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Abstract: Background: Current strategies in circulating tumor cell (CTC) isolation in pancreatic can-

cer heavily rely on the EpCAM and cytokeratin cell status. EpCAM is generally not considered as a 

good marker given its transitory change during Epithelial to Mesenchymal Transition (EMT) or re-

verse EMT. There is a need to identify other surface markers to capture the complete repertoire of 

PDAC CTCs. The primary objective of the study is to characterize alternate surface biomarkers to 

EpCAM on CTCs that express low or negligible levels of surface EpCAM in pancreatic cancer pa-

tients. Methods: Flow cytometry and surface mass spectrometry were used to identify proteins ex-

pressed on the surface of PDAC CTCs in culture. CTCs were grown under conditions of attachment 

and in co-culture with naïve neutrophils. Putative biomarkers were then validated in GEMMs and 

patient samples. Results: Surface proteomic profiling of CTCs identified several novel protein bi-

omarkers. ALCAM was identified as a novel robust marker in GEMM models and in patient sam-

ples. Conclusions: We identified several novel surface biomarkers on CTCs expressed under differ-

ing conditions of culture. ALCAM was validated and identified as a novel alternate surface marker 

on EpCAMlow CTCs. 
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1. Introduction 

 

Pancreatic cancer has the highest mortality rate among all cancers. For all stages com-

bined, the 5-year survival rate is 11% [1]. Distant organ metastasis is responsible for nearly 

90% of cancer associated deaths [2] with the liver and surrounding peritoneum being ma-

jor sites for metastasis. It has been reported that Circulating Tumor Cells (CTCs), which 

are disseminated neoplastic cells shed from the primary tumor, have clonal capacity to 
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reach distant organs and initiate tumor growth [3-5]. Therefore, it is valuable to analyze 

CTCs to further understand the phenomenon of metastasis. More specifically, in pancre-

atic ductal adenocarcinoma (PDAC), tumor cells that are shed from the primary site enter 

the bloodstream, either as singlets or clusters, and promote tumor survival even after sur-

gical resection[4]. CTCs also play an important role in the diagnosis and detection of pan-

creatic cancer [6-9]; enumeration [10-15] and characterization of CTCs have great potential 

for clinical prediction, diagnosis, and monitoring in patients with PDAC [16]. CTCs can 

be conveniently harvested from patients via minimally invasive phlebotomy, however, 

their rarity among billions of blood cells makes their identification and isolation challeng-

ing [7,8]. While recent studies have proposed several advances in instrumentation and 

strategies to detect CTCs in the blood stream, there has been a heavy dependence on a 

limited toolbox of markers to characterize these CTCs. The Epithelial Cellular Adhesion 

Molecule (EpCAM) has been the singular most widely used marker used to separate 

CTCs; current methods [17-27] employ a positive enrichment strategy to isolate these cells. 

They are limited to a unique subset of cells in a heterogeneous population of CTCs, either 

as singlets or as clusters that have high levels of surface EpCAM expression. Methods that 

do not employ a positive enrichment approach [28-36] and are solely based on physical 

characteristics of the cells have several issues such as low processing volumes and times 

in addition to requiring tedious sample fractionation before separation. These different 

strategies have captured efficiencies ranging anywhere from 11% to 92% [2,8], which still 

makes it quite a herculean task to capture the complete panorama of CTCs that are re-

leased from each cancer type. Currently, the most widely used method for capturing CTCs 

from PDAC patients has relied heavily on immunocapture techniques that require posi-

tively enriching for cells that express cytokeratin and EpCAM and negative for CD45. The 

lack of appropriate methods to cultivate CTCs in vitro poses a major hindering block in 

characterizing surface or other markers in CTCs.  

 

Therefore, there is an immediate need to identify other surface biomarkers to be used 

in tandem with EpCAM to capture the complete repertoire of cells in circulation. The pre-

sent study used flow cytometry and mass spectrometry to identify surface proteins on 

CTCs that express low or negligible levels of EpCAM. CTCs were cultured under different 

conditions of attachment and also in co-culture with neutrophils to identify transitory 

changes on the surface proteome. ALCAM that was identified by both methods was vali-

dated in patient samples and shows great promise of being an additional biomarker that 

can be used for screening CTCs in patients with metastatic pancreatic cancer.  

2. Materials and Methods 

2.1 Patient Derived Tumor Cell lines 

Multiple CTC lines were obtained from Celprogen (Torrance, CA). These cells were 

labeled with PE conjugated Anti EpCAM. (BioLegend Cat#324206) and analyzed by flow 

cytometry to determine the level of surface EpCAM. The three selected CTC cell lines 

(CM61, CF49, and HM59), selected did not have any surface level expression of EpCAM. 

Cell lines were obtained from the following patients: Caucasian Male aged 61 (CM61), 

Caucasian Female aged 49 (CF49), and Hispanic Male aged 59 (HM59). CTC cells were 

isolated from the peripheral blood of PDAC patients with liver metastases (mets). Equal 

number of cells for each patient were cultured in Medium 106 (Thermo Cat# M106500) 

with hydrocortisone (1 μg/ml), EGF(10 ng/ml), FGF (10 ng/ml), heparin(10 μg/ml), and 2% 

FBS and then shifted to a medium with 2% exosome depleted FBS before harvesting for 

EVs. Cells were cultured under adherent and non-adherent conditions using normal or 

ultra-low attachment plates respectively to mimic cells in circulation. Cells were also cul-

tured with naïve neutrophils to mimic interactions with blood cells. 

 

2.2 Naïve neutrophil isolation 

Naïve neutrophils were isolated from human blood that was collected in EDTA 

tubes: 50 ml of whole blood was used for each biological replicate. The MACSexpress 
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whole blood neutrophil isolation kit (Miltenyi Cat#130-104-434) was used to isolate neu-

trophils. Purity of neutrophils were confirmed by Wright Giemsa staining and flow cy-

tometry. The purity was close to 99% on flow cytometric characterization of CD11b+ cell 

populations. 

 

2.3. Flow cytometric surface protein characterization 

The LEGENDScreen Human PE kit (BioLegend Cat#700007) was used to characterize 

the cell surface markers expressed on the CTC cell lines. To facilitate the analysis of all 

three cell lines, CM61 was unlabeled, CF49 was labelled with CellTrace violet (violet, 

405nm excitation; filter 450/45), and HM59 with CellTrace far red (red, 638nm excitation, 

filter 660/20). PE conjugated antibodies (yellow, 561nm excitation, filter 585/42) present in 

each well assessed the expression values of the cell surface markers. The cells were pre-

pared according to the manufacturer’s instructions. The samples were acquired on a Beck-

man Coulter CytoFlex S equipped with 4 laser lines, 405, 488, 561, and 638nm using a 96- 

well plate reader. CytExpert 2.3 was used for acquisition of data. 

 

 

2.4. Karyotyping 

Conventional methods were followed for identification of G-Banding pattern in the CTCs. 

The cells were karyotyped at the Cytogenetics and Molecular Diagnostic laboratory and 

the Pathology Services at the University of Miami, Mailman Center for Child develop-

ment. 

 

2.5. Preparation of Surface proteome 

CM61 Cells were cultured either as adherent cultures or on low attachment plates 

(Corning Cat#CLS3814), following which they were either scraped or pelleted to isolate 

cells for surface proteome preps. 4x10e7 cells were taken for each prep. CM61 CTC cell 

line was grown in low attachment plates The cell line was subsequently mixed with naïve 

neutrophils in a 1:1 ratio in HBSS medium (Thermo Cat#14185052) for 1 hour: the cells 

were then pelleted and subjected to surface proteome preps. The Pierce Cell Surface Pro-

tein Isolation kit (Thermo Cat#89881) was used for all cell proteome labeling and isolation. 

The media was removed and cells were washed twice with ice cold PBS. Surface proteins 

were cross linked with Sulpho-NHS-SS-Biotin in ice cold PBS for 30 minutes at 4°C. The 

reaction was quenched and washed with TBS twice. Cell lysis was done by lysis buffer 

provided in the kit and cells were sonicated on ice using five one second bursts. Cells were 

then incubated on ice for 30 minutes and vortexed every 5 minutes for 5 sections. Samples 

were then centrifuged at 10,000g for 2 minutes at 4°C. The supernatant was incubated 

with NeutrAvidin agarose slurry and incubated for 60 minutes with end over end mixing 

using a rotator. The beads were then washed twice after which they were eluted with a 

buffer containing 8M Urea and 50mM DTT. 

 

2.6. Preparation of Samples for LC-MS 

The immunoprecipitated samples were processed by Tymora Analytical Operations 

(West Lafayette, IN). The proteins were incubated at 37°C for 15 min to reduce the Cyste-

ine residues and alkylated by incubation in 100 mM iodoacetamide for 45 min at room 

temperature and in the dark. The samples were diluted 3-fold with 50 mM triethylammo-

nium bicarbonate and digested with Lys-C (Wako Cat# 121- 05063) at 1:100 (wt/wt) en-

zyme-to-protein ratio for 3 h at 37°C. The samples were further diluted 3-fold with 50 mM 

triethylammonium bicarbonate and trypsin was added to a final 1:50 (wt/wt) enzyme-to-

protein ratio for overnight digestion at 37°C. After digestion, the samples were acidified 

with trifluoroacetic acid (TFA) to a pH <3 and desalted using Top-Tip C18 tips (Glygen 

Cat#NC9980572) according to manufacturer’s instructions. A portion of each sample was 

used to determine peptide concentration using Pierce Quantitative Colorimetric Peptide 

Assay (Thermo Fisher). The samples were dried completely in a vacuum centrifuge and 
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stored at -80°C. Based on the concentration, 1.4% of each peptide sample was analyzed by 

Liquid Chromatography Mass spectrometry (LC-MS). 

 

2.7. LC-MS/MS Analysis 

Dried peptide and phosphopeptide samples were dissolved in 4.8 μL of 0.25% formic 

acid with 3% (vol/vol) acetonitrile: 4 μL of each were injected into an EasynLC 1000 

(Thermo Fisher Scientific). Peptides were separated on a 45-cm in-house packed column 

(360 μm OD×75 μm ID) containing C18 resin (2.2 μm, 100 Å; Michrom Bioresources). The 

mobile phase buffer consisted of 0.1% formic acid in ultrapure water (buffer A) with an 

eluting buffer of 0.1% formic acid in 80% (vol/vol) acetonitrile (buffer B) run with a linear 

60- or 90-min gradient of 6–30% buffer B at flow rate of 250 nL/min. The Easy-nLC 1000 

was coupled online with a hybrid high-resolution LTQ-Orbitrap Velos Pro mass spec-

trometer (Thermo Fisher Scientific). The mass spectrometer was operated in the data-de-

pendent mode, in which a full-scan MS (from m/z 300 to 1,500 with the resolution of 30,000 

at m/z 400), followed by MS/MS of the 10 most intense ions [normalized collision energy 

- 30%; automatic gain control (AGC) - 3E4, maximum injection time - 100 ms; 90 sec exclu-

sion]. To specifically focus on the proteins present only on the surface and to remove all 

background proteins with cytoplasmic or nuclear localization, the biotin enriched prote-

ome was compared with previously published in silico and cell surface protein database 

[44]. Only bonafide cell surface proteins were considered for further studies. 

 

2.8. Maxquant Label Free quantitation 

Mass spectrometric raw files were analyzed using the MaxQuant software [45]. Pep-

tides were searched against the human Uniprot FASTA database using the Andromeda 

search engine [46], integrated into MaxQuant. Oxidation and N-terminal acetylation, 

P/T/S phosphorylations were set as variable modifications, while carbamidomethyl was 

fixed. Trypsin was chosen as the digestion enzyme with a maximum of 2 missed cleav-

ages. Identified peptides had an initial precursor mass deviation of up to 6 ppm and a 

fragment mass deviation of 0.6 Da. The false discovery rate (FDR) for peptides (minimum 

of 7 amino acids) and proteins was 1%. A reverse sequence database was used in deter-

mining the FDR. For label-free protein quantification, only unique peptides were consid-

ered. A contaminant database provided by the Andromeda search engine was used. All 

proteins matching the reverse database or labeled as contaminants were filtered out. La-

bel-free protein quantification (LFQ) values were obtained through MaxQuant quantita-

tive label-free analysis[45]. 

 

2.9 GEMM animal experiments 

 The study was conducted with the approval from our Institutional Animal Care and 

Use Committee (IACUC Protocol number 21-045). KrasLSL.G12D/+; p53R172H/+; Pdx1Cretg/+ 

(KPC) mice were generated in a mixed background (SvJae/C57Bl6/BalbC). Tumors were 

allowed to be initiated and develop. Animals were sacrificed at humane endpoint and 

pancreas and distant organ metastases were collected. Samples were fixed in 10% neutral 

buffered formalin and processed by conventional methods. 

 

2.10 CTC and DTC isolation from KPC mice 

 Blood and ascitic fluid were collected from at least 10 KPC mice pooled and run sep-

arately on Parsortix CTC isolation system (AnglePLC). CTCs were collected after washing 

and by reverse flush from the cassette. CTC or DTC were then suspended in Matrigel and 

injected subcutaneously in C57Bl6 mice. Tumors were allowed to develop for a month 

and, after the animals were euthanized, tumors were collected and processed by conven-

tional methods 
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2.11. CTC Immunostaining and enumeration 

Blood samples were processed for enumeration of CTCs as described before [47]. 

Briefly, an automated round-pore microfilter-based isolation system faCTChecker (Circu-

logix, Inc, FL), developed specifically to capture CTCs, was used for the isolation of CTCs 

in this study [48]. A pre- mild formaldehyde-based fixation step was performed before 

filtration.  After filtration, the cells attached to the filter were washed in 1× PBS (Life Tech-

nologies Corp, CA).  Isolated cells were stained using primary mouse anti-human CD45, 

leucocyte common antigen (Agilent Technologies, catalog no. IR75161-2, clones 2B11 + 

PD7/26) and rabbit anti-CD166 (1:100, Abcam, catalog no. ab109215, clone EPR2759) anti-

bodies; samples were stained overnight at 4 °C.  After being washed thrice in PBS for 

5 minutes each, samples were incubated for 1 hour at room temperature with Alexa 

Fluor® 680 conjugated goat anti-mouse (1:500, Invitrogen, catalog no. A-21058) and 

AlexaFluor®594 conjugated goat anti-rabbit (1:500, Invitrogen, catalog no. A-11037) sec-

ondary antibodies. Subsequently, cells were incubated for 1 h at room temperature with 

primary Pan-Keratin (C11) mouse monoclonal antibody Alexa Fluor® 488 conjugate 

(1:150, Cell Signaling Technology, catalog no. 4523) and primary Pan Cytokeratin mouse 

monoclonal antibody (AE1/AE3) Alexa Fluor 488 conjugate (1:500, eBioscience™, catalog 

no. 53-9003-82). After another washing step, slides were cover-slipped using ProLong™ 

Gold Antifade Mountant containing 4′,6-diamidino-2-phenylindole (DAPI), (Life Tech-

nologies Corporation, catalog no. P36931) for nuclei staining and imaged on the Olympus 

VS-120 instrument (Olympus) using a 10X objective. CTCs were then identified using our 

immunocytochemistry (ICC) criteria (round/ovoid size ≥ 6-mm) as Anti-CD166/ALCAM 

positive/DAPI positive/CD45 negative and Cytokeratin positive/DAPI positive/CD45 

negative cells with additional morphology criteria.   

 

2.12 Enrichment Analyses 

Reactome [29] and Ingenuity Pathway Analysis [49] were used for enrichment anal-

ysis. For Reactome analysis a pValue Cutoff of 0.01 or lower was taken to determine statis-

tically significant enrichment of proteins in any pathway being analyzed. GO analysis of 

identified proteins was done using ShinyGO [50] an FDR cutoff of 0.05 was applied and 

the top 20 pathways were reported. The pathway analysis was performed in the Ingenuity 

Pathway Analysis (IPA) for ALCAM. First, the path explorer feature was used to find both 

direct and indirect paths between the biomarkers and the pathways. Second, the molecule 

activity predictor (MAP) feature was used to predict the upstream or downstream effects 

of the upregulated biomarkers. 

 

3. Results 

 

3.1 CTCs express multiple surface proteins that might play a role in pancreatic cancer 

Several PDAC CTC cell lines isolated from patients with metastatic cancer were first 

probed for the expression of surface EpCAM by labeling cells with PE-conjugated anti- 

EpCAM antibodies. We identified three CTC lines that were negative for EpCAM but 

were cytokeratin positive. Attentive care was taken to allow for representation across the 

Hispanic and Caucasian populations: cell lines were taken from a Caucasian female and 

male patients aged 49 and 61 years respectively as well as from a Hispanic male patient 

aged 59 years. This assisted with providing an unbiased analysis of surface protein ex-

pression across different sample populations. A pipeline of the experimental design of the 

study is shown in Figure 1(i). These CTC cell lines had a characteristic of differentiating 

into two subtypes of cells in culture that could not be separated; single cell sorting would 

eventually give rise to the other cell type. Immunofluorescent labeling of the cells indi-

cated they were CK+/CD45- [Figure 1(ii)].  
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Figure 1. (i) Experimental pipeline indicating CTCs were isolated from peripheral blood of patients. 

The Cells were either surface labeled to identify proteins by flow cytometry or were cultured under 

different conditions; as adherent cells or on low attachment plates as single cells or homogenous 

clusters and as heterogeneous clusters in a co-culture with naïve neutrophils. The surface protein 

was isolated and subjected to mass spectrometry. (ii) Immunofluorescence labeling of patient iso-

lated CTCs compared with control CTCs stained for DAP1 nuclear stain, EpCAM, Pan-cytokeratin, 

CD-45 and a merged composite image of all stains combined. (iii) Representative scatter plots for 

EpCAM, ALCAM and CD9 staining on CTCs that were subjected to flow cytometry. Ungated, scat-

ter, CellTrace plots and individual plots for the CTCs are shown. 
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These EpCAM negative cells were subjected to further experiments to characterize 

the surface proteome. A high throughput cytometric screen was done to characterize the 

surface markers present on all three isolated cell lines. The BioLegend screen contains an-

tibodies against nearly 361 surface proteins alongside respective mouse, rat, or hamster Ig 

isotype controls. A quick assessment of the cell lines and the repertoire of markers they 

express [51] was analyzed by flow cytometry. For the simultaneous processing of all three 

cell lines, the individual cell lines were labeled with one of the CellTrace dyes in either the 

far red, violet spectrum, or left unlabeled. At least 30,000 events were recorded for each 

marker analyzed in every cell line used in the study. An arbitrary cutoff of being expressed 

in at least more than 50% in one of the cell lines was followed to identify a candidate list 

of the top 10 markers expressed across all three cell lines (Table 1). A complete list of all 

surface markers and their identification percentages across all three CTC lines are ana-

lyzed are provided in Supplementary File S1. Flow cytometric panels for certain top ex-

pressed markers along with their EpCAM status is shown in Figure 1(iii). It is interesting 

to note that less than 10% of the cells were EpCAM positive and that sorting EpCAM 

negative cell lines eventually gave rise to a minor EpCAM positive population; this could 

possibly be associated with the dual cell type populations in the cell lines. We therefore 

characterized the cell line as EpCAMlow even though more than 90% of the cells were Ep-

CAM negative. Therefore, it would be a good starting point to analyze the surface profile 

of such cells to identify other markers that are expressed at higher levels and can be used 

in screening cells.  

Table 1. Top 10 surface markers expressed on all CTC lines with more than 30% of one of the cell 

lines expressing the marker. The percentage positive fractions of each CTC line is indicated. 

 Protein 

Marker 

Gene Name Description CM61 

(%+ve) 

CF49 

(%+ve) 

HM59 

(%+ve) 

1 CD85H LILRA2 Leukocyte Immuno-

globulin-Like Recep-

tor Subfamily A 

member 2 

99.93 100 100 

2 CD166 ALCAM Activated Leukocyte 

Cell Adhesion Mole-

cule 

99.83 99.95 99.98 

3 MICA/MICB MICA/MICB MHC Class I poly-

peptide-related se-

quence A/B 

99.90 99.93 99.86 

4 CD9 CD9 CD9 antigen 99.73 99.79 99.93 

5 EPHA2 EPHA2 Ephrin Type A recep-

tor 2 

97.63 99.19 99.16 

6 CD252 TNFSF4 Tumor Necrosis Fac-

tor Ligand Superfam-

ily member 4 

93.08 95.88 97.67 

7 CD129 IL9R Interleukin-9 Recep-

tor 

90.50 94.89 93.97 

8 CD73 NT5E 5’ Nucleotidase 83.43 90.05 90.40 

9 CD263 TNFRSF10C Tumor Necrosis fac-

tor receptor super-

family member 10C 

67.75 78.85 83.37 

10 CD215 IL15RA Interleukin 15 recep-

tor subunit alpha 

60.04 57.96 72.92 

 

IPA analysis of identified surface markers confirmed that these proteins were all 

plasma membrane associated proteins. Most of the proteins are transmembrane receptors. 
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Among the other identified types were NT5E, a phosphatase, EPHA2, a kinase, LAMP2, 

a GPCR, and TNFSF4, an enzyme. A detailed IPA (Qiagen) analysis is shown in Supple-

mentary File S2. It is interesting to note that most of the proteins enriched in this analysis 

are involved in activation of mononuclear leukocytes, blood cells, lymphocytes, or have 

roles to play in adhesion of/to immune cells and other cell types. These CTC lines show 

characteristics of leukocyte-like cells, which is consistent with earlier literature of CTCs 

displaying a hybrid dual positive phenotype [52]. Enrichment of proteins in canonical 

pathways mediate cross talk between dendritic cells, natural killer cells, and the activation 

of the JAK1, JAK3, STAT3, and TH2 pathways. A detailed list of enriched canonical path-

ways is shown in Supplementary File S2.  

A literature review was also done to assess the role of the identified proteins in pan-

creatic cancer specifically. In pancreatic cancer, several of the identified proteins have a 

major role to play in the progression, immune evasion, and resistance to therapy. 

CD166/ALCAM is a cell adhesion molecule that mediates both heterotypic cell-cell con-

tacts and has been previously shown to promote T cell activation and proliferation. AL-

CAM positive cells have been shown to be highly tumorigenic in comparison to ALCAM 

negative cells [53]. Overexpression of ALCAM is also an independent prognosis marker 

for poor survival and early tumor relapse in PDAC [54] with secreted ALCAM being pro-

posed to be a novel diagnostic marker for pancreatic cancer [55]. MICA and MICB are cell 

surface proteins, however, unlike canonical class I molecules of the major histocompati-

bility complex, they do not associate with Beta 2 microglobulin. Levels of MICA/B are also 

elevated in pancreatic cancer [56] and inhibition of MICA/B, mediated by constitutive ac-

tivation of the AMPK-GATA2 axis, may serve as a therapeutic target of pancreatic cancer 

immune evasion [57]. CD9 is another integral membrane protein associated with integrins 

that regulate processes such as platelet activation and aggregation, cell adhesion, and par-

anodal junction formality; it has also been shown to be involved in regulating tumor me-

tastasis in several cancers. In PDAC, CD9 positive cells have tumor initiating capacity and 

give rise to tumor heterogeneity [58] with high levels of expression being strongly associ-

ated with poor prognosis [59]. EPHA1 is a receptor tyrosine kinase that promiscuously 

binds to membrane bound ephrin A family ligands leading to contact dependent bidirec-

tional signaling into neighboring cells. In pancreatic cancer, serum and exosomal levels of 

EPHA1 family member has been identified to be a potential diagnostic marker for PDAC, 

complementing CA19-9 and CA242 [60,61]. Moreover, 5'-nucleotidase (NT5E or CD73) is 

an enzyme that hydrolyzes extracellular nucleotides into membrane permeable nucleo-

sides. It is a glycosylphosphatidylinositol (GPI)-anchored protein that attenuates tumor 

immunity via cooperation with CD39 to generate immunosuppressive adenosine. There-

fore, CD73 may function as a promoter of cancer progression and a regulator in immune 

patterns [62-64]. 

 

3.2 Variation in biomarkers on surface could be attributed to the genetic makeup of the CTCs 

 In order to analyze whether the changes in expression of the CTCs were due to ge-

netic amplifications or gene rearrangements, a chromosome analysis was performed on 

20 G-banded metaphase cells from multiple unstimulated CTC cultures. A G-banding 

technique was used to analyze all cells. The CF49 cells were analyzed at a banding reso-

lution of 350-400. A total of 20 metaphase cells were analyzed. The majority of the cells 

showed hypodiploidy. Three cells had a chromosome number in the range of 54-71, a hy-

perdiploidy to a near-triploidy. All chromosomes were structurally abnormal and the de-

tails of the structural changes could not be identified nor described {Cytogenetic result: 

37-46[13]/51-76[7]}. HM59 cells were analyzed at a banding resolution of 400-450. A total 

of 20 metaphase cells were analyzed. The vast majority of the cells in the sample showed 

hypodiploidy. Three cells had a chromosome number in the range of 69-71, a triploidy or 

hyper-triploidy. All chromosomes were structurally abnormal and the details of the struc-

tural changes could not be identified nor described {Cytogenetic result: 

37~44[17]/69~77[3]}. The CM61 cells were analyzed at a banding resolution of 350-400. 
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There were two cell populations identified in this sample. One population with chromo-

some numbers in the range of 37-45, showing a so called hypodiploidy in all but one of 

the cells analyzed. The other population had chromosome numbers in the range of 51-76, 

resulting in a hyperdiploidy to a near triploidy. All chromosomes were structurally ab-

normal and details of the structural changes could neither be identified nor described {Cy-

togenetic result: 37-46[13]/51-76[7]}. Detailed images of the G-banding are shown in Sup-

plementary Figure S1. The abnormal chromosomal arrangement in the cells could also be 

an important factor to consider when analyzing CTCs. In order to prevent biases in con-

tribution of multiple cell types to the proteomics analysis of surface proteins, only the 

CM61 cell line was taken for all proteomic studies. Differences in expression levels of 

markers could very well be attributed to gene rearrangements and amplifications. 

 

Supplementary Figure 1. G-Banding karyotyping of CTC cell lines CF49, CM61 and HM59. Meta-

phase images from at least 5 cells per CTC were taken. 

3.3 CTCs express differing levels of biomarkers on the surface when grown in different culture 

conditions 

  CTCs in circulation are seen either as single cells or clustered with other cell 

types. Additionally, the LEGENDScreen kit is primarily used to screen cell lines and pri-

mary cells (such as PBMCs, bone marrow derived cells, and cells isolated from tissues) for 

a fixed number of cell surface markers. This kit restricts which markers can be analyzed 

and therefore limits the potential to identify other surface markers that are more biologi-

cally significant. An unbiased mass spectrometric approach was investigated in order to 

overcome these shortcomings. Since the three cell lines are quite similar in the expression 

of cell surface markers, the CM61 cell line was used for a detailed characterization of the 

surface proteome under differing culture conditions. Cells were cultured in low attach-

ment plates as these conditions mimic those seen in in-vivo circulation. Attentive care was 

taken to avoid breaking up clumps of cells in order to preserve all surface interactions of 
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the proteins. This was done to mimic homogenous cluster-like conditions in culture. Cells 

were also cultured in adherent conditions to represent surface markers of cells lines grown 

on plastic. CTCs are also identified as clusters: to mimic these conditions, a co-culture with 

naïve neutrophils was also included in the study. For the sake of experimental ease, the 

CM61 CTC line was grown in low attachment conditions and mixed with equal number 

of neutrophils. In all cases, the experiment was performed in triplicates in order to show 

stronger statistically significant data. Surface biotinylation of proteins exposed on the sur-

face was done by labeling cells with EZ-Link Sulfo-NHS-SS-Biotin, which is a thiol-cleav-

able amine-reactive biotinylation reagent. Cells were subsequently lysed and enriched us-

ing NeutrAvidin agarose beads. In order to identify bona fide signal from only the CTCs, 

and not from the neutrophil contribution, the biotinylated surface proteome of naïve neu-

trophils was also analyzed. As the individual proteome of each cell type in co-culture was 

not labeled, attentive care was taken to select only markers that showed changes in ex-

pression levels which did not reflect the actual background neutrophil surface markers 

levels. To achieve this, only a log2FC of more or less than 1.5 fold was considered as actual 

change attributed to the CTC surface proteome in culture. If a molecule did not satisfy the 

above mentioned criteria, it was not considered for further analysis. A complete list of 

molecules identified in all the triplicate mass spectrometric runs is provided in Supple-

mentary File S3.  

 

 

3.3.1 CTC surface markers differ in cells grown in adherent or low attachment conditions 

A total of 2046 proteins were identified in both conditions with 77 of them being 

unique to adherent conditions and 52 being unique to low attachment conditions. A 

log2FC of 1.5 fold was used as an arbitrary cutoff to identify molecules that were ex-

pressed either higher or lower in each of the conditions. When comparing the low attach-

ment culture conditions to the adherent culture conditions, we identified 93 proteins that 

were upregulated in low attachment conditions and 147 proteins that were downregu-

lated in low culture conditions. Supplementary File S4 provides a list of proteins that 

were identified in both the adherent and low attachment culture conditions. A Reactome 

analysis of proteins that were upregulated in the low attachment conditions indicated the 

neutrophil degranulation, nucleotide savage, and laminin interaction pathways as the top 

three pathways identified. In addition to this, we also identified proteins that regulate 

ECM proteoglycans, and RHO GTPase; RAC2; NOTCH pathways. The Reactome analysis 

was performed with proteins that were downregulated in the low attachment culture con-

dition: the neutrophil degranulation pathway was identified as the most significantly en-

riched pathway. Additionally, RAB regulation of trafficking, RHOJ and RHO signaling, 

MET receptor recycling, and Processing of SMDT1 pathway proteins were also identified. 

A list of all Reactome enriched proteins are provided in Supplementary File S5.  

 

3.3.2 CTC surface markers are differentially regulated on exposure to naïve neutrophils 

CTCs are normally observed as single cells, clusters of cells forming a homogenous 

population, or heterogeneous clusters with other cells such as neutrophils, platelets, 

and/or fibroblasts. This cluster association is necessary to evade immune detection and 

seeding at distant metastatic sites. Earlier studies have looked into transcriptomic changes 

in CTCs and neutrophils with cell-cell junction and cytokine receptor pairs being identi-

fied through transcriptomics [65]. However, not much is known about cell surface recep-

tors on CTCs and how they are modulated when they come in contact with neutrophils. 

In order to investigate that aspect, CM61, one of the selected CTC cell lines, was cultured 

in the presence of naïve neutrophils and, subsequently, its surface proteome was exam-

ined. Control CTCs were cultured under ultra-low attachment conditions. All experi-

ments were performed to mimic cells in circulation. Furthermore, the surfaceome of naïve 

neutrophils was taken as a control condition. Only CTCs cultured in low attachment con-

ditions were analyzed for the expression of surface markers. 
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A total of 2050 proteins were identified in both conditions combined with 80 proteins 

identified only in neutrophil co-culture and 163 identified only in low attachment condi-

tions. However, upon eliminating proteins that did not show a 1.5 fold difference over 

expression of the neutrophil surface proteome, only 163 upregulated proteins and 619 

downregulated proteins that were in co-culture conditions remained. A Reactome analy-

sis of the upregulated proteins enriched for platelet and neutrophil granulation pathways 

was performed. Major signaling pathways the proteins enriched for were MAPK onco-

genic signaling, MAP2K and MAPK pathways, as well as BRAF and CRAF signaling path-

ways. Upon CTCs-neutrophils interaction, various pathways were enriched in the down-

regulated proteins. Some of the top enriched pathways were: the neutrophil degranula-

tion pathway, RHO GTPase pathways, Glucokinase regulation, mitochondrial protein im-

port, VxPx cargo targeting to cilium, protein localization, CDH1 auto-degradation, insulin 

receptor recycling, and protein folding pathways. A complete list of statistically signifi-

cant pathways are shown in Supplementary File S5.    

 

3.4 GO analysis indicates a unique repertoire of enrichments in different CTC culture conditions 

GO analysis of proteins in the low attachment CTC culture condition indicated that 

the upregulated proteins enriched for peptidyl-methionine modifications, negative regu-

lation of cell migration involved in sprouting angiogenesis, positive regulation of TGFβ 

production, negative regulation of blood vessel endothelial cell proliferation involved in 

sprouting angiogenesis, and regulation of pattern recognition receptor signaling biologi-

cal processes to be active. Among the enriched cellular components, the proteins enriched 

for secretory granule membrane, Ficolin-1 rich granule and its lumen, secretory granules 

and the tertiary granule membrane. Most proteins were involved in increased aminopep-

tidase activity, peptidase and endopeptidase activation, IgG binding, SH3 domain bind-

ing, and modified amino acid binding.  

However, the top biological processes enriched with the downregulated proteins in-

cluded chylomicron remodeling, hydrogen peroxide metabolic processing, neutrophil ac-

tivation involved in immune response, protein targeting to mitochondria, and regulation 

of reactive oxygen species metabolic processing. Cellular enriched components were the 

chylomicron complex, tertiary, specific, and secretory granule proteins. Very interest-

ingly, the proteins involved with lipase inhibitor activity, Phosphatidylcholine-sterol O-

acyltransferase activator activity, cholesterol binding and enzyme regulation were down-

regulated. 

When the same analysis was performed with upregulated proteins in co-culture con-

ditions with naïve neutrophils, the resulting enriched biological processes were proteins 

involved in NADH regeneration and metabolism, as well as SRP-dependent co-transla-

tional proteins targeting the membrane and ER. These proteins belonged to the Ficolin-1 

rich granule lumen, cytosolic ribosome, and melanosome cellular components. This could 

also be indicative of contamination by ribosomal proteins in the immunoprecipitation 

with beads, which is a very common problem associated with such methods. Proton-

transportation of ATP synthase, proton channel activity, and vinculin cadherin and actin 

filament binding molecular functions were highly enriched. A complete list of statistically 

significant GO annotations are shown in Supplementary File S5.    

  

3.5 CTC marker ALCAM is expressed on CTCs in both GEMM models and in patient samples 

To validate specific markers in animal models, we compared the lists of proteins in 

both the flow cytometry screen as well as mass spectrometric studies performed on the 

human CTC lines. We identified Activated Leukocyte Adhesion Molecule (ALCAM) in 

both these studies. ALCAM is a cell adhesion molecule that is known to mediate both 

heterotypic cell-cell contacts via interaction with CD6 or by establishing homotypic cell-

cell contacts. It is a member of the immunoglobulin receptor subfamily with 5 immuno-

globulin-like domains. It has a long extracellular domain (528 Amino acids) with a trans-

membrane region as well as a short cytoplasmic domain (33 amino acids). There are two 

known isoforms, “short” and “long”, differing in only a stretch of 12 negatively charged 
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amino acids located in the extracellular domain. The two variants are produced by alter-

nate splicing and are differentially susceptible to cleavage by ADAM metallopeptidase 

domain 17 or 10 (ADAM17/10) [66,67]. In order to exclude any bias due to cleavage be-

tween the long and short isoforms, a specific antibody was used to detect the cytoplasmic 

domain of ALCAM that is identical between the two isoforms. The marker was expressed 

on all the three CTC cell lines, and was present in 99% of the cells captured. Additionally, 

ALCAM was a marker that was overrepresented in CTCs cultured in adherent, low at-

tachment, and co-culture conditions, but minimally expressed on neutrophils, which 

proves it to be a good marker that could be used in tandem with other CTC markers.  

 

3.5.1 Alcam is expressed in PDAC GEMM tumors and distant metastatic sites. 

In order to assess, the presence of Alcam in mouse models of cancer, the KPC 

(KrasLSL.G12D/+; p53R172H/+; Pdx1Cretg/+) mouse model was utilized as it is an established 

mouse model of pancreatic cancer. Tissue samples were collected from the primary tumor 

site and also from distant metastatic site in the spleen, liver, and lungs. In a normal pan-

creas, Alcam is primarily localized to the cell membrane of the ducts, acini and islet cells. 

In primary and metastatic PDAC, the localization is shifted to the cytoplasm. The antibody 

used targeted the cytoplasmic domain of Alcam that recognized both the translated 

isoforms of Alcam thus providing an unbiased detection of both isoforms [Figure 2(i)]. 

Staining with an antibody that targets the extracellular domain shows similar results (data 

not shown) 

Figure 2. (i) H&E and Alcam staining of pancreas in C57BL6 and KPC GEMM mice 

with pancreatic cancer. Staining of liver metastasis in KPC GEMM mice (40X magnifica-

tion). (ii) Alcam staining in Circulating Tumor Cell (CTC) and Dissociated Tumor cells 

(DTC) that were propagated in subcutaneous models (40X magnification). 

 

3.5.2 Alcam is expressed in PDAC GEMM circulating and disseminated tumor cells. 

In order to assess expression of Alcam in the KPC GEMM CTCs, attempts were made 

to isolate CTCs and Disseminated Tumor cells (DTCs) from blood and ascites respectively. 

The Parsortix system was used to separate CTCs from the blood. In-cassette staining did 

not detect any cells and no cells were able to be grown in culture. To circumvent this issue, 

the isolated CTCs and DTCs were injected subcutaneously in C57Bl6 mice and allowed to 

form tumors that were then subjected to histochemical analysis for the expression of Al-

cam [Figure 2(ii)]. Interestingly, the CTC and DTC cultures showed membrane and cyto-

plasmic expression of Alcam; there was very strong staining observed in both the CTC 

and DTC subcutaneous tumors, which is indicative of Alcam being a very robust marker 

[Figure 2(ii)].   
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3.6 ALCAM is expressed on the surface of CTCs isolated from PDAC patients. 

To clinically investigate the validity of ALCAM, identified from the screens as a po-

tential marker, samples were collected from peripheral blood of pancreatic cancer pa-

tients. Peripheral blood was collected from a 65-year-old male who did not have any 

chemotherapy and did not have liver mets, a 57-year-old male with PDAC and extensive 

liver mets, and a 65-year-old female patient with recurrent PDAC. The blood was then 

parsed through the Parsortix instrument and CTCs were collected. The CTCs were then 

fixed in formalin and filtered on Circulogix filters and stained for cytokeratin, ALCAM, 

and CD45 with DAPI as a nuclear stain. We identified a total of 75 single CTCs and 1 

cluster from the 57 year old male that were CD45 negative, Cytokeratin positive, and AL-

CAM positive. On the other hand, in the 65 year old male patient, we identified 31 single 

CTCs and 2 clusters. In the third patient, with recurrent PDAC, we identified 22 single 

CTCs and 1 cluster. Representative images of single CTCs and clusters are shown in Fig-

ure 3. It is important to note that all the CTCs were positive for ALCAM, which is once 

again indicative of it being a robust marker for detection of PDAC CTC.  

  

Figure 3. Immunocytochemical staining of CTCs isolated from peripheral blood of patients 

with pancreatic cancer. CTCs were captured on Circulogix filters and stained for DAPI, Cytokeratin, 

ALCAM, and CD45 along with a composite image of all stains. Patients are a 57-year-old female 

with liver mets, second patient is a 65-year-old-male with pancreatic ductal adenocarcinoma and 

the third patient is a 65-year-old female with a recurrent case of pancreatic ductal adenocarcinoma. 

 

3.7 ALCAM activates multiple signaling pathways in pancreatic cancer. 

 In order to investigate the role of ALCAM in pancreatic cancer signaling, an IPA 

Path Designer (Qiagen) analysis was performed.  Common pathways that have a role in 

pancreatic cancer were taken into consideration: the EGF, FAK, WNT/β-catenin, 

PI3K/AKT, ERK/MAPK, and the tumor microenvironment pathways. Literature review 

indicates a direct association of ALCAM with increased activity and expression of AKT 

[68], RELA [69], and CREB [70]. Indirect associations are noted between the NFκB, FAK, 

PI3K/AKT, WNT-β-catenin, BCL2, and tumor microenvironment pathways. Hypothetical 

activation of ALCAM results in activation of all the signaling pathways associated with 

cancer. There is, however, inhibition of MMP2 that could result in activation of FAK sig-

naling pathway or the tumor microenvironment pathway. Nonetheless, this last connec-
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tion is inconclusive due to the lack of valid data points to determine its role for the mole-

cule activity prediction algorithm (Figure 4). Enrichment details for pathways are pro-

vided in Supplementary File S6.  

Figure 4. IPA path design with major signaling pathways specific to pancreatic cancer to be 

upregulated on activation of ALCAM. Solid lines indicate a direct association while dashed lines 

indicate indirect association with a signaling pathway. Orange denoted activation while blue indi-

cates inhibition and yellow indicates inconsistent relationship or data points to predict the connec-

tion between the nodes.  

 

4. Discussion 

Pancreatic cancer has defied early detection and can only be detected in advanced 

stages. It is curable if detected in stage I, provided it is amenable to resection. There is a 

need for pancreatic cancer CTC specific markers to help increase early detection rates and 

identify the gamut of cellular subtypes in circulation. In the past, EpCAM and cytokeratin 

levels have been widely used to identify CTCs. However, EpCAM is generally not a robust 

marker as there are differing levels of expression based on the EMT status of the cell. Ad-

ditionally, as shown in this study and others discussed in literature, exposure to neutro-

phils or other cell types changes the expression of cell surface markers. To identify alter-

nate markers on EpCAM negative or low expressing cells, CTCs were screened for expres-

sion of EpCAM; three cell lines were identified in which less than 10% of the cells ex-

pressed surface EpCAM. All CTCs analyzed in this study were identified from patients 

who had metastatic lesions in the liver and were racially diverse, in order to reduce bias 

on cell surface epitope projection. Additionally, cell lines from both sexes were considered 

to finally generate a biomarker surface map with minimal bias. To be able to get enough 

cells for flow cytometry or enough proteins for mass spectrometric analyses, only CTCs 

that could be cultured and expanded were selected for this study. These CTCs were posi-

tive for CA19-9, CEA, Galactosyl transferase II, FAD, Alpa-1-antitrypsin, mucin, CK7, and 

3-5% of the cells were also CD133 positive. The flow cytometric screen for surface markers 

identified a few makers but the original intent of the screen was to quickly characterize 

the collected blood and cancer cells. It was only through a surface proteomic characteri-

zation that we could obtain an unbiased analysis of the CTC cell surface. When CTCs were 

cultured in adherent and low attachment conditions, most proteins did not change, even 

though there were differences in some surface proteins. The most drastic difference was 

observed when a CTC cell line was cultured with naïve neutrophils. An earlier study from 

our group showed that extracellular vesicles (EVs) secreted from CTCs could induce early 

granulatory changes in neutrophils [71]. We observed downregulation of nearly 619 pro-

teins: these changes could be initiated due to cell-cell communication between the neutro-

phils and the CTCs or due to the transfer of EVs from one cell type to another. This is 

important when it comes to detecting clusters that evade immune detection as it could 

explain the difference between CTCs associating with other blood cells or even with other 
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cell types to form clusters. Additionally, these could also be responsible for seeding at 

distant metastatic sites based on what surface receptors/proteins are present. The circula-

tory microenvironment with blood cells, immune cells, serum, exosomes from different 

tissues, growth factors, and other blood constituents complicates the detection of proteins 

for characterizing patient CTCs. Co-culturing CTCs with other immune or blood cell types 

could possibly provide additional clues as to what surface proteins would be exposed in 

heterogeneous clusters. A cytogenetic analysis was also performed to understand the ge-

netic makeup of these cells. There are extensive chromosomal rearrangements and trip-

loidy observed in these culturable CTCs, which is indicative of an increase in marker ex-

pression as related to the cellular makeup. Exome sequencing (hybridization based) or 

solid tumor panel (amplicon based) assays could not provide any suitable results. The 

generated amplicons did not align well with the target and the majority of the amplicons 

were on Chromosome 21 (about 95%). No variant or coverage information could be ob-

tained. Therefore, additional experiments need to be done in order to investigate the ge-

netic makeup of these cells.  

ALCAM was identified in both screens and it posed as a suitable marker for investi-

gation. However, the role of ALCAM in pancreatic cancer is debated. ALCAM has been 

detected at the mRNA level in PDAC CTCs in patients after palliative chemotherapy [72]. 

Nevertheless, we did detect ALCAM in the patient who had recurrent PDAC after their 

chemotherapeutic regimen. Additionally, there could be differences in the transcription 

and translation of ALCAM which could explain the behavior as our earlier study only 

looked at the transcriptional signature and not at the protein level. Moreover, there are 

two isoforms of the protein that are present: we could overcome the issue by using an 

antibody that detects the cytoplasmic domain that is identical between the two isoforms. 

ALCAM has been identified as a good serum [73] and prognostic marker [54] with AL-

CAM positive cells being highly tumorigenic and invasive [53,73-77]. Increased expres-

sion of ALCAM in PDAC is an independent prognostic marker for poor survival and early 

tumor relapse [54,78]. Pathway prediction analysis performed prognosticates that AL-

CAM has a major role to play in activation of all major pancreatic cancer related signaling 

pathways, making it an important protein to be investigated in CTC panels. 

We provide information on novel surface markers on CTCs that express low levels 

of EpCAM. This would assist in identifying novel classes of CTCs that are negative or 

express very low levels of EpCAM. In no way, does this study eliminate the need for Ep-

CAM as a marker but rather suggests the use of ALCAM and other surface markers in 

tandem to better aid in detecting all subtypes of cells in circulation. Further validation of 

ALCAM is currently being carried out on a larger cohort of patients to ascertain its suita-

bility as a routine CTC marker.   

5. Conclusions 

We provide, for the first time, a compendium of cell surface markers on PDAC CTCs 

expressing low or negligible levels of EpCAM, that were cultured in transitory conditions. 

ALCAM has been identified as a promising PDAC CTC marker that can be used in com-

bination with current epitopes in preclinical and clinical settings.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Supplementary Figure S1: G-Banding karyotyping of CTC cell lines CF49, 

CM61 and HM59. Metaphase images from at least 5 cells per CTC were taken; Supplementary File 

S1: LegendScreen result file with percentages of cells expressing nearly 350 surface proteins. The 

individual cells well labelled with CellTrace dyes to differentiate between the different cell types.   

title; Supplementary File S2: IPA enrichment analysis of proteins from LegendScreen analysis with 

common identified receptors and canonical pathways identified among target proteins analyzed; 

Supplementary File S3: Proteome Discoverer output detailing all identified proteins in surface pro-

teome experiments with cell surface proteins in CM61 cell line cultured under adherent, low attach-

ment, and in culture with neutrophils. Control surface proteins from an empty bead and also neu-

trophils alone is also provided; Supplementary File S4: Comparative analysis of cell surface proteins 

in multiple experimental conditions with lists of proteins differentially regulated in unique experi-
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mental conditions; Supplementary File S5: Reactome and GO analysis of different proteins identi-

fied in every experimental condition with lists of proteins upregulated or downregulated in specific 

experimental arm; Supplementary File S6: IPA Path design list of molecules and relationships iden-

tified in pathways that are modulated by ALCAM. 
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