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Purpose: As rapidly dividing cells are usually the target of anticancer chemotherapy, it is
inevitable that rapidly dividing normal cells become damaged, with myelosuppressive effects
being a serious side effect of this therapy. Many recent studies have found that exosomal
microRNAs (miRNAs) are related to the occurrence of some diseases.

Patients and Methods: Small RNA sequencing was used to investigate differential exosomal
miRNAs with the same expression trend between groups after chemotherapy: MildA (before
chemotherapy in patients with mild myelosuppression) and MildB (after chemotherapy in patients
with mild myelosuppression); SevereA (before chemotherapy in patients with severe myelosup-
pression) and SevereB (after chemotherapy in patients with severe myelosuppression). A Venn
diagram was generated to screen exosomal miRNAs related to chemotherapy. Small RNA sequen-
cing was also used to investigate differentially expressed exosomal miRNAs among these groups,
and exosomal miRNAs related to myelosuppression after chemotherapy was explored using a Venn
diagram. RT-qPCR was applied to further verify the sequencing results. We performed target gene
prediction and functional analysis for candidate exosomal miRNAs.

Results: Compared with that in the MildA or SevereA group, an increase in exosomal miR-
122-5p was found in the MildB or SevereB group, and the expression level was lower in the
SevereB group than in the MildB group. However, we found no notable difference in its
expression level between the MildA and SevereA groups. Similar results were not obtained
for the remaining miRNAs. RT-qPCR confirmed the screening results. Further analyses
indicated that exosomal miR-122-5p targets CDK4 to inhibit the cell cycle.

Conclusion: The expression level of exosomal miR-122-5p in the serum of patients with
colorectal cancer correlates with the severity of myelosuppression caused by chemotherapy,
and miR-122-5p targets CDK4 to inhibit cell cycle progression.
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Introduction

Colorectal cancer ranks as the third most common cancer in the world and has high
morbidity and mortality.'* At present, the 5-year relative survival of patients is 65%.
Chemotherapy is generally used to treat malignant tumors. However, normal tissue can
incur damage to various degrees, with the possible development of a series of adverse
reactions, such as nephrotoxicity, gastrointestinal diseases, and myelosuppression.
Although nephrotoxicity and chemoresistance can be greatly reduced with advanced
new high-efficiency and low-toxicity chemotherapeutics, including gastrointestinal dis-

. 4. . . . ..
eases, myelosuppression has not.*> Myelosuppression involves a decrease in the activity
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of blood cell precursors in the bone marrow. As chemotherapy
drugs target rapidly proliferating cells, hematopoietic stem
cells can be severely affected, resulting in a decrease in red
blood cells (RBCs), white blood cells (WBCs) and platelets in
the peripheral blood. As people with cancer are more suscep-
tible to infection when myelosuppression occurs, protecting
patients from chemotherapy-induced myelosuppression when
treating colorectal cancer remains a huge issue.

Exosomes, membrane-bound vesicles with a diameter of
40-100 nm, are found in almost all biological fluids.®™® As
for proteins, various nucleic acids, including miRNAs, we
figured them in the exosomal lumen.’ Noninvasive biomar-
kers and exosomal miRNAs have the potential to reveal
disease states. For instance, a set of exosomal miRNAs can
function as diagnostic biomarkers for colorectal cancer,
including let-7a, miR-1229, and miR-1246, among others.'°
Another set, miR-1290 and miR-375, functions as prognostic
markers for castration-resistant prostate cancer.'' As a type
of noncoding RNA, microRNAs regulate expression of tar-
get genes posttranscriptionally, functioning in cell
proliferation.'*'* One study showed that targeted delivery
of miR-26a protected the host against myelosuppression
caused by chemotherapy.'* However, exosomal miRNAs
associated with myelosuppression after chemotherapy in
colorectal cancer have not yet been described.

By using performing small RNA sequencing, RT-
gPCR, target prediction and functional analysis, we in
this study determined that exosomal miR-122-5p is related
to myelosuppression after chemotherapy.

Materials and Methods
Recruitment of Patients and Collection of
Blood Samples

The participants comprised patients who accepted over 8
cycles of the XELOX chemotherapy regimen after being diag-
nosed via imagology and pathology with malignant tumors
from 2017 to 2020. The inclusion criteria were as follows:
confirmation of malignant tumor by pathology or radiography;
acceptance of 8 consecutive cycles of chemotherapy;
Karnofsky performance status (KPS)>70; age between 18
and 75 years; and no serious heart, liver, kidney, chemotherapy
contraindications or other factors affecting drug evaluation.
The exclusion criteria were as follows: recurrence or metastasis
in the abdominal cavity and liver; obvious heart (a history of
fearful heart issues including coronary heart disease, myocar-
dial infarction), liver (obviously abnormal ALT, AST), or
kidney (CKD stage > 2) disease, mental illness, pregnancy or

breast-feeding; and allergic physique or allergy to multiple
drugs.

Peripheral blood was collected from the participants before
and after chemotherapy, and serum was obtained through
centrifugation at 3000 rpm for 10 min. All samples were kept
at —80 °C for subsequent experiments. Patients were divided
into mild myelosuppression and severe myelosuppression
groups according to changes in leukocytes, neutrophils, plate-
lets, and hemoglobin in the blood after chemotherapy, whereby
mild myelosuppression was defined as 2.0x10°/L< leukocyte
count <4.0x10%/L, 1x10°/L < granulocyte count <2x10°/L, 80
g/L< hemoglobin <120 g/L or 50x10°/L< platelet count
<100x10°/L and severe myelosuppression as leukocyte
count<2.0x10%/L, granulocyte count<I1x10%L, hemoglo-
bin<80 g/L or platelet count<50x10%/L.

The present study was approved by the Ethics Committee
of Hospital of Shanghai University of TCM. Patients who
participated in this research signed informed consent, and
complete clinical data were available. This study was con-
ducted in accordance with the Declaration of Helsinki.

Exosome Isolation, RNA Extraction and

Library Construction

Exosome isolation and RNA extraction were carried out using
an exoRNeasy Serum/Plasma Maxi Kit (QIAGEN GmbH,
Hilden, Germany) in accordance with the manufacturer’s
instructions. RNA quantitation was achieved using
a Nanodrop 2000 (Thermo Fisher Scientific Inc., USA). The
length and integrity of the RNA were assessed with an Agilent
2100 Bioanalyzer (Agilent Technology, USA). After RNA
quality assessment, a small RNA library was produced using
total RNA from the samples with TruSeq Small RNA Sample
Prep Kit (Cat. No. RS-200-0012, Illumina, USA) following the
manufacturer’s recommendations. Briefly, adapters were
ligated to each end of the RNA and reverse transcribed to
cDNA, after which PCR amplification was performed. PCR
products ranging from 140 to 160 bp were isolated as small
RNA libraries. The libraries were ultimately sequenced using
the Illumina HiSeq X Ten platform, and 150 bp paired-end
reads were generated. The small RNA sequencing and analysis
were performed by OE Biotech Co., Ltd. (Shanghai, China).

Bioinformatic Analysis of Small RNA
Sequencing Results

Reads were transformed to sequence data (raw data/reads) via
base calling, and low-quality reads were filtered for subsequent
analysis. For primary analysis, noncoding RNAs annotated
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such as TRNAs, tRNAs, and small nuclear RNAs (snRNAs)
were filtered out. Identification of known miRNAs was per-
formed through alignment with the miRBase v22 database
(http://www.mirbase.org/), and known miRNA expression pat-

terns in different samples were analyzed. Differentially
threshold
p value<0.05, and their targets were predicted with miRanda

expressed miRNAs were filtered with a
software. The p value was assessed using the DEG algorithm in
the R package. GO enrichment and KEGG pathway enrich-
ment analyses of the miRNA target genes were carried out in
R based on hypergeometric distribution. All sequencing ana-
lyses were performed via OE Biotech Co., Ltd. (Shanghai,
China).

RT-qPCR Validation of Exosomal miRNAs
Expression of exosomal miRNAs (miR-10b-3p, miR-122-5p,
miR-222-3p, miR-370-3p, miR-320b, miR-605-3p) was eval-
uated with a miScript PCR System (QIAGEN, Hilden,
Germany). Reverse transcription reactions were carried out
using a miScript II RT Kit (QIAGEN, Hilden, Germany), and
miScript HiSpec Buffer for cDNA synthesis was used for the
detection of mature miRNA. Quantitative real-time PCR was
performed with a miScript SYBR Green PCR Kit (QIAGEN,
Hilden, Germany). Mature miRNAs were identified via
miScript Primer Assay. miR-39 was used as an external
control."> The average Ct value for each RNA was obtained
from triplicate reactions. Expression levels of miRNAs were

calculated using 2"(-ACt), and fold changes of miRNAs were
obtained by comparison of expression between case and con-
trol groups.

Statistical Analysis

SPSS software (SPSS for Windows, Version 13.0; SPSS
Inc., Chicago, IL) was employed for statistical analysis.
Data are expressed as the meantstandard deviation (SD).
The Kolmogorov—Smirnov test indicated that the data
were normally distributed. The #-test was applied for ana-
lyzing comparisons between two groups. The p value was
attained using a two-tailed test, and p < 0.05 indicated
a significant difference.

Results

Screening Exosomal miRNAs

We screened for exosomal miRNAs that are significantly
associated with myelosuppression and that may be act as
therapeutic targets. Before and after chemotherapy, we col-
lected serum samples from 3 patients with mild myelosup-
pression and 3 with severe myelosuppression and divided
them into MildA, MildB, SevereA, and SevereB groups.
A total of 12 specimens were screened and analyzed by
small RNA sequencing. The whole screening process con-
sisted mainly of three steps (Figure 1). 1) We detected
differential miRNAs

Mild A

before and after

Mild B

exosomal

||

Differential exosomal
microRNA
|

Small RNA ‘
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microRNA
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Exosomal microRNA
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Figure | Schematic diagram of the research process.
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chemotherapy and screened out miRNAs with significant
differences as candidates. Expression of these exosomal
miRNAs was affected by chemotherapy. 2) We compared
the groups of patients before and after chemotherapy (with
differences in myelosuppression) and built a Venn diagram to
screen differentially expressed exosomal miR-122-5p after
chemotherapy. 3) We performed RT-qPCR to verify expres-
sion of exosomal miR-122-5p. Finally, target gene prediction
and functional analysis of miR-122-5p were performed.

Screening and Functional Analysis of
Chemotherapy-Related Exosomal
miRNAs

To understand differences in expression of exosomal
miRNAs before and after chemotherapy, we evaluated 6
patients and screened differentially expressed exosomal
miRNAs. We detected 37 differentially expressed exoso-
mal miRNAs in patients with severe myelosuppression
(before chemotherapy: SevercA; after chemotherapy:
SevereB) and 39 in patients with mild myelosuppression
(before chemotherapy: MildA; after chemotherapy: Mild
B). The expression levels are presented in a heatmap in
Figure 2A and B. A Venn diagram was generated to
miRNAs

between the two mild and severe myelosuppression

compare differentially expressed exosomal

groups. The results revealed 6 exosomal miRNAs with
the same expression trend that differed significantly after
chemotherapy (three downregulated, miR-320b, miR-370-
3p, and miR-605-3p, and three upregulated, miR-10b-3p,
miR-122-5p, and miR-222-3p) (Figure 2C). The heatmap
also shows 6 exosomal miRNAs with the same trend and
differential expression among the groups (Figure 2D). GO
and KEGG enrichment analyses of the 6 exosomal miRNA
target genes indicated their functions, such as the cell
cycle, cell motility and immune response (Figure 2E and
F). These results by small RNA sequencing indicate that
these 6 exosomal miRNAs are related to chemotherapy.

Screening and Functional Analysis of

Myelosuppression-Related Exosomal
miR-122-5p

To further understand exosomal miRNAs related to mye-
losuppression, we analyzed differentially expressed exo-
somal miRNAs between the SevereA and MildA groups
and between the SevereB and MildB groups, with 52
differentially expressed miRNAs between the former
groups and 69 between the latter (Figure 3A and B).

More interestingly, a Venn diagram showed exosomal
miR-122-5p to be differentially expressed after che-
motherapy, which was reflected mainly in nonsignificant
differences in its expression between the MildA and
SevereA groups and its strongly lower expression in the
SevereB group than in the MildB group (Figure 3C).
However, none of the exosomal miRNAs mentioned
above exhibited differential expression related to che-
motherapy. Thus, exosomal miR-122-5p has a certain
association with the degree of myelosuppression in
patients with colorectal cancer.

Validation of Chemotherapy-Related
Exosomal miRNAs by RT—-qPCR

We collected corresponding patient serum samples and
used RT-qPCR to verify the differential expression of
exosomal miRNAs. The results showed that the level of
exosomal miR-122-5p in the SevereB group was higher
than that in the SevereA group; the level of miR-122-5p in
the MildB group was higher than that in the MildA group
(Figure 4A and C). This is consistent with the small RNA
sequencing results. However, for the remaining miRNAs
(miR-10b-3p, miR-222-3p, miR-320b, miR-370-3p, and
miR-605-3p), there was no significant difference in their
level between the SevereA and SevereB groups or between
the MildA and MildB groups, which was inconsistent with
the small RNA sequencing results (Figure 4A-D). The
findings (through small RNA sequencing and RT-qPCR)
indicate that exosomal miR-122-5p is associated with
chemotherapy.

Validation of Myelosuppression-Related

Exosomal miR-122-5p by RT—qPCR
RT-qPCR was employed to further verify the differential
expression of serum exosomal miRNA, confirming the
results of small RNA sequencing (ie, no significant differ-
ence in level of exosomal miR-122-5p between SevercA
and MildA but a higher level in MildB than in SevereB).
Regardless, expression of other differentially expressed
exosomal miRNAs did not differ significantly between
the SevereB and MildB groups (Figure 5SA-D). Based on
verification using patient sera, we speculate that patients
with high expression of exosomal miR-122-5p have milder
myelosuppression after chemotherapy but that patients
with low-expression experience more severe myelosup-
pression after chemotherapy.
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Figure 2 Screening and functional analysis of chemotherapy-related exosomal miRNAs. (A and B) Differential expression of exosomal miRNAs in different groups of
patients before and after chemotherapy. (C and D) Venn diagram and heatmap analysis of differentially expressed exosomal miRNAs in different groups of patients with
a common expression trend before and after chemotherapy. (E and F) GO and KEGG analyses of the functions of differentially expressed exosomal miRNAs.

Target Gene Prediction and Functional
Analysis of Exosomal miR-122-5p

We further analyzed the functions of target genes of
miR-122-5p through GO and KEGG analyses and deter-
mined that miR-122-5p is related to the cellular

response to hypoxia, mRNA binding, regulation of the
protein response and other functions, especially those
related to the cell cycle (Figure 6A and B). miR-122-
S5p has multiple target genes, such as SMAD2, RBLI,
SMCI1A, and CTDPI; in particular, the target gene
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CDK4 is known to regulate cell cycle progression binding sites in the UTR of CDK4 (Figure 6D) and
(Figure 6C). Moreover, CDK4 interacts with other target found that miR-122-5p may target this gene to inhibit
genes. We explored miR-122-5p and CDK4 sequence- cell cycle progression.
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Figure 4 Validation of chemotherapy-related exosomal miRNAs by RT-qPCR. (A and B) Detection of differentially expressed exosomal miRNAs in colorectal cancer
patients with mild myelosuppression before and after chemotherapy by RT-qPCR. (C and D) Detection of differentially expressed exosomal miRNAs in colorectal cancer

patients with severe myelosuppression before and after chemotherapy by RT-qPCR.

Discussion

Anticancer chemotherapy usually targets rapidly dividing
cells, and it is inevitable that rapidly dividing normal cells
might be damaged. Therefore, a serious side effect of this
therapy is the occurrence of myelosuppression.'®!'” We
collected serum samples from 6 patients with colorectal
cancer and divided them into SevereA, SevereB, MildA,
and MildB groups. We analyzed differentially expressed
exosomal miRNAs between groups by performing small
RNA sequencing and then screened exosomal miRNAs
that showed the same changes before and after chemother-
apy in groups (SevereA and SevereB and MildA and
MildB) through a Venn diagram. The analyses revealed
three downregulated (miR-320b, miR-370-3p, and miR-
605-3p) and three upregulated (miR-10b-3p, miR-122-5p,
and miR-222-3p) exosomal miRNAs, which we further
investigated.

To understand exosomal miRNAs related to myelosup-
pression, we examined differentially expressed exosomal
RNAs between the MildA and SevereA groups and
between the MildB and SevereB groups. In addition,
based on previous results, we screened exosomal
miRNAs related to myelosuppression after chemotherapy
using a Venn diagram. Although expression of exosomal
miR-122-5p was not notably different between the MildA
and SevereA groups, it did differ between the MildB and
SevereB groups. Specifically, the level of exosomal miR-
122-5p in the SevereB group was lower than that in the
MildB group after chemotherapy, whereas other exosomal
miRNAs were not significantly different. RT-qPCR was
used to verify differential expression of serum exosomal
miRNAs in patients with different degrees of myelosup-
pression. We confirmed the results of the previous analysis

(ie, exosomal miR-122-5p was jointly upregulated after
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Figure 5 Validation of myelosuppression-related exosomal miR-122-5p by RT-qPCR. (A and B) Comparison of exosomal miRNA expression levels before chemotherapy in
colorectal cancer patients with mild and severe myelosuppression by RT-qPCR. (€ and D) Comparison of exosomal miRNA expression levels after chemotherapy in

colorectal cancer patients with mild and severe myelosuppression by RT-qPCR.

chemotherapy in the two groups); the level of exosomal
miR-122-5p was not different between the two groups of
patients before chemotherapy, but it was significantly dif-
ferent after chemotherapy. Through verification in patient
sera verification, we speculate that patients with high
expression have milder myelosuppression after chemother-
apy and that patients with low expression have more
severe myelosuppression after chemotherapy. The above
research results indicate that the level of exosomal miR-
122-5p in the serum is closely related to the degree of
myelosuppression after chemotherapy.

The cell cycle is a highly conserved and regulated
Cyclin-
The
checkpoint from G1 to S is the key restriction point for

process consisting of four distinct phases.

independent kinase (CDK) regulates this process.

cell division. Throughout G1, expression of D-type cyclins
(D1, D2, and D3) is enhanced until active complexes with
CDK4/6 are formed. These active CDK4/6 complexes par-
tially phosphorylate RB, inhibiting the transcription factor

E2F and leading to separation of it from the Rb-E2F com-
plex and activation of a series of genes, driving entry into
S phase.'® The use of certain measures to maintain hema-
topoietic stem cells/progenitor cells in GO/G1 phase delays
the cell cycle and achieves long-term maintenance of the
self-renewal and differentiation potential of these cells
in vitro. Studies have shown that small molecule CDK4/6
inhibitors temporarily and reversibly block hematopoietic
stem cells in G1 phase. In the early stage of chemotherapy
(1-2 days after the effect of chemotherapy drugs), although
they cannot block the inhibitory effect of chemotherapy
drugs on the bone marrow, they can promote the rapid
recovery of bone marrow suppression, reduce the depletion
of hematopoietic stem cells by chemotherapy, and promote
the long-term survival and differentiation of hematopoietic
stem cells.'” Another study showed that selective inhibition
of CDK4/6 can reversibly inhibit bone marrow hematopoie-
tic progenitor cells in G1 phase, reduce DNA damage to
cells (HPCs) caused by

hematopoietic progenitor
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Interaction network diagram of miR-122-5p and its target. (D) miR-122-5p and CDK4 binding sites.

radiotherapy, and downregulate expression of the DNA
damage markers p-yH2AX and p-P53.%° In summary, inhi-
bitors of CDK4/6 specifically block the cell cycle, not only
showing good efficacy in a variety of tumor treatments but
also becoming a new target for tumor treatment.”' Overall,
CDK4/6 inhibitors are expected to become targets for redu-
cing myelosuppression after chemotherapy.

Knowledge of epigenetic regulation by miRNAs is
advancing. miRNAs are vital to the cell cycle by upregulat-
ing or downregulating cell cycle regulators (including cyclin,
CDK and CKI). We found through GO and KEGG analyses
that miR-122-5p has many functions and is closely related to
the cell cycle and that CDK4 is a target gene of miR-122-5p.
CDK4 is a cycle-regulating protein that regulates cell cycle
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progression. CDK4 is also closely related to other target
genes of miR-122-5p. Notably, studies have shown that
miR-122-5p mediates fluoride-induced osteoblast activation
by targeting CDK4.?? In addition, some reports have shown
that miR-122-5p inhibits the proliferation and invasion of
bile duct carcinoma cells and promotes apoptosis by target-
ing expression of ALDOA. ALDOA/miR-122-5p may
become a key molecular target for the treatment of bile
duct cancer.” In breast cancer, miR-122-5p has been
reported to have a tumor-suppressive effect with a positive
correlation,”* and miR-122-5p acts as a novel regulator of
breast cancer cell apoptosis and cell cycle arrest by targeting
Bcl-2 and CDKs.*® Finally, we explored binding sites of
miR-122-5p and its target gene CDK4. Overall, our study
shows that exosomal miR-122-5p is associated with the
degree of myelosuppression after chemotherapy and that it
may target CDK4 to inhibit cell cycle progression.

Nevertheless, some limitations should be addressed.
For example, the sample size of our study may not be
large enough, which may have limited the statistical
power. At present, enhancing efficacy and reducing toxi-
city are some of the huge challenges of cancer treatment.
The current study reveals the potential of exosomal
miRNAs related to myelosuppression after chemotherapy
in patients with colorectal cancer, and further investigation
is needed to assess their utility.

Conclusion

In summary, the expression level of exosomal miR-122-5p
in the serum of patients with colorectal cancer is related to
the severity of myelosuppression. Additionally, exosomal
miR-122-5p may target CDK4 to inhibit cell cycle pro-
gression. The therapeutic targets studied in this work have
great potential for the treatment of chemotherapy-induced
myelosuppression in patients with colorectal cancer.
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