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Summary
Accurate characterisation of gastrointestinal stromal tu-
mours (GIST) is important for prognosis and the choice of
targeted therapies. Histologically the diagnosis relies on
positive immunostaining of tumours for KIT (CD117) and
DOG1. Here we report that GISTs also abundantly ex-
press the type 3 Sarco/Endoplasmic Reticulum Calcium
ATPase (SERCA3). SERCA enzymes transport calcium
ions from the cytosol into the endoplasmic reticulum and
play an important role in regulating the intensity and the
periodicity of calcium-induced cell activation. GISTs from
various localisations, histological and molecular subtypes
or risk categories were intensely immunopositive for
SERCA3 with the exception of PDGFRA-mutated cases
where expression was high or moderate. Strong SERCA3
expression was observed also in normal and hyperplastic
interstitial cells of Cajal. Decreased SERCA3 expression in
GISTwas exceptionally observed in a zonal pattern, where
CD117 staining was similarly decreased, reflecting clonal
heterogeneity. In contrast to GIST, SERCA3 immuno-
staining of spindle cell tumours and other gastrointestinal
tumours resembling GIST was negative or weak. In
conclusion, SERCA3 immunohistochemistry may be
useful for the diagnosis of GIST with high confidence,
when used as a third marker in parallel with KIT and
DOG1. Moreover, SERCA3 immunopositivity may be
particularly helpful in cases with negative or weak KIT or
DOG1 staining, a situation that may be encountered de
novo, or during the spontaneous or therapy-induced clonal
evolution of GIST.
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INTRODUCTION
Gastrointestinal stromal tumours1 (GISTs) are the most
frequent mesenchymal neoplasms of the gastrointestinal
system with malignant potential.2 GISTs derive from intersti-
tial cells of Cajal (ICCs) of the gastrointestinal tract that act as a
pacemaker for stomach and intestine motility.2 GISTs can be
stratified according to various criteria such as histological
appearance (fusiform, epithelioid or mixed morphology),
localisation in the gastrointestinal tract, mitotic activity and size
at diagnosis, and these parameters are useful for estimating the
risk of malignant behaviour of the tumours.3 Most often, the
molecular oncogenesis of GIST involves mutations in the KIT
(80–85% of cases; exons 11, 9, 13 and 17) or the PDGFRA
(5–10% of cases; exons 12, 14 and 18) proto-oncogenes,
leading to enhanced tyrosine kinase activity of the mutated
oncoproteins.4,5 Because the tyrosine kinase activity of several
types of mutated KIT and PDGFRA enzymes can be inhibited
by imatinib (Gleevec/Glivec) and related inhibitors, mutational
analysis can be useful before starting treatment in GIST.6–8 In
tumours in whichKIT or PDGFRAmutations cannot be found,
mutations in other oncogenes and tumour suppressor genes,
such as BRAF orNF1, have been reported.9 In addition, GISTs
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in which the expression of the mitochondrial succinate dehy-
drogenase complex (SDH) is deficient due to mutations or
epigenetic mechanisms have also been reported.10–13 Familial
GISTs have been observed in the context of germlinemutations
of the KIT, PDGFRA and BRAF genes, as well as in pedigrees
with unknown mutations,14 and can be preceded by Cajal cell
hyperplasia, an excessive, polyclonal accumulation of
normally located Cajal cells in the myenteric plexus.15–17

Cases of GISTs for which the underlying molecular onco-
genic mechanisms have not been identified are also known.5

Sarco/endoplasmic reticulum calcium-transporting ATPa-
ses (SERCA enzymes) are expressed in the endoplasmic re-
ticulum (ER) membrane and carry out ATP-dependent active
transport of calcium ions from the cytosol into the ER
lumen.18 SERCA-dependent calcium transport generates a
several thousand-fold calcium ion concentration gradient
between the cytosol (low nanomolar) and the ER lumen (high
micromolar). Release of calcium from the ER into the cytosol
through calcium channels such as the inositol-1,4,5-

trisphosphate receptor, is a key element of calcium-
dependent cell activation.19,20 Because the overall displace-
ment of calcium between the cytosol and the ER lumen as
well as the dynamics of cytosolic calcium oscillations are
determined by the net balance of SERCA and ER calcium
channel activity, SERCA activity constitutes an essential and
unique control mechanism of calcium-dependent cell acti-
vation.21 SERCA proteins are coded by three genes
(ATP2A1, 2 and 3) that by alternative splicing give rise to
several SERCA protein isoforms.22,23 SERCA1 is expressed
in skeletal muscle, whereas SERCA2a is found in cardio-
myocytes, and SERCA2b is expressed ubiquitously in non-
muscle cells. In selected cell types such as Purkinje neu-
rons, the choroid plexus epithelium, b-cells of pancreatic
islets of Langerhans, endothelial cells, various cell types of
haematological origin or gastric, colic, bronchial and mam-
mary epithelium, SERCA2b is co-expressed with the
SERCA3 isoenzyme.24–35 Because the calcium affinity of
SERCA3 is inferior to that of SERCA2b, their simultaneous

Fig. 1 Immunohistochemical labelling for SERCA3 protein in gastrointestinal stromal tumours (GIST). (A) Hematoxilin-eosin-saffron (HES) staining of GIST tissue
containing tumour cells (*) and adjacent lymphocytes (A). (B) Immunohistochemical staining with an anti-CD20 mouse monoclonal antibody (IgG2a, k) used as isotype
control showing lymphocytes, but not the tumour cells. (C) Immunohistochemical staining with the 2H3 anti-SERCA3 antibody labelling the tumour cells and the
lymphocytes. (D,E) SERCA3 immunostaining in a fusiform (D) and an epithelioid (E) GIST.

344 ADLE-BIASSETTE et al. Pathology (2024), 56(3), April



expression is thought to confer unique calcium transport
characteristics to the ER in these cell types, affecting the
initiation of calcium signals and the spatiotemporal charac-
teristics of cytosolic calcium oscillations required for speci-
alised cellular functions.21,36,37

The immunohistochemical identification of GISTs is
currently based on positive staining for CD117 (KIT, stem
cell factor receptor) or DOG1 (Detected on GIST-1; anocta-
min-1).38–43 While most other histologically similar tumours
of the gastrointestinal tract are negative, GISTs usually stain
positively for these markers.38–42 However, in some GIST-
type tumours staining intensity may be low, and GISTs
negative for either marker may also be encountered.39,44–49

In addition, CD117 or DOG1 staining can be observed in
non-GIST tumours as well.39,43,50–53 Therefore, there is a
need to further enhance the reliability of the immunohisto-
chemical identification of GIST. In this work, SERCA3
expression was investigated by immunohistochemistry in
normal and hyperplastic ICCs and in GISTs, and expression
was compared to histologically similar non-GIST tumours of
the gastrointestinal tract. The results indicate that SERCA3
may represent a new biomarker for the diagnosis of GIST and
contribute to the better understanding of ICC and GIST cal-
cium homeostasis and signalling.

MATERIALS AND METHODS
Samples

A total of 239 GIST tissue samples obtained from 138 individual cases
defined according to the WHO Classification of Tumours, Digestive
System Tumours, 5th edition,54 and 63 non-GIST sarcomas were investi-
gated. Risk classification of GIST was performed according to Miettinen
et al.3 Non-GIST tumours investigated in this study that resemble GIST
histologically [23 leiomyomas, 6 leiomyosarcomas, 5 schwannomas and a
malignant peripheral nerve sheath tumour, 3 cases of fibromatosis and a
solitary fibrous tumour, 12 liposarcomas, 4 Kaposi sarcomas, a rhabdo-
myosarcoma, an angiosarcoma, a low-grade fibromyxoid sarcoma, a high-
grade sclerosing epithelioid fibrosarcoma and 4 fibrosarcomas not other-
wise specified (NOS)] were identified by standard histological, immuno-
histochemical and molecular biological methods. Archival formalin-fixed,
paraffin-embedded (FFPE) tumour specimens were collected anonymously
following ethical approval (CPP IDF4 N�2013-36NI, UCSC9421/18-
15338/18-ID1969).

Immunohistochemistry

Immunohistochemical staining with the 2H3 mouse monoclonal anti-
SERCA3 antibody (IgG2a, kappa, H00000489-MO1; Abnova, Taiwan)
was performed on deparaffinised 5 mm thick sections using an indirect avidin-
biotin-peroxidase method and 3,30diaminobenzidine as chromogen, using the
Benchmark automated immunostainer system (Ventana Medical Systems,
France) as described previously.25 Endogenous peroxidase activity was
inhibited by incubation with 3% H2O2 in phosphate buffered saline for 10
min. Antigen retrieval was carried out using the Ventana CC1 tris-hydroxy-
methyl-aminoethane-based cell conditioning solution at 95–100�C for 30
min. Incubation with the SERCA3-specific primary antibody dissolved at 1.2
mg/mL in DakoReal antibody diluting reagent (Agilent, Singapore) was
performed at 37�C for 30 min, and labelling was revealed using the Ventana
iVIEW DAB Detection Kit with copper enhancement, according to the in-
structions of the manufacturer. Slides were counterstained with haematoxylin
and bluing reagent (Ventana). SERCA3 staining was evaluated semi-
quantitatively using a four-tiered scoring system (0–3+), and arteriolar
endothelial cells and lymphocytes served as internal positive controls for
SERCA3 staining.
In control experiments, staining was performed in identical conditions with

an isotype-matched irrelevant antibody (Dako anti-CD20cy, clone L26), and
this gave no staining on tumour tissue, while a strong positive staining was
obtained on B-lymphocytes occasionally present in sections.

Although CD117 (KIT) and/or DOG1 (anoctamin-1) staining had already
been carried out in the context of the initial diagnostic workup of the tumours,
CD117 and DOG1 staining was repeated for all GIST specimens in this study
with the Dako A4502 rabbit polyclonal (33 mg/mL), and the K9 (NCL-L-
DOG-1, 70 mg/mL; Novocastra, Leica Biosystems, USA) mouse monoclonal
antibodies, respectively, using a Benchmark automated immunostainer
system (Ventana Medical Systems) according to the instructions of the
manufacturers. Staining for SERCA3, CD117 and DOG1, as well as
hematoxylin-eosin-saffron (HES) staining were performed on serial sections.
SDHB immunohistochemical staining was performed on all KIT and

PDGFRA wild-type cases. Mouse monoclonal antibody to SDHB 21A11AE7
(1:1000; Abcam, USA) was used, and the Bond-Max autostainer (Leica
Microsystems, USA) was employed using the Bond-Max avidin biotin-free
polymer-based detection system and diaminobenzidine as the chromogen.
Prior to staining, heat-induced epitope retrieval was carried out with the Leica
alkaline antigen retrieval solution. Only slides with positive internal control
(smooth muscle, endothelial, epithelial, or lymphoid cells) were considered for
analysis. Photomicrographs were obtained using a AxioScope.A1 microscope
and the AxioVision 4.8.2 image acquisition software (Zeiss, Germany).

Molecular biology

Mutational analysis was performed either by next generation sequencing
(NGS) or polymerase chain reaction (PCR) amplification and sequencing of
individual target genes. For NGS, DNA was extracted from selected tumour
areas of FFPE specimens containing more than 30% tumour cells, using the
Maxwell FFPE Plus DNA Kit (Promega, USA) on a Maxwell RSC (Prom-
ega). Mutational status of c-KIT (exons 8-11, 13, 17, 18; NM_000222) and
PDGFRA (exons 12, 14, 18; NM_006206) was analysed with the Solid
Tumour Solution capture-based target enrichment kit (Sophia Genetics,
Switzerland) and sequenced on a MiSeq instrument on a v3 (2x300bp) flow
cell (Illumina, USA). Bioinformatics data analysis was performed on
SOPHiA DDM (Sophia Genetics) and pathogenic variants were reported,
with a minimum of 1000X and 5% VAF.
DNA for PCR-based amplification and mutational analysis of individual

target genes was obtained from FFPE tissues. Slides were cut from FFPE tissue
blocks, treated twice with xylene, and washed with ethanol. Pathological areas
(nearly 100% disease-specific tissue) were macro-dissected on slides. Muta-
tional analysis was also performed in normal tissue (gastrointestinal wall layers,
or lymph nodes). DNA was extracted using the QIAamp tissue mini kit
(Qiagen, Germany). KIT exons 9, 11, 13, and 17 and PDGFRA exons 12, 14,
and 18 were amplified using the primers and PCR conditions described
earlier.55–57 Briefly, DNA (100–200 ng) was amplified in a mixture containing
1xPCR buffer (20 mM TRIS, pH 8.3, 50 mM KCl, 1.5 mM MgCl2), dNTPs
(200 mM each), primers (20 pM each), and 0.5 U Platinum Taq polymerase
(Invitrogen, Italy) in a 25 mL final volume. PCR conditions were: 8 min initial
denaturation at 95�C, then 35 cycles at 95�C for 40s, 55�C for 40s, and 72�C
for 40s. After visualisation on an agarose gel, PCR products were treated with
ExoSAP-IT (USB Corp, USA) following the manufacturer’s protocol, ampli-
fied with a BigDye Terminator version 3.1 cycle sequencing kit (Applied
Biosystems, USA) using forward and reverse primers, and sequenced with an
ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems). Distilled
water was included as the negative control. Genetic analysis of SDH subunits
(A, B, C, D) was performed in immunohistochemically SDHB-negative cases.
Each exon was amplified by PCR and sequenced, as previously reported.58

Statistical analysis

Non-parametric statistical analysis of SERCA3 staining intensities was
performed with the unpaired Mann–Whitney U test using GraphPad Prism 5
(GraphPad Software, USA).

RESULTS
Labelling with the 2H3 monoclonal anti-SERCA3 antibody
reproducibly gave a strong cytoplasmic staining in GIST cells
as observed by light microscopy, in accordance with the
localisation of SERCA3 protein in the endoplasmic reticulum
(Fig. 1C–E). Staining was specific, as an isotype-matched
anti-CD20 antibody gave no staining in the tumour cells,
while recognising B-lymphocytes present in tissues (Fig. 1B).
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Fig. 2 SERCA3 immunohistochemical staining in KIT-mutated GISTs of various molecular and histological types, localisation and risk categories. Column 1, HES
colouration; column 2, SERCA3; column 3, CD117 (KIT); column 4, DOG1 (anoctamin-1) immunostaining. (A) exon 9 c.1504_1509dup, p.A502_Y503dup, small intestine,
low risk, spindle cell; (B) exon 9 c.1504_1509dup, p.A502_Y503dup, ileum, moderate risk, mixed morphology; (C) exon 11 c.1697T>G, p.V560G, colon, low risk, mixed
morphology; (D) exon 11 c.1670G>C, p.W557S, liver metastasis from small intestinal primary, epithelioid; (E) exon 11 deletion, stomach, high risk, spindle cell; (F) KIT
exon 11 c.1670_1717del, p.W557_P573del, stomach, very low risk, mixed morphology; (G) exon 13 c.1294A>G, p.K642E, stomach, high risk, spindle cell GIST.
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In accordance with previous studies,27,29,31,34,35,59 SERCA3
staining with the 2H3 antibody could also be observed in
lymphocytes, platelet aggregates, arteriolar endothelial cells,
colonic crypts, and gastric surface epithelium when present in
the samples.
As shown in Fig. 2, similarly to CD117 and DOG1,

SERCA3 staining was strongly and consistently positive in
KIT exon 9-, 11-, and 13-mutated tumours of gastric, small
intestinal or colonic location, as well as in a liver metastasis.
SERCA3 staining was observed independently of risk cate-
gory very low, low, high, or metastatic in tumours of spindle
cell, mixed or epithelioid morphology. Although CD117 and
DOG1 staining was homogenously present in most tumours,
in rare instances (2/138 tumours, 1.4%), staining for these
markers was heterogeneous. In these tumours, large, homo-
genously CD117-and DOG1-negative or very weakly posi-
tive regions could be observed along with residual, strongly
CD117- and DOG1-positive clusters of cells. However,
despite the marked heterogeneity of CD117 and DOG1
labelling, SERCA3 staining in these tumours was strongly
and homogenously positive (Fig. 3).
SERCA3 expression was observed also in PDGFRA-

mutated GIST. As shown in Fig. 4, exon 18-, exon 12- or
exon 14-mutated GISTs of spindle cell, epithelioid or mixed
morphology, including very low to moderate to high risk and
metastatic tumours all stained positive for SERCA3. Of note,
the intensity of SERCA3 staining was more variable among
PDGFRA-mutated, than among KIT-mutated tumours, as
tumours of high, as well as moderate staining intensity could
be observed.
SERCA3 immunostaining was strong in SDH-deficient

stomach GIST (Fig. 5A–E), including SDHA-, SDHB- and
SDHC-mutated tumours of epithelioid, mixed and plexiform
morphology. SERCA3 expression could also be seen in
Neurofibromin-1 (NF1)-mutated GIST (Fig. 5F). Wild-type
tumours, defined by a wild-type sequence in KIT exons 9,
11, 13 and 17, PDGFRA exons 12, 14 and 18, BRAF exon 15
and KRAS exons 2 and 3 and SDHB immunohistochemical
positivity (Fig. 6), gastric or duodenal location, of very low,

low or moderate risk of mixed or fusiform morphology were
also strongly positive for SERCA3 expression. A DOG1-
negative malignant pericolic GIST with moderate SERCA3
staining was also encountered. This may be due to the pos-
sibility that the group of wild-type GIST is heterogeneous.
SERCA3 staining could also be detected in residual viable
GIST cells after imatinib treatment, as well as in ICCs present
in a leiomyoma (not shown). In several instances, SERCA3
immunohistochemistry in GISTs gave stronger staining than
DOG1 or CD117 (Fig. 2A,F, Fig. 5A,C,D, Fig. 6A,B).
Taken together, these observations indicate that SERCA3

expression is readily detected by immunohistochemistry in
most GISTs. Uniformly strong and homogeneous SERCA3
expression could be observed consistently in most primary
tumours of various molecular types (i.e., KIT-, NF1-mutated,
SDH-deficient or wild-type), whereas expression in
PDGFRA-mutated tumours was strong or moderate. Analysis
of SERCA3 staining intensity did not disclose significant
differences depending on risk category in GIST
(Supplementary Fig. 1A, Appendix A). On the other hand, a
decreasing trend from high to moderate intensity of SERCA3
staining could be observed in tumours of mixed and epithe-
lioid morphology, when compared to fusiform tumours
(Supplementary Fig. 1B, Appendix A). This is in accordance
with observations in the literature,60,61 as well as with our
own data indicating that PDGFRA-mutated tumours usually
display mixed or epithelioid morphology. A marginally sig-
nificant, increasing trend of SERCA3 staining intensity
observed between gastric and small intestinal tumours can
also be attributed to this phenomenon, as statistical signifi-
cance was abolished when PDGFRA-mutated gastric tu-
mours were omitted from analysis (Supplementary Fig. 1C,
Appendix A).
In most tumours (126/138 tumours investigated, 91.3%)

SERCA3 expression was homogeneous. However, in a mi-
nority of tumours (12, 8.7%), the intensity of SERCA3
labelling displayed an obvious spatial heterogeneity, with
clearly delineated boundaries. Fig. 7A, shows a high-risk,
small intestinal wild-type tumour containing a clearly

Fig. 3 Maintained SERCA3 expression in CD117-and DOG1-negative GIST cells. (A) Gastric, very low risk, KIT exon 11 mutated (c.1717_1755dup,
p.P573_P585dup) GIST of mixed morphology; (B) duodenal, low risk, KIT exon 9 mutated (c.1509_1510ins, p.A502_Y503dup) GIST of fusiform morphology.
Whereas in these tumours strongly KIT- and DOG1-positive regions, as well as regions in which CD117 and DOG1 labelling is very low or undetectable can be seen,
SERCA3 labelling is strongly and homogenously positive, irrespective of the CD117 or DOG1 status of the tumour cells.
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Fig. 4 SERCA3 immunohistochemical staining in PDGFRA-mutated GISTs of various molecular and histological types and risk categories. Column 1, HES
colouration; column 2, SERCA3; column 3, CD117 (KIT); column 4, DOG1 (anoctamin-1) immunostaining. (A) exon 18 c.2527_2538del, p.T843_D846del, very low
risk, epithelioid, gastric; (B) exon 18 c.2525A>T p.D842V, very low risk, spindle cell, gastric; (C) exon 18 c.2586A>T, p.D842V, high risk, epithelioid, gastric; (D) exon
18 c.2525A>T, p.D842V, moderate risk, mixed morphology, gastric; (E) exon 12 c.1682T>A, p.V561D very low risk epithelioid, gastric; (F) exon 12 c.1682T>A
p.V561D, low risk, mixed morphology, gastric; (G) exon 12 c.1750_1759 tcaagatggg>ctcg, del p.S584_E587>LQ, spindle cell, peritoneal, malignant; (H) exon 14
c.1977C>G, p.N659K, moderate risk, epithelioid, gastric GIST.
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demarcated region with decreased expression of both
SERCA3 and KIT, but maintained levels of DOG1 protein. In
a gastric PDGFRA exon 18 c.2525 A>T, p.D842V-mutant
low risk GIST of mixed morphology, the loss of SERCA3
expression could be observed in two steps, in a ‘nodule-in-
nodule’-type pattern. As shown in Fig. 7C, whereas clear

SERCA3 and DOG1 expression as well as weaker CD117
expression could be observed in the bulk tumour paren-
chyma, the expression of all three markers was decreased in
an intermediary region (Fig. 7D, right), and lost in a central
nodule (Fig. 7E). Interestingly, in both tumours, the loss of
SERCA3 expression was associated with transition to a pure

Fig. 5 SERCA3 immunohistochemical staining in SDH-deficient and NF1-mutated GISTs of various molecular and histological types. Column 1, HES colouration;
column 2, SERCA3; column 3, CD117 (KIT); column 4, DOG1 (anoctamin-1) immunostaining. (A) SDHA exon 9 c.1255G>A, p.G419R heterozygous somatic
mutation, gastric, epithelioid; (B) SDHA exon 1 c.26G>A, p.R9Q and exon 13 c.1729C>A, p.Q577K (heterozygous somatic mutation), gastric, mixed morphology; (C)
SDHA exon 10 c.1394G>A, p.R465Q gastric, epithelioid; (D) SDHB exon 6 c.638T>G p.R465Q, homozygous somatic mutation, gastric, epithelioid; (E) SDHC exon 4
c.224G>A, p.G75D, gastric, epithelioid plexiform GIST. (F) NF1 one nucleotide insertion, frameshift c.3892_3893ins A, p.L1300fs*14, jejunum, fusiform.
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epithelioid morphology and increased cellularity as observed
by higher nuclear density (Fig. 7B,E). These observations
indicate that the loss of SERCA3 expression may be asso-
ciated with intratumour clonal heterogeneity and possibly
tumour progression, as has been previously described for the
two other markers in GIST.44–46,62–64

As shown in Fig. 8, SERCA3 staining could also be
observed in normal ICCs in the myenteric plexus (Fig. 8A), as
well as in Cajal cell hyperplasia in type 1 neurofibromatosis
(Fig. 8B), whereas ganglion cells and surrounding smooth
muscle were negative, or gave only a very weak staining. This
is in agreement with transcriptomic data indicating higher
SERCA3 (ATP2A3) mRNA levels in mouse small intestinal
ICCs, when compared with surrounding tissue.65 The overall
aspect of the distribution of the SERCA3 label was very similar
to CD117 or DOG1, the two generally used markers of ICCs.
In contrast to GIST, other, histologically similar tumours of

the gastrointestinal tract displayed weak or undetectable
SERCA3 immunohistochemical labeling.As shown in Fig. 9, in
tumours of smooth muscle or nerve sheath differentiation of
gastric, small intestinal or colonic location, in fibroblastic le-
sions such as fibromatosis, solitary fibrous tumour, as well as in
gastric or small intestinal Kaposi sarcoma or in poorly

differentiated liposarcoma, SERCA3 labelling was weak or
undetectable, and low grade fibromyxoid sarcoma displayed
moderate staining. Thus, strong SERCA3 staining was not
encountered in any of the non-GIST tumours investigated in this
study, whereas positive internal controls such as vascular
endothelial cells, lymphocytes, platelet aggregates or colonic
epitheliumwere consistently positive. The intensity of SERCA3
expression in various molecular types of GIST as compared to
non-GIST-type tumours as a group is summarised in Fig. 10.

DISCUSSION
SERCA enzymes transport calcium ions from the cytosol into
the ER lumen by active, ATP-dependent ion transport, which
constitutes the only known mechanism of calcium accumu-
lation in this organelle. Calcium release from the ER back to
the cytosol is the first step of calcium-dependent cell acti-
vation, making SERCA enzymes an indispensable compo-
nent of calcium-dependent intracellular signaling. In
addition, by re-sequestering calcium from the cytosol into the
ER following cell activation, they contribute to the shaping of
the spatiotemporal characteristics of oscillatory calcium sig-
nals, and to the termination of a calcium-dependent cell
activation event.

Fig. 6 SERCA3 immunohistochemical staining on wild-type GIST. Column 1, HES colouration; column 2, SERCA3; column 3, CD117 (KIT); column 4, DOG1
(anoctamin-1) immunostaining. (A) Gastric, mixed morphology, very low risk; (B) gastric, spindle cell, low risk; (C) duodenal, spindle cell, moderate risk; (D) pericolic,
mixed morphology, metastatic GIST.

350 ADLE-BIASSETTE et al. Pathology (2024), 56(3), April



Fig. 7 Loss of SERCA3 expression in GIST. (A,B) A SERCA3low, CD117low, DOG1high region (B) is observed in a SERCA3high, CD117high, DOG1high (◊), KIT exon
9, 11, 13, 17, PDGFRA exon 12, 14, 18 wild-type small intestinal, high-risk GIST. (B) Whereas the SERCA3high region (◊) of this tumour is of fusiform morphology, the
SERCA3low region (B) is of epithelioid morphology and displays increased cell density. (C–E) Loss of SERCA3 expression, in a ‘nodule-in-nodule’ manner, in a low
risk, PDGFRA exon 18 c.2525A>T (p.D842V) gastric GIST of mixed morphology. (D,E) Whereas tumour cells on the periphery (◊) express SERCA3 abundantly,
SERCA3 expression is decreased in an intermediate zone (D), and is lost in a central, epithelioid region (B) of increased cell density.
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Calcium signalling plays an important role in the induction
and regulation of periodic electrical signals generated in
ICCs, as well as in the transfer of these signals to surrounding
smooth muscle.66 Increased cytosolic calcium levels trigger
the opening of calcium-activated ion channels located in the
plasma membrane, including anoctamin-1, leading to trans-
plasma membrane ion fluxes, depolarisation and pacemaker
potentials that are propagated to gastrointestinal smooth
muscle to induce peristalsis.66–69 The release of calcium ions
into the cytosol from the ER, followed by pool depletion-
induced calcium influx (store-operated calcium entry,
SOCE) strongly increase cytosolic calcium levels, and this is
indispensable for the maintenance of pacemaker signals by
ICCs.68–76 The pacemaker activity of ICCs can be perturbed
or abolished by the specific pharmacological inhibition of
SERCA-dependent calcium transport.68–76 Moreover,
normal KIT or PDGFRA proteins, as well as their mutated
forms found in GIST can induce calcium-dependent cell
activation through phospholipase-C activation and conse-
quent second messenger-induced calcium release from the
ER.20,77–80 Therefore, in addition to its involvement in
pacemaker function, SERCA activity may contribute to
regulate the proliferation of normal and hyperplastic ICCs, as
well as of GIST.
The calcium affinity of SERCA3 (~1.2 mM) is significantly

lower than that of the ubiquitous SERCA2b isoform (~0.2
mM).35,37,81–83 Therefore, ER calcium release is counteracted
more weakly by SERCA3 than by SERCA2b. SERCA3 thus
being a less stringent calcium pump than SERCA2, it will
tolerate greater calcium release events during cell activation
than SERCA2b. Thus, calcium re-sequestration into
SERCA3-associated intracellular calcium pools will begin
later during a calcium activation event, and at higher cyto-
solic calcium levels, when compared to SERCA2b-associated
pools.21 Therefore, SERCA3 is well-adapted to regulate the
initiation of calcium signals in specialised cell types with
prominent calcium signalling. In accordance with this,
abundant SERCA3 expression has already been described in
platelets, mature T- and B-lymphocytes, and cerebellar

Purkinje neurons,27,31,32,34,84–86 cell types in which calcium
activation is essential for the induction of specific effector
functions. Moreover, in platelets it has been shown that the
SERCA3-associated calcium pool is specifically involved in
the initiation and initial amplification of intracellular calcium
mobilisation, which is then followed by calcium release from
SERCA2b-associated intracellular calcium pools.87,88 Based
on the abundant expression of SERCA3 in normal and hy-
perplastic ICCs presented in this work, it is tempting to
hypothesise that SERCA3 expression is part of a specialised
calcium homeostatic machinery present in ICCs, required for
their formation and pacemaker function. Maintained
SERCA3 expression in GIST suggests that this machinery
may also be involved in GIST tumourigenesis. Similar to
KIT, PDGFRA or anoctamin-1, expression of SERCA3 may
be subsequently downregulated during the post-clonal evo-
lution of tumours, where secondary oncogenic events render
it superfluous.44–46,62–64,89

In contrast with GISTs, SERCA3 expression was low or
negative in gastrointestinal leiomyomas and nerve sheath
tumours, as well as in other, less frequent benign or malignant
GIST histological mimics, such as various fibroblastic tu-
mours, dedifferentiated liposarcoma, and leiomyosarcoma or
Kaposi sarcoma. Our search in the Gene Expression Omnibus
transcriptomic database90,91 also indicates that, in an unre-
lated study,92,93 SERCA3 expression was higher at the
mRNA level in GISTs, when compared to pleomorphic and
dedifferentiated liposarcomas, leiomyosarcoma, round cell
and synovial sarcoma, as well as fibrosarcomas and tumours
classified as malignant fibrous histiocytomas (Supplementary
Fig. 2, Appendix A).
High SERCA3 expression in GISTs, when compared to

low or absent expression in other, histologically similar
mesenchymal tumours of the gastrointestinal tract, suggests
that SERCA3 may be useful for the positive identification of
GIST by immunohistochemistry, as strong SERCA3 staining
in this setting indicates GIST with high confidence. When
used as a third marker, strong positive SERCA3 labelling
may further strengthen diagnosis based on positive CD117

Fig. 8 SERCA3 expression in normal and hyperplastic interstitial cells of Cajal (ICCs). Column 1, HES colouration; column 2, SERCA3; column 3, CD117 (KIT);
column 4, DOG1 (anoctamin-1) immunostaining. (A) Normal ICC in jejunal musculosa; (B) hyperplastic ICCs in the muscular layer of ileum in a case of type I
neurofibromatosis and familial GIST.
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Fig. 9 Lack of SERCA3 expression in various tumours histologically similar to GIST. Left columns, HES colouration; right columns, SERCA3 immunohistochemical
staining. (A) Gastric leiomyoma; (B) small intestinal leiomyoma; (C) colic leiomyoma; (D) poorly differentiated colic leiomyosarcoma; (E) gastric schwannoma; (F) gastric
neurinoma; (G) gastric schwannoma; (H) colic ganglioneuroma; (I) abdominal fibromatosis; (J) mesenterial fibromatosis; (K) solitary fibrous tumour, benign, liver; (L) low
grade fibromyxoid sarcoma; (M) Kaposi sarcoma, gastric; (N) Kaposi sarcoma, small intestine; (O) poorly differentiated peritoneal liposarcoma; (P) poorly differentiated
liposarcoma. Internal positive controls for SERCA3 staining: vascular endothelial cells (*), aggregated platelets, (A); lymphocytes (C) and colonic crypt epithelial cells (-).
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and DOG1 staining. Moreover, SERCA3 positivity may be
particularly helpful in cases when CD117 or DOG1 staining
is weak or absent, a situation that may be encountered de
novo, or during the spontaneous or therapy-induced clonal
evolution of GIST.44,45,62–64,94–96

As a caveat, it should be noted that SERCA3 expression,
although homogeneous in a given tumour, was more variable
(i.e., high or moderate) among PDGFRA-mutated GIST cases
than in KIT-mutated tumours. This may be related to different
KIT (CD117) or PDGFRA expression levels reported in
various sub-populations of GIST precursor cells,4,97–102 as
well as to differences in PDGFRA- versus KIT-related
downstream signalling mechanisms.103,104

Taken together, the observations presented in this work
indicate that SERCA3 constitutes a new phenotypic marker
of ICC, and that SERCA3 may be potentially useful for the
identification of GISTs, as well as for the study of their
cellular origin, clonal evolution, and dedifferentiation.
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