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Pumilio proteins (PUM1 and PUM2) are evolutionarily conserved RNA-binding
proteins that regulate gene expression at the post-transcriptional level and have
been implicated in tumourigenesis in various cancers. However, their role in gastro-
enteropancreatic neuroendocrine neoplasms (GEP-NENs) has not been previously
investigated. This study aimed to evaluate the expression of PUM1 and PUM?2 in
GEP-NENSs and determine their association with tumour grade and metastatic
status.

Transcriptomic data (GSE98894) were analyzed using GEO2R to assess differential
gene expression in primary tumours, lymph node metastases, and distant meta-
stases. Additionally, immunohistochemical analyses were performed on formalin-
fixed paraffin-embedded samples, and protein expression was quantified using dig-
ital image analysis. Statistical comparisons were conducted across tumour sites and
grades (G1-G3).

At the mRNA level, PUM2 was significantly upregulated in distant metastases
compared with primary tumours (log,FC = 0.151; adjusted p = 0.024), whereas
PUM1 showed no significant difference. Protein-level analyses confirmed expres-
sion of both proteins in all samples; however, only PUM?2 was significantly elevated
in high-grade (G3) tumours compared to G1/G2.

These findings suggest that PUM2, but not PUMI, is associated with tumour pro-
gression in GEP-NENSs, although a causal role remains to be established.
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Introduction

Neuroendocrine neoplasms (NENs) are rare tu-
mours that originate from cells of the diffuse neuro-
endocrine system {1}. Because neuroendocrine cells
are distributed throughout various organs, NENs
can also arise at multiple anatomical sites. The most

common locations for these tumours are the gas-
trointestinal (GI) tract, including the pancreas, and
the lungs, with the former accounting for approxi-
mately two-thirds of all NENs {1}. Tumours arising
within the GI tract and pancreas are referred to as
gastroenteropancreatic neuroendocrine neoplasms
(GEP-NENSs) {1]. Although GEP-NENSs are consid-
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ered rare, their incidence has been steadily increas-
ing. Epidemiological studies have reported a fivefold
increase in the United States between 1975 and
2015, a twofold increase in the Netherlands from
1990 to 2010, and a thirteenfold increase in Asia
from 1996 to 2015 {11.

Gastroenteropancreatic neuroendocrine neoplasms
areclassifiedintoneuroendocrinetumours(GEP-NETs)
and poorly differentiated neuroendocrine carcinomas
based on histological features and proliferative activ-
ity {2]. Gastroenteropancreatic neuroendocrine car-
cinomas are inherently high-grade tumours and are
characterized by more aggressive behavior compared
to GEP-NETs [1]. Gastroenteropancreatic neuroen-
docrine tumours, in contrast, are further graded as
G1, G2, or G3 according to the World Health Orga-
nization 5% edition classification, using mitotic count
and Ki-67 proliferation index; the higher of the two
values determines the final grade {2]. Higher tumour
grades are generally associated with more aggressive
clinical behavior and decreased survival {1}.

Despite this classification framework, tumour
behavior and prognosis can vary significantly, even
within the same grade. While G1 tumours are con-
sidered less aggressive, they are still malignant neo-
plasms that have the potential to metastasize. This
clinical variability highlights the need for a deeper
understanding of their underlying tumour biology.

Pumilio proteins (PUM1 and PUM?2) were first
described in Drosophila melanogaster, where they were
shown to play a key role in posterior patterning during
embryonic development [3}. Pumilio proteins were later
identified as evolutionarily conserved RNA-binding
proteins that act as important post-transcriptional reg-
ulators across diverse eukaryotic species {3]. In humans,
two Pumilio proteins have been characterized — Pumilio 1
(PUM1) and Pumilio 2 (PUM2) — encoded by genes
located on chromosomes 1 and 2, respectively {4}].
Both proteins contain a 36-amino-acid PUF domain,
organized into eight tandem repeats, with each repeat
recognizing a single nucleotide within the consensus
UGUAHAUW motif in the 3' untranslated region
of target mRNAs. This motif, known as the Pumilio-
binding element, mediates their regulatory activity {4].
To date, no studies have specifically examined the ex-
pression or functional role of PUM1 and PUM2 in
GEP-NENS.

Given the marked clinical heterogeneity of GEP-
NENSs that is not fully explained by histological
grade and the importance of post-transcription reg-
ulation in controlling cellular phenotype, we there-
fore sought to investigate the expression patterns
of PUM1 and PUM?2 in GEP-NENSs, with particular
empbhasis on their association with tumour grade and
metastatic status, in order to clarify their potential
role in tumour progression.

Material and methods

Differential gene expression analysis

Differential gene expression analysis was performed
using the GEO2R tool available on the Gene Expression
Omnibus website. We utilized the GSE98894 data-
set {5}, which comprises 212 samples of GEP-NETs.
Of these, 130 were primary tumours originating in
the pancreas (83 samples), small intestine (44 sam-
ples), and rectum (3 samples), while the remaining
82 samples were metastases — to the lymph nodes
(12 samples), to the mesentery (1 sample) and to
the liver (69 samples).

As described on the dataset’s webpage, expression
profiling was conducted for all 212 samples using
high-throughput sequencing on the Illumina HiSeq
2500 platform.

We divided the samples first into three groups:
primary tumours, lymph node metastases, and dis-
tant metastases; and then into two groups: prima-
ry tumours and metastases (combining both lymph
node and distant metastases). Differential gene ex-
pression analysis was carried out for the following
comparisons:
® primary tumours vs. lymph node metastases,
® primary tumours vs. distant metastases,

* lymph node metastases vs. distant metastases,
® primary tumours vs. all metastases (combined group).

Next, to account for biological heterogeneity re-
lated to primary tumour origin, additional analyses
were performed with site-specific cohorts. The pan-
creatic cohort comprised 83 primary tumours and
30 liver metastases, whereas the small-intestinal
cohort included 44 primary tumours, 8 lymph node
metastases, and 28 liver metastases.

The following comparisons were then performed:
* pancreas: primary tumours vs. liver metastases;

* small intestine:
— primary tumours vs. lymph node metastases,
— primary tumours vs. liver metastases,
— lymph node metastases vs. liver metastases.

The analysis was performed using the default
GEO2R settings. Differential expression for PUMI
and PUM2 was summarized as log fold change and
adjusted p-value, with multiple-testing correction per-
formed using the Benjamini-Hochberg false discovery
rate method, a significance threshold set at 0.05, and
no minimum log, fold change cut off applied.

Case selection for digital image analysis

Samples from patients with GEP-NENs were
identified through search of the University Clinical
Hospital database. In total, 52 patients were initially
identified. Of these, 2 patients had no available histo-
pathological material within the Department and were
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therefore excluded from the study. The remaining
patients had formalin-fixed, paraffin-embedded (FFPE)
tissue blocks available for review.

Evaluation yielded 74 potential tissue samples,
including primary tumours, lymph node metasta-
ses, and distant metastases. Each patient could have
one or more samples from multiple anatomical sites.
A patient was included in the study if at least one
of their samples remained eligible for further analysis.

Samples derived from autopsy material were ex-
cluded as not explicitly eligible under the approval
granted by institutional bioethics committee. Addi-
tional exclusions were applied when there was insuf-
ficient amount of neoplastic tissue within the par-
affin block to permit further sectioning. Following
regulations of the Polish Society of Pathology, and in
accordance with the approval of the bioethics com-
mittee, tissue could not be sectioned if no neoplastic
tissue would remain within the FFPE block after sec-
tioning. Some samples were also lost at the techni-
cal stage. Due to financial limitations of the research
grant, a sample could only be stained once; therefore
any technical error resulted in loss of that sample for
further digital image analysis.

In total, 60 samples from 43 patients were suc-
cessfully analyzed, including 58 that were evaluated
for PUMI1 and 59 for PUM2. The difference in
the number of cases of PUM1 and PUM2 was caused
by the aforementioned loss at the technical stage.
Taking all of this into account, the study represents
a retrospective convenience cohort.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue blocks
were retrieved and sectioned into 4 um-thick slices
by the same person under the same conditions, which
were then mounted on adhesive microscope slides
(SuperFrost® Plus, Menzel Gliser). Immunohis-
tochemical staining was performed using standard
protocols. Heat-induced epitope retrieval was carried
out at 97°C in a water bath for 40 minutes using
the EnVision FLEX Target Retrieval Solution (high
pH). This was followed by automated immunohisto-
chemical staining on the Autostainer Link 48 system
(Agilent/Dako), employing the EnVision FLEX-+
System (High pH) visualization kit. For detection
of PUM proteins, Invitrogen polyclonal antibodies
against PUM1 (PA530327) and PUM2 (PA528705)
were used at a dilution of 1:150, with an incubation
time of 1 hour. Testis tissue served as the positive
control for both PUM1 and PUM2.

Digital image analysis of Pumiliol and Pumilio2
protein expression

The stained slides were scanned at 20X objective
using the Ventana DP 200 scanner, and images were
saved in TIFF format. Digital image analysis was
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performed using quantified digital image analysis
(QuPath) software. Tumour regions were manually
annotated by a board-certified pathologist (PK).
Normal tissue was not analyzed within this study.
Cell detection was conducted using QuPath’s builtin
celldetectiontool, withdefaultsettingsexceptforthein-
tensity threshold. Intensity threshold was empirically
optimized (set to 0.04) by PK to achieve most accurate
cell detection based on visual inspection of segmen-
tation results. A random forest classifier was then ap-
plied within QuPath to categorize cells into tumour
and non-tumour populations. For subsequent quanti-
tative analysis, 3,3’-diaminobenzidine optical density
(DAB OD mean) was used as the measure of protein
expression. Quantification was performed separately
for the nucleus cytoplasm, and whole cell compart-
ments. The expression levels of PUM1 and PUM?2
were analyzed across primary tumours (T), lymph
node metastases (N), and distant metastases (M) and
across different histological grades (G1, G2, G3).

To further assess expression levels, values were aggre-
gated at the sample level using Python’s Pandas library,
and categorized into the following expression groups:
® negative (< 0.1),

* very weak (> 0.1 and < 0.2),
* weak (= 0.2 and < 0.4),

* moderate (> 0.4 and < 0.6),
* strong (0.6).

These cut-offs were based on QuPath’s default
thresholds, with the exception of the “very weak”
category, which was introduced to better capture
low-level expression observed in some samples previ-
ously labeled as negative.

Statistical analysis

To assess whether there are statistically significant
differences in levels of Nucleus DAB OD mean, Cell
DAB OD mean, or Cytoplasm DAB OD mean in
cells from different slide types or tumour grades, a lin-
ear mixed-effects model was used. The use of linear
mixed-effects model was motivated by heterogenous
and partially paired structure of the dataset, in which
samples originated from different patients, while in-
dividual patients could contribute one, two or three
samples from different anatomical sites. Consequently,
observations were neither fully independent nor fully
paired, making standard statistical approaches inap-
propriate and potentially misleading.

Measurements with values lower than the background
level (0) were deleted. Then, due to the long-tailed
distribution of the data, values were log-transformed.
To reduce computational load while maintaining rep-
resentative data, up to 100,000 sample measurements
were randomly selected from each image.

Linear mixed-effects model was then fitted for each
measured value. Three models were fitted for each pair
of slide types, and one model was fitted to compare
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tumour (T) vs. combined metastases (NM). The same
analysis was performed for tumour grading, with
models fitted for each pairwise comparison, followed
by one model comparing G1 + G2 vs. G3 tumours.
Adjusted p-value was calculated with multiple-
testing correction performed using the Benjamini-
Hochberg false discovery rate method. A significance
threshold was set at 0.05.

Software (including AI) use

Quantified using digital image analysis was utilized
for digital image analysis, including image annotation,
quantification, and extraction of relevant features.
Most data analyses and visualizations were conducted
using Python. The Pandas library was used for data
manipulation, while Seaborn and Matplotlib were em-
ployed to generate figures and visualize results. R was
used for specific statistical modeling, particularly for
linear mixed-effects models. These were fitted using
the Ime4 package, with p-values for fixed effects cal-
culated using the ImerTest package. Zotero was used
for reference and citation management throughout
the research and writing process. ChatGPT (OpenAl)
was used to support editing of this manuscript, pro-
viding assistance with language refinement, clarity
enhancement, and adaptation of tone.

Results

Pumilio2, but not Pumiliol, is significantly
upregulated in metastatic pancreatic
neuroendocrine tumours

In the global comparisons separating primary tu-
mours, lymph-node metastases, and distant metasta-
ses, PUM1I expression did not differ significantly be-
tween groups. Adjusted p-values ranged 0.077-0.499.

Similar findings were observed for PUMI in
site-specific analyses. In pancreatic tumours, com-
parison of primary lesions and liver metastases
showed a non-significant increase in metastases (log,
fold change = 0.185; adjusted p = 0.13). In small-
intestinal tumours, none of the comparisons reached
statistical significance, including primary vs. lymph
node meta-stases, primary vs. liver metastases, and
lymph node vs. liver metastases.

In contrast, PUM?2 expression demonstrated mod-
est but statistically significant increases in metastatic
samples in the global analysis. Expression was higher
in distant metastases compared with primary tumours
(log, fold change = 0.151; adjusted p = 0.024) and in
metastases analyzed as a combined group relative to
primary tumours (log, fold change = 0.141; adjusted
p = 0.025). These correspond to approximately 11%
and 10% increases in expression, respectively. The re-
maining comparisons did not yield statistically signif-
icant results.

When analyses were restricted to biologically-
matched cohorts, statistical significance persisted only
in pancreatic neuroendocrine tumours, where liver
metastases exhibited higher PUM?2 expression than
primary tumours (log, fold change = 0.220; adjusted
p = 0.042). No statistically significant differences
were observed in small-intestinal tcumours, including
comparisons of primary tumours with lymph node
metastases, primary tumours with liver metastases or
lymph node with liver metastases.

Opverall, these findings indicate that metastasis-
associated upregulation of PUM2 is modest and appears
to be driven primarily by pancreatic tumours, whereas
PUM1 shows no significant differential expression in
gastroenteropancreatic neuroendocrine neoplasms.

Pumilio proteins are expressed
in gastroenteropancreatic neuroendocrine
neoplasms

A total of 43 patients with GEP-NENSs were included
in the final analysis, yielding 60 successfully analyzed
tissue samples. Among the patients, 27 were male and
16 were female. Of the 60 analyzed samples, 38 were
classified as G1, 12 as G2, and 10 as G3. Thirty-four
samples represented primary tumours. The large intes-
tine was the most common primary site (» = 12), fol-
lowed by the small intestine (» = 9), stomach (» = 6),
pancreas (z = 3), appendix (z = 2), esophagus
(m = 1), and retroperitoneum (» = 1). In addition,
there were 8 lymph node metastases and 18 distant
metastases. The most frequent metastatic site was
the liver ( = 9), followed by the mesentery (# = 5),
nasal cavity (# = 2), and the omentum (» = 2).

Cytoplasmic DAB OD mean values for PUM1
ranged 0.101-0.540, with a mean of 0.248. For PUM2,
values ranged 0.115-0.651, with a mean of 0.293.
The kernel density estimation plots illustrating the dis-
tribution of cytoplasmic DAB OD mean values for both
proteins are presented in Figure 1.

Using these categories:

* PUMI1 cytoplasmic expression was observed in all
58 samples: 22 out of 58 were classified as very
weak, 29 as weak, and 7 as moderate. No samples
showed strong expression;

* PUM2 cytoplasmic expression was also present in all
59 samples: 12 were very weak, 38 weak, 8 moder-
ate, and 1 sample exhibited strong expression.

Representative immunohistochemical images il-
lustrating PUM1 and PUM2 expression categories in
GEP-NENSs are shown in Figures 2—8.

Expression of Pumilio proteins does not change
significantly across different sites

Analysis of PUMI expression revealed that in pri-
mary tumours, PUM1 expression levels were lowest,
with mean DAB OD values of 0.171 in the cytoplasm
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Figure 1. The kernel density estimation plots illustrating the distribution of cytoplasmic 3,3’-diaminobenzidine optical

density mean values for both proteins
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Figure 2. Representative immunohistochemical staining
for Pumiliol demonstrating the very weak cytoplasmic
expression category in a metastatic gastroenteropancreatic
neuroendocrine tumour

The image was obtained from tumonr tissue within a liver metastasis, with no
surrounding hepatic parenchyma visible in the field of view (200x).

Figure 3. Representative immunohistochemical staining
for Pumiliol demonstrating the weak cytoplasmic expres-
sion category in a metastatic gastroenteropancreatic neuro-
endocrine tumour

The image was obtained from tumonr tissue within a mesenteric metastasis, and
only tumour tissue is present in the field of view (200x).

Figure 4. Representative immunohistochemical staining
for Pumiliol demonstrating the moderate cytoplasmic
expression category in a gastroenteropancreatic neuroendo-
crine tumour

The image was obtained from tumonr tissue located in the submucosa of the rectum,
and only neoplastic cells within the submucosal compartment are visible in the field
of view (200x).
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Figure 5. Representative immunohistochemical staining
for Pumilio2 demonstrating the very weak cytoplasmic
expression category in a metastatic gastroenteropancreatic
neuroendocrine tumour

The image was obtained from tumour tissue within a mesenteric metastasis, and
only tumonr cells are visible in the field of view (200x).
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Figure 6. Representative immunohistochemical staining
for Pumilio2 demonstrating the weak cytoplasmic expres-
sion category in a metastatic gastroenteropancreatic neuro-
endocrine tumour

The image was obtained from tumour tissue within a mesenteric metastasis, and
only tumonr cells are visible in the field of view (200x).
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Figure 8. Representative immunohistochemical staining
for Pumilio2 demonstrating the strong cytoplasmic expres-
sion category in a gastroenteropancreatic neuroendocrine
tumour

It also demonstrates strong perinuclear and possibly nuclear expression. The image
was obtained from tumour tissue located in the submucosa of the small intestine, and
only tumour cells are visible in the field of view (200x).

Figure 10. Representative immunohistochemical staining
for Pumilio2 demonstrating cytoplasmic and some possible
nuclear expression in a gastroenteropancreatic neuroendo-
crine tumour

The image was obtained from tumonr tissue located in the wall of the esophagus,
and only tumonr cells are visible in the field of view (200%).

Figure 7. Representative immunohistochemical staining for
Pumilio2 demonstrating the moderate cytoplasmic expres-
sion category in a metastatic gastroenteropancreatic neuro-
endocrine tumour

The image was obtained from tumour tissue within an omental metastasis, and only
tumonr cells are visible in the field of view (200x).
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Figure 9. Representative immunohistochemical staining
for Pumiliol demonstrating cytoplasmic and some possible
nuclear expression in a gastroenteropancreatic neuroendo-
crine tumour

The image was obtained from tumonr tissue located in the muscular wall of the small
intestine, and only tumonr cells and smooth muscle are visible in the field of view
(200x).

and 0.169 at the whole cell level. Expression increased
markedly in lymph node metastases, reaching mean
values of 0.283 (cytoplasmic), and 0.288 (whole cell).
In distant metastases (M), levels decreased but still
remained higher compared to primary cumours, with
means of 0.212 (cytoplasmic) and 0.216 (whole cell).

Pumilio2 showed a similar pattern. In primary tu-
mours, mean OD values were 0.268 in the cytoplasm
and 0.267 across the whole cell. Expression was highest
in lymph node metastases, with means of 0.325 (cyto-
plasm) and 0.325 (whole cell). A subsequent decrease
was observed in distant metastases, where values
dropped to 0.265 (cytoplasm), and 0.253 (whole cell).

PUM?2 expression is increased in high-grade
tumours

Expression of PUM1 remained relatively stable
across different tcumour grades. Cytoplasmic DAB OD
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mean values slightly decreased from grade 1 (0.219)
to grade 2 (0.171), followed by an increase in grade 3
(0.270). A similar trend was observed in whole cell
DAB OD mean values (G1: 0.214; G2: 0.172; G3:
0.271). Despite the apparent rise in grade 3, statisti-
cal analysis did not show any significant differences in
PUM1 expression between different grades.

In contrast, PUM2 showed an increase in expres-
sion in higher-grade tumours. Cytoplasmic DAB OD
mean values remained relatively unchanged between
G1(0.250) and G2 (0.247), but increased substantially
in G3 (0.402). Whole cell measurements followed
the same pattern (G1: 0.253; G2: 0.253; G3: 0.409).

When comparing combined low-grade tumours
(G1 and G2) to high-grade tumours (G3), statistical-
ly significant increases in PUM2 expression were ob-
served in both compartments: cytoplasm (p = 0.007),
and whole cell (¢ = 0.007). A similar change was
observed for comparison of G1 with G3: cytoplasm
(» = 0.007), and whole cell (¢ = 0.007). No signifi-
cant differences were identified in other pairwise com-
parisons between individual grades.

These results indicate that PUM?2 expression is spe-
cifically increased in high-grade tumours, while PUM 1
remains largely unaffected by the tumour grade.

Possible nuclear expression of Pumiliol
and Pumilio2

Using QuPath, the nuclear DAB OD mean was
also assessed within an automatically derived nuclear
compartment. For PUMI, the mean values ranged
0.120—0.597, with a mean of 0.243. When stratified
by disease site, the lowest mean nuclear signal was
observed in primary tumours (0.180), while higher
values were detected in lymph node metastases
(0.276). In distant metastases, the mean nuclear value
decreased to 0.209 but remained higher than in pri-
mary tumours.

For PUM2, nuclear DAB OD mean values ranged
0.130—1.073, withamean of 0.321. The mean nuclear
signal was 0.275 in primary tumours and increased
to 0.331 in lymph node metastases. In distant meta-
stases, the value decreased to 0.296.

No case demonstrated exclusively nuclear staining
in the absence of cytoplasmic expression. In several
samples, low levels of signal were detected within
the nuclear compartment by automated analysis de-
spite the predominance of cytoplasmic staining on
visual inspection (Figures 1-7). In such instances,
automated nuclear segmentation may have captured
a small portion of cytoplasm immediately surround-
ing the nucleus. Consequently, a fraction of the signal
quantified within the nuclear compartment may ac-
tually reflect cytoplasmic staining adjacent to the nu-
clear membrane rather than true nuclear localization.

In some tumours, more pronounced perinuclear
accumulation of staining was observed, which in
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two-dimensional histological sections may be difficult
to distinguish from true nuclear localization and was
captured as a nuclear signal by QuPath (Figure 8).

At the same time, in some of the samples, fo-
cal staining within the nuclear interior was ob-
served (Figures 9 and 10). Therefore, although part
of the quantified signal may represent perinuclear or
juxtanuclear cytoplasmic staining captured by auto-
mated segmentation, true nuclear expression cannot
be completely excluded. For completeness, nuclear
compartment measurements are therefore reported,
and representative images illustrating apparent nu-
clear signal of PUM1 and PUM2 are shown in Fig-
ures 8—10.

Discussion

The role of RNA-binding proteins in the patho-
genesis of GEP-NENs remains largely unexplored.
Among these, PUM1 and PUM2 are best known for
their evolutionary conservation and roles in embry-
onic development, stem cell maintenance, and post-
transcriptional regulation {3}. Increasingly, howev-
er, it has also been shown they may play a role in
tumourigenesis across a range of neoplasms {6}. To
our knowledge, this is the first study to systematically
assess PUM1 and PUM?2 expression in GEP-NENs
at both the transcriptomic and protein levels.

Our integrated analysis provides two key insights.
First, we demonstrate that both PUM1 and PUM2
are expressed in GEP-NENSs which is a novel finding,
as their presence in these tumours has not previously
been documented. Second, their biological roles ap-
pear to diverge. While PUM1 expression remained
relatively stable across tumour grades and metastatic
sites, PUM2 was significantly upregulated in high-
grade tumours at the protein level. A less pronounced,
but a significant increase was also observed in meta-
static lesions in pancreatic neuroendocrine tumours at
the mRINA level. This pattern suggests that PUM1
may serve a more constitutive “housekeeping” role,
whereas PUM2 may have some association with ag-
gressive tumour behavior in pancreatic neuroendo-
crine tumours.

The differential involvement of PUM 1 and PUM2
in cancer aligns with prior reports across malignan-
cies. PUML1 has been shown to be overexpressed in
pancreatic, gastric, and ovarian cancers compared
with normal tissues, and its expression is associated
with proliferation, migration, and invasion in pancre-
atic and ovarian cancers {[7-9}. In colon cancer, both
mRNA and protein levels of PUM 1 are elevated in me-
tastases compared with normal tissue, and silencing
reduces metastatic burden {10}. Similarly, in gas-
tric cancer, PUM1 knockdown decreased peritoneal
metastasis 7z vivo {9]. Pumilio2 has been implicated
as a poor prognostic factor in hepatocellular carcino-
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ma and breast cancer, while in glioblastoma, its inhi-
bition suppresses proliferation and invasion {11-131.
Yet its role is not uniformly oncogenic — osteosarcoma
represents a counterexample, where PUM2 is down-
regulated and exerts tumour-suppressive effects {14].
Collectively, these findings show that PUM1 and
PUM2 act in a highly context-dependent manner,
with tumour-type-specific functions.

Both PUM1 and PUM2 are RN A-binding proteins
predominantly located in the cytoplasm, where they
exert most of their activity. Immunofluorescence stud-
ies of PUM1 showed that it is expressed in the cyto-
plasm of spermatocytes and other germ cells, which
was further confirmed by immunoblot analysis of cyto-
plasmic and nuclear fractions [15]. According to
the authors, this is consistent with findings in other
species such as Drosophila and C. elegans [15]. In
the brain, PUM2 has been reported to be expressed
in the cell body and dendrites {16].

Interestingly, in our study, we found some expres-
sion of both PUM1 and PUM2 in the nucleus of neo-
plastic cells. However, considering the literature on
the subcellular localization of PUM1 and PUM2,
these findings appear unexpected and warrant careful
interpretation.

One possibility is that PUM1 and PUM2 may, un-
der certain conditions, enter the nucleus and perform
specific functions, although this has not been directly
demonstrated as for other proteins [17}. Another
explanation is that proteolysis or alternative splicing
may generate shorter PUM fragments capable
of translocating to the nucleus, where their epitopes
are then detected.

Importantly, nuclear localization of PUMI1 and
PUM?2 has already been reported in some studies.
Moore et a/. {18} showed that the DAZL:PUM2 pro-
tein can be found both in the cytoplasm and the nu-
cleus of spermatogonia, which provides evidence that
nuclear presence of PUM2 might be possible under
certain conditions. In addition, publicly available
immunofluorescence data from the Human Protein
Atlas indicate that, while PUM1 and PUM?2 are pre-
dominantly cytoplasmic in most analyzed human
cell lines, partial nucleoplasmic or nuclear-adjacent
localization can be observed in selected models (e.g.
A-431, U-251MG, U20S) [19}]. Although these are
isolated reports, and the majority of the research
points toward cytoplasmic localization of those pro-
teins, they nonetheless suggest that the nuclear sig-
nal is not entirely absent in certain contexts.

More likely in our case, these findings reflect tech-
nical limitations of digital image analysis and its abil-
ity to resolve subcellular localization. Automatic seg-
mentation of QuPath also includes, to some extent,
the perinuclear region and may therefore inadver-
tently capture cytoplasmic signal as nuclear signal.
This appears most plausible explanation, particularly

when the quantitative values are interpreted along-
side the images. In Figures 1-7 some degree of ex-
pression was detected by QuPath, although careful
inspection suggests that this signal most likely orig-
inates from the nuclear border and is actually cyto-
plasmatic. Some cases may also show pronounced
perinuclear accumulation that is difficult to distin-
guish from true nuclear staining in two-dimensional
imaging, as illustrated in Figure 8.

Nevertheless, there are cases in which nuclear sig-
nal cannot be excluded, as shown in Figures 9 and 10.
However, even if this represents true nuclear expres-
sion, it should be interpreted with caution. Possible
explanations include cross-reactivity with a structur-
ally related nuclear protein, poor tissue fixation lead-
ing to artifactual leakage of proteins into the nucleus
{20, 21}. Furthermore, it cannot be excluded that
the antibodies used recognize truncated PUM pro-
tein isoforms or proteolytic fragments with altered
intracellular localization.

Overall, the nuclear localization of PUMI1 and
PUM?2 observed in our study should be regarded rath-
er as a hypothesis-generating finding than definitive
evidence of a novel nuclear function. We cannot com-
pletely exclude that this observation reflects a tech-
nical artifact rather than true staining. However,
we believe that this observation merits reporting, as
it may serve as a starting point for further investi-
gations. Nevertheless, independent validation using
additional approaches — such as different antibodies,
immunofluorescence, or biochemical fractionation —
is required to confirm or refute true nuclear localiza-
tion in neuroendocrine neoplasms.

Taken together, our results suggest that PUM2,
but not PUM 1, is associated with higher tumour grade
in GEP-NENSs at the protein level, with additional
evidence of increased expression in metastatic samples
in pancreatic neuroendocrine tumours at the mRNA
level. While these findings may suggest a possible
link between PUM?2 expression and more advanced
disease, they do not establish a causal role in tumour
aggressiveness. Further studies are needed to clarify
the biological and clinical significance of PUM1 and
PUM?2 in GEP-NEN:s.

Limitations of the study

Several limitations of the present study should be
acknowledged.

First, the transcriptomic analysis was based on
a publicly available dataset (GSE98894), which,
although relatively large, contains tumours originat-
ing from different anatomical sites. While additional
site-specific analyses were performed to partially ad-
dress this heterogeneity, the dataset does not include
complete clinical annotations, including histologi-
cal grading information. As a result, transcriptomic
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comparisons according to tumour grade could not
be performed. Furthermore, the observed differences
in PUM2 expression at the mRNA level were rela-
tively modest and appeared to be driven primarily
by pancreatic neuroendocrine tumours, which limits
the generalizability of these findings across all gastro-
enteropancreatic neuroendocrine neoplasms.

Second, the immunohistochemical cohort rep-
resents a retrospective single-center series with a rela-
tively limited number of cases. In addition, individual
patients contributed samples from different anatom-
ical sites, while other patients were represented by
only a single specimen, resulting in a heterogeneous
dataset with partially paired observations. The num-
ber of cases within specific anatomical and subgroups
was also limited, which prevented detailed subgroup
analyses according to tumour origin.

Third, the small number of G3 tumours in the im-
munohistochemical cohort (z = 10) limits the statisti-
cal power of grade-based comparisons. Although sta-
tistically significant differences were observed between
G3 and lower-grade tumours, these findings should be
interpreted cautiously and considered exploratory un-
til validated in larger, independent cohorts with more
adequate high-grade tumour representation.

Fourth, the quantitative assessment of protein ex-
pression was based on digital image analysis and optical
density measurements. Although this approach provides
an objective and reproducible method for quantifying
immunohistochemical staining, optical density may
still be influenced by technical factors such as staining
variability, section thickness, and tissue processing. To
minimize such variability, all samples were processed
under standardized conditions by the same person,
using the same automated staining platform and digital
analysis pipeline. Nevertheless, optical density measure-
ments should be interpreted primarily as a research tool
rather than a direct diagnostic or clinical metric.

Another limitation concerns the interpretation
of the nuclear signal detected for PUM1 and PUM2
which should be interpreted with caution for reasons
presented in the results and discussion sections.

Conclusions

The present study is observational in nature and
demonstrates associations between PUM2 expres-
sion, tumour grade, and metastatic status rather than
establishing a causal relationship. Functional studies
will be required to clarify the biological role of PUM1
and PUM?2 in GEP-NENSs and to determine whether
PUM2 contributes directly to tumour progression.
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