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The long-term prognosis after surgical resection of malignant insulinoma (INS) is poor. Novel adjuvant
therapies, specifically targeting cancer stem cells (CSCs), are warranted. Therefore, the goal of this study
was to characterize and target putative INS CSCs. Using fluorescence-activated cell sorting, human INS cell
line CM and pancreatic carcinoid cell line BON1 were screened for the presence of stem cell-associated
markers. CD90, CD166, and GD2 were identified as potential CSC markers. Only CD90+ INS cells had an
increased tumor-initiating potential in athymic nude mice. Anti-CD90 monoclonal antibodies decreased the
viability and metastatic potential of injected cells in a zebrafish embryo INS xenograft model. Primary INS
stained positive for CD90 by immunohistochemistry, however also intratumoral fibroblasts and vascular
endothelium showed positive staining. The results of this study suggest that anti-CD90 monoclonals form a
potential novel adjuvant therapeutic modality by targeting either INS cells directly, or by targeting the INS
microenvironment.

Introduction

Insulinomas (INS), consisting of tumor cells with a b-
cell phenotype, are the most common functioning pan-

creatic neuroendocrine tumors (pNETs) in humans [1]. Most
INS are small (diameter <2 cm), solitary tumors, which are
treated effectively by surgical excision. However, 10%–15%
of human INS metastasize to regional lymph nodes and the
liver, and these are referred to as malignant INS [2]. Surgical
excision of malignant INS is rarely complete and malignant
INS generally respond poorly to traditional chemotherapeutic
agent regimens. Therefore, recurrence is likely, leading to
decreased survival times in affected individuals. Reported
10-year survival rate is <20% for malignant INS, and median
survival is <2 years [3,4].

Cancer stem cells (CSCs) are considered unique subpopu-
lations inside the heterogeneous cell population of a tumor,
which are solely responsible for tumor initiation, metastasis,
and recurrence [5]. The origin of CSCs is highly debated. CSCs
could either derive from (i) normal stem cells that undergo
malignant transformation, or from (ii) mature differentiated
cells that dedifferentiate toward a stemness state [6]. Regarding
the first theory, the presence and origin of stem cells in the adult
pancreas remains unverified and strongly debated. The early
endocrine progenitor cell in the embryonic islet lineage de-

velopmental pathway has been extensively characterized, and
is known for its expression of transcription factors NGN3,
NKX6.1, PDX1, and NKX2.2 [7]. However, no consensus has
been obtained on the location of adult pancreatic stem cells
that give rise to b-cells, as conflicting in vivo data sug-
gest that they are either present in the ductal, acinar, or
islet compartment of the pancreas [8]. The occurrence of
epithelial–mesenchymal transition (EMT) fits with the sec-
ond theory on the origin of CSCs, and has been implicated to
induce CSC generation and epithelial tumor progression
[9,10]. EMT has also been implicated as a critical step in
tumorigenesis of pNETs [11].

To improve the prognosis for patients with malignant INS,
the development of novel CSC-targeting adjuvant therapies
might be of clinical importance. Until now, however, CSC-like
cells have not been convincingly identified and isolated from
pNETs. Indirect evidence comes from a number of observa-
tions. Several groups have reported the activation of different
embryonic cell signaling pathways (ie, Notch and Hedgehog)
in gastroenteropancreatic NETs, which can be perceived as
indirect evidence for the existence of pNET CSCs [12]. Fur-
thermore, the occurrence of cells with insular–ductular dif-
ferentiation in an INS liver metastasis of a patient with a purely
endocrine primary INS has been implicated to support the
concept that the endocrine and exocrine components have a
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common stem-cell origin [13]. Moreover, in a previous study
we have demonstrated that canine INS contain a small popu-
lation of amphicrine cells with a stem cell phenotype, expres-
sing both endocrine hormones as well as exocrine enzymes
[14]. Yet, pNETs might arise from different cells of origin.
Recently it was demonstrated that gene expression profiles of
human and murine adenomatous pancreatic islet tumors were
closely related to mature b-cells, whereas less-differentiated
‘‘metastasis-like primary’’ pNETs more closely resembled
b-cell precursors [15].

The goal of the current study was to identify a druggable
marker for putative INS CSCs using human pNET cell lines.
CD90 demonstrated to be such a marker, as CD90-positive
INS cells demonstrated a more tumorigenic behavior in vivo
compared with CD90-negative INS cells. CD90 is a gly-
cosylphosphatidylinositol (GPI)-anchored glycoprotein that
has been correlated with the tumorigenicity of hepatocel-
lular carcinoma, esophageal cancer, glioma, and lung and
breast cancers [16–20]. On top of that, through binding to
avb3 integrin, CD90 has been implicated to facilitate me-
tastasizing behavior in melanomas, by establishing an inti-
mate connection between melanoma cells and activated
endothelium [21]. Therefore, this study also investigated
whether the use of an anti-CD90 monoclonal antibody
(mAb) could inhibit tumor formation and metastasis in a
zebrafish embryo xenograft model. Finally, CD90 immu-
nohistochemical expression patterns were investigated using
sections of human INS and adjacent normal pancreas.

Materials and Methods

Cell culture

The human INS cell line CM was cultured in RPMI-1640
(Gibco) supplemented with 10% fetal calf serum (FCS; GE
Healthcare Life Sciences), 100 U/mL penicillin G, and 100mg/
mL streptomycin (GE Healthcare Life Sciences). CM-RED
cell line, stably expressing fluorescent DsRed, was obtained by
cotransfecting CM with a lentiviral Phage2-EF1aFull-Dsred
Express-IRES-PuroR-Loxp plasmid. CM-RED was cultured in
RPMI-1640 supplemented with 10% FCS and 1mg/mL puro-
mycin (Sigma-Aldrich). The human pancreatic carcinoid cell
line BON1 was cultured in Dulbecco’s modified Eagle’s Med-
ium/F12 (Gibco) supplemented with 10% FCS, 100 U/mL pen-
icillin G, and 100mg/mL streptomycin. Cells were passaged on
reaching 70%–80% confluence.

To select for chemoresistant CM and BON1 cells, 5 · 106

cells were plated in Greiner T-75 cell culture flasks (Sigma-
Aldrich). After 24 h 10mg/mL doxorubicin was added to the
medium. Cells that survived after 72 h of doxorubicin in-
cubation were considered to be chemoresistant. All cells
were cultured at 37�C in a humidified 5% CO2 incubator.

Cell surface marker screening

CM cells were characterized using BD Lyoplate Human
Cell Surface Screening Panel (BD Biosciences; cat. 560747),
which contains 242 monoclonal antibodies and corresponding
isotype controls. The assay was performed according to the
manufacturer’s protocol. Screening of the cells was performed
using a BD FACS Canto II flow cytometer with high-
throughput screening 96-well plate loader. Data were analyzed
by BD FACSDiva software version 7.0. Suitable cell surface

markers were selected for verification and further experi-
ments based on three criteria: (i) 5%–20% of the analyzed
cells stained positive; (ii) positive cells were identified as a
distinct subpopulation, separated from the main population
of cells on FACS plots; (iii) PubMed search identified that
the marker had already been associated to a CSC phenotype
and EMT.

Fluorescence-activated cell sorting

CM and BON1 cells were dissociated from cell cultures
using TrypLE Express (Life Technologies). After washing the
cells with Hank’s Balanced Salt Solution (HBSS; Gibco), cells
were filtered through 40mm cell strainers and single cells were
resuspended in BD Pharmigen Stain Buffer [fetal bovine serum
(FBS; BD Biosciences)] containing 5 mM ethylenediamine-
tetraaceticacid (EDTA). Phycoerythrin (PE)-conjugated CD90
(BD Biosciences; cat. 555596), CD166 (BD Biosciences; cat.
559263), or disialoganglioside GD2 (BD Biosciences; cat.
562100) antibodies were added and the cells were incubated for
45 min on ice in the dark. After washing twice, cells were
resuspended in FBS +5 mM EDTA. Samples were either ana-
lyzed using a BD/Canto Flow Cytometer, or sorted using a BD/
Cytopeia Influx Flow Cytometer. The PE-conjugated anti-
bodies were excited at 561 nm, and the emitted fluorescence
was detected through the FL7 channel. The flow cytometers
were set using isotype controls. All experiments included
negative controls without antibodies and cells were gated by
forward and sideward scatter to eliminate debris. Fluorescence-
activated cell sorting (FACS) data were analyzed using FlowJo
7.6 software.

RNA extraction and cDNA synthesis

Total RNA from CM and BON1 cells, cultured with or
without doxorubicin, was extracted using the RNeasy Mini
Kit (Qiagen). An on-column DNase treatment was included to
prevent contamination of the samples with genomic DNA.
RNA concentrations were measured using spectrophotometry
(NanoDrop ND-1000; Isogen Life Sciences) and 2 mg total
RNA was reverse transcribed in a total reaction volume of
40mL to create enough volume of cDNA (the iScript cDNA
Synthesis Kit; Bio-Rad). Reactions without reverse tran-
scriptase enzyme were performed for all samples as negative
controls.

Quantitative real-time polymerase chain reaction

The mRNA expression of CD90, two EMT markers, and
eight pancreas progenitor genes was evaluated by quanti-
tative real-time polymerase chain reaction (qPCR). Primers
were designed using PerlPrimer v 1.1.14 software (Supple-
mentary Table S1; Supplementary Data are available online
at www.liebertpub.com/scd). Sequencing confirmed speci-
ficity of the amplicons. cDNA samples were diluted 1:10 in
milliQ water, divided into aliquots, and stored at -20�C until
further use. For each target gene, a master mix was pre-
pared, using SYBR Green Supermix (Bio-Rad). qPCR was
performed using a CFX384 Real-Time system C1000 touch
thermal cycler (Bio-Rad), with three-step reactions (dena-
turation, annealing, and elongation) [22]. HPRT, RPL19,
and GAPDH were included as endogenous reference genes.
Each reaction was performed in duplicate, and efficiency
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was assessed by a dilution series of pooled cDNA samples
in each run. Efficiency cut-offs were 95%–105%. Omission
of the reverse transcriptase reaction showed no significant
contamination with genomic DNA. Normalized gene ex-
pressions were compared using the 2-DDCt method to obtain
fold changes.

In vivo assay of tumorigenicity

Female athymic nude mice, aged 5 weeks were purchased
from Harlan Laboratories. Each mouse received four sub-
cutaneous injections. On the right flank FACS sorted CM
CD90+ or GD2+ cells were injected, and on the left flank
FACS sorted CM CD90-, or GD2- cells were injected. On
the left shoulder CM cells that had run through the BD/
Cytopeia Influx Flow Cytometer, but had not been sorted,
were injected. Mice received either 1 · 104, or 1 · 105 cells
per injection site. Negative control samples of HBSS with-
out cells were injected on the right shoulders. Tumor for-
mation was monitored twice weekly for a maximum of 12
weeks. Tumor volume (V) was measured using the equation
V = (length) · (width)2/2. Mice were euthanized when the
largest subcutaneous tumor reached 1.0 cm3. The experi-
ments were approved by the Animal Experiments Com-
mittee of Utrecht University, The Netherlands.

In vivo inhibitory effect of anti-CD90

Zebrafish embryo xenograft experiments in this study
were approved by the Animal Experiments Committee of
Utrecht University, The Netherlands. The transgenic zeb-
rafish line Tg(fli1:GFP) [23] (generous gift of Brant M.
Weinstein, PhD, National Institute of Health) was used, and
zebrafish were raised and maintained according to standard
procedures [24]. Dechorionized 2 day-postfertilization zeb-
rafish embryos were anesthetized with 0.003% tricaine
(Sigma) and positioned on a 10-cm Petri dish coated with
1% agarose. Single cell suspensions of CM-RED were re-
suspended in 2% polyvinylpyrrolidone (Sigma-Aldrich) in
HBBS (200 cells/nL) and were implanted within 1 h. Zeb-
rafish embryos were either injected with 2 nL CM-RED cell
suspension, or with 2 nL CM-RED cell suspension con-
taining 100 ng/mL anti-CD90 mAb (Millipore; CBL415).
The cell suspension was loaded into needles that were
manually pulled from glass capillaries using a P-97 Micro-
pipette Puller (Sutter Instrument). Injections into the yolk
sac or in the duct of Cuvier were performed using a Pneu-
matic PicoPump and a manipulator (Warner Instruments).
Directly after implantation, proper injection was evaluated
by fluorescence microscopy. Zebrafish embryos were
maintained at 33�C as a compromise between optimal
temperature requirements for zebrafish and mammalian
cells. Experiments were conducted in triplicate with 30–40
well-injected embryos per group. The survival rate 1 day
postinjection (dpi) was >90% each time.

Embryos were fixed in 4% paraformaldehyde solution at
3 or 5 dpi. For imaging, zebrafish embryos were embedded
in 1% agarose on six-well chamber slides (Ibidi). Image
acquisition was performed using a Leica SPE-II–DMI4000
confocal fluorescence microscope. Images were processed
and overlays were created using Leica Application Suite
Advanced Fluorescence software. Localization of tumor
cells and the percentage of embryos with metastases were

scored. Differences in the number of zebrafish with distant
metastases found were evaluated statistically using Fishers
exact test, and P < 0.05 was assumed significant.

Immunohistochemistry

Paraffin-embedded blocks of 17 non-metastasized well-
differentiated (WHO classification 2010 grade 1), and three
metastasized and/or moderately differentiated grade 2 hu-
man INS were available from the INS and GEP-NET Tumor
Center Neuss-Dusseldorf. Sections were cut at 5mm and
donated to Utrecht’s Faculty of Veterinary Medicine for
CD90 immunohistochemistry. Sections of normal human
thymus tissue were used as positive controls, while omission
of the primary antibody served as negative control. Ten out
of 17 INS sections included an internal negative control,
because these sections contained normal islets embedded in
the normal pancreatic tissue adjacent to the INS.

Sections were deparaffinized, and treated in 10 mM citrate
buffer (pH 6) for 20 min at 98�C. After rinsing in phosphate-
buffered saline (PBS), sections were treated with 6% H2O2 in
PBS for 5 min to block endogenous peroxidase activity.
Sections were rinsed in PBS containing 0.2% Tween (PBST)
and blocked for 60 min with 2% bovine serum albumin in
PBST. Sections were incubated overnight at 4�C with rabbit
monoclonal anti-CD90 (Abcam; ab133350) at a dilution of
1:100. After incubation, slides were washed with PBST and
then incubated for 60 min with Envision anti-rabbit (DAKO).
After another wash with PBST, the antigen–antibody reaction
was visualized following addition of 3,30-diaminobenzidine.
Slides were counterstained with Hematoxylin. Sections
were dehydrated through ascending ethanol series and xylene
and mounted with coverslips over VectaMount permanent
mounting medium.

CD90 positivity (percentage positive nuclei) was scored
in tumor cells, intratumoral fibrous bands, and vascular
endothelium.

Results

Cell surface marker screening

Expression of cell surface markers on CM INS cells was
evaluated by FACS analysis of cells after incubation with a
panel of 242 different antibodies (Lyoplate; BD Bios-
ciences) (Fig. 1; Supplementary Table S2). Markers of in-
terest for further experiments were selected based on the
following criteria:

� Distinct positive subpopulation (5%–20%) of cells on
FACS plot.

� Positive hits on PubMed Search, using as input a
combination of ‘‘cell surface marker of interest,’’ with
‘‘EMT,’’ and ‘‘cancer stem cells.’’

Only three markers met the inclusion criteria, being:
CD90 (16% positive cells), CD166 (15% positive cells), and
disialoganglioside (GD2) (13% positive cells). To validate
the screening results, flow cytometry on CM was performed
using PE-conjugated antibodies against CD90, CD166, and
GD2. Similar percentages of positive cells were found
compared with the Lyoplate results for CD90 and GD2
(Fig. 2), whereas >20% positive cells were found for
CD166. Flow cytometry on BON1 cells was also performed
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using PE-conjugated antibodies against CD90 and GD2, and
the percentages of positive cells were CD90+: 15%, and
GD2+: 5%.

Doxorubicin-induced gene expression changes

Relative cell viability after 72 h doxorubicin treatment,
measured by MTT assays, was 20% for CM and 28% for
BON1 in comparison to untreated controls. Normalized fold
changes of gene expression of doxorubicin-resistant versus
nonresistant cells were measured (Table 1). Expression
analysis of genes involved in the differentiation of endocrine
pancreas cells (Supplementary Fig. S1) revealed that CD90,
NKX6.1, SNAI1, and SOX17 were upregulated ‡2-fold in
doxorubicin-resistant cells of both cell lines. GATA4, NEU-
ROG3, NKX2.2, PAX4, and PDX1 were uniquely ‡2-fold
upregulated in doxorubicin-resistant CM cells, while TWIST1
was uniquely ‡2-fold upregulated in doxorubicin-resistant
BON1 cells.

In vivo tumorigenicity

Since pNETs (including INS) and carcinoid tumors
should be treated as separate classes of neuroendocrine tu-
mors, reflected by their difference in clinical behavior and
gene expression [25], in scope of our study goal, we decided
to use the CM cell line for in vivo experiments. CM is a true

INS cell line, while BON1 is a pancreatic carcinoid cell line,
and the gene expression of CM-doxorubicin-resistant cells
better resembles fetal b-cells, compared with doxorubicin-
resistant BON1 cells (Table 1; Supplementary Fig. S1).

None of the mice that received 1 · 104 CM cells per in-
jection site developed tumors (Table 2). Six out of eight
mice that received 1 · 105 CD90+ cells, developed tumors at
the marker positive injection spot within 2–4 weeks,
whereas none of the mice that received 1 · 105 GD2+ cells
developed a tumor at that injection site (Fig. 3). After 6
weeks 1/8 mice from the CD90 group developed a tumor at
the unsorted cell spot, and after 7 weeks 2/4 mice from the
GD2 group developed tumors at the unsorted cell spot.

In vivo inhibitory effect of anti-CD90

With respect to the 3R principle (reduction, refinement,
replacement) of animal use in biomedical research [26], and
because of their relative easy way of use, we decided to use
zebrafish embryos for further in vivo experiments. Zebrafish
embryos were injected with DsRed-labeled CM cells (CM-
RED) either into the yolk sac or directly into the circulation
using the duct of Cuvier. Cells were injected in the absence
or presence of an anti-CD90 mAb.

In the majority of zebrafish embryos, that is 80%, cells
injected into the yolk sac further grew out as major tumor
clumps within the yolk sac (Fig. 4A), the remaining 20%

FIG. 1. Heat map of cell surface
marker expression by insulinoma cell
line CM. For mAb clones and abbre-
viations, see www.bdbiosciences.com
mAb, monoclonal antibody. Color
images available online at www
.liebertpub.com/scd
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demonstrated small tumor clumps. The addition of anti-
CD90 resulted in the presence of smaller tumor clumps in
35%, or only single cells in 65% of the zebrafish embryos
(Fig. 4B). Without anti-CD90, yolk sac-injected cells also
formed metastases in 13% of the injected embryos at 3 dpi
until 40% at 5 dpi, whereas no metastases were found in the
presence of anti-CD90. Injection directly into the circula-
tion, in which a high load of tumor cells is present in the
circulation, resulted in a higher frequency of metastases
(44% at 3 dpi, and 68% at 5 dpi), but especially at 5 dpi

significantly less metastases were found in embryos injected
with cells together with anti-CD90 (Fig. 4C–E).

Immunohistochemistry

All three moderately differentiated INS stained positive
for CD90, whereas 10/17 well-differentiated INS stained
positive for CD90 (Fig. 5A). No CD90 positivity was ob-
served in normal pancreatic endocrine and exocrine cells on
10 INS sections that included normal pancreatic tissue

FIG. 2. Flow cytometry plots for markers CD90 and GD2 in insulinoma cell line CM. Lyoplate screening results were validated
on both BD/Canto and BD/Influx Cytopeia flow cytometer. Color images available online at www.liebertpub.com/scd

Table 1. Normalized Fold Changes of Gene Expression of Doxorubicin-Resistant Versus Nonresistant

Pancreatic Neuroendocrine Tumor Cells

Cell line CD90 GATA4 NEUROG3 NKX2.2 NKX6.1 PAX4 PDX1 SNAI1 SOX9 SOX17 TWIST1

CM 2.0 2.0 323.6 3.6 25.2 109.7 2.7 5.5 1.7 5.5 1.5
BON1 6.6 1.8 1.6 0.5 6.5 1.6 1.0 8.5 0.9 75.9 19.0
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(Supplementary Fig. S2). Only some fibroblasts in the nor-
mal pancreatic tissue showed some faint cytoplasmic
staining. Intratumoral fibrous bands stained positive in all
INS with moderate differentiation, whereas 12/15 well-
differentiated INS containing fibrous bands demonstrated
CD90+ stroma (Fig. 5B). Two out of three INS with mod-
erate differentiation contained vascular endothelium, based
on the presence of erythrocytes inside endothelium-lined
lumens (Fig. 5C). In both cases vascular endothelium
stained intensely positive for CD90. Vascular endothelium
was present in 8/17 well-differentiated INS, however, no
positive endothelium was observed in any of these cases.

Discussion

FACS screening and subsequent validation of the INS cell
line CM identified CD90 and GD2 as potential CSC mark-
ers. These markers were also shown to be expressed on the
pancreatic carcinoid cell line BON1 indicating that these
markers may be more generalized for pNETs. However,
from our nude mice xenograft model it followed that only
CD90+ INS cells demonstrated an enhanced tumor-initiating
capability, whereas GD2+ INS cells did not possess a growth
advantage over unsorted INS cells. At 7 weeks 2/4 mice
from the GD2 group developed a tumor at the unsorted cell
spot, whereas only 1/8 from the CD90 group developed a
tumor at that spot. Probably, more mice from the CD90
group would have eventually developed a tumor at the un-
sorted cell spot. However, most mice from this group had
already reached the human endpoint before 7 weeks, be-
cause their CD90+ tumors that started growing at 2 weeks
measured 1.0 cm3 within 4 weeks.

CD90, also known as Thy-1, is a 25–37 kDa GPI-
anchored glycoprotein, which is expressed on membranes of
fibroblasts, neurons, activated microvascular endothelial
cells, and mesenchymal and hepatic stem cells [27–30].
Although CD90’s exact function is currently unknown, it
has been implicated to have a significant role in cellular
adhesion and migration, regulating cell–cell and cell–matrix
interactions [31]. Besides its expression on certain normal
cell types, CD90 has been described as a CSC marker in
various malignancies, such as hepatocellular carcinoma,
esophageal cancer, glioma, and lung and breast cancers [16–
20]. In this study, we demonstrated for the first time that
CD90 also appears to be a potential CSC marker for INS,
because CD90+ CM cells had an enhanced in vivo tumor-
initiating capability. More research is needed to determine
whether the link between CD90 expression and increased
tumorigenicity in INS cells is a causative or merely an as-
sociative link. For instance, Jiang et al. demonstrated that
expression of CD90 on gastric CSCs was correlated with
ERBB2 expression, and that trastuzumab (Herceptin, mAb
against ERBB2) targeted gastric CSCs characterized by the
CD90 phenotype [32]. On the other hand, another study,
while still mainly descriptive, demonstrated that transfection
of a liver cancer cell line with a CD90 expression vector
paralleled a decrease in E-cadherin expression and thereby
increased migration and invasion of the liver cancer cells,
implying a causal effect of CD90 expression and increased
tumorigenicity [33]. Most recent and elegant evidence on
the signaling network of CD90 comes from Chen et al., who
demonstrated that the signal axis of CD90-integrin-mTOR/
AMPK-CD133 is critical for promoting liver carcinogenesis
[34]. Future studies should focus on knockdown of CD90 in

Table 2. Overview of the Number of Mice that Developed Tumors at Specific Injection Sites

Group Marker-positive spot Marker-negative spot Unsorted cells spot Negative control spot

1 · 104 cells—CD90 0/3 0/3 0/3 0/3
1 · 105 cells—CD90 6/8 0/8 1/8 0/8
1 · 104 cells—GD2 0/3 0/3 0/3 0/3
1 · 105 cells—GD2 0/4 0/4 2/4 0/4

FIG. 3. Tumorigenicity assays in
athymic nude mice. (A) Schematic
overview of cell populations injected
at specific subcutaneous locations.
(B) A representative mouse from the
CD90 group displaying a tumor
grown from CD90+ cells (marked
with arrowhead). (C) A representa-
tive mouse from the GD2 group
displaying a tumor grown from un-
sorted CM cells (marked with ar-
rowhead). Color images available
online at www.liebertpub.com/scd
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INS cells using silencing RNA to study its effect on pro-
liferation, apoptosis, and three-dimensional tumor sphere-
forming capability.

CD90 mRNA was upregulated both in doxorubicin-
resistant CM and BON1 cells, however the upregulation was
>3-fold greater in BON1 compared with CM. At the same
time, BON1 doxorubicin-resistant cells had a higher upre-
gulation of EMT markers SNAI1 and TWIST, and early
endocrine progenitor cell marker SOX17, whereas CM
doxorubicin-resistant cells had a higher upregulation of late
fetal b-cell progenitor cell markers NKX2.2, NKX6.1,
NEUROG3, and PAX4. The difference in progenitor marker
expression can be explained by the fact that the CM cell line
has a b-cell phenotype [35], whereas BON1 cells originate
from a pancreatic carcinoid, lacking b-cell characteristics
[36]. Regarding the upregulation of EMT markers, previ-
ously it has been described that chemoresistance to doxo-
rubicin induces EMT in colon cancer and lung cancer cells
[37,38]. Furthermore, in several tumor types, including
pancreatic adenocarcinoma (PDAC), a link has been de-
scribed between CSCs and EMT [39]. Although it is difficult
to determine which event occurs first, a likely explanation is
that EMT contributes to the establishment of CSCs. EMT
has been described to upregulate the expression of CD90 on
breast cancer and lung cancer cells [38,40]. Furthermore,
EMT has been demonstrated to occur in pNETs, since
positive immunohistochemical staining of human INS and
INS of Rip1tag2 mice was found for SNAI1 and TWIST
[11]. Furthermore, treating the Rip1tag2 mice with SNAI1
inhibitor polyethylene glycol, led to a dramatic reduction of
INS volume by 97%. Taken together, the parallel enhanced

expression of CD90 with SNAI1 and TWIST may support the
concept that part of the INS cells undergoes EMT resulting
in CD90+ cells with CSC characteristics. Considering that
genes associated to EMT have been reported to be upregu-
lated in less differentiated ‘‘metastasis-like primary’’ pNETs
versus adenomatous pancreatic islet tumors, this might un-
derline that CD90 could be an additional marker for
‘‘metastsis-like primary’’ pNET cells [15]. Targeting either
CD90+ INS cells directly, or the EMT mechanism might
prove a valuable adjuvant therapy for patients with INS.

The effect of targeting CD90 itself was modeled in zeb-
rafish embryo xenografts. Coinjection of anti-CD90 mAb
with CM-RED cells into the yolk sac of zebrafish embryos
led to significant smaller tumors at 3 dpi compared with
injection of CM-RED cells only. Also the yolk-injected cells
did not result in metastatic foci in the presence of anti-
CD90, whereas control cells did. Anti-CD90 mAb, appar-
ently, reduced the viability and/or metastatic potency of
CM-RED cells. Direct injection of CM-RED cells into the
circulation resulted in the formation of metastases. Initially
also cells injected in the presence of anti-CD90 mAb formed
metastases, which may be due to the relatively high amount
of CM-RED cells in the circulation. However, at 5 dpi,
control cells showed a further increase, whereas in the
presence of anti-CD90 this was not the case, which may also
indicate that the effects of anti-CD90 may require some
more time before being effective.

Previously, an in vitro antiproliferative effect of anti-
CD90 mAb was reported in T-cell and B-cell lymphoma
cell lines [41]. Although the exact mechanism through
which anti-CD90 mAb exerts its effect is unknown, it was

FIG. 4. Examples of zebrafish
embryo insulinoma xenografts. (A)
Zebrafish embryo injected with
CM-RED cells into the yolk sac oc-
cupy a major part of the yolk sac and
show distant metastases, whereas (B)
in the presence of anti-CD90 mAb
embryos display only small tumor
clumps in the yolk sac and no me-
tastases. (C) Direct injection within
the duct of Cuvier results in distant
metastases, whereas (D) in the pres-
ence of anti-CD90 mAb less and
smaller metastases are present espe-
cially at day 5 postinjection. (E)
Statistical evaluation of embryos
with distant metastases after injection
of CM-RED cells into the yolk sac or
duct of Cuvier at day 3 and 5 post-
injection. Color images available
online at www.liebertpub.com/scd
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demonstrated that anti-CD90 mAb induced apoptosis in
murine T-lymphoma cells through caspase activation and
downregulation of antiapoptotic bcl-2 family members [42].
Furthermore, anti-CD90 mAb induced both apoptosis and
necrosis in B-cell lymphoma cells, and it has been suggested
that anti-CD90 mAb also leads to arrest of the cell cycle,
because a discrepancy was observed between the percentage
of proliferation inhibition and the number of apoptotic or
necrotic B-cell lymphoma cells [41]. We demonstrated for
the first time that anti-CD90 mAb decreased cancer cell
viability in an in vivo model, however, the underlying
mechanism of this effect should be further investigated.

To study the protein expression of CD90 in human INS
we have performed immunohistochemical staining on sec-
tions of 17 benign INS and three moderate-to-high malig-
nant INS. Only a faint cytoplasmic staining of fibroblasts
was found in normal pancreatic tissue, whereas no normal
endocrine or exocrine pancreatic cells, or normal vascular
endothelium stained positive for CD90, in accordance to
what was previously reported by Zhu et al. [43]. Fifty-nine
percent of the benign INS demonstrated CD90 positivity in
tumor cells, whereas 80% demonstrated more intense CD90
staining in fibroblasts in comparison to the fibroblasts from
normal pancreatic tissue. No positive vascular endothelium
was found in the benign INS. Previously, it was reported
that 2/10 benign islet cell tumors demonstrated positive
CD90 staining in their tumor cells and fibroblasts [43].
However, because this former study focused on CD90 ex-
pression in PDAC, no differentiation within the group of
islet cell tumors was made between INS, glucagonomas and
gastrinomas, which could explain the difference in CD90+

staining percentages found between their and our study.
Interestingly, besides fibroblast and tumor cell CD90 posi-
tivity, in the two moderate-to-high malignant INS with
vascular endothelium present on the section, intense CD90
positivity of the vascular endothelium was found. Zhu et al.
[43] also stained four islet cell carcinomas in which they
found a similar staining pattern, demonstrating CD90+ tumor
cells and fluorescent colocalization of CD90 and vascular
endothelial marker CD31. Furthermore, they stained 183
PDAC samples and demonstrated that CD90 was significantly
overexpressed in PDACs compared with normal pancreas,
chronic pancreatitis, and benign islet tumors. Like in malig-
nant islet cell carcinomas, CD90 expression was observed in
cancer-associated fibroblasts (CAFs) (judged on costaining
with CAF marker aSMA), vascular endothelial cells, and
tumor cells. They concluded that CD90+ CAFs might directly
stimulate PDAC proliferation through provision of growth
factors and cytokines, and that CD90 expression on vascular
endothelium suggests that CD90 might play a role in PDAC
angiogenesis. Although we did not costain our INS sections
with a CAF marker, it seems likely that these CD90+ fibro-
blasts are indeed CAFs, since the staining intensity was more
intense than in normal pancreatic fibroblasts. Furthermore,
the presence of CAFs staining positive for aSMA in INS has
been described in a Rip1Tag2 mouse model [44]. Therefore,
CAFs might also directly stimulate INS proliferation and
CD90 might play a role in INS angiogenesis. Therefore, fu-
ture CD90 targeting in INS should not be limited to targeting
CD90+ CSCs, but it should also be focused on targeting
CD90+ endothelial cells and CAFs, since those strategies
might also inhibit INS proliferation.

FIG. 5. CD90 immunohistochemistry of insulinomas. (A)
Positive cytoplasmic tumor cell staining in focal areas. (B)
Positive staining of intratumoral fibrous bands. (C) Positive
staining of vascular endothelium. Color images available
online at www.liebertpub.com/scd
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Besides therapeutically targeting CD90, another more
readily available application of anti-CD90 mAbs might be to
use them as diagnostic tracers for imaging and monitoring
progression of INS. Although in the majority of cases INS
localization is accurately diagnosed with imaging modalities,
and in 10%–27% of the cases, the exact location remains oc-
cult [45]. It is, however, essential to detect the exact tumor
position before surgery, for example, to prevent too extensive
pancreatic resection, or to see whether laparoscopic removal
of INS would be feasible. Recently, it was demonstrated that
CD90 could serve as such a diagnostic marker in PDAC [46].
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