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Abstract

Introduction: Phaeochromocytomas are tumours originating in the medulla of the Key Words
adrenal gland. They produce catecholamines, and some tumours also produce ectopic » phaeochromocytoma
hormones. Two types of glucose imbalances occur in phaeochromocytoma patients, > insulin
hyperglycaemia and hypoglycaemic attacks. Therefore, we tested whether insulin > INS-IGF2

transcript (INS), insulin, and a hybrid read-through transcript between exons from insulin ~ » ectopic production
and insulin-like growth factor 2 (INS-IGF2) were expressed in phaeochromocytomas. > ectopic transcription
Methods: We measured the expression of insulin using immunohistochemistry. The » tumour-induced
expression of INS-IGF2 was determined by qRT-PCR in formalin-fixed and paraffin- hypoglycaemia
embedded tissue from 20 phaeochromocytomas. The expression of INS and INS-IGF2 > tumour-induced

transcripts was also analysed in 182 phaeochromocytomas and paragangliomas using
publicly available datasets in The Cancer Genome Atlas (TCGA) Database.

hyperglycaemia
» immunohistochemistry

Results: Of 20 phaeochromocytomas, 16 stained positive for insulin. The distribution
of positive cells was mostly scattered, with some focal expression indicating clonal
expansion. Nineteen tumours expressed high levels of INS and INS-IGF2 transcripts.
The expression of the two transcripts corresponded closely. In the TCGA dataset,
phaeochromocytoma expresses higher levels of INS and INS-IGF2 transcripts compared
to the normal non-tumour adrenal glands. Thus, the expression of INS and INS-IGF2

seems to be a general phenomenon in phaeochromocytoma.

Conclusion: Most phaeochromocytomas contain cells that overexpress INS and
INS-IGF2 transcripts. Most tumours also display heterogeneous expression of polypeptides
immunoreactive to monoclonal anti-insulin antibodies. Clinically this may relate to both

hyperglycaemia and hypoglycaemic attacks seen in patients with phaeochromocytoma as

well as autocrine tumour growth.
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Introduction

Phaeochromocytomas are tumours originating in the
medullaoftheadrenal gland. Asthenormal adrenal medulla,
phaeochromocytomas mainly produce catecholamines
but a few also produce ectopic hormones. Clinically, the
most important ectopic hormone is adrenocorticotropic
hormone causing Cushing syndrome that adds to
the typical phaeochromocytoma symptoms (1, 2).

Staining with anti-insulin was described in five of seven
phaeochromocytomas (3).

Other examples of ectopic insulin production are
rare. It is found in a few cases with tumours in the cervix,
lung, kidney, paraganglioma, and ovary. The evidence for
insulin production in these tumours is, for some of them,
limited to staining with anti-insulin antibodies (4, 5, 6, 7).
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Other studies, in addition, include in situ hybridisation
of insulin mRNA (8), insulin extracted from tumour (9),
cultured cells demonstrating insulin production (10),
granules similar to those in beta cells (11, 12), and/or cure
of hypoglycaemia after tumour extirpation (10, 12, 13).
There are also reports of patients with hyperinsulinemic
hypoglycaemia without convincing evidence that their
extrapancreatic tumour produced the insulin.

Dysregulated ectopic production of insulin and
related molecules could cause or contribute to the
two kinds of glucose imbalances seen in patients with
phaeochromocytoma. First, hyperglycaemia is common,
occurring in 21-37% of the patients and is probably
caused by the secreted catecholamines that inhibit
insulin secretion and increase insulin resistance (14). In
addition, we suggest that insulin-related molecules partly
mimicking insulin may block the insulin receptor, and
thereby contribute to hyperglycaemia. Secondly, rare
cases with hypoglycaemic attacks have been reported
in phaeochromocytoma patients (15, 16, 17, 18) but the
mechanism is unknown. Hypersecretion of insulin from
the tumour may cause hypoglycaemia.

Phaeochromocytomas overexpress insulin-like growth
factor 2 transcript (IGF2 transcript) (19) and the translated
protein IGF2 (20). The insulin gene and the IGF2 gene are
located after each other on chromosome subband 11p15.5
(Fig. 1). These two genes can give rise to read-through
hybrid transcripts composed of exons from both genes:
the INS-IGF2 transcript 1, a long transcript believed never
to be translated into protein as an early stop codon targets
it to nonsense-mediated decay, and INS-IGF2 transcript
2, a shorter transcript (Fig. 1) that codes for a 200 amino
acid protein.

In this study, we report that most phaeochromocytomas
overexpress INS and INS-IGF2 transcripts and insulin.
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Methods
Patients

We obtained consent from 20 patients with
phaeochromocytomas operated consecutively from 2015
to 2017, to retrospectively investigate their tumours.
There were an equal number of female and male (10/10)
patients with age span 30-70 years (median 57). Two
patients had known germline mutation predisposing to
phaeochromocytoma; one heterozygote FN1 mutation:
c.1527+4_1527+7 del and one heterozygote MAX
mutation: exon 3 ¢.149T>A (Val 50 Asp). Seven patients
had hyperglycaemia. Seventeen of the 20 patients were
Caucasians. No patients showed evidence of predisposing
germline mutations in SDH genes. The hospital recruits
unselected phaeochromocytoma patients (Supplementary
Table 1, see section on supplementary materials given at
the end of this article). All data in the table are as expected
in an average cohort of phaeochromocytoma patients.
Consent was given by the Regional Ethics committee
(2018/196) and The Data Protection Officer (7_2018).

Tumours

Neighbouring slices of formalin-fixed paraffin-embedded
(FFPE) tissue from the 20 tumours were used for RNA
studies and immunochemistry. Tumour diameters were
1.9-9.5 cm (median 5 cm).

Total RNA extraction

Slices of 10 pm were mounted on glass slides and left to dry
overnightat room temperature. Macrodissection of tumour
tissue was performed to obtain pure tumour tissue cleared
of the normal adrenal cortex. Total RNA was extracted
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Overview of the transcripts generated from the INS-IGF2 locus on chromosome 11. Starting from the top, the four transcripts shown are the INS
transcript, the long INS-/GF2 transcript 1 (noncoding), the short INS-IGF2 transcript 2 (coding), and the /GF2 transcript 2. Exons are depicted as tall boxes
and intron as line. Parts annotated as encoded within the insulin gene are shown in black, and the light grey parts designate /GF2 gene origin. The scale

above indicates the genomic position.
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using the RNeasy FFPE Kit (Qiagen) as recommended by
the manufacturer, and RNA concentration was measured
with Qubit RNA BR kit (Invitrogen). RNA quality was
measured using Bioanalyzer, and the DV200 values were
calculated to be >85% for phaeochromocytoma samples
and the negative control and 39% for the positive control.
Thus, all samples meet the standard 30% cut-off.

PCR and quantitative reverse transcriptase
PCR (RT-qPCR)

Expression of insulin transcripts was detected with
RT-qPCR. For cDNA synthesis, 300 ng of total RNA
was reverse transcribed with SuperScript VI, Random
Hexamers, dNTP, RNaseOUT RNase Inhibitor (all from
Invitrogen), as recommended by the manufacturer. With
c¢DNA input equivalent to 4 ng total RNA, using Power
SYBR Green PCR Master Mix (Applied Biosystems) with
primers F: 5-GAAGCGTGGCATTGTGGAA-3’ and R:
5’- GCGTCTAGTTGCAGTAGTTCT-3". The PCR programme
(10 min at 95°C, 30/34x (155 95°C, 1min 62°C)) was run on
Mastercycler x50 (Eppendorf, Hamburg, Germany). For the
INS-IGF2 transcript 2, we used QuantiTech Primer Assay
(Qiagen) using PCR conditions as described for insulin. In
all reactions, normal pancreas and normal adrenal gland
were used as controls.

PCR products were separated by electrophoresis on
2% TAE/agarose gels using UltraPure Agarose (Invitrogen).
Pictures were acquired and quantified by fluorescence
using the Gel-doc XR+ system and ImageLab 5.2.1 software
(both from Bio-Rad).

Relative quantification of insulin expression was
also performed by qPCR, by comparing the Ct value
from patient samples with Ct values from a standard
curve made from dilutions of the insulin cDNA from the
pancreas. The reaction was run in a 384 format on
QuantStudio7 (Applied Biosystems), otherwise as
described for regular PCR.

Bioinformatics

Gene expression data from pheochromocytoma and
paraganglioma (PCPG) are available through the Cancer
Genome Atlas (TCGA) Research Network (https://
www.cancer.gov/about-nci/organization/ccg/research/
structural-genomics/tcga). The PCPG cohort consists of
data from 182 tumours.

The differential gene expression analysis compared
expression (cut off value of 1.5) in the PCPG tumours with
the normal controls was performed by ANOVA analysis

Phaeochromocytomas and
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in the online analysis tools Gene Expression Profiling
Interactive Analysis (GEPIA) (21).

Immunohistochemistry

Formalin-fixed and paraffin-embedded slices of 2 pm thick
were stained with monoclonal mouse anti-human insulin
NCL-INSULIN, clone 2D11-HS, dilution 1:100 (Leica
Biosystems) and visualised by chromogen detection using
UltraView DAB with amplification (Ventana, Tuscon, USA).
Semi-quantification of staining (score 0-4) based on the
percentage of stained cells per microscopic visual field with
20x objective: score 0, no positive cells; score 1, 1-25%
cells; score 2, 26-50% cells; score 3, 51-75% cells and score
4, >75% cells. The scoring was performed twice, blinded,
and with identical results.

Staining with antibodies to succinate dehydrogenase B
(SDHB) was performed to assess SDH deficiency (22).

We obtained the RNA results without the knowledge of
the immunohistochemistry results and vice versa.

Results

Phaeochromocytomas express insulin and
hybrid transcripts

While normal adrenal tissue showed no detectable
expression of INS transcripts, 17 of the 20 tumours had
detectable expression (Fig. 2A). The levels varied from 11 to
83% of normal pancreatic tissue based on quantification
of the amplified PCR products separated by agarose
gel electrophoresis (Fig. 2A). To get a more sensitive
measurement of the expression levels, we performed
qRT-PCR analysis where we related the INS transcript
expression levels to a dilution curve of pancreatic cDNA.
The relative order of high to low expression samples did
not change substantially, but with the more sensitive
method, we detected the expression of insulin in two
additional samples, samples 6 and 11 (Fig. 2B), giving
detectable expression of INS transcript in 19 of 20 tumours.

As the INS gene is located in the upstream of IGF2, we
also amplified the hybrid INS-IGF2 transcript 2 (Fig. 3). An
INS-IGF2 transcript was found in 19 of the 20 tumours. The
PCR reaction for INS-IGF2 transcript needed four more
cycles to produce a visible band on the gel, indicating
lower levels of INS-IGF2 than INS transcripts. There was no
expression of INS-IGF2 transcript 2 in normal adrenal and
pancreatic tissue. Hence, of the 20 phaeochromocytomas,
19 expressed the INS transcript and the hybrid INS-IGF2
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transcript 2. Their degree of expression of insulin and
hybrid transcripts corresponded closely, indicating
transcriptional activation of the whole region around the
insulin gene.

Phaeochromocytomas with different degrees of
anti-insulin antibody staining

We used immunohistochemistry to verify whether
the transcripts were translated into the corresponding
polypeptides. Staining with anti-insulin antibodies was
mostly at a low level (score 1, twelve tumours). Four
positive tumours showed a higher level of staining (score
2, one tumour; score 3, two tumours; score 4, one tumour);
representative examples in Fig. 4B, C, D and E. Only four
tumours showed no positive staining.

The distribution of positive cells seems to be mostly
scattered (Fig. 4B, C, D and E). However, in one sample,
there was an expanding clone of strongly positive cells
(Fig. 4F), and in some other samples, we found clusters of
positive cells (Fig. 4G). The intracellular-stained granules
in positive cells (Fig. 4G) were similar to insulin granules
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Figure 2

Phaeochromocytomas express insulin transcripts.
(A) Agarose gel showing the insulin PCR product
after 30 cycles of PCR starting with the equivalent
of 4 ng RNA. Of the 20 phaeochromocytoma
samples tested (lanes 1-20), 17 show a band
indicating amplification of /NS transcripts. Adrenal
gland (lane a) and pancreas (lane p) were used as
a negative and positive control, respectively. (B)
The relative quantification of signal intensity in
the bands in (A) is shown in the bar diagram. The
pancreas control was set to 1.0. (C) INS expression
analysed with qRT-PCR. Total RNA from pancreatic
tissue was reverse transcribed to cDNA and
serially diluted to form a reference curve. The
equivalent of 4 ng total RNA from the
phaeochromocytoma sample was used, and the
resulting threshold cycle was related to the
pancreatic cDNA dilution curve. With this more
sensitive method, two more tumours (6 and 11)
showed expression of INS transcript.

in g-cells. We found no staining of control tissues from
normal liver, colon, lymph node, adrenal cortex and
medulla (not shown), and exocrine pancreas (Fig. 4H).

Theseresults show thatof the 20 phaeochromocytomas
16 stained positively with anti-insulin antibodies,
indicating translation of the transcripts into polypeptides.
The clonal distribution indicates that different parts of a
tumour show different transcriptional activation leading to
different INS and INS-IGF2 expression and corresponding
polypeptide synthesis. This is in line with the established
concept of tumour heterogeneity.

Expression of INS and INS-IGF2 transcripts in
phaeochromocytoma tumours validated in TCGA

To validate the transcription results in a larger cohort, INS
and INS-IGF2 expressions were evaluated in TCGA cohort of
phaeochromocytomas and paragangliomas. The analysis
showed a significant difference (P=0.01) in the expression
of INS in the tumours compared to the normal adrenal
gland (Fig. SA). There was also an increase of INS-IGF2 in
tumours compared to normal tissue (Fig. 5B). Similar to

Figure 3

Phaeochromocytoma expresses INS-IGF2
transcript 2. (A) Agarose gel showing the INS-/GS2
transcript 2 PCR product of the expected size.
Adrenal gland (lane a) and pancreas (lane p) were
included as controls. (B) The relative
quantification of signal intensity in the bands in
(A) is shown in the bar diagram. The highest
expressed sample was set as 1.0. The results
correlate with the INS expression shown in Fig. 2
(Spearman, r=0.80, P < 0.002).
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our results, the INS-IGF2 expression levels are lower than
the INS expression levels. The degree of expression of the
two transcripts correlates positively (Fig. 5C). Thus, the
transcription data obtained from TCGA corroborate the
results from our cohort.

In conclusion, activation of expression from the
insulin locus is common in phaeochromocytomas. This
opens the possibility that the production of insulin and
the hybrid polypeptide translated from INS-IGF2 transcript
in the tumours may contribute both to autocrine tumour
growth effects and the glucose imbalances seen in
these patients.

Phaeochromocytomas and
insulin production
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Figure 4

Phaeochromocytomas with different degrees of
anti-insulin antibody staining. (A) Standard
haematoxylin-eosin staining of
phaeochromocytoma. (B, C, D and E)
Representative images of degree of positive
staining, score 1-4: (B) score 1, 0-25% positive
cells, (C) score 2, 26-50% positive cells, (D) score 3,
51-75% positives cells, (E) score 4, >75% positive
cells. (F) Large clone (upper part) with heavily
stained cells (score 4). (G) Cluster of stained cells,
indicating a small clonal distribution of positive
cells. (H) Normal pancreas with stained g-cells
(positive control) surrounded by unstained
exocrine cells (negative control).

Discussion

We present evidence that most phaeochromocytomas
contain cells that express INS transcript and INS-IGF2
transcript 2. Staining with anti-insulin antibodies supports
that the transcripts are translated to polypeptides. Our
findings add to the previous knowledge about the biology
of these tumours and their ectopic hormone production.
This opens the possibilities that the overexpression may
cause or contribute both to autocrine tumour growth
effects and the two types of glucose imbalance seen in
patients with a phaeochromocytoma. Our cohort of
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Figure 5

INS and INS-IGF2 expression in
phaeochromocytomas and paragangliomas
(PCPG) (A). Expression of INS transcript is
significantly elevated in PCPG (red) compared to
normal tissue (grey) in the TCGA dataset after
ANOVA analysis with a cut off value of 1.5
(P=0.01). The expression data are first
log,(TPM+1) transformed for differential analysis
and the log,FC is defined as median (tumour) -
median (normal). Genes with higher |log,FC]|
values and lower q values than pre-set thresholds
are considered differentially expressed genes (B).
Expression of INS-/IGF2 transcript analysed as in
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patients, recruited unselectively, constitutes a typical
cohort, with two germline predisposing mutations. Other
clinical features, presented in Supplementary Table 1, are
also as expected in an unselected cohort.

In the fully developed body, only g-cells of the
pancreas express insulin on both transcriptional and
polypeptide levels. Our results of INS transcript levels close
to the endogenous pancreatic levels, and the anti-insulin
staining with an intracellular granular morphology (Fig.
4) similar to insulin-containing granule in p-cells in the
pancreas, is, therefore, unexpected.

What could give phaeochromocytoma cells the ability
to express insulin? Chromaffin cells and pancreatic g-cells
are not closely related developmentally, as they come
from neuronal (23) and epithelial (24) origin, respectively.
However, data from studies of g-cell differentiation suggest
that the developmental distance may be relatively short.

(A and C). Spearman correlation analysis of INS
and INS-IGF2 expression. The data corroborate
our findings in the 20 phaeochromocytomas.

First, the whole genomic area around the INS gene (from
before the beginning of the INS gene and well into the
IGF2 gene) has open chromatin conformation (25),
reflecting a permissive state as the first requirement for
transcription. Secondly, during differentiation, pg-cells
acquire a methylation pattern more similar to neuronal
cells than pancreatic acinar cells (24). This is interesting,
as most phaeochromocytoma tumours show signs of
tumour-specific changes in methylation status (26).
Thirdly, demethylation of the insulin promotor, rendering
it active, happens late in p-cell differentiation, and already
before the activation of the promotor, low levels of INS
transcripts can be detected (27). These three points support
that low-level expression from the open chromatin in this
region is possible without a fully active promotor.

Several lines of evidence further support the
possibility of insulin expression in phaeochromocytomas.

https://ec.bioscientifica.com
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The IGF2 gene is localised in a region that undergoes
classical maternal-paternal imprinting. Overexpression
of IGF2 transcript is common in phaeochromocytomas,
and mechanisms found so far are tumour- specific
genomic changes in copy number, uni-parental disomy,
and methylation (19). Amplifications resulting in several
copies of the whole INS-to-IGF2 locus would give more
templates also for insulin transcription. The uni-parental
disomy, where the mother’s imprinted/closed copy
of IGF2 has been exchanged to a second copy of the
father’s actively transcribing copy, would also increase
the possibility of transcription from the INS-to-IGF2
locus. Lastly, as touched upon earlier, the methylation
changes leading to active IGF2 promotors may spill over
to the closely located INS gene leading to its activation.
Thus, there are several possible mechanisms by which
genomic changes activating transcription from the IGF2
gene also could increase the expression of the INS gene in
phaeochromocytoma.

Expression of INS-IGF2 is not common in normal
adult tissue (28). In tumours, it has been found in non-
small-cell lung cancer (29) and insulinomas (30). We find
a high degree of correspondence between the expression
of INS and INS-IGF2 transcripts, which is expected as they
are transcribed from the same promotor (28). The need for
four more cycles to detect the INS-IGF2 transcript suggests
different expression levels, which is supported by the TCGA
data showing about a 60-fold difference in expression (Fig.
5A and B).

Kamio et al. (3) already in 1991 found that five of
seven phaeochromocytomas stained positively with anti-
insulin antibodies. We now confirm their finding in a
larger study, where 16 of 20 tumours stained positively
for insulin. In addition, we show overexpression of the
INS and INS-IGF2 transcripts, and the 182 tumours in
the TCGA cohort corroborate this finding, suggesting a
common phenomenon.

The anti-insulin staining strongly suggests that insulin
is produced by these tumours.

In addition, the INS-IGF2 transcript 2 encodes a 200
amino acid protein starting with the preproinsulin signal
peptide, the insulin B chain, and the first eight amino acids
in the proinsulin C-peptide (28). If the B chain of INS-IGF2
polypeptide retains the same helical configuration as in
insulin, it may contain epitopes present on insulin and
thereby binding the same antibody. Supporting evidence
comes from the finding that anti-insulin autoantibodies
from patients with diabetes type 1 recognise epitopes
on the B-chain part of the peptide translated from the

INS-IGF2  transcript 2 (31). Thus, both insulin

Phaeochromocytomas and
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and the hybrid polypeptide may
anti-insulin antibody.

The expression analyses and the immunostaining
show that the expression levels vary substantially between
the phaeochromocytomas. The clonal expansion in one
sample and the clusters of positive cells in some others
indicate a potential for further clonal expansion revealing
variations also within tumours. Such tumour heterogeneity

stain with the

is well known in both cancers and benign tumours,
including phaeochromocytomas (32). Another example
is aldosterone-producing tumours from the adrenal cortex
(33) showing clonal distributions very similar to what
we find in tumours from the medulla. Therefore, the few
negative tumours in our cohort may express INS and INS-
IGF2 transcripts and corresponding polypeptides in other
areas than we examined.

We found no correlation between the degree of
immunostaining and the expression of the transcripts.
Several mechanisms could explain this lack of correlation.
Differences in synthesis and modulation of a protein’s
half-life are possible mechanisms (34). For example, it has
been reported that INS transcript 1 gives more efficient
translation into protein than transcripts 2-4 (35). Based
on the granules we see in the insulin staining, another
possible way to change the relationship between transcripts
and polypeptides is the secretion kinetics of the final
polypeptide product. Rapid secretion would lead to small
amounts present in the cell whereas cells without secretion
would retain products inside the cells and, therefore, stain
more strongly.

The activation of a wider region around the insulin
gene may have possible autocrine stimulatory growth
effects in phaeochromocytomas. They overexpress IGF-2
and its receptor (20) and the IGF-1 receptor (36), and the
overexpression is most pronounced in malignant tumours
(37). Our finding of overexpression of insulin may also
induce autocrine growth stimulation. This is, however,
less likely, because highly supraphysiological insulin
concentrations are required to induce growth (38).

Phaeochromocytomas induce two types of glucose
imbalances, hyperglycaemia and hypoglycaemic attacks,
both occurring on top of the typical phaeochromocytoma
symptoms and signs. Hyperglycaemia is common and is
probably caused by two effects of catecholamines, namely
increased insulin resistance and inhibition of insulin
secretion from beta cells (14). Hypoglycaemic attacks are
rare, only a few cases have been reported (15, 16, 17, 18) and
the mechanism is not known. It has been postulated (16)
that catecholamine induced p-adrenoceptor- mediated
release of insulin from pancreatic p-cells may override
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of release and the insulin resistance seen in most
phaeochromocytoma patients (14). However, no evidence
for this overriding mechanism is presented, and it seems
unlikely that in just a few rare patients the overwhelming
hyperglycaemic catecholamine effects should be switched
to the opposite. Empty glucose stores in the liver have
also been suggested to contribute (16). However, other
phaeochromocytoma patients experience
postprandial reactive hypoglycaemic attacks without any
malnutrition (17, 18).

It is of considerable interest that our findings suggest
new contributing mechanisms for both types of glucose
imbalances. Obviously, hypersecretion of insulin could
cause hypoglycaemic attacks. However, only very few
patients suffer from hypoglycaemia and most of our
phaeochromocytomas stain positively. Therefore, only
tumours with heavy staining and clonal expansion of
such cells may contain sufficient amounts of insulin. In
addition, to cause hypoglycaemia, the normal control that
stops insulin secretion from g-cells when blood glucose is
low must be defective. Generally, tumours with ectopic
hormone production often lack a normal regulatory
mechanism of hormone secretion (39). This is also shown
for insulin-producing tumours causing hypoglycaemia
(10, 35). Therefore, if a phaeochromocytoma produces
much insulin, from the whole tumour or a local clone, and
the normal regulatory brake on secretion of insulin to the
blood is defect, the tumour could cause hypoglycaemia.
Normal g-cells constitute only about 2% of pancreatic cells
(40, 41) so a phaeochromocytoma of around 5 cm would
contain a sufficient number of insulin-producing cells.

The few cases that reported reactive hypoglycaemia in
phaeochromocytoma suggest that these tumours may have
a trigger for insulin secretion. In the pancreas, one of many
triggers for insulin secretion is the stimulation of glucagon-
like peptide 1 receptors (GLP1R). GLP1R expression/
protein has been found on phaeochromocytoma cells (42)
and tumours (43), but whether they function normally
or if they are expressed on cells positive for anti-insulin
staining is not known.

Our findings may also suggest a contributing
mechanism for the more common hyperglycaemia seen in
phaeochromocytoma patients. The INS-IGF2 polypeptide,
if secreted, may block insulin receptors, causing insulin
resistance with hyperglycaemia. Normally, insulin
stimulates its receptor by binding to two different sites
on the receptor. The major site binds the insulin B-chain
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(44). The hybrid contains the B-chain. If this B-chain
part retains the same helical configuration as in insulin,
the hybrid could bind to only one of the two sites, and,
therefore, block the receptor.

In sum, our data suggest possible mechanisms that
may contribute to dysregulated glucose metabolism in
phaeochromocytoma that can be addressed in future
studies. First, it should be demonstrated whether the
anti-insulin staining granule structures we see are fully
functional with the secretion of the polypeptide products
or whether secretion requires additional triggers. One
interesting question that remains to be explored is to define
the mechanism(s) explaining the few cases of reactive
hypoglycaemia reported in the literature given that insulin
is commonly expressed in tumours, but hypoglycaemia
cases are rare. As alluded to above, it remains to be defined
whether the hybrid polypeptide binds to the antibodies and
may compete with insulin for insulin-receptor binding and
thereby contribute to hyperglycaemia. Detailed biochemical
studies of receptor-binding kinetics may elucidate this
point. The clonal expansions imply that heterogeneity
within a tumour must be considered. Finally, but perhaps
most importantly, future studies must be performed in
order to correlate our findings with clinical and genetic
aspects on a larger cohort of phaeochromocytoma patients.

Conclusion

Most phaeochromocytomas contain cells that overexpress
INS and INS-IGF2 transcripts. Most tumours also display
heterogeneous expression of polypeptidesimmunoreactive
to monoclonal anti-insulin antibodies. Clinically this may
relate to both hyperglycaemia and hypoglycaemic attacks
seen in patients with phaeochromocytoma as well as
autocrine tumour growth.
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