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Abstract

Use of all-trans-retinoic acid (ATRA) as a differentiation agent has been limited to acute
promyelocytic leukemia (APL) as non-APL leukemias are insensitive to ATRA. We recently
demonstrated that the rexinoid, bexarotene, induces differentiation and therapeutic responses

in patients with refractory AML. Rexinoids bind and activate retinoid X receptors (RXR),
however rexinoids alone are incapable of activating retinoic acid receptor (RAR)/RXR complexes,
suggesting that myeloid differentiation can occur independent of RAR. In this study we
demonstrate that rexinoid differentiation of AML cells is RAR independent and requires the
expression of PU.1. Because of the promiscuousness of RXR with other nuclear receptors,
myeloid differentiation by bexarotene with other nuclear receptor ligands was explored.
Bexarotene cooperated with ATRA to enhance differentiation in some AML cell lines, however
the combination of bexarotene with the PPARy agonist rosiglitazone did not. In contrast,
bexarotene combined with Liver X Receptor (LXR) agonists T0901317 or GW3965 induced
potent differentiation and cytotoxicity in AML cell lines and primary human AML cells, but not in
normal progenitor cells. These results suggest that RXR/LXR regulated gene expression in normal
cells is deregulated in AML cells and identifies a potential role for these agonists in differentiation
therapy of non-APL leukemias.
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Introduction

The great majority of patients with acute promyelocytic leukemia (APL) respond to
treatment with all-trans-retinoic acid (ATRA), resulting in a differentiation response of the
leukemic clone and complete remission (1). The t(15;17) translocation associated with APL
generates an oncogene expressing the fusion of the promyelocytic leukemia (PML) and
retinoic acid receptor alpha (RARa) genes (2). When ATRA binds to the RARa region,

the consequential degradation of the oncogenic protein leads to expression of genes that
regulate normal hematopoiesis and were originally deregulated by the fusion protein (1).
Differentiation of leukemic cells by ATRA along with chemotherapy is associated with

a high clinical response rate (1). In contrast, therapy for other AML subtypes remains
challenging; the cure rate for adults under age 60 is 38% and for older individuals

is even lower (3). However, we previously demonstrated that the rexinoid bexarotene
stimulates differentiation and clinical responses in AML patients not expressing the t(15;17)
translocation (4). This finding led us to examine whether myeloid maturation is regulated
independently of genes regulated by RAR.

Retinoid X receptors (RXR) are a common heterodimerization partner for many nuclear
receptors and play a role in many physiological processes. The multiple isotypes of RXR
(a.,B,y) and other nuclear receptors, as well as cell dependent receptor, coactivator, and
corepressor expression allow for specificity in cell specific responses (5). Simplified models
of RXR activation and gene regulation describe their function with other nuclear receptor
(NR) partners as being permissive or non-permissive according to the ability of the RXR
ligand to activate a RXR/NR complex (5). While RAR is thought to be a non-permissive
partner to RXR, RXR ligands alone are capable of activating RXR/NR complexes of
permissive partners such as Peroxisome Proliferator Activated Receptors (PPAR) and Liver
X Receptors (LXR) (5). Curiously, while ATRA is clinically efficacious in APL treatment
but not other AML subtypes, bexarotene and other synthetic rexinoids have been shown

to induce differentiation in diverse AML cell lines and primary AML patient samples (6,
7). The use of bexarotene as a differentiation agent was not pursued until recently and

is currently being tested as a single agent and in combination with demethylating agents
for AML (clinical trials.gov). We therefore hypothesized that there are RAR-independent,
RXR-dependent complexes that regulate genes involved in myeloid differentiation.

In this study, we determined that RXR specific ligands induce myeloid maturation in

a variety of AML cell lines and primary AML cells independent of RAR activation.
Although the master hematopoietic regulator PU.1 is known to be downregulated, mutated,
or functionally impaired in some AML subtypes and is induced after ATRA treatment in
APL, we observed a requirement for PU.1 expression for either RAR or RXR mediated
differentiation, suggesting that a critical basal level of PU.1 is required (8-11). In order to
identify the binding partner for RXR-induced myeloid differentiation, we tested the effects
of bexarotene in combination with other NR ligands for myeloid maturation activity. Liver
X receptor ligands consistently enhanced bexarotene effects in AML cell lines and combined
induced cytotoxicity or differentiation in primary AML cells but not normal progenitor cells.
In addition, loss of PU.1 reduced LXR/RXR induced differentiation, suggesting that PU.1
may be required for differentiation induction through this pathway. These results describe
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a previously unappreciated RAR independent RXR dependent mechanism of myeloid
maturation and suggest that combinations of RXR and LXR agonists may be therapeutically
useful in the treatment of AML.

Methods

Cell Culture

HL60, KG1la, MOLM14, NB4 and THP-1 cells were obtained from and grown as previously
described (ATCC, Manassas, VA, USA and DSMZ, Braunschweig, DE). PUER cells (a gift
from Dr. Celeste Simon (12)) were grown as previously described (13). Charcoal stripped
FBS (Invitrogen, Life Technologies, Grand Island, NY, USA) was used in media when
testing antagonists. Peripheral blood T cells and monocytes were obtained from the Human
Immunology Core (UPENN). Bone marrow mononuclear cells (BMMNC), cord blood (CB)
CD34+ progenitor cells and AML leukapheresis samples were obtained from the Stem Cell
and Xenograft Core at the University of Pennsylvania Cancer Center (UPCC). Primary cells
were obtained at the Hospital of the University of Pennsylvania after informed consent.
Leukapheresis samples contained at least 90% blasts (flow cytometry and morphology) at
the time of collection. Primary cells were cultured in EGM2 base media (Cambrex, East
Rutherford, NJ USA) with 2% FCS, human IL-3 (5 ng/ml), IL-6 (10 ng/ml) and SCF

(50 ng/ml) (R&D Systems, Minneapolis, MN, USA) immediately after thawing. Colony
forming assays for normal progenitors and AML samples were grown in human enriched
methylcellulose based media (R&D systems) for 14 days with indicated cell counts per plate
in triplicate as described by the manufacturer. Colonies were quantified using a conventional
light microscope.

Compounds

ATRA (Sigma-Aldrich, St Louis, MS, USA), bexarotene (LC labs, Woburn, MA, USA),
T0901317 (Cayman Chemical, Ann Arbor, MI, USA), GW3965, rosiglitazone, ER50891
(Tocris Bioscience, Bristol, UK), SR1001 (Biovision, Milpitas, CA, USA) and R041-5253
(Enzo Life Sciences, Farmingdale, NY, USA) were prepared in DMSO,; actinomycin D
and 4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich) in ethanol; and cycloheximide (Sigma-
Aldrich) in water at stock concentrations to obtain a final concentration of less than 0.1%
solvent in media for experiments. LG100268 and LG101208 were prepared in DMSO (gifts
from Ligand Pharmaceuticals, La Jolla, CA, USA).

Differentiation and apoptosis analysis of AML cell lines and AML primary cells

Mouse anti-human CD11b PE-Cy7, CD14 APC-Cy7, CD45 V450, CD15 V500, and CD2/3
FITC (BD Biosciences, San Jose, CA, USA) were used to measure differentiation induction
of AML cell lines and primary cells. Rat anti-mouse CD11b-PE was used to measure
differentiation of PUER cells. Annexin V-APC (Invitrogen, Life Technologies, Grand Island,
NY, USA) and 7AAD (BD Biosciences) staining in 1X Annexin V Binding buffer (BD
Biosciences) was used per manufacturers instructions. Acquisition of data was obtained on
a FACS Canto digital flow cytometer using Diva software (BD Biosciences). Flow plots and
expression of myeloid antigens was done following singlet exclusion (FSC-H/FSC-W) on
viable (Annexin V-/7AAD-) cell populations using FlowJo software (V 9.6.2 and 10.0.6,
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TreeStar, Oregon, USA). Primary AML myeloid blasts were characterized for differentiation
markers and cell viability. Lymphocytes were excluded by CD2/3 expression. Morphological
analysis was determined by cell cytospin preparation onto slides at 600 rpm for 6 minutes
followed by Hema3 staining (Fisher Scientific, Middletown, VA, USA). Images were taken
at 50x magnification using a Nikon 80i microscope (Nikon Instruments, Melville, NY, USA)
coupled to a Leica DFC320 CCD camera and acquired with Leica FireCam 1.4 software
(Leica Microsystems, Buffalo Grove, IL, USA).

Quantitative PCR

RNA was isolated from cell pellets using RNeasy kits per manufacturers instructions
(Qiagen, Valencia, CA, USA). cDNA was synthesized using iScript reverse transcriptase
synthesis kit (Bio-Rad, Hercules, CA, USA). SYBR green primers, Tagman Probes and PCR
conditions are listed in Tables S1, S2, S3 and Supplemental Methods. Fold changes in gene
expression were calculated using the 2-2ACT method (14).

Statistical analysis

Results

Error bar values are taken from the mean +/- the standard deviation or standard error of

the mean. Statistical significance for single treatment of compounds compared to vehicle
treated control was calculated using an unpaired Student's t test. Mixed models of linear
regression taking into account observations per experimental group were used to determine
the significance of the interaction of two drugs compared to either drug alone (Stata
Software, V 11.0, Stata Corp, College Station, TX, USA). For gene expression analysis, we
used the z-score as the test statistic, and constructed those z statistics for contrasts (zc) using
means and standard errors from output. P-values were two-tailed, calculated as p=2*Pr(z>|
zc|) using the standard normal distribution. P values < 0.05 were considered significant.

Complete methods described in Supplemental Methods Tables and Legends.

Bexarotene induces myeloid maturation of AML cell lines

To determine if bexarotene induces myeloid differentiation of AML cells in vitro, AML
cell lines from different FAB subtypes were studied (Table S4). Bexarotene induced
myeloid differentiation comparable to ATRA in most AML subtypes as demonstrated

by the significant induction of myelo-monocytic markers CD11b and CD14 compared to
vehicle treated control (Figures 1 A-B)(14-16). In addition, bexarotene and ATRA induced
apoptosis (7AAD negative, Annexin V positive) and modification of cell growth differed
in a cell-specific manner suggesting compounds have unique mechanisms of actions in
different cell lines (Figure S1 A-B). Although cell lines varied in G2/M or G1/GO0 arrest
following treatment, cell lines that differentiated were reduced in BrdU incorporation over
time compared to DMSO treated control (Figure S2), a feature associated with terminal
differentiation. The appearance of multi-lobed nuclei associated with mature myeloid cells
correlated with induction of myelomonocytic markers, supporting their use in analyzing
bexarotene-induced differentiation in vitro (Figure 1C). The lack of a differentiation
response of KG1a cells (as reported previously, (17)) compared with differences in apoptosis
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and cell cycle arrest among responsive cells demonstrate that bexarotene differentiation
responses vary among AML cell lines from distinct FAB subtypes, and correlate with
diverse responses seen in vivo(4).

Bexarotene requires RXR but not RAR activation to induce myeloid differentiation

In vitro binding assays have demonstrated a low binding affinity of bexarotene for RAR
isoforms and a high affinity for RXR isoforms, however, transactivation assays have

shown activity with RAR isoforms despite being more potent at activating RXR isoforms
(18). To determine if bexarotene-induced differentiation is RXR specific, AML cell lines
were cultured in charcoal-treated serum (to exclude hormones in serum that may enhance
differentiation) with the pure RXR agonist LG100268. LG100268 is greater than 1000-fold
more specific for RXR relative to RAR with an EC50 at least ten fold lower than pan
RAR/RXR agonist 9-cis-retinoic acid (19). Although levels of CD11b and CD14 were
reduced compared to previous experiments, suggesting serum enhances differentiation,
LG100268 induced myeloid differentiation was similar to bexarotene (Figure 1 D-E). This is
supported by the appearance of cells with mature myeloid features (Figure 1F). Co-treatment
with the RXR antagonist LG101208 further demonstrated differentiation was specific to
RXR activation (Figures 1 D-F). Of note, all experiments measuring antagonist function are
cultured with media containing charcoal-treated serum to limit our interpretation of results
to the ligands assayed.

As RXR is an obligate partner of RAR and previous studies have emphasized that RXR
signaling requires the activation of RAR (6, 20), we next studied if bexarotene and

ATRA cooperated to induce differentiation. Using physiologically attainable concentrations
of ATRA or bexarotene (21, 22), a statistically significant combinatorial effect on
differentiation was only seen in HL60 cells as previously reported (Figure S3 A-C)

(6). Cytotoxic effects were again variable demonstrating that RAR and RXR activity is
heterogeneous among AML cells (Figure S3D). However, co-treatment of AML cells

with bexarotene and the pan RAR antagonist RO41-5253 (Figure 2 A-B and Figure S4)

or the RARa antagonist ER50891 (Figure S5A) did not significantly reduce bexarotene-
induced myeloid differentiation in AML cell lines tested. RAR antagonist activity of both
compounds was confirmed by reduced ATRA-mediated differentiation (Figure 2C). Together
these experiments demonstrate that bexarotene induces differentiation in AML cell lines
through a RAR-independent mechanism and suggests that RAR activation is not required for
the induction of myeloid differentiation by rexinoids.

Bexarotene induced gene expression is unique from ATRA, however, both require PU.1 for
myeloid differentiation induction

The data above suggest that discrete signaling pathways in myeloid cells through

which RXR agonists enhance differentiation exist, one involving RAR activation and
another involving an alternate RAR-independent pathway. To study these mechanisms

on a molecular level, we examined the ATRA or bexarotene mediated induction of the
endogenous expression of RARP and C/EBPe, two genes whose expression has been
reported to be regulated by an RXR/RAR complex via a retinoic response element in their
promoters (23). As previously reported, ATRA significantly induced expression of RARP
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and C/EBPe in HL60 cells in a dose dependent manner (Figure 3 A-B). Consistent with

the absence of rexinoid activity on RXR/RAR complexes, bexarotene did not induce RARB
expression. In contrast, C/EBPe expression was modestly but significantly induced within

6 hours of activation by bexarotene or ATRA (Figure 3B). This data initially suggested

that the myeloid transcription factor C/EBPe could be a direct target and modulator of
differentiation induction by ATRA or bexarotene. However, inhibition of protein synthesis
or RNA translation preceding ATRA or bexarotene treatment dramatically reduced the
expression of C/EBPe demonstrating that it is not a direct target of RAR or RXR activation
(Figure 3C). Taken together, these results demonstrate that rexinoids can regulate genes also
regulated by retinoids (C/EBPe) but also have distinct differences in regulating others.

The data above suggests that C/EBPe may be an important mediator of bexarotene

and ATRA induced myeloid differentiation. Because C/EBPe is essential for terminal
differentiation of committed granulocytic progenitors (24), we analyzed the basal expression
of C/EBPa and PU.1, transcription factors known to be critical for myeloid development
and regulating the expression of C/EBPe (25, 26). Expression of either gene was normalized
to their expression in T cells, in which they are silenced prior to (C/EBPa.) or downregulated
(PU.1) after T cell commitment (27) and compared to their abundant expression in
monocytes (28). Both C/EBPa and PU.1 gene expression was significantly lower in
unresponsive KG1a cells than T cells, however expression was significantly higher in all
responsive AML cell lines (Figure 3D-E). This result suggested to us that PU.1 and or
C/EBPa may be required for bexarotene or ATRA induced differentiation. As C/EBPa

is known to regulate the expression of PU.1, we chose to study the role of PU.1 in

retinoid or rexinoid induced differentiation. To address this question, we utilized an IL-3
dependent PU.1-/- fetal liver progenitor cell line transduced with a fusion protein of PU.1
with the estrogen receptor binding domain (PUER) whose nuclear localization is regulated
by 4-hydroxy-tamoxifen (OHT) (13). CD11b expression following ATRA, bexarotene or
LG100268 treatment was unchanged by no or low (1 nM) OHT concentrations (Figure

3F and S6A). Lack of differentiation under these conditions correlated with low levels of
nuclear PUER protein available to induce differentiation (Figure 3G and S6B). However,
co-treatment of PUER cells with higher doses of OHT (10 nM or 100 nM) with ATRA,
bexarotene or LG100268 enhanced differentiation relative to that seen by 10nM or 100 nM
OHT alone (Figure 3F, agonists listed in order of magnitude of activity). Differentiation
data correlated with an increase of PUER in the nucleus (Figure 3G and S6B). Together,
these data suggest that RAR and RXR require a threshold of expression of PU.1 to induce
differentiation.

To determine the role of PU.1 expression on rexinoid-induced differentiation in human AML
cells, we retrovirally transduced PU.1 shRNA expressed in the context of a mir30 backbone
into THP-1 cells. Expression of two previously described PU.1 shRNA sequences (28)
demonstrated reduced mRNA and protein levels in sorted GFP+ THP-1 cells (Figure 4A).
Differentiation induction by ATRA was significantly reduced in both PU.1 clones compared
to control vector, suggesting that efficient differentiation induction requires adequate levels
of PU.1 (Figure 4B). Differentiation was further reduced following use of bexarotene

and LG100268 (Figure 4B, 2"d and 3" rows), suggesting that PU.1 may have a more
significant role in RXR-mediated differentiation of AML cells. Together these data suggest
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that threshold levels of PU.1 are necessary for efficient differentiation of PUER and AML
cells through RAR and RXR pathways.

Bexarotene cooperates with LXR but not PPARy agonists to induce myeloid differentiation

Having shown that rexinoids can induce myeloid differentiation independent of RAR,

we explored the role of permissive nuclear receptors PPAR and LXR in cooperating

with rexinoids to induce myeloid differentiation. Previous studies have shown that co-
stimulation of PPARy/RXR heterodimers enhances rexinoid-induced differentiation of
leukemic cells(29). While in some cell lines (MOLM14 and NB4) there was a modest effect
on CD11b and CD14 induction by rosiglitazone alone (Figure 5 A-B), the combination
with bexarotene resulted in no or negative induction of CD11b and CD14, suggesting that
PPARY/RXR complex activation is not involved in rexinoid-mediated differentiation. This
result is in contrast to published reports and suggests that PPARy activation does not
consistently enhance bexarotene-induced differentiation.

As LXR a/f increases during monocyte to macrophage differentiation and LXRa transcript
is overexpressed in AML cells, we explored its role in mediating myeloid differentiation(30,
31). Treatment of differentiation responsive AML cell lines with the LXR a/p agonist
T0901317 and bexarotene resulted in a significant increase in differentiation (except CD11b
induction of HL60) compared to either drug alone (Figure 5 C-D). Cytotoxicity significantly
increased in THP-1 and NB4 cells, demonstrating the diverse response between cell lines.
(Figure 5E). Note that NB4 induced differentiation and cytotoxicity on Day 2 is shown due
to the greater than 80% cell death on Day 4 (data not shown). Although T0901317 is a
potent LXR a/p agonist it also acts as an inverse agonist of retinoic acid related orphan
receptors RORa and RORy by suppressing their transcriptional activity (32). To exclude
this off-target effect, we combined bexarotene with the pure LXR a/p agonist GW3965

or SR1001, a compound devoid of LXR a/p activity but retaining ROR a/vy activity (33).
Bexarotene together with GW3965 induced differentiation similar to T0901317 while no
combined effects were seen with SR1001, demonstrating that differentiation induction is
specific to activation of an LXR/RXR complex (Figure 5F). Similar results were seen

with LG100268 and T0901317 or GW3965 excluding the possible activation of RAR by
bexarotene (Figure 5F), which was confirmed by lack of RARbeta induction by LXR and
RXR agonist combinations (Figure S7A). Cytotoxicity elicited from the combination of
LXR/RXR stimulation was also specific to LXR/RXR activation (Figure S7B).

To further confirm the role of a proposed activated LXR/RXR complex in inducing
myeloid differentiation, we demonstrate that the RXR antagonist LG101208 completely
inhibited CD11b/CD14 and cytotoxicity induced by co-treatment with LG100268 and
T0901317 (Figure 6 A-B). The gradual increase in CD11b and CD14 expression at Day

2 without cytotoxicity (Figure 6 A-B) demonstrates that differentiation induction precedes
cell death. Similar results were seen with bexarotene and T0901317 (Figure S8 A-B).

As predicted, adequate levels of PU.1 expression were necessary for efficient LXR/RXR
mediated differentiation induction as low levels PU.1 had a significant inhibitory effect
on differentiation by bexarotene or LG100268 alone (Figure 6C and S8C). Importantly,
LXR agonists alone had minimal effects on differentiation induction and cytotoxicity.
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These results suggest that LXR/RXR complexes regulating myeloid differentiation are
distinct from permissive LXR/RXR complexes described in other cell systems and only
the combined use of LXR and RXR agonists can induce potent myeloid differentiation and
cytotoxicity in AML cell lines.

Differences in activation of LXR/RXR complexes on proliferation, growth and
differentiation of normal progenitors vs primary AML cells

To determine if the activation of an LXR/RXR differentiation program was unique to
leukemic cells or was conserved in normal progenitors, we treated normal bone marrow
mononuclear cells (BMMNC) or cord blood (CB) derived CD34+ cells with bexarotene,
T0901317 or the combination and quantified lineage development and proliferation using
methylcellulose colony forming assays. The overall number of colonies and CFU-G, CFU-
M, BFU-E and CFU-GM colony types significantly increased with bexarotene treatment
(Figure 7A). T0901317 had no significant effect on BMMNC while in CB total colony
number and CFU-G colonies decreased significantly. T0901317 with bexarotene offset
increases in proliferation and differentiation by bexarotene alone, resulting in similar
colony numbers and colony types compared to DMSO. Importantly, this suggested that
the combination would not affect proliferation and development of normal bone marrow
progenitors.

Finally, we tested the effects of LXR and RXR activation on primary AML leukemia
samples (Table S5) and compared their colony formation to normal progenitors.

Although colonies from sample AML 1932 increased after bexarotene treatment and
T0901317 decreased colony formation (similar to normal CB progenitors), the combination
significantly reduced total colonies compared to DMSO, bexarotene or T0901317 single
treated cultures (Figure 7B). In contrast, differences in colony numbers formed by AML
samples 718 and 2093 following combined treatment was not statistically significant.
Therefore, similar to results obtained for AML cell lines, cytotoxicity of bexarotene and
T0901317 on primary AML samples varied among leukemic samples as assessed by Day 14
colony forming assays.

Because colony formation assays are limited to studying the proliferation and clonal growth
of AML cells, we also assessed LXR/RXR differentiation effects of primary AML cells
in short-term liquid culture assays. Such cultures allow the demonstration of short-term
effects of ligand combinations on cell growth and expression of mature myeloid surface
antigens. Similar to results seen with AML 1932, bexarotene and T0901317 was more
potent at inhibiting growth of AML 990 than single treatment by bexarotene or T0901317
at day 3 (Figure 7C). By day 4 either compound significantly reduced growth compared
to DMSO treated control. In contrast, treatment with bexarotene and T0901317 had no
significant cytotoxic effects on AML 1956 compared to DMSO control (Figure 7D).
Although T0901317 significantly reduced cell growth by day 6, the combination with
bexarotene offset cytotoxic effects similar to that seen in CB CD34+ progenitors (Figure
7D). In contrast, expression of CD11b/CD15 and CD14/CD15 was significantly increased
in bexarotene or T0901317 treated cultures (Figure 7D and S9) with a more than additive
increase in the combined treatment. Similar results were also seen with LG100268 and
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T0901317 (Figure 7D and S9). Overall these results demonstrate that combined rexinoid and
LXR agonist activation of LXR/RXR complexes results in AML specific cytotoxic effects
and differentiation of leukemic cells.

Discussion

Previous studies have focused on understanding the mechanism of RXR/RAR signaling

in hematopoiesis because of the differentiation of APL cells in response to ATRA (34).
However, recent studies have more clearly defined the role of ATRA in APL treatment

and have demonstrated that differentiation alone is insufficient to eliminate APL leukemia
initiating cells and may explain the failure to successfully treat other myeloid malignancies
(1, 35). Hematopoietic specific knockdowns of RAR or RXR isoforms result in modest
hematopoietic deficiencies, implying a modest role of these nuclear receptors in normal
hematopoiesis (36, 37). However, clinical studies have demonstrated that bexarotene induces
differentiation responses in non-APL leukemias (4). We demonstrate here that leukemic

cell lines and primary AML cells have an RAR independent, RXR dependent mechanism

of myeloid differentiation regulation. This pathway is dependent on PU.1 expression and
likely involves an RXR/LXR heterodimeric complex. Together, these data suggest that RXR
activation may play a central role in regulating myeloid differentiation and self-renewal
pathways independent of RAR activation (4).

Due to the heterogeneity of AML, rexinoid-induced differentiation and cytotoxicity varied
among AML cells and primary AML samples. Although differentiation was characterized
by morphological changes associated with mature myeloid cells or expression or CD11b
and CD14, it is important to note that AML cells are not normal cells and therefore these
observations represent aberrant myeloid differentiation induction by activating pathways that
may be regulated in normal cells. Molecularly, rexinoids and retinoids demonstrate unique
and common induction of genes, as shown by the activation of RARP by ATRA and not
bexarotene, but their common induction of the myeloid transcription factor C/EBPe. Despite
previous reports demonstrating that the C/EBPe promoter encodes a functional RARE, it
was not a direct target of RAR or RXR in our studies (Figure 3C). These results suggest

in vitro studies may not represent physiologically relevant gene regulation and emphasizes
the importance of characterizing pathways within the cell of interest. Although induction of
C/EBPe may play a role in orchestrating a myeloid differentiation program, direct targets of
ATRA or bexarotene in mediating myeloid differentiation are yet to be determined.

As predicted, graded expression of PU.1 correlated with a RAR- or RXR-mediated
differentiation response, while no or low levels or PU.1 abrogated this effect, indicating
that threshold levels of PU.1 are required for RAR and RXR mediated differentiation.

In the reciprocal experiment, constitutive knockdown of PU.1 in THP-1 cells reduced
ATRA differentiation induction and more significantly differentiation by bexarotene and
LG100268, suggesting that RXR mediated differentiation in AML cells is more sensitive
to PU.1 levels (Figure 4B). These data are novel in that previous studies have reported the
restoration of PU.1 to promote differentiation induction by ATRA and did not address its
role in RXR mediated myeloid differentiation (8, 38).
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Co-activation of LXR/RXR complexes (and not activation of PPARy/RXR or suppression
of ROR a/y) induced a potent differentiation response in multiple AML cell lines and
primary AML cells (Figure 5-7). Of note, studies demonstrating PPAR~y responses with
rexinoids pretreated cells with PMA, which was later found to increase PPARy levels
(39-41). This suggests that altered nuclear receptor expression in AML cells predetermines
sensitivity to differentiation by receptor specific agonists and previous experiments may not
be physiologically relevant. PU.1 may also contribute to LXR/RXR mediated differentiation,
as the combination with the pure LXR a/p agonist GW3965 with LG100268 (Figure 6) or
bexarotene (Figure S8) significantly reduced CD11b induction in THP-1 cells suppressed
for PU.1 expression. Differentiation was sometimes accompanied by cytotoxicity that was
specific to activation of LXR/RXR, however this was not seen in normal hematopoietic
progenitors suggesting that LXR/RXR complexes may be uniquely deregulated in leukemic
cells (Figure 7). Recent studies have demonstrated elevated levels of LXRa and the aberrant
expression of LXR regulated genes such as ABCAL and ABCG1 in primary AML cells
compared to normal bone marrow progenitors (31). Interestingly, knockout models of
ABCAL and ABCGL1 display a transplantable myeloproliferative disorder and a dramatic
expansion of stem and progenitor cell populations in the bone marrow (42). Together these
data suggest that deregulation of LXR/RXR regulated cholesterol homeostasis may be
associated with increased proliferation and self-renewal properties of AML.

Considering our studies in the context of recent results suggests a novel hypothesis about the
role of cholesterol homeostasis and RXR/LXR activation in myelomonocytic differentiation
and its deregulation in AML. We hypothesize that LXR/RXR activation can enhance
myelomonocytic differentiation, but the activation of LXR and RXR containing complexes
must be tightly regulated. Similar to results seen in normal mouse BM cells, treatment of
CB CD34+ cells with T0901317 alone was sufficient to reduce proliferation and colony
formation (Figure 7A) (42). In contrast, bexarotene-induced proliferation and differentiation
of normal progenitors was offset by T0901317 (Figure 7A). This suggests that discrete
complexes may exist whose activation may be restricted by a limited cellular pool of RXR
in normal progenitors. In contrast, as LXRa expression has been reported to be elevated

in leukemic cells, we can speculate there may be an imbalance and deregulation of LXR
containing complexes (perhaps through an excess of co-repressor containing complexes)
that regulate proliferation and differentiation. Further studies in normal and leukemic
myeloid cells defining LXR/RXR regulated gene targets will more clearly define how these
complexes are deregulated in AML.
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Figure 1. Bexarotene induced myeloid maturation of AML cell linesis RXR dependent
(A-C) AML cell lines treated with increasing concentrations of bexarotene or with ATRA

for 4 days compared to vehicle (DMSO) treated cells. (A) CD11b and (B) CD14 expression
was significantly higher than vehicle treated control alone (* P<.05). (C). Changes in
cellular morphology associated with differentiated myeloid cells correlates with induction of
differentiation markers. A representative example of AML cell lines treated with DMSO or
bexarotene prepared by Hema3 staining are shown for comparison. (D-F) AML cell lines
were treated with bexarotene, the pure RXR agonist LG100268, the pan-RXR antagonist
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LG101208 and the combination of agonist and antagonist for 4 days. (D) CD11b and

(E) CD14 expression was significantly increased for the pure RXR agonists (* P<0.05).

In the majority of samples treatment with LG101208 alone did not significantly increase
expression of CD11b or CD14 in AML cells. However, the combination of LG101208

with either bexarotene or LG100268 significantly blocked CD11b and CD14 expression by
either drug alone. Linear regression analysis demonstrates that the interaction of agonist
(bexarotene or LG100268) with antagonist (LG101208) leads to significantly less CD11b
and CD14 expression than with either drug alone (A P<.05). (F) Cellular morphology of
AML cells by Hema3. Bar graphs represent the mean +/- standard error of the mean and are
representative of at least 4-6 independent experiments.

Leukemia. Author manuscript; available in PMC 2022 February 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sanchez et al.

>

CD11b

CD14

N

CD11b

Page 16

90 71 Opmso
80 { OR041-5253 1 mM x
70 { Mbex 500 "M Y ns .
60 | Ebex500+R041-5253
50 -
40 "
30 -
3 FF)I
10 - ns
MOLM14 " HL6O  THP-1

507 Opwmso

OR041-5253 1 mM il
401 Mbex 500 nM

Ebex 500 + R041 5253 ns
30+ * ns

ns
101
ns
0 .

MOLM14 HL60 THP-1
907 Opmso
80 DR041-5253 1 mM
20{ WATRA 10nM
601 EATRA 10+ R041-5253
50
40 -
301
20 1
101 I
0

MOLM14 HL60 THP-1

Figure 2. Rexinoid mediated Myeloid M aturation does not require activation of RAR
In contrast to previous reports suggesting RXR requires RAR for differentiation induction,

RAR independent activation by RXR was confirmed using the pan-RAR antagonist
R041-5253, which had no effect on (A) CD11b or (B) CD14 induction by bexarotene
compared to either drug alone. R041-5253 antagonist activity was confirmed by significantly
reduced ATRA induced differentiation of AML cells when compared to either drug alone
(Figure 2C). Bar graphs represent the mean +/- standard error of the mean and are
representative of at least 3 independent experiments. A positive significant interaction
between combination drug treatment is demonstrated by (A P<.05) while a negative
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interaction is shown by (A- P<0.05). Significance of single treatment compared to DMSO (*
P<0.5), ns = not significant.
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Figure 3. Bexarotene induced gene expression isunique from ATRA however both require PU.1
for myeloid differentiation induction

(A) Endogenous expression and induction of the canonical RARP gene is activated by
ATRA in a dose dependent manner but not by bexarotene. Data shows expression of RAR
normalized to GAPDH following treatment with ATRA or bexarotene as measured by PCR
using Tagman Gene expression system for RARP. RARP expression is reported relative to a
standard curve for RARP expression of NB4 cells treated with 1 yM ATRA as HL-60 cells
do not express RARB. (B) Endogenous expression of C/EBPe using SYBR GREEN based
real-time PCR is significantly induced by ATRA or bexarotene in a dose dependent manner
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compared to vehicle treated control (DMSO). (C) Inhibition of protein (cycloheximide,

200 pg/ml) and RNA synthesis (actinomycin D, 5 pg/ml) 1 hour before treatment with
ATRA or bexarotene demonstrate that C/EBPe is not a direct target of RXR or RAR
containing complexes. Significance of single treatment compared to DMSO or DMSO vs
cycloheximide or actinomycin D (* P<0.5), ns = not significant. (D) Basal levels of C/EBPa
or (E) PU.1 using SYBR GREEN based real-time PCR in rexinoid unresponsive (white

bar) and responsive (black bars) AML cells normalized to endogenous PU.1 in normal T
cells (gray bar) and compared to PU.1 in monocytes (mono, gray bar). C/EBPa and PU.1
expression was significantly less in unresponsive AML cells compared to T cells (** P<.05)
while expression was significantly greater in all responsive AML cell lines (* P<.05). Bar
graphs represent the mean +/- standard error of the mean of triplicates per condition and

are representative of at least 3 independent experiments. (F). PUER cells were treated for

4 days with increasing OHT concentrations and analyzed for changes in CD11b expression
with the addition of RXR and RAR agonists. CD11b expression of PUER cells not treated
with OHT (first panel) following ATRA (blue histogram), bexarotene (green histogram) or
LG100268 (orange histogram) did not increase suggesting that nuclear PU.1 expression was
necessary for RAR and RXR mediated differentiation. However, co-treatment of PUER cells
with 10 nM or 100 nM OHT differentiated in response to No OHT (black histogram, in 10
nM and 100 nM OHT overlayed histogram plots, respectively). Differentiation was further
enhanced by the addition of ATRA, bexarotene, and LG100268 (second and third panels)
demonstrating that expression of nuclear PU.1 is required for differentiation induction

by RAR and RXR agonists. Fluorescence minus 1 control (FMO, gray histogram) of
CD11b was included to demonstrate basal CD11b levels (black histogram, No OHT) above
non-specific fluorescence in all three panels. Bar graphs represent the mean +/- standard
deviation and all panels (A-F) are representative of at least 3 independent experiments. (G)
Nuclear and cytoplasmic fractionated PUER cells at 18 hrs after OHT treatment demonstrate
PUER translocation from the cytoplasm to the nucleus when higher concentrations of OHT
(10 nM and 100 nM) but not lower concentrations of OHT (1 nM) are used. PUER was
detected by a rabbit polyclonal PU.1 antibody followed by a-rabbit secondary IR680DL
dye. beta-actin was detected using a mouse mono-clonal antibody to beta-actin followed by
a-mouse antibody conjugated to IR800. Images were acquired using the Odyssey Infrared
Imaging System.
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Figure 4. Suppression of PU.1 expression by shRNA resultsin reduced retinoid and rexinoid
induced differentiation of THP-1 cells

(A) THP-1 cells were transduced with VSV-G pseudotyped MSCVPIG (MSCV-puro-ires-
GFP) retroviruses expressing PU.1 shRNA in the context of the mir30 microRNA backbone
to enhance shRNA efficiency (MSCVPIG shPU1.2-8 and MSCVPIG shPU1.1-13) and
compared to transduced cells with empty vector (MSCVPIG empty). Four days after
infection, transduced cells were sorted for GFP expression and analyzed for PU.1 mRNA
expression (Tagman Gene Assays for PU.1 and beta-actin) and PU.1 protein expression
(PU.1 and beta-actin antibodies) normalized to beta-actin. (A) Suppression of PU.1 by
MSCVPIG shPU1.2-8 and MSCVPIG shPU1.1-13 significantly reduced mRNA and protein
levels when compared to MSCVPIG-empty transduced THP-1 cells. (B) Viable and GFP+
MSCVPIG empty, MSCVPIG shPU1.2-8, and MSCVPIG shPU1.1-13 transduced THP-1
cells were analyzed for CD11b expression 4 days after treatment with ATRA, bexarotene,
and LG100268. CD11b induction by ATRA, bexarotene, and LG100268 was robust in
MSCVPIG empty THP-1 cells consistent with previous data using parental THP-1 cells.
However, CD11b induction by ATRA in MSCVPIG shPU.1.2-8 and MSCVPIG shPU1.1-13
was reduced compared to MSCVPIG-empty, suggesting a role in mediating efficient
differentiation by RAR. Suppression of PU.1 had a greater effect on bexarotene and
LG100268 CD11b induction than ATRA, suggesting that RXR mediated differentiation is
more sensitive to PU.1 levels than ATRA and may play a more prominent role in RXR
mediated differentiation of AML cells than RAR.
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Figure 5. Rexinoids cooperate with L XR but not PPARy agonists to induce myeloid
differentiation

As measured by (A) CD11b and (B) CD14, bexarotene does not cooperate with the PPAR~y
agonist rosiglitazone in all AML cell lines tested compared to either drug alone. Bexarotene
cooperates with the LXR a/p agonist T0901317 in differentiation responsive cell lines

as measured by (C) CD11b and (D) CD14 induction compared to either drug alone. (D)
Cytotoxicity measured by the percentage of Annexin V+ 7AAD+/- cells is increased by the
combination of bexarotene with T0901317 in 2 of the 4 cell lines tested (NB4 and THP-1).
CD11b, CD14 and Annexin V results for NB4 cells (*) are shown at Day 2 because of the >
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80% increase in necrotic cells by Day 4. (F) LXR/RXR activation specificity is supported by
differentiation induction of THP-1 cells using the pure RXR agonist LG100268 combined
with T0901317 or the pure LXR o/ agonist GW3965. Off target effects of ROR a/y
suppression by T0901317 do not contribute the combination effects seen with rexinoids as
demonstrated by the co-incubation of rexinoids with SR1001, a compound that suppresses
ROR a/vy activity. Bar graphs represent the mean +/- standard deviation and all panels (A-F)
and are representative of at least 3 independent experiments. Linear regression analysis
demonstrate that the interaction of agonist (bexarotene or LG100268) with LXR agonists
(T0901317, GW3965) is significantly greater than with either drug alone (AP<.05). A
negative significant interaction between combination drug treatment with the ROR a/y
inverse agonist (SR1001) is demonstrated by (A- P<.05). The significance of a single
treatment compared to DMSO (* P<0.5), ns = not significant.
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Figure 6. Differentiation induction and apoptosis by combined L XR/RXR activation in AML
cellsis specific to activation of RXR and requiresthreshold levels of PU.1

A time course of LXR/RXR activation by the pure RXR agonist LG100268 (blue histogram)
and T0901317 (green histogram) demonstrates a gradual induction of (A) differentiation
markers CD11b and CD14 followed by an increase in (B) apoptotic cells by Day 4,
suggestive of terminal differentiation pathways following maturation and not drug induced
cytotoxicity. Use of the pan RXR antagonist LG101208 (alone - blue histogram) combined
with LG100268 and T0901317 (purple histogram) completely inhibited CD11b and CD14
expression and apoptosis induced by the combination of LG100268 and T0901317 (orange
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histogram) compared to DMSO control (red histogram) demonstrating that potent myeloid
differentiation induction and apoptosis is specific to RXR activation. (C) GFP+ THP-1
PU.1 shRNA cells were treated for 3 days with combinations of LG100268 and T0901317
or GW3965 and assayed for CD11b expression to determine if PU.1 was also important

in LXR/RXR mediated differentiation. LG100268 induced differentiation of THP-1 cells
was significantly reduced with PU.1 shRNA suppression (MSCVPIG shPU1.2-8 and
MSCVPIG shPU1.1-13 compared to MSCVPIG empty). As expected CD11b induction by
the combination of LG100268 with T0901317 was reduced but to a lesser extent than seen
with the combination of LG100268 and GW3965. As GW3965 is a pure LXR a/p agonist,
the significant reduction of CD11b induction by suppressing PU.1 in THP-1 cells suggests
a more prominent role for PU.1 in LXR/RXR mediated differentiation. All panels (A-B) are
representative of at least 3 independent experiments.
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Figure 7. Effects on colony formation, proliferation, cell growth, and differentiation following
activation of LXR/RXR in hormal progenitorsand primary AML cells

Colony formation of (A) normal bone marrow mononuclear cells (BMMNC) or cord blood
(CB) derived CD34+ cells was significantly increased in total colony number (** P<.05)
and CFU-G, CFU-M, BFU-E, and CFU-GM colony types (* P<.05) with bexarotene

treatment. While treatment with T0901317 significantly reduced total colony number

and CFU-G in CB CD34+ cells but had no effects on BMMNC, the combination of
bexarotene and T0901317 offset both changes in total colony number (AA P<.05) and
colony types (A P<.05) compared to either drug alone. (B) AML sample 1932 (NOS —
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not otherwise specified), AML 718 (FAB M4), and AML 2093 (FAB M4) following single
or combined treatment with bexarotene and T0901317 demonstrates unique differences in
colony formation following 14 day incubation. The combination treatment with bexarotene
and T0901317 on AML 1932 was significantly reduced than either drug alone (AA P<.05)
but was not statistically in samples AML 718 and AML 2093. (C) A 6 day time course

of cell growth of AML sample 990 (inversion 16) by trypan blue exclusion demonstrates
significant reduction in growth by bexarotene or T0901317 alone by Day 4 (* P<.05),
however combination treatment dramatically reduced growth by Day 3 compared to either
drug alone (A P<.05) demonstrating a rapid induction of cytotoxicity in this sample. (D)
Although growth of AML sample 1956 (FAB M4) was significantly reduced by T0901317
by Day 6 (* P<.05), growth inhibition was offset by the combination with bexarotene

(A P<.05) demonstrating the heterogeneity in cytotoxic response among AML samples.
However, analysis of differentiation by expression of CD14 and CD15 on myeloid blasts
on Day 6 demonstrates a more than additive increase with the combined treatment of
bexarotene and T0901317 compared to either drug alone. Percentages of cells expressing
CD14 and CD15 and combinations of both are indicated in the flow panels. All panels (A-D)
are representative of at least 3 independent experiments.
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