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Abstract

Acute promyelocytic leukemia (APL) is characterized by expression of promyelocytic leukemia
(PML)/retinoic acid (RA) receptor o (RARa) protein and all-trans-RA-mediated clinical remissions.
RA treatment can confer PML/RARa degradation, overcoming dominant-negative effects of this
oncogenic protein. The present study uncovered independent retinoid degradation mechanisms,
targeting different domains of PML/RARoa. RA treatment is known to repress PML/RARa and
augment ubiquitin-activating enzyme-E1-like (UBE1L) protein expression in NB4-S1 APL cells.
We previously reported RA-induced UBE1L and the IFN-stimulated gene, 15-kDa protein
ISG15ylation in APL cells. Whether the ubiquitin-like protein ISG15 directly conjugates with PML/
RARa was not explored previously and is examined in this study. Transient transfection experiments
with different PML/RARa domains revealed that RA treatment preferentially down-regulated the
RARa domain, whereas UBELL targeted the PML domain for repression. As expected, ubiquitin-
specific protease 18 (UBP43/USP18), the ISG15 deconjugase, opposed UBE1L but not RA-
dependent PML/RARa degradation. In contrast, the proteasomal inhibitor, N-acetyl-leucinyl-
leucinylnorleucinal, inhibited both UBELL- and RA-mediated PML/RAR« degradation. Notably,
UBELL induced ISG15ylation of the PML domain of PML/RARa, causing its repression. These
findings confirmed that RA triggers PML/RARa degradation through different domains and distinct
mechanisms. Taken together, these findings advance prior work by establishing two pathways
converge on the same oncogenic protein to cause its degradation and thereby promote antineoplastic
effects. The molecular pharmacologic implications of these findings are discussed.

Introduction

Acute promyelocytic leukemia (APL) is a distinct subtype of acute myeloid leukemia (FAB,
M3; ref. 1). APL is characterized by accumulation of abnormal promyelocytes expressing the
oncogenic product of the balanced t(15;17) rearrangement between the promyelocytic
leukemia (PML) and retinoic acid (RA) receptor o (RARa) genes (2,3). PML/RARa is a
dominant-negative transcriptional factor (3). All-trans-RA treatment is clinically successful in
APL by triggering leukemic cell differentiation (4). RA treatment can cause degradation of
PML/RARa protein, thereby reversing its dominant-negative effects (5).
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Protein degradation is regulated by the ubiquitin-proteasome pathway (6). Ubiquitin, a 76—
amino acid polypeptide, is conjugated to target proteins through isopeptide bonds, resulting in
monoubiquitinated and polyubiquitinated substrates (6). Polyubiquitination marks the
substrate protein for proteolysis by the proteasome (6). Protein ubiquitination is tightly
regulated by a ubiquitin-conjugating multienzyme cascade, including the ubiquitin-activating
enzyme (E1), ubiquitin conjugases (E2), ubiquitin ligases (E3), and deubiquitinating (DUB)
enzymes, which are deconjugases that remove ubiquitin from substrate proteins (6,7).

The IFN-stimulated gene, 15-kDa protein (ISG15), is a ubiquitin-like protein (7,8). Ubiquitin-
like proteins conjugate intracellular proteins via an isopeptide linkage (7,8). ISG15ylation is
reversible and regulated by a similar set of enzymes as in the ubiquitin system (7,8). The
ubiquitin-activating enzyme-E1-like protein (UBELL; E1), ubiquitin-conjugating enzyme 8
(E2), estrogen-responsive finger protein (E3), and ubiquitin-specific protease 18 (UBP43 or
USP18) have each been reported as enzymes involved in ISG15ylation (9-12). Biochemical
steps involved in ubiquitination have been examined previously, but consequences of
ISG15ylation and fate of ISG15ylated substrates are still being determined (6-8).

RA is a differentiation-inducing agent that has been used clinically to treat APL and other
diseases, as reviewed (13,14). Notably, RA treatment can induce complete clinical remissions
in APL cases that express PML/RARa. (4,15). Prior work revealed pharmacologic treatment
with RA overcomes dominant-negative PML/RARa effects (3). RA response is accompanied
by induced PML/RARa degradation through caspase- and proteasome-dependent pathways
(5,16), which inhibits PML/RARa activity. RA causes ubiquitination of RARa and PML/
RARa, implicating the RARa domain in mediating this degradation (5,17). Mutagenesis
studies identified the DNA-binding domain and the transcription-activation domain (AF-2) of
RARGa as involved in proteasomal degradation (17). Involvement of the PML domain in RA-
mediated degradation of PML/RARa has been less extensively studied. One study found RA
engaged caspase-3 activation, which targeted the PML domain of PML/RARGa. for repression
(16).

Prior work with microarray and biochemical analyses uncovered UBE1L as a direct RA target
gene that repressed PML/RARa (18,19). However, how UBELL causes this was not discerned.
RA treatment of APL cells induced 1SG15 and ISG15ylation and whether 1ISG15 physically
conjugates with PML/RARa was not determined (19). The current study sought to examine
how retinoid-mediated induction of UBELL and 1SG15ylation targets PML/RARa for
repression. Findings reported here establish that, in addition to RA effects on ubiquitination
of RARa and PML/RARa, RA engaged a distinct biochemical pathway through induction of
UBELL and ISG15. This caused 1SG15ylation of the PML domain of PML/RARa to confer
its repression. Taken together, these findings revealed that retinoid treatment engages two
distinct pathways that converge on PML/RARa to trigger its degradation and overcome its
oncogenic effects in APL.

Materials and Methods

Cells and Reagents

The PML/RARa-expressing NB4-S1 APL cell line was cultured in Advanced RPMI 1640
(Invitrogen) supplemented with 2% fetal bovine serum (Gemini Bio-Products), 4 mmol/L .-
glutamine (Invitrogen), 100 units/mL penicillin (Invitrogen), and 100 pg/mL streptomycin
(Invitrogen) as described previously (18,19). The BEAS-2B immortalized human bronchial
epithelial cell line was cultured in serum-free LHC-9 medium (Biofluids; refs. 18,19). The
COS-1 monkey kidney fibroblast cell line was cultured in Advanced DMEM (Invitrogen)
supplemented with 2% fetal bovine serum, 4 mmol/L .-glutamine, 100 units/mL penicillin,
and 100 pg/mL streptomycin (20). The Chinese hamster ovary cells were cultured as in prior
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work (15). Cell lines were each cultured at 37°C in 5% CO, using a humidified incubator. RA,
N-acetyl-leucinyl-leucinylnorleucinal (ALLN), and DMSO were each purchased (Sigma-
Aldrich). Stock RA (10 mmol/L) and ALLN (100 mmol/L) solutions were dissolved in DMSO,
stored in liquid nitrogen, and used under subdued light during experiments.

Plasmid Constructs

The pCMV-hemagglutinin (HA)-PML/RARa and pSG5-UBE1L expression vectors were
described in prior work (18,19). The coding regions of the long (L) and short (S) forms of
PML/RARQa, the two predominant isoforms of PML/RARGa that are expressed in APL cells,
were independently cloned into the pPCMV-HA vector using EcoRI and Bglll restriction
endonuclease sites to engineer pCMV-HA-PML/RARa (S) and pPCMV-HA-PML/RARa (L),
respectively (3,15). The pPCMV-HA-PML expression vector was engineered using an amplified
cloned fragment encoding residues 1 to 390 of PML/RARa. The pSG5-RARa vector was
engineered using an amplified cloned fragment coding for amino acids 86 to 462 of RARa.
The pcDNA-His-UBP43 plasmid was provided by Dr. Bret Hassel (University of Maryland).
The enhanced green fluorescent protein (EGFP) plasmid (pEGFP-N2) and the p-galactosidase
reporter plasmid (pCH111) were eachpurchased (Clontech).

Transfection Procedures

Transient transfection of BEAS-2B cells was accomplished using Effectene transfection
reagent (Qiagen) and methods described in previous work (21). Briefly, BEAS-2B (1 x 106)
cells were plated per treatment group and allowed to attach overnight. Cells were then
transfected with Effectene reagent for 24 h. Following this, cells were exposed for 0 to 24 h to
different treatments as described in the figure legends. Transient transfection of NB4-S1 APL
cells was accomplished using the Nucleofector technology (Amaxa) that combines
electroporation with cell-specific optimized solutions to achieve entry of expression vectors
into these cells. The EGFP or B-galactosidase reporter plasmids were cotransfected to control
for transfection efficiency in transfectants. In selected experiments, single-cell expression
assays for transfected EGFP determined the percentages of transfected cells using established
methods (20). Coomassie blue staining of gels was also used to confirm comparable loading
of protein lysates in each lane. Quantification of signal intensities was accomplished and
displayed using previously optimized methods (22).

Immunoblot Analyses

Cells were treated as described in individual figure legends. Whole-cell lysates were prepared
using radioimmunoprecipitation assay buffer [150 mmol/L NaCl, 50 mmol/L Tris-HCI (pH
7.4), 1 mmol/L EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L sodium
orthovanadate, 1 mmol/L NaF, 1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate]
and established techniques (18-20,23). Protein concentrations in cell lysates were determined
by Bradford assays (Bio-Rad); 10 to 90 ug protein/sample were loaded in each lane of 10%
SDS-PAGE gels; and immunoblot analyses were done using established techniques (18-20,
22). An anti-RARa polyclonal antibody and anti-actin polyclonal antibody were each
purchased (Santa Cruz Biotechnology). An anti-HA monoclonal antibody (Covance Research
Products) and an anti-EGFP monoclonal antibody (BD Biosciences) were purchased. The
polyclonal antibody recognizing the amino terminus of UBE1L was described previously
(18). The monoclonal anti-ISG15 antibody was provided by Dr. Ernest Borden (Cleveland
Clinic Foundation). Horseradish peroxidase-linked anti-rabbit and anti-mouse 1gG were
purchased (Amersham Biosciences). Actin immunoblot analysis served as loading control and
EGFP immunoblot analysis served as control for transfection efficiency.
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Immunoprecipitation

Results

BEAS-2B cells were plated and transfected as described above. Following treatments, cells
were lysed in radioimmunoprecipitation assay buffer, and 1 mg total protein was incubated for
30 min on ice with 20 pL protein A/G plus-agarose beads (Santa Cruz Biotechnology) along
with an appropriate anti-mouse (0.25 pg 1gG/sample) or anti-rabbit control 19G (0.25 pg 19G/
sample; Santa Cruz Biotechnology) in a total volume of 1 mL. The mixture was centrifuged
at 3,000 x g for 5 min to clear lysates of proteins nonspecifically bound. The supernatant was
incubated overnight with either anti-RARa polyclonal antibody (1:100 dilution) with 20 pL
protein A/G plus-agarose beads or 20 uL polyclonal HA-conjugated agarose beads (Santa Cruz
Biotechnology) at 4°C to precipitate the immune complexes. The bound proteins were pelleted
at 3,000 x g for 5 min and washed with radioimmunoprecipitation assay buffer three times.
The obtained pellets were resuspended in 40 puL of 1x SDS sample buffer and then boiled for
5 min before loading onto a 10% SDS-PAGE gel. Immunaoblot analyses were done using
established techniques (18-20,22).

Kinetic effects of RA treatment on PML/RARa and UBE1L expression were studied in NB4-
S1 APL cells. As shown by immunoblot (Fig. 1A) and densitometric analyses (Fig. 1B), RA
repressed PML/RARa protein expression as early as 2 h post-treatment. This decline increased
until PML/RARa protein was nearly undetected by 48 h. RA treatment augmented UBE1L
expression beginning by 2 h and peaking at 48 h (Fig. 1A). This confirmed and extended
previous work showing that RA induced UBE1L expression in NB4-S1 APL cells while
increasing both 1SG15 expression and conjugation (18,19). Prior work reported that UBE1L
is basally expressed in NB4-S1 APL cells and UBELL can trigger PML/RARGo, repression
(18,19). Previous studies also revealed that RA-dependent ubiquitination also can confer PML/
RARa degradation (5,17). RA treatment of NB4-S1 cells augmented both global ubiquitination
and ISG15ylation, with ubiquitination preceding ISG15ylation (data not shown). Taken
together, these data established that RA activates at least two programs, ubiquitination and
ISG15ylation. Each can affect PML/RARa protein stability and cause PML/RARa repression.
Experiments were undertaken to understand the mechanistic basis for these pathways causing
PML/RARo. repression. Expression vectors containing HA tagged to PML/RARo. or PML were
employed for these studies. Initial transient transfection experiments were conducted in
BEAS-2B human bronchial epithelial cells because transfection conditions needed to conduct
these experiments were optimized previously in these cells (18,19).

The domain-specific UBELL effects on PML/RARa expression were determined by
cotransfection experiments using constructs independently expressing five different PML/
RARa domains (Fig. 1C and D). Previous work reported that RA activates caspase-3, which
conferred PML/RARGa degradation, and an aspartate residue at amino acid position 522 was
identified as the caspase-3 cleavage site in PML/RARa (16). Hence, two PML/RARa
constructs were designed, with (Fig. 1C, construct 2) or without (Fig. 1C, construct 1) the
aspartate residue at position 522, to discern involvement of caspase-3 in these UBELL effects.
Immunoblot analyses displayed (Fig. 1D) reveal that UBE1L cotransfection repressed both
pCMV-HA-PML/RARu (S) (Fig. 1C, construct 1) and pPCMV-HA-PML/RARa. (L) (Fig. 1C,
construct 2), independent of presence of the caspase-3 cleavage site. UBELL also repressed
expression of PML/RARa construct 3 containing a PML domain fragment (Fig. 1C) but had
no observed effect on constructs 4 and 5 containing different RARa domains (Fig. 1C).
Quantification of signals was displayed in Fig. 1D. Transfection efficiency was assessed by
engineered EGFP expression. Engineered UBE1L overexpression did not affect the proportion
of EGFP-expressing BEAS-2B cells (113 of 500 = 22.6% of cells for insertless control versus
126 of 505 = 24.95% of cells for UBE1L transfectants). Together, these findings establish
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UBELL triggers repression by targeting the PML but not RARa domain of PML/RARGa. This
effect is independent of the caspase-3 cleavage site.

Immunoblot analyses displayed in Fig. 2 sought to determine whether RA and UBELL act
through similar or different domains of PML/RARa to cause its repression. Transfection assays
presented in Fig. 2A confirmed RA (1 umol/L) treatment for 24 h or UBE1L cotransfection
each can repress PML/RARo. (L) expression. Because PML/RARa. (L) is the PML/RARa
isoform present in NB4-S1 APL cells (15), this isoform was the one used in subsequent
transfection experiments. RA treatment had no detected effect on expression of the PML
domain fragment (Fig. 2B), whereas the RARo. domain fragment (Fig. 2C) of PML/RAR«o was
readily down-regulated by RA treatment. This confirmed previous findings that RA targets
PML/RARo. degradation through its RARa domain (17). In contrast, UBELL cotransfection
repressed the PML domain (Fig. 2B) but had no observed effect on the RARa domain of PML/
RARa (Fig. 2C). Quantification of signal intensities is displayed.

UBELL targeting of the PML domain of PML/RARa revealed that UBELL likely activated
PML/RARQa. repression through a mechanism distinct from that induced by RA treatment and
which affected the RARa domain. To investigate this further, UBP43, the ISG15 deconjugase
for UBE1L-dependent ISG15ylation, was cotransfected into BEAS-2B cells with expression
constructs independently containing PML/RARa, the PML domain fragment or the RAR«
domain fragment with or without UBE1L transfection and with or without RA treatment.
Immunoblot data displayed in Fig. 3 confirmed as expected that UBP43 cotransfection
inhibited UBE1L-mediated repression of PML/RARa. (Fig. 3A) and the PML domain (Fig.
3B) of PML/RARa. UBP43 did not oppose RA-mediated repression of PML/RARa. (Fig. 3A)
or the RARa domain (Fig. 3C) of PML/RARa. Because UBELL induction can augment
ISG15ylation and UBP43 opposes UBELL effects on PML/RARGa stability, this raised the
possibility that PML/RARGa itself undergoes 1SG15ylation through direct interaction with the
PML domain. Experiments were undertaken to address this by first determining how
proteasomal inhibition would independently affect actions of RA and UBELL on PML/
RARGa or its domains.

Preferential effects of UBP43 in opposing UBE1L-mediated but not RA-dependent PML/
RARGa repression led to exploring involvement of the proteasome in conferring PML/RAR«
repression through each of these pathways. Experiments employed as a pharmacologic tool
the reversible proteasome inhibitor, ALLN, to investigate proteasomal involvement in these
RA and UBELL effects on PML/RARa. Immunoblot analyses revealed that ALLN stabilized
PML (Fig. 4A) and RARGa (Fig. 4B) domain expression, indicating that protein products of
these domains are each regulated by the proteasome. ALLN treatment antagonized UBE1L-
mediated repression of the PML domain (Fig. 4A) and RA-mediated repression of the RARa
domain (Fig. 4B) of PML/RARa. These findings strongly implicated proteasomal involvement
in regulating stability of these domains of PML/RARa by both UBELL transfection and RA
treatment. These findings are consistent with the view that proteins that are degraded by the
proteasome are stabilized by proteasome inhibitors (23).

UBELL targets PML/RARQo. for repression through its PML domain, implicating ISG15
conjugation of PML/RARG. as responsible for this effect. Figures 5 and 6 present the
conjugation assays conducted to examine this possibility. Several cell lines (BEAS-2B, COS-1,
and Chinese hamster ovary) were examined as models for these conjugation assays (Figs. 5
and 6; data not shown), and the BEAS-2B cell line was found as optimal for these studies. This
cell line is of human origin and is known to contain the necessary components for activation
of 1ISG15ylation (24). Prior work established that RA treatment induced UBE1L and ISG15
expression in these cells, thus showing that these key components of the ISG15 conjugation
pathway are not only expressed but also regulated in these cells (24). BEAS-2B cells can be
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readily transfected, and previous work revealed that UBE1L overexpression efficiently
repressed transfected PML/RARa expression in these cells (18).

UBELL was independently cotransfected with either PML/RARGo. (Fig. 5), the PML domain of
PML/RAROo. (Fig. 6), or the RARa domain of PML/RARa (data not shown). These studies
sought to learn whether ISG15ylation of these species occurred and whether these putative
ISG15ylated targeted proteins were repressed. Separate studies (data not shown) determined
kinetics of PML/RARa and PML repression following UBELL cotransfection over a period of
24 h. These experiments revealed that repression of PML/RARa and PML was undetected until
4 h but increased from 6 h post-transfection through 24 h. ISG15 conjugation assays for PML/
RARa and the PML domain fragment were done at 4 h post-cotransfection with UBE1L
because these species did not undergo appreciable repression at this time point (data not
shown). To determine whether these ISG15ylated species undergo repression, a 6-h time point
was selected because PML/RARa and PML domain fragments undergo repression by this time
point. Following cotransfection with or without UBELL and treatment with or without ALLN,
PML/RAROo. (Fig. 5) or the PML domain fragment (Fig. 6) was pulled down by
immunoprecipitation either after 4 or 6 h and immunoblotted to determine presence and
consequence of 1ISG15 conjugation. Appearance of proteins with higher molecular weights
(closed arrows) than transfected PML/RARo. (Fig. 5A and C) or PML (Fig. 6A and C) provides
evidence for post-translational conjugation. Reactivity of these species with a monoclonal anti-
ISG15 antibody confirmed that 1ISG15 conjugation occurred (Figs. 5 and 6).

Immunoblot analyses in Fig. 5A revealed that PML/RARa was pulled down (open arrows)
along with expected higher-molecular-weight species (closed arrows) 4 h after cotransfection
with or without UBE1L. This indicated PML/RARa undergoes post-translational conjugation
even under basal physiologic conditions. Cell lysates of COS-1 cells transfected with PML/
RARa served as positive control (Fig. 5A, lane 7) for determining position of unconjugated
PML/RARQa. protein (open arrows) compared with the three PML/RARa-conjugated species
(closed arrows). UBE1L cotransfection (Fig. 5A, lane 4) enhanced the conjugation of PML/
RARa and treatment with ALLN (Fig. 5A, lane 6) led to further stabilization of these PML/
RARGa-conjugated species at this 4-h time point, consistent with the fate of these conjugation
proteins as being affected by the proteasome (23). The immunoblot filter displayed in Fig. 5A
was stripped and reprobed with an anti-ISG15 antibody (Fig. 5B) to confirm ISG15
immunoreactivity of higher-molecular-weight species (Fig. 5B, lanes 2, 4, and 6). This
immunoreactivity established that a physical complex exists between PML/RARa and 1ISG15.
Cell lysate of COS-1 cells transfected with PML/RARa. (Fig. 5B, lane 7) did not display
immunoreactivity to ISG15 and served as a negative control for this conjugation assay. Figure
5C and D revealed that conjugation of PML/RARa to ISG15 leads to its repression following
cotransfection with UBELL for 6 h. The decrease in PML/RARa signal in the UBELL
cotransfection experiment (Fig. 5C, lane 4) is consistent with this species undergoing
degradation, which is inhibited by ALLN treatment (Fig. 5C, lane 6). The lack of
immunoreactivity of PML/RARa to ISG15 provides further evidence that PML/RARa
conjugation to 1ISG15 leads to its repression (Fig. 5D).

Figure 6A and B provides evidence for a physical association between 1SG15 and the PML
domain of PML/RARa. The immunoprecipitated PML domain of PML/RARa is depicted in
Fig. 6A (open arrows, lanes 2, 4, and 6), and UBELL cotransfection for 4 h in Fig. 6A (lane
4) conferred its post-translational conjugation as evidenced by presence of higher-molecular-
weight species (closed arrows), which were stabilized by ALLN treatment (Fig. 6A, lane 6).
Cell lysates of COS-1 cells transfected with the PML domain of PML/RARa were used as a
positive control (Fig. 6A, lane 7) for distinguishing between the position of unconjugated PML
immunoreactive protein (open arrows) and three identified higher-molecular-weight PML
conjugation products (closed arrows). The immunoblot filter in Fig. 6A was stripped and
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reprobed with the anti-1SG15 antibody (Fig. 6B) to confirm that UBE1L caused ISG15ylation
of the PML domain of PML/RARa (Fig. 6B, lane 4). The depicted 1SG15-conjugated species
were stabilized by ALLN treatment (Fig. 6B, lane 6), consistent with prior work indicating
that ISG15ylated substrates are affected by the proteasome (23). Cell lysates of COS-1 cells
transfected with the PML domain of PML/RARa (Fig. 6D, lane 7) did not show
immunoreactivity to ISG15 and thus served as a negative control for this conjugation assay.
Figure 6C and D show that ISG15ylation of the PML domain of PML/RARGa leads to its
repression following cotransfection with UBELL for 6 h. The decrease in PML following
UBELL cotransfection (Fig. 6C, lane 4) indicated that it undergoes repression, which is
inhibited by treatment with ALLN (Fig. 6C, lane 6). The loss of immunoreactivity of PML to
ISG15 provided evidence for ISG15 conjugation to PML leading to PML repression (Fig. 6D).

Additional experiments were done to confirm that UBE1L directly repressed PML/RARo.
expression in APL cells. Using the Nucleofector technology, cotransfection in NB4-S1 cells
of PML/RARa and UBELL expression vectors determined (relative to insertless controls) that
UBELL triggers repression of PML/RARa (see Supplementary Fig. S1).4 This established
relevancy of these UBELL transfection experiments in the APL cell context.

Discussion

Targeting expression of the oncogenic PML/RARGa. fusion protein through its pharmacologic
repression has been a feature of APL therapy (1-5). RA treatment induces clinical remissions
in APL patients by causing leukemic cell differentiation; this has been associated with
triggering of PML/RARa degradation (4,5,16-19). Itis important to unravel those mechanisms
responsible for this because an improved understanding of induced PML/RARa degradation
would reveal the interplay of post-translational programs that finely regulate stability and
turnover of this oncogenic protein. This knowledge should uncover novel molecular
pharmacologic targets. The present study has investigated how RA causes PML/RARa.
degradation.

RA treatment of APL cells led to PML/RARa repression along with induction of UBE1L
expression as reported in our prior work (18,19). Ubiquitination is known to trigger PML/
RARGa degradation and UBE1L, the 1SG15-activating enzyme, has also been independently
shown to cause PML/RARGa repression (17-19). These findings raised the prospect that
ISG15ylation, like ubiquitination, is involved in regulating PML/RARa degradation and
implicated a level of cooperativity that links these related but biochemically distinct post-
translational programs (6-8). Because RA is able to engage both of these pathways in APL
cells, it would be intriguing to learn through future work whether activation of one affects the
other as suggested by prior work (25). Likewise, it will be important to discern precisely how
RA regulates these events.

Prior work revealed that UBELL is a RA-targeted gene (18,19,26). The present study
independently confirmed that RA treatment caused UBELL induction in APL cells and this
was associated with a repression of PML/RAR . protein, indicating a link between these events.
Indeed, findings from transient transfection experiments established that UBE1L has domain-
specific effects on PML/RARa by targeting the PML but not the RARao domain for repression.
Moreover, UBP43, the ISG15 deconjugase, and ALLN, the proteasome inhibitor, were each
able to oppose these UBE1L effects. UBE1L caused a physical association between ISG15 and
PML, resulting in PML repression. Findings revealed that the target domain for UBE1L effects
is located in the PML region of PML/RARAG, as stability of transfected RARa domain was
unaffected by UBELL. These findings are of interest as they advance prior work by uncovering

4Supplemente\ry material for this article is available at Molecular Cancer Therapeutics Online (http://mct.aacrjournals.org/).
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a direct link between retinoid response, UBE1L and ISG15 induction, and PML/RARa
repression. Also, the fate of the identified 1ISG15ylated proteins was shown to be regulated by
the proteasome.

Transfection experiments established that RA targeted PML/RARa for degradation through
the RARa domain. RA effects were opposed by ALLN treatment, but not by UBP43
transfection, underscoring that this pathway was distinct from that engaged by UBE1L
activation. Prior work has shown that the DNA binding and transactivation AF-2 domains
located in the RARa portion of PML/RARG . protein are involved in ubiquitin-proteasomal
degradation (17). Additionally, the RARa portion of PML/RARa was found to contain the 26S
proteasome regulatory subunit-1 that binds to the 19S proteasome leading to PML/RAR.
degradation. Yet, the specific lysines regulating this ubiquitination have not yet been identified
7.

The conjugation assay data displayed in Fig. 5A showed the presence of protein species with
molecular weights higher than unconjugated PML/RARGa. protein when cotransfected for 4 h
with UBE1L. Similarly, the conjugation assay data presented in Fig. 6A revealed higher-
molecular-weight products of the PML domain fragment after 4 h of UBELL cotransfection.
These data indicated PML/RARa and the PML domain undergo multiple post-translational
modifications. However, only one of the observed conjugation products in both proteins
displayed immunoreactivity with the anti-1SG15 antibody (Figs. 5B and 6B). Notably,
transfection for 6 h with UBELL resulted in repression of both PML/RARa (Fig. 5C and D)
and PML (Fig. 6C and D). These findings indicated that PML/RARa undergoes mono-
ISG15ylation through the PML domain and 1SG15ylated PML/RARa is targeted for
repression.

These observations provided a mechanistic basis for repression of PML/RARa by UBELL in
that the 1ISG15 complexed PML/RARu is readily repressed and only transiently detected in
cells. The possibility of ISG15 conjugating to multiple sites in PML/RARa cannot be excluded.
Prior work has shown that PML/RARa can conjugate to ubiquitin and SUMO-1 (17,27). It is
possible that the remaining higher-molecular-weight species represented other conjugation
products, and these are not detected by the anti-1SG15 antibody. The PML domain of PML/
RARQa is capable of conjugating to SUMO-1, a member of the ubiquitin-like protein family,
whereas the RARa domain of PML/RARa undergoes ubiquitin conjugation (17,24,28). That
stability of a single oncogenic protein, PML/RARa, is regulated by multiple post-translational
modifications raises the possibility of cross-talk between these programs. Determining the
nature of this is a future direction of this work, as these findings are relevant to other oncogenic
proteins whose stabilities are subjected to similar post-translational modifications.

We reported previously that RA does not augment expression of the classic E1 enzyme in APL
cells (18). UBELL does not activate ubiquitin, thereby ruling out this direct level of cross-talk
(6-8). Although ubiquitination and ISG15ylation are distinct with respect to their activating
enzymes, E1 and UBELL, respectively, the conjugase and the ligase enzyme components of
these multienzyme cascades display redundancy and can participate in aspects of these
programs (7-11). RA might affect these regulatory enzymes to modulate their actions. The
specific conjugase and ligase recruited by RA treatment to engage these systems in APL cells
remain to be determined. Identification of these enzymes alone would still not explain how RA
activates ubiquitination without directly augmenting E1 expression.

Ubiquitin and ISG15 are conjugated to specific lysines in a protein substrate. A comprehensive
analysis is indicated in future work using biochemical and site-directed mutagenesis assays to
discern which of the lysines in PML/RARa are targeted for these modifications. This
knowledge would elucidate how these programs cross-talk and perhaps affect each other. A
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similar approach has proven useful to uncover the sites of ubiquitination within cyclin D1
(22). Protein sequence analysis revealed that the PML domain alone contains 11 [PML/
RARGa (S)] or 21 [PML/RARa. (L)] lysines, with the RARa domain containing 27 additional
lysines. A systematic analysis of each of these lysines should enhance an understanding of how
PML/RARua is regulated by retinoids. Prior studies have already uncovered cross-talk between
retinoid and IFN signaling pathways as likely responsible for some aspects of the post-
translational modifications of PML/RARa (29-31). It would be intriguing to delineate which
of the lysines present in PML/RARa are modified before or after RA treatment by ubiquitin,
ISG15 and SUMO, and whether any of these sites are shared between them. The physiologic
relevance for studying this and for examining differential modifications engaged by UBE1L
transfection or RA treatment comes from the experiment conducted in NB4-S1 APL cells
where UBE1L overexpression was accomplished and found to preferentially repress PML/
RARGa expression (see Supplementary Fig. Sl).4

In summary, the current study established a direct link between PML/RARo ISG15ylation and
stability of PML/RARa protein. These findings provided a mechanistic basis for how UBE1L
confers PML/RARGo. repression. This study also uncovered a pharmacologic agent, RA, which
can activate multiple pathways that independently regulate stability and expression of a single
oncogenic protein, PML/RARa. Taken together, these findings highlighted the usefulness of
retinoids as tools to probe biochemical pathways that regulate the stability of PML/RARa and
potentially other oncogenic proteins.
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Figure 1.

Immunoblot analyses of whole-cell lysates of NB4-S1 APL cells following RA treatment.

A, NB4-S1 (2 x 10%) cells per experimental group were treated with RA (1 umol/L) for 0 to
48 h and immunoblot analyses were done to assess effects of RA treatment on expression of
PML/RARa and UBELL. B, scanning densitometric analyses were done for the immunoblots
displayed in A. Expression of PML/RARa and UBE1L was each normalized for actin
expression, which served as a loading control. This study confirmed induction of UBE1L
concurrent with PML/RARGa repression following RA treatment of NB4-S1 APL cells. That
UBELL targeted the PML domain of PML/RARa was shown. C, schematic representation of
five different PML/RARa expression constructs designated 1 to 5. Gray box, PML domain;
black box, RARa domain. Construct 1 depicted PML/RARa. (S), which differs from the PML/
RARGa (L) depicted in construct 2 in that it does not contain the aspartate residue at position
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522 (black diamond), the known caspase-3 cleavage site (16). Expression vectors were also
engineered to independently contain a portion of the PML domain (construct 3), a portion of
the RARa domain (construct 4), or the entire RARa domain (construct 5) of PML/RARa. D,
immunoblot analyses for UBE1L and UBE1L-mediated repression of protein products of
constructs 1 to 5. Each construct was cotransfected with the UBE1L expression plasmid (+)
or with an insertless control vector (—) in BEAS-2B cells followed by immunoblot analyses.
Cotransfection of the EGFP expression vector served as a transfection control. Actin expression
confirmed similar amounts of protein lysates were loaded. Expression levels of transfected
UBELL are displayed as are the indicated quantified signals. This experiment revealed that
UBE1L mediates PML/RARa repression by targeting the PML domain of PML/RARa. PML/
RARGa (L) construct 2, PML domain construct 3, and RARa domain construct 5 were used for
subsequent experiments.
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Figure 2

RA and UBE1L affect different PML/RARa domains. BEAS-2B cells were independently
transfected with (A) PML/RARGa, (B) PML, or (C) RARa expression constructs as described
in Materials and Methods. Indicated groups were cotransfected with or without UBE1L and
then treated for 24 additional hours with or without RA (1 umol/L). Immunoblot analyses
identified different domains of PML/RARu. as being individually targeted by RA and UBE1L
for repression of PML/RARGa. Bottom, quantification of each of these signals.
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Figure 3.

Independent effects of UBP43 on RA- and UBE1L-mediated repression of PML/RARa and
its domains. BEAS-2B cells were independently transfected with (A) PML/RARaq, (B) PML,
or (C) RARa domain containing expression vectors. Indicated groups were either cotransfected
with UBE1L or treated for 24 h with vehicle (DMSO) or RA (1 umol/L). Cells were also
cotransfected with or without a UBP43 expression vector as indicated. Immunoblot analyses
revealed that UBP43 preferentially opposes UBE1L- but not RA-mediated repression of the
indicated PML/RARGa. species. Bottom, quantification of each of these signals.
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Figure 4.

Effects of proteasome inhibition by ALLN on RA- and UBE1L-mediated repression of PML/
RARa domains, respectively. BEAS-2B cells were independently transfected with (A) PML
or (B) RARa domain containing expression constructs. Indicated groups were also
cotransfected with or without UBELL. Following transfection, cells in the ALLN treatment
groups were incubated with ALLN (100 umol/L) for 90 additional minutes. RA (1 umol/L)
was then added to the respective RA treatment groups and incubated for 6 additional h.
Remaining groups were incubated with the vehicle (DMSO) during this same treatment period.
Immunoblot analyses revealed that ALLN inhibited RA-dependent repression of the RARa.
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domain and UBE1L-dependent repression of the PML domain of PML/RARa. Bottom,
quantification of each of these signals.
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Figure 5.

Effects of UBELL on ISG15ylation of PML/RARa. BEAS-2B cells were individually
transfected with PML/RARa containing expression constructs. Indicated groups were
cotransfected with or without UBE1L. Following transfection, respective groups were treated
with either ALLN (100 umol/L) or vehicle (DMSO) for 4 (A and B) or 6 (C and D) additional
hours. Immunoprecipitation followed by immunoblot analyses were done as described in
Materials and Methods. The filters were probed with either a monoclonal anti-HA antibody to
detect PML/RARGa (A and C) or a monoclonal anti-ISG15 antibody to detect ISG15ylated
forms of PML/RARa (B and D). Open arrows, positions of unconjugated PML/RARa proteins;
closed arrows, positions of post-translational modification products of PML/RARa; Control,
whole-cell lysates of COS-1 cells transfected with PML/RARa serve as a signal for
unconjugated PML/RARGa protein. These experiments established that UBE1L confers ISG15
conjugation to PML/RARa with subsequent repression of this protein.
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Effects of UBELL on ISG15ylation of the PML domain of PML/RARa. BEAS-2B cells were
individually transfected with the PML domain fragment of PML/RARa containing expression
construct. Indicated groups were cotransfected with or without UBE1L. Following
transfection, respective groups were treated with either ALLN (100 umol/L) or vehicle
(DMSO) for 4 (A and B) or 6 (C and D) additional hours. Immunoprecipitation followed by
immunoblot analyses were done as described in Materials and Methods. The filters were probed
with either a monoclonal anti-HA antibody to detect PML (A and C) or a monoclonal anti-
ISG15 antibody to detect ISG15ylated forms of PML (B and D). Open arrows, positions of
unconjugated PML protein; closed arrows, positions of post-translational modification
products; Control, whole-cell lysates of COS-1 cells transfected with PML serve as a signal
for the unconjugated form of PML. These experiments established that UBELL confers ISG15
conjugation to the PML domain of PML/RARa with subsequent repression of this protein.
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