina®, NEB, USA)
was used for generating sequencing libraries by following manufacturer’s reccommendations. In summary, 3’
and 5’ adaptors were ligated to 3’ and 5’ ends of exososmal miRNA, respectively. Following hybridization with
a reverse transcription primer, first strand cDNA was produced. PCR enrichment was used to create double-
stranded cDNA library. Libraries containing insertions between 18 and 40 bp were ready for sequencing with
SE50 after purification and size selection. Library was then tested for quantification using Qubit and real-time
PCR, as well as size distribution detection using a Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
On Illumina platforms, quantified libraries were pooled and sequenced based on effective library concentration
and data amount required.

miRNA alignments and prediction of target genes

miRNAs were mapped to recognize known from novel miRNAs. To get candidate miRNAs and design secondary
structures, we utilized miRBase20.0 as a reference, along with customized software mirdeep2'*, and srna-tools-
cli. Then, miRNA counts, and base bias were calculated using custom scripts on first location of identified miRNA
with a certain length and on each position of all identified miRNA. Then, Rfam 12.0 database was applied to
analyze clean reads matching miRNAs in addition to rRNAs, tRNAs, snRNAs, snoRNAs, and other non-coding
RNAs. For identification of known and novel miRNAs, miRbase database (version 21.0) was utilized by mapping
specific sequences of obtained reads to reference genome. Transcriptome sequencing results from genome were
used as reference genome to perform target gene prediction. miRanda software was performed to predict target
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genes of known and novel miRNA'. Transcript per million (TPM) was measured to assess miRNA expression
levels using equation Normalized expression = (mapped read-count/total reads) x 1,000,000)%.

Differentially expressed exosomal miRNAs in CRC

Fold change (FC) values between CRC patients and healthy control were used to estimate miRNA differential
expression. FC values were converted to base-2 logarithm of FC (log2 (FC)) once they were calculated. Exosomal
miRNAs that were differentially expressed in dataset were then used to form Venn diagram and find miRNAs
that showed statistical differences between CRC groups compared with healthy control. DESeq R package (1.8.3)
was applied for differential expression analysis of two conditions or groups of biological replicates of samples.
Benjamini and Hochberg method was used to adjust P values, while corrected P value of 0.05 was set as threshold
for significant differential expression.

Bioinformatic analysis

All predicted target gene of differentially expressed (DE) miRNAs were categorized into functional classes
through Gene Ontology (GO) enrichment analysis by GOseq software based on Wallenius non-central hyper-
geometric distribution?. All target genes that bind to DE miRNAs were applied in Shiny GO to identify KEGG
pathways and GO enrichment terms FM, CC, and BP. Heatmap designed by iDEP.951 (http://bioinformatics.sdsta
te.edu/idep/) and KOBAS'* (http://kobas.cbi.pku.edu.cn/home.do) softwares was performed to test statistical
enrichment of all DE miRNAs target gene candidates in KEGG pathways (http://www.genome.jp/kegg/). Binding
sites of miRNAs on target gene was predicted using a built-in function of TargetScan database (v7.0; targetscan.
org)!6. Predicted target genes were visualized by Flourish studio (Flourish Studio, Kiln Enterprises Ltd, London,
UK). Sequence of pre-miRNA stem-loop secondary structure was taken from miRBase and designed consulting
ViennaRNA Web Services'".

Verification of miRNA deep-sequencing results by qPCR

Freshly frozen serum exosomes were isolated to comprise the expression of miRNAs: miR-3184-5p and miR-
423-5p at the qPCR level. Their respective target genes, SMAD2 and TGFBR2, were selected to validate expression
of these miRNAs (miR-3184-5p and miR-423-5p) resulted from deep sequencing. The GAPDH gene was used as
a housekeeping gene. The primers used in the validation were designed on the basis of miRNA mature sequence
(listed in Supplementary S8). cDNA synthesis and qRT-PCR were performed using StepOne Real-Time PCR
System (Applied Biosystems, USA) according to the manufacturer’s protocol'*®. All samples were run in three
replications. qPCR data were analyzed by two methods (i) AACT or Livak and (ii) ACT. The average CT for the
endogenous control and each gene was calculated from the raw data generated by RT-PCR StepOne System and
Data Assist software. The outliers were either omitted from the analysis or substituted with means. The graph
Pad PRISM software and MS Excel functions were used to perform the analysis and generate the statistical plots
of the data. The mean Cy and standard deviation for the reference gene (GAPDH), the two genes (SMAD2 and
TGFER2), and 2 miRNAs (miR-3184-5p and miR-423-5p) genes were calculated. P-value and fold change were
calculated to determine the statistical significance of the expression pattern of miR-3184-5p and miR-423-5p
genes (P-value <0.05 and fold change > +2).

Data availability

Exosomal miRNA raw data are deposited in the European Nucleotide Archive at EMBL-EBI under accession
number PRJEB64383. The datasets produced and/or examined in the course of this study are not publicly acces-
sible because they are still undergoing further investigation. However, they can be obtained from the correspond-
ing author upon a reasonable request.
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