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Abstract: Little is known about the adaptor protein FAM159B. Recently, FAM159B was shown to be
particularly expressed in neuroendocrine cells and tissues, such as pancreatic islets and neuroen-
docrine cells of the bronchopulmonary and gastrointestinal tracts, as well as in different types of
neuroendocrine tumours. To gain insights into possible interactions of FAM159B with other proteins
and/or receptors, we analysed the co-expression of FAM159B and various neuroendocrine-specific
markers in the cancer cell lines BON-1, PC-3, NCI-h82, OH-1, and A431 and also in human pancre-
atic tissues and pancreatic neuroendocrine tumours. The markers included prominent markers of
neuroendocrine differentiation, such as chromogranin A (CgA), neuron-specific enolase (NSE), synap-
tophysin (SYP), insulinoma-associated protein 1 (INSM1), neural cell adhesion molecule 1 (NCAM1),
serotonin (5-HT), somatostatin-14/28 (SST), and several receptors that are typically expressed by
neuroendocrine cells, such as dopamine receptor 2 (D2R), somatostatin receptor (SSTR) 1, 2, 3, 4
and 5, and regulator of G-protein signalling 9 (RGS9). FAM159B was expressed evenly throughout
the cytosol in all five cancer cell lines. Immunocytochemical and immunohistochemical analyses
revealed co-expression of FAM159B with SYP, INSM1, RGS9, D2R, SSTR2, SSTR3, SSTR4, and SSTR5
and strong overlapping co-localisation with NSE. Double-labelling and co-immunoprecipitation
Western blot analyses confirmed a direct association between FAM159B and NSE. These results
suggest the involvement of FAM159B in several intracellular signalling pathways and a direct or
indirect influence on diverse membrane proteins and receptors.

Keywords: FAM159B; adaptor protein; neuroendocrine marker; somatostatin receptor; dopamine
receptor 2; RGS9; antibody; immunocytochemistry; immunohistochemistry

1. Introduction

Adaptor proteins play essential and diverse roles in various cell signalling pathways.
They are usually non-enzymatic and regulate different aspects of cell surface-receptor
functions through protein–membrane or protein–protein interactions mediated by their
modular domains and/or peptide motifs. The β-arrestins are a well-known example of
adaptor proteins that play a role in regulating G-protein-coupled receptor signalling.

The adaptor protein FAM159B is a member of the Shisa-like protein family. Shisa-like
proteins are closely related to the Shisa family of single-transmembrane proteins; however,
the Shisa proteins have an N-terminal domain with six conserved cysteines, whereas the
Shisa-like proteins have an N-terminal domain with eight conserved cysteines. Vertebrates
have two copies of FAM159: FAM159A and FAM159B. It has been proposed that FAM159B
is a transmembrane adaptor that regulates other transmembrane proteins and receptors [1],
although the exact function of FAM159B is still unknown.
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FAM159B expression has been demonstrated in pancreatic islets and neuroendocrine
cells of the stomach mucosa [2] and the presence of FAM159B has been linked to pancreatic
beta cell exocytosis [3] and maturation [4]. Using a well-characterised antibody, we recently
showed expression of FAM159B not only in pancreatic islets and neuroendocrine cells of
the bronchopulmonary and gastrointestinal tracts, but also in different neuronal tissues,
bronchial and intestinal epithelia, the epithelium of the larger bile ducts of the liver and
gallbladder, the mesangial cells of the glomeruli, the visceral and parietal layer of Bowman’s
capsule and the distal tubules of the kidney as well as the syncytiotrophoblasts of the
placenta [5]. We also demonstrated expression of FAM159B in many tumour cell lines and
tumour entities, with especially high levels in pituitary adenomas, medullary and anaplastic
thyroid carcinomas, parathyroid adenomas, lung and ovarian carcinomas, lymphomas, and
neuroendocrine tumours of various origins. A subsequent, more in-depth examination of
neuroendocrine tumours revealed a correlation between the expression levels of FAM159B
and those of various markers commonly expressed in neuroendocrine tumours [5].

In the present study, to gain deeper insight into possible direct or indirect interactions
of FAM159B with other proteins and receptors, we performed immunocytochemical and
immunohistochemical double-labelling experiments to evaluate FAM159B co-expression
with the following markers of neuronal and neuroendocrine tissues: chromogranin A
(CgA), neuron-specific enolase (NSE), synaptophysin (SYP), insulinoma-associated protein
1 (INSM1), neural cell adhesion molecule 1 (NCAM1), serotonin (5-HT), somatostatin-14/28
(SST), regulator of G-protein signalling 9 (RGS9), dopamine receptor 2 (D2R), and the so-
matostatin receptors (SSTR) 1, 2, 3, 4, and 5. Because our previous experiments showed
a strong FAM159B immunosignal in the neuroendocrine tumour cell line BON-1 [5], we
used BON-1 cells in the present investigation too. We additionally used the prostate cancer
cell line PC-3, because of its capacity for neuroendocrine differentiation, and two small
cell lung cancer (SCLC) cell lines, NCI-h82 and OH-1, because of their neuroendocrine
origin. The epidermoid cell line A431 served as a (negative) control. We complemented
these immunocytochemical experiments with corresponding immunohistochemical ex-
periments using tissue samples from the human pancreas and pancreatic neuroendocrine
tumours (PanNETs).

2. Results
2.1. Verification of FAM159B Expression in the Selected Cancer Cell Lines

To verify FAM159B expression in the selected cancer cell lines, and to demonstrate the
specificity of the immunosignal obtained in these cells using the antibody HPA011778, we
first performed immunocytochemical analyses in untreated cells and cells transfected with
a FAM159B-specific siRNA. These experiments revealed a bright immunosignal dispersed
throughout the cytosol in untreated BON-1, PC-3, NCI-h82, and OH-1 cells (Figure 1, left
panel). In contrast to the other cell lines, A431 cells displayed only very weak FAM159B
expression. After transfection of the cancer cell lines with the FAM159B-specific siRNA, the
signal intensity was substantially diminished, whereas cells transfected with a scrambled
control siRNA displayed a strong immunosignal similar to that in untreated cells (Figure 1,
middle two panels). To further check the specificity of the HPA011778 antibody, we per-
formed pre-adsorption experiments with the peptide used to immunise rabbits. When the
HPA011778 antibody was incubated with the immunising peptide prior to immunostaining
of cells, the immunosignal was completely extinguished in all cases (Figure 1, right panel).
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Figure 1. Immunocytochemical analysis of FAM159B expression in BON-1, PC-3, NCI-h82 and 

OH-1 cells. Left three panels: cells remained untreated or were transfected with specific siRNA or a 

scrambled siRNA (scr.) and then fixed and stained with anti-FAM159B HPA011778, followed by 

Alexa Fluor 488-conjugated anti-rabbit secondary antibody. Right panel: For adsorption controls, 

anti-FAM159B HPA011778 was pre-incubated for 2 h prior to immunocytochemistry with 10 

µg/mL of the peptide used to immunise rabbits. Green: immunosignal; blue: DAPI staining of 

DNA. All photomicrographs were taken at the same magnification. Scale bar: 100 µm. 

The specificity of HPA011778 was further tested with Western blot analyses. When 

the cytosolic fraction (“supernatant”) of endogenously FAM159B-expressing BON-1, 

PC-3, NCI-h82, or OH-1 cells was separated through electrophoresis and immunoblotted, 

the antibody recognised a band at approximately Mr = 16–18 kDa (Supplemental Figure 

S1, lanes A; for Western blot experiments on BON-1 cells, see [5]). In contrast, no im-

munosignal could be detected in the wheat germ agarose (WGA) bead fraction, which 

contained the enriched glycosylated proteins (Supplemental Figure S1, lanes D; [5]). Af-

ter treatment of the cells with a targeted siRNA, the immunosignal in the cytosolic frac-

tion was diminished (Supplemental Figure S1, lanes B; [5]). To further confirm the speci-

ficity of the antibody, it was pre-adsorbed with its immunising peptide and then used for 

Western blot analysis, which revealed that the immunosignal was completely abolished 

(Supplemental Figure S1, lanes C; [5]). 

Figure 1. Immunocytochemical analysis of FAM159B expression in BON-1, PC-3, NCI-h82 and
OH-1 cells. Left three panels: cells remained untreated or were transfected with specific siRNA or
a scrambled siRNA (scr.) and then fixed and stained with anti-FAM159B HPA011778, followed by
Alexa Fluor 488-conjugated anti-rabbit secondary antibody. Right panel: For adsorption controls,
anti-FAM159B HPA011778 was pre-incubated for 2 h prior to immunocytochemistry with 10 µg/mL
of the peptide used to immunise rabbits. Green: immunosignal; blue: DAPI staining of DNA. All
photomicrographs were taken at the same magnification. Scale bar: 100 µm.

The specificity of HPA011778 was further tested with Western blot analyses. When
the cytosolic fraction (“supernatant”) of endogenously FAM159B-expressing BON-1, PC-3,
NCI-h82, or OH-1 cells was separated through electrophoresis and immunoblotted, the
antibody recognised a band at approximately Mr = 16–18 kDa (Supplemental Figure S1,
lanes A; for Western blot experiments on BON-1 cells, see [5]). In contrast, no immunosignal
could be detected in the wheat germ agarose (WGA) bead fraction, which contained the
enriched glycosylated proteins (Supplemental Figure S1, lanes D; [5]). After treatment of
the cells with a targeted siRNA, the immunosignal in the cytosolic fraction was diminished
(Supplemental Figure S1, lanes B; [5]). To further confirm the specificity of the antibody, it
was pre-adsorbed with its immunising peptide and then used for Western blot analysis,
which revealed that the immunosignal was completely abolished (Supplemental Figure S1,
lanes C; [5]).
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2.2. Immunocytochemical and Immunohistochemical Double-Labelling Experiments with Different
Markers for Neuroendocrine Cells

Using the four FAM159B-expressing cancer cell lines, we performed immunocyto-
chemical double-labelling experiments with several markers that are typically expressed
in neuroendocrine cells. We complemented these investigations with corresponding im-
munohistochemical staining in human pancreas and PanNET samples. In Figures 2–4,
the merged immunocytochemistry images are shown, and in Figure 5, the merged im-
munohistochemistry pictures are shown; the complete illustrations with the additional
depiction of the individual channels are included in the Supplements (immunocytochem-
istry experiments: Supplemental Figures S2–S13; immunohistochemistry experiments:
Supplemental Figures S14–S20).
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A), neuron specific enolase (NSE; B), synaptophysin (SYP; C), insulinoma-associated protein 1 
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Figure 2. Double-labelling immunocytochemical analysis of FAM159B and chromogranin A (CgA;
(A)), neuron specific enolase (NSE; (B)), synaptophysin (SYP; (C)), insulinoma-associated protein 1
(INSM1; (D)), or neural cell adhesion molecule 1 (NCAM1; (E)) expression in BON-1, PC-3, NCI-h82,
and OH-1 cells. (A,B,D,E): Labelling for FAM159B was visualised using Cy3-conjugated anti-rabbit
antibody (red). Labelling for CgA, NSE, INSM1, and NCAM1 was visualised using Alexa Fluor
488-conjugated anti-mouse antibody (green). (C): Labelling for FAM159B was visualised using
FITC-conjugated anti-rabbit antibody (green). Labelling for synaptophysin was visualised using
Cy3-conjugated anti-rabbit antibody (red). Overlapping expression is shown in orange/yellow colour.
All photomicrographs were taken at the same magnification. Scale bar: 100 µm.
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FAM159B was visualised using Cy3-conjugated anti-rabbit antibody (red). Labelling for 5-HT and 

SST was visualised using Alexa Fluor 488-conjugated anti-mouse antibody (green). Overlapping 
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Figure 3. Double-labelling immunocytochemical analysis of FAM159B and serotonin (5-HT; (A))
or somatostatin-14/28 (SST; (B)) expression in BON-1, PC-3, NCI-h82, and OH-1 cells. Labelling
for FAM159B was visualised using Cy3-conjugated anti-rabbit antibody (red). Labelling for 5-HT
and SST was visualised using Alexa Fluor 488-conjugated anti-mouse antibody (green). Overlap-
ping expression is shown in orange/yellow colour. All photomicrographs were taken at the same
magnification. Scale bar: 100 µm.
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Figure 4. Double-labelling immunocytochemical analysis of FAM159B and regulator of G-protein
signalling (RGS9; (A)), dopamine receptor 2 (D2R; (B)), somatostatin receptor 2 (SSTR2; (C)), somatostatin
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receptor 4 (SSTR4; (D)), or somatostatin receptor 5 (SSTR5; (E)), expression in BON-1, PC-3, NCI-
h82, and OH-1 cells. Labelling for FAM159B was visualised using FITC-conjugated anti-rabbit
antibody (green). Labelling for RGS9, D2R, SSTR2, SSTR4, and SSTR5 was visualised using Cy3-
conjugated anti-rabbit antibody (red). Overlapping expression is shown in orange/yellow colour. All
photomicrographs were taken at the same magnification. Scale bar: 100 µm.
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Figure 5. Double-labelling immunohistochemical analysis of FAM159B and chromogranin A
(CgA; (A)), neuron specific enolase (NSE; (B)), synaptophysin (SYP; (C)), insulinoma-associated pro-
tein 1 (INSM1; (D)), neural cell adhesion molecule 1 (NCAM1; (E)), serotonin (5-HT; (F)), somatostatin-
14/28 (SST; (G)), regulator of G-protein signalling (RGS9; (H)), dopamine receptor 2 (D2R; (I)), somato-
statin receptor 1 (SSTR1; (J)), somatostatin receptor 2 (SSTR2; (K)), somatostatin receptor 3 (SSTR3;
(L)), somatostatin receptor 4 (SSTR4; (M)), or somatostatin receptor 5 (SSTR5; (N)) expression in
human pancreas or pancreatic neuroendocrine tumour tissues. Sections were dewaxed, microwaved
in citric acid and incubated with corresponding primary antibodies. Labelling for FAM159B was
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visualised using Cy3-conjugated anti-rabbit antibody (red). Labelling for CgA, NSE, SYP, INSM1,
NCAM1, 5-HT, SST, RGS9, D2R, SSTR1, SSTR2, SSTR3, SSTR4, or SSTR5 was visualised using Alexa
Fluor 488-conjugated anti-mouse, anti-rat or anti-rabbit antibody (green). Overlapping expression is
shown in orange/yellow colour. All photomicrographs were taken at the same magnification. Scale
bar: 100 µm.

FAM159B and CgA displayed slight co-localisation in NCI-h82 and OH-1 cells, whereas
they had more separated localisations in BON-1 and PC-3 cells (Figure 2A). The CgA
was located in many small, well-defined vesicles in the cytosol, whereas FAM159B was
distributed more evenly throughout the cells. The immunohistochemical analyses revealed
a partial overlap of the two proteins in pancreatic islets and PanNET samples (Figure 5A).
In the islets, the expression of CgA was more prominent in cells located in the periphery
than in in the centre of the islets. In the PanNET samples, the intensity and localisation of
FAM159B expression were similar to those of CgA expression.

FAM159B and NSE had an abundant and homogeneous distribution throughout the
cytosol in all four cancer cell lines (Figure 2B). FAM159B and NSE also showed strong
overlap in pancreatic islets and PanNET samples (Figure 5B).

FAM159B and SYP showed extensive co-localisation throughout all four examined
cell lines (Figure 2C). They also exhibited a strong overlap in pancreatic islets and PanNET
samples (Figure 5C).

FAM159B and INSM1 displayed strong co-localisation in NCI-h82 cells and moderate
co-localisation in PC-3 cells (Figure 2D); however, there was no co-localisation of FAM159B
and INSM1 in pancreatic tissues or the PanNET samples (Figure 5D). INSM1 was mostly
located in and around the nucleus of cells, but it was also present within the cytosol.

FAM159B did not co-localise with NCAM1, 5-HT, or somatostatin-14/28 in any of the
cancer cell lines (Figures 2E and 3A,B). Each marker had a distinct localisation, and each
was absent from at least one of the cell lines. For example, somatostatin-14/28 was present
in BON-1 cells but not in PC-3, NCI-h82, or OH-1 cells (Figure 3B). NCAM1 (Figure 5E)
and 5-HT (Figure 5F) showed little to no expression in the pancreatic tissues and PanNET
samples. Expression of somatostatin-14/28 (Figure 5G) was limited to specific, single cells
within pancreatic islets and PanNETs and exhibited partial overlap with FAM159B within
those cells.

FAM159B co-localised with RGS9, D2R, SSTR4, and SSTR5 in the four cancer cell lines
to a different extent (Figure 4A–E). Each marker showed an expression pattern similar
to that of FAM159B, although SSTR4 additionally displayed significant membranous ex-
pression. On the other hand, FAM159B and SSTR2 had distinct localisations within the
cell lines with no significant co-localisation. SSTR2 was situated along the membrane,
whereas FAM159B was evenly distributed throughout the cytosol. SSTR1 and SSTR3 were
not expressed to a significant degree in any of the cell lines investigated. Immunohisto-
chemical analyses revealed that FAM159B was co-expressed with RGS9 (Figure 5H), SSTR2
(Figure 5K), SSTR3 (Figure 5L), SSTR4 (Figure 5M), and SSTR5 (Figure 5N) in pancreatic
islets and to a lesser extent in PanNET samples. No expression of D2R (Figure 5I) was
observed in the pancreatic islets or PanNET samples. Expression of SSTR1 (Figure 5J) was
weak and did not seem to co-localise with the expression of FAM159B in pancreatic islets
and PanNET samples.

2.3. FAM159B-NSE Co-Localization and Interaction Experiments

As the immunocytochemical and immunohistochemical double-labelling experiments
showed strong co-localisation of FAM159B with NSE, we performed Western blot analy-
ses of both proteins in the cytosolic (Figure 6A, “supernatant”) and membrane fractions
(Figure 6A, “WGA beads”) of whole-cell lysates of BON-1 cells. Staining with anti-NSE an-
tibody produced three prominent signals at approximately Mr = 35–40 kDa in the cytosolic
fraction. These signals were also found in corresponding Western blots with anti-FAM159B
antibody staining. There was no detectable signal for either protein in Western blots of
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the membrane preparations (non-cytosolic fraction). To confirm these findings, we per-
formed double-labelling with anti-FAM159B and anti-NSE antibodies on Western blots of
the cytosolic fraction of BON-1 cells (Figure 6B), which revealed the same three prominent
overlapping signals at approximately Mr = 35–40 kDa in addition to two more overlap-
ping signals at approximately Mr = 55 kDa and Mr = 70 kDa. We further performed
co-immunoprecipitation experiments of FAM159B and NSE followed by Western blot anal-
ysis in BON-1 cells. Here, the same signals emerged as with the double-labelled Western
blot (Figure 6C). We then treated the BON-1 cells either with the specific FAM159B-targeting
siRNA or with a scrambled siRNA and double-stained the cells with the anti-FAM159B
and the anti-NSE antibody. These studies revealed (although FAM159B expression was
slightly downregulated) no difference in NSE expression between the cells treated with the
specific FAM159B-targeting siRNA and those treated with a scrambled siRNA (Figure 6D).
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Figure 6. Association between FAM159B and neuron specific enolase (NSE) in BON-1 cells.
(A) Western blot analysis of the cytosolic fraction (supernatant) and membrane preparations (WGA
beads) of BON-1 cells endogenously expressing FAM159B and NSE. The ordinate shows migration of
protein molecular-weight markers (kDa). Representative results from one of three independent ex-
periments are shown. (B) Double-labelling Western blot analysis of the cytosolic fraction of FAM159B
and NSE in BON-1 cells endogenously expressing FAM159B and NSE. FAM159B was visualised using
IRDye® 680 LT goat anti-rabbit IgG secondary antibody (red). NSE was visualised using IRDye®

800 CW goat anti-mouse IgG secondary antibody (green). Overlapping bands (Merged) appear in
orange/yellow colour (arrows). The ordinate shows migration of protein molecular-weight markers
(kDa). Representative results from one of three independent experiments are shown. (C) Western blot
analysis of the cytosolic fraction of BON-1 cells after co-immunoprecipitation of FAM159B and NSE.
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The ordinate shows migration of protein molecular-weight markers (kDa). Representative results
from one of three independent experiments are shown. (D) Double-labelling immunocytochemical
analysis of FAM159B and NSE after treatment of the cells with a FAM159B-targeting siRNA or a
scrambled siRNA. Cells were fixed and stained with anti-FAM159B and anti-NSE antibody. Labelling
for FAM159B was visualised using Cy3-conjugated anti-rabbit antibody (red). Labelling for NSE was
visualised using Alexa Fluor 488-conjugated anti-mouse antibody (green). Overlapping expression is
shown in orange/yellow colour. All photomicrographs were taken at the same magnification. Scale
bar: 100 µm.

3. Discussion
3.1. Verification of FAM159B Expression in the Selected Cancer Cell Lines

The cancer cell lines BON-1, PC-3, NCI-h82, and OH-1 each displayed equally strong
immunosignal for FAM159B in untreated cells. The adaptor protein appeared to be evenly
dispersed throughout the cytosol of these cells, most likely in distinct vesicles or associated
with other proteins and/or receptors.

Our Western blot analyses confirmed the predicted size of FAM159B as Mr = 17 kDa [5,6].
Because FAM159B was selectively detected within the supernatant (cytosolic fraction) of
whole-cell preparations, it seems to lack significant glycosylation, at least in endogenously
FAM159B-expressing BON-1, PC-3, NCI-h82, or OH-1 cells.

Incubation of the cells for 24 h with a FAM159B-specific siRNA resulted in a reduction
of the signal intensity both in the immunocytochemistry experiments and in the Western
blot analyses of all cell lines. Besides confirming the specificity of the antibody, this also
indicates that the lifespan of FAM159B protein must be longer than 24 h in each of the
cell lines. The specificity of the antibody was further demonstrated by pre-adsorption
experiments in which in all four cell lines, both in the immunocytochemistry experiments
and in the Western blot analyses, the immunosignal was completely extinguished.

3.2. Immunocytochemical and Immunohistochemical Double-Labelling Experiments

Chromogranin A is a 439 amino-acid glycoprotein that belongs to the group of acidic
proteins referred to as chromogranins. CgA is found in the vesicles of neurons and other
neuronal cells. Thus, all neuroendocrine tumour entities can secrete CgA, making CgA
an essential marker in neuroendocrine tumour diagnosis [7–10]. Our immunocytochem-
ical and immunohistochemical analyses revealed partial overlap of CgA and FAM159B,
indicating that both proteins exist within the same cells but may not be localised within
the same compartments. CgA fragments can be found in Western blots at Mr∼9–85 kDa,
with the parent molecule situated at around Mr∼70–85 kDa [8]. We did not find signals of
an appropriate size in our Western blot analysis of FAM159B, so we concluded that CgA
is most likely not directly associated with FAM159B. Nonetheless, the partial overlap be-
tween FAM159B and CgA in our immunocytochemical and immunohistochemical analyses
suggests that FAM159B may be involved in the functions of CgA.

Neuron-specific enolase is an enzyme of the glycolytic pathway that is predominantly
found in neurons and cells of the neuroendocrine system. NSE is a cytoplasmic enzyme
that catalyses the dehydration of 2-phospho-D-glycerate to phosphoenolpyruvate, thus
enabling the formation of high-energy compounds such as ATP and NADH. With this
function, NSE belongs to an essential metabolic network and therefore plays a role in
many physiological, regulatory, and pathophysiological processes [11,12]. Enolases are
composed of non-covalently linked subunits (α, β, and γ) that form homodimeric (αα as
α-enolase) or heterodimeric (αβ and ββ as β-enolase; γγ and αγ as γ-enolase) isoenzymes.
γ-Enolase is commonly referred to as NSE or ENO2. The subunit molecular masses of
NSE are approximately Mr = 39 kDa (γ-subunit) and Mr = 48 kDa (α-subunit). The mass
of the dimeric form is around Mr = 78 kDa and varies with the subunit combination [12].
NSE appears during neurogenesis, and its expression increases during early neuronal
differentiation. Hence, NSE has been proposed to be a good marker for the maturation and
differentiation of various neuronal cells [11]. Furthermore, NSE acts as a neurotropic factor
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that promotes the survival, differentiation, and regeneration of neuronal cells by activating
several signalling pathways, such as the mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K) pathways [12,13]. NSE has been proposed to be involved
in cancer cell protection, tumour growth, and cell migration [11,14] and is currently used
as a diagnostic and prognostic tumour marker in various cancers [11,14]. Our immunocyto-
chemical and immunohistochemical analyses revealed strong co-localisation of FAM159B
and NSE, suggesting a direct association between the two proteins.

Synaptophysin is a 38 kDa vesicle glycoprotein discovered in 1985 that plays a role
in synaptic signal transmission [15]. It is found in abundance in a wide variety of neu-
roendocrine cells and their corresponding tumours as well as in all neurons with synaptic
vesicles. In neuroendocrine cells, the glycoprotein is diffusely spread throughout the cy-
toplasm, whereas neurons exhibit a punctuate expression pattern in their corresponding
synaptic regions. Synaptophysin immunoreactivity has been observed for alpha- and
beta-cells of the pancreatic islets, as well as for other neuroendocrine cells such as adrenal
cortical cells and their tumours [16–18]. Our immunocytochemical and immunohistochem-
ical analyses revealed an extensive co-localisation of FAM159B and synaptophysin. This
underlines the hypothesis of an involvement of FAM159B in the secretory function of, e.g.,
neurons and (neuro)endocrine cells [5].

Insulinoma-associated protein 1 is a zinc-finger transcriptional factor expressed al-
most exclusively in developing embryonic neuroendocrine tissues. Like FAM159B, INSM1
plays an important role in the development of pancreatic and intestinal neuroendocrine
cells [19]. INSM1 is also important for the development of adrenal medulla cells and basal
neuronal progenitor cells. Although its mRNA levels are significantly reduced in healthy
adult tissues, INSM1 is expressed in various neuroendocrine tumours such as insulinomas,
pituitary adenomas and medullary thyroid carcinomas, and it is also a specific marker for
SCLC [10,19–21]. Our immunocytochemical analyses indicated co-localisation of FAM159B
and INSM1 in some of the cancer cell lines, but we were unable to detect significant expres-
sion of INSM1 in pancreatic tissues and PanNET samples, which is in line with the fact
that INSM1 is abundant exclusively in embryonic developing neuroendocrine tissues and
certain cancers. INSM1 is approximately 58 kDa in size and is detectable in the nuclear
fraction of whole-cell preparations [22]. Accordingly, our immunocytochemical and im-
munohistochemical investigations revealed nuclear localisation of INSM1, in contrast to the
immunosignal of FAM159B, which was evenly spread throughout the cytosol. Therefore,
we conclude that INSM1 and FAM159B may be present within the same cells but do not
directly associate with one another.

Neural cell adhesion molecule 1 (also known as CD56) is a glycoprotein belonging to
the large superfamily of immunoglobulins. NCAM1 can be found in the central and periph-
eral nervous system, the hematopoietic and immune system, and various organs including
the heart, stomach, pancreas, and adrenal and thyroid glands. NCAM1 plays an important
role in cell adhesion, migration, and differentiation [23–25]. Our immunocytochemical
and immunohistochemical double-labelling experiments revealed no co-localisation of
FAM159B and NCAM1, indicating that these molecules are present in some of the same
cells but are not directly associated with one another.

Serotonin (5-hydroxytryptamine; 5-HT) is a monoamine widely present in nature,
ranging from scorpion venom to various fruits. In mammals, 5-HT can be found in
the blood, gastrointestinal enterochromaffin cells, and brain and nerve tissues. As a
neurotransmitter in the brain, 5-HT is involved in the regulation of various functions such
as body temperature, sleep, appetite, memory and learning, mood, and stress response.
As a peripheral hormone, 5-HT plays an important role in the regulation of heart rate,
gastrointestinal motility, immunity, vascular tone, and platelet function [26–28]. Our
immunocytochemical and immunohistochemical double-labelling experiments revealed no
co-localisation of FAM159B and 5-HT, suggesting that although they are present in some of
the same cells, they are not directly associated with one another.
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Somatostatin (SST) is a peptide hormone produced in the central nervous system
and endocrine cells. In mammals, SST originates from pre-prosomatostatin and is later
processed into a shorter form (somatostatin-14) and a longer form (somatostatin-28) that
are stored in secretory granules. Both peptides play a role in various biological processes,
including the regulation of growth hormone and various neurotransmitters and hormones
such as insulin and glucagon in the pancreas [29]. Our immunohistochemical and im-
munocytochemical double-labelling analyses indicated co-expression of FAM159B and
somatostatin-14/28 only in a few cells. Because FAM159B and somatostatin-14/28 showed
partial overlap when they were present in the same cell, it is plausible that FAM159B
participates in somatostatin-14/28 signalling pathways, as somatostatin-14/28 is involved
in the regulation of insulin and glucagon synthesis and secretion in the pancreas [29], and
FAM159B has been shown to play a role in glucose/insulin homeostasis [3].

Regulators of G-protein signalling (RGS) proteins are a family of proteins that ac-
celerate the termination of effector stimulation after G-protein coupled receptor (GPCR)
activation. These proteins are multi-functional and may serve as scaffolding proteins,
bringing together multiple activators, regulators, and effectors of GPCR function [30,31].
Consequently, interaction of these proteins with RGS proteins affects their localisation,
activity, and stability. RGS9 controls fundamental functions such as vision and behaviour
and has a distinct regional and cellular distribution [30,31]. The two splice isoforms, RGS9-1
and RGS9-2, differ in the structure of their C-terminus, with RGS9-1 possessing a motif
composed of 18 amino acids and RGS9-2 possessing a motif composed of 209 amino acids.
RGS9-1 regulates phototransduction in the rods and cones of the eye [30]. RGS9-2 has a
molecular weight of 76 kDa and regulates dopamine and opioid signalling in basal ganglia
as well as reward behaviour and movement coordination through effects on D2 dopamine
and µ-opioid receptor (MOR) signalling [31–35]. Thus, RGS9-2 regulates analgesic toler-
ance and is highly enriched in MOR-expressing cells, the striatum, and, to a lesser degree,
the periaqueductal grey and spinal cord [32–35]. Furthermore, depending on the agonist
administered, RGS9-2 is a positive or negative modulator of MOR-mediated behavioural
response in mice. These effects are the result of agonist-dependent complex formation with
other signal transduction partners in the striatum [32]. Overall, current evidence points to
a model in which RGS proteins function as part of a larger signalling complex including
various receptors, effector enzymes, scaffolding, and other signalling proteins [31]. We
evaluated a possible co-expression of FAM159B with RGS9, because in the few studies avail-
able so far on FAM159B expression, RGS9 was explicitly mentioned along with FAM159B.
Like FAM159B, RGS9 has been demonstrated to be selectively expressed in pancreatic
islet cells [2] and, like FAM159B, it has been shown to represent a candidate regulator of
physiological beta cell function and to be positively correlated with beta cell exocytosis [3].

The neurotransmitter dopamine is produced in dopaminergic neurons by successive
hydroxylation and decarboxylation of tyrosine. Dopamine plays a crucial role during
neuronal proliferation and differentiation in the central nervous system of adults. The cor-
responding dopamine receptors (DRs) belong to the large group of seven-transmembrane
GPCRs and can be divided into two subtypes: D1R-like receptors (D1R and D5R) and
D2R-like receptors (D2R, D3R, and D4R) [36]. D2R-like receptors are mainly expressed in
the striatum, external globus pallidus, core of the nucleus accumbens, amygdala, cerebral
cortex, hippocampus, and pituitary. Because of alternate splicing, D2R exists in two iso-
forms [D2S (short) and D2L (long)] that differ in the presence of an additional 29 amino
acids on the third intracellular loop of D2L, which are absent in D2S [36]. Activation of D2R
inhibits adenylyl cyclase and, thus, cAMP production as well as protein kinase A (PKA)
activity. Downstream signalling following D2R activation activates cell proliferation-related
pathways such as the MAPK and protein kinase B (AKT) pathways. DRs can signal via
classic GPCR signalling mechanisms or through alternative signalling pathways involving
receptor tyrosine kinases, ion channels, or protein–protein interactions with β-arrestins [36].
Overall, dopamine and its receptors are involved in the regulation of motor activity and are
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of importance in several neurological disorders such as Parkinson’s disease, schizophrenia,
and bipolar disorder [36–38].

Somatostatin receptors (SSTRs) belong to the large family of GPCRs and are activated
by SST or its synthetic analogues. SSTRs are based in cellular membranes and are con-
nected to transmembrane K+ channels, Ca2+ channels, and various intracellular enzymes,
including adenylate cyclase, phosphotyrosine phosphatases, and others. In total, five
SSTR subtypes (SSTR1, 2, 3, 4, and 5) have been identified and shown to be expressed in
numerous healthy tissues and tumours. Following activation, SSTRs and their downstream
signalling cascades lead to antisecretory effects, suppression of tumour cell proliferation
and survival, and inhibition of angiogenesis. Overall, SSTRs are involved in a vast number
of signalling pathways and exert receptor- and/or tissue-specific effects following their
activation by SST or SST analogues [39–41].

Our immunocytochemical and immunohistochemical analyses revealed extensive
co-localisation of FAM159B with RGS9, D2R, SSTR2, SSTR3, SSTR4, and SSTR5. A specific
interaction between RGS9 and D2R that accelerates the termination of D2R signals was
observed previously and hypothesised to be mediated by a third-party protein [42]. D2R
and RGS9-2 expression and interaction have also been observed in the striatum [35], where
corresponding FAM159B expression has also been detected. Additionally, our previous
study showed a significant positive correlation between FAM159B and D2R expression
in neuroendocrine neoplasms [5]. As our present analyses show that FAM159 expression
co-localised with D2R and RGS9 expression, it is possible that FAM159 is involved in
mediating the interaction between RGS9 and D2R. Further studies should aim at a more
in-depth analysis of the D2R/RGS9/FAM159B relationship in the striatum and its role in
µ-opioid receptor signalling.

Our previous study revealed FAM159B expression in several normal and neoplastic
human tissues and identified positive correlations between FAM159B expression and
tumour proliferation and histological grade in neuroendocrine neoplasms. We hypothesised
that FAM159B may play a direct or indirect role in the secretion of various neurotransmitters
and hormones [5]. Because our present results indicate strong co-localisation of FAM159B
with SSTR2, SSTR3, SSTR4, SSTR5, and D2R, it is quite possible that FAM159B is involved
in the respective downstream signalling pathways of those molecules. This may include
the MAPK/ERK pathway, which is essential for forwarding signals from cell surface
receptors to the nucleus. The MAPK/ERK pathway regulates the growth, proliferation,
differentiation, and survival of many cell types and is de-regulated in several cancers [43].
In addition, the D2R receptor activates the PI3K/AKT pathway [44], which is essential
for gene transcription, cell proliferation, and migration. De-regulation of the PI3K/AKT
pathway is frequently observed in various cancers and leads to increased proliferation and
decreased apoptosis [45]. The involvement of FAM159B in these and other pathways may
explain its expression in a large number of normal and neoplastic human tissues as well as
its positive correlation with tumour proliferation and histological grade.

3.3. Association between FAM159B and NSE

With the FAM159B–NSE double-labelling Western blot analyses and co-immunoprecipitation
experiments, we were able to identify some of the additional signals detected by the anti-
FAM159B HPA011778 antibody besides the band observed at Mr 16–18 kDa, representing
the expected molecular weight of FAM159B itself. The bands at Mr = 35–40 kDa and the
signal at Mr = 40–55 kDa possibly represent FAM159B in association with homodimeric
or heterodimeric forms of NSE, as we found identical signals in the separate Western
blot analyses of FAM159B and NSE, the double-labelled immunoblot and the respective
analyses of the FAM159B–NSE co-immunoprecipitation experiments in BON-1 cells. The
signals at 35–40 kDa and 40–55 kDa may represent FAM159B in association with γ- and/or
α-subunits of NSE, whereas the signal at around 70 kDa may represent FAM159B in as-
sociation with the dimeric form of NSE. The overlapping signals on Western blots clearly
suggest an association between FAM159B and NSE. Both proteins have been implicated in
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similar processes within living organisms. NSE is involved in the formation of high-energy
compounds, providing cells and organisms with some of the most essential components
they need for life. FAM159B, on the other hand, plays a role in glucose homeostasis and,
potentially, the regulation of insulin exocytosis [3]. It is therefore plausible for FAM159B
to be involved in similar, if not the same, biochemical pathways as NSE. Furthermore,
FAM159B may mediate protein–protein or protein–membrane interactions and function in
the production of high-energy compounds. Both FAM159B and NSE have been described
as maturation markers: NSE for neuronal structures and FAM159B for β-cells. It is therefore
possible that FAM159B may also be a maturation factor along with NSE in neuronal tissues.
Nevertheless, since there was no difference in NSE expression between the cells treated
with the specific FAM159B-targeting siRNA and those treated with a scrambled siRNA,
FAM159B apparently is not involved in the regulation of NSE expression.

4. Materials and Methods
4.1. Antibody

The rabbit polyclonal anti-FAM159B antibody (HPA011778) was purchased from Atlas
Antibodies AB (Bromma, Sweden). The sequence of the peptide used for rabbit immuni-
sations was as follows: TKPQRLDTGLKLQHLEASSTQEGKSNGKTKALNSNAASNAT
NETYYEADDIIQEKTMDATQIHIA. The peptide PrEST Antigen FAM159B (APrEST71583)
was also obtained from Atlas Antibodies AB (Bromma, Sweden).

4.2. Tumour Cell Lines

The following tumour cell lines were used: the neuroendocrine tumour cell line
BON-1, the prostate cancer cell line PC-3, the SCLC cell lines NCI-h82 and OH-1, and the
epidermoid cell line A431 (DSMZ, Braunschweig, Germany). BON-1 cells were originally
isolated and cultured in 1986 from a lymph node metastasis of a functional neuroendocrine
tumour in a male patient. BON-1 cells contain CgA and serotonin secretory granules but
do not secrete gastrin, somatostatin, glucagon, insulin, vasoactive intestinal peptide, or
pancreatic polypeptide [46]. The PC-3 cell line was established from bone metastasis of a
prostate carcinoma of a 62-year-old Caucasian male in 1979. A key characteristic of PC-3
cells is their androgen independency [47]. PC-3 cells express significant amounts of CgA
and NSE but do not express androgen receptors or prostate-specific antigens. Amongst the
various prostate cancer cell lines that are available, PC-3 represents relatively aggressive and
rapidly growing tumours [48]. Furthermore, PC-3 cells display characteristics that place
them closer to neuroendocrine carcinomas or small cell carcinomas than to adenocarcinomas
of the prostate [49]. The SCLC cell line NCI-h82 was isolated from a tissue sample of a
40-year-old Caucasian male [50]. NCI-h82 cells express only a few neuroendocrine markers
and have a short doubling time [51]. OH-1 cells were originally isolated and cultured from
a pleural effusion of a 43-year-old male patient in 1980. The cell line is characterised by
high L-DOPA-decarboxylase activity [52,53]. The epidermoid cell line A431 originates from
the epidermis of an 85-year-old female patient [54,55].

Cells were cultured in DMEM/Hams F12 1:1 (v/v) (BON-1 cells), RPMI 1640 (PC-3 and
NCI-h82 cells), or DMEM (OH-1 cells), supplemented with 10% (v/v) FCS, 100 IU/mL penicillin,
100 µg/mL streptomycin, and 2 mM glutamine. For the experiments, the cells were grown
in 24-well-plates or 75-cm2 culture flasks until 80% confluence and then subjected to
immunocytochemistry or Western blot analysis.

4.3. Immunocytochemistry

Cell lines were grown overnight on glass coverslips to 80% confluence. The cells were
then washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde
and 0.2% picric acid in phosphate buffer (pH 6.9) for 20 min at room temperature. After
thorough washing with PBS, the cells were incubated with anti-FAM159B HPA011778
antibody (1:100) overnight at 4 ◦C. The next day, the cells were washed and incubated with
Alexa Fluor 488-conjugated secondary antibody (dilution 1:5000; Invitrogen, Karlsruhe,
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Germany) in darkness for 2 h at room temperature. Samples were then mounted (Invitrogen
Fluoromount G, with DAPI; Thermo Fischer Scientific, Waltham, MA, USA) and examined
using a Zeiss LSM 510 META laser scanning confocal microscope (Jena, Germany).

When indicated, the endogenous expression of FAM159B in BON-1, PC-3, NCI-h82,
or OH-1 cells was silenced for 24 h using a chemically synthesised single-stranded RNA
oligonucleotide [ID 264018; Ambion by Life Technologies (Thermo Fischer Scientific),
Waltham, MA, USA] according to the manufacturer’s instructions. A scrambled siRNA
was used as a negative control (Santa Cruz Biotechnology, Dallas, TX, USA).

For adsorption controls, the anti-FAM159B HPA011778 antibody was pre-incubated
for 2 h at room temperature with 10 µg/mL of the peptide PrEST antigen (Atlas Antibodies,
Bromma, Sweden) prior to immunocytochemistry.

For double-labelling immunocytochemistry with FAM159B and CgA, NSE, INSM1,
NCAM1, serotonin, or SST (antibody detects both SST-14 and SST-28), fixed cells were
incubated with anti-FAM159B HPA011778 antibody (1:100) and either anti-CgA, anti-NSE,
anti-NCAM1, anti-INSM1, anti-SST, or anti-serotonin antibody overnight at 4 ◦C (see
Table 1 for host species, clonality, clone number, manufacturer, and dilutions). The next
day, the cells were washed and incubated in darkness for 2 h at room temperature with
Cy3-conjugated anti-rabbit secondary antibody and Alexa Fluor 488-conjugated anti-mouse
or anti-rat secondary antibody. Samples were then covered by a cover slip (Fluoromount
G, with DAPI; Thermo Fischer Scientific, Waltham, MA, USA) and analysed using a Zeiss
LSM 510 META laser scanning confocal microscope (Jena, Germany).

Table 1. Antibodies used.

Antibody Clone Type Manufacturer Dilution

FAM159B
HPA011778 — rabbit polyclonal Atlas Antibodies AB,

Bromma, Sweden 1:100

FAM159B-FITC
conjugated — rabbit polyclonal Biozol, Eching, Germany 1:100

CgA LK2H10 mouse monoclonal BioLogo, Kronshagen,
Germany 1:50

NSE ENO2/1375 mouse monoclonal Abcam, Cambridge,
MA, USA 1:2500

SYP YE269 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:800

INSM1 A-8 mouse monoclonal Santa Cruz Biotechnology,
Dallas, TX, USA 1:100

NCAM1 123C3 mouse monoclonal Santa Cruz Biotechnology,
Dallas, TX, USA 1:500

Serotonin mouse Dako, Glostrup, Denmark 1:50

SST14/28 YC7 rat monoclonal Abcam, Cambridge,
MA, USA 1:300

RGS9 — rabbit polyclonal ATLAS Antibodies AB,
Bromma Sweden 1:500

D2R 960710 mouse monoclonal Bio-Techne GmbH,
Wiesbaden, Germany 1:100

SSTR1 UMB-7 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:25

SSTR2 UMB-1 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:10

SSTR3 UMB-5 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:20
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Table 1. Cont.

Antibody Clone Type Manufacturer Dilution

SSTR4 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:10

SSTR5 UMB-4 rabbit monoclonal Abcam, Cambridge,
MA, USA 1:10

Alexa Fluor
488-conjugated

anti-mouse
— donkey polyclonal Invitrogen, Karlsruhe,

Germany 1:5000

Alexa Fluor
488-conjugated anti-rat — donkey polyclonal Invitrogen, Karlsruhe,

Germany 1:5000

Alexa Fluor
488-conjugated anti-rabbit — goat polyclonal Invitrogen, Karlsruhe,

Germany 1:5000

Cy3-conjugated anti-rabbit —t goat polyclonal Invitrogen, Karlsruhe,
Germany 1:5000

peroxidase-conjugated
anti-rabbit — goat polyclonal Santa Cruz Biotechnology,

Dallas, TX, USA 1:5000

Because the anti-SYP, anti-RGS9, anti-D2R (detects both the short and the long version
of the receptor), anti-SST1, anti-SST2, anti-SST3, anti-SST4 and anti-SST5 antibodies, like
the anti-FAM159B HPA011778 antibody, are derived from rabbits, the fixed cells were first
incubated with the corresponding antibody for the primary receptor or marker overnight
at 4 ◦C. The following day, the cells were washed and incubated for 2 h in darkness at
room temperature with Cy3-conjugated anti-rabbit secondary antibody. The cells were then
washed thoroughly and incubated overnight at 4 ◦C with a rabbit anti-FAM159B-FITC-
conjugated antibody (LifeSpan BioSciences Inc., Seattle, WA, USA).

4.4. Western Blot Analysis

BON-1, PC-3, NCI-h82, or OH-1 cells were seeded into 60-mm petri dishes and grown
to 80% confluence. The cells were then lysed in detergent buffer [150 mM NaCl, 50 mM
Tris-HCl (pH 7.4), 5 mM EDTA, 1% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS, 100 mM
phenylmethylsulfonylfluoride, 10 mg/mL leupeptin, 5 mg/mL aprotinin, 1 mg/mL pep-
statin A]. Next, samples were treated with wheat germ lectin agarose beads. The su-
pernatant and bead fractions were separately subjected to 10% SDS-polyacrylamide gel
electrophoresis and immunoblotted onto polyvinylidene fluoride (PVDF) membranes.
The blots were then incubated at 4 ◦C overnight with rabbit polyclonal anti-FAM159B
HPA011778 antibody or anti-NSE antibody, followed by incubation for 1.5 h at room
temperature with a peroxidase-conjugated secondary anti-rabbit antibody for enhanced
chemiluminescence detection (Amersham, Braunschweig, Germany).

When indicated, the endogenous expression of FAM159B in BON-1, PC-3, NCI-h82,
or OH-1 cells was silenced for 24 h using a chemically synthesised single-stranded RNA
oligonucleotide (see above) according to the manufacturer’s instructions. A scrambled
siRNA was used as a negative control (Santa Cruz Biotechnology).

For adsorption controls, the anti-FAM159B HPA011778 antibody was pre-incubated
for 2 h at room temperature with 10 µg/mL of the peptide PrEST antigen (Atlas Antibodies)
prior to immunoblotting.

For double-labelling Western blot analysis, the blots were incubated with both anti-
FAM159B antibody and anti-NSE antibody overnight at 4 ◦C. The next day, the PVDF
membrane was treated with IRDye® 800 CW goat anti-mouse (dilution 1:1000; 926-32210,
LI-COR Biosciences, Lincoln, NE, USA) and IRDye® 680 LT goat anti-rabbit (dilution 1:1000;
926-68021, LI-COR Biosciences, Lincoln, NE, USA) secondary antibodies for 30 min in the
dark at room temperature. The membrane was then washed and dried and visualised the
following day using an Odyssey infrared imager (LI-COR Biosciences).
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For co-immunoprecipitation, BON-1 cells were seeded into 60-mm petri dishes and
grown to 80% confluence. The cells were then lysed in detergent buffer [150 mM NaCl,
50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Triton X-100, 0.5% Na-deoxycholate, 0.1% SDS,
100 mM phenylmethylsulfonylfluoride, 10 mg/mL leupeptin, 5 mg/mL aprotinin, 1 mg/mL
pepstatin A]. Samples were then subjected to untreated protein A/G PLUS agarose beads
(sc-2003, Santa Cruz Biotechnology) to bind off any interfering immunoglobulins. After
removing the beads, the supernatant was incubated with anti-FAM159B HPA011778 anti-
body for 1 h at 4 ◦C. Samples were then subjected to new protein A/G PLUS agarose beads
for 1 h at 4 ◦C, this time with the aim of binding the antibody-coupled FAM159B. The bead
fraction was subjected to 10% SDS-polyacrylamide gel electrophoresis and immunoblot-
ted onto polyvinylidene fluoride (PVDF) membranes. The blot was incubated at 4 ◦C
overnight with anti-NSE antibody, followed by incubation for 1.5 h at room temperature
with a peroxidase-conjugated secondary anti-rabbit antibody (Santa Cruz Biotechnology)
for enhanced chemiluminescence detection (Amersham).

4.5. Immunohistochemistry

Completely anonymised, archived, formalin-fixed and paraffin-embedded samples
from human pancreas and from pancreatic neuroendocrine tumours (n = 3 each) were
obtained from the Institute of Pathology and Cytology Bad Berka (Bad Berka, Germany).
All procedures performed in this study involving human participants were in accor-
dance with both the ethical standards of the institutional or national research committee
and the 1964 Helsinki declaration and its later amendments. Permission for the use of
the tissue samples was obtained from the local ethics committee (Ethikkommission der
Landesärztekammer Thüringen).

From the paraffin blocks, 4-µm sections were prepared and floated onto positively
charged slides. Samples were dewaxed and rehydrated in a descending alcohol series,
during which endogenous peroxidase was blocked by incubation of the samples in 0.3%
H2O2 in methanol for 45 min. For antigen retrieval, samples were microwaved in 10 mM
citric acid (pH 6.0) for 16 min at 600 W. For double-labelling experiments with antibodies
originating from different species, samples were incubated overnight at 4 ◦C with anti-
FAM159B HPA011778 antibody together with antibodies for CgA, NSE, NCAM1, INSM1,
SST (detecting both SST-14 and SST-28), or serotonin (see Table 1 for host species, clonality,
clone number, manufacturer, and dilutions). Next, the samples were incubated with Cy3-
conjugated anti-rabbit secondary antibody and Alexa Fluor 488-conjugated anti-mouse or
anti-rat secondary antibody. The samples were then mounted in Invitrogen Fluoromount
G with DAPI (Thermo Fisher Scientific, Waltham, MA, USA) and examined using a Zeiss
LSM 510 META laser scanning confocal microscope (Jena, Germany).

For double-labelling immunohistochemical experiments using two rabbit primary an-
tibodies, we first tried to perform the experiments using an FITC-conjugated anti-FAM159B
primary antibody. This method worked for immunocytochemistry but not for immuno-
histochemistry, because the obtained signal for anti-FAM159B-FITC in the tissue samples
was very weak and differed significantly from that of unconjugated anti-FAM159B. We,
therefore, decided to stain two consecutive samples and merge the images digitally. Hence,
for double-labelling experiments using rabbit antibodies against SYP, RGS9, D2R (detects
both the short and the long version of the receptor), SSTR1, SSTR2, SSTR3, SSTR4, and
SSTR5, two consecutive 4-µm sections were prepared from the paraffin blocks, and each
was floated onto a positively charged slide. One slide was incubated overnight at 4 ◦C with
anti-FAM159B HPA011778 antibody, while the other was incubated with SYP antibody,
RGS9 antibody, D2R antibody, or one of the SSTR antibodies. The following day, the slides
were incubated with their respective secondary antibodies: Cy3-conjugated anti-rabbit sec-
ondary antibody for the slide previously incubated with anti-FAM159B antibody, and Alexa
Fluor 488-conjugated anti-rabbit secondary antibody for the slide previously incubated
with the SYP, RGS9, D2R, or SSTR antibody. The slides were then mounted in Invitrogen
Fluoromount G with DAPI (Thermo Fisher Scientific, Waltham, MA, USA) and examined
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using a Zeiss LSM 510 META laser scanning confocal microscope (Jena, Germany). The
two separate images were then merged digitally.

5. Conclusions

We characterised the expression of the adaptor protein FAM159B alongside that of
other neuroendocrine-specific proteins and receptors in the cancer cell lines BON-1, PC-3,
NCI-h82, and OH-1 as well as human pancreas and pancreatic neuroendocrine tumour
samples. The neuroendocrine-specific markers included CgA, NSE, SYP, NCAM1, INSM1,
serotonin, somatostatin 14/28, RGS9, D2R, and SSTR1–5. FAM159B showed strong co-
localisation with NSE, but also with SYP, INSM1, RGS9, D2R, SSTR2, SSTR3, SSTR4, and
SSTR5. Overall, these results implicate the involvement of FAM159B in a number of
signalling pathways and direct or indirect regulation of diverse membrane proteins and
receptors. However, more research is needed to clarify the exact role and functions of
FAM159B within the human body.

6. Limitations

Our current study of the co-expression of FAM159B with different markers for neu-
roendocrine tumours has some limitations. First, the amount of previous research on
FAM159B remains very little and the exact function of the adaptor protein is still un-
known. Due to this, this work is more descriptive in nature and does not provide direct
answers, but rather aims at setting a starting point or foundation to build upon for further
research. Further, this study only examines tissue samples with a human origin and thus
results cannot be assumed to be identical within other species (such as rat and mouse).
Thus, it would be interesting to see if FAM159B shows similar expression patterns across
different species. Finally, this study only examines the co-expression of FAM159B with
a total of 14 proteins/receptors. Clearly, there are many other molecules to consider in
future research.
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Abbreviation
5-HT serotonin
CgA chromogranin A
D2R dopamine receptor 2
GPCR G-protein coupled receptor
INSM1 insulinoma-associated protein 1
MOR µ-opioid receptor
NCAM1 neural cell adhesion molecule 1
NSE neuron-specific enolase
RGS9 regulator of G-protein signalling 9
SST somatostatin
SCLC small-cell lung cancer
SSTR somatostatin receptor
SYP synaptophysin

References
1. Pei, J.; Grishin, N.V. Unexpected diversity in Shisa-like proteins suggests the importance of their roles as transmembrane adaptors.

Cell Signal 2012, 24, 758–769. [CrossRef] [PubMed]
2. Danielsson, A.; Pontén, F.; Fagerberg, L.; Hallström, B.M.; Schwenk, J.M.; Uhlén, M.; Korsgren, O.; Lindskog, C. The human

pancreas proteome defined by transcriptomics and antibody-based profiling. PLoS ONE 2014, 9, e115421. [CrossRef] [PubMed]
3. Camunas-Soler, J.; Dai, X.Q.; Hang, Y.; Bautista, A.; Lyon, J.; Suzuki, K.; Kim, S.K.; Quake, S.R.; MacDonald, P.E. Patch-seq links

single-cell transcriptomes to human islet dysfunction in diabetes. Cell Metab. 2020, 31, 1017–1031. [CrossRef] [PubMed]
4. Augsornworawat, P.; Maxwell, K.G.; Velazco-Cruz, L.; Millman, J.R. Single-cell transcriptome profiling reveals beta cell maturation

in stem cell-derived islets after transplantation. Cell Rep. 2020, 32, 108067. [CrossRef] [PubMed]
5. Beyer, A.S.L.; Kaemmerer, D.; Sänger, J.; Evert, K.; Lupp, A. Immunohistochemical evaluation of adaptor protein FAM159B

expression in normal and neoplastic human tissues. Int. J. Mol. Sci. 2021, 22, 12250. [CrossRef] [PubMed]
6. UniProt Consortium. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480–D489. [CrossRef]
7. Kanakis, G.; Kaltsas, G. Biochemical markers for gastroenteropancreatic neuroendocrine tumours (GEP-NETs). Best Pract. Res.

Clin. Gastroenterol. 2012, 26, 791–802. [CrossRef]
8. Giovinazzo, F.; Schimmack, S.; Svejda, B.; Alaimo, D.; Pfragner, R.; Modlin, I.; Kidd, M. Chromogranin A and its fragments as

regulators of small intestinal neuroendocrine neoplasm proliferation. PLoS ONE 2013, 8, e81111. [CrossRef]
9. Mjones, P.; Sagatun, L.; Nordrum, I.S.; Waldum, H.L. Neuron-specific enolase as an immunohistochemical marker is better than

its reputation. J. Histochem. Cytochem. 2017, 65, 687–703. [CrossRef]
10. Bellizzi, A.M. Immunohistochemistry in the diagnosis and classification of neuroendocrine neoplasms: What can brown do for

you? Hum. Pathol. 2020, 96, 8–33. [CrossRef]
11. Isgro, M.A.; Bottoni, P.; Scatena, R. Neuron-Specific Enolase as a Biomarker: Biochemical and Clinical Aspects. Adv. Exp. Med.

Biol. 2015, 867, 125–143. [PubMed]
12. Polcyn, R.; Capone, M.; Hossain, A.; Matzelle, D.; Banik, N.L.; Haque, A. Neuron specific enolase is a potential target for

regulating neuronal cell survival and death: Implications in neurodegeneration and regeneration. Neuroimmunol. Neuroinflamm.
2017, 4, 254–257. [CrossRef] [PubMed]

13. Dichev, V.; Kazakova, M.; Sarafian, V. YKL-40 and neuron-specific enolase in neurodegeneration and neuroinflammation. Rev.
Neurosci. 2020, 31, 539–553. [CrossRef]

14. Vizin, T.; Kos, J. Gamma-enolase: A well-known tumour marker, with a less-known role in cancer. Radiol. Oncol. 2015, 49, 217–226.
[CrossRef] [PubMed]

15. Valtorta, F.; Pennuto, M.; Bonanomi, D.; Benfenati, F. Synaptophysin: Leading actor or walk-on role in synaptic vesicle exocytosis?
BioEssays 2004, 26, 445–453. [CrossRef] [PubMed]

16. Wiedenmann, B.; Franke, W.W.; Kuhn, C.; Moll, R.; Gould, V.E. Synaptophysin: A marker protein for neuroendocrine cells and
neoplasms. Proc. Natl. Acad. Sci. USA 1986, 83, 3500–3504. [CrossRef]

17. Kalina, M.; Lukinius, A.; Grimelius, L.; Hoog, A.; Falkmer, S. Ultrastructural localization of synaptophysin to the secretory
granules of normal glucagon and insulin cells in human islets of Langerhans. Ultrastruct. Pathol. 1991, 15, 215–219. [CrossRef]

18. DeLellis, R.A.; Shin, S.J.; Treaba, D.O. Chapter 10—Immunohistology of Endocrine Tumors. In Diagnostic Immunohistochemistry,
3rd ed.; Dabbs, D.J., Ed.; W.B. Saunders: Philadelphia, PA, USA, 2020; pp. 291–339.

19. Fujino, K.; Motooka, Y.; Hassan, W.A.; Ali Abdalla, M.O.; Sato, Y.; Kudoh, S.; Hasegawa, K.; Niimori-Kita, K.; Kobayashi, H.;
Kubota, I.; et al. Insulinoma-associated protein 1 is a crucial regulator of neuroendocrine differentiation in lung cancer. Am. J.
Pathol. 2015, 185, 3164–3177. [CrossRef]

20. Mukhopadhyay, S.; Dermawan, J.K.; Lanigan, C.P.; Farver, C.F. Insulinoma-associated protein 1 (INSM1) is a sensitive and highly
specific marker of neuroendocrine differentiation in primary lung neoplasms: An immunohistochemical study of 345 cases,
including 292 whole-tissue sections. Mod. Pathol. 2018, 32, 100–109. [CrossRef]

http://doi.org/10.1016/j.cellsig.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22120523
http://doi.org/10.1371/journal.pone.0115421
http://www.ncbi.nlm.nih.gov/pubmed/25546435
http://doi.org/10.1016/j.cmet.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32302527
http://doi.org/10.1016/j.celrep.2020.108067
http://www.ncbi.nlm.nih.gov/pubmed/32846125
http://doi.org/10.3390/ijms222212250
http://www.ncbi.nlm.nih.gov/pubmed/34830137
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1016/j.bpg.2012.12.006
http://doi.org/10.1371/journal.pone.0081111
http://doi.org/10.1369/0022155417733676
http://doi.org/10.1016/j.humpath.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26530364
http://doi.org/10.20517/2347-8659.2017.59
http://www.ncbi.nlm.nih.gov/pubmed/29423430
http://doi.org/10.1515/revneuro-2019-0100
http://doi.org/10.1515/raon-2015-0035
http://www.ncbi.nlm.nih.gov/pubmed/26401126
http://doi.org/10.1002/bies.20012
http://www.ncbi.nlm.nih.gov/pubmed/15057942
http://doi.org/10.1073/pnas.83.10.3500
http://doi.org/10.3109/01913129109021883
http://doi.org/10.1016/j.ajpath.2015.08.018
http://doi.org/10.1038/s41379-018-0122-7


Int. J. Mol. Sci. 2022, 23, 13503 19 of 20

21. Tanigawa, M.; Nakayama, M.; Taira, T.; Hattori, S.; Mihara, Y.; Kondo, R.; Kusano, H.; Nakamura, K.; Abe, Y.; Ishida, Y.; et al.
Insulinoma-associated protein 1 (INSM1) is a useful marker for pancreatic neuroendocrine tumor. Med. Mol. Morphol. 2018,
51, 32–40. [CrossRef]

22. Xie, J.; Cai, T.; Zhang, H.; Lan, M.S.; Notkins, A.L. The zinc-finger transcription factor INSM1 is expressed during embryo
development and interacts with the Cbl-associated protein. Genomics 2002, 80, 54–61. [CrossRef] [PubMed]

23. Shin, S.J.; Treaba, D.O.; DeLellis, R.A. Immunohistology of endocrine tumors. In Diagnostic Immunohistochemistry: Theranostic and
Genomic Applications; Dabbs, D.J., Ed.; Elsevier Health Sciences: Amsterdam, The Netherlands, 2013; pp. 345–389.

24. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

25. Van Acker, H.H.; Capsomidis, A.; Smits, E.L.; Van Tendeloo, V.F. CD56 in the immune system: More than a marker for cytotoxicity?
Front. Immunol. 2017, 8, 892. [CrossRef]

26. Mohammad-Zadeh, L.F.; Moses, L.; Gwaltney-Brant, S.M. Serotonin: A review. J. Vet. Pharmacol. Ther. 2008, 31, 187–199.
[CrossRef]

27. Gellynck, E.; Heyninck, K.; Andressen, K.W.; Haegeman, G.; Levy, F.O.; Vanhoenacker, P.; Van Craenenbroeck, K. The serotonin
5-HT7 receptors: Two decades of research. Exp. Brain Res. 2013, 230, 555–568. [CrossRef]

28. Kanova, M.; Kohout, P. Serotonin—Its synthesis and roles in the healthy and the critically ill. Int. J. Mol. Sci. 2021, 22, 4837.
[CrossRef]

29. Ampofo, E.; Nalbach, L.; Menger, M.D.; Laschke, M.W. Regulatory mechanisms of somatostatin expression. Int. J. Mol. Sci. 2020,
21, 4170. [CrossRef] [PubMed]

30. Martemyanov, K.A.; Arshavsky, V.Y. Biology and functions of the RGS9 isoforms. Prog. Mol. Biol. Transl. Sci. 2009, 86, 205–227.
31. Gerber, K.J.; Squires, K.E.; Hepler, J.R. Roles for regulator of G protein signaling proteins in synaptic signaling and plasticity. Mol.

Pharmacol. 2016, 89, 273–286. [CrossRef]
32. Zachariou, V.; Georgescu, D.; Sanchez, N.; Rahman, Z.; DiLeone, R.; Berton, O.; Neve, R.L.; Sim-Selley, L.J.; Selley, D.E.; Gold, S.J.;

et al. Essential role for RGS9 in opiate action. Proc. Natl. Acad. Sci. USA 2003, 100, 13656–13661. [CrossRef]
33. Hooks, S.B.; Martemyanov, K.; Zachariou, V. A role of RGS proteins in drug addiction. Biochem. Pharmacol. 2008, 75, 76–84.

[CrossRef] [PubMed]
34. Psifogeorgou, K.; Terzi, D.; Papachatzaki, M.M.; Varidaki, A.; Ferguson, D.; Gold, S.J.; Zachariou, V. A unique role of RGS9-2 in

the striatum as a positive or negative regulator of opiate analgesia. J. Neurosci. 2011, 31, 5617–5624. [CrossRef] [PubMed]
35. Gaspari, S.; Papachatzaki, M.M.; Koo, J.W.; Carr, F.B.; Tsimpanouli, M.E.; Stergiou, E.; Bagot, R.C.; Ferguson, D.; Mouzon,

E.; Chakravarty, S.; et al. Nucleus accumbens-specific interventions in RGS9-2 activity modulate responses to morphine.
Neuropsychopharmacology 2014, 39, 1968–1977. [CrossRef]

36. Beaulieu, J.M.; Espinoza, S.; Gainetdinov, R.R. Dopamine receptors—IUPHAR Review 13. Br. J. Pharmacol. 2015, 172, 1–23.
[CrossRef]

37. Mishra, A.; Singh, S.; Shukla, S. Physiological and functional basis of dopamine receptors and their role in neurogenesis: Possible
implication for Parkinson’s disease. J. Exp. Neurosci. 2018, 12, 1179069518779829. [CrossRef] [PubMed]

38. Martel, J.C.; Gatti McArthur, S. Dopamine receptor subtypes, physiology and pharmacology: New ligands and concepts in
schizophrenia. Front. Pharmacol. 2020, 11, 1003. [CrossRef]

39. Theodoropoulou, M.; Stalla, G.K. Somatostatin receptors: From signaling to clinical practice. Front. Neuroendocrinol. 2013,
34, 228–252. [CrossRef]

40. Günther, T.; Tulipano, G.; Dournaud, P.; Bousquet, C.; Csaba, Z.; Kreienkamp, H.J.; Lupp, A.; Korbonits, M.; Castano, J.P.; Wester,
H.J.; et al. International Union of Basic and Clinical Pharmacology. CV. Somatostatin receptors: Structure, function, ligands, and
new nomenclature. Pharmacol. Rev. 2018, 70, 763–835. [CrossRef]

41. Hu, Y.; Ye, Z.; Wang, F.; Qin, Y.; Xu, X.; Yu, X.; Ji, S. Role of somatostatin receptor in pancreatic neuroendocrine tumor development,
diagnosis, and therapy. Front. Endocrinol. 2021, 12, 679000. [CrossRef]

42. Kovoor, A.; Seyffarth, P.; Ebert, J.; Barghshoon, S.; Chen, C.K.; Schwarz, S.; Axelrod, J.D.; Cheyette, B.N.; Simon, M.I.; Lester,
H.A.; et al. D2 dopamine receptors colocalize regulator of G-protein signaling 9-2 (RGS9-2) via the RGS9 DEP domain, and RGS9
knock-out mice develop dyskinesias associated with dopamine pathways. J. Neurosci. 2005, 25, 2157–2165. [CrossRef]

43. Orton, R.J.; Sturm, O.E.; Vyshemirsky, V.; Calder, M.; Gilbert, D.R.; Kolch, W. Computational modelling of the receptor-tyrosine-
kinase-activated MAPK pathway. Biochem. J. 2005, 392, 249–261. [CrossRef] [PubMed]

44. Belkacemi, L.; Darmani, N.A. Dopamine receptors in emesis: Molecular mechanisms and potential therapeutic function. Pharmacol.
Res. 2020, 161, 105124. [CrossRef]

45. Peltier, J.; O’Neill, A.; Schaffer, D.V. PI3K/Akt and CREB regulate adult neural hippocampal progenitor proliferation and
differentiation. Dev. Neurobiol. 2007, 67, 1348–1361. [CrossRef] [PubMed]

46. Evers, B.M.; Ishizuka, J.; Townsend, C.M., Jr.; Thompson, J.C. The human carcinoid cell line, BON. Ann. N. Y. Acad. Sci. 1994,
733, 393–406. [CrossRef] [PubMed]

47. Sung, E.; Kwon, O.K.; Lee, J.M.; Lee, S. Proteomics approach to identify novel metastatic bone markers from the secretome of
PC-3 prostate cancer cells. Electrophoresis 2017, 38, 2638–2645. [CrossRef]

48. Tai, S.; Sun, Y.; Squires, J.M.; Zhang, H.; Oh, W.K.; Liang, C.Z.; Huang, J. PC3 is a cell line characteristic of prostatic small cell
carcinoma. Prostate 2011, 71, 1668–1679. [CrossRef] [PubMed]

http://doi.org/10.1007/s00795-017-0167-6
http://doi.org/10.1006/geno.2002.6800
http://www.ncbi.nlm.nih.gov/pubmed/12079283
http://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://doi.org/10.3389/fimmu.2017.00892
http://doi.org/10.1111/j.1365-2885.2008.00944.x
http://doi.org/10.1007/s00221-013-3694-y
http://doi.org/10.3390/ijms22094837
http://doi.org/10.3390/ijms21114170
http://www.ncbi.nlm.nih.gov/pubmed/32545257
http://doi.org/10.1124/mol.115.102210
http://doi.org/10.1073/pnas.2232594100
http://doi.org/10.1016/j.bcp.2007.07.045
http://www.ncbi.nlm.nih.gov/pubmed/17880927
http://doi.org/10.1523/JNEUROSCI.4146-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21490202
http://doi.org/10.1038/npp.2014.45
http://doi.org/10.1111/bph.12906
http://doi.org/10.1177/1179069518779829
http://www.ncbi.nlm.nih.gov/pubmed/29899667
http://doi.org/10.3389/fphar.2020.01003
http://doi.org/10.1016/j.yfrne.2013.07.005
http://doi.org/10.1124/pr.117.015388
http://doi.org/10.3389/fendo.2021.679000
http://doi.org/10.1523/JNEUROSCI.2840-04.2005
http://doi.org/10.1042/BJ20050908
http://www.ncbi.nlm.nih.gov/pubmed/16293107
http://doi.org/10.1016/j.phrs.2020.105124
http://doi.org/10.1002/dneu.20506
http://www.ncbi.nlm.nih.gov/pubmed/17638387
http://doi.org/10.1111/j.1749-6632.1994.tb17289.x
http://www.ncbi.nlm.nih.gov/pubmed/7978888
http://doi.org/10.1002/elps.201700052
http://doi.org/10.1002/pros.21383
http://www.ncbi.nlm.nih.gov/pubmed/21432867


Int. J. Mol. Sci. 2022, 23, 13503 20 of 20

49. Cunningham, D.; You, Z. In vitro and in vivo model systems used in prostate cancer research. J. Biol. Meth. 2015, 2, e17. [CrossRef]
50. Hellmann, G.M.; Fields, W.R.; Doolittle, D.J. Gene expression profiling of cultured human bronchial epithelial and lung carcinoma

cells. Toxicol. Sci. 2001, 61, 154–163. [CrossRef]
51. Kalemkerian, G.P.; Jasti, R.K.; Celano, P.; Nelkin, B.D.; Mabry, M. All-trans-retinoic acid alters myc gene expression and inhibits

in vitro progression in small cell lung cancer. Cell Growth Differ. 1994, 5, 55–60.
52. Gazdar, A.F.; Carney, D.N.; Russell, E.K.; Sims, H.L.; Baylin, S.B.; Bunn, P.A., Jr.; Guccion, J.G.; Minna, J.D. Establishment of

continuous, clonable cultures of small-cell carcinoma of lung which have amine precursor uptake and decarboxylation cell
properties. Cancer Res. 1980, 40, 3502–3507.

53. Luk, G.D.; Goodwin, G.; Marton, L.J.; Baylin, S.B. Polyamines are necessary for the survival of human small-cell lung carcinoma
in culture. Proc. Natl. Acad. Sci. USA 1981, 78, 2355–2358. [CrossRef] [PubMed]

54. Graness, A.; Hanke, S.; Boehmer, F.D.; Presek, P.; Liebmann, C. Protein-tyrosine-phosphatase-mediated epidermal growth factor
(EGF) receptor transinactivation and EGF receptor-independent stimulation of mitogen-activated protein kinase by bradykinin in
A431 cells. Biochem. J. 2000, 347, 441–447. [CrossRef] [PubMed]

55. Lin, C.Y.; Tsai, P.H.; Kandaswami, C.C.; Chang, G.D.; Cheng, C.H.; Huang, C.J.; Lee, P.P.; Hwang, J.J.; Lee, M.T. Role of tissue
transglutaminase 2 in the acquisition of a mesenchymal-like phenotype in highly invasive A431 tumor cells. Mol. Cancer 2011,
10, 87. [CrossRef] [PubMed]

http://doi.org/10.14440/jbm.2015.63
http://doi.org/10.1093/toxsci/61.1.154
http://doi.org/10.1073/pnas.78.4.2355
http://www.ncbi.nlm.nih.gov/pubmed/6264474
http://doi.org/10.1042/bj3470441
http://www.ncbi.nlm.nih.gov/pubmed/10749673
http://doi.org/10.1186/1476-4598-10-87
http://www.ncbi.nlm.nih.gov/pubmed/21777419

	Introduction 
	Results 
	Verification of FAM159B Expression in the Selected Cancer Cell Lines 
	Immunocytochemical and Immunohistochemical Double-Labelling Experiments with Different Markers for Neuroendocrine Cells 
	FAM159B-NSE Co-Localization and Interaction Experiments 

	Discussion 
	Verification of FAM159B Expression in the Selected Cancer Cell Lines 
	Immunocytochemical and Immunohistochemical Double-Labelling Experiments 
	Association between FAM159B and NSE 

	Materials and Methods 
	Antibody 
	Tumour Cell Lines 
	Immunocytochemistry 
	Western Blot Analysis 
	Immunohistochemistry 

	Conclusions 
	Limitations 
	References

