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Abstract

Acute Promyelocytic Leukemia (APL) results from a reciprocal translocation that fuses the gene
for the PML tumor suppressor to that encoding the retinoic acid receptor alpha (RARa). The
resulting PML-RARa oncogene product interferes with multiple regulatory pathways associated
with myeloid differentiation, including normal PML and RARa functions. The standard treatment
for APL includes anthracycline-based chemotherapeutic agents plus the RARa agonist all-trans
retinoic acid (ATRA). Relapse, which is often accompanied by ATRA resistance, occurs in an
appreciable frequency of treated patients. One potential mechanism suggested by model
experiments featuring the selection of ATRA resistant APL cell lines involves ATRA resistant
versions of the PML-RARa oncogene, where the relevant mutations localize to the RARa ligand-
binding domain (LBD). Such mutations may act by compromising agonist binding, but other
mechanisms are possible. Here, we studied the molecular consequence of ATRA resistance by use
of circular dichroism, protease resistance, and fluorescence anisotropy assays employing peptides
derived from the NCOR nuclear co-repressor and the ACTR nuclear co-activator. The
consequences of the mutations on global structure and co-factor interaction functions were
assessed quantitatively, providing insights into the basis of agonist resistance. Attenuated co-factor
switching and increased protease resistance represent features of the LBDs of ATRA-resistant
PML-RARa, and these properties may be recapitulated in the full-length oncoproteins.
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Acute promyelocytic leukemia (APL)1, a subtype of acute myeloid leukemia, is a rapid
onset blood cancer caused by a massive proliferation of cells derived from the myelogenous
lineage 1-3. APL results from a balanced chromosomal rearrangement between 15¢22 and
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17921, producing aberrant gene fusions between the genes encoding for the promyelocytic
leukemia (PML) and retinoic acid receptor o proteins 4=, Studies with mouse transgenic
models 9 indicate that the PML-RARa translocation is necessary and sufficient to confer
most of the clinical manifestations of APL, making it an attractive target for molecular
therapeutics 19,

The PML and RARa gene products that constitute the two halves of the PML-RARa.
oncoprotein both have significant roles in cellular growth control and differentiation. PML is
a confirmed tumor suppressor gene that controls apoptosis, cell proliferation, and cellular
senescence, organizing proteins in the nucleus to regulate their type and extent of post-
translational modification 1112, To carry out these functions, PML is organized into
“nuclear bodies”, and these may serve to regulate apoptosis by sequestering important
transcription factors, including p53 13. While the full scope of PML’s activities has yet to be
establish%d, its regulation of p53 has implications for the self-renewal properties of stem
cells 14-16,

RARa is a member of the nuclear receptor superfamily, all of whose members are
transcription factors possessing separate DNA and ligand binding domains 7. Nuclear
receptors, including the RXR-RARa heterodimer complex, activate transcription in response
to small molecule ligands 8. Activation depends on factor binding to characteristic sites (i.e.
retinoic acid response elements, RARES) located adjacent to Pol Il —transcribed

promoters 19. In addition to the requirement for heterodimer formation with RXR to bind
DNA 20, RARa’s ability to modulate transcription is dependent on its interactions with
nuclear co-activators (ACTR) and nuclear co-repressors (e.g., N-CoR and SMRT)ZL, These
modulate transcription by virtue of their associated histone acetylase (HAT) and histone
deacetylase (HDAC) activities, respectively 2223, In the absence of ligand, RXR-RARa is
complexed with nuclear co-repressors, including N-CoR and its tightly associated HDAC
activities. These interactions promote the de-acetylation of chromatin and repression of Pol
II transcription 2425,

Owing to the ability of all trans retinoic acid (ATRA) to promote the differentiation of
leukemic blasts during the early stages of treatment, APL has historically been considered to
represent a model of a cancer treatable by differentiation therapy 26 27. When patients are
treated with ATRA as a single agent, the selection of ATRA-resistant blast cells can occur.
While this occurs less frequently with patients treated with the more standard regimen of
ATRA plus chemotherapeutic agents, relapse can occur, and is linked to ATRA

resistance 28-30, While a host of different mechanisms for acquired ATRA resistance have
been suggested, including increased ATRA catabolism and the up-regulation of cellular RA
binding proteins, selection experiments employing the PML-related NB4 cell line suggest
the potential importance of the development of mutations within the PML-RARo gene 28, In
many of these cells, resistance appears to be linked to mutations in the RARa portion of the
PML-RARa gene, but the relationship of genotype to phenotype appears to be complex 28,
More recently, combination therapies have been devised for APL that feature the use of
ATRA, arsenic trioxide (ATO), and anthracycline-based chemotherapy, and these have
resulted in 5-year disease free remissions for approximately 90% of patients receiving the
triple therapy 31:32, The molecular basis of this increased therapeutic efficacy remains to be
fully characterized.

LAbbreviations: ACTR, nuclear co-activator; APL, acute promyelocytic leukemia; ATRA, all trans retinoic acid; CD, circular
dichroism; HAC, histone acetylase complex; HDAC, histone deacetylase complex; LIC, leukemia initiating cells; LBD, ligand
binding domain; MALDI-TOF, matrix associated laser desorption time of flight [spectroscopy]; N-CoR, nuclear co-repressor; PML,
promyelocytic leukemia gene; RARa, retinoic acid receptor alpha; SMRT, silencing mediator for retinoid and thyroid receptors; TFL,
tri-fluoroacetic acid; TSA, trichostain A.
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In the standard model for how the oncoprotein executes its transformative properties, PML-
RARu interferes with a broad range of developmental and signaling pathways, which are
themselves controlled by an array of diverse transcription factors. Until recently,
interference with the differentiation and development programs of the PML and RARa
parent genes was thought to be a critical mechanism by which PML-RARa blocks myeloid
transformation 1433 Significantly, the PML-RARa. fusion protein requires substantially
higher concentrations of retinoic acid (107 to 106 M, versus 102 M for the wild type) to
dissociate co-repressors and activate transcription 34. In this view, PML-RAR0’s effects
would be rationalized by its ability to act as a dominant negative regulator of genes normally
regulated by RARGa. In the early stages of treatment with ATRA and chemotherapeutic
drugs, the increased local concentration of ATRA would act to blunt many of these
dominant negative effects.

Owing to the complexity of APL, the relative contributions of different potential
mechanisms linking ATRA resistance to disease relapse are difficult to assess. Here, we
chose to investigate one relatively straightforward mechanism that can be observed in NB-4
cells (derived from APL) in culture, namely the accumulation of mutations that encode
substitutions in the RARa ligand-binding domain of PML-RARa 3°. Biochemical
characterization of these mutants suggests that they have lost the ability to bind ATRA, and/
or release co-repressor, even at concentrations of ATRA that are much higher than what can
be achieved pharmacologically. Here, a variety of different approaches were employed to
characterize the molecular basis of ATRA resistance in the context of a RARa ligand
binding domain model. These studies indicate that attenuated co-factor resistance and
altered resistance to proteolytic degradation are both characteristics associated with ATRA
resistance, consistent with evolving models to explain the molecular basis of APL.

MATERIALS AND METHODS

Materials

All buffers and solutions were prepared from reagent grade chemicals and deionized glass
distilled water. Unless otherwise noted, all chemicals and biochemicals were purchased from
Fisher or Sigma. Enzymes for molecular biology were obtained from New England Biolabs.
Ni-NTA agarose was purchased from Qiagen. ATRA was obtained from Sigma, and then
prepared in 80:20 ethanol:dimethylsulfoxide and then stored at —80 °C. In titration
experiments with purified receptor, the volume of ATRA added was small relative to the
total volume, such that the concentration of ethanol:dimethylsulfoxide never exceeded 2%.
Rhodamine Red™ —C, — maleimide was purchased from Invitrogen.

Preparation of the ligand binding domain of RARa

The wild type human ligand binding domain of the retinoic acid receptor a (herein, RARo.
LBD) was amplified from the pSG-5 derivative plasmid (a gift of Wilson Miller, Lady Davis
Institute for Medical Research) by use of the polymerase chain reaction. The 738-nucleotide
fragment was cloned into plasmid pQE-30 (Qiagen) to produce pMF-1, a bacterial
expression plasmid in which a Hisg affinity tag is appended to the N-terminal end of the
inserted open reading frame. The human RXRa LBD, comprising residues 201-462, was
amplified from cDNA (Origene) and then cloned into expression plasmid pET-3a
(Novagen), which does not encode an affinity tag. Substitutions corresponding to ATRA
resistant mutations (M297L, L398P, 1410T and M413T) were introduced into the RARa
open reading frame of pMF-1 by use of the QuickChange™ oligonucleotide directed
mutagenesis procedure (Stratagene), employing 30-39 nucleotide double stranded
mutagenic primers. The RARa LBD protein was expressed in E. coli cells grown at 37° C to
an ODgqq of 0.6, followed by a four hour induction with 0.5 mM IPTG at 20° C. The LBD
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of RXRa was similarly expressed in E. coli and induced at 37° C. The recovery of stable and
soluble RARa was enhanced by purification in the presence of RXR. Cell pellets derived
from over-expression of the LBDs from RXRa and RARa were combined and purified by
nickel-NTA affinity chromatography. The pellets were sonicated in Buffer A (500 mM
NaCl, 20 mM Tris [pH 8.1], 10 mM B-mercaptoethanol, 5 mM imidazole), and then loaded
and washed on a Ni-NTA column with Buffer B (Buffer A plus 20 mM imidazole). Bound
RARa LBD was eluted by use of a 18-250 mM gradient in imidazole. Fractions containing
LBD were identified by SDS-PAGE, pooled, dialyzed into storage buffer (Buffer A with no
imidazole), and then concentrated. The Bradford method was used to determine protein
concentrations of the final LBD preparations. Owing to the presence of only a single
tryptophan, protein concentrations of the RARa LBD cannot be determined from the
absorbance at 280 nm. The homogeneity of the RARa LBD in the final preparations was
confirmed by N-terminal protein sequencing, performed by the University of Texas Medical
Branch, Biomolecular Resource Facility, and MALDI-TOF mass spectrometry.

Circular dichroism

Circular dichroism (CD) was performed on a Jasco 815 spectropolarimeter equipped with a
Peltier stage. CD spectra were acquired in a 1 mm quartz cell using a 4 nm bandwidth and a
scan rate of 0.5 nm/sec, over the wavelength rage from 300 to 190 nm. The spectra were
collected in the presence and absence of 1 mM AM580, employing a protein concentration
of 50-100 uM and a buffer of 500 mM NaCl, 20 mM Tris [pH 8.1], 10 mM j-
mercaptoethanol. The data were converted to molar ellipticity (deg cm? dmol™2) using the
equation [0]222 = (100 ggps)/cl, where qgps is the ellipticity measured in millidegrees, c is the
concentration of the LBD (M), and | is the optical path length (cm).

Protease Sensitivity Assays

RARa LBD (5 pL of 1.88 mg/mL stock) and ATRA (0.5 pL of a 10 uM stock) were
incubated at 22 °C for 30 min in the dark. Trypsin was added in 0.5 pL increments to a final
concentrations of 0 — 2.1 pg/mL in 20 mM Tris, pH 8.1, 0.5 M NaCl. The reactions were
incubated 15 minutes at 22° C, and then terminated by mixing with an equal volume of SDS/
B-mercaptoethanol/bromophenol blue loading dye and heating to 22° C for five minutes.

The terminated reactions were run on 12% SDS-PAGE gels.

Peptide synthesis

The peptides synthesized included the following: N-CoR, RID2 (NCoR1_HUMAN, NCBI
accession NP_006302), HoN-CGHSFADPASNGLEDIIRKALMGSF-COOH; scrNCoR
(scrambled NCoR sequence), HoN-CASSFRIENDLPKFMSHALIGGGDA-COOH; ACTR
(SRC-3, NR box3 NCoA3_HUMAN, NCBI accession Q9Y6Q9), HoN-
CKKENNALLRYLLDRDDPSDAL-COOH; scrACTR (scrambled ACTR sequence), HyoN-
CLELYNARDSDKNKPLDRLDLA-COOH. The peptides were synthesized by the Protein
Core Facility at the University of Vermont on a Protein Technologies Inc. Symphony™
multiple peptide synthesizer via Fmoc chemistry, utilizing preloaded Wang resins purchased
from Synbiosci Corporation (Livermore, CA). Double coupling using standard O-
benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) activation
was employed for peptide elongation. Cleavage of peptides from the resin was accomplished
by treatment of the dried resin with 96:2:2 trifluoroacetic acid (TFA)/ triisopropylsilane
(T1S)/ H,0 for two hours. Following filtration of the resin, the cleavage supernatant was
evaporated to one-fifth its original volume in a stream of nitrogen, and precipitated by
addition of cold anhydrous diethyl ether. Each peptide was synthesized with a cysteine
residue at its N-terminus, allowing conjugation of fluorophores by use of standard
maleimide chemistry.
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Conjugation of fluorophore to cofactor peptides

The peptides were conjugated with Rhodamine Red™-Cy-maleimide (Invitrogen) by
incubation for 30 minutes at a ratio of 2:1 (peptide:dye) in methanol at 22° C. Dye-
conjugated peptides were then purified from unconjugated peptides by chromatography on a
Waters SymmetryPrep™ C18 7 um 1900 x 150 mm preparatory column attached to a
Shimadzu preparatory HPLC system. The peptides were loaded on the column pre-
equilibrated with 0.1% trifluoroacetic acid (TFA)/H,0, and then eluted by a gradient of
0.1% TFA/ acetonitrile (ACN), up to 50% ACN, developed over 50 minutes. Elution
profiles were detected at 214 nm and 254 nm. As determined by mass spectrometry
performed by the University of Vermont Protein Core Facility, a final peptide:dye binding
stoichiometry of 1:1 was routinely obtained for all conjugated peptides. The dye-conjugated
peptides were reconstituted in 25% methanol to 300 uM, and then diluted to 10 uM in 500
mM NaCl, 20 mM Tris (pH 8.1) immediately before use.

Fluorescence anisotropy assay

RESULTS

Quantitative measurements of RARa LBD binding to cofactor-derived peptides were
performed using fluorescence anisotropy. These assays employed a fixed concentration of
each rhodamine red-conjugated cofactor peptide, the intrinsic anisotropies of which were
measured as described below. At constant temperature and viscosity, the rotational
relaxation time of the fluorophore-labeled peptide increases proportional to its molecular
volume, indicating the binding by a larger protein 36-38, VVarying amounts of RARa LBD (0
— 40 pM) in a buffer of 500 mM NaCl, 20 mM Tris (pH 8.1), 10 mM B-mercaptoethanol
were incubated with the fixed concentration (50 nM) of peptide for 30 minutes at 22°C
before measuring the anisotropy. Control binding reactions employed rhodamine red-
conjugated peptides based on scrambled versions of the N-CoR and ACTR sequences.
Steady-state anisotropies were measured using excitation and emission wavelengths at 570
nm and 590 nm, respectively, at 20°C, employing a Photon Technology International QM-6
fluorometer equipped with a 75-watt xenon arc lamp as an excitation source, and slit widths
of 5 nm. ATRA was added to samples incrementally to final concentrations of 10-521 nM,
and then steady-state measurements were repeated. All measurements were carried out at
least twice, using different protein preparations.

Steady-state anisotropy data were collected using the time-based function for 10 seconds,
with a one second integration time, and the data were averaged. Total fluorescence emission
was simultaneously measured for each reaction, and any observed changes in fluorescence
quantum yields were included in the data analysis as described in 3. Fraction bound was
calculated as fg=(r—rg)/[(r—rg)+R(rg—rF)]; where r is the measured anisotropy at a given
[RARa LBDYJ; rg and rg are the free anisotropy and maximum bound anisotropy,
respectively; R is the change in fluorescence intensity with increasing [RARa LBD], defined
as R=lg/lg, where I and Ig are the free and maximum bound intensities, respectively.
Intensity indicates total polarized intensity, I(parallel) + 21(perpendicular). As labeled
peptide concentrations were substantially below the dissociation constant, the dissociation
constants could be obtained from plots of fraction bound versus the concentration of RARa
LBD, fitting the data by non-linear regression to the equation: q = [R]/(K4+[R]); where 6 =
fraction bound, and [R] = the concentration of added (and thus free) RARa LBD.

Selection of ATRA resistance mutations for functional characterization

The interactions of RARa with nuclear co-regulators are mediated by the ligand-binding
domain (LBD, also referred to as domain E). LBDs of this class of receptor share a common
all-o protein fold consists of twelve a-helices packed into a three-layer sandwich, with a
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short B hairpin motif 3%. ATRA binding causes repositioning of H11 and H12 C-terminal
helices of the RARa LBD, remodeling the receptor to allow co-repressor release and co-
activator recruitment 40, This exchange of the co-repressor for the co-activator is necessary
for the subsequent stimulation of Pol 11 transcription 41743, ATRA resistant mutants of PML-
RARGa that localized to the RARa LBD included variants derived from ATRA-resistant
isolates of the PML-RARa cell line NB-4, and from ATRA-treated and relapsed

patients 324446 Four mutants that encompass different regions of the RARa LBD were
selected for this study, consisting of L398P, M297L, 1410T, and M413T. Their locations in
the RARa LBD structure are indicated in Figure 1.

Expression and purification of the RARa LBD

As described in “Materials and Methods”, the mutations described above were introduced
into a plasmid construct encoding the RARa LBD. In this over-expression construct, a Hisg
affinity tag is encoded at the NH, end of the LBD to aid in purification. Initial efforts to
express and purify the RARa LBD from cells grown at 37 °C resulted in unstable,
aggregation prone protein, so the purification protocol was modified by lowering the growth
temperature to 20 °C, and by carrying out the purification of the RARa LBD in the presence
of the RXR LBD. The latter receptor domain did not possess an N-terminal affinity tag, so
its co-purification with the RAR LBD would not be expected. The absence of RXR LBD in
our RARa LBD preparations was confirmed by N-terminal sequencing, which provided no
evidence of the sequence MASMTGGQQM, which would indicate the presence of RXR
LBD (Supplementary Figure S1). The potential contamination of the RAR LBD preparation
with RXR was thus below the limits of detection, and not deemed to present a concern in
our characterization of RARa LBD. Receptor preparations obtained by Hisg affinity
chromatography were typically > 90% pure (Supplementary Figure S2). Attempts to
increase purity by additional chromatographic steps, including size exclusion
chromatography, were not successful, owing to a high propensity of both wild type and
mutant receptors to undergo aggregation.

In order to better understand the aggregation phenomenon, samples of both wild type and
selected mutant receptors were submitted to the HHMI/W.M. Keck Foundation
Biotechnology Resource Laboratory at Yale University, which performed a coupled size
exclusion chromatography-light scattering analysis. These experiments indicated that while
typical receptor preparations quickly proceed to an aggregated state (~300 kD) in the
absence of ATRA, these dissociate to monomers (~30 kD) in the presence of ATRA
(Supplementary Figure S3).

Circular Dichroism Studies

As a first step in assessing whether or not the ATRA resistance mutations confer significant
changes in protein secondary structure, circular dichroism experiments were performed.
Representative spectra for purified wild type and mutant LBD at concentrations between
10- 50 pM are shown in Figure 2. As indicated by the presence of significant negative
ellipticity at 222 and 208 nm, both the wild type and the mutant LBD retain a significant
proportion of a-helical structure. Deconvolution of the spectra indicates an approximate
helical content in the range of 26-30%, in good agreement with similar measurements
reported for the LBD of RARy #7. Truncation of the data below 190 nm precluded accurate
estimation of the content of B sheets and turns. Measurements were also performed in the
presence of the ligand ATRA. These experiments showed that the presence of the ligand
only had a minor effect on helical content, imparting a decrease of less than 5%.
Interestingly, the mutant M297L showed the least degree of change in helical content in the
presence of ATRA.
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Limited proteolysis experiments

One mechanism by which ATRA promotes differentiation of APL cells is by induction of
proteolysis of PML-RARa*8. Accordingly, at least part of the ATRA resistant phenotype
could be due to increased resistance of the mutants to proteolysis. In order to test this
hypothesis, and gain insights into potential structural changes associated with the mutants,
limited proteolysis experiments were performed using trypsin. Previously, similar
experiments using PML-RARa fusion proteins produced by coupled transcription/translation
in a reticulocyte lysate indicated that ATRA resistant mutants alter resistance of the fusion
protein to protease 349, The experiments performed here differ in that only the LBD was
examined. As shown in Figure 3A, incubation of the wild type LBD with trypsin in the
absence of ATRA led to the rapid disappearance of the 25 kD band corresponding to the
LBD. In the presence of either agonist ligand ATRA or AM580, a significant fraction of
full-length receptor remained at the end of the 15 min incubation time. Strong protection by
the ligands was also observed for the 1410T (Figure 3C) and M297L mutants (Figure 3E).
The remaining two mutants (L398P and M413T) exhibited a ladder of proteolytic products
in the absence and presence of the ATRA ligands, but substantial amounts of near full-
length product remained even when ATRA was absent. For these mutants, it appears that the
mutation significantly alters the resistance of the LBD to trypsinolysis, such that any
potential protective effect of the ATRA ligand is masked by other, mutationally-linked
structural effects. Thus, among the four mutants, there are at least two capable of interacting
with the ligand (1410T and M297L), and two (L398P and M413T) for which interactions
with the ligand cannot be reliably assessed by this method.

Measurement of dissociation constants of co-repressor peptide models by fluorescence

anisotropy

Prior work showed that ATRA resistant versions of PML-RARa are altered in their response
to agonist, which in the non-mutated fusion protein causes a decreased interaction with
nuclear co-repressor and a strengthened interaction with nuclear co-activator 320, To
investigate this phenomenon in a more clearly defined model system where quantitative
measurements about the relative strengths of different interactions can be performed, a
fluorescence anisotropy assay was developed employing rhodamine conjugated peptides
based on the RID 11 motif of N-CoR %152 and non-labeled wild type or mutant LBD. Steady
state fluorescence assays showed that, when increasing concentrations of LBD were titrated
into solutions of rhodamine-labeled N-CoR peptide, the anisotropy increased from 0.12 to
0.27, indicating the formation of a stable LBD-peptide complex (Figure 4). Control
experiments employing a conjugated peptide with a scrambled sequence did not exhibit an
anisotropy change, showing that interaction is sequence specific (Figure 4 inset).

Conversion of these anisotropy changes into fraction bound (as described in “Materials and
Methods”) and then plotting against increasing concentration of receptor allowed an
apparent dissociation constant of 18.9 £5 pM to be determined (Figure 5A). When the LBD
was pre-incubated in the presence of 10 and 20 nM ATRA, N-CoR binding was decreased
(Figure 5A). The change in dissociation constant for N-CoR in the presence of increasing
concentrations of ATRA is depicted in bar form in Figure 6A. As ATRA was titrated from 0
to 209 nM, the Kp for the N-CoR peptide increased from 18.9 £5 uM to 74.2 £ 3.6 uM. The
assay could not be performed at higher concentrations of ATRA owing to ATRA-dependent
decreases in fluorescence intensity. Measurements were also performed using a rhodamine-
conjugated peptide based on the SMRT ID1 sequence (HoN-CASTNMGLEAIIRKALMG-
COOH). Anisotropy measurements performed using this peptide showed that it did not bind
significantly tighter than the N-CoR peptide (data not shown).
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Anisotropy experiments with the N-CoR peptide were also performed using the mutant
LBDs. As indicated from the plots in Figure 5 and the representation of the data in bar graph
form in Figure 6, the mutations affect the Kp for the N-CoR peptide to different extents.
Notably, the affinity of the N-CoR peptide for the M297L mutant LBD was essentially equal
to wild type (18.6 + 1.7uM), while the affinities of the N-CoR peptide for the L398P,
M413T, and 1410T mutants were significantly increased (12.2 + 1.7uM, 10.9 + 1.7uM, and
2.2 £ 1.7uM, respectively). Hence, one component of ATRA resistance appears to be a
higher intrinsic affinity for nuclear co-repressor.

Experiments in which increasing concentrations of ATRA were titrated into the mutant
LBDs provided information about how the presence of the agonist altered the LBD: N-CoR
interaction. The four mutants could be divided into two different classes on the basis of how
ATRA affect the Kp for N-CoR. Relative to wild type, M297L and L398P both exhibited
smaller fold increases in Kp. The conversion of these changes into AAG gave values of 0.4
and 0.74 kcal/mol, respectively. In contrast, 1410T and M413T exhibited larger fold
increases in Kp that corresponded to 1.12 and 1.02 kcal/mol, respectively. These larger
changes in Kp relative to the 0.8 kcal/mol for wild type LBD suggest that both 1410T and
M413T retain interactions with ATRA that can influence the strength of interactions with
the N-CoR peptide. The observation that ATRA was able to bring about a change in the
strength of binding of N-CoR to each of the four LBDs strongly suggests that none has lost
the ability to interact with ATRA.

Measurement of dissociation constants of co-activator peptide models by fluorescence

anisotropy

The results in the previous section suggest that one component of the mechanism of ATRA
resistance may be the decreased ability of ATRA to bring about dissociation of co-repressor.
Alternatively or additionally, ATRA resistance might involve a reduced ability of ATRA to
promote interaction with co-activator. This hypothesis was investigated by performing the
fluorescence anisotropy experiment using a rhodamine-conjugated peptide whose sequence
corresponds to the receptor interacting domain 3 of the ACTR co-activator. Relative to the
change in anisotropy seen with the binding of the N-CoR peptide, the anisotropy change
with ACTR was more modest, starting from an initial value of 0.12 and reaching a plateau
of 0.16. As shown in Figure 6B, the affinity of ACTR for the RARa LBD in the absence of
ATRA is weak (155 pM), but increases progressively as ATRA is titrated in. At the highest
ATRA concentrations tested (521 nm), the Kp decreased approximately three-fold, to 55
MUM. Relative to wild type, all of the ATRA-resistant mutants exhibited an approximately
two-fold elevated Kp. In comparison to the wild type RARa LBD, the mutants required a
higher concentration of ATRA to elicit a change in the Kp for the ACTR peptide. As in the
case of interactions with the N-CoR peptide, all four mutants did not behave identically.
While M297L and M413T both exhibited modest decreases in the Kp for ACTR at the
highest ATRA concentration, the interactions of L398P and 1410T with ACTR were
essentially unresponsive to ATRA. Based on these results, a second mechanism of ATRA
resistance appears to be an inability of ATRA to bring about an increase in affinity for co-
activator.

DISCUSSION

Here, we employed a minimal protein domain approach to study the complex phenomenon
of ATRA resistance in PML-RARa. The rationale for the selection of the isolated LBD as a
model for ATRA-resistant APL is threefold: (1) many of the ATRA-resistance mutations are
located in this region; (2) the LBD constitutes the site of ligand binding; and (3) the LBD
contains the AF-2 activation region where nuclear co-regulators bind. Moreover, the use of
small proteins and carefully defined biochemical and biophysical assays allows the
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consequences of the mutations to be examined in an in-depth quantitative context. Our
studies suggest three major conclusions with respect to the influence of the ATRA resistance
mutations on PML-RARGa. First, the mutations appear not to be associated with a gross
overall change in a-helical structure (Figure 2). Secondly, our results suggest that the
mutations alter a major functional characteristic of the complete receptor, namely the ability
to undergo co-regulator switching function in response to ATRA (Figure 6). Thirdly, our
results suggest that, in at least two cases, the mutations alter the proteolytic sensitivity of the
LBD (Figure 3).

The minimal biochemical system of the LBD and peptide models described here is
admittedly unable to recapitulate all of the important features of PML-RARa function, and
its role in promoting APL. None of the assays described here involve a cellular context,
meaning that the influence of other potential cellular factors on PML-RARGa. function is
missing. PML is known to associate in nuclear subdomains, the formation of which is
disrupted by the fusion oncoprotein 33, Our system has no transcriptional readout, which is
also an important metric for understanding global properties of the system. The
measurements reported here do not reflect either the complex thermodynamics associated
with the interaction of the full-length PML-RARGa protein and its DNA target, or the
influence of other factors that might regulate the interaction strength. These are clearly
important, because the affinity of PML-RARa for SMRT/NCOR in the presence of a
specific DNA is in the nanomolar concentration range >*, while the affinity of LBD for co-
regulator peptides is only in the micromolar range (this work). Previously, the mutant
substitutions studied here were characterized in the context full-length PML-RARGa. proteins
in nuclear extracts that included other cellular factors, and it was reported that interactions
with nuclear co-regulators are altered 3549, The availability of such data influenced the
selection of the mutants studied here, and provides an opportunity to validate our
observations in context of a more complete system.

Altered switching of co-regulator binding

Conceptually, the inability of ATRA resistant PML-RARa oncoproteins to respond to
ligands could result from the inability to bind ligands, failure to dissociate co-repressor, or
failure to recruit co-activator. Indeed, cellular extracts expressing the L398P mutant fail to
exhibit co-regulator switching in the presence of ATRA 34, This led Cote et al. to conclude
that failure of the mutant bind ligand largely accounts for the mutant’s inability to activate
transcription 3°. A priori, one would expect that the protease resistance of a mutant that
completely lacked the ability to bind ligand would be unchanged by the presence of ligand,
and that the dissociation constants for co-repressor or co-activator peptide would be
similarly ligand independent. Significantly, none of the mutants tested in our in vitro assays
conformed precisely to this behavior. The L398P mutant was phenotypically the most
similar to a ligand binding null mutant, in that it appeared to be insensitive to the presence of
ATRA in both protease resistance (Figure 3) and co-activator recruitment experiments
(Figure 6). However, the L398P LBD still exhibited an approximately three-fold increase in
the Kp for co-repressor peptide at 209 nM ATRA (Figure 6), arguing that interaction with
agonist may not be completely abolished. (Higher concentrations could not be examined,
owing to interference of ATRA with the fluorescence signal.) Essentially all of the mutants
showed some response to ATRA with regard to Kp for the co-repressor peptide (Figure 6A
and Figure 7A,) suggesting that in none of the examples studied was ATRA binding
completed ablated.

Studies on co-activator binding presented a different picture. Compared to wild type, all four
mutants exhibited higher dissociation constants, signifying weaker affinity (Figure 6B). In
two of the mutants, (L398P and 1410T) the presence of ATRA produced no improvement in
the affinity for the co-activator peptide (Figure 6B and 7B). For the other two mutants
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(M297L and M413T), ATRA increased the affinity for co-activator peptide, but not to a
level equivalent to wild type (Figure 6B and 7B). The mutant substitutions therefore had a
differential effect on co-factor switching characterized by a relatively slight diminution in
the ability of ATRA to mediate co-repressor release, but a relatively large decrease in the
ability of ATRA to mediate co-activator recruitment. It is possible that, in the context of the
full length PML-RARa and SMRT/NCOR co-repressor, the effects we observed with the
LBDs and peptide constructs are magnified. This might explain why even at micromolar
concentrations of ATRA, full length L398P PML-RARa is unable to dissociate co-repressor
and attract co-activator 34,

Superposition of the closely related crystal structures of the antagonist bound form of RARa
with the agonist % and co-activator bound form of RARB®® supports the hypothesis that all
four mutants influence the switching process at the molecular level. The substituted residues
M297 and L398 both directly abut the ligand-binding site in the RARce and RARpB
structures, while 1410 and M413 are localized in Helix12 (Figure 1). In the antagonist bound
complex 22, M297 cooperates with neighboring residues Met283, Phe302, Phe 228, and
Phe286 to create the hydrophobic walls of the ligand binding pocket, particularly for the C
and D rings of the BMS614 antagonist °°. As part of the switch from antagonist to agonist,
Phe302 undergoes a 90° rotation to remodel the pocket. The M297L substitution is
appropriately positioned to influence the structural consequences of the ring rotation. L398,
which is located at the end of helix 112, also contacts the C ring of the antagonist ligand, but
participates in a slightly different conformational change. In the switch from bound agonist
to antagonist, the last two helical turns of H11 undergo a helix to turn transition. This
change extends up the length of the random coil between H11 and H12, allowing H12 to
switch into its antagonist configuration. As proposed in the “mouse trap model” %7,
introduction of a proline at position 398 introduces a discontinuity in H12, facilitating the
transition to the antagonist configuration and preventing AF-2 from executing its proper
functions. Leu398 also packs against Trp225, another important contributor to ligand
binding. The last two mutants, 1410T and M413T, alter residues on the surface of helix 12
that mimic the leucine residues of the LXXLL motif of co-activator. These mutations may
serve to enforce positioning of helix 12 in its co-repressor orientation, such that ATRA
binding cannot bring about helix 12 reorientation, and co-activator recruitment 35,

The relationship between ATRA resistance and proteolysis resistance, and its influence on
the effectiveness of APL therapeutics

Initially, PML-RARa was thought to promote APL based on its ability to act as a dominant
repressor of RARa’s gene activation function in hematopoietic cells, thereby causing a
block in differentiation °. This model was rationalized by the significant role that the RARa
repressor plays in hematopoietic development, and its role as a regulator of many genes. An
important feature of PML-RARa in this scenario is its failure to exhibit ATRA response at
physiological concentrations 34. Instead, at physiological RA concentrations, PML-RARa. is
suggested to occupy the response elements normally employed by RARa in a predominantly
repressive mode. Possibly as a consequence of tighter interactions with the nuclear co-
repressors SMRT and NCoR (as well as histone deacetylases) PML-RARGa. requires higher
concentrations of ATRA to undergo the switch from repressor to activator 8. These, in turn,
are linked to increased interactions with the DNA methyl transferase machinery, which
brings about gene silencing, particularly at the RARB promoter. Indeed, APL shows a
characteristic pattern of gene silencing as measured by genome wide methylation®°.
Separately, PML-RARo may also interfere with PML’s normal functions, which include
enhancing resistance to apoptosis and regulating the extent of stem cell character 9. Under
this model, raising ATRA to pharmacological concentrations in the course of therapy would
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lead to a release of the differentiation block, by virtue of the de-repression of the genes
under PML-RARa control.

Despite the initial attractiveness of this “differentiation block” model, many key
observations are inconsistent with its predictions, leading to a re-assessment of PML-RARa.
mechanism of action. First, no direct linage between transcriptional repression and the
differentiation block has ever been established. Second, PML-RARa has been shown to
regulate many more genes than just those regulated by RARa, an increase in DNA binding
promiscuity that is likely due to the formation of heterotetramers composed of PML-RARa
and RXR, which can then bind to many non-canonical RARa sites 162, Lastly, combination
treatments involving the administration of both ATRA and arsenic trioxide (ATO) produce a
high frequency of durable remissions by a mechanism distinct from induced
differentiation!C. Rather, the mechanism by which these agents promote remission appears
to be based on their ability to enhance the degradation of the PML-RARa oncoprotein. This
latter property is associated with the re-localization of PML to nuclear bodies, and a cellular
subpopulation of leukemic cells (LICs), whose survival may be essential to the persistence
of the disease.

RA and ATO both promote PML-RARa degradation, but by different mechanisms 48.
ATRA itself elicits at least two distinct degradative mechanisms. The first, which appears to
be linked hematopoietic cell differentiation, is mediated by caspase 3, occurs at the C-
terminal of the PML region, and is independent of the proteosome 3. By contrast, the
second mechanism requires the participation of both ubiquitin and the proteosome, features
the DNA-bound RARa/RXR heterodimer as its substrate, and is dependent on the AF-2
region of RARa %4. Notably, the latter segment has been shown to interact with SUG-1, a
component of the proteosome 5. ATO mediated PML-RARa degradation occurs by a third
mechanism 66 that involves competition by arsenate for the zinc sites within the ring finger
motif of PML 0. Arsenic substitution appears to elicit a number of uncharacterized
conformational changes in PML-RARa that lead to sumoylation, ubiquitinylation and,
ultimately, recruitment to the 11S proteosome. The significance of these observations for
treatment of APL has been underscored by the recent demonstration that destruction of
PML-RARa by ATRA and ATO strongly inhibits the survival of leukemia initiating cells,
and causes regression of APL 7. Thus, the real efficacy of anti-APL treatments may depend
on their ability to prevent the growth of these “cancer stem cells”, as opposed to the ability
of therapeutics to re-initiate the myeloid cell differentiation program.

In the context of this new appreciation for the clinical significance of PML-RARa
degradation, the differences in proteolytic sensitivity we observed among the various
ATRA-resistant LBDs may be noteworthy. The wild type, 1410T, and M297L RARa LBDs
all exhibited sensitivity to trypsin in the absence of ATRA, but less so in the presence of
agonist. By contrast, the L398P and M413T LBDs both showed altered proteolytic patterns,
with a significant amount of LBD remaining even at the end of the incubation period. Of
course, these observations must be tempered by the caveats that the true biological molecule
of interest is the complete PML-RARa fusion protein, not the LBD, and that trypsin is not
implicated in any of cleavage/degradation mechanisms described above. At best, trypsin
represents a probe for detecting structural changes in the LBD (e.g. of the AF-2 region) that
might impinge on a degradation process involving other agents 4. With that stated
qualification, there are some notable correlations between the results in our simple system,
and more complex cellular and animal models. In the original isolation of the L398P mutant
as an ATRA resistant subclone of NB4 cells (NB4-R4), it was noted that this mutant does
not undergo ATRA-mediated degradation, whereas the otherwise unmutated PML-RARa
does so in the parent line 44. Thus, resistance to degradation and a mutation in the AF-2
region are linked in the context of the full-length oncoprotein. A more striking correlation is
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seen with a mouse model containing a PML-RARa L902P (equivalent to L398P) transgene.
Here, the combination of ATRA and cAMP was observed to promote differentiation
(possibly by the isomerization of RA to 9-cis-RA, a ligand for RXR). Yet, no decrease in the
population of LIC was observed, and the transgene-derived PL-RAR L902P oncoprotein did
not undergo degradation. Comparable results are not available for the M413T LBD, but the
results of both the experiments performed here and reported previously suggest that its
agonist binding and nuclear co-regulator properties are minimally affected 4628, Hence, its
phenotype as a degradation resistant mutant is plausible.

By contrast, 1410T and M297L both exhibited proteolytic resistance patterns that were
reminiscent of the wild type LBD, which does undergo ATRA-mediated degradation. The
1410T substitution was originally isolated from an NB-4 (PML-RARa expressing) cell line
that had been treated with successively higher concentrations of ATRA 49, while the M297L
mutant was derived from a relapsed patient 3°. In addition to its increased proteolytic
sensitivity, the 1410T mutant differed from L398P in several notable respects. While the full
length 1410T protein did show reduced ATRA binding in cellular extracts, binding activity
was recovered in the presence of the SMRTR isoform, indicating that the ligand binding
domain is not inherently compromised for binding activity 5C. In experiments studying the
effect of HDAC inhibitors, the combination of ATRA plus trichostatin A (TSA) was able to
rescue the transcription of 1410T, but not of L398P °C. Our data indicated that while 1410T
RARa LBD bound co-repressor peptide with higher affinity than wild type, the interaction
was sensitive to ATRA. This suggests a fundamental distinction between 1410T and L398P;
namely that the ATRA resistance of the former originates principally from the defect in
cofactor switching, which is at least partially alleviated by the combination of ATRA and
TSA.

SUMMARY

Our work suggests that ATRA resistance mutations that map to the LBD of PML-RARa
can, in principle, influence at least two distinct functional properties. The first is the ability
to exchange nuclear co-repressor for co-activator, which was exemplified by the 1410T
mutant. Despite the increase in affinity for co-repressor and poor affinity for co-activator,
mutants with these properties appear to be easier to “rescue” at the transcriptional level,
particularly in the presence of HDAC inhibitors. The second property is the ability to
undergo ligand-stimulated degradation that, as exemplified by ATRA-resistant L398P LBD,
may be critical for the effectiveness of ATRA/ATO combination therapeutics. Further
analysis of the specific contributions of individual domains of PML-RARa to therapeutic-
stimulated breakdown may help to refine clinical strategies in ATRA-resistant relapsed
patients.
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Figure 1. The ligand binding domain of RARa

The structure of the ligand binding domain of RARa in its antagonist bound form (PDB ID:
1DKEF) is depicted in ribbon representation, with the N- to C-terminus in rainbow coloring.
The individual helices are labeled, and the positions of mutations described in the text
indicated. The antagonist ligand BMS600 is stick rendered in magenta. Figure 1 was
generated using PyMOL 8. The sources of the mutants (summarized in 3°) are as follows:
M297L, referred to as APL Case 2, was first described in 4°; L398P is referred to in the
literature as NB4-R4 44; 1410T is referred to as NB4-A1 49; M413T is referred to APL Case
9 46, The LBDs of RARq in the antagonist bound state (PDB:1DKF) and RARB in the
agonist bound state (PDB:1XDK) were superimposed using the MagicFit option of Swiss
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PDB Viewer. The RARa (antagonist bound) structure is colored green, and the RARpB
(agonist bound) is colored cyan. The fragment of the TRAP220 co-activator bound to the
RARp is colored red. A, the region around Met297. B, the region around Leu398. C, the
region around 11e410. D, the region around Met 413.
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Figure 2. Secondary structure analysis of wild type and mutant RARa ligand binding domains
CD spectra are plotted as the molar ellipticity [0] (in units of deg-cm?-decimole™2) versus
wavelength. A, wild type RARa LBD; B, L398P RARa LBD; C, 1410T RARa LBD; D,

M413T RARa LBD; E, M297L RARo LBD.
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Figure 3. Wild type and mutant RARa LBDs exhibit altered protease resistance

Limited trypsin digestion was performed for 15 minutes at 22 °C in the dark, as described in
“Materials and Methods”. The arrows indicate the intact RARa LBD, which has M, of
28,637. A, wild type; B, L398P; C, 1410T; D., M413T; E, M297L.
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Figure 4. Fluorescence anisotropy assay used to measure peptide binding to RARa ligand
binding domain

The binding measurements were performed at 20 °C and pH 8.1, as described in “Materials
and Methods”. All measurements were repeated with at least two independent protein
preparations. The results from a representative experiment are shown. The main plot depicts
an experiment with wild type RARo LBD and a peptide based on the sequence of the N-
CoR nuclear co-repressor. The inset depicts a fluorescence anisotropy experiment
employing a scrambled sequence of the N-CoR peptide as ligand.
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Figure 5. Binding of co-repressor peptides to wild type and mutant RARa as measured by

fluorescence anisotropy

The measurements were performed at 20 °C and pH 8.1, and the fraction of bound was
determined as described in “Materials and Methods”. All measurements were repeated using
at least two independent protein preparations, with representative plots shown. Binding
experiments were carried out for the wild-type LBD and each of the four mutants, in the
presence of different ATRA concentrations as described in “Materials and Methods”. A,
wild type; B, M297L C, L398P; D, 1410T; E., M413T. @, Binding isotherms for N-CoR
peptide in the absence of ATRA, plotted as a function of LBD concentration. &), Binding
isotherms for N-CoR peptide binding in the presence of 10 nM ATRA, plotted as a function
of LBD concentration. @, Binding isotherms for N-CoR peptide binding in the presence of
20 nM ATRA, plotted as a function of LBD concentration.
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Figure 6. Variation of the dissociations constant for binding of N-CoR and ACTR peptides to
wild type and mutant RARa LBDs, as a function of increasing ATRA

A, Bar graph representation of the equilibrium dissociation constants (K4s) for N-CoR co-
repressor binding to wild type and mutant RARa LBDs, determined over a range of ATRA
concentrations. Each equilibrium dissociation constant was determined from a binding
isotherm of the type shown in Figure 2, performed as described in Experimental Procedures.
The error bars represent standard error of the mean. B, Bar graph representation of the
equilibrium dissociation constants (Kps) for ACTR co-activator binding to wild type and
mutant RARa LBDs, determined over a range of ATRA concentrations.
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Figure 7. Thermodynamic effect of co-factor binding on mutant ATRA affinity

ATRA concentration is plotted versus the log of the Kp for each RARa LBD to N-CoR or
ACTR. A, ATRA binding affinity is largely unaffected by N-CoR binding. With the
exception of M297L, affinity to ATRA does not differ significantly amongst the N-CoR-
bound receptors, visualized by the similarly shaped ATRA-response curves. B, The presence
of ACTR, however, has a large effect on ATRA binding affinity. The mutations, particularly
L398P and 1410T, weaken the ATRA affinity of ACTR-bound receptors, visualized by the
diverse shapes of the ATRA-response curves.
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