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We have recently shown that cancer cells of various origins take up
extracellular citrate through the plasma membrane citrate carrier (pmCiC),
a specific plasma membrane citrate transporter. Extracellular citrate is
required to support cancer cell metabolism, in particular fatty acid
synthesis, mitochondrial activity, protein synthesis and histone acetylation.
In addition, cancer cells tend to acquire a metastatic phenotype in the
presence of extracellular citrate. Our recent study also showed that
cancer-associated stromal cells synthesise and release citrate and that this
process is controlled by cancer cells. In the present study, we evaluated the
expression of pmCiC, fibroblast activation protein-α (FAP) and the
angiogenesis marker cluster of differentiation 31 (CD31) in human cancer
tissues of different origins. In the cohort studied, we found no correlation
between disease stage and the expression of FAP or CD31. However, we
have identified a clear correlation between pmCiC expression in cancer
cells and cancer-associated stroma with tumour stage. It can be
concluded that pmCiC is increased in cancer cells and in cancer-
supporting cells in the tumour microenvironment at the later stages of
cancer development, particularly at the metastatic sites. Therefore, pmCiC
expression has the potential to serve as a prognostic marker, although further
studies are needed.
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1 Introduction

Cancer cells require increased metabolism to meet the demands
of rapid proliferation and metastatic activity (Warburg, 1925;
Pascale et al., 2020). In order to do this, these cells need to
employ specific metabolic pathways and supply them with
appropriate metabolites (Romero-Garcia et al., 2011). One of the
key substrates is citrate, which is considered the central metabolite in
cancer cells (Icard et al., 2021). Citrate is a Krebs cycle intermediate
and the primary substrate for fatty acid synthesis, a hallmark of
cancer (Röhrig and Schulze, 2016). Citrate is normally synthesized
intracellularly in the mitochondrial cycle in both, cancer and normal
cells. However, cancer cells require excess citrate for cytosolic fatty
acid synthesis, likely from the reverse Krebs cycle (Parkinson et al.,
2021; Metallo et al., 2011). Cancer cells can also take up citrate from
the extracellular space via the plasma membrane citrate transporter
pmCiC [UniProt: D9HTE9, GenBank accession number:
HM037273.1, NCBI Reference Sequences: NP_001243463.1
(protein), NM_001256534.2 (nucleotide)], which belongs to the
SLC25 family (Mycielska et al., 2018). The pmCiC is a variant of
the mitochondrial citrate carrier (mCiC) with a different start codon
(Mazurek et al., 2010). The two transporters have individual first
exons, but the rest of the sequence is identical (Mazurek et al., 2010).
It already has been shown that pmCiC is expressed in human cancer
tissues and that the transporter is increasingly present at the
invasion front as well as at metastatic sites (Mycielska et al.,
2018; Drexler et al., 2021). Cancer cells can take up extracellular
citrate from the blood, but elevated levels are also found in some
organs such as the liver, bone or brain [reviewed in Parkinson et al.
(2021)]. Unfortunately, not much is known about citrate levels in
specific human organs other than the prostate and brain, and even
less is known about citrate levels in cancerous tissues (Parkinson
et al., 2021). Our previous study showed that cancer cells deprived of
extracellular citrate increased the expression of pmCiC in cancer-
associated fibroblasts and this caused an increase in citrate export
from these cells (Drexler et al., 2021). Recently, it has become clear
that stromal support is crucial to promote cancer progression and
sustain the process of metastasis (Xu et al., 2022; Lee et al., 2023). In
particular, the tumour microenvironment has been shown to
provide cancer cells with the necessary metabolites through the
formation of new blood vessels as well as metabolic substrates
released by cancer-associated cells (Eisenberg et al., 2020; Chen
et al., 2021). The cancer-associated stroma has also been shown to
release growth factors and modulate the immune response (Nishida,
2021; Chen et al., 2023). Tumour-associated macrophages play an
important role in the cancer microenvironment. They are known to
support tumour progression by establishing infrastructure and
increasing the release of inflammatory factors (Zhou et al., 2019;
Maller et al., 2021). Citrate uptake by cancer cells has been shown to
support their metabolism (Mycielska et al., 2018). In particular,
uptake of extracellular citrate decreased mitochondrial activity,
reactive oxygen species synthesis and significantly reduced
glucose uptake in human prostate cancer cells (Mycielska et al.,
2018). Further studies showed that extracellular citrate enhanced the
metastatic properties of cancer cells in vitro and in vivo (Drexler
et al., 2022). Consistently, administration of gluconate, a specific
blocker of pmCiC, reduced subcutaneous pancreatic tumour growth
and metastatic spread in mice, as well as tumour growth and

angiogenesis of Merkel cell carcinoma in the chorioallantoic
membrane (CAM) assay (Drexler et al., 2021; Drexler et al.,
2022). Daily administration of gluconate also reduced stromal
transformation and increased tumour immune infiltration in
mice (Drexler et al., 2022).

In the present study, we investigated whether pmCiC expression
is associated with increased disease aggressiveness of cancer and can
serve as a prognostic marker together with pmCiC expression in the
stroma and blood vessels.

2 Materials and methods

2.1 Biopsies

The study included ninety-two patients with human
gastrointestinal (20), lung (39), prostate (14) and urothelial (19)
cancers. For each primary tumour (stage IV), the associated
metastasis, if present, was also examined. This results in a
maximum total number of 29 metastases. The tissues were
retrospectively analyzed by immunohistochemistry. In some cases, it
was not possible to perform and evaluate all the stainings for each
biopsy because there was not enough material available. Accordingly,
the number of stained sections varies depending on the antibody and
the evaluation. One patient biopsy was excluded from the study because
of missing information about the entity. The ethical commission of the
Faculty for Medicine, University of Regensburg (14-101-0263),
approved the study.

2.2 Immunohistochemistry (IHC)

Patient biopsies were fixed with buffered formalin and
embedded in paraffin according to standard procedures (Kirstie
Canene-Adams, 2013). Samples were cut into 2 µm thick slices.
Slices were deparaffinized with xylene (Merck, Darmstadt,
Germany) and rehydrated with ethanol (2 × 100% ethanol,
2 × 95% ethanol, 2 × 70% ethanol. Each step 5 min).

Immunohistochemical staining was performed with the primary
antibodies anti-pmCiC (Mazurek et al., 2010; GenScript USA Inc.,
N-Terminal peptide of protein, Antigen Sequence
CYDEVVKLLNKVWKTD, Host species: Rabbit, concentration
9.259 mg/mL, dilution for IHC 1:2200), anti-FAP (Abcam,
ab240989, Anti-Fibroblast activation protein, alpha antibody
[SP325] - BSA and Azide free, clone SP325, host species: rabbit,
monoclonal; concentration 1.023 mg/mL, dilution for IHC 1:100, lot
number GR3392926-3) and anti-CD31 [Zytomed Systems,
MSK091-05 (0.5 mL concentrate), Mouse anti-CD31 (PECAM-1),
clone JC70, host species: mouse, monoclonal, concentration 15.3 μg/
mL, dilution for IHC 1:300, lot number A0479]. All primary
antibodies used were from the same batch. The secondary
antibodies used were included in the kits used for IHC (see below).

For pmCiC and FAP staining, the kit ZytoChem Plus HRP-Kit
Rabbit (Zytomed/Biozol, Eching, Germany) was used, performing
the protocol according to the manufacturer’s instructions. Epitope
retrieval was performed with HIER Citrate Buffer pH6 (Zytomed)
for anti-pmCiC and with HIER TRIS-EDTA Buffer pH 8.0
(Zytomed) for anti-FAP. Both buffers were heated to 90°C before
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the sections were steamed for 20 min. Sections were stained using
AEC+ High-Sensitivity Substrate Chromogen Ready-to-Use (Dako/
Agilent Technologies, Hamburg, Germany) and counterstained
using hematoxylin (Carl Roth, Karlsruhe, Germany).

For CD31 staining, the kit ZytoChem Plus (AP) Polymer
Kit (Zytomed/Biozol) was used, performing the protocol
according to the manufacturer’s instructions. After the
retrieval step sections were rinsed in cold water and PBS
buffer. Then primary antibody was applied for 45 min at
room temperature (RT). After a washing step, blocking buffer
was applied for 30 min at RT. Then another washing step
was done before antibody detection was induced applying the
AP Polymer for 30 min at RT. Finally, sections were stained
with the chromogen substrate alkaline phosphatase
for 30 min at RT and counterstained with hematoxylin
(Carl Roth).

2.3 Evaluation of
immunohistochemical staining

All sections were scanned using a slide scanner (Pannoramic
Scan from 3DHISTECHTM). Scanning was performed with
a × 20 objective (Micrometer/pixel X: 0.242535; Micrometer/
pixel Y: 0.242647). The scans were analyzed on the
computer using the free software “CaseViewer” from
3DHistech (https://www.3dhistech.com/solutions/caseviewer/).
Complete sections were analysed. All samples were
scored blindly.

For the CD31 analysis, the areas of highest vascular density
(hot spots) were identified on the entire sections by an experienced
pathologist and up to five of these hot spots per section were
then analysed/quantified. Snapshots were taken at
virtual ×20 magnification (corresponding to the ×20 magnification
on the microscope) for evaluation. Positive vessels were counted
manually according to the international consensus for the
evaluation of angiogenesis (Vermeulen et al., 2002). For each
CD31 staining, five different sections were evaluated on the
microscope at ×20 magnification using the hot spot method.
The mean value was then calculated (from the up to five hot
spots), providing the CD31 value for further analyses.
Staining of pmCiC in blood vessels was analyzed by defining no
pmCiC staining in vessels as 0 and detectable staining in
vessels as 1.

A semi-quantitative assessment method called
“histochemical score” (H-score) was used to evaluate the
pmCiC and FAP stainings. We quantified the intensity and
the extent of staining within tissue samples. Staining
intensity was graded on a scale of 0–3, where 0 indicates no
staining, 1 indicates weak staining, 2 indicates moderate
staining, and 3 indicates strong staining. The extent of
staining was evaluated by determining the percentage of
positively stained cells within the sample, represented as a
percentage ranging from 0% to 100% (in increments of 10).
Intensity of staining and percentage were multiplied to generate
the score of 300. A score 300 equal to 300 represents the highest
possible score. An experienced pathologist carried out the IHC
evaluation.

2.4 Statistics

Statistical analyses were performed using GraphPad Prism v.
8.4.2 (GraphPad Software Inc., San Diego, CA, United States). The p
values for comparing groups were calculated using the Mann-
Whitney test. Box plots show median and interquartile ranges in
addition to minimum and maximum values. The line in the middle
of the box represents the median. Correlations were evaluated using
the Spearman’s rank correlation coefficient analysis. Two-tailed
p-values ≤0.05 were considered statistically significant. A simple
linear regression line has been included in the figures showing
correlations to provide an additional visual aid to help
understand the data. No statistical conclusions can be drawn
from these linear regression lines.

3 Results

3.1 Expression of pmCiC, CD31, and FAP in
primary tumors versus metastasis and their
correlation with different tumor stages

We have recently found that pmCiC expression may play a role
in the process of metastasis (Drexler et al., 2021), and therefore we
wanted to investigate whether the level of pmCiC expression in
cancer cells correlates with the tumour stage in human tissues.
Indeed, pmCiC expression in tumour cells increased steadily with
tumour stage (Figure 1A). With 45% of stage I samples, 40% of stage
II samples, 84.6% of stage III samples, and 63.6% of stage IV samples
showed pmCiC expression levels above zero. On the other hand,
there was no difference in the expression of pmCiC between stage IV
of primary tumours and metastatic tissues (Figure 1B). In fact, the
distribution of pmCiC expression levels was very similar in both
groups. Consistently, there was a clear correlation between the
expression of pmCiC in stage IV primary tumours and the
expression of pmCiC at the corresponding metastatic sites
(Figure 1C). However, the number of tissues expressing pmCiC
in cancer cells was higher in metastasis than in primary tissues at
stage IV (63.6% and 72.4%, respectively).

Our recent study showed that citrate can be provided to cancer
cells by the cancer-associated stroma and released from benign cells
via pmCiC (Mycielska et al., 2018; Drexler et al., 2021). Furthermore,
extracellular citrate has been shown to induce an invasive or
colonising phenotype in cancer cells, so this metabolite exchange
may be particularly important in supporting metastatic activity and
the process of colonisation of distant organs. Correlating pmCiC
expression in the stroma of the primary tumours with the tumour
stage, showed an even stronger association than in the cancer cells
themselves. The pmCiC expression in the stroma increased steadily
with tumour stage (Figure 1D). This is consistent with stroma
transformation and citrate supply being a critical element in the
development of metastatic tumours. The results of the study indicate
that 15% of stage I samples, 21.1% of stage II samples, 23.1% of stage
III samples, and 47.6% of stage IV samples showed pmCiC
expression levels above zero. Similar to pmCiC in cancer cells,
there was no statistically significant difference between pmCiC
expression in the stroma of cancer cells in primary stage IV
tumour sites and in metastases (Figure 1E). We did not observe
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a correlation between pmCiC expressed in the stroma of stage IV
tissues and metastasis (Figure 1F), however this could be due to the
small number of tissues available for analysis. Moreover, there was a
small decline in the number of metastatic tissues expressing pmCiC
compared to the number of tissues expressing pmCiC in the stroma
at stage IV, 47.6% and 31%, respectively.

For successful disease progression and metastasis, cancer cells
require support from the surrounding tissue, usually through the
formation of new blood vessels and activation of the stroma. We
used CD31, a marker of endothelial cells, and FAP, expressed by
activated fibroblasts, to study angiogenesis and stroma formation in
human cancer tissues. Interestingly, markers of angiogenesis and
stromal activation showed no correlation with tumour stage when
analysing the expression of CD31 (Figure 2A) or FAP (Figure 2D).
In fact, the expression of CD31 and FAP in human cancer tissues
showed a fairly even distribution across the different tumour stages,
suggesting that their expression is important for tumour
development, but does not necessarily need to increase at later
stages of tumour progression. There was also no difference between
CD31 expression levels in primary stage IV cancer tissues compared
to metastases (Figure 2B). Thus, there was no correlation between
CD31 expression in the primary tumour and the corresponding
metastases (Figure 2C). However, noticeably, FAP expression was
clearly reduced when comparing metastatic tissues with stage IV

primary tumour sites (Figure 2E). No correlation of FAP expression
was observed between metastatic tissues and corresponding stage IV
primary tumours (Figure 2F).

3.2 Correlation of the pmCiC expression in
the stroma versus cancer cells

Our recent study showed that cancer cells control the release of
citrate from their local environment and that the level of citrate release
depends on themetabolic needs of the cancer (Drexler et al., 2021). That
is why we studied whether the expression of pmCiC in cancer cells
correlates with pmCiC in the stroma. Indeed, we observed a correlation
between these two markers in primary tumours between pmCiC in
cancer cells and pmCiC in the stroma (Figure 3A). These data could
confirm that the degree of transformation of the cancer-associated
stroma depends on the specific metabolic needs of the cancer cells. In
this case, the increased expression of pmCiC in cancer cells suggests a
higher demand for extracellular citrate by cancer cells. This correlates
with increased pmCiC expression in the surrounding stroma, which is
consistent with increased release of this metabolite. This correlation was
not observed when the level of expression of either FAP (Figure 3B) or
CD31 (Figure 3C) in the stroma was examined in relation to pmCiC in
tumour cells.

FIGURE 1
Expression of pmCiC in patient biopsies analysed by immunohistochemistry. (A) Spearman’s rank correlation coefficient analysis of pmCiC
expression in cancer cells and stage. N= 75 (stage I: 20, stage II: 20, stage III: 13, stage IV: 22). (B) Box plot analysis of pmCiC expression in primary tumours
of stage IV compared with metastasis. N = 51 (22 stage IV tumours, 29 metastasis). (C) Spearman’s rank correlation coefficient analysis of pmCiC in
primary tumours stage IV and the correspondingmetastases. (D) Spearman’s rank correlation coefficient analysis of pmCiC expression in the stroma
surrounding cancer cells and stage. N = 73 (stage I: 20, stage II: 19, stage III: 13, stage IV: 21). (E) Box plot analysis of pmCiC expression in the stroma of
primary tumours of stage IV compared with metastasis. N = 50 (21 stage IV tumours, 29metastasis). (F) Spearman’s rank correlation coefficient analysis of
pmCiC in the stroma of primary tumours stage IV and the corresponding metastases. Box plots show median and interquartile ranges in addition to
minimum and maximum values. The line in the middle of the box represents the median. p values for box plots were calculated using the Mann-Whitney
test. pmCiC expression is presented as Score 300.
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To determine whether the increased activity of the cancer-associated
stroma, as indicated by increased citrate release, correlates with FAP and
CD31, known markers of stromal formation, we correlated the
expression of FAP versus pmCiC in the stroma (Figure 3D) and
CD31 versus pmCiC expression in the stroma (Figure 3E). No
correlation was observed with any of the markers tested, suggesting
that the expression of pmCiC in the stroma is independent of the
classical markers of stromal activation and angiogenesis.

3.3 Expression of pmCiC in blood vessels

Wehave previously observed a certain level of pmCiC expression in
some of the blood vessels present in human cancer tissue (Drexler et al.,
2021; Parkinson et al., 2021). The analysis performed here showed that
the presence of pmCiC-stained vessels is increased at later stages of
cancer development. There was no statistical significance between
pmCiC expression of blood vessels in primary stage IV tumour sites
andmetastasis (Figure 4A). A steep increase in the occurrence of vessels
with pmCiC was observed in stage IV of cancer (Figure 4B).

3.4 Illustration of the data

Figures 5, 6 summarise the analysis presented above. We chose
to compare staining with different markers on consecutive sections

of the same tissue. Figure 5 shows two different poorly differentiated
urothelial tumours with prominent pmCiC staining in the cancer
cells, but also in some vessels and the surrounding stroma. In
contrast, Figure 6 shows liver metastases from ductal breast
cancer (A1-A3) and prostate cancer (B1-B3).

It can be deduced that pmCiC expression is similarly high in
poorly differentiated and metastatic cells. Importantly, higher
expression of pmCiC in cancer cells correlates with increased
levels of stromal cells also expressing pmCiC, particularly in
Figure 5B1. This could be due to increased metastatic activity of
the cancer cells or a lack of sufficient citrate at this site. Interestingly,
although the stroma shown in Figure 6 is highly desmoplastic, the
level of pmCiC expression in these cells is lower compared to
primary urothelial tumours. This may be because citrate is
abundant in the liver [reviewed in Parkinson et al. (2021)] and
cancer cells have less need for this substrate. Figures 5, 6 show
striking differences in the number and size of blood vessels stained
with pmCiC and CD31, suggesting that pmCiC is an earlier marker
of angiogenesis than CD31.

4 Discussion

For the purpose of the present study, we have combined human
cancer tissues of different origins and evaluated the expression of
pmCiC in cancer and stromal cells to check whether extracellular

FIGURE 2
Expression of CD31 and FAP in the stroma surrounding tumour tissue of patient biopsies analysed by immunohistochemistry. (A) Spearman’s rank
correlation coefficient analysis of CD31 expression and stage. N = 70 (stage I: 20, stage II: 20, stage III: 14, stage IV: 16). (B) Box plot analysis of
CD31 expression in the stroma of primary tumours of stage IV compared with metastasis. N = 37 (16 stage IV tumours, 21 metastasis). (C) Spearman’s rank
correlation coefficient analysis of CD31 in the stroma of primary tumours stage IV and the corresponding metastases. (D) Spearman’s rank
correlation coefficient analysis of FAP expression and stage. N= 41 (stage I: 7, stage II: 12, stage III: 11, stage IV: 11). (E) Box plot analysis of FAP expression in
the stroma of primary tumours of stage IV compared with metastasis. N = 22 (11 stage IV tumours, 11 metastasis). (F) Spearman’s rank correlation
coefficient analysis of FAP in the stroma of primary tumours stage IV and the corresponding metastases. p values for box plots were calculated using the
Mann-Whitney test. Box plots show median and interquartile ranges in addition to minimum and maximum values. The line in the middle of the box
represents the median. Expression of CD31 is presented as number of positive vessels (mean value). FAP expression is presented as Score 300.
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citrate can be considered as a necessary factor indicating the
aggressiveness of the disease. We also put forward our hypothesis
that the expression levels of pmCiC in cancer cells versus stroma
would correlate with the amount of citrate uptake versus release,
respectively. To assess other parameters of the tumour
microenvironment, we also used the markers CD31 (Sharma
et al., 2013; Bösmüller et al., 2018) and FAP (Ma et al., 2017;
Coto-Llerena et al., 2020), which should reflect angiogenesis and
fibroblast activation in the tissues studied. It should be noted that the

limited number of tissues and the analysis performed without
distinguishing for the tumour type might have affected some of
the parameters by increasing the variability of the data.

Our study shows for the first time that pmCiC expression in
cancer cells in human tissues correlates with tumour stage and is
significantly increased at advanced stages of tumour development
and metastatic sites, irrespective of tumour origin. This observation
supports our recent data suggesting a role for extracellular citrate
uptake in the acquisition of a more invasive (epithelial-

FIGURE 3
Spearman’s rank correlation coefficient analysis of pmCiC expression in cancer cells of primary tumours or in the surrounding tumour stroma, and
FAP and CD31 in the surrounding tumour stroma analysed by immunohistochemistry. Correlation of pmCiC expression in cancer cells in tumour tissue
and (A) pmCiC expression in the surrounding tumour stroma (N = 73), and (B) FAP expression (N = 40), and (C) CD31 expression (N = 68). Correlation of
pmCiC expression in the primary tumour stroma and (D) FAP expression (N = 39), and (E) CD31 expression (N = 67). Expression of pmCiC and FAP is
presented as Score 300. Expression of CD31 is presented as number of positive vessels (mean value).

FIGURE 4
Analysis of pmCiC expression in blood vessels. (A) Analysis of pmCiC expression in vessels of stage IV tumours compared with metastasis. N = 44
(18 stage IV tumours, 26 metastasis). The p value was calculated using the Mann-Whitney test. The graph shows the mean with standard deviation. (B)
Percentage of biopsies with pmCiC staining in blood vessels subdivided by tumour stage.
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mesenchymal transition (EMT)) or colonising (mesenchymal-
epithelial transition (MET)) character of cancer cells, depending
on the duration of citrate presence in themedia (Drexler et al., 2021).
Therefore, the expression of pmCiC in cancer cells could indicate an
increased metastatic potential. In line with this hypothesis, pmCiC
expression was less frequent in early stages of tumour development
where its expression could indicate an increased likelihood of
metastasis formation.

Extracellular citrate is normally present at stable concentrations
in the blood and this is one of the sources of citrate for cancer cells,
particularly those close to blood vessels. However, this source may
not be sufficient as the tumour grows. We have shown that the

tumour microenvironment is an additional source of citrate and that
the amount of citrate released by cancer-associated fibroblasts
depends on the availability of extracellular citrate to cancer cells.
Therefore, citrate plays an important role in the communication
between cancer cells and the surrounding stroma. Increased or
decreased intracellular levels of citrate can be detrimental to
cancer cells (Icard et al., 2019; Haferkamp et al., 2020); therefore,
this controlled enrichment of the cancer microenvironment with
citrate may represent a very interesting and not yet fully understood
regulatory mechanism specific to cancer development (Jordan et al.,
2022). Not surprisingly, our data from human cancer tissues show a
correlation between pmCiC expression in cancer cells and pmCiC

FIGURE 5
Immunostaining of two urothelial carcinomas. (A1–A3) (scale bar 100 µm) shows a primary muscle-infiltrating urothelial transitional cell carcinoma
with positivity for pmCiC in cancer cells (A1) and endothelial cells (A1;→). Serial sections show numerous vessels stained for CD31 (A2) as well as strong
stromal reactionwith FAP (A3). (B1–B3) (scale bar 100 µm) displays another poorly differentiated urothelial cancerwith prominent expression of pmCiC in
cancer cells (B1) but also in some vessels (B1;→). Serial section was stained with CD31 ((B2); scale bar 150 µm) to highlight the tumour-associated
vasculature. In (B3) there is a strong stromal reaction stained by FAP staining. All samples were counterstained with hematoxylin.
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expression in the tumour environment, which may indicate a
balance between citrate uptake and release and active stromal
support of the disease progression. However, due to different
levels of extracellular citrate and proximity to blood vessels, the
expression of pmCiC in the stroma of primary tumours may also
vary from organ to organ. For these reasons, it is likely that the
simultaneous assessment of pmCiC expression in cancer cells and
their microenvironment as well as in blood vessels could be a good
prognostic marker for disease progression, rather than each of these

elements separately. This aspect requires further and more
detailed studies.

Some recent studies have shown the involvement of another
sodium-dependent citrate transporter, NaCT (encoded by
SLC13A5), in the metabolism of liver cancer cells (Li et al., 2017;
Kumar et al., 2021). Specifically, citrate uptake in liver cancer cells
reduced reductive carboxylation by providing citrate to ATP citrate
lyase (ACYL) (Kumar et al., 2021). However, in liver cancer cells,
this effect of extracellular citrate on cancer metabolism was

FIGURE 6
Histological staining of a liver metastasis of a ductal breast cancer and a liver metastasis of a prostate cancer. [(A1–A3); scale bar 100 µm] Liver
metastasis of a ductal breast cancer [(A1); HE] shows little nest of atypical infiltrating cancer cells with a desmoplastic stroma expressing pmCiC in tumour
cells (A2) as well as some associated small vessels (inset; →; magnification 3 - fold). In (A3) serial section of the metastasis shows tumour associated
vessels stained for CD31 (inset; →; magnification 3 - fold). [(B1–B3); scale bar 100 µm] Liver metastasis of a prostate cancer [(B1); HE] displaying a
pseudoglandulär atypical cancer with a desmoplastic stroma expressing pmCiC in tumour cells (B2) and few tumour-associated vessels (inset; →;
magnification 3 - fold). In (B3) a serial section of the specimenwas stained with CD31 to highlight the tumour associated vessels (inset;→; magnification 3
- fold). Images provide an overview and details at higher magnification (inserts; magnification 3 - fold); corresponding size bars are included. Tissues
shown in (A2, A3, B2, B3) were counterstained with hematoxylin.
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particularly pronounced under conditions of reduced extracellular
glucose and glutamine. On the other hand, our published study
suggests that even under non-starving conditions, extracellular
citrate uptake via pmCiC has a significant impact on fatty acid
synthesis (Mycielska et al., 2018; Drexler et al., 2021). SLC13A5 also
has a very restricted expression pattern. RNA expression data show
expression only in liver cancer (Human Protein Atlas, 2023). Our
very preliminary staining of human liver tissue may suggest that
pmCiCmay also be expressed in non-differentiated liver cancer cells
(data not shown). Therefore, it remains crucial to investigate in the
future which citrate transporters (or both) support metastasis.

There are also several groups suggesting that increasing
extracellular citrate levels results in increased citrate uptake by
cancer cells, leading to their death (Lu et al., 2011; Icard et al.,
2023). In any case, it is suggested that extracellular citrate and
plasma membrane citrate transporters play a significant role either
in supporting cancer progression (at physiological levels) or with the
potential to destroy cancer (when applied at very high levels).

We also found no correlation between CD31 or FAP expression
and tumour stage. There is no agreement regarding the use of
CD31 in the field of cancer prognosis. Some studies concluding
CD31 to be a prognostic marker (Sandlund et al., 2007; Schmidt
et al., 2017; Schlüter et al., 2018), but others failing to confirm this
correlation (Rask et al., 2019). Finally, some other studies have found
an inverse correlation between CD31 expression and patient survival
(Virman et al., 2015; Emmert et al., 2016). In addition, the lack of
correlation between CD31 and tumour stage in the present study
may be due to the fact that we analysed tumours of different origin
together in one group. As different organs have different blood
vessel densities, this could affect the overall assessment.

Although we did not find a correlation between CD31 and FAP
expression and disease stage, there were increased levels of pmCiC
present in the blood vessels of later stage cancers. CD31 is an
endothelial cell marker (Bösmüller et al., 2018) and stains all
blood vessels at any stage from early to full vascularization. In
contrast, we found that pmCiC is only expressed in a small fraction
of tiny blood vessels, most likely in the early formation stage, but not
in well differentiated vessels. This would be consistent with
increased citrate uptake by pmCiC at the earlier stage of vessel
development. Citrate, as the primary substrate for fatty acid
synthesis, could contribute to the formation and modification of
the plasma membrane necessary for angiogenesis. Blocking fatty
acid synthesis has already been shown to affect angiogenesis. In a
murine stroke model, the use of cerulenin increased endothelial cell
leakage, decreased transcellular electrical resistance and contributed
to the breakdown of the blood-brain barrier (BBB) after stroke
(Janssen et al., 2021). Knockdown of fatty acid synthase inhibited
vessel sprouting by reducing cell proliferation (Bruning et al., 2018).
Strikingly, most of the pmCiC-expressing blood vessels were found
at stage IV of tumour development. It is possible that these vessels
are involved in/facilitate the dissemination of metastatic cells, e.g.,
due to controlled fatty acid content or other special characteristics.
Therefore, the expression of pmCiC in endothelial cells may be a
specific feature of early cancer angiogenesis and a different factor to
CD31, but this issue remains to be investigated.

The lack of correlation between CD31 and FAP expression in
the stroma and cancer stage could be due to several reasons.
Firstly, a limited number of tissues examined could certainly play

a role in obtaining significant results. In addition, tumours of
different origin have different requirements for stromal support
(Parkinson et al., 2021). In this case, the combination of all
tumour types in one group could further influence the results
obtained. In this context, however, it is even more striking that
the expression of pmCiC and its correlation with the stage of the
tumour were independent of the origin of the tumour and could
therefore represent a novel and widely applicable marker of
tumour aggressiveness.

We have hypothesised that elevated citrate levels in organs such
as the brain, bone or liver facilitate organ colonisation and are
therefore the most common sites of secondary tumour growth
(Parkinson et al., 2021). In this respect, the variability in the
expression of pmCiC in cancer and peritumour tissues, as shown
in the present study, could also be caused by different levels of
extracellular citrate in the organs from which the tissues were
obtained. It is interesting to note that the number of metastatic
tissues stained with pmCiC in the stroma is lower than in the
primary tumours at stage IV. This observation would be consistent
with the fact that the most common organs in which distant
metastasis occur, such as the liver, brain, bone or the lung, are
rich in citrate (Parkinson et al., 2021). Citrate levels need to be tightly
controlled by cancer cells, as its increase was shown to be
detrimental to cancer. Since colonising cancer cells in an
extracellular citrate-rich environment are less likely to demand
additional citrate from the surrounding stroma, it is expected
that pmCiC expression will be lower. However, the number of
metastatic tissues expressing pmCiC in cancer cells compared to
the primary tumours at stage IV increases suggesting an important
role of extracellular citrate in organ colonisation.

5 Conclusion

In conclusion, the expression level of pmCiC in cancer cells
from human cancer tissues seem to increase with tumour stage
and is particularly elevated at metastatic sites. Importantly, we
also found elevated levels of pmCiC in the tumour
microenvironment, which may indicate the importance of
extracellular citrate in the progression of metastatic disease.
However, the exact role of citrate in metastatic progression
remains to be elucidated and will be addressed in our next
studies. On the other hand, we did not observe significant
correlations of other stromal markers, CD31 and FAP, with
tumour stage. It is possible that the expression of pmCiC in
cancer cells and the supporting stroma may be an early event in
the process of metastasis and organ colonization. It is worth
noticing that we performed our study on human cancerous
tissues of different origins. To our knowledge this is one of
the first studies showing a common factor/feature correlating
with tumour aggressiveness. Therefore, it should be further
investigated in the context of a prognostic marker.
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