
Contents lists available at ScienceDirect

Annals of Diagnostic Pathology

journal homepage: www.elsevier.com/locate/anndiagpath

CRABP2 and FABP5 expression levels in diseased and normal pancreas

Christine S. Hughesa, Jo-Anne ChinAleongb, Hemant M. Kochera,b,⁎

a Centre for Tumour Biology, Barts Cancer Institute - a CR-UK Centre of Excellence, Queen Mary University of London, Charterhouse Square, EC1M 6BQ London, UK
b Barts and the London HPB Centre, Department of Surgery and Pathology, Barts Health NHS Trust, The Royal London Hospital, London E1 1BB, UK

A R T I C L E I N F O

Keywords:
Immunoflourescence
Pancreas
Cancer
Retinoids
Atra

A B S T R A C T

Recently, stromal targeting, by agents such as All trans retinoic acid (ATRA), has been regarded as a promising
avenue for the treatment of pancreatic ductal adenocarcinoma (PDAC). The intra-cellular transportation of
ATRA to the nuclear receptors is performed by either: fatty acid binding protein 5 (FABP5) or cellular retinoic
acid binding protein 2 (CRABP2), dictating the transcription of downstream genes and, thus, eventual cell
phenotype. Here, we explored the levels of each protein, in pancreatic tissues of patients presenting with a range
of pancreatic diseases (pancreatic ductal adenocarcinoma (PDAC), chronic pancreatitis (CP), cholangiocarci-
noma (CC)).

We demonstrate that there is a significantly lower CRABP2 and FABP5 expression in activated fibroblasts or
pancreatic stellate cells (PSC) in PDAC, as well as other diseased pancreas as in CC and CP, versus quiescent
fibroblasts. The quiescent fibroblasts consistently show a pattern of high FABP5:CRABP2 ratio, whereas PSC in
all non-PDAC tissues showed a low FABP5:CRABP2 ratio. PSC in PDAC patients had a range of FABP5:CRABP2
ratios (high, even and low).

There was a lower CRABP2 expression in cancerous epithelial cells (PDAC) versus normal epithelial cells. This
is also present in other disease states (CP, CC). Contrasting to the patterns seen for fibroblasts, the FABP5
expression in PDAC epithelial cells matched that of the normal epithelial cells. However, the normal epithelial
cells had a high FABP5:CRABP2 ratio, compared to the PDAC epithelial cells. These ratios may have correlation
with tumor progression, and overall survival. These findings could be confirmed in in vitro cell lysates. CRABP2
and FABP5 levels and ratios could serve as valuable biomarkers.

1. Introduction

Patients with pancreatic ductal adenocarcinoma (PDAC) lack pan-
creatic and biliary secretions, which leads to a deficiency of fat-soluble
vitamins, such as vitamin A (retinol). Pancreatic stellate cells (PSCs)
lose their retinol stores to trans-differentiate into activated (myo-)fi-
broblasts, also known as cancer-associated fibroblasts (CAFs), which in
turn are responsible for the desmoplastic reaction in PDAC [1]. Chronic
pancreatitis as well as other pancreatic disorders also affect PSC be-
haviour. All trans-retinoic acid (ATRA) restores retinol depots, reverting
PSCs to quiescent state [2]. Thus RA transport is important to patho-
physiology of the pancreas.

ATRA is transported from the cytosol to the nucleus via fatty acid
binding protein 5 (FABP5) and cellular retinoic acid binding protein 2
(CRABP2), leading to binding with the transcription factors peroxisome
proliferator-associated receptors (PPAR) and retinoic acid receptors
(RAR), respectively [3]. These transcription factors both hetero-

dimerize with rexinoid X receptors (RXR), and bind to their respective
regulatory elements, to alter transcriptional activity leading to en-
hanced differentiation and apoptosis (via CRABP2) versus cell survival
(via FABP5) [3]. In this work, we sought to elucidate the differential
expression of FABP5 and CRABP2 in pancreatic cancer cells as well as
PSC to understand the RA patho-physiology in various pancreatic dis-
orders.

2. Methods

2.1. Tissue micro-array

Tissue microarrays (TMAs) were constructed containing 159 1-mm-
diameter core from formalin fixed paraffin-embedded (FFPE) blocks
belonging to 53 patients (each patient represented by three cores) with
a variety of pancreatic diseases using Tissue Arrayer Minicore® 3
(Alphelys) with prior Research Ethics Committee approval (East
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London & the City REC3 07/H0705/87) as described previously [4]. 4
μm thick sections were cut and evaluated for CRABP2 and FABP5 ex-
pression. Some cores had to be excluded from analysis due to in-
adequate representative pancreatic or suboptimal staining. As a result,
110 (69%) or 99 (62%) cores could be used in the final analysis, for the
scoring of FABP5 and CRABP2 expression respectively.

2.2. Immunofluorescence

FFPE sections were dewaxed, rehydrated, antigen retrieved in ci-
trate buffer (pH 6, microwave, 20 min), blocked (2% bovine serum
albumin, 0.02% fish skin gelatin, 10% fetal bovine serum, 5% goat
serum) and incubated with combination of rat FABP5 (MAB3077, R&D
Systems, 1:200) and rabbit Cytokeratin (Z0622, Dako, 1:100) or mouse
CRABP2 (sc-159,411, SantaCruz Biotechnology, 1:100), and mouse α-
SMA (F3777, Sigma-Aldrich, 1:500) overnight (4 °C), followed by 1 h
incubation at room temperature with appropriate fluorescent-labelled
secondary antibodies (AlexaFluor® 488, 546) and nuclei counterstained
with DAPI. Organotypic sections, as previous described [5], were used
for positive and negative staining controls. Controls were uniformly
negative with appropriate isotype-specific immunoglobulin at matching
dilutions.

2.3. Imaging

Immunofluorescent images were taken using the Zeiss Confocal
LSM510 microscope at 20× magnification, and images were visualised
using Zeiss Zen 2.3 software. The threshold gain and offset was set
according to the intensity of the respective channel in the standardizing
control organotypic culture sections to eliminate inter-day variability.

2.4. Quantification

Images were quantified using ImageJ software, using a manual
method and an automated method. In the manual method, the region of
interest was delineated manually using the marker tool in the ImageJ
software. Both quiescent PSC (Supplementary Figs. 1 & 2) and activated
fibroblasts (Supplementary Figs. 3 & 4) in diseased tissue were quan-
tified. In brief, the quiescent PSC were located next to pancreatic acini,
whereas the activated fibroblasts were quantified as clusters within
regions of stromal density. For each image, at least six regions of fi-
broblasts were quantified for their mean FABP5 or CRABP2 intensity,
and an average of all six measurements was reported as one data point
for that core. Given that up to three cores were quantified per patient,
the summary data point for a patient was the median value of up to
three cores, or if only one core was available, then this was the sum-
mary data point for that patient.

Only FABP5 could be automatically quantified since co-staining
with α-SMA allowed identification of fibroblasts in Image-J (supplier)
using regions of interest (ROI) function. A threshold was set for mea-
suring high intensity α-SMA regions (green channel), and these ROI
were transferred to the FABP5-stained (red) channel. The threshold for
α-SMA was kept the same across all cores, and an average was calcu-
lated from all the regions measured per core. Similar to the process of
manual quantification, the summary data point for each was presented.
Quiescent fibroblasts in α-SMA stained tissue could not be quantified
for FABP5, as these do not stain positively for α-SMA.

2.5. Comparisons

Comparisons were made using FABP5 and CRABP2 results produced
using the manual quantification method. For each patient, a maximum
of three cores were measured. The median FABP5 value was matched
with the median CRABP2 value for each patient, and these were com-
bined to make a FABP5:CRABP2 ratio. Where there were no matches,
due to tissues that were unable to be quantified for either FABP5 or

CRABP2, no data point was plotted for that patient.

2.6. Survival curves

For PDAC patients only, the ratio of FABP5:CRABP2 expression was
categorized into 3 subsets: high (FABP5:CRABP2 is> 1.2), low
(FABP5:CRABP2 is< 0.8) and even (FABP5:CRABP2 is
0.8 < x < 1.2).

2.7. Statistical analysis

Summary data are expressed as the median with interquartile range
as box and whisker (min–max) plots, since the distribution was non-
Gaussian. Data were analyzed and FABP5 or CRABP2 expression levels
in various tissue types (quiescent fibroblasts vs. activated fibroblasts
from a range of diseases) were compared using the Kruskal–Wallis test
with Dunn's multiple comparison test (GraphPad Prism, version 8.2).
The level of significance was defined as p < 0.05. Briefly:
****p < 0.0001, ***p = 0.0001 to 0.001, **p = 0.001 to 0.01,
*p = 0.01 to 0.05. Survival comparisons were made between the three
subgroups (high, even and low) in a Kaplan-Meier plot. The subgroups
were tested for significance using log-rank (Mantel-Cox) test and log-
rank test for trend.

To measure the concordance of FABP5/CRABP2 levels across all
available cores (up to three cores per patient), the coefficient of var-
iance (CV) was calculated for each patient, where more than one core
was quantified (Supplementary Figs. 6–10). CVs greater than 30% were
considered very variable, and hence were highlighted on graphs in
different colours.

2.8. Western blotting

Cancer cell lysates were loaded at approximately 10 μg. Lysates
were separated on 15% SDS-polyacrylamide electrophoresis gels and
transferred to nitrocellulose membranes. Membranes were blocked in
5% BSA in 0.1% Tween20-PBS, followed by incubation with primary
antibody at 4 °C overnight (FABP5 1:500, CRABP2 1:500 or Hsc-70
1:2000) and then incubation with secondary horseradish peroxidase-
conjugated anti-rat, and -mouse antibodies, respectively.

3. Results

3.1. Human ex vivo CAF/PSC expression for CRABP and FABP5

There was a significantly higher CRABP2 intensity (2.5-fold) in
quiescent fibroblasts/PSC of normal pancreas (n = 7) as compared to
CAF/PSC in PDAC (n = 31, Fig. 1A, Supplementary Figs. 1, 2), mi-
micked in pancreas of other disease states such as cholangiocarcinoma
(CC) and chronic pancreatitis (CP). Similarly, we noted that quiescent
fibroblasts/PSC in adjacent normal tissue contained significantly more
FABP5 (8-fold) greater than the activated CAF/PSC across almost all
diseased tissues, including PDAC, CP and CC (Fig. 1B, Supplementary
Figs. 3, 4).

For CRABP2 as well as FABP5 in quiescent fibroblasts, there was a
strong concordance between the means of multiple measurements
across all three TMA cores for each patient, with coefficient of varia-
tions (CVs) calculated across images being under 30% (Supplementary
Figs. 5A, 6A). The majority of data plotted for the activated fibroblasts
for CRABP2 as well as FABP5 was also highly concordant with a min-
ority of patients with discordant inter-image readings (CV>30%,
Supplementary Figs. 5B, 6B). The patients with discordant results were
not the same for FABP5 and CRABP2.

Manually delineating the regions for FABP5 quantification is precise
but is time-consuming and may not be reproducible between observers,
when performed in a clinical trial setting. We explored a method to
quantify FABP5 intensity in a semi-automated fashion. α-SMA stained
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regions were used to quantify the FABP5 in those regions, after images
were checked for any artefacts/non-stromal architecture/vasculature
and these regions were excluded from the FABP5 measurements.
However, this amount of manual input is minimal compared to
manually delineating ROI's. Furthermore, we were unable to quantify
the FABP5 levels in quiescent fibroblasts/PSC, as these were not posi-
tively stained for α-SMA. Therefore, using automated methods, we are

Fig. 1. (A) CRABP2 and (B) FABP5 expression in quiescent and activated PSC.
Summary data from immune-fluorescent stained TMA tissue, per patient (N), is
depicted as median and interquartile range. CAF/PSC were quantified in a
range of tissues: PDAC, CP and CC. Comparisons were made using the
Kruskal–Wallis test followed by Dunn's post-hoc analysis, ****p < 0.001;
***p < 0.001; **p < 0.01; *p < 0.05.

Fig. 2. FABP5 expression in CAF/PSC using (A) manual and (B) automated
quantification method. Results from two patients had to be excluded from the
automated quantification graph (1 PDAC, 1 CC) because the α-SMA stain was
very weak for those corresponding images. n.s. = not significant.
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only able to compare the levels of FABP5 among CAF/PSC in diseased
tissues (Fig. 2, Supplementary Fig. 7). The CAF/PSC FABP5 levels were
highly concordant (Supplementary Fig. 8). Thus, semi-automated
quantification can be used in future biomarker analyses.

Next we compared each patient's matched FABP5:CRABP2 levels in
quiescent PSC from (Fig. 3A). The quiescent PSC consistently show a
pattern of high FABP5:CRABP2 ratio, ranging from 2:1 to 7:1. There
was a lot more variability in the FABP5:CRABP2 ratios of the activated
CAF/PSC (Fig. 3B). For non-PDAC patients (CP and CC), all tissues
showed a low FABP5:CRABP2 ratio (between 0.2:1 and 0.4:1, Fig. 3C).
In particular, this variability was more pronounced in PDAC tissues

(Fig. 3D). The ratio of FABP5:CRABP2 expression could potentially be
categorized into 3 subsets: high (FABP5:CRABP2 is> 1.2, 10.7%, 3
patients), low (FABP5:CRABP2 is< 0.8, 50%, 14 patients) and even
(FABP5:CRABP2 is 0.8–1.2, 39.3%, 11 patients).

3.2. Human ex vivo epithelial expression for CRABP2 and FABP5

There was a significantly higher (2-fold) CRABP2 intensity in
normal epithelial cells versus PDAC epithelial cells, mimicked in pan-
creas of patients with other disease states such as CP and CC (Fig. 4A),
with a similar range of variance and a high level of concordance

Fig. 3. Correlating FABP5 and CRABP2 levels in quiescent (A) and activated (B) PSC/CAF in matched TMA cores of respective patients. Further assessment of (C)
non-PDAC tissues (N = 4, CP = 2, CC = 2) and (D) PDAC tissue (N = 28). For PDAC patients only, the ratio of FABP5:CRABP2 expression was categorized into 3
subsets: high (FABP5:CRABP2 is> 1.2, blue), low (FABP5:CRABP2 is< 0.8, yellow) and intermediate (FABP5:CRABP2 is 0.8–1.2, black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(CV<30%) on repeated measures for each patient (Supplementary
Fig. 9). In contrast, the FABP5 expression in PDAC epithelial cells
matched that of the normal epithelial cells, (Fig. 4b), but also, with a
similar range of variance and a high level of concordance (CV<30%)
on repeated measures for each patient (Supplementary Fig. 10).

Consistent with the pattern found for quiescent PSC the normal
epithelial regions consistently reveal a high FABP5:CRABP2 ratio
(range: 2.6 to 3.3:1), in all 7 patients measured (Fig. 5A). There was
greater variability in the FABP5:CRABP2 ratios of the epithelial cells
across all diseased tissues, when compared to that of normal epithelial
cells (Fig. 5B). In particular, and similar to that of fibroblast, this
variability was more pronounced in PDAC-specific tissues, compared to
non-PDAC tissues (CP and CC, Fig. 5C–D). Similar to CAF/PSC, the ratio
of FABP5:CRABP2 expression for epithelial regions of PDAC patients
only, could be categorized into 3 subsets: high (FABP5:CRABP2
is> 1.2, 1 patient), low (FABP5:CRABP2 is< 0.8, 75%, 21 patients)

and even (FABP5:CRABP2 is 0.8–1.2, 21.4%, 6 patients). There was no
statistically significant difference between these ratio subgroups for
CAF or epithelial cells, when survival data was examined (Fig. 6A–B),
although it appeared that the low ratio subgroups, in epithelial cells,
had a more favorable prognosis. In addition, there was a more favorable
range of tumor stages (T1 – T3) in patients with a low ratio, compared
to those with an even ratio (T2 - T3), which had a greater abundance of
Stage 3 tumors (Supplementary Fig. 11). There were more patients with
R1 resections in the low ratio group, when compared to the even ratio
group (Supplementary Fig. 12). However, this dataset had too few pa-
tients in each sub-group to reach any robust conclusions.

FABP5 and CRABP2 proteins were present in normal stellate cell
(PS1), and some cancer cell (Aspc1 and Patu-S) lysates, but not in
Capan-1 (Fig. 7).

4. Discussion

ATRA is particularly effective in treating promyelocytic leukemia
(PML), where it exerts its effects via binding to the retinoic acid re-
ceptor (RAR) targeting abnormal fusion protein PML-RARA due to
chromosomal translocation [6]. RAR has been known to regulate the
expression of numerous target genes involved in cell-cycle control,
differentiation and apoptosis [7]. It limits cell growth and has anti-
carcinogenic effects. As CRABP2 facilitates the transport of retinoic acid
(RA) to RAR, it is key in orchestrating these effects [8].

However, despite the seemingly tumor suppressive effects of re-
tinoids, it has been hypothesized that they can sometimes have pro-
carcinogenic effects. This was seen when a lung cancer chemopreven-
tion trial (CARET), assessing the efficacy and safety of beta-carotene
and retinol, was prematurely terminated as the treatment apparently
increased the incidence of the cancer [9]. It is postulated that this effect
was mediated by the alternate nuclear ligand/receptor for retinoic acid:
PPARβ/δ [10]. Indeed, this ligand-dependent nuclear receptor targets
genes that enhance cell survival and proliferation [11], thereby asso-
ciating it with pro-carcinogenic characteristics. In addition to this, RA is
transported to PPARβ/δ by FABP5. Given that RA can be translocated
by either CRABP5 or FABP5, to different nuclear receptors which in
turn control transcription of target genes of opposing effects, it is pos-
tulated that an imbalance in the ratio of these RA-binding proteins may
govern which effects are more prominent [12]. With this in mind, it is
useful to highlight that there is a greater binding affinity of RA to the
CRABP2-RAR pathway [13,14], than that of the FABP5-PPARβ/δ
pathway [15]. Therefore RA signalling seems to occur mainly through
RAR binding (via CRABP2), unless there is a high FABP5/CRABP2 ratio
[16].

It has been suggested that FABP5 levels can be used as a prognostic
biomarker for survival in breast cancer [17]. According to Liu, RZ. et al,
there was a correlation between FABP5 levels and tumor growth re-
sponse to RA. FABP5 is also significantly overexpressed in intrahepatic
cholangiocarcinoma (IHCC) with lymph node metastasis and is in-
volved in cell proliferation and invasion in vitro. It was therefore sug-
gested that FABP5 is associated with tumor progression in ICC [18].
Furthermore, a high FABP5 to CRABP2 expression ratio may be related
to craniopharyngiomas tumor recurrence, with ATRA demonstrating
beneficial effect [19]. Hence, we anticipated that FABP5 would have a
greater expression in diseased tissue, versus normal adjacent tissue.

FABP5 and CRAPB2 are expressed in patient-derived PDAC cell
lines, and response to ATRA was observed to be dependent upon dif-
ferential expression of FABP5 versus CRABP2 [20]. Elevated FABP5
expression was associated with minimal cytotoxicity and tumor growth
inhibition, and a complementary increase in migration and invasion.
CRABP2 expression in the absence of FABP5 was associated with sig-
nificant tumor growth inhibition with ATRA, even in gemcitabine-re-
sistant tumors. Furthermore, the ATRA-resistant phenotype of FAB-
P5highCRABP2null cells could be overcome by ectopic expression of
CRABP2. This encouraged us to investigate the levels of FABP5 and

Fig. 4. (A) CRABP2 and (B) FABP5 expression in the normal and diseased
epithelial cells from a range of pancreatic tissues: PDAC, CP and CC. Summary
data from immune-fluorescent stained TMA tissue, per patient, is depicted as
median and interquartile range. Comparisons were made using the
Kruskal–Wallis test followed by Dunn's post-hoc analysis, ***p < 0.001;
n.s. = not significant.
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CRABP2 in fibroblasts, as well as epithelial cells.
In this study, we demonstrate that there is a significantly lower

CRABP2 and FABP5 intensity in activated PSC, versus quiescent fibro-
blasts. Furthermore, quiescent fibroblasts had a consistently high
FABP5:CRABP2 ratio, whereas all non-PDAC tissue PSC showed a low
FABP5:CRABP2 ratio, and PDAC PSC had a range of FABP5:CRABP2
ratios (high, even and low). We postulate that fibroblasts might affect
the pathogenesis in an asymmetric fashion to epithelial cells, where
quiescent fibroblasts can exhibit a high FABP5:CRABP2 ratio, which is
not pro-tumorigenic, but instead, tumor suppressive. A larger cohort for
studying outcome of patients with a high FABP5:CRABP2 ratio is

required, particularly in a clinical trial context where patients are
treated with ATRA. Furthermore, it appears that CRABP2 may play a
bigger role than FABP5 in epithelial cells and may reflect the disease
status such as tumor size.

We also demonstrate that automated quantification can be used as a
valid substitute for manual quantification in future biomarker analysis,
which not only saves time, but also excludes the possibility of operator
bias, without compromising on accuracy.

Fig. 5. Correlating FABP5 and CRABP2 levels in normal (A) and diseased epithelial (B) cells in matched TMA cores of respective patients. Further assessment of (C)
non-PDAC tissues (N = 4, CP = 2, CC = 2) and (D) PDAC tissue (N = 28). For PDAC patients only, the ratio of FABP5:CRABP2 expression was categorized into 3
subsets: high (FABP5:CRABP2 is> 1.2, blue), low (FABP5:CRABP2 is< 0.8, yellow) and intermediate (FABP5:CRABP2 is 0.8–1.2, black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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0.8–1.2) expression ratios measured in CAF/PSC (A) and epithelial cells (B). Tests for significance included log-rank (Mantel-Cox) test and log-rank test for trend.
Yellow boxes highlight when patients have been lost to follow-up. *denotes number of patients lost to follow-up. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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