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Abstract

Background: Pancreatic ductal adenocarcinoma (PDAC) is a gland-forming malignancy arising
in the pancreas. It is estimated that in developed countries the incidence of PDAC will continue
to rise, and PDAC is now the fourth leading cause of cancer-related deaths in the USA. The
mortality of PDAC patients closely parallels the incidence rate, as this malignancy generally
remains asymptomatic until it reaches an advanced stage.

Summary: The poor prognosis results from the aggressive nature of the tumor, late detection,
and resistance to chemotherapy and radiotherapy. Retinoids, vitamin A (retinol), and its
metabolites, such as retinoic acid (RA), play critical roles in important biological functions,
including cell growth and differentiation, development, metabolism, and immunity. The actions of
retinoids in maintaining normal pancreatic functions have generated considerable research interest
from investigators interested in understanding and treating PDAC. Altered expression of retinoid
receptors and other RA signaling pathway genes in human cancers offers opportunities for target
discovery, drug design, and personalized medicine for distinct molecular retinoid subtypes.

Key messages: The goals of this review are to explore the potential activities of retinoids in
the pancreas, to assess the evidence that retinoid functions become dysregulated in PDAC, and to
describe the actions of retinoids in new therapies developed to increase patient survival.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy. It is the fourth
leading cause of cancer-related death in the US [1]. Unfortunately, due to its late
presentation, only 15-20% of patients are candidates for surgical intervention. PDAC is
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predicted to become the second leading cause of cancer death within a decade if progress in
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treatment continues to be only incremental [2]. PDAC is characterized by rapid progression,
an extremely poor prognosis, and limited treatment options [3].

Among the factors that increase the risk of this malignancy are obesity, cigarette smoking,
and increased consumption of animal fat [4]. A greater risk for PDAC development is also
associated with pancreatitis, type 2 diabetes [5, 6], and Helicobacter pyloriinfection [7].
Disruptions/mutations in various genes (7P53, SMAD4, ARID1A, ROBOZ, KDMG6A and
PREX?2) increase the incidence of PDAC [8].

K-RAS mutations occur very frequently in pancreatic cancer [9]. K-RAS activity is an
important and early event in tumorigenesis [10, 11]. Various studies show that an activating
mutation in K-RAS occurs in from 47 to 100% of pancreatic ductal adenocarcinoma cases,
most commonly at codon 12 [12-14].

FOLFIRINOX (the combination of folinic acid, 5-fluorouracil (5-FU), irinotecan, and
oxaliplatin), a cancer therapy, is reported to have a survival advantage compared to
gemcitabine (a DNA synthesis inhibitor) alone for PDAC treatment [15]. Nab-paclitaxel

(an antimicrotubular agent), a combination therapy with albumin based nab-paclitaxel and
gemcitabine, is associated with significant improvement in median overall survival (OS) and
progression free survival (PFS) compared to gemcitabine alone [16].

Retinoids are defined as a group of micronutrients that includes vitamin A (retinol) and

its metabolites. All-trans retinoic acid (RA) is the biologically active form of vitamin A
because RA acts as an agonist for the retinoic acid receptors (RAR-a, RAR-B, and RAR-vy)
to regulate gene expression [17]. Various retinoids are used as chemotherapeutic agents in
oncology [18]. Retinoids are effective components of some current cancer therapies because
they can act both by promoting stem cell differentiation and changing the pattern of gene
expression in tumor cells to make them more sensitive to other therapies [19]. Recently, a
clinical trial of RA in pancreatic cancer has started [20]. Because of this clinical interest

in retinoids for PDAC treatment and epidemiological studies demonstrating an inverse
relationship between dietary vitamin A consumption and PDAC development [21], here we
explore the actions of retinoids in the normal pancreas and in PDAC.

General Overview of the Actions of Retinoids

Retinoids are naturally occurring, low-molecular-weight, fat-soluble, unsaturated
isoprenoids that play essential roles in various aspects of mammalian physiology, including
spermatogenesis, fertilization, pregnancy maintenance, morphogenesis, organogenesis, and
fetal and perinatal growth. Retinaldehyde plays a key role in vision, and RA in gene
regulation. Nutritional deficiency in vitamin A is still a major public health concern in the
developing world, causing blindness and death [22].

RA inhibits cell proliferation and induces cell differentiation in many malignant tissues [18].
RA exerts its pleiotropic effects on cellular growth and differentiation through acting as a
ligand for the retinoic acid receptors (RARS). The transcriptional regulatory activity of RA
is mediated by 6 distinct ligand-dependent transcription factors, 3 retinoic acid receptors
(RAR-a, RAR-B, and RAR-y) and 3 retinoid X receptors (RXR-a, RXR-f, and RXR-7).
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The RARs and RXRs are members of the steroid/thyroid/retinoid superfamily of nuclear
hormone receptors and recognize specific response elements present within genes to then
regulate transcription and subsequent epigenetic changes [23]. Most retinoid actions within
the body involve transcriptional regulatory effects that are mediated primarily by RA [17].
Thus, RA is a potent transcriptional regulator that directly controls expression of more than
500 genes, and these RA target genes vary in different cell types [24]. The three different
RARs regulate unique and different target genes [24].

RA has a well-studied, essential role in patterning in the development of numerous organs,
including the hindbrain, spinal cord, heart, eyes, forelimbs, buds, lungs, genitourinary

tract, and pancreas [25]. Deficient or excessive retinoid signaling, arising either through
dietary retinoid-insufficiency or through alterations in genes involved in retinoid metabolism
or signaling, can give rise to a wide spectrum of embryonic defects, emphasizing the
importance of the regulation of intracellular metabolites of all-trans retinol (ROH) and the
proper levels of RA, for assuring normal embryonic development [26]. The synthesis and
degradation of RA are complex processes, however, involving many specific proteins and
enzymes (Figure 1). Retinoids (retinyl esters, retinol, and provitamin A carotenoids, such as
[B-carotene) must be obtained from the diet [27].

Retinoids in the Pancreas: Glucose Regulation

Retinol (ROH) is required for the maintenance of both pancreatic p-cell mass and for
glucose stimulated insulin secretion in adult mice [28, 29]. Reintroduction of retinoids

into the diet of retinoid-deficient mice restored pancreatic retinoid levels, glycemic control,
normal islet size distribution, normal B-cell to a-cell ratios, endocrine hormone profiles,
and RARPB2 and RARy2 transcript levels [29]. It is also clear that retinoids are needed to
maintain B-cell mass within islets and to prevent p-cell apoptosis [29].

In adult rodents, an isomer of all-trans retinoic acid, 9-cis-retinoic acid, rapidly attenuates
glucose sensing and insulin secretion, and pancreatic 9-cis-retinoic acid levels vary inversely
with serum insulin levels [30]. Importantly, both RA and ROH levels are reduced in

human PDAC tissue compared to healthy tissue, and the levels of these retinoids are
similarly reduced in pancreata obtained from a mouse PDAC model [31]. Patients are often
hyperglycemic for a mean period of 36 to 30 months before PDAC diagnosis [32], which is
associated with the fact that both RA and ROH levels are reduced in human PDAC tissue.

Retinoid Actions in Pancreatic Development

The pancreas is composed of endocrine and exocrine compartments which are responsible
for maintaining body glucose homeostasis and digesting food, respectively [33]. The
endocrine pancreas is defined by islet cells which secrete hormones, such as insulin and
glucagon, to regulate the blood glucose level. The RA-signaling pathway plays critical roles
in a wide range of developmental processes at multiple stages during embryogenesis [34].
In the pancreas, RA signaling is necessary for the onset of pancreagenesis; previous studies
have demonstrated that inhibition of this RA signaling pathway leads to pancreas agenesis
[35].

Oncol Res Treat. Author manuscript; available in PMC 2023 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Del Aguila et al.

Page 4

High levels of RA are crucial for initial pancreas specification, and RA is used in several
protocols for stem cell differentiation and for pancreatic endoderm specification in culture.
This use of RA is also supported by gene expression analyses in mice demonstrating the
presence of many key RA pathway genes in the embryonic pancreas [36]. Exocrine cell
differentiation is also controlled in part by retinoid signaling during development [37].

The disruption of RA signaling in all pancreatic progenitors led to the formation of a smaller
pancreas that contained fewer p (Insulin), a (Glucagon), and & (Somatostatin) cells at
embryonic day e€16.5 and €18.5 [38]. Disrupting RA signaling using the tamoxifen-inducible
Pdx1:creEsrl allele at €9.5, a slightly later stage of development after the pancreatic
progenitor population has been established, also resulted in the formation of a smaller
pancreas and a significant reduction in islet cluster formation and fewer hormone producing
cells [39]. Recent results further establish the importance of RA signaling in the endocrine
progenitor population for appropriate mouse and human  cell specification [40].

Retinoid Actions in Pancreatic Acinar Cells

The exocrine pancreas consists of acinar cells which synthesize digestive enzymes such as
amylase, and ductal cells responsible for transport of digestive enzymes to the duodenum
for digestion. Acinar cells are enzyme-secreting cells that release amylase, lipases, and
proteases; some differentiated acinar cell identity proteins include PTF1A, MIST1, GATAS,
NR5A2, and PAF1 [41]. Debate exists regarding whether acinar cell carcinoma of the
pancreas is unique from PDAC [42, 43]. However, acinar cell carcinoma of the pancreas
responds to treatment differently and rates of OS (overall survival) are not similar [44].

PDACs form pancreatic duct-like structures under the microscope and are therefore called
“pancreatic ductal adenocarcinomas (PDACSs)”, which are among the deadliest malignancies
in humans [1]. There is some evidence that PDAC may originate from pancreatic ductal
cells through the development of pancreatic intraepithelial neoplasias (PanINs) after the first
activating gene mutation in K-RAS [45]. In addition to pancreatic ductal cells, pancreatic
acinar cells contribute to the development of PDAC through acinar-to-ductal metaplasia
(ADM) [46]. In ADM pancreatic acinar cells (PAC) can dedifferentiate to an embryonic
progenitor phenotype that expresses ductal markers [41]. The concept that acinar cell
plasticity plays an important role in PDAC tumorigenesis has received increasing attention
more recently [47, 48]. When acinar cells receive inflammatory signals during pancreatic
injury, such as pancreatitis, ADM can occur. Research with mouse models suggests that in
PDAC the cell of origin is the mature acinar cell, and pancreatitis-induced ADM has been
proposed as a potential mechanism of PDAC initiation in mice [47]. Indeed, pancreatitis

is the top risk factor for PDAC in humans [49, 50]. However, how pancreatitis accelerates
PDAC development is not well understood.

Multiple factors have been implicated in mediating ADM, such as K-RAS hyperactivity

and increased inflammatory signaling [51-53]; in the presence of internal or external stress
signaling of oncogenic K-RAS, inflammatory cytokines, or growth factors that activate
epidermal growth factor receptor (EGFR), acinar cells can spontaneously transdifferentiate
into duct-like structures [47, 54]. For instance, Sox9 is not normally expressed in acinar cells
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[55], but in the presence of hyperactive K-RAS, higher expression of Sox9 in ductal and
centro-acinar cells is induced during ADM and Sox9 is expressed at high levels in PanINs
[56-58].

RA is an important signaling molecule in the development of the embryonic pancreas

and plays a major role in the differentiation of endocrine and ductal cells, predominantly
through paracrine actions and upregulation of PDX-1 during development [59]. In

the K-RASESL-G12D/#: pdx-1-Cre (KC) transgenic murine model of PDAC researchers
demonstrated that inhibition of 15-hydroxyprostaglandin dehydrogenase (15-PGDH)
increased Cyp26al levels (Figure 1), resulting in a reduction in RA in the pancreas and

an enhancement of K-RAS-driven PDAC progression. Furthermore, pharmacological doses
of RA suppressed 15-PGDH inhibition-induced tumor progression in these KC mice [60].

In the normal pancreas, significant RA signaling in the adult is reported to be restricted to
the islets and a small number of exocrine (acinar and centro-acinar) cells, as shown by an
RA responsive element being activated in a murine model (RARE-LacZ) [61]. However,
when these same RARE-LacZ mice are treated with cerulein, which can induce cell damage
and subsequent pancreatitis, loss of acinar cell mass, pancreatic fibrosis, and ADM, they
show increased retinoid signaling, as assessed by LacZ, in a large percentage of acinar

cells immediately after the cerulein treatment is stopped [61]. These data suggest that

RA signaling is activated to repair and regenerate the acinar cell population following
injury. This could involve dedifferentiation of acinar cells to a more stem-like state or
differentiation of stem cells in the pancreas [62].

Retinoid Actions in Pancreatic Stellate Cells

Pancreatic stellate cells (PSCs) are fibroblastic cells that represent 4—-7% of all pancreatic
cells. PSCs also play an essential role in the regeneration of the pancreas after partial
pancreatectomy. In the liver, about 50%-80% of vitamin A in the body is stored in

hepatic stellate cells (HSCs) as retinyl esters [63, 64]. Normal pancreatic stellate cells
(PSCs) are quiescent and store retinol in cytoplasmic lipid vesicles; however, during PDAC
progression they lose vitamin A and acquire an activated, myofibroblast-like, contractile
phenotype [65]. Proliferation of acinar and islet cells increases when co-cultured with
activated PSCs, suggesting that PSC activation could promote PDAC progression [66].
Retinoids are involved in preventing or slowing pancreatic stellate cell (PSC) activation and
disease progression [67]. In humans, PSCs express all three retinoic acid receptors (RARS),
albeit at different levels, and treatment with RA mechanically reprograms PSCs to promote
quiescence /n vitro and inhibit pancreatic cancer cell invasion [31, 68].

In chronic disease, the repeated activation of PSCs causes pancreatic fibrosis, characterized
by disruption of the normal cytoarchitecture and excessive deposition of extracellular
matrix, particularly fibrillar collagens, proteoglycans, and fibronectin [64]. In the tumor
environment, TGF-B can be released from cancer cells, infiltrating immune cells, or
atypical acinar cells [64]. Importantly, PSC activation by TGF-$ can initiate an autocrine,
positive feedback loop which perpetuates an activated PSC phenotype [65]. PDAC is
characterized by a strong desmoplastic reaction or stromal fibrosis which is driven by
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pancreatic stellate cells (PSCs) and may create a microenvironment that regulates tumor
growth, metastasis, and chemoresistance [69]. This desmoplastic reaction has been the focus
of several studies that have concentrated on the complex nature of the stromal components
and their contributions to disease progression [70-72]. All of these observations about the
behavior of PSCs are important because activated PSCs promote growth of PDAC [73],

and the excessive extracellular matrix (called desmoplasia, desmoplastic reaction, or stromal
reaction to a tumor) also increases the resistance of pancreatic cancers to chemotherapy and
radiation. PSCs additionally indirectly stimulate tumor growth and metastasis by promoting
angiogenesis [65, 74].

RA has the ability to reduce the activation of stellate cells in both liver and pancreas [75].
Human PDAC samples show greatly reduced RA signaling and levels of retinoid receptors
[31]. For this reason, targeting PSC activation can be considered as a useful therapeutic
strategy in PDAC, and understanding the roles played by retinoids in the modulation of
the quiescent/activated state of PSCs is certainly of importance [31, 76]. PSCs reduce their
proliferation and synthesis of extracellular matrix and a.-smooth muscle actin when they
are treated with RA or vitamin A [77, 78]. RA promotes the quiescent, non-activated state
of PSCs [67], and elimination of activated PSCs can also occur via apoptosis [79]. RA
also restores mechanical quiescence in PSCs through a mechanism involving retinoic acid
receptor beta (RARP)-dependent reduction in actomyosin contractility [80]. RA treatment
reduces the ability of PSCs to generate high traction forces and to adapt to extracellular
mechanical cues; suppression of force-mediated extracellular matrix remodeling inhibits
local cancer cell invasion in three-dimensional (3D) organotypic models [80].

Patients with PDAC demonstrated significantly lower levels of vitamin A, as measured
previously in other studies [81, 82]. An inverse correlation between serum pentraxin 3
(PTX3), a protein associated with local inflammation, and VA levels was found in this study,
and RA treatment reduces the PTX3 protein level [81].

Effects of Retinoic Acid with Other Therapies for Pancreatic Cancer

Retinoic acid (RA) possesses anti-tumor activity in part through its ability to induce cellular
differentiation. Even though retinoids show promising pre-clinical activity in human solid
tumors, they have not yet been translated into effective systemic treatments for PDAC.

We think that recognizing how retinoids function in pancreatic tumor cells could provide
insights into how to design more successful approaches and strategies for retinoid therapies.

One major effect of RA is an increase in RAR levels in different cells, especially an
increase in RARP [83]. Decreased expression of RARP has been suggested to play a

key role in the maintenance of the malignant phenotype in human PDAC [84]. In animal
studies, stimulation of RARa by retinoids resulted in a time- and dose-dependent inhibition
of PDAC cell growth [85]. RA also inhibited pancreatic carcinoma cell migration and
epithelial-mesenchymal transition of tumor cells through down-regulation of IL-6 in cancer-
associated fibroblasts (CAFs) [86], and RA reduced the stem-like attributes of PDAC cells
[87]. Collectively, these data provide biological evidence that RA could potentially be used
for the prevention of recurrence and/or metastasis in pancreatic cancer [88].

Oncol Res Treat. Author manuscript; available in PMC 2023 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Del Aguila et al.

Page 7

Numerous studies in cell culture and in animal models have demonstrated additive

or synergistic actions of RA in combination with other chemotherapeutic agents. The
combination of 13-cis-retinoic acid and interleukin 2 has been used for treating locally
advanced pancreatic cancer [89]. In the K-RASLSL-G12D/+: Typ53R172H/*- pdx_1-Cre (KPC)
transgenic mouse model, RA plus gemcitabine reduced tumor growth by acting on multiple
signaling pathways [78].

Retinoic acid shows some inhibitory effects on pancreatic cancer cells and enhances the
therapeutic index of chemotherapeutic drugs such as gemcitabine, cisplatin, doxorubicin,
etoposide, and paclitaxel [90-94]. Moreover, retinoic acid can target PSCs, which are part of
the desmoplastic stroma surrounding cancer cells, acting as a barrier for chemotherapeutic
drugs and thus generally promoting tumor growth and resistance [95, 96].

In PDAC cell lines, RA plus gemcitabine synergistically reduced proliferation in part by
decreasing expression of p21 activated kinases [93], and by inhibiting K-RAS activation
[97]. Interestingly, in a phase | trial conducted in patients with diverse solid tumors the
HDAC inhibitor MS- 275 (Entinostat), in combination with 13-cis-RA, prolonged stable
disease (6 months) in a patient with unresectable, chemotherapy-resistant pancreatic cancer,
thus suggesting some effectiveness of this combination in controlling disease progression
[98]. Re-purposing RA as a stromal-targeting agent with gemcitabine-nab-paclitaxel is likely
safe and tolerable. This combination will be evaluated in a phase Il randomized controlled
trial for locally advanced PDAC [20].

The clinical application of retinoic acid is, however, hampered by its hydrophobicity,

poor bioavailability, and instability; thus, some researchers have used a hanoparticulate
system for drug delivery purposes [99]. 13-cis RA delivered using this system and 1,
25-VD3 could function as chemopreventive agents to alleviate TNF-a-mediated expression
of MMP-9 through blockade of INK and NF-kB signaling pathways in human PDAC cells.
Co-treatment of 13-cis-RA and 1,25-Vitamin D3 blocked cell invasion and induced the
expression of TIMP-3 through an inactivation of JNK pathways and downregulation of
miR-221 [100].

The Know Your Tumor trial is the first specifically in PDAC to demonstrate longer survival
in patients who received matched therapies relative to those with actionable mutations who
received unmatched therapies and those who bore no such alterations, with a median overall
survival of 1 year or longer [101]. Various studies have also been conducted to evaluate the
chemopreventive potential of retinoids as single agents and in combination drug regimens
with other chemotherapeutic agents [102, 103].

Conclusions

Important questions regarding the potential roles of retinoids in preventing pancreatic cancer
development need to be answered. For instance, it is necessary to establish which genes

that play critical roles in pancreas development are induced or regulated by retinoids and
also act in PDAC prevention/treatment. Personalized cancer care is anchored on the premise
that a patient’s cancer can be molecularly characterized in real time, informing prognosis
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and predicting therapeutic responses. For that reason, it will be necessary to obtain a more
precise understanding of the activation of genes involved in retinoid metabolism and of how
the levels of retinoids may influence the survival of patients with PDAC. Future therapeutic
approaches will benefit from RNA sequencing of tumors to determine the status of RA
signaling genes when administering RA-based treatments to cancer patients [102].

Future research could also provide important information by identifying which retinoids are
active against tumor cells that carry specific mutations. Furthermore, continued research on
RA signaling mechanisms and the dysregulation of RA signaling in cancer should provide
valuable insights into how new retinoid-targeted therapies might be designed for PDAC
patients.
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Fig. 1. Simplified schemefor theretinoid signaling pathway.
Blood-circulating retinol is internalized through membrane transporter and receptor STRAG,

not in all cell types, however it is converted into all-trans RA, which binds to CRABP2 for
signaling in the nucleus. RA triggers gene transcription by binding to RARs and to retinoid
X receptors (RXRs). In the presence of the ligand, RAR and RXR heterodimerize on RARE
sequences located in promoter regions inducing the transcription of target genes. ADH,
alcohol dehydrogenase; CRBP, cellular retinolbinding protein 1; Gaq, Gq protein alpha
subunit; MAPK, mitogen-activated protein kinases; RALDH, retinaldehyde dehydrogenase;
RBP4, retinol-binding protein 4; RDH, retinol dehydrogenase; STRAB, stimulated by RA 6;
RARE, RA-response element.
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