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Title: Targeted guanylyl cyclase C for optimization of circulating
colorectal cancer cells enrichment and isolation

Abstract (383 words)

Introduction: CTC (Circulating tumor cell) can provide molecular characterization of metastatic

tumor cells and dynamically monitor therapy strategy, but CTC may lose epithelial biomarker

expression during metastasis. The aim of our research is to increase the CTC detection rate by

optimizing CTC staining and recovery and specifically evaluate GCC (guanylyl cyclase C) as a

marker for circulating colorectal cancer cells.

Methods: GCC protein was detected and compared in paired rectal cancer tissues and normal

mucosal tissues from 80 cases by immunohistochemistry (data from China). Circulating

GCCmRNA was detected from 160 stage I-III colorectal cancer patients by qRT-PCR, and

analyzed with long -term survival (data from China). Several negative CTC enrichment-based

protocols were used and optimized to increase the recovery rate of colorectal cancer cells. Several

GCC antibodies were evaluated for staining of colorectal cancer cell lines and leukocytes by flow

cytometry.

Results: GCC protein was significantly over-expressed in rectal cancer tissues compared to

paired normal mucosal tissues. High GCCmRNA level in peripheral blood was significantly

associated with tumor emboli in vessels, lymph node metastases, mesenteric root lymph node

metastases and poor survival. Together with tumor embolus in vessel and mesenteric root lymph

node metastasis, GCCmRNA was a hazard factor for predicting poor patients’ survival by

multivariate COX regression analysis. For optimizing CTC enrichment, the recovery of spiked

CTC could be improved by an average of 16.23% by introducing a second round of depletion of

the already negatively depleted CD45+ fraction. High GCC staining in T84, moderate in LS174T

and low in other colon cancer cell lines were observed. Additionally, all the colon cancer cell lines

showed a high percentage of cells expressing GCC (it ranged from 53.12% to 97.01%) at their first

passage from frozen tube. Unfortunately, however, non-specific surface and intracellular binding

of two conjugated GCC antibodies was observed (average rate 50.29% and 53.67%) when

compared to isotype controls (average rate 10.74%), which restricts further application of GCC

antibodies for CTC detection from patients.
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Conclusions: Additional depletion of CD45+ depleted fraction can increase the recovery rate of

CTCs. Nonspecific binding of three GCC antibodies in leukocytes restricts their application in

clinical practice. GCC antibodies without nonspecific binding site should be designed for CTC

detection of colorectal cancer in the future.

Key words: colorectal neoplasm, circulating tumor cell, guanylyl cyclase C, flow cytometry

Titel: Guanylylcyclase C als Marker zur Optimierung der
Anreicherung und Isolation von zirkulierenden kolorektalen
Krebszellen

Zusammenfassung (357 Wörter)

Einleitung: Die Analyse CTC (zirkulierender Tumorzellen) wird entwickelt, um metastatische

Tumoren molekular zu charakterisieren und Therapiestrategien dynamisch zu überwachen. Eine

wesentliche Limitation ist aber die instabile Expression epithelialer Marker auf CTC. Das Ziel

unserer Forschung ist es, die Wiederfindungsrate von CTC durch die Verwendung neuer

gewebespezifischer Merker zu optimieren.

Methoden: Das GCC-Protein (konjugierte Guanylylcyclase C) wurde als interessanter Marker

definiert. Zunächst wurde die Expression von GCC beim Rektumkarzinom an gepaarten Proben

von Tumorgewebe und normaler Schleimhaut an 80 Fällen durch Immunhistochemie verglichen

(Daten aus China). Blutproben von 160 Patienten im Stadium I-III-Darmkrebs in China wurden

durch qRT-PCR auf GCCmRNA untersucht und die Daten mit der Überlebenszeit verglichen.

Mehrere Protokolle zur CTC-Anreicherung wurden entwickelt um die Wiederfindungsrate von

Darmkrebszellen zu optimieren. GCC-Antikörper wurden hierfür mit Farbmarkern konjugiert bzw.

konjugierte käuflich erworben und auf ihre Eignung zur Isolation von kolorektalen Tumorzellen in

der Durchflusszytometrie getestet.

Ergebnisse: GCC-Protein war in Rektumkarzinom im Vergleich zur normalen Schleimhaut stark

überexprimiert. Hohe GCCmRNA-Spiegel im peripheren Blut waren signifikant mit

Tumor-Embolien in Gefässen, Lymphknotenmetastasen, Lymphknotenmetastasen in der

Mesenterialwurzel und schlechterem Überleben assoziiert. In der multivariaten Analyse waren

Tumor Emboli, und Lymphknotenmetastasen in der Mesenterialwurzel und GCCmRNA
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unabhängige Risikofaktoren für das Überleben, mit oder ohne TNM-Schichtung. Als

Optimierungsschritt für die CTC-Anreicherung wurde zusätzlich durch Recycling der

CD45-positiven, CTC-abgereicherten Fraktion nochmals durchschnittlich 16% der eingesetzten

Tumorzellen wiedergewonnen. Die GCC-Färbung war in T84 Zellen hoch, moderat in LS174T

und niedrig in anderen Darmkrebszellen. Allerdings zeigten alle Colon-Krebszelllinien einen

hohen Prozentsatz an GCC (von 53,12% bis 97,01%) in ihrer ersten Kulturpassage, die bei

weiterer Kultivierung abnahm. Problematisch war eine nicht-spezifische Färbung von Leukozyten

bei Oberflächen- und intrazellulärer Färbung mit den beiden selbst konjugierten

GCC-Antikörpern (mittlere Rate 50,29% und 53,67%) und auch mit dem nachträglich

kommerziell erworbenen direkt konjugiertem Antikörper, was die Anwendung von

GCC-Antikörpern für die CTC-Detektion bei Patienten beschränkt.

Schlussfolgerungen: Nach der CD45-Depletion kann die Wiederfindungsrate von CTCs durch

zusätzliches Recycling von CTC aus der CD45+ Fraktion erhöht werden. Aufgrund der

unspezifischen Färbung von Leukozyten können die GCC-Antikörper für die CTC-Erkennung

trotz der guten Färbeeigenschaften bei Darmkrebszelllinien nicht verwendet werden, spezifische

konjugierte GCC-Antikörper ohne Kreuzreaktion mit Leukozyten wären notwendig.

Schlüsselworte: Kolorektales Karzinom, zirkulierende Tumorzellen, Guanylylcyclase C,

Durchflusszytometrie.
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Introduction

1. Colorectal cancer and classification

CRC (colorectal cancer) is the third most common cancer worldwide, accounting for nearly

700,000 reported deaths every year [1, 2]. It is reported that nearly half of the cases (54%)

occurred in more developed regions, especially in the area of eastern Asia, Europe and America [1,

2]. Even though detailed screening and multidisciplinary treatments, including radical surgery,

chemotherapy, radiotherapy and immunotherapy are applied for early, advanced and metastatic

CRC patients, the reported deaths due to metastatic progression are one third of the overall CRC

cases[2].

CRC is defined as malignant neoplasms of the colon, rectum and appendix. Nearly 20-30% of

these are hereditary CRCs, which comprise the Lynch syndrome (also called hereditary

nonpolyposis colorectal cancer, HNPCC), FAP (familial adenomatous polyposis), attenuated FAP

and MAP (MUTYH-associated polyposis)[3], in parallel with the major population (70-80%) of

sporadic CRC. Sporadic CRCs are commonly formed through the accumulation of somatic genetic

and epigenetic events, which include loss-of-function defects among selected tumor suppressor

genes and gain-of-function defects in selected oncogenes [4-6].

CRC is not a homogeneous disease, according to the molecular mechanistic variations during its

invasion and diversion. Among these CIN (chromosomal instability), MSI (microsatellite

instability), and CIMP (the CpG island methylator phenotype) are distinct molecular pathways

that have been involved in CRC carcinogenesis and its metastasis [7]. CIN is characterized by

imbalances in the chromosome number and a loss of heterozygosity[8], while MSI is associated

with inherited CRC cases stemming from mutations in DNA mismatch repair genes, such as

MLH1, MSH2 and MSH6. CIMP is commonly found in sporadic CRC and characterized by the

aberrant methylation of tumor suppressor genes, which leads to their inactivation [7, 9].

Colorectal cancers are histopathologically classified on the basis of tumor invasion depth (T stage),

lymph node involvement (N stage) and distant organ metastases (M stage) [10, 11]. These three

stages are combined into an overall stage definition, which provides a clinical therapeutic guide

for decision-making. Although classification based on TNM and UICC (Union for International

Cancer Control) stage provides significant prognostic information and guides therapy strategies,

the response and outcome of individual CRC patients to therapy are still under investigation [10,

12]. It is well established to recommend adjuvant chemotherapy for UICC stage III patients and

those stage II patients with additional risk factors, however, not all subsets of these patients seem
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to benefit from chemotherapy[13]. The same phenomenon is also seen in those stage IV patients

who are treated a combination of chemotherapy, radiotherapy and tumor targeted therapy. Most of

the studies and multiple central clinical trials suggest that apart from histopathological stage,

additional tumor biomarkers may be a better monitoring tool for therapy guidance and outcome

prediction of CRC patients. Thus, searching for specific and sensitive tumor biomarker is urgently

needed for identifying individual patients at high risk of relapse who might benefit from adjuvant

therapy and targeted therapy.

2. Liquid biopsy and genomic detection approach

Undoubtedly, tissue biopsy is always the gold standard for solid tumor diagnosis and having the

genomic sources for further molecular detection and analysis, but liquid biopsy might be a suitable

platform for the purpose of real-time tracking circulating micro-metastases, monitoring treatment

strategy and detecting tumor recurrence after clinical treatment. Liquid biopsy is commonly

described as the analysis of circulating tumor-related DNA, RNA and CTC (circulating tumor

cells) in the blood of humans and has considerable potential for detection, diagnosis and

monitoring of metastases [14]. While protein-based tumor biomarkers have been used in routine

pathologic detection for many years, the ability to detect mutations in circulating DNA, RNA and

CTC is still a challenge, as pointed out in clinical practice [15, 16]. Furthermore, by using

circulating biomarkers, including cfDNA (cell-free DNA), ctDNA (circulating tumor DNA),

mRNA (messenger RNA), miRNA (microRNA) and CTCs, supporting circulating metastasis

detection and therapeutic strategies, liquid biopsy has the potential of dynamically providing

molecular information about carcinomas without invasive tissue biopsy.

As a genomic tumor burden in circulation, ctDNA levels can be used for guiding therapy strategy

and efficacy assessment by detecting mutations and alterations of gene methylation, and indicating

spread of circulating malignancy [17, 18]. Furthermore, as a proof of principle, it has been shown

that high levels of mutant alleles in the plasma are a clear indicator of response to treatment in

metastatic colorectal cancer setting [19]. mRNA is a large family of RNA molecules that convey

genetic information from DNA to the ribosome, where they specify the amino acid sequence of the

protein products by gene expression. The biomarkers that have been analyzed from peripheral

blood CTCs or serum/plasma include CEA (carcinoembryonic antigen), CK20 (cytokeratin 20),

GCC (guanylyl cyclase C), Survivin, TERT (telomerase reverse transcriptase) and EGFR

(epidermal growth factor receptor) [20, 21]. These biomarkers have been detected with variable

frequencies and have been shown to possess diagnostic potential and prognostic value[22].

MiRNAs are endogenous 19–22 nucleotides, long non-coding RNA molecules that mediate
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post-transcriptional gene silencing by miRNA degradation or the inhibition of translation

initiation [23]. Even though several individual miRNAs and miRNA signatures are strongly

associated with diagnosis, metastasis and survival, their ability to predict prognosis or response to

therapy is still uncertain [23-25]. CTCs are tumor cells present in the peripheral blood of patients

with an advanced or metastatic stage that can carry a host of information from primary tumors.

Increasing CTC numbers can provide valuable information of tumor relapse or treatment failure,

but non-standard isolation approaches with low selective numbers of CTCs from circulation limit

their clinical application in early-stage malignancies [26]. In the past few decades, flow cytometry

was one of the best techniques for tumor cell detection and enrichment. However, advances in

single-cell genomics offer attractive alternatives for capturing information that clarifies cellular

identity and function[27]. Together with cytometry technology and single-cell analysis, genetic

approaches based on mutation detection and genetic sequencing are now used on CTCs enriched,

which will contribute to clinical diagnosis and antitumor treatment.

Recent studies have shown that plasma is a better source of circulating DNA, and highly sensitive

quantitative PCR assays might increase the sensitivity of detecting circulating tumor-associated

genetic aberrations of mutated alleles [28, 29]. Techniques used for the detection of

tumor-associated genetic aberrations include BEAMing (technique based on beads, emulsion,

amplification and magnetics) [30], NGS (next-generation sequencing) or WGS (whole-genome

sequencing) [31, 32], digital PCR[33, 34], cold-PCR (co-amplification at lower denaturation

temperature PCR)[35], MAP(MIDI-activated pyrophosphorolysis) [36] and mass spectrometry

genotyping assay-mutant-enriched PCR[37]. All of these techniques of liquid biopsy are based

mainly on gene profiling and molecular analysis of DNA or RNA. Additionally, their clinical

applicability depends on the costs of detection, high-quality DNA and extensive data analysis with

a dedicated tumor bio-information bank [31, 33, 38]. It is important to consider that

deep-sequencing of somatic mutations for clinical use is still not routinely performed[39], and it is

also urgently necessary to establish suitable personalized panels based on the available sequencing

results from tumor cells of individuals undergoing clinical treatment[33, 40, 41].

In summary, unlike tissue biopsies, liquid biopsies can dynamically represent tumor-associated

genetic aberrations derived from all cancerous lesions in patients. Based on improved detection

platforms and techniques, oncogenes and tumor cell-based liquid biopsies are expected to be

widely used in clinical practice[42].

3. CTC enrichment and biomarkers
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Unlike other markers of liquid biopsy, CTC can carry and provide more bio-information on living

tumor cells in the circulation. The molecular characterization of CTCs is considered as real-time

liquid biopsy for patients with cancer metastases[42]. The roles of CTCs in tumor treatment

include estimation of the risk for tumor relapse, dynamic monitoring of therapy strategy,

identification of targeted biomarkers in therapeutic resistance mechanisms, and illustration of

tumor heterogeneity during metastasis processes [42-44]. Because of the extremely low

concentration of CTCs in peripheral blood of cancer patients (equal to one tumor cell against the

background of millions of leukocytes), the correct enrichment and detection of CTCs in clinical

practice remains technically challenging [42, 44]. Approaches to CTC enrichment include a large

number of technologies based on the different properties of CTCs that distinguish them from

surrounding leukocytes, other are described as physical properties (size, density, electric charges,

deformability) and biological properties (expression of cell surface proteins, cellular viability and

invasion capacity). The physical-based methods include: DFF (dean flow fractionation)[45], cell

density-based enrichment[46], size-based cell enrichment by filtration[47], SSA(selective size

amplification)[48], 3D microfiltration[49], ISET (isolation by size of epithelial tumor cells)[50,

51], NanoVelcro CTC Chip[52] and TelomeScan[53] that allows isolation of viable CTCs by their

differences in size, density and morphology properties. The advantage of physical properties is

based on physical methods to separate CTCs without molecular labeling and cellular binding, but

they have the limitation of not removing leukocytes thoroughly and requiring further identification

of CTCs separated [54].

It is widely accepted that EpCAM(epithelial cell adhesion molecule), CK(cytokeratin) and CEA

are essential biomarkers for CTC enrichment of CRC. Recently, several new biological assays that

isolate cells based on the expression of cell surface markers have been developed for improving

detection speed and efficiency[43, 55], such as the CellSearch® assay, the Herringbone-CTC chip,

and flow cytometry-based approaches which apply EpCAM as positive selection and leukocyte

antigen CD45 as negative selection. There are several biological assays for CTC enrichment,

including CellSearch® assay[56], CTC-chip[57], Herringbone-chip[58, 59], AdnaTest[60],

EPISPOT(Epithelial ImmunoSPOT)[61], MagSweeper [55, 62], Negative depletion CTC

enrichment strategy[63], Millennium Sciences IsoFlux[64], Cynvenio Liquid Biopsy platform[43],

FACS (Fluorescence activated cell sorting)[65] and FAST (Fiber-optic array-scanning technology)

[66]. Among all the biological assays listed, the CellSearch® assay is the only assay approved by

FDA (Food and Drug Administration)[67]. The CellSearch® system harvests CTCs by

anti-EpCAM-coated magnetic beads, and a subsequent immunocytochemistry process helps to

identify CTCs (DAPI+ / CK+ / CD45-) from non-specifically captured leukocytes (DAPI +/ CK- /
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CD45+)[67]. The majority of CTC enrichment techniques rely on the expression of EpCAM and

CK because of their wide expression in most epithelial malignancies[68]. However, many of these

biological selection technologies are criticized for their reliance on cell surface expression of

EpCAM to capture CTCs because some tumors down-regulate expression of EpCAM during EMT

(epithelial-mesenchymal transition) [69]. During this process, tumor cells lose expression of some

specific epithelial markers, including E-cadherin, EpCAM and CK, gain expression of

mesenchymal cytoskeletal and adhesion proteins such as vimentin and N-cadherin [70, 71]. The

mechanics of EMT also enables epithelial tumor cells to acquire a fibroblast-like morphology

during their transition and become aggressive by resisting apoptosis and treatment[72]. Hence, the

major limitation of the CTC enrichment approaches based on EpCAM or CK are that they may

lose tumor cells lacking expression of epithelial biomarkers, and only enrich CTCs with epithelial

expression, which finally obtain CTCs with insufficient molecular information [73]. Unlike

EpCAM and CK, CEA is a glycoprotein which is present in human fetal colonic tissues but not in

normal adult colon, and increased amounts are associated with adenocarcinoma, especially CRC.

Serum CEA level is associated with risk of disease recurrence and tumor progression during

treatment or after treatment surveillance [74]. Increasing CEA levels are thought to relate to the

increasing risk of higher tumor burden and poorer survival[75]. However, the level of CEA is

generated by normal or extra-intestinal cells and less by CRC cells. CEA levels also increase

during pregnancy and as a result of smoking. They all limit its use for predicting tumor relapse in

CRC patients [74, 76]. Therefore, because of these drawbacks of commonly used biomarkers,

more specific and sensitive biomarkers of CRC beyond the influence of EMT processes and other

non-neoplastic factors are required for CTC enrichment and isolation.

4. GCC and its ligands

GCC (Guanylyl cyclase C) is a trans-membrane cell surface receptor that functions in the

maintenance of intestinal fluid, electrolyte homeostasis and cell proliferation [77]. As an important

enzyme in humans, GCC is encoded by the GUCY2C gene, and its expression is restricted to

intestinal epithelial cells from duodenum to rectum but not in extra-intestinal tissues [78].

Endogenous ligands such as hormones guanylin and uroguanylin or exogenous ligands like

bacterial heat-stable enterotoxin (ST) can bind to the extracellular domain of GCC protein, which

facilitates the conversion of cytosolic GTP (guanosine triphosphate) to cGMP (cyclic guanosine

monophosphate), then finally activates the cGMP-dependent PKG (protein kinase G) and

signaling pathway[20, 79]. In addition to its role in the regulation of fluid and electrolyte balance,

GCC also plays a protective role against colorectal tumorigenesis [80], silencing of the GCC
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signaling axis by loss of hormone ligands leads to increasing glycolysis, proliferation and leaky

intestinal barrier associated with colorectal tumorigenesis [81]. It is noteworthy that although

GCC ligands guanylin and uroguanylin are significantly decreased in nearly 90% of all CRCs,

expression of GCC receptor persists in CRC [80, 82]. Thus, the extracellular ligand-binding

domain of GCC is antigenically unique, indicating a unique set of GCC ligands[77]. Furthermore,

the GCC-restricted expression in intestine and its persistence in both primary and metastatic CRCs

regardless of location or tumor grade have been confirmed by studies of immunohistochemistry

(IHC), in situ ligand binding and RT-PCR [83].

Unlike many targeted antigens, GCC is over-expressed at mRNA and protein levels in >80% of

colon and rectal tumors compared to adjacent normal mucosa [83-86]. GCC is also a crucial tumor

biomarker for identifying occult metastases in the lymph nodes and peripheral blood associated

with the prognosis of CRC due to its highly restricted expression [87]. GCCmRNA was further

investigated by multiple previous studies in peripheral blood of CRC patients, extra-intestinal

malignancies, non-malignant lesions of the intestine and healthy volunteers by RT-PCR

technology. No GCCmRNA was detected in healthy volunteers, non-malignant intestinal lesions

or in extra-intestinal malignancies [84, 88, 89]. Comparisons of multiple epithelial cell markers

(CK19, CK20, CEA and GCC) have demonstrated that GCC is one of the most sensitive and

specific markers of circulating CRC cells [88, 90]. Indeed, GCCmRNA is now thought to be an

essential index for searching metastatic CRCs in circulation, predicting tumor relapse and survival

of CRC patients [85, 88, 89, 91].

Currently, the major hurdle of liquid biopsy is the absence of sensitive and specific CRC

biomarkers for tracking occult tumor cells from blood, lymph node or bone marrow in clinical

practice. The limitation of CTC enrichment and isolation approaches based on EpCAM or CK is

that only epithelial cell-specific markers are available, which may only catch CTCs with epithelial

markers and lose CTCs without epithelial markers[73]. GCC expression was deeply analyzed and

reported at mRNA and protein level in all primary and metastatic CRC cells regardless of EMT

processes, but not in CTCs. Hence, GCC may fulfill the criteria of a specific and sensitive marker

for CTC enrichment from metastatic CRC patients, but further assessment and evaluation of GCC

antibody for CTC isolation are required.

Above all, in order to optimize the antibody-based CTC enrichment approach of metastatic CRC

patients, we assessed the GCC antibody staining in colon cancer cell lines and leukocytes,

combined with previous analyses of GCC detection in tissue samples and peripheral blood,

evaluating the possibility of including GCC staining as a CRC-CTC specific biomarker.
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Methods

1) List of reagents

Reagent Company Catalog Number Volume

Ethanol (≥99.8%) ROTH K928.4 5L

Hydrogen peroxide solution 30 %
(w/w) in H2O

Sigma-Aldrich H1009-500ML
7722-84-1

500ml

EasySep 10× Red Blood Cell Lysis
Buffer

Stem Cell
Technologies

#20120 100ml

PBS Dalbecco(w/o Ca2+, Mg2+) Biochrom L1825 500ml

Fetal Bovine Serum (FBS), heat
inactivated

Thermo Fisher
Scientific

10500-064 500ml

BD-Vacutainer EDTA Röhrchen
(K2EDTA 1.8mg/mL)

BD Bioscience 367525 10ml

BD-Vacutainer Heparin Röhrchen
(Li-Heparin 17IU/mL)

BD Bioscience 367526 10ml

EDTA Sigma-Aldrich E7889 100ml

37%Formaldehyd Sigma F1635 500ml

Hanks salt solution Biochrom L2015 500ml

Ultra-pure water Biochrom L0020 1000ml

Acetic acid glacial Sigma-Aldrich 537020 100ml

Trypanblue solution (0.4%) Sigma T8154 100ml

Saponin Biochrom 84510 100g

Hydrazoic acid sodium salt (NaN3) Merck 8223350250 250g

FcR Blocking Reagent, human MACS 130-059-901 2ml

Comp Beads Anti mouse IgK BD Biosciences 51-90-9001229 6ml

Comp Beads Negative Control BD Biosciences 51-90-9001291 6ml

EasySep® CD45 Depletion Kit
(CD45 Cocktail)

Stem Cell
Technologies

18259 1ml

EasySep® CD45 Depletion Kit
(magnetic nanoparticles)

Stem Cell
Technologies

18259 2*1ml

RPMI Medium 1640 (1×) Thermo Fisher
Scientific

21875-034 500ml

DMEM/F12(1:1) (1×) Thermo Fisher
Scientific

11330-032 500ml
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Alexa Fluor® 488 Antibody Labeling
Kit

Thermo Fisher
Scientific

A20181 5 reactions, 100μl
each

2) List of buffers and kits

Name Components

Quantitative PCR kits
(Guangzhou Dahui Biotech)

RNA TRIzol,
Reaction solution I (350μl/tube) ×1 tube,
Reaction solution II (1100μl/tube) ×1 tube,
Reverse transcriptase (25μl/tube) ×1 tube,
Taq enzyme (12.5μl/tube) ×1 tube,
Quantitative standards (50μl / tube) ×4 tube.

Alexa Fluor® 488 antibody
labeling kit
(Catalog No: A20181)

Alexa Fluor® 488 reactive dye (Component A) 5 vials;
Sodium bicarbonate (Component B) ~84 mg;
Purification resin, 30,000 MW size–exclusion resin in PBS, pH 7.2,
plus 2mM sodium azide (Component C) ~10 mL;
Spin columns (Component D) 5 columns;
Collection tubes (Component E) 5 tubes.

Pierce Concentrator, PES, 30K
MWCO; 0.5ml
(Catalog No: 88502)

25 pack for sample volumes of 100-500 μl MWCO:30,000

Acetic acid (2%) 1:50 acetic acid (100%) in PBS

Formaldehyde (1%) 1:37 formaldehyde (37%) in PBS (4°C)

Fresh recommended buffer PBS + 2% FCS + 2mM EDTA (4°C)

Permeabilization solution 100× 10% Saponin + 5% NaN3 in 5ml Hanks BSS (sterile filtrate)

Permeabilization solution 1× 1:100 permeabilization solution (100×) in Hanks BSS (4°C)

RBC lysis buffer 1× 1:10 RBC lysis buffer (10×) in ultra-pure water (4°C)

PBS+2%FCS 50ml 1ml FCS + 49ml PBS

PBS-3%BSA solution 50ml 48.5ml PBS + 3% Albumin fraction V 1.5ml + NaN3 0.05mg

1ml normal goat serum (1:20
dilution)

50μl normal goat serum + 950μl PBS-3%BSA solution

3) List of devices and materials

Name Company Catalog Number

50ml tube BD Biosciences 352070

15ml tube BD Biosciences 352096
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FACS tube BD Biosciences 352052

10μl filter tip Biozym VT0200

100μl filter tip Biozym 770100

1250μl filter tip Biozym VT0270

Slim piper Sarstedt Inc 86.1172.001

Cell culture flask, 50ml, 25cm2 Greiner Bio-one 690175

Cell culture flask, 250ml, 75cm2 Greiner Bio-one 658175

5ml Corning Inc 357543

10ml Corning Inc 357551

25ml Corning Inc 357525

Reaction vessels 1.6ml blue Biozym Biotech 710162

Cell Scraper(25cm) Sarstedt Inc 83.1830

Penicillin-Streptomycin(P/S) Biochrom A2213

Pipette reference (0.5-10μl) Eppendorf 4910 000.018

Pipette reference (10-100μl) Eppendorf 4910 000.042

Pipette reference (100-1000μl) Eppendorf 4910 000.069

Pipetus®-akku Hirschmann Laborgeräte 9907200

EasySep® Magnet Stem Cell Technologies 18000

Centrifuge 5804 R Eppendorf 110110364

REAX 2000 Heidolph 541.19

Incubator (400 HY-E) Bachofer GmbH B492.1116

Hemocytometer Neubauer improved Marienfeld Superior 0640030

FACS CANTO II (8 color, blue/red/violet) BD Biosciences (San Jose, CA
95131)

338962

Kendro Laboratory Products KS9 Kendro 40439758

Kendro Laboratory Products BB6220 0 Kendro 51007494

ABI 7500 Fast Real-Time PCR System Applied Biosystems 4351104

37°C thermostat(type 1002) Labortechnik 10611493e

Microscope Karl Zeiss 471202-9903

4) List of antibodies and isotype controls

Name Company Catalog Number Product format
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Mouse anti-human GC-C
Antibody (537)

Santa Cruz
Biotechnology

sc-100302 100μg IgG2b/1 ml
PBS

EnVision Detection Systems
Peroxidase/DAB, Rabbit/Mouse

Dako Diagnostics K406511-2 150 test

Alexa488 fluor® conjugated Goat
anti-mouse IgG (H+L)

Jackson Immuno
Research Inc

115-545-003 1.5 mg/ml

Alexa fluor® 488 anti-human
CD4 mouse IgG2bκ

Biolegend 317420 100 test

GUCY2C(FITC) (2G7) US Biological 207688-FITC 100μg/100μl

Mouse IgG2bκ Isotype Control
FITC

eBioscience 11-4732 0.5 mg/ml

CD45 Cocktail Stem Cell
Technologies

#18259C.1 1ml/50μl

Mouse anti-human
EpCAM-PerCPCy5.5

BD Bioscience 347199 20μl /50test

PerCPCy5.5 IgG1 κ (mouse) BD Bioscience 347221 20μl

Mouse anti-human
Cytokeratin-PE (Ck-7 and Ck-8)

BD Bioscience 347204 20μl /50test

PE IgG2aκ (mouse) BD Bioscience 555574 20μl /100test

Mouse anti-human CD45 Pacific
Blue

ExBio PB-222-T100 100test

Mouse anti-human CD53 Pacific
Blue

ExBio PB-227-T100 100test

5) Characters of CRC cell lines used for GCC antibody staining

Name Disease Source Culture
Properties

Genes
Expression

Cellular
Products

Culture Media

T84

(ATCC® CCL-248™)

CRC, 72 years,
male

Adherent CEA; keratin;
GCC

CEA; keratin;
GCC

DMEM: F-12
Medium +5%
FBS

SW620
(ATCC® CCL-227™)

Dukes' C, 51
years, male

Adherent CEA NA RPMI1640
Medium+10%
FBS

SW480

(ATCC® CCL-228™)

Dukes' B, 50
years, male

Adherent CEA; keratin; CEA; keratin;
TGF beta

RPMI1640
Medium+10%
FBS



6)  Overview of conjugated antibodies and ICs used for CTC staining  

HCT116             

 (ATCC® CCL-247™)

CRC,  adult,  
male

adherent CEA CEA; keratin McCoy's 5A 
Medium+10% 
FBS

Colo205 
(ATCC® CCL-222™)

Dukes' D, CRC, 
70 years, male

mixed 
adherent and 
suspension

CEA; keratin; 
IL-10

CEA; keratin 
IL-10

RPMI1640 
Medium+10% 
FBS

Colo320            

(ATCC® CCL-220.1™)

Dukes' C, CRC, 
55 years, female

mixed, 
adherent and 
suspension

serotonin; 
norepinephrine
; epinephrine; 
ACTH; 
parathyroid 
hormone

serotonin; 
norepinephrine
; epinephrine; 
ACTH; 
parathyroid 
hormone

RPMI1640 
Medium+10% 
FBS

LS174T                

 (ATCC® CL-188™)

Dukes' B, CRC, 
58 years, female

adherent CEA, IL-10, 
IL-6, mucin

CEA, IL-10, 
IL-6, mucin

EMEM + 10% 
FBS

Staining sorting Marker Label Staining (µl) IC(µl) Source Isotype

Surfaces staining CD53 Pacific Blue 4 No mouse IgG1

CD45 Pacific Blue 4 No mouse IgG1

EpCAM PerCPCy5.5 20 1.6 mouse IgG1κ

GCC Alexa 488 2 1 mouse CD4  
IgG2bκ

GCC FITC 15 5 mouse IgG2bκ

CD4 (IC) Alexa 488 1 mouse IgG2bκ

Intracellular 
staining

CK PE 15 1.8 mouse IgG2aκ
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1. IHC staining of GCC in rectal cancer and adjacent normal mucosal tissues: 

Pairs of rectal cancer tissues and adjacent normal mucosal tissues from the same CRC patients 

were sliced and incubated in Xylene 2 times for 5 minutes. The slices were incubated with 

different concentrations of ethanol from 100%, 90%, 80% to 70% for 3 minutes per step, 

followed by a washing step with distilled water for 3 minutes. As an endogenous peroxidase 

blocking step, 3% H2O2 was added for 5 minutes at room temperature and washed with distilled 

water 2 times for 3 minutes. As an antigen retrieval step, a water bath was performed in EDTA 

buffer (PH 9.0) for 20 minutes and slices were cooled at room temperature, washed with distilled 

water 2 times for 3 minutes, then washed with PBS 2 times for 3 minutes. As an antibody 

staining step, mouse anti-human GCC monoclonal Antibody (537) (Santa Cruz Bio, Dilution: 1: 

200) was added and incubated for 1 hour at room temperature, followed by a washing step with 

PBS 2 times for 3 minutes. The secondary antibody Goat anti-Mouse Envision Flex (Dako 

Diagnostics, Glostrup, Denmark, Dilution: 1:100) labeled with HRP was added and incubated at 

room temperature for 20 minutes, followed by a washing step with PBS 2 times for 3 minutes. 

Then a coloration step was performed as 5-minute incubation at room temperature with DAB 

reagent (DAKO Diagnostics, Glostrup, Denmark) followed by a 5-minute washing step with 

distilled water until cell membrane staining was observed under the microscope. Then slices 

were counter-stained in hematoxylin for 3 minutes, washed with distilled water for 2 minutes and 

dehydrated with ethanol gradually from 70% to 80%, 90%, 100% for 2 minutes per step. After 

adding Xylene, each slice was dried and topped with a coverslip and neutral gum. Finally, 

specimens were examined and evaluated by two pathologists. 

2. GCCmRNA detection from peripheral blood of CRC patients 

2.1 Sample collection from CRC patients: Blood samples were drawn simultaneously for the 
detection of GCCmRNA. Peripheral venous blood was obtained at the time of clinical staging 
before surgery. The first 2ml blood was discarded in order to minimize the possibility of false-
positives by epithelial skin cells and the remaining 5 ml of blood was then collected into EDTA-
containing vacutainer tubes. All samples were processed within 2 hours of collection, 
immediately stored in cryovials, frozen in liquid nitrogen and stored at −80°C until mRNA 
detection.  
2.2 Extraction and detection of RNA: RNA was extracted from peripheral blood with 
GCCmRNA quantitative PCR kits (Dahui Biotechnology, Guangzhou, China) according to 
manufacturer’s instruction. First, a 5ml blood sample was diluted and 2ml lymphocytes 
separation medium was added and incubated 5 minutes at 4°C. After centrifuging, the leukocyte 
layer was carefully drawn off. Then, 0.5ml RNA TRIzol and 0.2ml chloroform were added,  after
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incubation and centrifuging at 4°C, the upper layer was carefully transferred into sterile

centrifuge tubes. After that, an equal volume of isopropanol was added, followed by 10-minutes’

incubation and 10-minute centrifugation at 12000rpm, 4°C. The upper supernatant was removed

and 75% ethanol was added for washing the RNA precipitate. Then ethanol was carefully drawn

out, the precipitate dissolved in DEPC H2O and the concentration of RNA was determined.

2.3 PCR amplification:

Primer sequences of GCCmRNA:

Up-stream primer 5′ TACGGCTCAATCGCCTTGAC 3′;

Down-stream primer 5′ ATCGTAAGGCTAGCCAGTA 3′;

Taqman probe 5′ -FAM-TCATGCACCGTAACGTAGC-TAMRA- 3′.

Quantitative RT-PCR System was prepared in 0.2-ml sterilized PCR reaction tube as follows:

reaction solution II (44.5μl), Taq enzyme (0.5μl), template (PCR product) (5μl), total reaction

volume (50μl). A group of positive standards were detected before the experiment. The reaction

was performed by a denaturation step of 2 minutes at 93°C followed by 40 cycles from 95°C for

15 seconds to 60°C for 60 seconds.

2.4 GCCmRNA detection: GCCmRNA was detected by an ABI 7500 Fast Real-Time PCR

System (Applied Biosystems, Foster City, CA, USA). The concentration of GCCmRNA (unit:

gene copy number/μl) was calculated automatically by instrument as follows: A (copy

number/μg total RNA) = B (copy number/μl cDNA)/OD260 value of sample RNA×5/6.

3. Optimization of CD45+ cell depletion experiments (from healthy donors)

3.1 Blood sample collection from healthy donors: Peripheral venous blood was obtained

before experiments. The first 1 ml of blood was discarded in order to minimize the possibility of

false-positives by epithelial skin cells. Then 10ml blood was collected into Heparin vacutainer

tubes and stored in an incubator (Bachofer GmbH, Germany, 400 HY-E) at room temperature.

3.2 Tumor cell counting: A certain number of SW620 (colon cancer cell line, ATCC®

CCL227™) was spiked in healthy blood for assessing the efficiency of the staining by EpCAM

and CK in CD45 depletion approach [92]. T84 cell (colon cancer cell line, ATCC® CCL248™)

was used for assessing the staining efficiency of GCC, EpCAM and CK. SW620 and T84 cells

were counted by Hemocytometer (Marienfeld Superior, Cat-0640030) and diluted at

concentrations of 0, 50, 100, 150, 200 or 300 cells per 1ml PBS.

3.3 Removal of erythrocyte: 20ml 1×RBC lysis buffer (Stem Cell Technology, Cat-20120) was

added into a 50-ml tube and kept at room temperature for 15 minutes. 5-ml blood sample was

slowly pipetted into RBC lysis buffer, and 0, 50, 100, 150, 200 or 300 tumor cells were pipetted
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into each tube. After 15-minute’s incubation and 5-minute’s centrifuging, supernatant were

poured out, tumor cells were re-suspended and washed with 50ml PBS. Then FRB was added and

cell suspension was transferred into 5-ml FACS tube (BD falcon, Cat-352052) for cell counting.

The total cell number was determined by Hemocytometer, and the required volume of FRB,

CD45 beads and cocktails were calculated based on the cell number.

3.4 Removal of CD45+ cells by CD45 depletion: According to the previous protocols [92, 93],

FRB was added to obtain a cell concentration of 5×107 cells/ml. Human CD45 depletion kits

(cocktail, 50µl/ml, EasySep™, StemCell®, Cat-18259 and magnetic beads, 100µl/ml,

EasySep™, StemCell®, Cat-18259) were added for leukocyte binding. Tubes with cell

suspension were put into magnet (Stem Cell Technology, Cat-18000) to separate CD45+ and

CD45- cells. The CD45- supernatant was pipetted into a fresh FACS tube, and supernatants

remaining in the tube (labeled with CD45+ leukocytes fraction) were kept as unstained control

for the flow cytometry analysis. The CD45- fraction was mixed and divided equally into two

FACS tubes as staining sample and IC.

3.5 Additional depletion of CD45+ depleted cells: Here, we supposed that CD45+ leukocytes

were combined with magnetic beads and locked on the wall of tubes by magnetic force, which

also locked CD45- tumor cells. For the purpose of recovering more tumor cells, additional CD45

depletion of depleted CD45+ solution was performed in our experiments. Hence, after the first

cycle of CD45 depletion, additional recycling of tumor cells by washing the wall of the FACS

tube with PBS was performed, followed by an additional CD45 depletion.

4. Staining of GCC antibody in SW620 cell and T84 cell:

After CD45 depletion, 10µl FCR blocks were added to block Fc receptor in tumor cells, then

surface-staining with antibody and IC was performed as follows: Alexa 488-conjugated Anti

GCC antibody (Santa Cruz Biotechnology, Cat sc-100302) 15µl and Alexa fluor®488 anti-CD4

IgG2bκ (Biolegend, Cat-317420) 1µl were used only for staining T84 cells,

PerCPCy5.5-conjugated Anti EpCAM antibody (BD, Cat-347199) 20µl, Pacific Blue conjugated

CD45 antibody (ExBio, Cat-PB-222-T100) 4µl, Pacific Blue-conjugated CD53 antibody (ExBio,

Cat-PB-227-T100) 4µl and PerCPCy5.5 conjugated IgG1κ (BD, Cat-347221) 1.6µl were used

for staining SW620 and T84 colon cells. After the surface staining step, 1% formaldehyde and

1×permeabilization solution were added for intracellular staining as follows: PE conjugated CK

antibody (BD, Cat-347204) 15 µl and PE conjugated IgG2aκ (BD, Cat-555574) 1.8 µl. Then

250µl PBS were added for flow cytometry analysis, or 1ml 1% formaldehyde was added and

samples were kept in dark at 4°C overnight for analysis.



26

5. Optimization of method stained by GCC antibody:

5.1 Optimization of GCC antibody staining in T84 cell line: We performed experiments for

the purpose of optimizing the suitable staining concentration and volume of the primary GCC

antibody and the secondary antibody on T84 cells. T84 cells were calculated and diluted at a

concentration of 1×106 cells/ml PBS. Normal goat serum (1:20 dilution with PBS-3%BSA

solution) was added to block Fc receptor in tumor cells. Antibodies and ICs were added as

follows: 1) 2μl primary GCC antibody, 2) 5μl primary GCC antibody, 3) 2μl anti-human CD44

APC-conjugated IgG2b (positive control), 4) 2μl CD7-unconjugated IgG2a (positive control), 5)

2μl IL2RA CD25-unconjugated IgG1 (positive control), 6) 2μl PTPRC-unconjugated CD45

(positive control), 7) 2μl PBS (negative control), 8) 5μl FITC-conjugated IgG2a (IC), 9) 5μl

FITC-conjugated IgG2b (IC), 10) 5μl Alexa Fluor 488 anti-human CD4 antibody IgG2bκ (IC).

All samples were incubated at 4°C in the dark for 1 hour, and 20μl normal goat anti mouse Alexa

Fluor 488 was added as secondary staining. Then, all samples were washed with PBS and

200-300µl of PBS was added for analysis.

5.2 Staining of GCC antibody in colon cancer cell lines: Primary GCC antibody with

secondary antibody staining in different colon cancer cell lines and two conjugated GCC

antibodies (Alexa Fluor 488-conjugated GCC antibody and FITC-conjugated GCC antibody)

was performed in the T84 cell line. The colon cell lines T84 (ATCC® CCL248™), SW620

(ATCC® CCL-227™), SW480 (ATCC® CCL-228™), HCT116 (ATCC® CCL-247™),

Colo205 (ATCC® CCL-222™), Colo320 (ATCC® CCL-220.1™) and LS174T (ATCC®

CL-188™) were diluted to a concentration of 1×106 cells/ml, and normal goat serum (1:20

dilution with PBS-3%BSA solution ) was added for blocking Fc receptors on tumor cells.

Antibodies were added to six colon cancer cell lines as follows: 1) 2μl primary GCC antibody, 2)

5μl Alexa Fluor 488 anti-human CD4 IgG2bκ (IC), 3) 2μl PBS (negative control), all samples

were incubated at 4°C in the dark for 1 hour. Alexa 488-conjugated and FITC-conjugated GCC

antibody and IC were used for staining as follows: 1) 1μl primary GCC antibody, 2) 1μl

conjugated GCC antibody, 3) 2μl conjugated GCC antibody, 4) 2μl anti-human CD44

APC-conjugated IgG2b (positive control), 5) 2μl CD7 unconjugated IgG2a (negative control), 6)

2μl CD25 unconjugated IgG1 (negative control), 7) 2μl PBS (blank control), 8) 5μl Alexa Fluor

488 anti-human CD4 antibody (IC). All samples were washed with 1ml PBS, normal goat anti

mouse Alexa Fluor 488 was added into the tube 1) for secondary staining. Finally, all samples

were washed with 1ml PBS and 200-300µl PBS was added for analysis.
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6. Detection of tumor cells by flow cytometry:

6.1 Method and principle of flow cytometry detection: Flow cytometry is a valuable platform

based on cell counting, cell sorting and biomarker detection. By aligning interesting cells in a

stream of fluid, flow cytometry can analyze multi-parametric physical and chemical

characteristics of samples at a rate of up to thousands of particles per second. Fluorophores are

commonly conjugated to specific antibodies that selectively recognize targets on the cell

membrane or intracellular structures. Each fluorophore has a characteristic peak excitation and

emission wavelength. Therefore, the combination of labels depends on the wavelength of the

lasers used to excite the fluorophores and the detectors available[94]. Flow cytometry is widely

used in basic research, pathological analysis and clinical practice, especially in fields of

transplantation, hematology, tumor and immunology [95-97]. Recently some of the FACS

systems were able to deposit single cells in micro-well plates with high purity, enabling

researchers to do downstream analyses such as NGS [98].

6.2 Sample analysis by flow cytometry: Before flow cytometry detection, samples were

washed with 2ml PBS and centrifuged at 1700rpm, 4°C for 5 minutes; supernatant was poured

out and 200-300µl PBS was added. Then samples were analyzed by FACS Canto II. After all the

data of interested on samples were recorded, further analyses were performed with software

FlowJo7.

7. Collection and assessment of data:

7.1 Collection of patients’ clinical data: All patients had undergone surgical treatment in the

Surgical Department of Colorectal Cancer of Zhejiang Cancer Hospital, Hangzhou, China. We

recruited a total of 80 patients with rectal cancer for IHC analysis of tissue samples and 160 CRC

patients for circulating GCCmRNA detection. Peripheral blood samples from five healthy donors

were included as negative control. Patients with a known second neoplastic disease or benign

intestinal tumors or at stage IV were excluded from the study. Routine pathological examinations

were performed for diagnosing of all 240 tumor samples from 240 patients. The clinical

follow-up was performed at periodic intervals with CT scan, tumor biomarker detection and

colonoscopy, as well as letter, telephone and comprehensive review, in order to ascertain whether

the patients were alive or dead, and evaluate whether they had developed local recurrences or

distant organ metastases. All study protocols were approved by the Institutional Review Board

and informed consent was obtained from all study participants.

7.2 Scoring and assessment of IHC staining: The semi-quantitative score system and

assessment were used as generate overall scoring for each tissue sample, only clear staining on
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the tumor cell membrane was considered positive reaction, while diffuse cytoplasmic or granular

staining was diagnosed as negative. Based on this approach, the overall staining index (score

values 0-12) was determined by multiplying scores for staining intensity and the scores for

positive percentage per visible area by microscope [83]. Staining intensity was scored as follows:

0, negative; 1, weak; 2, moderate; and 3, strong. And the frequency of positive cells was defined

as follows: 0, less than 5%; 1, 6%-25%; 2, 26%-50%; 3, 51%-75% and 4, 75%-100%. Finally,

overall scores were then recorded as indexes into four categories as follows: negative (score 0),

weak (score 1-4), moderate (score 5-8) and strong (score 9-12). Chi-square tests were performed

to examine the relationship of IHC staining scores of GCC antibody with other clinical and

pathological characteristics. Further, IHC staining of GCC was compared between rectal cancer

and normal mucosal tissues by rank sum test based on overall scores of GCC staining. All

statistical tests were two-sided and had a 95% CI (confidence interval), P<0.05 was considered

statistically significant. All statistical analyses were performed using PASW statistics software

version 23.0 (SPSS Inc, Chicago, IL, USA).

7.3 Statistical assessment of circulating GCCmRNA: We selected a cut-off value of 500

copies for GCC mRNA based on (1) the manufacturer’s instructions and internationally used

cut-off levels, (2) previous results [99]. The GCCmRNA copy numbers were stratified by clinical

stage for comparison with DFS and OS. Those clinic-pathologic characteristics that showed

significant association with DFS and OS in univariate analysis were added for multivariate Cox

regression model analysis equivalent to Backward Stepwise selection (Conditional LR).

Multivariate analysis was carried out to estimate the HR (hazard ratio) for survival according to

mRNA copy numbers adjusted by other characteristics. Kaplan-Meier curves with Log-rank test

were also computed to evaluate OS or DFS for given GCCmRNA levels and clinico-pathologic

variables. All statistical tests were two-sided and had a 95% CI, P<0.05 was considered

statistically significant. All statistical analyses were performed using PASW statistics software

version 23.0 (SPSS Inc, Chicago, IL, USA).
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Results
1. IHC staining of GCC in samples of tumor tissues and normal mucosal tissues of the

rectum (Data from patients treated in the Surgical Department of Colorectal Cancer in

Zhejiang Cancer Hospital, Hangzhou, China):

1.1 Clinico-pathologic characteristics of rectal cancer patients: Detailed information on

clinic-pathological characteristics of the patients and their relationship with 5 years DFS and OS

can been found in supplementary table 1. The mean age was 53.23 years (range from 38 to 76

years) and the study population comprised of 44 (36.9%) males and 36 (63.1%) females. Based

on UICC Classification of Colorectal Cancer, 15 patients (19.4%) were classified as stage I, 22

patients (36.3%) as stage II and 43 patients (44.4%) as stage III. Among all those

clinical-pathological characteristics, only tumor emboli in vessels showed significant correlation

with 5 years OS (HR 0.163, 95 % CI 0.027 to 0.976, P=0.047).

1.2 GCC expression in tumor tissues and normal mucosal tissues of the rectum: The

intensity of GCC staining were separated into four degrees (negative, weak, moderate and strong)

with three magnifications (×20, ×100, ×400), to better assess and compare the GCC expression in

tumor and normal mucosal tissues of the rectum (see Figure 1A, 1B, 1C, 1D, original

magnification ×20, ×100, ×400):

Normal ×20 Normal ×100 Normal ×400

Cancer ×20 Cancer ×100 Cancer×400
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Figure 1A Expression of GCC protein (negative) in cancer tissues and normal mucosal tissues of the rectum with
magnification ×20, ×100 and ×400.

Normal ×20 Normal ×100 Normal ×400

Cancer×20 Cancer×100 Cancer×400

Figure 1B Expression of GCC protein (weak) in cancer tissues and normal mucosal tissues of the rectum with
magnification ×20, ×100 and ×400.

Normal ×20 Normal ×100 Normal ×400

Cancer×20 Cancer×100 Cancer×400
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Figure 1C Expression of GCC protein (moderate) in cancer tissues and normal mucosal tissues of the rectum with
magnification ×20, ×100 and ×400.

Cancer×20 Cancer×100 Cancer×400

Figure 1D Expression of GCC protein (strong) in cancer tissues of the rectum (no strong staining is found in normal
mucosal tissues of the rectum) with magnification ×20, ×100 and ×400.

1.3 Comparison of GCC staining in tumor tissues and normal mucosal tissues of the

rectum: As illustrated in Figure 2 and Figure 3, higher GCC expression in tumor tissues than in

normal mucosal tissues of rectum was observed, and the difference of GCC intensity highlight

GCC overexpression in tumor tissues at higher frequencies than those in adjacent normal

mucosal tissues of the rectum. Wilcoxon test was used to compare the GCC expression between

tumor and adjacent normal mucosal tissues of the rectum (table 1). Based on positive ranks

(normal>cancer), Z value of Wilcoxon test showed significant GCC protein overexpression in

tumor tissues compared with normal mucosal tissues of the rectum.

Figure 2 Intensity of GCC expression in paired tumor and normal mucosal tissues of rectum. The blue column
indicates intensity of GCC expression in rectal tumor tissues, the orange column indicates intensity of GCC
expression in rectal normal mucosal tissues, no column indicates no GCC expression. The number in vertical axis
indicates intensity of GCC staining, and each number in lateral axis refers to corresponding patient.
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Figure 3 Comparison of GCC intensity between paired tumor and normal mucosal tissues of rectum. The blue

column indicates GCC intensity in tumor tissues higher than normal mucosal tissues of the rectum, the orange column

indicates GCC intensity in tumor tissues lower than normal mucosal tissues of rectum, no column indicates same

intensity of GCC expression in paired rectal tumor and normal mucosal tissue. The number along the vertical axis

indicates intensity of GCC staining, and each number along the lateral axis refers to the corresponding patient.

Table 1 Comparison of GCC expression in tumor tissues and normal mucosal tissues of rectum

Intensity of GCC expression normal < cancer normal > cancer normal = cancer Total

Number of paired samples 40 10 30 80

Wilcoxon test: Z value -4,352d

Asymptotic Significance (2-sided) <0.001*

d. Based on normal > cancer. *: P<0.05, indicates significant.

2. GCCmRNA detection in peripheral blood of CRC patients (data on patients treated in the

Surgical Department of Colorectal Cancer in Zhejiang Cancer Hospital, Hangzhou, China):

2.1 Clinico-pathologic characteristics of patients: The mean age was 56.78 years (range from

29 to 84 years). The study population comprised of 101 (36.9%) males and 59 (63.1%) females,

with 60 (37.5%) colon carcinomas and 100 (62.5%) rectal carcinomas. Based on UICC

Classification of Colorectal Cancer, 31 patients (19.4%) were classified as stage I, 58 patients

(36.3%) as stage II and 71 patients (44.4%) as stage III (see supplementary table 2). Stages II and



33

III patients at risk for metastasis were treated with standard venous or oral chemotherapy

regimens. Altogether, 59 patients (36.9%) received only surgical treatment, while 37 patients

(23.1%) also received oral chemotherapy and 64 patients (40.0%) also received venous

chemotherapy after surgical treatment. The higher GCCmRNA levels in peripheral blood were

significantly associated with tumor emboli in vessels (P<0.001), lymph node metastases

(P=0.044), mesenteric root lymph node metastases (P=0.008), poorer DFS (P<0.001) and poorer

OS (P<0.001) (table 2).

Table 2 Association of circulating GCCmRNA level and clinical characteristics

Variables Total
n =160(%)

GCC mRNA >500 copies/μl

Tumor emboli in vessels n (% ) P value

No 121(75.63%) 30(24.79%)

Yes 39(24.37%) 27(69.23%) <0.001*

Lymph node metastases

No 90(56.25%) 26(28.89%)

Yes 70(43.75%) 31(44.29%) 0.044*

Mesenteric root lymph node metastases

No 149(93.13%) 49(32.89%)

Yes 11(6.87%) 8(72.73%) 0.008*

Survival status

alive 140(87.50%) 40(28.57%)

dead 20(12.50%) 17(85.00%) <0.001*

Disease Free status

No 124(77.50%) 33(26.61%)

Yes 36(22.50%) 24(66.67%) <0.001*

Subjects’ demographics and clinical characteristics are represented as n (%). Dispersion of GCC mRNA levels are summarized as n
(%) for a given subjects’ demographic and clinical characteristic and compared using a non-parametric method, Mann–Whitney U
test or Kruskall Wallis test, due to the ordinal data type of GCC mRNA level.
*: P<0.05, indicates significantly associated with subjects’ demographics and clinical characteristics.

2.2 Correlation of patients’ characteristics with DFS and OS in the overall population:

Univariate Cox regression model analysis demonstrated that poor DFS was significantly

associated with the presence of GCCmRNA>500 copies/μl in blood, tumor emboli in vessels,

lymph node metastases, mesenteric root lymph node metastases, ulcerative pathological type,

poor differentiation type, TNM stage III and high CA199 values in peripheral blood (total P value
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<0.05). While GCCmRNA>500 copies/μl in blood, CK20mRNA >500 copies/μl in blood, tumor

emboli in vessels, lymph node metastases, mesenteric root lymph node metastases, poor

differentiation type and tumor size larger than 5 cm were significantly associated with poor OS

(total P value <0.05) (see supplementary table 3).

2.3 Kaplan Meier survival curve analysis of DFS and OS: Based on data published in

previous articles [17, 24], we selected variables which had a P value <0.05 in our univariate Cox

regression model analysis, and analyzed them by using a multivariate Cox regression model

method equivalent to Backward Stepwise (conditional LR) analysis. We used Kaplan Meier

survival curves to evaluate the relationship of DFS or OS with the following five

prognosis-related factors which showed significant differences in univariate and multivariate

Cox regression model analysis: 1) GCCmRNA levels (Fig 4A, 4B), 2) emboli in vessels (Fig 4C),

3) mesenteric root lymph node metastases (Fig 4D, 4F), 4) peripheral blood CA199 levels (Fig

4E) and 5) differentiation type (Fig 4G). A log-rank test showed a significant difference in OS

and DFS rates with GCCmRNA levels and other relative characteristics (all P<0.05).
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Figure 4 Kaplan Meier survival analysis of DFS and OS. Kaplan Meier survival curves indicate DFS with
GCCmRNA (Fig 4A), tumor emboli in vessels (Fig 4C), mesenteric root lymph node metastases (Fig 4D), peripheral
blood CA199 levels (Fig 4E) and OS with GCCmRNA (Fig 4B), mesenteric root lymph node metastases (Fig 4F),
differentiation type (Fig 4G).

2.4 Kaplan Meier survival curve analysis of GCCmRNA levels by stage stratification: We

further selected GCCmRNA for univariate survival analysis based on TNM stratification because

of the significant association of GCCmRNA with DFS and OS. According to the stage

stratification, Kaplan Meier survival curves showed a significant association between poor DFS

and poor OS with high GCCmRNA in stages I, II and III (see Figure 5, total P value<0.001).
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Figure 5 Kaplan Meier survival analysis of GCCmRNA levels with DFS and OS by stage stratification. Kaplan
Meier survival curves indicate GCCmRNA levels higher than 500 copies/μl related to poor DFS in A (stage I), B
(stage II), C (stage III) and poor OS in D (stage I), E (stage II), F (stage III) (total P value<0.001).

2.5 Multivariate Cox regression analysis of DFS and OS (with or without stage

stratification): Multivariate Cox statistical survival analyses showed a significant association

between 1) DFS and GCCmRNA level, tumor emboli in vessels, tumor location, mesenteric root
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lymph node metastases, CA199 levels and 2) OS and GCCmRNA levels, mesenteric root lymph

node metastases and differentiation types (see supplementary table 4 and 5). Stratified with TNM

stage, multivariate Cox statistical survival analyses showed a significant association of poor DFS

with GCCmRNA>500 copies/μl in peripheral blood, presentation of mesenteric root lymph node

metastasis and tumor located in colon. The same significant association of poor OS with

GCCmRNA>500 copies/μl in peripheral blood, presentation of mesenteric root lymph node

metastasis and poor differentiation type were also observed in statistical analysis. Based on

multivariate Cox regression analysis, we get the following equations of multivariate Cox

regression model of DFS and OS:

Multivariate Cox regression model equation of DFS:

h(t, x)=h0(t, x) exp(1.218X1+0.919X2+0.916X3+0.868X4-0.722X5)

Multivariate Cox regression model equation of DFS with stage stratification:

h(t, x)=h0(t, x) exp(1.305X1+1.096X3-0.768X5)

Multivariate Cox regression model equation of OS:

h(t, x)=h0(t, x) exp(2.245X1+1.307X3+1.312X6)

Multivariate Cox regression model equation of OS with stage stratification:

h(t, x)=h0(t, x) exp(2.173X1+1.380X3+1.310X6)

X1: GCCmRNA in peripheral blood, X2: tumor embolus in vessel, X3: Mesenteric root lymph node metastasis, X4:

CA199 value, X5: tumor location, X6: differentiation type.

2.6 Assessment of GCCmRNA in multivariate Cox regression model: By data analysis we

found that GCCmRNA was the major high-risk factor in multivariate Cox regression analysis

of DFS and OS. As an exploratory analysis we took GCCmRNA out of the multivariate Cox

regression model in order to assess the strength of GCCmRNA. As results, we found out,

regardless of whether GCCmRNA was included in multivariate Cox regression model or not,

GCCmRNA always had a greater influence on DFS and OS than other factors in the model. A

further likelihood ratio test showed that GCCmRNA was the most important factor (P<0.001)

which should not be excluded from multivariate Cox regression model of DFS and OS (see

tables 3, 4 and 5).



38

Table 3 Multivariate Cox regression model analysis of DFS
DFS (exclude GCCmRNA) DFS (include GCCmRNA)

B Sig. Exp(B) 95% CI B Sig. Exp(B) 95% CI

GCCmRNA in peripheral blood exclude exclude exclude 1.218 0.001 3.382(1.599, 7.153)

Tumor embolus in vessel 1.246 0.001 3.475(1.658, 7.284) 0.919 0.019 2.507(1.162, 5.409)

Mesenteric root lymph node
metastasis

1.033 0.023 2.809(1.154, 6.839) 0.916 0.039 2.500(1.049, 5.959)

CA199 values 0.868 0.016 2.383(1.175, 4.831)

Tumor location -0.722 0.039 0.486(0.244, 0.966)

Table 4 Multivariate Cox regression model analysis of OS
OS (exclude GCCmRNA) OS (include GCCmRNA)

B Sig. Exp(B) 95% CI B Sig. Exp(B) 95% CI

GCCmRNA in peripheral blood exclude exclude exclude 2.245 <0.001 9.440(2.708, 32.910)

Mesenteric root lymph node
metastasis

1.208 0.030 3.345(1.121, 9.980) 1.307 0.012 3.695(1.327, 10.288)

Differentiation type 1.312 0.005 3.714 (1.486, 9.283)

Tumor embolus in vessel 1.328 0.014 3.773(1.306, 10.902)

CK20mRNA in peripheral blood 0.992 0.038 2.696(1.057, 6.879)

Table 5 Effect of GCCmRNA level in multivariate Cox regression model

-2 Log Likelihood Difference of (1)

and (2)

Chi-square
df Sig.

Exclude GCC(1) Include GCC(2)

DFS 332.965 316.737 16.228 32.456 1 <0.001

OS 171.023 160.503 10.52 21.04 1 <0.001

3. Optimization of negative enrichment approach of CTCs
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3.1 Negative enrichment of CTCs (blood samples from healthy volunteers): Defined

amounts of SW620 colon cancer cells (0 cells, 25 cells, 50 cells, and 100 cells) were spiked in

blood from healthy volunteers. SW620 cells were characterized as EpCAM+/CK+/CD45-

human colon tumor cells and imitated as CTCs of CRC patients; protocol efficiency was

assessed by the recovery rate of EpCAM and CK labeled SW620 cells after CD45 depletion. In

our results, the recovery rate of SW620 cells ranged from 46% to 66% (average rate 54%) by

EpCAM and CK double positive staining, while for only CK positive staining the average

recovery rate was 188.50%, and 89.25% for only EpCAM positive staining (see table 6 and

supplementary table 6).

Table 6 Recovery rate of SW620 cell double stained by CK and EpCAM

Total cells added
Number

EpCAM- CK+
Number
(percentage %)

EpCAM+ CK-
Number
(percentage %)

EpCAM+ CK+
Number
(percentage %)

Only CK+
Number
(percentage %)

Only EpCAM+
Number
(percentage %)

25 17 (68%) 7(28%) 12(48%) 29(116%) 19 (76%)

50 70(140%) 19(38%) 25(50%) 95(190%) 44 (88%)

50 56(112%) 28(56%) 23(46%) 79(158%) 51(102%)

50 116(232%) 27(54%) 24(48%) 140(280%) 51(102%)

50 78(156%) 8(16%) 33(66%) 111(222%) 41 (82%)

50 44 (88%) 3 (6%) 33(66%) 77(154%) 36 (72%)

100 172(172%) 62(62%) 52(52%) 224(224%) 114(114%)

100 108(108%) 22(22%) 56(56%) 164(164%) 78 (78%)

Average rate 134.50% 35.25% 54% 188.50% 89.25%

3.2 Optimization of negative enrichment approach: In order to optimize the recovery rate of

SW620 cells by negative enrichment, SW620 colon cancer cells were divided into two

subgroups with a normal amount of CD45 cocktail (50µl/ml) +magnetic beads (100µl/ml) and

high amount of CD45 cocktail (62.5µl/ml) +magnetic beads (125µl/ml). Furthermore, we

postulated that in magnetic force, some of CD45- tumor cells were locked or fixed on the wall

of the FACS tube by CD45+ leukocytes clumps (see Figure 6), and potentially removed

together with CD45+ leukocytes after the CD45 depletion step. To increase the recovery rate of

tumor cells, an additional depletion step was performed for the depleted CD45+ cells fraction,

followed by CK and EpCAM double staining, to investigate and detect those SW620 cells that
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were caged by CD45+ leukocytes clumps (see Figure 7). Different groups of SW620 cells (50,

75, and 150 cells) were recovered and detected to confirm the reliability of the results.

Figure 6 Illustration of tumor cells losing during CD45 cell depletion step. Tumor cells(red) are locked on the
wall of FACS tube by leukocytes(blue) clumps in magnet.

Figure 7. Illustration of improving recovery rate by additional depletion of depleted CD45+ cells. The locked
tumor cells(red) are recovered by additional depletion of depleted CD45+ cell clumps(white) in the FACS tube and
antibody(green) staining.

Our results showed that nearly 60.85% of SW620 cells (range from 52%~70%) were recovered

by one CD45 depletion, while an average of 16.23% SW620 cells (range from 2.67%~28%) were

recovered by an additional depletion step, which increased the total recovery rate to 77.00%

(range from 59%~94%). The tumor cell recovery rate by normal dosage of CD45 cocktail and

magnetic beads was higher than high dosage. Furthermore, all samples showed a increasing

recovery rate with an average of 16.23% by additional depletion from the depleted CD45+ cell
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fraction (see table 7 and supplementary table 7). As shown in Figure 8, the recovery rate of

SW620 colon cell is 60.67% (91/150) by normal depletion and 23.33% (35/150) recovery rate by

an additional depletion, which increased the total recovery rate up to 84% (126/150).

Table 7 Recovery rate of SW620 cells by normal and additional CD45 cell depletion

Group A1 B1 A2 B2 A3 B3 Average
recovery
rate

SW620 cells in blood samples 150 150 75 75 50 50

Recovery rate by one round
CD45 depletion

91/150
(61.09%)

78/150
(52.00%)

48/75
(64.00%)

39/75
(52.00%)

35/50
(70%)

33/50
(66%) 60.85%

Recovery rate by CD45
depletion from CD45+

solution

35/150
(23.33%)

34/150
(22.67%)

2/75
(2.67%)

5/75
(6.7%)

7/50
(14%)

14/50
(28%) 16.23%

Total recovery rate 126/150
(84.00%)

112/150
(74.67%)

50/75
(66.67%)

44/75
(58.67%)

42/50
(84%)

47/50
(94%) 77.00%

Group A added normal usage of cocktail and beads, group B added high dosage of cocktail and beads,

1, 2, 3 indicate subgroups of 150, 75 and 50 SW620 colon cancer cells added in and recovered.

Figure 8 Increased recovery rate by additional depletion (total 150 SW620 cells added in and recovered). A, B,
C show 60.67% (91/150) SW620 cells recovered by CK and EpCAM double staining from normal depletion. D, E, F
show additional 23.33% (35/150) SW620 cells recovered by additional depletion of depleted CD45+ cells fraction
and CK and EpCAM double staining.
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4. GCC expression in different colon cancer cell lines We tested GCC expression in different

colon cancer cell lines by antibody staining. The results showed a low positive rate of GCC

expression in SW480 (8.26%), SW620 (8.88%), HCT116 (2.94%), Colo205 (7.30%) and Colo320

(6.17%) colon cancer cell lines, and moderate positive rate in LS174T colon cells (43.41%) (See

Fig 9 and table 8). Interestingly, an unexpected high GCC positive rate was observed (ranged

from 53.12% to 97.01%) in almost all colon cancer cell lines at their first passage after thawing

from frozen tubes in nitrogen (See Figure 10 and table 8).
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Figure 9 GCC antibody staining in six colon cancer cell lines. A, B, C, G, H and I show SW620, SW480, HCT116,
Colo205, Colo320 and LS174T colon cancer cell lines for staining in scatter plot; D, E, F, J, K and L show GCC+ gate
of six colon cancer cell lines.
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Figure 10 GCC antibody staining in six colon cancer cell lines during their first passage after thawing from
frozen tubes. A, B, C, G, H and I show SW620, SW480, HCT116, Colo205, Colo320 and LS174T colon cancer cell
lines for staining in scatter plot; D, E, F, J, K and L show GCC+ gate of six colon cancer cell lines.

Table 8 Summary of GCC staining in different colon cancer cell lines

1 test
GCC+ rate

2 test
GCC+ rate

3 test
GCC+ rate

Average
GCC+ rate

Staining
intensity of

GCC

GCC+ rate at first
passage after thawing

from frozen

T84 74.77% 84.61% 76.94% 78.77% high 97.01%

LS174T 28.47% 16.85% 43.41% 29.58% moderate 53.12%

SW620 8.26% 9.37% 5.80% 7.81% low 83.20%

SW480 8.88% 2.81% 9.08% 6.92% low 70.35%

HCT116 9.09% 1.50% 1.03% 3.87% low 95.52%

Colo205 2.49% 22.80% 6.84% 10.86% low 83.07%

Colo320 5.48% 14.01% 6.71% 8.73% low 69.55%

5. Staining of GCC antibody in T84 cell line by indirect method

5.1 Antibody titration: The primary GCC (537) antibody we used to bind T84 cells, and the

secondary antibody was a mouse monoclonal antibody raised against N-terminus of GC-C with

human origin. Each vial of primary GCC (537) antibody contains 100μg IgG2b in 1.0ml PBS
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with <0.1% sodium azide and 0.1% gelatin. And the secondary antibody we used for labeling

was goat anti-mouse IgG (H+L)-Alexa Fluor 488, which contains 1.5 mg goat anti-mouse

Alexa Fluor 488 in 1.0 ml PBS (pH 7,6) with 0.05% NaN3, 15 mg/ml BSA. We tested different

concentrations of primary GCC (537) antibody and different incubation times in order to

establish a working condition for the GCC antibody. Our results showed that 1ml primary GCC

(537) antibody and 4ml goat anti-mouse IgG (H+L)-Alexa Fluor 488 was the best working

concentration for GCC labeling.

5.2 Antibody staining in T84 cell line: Antibodies such as GCC, CD7, CD25, CD44, CD45,

CD4, CK and EpCAM were tested in T84 cell line. Unlike to high positive rates of GCC

(84.24%), CK (93.39%), EpCAM (99.17%) and CD44 (81.10%), low positive rates were

observed for CD45 (6.56%), CD4 (0.89%), CD25 (6.13%) and CD7 (6.16%) antibody staining

(see Figure 11 and supplementary table 10).

Figure 11 Summary of antibody staining in T84 colon cancer cell line. High positive rate for GCC (84.24%), CK
(93.39%), EpCAM (99.17%), CD44 (81.10%) and low positive rate for CD45 (6.56%), CD4 (0.89%), CD25 (6.13%)
and CD7 (6.16%) are found in Fig 11.

6. Staining of Alexa488-conjugated GCC antibody in T84 cell line

6.1 Synthesis and titration of Alexa488-conjugated GCC antibodies: It is well known that

indirect staining methods always amplify binding signals based on primary antibody staining

together with secondary antibody staining, while direct staining method by conjugated antibody

should be a better choice for target cell detection (see Figure 12). The purified form of GCC
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Antibody (537): sc-100302 used for fluorophore labeling was ordered from the same company

(Santa Cruz). The Alexa Fluor®488 monoclonal antibody labeling kit includes five reaction vials;

each vial was designed for labeling 100μg of a monoclonal primary antibody with fluorophore

Alexa Fluor®488. The calculated final concentration of Alexa488 conjugated GCC antibody was

55µg/100µl.(see supplementary table 11, 12).

Figure 12 Illustration of antibody staining by direct and indirect staining methods. Fig A shows Alexa 488
conjugated GCC antibody staining by direct method, the intensity of signals relates to the real ratio of antibodies for
labeling. Fig B shows double staining of primary GCC antibody with antigen and secondary antibody (Goat
ant-mouse Alexa 488) with primary GCC antibody by indirect method, which amplifies the staining efficiency of
GCC antibody.

6.2 Staining of Alexa488-conjugated GCC antibodies in T84 cell line: We performed seven

tests to optimize the best working concentration and incubation time of Alexa488 conjugated

GCC antibody. Because no Alexa 488 channel was available in flow cytometry, we selected the

FITC channel with a similar excitation and emission peak for detecting Alexa488 conjugated

GCC antibody. The percentage of GCC stained T84 cells increased from 22.33% to 69.50% with

different volumes of Alexa488 conjugated GCC antibody (1μl-4μl per sample), while the

incubation time of 60-minute subset (72.71%) showed the highest antibody combination (see

Figure 13 and supplementary table 13). By fluoroscope we clearly saw membrane staining of

GCC antibody with green fluorescence in T84 colon cells (see Figure 14).
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Figure 13 Optimization of Alexa488 conjugated GCC antibody with different volume and incubating time. The
percentage of GCC positive tumor cells is 22.33% for 1μl, 48.77% for 2μl and 69.50% for 4μl. The percentage of GCC
positive tumor cells is 50.53% for 15 minutes, 56.80% for 30 minutes and 72.71% for 60 minutes.

Figure 14 Fluoroscopic detection of GCC antibody staining in T84 cells . The cells surrounded with bright green
fluorescence are T84 colon cancer calls. The left figure shows GCC stained cells by indirect method, while the right
figure shows GCC stained cells by direct method.

7. Staining of FITC-conjugated GCC antibody in T84 cell line:

7.1 Antibody titration: FITC-conjugated mouse anti-human GCC antibody was the primary

conjugated GCC antibody produced by United States Biological Company. The concentration of

FITC-conjugated GCC antibody was 1mg/1ml and the total volume was 100µl per vial.
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7.2 Optimization of GCC antibody staining in T84 cell line:We performed three experiments

to optimize the working condition of FITC conjugated mouse anti-human GCC antibody. Based

on the same concentration, we gradually increased the volume of FITC conjugated GCC

antibody from 1μl to 15μl, and finally we selected 15μl as the working volume for GCC staining,

which had an equal percentage of positive T84 cells (70.84%) stained by primary GCC antibody

(72.31%) (See Figure 15 and supplementary table 14). The intracellular and surface staining of

FITC-conjugated GCC antibody was performed in T84 cells to compare the efficiency of these

two staining methods. However, intracellular staining of FITC-conjugated GCC antibody

(90.23%) in T84 colon cells showed a higher GCC positive percentage than surface staining

(78.64%) (See Figure 16), which suggested more GCC binding site existed outside the T84 cells.

Figure 15 Optimization of FITC-conjugated GCC antibody staining in T84 cells. A, B, C show T84 cells stained
by negative control (PBS), IC (IgG2bk) and positive control (primary unconjugated GCC antibody). D, E, F show the
positive percentage of T84 cells stained by FITC-conjugated GCC antibody for 5μl (38.92%), 10μl (58.58%) and 15μl
(70.84%) .
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Figure 16 Surface and intracellular staining of FITC-conjugated GCC antibody in T84 cells. A, B, C show
surface staining by negative control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody in T84 cells. D, E, F
show intracellular staining by negative control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody in T84 cells.

8 Unspecific staining of GCC antibody in leukocytes:

8.1 Multi-stained of tumor cells by GCC, CK and EpCAM: We spiked T84 cells into blood

from volunteers and enriched the T84 cells by CD45+ cell depletion, followed by CK, EpCAM

and GCC antibody staining, in order to explore the efficiency of GCC antibody staining.

Unfortunately, we observed high unspecific GCC staining of leukocytes besides T84 cells.

Figure 17 and Figure 18 indicate unspecific GCC staining in leukocytes. Figure 17 clearly

illustrates the composition of cells stained by GCC antibody, those cells multi-stained by CK,

EpCAM and GCC antibody should be T84 cells (173 cells), while the total cell number stained by

GCC antibody was 5281, thus the remaining 5108 cells (5281-173) should be leukocytes or

tumor cells (CK- EpCAM- GCC+). In Figure 18 we show that many more GCC+ cells

(124512-85215=39297 cells) enriched by GCC antibody staining, the remaining cells stained

with GCC antibody should be leukocytes.
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Figure 17 T84 cells and leukocytes multi-stained by GCC, CK and EpCAM. A: Total cells in scatter plot; B:
CD45 negative gate after CD45+ depletion; C: GCC positive cells (5281 cells) enriched by GCC positive gated; D:
CK and EpCAM double positive cells (178 cells) from GCC+ cell subgroup; E: GCC positive cells (173 cells) from
CK and EpCAM double positive subgroup; F: Cells with CK, EpCA M and GCC multi-positive subgroup in scatter
plot.

Figure 18 T84 cells and leukocytes stained by negative control, IC and GCC antibody. A, D: Negative control
staining ( CD45+ blood cells) in scatter plot and GCC+ gate, B, E: IC staining ( cells staining by IgG2b antibody ) in
scatter plot and GCC+ gate, C, F show cells stained by GCC antibody and secondary antibody in scatter plot and
GCC+ gate. E and F indicate much more leukocytes (39297 cells) stained by GCC antibody.
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8.2 Multi-stained of tumor cells with Alexa488 conjugated GCC, CK and EpCAM: We

spiked T84 cells into blood from volunteers and enriched the T84 cells by CK, EpCAM and

Alexa488 conjugated GCC antibody staining in order to explore the efficiency of Alexa488

conjugated GCC antibody staining by direct labeling. We also observed high unspecific GCC

staining on leukocytes besides T84 cells. Figure 19 and Figure 20 indicate unspecific GCC

staining on a large population of leukocytes. Figure 19 clearly illustrated the composition of cells

multi-stained by CK, EpCAM and Alexa488 conjugated GCC antibody should be T84 cells (109

cells), while the total cell number enriched by Alexa488 conjugated GCC antibody was 701, the

remaining 592 cells (701-109) should be leukocytes or tumor cells (CK- EpCAM- GCC+). IN

Figure 20 we detected more GCC+ cells (113020-84503=28517 cells) enriched by Alexa488

conjugated GCC antibody staining, the remaining cells stained with GCC antibody should be

leukocytes.

Figure 19 T84 cell recycled by Alexa488-conjugated GCC antibody by direct staining method. A: Total cells in
scatter plot; B: CD45 negative cells separated after CD45+ depletion; C: GCC positive cells (701) enriched by GCC
positive gated; D: CK and EpCAM double positive cells (111) from GCC+ cell subgroup; E: GCC positive cells (109)
from CK and EpCAM double positive subgroup; F: CK, EpCAM and GCC positive subgroup cells (109) in scatter
plot.
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Figure 20 T84 cells and leukocytes stained with negative control, IC and Alexa 488-conjugated GCC antibody.
A, D: Negative control staining ( CD45+ blood cells) in scatter plot and GCC+ gate, B, E: IC staining ( cells staining
by IgG2b antibody ) in scatter plot and GCC+ gate, C, F show cells stained by Alexa 488 conjugated GCC antibody in
scatter plot and GCC+ gate. E and F indicate much more leukocytes (28517 cells) stained by GCC antibody.

8.3 Comparison of leukocytes single-stained with GCC, CK and EpCAM: Figure 21 clearly

demonstrates a similar fraction of GCC, CK and EpCAM single positive population in

leukocytes, which were supposedly caused by Fc fragments similar to their isotype control.

However, besides granulocytes, the major subpopulation of GCC positive cells was derived from

lymphocytes, which may be the reason for the nonspecific staining with the GCC antibody.



53

Figure 21 Comparison of leukocytes single-stained by GCC, CK and EpCAM. A1, B1, C1 show negative control
in CK, EpCAM and GCC positive gate; A2, A3 show subgroups stained by IC in PE gate and FSC plot; A4 to A6
show total cells in FSC plot, CK+ cells in CK gate and CK+ cells in FSC plot; B2, B3 show subgroups stained by IC in
PerCP-Cy5.5 gate plot and FSC plot; B4 to B6 show total cells in FSC plot, EpCAM+ cells in EpCAM gate and
EpCAM+ cells in FSC plot; C2, C3 show subgroups stained by IC in Alexa488 gate plot and FSC plot; B4 to B6 show
total cells in FSC plot, GCC+ cells in GCC gate and GCC+ cells in FSC plot.

8.4 Unspecific staining of GCC antibodies and secondary antibody in leukocytes: For the

purpose of analyzing unspecific binding originating from the primary GCC antibodies, goat

anti-mouse secondary antibodies and Alexa488 conjugated GCC antibody, we selected all these

three antibodies for testing. Figure 22 indicated that 50.82% leukocytes stained by primary GCC

antibody and secondary antibody, 53.11% leukocytes stained by goat anti-mouse secondary
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antibody and nearly 47.92% leukocytes stained by Alexa488 conjugated GCC antibody. The

results F, I, L in Figure 22 indicated that all three antibodies have unspecific binding with

leukocytes. Figure 23 showed leukocytes stained by primary GCC antibody, secondary antibody

and Alexa488 conjugated GCC antibody by fluoroscope detection.

Figure 22 leukocytes stained by GCC antibodies and secondary antibody. A, B, C show leukocytes stained by
negative control in FSC plot and FITC+ gate plot; D, E, F show 50.82% leukocytes stained by primary GCC antibody
in FSC plot and GCC+ gate plot. G, H, I show 53.11% leukocytes stained by secondary antibody in FSC plot and
FITC+ gate plot . J, K and L show that 47.92% leukocytes stained by Alexa488 conjugated GCC antibody in FSC plot
and GCC+ gate plot .

A B C

Figure 23 Illustration of leukocytes stained by antibodies in fluoroscopic detection. These cells with bright green
fluorescence on membrane are leukocytes. Fig A show leukocyte stained by GCC antibody and secondary antibody,
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Fig B show leukocyte stained by secondary antibody and Fig C show leukocyte stained by Alexa488 conjugated GCC
antibody.

8.5 Summary of leukocytes stained with unconjugated and conjugated GCC antibodies:

According to the results of previous studies, we performed six experiments of leukocytes staining

by unconjugated and conjugated GCC antibodies, to compare the difference between these two

GCC antibodies. Table 9 summarized the leukocyte staining by primary GCC antibody and

Alexa488 conjugated GCC antibody based on indirect and direct staining methods. 82.71% of the

total leukocytes were stained by unconjugated GCC+ antibody, while 48.76% of the total

leukocytes were stained by Alexa488 conjugated GCC antibody. As compared with these two

different staining methods, both of the antibodies showed high nonspecific staining in leukocytes

(range from 29.24% to 87.39%).

Table 9 Summary of leukocytes stained by GCC based on indirect and direct staining methods

GCC antibody Number of total leukocytes Number of GCC+ cells Percentage of GCC+ cells

Unconjugated GCC
antibody

18717 14597 77.99%

Unconjugated GCC
antibody

18900 16517 87.39%

Average 18808 15557 82.71%

Conjugated GCC antibody 18004 5265 29.24%

Conjugated GCC antibody 18618 8850 47.25%

Conjugated GCC antibody 6733 4306 63.95%

Conjugated GCC antibody 11309 8237 72.01%

Average 13666 6664 48.76%

9 Intracellular and surface staining of leukocytes by FITC conjugated GCC antibodies:

Finally, we switched to another GCC antibody labeled with fluorophore FITC from US

Bio-company. The intracellular and surface staining of the FITC-conjugated GCC antibody in T84

cells (see part 6.3 of results) and leukocytes was tested in order to assess the staining efficiency of

GCC antibody in colon tumor cells and leukocytes. Figure 24 show the surface staining of



56

leukocytes by negative control (PBS), IC (IgG2bk) and FITC conjugated GCC antibody, the

percentage of GCC+ leukocytes by surface staining was 53.67% of the total leukocytes, while the

percentage of GCC+ leukocytes by intracellular staining was 93.47% in Figure 25. Furthermore,

as isotype control, IgG2bk had higher positive intracellular staining than surface staining, which

indicated more intracellular binding sites of IgG2bk than on the surface of leukocytes. Finally,

nearly all kinds of leukocytes were involved in GCC staining as illustrated by the distribution of

GCC positive staining in the FSC plot.

Figure 24 leukocytes surface stained by FITC-conjugated GCC antibody. A, B, C show total leukocytes used for
negative control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody surface staining in FSC plot. D, E, F show
positive surface staining of leukocytes by negative control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody in
GCC+ gate, G, H, I show positive surface staining of leukocytes by negative control (PBS), IC (IgG2bk) and
FITC-conjugated GCC antibody in scatter plot, the percentage of GCC+ leukocytes by surface staining is 53.67%
(7965 cells) of the total leukocytes (14841 cells).



57

Figure 25 leukocytes intracellular stained by FITC-conjugated GCC antibody. A, B, C show total leukocytes
used for negative control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody intracellular staining in FSC plot.
D, E, F show positive intracellular staining of leukocytes by negative control (PBS), IC (IgG2bk) and
FITC-conjugated GCC antibody in GCC+ gate, G, H, I show positive intracellular staining of leukocytes by negative
control (PBS), IC (IgG2bk) and FITC-conjugated GCC antibody in scatter plot, the percentage of GCC+ leukocytes
by intracellular staining is 93.47% (16680 cells) of the total leukocytes (17846 cells).

10 Summary of T84 cells and leukocytes stained by three GCC antibodies: All three GCC

antibodies showing high positive staining in T84 colon cancer cells (average rate 74.74% to

80.61%) when compared to isotype control (average rate 1.87% to 3.81%) in Table 10. However,

all GCC antibodies also showed high non-specific staining of leukocytes (average rate 50.29% to

73.96%) compared to isotype control (average rate 10.74% to 51.25%), which restricted the future

application of all currently available GCC antibodies for CTC detection.
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Table 10 Summary of T84 cells and leukocytes stained by three GCC antibodies

Types of GCC
antibodies for labeling

T84 cells Leukocytes

Test

No

IC(IgG2bκ CD4)

(percentage)

GCC+ cells

(percentage)

Test

No

IC(IgG2bκ CD4)

(percentage)

GCC+ cells

(percentage)

Unconjugated GCC

antibody

1 1.01% 74.77%

1 74.78% 69.93%2 0.46% 84.61%

3 0.57% 76.94%

4 1.68% 91.26%

5 1.34% 78.60%

2 27.73% (IgG2bκ) 77.99%6 0.89% 84.24%

7 6.53% 83.67%

8 2.78% 70.84%

Average percentage 1.90% 80.61% 51.25% 73.96%

Alexa 488 conjugated

GCC

1 1.10% 73.42% 1 71.27% 71.35%

2 6.53% (IgG2bκ) 83.51% 2 27.73% (IgG2bκ) 29.24%

Average percentage 3.81% 78.46% 49.50% 50.29%

FITC conjugated GCC 1 2.70% (IgG2bκ) 70.84%

1 10.74% (IgG2bκ) 53.67%2 1.04% (IgG2bκ) 78.64%

Average percentage 1.87% 74.74% 10.74% 53.67%
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Discussion

Colorectal cancer is a common gastrointestinal malignant tumor and its’ metastasis contribute to

high disease-related mortality worldwide. However, the tracking of circulating tumor cells is still

under investigation and major difficulties include the lack of highly specific CTC biomarkers and

multifarious process of CTC enrichment for analytical purposes [100, 101]. Searching for more

specific biomarkers and optimizing the protocol of CTC enrichment are urgently required not only

for metastatic tumor cell detection, but also for clinical diagnosis and potentially for treatment

outcome [101]. Even though tumor markers such as EpCAM, CK and CEA are often applied

tracking of malignant tumor cells of lung, breast, gastrointestinal, head and neck cancers, all of

these markers lack sufficient sensitivity and specificity for carcinomas. As a member of the

guanylyl cyclase family of trans-membrane receptors, GCC is selectively expressed in brush

border membranes of intestinal epithelial cells from the duodenum to the rectum[102]. The special

character of this highly selective expression on intestinal tissue makes GCC an excellent candidate

for screening, imaging, diagnosis and targeted treatment of CRC [83, 103-105]. According to

previous reports, GCC is not only a selective biomarker in intestinal and epithelial tumor cells, but

also a cancer mucosa-associated antigen[106]. Beyond being a biomarker, GCC also emerged as a

vital modulator in the GUCY2C hormone axis by regulating the cell proliferation of transit

amplifying cells in crypts, DNA damage repair and differentiation along the secretory lineage of

intestinal and epithelial cells [103, 104, 107, 108]. Owing to its distinctive biological behavior, we

selected to evaluate GCC as a special biomarker for tracking CTCs of CRCs in patients with

metastasis and investigate the possibility of CTCs multi-stained by GCC, CK and EpCAM. For the

purpose of increasing the recovery rate of CTCs from CRC patients, we focused on the

optimization of two key points in the CTC enrichment protocol, which were CD45+ cell depletion

and a specific tumor antibody for CTC binding.

1. Optimization of CD45+ cell depletion in CTC enrichment protocol

Antibody based techniques are widely used for capturing CTCs which express epithelial tumor

markers on their surface that are absent on normal leukocytes. For better identification of CTCs,

removal of leukocytes by CD45+ depletion was required for reducing the background value,

fluorophore-conjugated antibody staining was then followed to capture CTCs out of blood from

patients with epithelial-derived cancers [55, 109, 110]. EpCAM and CK are also commonly used
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for CTC enrichment because of their high expression in epithelial tumor cells, but absence in

leukocytes [111]. Compared to the positive enrichment of CTCs, CD45+ cell depletion strategies

can remove CD45+ leukocytes and enrich CTCs with both positive and negative tumor markers

[92, 110]. Our CTC enrichment experiment and detection protocol was based on epithelial tumor

markers and CD45+ cell depletion. We employed a negative enrichment protocol based on

efficient removal of CD45+ leukocytes by CD45 cocktail and bead sorting, and the remaining

small cell fraction was characterized by EpCAM and CK double positive staining. Our results

from table 7 showed that single CK positive enrichment might harbor more epithelial cells by

intracellular staining (average rate 188%) while single EpCAM positive cells may lose some of the

tumor cells for surface staining (average rate 89%). However, lower recovery rate (average rate

54%) was illustrated by CK and EpCAM double staining, which indicated that more efficient

optimization was required for increasing the recovery rate.

After separately assessing each step of the protocol, we tried to increase the recovery rate by

optimizing the depletion step, because millions of CD45+ cells were eliminated in magnetic fields,

which might include the trapping of some tumor cells. We postulated that part of those CD45-

tumor cells were locked on the wall of FACS tube by massive CD45+ leukocytes, and were then

removed together with CD45+ leukocytes after the depletion step (illustrated in Figure 6 of

results). Based on this hypothesis, we added one more tube for gathering CD45- tumor cells from

the supernatant with CD45+ cells by washing with PBS and adding recycling step (see Fig7 of

results). Our results indicate that with this additional recycling step, an additional 16.23% of total

tumor cells were recovered (see figure 8 and table 8). On the other hand, the dosage of the CD45

cocktail and beads was not critical for recovery. And other steps of the protocol were also less

critical for recovery of CTCs.

Since CK and EpCAM are both epithelial biomarkers, the epithelium-based approach can’t detect

CTCs with non-epithelial phenotype or low EpCAM levels during the EMT process. Thus, as the

EMT-independent biomarker, GCC may be an alternative for increasing the recovery rate of CTCs

from CRC [111-113]. As CTC capture using anti-EpCAM antibody-based approaches depends on

surface expression of EpCAM on tumor cells, such approaches fail to recognize the EpCAM

negative subset of CTCs which may be associated with aggressive behavior [114, 115].

Additionally, the obvious drawback of the epithelial marker-based approach is that the EMT

process results in metastatic cancer cells with a mesenchymal cell-like phenotype,

down-regulation of epithelial markers such as EpCAM or CK and up-regulation of mesenchymal



61

markers [112, 116, 117]. Thus, GCC as a specific and EMT-unrelated marker was an alternative

candidate to be evaluated.

2. GCC expression in tumor and normal adjacent mucosal tissues of the rectum

We initially investigated IHC staining for GCC in paired tumor and adjacent normal mucosal

tissues from paraffin-embedded rectal samples, which indicated that GCC had significant

over-expression in rectal tumor tissues at higher frequencies than adjacent normal mucosal tissues,

in concordance with the data reported before. Buc et al analyzed 38 cases of malignant and

adjacent normal mucosal tissues from the colon and rectum by IHC for expression of GCC, CK20

and CEA. They indicated that unlike CEA and CK20, the detection level of GCC was higher in

tumors than in adjacent normal mucosal tissues, while CK20 or CEA were similar in both tissue

samples [118]. Similar results were obtained by quantitative RT-PCR-based studies [119-121], in

which researchers evaluated paired samples from normal adjacent mucosa and colorectal tumors,

indicating that GCC-mRNA was significantly over-expressed in CRC tumors when compared

with matched normal adjacent mucosa from the same patient, with the median GCCmRNA copy

number being about 2-fold higher in tumors compared with normal mucosa [120, 121].

Furthermore, GCC was over-expressed at the mRNA and protein levels in more than 80% of colon

and rectum tumors compared to normal adjacent intestinal mucosa [83, 108, 120, 121]. For

investigating the functional role of different GCC expression in tumor and normal tissue samples,

researchers measured the ligands of the GCC receptors and proved that guanylin and uroguanylin

were essential endogenous ligands for the GCC receptor in vivo, and their loss and reduction at an

early stage in colorectal tumors was always observed [100, 101, 122]. Guanylin was reported to be

significantly decreased in nearly 90% of all colorectal tumors compared to adjacent normal

mucosa [80]. It was assumed, that these hormones might be reduced by independent mechanisms

at the levels of transcription (mRNA) and translation (protein), creating reinforcing mechanisms

that ultimately silence the GUCY2C tumor suppressor [80]. Notably, unlike those decreased

paracrine hormones or ligands, GCCmRNA and protein were universally increased in human

colorectal tumors and their metastasis, compared to normal intestinal cells [83, 84, 120]. All these

considerations support a hypothesis of reversing hormone expression loss to possibly prevent

tumorigenesis, and underscore a considerable potential for GCC as a cell surface receptor for

selective diagnostics and therapeutics of CRCs [80]. Importantly, although loss of guanylin and

uroguanylin occurs early in tumor development, GCC receptor expression persists in CRC [82]

with high specificity and might serve as a target for treatment of CRC patients [83, 120].
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3. GCC expression in colon cancer cells and T84 cells

The central characteristic of GCC is its highly selective expression only in intestinal-derived

normal and tumor cells as well as their metastases, without detectable expression in

extra-intestinal tissues or tumors. Despite GCC expression being detected and described in

numerous studies by PCR and IHC in colon cancer cell lines and paraffin-embedded tissue

samples, only few studies investigated the diversity of GCC antibody binding to colon cancer cell

lines or CTCs from CRC patients by flow cytometry. For the purpose of applying GCC antibodies

in CTC enrichment, we first evaluated the binding characteristics of GCC antibodies to colon

cancer cell lines by flow cytometry. Our findings are consistent with previous PCR analyses

indicating a high GCC expression in T84 cells, moderate in LS174T cells and low in other colon

cancer cells. T84 has been reported as a transplantable human carcinoma cell line derived from a

lung metastasis of a colon carcinoma of a 72-year-old male. Additionally, T84 cell line has also

been used as an excellent model system for studying electrolyte transport processes and the

functions of voltage-dependent channels by electrical circuit analysis and membrane-associated

cell transport systems [123, 124]. Our results demonstrate high expression of GCC, CK, EpCAM,

CD44, and low expression of CD45, CD4, CD25 and CD7 in the T84 cell line. We therefore

selected the T84 cell line as the positive control for GCC antibody staining and included spiked

T84 cells as CTC analogues for evaluation of CTC enrichment protocols.

As a problem we have observed that all the colon cancer cell lines displayed a high percentage of

GCC receptor (ranged from 53.12% to 97.01%) at their first passage after thawing, which

progressively decreased after several passages of culture. It is likely that the expression of GCC

receptors on colon cancer cells was influenced by the culture conditions. In the context of the GCC

paracrine hormone axis, the guanylin and uroguanylin content may be an important regulator of

GCC receptor distribution on colon cancer cell lines. Immediately after cell recovery from frozen

tubes, the scarcity of these hormones may have increased the expression of GCC receptors, while

after several passages of cell culture, stable content of hormones might have down-regulated the

GCC receptor into a low steady state level, which, however, may only be relevant for the cell line

culture conditions and not necessarily in vivo.

4. GCCmRNA detection in peripheral blood of metastatic CRC patients
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Previous reports have described absence of GCCmRNA in blood from normal volunteers, patients

with non-malignant pathologies of the intestine or patients with extra-intestinal malignancies, and

presence only in blood from patients with intestinal malignancies. This highly selective expression

of GCCmRNA related to intestinal cell malignancies provides an opportunity to study

GCCmRNA expression as a marker for hematogenous spread of intestinal malignancies. The

combination of high sensitivity of the PCR and high specificity of GCC expression in CRC cells

make GCCmRNA a suitable biomarker for detecting metastatic cancer cells in the peripheral

blood of CRC patients. It was demonstrated that high tumor-related mRNA levels in peripheral

blood could predict short term survival and poor prognosis, because high mRNA levels suggest

high metastatic tumor burden. We also observed that high GCCmRNA levels in peripheral blood

was significantly associated with tumor emboli in vessels, lymph node metastases, mesenteric root

lymph node metastases, poor DFS and OS. Tumor emboli in vessels is the essential pathological

factor indicating tumor cluster in the drawing vessels from the primary site, and it is also the

pathological correlation of circulating micro-metastasis[125]. The relationship of tumor emboli in

vessels with poor survival, tumor recurrence and tumor diversion have been frequently reported

[126-129]. Recent studies further revealed that tumors with blood vessel invasion, lymph node

metastasis, and advanced clinical stage were significantly associated with poor prognosis of CRC

patients in multivariate analysis [129, 130], which was also confirmed by our study. Our results

not only revealed that tumor emboli in vessels had a significant correlation with both DFS and OS,

but also demonstrated an association with high GCCmRNA levels. Furthermore, GCCmRNA

levels showed a similarly significant correlation with DFS and OS when compared with tumor

emboli in vessels (all P<0.001). All these findings taken together underline the prognostic value of

GCCmRNA in CRC patients.

Similarly, presence of mesenteric root lymph node metastases was always related to poor overall

survival despite standard chemotherapy and radiotherapy after radical surgery [131-133]. High

ligation of the inferior mesenteric artery has been recommended in recent surgical guidelines,

which make it possible to detect mesenteric root lymph node metastasis and guide post-surgical

therapy [134, 135]. The incidence of metastasis to the mesenteric root lymph node was reported to

be relatively low in CRC patients, ranging from 0.3% to 11.1%[131, 132], but the 5-year survival

was significantly inferior to those without metastasis[132]. It was reported that the 5-year survival

rate was 68.2% for patients with marginal lymph node involvement and only 30% for patients with

central lymph node metastases, which was approximately half of those with marginal lymph node
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metastases[133]. In our study, mesenteric root lymph node metastases showed high correlation

with a high GCCmRNA level as well as poor DFS and OS.

We subsequently included GCCmRNA into univariate survival and multivariate COX regression

analysis, both showed GCCmRNA as a hazard factor for predicting patients’ survival. Univariate

analysis in our study revealed that high GCCmRNA was significantly associated with poor DFS

and OS status. Within TNM stage groups, GCCmRNA maintained its correlation with survival in

each stage, especially in stage II and stage III subgroups. Together with core survival factors such

as tumor emboli in vessels, mesenteric root lymph node metastases, tumor location, CA199 levels

and differentiation types, GCCmRNA was selected in the multivariate Cox regression model with

a high score. When we excluded GCCmRNA from the multivariate Cox regression model of DFS

and OS, obvious alteration of other hazard factors were observed. Additionally, the likelihood

ratio of multivariate Cox regression model was tested to compare the efficiency of GCCmRNA

when included in or excluded from equations, both results indicated a significant difference

(P<0.001). In summary, our study of GCCmRNA in peripheral blood of CRC patients with DFS

and OS has revealed GCCmRNA as circulating tumor marker for survival prediction in clinical

practice, which strongly supports further investigation of GCC antibodies for direct CTC staining.

Additionally, one PCR-based study of Inge Kehler in our lab indicated that GCC was highly

expressed in colon cancer cells, but negative in PBMC from healthy donors.

5. Nonspecific staining of conjugated GCC antibodies in leukocytes

CTC detection methods can be subdivided into two principles: nucleic acid-based approaches and

cell-based approaches [136]. Here we attempted to improve assay sensitivity, specificity and

reproducibility by multi-staining of CTC with GCC, CK and EpCAM antibodies for optimizing

cytometry-based CTC detection. We have discussed GCC antibody staining in colon cancer cell

lines by indirect staining in part 3 of the discussion, here we further explore the staining of

unconjugated and conjugated GCC antibodies in leukocytes. We performed a series of

experiments, including: unconjugated GCC antibody and secondary antibody staining, Alexa 488

conjugated GCC antibody staining, and FITC conjugated GCC antibody staining in both colon

cancer cell lines and leukocytes. Unfortunately, no conjugated anti-GCC antibody was

commercially provided at the time we initiated our experiments, therefore we conjugated the GCC

antibody ourselves with Alexa488 by labeling kits. We ultimately produced sufficient amounts of

the Alexa488 conjugated GCC antibody and tested it for both T84 cell line and leukocyte staining

characteristics. The T84 cell staining showed similar staining ability of the Alexa488 conjugated
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GCC antibody compared with the unconjugated GCC antibody. The surface staining of T84 cells

by Alexa488 conjugated GCC antibody under fluoroscope also showed equally bright green

fluorescence compared to the unconjugated GCC antibody. Thus, it can be considered that

Alexa488 conjugated GCC antibody has similar antigen-binding and staining characteristics as the

unconjugated GCC antibody.

However, subsequent analysis of GCC antibody staining on leukocytes presented a big hurdle for

its application in CTC enrichment and detection. All experiments showed high unexpected

staining of leukocytes by the unconjugated and Alexa 488 conjugated GCC antibodies. It was a

common problem for unconjugated antibodies, since indirect staining might increase nonspecific

binding to leukocytes [137, 138]. We simultaneously tested unconjugated GCC antibody, goat

anti-mouse secondary antibody and Alexa488 conjugated GCC antibody in search of the source of

nonspecific staining. As a result, all of these three antibodies had high staining and all of them had

similar composition of stained leukocytes. Although theoretically, direct staining by conjugated

antibodies has the advantages of reducing nonspecific staining [137, 139], this had no advantage

for the GCC antibodies we investigated.

We further compared multi-staining of GCC, CK and EpCAM by direct staining and observed that

those GCC+/ CK-/ EpCAM- subgroup cells were mostly leukocytes. Furthermore, we compared

the subpopulation of single staining by GCC, CK and EpCAM in order to further characterize the

non-specifically GCC stained subpopulation. As shown in Figure 21, we clearly found that CK

and EpCAM single positive populations had similar non-specific portions with isotype control,

mainly derived from granulocytes, but could be eliminated by CD45+ cell depletion. Additionally,

isotype control had similar nonspecific staining with all corresponding antibodies, which

suggested that the Fc region might be the essential part of antibodies for nonspecific staining.

Current studies have proved Fc-fragment of the antibody as nonspecific binding site to Fc

receptors expressed on leukocytes. The effect of Fc receptor binding can be minimized by

pretreatment with Fc receptor block reagent [140, 141]. Fc-receptors are widely expressed on

specific subsets of leukocytes, and each subtype might be a potential source of nonspecific binding

[142, 143]. Unlike Fc fragments, the F-(ab) domains with variable regions of antibodies can

provide specific binding sites to the epitope [142]. Given that there is similar nonspecific staining

in both isotype control and conjugated antibody, Fc regions of CK, EpCAM and GCC antibodies

should be responsible for those undesirable bindings. The isotype of IgG1 for EpCAM and IgG2a

for CK in our protocol was recently reported to display nonspecific binding of leukocytes,

particularly monocytes, whereas the IgG2b isotype(for GCC) does not [141, 143]. Similar
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experiments were repeated for confirming the existence of nonspecific binding of GCC antibodies

to leukocytes. Unfortunately, the high nonspecific binding rates to leukocytes revealed that both

antibodies are unsuitable for CTC enrichment and detection.

Additional experiments with the FITC conjugated GCC antibody (the only commercially

conjugated GCC antibody we could find till now) attempted to test the performance of a different

sub-clone (2G7 in contrast to the previously tested 1B11) in T84 cells and leukocytes.

Unfortunately, these results still showed a high nonspecific surface (53.67%) and intracellular

(93.47%) staining of leukocytes. In summary, all GCC antibodies failed to reliably distinguish

colon cancer cells from leukocytes. Unspecific binding might occur due to electrostatic

interactions (FITC charge), glycolipid interaction on the cell membrane (binding of antibodies to

membrane), protein-protein interactions (binding of antibodies or fluorochromes to Fc receptor)

and DNA binding (released from dead cells). Among all these principles of unspecific staining,

despite Fc receptor blocking, undesirable binding of antibodies or fluorochromes to Fc receptors

on leukocytes was likely responsible for the unspecific staining in our study. Fc receptors are

classified on the basis of the type of antibodies they recognize. Those commonly binding IgG

antibodies are called Fc-gamma receptors (abbreviated FcγR), which include several family

members such as FcγRI, FcγRIIA, FcγRIIB, FcγRIIIA and FcγRIIIB, and are present in almost all

leukocytes. Our data suggest that the majority cells with nonspecific binding were lymphocytes

and granulocytes, which theoretically could be eliminated by removing the Fc region of a directly

labeled GCC antibody. Secondly, sufficient Fc receptor blocking is also a crucial step to avoid

nonspecific binding of antibody. Depletion is the most important procedure for CTC enrichment

and staining, thorough depletion could remove unwanted leukocytes, reduce nonspecific

background and increase recovery rate of targeted cells [144]. Our study demonstrated that by

sufficient CD45+ cell depletion, undesirable staining by Fc region of antibody to CD45+

granulocytes was diminished in the CK and EpCAM positive gate. Fc receptor blocking is also the

best way to decrease the interaction of Fc region with Fc receptors on leukocytes. Our experiments

used goat serum as Fc receptor blocking for colon tumor cell staining and Fc receptor blocking kits

for tumor cell detection from blood samples, which should avoid most of nonspecific binding

caused by Fc receptors. Therefore, the nonspecific staining of our two conjugated GCC antibodies

is mainly due to their Fc region and undesirable binding sites. Further gene recombination

approaches to remove Fc regions and undesirable binding sites may solve this problem in the

future.
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6. Conclusions and future direction

In conclusion, (1) CTC enrichment was optimized by additional recycling of depleted CD45+

leukocytes; (2) GCC was found significantly over-expressed in tumors compared to adjacent

normal mucosa by IHC staining; 3) GCC was expressed in almost all colon cancer cell lines; 4)

high GCCmRNA level in peripheral blood of CRC patients was a valuable biomarker predicting

poor DFS and OS; 5) based on currently available reagents, the unconjugated as well as the

conjugated GCC antibodies showed undesirable nonspecific binding of leukocytes, which

precluded further application in peripheral blood samples. Due to its high specific expression in

primary and metastatic CRC cells, GCC remains a desirable target for more specific antibodies,

that could be developed without an Fc region and a highly specific binding site to eliminate

nonspecific binding to leukocytes and facilitate detection of CTCs in CRC patients.

Recently, the feasibility of hormone replacement for treatment of CRC is underscored by the

development of the FDA-approved GUCY2C ligand linaclotide (Linzess™), which can be orally

administered to patients to restore GCC activation [145]. Other GCC-specific peptide compounds

are currently being developed for gastrointestinal diseases [145, 146]. We hope that future

improvement of GCC antibodies will enable us to reliably detect CTCs in patients with colorectal

cancer, allowing early detection of metastatic cells and provide meaningful impact on the way

CRC is detected and treated in the future.
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