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Abstract

The bone marrow niche is essential for hematopoietic stem cells to maintain lifelong blood
production, by balancing their self-renewal and differentiation. Hematologic malignancies have a
similar hierarchical organization to their normal counterparts, with rare populations of cancer stem
cells that rely on the microenvironment to survive and propagate their differentiated malignant
progenitor cells. Cancer cells alter their microenvironment to create a supportive niche where they
endure chemotherapy, survive as minimal residual disease, and eventually prevail at relapse.
Powerful morphogens such as retinoids, Wnt/Bcatenin, Notch and Hedgehog control stem cell
fates across tissues including normal and malignant hematopoiesis. The molecular conversations
between these pathways as well as the mechanisms that control their activity and create gradients
at cellular scale remain a mystery. Here, we discuss accumulating evidence that suggests that
CYP26, the primary retinoid-inactivating enzyme, plays a critical role in the integration of two of
these molecular programs: the retinoid and Hedgehog pathways. Induction of stromal CYP26 by
either one of these pathways limits retinoic acid concentration in the stem cell niche with profound
effects on tissue homeostasis and drug resistance. Bypassing this gatekeeping mechanism holds
promise for overcoming drug resistance and improving clinical outcomes in hematological
malignancies and cancer in general.
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Introduction

Hematopoietic stem cells (HSCs) are responsible for hematological homeostasis and
regeneration, and are the only cells capable of giving rise to all blood lineages [1, 2].
Because HSCs self-renew throughout the lifespan to maintain blood production, they are
prone to accumulate mutations, and thus, to undergo malignant transformation. Analogous
to the normal counterparts from which they originate, these emergent cancer stem cells
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(CSCs) have the capacity to self-renew, and are responsible for maintaining the bulk of the
tumor. Within the bone marrow (BM) microenvironment, HSCs and CSCs compete to
establish communications with surrounding cells through cell-cell contacts and soluble
factors. These interactions maintain stem cells and their progeny by regulating their
quiescence, self-renewal and differentiation [3, 4]. In the case of CSCs, the interactions with
the BM niche are essential to maintain their tumor initiation capacity and protect them from
threats posed by the immune system and chemotherapy [5, 6].

Perhaps the first definitive evidence for the existence of stem cells was provided in the
hematopoietic system, when Till and McCulloch reported the presence of hematopoietic
colonies in the spleen of irradiated mice after transplantation with BM cells [1]. It was also
in the hematopoietic system where the term “stem cell niche” was described for the first
time, after Schofield found that stem cells from the bone marrow had the ability to
reconstitute hematopoiesis indefinitely, while spleen-derived stem cells previously reported
by Till and McCulloch did not have this ability [7]. He postulated the existence of a
distinctive niche within the BM necessary to maintain a stem cell phenotype and function.

Analogous to the role of normal stem cells in maintaining lifelong tissue homeostasis,
evidence gathered over the past two decades suggests that a rare population of cancer cells
with the ability to self-renew and differentiate is responsible for initiating and propagating
cancer [8-10]. Though initial evidence supporting the cancer stem cell (CSC) model was
provided by Fialkow at al. five decades ago[11], strong support of the CSC concept came
from the observation that only a rare subset of leukemia cells, comprising less than 0.01% of
the tumor, were able to engraft and produce acute myeloid leukemia (AML) in
immunodeficient mice [12]. Many studies have now provided further evidence that AML
maintains a hierarchical organization similar to normal hematopoiesis, with HSCs as the
target of malignant transformation and the bulk of the disease comprised of differentiated
progeny [9, 10]. Accordingly, the term leukemia stem cells (LSCs) is now used for the cells
that initiate the disease since they fulfill the two most important criteria that define stemness:
1) differentiation, as demonstrated by their ability to generate the disease in
immunocompromised; and 2) self-renewal, evidenced by their ability to propagate the
disease upon transfer into secondary recipients.

Recent advances in cancer treatment have significantly improved the prognosis of patients
with certain malignancies. In multiple myeloma (MM) for instance, novel agents such as
proteasome inhibitors in combination with induction chemotherapy are able to achieve
remission in over 70% of patients [13]. However, similar to patients with other
hematological malignancies and solid cancers, most patients in remission eventually relapse
and die of their disease [14, 15]. Increasing evidence demonstrates the existence of an
immature MM population that resembles B cells, with decreased or absent expression of the
classic plasma cell marker CD138 and decreased production of Ig [16, 17]. Similar to LSCs,
MM B cells are able to give rise to differentiated progenitor cells and recapitulate the
primary disease in immunodeficient mice [16]. Most importantly, this population of MM
cells is resistant to various chemotherapy agents [17, 18].
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The bone marrow niche and cancer

The BM niche is broadly subdivided into a perivascular area, located close to the central
vein of the BM, and an endosteal area, located close to the internal lining of the bone. Both
areas harbor a variety of stromal cells, including mesenchymal stromal cells (MSCs),
adipocytes, fibroblasts, endothelial cells and osteoblasts [3, 4]. The BM provides a unique
niche for malignant hematopoietic cells as well as a common metastatic site for solid
tumors.

Indeed, many of the mechanisms by which the BM microenvironment maintains HSCs are
also used by cancer cells to survive chemotherapy and maintain stem cell features[5].
Primitive human AML cells transplanted into immunodeficient mice appear to initially
concentrate in the endosteal regions of mouse long bones, followed by migration, expansion,
and accumulation of more mature AML cells in the central region of the BM [19]. Other
malignancies, including MM [20] and even solid tumors [21, 22], also appear to preferably
reside in the endosteal niche of the BM. In this region, they establish interactions with
surrounding stromal cells via direct cell-cell contacts and soluble factors that facilitate
maintenance of stem-like features, including quiescence and chemotherapy resistance [19-
23]. As might be expected if LSCs and their progeny occupied different areas of the BM,
apoptosis was most evident in the central BM cavity after chemotherapy while cancer cells
near the endosteum were relatively spared [19]. Physical interactions are facilitated by
CXCL12, which is highly expressed by mesenchymal cells and binds to CXCR4 on AML
[24], MM [25] and micrometastatic solid tumors including prostate cancer [26-28].
Interestingly, CXCL12 expression by normal mesenchymal cells is significantly higher in
patients with MM compared to healthy controls [29]. This increased CXCL12 expression
appears to reorganize the cytoskeleton of MM cells promoting adherence to stroma cells and
drug resistance [29].

Recognizing the role of the BM microenvironment in chemoprotection, therapeutic
strategies have focused on displacement of malignant cells from the BM niche by targeting
adhesion molecules or chemokines. Mouse studies have demonstrated that inhibition of the
CXCR4-CXCL12 axis mobilizes cancer cells from the BM into the peripheral circulation,
where they are more sensitive to chemotherapy [29-31]. Similarly, blocking VLA-4 results
in a dramatic increase of AML cells in the peripheral circulation, and the combination of this
antibody with cytarabine delays disease progression in mice [32]. Expression of CD44 on
cancer cells is also associated with maintenance of a stem cell phenotype and drug
resistance, and its inhibition reduces the size of the stem cell compartment and enhances
chemotherapy efficacy in MM, AML, and CML [33-35]. Clinical trials exploring such
mobilization strategies are ongoing [36—39]. In addition, a phase I/l study using the CXCR4
inhibitor plerixafor in combination with bortezomib in patients with relapsed/refractory MM
showed an overall response rate of 51%, suggesting that mobilization can sensitize resistant
cells to bortezomib [36]. These studies have increased the understanding of how cancer cells
are retained within the BM, and have proposed therapeutic approaches to overcome this
problem. They do not however, explain what molecular mechanisms are responsible for
maintaining stemness in the BM microenvironment and how these signals promote drug
resistance in the niche and thus, contribute to minimal residual disease.
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Regulation of stemness by the microenvironment’s control of RA

Early observations during the nineteenth century recognized that anemia often occurred in
individuals with night blindness, unknowingly establishing the first association between
retinoic acid (RA) and hematopoiesis [40]. Definitive evidence emerged almost 100 years
ago, when it was noted that vitamin A-deficient rats displayed a reduction in hematopoietic
cells in the BM [41]. Subsequent clinical studies demonstrated that vitamin A
supplementation improved anemia and reduced susceptibility to infections in children [42].
More recently, studies showing the ability of RA to differentiate promyelocytes [43, 44],
together with the dramatic clinical responses of patients with acute promyelocytic leukemia
(APL) treated with all-trans RA (ATRA) [45, 46], suggested a role for RA in myeloid
differentiation.

Growing evidence suggest that retinoic acid signaling may be differentially regulated
between human and mouse HSCs and between HSCs and more differentiated progenitor
cells. To this end, several groups have confirmed the pro-differentiation role of retinoids on
human HSCs [47, 48] while elegant studies in murine models have shown the opposite
effects [49, 50]. While in-depth studies to explain these interspecies differences are lacking,
analysis of published data hint towards potential explanations for observed differences. For
once, the stem cell populations analyzed in human vs. mouse studies are significantly
different given the state of the art definitions of HSCs in these animal models: long term,
label retaining extremely quiescent, high quality HSCs in mouse and SCID repopulating
cells in humans. Thus, it is conceivable that the HSC population analyzed in mouse vs.
human is functionally different. This distinction is particularly important when it comes to
retinoid signaling as it was shown to have pleiotropic effects depending on the
hematopoietic stem/progenitor population analyzed. Another potential difference between
mouse and human HSCs is expression of different retinoic acid receptors. Data from
Purton’s as well as Trumpp’s groups suggest that RAR+y plays a dominant role in HSC
homeostasis in murine models. While expression analysis of human HSCs suggest that
RARa is the predominant receptor expressed. While the differential roles of RARa and
RARYy are just beginning to be evaluated, there is enough evidence to suggest that maybe
RARa is associated with differentiation while RARy may induce self-renewal. These
biological differences corroborated with the differential sensitivity of various RARS to
retinoic acid (Ghiaur G — unpublished data) may account for the apparent opposing effects
of retinoids on murine vs. human HSCs. Further studies to evaluate these biological
differences are warranted. As it pertains to human HSCs, they are intrinsically programmed
to respond to RA as demonstrated by high expression of RARa and ALDH1A1 but the
downstream targets of RA signaling are down-regulated. Conversely, HPCs show an active
RA pathway, with strong expression of downstream target genes. These data suggested that
HSCs are intrinsically programmed and able to respond to RA, but are prevented from doing
so within the BM microenvironment [48]. Indeed, when HSCs are removed from their niche
and cultured /n vitro, they promptly upregulate downstream components of the RA pathway
and differentiate [47, 48]. However, when HSCs are co-cultured with BM mesenchymal
cells, they maintain both their stem cell phenotype and ability to reconstitute
immunodeficient mice for many weeks. Mesenchymal cells within the BM prevent retinoid-
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induced differentiation of HSCs by maintaining a low-RA concentration via CYP26-
mediated degradation [48]. This mechanism of stem cell protection appears conserved across
multiple tissues. Accordingly, Sertoli stroma cells also express high levels of CYP26 and
protect the male germ cells from exposure to mesonephros-produced RA [51]. Thus, at least
in the BM and the developing gonad, local control of RA levels is essential to maintain stem
cell function and homeostasis.

The use of all-trans RA (ATRA) in the treatment of acute promyelocytic leukemia (APL) has
fundamentally changed the outcome in this disease. The PML/RARa fusion protein that
contributes to the pathophysiology of APL, also renders malignant blasts highly sensitive to
ATRA-induced differentiation [52, 53]. Non-APL AML blasts are also sensitive to
pharmacological concentrations (up to 1078M) of ATRA in vitro, though only some subsets
(i.e. NPM1 mutated) are as sensitive as APL blasts (IC50 <10~'M). Nevertheless, clinical
studies failed to demonstrate any benefit from addition of ATRA to treatment regimens in
non APL-AML [54-59]. Moreover even in APL when used as single agent, ATRA induces
remission without cure and cannot eliminate MRD except perhaps if used in special
liposomal formulations [46, 60]. Stromal CYP26 can metabolize pharmacological
concentrations of ATRA [61] and render this drug ineffective in inducing differentiation in
APL and non-APL AML blasts in the presence of BM stroma. In addition, ATRA can induce
stromal CYP26 and thus, create even more protective niches in the BM marrow[62] (Figure
1). Of note, the addition of CYP26 inhibitors or the use of CYP26 resistant retinoids is able
to overcome ATRA-resistance mediated by the microenvironment [61, 62].

Regulation of plasma cell and MM stemness by RA

In normal biology, plasma cells originate from B cells that have encountered a B-cell
receptor (BCR) specific antigen in the germinal center [63, 64]. B-cells with high affinity
receptors are selected to differentiate into memory B cells, and memory B cells are
epigenetically programmed to rapidly differentiate into plasma cells upon re-exposure to
their BCR-specific antigen [64]. One of the factors implicated on the transition of memory B
cells to plasma cells is RA. Accordingly, mice that are fed a vitamin A deficient diet have
impaired plasma cell differentiation and Ig production [65]. Conversely, activation of the
retinoid pathway favors differentiation of memory B cells into plasma cells and potentiates
Ig secretion [66, 67]. The differentiation of B cells into plasma cells is accompanied by
significant molecular and structural changes. The most important functional change is the
development of a robust synthetic machinery, including a prominent endoplasmic reticulum
(ER) to accommodate Ig production and secretion [68]. As a result of their abundant Ig
synthesis, plasma cells are more prone to toxic buildup of unfolded proteins, which are
degraded in the proteasome to prevent ER stress [69, 70]. The unfolded protein response
(UPR) leads to apoptosis when protein degradation by the proteasome is insufficient and ER
stress is high [70]. This results in higher sensitivity of plasma cells to proteasome inhibition,
compared to B lymphocytes [17, 18].

Data from our group and others suggest that MM follows normal B cell differentiation with
populations of cells that differ in morphology, cell surface expression profile, and sensitivity
to chemotherapy [17, 18, 71]. The predominant cell population in MM consists of
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archetypical CD138* plasma cells with high secretory activity, and thus they are sensitive to
proteasome inhibition. Conversely, there is also a small population of CD138~ MM cells that
resemble memory B cells, do not secrete g, and are resistant to bortezomib. Moreover, in
patients who have received bortezomib and are in remission, CD138~ MM cells increase in
frequency demonstrating that MM plasma cells have been selectively targeted [17]. In
addition, in patients with progressive disease on bortezomib, the MM cells often express the
memory B cell marker CD27 [72].

Initial findings in normal hematopoiesis raised the question of whether stromal CYP26 not
only protected HSCs and CSCs from endogenous retinoid-induced differentiation, but also
whether it promotes stemness, and thus, drug resistance. Using MM as proof of concept, it is
now clear that proximity to the mesenchymal stroma induces epigenetic changes in the
malignant cells (Figure 2)[71]. In this case, MM cells acquire a B cell phenotype, with
down-regulation of the plasma cell markers CD138, Blimp1, XBP1s (spliced isoform of X-
box binding protein 1), and CHOP (C/EBP homologous protein), and up-regulation of the B
cell marker BCL-6 (B-Cell CLL/Lymphoma 6) [71]. These changes depend on stroma’s
ability to metabolize endogenous retinoids and can be reproduced in stroma-free conditions
by blocking RA signaling [71]. Thus, while the bulk of MM cells is exposed to endogenous
retinoids and has high ER stress, a minute population may occupy retinoid low niches, have
low ER stress, and survive treatment with proteasome inhibitors [71]. It is tempting to
hypothesize that protection from endogenous retinoids may explain chemoresistance not
only during treatment with proteasome inhibitors but also more broadly to chemotherapy
and even immunotherapy agents. To this end, Daratumumab, an anti-CD38 monoclonal
antibody that is FDA approved for treatment of MM patients has improved efficacy in vitro
when combined with ATRA [73]; this effect relies on ATRA-induced upregulation of CD38
on MM plasma cells. Since proximity to mesenchymal stroma creates retinoid low niches
and downregulates CD38 expression on malignant plasma cells [71], treatment with
Daratumumab should be less effective in the stem cell niche compared to the bulk of the
tumor. Concomitant treatment with ATRA, while it may further sensitize the bulk of the MM
to Daratumumab, potentially could increase minimal residual disease by creating more
protective niches through upregulation of CYP26 changing local retinoids kinetics (see
Figure 1)[74]. Moreover, retinoids induce differentiation of various cancer types with a
tendency to metastasize and become dormant in the BM cavity[21, 22, 75-80]. Thus, as
further discussed in the next section, this mechanism of niche-mediated chemoprotection
may apply to other hematological malignancies and even solid cancers metastatic to bone.

As mentioned earlier, approaches to overcome niche-chemoprotection have focused on
mobilization strategies using inhibitors of chemokines or adhesion molecules [37-39]. In
MM, the CXCR4 inhibitor plerixafor mobilizes MM cells from the BM into the circulation,
reaching a plateau within two to three days of treatment [25]. Using an /n vitro model, we
tested the ability of tumor mobilization strategies to sensitize MM cells to chemotherapy
[71]. We found that MM cells remained partially resistant to bortezomib for at least 48 hours
following separation from the BM stroma cells, suggesting that stromal-induced change in
phenotype and subsequent drug resistance may not be immediately reversed by mobilization
of cancer cells. Conversely, CYP26 inhibition in stroma co-cultures increased bortezomib
sensitivity to the same degree regardless of whether MM cells were subsequently mobilized
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or not [71]. Thus, mobilization strategies sever important cell-cell and cell-matrix
interactions which should sensitize malignant cells to chemotherapeutic agents. In addition,
since bone marrow niches have altered drug pharmacokinetics [81], removing the cancer
cells from these niches has the added benefit of improved exposure to chemotherapy.
Nevertheless, the epigenetic changes induced by the BM microenvironment (decreased Ig
production and ER stress in the case of MM, or cell cycle quiescence for instance) may
continue to render the malignant cells resistant to chemotherapy even while in circulation.
Thus, the timing of administration of mobilizing agents and chemotherapy has to be
carefully considered and the effects of these strategies not only on mobilization but also on
drug sensitivity should be measured to ensure success.

Since retinoids regulate differentiation in various malignancies [78-80, 82], these findings
raised the question of whether stromal CYP26 provides a general mechanism of
chemoresistance in cancer. In this regard, retinoids synergize with FLT3 tyrosine kinase
inhibitors (TKIs) to induce apoptosis of leukemic blasts expressing FLT3/ITD [83].
However, this combination is rendered inefficient in the presence of BM mesenchymal cells
[84]. Inhibition of stromal CYP26 or treatment with a CYP26 resistant retinoid differentiates
FLT3/ITD AML blasts and resensitizes them to FLT3 TKIs. Similarly, Churchman et al.
recently reported that the synthetic retinoid bexarotene differentiates acute lymphoblastic
leukemia (ALL) cells in vitroand in vivo, and synergizes with the TKI dasatinib to
significantly prolong survival in a BCR-ABL1 ALL mouse model, despite having limited
activity as monotherapy[85].

Implications for solid cancers

The BM microenvironment provides a protective niche not only to cells from hematologic
malignancies but also solid cancers. Indeed, breast, prostate, lung, and renal cancer cells, as
well as other malignancies, frequently metastasize to the endosteal region of the bone early
during the disease [21, 22, 75, 77]. In the bone marrow, by directly competing with HSCs
for their niches, metastatic cells become quiescent and survive chemotherapy [21, 22]. This
explains why patients sometimes present with bone metastases after having been in
remission for years from a localized primary tumor. Thus, it is tempting to hypothesize that
stromal CYP26 promotes acquisition of a dormant, stem cell phenotype in malignancies in
general. To this end, multiple preclinical studies demonstrated activity of retinoids as
differentiation therapy in solid cancers, including breast, colon, lung, and prostate [78-80,
82], however, for the most part, clinical studies failed to show any benefit. It is plausible that
similar to observations in MM and AML, local inactivation of retinoids by cancer associated
fibroblasts renders them clinically ineffective in solid tumors. Indeed, expression of CYP26
in the stromal compartment has recently been reported in solid cancers. Specifically, in
pancreatic cancer, increased expression of stromal CYP26 is associated with an “activated
stromal subtype” and significantly decreased survival [86]. Moreover, the presence of an
activated stroma was associated with higher xenograft success rate, suggestive of a more
stem-like activity [86]. Similarly, CYP26 is expressed in the stromal compartment of a
“stem/mesenchymal” subtype of colon cancer, associated with a particularly poor prognosis
[87]. These studies suggest that similar to findings in leukemia and MM, expression of
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stromal CYP26 may be associated with a stem-like, drug resistant phenotype in solid tumors
as well.

Recent studies have suggested that niche-chemoprotection is not a unidirectional process but
rather there is cross-talk in which cancer cells signal to their surrounding stroma to build a
reinforced microenvironment [88]. For instance, the release of exosomes by chronic
lymphocytic leukemia (CLL) cells induces an inflammatory phenotype in stroma cells and
promotes cancer growth [89]. Myeloid leukemia cells similarly stimulate stroma cells via
paracrine thrombopoietin and CCL3, increasing their ability to support cancer cells [90]. In
solid cancers, Yauch et al. reported that pancreatic and colon cancer cells highly expressed
the Hedgehog (Hh) pathway ligands Sonic and Indian, but were unable to autonomously
activate the pathway since the tumor cells did not express the receptor Smoothened [91].
Stroma cells on the other hand did not express the ligands but exhibited Hh pathway
activation in response to ligands secreted by cancer cells, promoting tumor growth and
chemoresistance. Similarly, in breast cancer, high expression of Hh ligands by malignant
cells is associated with activation of the Hh pathway in stroma cells, a poorly differentiated
phenotype, and decreased survival [92].

These studies further support the notion that an “activated” niche is beneficial to tumor cells.
However, the mechanisms by which the “activated” stroma signals interact with cancer cells
remain incompletely understood. We have shown that the MM plasma cells augment bone
marrow stroma’s ability to metabolize retinoids via induction of CYP26 [71]. Among the
soluble factors secreted during this interaction, Sonic Hh can upregulate stromal CYP26, a
process mediated via Smoothened. It has long been observed that MM cells secret Hh
ligands [93] but the target cell of these ligands remains controversial. Since activation of Hh
pathway in the BM stroma led to overexpression of stromal CYP26 in MM [71], the
microenvironment in pancreatic cancer may similarly overexpress CYP26 as the malignant
clone signals to the surrounding microenvironment via Hh [94].

Conclusion

It is clear now that cross-talk between MM and the BM microenvironment produces an
“activated” niche that augments tumor maintenance [71]. CYP26 is expressed by stroma
cells in the BM, where it maintains a low-retinoid niche that supports stemness and drug
resistance. Moreover, paracrine Hh secretion by MM cells upregulated stromal CYP26 and
further reinforced a protective microenvironment [71]. CYP26 is also expressed in the
stromal compartment of aggressive subtypes of pancreatic [86] and colon cancers [87]. Cells
from pancreatic, colon, breast, and other solid tumors are known to communicate with
neighboring stroma cells via paracrine Hh [91, 92, 95, 96]. Since both stromal CYP26 and
paracrine Hh signaling have been associated with worse prognoses in solid tumors, it is
plausible that crosstalk between malignant cells and their microenvironment involving the
retinoid and Hh pathways similarly promotes stemness and drug resistance in solid tumors.
If confirmed, CYP26-resistant synthetic retinoids could bypass these cancer-stroma
communications as we have shown in MM [71], and demonstrate therapeutic activity in
solid tumors metastatic to bone.
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Highlights
. Bone marrow microenvironment metabolizes retinoids via CYP26 and creates
retinoid low niches
. Normal hematopoietic stem cells are protected in these retinoid low bone
marrow niches
. Malignant hematopoietic cells hijack these niches and evade chemotherapy
. Malignant clones reinforces these niches via increased expression of CYP26
. Similar mechanisms protect solid tumor cells metastatic to the bone
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Figure 1. Proposed model of retinoid homeostasis during treatment with all-trans retinoic acid
(ATRA)

Oral retinoids are delivered via portal circulation to the liver where they get processed to
endogenous retinoids [Vit A — retinol and small amounts of retinoic acid (10~°M)]. Upon
oral uptake, ATRA is similarly delivered via portal circulation to the liver prior to entering
the systemic circulation. Hepatic CYP26 enzymes are rapidly induced in an effort to
maintain systemic retinoid homeostasis. In spite of this mechanism, initial administration of
ATRA results in systemic concentrations in 1075M range. Subsequent administrations of
ATRA results in sustained upregulation of hepatic CYP26 and lower and lower plasma
concentrations (hence the on-off schedule of therapy with ATRA in APL). Relatively higher
plasma concentrations during initial treatment with ATRA may also induce local CYP26
enzymes such as those in the bone marrow stroma. They subsequently create even lower
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retinoid concentrations locally. Thus, for niches that are biochemically shielded from
systemic circulation (for instance the bone marrow niche), administration of ATRA may
result in paradoxically lower local levels of retinoids. Abbreviations: RA — endogenous
retinoid acid, ATRA — pharmacological all-trans retinoic acid, VitA — endogenous retinol,
RAR - retinoic acid receptor, RXR — retinoid X receptor, CYP26 — Cytochrome P450
retinoid inactivating enzyme.
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Figure 2. Model of niche dependent chemoresistance in multiple myeloma
In multiple myeloma, the bulk of the tumor is represented by CD138 expressing malignant

plasma cells. These cells are exposed to systemic chemokines and morphogens, including
retinoids. Retinoids contribute to the relatively high expression of CD38 and CD138 (two
retinoid acid target genes), as well as abundant secretion of immunoglobulins and
subsequent /ncreased ER stress. These MM plasma cells are sensitive to various therapeutic
agents including proteasome inhibitors and some targeted antibodies [e.g., Daratumumab
(Nijhof IS et al., Leukemia 2015)]. However, a minute population of multiple myeloma cells
occupy defined, retinoid low niches in the bone marrow. The lack of retinoids results in
relatively low CD38 levels, absence of CD138 and decreased secretion of immunoglobulins.
These cells appear to resemble the clonotypic B cells described in multiple myeloma, be
resistant to therapy, and be responsible for disease relapse. This protective niche is
reinforced by the malignant clone which secretes Hedgehog thus upregulating mesenchymal
CYP26 (Alonso S et al., JCI 2016). Abbreviations: RA - retinoid acid, RAR - retinoic acid
receptor, RXR — retinoid X receptor, SHH — Sonic Hedgehog, SMO - Smoothened, Ig —
immunoglobulins, CYP26 — Cytochrome P450 retinoid inactivating enzyme, BCR — B-cell
receptor.
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