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Objective: To investigate the relationship between circulating tumor cells (CTCs) and their
subpopulations and colorectal cancer (CRC). To explore the application of CTCs’ numbers
and positive rates in the diagnosis and treatment of CRC, and to assess the effect of surgery
on CTCs numbers and positivity.

Methods: We identified CTCs using the CanPatrol technique after enrollment. Peripheral
blood samples were collected from 74 CRC patients before anti-tumor treatment. CTCs can
be divided into the following three phenotypes: epithelial CTCs (E-CTCs) (EpCAMH+,
Vimentin-), mesenchymal CTCs (M-CTCs) (EpCAM-, Vimentint), and mixed CTCs (E/
M-CTCs) (EpCAM+, Vimentint). CTCs and the proportion of subtypes were statistically
compared with clinicopathological characteristics.

Results: The positive rate of M-CTCs was significantly higher in patients with tumor size
>5 cm (85.7% vs 49.1%, P = 0.004) and carcinoembryonic antigen (CEA) >5 ng/mL (83.3%
vs 51.0% p = 0.024). Moreover, the T stage (T1 0, T2 33.3%, T3 59.4%, T4 100%, p <
0.0005) and TNM stage (stage I 11.8%, stage 11 79.2%, stage III 64.3%, stage IV 100%, p <
0.0005) were correlated with the positive rate of M-CTCs. We also found that the proportion
of M-CTCs was correlated with the T stage (p < 0.0005) and TNM stage (p=0.0200), but not
with the N stage (p=0.6889). In survival analysis, M-CTCs >1 were found associated with
worse disease-free survival (p=0.007). After treatment, the number and proportion of CTCs
and M-CTCs were significantly reduced.

Conclusion: The positive rate of M-CTCs was associated with tumor size, T stage, TNM
stage, vascular invasion, and CEA. As the disease progressed, the proportion of M-CTCs
gradually increased, and the survival performance was worse in patients with a high positive
rate of M-CTCs.
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Introduction

Colorectal cancer (CRC) was the second most common cause of cancer-related
deaths worldwide in 2018. The incidence of CRC in 2018 was 11% with a total of
1,800,977 newly diagnosed cases, and it ranked third in the incidence of cancers.!
Diagnosis of CRC is mainly based on biopsy samples taken during endoscopy.
Complete colonoscopy or CT colonography is mandatory to detect synchronous
cancers that are present in about 2-4% of patients.” Hematogenous metastasis is
initiated by cancer cells that are transported through the circulation, also known as
circulating tumor cells (CTCs), from the primary tumor to vital distant organs,
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and it is directly responsible for most cancer-related
deaths.> > As monitoring of hematogenous metastasis of
the tumor is a great challenge in cancer patients prior to
the novel blood tumor cell detection methods, the test of
CTCs is emerging as a real-time “liquid biopsy” in cancer
patients, which can reflect the progress and prognosis of
the disease. In breast cancer and CRC, it has been proved
that multiple measurements of CTCs can be used as
follow-up indicators and for evaluating the treatment
efficacy.®”

According to epithelial cell adhesion molecule and
vimentin expression, CTCs can be divided into the epithe-
lial phenotype (E-CTCs), mesenchymal cell phenotype

A
B .
--

(M-CTCs), and mixed epithelial and mesenchymal cells’
phenotype (E/M-CTCs) and circulating tumor microem-
boli (CTMs).'>!" As the epithelial-mesenchymal transfor-
mation (EMT) plays an important role in the biological
progress of metastasis, some studies have shown that the
EMT phenotype of CTCs may be related to early
metastasis.'? EMT is partially responsible for cancer inva-
sion, metastasis, and chemoresistance in CRC. Previous
studies have shown that M-CTCs are closely associated
with the prognosis of gastric, breast, and liver cancers.'* '
It is helpful to identify more aggressive tumor cells by
EMT labeling of CTCs and to evaluate the prognosis and

determine suitable therapies for aggressive CTCs.'®

Figure | Representative images of the detection of CTCs in the peripheral blood of patients with colorectal cancer. (A) EpCAM expression (red fluorescence) in epithelial
CTCs; (B) vimentin expression (green fluorescence) in mesenchymal CTCs; (C) EpCAM/vimentin expression (red and green fluorescence) in epithelial-mesenchymal CTCs.

Abbreviation: CTCs, circulating tumor cells.
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Methods

Patient Information and Research Ethics
This was a prospective, open-label, cohort-controlled trial.
Patients were admitted to our hospital from January 2019
to September 2020 with definite biopsy CRC pathology
reports before the operations were selected. All patients
completed the relevant preoperative examination.

The clinical characteristics, such as age, gender,
American Society of Anesthesiologists category, body
mass index (BMI), location of the tumor, smoking habit,
and blood tumor markers, were collected. The pathology
parameters, including histological differentiation and clin-
ical stage according to the WHO TNM classifications
2017, were also collected. All patients signed the informed
consent form according to the research ethics permitted by
the research ethics committee of the Second Affiliated
Hospital of Harbin Medical University and our study was
conducted in accordance with the Helsinki Declaration.

Inclusion and Exclusion Criteria
Inclusion criteria were as follows: (1) Pathological diag-
nosis of colorectal adenocarcinoma. (2) Age from 18 to 80
years. (3) Eastern Cooperative Oncology Group (ECOQG)
physical strength score <3 points. (4) No treatment before
surgery. (5) Patients signed the informed consent form.
Exclusion criteria were as follows: (1) Indications for
emergency surgery, such as acute intestinal obstruction or
perforation. (2) More than one primary tumor location. (3)
Patient decided to quit the trial before the second CTCs
test.

Detection of CTCs

CTCs detection time point: The first CTCs detection was
performed before the beginning of surgery. The second
examination was performed at the 8th week postopera-
tively, and all inflammatory markers were within the nor-
mal range, as described previously.

CTCs detection technology: The assessment of CTCs
numbers and phenotype was based on the CanPatrol®
Technique, detailed protocol has already been
published."*!'” Specifically, the CanPatrol CTCs filtration
system consists of a filter tube, a manifold vacuum plate
with valve settings, an E-Z 96 vacuum manifold, and
a vacuum pump. Red blood cells were removed by lysis

Table | Clinicopathological Characteristics of the Patients and
Detection of CTCs

Parameter Number of | Number of | p-value
CTCs Cases
Age 0.170
<60 16.3%15.1 28
>60 24.4+18.8 46
Gender 0.646
Male 22.0+18.7 48
Female 20.3+16.6 26
Location 0.309
Rectum 23.5+19.8 38
Left Hemicolon 17.1£17.0 19
Right Hemicolon 20.5+13.5 16
Size of the tumor 0.362
<5 cm 19.6116.4 53
>5 cm 25.8+20.8 21
CEA* 0.014*
<5 ng/mL 17.5£15.1 49
>5 ng/mL 30.9+20.8 18
CAI199* 0.538
<37 U/mL 21.3+18.4 58
>37 U/mL 21.6x14.7 9
T stage 0213
Tl 9.3+6.6 9
T2 15.0+6.4 12
T3 21.1£17.6 32
T4 29.2+21.6 21
N stage 0.334
NO 19.4+£17.8 42
NI/N2 24.0£17.9 32
TNM stage 0.605
| 12.847.4 17
1l 24.1+21.3 24
n 24.2+18.6 28
v 19.3£11.9 5
Differentiation 0.909
Poor 22.0+20.4 13
Moderate and well 21.2+17.5 61
differentiated
Vascular invasion 22.6+19.1 - 0.675
Lymphatic invasion 25.6+22.8 - 0.217
Nerve invasion 20.7+18.0 - 0.646

Notes: *p<0.05, *lack of data.
Abbreviations: CTCs, circulating tumor cells; CEA, carcinoembryonic anti-
gen; CAI199, carbohydrate antigen 199; TNM, Tumor-Node-Metastasis.
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buffer before filtration. After that, the remaining cells were
resuspended in phosphate-buffered saline (PBS) and 4%
formaldehyde. Then, interception of CTCs was performed
by nanofiltration technology. To distinguish circulating
CD45 was wused as
a leukocyte marker. The phenotypes of CTCs were classi-

tumor cells from leukocytes,
fied into the following three subgroups using the RNA-
ISH method: E-type (EpCAM expression and CD45-),
M-type (Vimentin expression and CD45-), and E/M-type

(EpCAM/vimentin expression and CD45-) (Figure 1).

Statistical Methods

SPSS 23.0 (IBM Corp., Armonk, NY, USA) and GraphPad
Prism 8.0 (GraphPad Software Inc., La Jolla, CA, USA)
were used for statistical analysis. Quantitative data were
tested by the Student’s f-test or a nonparametric test
(Wilcoxon test or Mann—Whitney U-test) based on
whether they conformed to normal distribution.
Categorical variables were compared using the y2 test or

the Fisher’s exact test.

Results

Seventy-four CRC patients met our criteria between
January 2019 and September 2020. Table 1 summarizes
the clinicopathological features of 74 CRC patients.
E-CTCs were found in the peripheral blood of 33 patients
(44.6%), E/M-CTCs were found in the peripheral blood of
71 patients (95.9%), and M-CTCs were found in the per-
ipheral blood of 64 patients (86.5%). CTMs were not
detected. Analysis of the clinicopathological information
revealed that the number of CTCs was generally higher in
patients with carcinoembryonic antigen (CEA) levels
exceeding normal values (30.9 £ 20.8 vs 17.5 £ 15.1,
P = 0.014). Moreover, no statistical differences were
found in the other parameters.

To further explore the relationship between CTCs and
CRC, in this study, the number of M-CTCs >1 cell/7.5 mL
peripheral blood was defined as positive. Table 2 shows
that the positive rate of M-CTCs was statistically corre-
lated with many indicators. M-CTCs positive patients were
more likely to have a tumor size >5 cm than M-CTCs
negative patients (85.7% vs 49.1%, p=0.004). The positive
rate of CEA in M-CTCs positive patients was also signifi-
cantly higher (83.3% vs 51.0%, p=0.024). Among the

pathological indexes, the positive rate of M-CTCs

Table 2 Correlation Between Positive Rate of M-CTCs and
Clinicopathological Characteristics

Positive Rate of p-value
M-CTCs
All cases 59.5%
Age 0.228
<60 50.0%
>60 65.2%
Gender 1.000
Male 60.4%
Female 57.7%
Location 0.813
Rectum 57.9%
Left Hemicolon 57.9%
Right Hemicolon 68.8%
Size of the tumor 0.004%**
<5 cm 49.1%
>5 cm 85.7%
CEA* 0.024
<5 ng/mL 51.0%
>5 ng/mL 83.3%
CAI199* 0.471
<37 U/mL 58.6%
>37 U/mL 66.7%
T stage 0.000%**
TI 0
T2 33.3%
T3 59.4%
T4 100%
N stage 0.232
NO 52.4%
NI/N2 68.8%
TNM stage 0.000**
| 11.8%
Il 79.2%
1} 64.3%
v 100%
Differentiation 0.356
Poor 46.2%
Moderate and well 62.3%
differentiated
Vascular invasion 80.0% 0.023*
Lymphatic invasion 69.2% 0.208
Nerve invasion 60.8% 0.766

Notes: *p<0.05, *5<0.005, "lack of data.
Abbreviations: M-CTCs, mesenchymal circulating tumor cells; CEA, carcinoem-
bryonic antigen; CA199, Carbohydrate antigen 199; TNM, Tumor-Node-Metastasis.
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Figure 2 The proportion of M-CTCs in all CTCs. (A) Relationship between the proportion and T stage of pathology; (B) relationship between the proportion and N stage
of pathology, and (C) relationship between the proportion and TNM stage of pathology.
Abbreviations: M-CTCs, mesenchymal circulating tumor cells; TNM, tumor- Node-Metastasis.

increased with the continuous progression of the T stage (P
< 0.0005). Similarly, the TNM stage was also significantly
and positively correlated with M-CTCs (P < 0.0005). We
found that M-CTCs positive patients had a higher prob-
ability of vascular invasion (80%, P = 0.023).

Since M-CTCs are significant in the process of cancer
development and metastasis, they are considered to be the
key to cancer metastasis. On analyzing the relationship
between M-CTCs and the pathological T stage and TNM
stage, as shown in Figure 2, the proportion of M-CTCs
increased continuously with an increasing depth of tumor
invasion, and it exhibited a statistically significant differ-
ence (P < 0.0005). Similarly, progression of the TNM
stage was also statistically associated with the proportion
of M-CTCs (P = 0.02). However, no obvious statistical
relationship was found in exploring the relationship
between the N stage and M-CTCs (P = 0.6889).

Since M-CTCs play a central role in the development
of cancer and are the key to metastasis, we further verified
the relationship between the proportion of M-CTCs and
T stage, N stage, and TNM stage. It can be seen in
Figure 2 that both the T stage and TNM stage showed an
increasing trend with an increase in the proportion of
M-CTCs, but not the N stage. There was a significant
correlation between the T stage and TNM stage and the
proportion of M-CTCs (P < 0.0005 and P = 0.0200).
However, no statistical relationship was found between
the N stage and the proportion of M-CTCs (p=0.6889).

To further verify the effect of surgery on CTCs, the
changes in CTCs numbers at baseline and after surgery were
compared; and as shown in Figure 3, a noteworthy decrease in
each subpopulation of CTCs was observed. Most patients
showed a noticeable decline in CTCs, with a small proportion
of patients showing a postoperative increase in CTCs, but an
overall decreasing trend was observed. CTCs were dominated
by E/M-CTCs, with a low number of E-CTCs and M-CTCs.
Concurrently, it was also found that the proportion of
M-CTCs returned to zero after surgery in some patients.

Since we hold the notion that the proportion of
M-CTCs may affect survival, we compared the proportion
of each CTCs subgroup before and after surgery. As seen
in Figure 4, the proportions of E-CTCs and E/M-CTCs
were barely changed after surgery; however, the propor-
tion of M-CTCs was changed from the statistical perspec-
tive after surgical operation.

Our work includes a long-term follow-up of patients,
and we could perform Kaplan—Meier analysis for compar-
ing overall survival (OS) and disease-free survival (DFS)
of different patients. Although the current follow-up per-
iod was not long enough, Figure 5 shows that M-CTCs
positive patients at baseline had a significantly worse DFS.

Discussion

In the present study, we identified CTCs classification with
EMT markers in CRC and evaluated the clinical signifi-
cance of these EMT subtypes. We found that EMT CTCs
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Figure 3 Each phenotype of CTCs before and after surgical treatment. (A) Changes in the total number of CTCs after operation. (B) Changes in the number of E-CTCs
after operation. (C) Changes in the number of E/M-CTCs after operation. (D) Changes in the number of M-CTCs after operation.

Abbreviations: BS, before surgery; AS, after surgery; CTCs, circulating tumor cells; E-CTCs, epithelial circulating tumor cells; M-CTCs, mesenchymal circulating tumor
cells; E/M-CTCs, epithelial/mesenchymal circulating tumor cells.
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Figure 4 Changes in the proportion of different phenotypes of CTCs before and
after operation.
Abbreviation: CTCs, circulating tumor cells.

could add value to the traditional parameters in predicting
the postoperative pathological stage, indicating their valu-
able role in CRC. We isolated CTCs from patients with
CRC using the cell size- and phenotype-based CanPatrol
technique, which has been reported to detect CTCs with
high efficiency.'® Using this method, we detected CTCs
with different EMT phenotypes in 72 out of the 74
(97.3%) patients with CRC.

CTCs are closely associated with distant metastasis in
various malignancies. M-CTCs are regarded as the most
malignant CTCs." Therefore, M-CTCs positive patients
have a greater chance of early recurrence. In addition, we
validated using ROC curves, demonstrating that M-CTCs
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are more suitable as reference indicators (Supplement
Figure 1). In this study, we defined M-CTCs >1/7.5mL
peripheral blood as positive. Firstly, few articles define
M-CTCs positive; consequently, there is no definite thresh-
old; Secondly, 1 is the median value of M-CTCs in all
patients, which can be used as a cut-off value for segmen-
tation; finally, we used ROC for validation and concluded
that using an AUC value of >1 as a threshold is superior to
using >0. We found that the M-CTCs proportion increased
with tumor progression; it was especially associated with
various pathological parameters, notably, the positive rate
of M-CTCs in patients with TNM and T stage IV CRC
was 100% each, and there was a significant association
between the proportion of M-CTCs and T stage and TNM
stage. These results support the notion of the role of EMT
in tumor metastasis, and they indicated that the role of
M-CTCs might be more important than that of the other
subpopulations in terms of the risk of disease progression.
Unlike previous studies, this study did not identify an
obvious relationship between the number of CTCs and
clinicopathological characteristics except CEA.?**' This
may be related to the technique of CTCs isolation and
the method of statistical calculation. However, we found
that previous studies have mostly used the CellSearch
system approved by the FDA for CTCs capture, and the
CanPatrol technology used in this study captures a larger
variety of CTCs.*** In addition, when performing the
statistical analysis, the total number of CTCs was not
grouped, but instead, a #-test or nonparametric test was
used. However, we found that M-CTCs were associated
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Figure 5 Correlation of positive M-CTCs at baseline with (A) OS and (B) DFS in colorectal cancer patients.
Abbreviations: M-CTCs, mesenchymal circulating tumor cells; OS, overall survival; DFS, disease free survival.
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with many clinicopathological parameters, in this study,
M-CTCs positive is defined as >1, the main reason is that
there is no uniform standard at present, and in the subse-
quent verification of results, it is considered that the cri-
tical line of M-CTCs is more valuable (Supplement
Figure 2).

Surgery is the most effective way to cure CRC.>** It
is generally believed that the number of CTCs will
decrease significantly after surgery.’®>® We also verified
the postoperative changes in CTCs. However, none of
the studies have compared the changes in the proportion
of each subtype of CTCs before and after surgery. In this
study, all patients who received surgical treatment under-
went laparoscopic resection and natural orifice specimen
extraction surgery without open surgery. Both procedures
are performed laparoscopically, except that the specimen
is obtained in a different manner, and the two procedures
are considered to have the same therapeutic effect.?”>°
We first verified that not only the number of CTCs will
decrease, but also the proportion of M-CTCs will
decrease significantly after surgery, which proves that
surgery can reduce the proportion of M-CTCs.

Finally, follow-up was performed, and it revealed that,
although it currently appears that there is no significant
difference in OS between M-CTCs negative and positive
patients, a great difference in DFS has been demonstrated.
Because the follow-up period was not long enough, it can
be speculated that differences will also occur in future OS.
Therefore, high mesenchymal CTCs numbers in CRC
patients are indicative of metastasis and recurrence. Our
findings further support the notion that M-CTCs are the
potential seeds of metastatic dissemination and highlight
the potential clinical value of assessing EMT markers in
CTCs for the early detection of metastatic tumors.
Moreover, we have not only focused on the number of
CTCs, but also on the proportion of M-CTCs, which is
also associated with tumor prognosis.

Nevertheless, there are some limitations to the present
study. They include small sample size and insufficient fol-
low-up time. The number of patients in our study was small
and the results should be interpreted with caution, the
follow-up period was a maximum of only two years, and
a longer follow-up duration should be incorporated with
a focus on the patient’s condition. Dynamic and multiple
monitoring of CTCs is of great significance. Although only
one detection of CTCs has prognostic significance, multiple
and regular reviews may be more noteworthy. Larger scale,
longer time, multicenter clinical trials with more monitoring

times are needed to further verify our conclusion and to
improve the predictive accuracy.

Conclusion

Our results indicate that the M-CTCs subpopulation might
play an important role in tumor metastasis and is correlated
with disease recurrence. In addition, surgery, the most pri-
mary treatment for CRC, can effectively reduce not only the
number of CTCs but also the proportion of M-CTCs.
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