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Chapter 1
General Introduction

General Introduction
Cancer cells have acquired the ability to
outgrow surrounding cells, induce changes in the
architecture of the tissue in which they arise and
survive hostile environments that are hypoxic,
hypoglycemic or are devoid of growth factors. They
invade, are unresponsive to environmental cues and
may eventually metastasize, the main cause of
mortality. Among all the known differences between
cancer and normal cells, it is, however, only the (epi)genetic differences that unequivocally distinguish the
former from the latter. It is a major challenge to
exploit the differences between tumor cells and their
normal counterparts to develop effective anti-cancer
therapies.

Chemotherapeutics and checkpoints
Chemotherapeutic drugs in current use
interact with particular intracellular components, for
example, docetaxel binds to tubulin, methotrexate
inhibits dihydrofolate reductase and cisplatin
crosslinks DNA and proteins. Normal cells have
many
protective
mechanisms,
indicated
as
‘checkpoints’, to prevent cell cycle progression in the
presence of DNA damage. Cancer cells often have
damaged checkpoints, which may explain their hypersensitivity towards these chemotherapeutics1-3.
Cell cycle checkpoints are built into each
phase of the cell proliferation cycle to safeguard
genomic integrity4,5. Checkpoints are molecular
signaling cascades that promote cell-cycle delay or
arrest in response to DNA damage, nutrient starvation
and chromosome alignment, providing time for DNA
repair mechanisms; or apoptosis when the damage is
irreparable. Diverse and partly overlapping
checkpoint pathways operate in various cell-cycle
phases and, to a more limited extent, also in quiescent
and even terminally differentiated cells. Proliferating
cells that traverse through G1, S or G2 phases can
respond to genotoxic stress by activating checkpoints
that impose shorter or durable cell-cycle arrests and
halt re-entry into the next cell cycle phase6. DNA
damage responses involve the activation of
ATM/ATR kinases and the downstream kinases
Chk1, Chk2 and Plk17. These responses lead to a
rapid cell cycle arrest. Subsequently, a more delayed
sustainable response is mediated by p53, which is
quickly stabilized following DNA damage and
induces upregulation of a variety of target genes. The
p53-mediated response can maintain the initiated
proliferation arrest or induce apoptosis if excessive
damage has been inflicted8,9. Moreover, the

transcription-independent functions of p53 facilitate
and control DNA repair and recombination10.
Many tumor cells have diminished
checkpoint responses1,2. Paradoxically, the absence of
proper checkpoints might facilitate tumorigenesis,
while more severe disabling of checkpoint signaling is
an anticancer strategy. Most chemotherapeutic drugs
kill cancer cells by indirectly activating checkpointmediated apoptosis after creating nonselective
damage to DNA or microtubules8,9. Normal cells also
suffer from this damage, which largely accounts for
the severe side-effects of these drugs and the limited
selectivity against cancer cells.
As an example, the mitotic checkpoint (also
known as the spindle assembly checkpoint) is the
primary defense against aneuploidy1,2,11. It is
responsible for the production of genetically identical
daughter cells by ensuring accurate chromosome
segregation
in
mitosis.
In
prometaphase,
chromosomes connect to spindle microtubules
through proteinaceous structures called kinetochores.
Unattached kinotochores will generate a mitotic
checkpoint signal by recruiting mitotic checkpoint
proteins (Mad1, Mad2, Bub3 and BubR1), inhibiting
the anaphase promoting complex / cyclosome
(APC/C). Once all kinetochores have made
productive attachments to spindle microtubules, this
inhibition is released and the cell can progress
through anaphase. Tumors are associated with
weakened mitotic checkpoints and chronic activation
of the mitotic checkpoint is a common
chemotherapeutic strategy. Taxanes (paclitaxel/taxol,
docetaxel) and vinca alkaloids (vinblastine,
vincristine) have been used in the treatment of human
cancer for decades. The taxanes stabilize
microtubules, inducing multipolar spindles, while the
vinca alkaloids inhibit microtubule assembly. Both
types of drugs cause cells to accumulate in
prometaphase as a consequence of mitotic checkpoint
signaling2. Continuous treatment with microtubule
poisons often ultimately leads to cell death.

Molecularly targeted therapeutics
Several recent therapeutic advances are
based on agents that target the products of the genes
that are mutated in cancer cells. The idea of attacking
these proteins being consistent with a cardinal
principle of pharmacology: specificity. Molecularly
targeted therapeutic agents would not be expected to
be active against tissues that do not contain the
mutations of the drug target, with fewer harmful side
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effects as an additional benefit. In theory, the product
of any gene frequently mutated in cancer cells
provides a reasonable target for drug development. In
practice, however, proteins that are activated by
mutations (oncogene products like kinases) are better
targets than proteins that are inactivated by mutations
(tumor suppressor gene products). Restoration of
activity to a tumor suppressor gene product that has
been inactivated by a mutation or deletion is unlikely
to be achieved by small molecules or antibodies.
Although it is possible that drugs could be developed
against downstream pathways that are activated when
a tumor suppressor gene is mutated, this approach is
less direct and specific than a direct attack on an
activated oncogene product. Accordingly, recent
therapeutic efforts have targeted the oncogenes
products that are activated in various cancers.
A few widely known routinely used
therapeutics represent the first examples of
molecularly targeted anti-cancer drugs. Tamoxifentreatment of estrogen receptor (ER)-positive breast
cancer may be the first targeted therapeutic
successfully brought into clinical practice. ER and PR
(progesterone receptor) expression are predictive
markers for response of breast cancers to hormonal
therapy and are established biomarkers used in
adjuvant therapy decisions. Estrogen-dependent breast
cancers respond well to tamoxifen and other ER
antagonists by inhibition of the proliferation signals
downstream of the receptor12. Similarly, androgenablation therapy consists of treatment with androgen
receptor (AR) antagonists, although resistance may
occur after prolonged treatment.
Breakpoint cluster region-Abelson (BCRABL) protein is the consequence of a reciprocal
translocation between chromosomes 9 and 22 known
as the Philadelphia (Ph) chromosome, a cytogenetic
hallmark that is present in more than 95% of patients
with chronic myeloid leukemia (CML). The fusion
protein is a constitutively activated tyrosine kinase
whose activity is essential for the development and
persistence of the disease. Imatinib mesylate
(Gleevec) is the first clinically successful smallmolecule
tyrosine
kinase
inhibitor13-15.
It
competitively inhibits ATP binding to the kinase
domain of BCR-ABL and other tyrosine kinases, such
as ABL, ABL-related gene (ARG) product, c-Kit, and
PDGFRα.
Consequently,
it
prevents
the
phosphorylation of the kinases’ substrates and blocks
the formation of downstream intracellular growth
signals. With the molecular definition of the
translocation, it became possible to use RT-PCR to
identify minimal residual disease (MRD) through the
expression of the fused transcript16. A molecular
remission indicates the absence of leukemia cells
when assessed by sensitive molecular biology
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techniques. This is critically important because over a
year of treatment with imatinib mesylate is required to
drive patients into molecular remission, though
clinical remission is achieved much earlier17.
The expression or activation of the genes
encoding for epidermal growth factor receptor
(EGFR/ERBB1) and HER-2 (ERBB2) are altered in
many epithelial tumors. Approximately 25% of breast
cancer patients harbor HER-2/neu amplification and
this is associated with shortened time to relapse and
poor overall survival18. After it was recognized that
the overexpressed HER-2 protein was a target for
therapy, a humanized monoclonal antibody has been
developed which is reactive with HER-2. Use of this
antibody, called trastuzumab (Herceptin), in
combination with chemotherapeutics has resulted in
the reduction of recurrence by 50% and reduced the
risk of death by 30%, representing a significant
improvement over the results obtained with
chemotherapeutics alone19,20. Only approximately onethird of patients with HER2-overexpressing metastatic
breast cancer respond to trastuzumab as a single
agent21. Clinical resistance to trastuzumab may be
explained by the existence of compensatory pathways,
like activation of alternative ERBB receptor homoand heterodimers22. Signaling through other receptor
tyrosine kinases (RTKs) like insulin growth factor
receptor (IGF1R) may facilitate escape from
trastuzumab, as well as activation of PIK3CA, or loss
or mutation of PTEN23-27. Consequently, combination
strategies to alleviate these potential resistance
mechanisms may be required.
Several other tyrosine kinase-inhibitors and
monoclonal antibodies which target ERBB signaling
have entered clinical trials22. EGFR is targeted by
small-molecule inhibitors of its tyrosine kinase
domain, such as gefinitib (Iressa) and erlotinib
(Tarceva). Both agents are currently indicated for the
treatment of patients with advanced or metastatic nonsmall cell lung cancer after chemotherapy failure, but
they proved efficacious in only a subset of patients.
Responders to the drug were frequently women,
‘never-smokers’, and of East-Asian origin.
Retrospective studies of EGFR gene status in treated
lung cancer patients revealed that the great majority
(approx. 80%) of patients that responded to gefitinib
harbored activating EGFR mutations in their tumors2830
, thereby demonstrating the importance of molecular
analysis of the drug target to predict clinical efficacy.
Cetuximab (Erbitux) is a chimeric mAb that binds to
the extracellular domain of EGFR and competitively
inhibits ligand binding. The FDA has approved
cetuximab for the treatment of EGFR-positive
colorectal cancer patients as it increases response
rates in chemotherapy-resistant cancers31. Lapatinib is
a reversible small molecule inhibitor of HER2 and

EGFR tyrosine kinases and has entered clinical trials
in breast and other carcinomas. Results from these
trials indicate that clinical responses to lapatinib
monotherapy in patients with HER2-overexpressing
breast cancers are generally short-lived32. Acquired
resistance in breast cancer to ERBB inhibitors like
lapatinib may result from ER signaling involvement.
In a preclinical model, acquired resistance was
mediated by a switch in cell survival dependence
from HER2 alone to codependence upon ER and
HER233.
The drugs reviewed here not only inhibit the
mutant form of the target but also interact with or
inhibit the wild-type form. The model used to explain
the cancer selectivity of these agents involves
‘oncogene addiction’34. This refers to the idea that
cancer cells evolve specific genetic alterations
because they provide a selective growth advantage,
allowing them to survive under unfavorable
conditions. These ‘oncogenic’ lesions may include
point mutations, amplifications, overexpression,
deletions and translocations. The cancer cells are
dependent on these genetic lesions for their survival,
and interference with signaling regulated by the
affected genes prohibits growth. Normal cells, in
contrast, are not as dependent on such signaling or not
affected by the interference. Ideally, targeted
therapeutics should exploit this phenomenon and
inhibit the mutant form of the target, while having
minimal effects on the wild-type form. Such drugs
should have fewer side effects and doses could be
substantially increased, allowing better tumor
penetration and more effective tumor cell killing.
Unfortunately, tumors are very heterogeneous and can
acquire additional mutations that abolish the
dependence on the first lesion35. Thereby, they may
circumvent growth arrest or cell killing induced by
the targeted therapeutic agent and establish resistant
tumor subclones.

Companion diagnostics
Targeted therapeutic agents would not be
expected to be active against cancers that do not
contain the target or the genetic lesion. This contrasts
dramatically with the situation posed by conventional
chemotherapeutics, in which it is difficult, if not
impossible, to predict which cancers will respond.
The ability to identify the patients most likely to
benefit from targeted therapies is a natural outgrowth
of these discoveries. The optimal use of targeted
therapeutics therefore necessitates the development of
companion diagnostic methods to determine which
tumors contain (genetic alterations of) the target,
accompanying marker protein levels or gene
expression profiles, referred to as biomarkers36,37. In a

general sense, a biomarker is any measurable
diagnostic indicator that is used to assess the risk or
presence of disease38. Here, we would like to narrow
this definition to an indicator of the presence of a
subtype of disease, which is significantly different to
another subtype in prognosis, treatment options and
treatment outcome given the use of certain drugs.
Companion diagnostic techniques include DNA
sequencing,
qRT-PCR,
cytogenetics,
FISH,
immunohistochemistry and microarrays36.
Microarray technology is now appreciated
for the added diagnostic and prognostic power that the
expression patterns of many genes in the tumor
specimen can provide. Such expression patterns can
be indicative of disease subtypes39-42. Moreover, gene
expression signatures can provide prognostic
information, as has been demonstrated in a large
breast cancer study. A 70-gene set was used to
identify patients with a “poor prognosis” signature,
who were much more likely to develop distant
metastases than patients with a “good prognosis”
signature43,44. The integrative information provided by
the expression signature proved more powerful than
that of any one single gene. Since then, more studies
have demonstrated the power of a genomic approach
and many more are expected to follow. In the near
future, gene expression profiling may help identify
patient subgroups that are more likely to respond to a
certain chemotherapeutics or adjuvant therapies and
as such help to direct therapy choices.
Development of companion diagnostic tests
for patient stratification can simplify the drug
development process by making clinical trials more
efficient and informative, and should be used to
individualize the therapy for cancer patients. Suitable
biomarkers may help to identify a priori the individual
patients who will respond to the agent. If these
patients cannot be identified a priori, many more
patients have to be treated to demonstrate a
statistically significant clinical benefit than would
otherwise be necessary. This increases the ratio
between patients who suffer only the side effects and
those who benefit. Moreover, whether patients with
other cancer types might respond to this agent cannot
be predicted. For example, would it be possible to
predict which patients to treat based on the genetic
alteration(s) their tumors harbor rather than the
disease type? Clinical trial design would also be
easier if defined patient groups could be included
based on the most likely responders. Trials for agents
that provided a substantial benefit for a defined and
identifiable group would cost less in time and money
and will result in earlier FDA approval. The best
example of this phenomenon is imatinib mesylate, for
which initial regulatory approval was granted in less
than four months, based on a single phase 1 trial and a
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confirmatory trial and is now a first-line treatment for
CML13,45.

Targeted therapeutics, but no cancerspecific target
Several recently developed small-molecule
anti-cancer agents are not targeted to one single
altered or amplified gene product, but act on cell
structures or enzymes that are not cancer-specific. In
fact, their presumed target molecules are present in
normal cells and tumor cells alike and are not
generally overexpressed or mutated in cancer. Hence,
these agents seem to lack a cancer-selective target. In
contrast, on a molecular level, the (enzyme) targets of
these agents are blocked effectively and there is no
doubt about the activities of these agents on purified
protein extracts. It is therefore unclear why tumor
cells are more sensitive to these agents than their
normal counterparts. These new agents include
inhibitors of the proteasome, heat shock protein 90
(Hsp90) inhibitors and histone deacetylase (HDAC)
inhibitors.
The ubiquitin-proteasome pathway plays a
critical role in the regulated degradation of proteins.
Preclinical studies showed that proteasome inhibitors
can suppress tumor cell growth, induce apoptosis and
overcome resistance to standard chemotherapy agents
and radiation therapy. Bortezomib (Velcade, PS-341)
was the first proteasome inhibitor to be evaluated in
human clinical trials. Treatment with bortezomib
produced durable responses with meaningful survival
benefits in patients with recurrent and/or refractory
multiple myeloma46. In a large phase III trial,
bortezomib
was
compared
with
high-dose
dexamethasone in patients with relapsed multiple
myeloma. Patients treated with bortezomib had higher
response rates, a longer time to progression and a
longer survival than patients treated with
dexamethasone. It was concluded that bortezomib is
superior to high-dose dexamethasone for the
treatment of patients with multiple myeloma who
have had a relapse after one to three previous
therapies47. Based on this trial, bortezomib has
received regular approval from the FDA for the
treatment of multiple myeloma (MM) progressing
after at least one prior therapy48.
Hsp90 is a molecular chaperone and operates
as part of a chaperone complex to ensure proper
conformation, stability and function of ‘client
proteins’. Among these client proteins are the
products of mutated oncogenes and tumor suppressor
genes. The Hsp90-based chaperone machine is driven
by the hydrolysis of ATP and many of the inhibitors
of Hsp90 interrupt the intrinsic ATPase activity,
causing degradation of the client proteins via the

14

ubiquitin-proteasome pathway. In preclinical studies,
Hsp90 inhibitors induced proliferation arrest and
apoptosis alone or combined with conventional
chemotherapeutics.
The
natural
product
geldanamycin, a potent Hsp90 inhibitor49, has served
as a lead compound for the development of a series of
compounds for clinical usage. The first Hsp90
inhibitor in clinical trials is the geldanamycin analog
17-AAG
(17-allylamino,
17demethoxygeldanamycin). The toxicity of 17-AAG
has been mild and phase II clinical trials in various
cancers have been initiated as well as phase I trials of
combined therapy with 17-AAG50.
HDAC inhibitors (HDACI) are a diverse group
of compounds that induce, to a variable extent,
growth arrest, differentiation or apoptosis in vitro and
inhibition of tumor growth in mouse tumor
models51,52. In phase I trials, treatment with HDACI
was well-tolerated and in a few cases the maximal
tolerated dose (MTD) has not been reached in clinical
trials, implying that some HDACI have minimal
toxicity and a wide therapeutic window. HDACI are
currently tested for a range of malignancies in phase I
and II clinical trials51-53. Responses have been seen in
several solid and hematological cancers and
additional trials have been started to further evaluate
the clinical benefits of HDACI. One of these studies
was a phase IIb study evaluating the administration of
the HDACI suberoylanilide hydroxamic acid (SAHA,
vorinostat, Zolinza) in patients with advanced,
refractory cutaneous T-cell lymphoma (CTCL). In the
study, 30% of the patients responded to treatment
with vorinostat as measured by the objective response
rate54,55. Based on this trial, the FDA has approved
vorinostat capsules as second-line therapy for CTCL
in patients with progressive, persistent, or recurrent
disease following two systemic therapies.
The above compounds have in common that
they target enzymes that are ubiquitously expressed
and involved in a broad spectrum of pathways. In fact,
many if not all pathways rely on proper protein
folding and turnover, and a dynamic regulation of
transcriptional activation and silencing. Which
pathways are particularly sensitive to pharmacological
serum concentrations of these agents? What are the
molecular mechanisms of action of these compounds?
Answers to these questions may help improve drug
design of related compounds. Furthermore, they may
benefit the development of combination therapies to
increase treatment outcomes by optimizing the
regulation, shutdown or activation of the targeted
pathway. As for HDACI, we do not know the key
target(s) for HDACI action. Alternatively, the
simultaneous activation of several pathways (or all of
them required for maximal effect) may have a
synergistic function. A serious clinical problem is that

it is not known which patients are most likely to
respond to HDACI. Can we find biomarkers and
develop companion diagnostics for patient selection?
In the present thesis, we have addressed the
question as to which pathway(s) are very sensitive to
HDACI treatment and render transformed cells

vulnerable to HDACI-induced growth arrest and
apoptosis. The work described in this thesis uncovers
an unexpected connection between HDACI and
retinoic acid (RA) signaling. Below, HDACI and RA
signaling are therefore introduced in more detail.

Figure 1. Acetylation and methylation on nucleosomal histones
The nucleosome core particle consists of eigth histone proteins (two each of H2A, H2B, H3, H4; only one is
depicted), around which are wrapped 146 base pairs of DNA in 1 3/4 super-helical turns 56. The N-terminal tails of
the histone are protruding and are subject to a coordinated series of posttranslational modifications. Residues
that are potential acetylation and/or methylation sites are indicated, other types of histone modifications have
been left out for clarity. Adapted from ref. 53.

HDACs and protein acetylation
Epigenetics is defined as the reversible
heritable changes in gene function that occur without
a change in the sequence of nuclear DNA. Often, the
term epigenetics refers to modifications of histone
proteins. Chromatin consists of DNA wrapped around
histone proteins, organized in structural units termed
nucleosomes57. The architecture and compaction of
chromatin is modified by covalent posttranslational
modifications of histones. The tail regions of the
histones undergo a complex and coordinated series of
regulatory modifications, including acetylation,
methylation,
phosphorylation,
ubiquitylation,
sumoylation, ADP ribosylation, proline isomerization
and deimination (the conversion of an arginine to a
citrulline)58. An enlarging group of enzymes that
catalyze these histone modifications has been
identified58. Together, these modifications specify
chromatin functions and affect gene activity (Fig. 1).
HDACs are enzymes that catalyze the

removal of acetyl groups from lysines in histones and
other proteins. HDAC activity is counter-acted by the
activity of HATs (histone acetylases), which add
acetyl moieties to proteins59. Acetylation, particularly
of histone H3 and histone H4 tails, has almost
invariably been linked to a loosened chromatin
structure and activation of transcription60-62.
Conversely, histone hypoacetylation correlates with
condensed chromatin and transcriptional repression.
Many proteins other than histones are subject
to (de-)acetylation. Reversible acetylation can affect
stability and activity of a variety of non-histone
proteins. For example, p53 activity is regulated by
acetylation, the interactions of transcription factor IIB
with other proteins and with DNA are modified by
acetylation, and dimerization and translocation of
STAT3 are dependent on acetylation63-65. Hence,
acetylation is recognized as an important regulator of
protein activity in a much broader sense than was
originally thought. Considering the wide range of
protein substrates for HDACs and HATs, these
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enzymes had better been termed protein deacetylases
and protein acetylases.
All HDACs share a zinc-dependent catalytic
domain with a high degree of homology. The catalytic
domain occupies the bottom of a channel delimited by
a rim, which corresponds to the substrate pocket66.
Four HDAC classes have been identified based on the
degree of homology between the class members53.
Class I HDACs (HDAC1-3, 8) are related to yeast
RPD3, class II HDACs (HDAC4-7, 9, 10) are related
to yeast HDA1, and class IV contains one unrelated
member (HDAC11). Class III HDACs (sirtuins) are
related to yeast Sir2 and are structurally unrelated
NAD-dependent enzymes.

HDAC inhibitors
Molecules of a relatively wide range of
chemical structures are able to inhibit the activities of
HDACs53. They are derived from both natural sources
and synthetic routes and can be divided into the
following chemical classes, with representative
examples between brackets: hydroxamic acid
derivatives (trichostatin A / TSA, SAHA, PXD101),
small-chain fatty acids (sodium butyrate, valproic acid
/ VPA), benzamides (MS-275) and cyclic
tetrapeptides (depsipeptide / FK-228, spiruchostatin
A). For clarity, HDACI will be considered as a single
entity as they display comparable biological activities.
However, they might differ substantially in their
pharmacological properties (potency, efficacy,
stability and toxicity). Most HDACI block the activity
of class I, class II and class IV HDACs and are nonspecific to individual HDACs. Treatment with
HDACI induces histone hyperacetylation, growth
arrest, apoptosis and differentiation in tumor cell
cultures51,52. In some cases, growth arrest is induced at
low doses and apoptosis is induced at higher doses; in
other cases, growth arrest precedes apoptosis. Tumor
growth is inhibited by treatment of mice with HDACI
and several compounds are in clinical development,
as described above.
The (pre-)clinical efficacy of HDACI has
been attributed to the presumed gene activation upon
treatment with these agents53. The induction of
hyperacetylation would loosen the chromatin
structure, allowing for transcription factors to access
gene promoters. The resulting changes in gene
expresssion would explain the selective anti-cancer
effects of these agents53. The acetylation of nonhistone proteins is not taken into account. However, it
is unclear if this model correctly explains the mode of
action and clinical efficacy of HDACI. The
acetylation of non-histone proteins may be more
important than previously thought. Given that
vorinostat (SAHA) monotherapy is only effective in
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CTCL but not in many other cancers investigated,
suggests that vorinostat is selective for a certain
pathway that CTCL cells are much more dependent
on than other tumor cell types. The approach of
functional genetic screening used in this thesis has
been undertaken to find cues as to which pathways or
genes may be selectively targeted by HDACI.

Retinoids and RARs
Embryonic development relies on a set of
signaling molecules that are critically important in
multicellular organisms. These signaling molecules
provide positional information to cells, thereby
inducing and controlling cellular movements, cell
speciation and differentiation. One of these signaling
molecules is retinoic acid (RA), a metabolite of
dietary vitamin A. The last step of vitamin A
metabolism
is
catalyzed
by
retinaldehyde
dehydrogenase-2; gene ablation experiments have
shown that the absence of this enzyme leads to
embryonic death, demonstrating that RA is essential
for prenatal development 67. For proper development,
the strength and duration of RA signaling have to be
tightly regulated. Too little vitamin A leads to severe
malformations, and high concentrations are
teratogenic. The most important metabolite is all-trans
RA (ATRA) and ATRA can both prevent and reverse
the defects caused by a vitamin-A-deficient diet, with
the exceptions of night blindness and retinal
degeneration68. Other physiological metabolites with
signaling activity include 9-cis RA and 13-cis RA. In
the embryo and in the adult, retinoids have important
physiological functions, particularly in the brain, skin,
lung, liver, reproductive system and immune system,
by regulating organogenesis, organ homeostasis and
cell growth, differentiation and death68.
The receptors for retinoids are retinoic acid
receptors (RARs: α, β and γ) and retinoid X receptors
(RXRs: α, β and γ), which are all encoded by
different genes. ATRA is a specific ligand for RAR,
while 9-cis RA can activate RAR and RXR68.
Rexinoids are ligands that are highly selective for
RXR and may activate signaling pathways
independent of RAR. Class II nuclear hormone
receptors such as RARs act exclusively as dimers
with RXRs. RXR is a promiscuous receptor and also
forms heterodimers with thyroid hormone receptor
(TR), vitamin D receptor (VDR) or peroxisome
proliferator-activated receptor (PPAR)69,70. Geneablation experiments have demonstrated a high degree
of functional redundancy among RARs in vivo.
RARα knockout mice display postnatal lethality71,
RARβ mice are viable without apparent
abnormalities72, RARγ knockout mice are viable but
exhibit growth deficiency, early lethality and male

sterility73. Compound RAR knockouts show severe
congenital abnormalities, including skeletal and organ
defects, and die in utero or shortly after birth74,75.
RXRα mice are embryonic lethal, and RARα/RXRα
double knockout mice have a more severe phenotype
with several malformations not seen in single
mutants.
Nuclear receptors bind DNA and act as
transcription factors in the presence of their cognate
ligands. RAR-RXR dimers bind to DNA at specific
sites in the promoters of RA target genes (RAREs:
RA responsive elements) consisting of direct repeats
(also known as DR1, DR5)76. In the absence of ligand,
RAR represses transcription due to interaction with
corepressors such as nuclear receptor corepressor
(NCoR)77 or silencing mediator for retinoid and
thyroid hormone receptors (SMRT)78 which, in turn,
are tethered to HDACs79. The non-liganded RAR has
also been termed the apo-receptor, whereas the
liganded RAR has been termed the holo-receptor,
referring to receptor conformation. Upon binding of
RA to its receptor, the corepressor complex is
released and exchanged for a coactivator complex80.
This ‘coregulator exchange’ induces allosteric
changes in the ligand binding domain (LBD) of the
receptor, most importantly movement of H12, the
carboxy-terminal alpha-helix81. The coactivators CBP,
p300 and PCAF and the p160 family members SRC1,
TIF2/GRIP1 and ACTR/RAC3/AIB1 possess intrinsic
HAT activity, leading to chromatin decondensation80.
A
second
type
of
complex,
the
TRAP/SMCC/mediator complex establishes contact
with the basal transcription machinery, leading to
transcription initiation82,83.

Retinoids and cancer
Retinoids have been appreciated for their ability to
induce differentiation, growth arrest and/or apoptosis
in different cell types and their anti-cancer effects in
preclinical cell and animal models68. Retinoids have
been tested in patients suffering from a variety of
cancers and clinical effects have been found in several
malignancies68. ATRA (tretinoin) combined with
chemotherapy is now a standard differentiation
therapy for acute promyelocytic leukemia (APL) (see
below). A phase III trial with high-risk neuroblastoma
patients on 13-cis RA (isotretinoin) showed
improvement of event-free survival84. 9-cis RA
(alitretinoin, panretin) has been cleared by the FDA
for topical treatment of Kaposi’s sarcoma85. ATRA or
13-cis RA is a standard therapy for leukoplakia for the
prevention of oral cancer86. The rexinoid bexarotene
(LGD1069, Targretin) has been approved by the FDA
for the treatment of persistent or refractory cutaneous
T cell lymphoma (CTCL)87.

Figure 2 PML-RAR inactivates gene trans-cription
In acute promyelocytic leukemia (APL), the
translocation product PML-RARα recruits coregulatory proteins (CoR) such as NCoR, SMRT and
HDACs to the promoters of genes containing retinoic
acid-responsive elements (RAREs), leading to gene
inactivation. PML–RARα then sequentially recruits
DNA methyltransferases (DNMT1 and DNMT3a) and
histone methyltransferases (SUV39 and EZH2)
resulting in DNA and histone methylation and further
silencing of target genes. Adapted from ref. 53.

The majority of cases (98%) of APL is
caused by the t(15;17) translocation, which juxtaposes
the promyelocytic leukemia (PML) and RARα genes
to yield an oncogenic fusion protein, PML–RARα88,89.
Rare variant APLs are associated with other
translocations that all involve RARα (X–RARα)90.
For example, the t(11;17) translocation fuses the
PLZF (promyelocytic leukaemia zinc finger) protein
to RARα91,92, but in isolated cases, RARα has been
found fused to nucleophosmin (NPM), nuclear mitotic
apparatus protein (NuMA), or signal transducer and
activator of transcription 5b (STAT5b)93-95. The
resulting chimeric genes encode for functionally
altered, oncogenic RARs, which block myeloblast
differentiation, resulting in acute leukemias. In
addition, PML–RARα is a gain-of-function
transcription factor that has an extended spectrum of
DNA-binding sites96. The protein also alters the
intranuclear distribution of PML and other nuclearbody-associated proteins97.

17

Chapter 1

PML–RARα is a much more potent transcriptional repressor than RARα, due to its increased
affinity for SMRT and N-CoR proteins. PML-RARα
recruits HDACs through SMRT resulting in
promoter-bound repressor complexes. The NCoR/SMRT-HDAC3 corepressor complex is stable in
physiologic concentrations of RA, but can be released
and replaced by co-activators by treatment with
pharmacological doses of RA98-100. Furthermore,
PML-RARα interacts with DNA methyltransferases
(DnMTs) to establish tight and permanent
transcriptional silencing101. PML-RARα also recruits
the histone methyltransferase SUV39 and the
polycomb protein EZH2 to further silence target
genes through histone methylation101,102 (Fig. 2).
Treatment of APL t(15;17) cells with RA
induces myeloblast differentiation, PML-RARα
degradation and activates a set of RAR target genes.
Importantly, RA treatment induces clinical remission
in the majority of APL patients103. In contrast, patients
with the PLZF-RARα translocation are resistant to
retinoic acid therapy due to an additional
transcriptional repression domain in PLZF104. In vitro,
PLZF-RARα myeloblasts differentiate when they are
treated with a combination of RA and HDAC
inhibitors98. In patients with a t(11;17) translocation,
partial sensitivity to RA can be increased by treatment
with granulocyte–macrophage colony-stimulating
factor (GM-CSF) or hydroxyurea - these combination
therapies resulted in complete clinical remissions in
patients105,106.
The PML part of the PML-RARα
translocation product is covalently modified by
SUMO (small ubiquitin-like modifier) at lysine K160.
This sumoylation is required for full transcriptional
repression, recruitment of the repressor protein
DAXX (death-associated protein 6) and induction of
the APL phenotype in mice107-109. Sumoylation of
PML and PML-RARα is also required for
proteasome-mediated degradation. Arsenic trioxide, a
non-specific agent, increases PML sumoylation and
thereby drives PML and PML–RARα degradation in
both cell lines and mouse models109-111. Moreover, RA
and arsenic trioxide have synergistic activity in
inducing differentiation in leukemic blasts. Recently,
randomized clinical trials have confirmed the benefit
of dual RA and arsenic therapy for patient
outcome112,113.
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Outline of this thesis
We have addressed the mechanisms of action
of HDACI by functional genetic screening in chapter
2. This screen revealed a role for RA signaling in the
sensitivity of cells to HDACI. One of the identified
genes encoded for the tumor antigen PRAME
(PReferentially expressed Antigen of MElanoma) and
in chapter 3 the function of PRAME is described in
detail. Another gene identified in the screen,
UNC45A, is described in chapter 4. Chapter 5
describes a second screen for targets of HDACI using
RNA interference, revealing a role for HR23B and the
proteasome. In chapter 6, the prognostic value of
PRAME expression in breast cancer is described.
Chapter 7 reviews the current insights in PRAME
expression and function in cancer. Finally, the main
findings of these studies an their implications are
discussed in chapter 8.
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and René Bernards*¶
*Division of Molecular Carcinogenesis and Center for Biomedical Genetics, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX, Amsterdam,
The Netherlands; ‡Centre for Oncology and Applied Pharmacology, University of Glasgow, Cancer Research United Kingdom Beatson Laboratories,
Garscube Estate, Glasgow G61 1BD, United Kingdom; and §Department of Cell Biology and Signal Transduction, Institut de Genetique et de Biologie
Moleculaire et Cellulaire/Centre National de la Recherche Scientiﬁque/Institut National de la Santé et de la Recherche Médicale/Université Louis
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Understanding the pathways that are targeted by cancer drugs is
instrumental for their rational use in a clinical setting. Inhibitors of
histone deacetylases (HDACI) selectively inhibit proliferation of
malignant cells and are used for the treatment of cancer, but their
cancer selectivity is understood poorly. We conducted a functional
genetic screen to address the mechanism(s) of action of HDACI. We
report here that ectopic expression of two genes that act on
retinoic acid (RA) signaling can cause resistance to growth arrest
and apoptosis induced by HDACI of different chemical classes: the
retinoic acid receptor ␣ (RAR␣) and preferentially expressed antigen of melanoma (PRAME), a repressor of RA signaling. Treatment
of cells with HDACI induced RA signaling, which was inhibited by
RAR␣ or PRAME expression. Conversely, RAR-deﬁcient cells and
PRAME-knockdown cells show enhanced sensitivity to HDACI in
vitro and in mouse xenograft models. Finally, a combination of RA
and HDACI acted synergistically to activate RA signaling and inhibit
tumor growth. These experiments identify the RA pathway as a
rate-limiting target of HDACI and suggest strategies to enhance
the therapeutic efﬁcacy of HDACI.
biomarker 兩 chromatin modiﬁcation 兩 drug resistance 兩 epigenetics 兩
nuclear hormone receptor

E

pigenetic DNA and histone modifications are appreciated as
major determinants in the control of gene activity, and they are
extensively deregulated in cancer. Histone acetylation is regulated
by the opposing activities of histone acetyltransferases (HATs) and
histone deacetylases (HDACs), which catalyze the addition and
removal of acetyl groups to histones, respectively, and to a growing
list of nonhistone substrates (1). The activities of HATs and
HDACs are altered in several human cancers, and modulation of
these classes of enzymes provides a potentially attractive therapeutic modality (2, 3). Several classes of HDAC inhibitors (HDACI)
have been identified that block enzyme activity, resulting in global
histone hyperacetylation. A wide array of literature on HDACI
exists, describing their various effects, including G1 and G2/M cell
cycle arrests, apoptosis, and differentiation, and several HDACI
have entered clinical trials (2–4). Gene expression profiling studies
revealed that HDACI treatment induces alterations in transcription
of ⬍5% to ⬇20% of expressed genes (5, 6) and have not elucidated
a consistent picture of the pathway(s) or target(s) that are modulated by HDACI and, consequently, have not provided a comprehensive explanation for their anticancer effects.
To identify cellular targets of HDACI action in transformed cells,
we used the approach of large-scale functional genetic screening. In
this screen we asked which genes or pathways could confer cellular
resistance to HDACI. The present work provides evidence that the
retinoic acid receptor (RAR) pathway is targeted by HDACI and
that the cytotoxic effects of HDACI in solid tumor cells are, at least
in part, through derepression of retinoic acid (RA) signaling.

functional genetic screen. The hydroxamate HDACI PXD101 was
used to screen a high-complexity human cDNA expression library
in p53-deficient mouse embryonic fibroblasts (MEFs) with an
oncogenic RasV12 gene (RasV12 MEFs), which were used as a
genetically well defined model for malignant cells. After infection
of the cells with the retroviral cDNA library, cells were seeded at
low density and were cultured in 1 M PXD101. The majority of
the infected cells ceased to proliferate and underwent apoptosis. A
small number of surviving cells formed colonies despite continued
exposure to PXD101, and these single colonies were picked and
expanded for sequencing of the proviral inserts (Fig. 1a). The
identified cDNAs in independent colonies encoded for RAR␣ and
the tumor antigen preferentially expressed antigen of melanoma
(PRAME) (7). We cloned the wild-type cDNAs for RAR␣ and
PRAME and introduced them into RasV12 MEFs and found that,
indeed, these cDNAs conferred resistance to 1 M PXD101 in
colony formation assays (Fig. 1b). In proliferation assays, RAR␣and PRAME-expressing cells continued to grow in the presence of
1 M PXD101, whereas control cells were arrested (Fig. 1c). Low
doses of HDACI induce growth arrest of solid tumors, and high
doses induce apoptosis. The growth advantage of RAR␣ and
PRAME existed over a range of PXD101 concentrations (0.5–3
M), including low doses with predominant growth arrest and high
doses with growth arrest and apoptosis [see supporting information
(SI) Fig. 6]. The intrinsic growth rate of RasV12 MEFs was not
affected by the introduction of RAR␣ or PRAME because all cells
proliferated equally fast in the absence of PXD101 treatment (Fig.
1c). To assess the effects of these genes on apoptosis, we measured
caspase activity in cells exposed to a range of HDACI concentrations (0.1–10 M). RAR␣ and PRAME expression inhibited the
induction of apoptosis by HDACI in a concentration-dependent
manner (SI Fig. 6).
RAR␣ and PRAME Inhibit HDACI-Induced RA Signaling. Cells with
ectopic RAR␣ and PRAME were not devoid of responses to
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Fig. 1. Functional genetic screen to identify HDACI resistance genes. (a)
Schematic outline of the genetic screen. A complex retroviral human cDNA
library was introduced in oncogenic RasV12-transformed p53⫺/⫺ MEFs (RasV12
MEFs) and plated at low density. The cells were selected for growth in the
continuous presence of 1 M PXD101, and individual colonies were isolated
after 3 weeks. Proviral insertions were mobilized by infection with wild-type
Moloney leukemia virus (MoLV), and new cells were infected with the mobilized virus and subjected to a second round of selection in 1 M PXD101.
Proviral cDNA inserts in resistant colonies were recovered by PCR and sequenced. (b) In colony formation assays, RasV12 MEFs were transduced with
PRAME, RAR␣, or GFP (control) retrovirus, plated at low density, and treated
with 1 M PXD101. (c) Proliferation of RasV12 MEFs with RAR␣ or PRAME in the
presence of 1 M PXD101.

PXD101 because acetylhistone H3 and H4 and p21cip1 levels
increased as expected upon treatment with 1 M PXD101 (Fig. 2a).
This result indicates that the identified cDNAs acted downstream
of global histone hyperacetylation to rescue cells from HDACIinduced growth arrest. RAR␣ is a member of the family of nuclear
hormone receptors and is a dual transcription factor, which is bound
to corepressor complexes in the absence of ligand but transactivates
its target genes upon binding of RA (8). PRAME was recently
described as a dominant repressor of RA signaling (9). Thus, the
genetic screen described above identified two genes that act in the
same pathway, raising the possibility that resistance to HDACI is
connected to RA signaling. To test this connection, we transfected
RasV12 MEFs with a luciferase construct containing retinoic acidresponsive elements (RAREs; RARE3-tk-luc). Treatment of the
cells with 0.5–5 M PXD101 activated the reporter in a concentration-dependent manner, but expression of RAR␣ attenuated the
induction of RA signaling by PXD101 (Fig. 2b). Overexpression of
RAR␣ also inhibited the up-regulation of its direct target RAR␤
(16) by RA (Fig. 2c), which suggested that ectopically expressed
RAR␣ had acted as a transcriptional repressor in the screen.
Similarly, PRAME blocked RA signaling induced by 0.5–5 M
PXD101 (Fig. 2d). These results raised the possibility that repression of the RA pathway is a mechanism of HDACI resistance and
that derepression of the RA pathway is one of the mechanisms
through which HDACI exert their anticancer activity.
HDACI of different chemical classes were tested for their effects
on the RAR␣- and PRAME-expressing cells, including MS-275 (a
benzamide), SAHA (a hydroxamic acid derivative), butyric acid (a
small-chain fatty acid), and spiruchostatin A (a cyclic tetrapeptide
with activities similar to FK-228/depsipeptide) (10). Exposure to
these HDACI effectively arrested control cells, but RasV12 MEFs
with ectopic RAR␣ and PRAME were able to grow to higher cell
densities than were GFP controls (Fig. 3c). The effects of these
HDACI on RA signaling were measured, and all were found to
induce RAR transactivation, which could be blocked by RAR␣ and
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Fig. 2. RAR␣ and PRAME inhibit RA signaling induced by HDACI. (a) RasV12
MEFs were transduced with PRAME or RAR␣ retroviruses and treated with 1
M PXD101 for 16 h. Cell extracts were immunoblotted for acetyl-H3, acetylH4, p21, PRAME, RAR␣, and CDK4 (loading control). (b and d–f ) RAR␣ and
PRAME inhibit HDACI-induced RA signaling. RasV12 MEFs (b and d) and U2OS
cells (e and f ) were cotransfected with expression vectors for RAR␣ and PRAME
and the RARE-luc reporter, and the cells were treated with the indicated
HDACI. *, P ⬍ 0.05; **, P ⬍ 0.005. (c) Immunoblot from cells treated with 1 M
RA or 1 M PXD101 for 48 h showing the induction of RAR␤.

PRAME expression (Fig. 2 e and f for MS-275 and spiruchostatin
A, respectively). These observations indicate that the RA pathway
is targeted by multiple HDACI, independent of structural class. The
colony formation assays were then repeated with other commonly
used chemotherapeutic drugs (cisplatin, 5-FU, bortezomib). As
expected, these drugs caused concentration-dependent cell death,
but RAR␣ and PRAME did not confer resistance to any of these
agents (SI Fig. 7). Thus, the protective effect of the RA pathway
showed specificity for HDACI. Furthermore, both genes conferred
resistance to PXD101 in a variety of cell lines from solid tumors (SI
Fig. 8). The use of multiple cell lines and mouse models throughout
this work suggests that the observed phenotypes are not restricted
to a single cell line but have general validity. In a few cell lines with
low endogenous RAR␣ expression, PRAME expression did not
rescue from HDACI, consistent with the notion that PRAME acts
through RAR␣ (9). When we coexpressed both genes in these cell
lines, a higher level of HDACI resistance resulted than appeared
with either gene alone (SI Fig. 8).
Resistance to HDACI Requires Repression of the RA Pathway. To
investigate further the role of RA signaling in HDACI resistance,
we used several mutants of RAR␣. The C-terminal ligand-binding
domain of RAR␣ contains a repression function and a liganddependent activation function AF-2 (11). The AF-2 activation
domain (AD) core corresponds to the ␣-amphipathic helix H12,
and its integrity is essential for the ligand-inducible activation of
RAR (12, 13). The RAR␣-Rac mutant is an AF-2 AD coredeficient mutant caused by a small internal deletion, and RAR␣-

Fig. 3. Effects of RAR␣ and PRAME expression on sensitivity to HDACI. (a and
b) The repression function of RAR is sufﬁcient for rescue from PXD101. RasV12
MEFs were transduced with full-length RAR␣, mutants of RAR␣, or GFP
(control) and were subsequently treated with 1 M PXD101 in colony formation assays. (c) RasV12 MEFs with RAR␣, PRAME, or GFP (control) expression
were subjected to colony formation assays in 2 M MS-275, 2 M SAHA, 15 nM
spiruchostatin A, or 2.5 mM butyrate. (d) Schematic representation of PRAME
indicating seven putative NR boxes (LXXLL) with numbers indicating the ﬁrst
amino acid residue of each motif. PRAME NR box mutants were generated by
replacement of leucines (L) by valines (V), and arrows indicate the mutant
sequences. RasV12 MEFs were transduced with retroviruses encoding these
PRAME NR box mutants and treated with 1 M PXD101 in colony formation
assays. (e) RAR␣ mutants were tested for their abilities to repress RA signaling
in U2OS cells treated with 2 M PXD101. *, P ⬍ 0.05; **, P ⬍ 0.005.

DE-Rac only comprises the ligand-binding domain of RAR␣ and
also lacks the AD core. RAR␣-Rac is a constitutive inhibitor of
RAR transactivation, both in the presence and absence of RA.
RasV12 MEFs expressing wild-type RAR␣ and RAR␣-Rac were
able to proliferate and form colonies in the presence of 1 M
PXD101, but cells expressing RAR␣-DE-Rac failed to do so, most
likely because of the lack of the DNA-binding domain (Fig. 3a).
Consistent with this finding, RAR␣-Rac was able to repress
RARE3-tk-luc reporter activity induced by PXD101, but RAR␣DE-Rac was unable to do so (Fig. 3e). The RAR-R4 mutant is
unable to bind ligand and was also able to rescue cells from
PXD101-induced growth arrest and apoptosis (Fig. 3b). Similarly,
a fusion of RAR␣ with the promyelocytic leukemia-sequestrated
repressor protein DAXX (14) was able to confer resistance to
PXD101 in colony formation assays (Fig. 3b). These results indicate
that the transactivation function of RAR␣ is dispensable for
resistance to PXD101 and that the repression function of RAR␣ is
sufficient to allow cell survival and proliferation in the presence of
HDACI.
Modulators of nuclear receptor signaling often contain one or
more nuclear receptor (NR) boxes, LXXLL motifs (where L is
leucine and X is any amino acid), which mediate binding to the
receptors. PRAME contains seven putative NR boxes (Fig. 3d),
and it has been reported that only the most C-terminal NR motif
in PRAME, LRELL, is required for binding to RAR␣ and
repression of RA signaling (9). We expressed NR box mutants of
PRAME in RasV12 MEFs and observed that all PRAME mutants
allowed colony formation in 1 M PXD101 to a similar extent,
except for the C-terminal NR box mutant, LREVV (Fig. 3d).
Because only this mutant also failed to repress RA signaling (9), this
result is in keeping with the notion that PRAME allows rescue from

Fig. 4. RAR- and PRAME-deﬁcient cells are sensitive to HDACI. (a) RAR␣␤␥
TKO MEFs and their matched controls were subjected to colony formation
assays in the presence of 0.25 M PXD101, 0.025 M TSA, or 0.25 g/ml SAHA.
(b) Colony formation assays in 0.25 M PXD101 with TKO MEFs after introduction of human RAR isoforms. (c and d) Western blots with lysates of TKO
MEFs infected with retroviruses encoding human RAR isoforms or GFP (control) with or without treatment with 1 M PXD101 for 16 h. (e) A375 melanoma cells were stably transfected with pRS-PRAME to knock down endogenous PRAME and are indicated as A375-PRAMEKD cells. ( f) A375 cells were
cotransfected with pRS-PRAME and the RARE-luc reporter and treated with
PXD101. *, P ⬍ 0.05; **, P ⬍ 0.005. (g) Proliferation of A375 and A375PRAMEKD cells in the presence of 0.25 M PXD101. (h) Apoptosis was induced
in A375 and A375-PRAMEKD cells by treatment with PXD101 for 24 h before
detection of caspase 3/7 activity. *, P ⬍ 0.05; **, P ⬍ 0.005.

a PXD101-mediated proliferation arrest by binding to and inhibition of RAR␣.
Effects of HDACI in RAR-Deficient MEFs. To investigate further the
role of RAR in the cellular toxicity by HDACI we determined the
sensitivity to HDACI of cells deficient for all three isoforms,
RAR␣, ␤, and ␥. These triple knockout RAR⫺/⫺ MEFs (TKO
MEFs) were compared with their matched controls for sensitivity
to HDACI in colony formation assays. The TKO MEFs were more
sensitive to HDACI than wild-type control cells because administration of low (‘‘permissive’’) HDACI concentrations allowed proliferation of control MEFs, whereas the TKO MEFs were arrested
(Fig. 4a and SI Fig. 7). Subsequently, we reconstituted RAR
function in TKO MEFs by introducing the three human RAR
isoforms (Fig. 4d). Exogenous expression of RAR␣ rescued TKO
MEFs from PXD101-induced growth arrest, but neither RAR␤ nor
RAR␥ could mediate this effect (Fig. 4b). Expression of the RAR
isoforms did not alter the induction of global histone H3 and H4
hyperacetylation by PXD101 (Fig. 4c).
Knockdown of PRAME Sensitizes Cells to HDACI. The tumor antigen

PRAME is expressed in a variety of human cancers (15). It has been
shown that knockdown of PRAME relieves repression of the RA
pathway, resulting in enhanced RA signaling and decreased proliferation rates of melanoma cells in the presence of RA (9). To
investigate whether endogenous PRAME expression in human
tumor cells also attenuates HDACI-induced RA signaling, we used
RNAi to knock down PRAME by introducing the specific short
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istration of PXD101 to xenografted mice resulted in a slight growth
delay (13%) of A375 tumors but a substantial growth delay (30%)
of A375-PRAMEKD tumors (Fig. 5b). Accordingly, the tumor
doubling times of A375-PRAMEKD tumors in PXD101-treated
mice were significantly longer than A375 tumors (P ⬍ 0.0001). The
differential responses to PXD101 upon PRAME down-regulation
is most readily explained by the function of PRAME as a negative
regulator of RAR (9).

Fig. 5. Effects of knockdown of PRAME on sensitivity to PXD101 in mouse
models. (a and b) Xenografts (s.c.) of A375 and A375-PRAMEKD cells. Once
tumors had reached a palpable size, the mice were administered 5 mg/kg RA
(a) or 60 mg/kg PXD101 (b) daily. PXD101 inhibited the growth of PRAMEKD
tumors (P ⬍ 0.0001). The tumor volumes presented are relative to day 0. (c)
U2OS cells were treated with 5 M PXD101, 1 M TSA, or 5 g/ml SAHA with
or without 1 M RA, and RAR-dependent transactivation was determined by
activation of the RARE3-tk-luc reporter. F tests were conducted to determine
whether the effects of RA and HDACI were synergistic. *, P ⬍ 0.0001. (d) The
RAR␤2 promoter-luc reporter was transfected into U2OS cells before treatment with 0.1 M RA, 2 M PXD101, 2 M SAHA, or 20 nM spiruchostatin A.
Synergy was tested and shown as *, P ⬍ 0.0001; **, P ⬍ 0.005. (e and f )
Xenografts (s.c.) of A375 (e) and A375-PRAMEKD ( f) cells. The mice were
administered suboptimal doses of RA (2.5 mg/kg), PXD101 (40 mg/kg), or both
daily for 7 days, and then treatment was halted. A375 tumors did not respond
to these treatments. Only the combination treatment inhibited the growth of
PRAMEKD tumors. *, P ⬍ 0.002.

hairpin RNA vector pRS-PRAME in human A375 melanoma cells,
which express high levels of endogenous PRAME (9) (Fig. 4e).
Knockdown of PRAME did not affect histone H3 hyperacetylation
and the increase in p21 levels by PXD101. To test the effects of
PRAME knockdown on RA signaling, A375 cells were cotransfected with the RARE3-tk-luc reporter and pRS-PRAME. Knockdown of PRAME enhanced PXD101-mediated RAR transactivation in a dose-dependent manner (Fig. 4f ). To ask whether
knockdown of PRAME also enhanced the antiproliferative effects
of PXD101, we made derivatives of A375 with stable knockdown of
endogenous PRAME, which we indicate as A375-PRAMEKD cells
(Fig. 4e). A375 cell growth was inhibited by PXD101, but A375PRAMEKD cells were more sensitive to PXD101 than were parental and vector control cells (Fig. 4g). Knockdown of PRAME
also sensitized the cells to caspase-dependent apoptosis induced by
PXD101, trichostatin A (TSA), and butyrate (Fig. 4h and SI Fig. 9).
Subsequently, we xenografted A375 and A375-PRAMEKD cells
in nude mice to assess the in vivo effects of RA and PXD101. Once
the tumors had reached a palpable size, the mice were administered
5 mg/kg RA or 60 mg/kg PXD101 under a daily regimen. A375PRAMEKD tumors demonstrated a growth delay compared with
A375 tumors and were sensitive to RA-induced growth inhibition,
whereas A375 tumors were fully resistant to RA (Fig. 5a). Admin-
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Cooperative Effects of RA and HDACI. The above findings led us to
examine the effects of combination treatments of HDACI and RA
in vitro and in vivo. We observed a synergistic induction of RAR
transactivation when cells were treated with combinations of RA
with different HDACI compared with either drug alone (Fig. 5c
and SI Fig. 10). The activation of RA signaling by RA and HDACI
was greater than the added effects of either agent alone. We
therefore conclude that the activation of RA signaling by combinations of RA and HDACI is synergistic, which was confirmed by
statistical analysis (Fig. 5c and SI Fig. 10). Similarly, the promoter
of RAR␤2, a bona fide RAR␣ target gene (16), was synergistically
activated by combinations of RA plus HDACI (Fig. 5d). The
promoter of RAR␤ is directly responsive to RA through its RARE
(16), and we have shown previously that PRAME can inhibit the
endogenous RAR␤2 promoter in a RA-dependent manner (9).
However, a RAR␤2 promoter with a mutated RARE (M3M7-luc)
was unresponsive to RA, HDACI, and the combination thereof,
confirming the involvement of the RARE in these effects (SI Fig.
10). The transcriptional effects of HDACI are often mediated by
SP1 sites in gene promoters, e.g., p21 is activated by HDACI
through SP1 sites in its promoter, independent of p53 status (17).
The tk minimal promoter contains two SP1 sites, and a tk-luc
reporter was moderately responsive to HDACI but was not activated by RA (SI Fig. 10). However, addition of the RAR␤2
promoter to the tk-minimal promoter (RAR␤2-tk-luc) allowed for
a strong response to RA and to combinations of RA and HDACI
(SI Fig. 10). These experiments indicate that both RAREs and SP1
sites contributed to the synergistic responses to HDACI and RA.
This finding may be explained by the interaction of RAR␣ with
HDACs and by the repression of SP1 sites by HDACs (18).
Moreover, it has been demonstrated that SP1 sites can themselves
function as RAREs (19).
Subsequently, we investigated the effects of combination treatments of RA and PXD101 in vivo. Mice with xenografted A375 and
A375-PRAMEKD tumors were administrated RA, PXD101, or
both under a daily regimen. To allow for cooperative effects to
occur, we used a suboptimal dose of RA (2.5 mg/kg) and an
ineffective dose of PXD101 (40 mg/kg), as determined in previous
dose-response titration experiments. A375 melanoma tumors were
fully resistant to both agents and continued to grow without delay,
despite the treatments (P ⫽ 0.2211) (Fig. 5). The growth of
A375-PRAMEKD tumors was not affected by RA or PXD101
alone. Interestingly, A375-PRAMEKD tumors demonstrated sensitivity to the combination of low-dose drugs and were growthinhibited when tumors were treated with RA and PXD101 together
(P ⬍ 0.002) (Fig. 5f ).

Discussion
In the present work we used a functional genetic approach to gain
insight into the molecular pathways targeted by HDACI that are
rate-limiting for growth. The present data demonstrate that largescale genetic screens are powerful tools to identify critical genes and
pathways targeted by compounds of clinical interest. Our results
provide evidence for the involvement of the RA pathway in the
antiproliferative and proapoptotic effects induced by HDACI and
are consistent with a model in which HDACI exert their cellular
effects, at least in part, by derepression of RAR signaling through
inhibition of the enzymatic activity of HDACs in the RAR repression complex. This inhibition leads to partial activation of RAR

target genes. The observed synergistic action of RA with HDACI
is consistent with this model because inhibition of HDACs in the
RAR repressor complex by HDACI would aid the switch from the
RAR␣ repressor function to the activator function. In agreement
with this model, we found that RAR␣, but not RAR␤ or RAR␥,
can confer resistance to HDACI. In the absence of ligand, RAR␣
is a strong repressor of target gene expression, whereas both RAR␤
and RAR␥ fail to repress and may even mediate ligandindependent transcriptional activation (20). Indeed, we find that
RAR␣ overexpression inhibits RA signaling and induction of
RAR␤ (Fig. 2c). Thus, the finding that RAR␣ confers resistance
to HDACI is consistent with the notion that restoration of repression is required to bypass HDACI cytotoxicity. It is important to
note that the reported induction of HDACI resistance by RAR␣
and PRAME is seen at concentrations of drug that are similar to
the plasma concentrations obtained in patients.
The observed synergy between RA and HDACI suggests that the
antitumor effect of HDACI may be enhanced when they are
combined and provides a rationale for combining these two compounds in clinical studies. Indeed, in several mouse xenograft
studies involving renal cell carcinoma and neuroblastoma, synergistic tumor growth inhibition has been observed with HDACI plus
retinoids (21–24).
The genetic screen was not exhaustive (only one cDNA library
was used), and the cDNAs for RAR␣ and PRAME were each
detected only once. Our data therefore certainly do not rule out that
HDACI have additional effects and targets and that other mechanisms of resistance exist. The observation that cells lacking all
RARs still show sensitivity to HDACI demonstrates that RAR
repression is required for HDACI resistance but at the same time
underscores that other targets also mediate cytotoxic effects of
HDACI. Consistent with this observation, several studies have
demonstrated that specific genes can mediate HDACI-induced
cytotoxicity, including the ROS-scavenger thioredoxin in solid
tumor cells and the death receptor pathway components Fas and
TNF-related apoptosis-inducing ligand in leukemias (25–27). In
addition, the failure to activate G2/M cell cycle checkpoints that are
available in normal cells and transcription-independent mechanisms in mitosis are involved in the mechanisms of action of
HDACI (28, 29).
Cutaneous T cell lymphomas (CTCL) are malignancies of T cells
appearing as skin lesions, and they have shown responsiveness to
HDACI in clinical trials (30). In CTCL patients, retinoid X receptor
(RXR)-selective retinoids (rexinoids) have proven effective for the
treatment of refractory disease (31). Recently, the first CTCL
patient treated with a combination of HDACI and a rexinoid has
been reported, and this patient showed massive tumor necrosis of
lymphoma lesions and no new lesions after discontinuation of
treatment (32). The mechanism of the remarkable antitumor action
of rexinoid and HDACI therapy in this patient has not been
clarified. RXR is the obligate heterodimerization partner of RAR
and is required for DNA binding, repression, and activation of gene
transcription. Based on our genetic data, it can be hypothesized that
the clinical utility of the combination of HDACI and rexinoids
could be based on their effects on RAR/RXR signaling.
Materials and Methods
Plasmid Construction, Reagents, and Antibodies. RAR and PRAME
expression constructs were generated by cloning the respective
wild-type and mutant human RAR and PRAME cDNAs into the
cytomegalovirus-driven expression vectors pSG5 or pcDNA3.1 and
into the retroviral vectors pMX, pMSCV, or pBabe-puro. RAR
wild-type and mutant constructs and the luciferase reporters were
kindly provided by H. Stunnenberg (Nijmegen, The Netherlands)
and H. de Thé (Paris, France). The RAR␤2-luc (also termed
R140-luc) and M3M7-luc reporters were as described (33), and the
RAR␤2-tk-luc reporter was made by cloning the RAR␤2 promoter
in a preexisting tk-luc plasmid. The RAR-Rac mutation has a 29-aa

deletion in the C-terminal part of the ligand-binding domain
comprising the AF-2 AD core helix H12. The PRAME mutants
were made by site-directed mutagenesis PCR and were subsequently cloned into pMX. pRS-PRAME was as described (9). The
K562 erythroleukemia retroviral cDNA library was a gift from E.
Koh and G. Daley (Cambridge, MA). All-trans-retinoic acid
(ATRA, RA), TSA, valproic acid, butyrate, and MS-275 were
purchased from Sigma (St. Louis, MO). Suberoylanilide hydroxamic acid (SAHA) was purchased from Alexis (San Diego, CA).
PXD101 was a gift from Topotarget/Prolifix Ltd. (Abingdon, U.K.),
and spiruchostatin A was a gift from A. Ganesan and G. Packham
(University of Southampton, U.K.). Anti-PRAME affinity-purified
antibodies were generated by immunizing rabbits with peptides
FPEPEAAQPMTKKRKVDG and CGDRTFYDPEPIL. Antibodies against RAR␣ (C-20), RAR␤ (C-19), RAR␥ (C-20), p21
(F5), GFP (FL), and CDK4 (C-22) were from Santa Cruz Biotechnologies (Santa Cruz, CA). Anti-acetyl H3 was from Serotec
(Raleigh, NC), and anti-acetyl H4 was from Transduction Laboratories (Lexington, KY).
Cell Culture, Genetic Screen, and Colony Formation Assays. All cells
were cultured in DMEM supplemented with 10% FCS, except for
A2780 cells, which were grown in RPMI medium 1640 supplemented with 10% FCS. Phoenix packaging cells were transfected
with retroviral plasmids to generate ecotropic retroviruses. p53⫺/⫺
MEFs were infected with pBabe-puro-RASV12 retrovirus and selected for puromycin resistance. The resulting RASV12 MEFs were
infected with library retroviral supernatants and replated at a cell
density of 5 ⫻ 104 cells per 10-cm tissue culture dish 48 h after
infection. PXD101 (1 M) was added to the medium 16 h after
plating, and fresh medium with PXD101 was added every 3rd day.
Wild-type Moloney virus infection and mobilization of proviral
inserts for subsequent confirmatory infection rounds were done as
described (34). Retroviral inserts were retrieved by PCR, cloned,
and sequenced. For colony formation assays, the cells were transduced with retroviral supernatants followed by plating and treatment with HDACI as described for the screen. Colony formation
assays were repeated two to four times in duplicate. TKO MEFs
were seeded at 105 cells per 10-cm dish and treated with 0.25 M
PXD101. Dishes were stained with Coomassie blue 14–18 days
after plating.
Transfections and Reporter Assays. Transfections were carried out by
using calcium phosphate precipitation, except for A375 cells, which
were transfected by using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). Reporter assays with experimentally added RA
were done in DMEM supplemented with charcoal-stripped FCS
(HyClone, Logan, UT), and reporter assays without experimentally
added RA were done in standard FCS. In reporter assays, 0.5 g
of reporter-luciferase was cotransfected with 10 ng of cytomegalovirus-Renilla and 3 g of the indicated DNA (pSG5-RAR␣,
pcDNA3-PRAME). RA and HDACI were added 24 h after
transfection, and assays were done 48 h after transfection. In RNAi
experiments, PXD101 was added 72 h after transfection, and the
assays were done 96 h after transfection. Reporter assays were done
at least three times in triplicate. Normalized luciferase activities
shown represent ratios between luciferase values and Renilla internal control values and were measured by using the dual reporter
luciferase assay system (Promega, Madison, WI).
Western Blotting and Apoptosis Assays. Cells were lysed in radioim-

munoprecipitation assay buffer (50 mM Tris, pH 8.0/150 mM
NaCl/1% Nonidet P-40/0.5% deoxycholic acid/0.1% SDS) supplemented with protease inhibitors (Complete; Roche, Indianapolis,
IN) and 0.2 nM PMSF, and proteins were separated on SDS/10–
14% polyacrylamide gels. Proteins were transferred to polyvinylidine difluoride membranes (Immobilon P; Millipore, Billerica,
MA) and Western blots were probed with the indicated antibodies.
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To measure apoptosis, cells were plated at a density of 10,000 cells
per well in 96-well plates and cultured for 24 h; HDACI were added,
and the cells were cultured for another 24 h. The cells were lysed,
and apoptosis was detected by using the Apo-ONE assay (Promega), which quantifies caspase 3/7-specific cleavage of a peptidebased substrate into a fluorescent product.
Mouse Tumor Xenografts. Athymic nude mice (female CD1 nu/nu

tumors were the same regardless of starting size. Tumor doubling
time was estimated for each mouse as the time taken for the tumor
to reach twice the initial starting volume. The pRS vector that was
used to generate A375-PRAMEKD cells is a self-inactivating retroviral vector, to prevent reactivation and spreading of virus (35).
Statistical Analysis. Data are presented as means ⫾ SD. Two-sample

t tests were used to test differences between cell lines or drug
treatments, and F tests were conducted to test for synergy. To
determine whether there was synergy, we tested whether the effect
of the addition of two drugs was greater than the added effects of
the two individual drugs. Significant differences in tumor doubling
times were determined by analysis of variance. Statistical analysis
was carried out in R (2.5.0) software.

from Charles River Laboratories, Wilmington, MA) were injected
s.c. with 107 cells bilaterally into the axial regions. Each mouse
received A375-PRAMEKD cells in its left flank and control A375
cells in its right flank. Mice were randomized into treatment groups
(six animals per group) and treated daily for 7 days with RA (orally
in 10% ethanol in sunflower oil) or with PXD101 (i.p., prepared as
for the clinical formulation in L-arginine). Treatment was started
when the tumors were ⫾0.5-cm mean diameter. Tumors were
measured with calipers, and the volume was calculated from the
mean of 2 diameters (d3 ⫻ /6). Results shown are the relative
tumor volumes defined as the tumor volume divided by the volume
on day 0. We have reported relative tumor volumes to correct for
the variations in the initial tumor sizes. The growth rates of the
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Figure S2 RARα and PRAME do not provide resistance to
non-HDACI therapeutics
(a) Colony formation assays of RasV12 MEFs with RARα and
PRAME in non-HDACI chemotherapeutics. (b) TKO cells and
control MEFs were treated with PXD101 (0.25 µM), cisplatin
(15 µg/ml) or were left untreated and the dishes were stained
after 5 days or at confluency.
Figure S1 RARα and PRAME provide resistance to
proliferation arrest and apoptosis induced by HDACI
(a) Proliferation of RasV12 MEFs with RARα or PRAME in the
presence of PXD101 (concentrations 0.5-10 µM are indicated).
(b) Apoptosis was induced in RasV12 MEFs by exposure to
PXD101 for 24 hrs, followed by measurement of caspase 3/7
activity in the cell lysates, * P<0.05; **P<0.005.

Figure S5 Knockdown of PRAME sensitizes cells to
HDACI
(a,b) Apoptosis was induced in A375 and A375-PRAMEKD
cells by treatment with TSA or butyrate for 24 hrs prior to
detection of caspase 3/7 activity. Similar results were obtained
using Spiruchostatin A, * P<0.05; **P<0.005.
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Figure S3 RARα and PRAME provide resistance to HDACI in different cell lines
(a) The indicated cell lines were retrovirally transduced with RARα, PRAME or GFP (control) and were subjected to colony
formation assays in PXD101. For each cell line the lowest concentration that prohibited cell growth was determined. Human BJ
fibroblasts were immortalized by a temperature-sensitive SV40 large T antigen allele (BJ-tsLT) and hTERT as described (ref.
36) and NIH512 cells were adenovirus-transformed NIH3T3 cells. EJ and SK-N-SH cells are derived from a bladder carcinoma
and a neuroblastoma, respectively. (b-e) A2780 ovarium carcinoma cells (b,c) and HaCaT transformed keratinocytes ( d,e) were
transduced with RARα, PRAME or both and were subjected to immunoblotting and to colony formation assays in PXD101.

Figure S4 RAREs are
required
for
a
synergistic response to
combinations of RA and
HDACI
(a-c)
The
RARb2–TK
promoter,
the
RARβ2
promoter with mutated
RAREs (M3M7-luc), and
the TK-luc reporter were
transfected into U2OS
cells prior to treatment
with
RA
(0.1
µM),
PXD101 (2 µM), SAHA (2
µM), or Spiruchostatin A
(20 nM). F-tests were
conducted to determine if
the effects of RA and
HDACI were synergistic: *
P<0.0001. (d) U2OS cells
were treated with RA (0.1
µM), PXD101 (1 µM),
butyrate (But, 5 mM) or
valproic acid (VPA, 5
mM);
RAR-dependent
transactivation
was
determined by activation
of
the
RARE3-tk-luc
reporter. Synergy was
tested and shown as: *
P<0.0001.
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Summary
Retinoic acid (RA) induces proliferation arrest, differentiation, and apoptosis, and defects in retinoic acid
receptor (RAR) signaling have been implicated in cancer. The human tumor antigen PRAME is overexpressed in a variety of cancers, but its function has remained unclear. We identify here PRAME as a dominant
repressor of RAR signaling. PRAME binds to RAR in
the presence of RA, preventing ligand-induced receptor
activation and target gene transcription through recruitment of Polycomb proteins. PRAME is present at RAR
target promoters and inhibits RA-induced differentiation, growth arrest, and apoptosis. Conversely, knockdown of PRAME expression by RNA interference in RAresistant human melanoma restores RAR signaling
and reinstates sensitivity to the antiproliferative effects of RA in vitro and in vivo. Our data suggest that
overexpression of PRAME frequently observed in human cancers confers growth or survival advantages
by antagonizing RAR signaling.
Introduction
The family of nuclear receptors (NR) consists of ligandregulated transcription factors that control a wide
range of physiological processes in development, differentiation, and homeostasis. Nuclear receptors are
composed of a series of conserved domains (named
A-F). Their modular structure reveals distinct functional
domains, including an N-terminal activation function 1
(AF-1), the DNA binding domain, the hinge region, and
a C-terminal ligand binding domain (LBD), which contains a ligand-dependent AF-2 domain (Freedman,
1999). Nuclear receptor function requires receptor dimerization, and based on the mode of dimerization, two
subtypes of nuclear receptors can be distinguished.
The steroid hormone receptors (class I) form functional
homodimers and include estrogen receptor (ER), progesterone receptor (PR), and androgen receptor (AR).
The class II nuclear receptors, such as retinoic acid receptor (RAR), vitamin D receptor (VDR), peroxisome
*Correspondence: r.bernards@nki.nl
3
These authors contributed equally to this work.
4
Present address: Urology Department of Changzheng Hospital,
Fengyang Road 415, 200003 Shanghai, P.R. of China.

proliferator-activated receptor (PPAR), and thyroid hormone receptor (T3R) heterodimerize with a common
partner, retinoid X receptor (RXR) (McKenna and O’Malley, 2002).
Several coregulators control the transcriptional activity of nuclear receptors in a ligand-dependent fashion
(Xu et al., 1999). Receptors for retinoic acid and thyroid
hormone are potent repressors in the absence of ligand, while they function as activators of transcription
upon binding of their cognate ligands. Upon ligand
binding to these receptors, the conformational change
in the LBD induces corepressors to dislodge and coactivators to bind, allowing transactivation (Xu et al.,
1999). NCoR and SMRT are corepressors that associate
with RAR and T3R in the absence of ligand and mediate
transrepression by recruitment of histone deacetylase
(HDAC) complexes (Alland et al., 1997; Chen and Evans, 1995; Heinzel et al., 1997; Horlein et al., 1995). In
contrast, coactivators including CBP/p300, PCAF, and
members of the p160 family (SRC1, TIF-2/GRIP1, and
ACTR/RAC3/AIB1) possess intrinsic histone acetyltransferase (HAT) activity and potentiate the transcriptional activity of ligand bound receptors (Anzick et al.,
1997; Chen et al., 1997; Hong et al., 1997; Onate et al.,
1995; Voegel et al., 1996). The proteins RIP140 and
LCoR form a distinct group of coregulators by conferring transcriptional repression to ligand bound nuclear
receptors (Cavailles et al., 1995; Fernandes et al., 2003).
These ligand-dependent coregulators recruit HDACs to
nuclear receptors to attenuate their activity.
Many ligand-dependent modulators of nuclear receptors contain nuclear receptor (NR) boxes, which are
leucine-rich motifs with an LXXLL consensus sequence
that mediates interactions with the AF-2 domain of the
nuclear receptors (Heery et al., 1997; Torchia et al.,
1997). These modulators include many coactivators,
like SRC1 (Onate et al., 1995), and the corepressors
RIP140 (Cavailles et al., 1995) and LCoR (Fernandes et
al., 2003).
Signaling through RAR and activation of RAR target
genes induce proliferation arrest, differentiation, and
apoptosis in a wide variety of cell types. Retinoids have
tumor-suppressive activity, and consequently, defects
in RAR signaling are implicated in cancers (Altucci and
Gronemeyer, 2001; Freemantle et al., 2003). In acute
promyelocytic leukemia, translocations of RARα give
rise to the PML-RARα and PLZF-RARα chimearic
genes, which results in functionally altered receptors
that act as constitutive repressors of transcription,
thereby preventing cell differentiation (Grignani et al.,
1998; He et al., 1998; Lin et al., 1998). Loss of RARβ
expression is involved in the progression of a diverse
range of solid tumors, including breast and lung carcinomas (Altucci and Gronemeyer, 2001; Freemantle et
al., 2003).
We describe here a function of a gene named PRAME
(preferentially expressed antigen in melanoma). PRAME
was first described as an antigen in human melanoma,
which triggers autologous cytotoxic T cell-mediated
immune responses (Ikeda et al., 1997). Interestingly,
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PRAME expression is retained in the presence of antitumor T cell responses, suggesting that expression of
PRAME confers to tumor cells a selective advantage
that outweighs the CTL-mediated tumor cell killing
(Ikeda et al., 1997). This in turn suggests that PRAME
overexpression is causally involved in the tumorigenic
process. Consistent with this, the frequency of PRAME
expression in melanoma is 88% in primary melanomas
and 95% in metastases (Ikeda et al., 1997). PRAME is
not expressed in normal skin and nevi (moles) but is
highly expressed in melanomas (Haqq et al., 2005). Furthermore, PRAME is overexpressed in a variety of other
human malignancies, including acute and chronic leukemias, medulloblastoma, non-small cell lung carcinoma, head and neck cancer, renal carcinoma, multiple
myeloma, and sarcomas (Boon et al., 2003; Ikeda et al.,
1997; Oberthuer et al., 2004; van Baren et al., 1998;
van’t Veer et al., 2002). Importantly, high PRAME expression is an independent prognostic marker of poor
clinical outcome in breast cancer and neuroblastoma
(Oberthuer et al., 2004; van’t Veer et al., 2002). High
PRAME expression inversely correlates with recurrence-free survival (no metastases) and overall survival
in breast cancer (van’t Veer et al., 2002). As expression
of PRAME is low or absent in almost all normal adult
tissues except for testis (Ikeda et al., 1997), its specific
selection in a variety of tumor types has remained unexplained, as no function for PRAME has been described to date. In the current study, we addressed the
function of PRAME and found an unexpected role for
PRAME in suppression of retinoic acid signaling.
Results
PRAME Is a Transcriptional Repressor of RAR
To address the function of PRAME in oncogenesis, we
searched for conserved motifs and functional domains
in the protein. We found that PRAME contains, apart
from a nuclear localization signal, seven putative
nuclear receptor (NR) boxes, having the LXXLL consensus sequence (Heery et al., 1997; Torchia et al., 1997;
Figure 1A). The presence of NR boxes suggested that
PRAME could function as a modulator of nuclear receptor signaling. To test if PRAME can act as a transcriptional coactivator or corepressor, a full-length
PRAME cDNA was fused to a heterologous DNA binding domain (DBD) of the yeast transcription factor Gal4
and cotransfected with a Gal4-luciferase reporter. Gal4PRAME caused a dose-dependent inhibition of reporter
gene expression, whereas free PRAME had no effect
on the Gal4 promoter (data not shown), indicating that
PRAME mediates transcriptional repression (Figure 1B).
To investigate if PRAME affected transactivation mediated by nuclear receptors, we used luciferase reporter
constructs for several class I and class II receptors.
These experiments revealed that PRAME inhibited RAinduced activation of a reporter gene driven by retinoic
acid-responsive elements (RARE-luciferase) in a concentration-dependent manner (Figure 1C). PRAME cotransfection did not affect estrogen receptor (ER)driven reporter activation (Figure 1D) nor activation by
the other class I nuclear receptors tested, such as the
progesterone receptor (PR, Figure 1E) or androgen receptor (data not shown). Moreover, there was no effect

36

of PRAME on ligand-induced transactivation of the
class II receptor PPARγ (Figure 1F), indicating that
PRAME is not a general inhibitor of class II nuclear receptors. To test if PRAME affected RAR signaling through its
heterodimerization partner RXRα, PRAME was cotransfected with RXRα and a RXRα-responsive reporter. Figure
1G shows that PRAME did not affect activation of RXRα
by its ligand, 9-cis-RA. To investigate if PRAME can act
on all RAR isoforms, we cotransfected PRAME together
with RARβ or RARγ and found that PRAME also inhibited signaling through these two RAR isoforms (Figure
1H). These experiments indicate that PRAME is selective in its functional interactions with nuclear receptors
and, of the nuclear receptors tested, only interfered
with RAR transactivation (Figures 1C–1H). Similarly,
PRAME repressed RAR signaling in B16 mouse melanoma cells (Figure S1 available with this article online).
However, these data do not exclude the possibility that
PRAME can modulate the activity of other nuclear receptors.
Interaction of PRAME with RAR␣ In Vitro
and In Vivo
The presence of putative NR boxes in PRAME suggests
that PRAME can form direct physical complexes with
nuclear receptors to modulate receptor function (Heery
et al., 1997; Torchia et al., 1997). Interactions of PRAME
with nuclear receptors were demonstrated in GST pulldown experiments using GST fusions of the LBDs of
RARα, RXRα, and ERα and in vitro-translated PRAME.
The C terminus of PRAME (416–509) associated with
GST-RARα-LBD in the presence of ligand but did not
bind to GST-RXRα-LBD and GST-ERα (Figure 2A). Concurrently, heterodimerization between GST-RXRα and
RARα was shown and ERα was bound to GST-ERα in
the presence of estradiol, indicating proper folding of
the expressed proteins. Conversely, a GST-PRAME
(416–509) fusion protein interacted with in vitro-translated RARα only in the presence of all-trans-RA, but
no RXRα was bound to this fragment of PRAME in the
presence or absence of its ligand 9-cis-RA (Figure 2B).
Interaction of PRAME with RAR was further probed
by mammalian two-hybrid analysis. We used VP16 transactivation domain (TAD) fusion proteins with RARα-LBD
or RXRα-LBD together with a Gal4-DBD-PRAME (416–
509) and a Gal4-luciferase reporter gene as a readout
for interaction (Figure 2C). Association of Gal4-PRAME
(416–509) with VP16-RARα was apparent from the twohybrid signal when both fusion proteins were coexpressed in the presence of ligand, but there was no
reporter activation by either construct alone (Figure
2D). Consistent with the GST pull-down assay, no interaction was found between Gal4-PRAME (416–509)
and VP16-RXRα, again indicating that the C terminus
of PRAME interacts with the LBD of RARα but not with
the LBD of RXRα (Figure 2D). Moreover, coexpression
of Gal4-PRAME (416–509) and VP16-RXRα resulted in
activation of transcription only in the presence of both
RARα and RA, demonstrating a requirement for RAR in
the effects mediated by PRAME (Figure 2D). In a mammalian two-hybrid assay, Gal4-RARα interacted with
VP16-RXRα in the presence of PRAME, reflecting that
receptor heterodimerization was not hampered by
PRAME in vivo (Figure S1). Together, these data sug-

Figure 1. PRAME Is a Repressor of RAR Signaling
(A) Schematic representation of PRAME.
Amino acid residue numbers of the seven
putative NR boxes (LXXLL motifs) and adjacent amino acids are indicated.
(B) PRAME confers transcriptional repression to a reporter construct. A Gal4-PRAME
fusion protein inhibits transcription from a
Gal4-luciferase reporter in HEK293 cells.
(C–G) PRAME represses RAR-dependent
transactivation. The effects of PRAME on
nuclear receptor transactivation were tested
in cotransfection experiments using expression vectors for the receptors and luciferase
reporters for the nuclear receptors RARα
(RARE-luc, where RARE is for RA-responsive
element), estrogen receptor (ERE-luc), progesterone receptor (PRE-luc), PPARγ (PPREluc), and RXRα (DR1-luc). Cells were treated
with 1 M of hormones (RA, all-trans RA; E2,
estradiol; P, progesterone; T, Troglitazone;
9-cis-RA) for 24 hr prior to measurements.
(H) PRAME represses signaling through
RARβ and RARγ. MCF7 cells were cotransfected with expression vectors for RARβ,
RARγ, and a specific shRNA to repress endogenous RARα to measure the effects of
PRAME on RARβ and RARγ signaling.

gest that the association between RAR and PRAME is
the result of a direct and ligand-dependent physical interaction.
To ask if PRAME binds RAR in vivo, we stably expressed a TAP-tagged (Rigaut et al., 1999) PRAME in
mouse embryonic fibroblasts (MEFs) to levels comparable to those of endogenous PRAME in the human
melanoma cell lines SK23 and A375 (Figure 3A). Endogenous RARα coimmunoprecipitated with TAP-PRAME,
indicating that PRAME and RARα form a complex at
protein concentrations seen in human tumor cell lines
(Figure 3B). Formation of the PRAME-RAR complex in
vivo was also dependent on the presence of RA, showing that PRAME, like other proteins that harbor NR box
motifs, forms a ligand-regulated complex with RAR
(Figure 3C).
PRAME Interacts with RAR through a Nuclear
Receptor Box Motif
The presence of NR boxes in PRAME suggests that the
interaction between PRAME and RARα takes place via
one or more of these motifs. To test if the NR boxes of

PRAME are required for binding to RAR and inhibition
of RAR signaling, point mutations were introduced in
each of the seven LXXLL motifs in PRAME by changing
conserved leucine (L) residues into valines (V). The resulting PRAME mutants were named after the respective NR boxes that were mutated. One additional mutant was made in which all seven LXXLL motifs were
mutated, referred to as PRAME-⌬LXXLL. Six out of
seven PRAME single NR box mutants inhibited RAR
signaling to a similar extent as wild-type PRAME, except for the PRAME-LREVV mutant (Figure 3E). This
mutant was as defective in repressing RAR signaling as
the PRAME mutant in which all seven NR boxes were
mutated (Figure 3E). Consistent with this observation,
endogenous RARα failed to coimmunoprecipitate with
a TAP-PRAME-LREVV mutant protein (Figure 3D). Gal4PRAME-LREVV inhibited reporter activity to a similar
extent as Gal4-PRAME, indicating that repression was
not affected by the LREVV mutation (Figure S1). In a
mammalian two-hybrid assay, Gal4-PRAME (416–509)
containing the wild-type LRELL NR box interacted with
VP16-RARα, but introduction of the LREVV mutation in
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Figure 2. Direct Interaction of PRAME with
RARα
(A) In vitro binding of PRAME to RARα. GST
pull-down assay showing the interaction of
in vitro-translated 35S-labeled PRAME (416–
509) with GST-RARα-LBD but not GSTRXRα-LBD and GST-ERα (left panel) in the
presence of ligand (1 M all-trans-RA, 9-cisRA, or estradiol, respectively). The same
protein preparations were used to demonstrate interactions between GST-RXRα-LBD
and in vitro-translated RARα (middle panel)
and GST-ERα and in vitro-translated ERα
(right panel) in the presence of ligand (1 M
all-trans-RA or estradiol, respectively).
(B) Ligand-dependent interaction of PRAME
and RARα. GST pull-down assay showing a
ligand-dependent interaction of in vitrotranslated 35S-labeled RARα but not RXRα
with GST-PRAME (416–509). Ligand (1 M)
was all-trans-RA for RARα and 9-cis-RA for
RXRα.
(C) Schematic representation of the mammalian two-hybrid assays in Figures 2D and 3F
(DBD, DNA binding domain; LBD, ligand binding domain; TAD, transactivation domain).
(D) Mammalian two-hybrid assay for binding
of PRAME to RARα. Coexpression of Gal4PRAME (416–509) with VP16-RARα-LBD but
not VP16-RXRα-LBD results in activation
of a Gal4-driven luciferase reporter in the
presence of ligand (1 M all-trans-RA and
9-cis-RA).

PRAME disrupted the association (Figure 3F). Taken together, these data suggest that an intact LRELL motif
in PRAME is required for binding to RARα and repression of RAR signaling.
PRAME Inhibits RA-Induced Differentiation,
Proliferation Arrest, and Apoptosis
RA induces proliferation arrest, differentiation, and apoptosis in many cell types, including F9 mouse embryonic carcinoma cells (Strickland and Mahdavi, 1978).
We asked if PRAME expression affected the RA-induced
differentiation of F9 cells toward parietal endoderm. F9
cells were stably transfected with PRAME, PRAMELREVV, or control vector and differentiated in 10−7M RA.
In the absence of RA, the morphology of all transfected
cells was the same as that of parental F9 cells (Figure
4Aa–4Ac). F9 cells expressing PRAME were resistant
to RA-induced morphological differentiation, whereas
PRAME-LREVV and vector control transfected cells underwent differentiation (Figure 4Ad–4Af). Undifferentiated F9 cells express Stage-Specific Embryonic Antigen-1 (SSEA-1), which is a marker of stem cells and
embryonic carcinoma cells (Solter and Knowles, 1978).
F9 cells were stained for SSEA-1 before and after treatment with RA. In agreement with earlier studies (Solter
and Knowles, 1978), we found that SSEA-1 expression
was lost upon differentiation. Vector-control and PRAMELREVV F9 cells completely lost SSEA-1 expression,
whereas a significant fraction of PRAME F9 cells retained expression of the marker (Figure S2). Parietal endoderm-like F9 cells show coordinated expression and
secretion of basement-membrane components, including laminin-1 and collagen IV (Strickland et al., 1980).
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Conditioned medium of F9 cells contained laminin-1
only after RA treatment, but PRAME-expressing F9 cells
secreted less laminin-1 than vector and PRAME-LREVV
F9 cells (Figure S2). F9 cells expressing PRAME showed
enhanced proliferation compared to PRAME-LREVV
and vector controls in standard culture medium (which
contains trace amounts of RA), and this difference was
more pronounced when the culture medium was supplemented with exogenous RA (Figure 4C). The RARb
and the CDK-inhibitor p21cip1 genes are RA inducible
and contain RA-responsive elements in their respective
promoters (de The et al., 1990; Liu et al., 1996). Consistent with this, endogenous RARβ and p21 protein expression levels are induced by RA in vector control and
PRAME-LREVV-transfected F9 cells but not in PRAMEtransfected F9 derivatives (Figure 4B). Furthermore,
PRAME inhibited RA-induced activation of a RARβ2
promoter-luciferase reporter (R140-luc) but did not affect a RARβ2 reporter with a mutated RARE (M3M7-luc)
(Figure 4D). PRAME-LREVV failed to repress the RARβ2
promoter reporter, consistent with a requirement for
binding of PRAME to RARα through an intact LRELL
motif to repress RARα transactivation (Figure 4D). Similarly, a p21 promoter-luciferase reporter was activated
by RA, and this activation was suppressed by PRAME,
but not by PRAME-LREVV expression (Figure 4E). Apart
from differentiating, a fraction of F9 cells treated with
RA dies by apoptosis (Atencia et al., 1994). PRAME expression in F9 cells conferred resistance to RA-induced
apoptosis as activated, cleaved caspase 3 was apparent
in vector controls but not in PRAME transfectants (Figure 4F). However, apoptosis was induced by UV irradiation in both PRAME and vector control F9 cells, indicat-

Figure 3. PRAME Interacts with RAR In Vivo
through an LXXLL Motif
(A) Comparison of TAP-PRAME expression
levels in MEFs to endogenous PRAME protein levels in human melanoma cell lines
A375 and SK23. Cell extracts were analyzed
by Western blotting using antibodies against
PRAME and CDK4.
(B) Association of PRAME and RARα in
MEFs. TAP and TAP-PRAME were immunoprecipitated (IP) (using IgG beads, indicated
as anti-TAP) and immunocomplexes were
analyzed by Western blotting with antiPRAME and anti-RARα antibodies.
(C) Ligand-dependent binding of PRAME to
RARα. TAP-PRAME was immunoprecipitated
as in (B) in the absence or presence of RA.
(D) Immunoprecipitation of RARα and
PRAME or PRAME-LREVV. TAP-PRAME and
TAP-PRAME-LREVV were immunoprecipitated as in (B) and precipitates were immunoblotted for PRAME and RARα.
(E) Effects of PRAME NR box mutants on RAR
signaling. MEFs were transfected with RAREluc and PRAME or PRAME NR box mutants
(see text for description) and treated with RA.
In each PRAME mutant, one LXXLL motif was
changed, except for PRAME-⌬LXXLL, which
contained mutations in all seven NR boxes.
(F) Mammalian two-hybrid assay for binding
of PRAME or PRAME-LREVV to RARα. The
following constructs: Gal4-PRAME-LRELL
(416–509) or Gal4-PRAME-LREVV (416–509)
and VP16-RARα-LBD were coexpressed in
the presence of RA.

ing that PRAME is not a general inhibitor of apoptosis
(Figure 4F). Apoptosis was further confirmed by positive Annexin V staining in dying cells (Figure S2). We
conclude that PRAME expression confers resistance to
RA-induced proliferation arrest, differentiation, and
apoptosis by repressing the expression of bona fide endogenous RAR target genes.
PRAME Interacts with Polycomb Group EZH2
to Repress RAR Signaling
Transcriptional repression often involves recruitment of
protein complexes harboring one or more histone deacetylases (HDACs) (Kouzarides, 1999). To address the
mechanism of repression by PRAME, we asked if repression by PRAME is inhibited by treatment of cells
with the HDAC inhibitor trichostatin A (TSA). Figure 5A
shows that TSA did not affect transcriptional repression
by PRAME, indicating that repression is mostly HDAC
independent, whereas repression by BS69, an HDACdependent repressor (Masselink and Bernards, 2000),
was attenuated by TSA treatment (Figure 5A). Instead,
we considered polycomb group (PcG) proteins as candidates for transcriptional repression by PRAME for
two reasons. First, PcG proteins act in large complexes
that are involved in the initiation and maintenance of
heritable gene silencing, and PcG silencing is mostly
HDAC independent (reviewed in Jacobs and van Lohui-

zen, 2002). Second, gene expression profiling of a
series of human Wilms’ tumors shows that PRAME expression closely parallels expression of EZH2 (M. Eilers, personal communication), a PcG protein associated with malignant progression in breast and prostate
cancer (Kleer et al., 2003; Varambally et al., 2002). To
test if a complex containing PRAME and EZH2 exists,
human HEK293 cells were transfected with expression
plasmids for both proteins. In a subsequent coimmunoprecipitation experiment, Myc-tagged EZH2 was found
as a binding partner of Flag-tagged PRAME, suggesting that the proteins do interact, whereas no immunoprecipitation of either protein was observed by control
IgG (Figure 5C). To test the functional relevance of the
PRAME-EZH2 complex in repression by PRAME, endogenous EZH2 was inhibited using RNA interference.
The sequence-specific short hairpin RNA (shRNA) vector pRS-EZH2 reduced endogenous EZH2 protein
levels after transfection into human cells but did not
affect the endogenous levels of another PcG protein
EED (Figure 5D). EZH2 knockdown inhibited transcriptional repression by the Gal4-PRAME fusion protein,
suggesting that PRAME requires this PcG protein to
confer repression (Figure 5B).
To test the functional relevance of endogenous PRAME
and EZH2 in repression of RAR signaling, endogenous
PRAME and EZH2 were inhibited in A375 melanoma
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Figure 4. PRAME Is a Repressor of RA-Induced Differentiation, Growth Arrest, and Apoptosis
(A) Effects of PRAME expression on differentiation of F9 embryonic carcinoma cells. F9 cells were stably transfected with vector, PRAME, or
PRAME-LREVV (a–c) and differentiated in 10−7 M RA (d–f, 200× magnification).
(B) PRAME inhibits RA-induced gene expression. Cells as in (A) were analyzed by Western blotting for PRAME, RARβ, p21, and CDK4
(loading control).
(C) Effects of PRAME on F9 cell proliferation arrest induced by RA. Proliferation curve according to the 3T3 protocol of F9 cells as in (A) in
the absence and presence of RA.
(D and E) PRAME represses transcription from the RARβ and p21 promoters. (D) MEFs were cotransfected with a RARβ2-promoter-luciferase
(R140-luc) or a RARβ2-luciferase with a mutated RARE (M3M7-luc) and either PRAME, PRAME-LREVV, or empty vector and treated with RA.
(E) B16 melanoma cells were transfected with a p21-promoter luciferase construct and either PRAME, PRAME-LREVV, or empty vector and
treated with RA.
(F) PRAME inhibits RA-induced apoptosis. F9 cells with PRAME or empty vector transfectants were immunoblotted for cleaved caspase 3. A
doublet of 17, 19 kDa caspase 3 fragments is visible after treatment of vector control cells with RA. F9 cells were irradiated with UV light (100
J/m2) and were immunoblotted for cleaved caspase 3 10 hr after irradiation. Cleaved caspase 3 is visible as a 17 kDa band in lysates of cells
after treatment with UV light (l.c., loading control).

cells (which express high levels of PRAME, see below)
using specific shRNA vectors, pRS-PRAME (Figure 6B)
and pRS-EZH2 (Figure 5D), respectively (Brummelkamp
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et al., 2002a). After knockdown, the responsiveness of
the cells to RA treatment was tested using a RAREluciferase or RARβ-luciferase reporter gene. Knock-

Figure 5. PRAME Interacts with PcG Proteins
(A) Transcriptional repression by PRAME is
insensitive to HDAC inhibitors. HEK293 cells
were transfected with Gal4-PRAME or Gal4BS69 fusions and a Gal4-luciferase reporter
and treated with 1 M TSA.
(B) Transcriptional repression by PRAME is
mediated by EZH2. HEK293 cells were cotransfected with Gal4-PRAME, a Gal4-luciferase reporter, and pRS-EZH2 or pRS-p21,
which was used as a shRNA control vector.
(C) PRAME associates with EZH2. HEK293
cells were transfected with Flag-PRAME and
Myc-EZH2 as indicated and immunoprecipitated (IP) using anti-Flag antibodies. Immunoprecipitates were analyzed by Western
blotting (WB) using anti-Flag and anti-Myc
antibodies.
(D) Specific RNAi vectors efficiently decrease the expression levels of PcG genes
EZH2 and EED. A375 cells were transfected
with shRNA vectors against EZH2 and EED
(pRS-EZH2 and pRS-EED), and protein levels
were analyzed by Western blotting. Two isoforms of EED are visible.
(E) Interference with PcG proteins enhances
RAR signaling. A375 cells were transfected
with the RARE-luciferase reporter and with
the indicated constructs. pRS-PRAME is
a shRNA vector to reduce endogenous
PRAME levels in A375 cells (see Figure 6B)
and pRS-p21 was used as a shRNA control
vector.
(F) p21 is induced after EZH2 knockdown.
A375 melanoma cells were transfected with
pRS-PRAME or pRS-EZH2 in the presence
of RA and immunoblotted for p21 and CDK4
(loading control).
(G) Knockdown of EZH2 enhances RARβ2
promoter activity in A375 cells.

down of endogenous PRAME resulted in enhanced
RAR signaling, as detailed below, and overexpression
of PRAME-LREVV had a similar effect (Figure 5E).
Knockdown of EZH2 was effective in restoring RAR signaling (Figures 5E and 5F). EZH2 contains a conserved
SET domain, which specifies histone methyl transferase (HMTase) activity (Jenuwein et al., 1998). Ectopic
expression of a point mutant EZH2 having a HMTasedeficient SET domain (H694L) (Kuzmichev et al., 2002)
also restored RAR signaling, indicating that an intact
SET domain in EZH2 is required for repression of RAR
signaling by PRAME (Figure 5E). EZH2 acts in a multiprotein PcG complex, named PRC2 (Kuzmichev et al.,
2002), that also contains the protein EED (Sewalt et al.,
1998). We found that knockdown of EED through RNA
interference (Figure 5D) also restored RA responsiveness, suggesting that EED, like EZH2, is required for
repression of RAR signaling (Figure 5E). Finally, knockdown of EZH2 restored RA-induced expression of the
RA target gene p21cip1 and activated the RARβ promoter (Figures 5F and 5G). Together, these data suggest a role for PcG proteins in mediating the inhibition
of RAR signaling by PRAME.
Knockdown of PRAME Restores Sensitivity to RA
Human melanomas often have defects in RAR signaling
(Demary et al., 2001; van der Leede et al., 1993), and

PRAME is expressed in nearly all melanomas (Ikeda et
al., 1997) (Figure 6A), raising the possibility that PRAME
expression is responsible for their resistance to RA. To
test this, we inhibited PRAME expression in human
melanoma through RNA interference. Transfection of
A375 melanoma cells with a PRAME-specific shRNA
vector (pRS-PRAME) caused a significant decrease in
levels of endogenous PRAME protein (Figure 6B).
Knockdown of PRAME enhanced RAR signaling in
A375, FM6, and SK23 human melanoma cells, which
are all relatively insensitive to RA (Figure 6C). Similarly,
knockdown of PRAME increased the response to RA in
human breast cancer cells MCF7 and 1.6.2. (Figure 6D).
Together, these data support the notion that PRAME
expression confers resistance to RA.
To assess the effect of PRAME knockdown on
cell proliferation, we generated stable derivatives of
A375 melanoma having shRNA-mediated knockdown
of PRAME expression (Figure 6F). These A375-PRAMEKD
cells were cultured for 15 days according to the 3T3
protocol in the presence and absence of exogenous RA
(Figure 6E). PRAMEKD cells showed decreased proliferation rates in standard culture medium (having trace
amounts of RA) compared to vector control A375 cells;
the decreased rates were more pronounced when cultured in the presence of supplemented RA (Figure 6E).
Consistent with the notion that PRAME knockdown re-

41

Chapter 3

Figure 6. PRAME Knockdown Restores RAR Signaling
(A) PRAME is expressed in human melanoma cells. Western analysis of endogenous PRAME in extracts from human melanoma cells lines.
MEFs transfected with PRAME were used as a positive control.
(B) A PRAME RNAi plasmid efficiently knocked down PRAME expression. A375 melanoma cells were transfected with a specific shRNA
vector, pRS-PRAME, and were compared to cells transfected with empty vector (pRS) by immunoblotting of cell extracts for PRAME and
CDK4 (loading control).
(C and D) PRAME knockdown by RNAi results in enhanced RAR signaling. (C) A375, FM6, and SK23 human melanoma cells were cotransfected with the RARE-luciferase reporter and either pRS-PRAME or empty vector (pRS) and treated with RA.
(D) MCF7 and 1.6.2. human breast cancer cells were transfected and treated as in (C).
(E) PRAME RNAi restores sensitivity to RA in melanoma. A375 cells were stably transfected with pRS-PRAME to generate A375-PRAMEKD
cells. Proliferation curve according to the 3T3 protocol of A375-PRAMEKD cells and vector control cells in the absence and presence of RA.
(F) Derepression of RAR target genes after PRAME knockdown. A375-PRAMEKD cells and control A375 cells were analyzed by Western
blotting for protein levels of PRAME, RARα, p21, and RARβ (l.c., loading control).
(G) RA induces p21 in A375-PRAMEKD cells. Cells as in (F) were treated with RA and immunoblotted for p21 and CDK2.
(H) PRAME is located at the RARβ promoter. Chromatin immunoprecipitation (ChIP) analysis demonstrates the promoter occupancy by
endogenous PRAME on the RARβ promoter in A375 melanoma cells treated with RA. Thirty-five cycles of PCR amplification were used to
show promoter occupancy (upper panel). Quantitative PCR showed specific enrichment for the RARβ promoter in the PRAME immunoprecipitate compared to preimmune serum after normalization to GAPDH, which was used as an internal ChIP control (lower panel).
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stores RAR signaling, the known RA target genes RARb
and p21CIP1 (de The et al., 1990; Liu et al., 1996) were
significantly upregulated in PRAMEKD cells (Figure 6F).
Induction of these genes was further enhanced by exposure to exogenous RA (Figure 6G and data not
shown).
RARα is degraded by the proteasome following treatment of cells with RA (Zhu et al., 1999), and in agreement with the notion that RAR signaling is activated in
PRAMEKD cells, RARα protein levels were decreased in
PRAMEKD cells (Figure 6F).
The specific targeting of PRAME mRNA by shRNAmediated RNAi was further investigated by introduction
of a PRAME silent mutant, indicated as PRAMEM,
which contains three silent point mutations in the 21mer RNAi target sequence. Hence, this mutant is insensitive to pRS-PRAME (Figure S3). Cotransfection of
PRAMEM restored the insensitivity of A375 cells to RAR
signaling in the presence of pRS-PRAME (Figure S3).
Introduction of PRAMEM into PRAMEKD cells rescued
the growth defects in these cells and partially restored
their resistance to RA-mediated growth arrest (Figure
S3). In addition, the levels of RARβ and p21 proteins
in these cells were suppressed compared to PRAMEKD
cells, consistent with a role for PRAMEM in inhibition of
RAR target gene expression in PRAMEKD cells (Figure
S3). We conclude that the observed effects of the pRSPRAME vector are due to specific effects on the intended target and cannot be explained by off-target effects of the shRNA vector.
To further confirm that PRAME is part of the RAR
transcription complex, we examined the recruitment of
PRAME to the promoters of endogenous RA-responsive genes. We used A375 melanoma cells, which were
cultured in the presence of RA and determined the
status of the endogenous transcription complexes
present on the RARβ promoter using chromatin immunoprecipitation (ChIP). The presence of this promoter
in the chromatin immunoprecipitates was analyzed by
quantitative PCR using a specific pair of primers spanning the retinoic acid-responsive region in the RARβ
promoter. As shown in Figure 6H, immunoprecipitation
of endogenous PRAME resulted in enrichment of the
RARβ promoter in the precipitates relative to a preimmune serum from the same rabbit, indicating occupancy by PRAME of this promoter. These data show
that PRAME is located at a genuine RAR target gene
promoter and that it acts on the chromatin template to
block RAR-RXR-dependent gene transcription.

Knockdown of PRAME and Treatment with RA
Inhibit Melanoma Growth In Vivo
To examine the role of PRAME in RA responsiveness
in vivo, we used a human melanoma xenograft model.
Nude mice were subcutaneously transplanted with parental A375 into one flank and A375-PRAMEKD cells in
the opposite flank and the mice were treated orally
daily with either 5 mg/kg RA or vehicle only, while tumor
volumes were measured weekly. Tumor growth was severely retarded by RA treatment in PRAMEKD melanomas but not in parental A375 melanomas that grew in
a different anatomical location in the same mice (Fig-

ures 7A and 7B). Together, these data suggest that
PRAME functions as a negative regulator of RAR signaling, and its overexpression may contribute to RA unresponsiveness of human melanomas.
Discussion
The human tumor antigen PRAME is frequently overexpressed in human cancer, but its function has remained
obscure. In the current study we identify PRAME as a
ligand-dependent corepressor of retinoic acid receptor
signaling. PRAME interacts only with ligand bound RAR
(holo-receptor) through a nuclear receptor (NR) box and
attenuates RAR signaling in the presence of agonist in
a Polycomb-dependent fashion. In this respect, PRAME
is distinct from the major nuclear receptor corepressors
identified thus far. For instance, the established nuclear
receptor corepressors N-CoR and SMRT interact with
apo-receptors in the absence of ligand and their interaction is lost upon ligand binding of the receptor (Xu
et al., 1999). PRAME resembles the proteins RIP140
(Cavailles et al., 1995) and LCoR (Fernandes et al.,
2003), which also are ligand-dependent corepressors
of nuclear receptors. However, LCoR and RIP140 act
on a variety of class I and class II nuclear receptors,
repress transcription in a HDAC-dependent fashion, are
widely expressed in normal tissues, and do not appear
to be overexpressed in cancer. In contrast, PRAME expression is absent in adult tissues and is selected for
during oncogenesis, and PRAME requires Polycomb
proteins for repression and appears to act with a considerable degree of specificity on RAR.
We provide several lines of evidence that PRAME
functions to negatively regulate cellular responses to
retinoids. First, PRAME expression in RA-sensitive F9
mouse embryonic carcinoma cells inhibited the physiological consequences of RA treatment, notably cellcycle arrest, differentiation, and apoptosis. Consistent
with this, PRAME inhibits RA target genes p21 and
RARβ, thus interfering with the transcriptional responses to RA. Second, PRAME is frequently overexpressed in human melanomas (Ikeda et al., 1997),
which are also frequently resistant to RA (Demary et al.,
2001; van der Leede et al., 1993). A causal relationship
between these two apparently unrelated observations
was revealed by our demonstration that knockdown of
PRAME levels in melanoma by RNA interference resulted in restoration of the sensitivity to the antiproliferative effects of RA, in greatly enhanced RAR signaling
and induction of RA target genes p21 and RARβ. Importantly, in a mouse xenograft experiment, melanoma
cells having PRAME knockdown regained sensitivity to
the antiproliferative effects of RA treatment, again highlighting the inverse relationship between PRAME expression and sensitivity to RA in an animal model.
Unlike the established nuclear receptor corepressors, which recruit HDAC complexes of varying composition, repression by PRAME is relatively insensitive to
treatment with HDAC inhibitors, suggesting an HDACindependent mechanism. Our data indicate that PRAME
interacts with the PcG protein EZH2 in vivo and that
EZH2 is involved in transcriptional repression by
PRAME. Significantly, knockdown of EZH2 levels re-
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Figure 7. PRAME Knockdown Restores RAInduced Growth Arrest In Vivo
(A) Xenograft of PRAME RNAi melanoma
cells is sensitive to RA treatment. A375PRAMEKD cells and control A375 cells were
injected in the right and left flanks of nude
mice, respectively, and mice were treated
orally with 5 mg/kg RA daily. Tumor growth
was measured weekly.
(B) Dissected tumors from the experiment
in (A).
(C) Model for PRAME-mediated repression
of RAR signaling. (I) In the absence of ligand,
RARα is a repressor of gene transcription,
but upon binding of RA, target genes are expressed to induce cell-cycle arrest, differentiation, and apoptosis. (II) In promyelocytic
leukemia (APL), the PML-RARα and PLZFRARα translocations result in functionally
altered receptors, which are transcriptional
repressors under physiologic RA concentrations, preventing myelocyte differentiation.
The PML and PLZF parts of the fusion receptors recruit repressor complexes containing
HDAC. (III) PRAME binds RAR in the presence of RA to block target gene expression,
which requires PcG proteins including EZH2.
The resulting constitutive inhibition of RAR
signaling resembles the repression as seen
in APL (II). RARE: retinoic acid-responsive element.

stored RAR signaling in melanoma cells, suggesting a
role for PcG proteins in regulation of the effects of RA
through interaction with PRAME. PcG proteins act in
large, multimeric complexes and mediate heritable
gene silencing through chromatin remodeling (Jacobs
and van Lohuizen, 2002). Dysregulation of PcG proteins
has been implicated in cancer, and overexpression and
amplification of EZH2 are prognostic for progression to
metastatic disease in breast and prostate carcinoma
(Kleer et al., 2003; Varambally et al., 2002). Inhibition of
RAR transactivation by PcG proteins has been reported
in embryonic development, but not in adult tissues. The
mouse homolog of the Drosophila Polycomb gene,
M33, is thought to antagonize the RAR pathway and
to function in the establishment of the early temporal
sequence of Hox gene activation in the embryo (BelVialar et al., 2000). From studies in M33-deficient mice,
it has been proposed that M33 may play a role in defining access to retinoic acid response elements localized
in the regulatory regions of several Hox genes (Core et
al., 1997).
Cellular transformation, tumor development, and cancer progression are affected by many pathways, and RAR
signaling is one of the pathways which can be disturbed
in malignant disease. The effects of retinoids are tumor
suppressive in a wide variety of tissues, where binding of
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RA to RAR induces a transcriptional response resulting in
cell-cycle arrest, differentiation, and apoptosis (Altucci
and Gronemeyer, 2001) (Figure 7C). Consistent with
this, loss of RARβ expression is correlated with tumor
progression in solid tumors, and genetic evidence indicates that RARβ is involved in tumorigenesis. Introduction of exogenous RARβ in several RA-unresponsive
tumor cell lines can restore their growth-inhibitory
responses to RA (Altucci and Gronemeyer, 2001). Perturbations of RARα function cause promyelocytic leukemia, where the PML-RARα and PLZF-RARα translocation
products recruit HDAC/Sin3A-containing repressor complexes, thereby preventing normal RARα target gene
expression and promyelocyte differentiation (Grignani
et al., 1998; He et al., 1998; Lin et al., 1998; Figure 7C).
Our data indicate that PRAME interacts with RAR in a
ligand-dependent manner and inhibits RAR-dependent
transactivation through interaction with PcG complexes. We propose that PRAME expression in tumor
cells renders these cells resistant to normal retinoid action (Figure 7C). In this respect, PRAME overexpression
phenocopies the PML-RARα and PLZF-RARα translocations in that both interfere with RAR signaling under
physiological concentrations of RA. Melanoma cells
and other tumor cells that overexpress PRAME may
have a selective advantage over PRAME-negative cells,

which would provide an explanation for why PRAME
expression is positively selected during oncogenesis,
even though its presence elicits a cytotoxic T cell-mediated immune response (Ikeda et al., 1997). Since
PRAME is a marker of poor outcome in breast cancer
and neuroblastoma (Oberthuer et al., 2004; van’t Veer
et al., 2002), it is likely that PRAME expression contributes to tumor progression rather than the early stages
of oncogenic transformation. Thus, our data suggest
that PRAME overexpression represents a novel mechanism by which tumor cells can escape from tumor-suppressive RAR signaling.
Experimental Procedures
Plasmids, Reagents, and Antibodies
The PRAME NR box mutants, the PRAMEM silent mutant, and EZH2
(H694L) were made using the QuikChange Site-Mutagenesis kit
(Stratagene). pRS-PRAME was generated by ligating synthetic oligonucleotides against the target sequence GGTGCCTGTGATG
AATTGTTC into pRETRO-SUPER as described (Brummelkamp et
al., 2002b). PRAMEM contains three silent mutations in the shRNA
target sequence resulting in GGCGCCTGCGACGAATTGTTC. RAresponsive luciferase constructs were kindly provided by Dr. H.
Stunnenberg (Nijmegen, The Netherlands) and PcG expression and
shRNA vectors were kind gifts of Dr. M. van Lohuizen (Amsterdam,
The Netherlands). The RNAi target sequence in EED was AAGCAC
TATGTTGGCCATGGA, the target sequence in EZH2 was AAG
ACTCTGAATGCAGTTGCT, and the target sequence in RARα was
GCCTTGCTTTGTCTGTCAG. PRAME antisera and affinity-purified
antibodies were a generous gift from Dr. P. Coulie (Brussels, Belgium) and were generated by immunizing rabbits with peptides
FPEPEAAQPMTKKRKVDG (AH-151/serum 440) and CGDRTFYD
PEPIL (AH-152/serum 442). The anti-EZH2 mouse monoclonal antiserum was a kind gift from Dr. A. Otte (Amsterdam, The Netherlands). All-trans-retinoic acid (RA), 9-cis-retinoic acid (9-cis-RA),
β-estradiol, progesterone, TSA, and Flag (M2) antibody were from
Sigma, and Troglitazone was from Alexis Biochemicals. Antibodies
against RARα (C-20), RARβ (C-19), p21 (F5), Myc (9E10), CDK4
(C-22), and CDK2 (H-298) were from Santa Cruz Biotechnology,
anti-EED was from Transduction laboratories, anti-cleaved caspase-3 (Asp 175) was from Cell Signaling, the SSEA-1 antibody
(MC-480) was from R&D Systems, and anti-Laminin-1 was from
Monosan (EHS-Laminin, PS040).
Cell Cultures and Transfections
All cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS). Transfections were carried out using the Lipofectamine2000 reagent (Invitrogen), except for MCF7, U2OS, HEK293, and MEFs, which were
transfected using calcium phosphate precipitation. Hormonebased reporter assays were done in DMEM supplemented with
charcoal-stripped FCS (Hyclone) and steroid hormones were
added in phenol red-free DMEM. In reporter assays, 0.5 g of firefly
luciferase reporter, 1 ng CMV-renilla luciferase as an internal control, and 3 g of the indicated DNA were transfected. Hormones
and TSA were added 24 hr after transfection and assays were performed 48 hr after transfection. In RNAi experiments, RA was
added 72 hr after transfection and assays were performed 96 hr
after transfection. Luciferase activities shown represent ratios of
firefly luciferase to renilla luciferase internal control values, and
normalized luciferase activities are the average ± SD from three
independent transfections. F9 cells were stained by incubation with
SSEA-1 antibody (dilution 1:40) and with goat-anti-mouse-FITC
conjugated antibody (Zymed, dilution 1:400). For detection of apoptosis, F9 cells were stained with Annexin V-biotin antibody (Boehringer Mannheim, dilution 1:50) and with streptavidin-PE-Cy5 (BD
Pharmingen, dilution 1:500) and subjected to flow cytometry
analysis.
GST Pull-Down Assays
GST fusion proteins were expressed and purified from the E. coli
BL21 (DE3) strain. Total bacterial extracts were prepared in NETN

lysis buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%
NP40) supplemented with protease inhibitors (Complete; Roche),
and GST fusion proteins were purified on glutathione-Sepharose
4B beads (Amersham Pharmacia Biotech). 35S-methionine-labeled
proteins were prepared by in vitro transcription/translation using
the TNT coupled reticulocyte lysate system (Promega) and equal
amounts of GST fusion proteins on glutathione beads were incubated with in vitro translation products in NETN buffer for 2 hr,
washed, and fractionated by SDS-PAGE.
Western Blotting and Coimmunoprecipitation
Cells were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl,
1% NP-40, 0.5% deoxycholic acid, and 0.1% SDS) supplemented
with protease inhibitors (Complete; Roche), and 0.2 nM PMSF and
proteins were separated on 8%–14% SDS-PAGE gels. Cell lysates
and conditioned media (20 l) from F9 cells were subjected to SDSPAGE gels under reducing and nonreducing conditions, respectively. Proteins were transferred to polyvinylidine difluoride membranes (Immobilon-P, Millipore) and Western blots were probed
with the indicated antibodies. For coimmunoprecipitations, cells
were lysed in ELB buffer (0.25 M NaCl, 0.1% NP-40, 50 mM HEPES,
pH 7.3) supplemented with protease inhibitors and PMSF. Lysates
were incubated with IgG-coated sepharose beads (Amersham
Pharmacia Biotech) to immunoprecipitate TAP-tagged proteins19,
indicated as anti-TAP, or with protein A beads coated with the indicated antibodies, and the precipitates were separated on SDSPAGE gels. For ChIP analysis, PRAME polyclonal rabbit antisera
440 and 442 were used.
Mouse Tumor Xenografts
Female 5- to 6-week-old athymic BALB-C nude mice (nu/nu) were
s.c. implanted with 1 × 106 cells bilaterally into the axial regions.
Each mouse received A375-PRAMEKD cells in its right flank and
control A375 cells in its left flank. Mice were randomized into treatment groups and treated with 5 mg/kg RA or vehicle (ethanol in
sunflower oil) orally with a 20-gauge intragastric feeding tube daily.
The pRS vector which was used to generate A375-PRAMEKD cells
is a self-inactivating retroviral vector, to prevent re-activation and
spreading of virus (Brummelkamp et al., 2002a; Brummelkamp et
al., 2002b). The experiment was performed twice, with n = 20 and
n = 10 mice, and results were similar in both experiments.

Supplemental Data
Supplemental Data include three figures and Supplemental Experimental Procedures and can be found with this article online at
http://www.cell.com/cgi/content/full/122/6/835/DC1/.
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Supplemental methods
Construction of plasmids:
The PCR-amplified full length PRAME cDNA was cloned into
pZOME-1-N (Cellzome) to generate TAP-tagged (Rigaut et
al., 1999) PRAME. Gal4-PRAME (full length), Gal4-PRAMELRELL (416-509) and Gal4-PRAME-LREVV (416-509) were
made by cloning the respective PRAME constructs into an
expression vector downstream from Gal4-DBD (1-147). Gal4RARα comprised RARα (135-462), which was fused to Gal4DBD. The RARα-LBD (176-421) and RXRα-LBD (200-462)
were made by PCR from pSG5-RARα and pSG5-RXRα and
subsequently cloned into an expression vector downstream
of VP16-TAD (412-490) to generate VP16-RARα and VP16RXRα. The same PCR products were used to make GSTRARα and GST-RXRα fusions in the pRP270 vector, which is
a derivative of pGEX-2T (Amersham Pharmacia Biotech).
Similarly, ERα (HEGO) was ligated into pRp270 to generate
GST-ERα, and the C-terminus of PRAME (416-509) was
ligated into the pGEX-3X vector (Amersham Pharmacia
Biotech) to generate GST-PRAME (416-509).
Chromatin Immunoprecipitation (ChIP)
Cells (107 cells per immunoprecipitation) were grown to
confluency and 16 hrs before harvesting RA was added to a
concentration of 1 µM. Cells were trypsinized and crosslinked with 1% formaldehyde at room temperature for 20 min
by adding 1/10 volume of buffer A (11% formaldehyde, 0.1 M
NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM Hepes pH 8.0) to
the cell suspension. The reaction was stopped by addition of
1/10 volume of 1.25 M glycine and the cells were centrifuged
for 5 min at 1800 rpm at 4˚C. The pellet was washed in icecold PBS and resuspended in buffer B (0.25% Triton X-100,
10 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 8.0) and
rotated at 4˚C for 10 min to lyse unfixed cells. Cells were
washed in buffer C (0.2 M NaCl, 1mM EDTA, 0.5 mM EGTA,
10 mM Tris pH 8.0) for 10 min, the cells were resuspended in
buffer D (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris pH 8.0)
and sonicated three times for 30 sec each at output setting 5
(Branson sonifier 250). The cells were then centrifuged at
4500 rpm for 2 min at 4˚C and the supernatants were
collected and diluted in buffer E (0.01% SDS, 1% Triton, 0.1
M NaCl, 1.2 mM EDTA, 12 mM Tris pH 8.0, 0.6 mM EGTA, 1
mg/ml BSA, protease inhibitors (Complete, Roche) and 0.5
mM PMSF). For immunoprecipitation, protein A-coated
sepharose beads (Amersham Pharmacia Biotech) were pretreated with herring sperm DNA (Roche, 10 µg DNA / 15 µl
beads) in buffer E (without BSA, protein inhibitors, PMSF) for
1.5 hrs followed by incubation with PRAME polyclonal rabbit
antisera 440 and 442. The beads were added to the cell
lysates for immunoprecipitation overnight at 4˚C. Precipitates
were washed sequentially for 5 min each twice in buffer F
(0.1% SDS, 0.1% DOC, 1% Triton, 0.15 M NaCl, 1 mM
EDTA, 0.5 mM EGTA, 10 mM Tris pH 8.0), once in buffer G
(0.1% SDS, 0.1% DOC, 1% Triton, 0.5 M NaCl, 1 mM EDTA,
0.5 mM EGTA, 10 mM Tris pH 8.0), once in buffer H (0.25 M
LiCl, 0.5% DOC, 0.5% NP-40, 1 mM EDTA, 0.5 mM EGTA,
10 mM Tris pH 8.0), and twice in buffer D. Precipitates were
then extracted twice with 1% SDS, 0.1 M NaHCO3 and
eluates were pooled and heated at 65˚C for at least 4 hrs to
reverse the formaldehyde cross-linking. DNA fragments were
purified by phenyl/ chloroform/ isoamyl extraction and
chloroform extraction and precipitated with ethanol using
mussel glycogen (Roche) as a carrier. Five microliters of a
100 µl DNA sample was used for each PCR reaction. Thirtyfive PCR cycles were used and products were visualized by
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agarose gel electrophoresis. For quantitative PCR, an ABI
PRISM 7000 Sequence Detection System (Applied
Biosystems, Foster City, Calif.) and SYBR Green PCR
Master Mix (Applied Biosystems) were used according to the
manufacturer's protocol. Primers used for PCR amplifications
were
as
follows:
RARβ
promoter
forward:
(5’TGTTTGAGGACTGGGATGC-3’),
reverse:
(5’GACGGTGCCCAGACAAACC-3’).

Figure S1 PRAME is a repressor of RAR signaling
(A) PRAME represses RAR signaling in melanoma cells. B16
mouse melanoma cells (PRAME-negative) were transfected
with RARE-luciferase and either PRAME or empty vector and
treated with RA.
(B) PRAME does not interfere with RARα and RXRα
heterodimerization. Mammalian two-hybrid assay with Gal4RARα and VP16-RXRα LBD in the absence and presence of
PRAME. Activation of a Gal4-driven luciferase reporter by
Gal4-RARα and VP16-RXRα LBD is enhanced in the
presence of all-trans-RA and PRAME does not inhibit this
activation.
(C) PRAME and PRAME-LREVV are transcriptional
repressors. HEK293 cells were transfected with Gal4-PRAME
and Gal4-PRAME-LREVV fusion constructs and a Gal4luciferase reporter. Normalized luciferase activities are the
average ±s.d. from three independent transfections.

Figure S2 Differentiation of F9 cells by RA
(A and B) Effects of PRAME on RA-induced F9 cell
differentiation. (A) Laminin-1 is expressed and
secreted by differentiated F9 cells. F9 cells were
transfected with PRAME, PRAME-LREVV or empty
vector and treated with 5.10-7M RA for four days.
Immunoblot for laminin-1 of conditioned medium (20
µl) of F9 cells before and after differentiation of cells
in RA.
(B) Undifferentiated F9 cells express Stage Specific
Embryonic Antigen-1 (SSEA-1) but expression of
this antigen is lost upon treatment with RA. SSEA-1
expression before and after treatment of cells with
RA was analyzed by flow cytometry and
percentages of positive cells are indicated for each
condition.
(C) Effects Effects of PRAME on RA-induced F9 cell
apoptosis. Induction of apoptosis in F9 cells by 1 µM
RA or UV irradiation (50 J/m2) was analyzed by
Annexin V staining. Percentages of positive cells are
indicated.

Figure S3 A Silent Mutant of PRAME
Rescues from PRAME RNAi
(A) The PRAMEM silent mutant is resistant to
shRNA-mediated knockdown
by pRSPRAME. HEK293 cells were cotransfected
with wild type PRAME (PRAMEWT) or
PRAMEM , pRS-PRAME and
a GFP
expression vector as an internal control. Cell
lysates were immunoblotted for PRAME and
GFP.
(B) PRAMEM inhibits RAR signaling in the
presence of pRS-PRAME. A375 melanoma
cells were cotransfected with a RAREluciferase reporter, pRS-PRAME, and either
PRAMEWT or PRAMEM and treated with RA.
(C) Sensitivity of A375-PRAMEKD cells to RA
is rescued by PRAMEM. Parental A375 cells
and A375-PRAMEKD (indicated as KD) cells
were infected with pBabe-hygro-PRAMEM
retrovirus (indicated as M) or pBabe-hygro
control retrovirus and selected for hygromycin
resistance. Proliferation curve according to
the 3T3 protocol of the resulting cells in the
absence and presence of RA.
(D) PRAMEM inhibits RAR target gene
expression in A375-PRAMEKD cells. Western
blot of the cells as in (C) for protein
expression levels of PRAME, RARβ, and p21
(l.c., loading control).
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Abstract
The vertebrate Unc45 genes are mostly known for their roles in muscle development and the
assembly and (co-)chaperoning of the muscle motor protein myosin. We have conducted a functional
genetic screen in search for genes that can confer resistance to treatment with histone deacetylase
inhibitors and we have identified UNC45A as a resistance gene. UNC45A inhibited signaling through
retinoic acid receptor α (RARα) and acted as a transcriptional repressor when coupled to yeast Gal4.
Expression of UNC45A inhibited retinoic acid-induced differentiation and growth arrest of F9
embryonic carcinoma cells. UNC45A was ubiquitously expressed in human tumor cells and was
bound to RARα and RXRα. These data reveal an unexpected function for UNC45A as a modulator of
gene expression and more specifically as a negative regulator of retinoic acid signaling.

Introduction
The evolutionarily highly conserved Unc45like genes are involved in muscle development and in
the assembly of the motor protein myosin1. The C.
elegans unc-45 locus encodes a single Unc45 protein.
A genetic analysis of unc-45 has revealed recessive
lethal alleles, demonstrating that Unc45 function is
essential to C. elegans development2. Vertebrate
genomes contain two differential Unc45 genes, which
are located on different chromosomes. Human
UNC45A (15q26.1) has also been called smoothmuscle cell associated protein-1 (SMAP-1) or general
cell (GC) UNC45 and is ubiquitously expressed while
the expression of UNC45B (chr. 17q12) is restricted
to striated muscle (SM)3. UNC45A and B are quite
different from one another with only 55-56% identity
and 74% similarity in amino acid sequence, but the
orthologs are up to 94% identical between mouse and
human3.
Unc45 proteins contain an NH2-terminal
tetratricopeptide repeat (TPR) domain, a central
region, and a COOH-terminal domain named UCS
after the founding members of the family (C. elegans
Unc-45; P. anserine Cro1; S. cerevisiae She4p)1,4.
This three-domain configuration is maintained in all
animal Unc45 proteins identified. The Unc45 TPR
domain binds the molecular chaperone Hsp90 in a
stoichiometric manner. The UCS domain binds
myosin and shows molecular chaperone activity with
the myosin head5. Mutations in C. elegans unc-45
result in paralysis due to disruption of myosin
assembly in the thick filaments of body wall muscle
cells1. The protein encoded by the zebrafish gene
Unc-45b/Steif interacts physically and functionally

with Hsp90a and is required for motility and
myofibrillogenesis6,7. C. elegans Unc45 is substrate to
regulation by multi-ubiquitylation by the E3/E4
complex Chn-1/Ufd-28. Transgenic nematodes
overexpressing Unc45 also display defects in myosin
assembly, with decreased myosin content and a mild
paralysis
phenotype.
The
reduced
myosin
accumulation is a result of myosin degradation
through the ubiquitin/proteasome system9.
Unc45A and B appear to have distinct
functions in muscle cell differentiation. The
expression of Unc45A decreases while Unc45B
expression increases during muscle differentiation in
mouse C2C12 myoblasts. In these cells, Unc45A
antisense inhibited cell proliferation and myoblast
fusion, but Unc45B antisense reduced fusion to a
lesser extent and affected sarcomere formation more
directly3. UNC45A has recently been described as a
modulator of the molecular chaperoning of
progesterone receptor (PR) by Hsp9010. UNC45A can
bind directly and simultaneously to PR and Hsp90.
UNC45A inhibits the ATPase activity of Hsp90 and
blocks the progression of Hsp90 chaperoning of PR to
its hormone-binding state10.
The expression of UNC45A protein in
ovarian carcinoma is associated with tumor stage and
grade11. Malignant serous carcinoma expresses
elevated levels of UNC45A compared with normal
ovarian surface epithelium and benign cysts11.
Furthermore, UNC45A co-localizes with myosin II at
the cleavage furrow during cytokinesis and affects
cell proliferation and motility11.
In a recent report, we have conducted a
functional genetic screen to identify genes that could
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render cells resistant to histone deacetylase inhibitors
(HDACI)12. One of the genes identified in this screen
was UNC45A. Here, we have further investigated the
role of human UNC45A in mammalian cells and we
describe an unexpected role for UNC45A as a
transcriptional repressor and an inhibitor of retinoic
acid signaling.

GFP (used as a negative control), RasV12 MEFs were
plated at clonal density and cultured continuously in
PXD101. Infection of the cells with retroviral vectors
encoding UNC45A, ΔN-UNC45A (data not shown)
and RARα-R4 resulted in resistance to PXD101 as

Results
Expression of UNC45A provides resistance to
HDACI
Gene activity is regulated by many genetic
and epigenetic factors, including the acetylation status
of nucleosomal histone proteins. Histone acetylases
catalyze the addition of acetyl groups to histones,
while histone deacetylases (HDACs) remove these
moieties. Small-molecule inhibitors of HDACs show
tumor cell-selective cytotoxic activity and have
potential as anticancer drugs13. To identify genes
involved in resistance to HDACI, we have previously
conducted a genetic screen, which revealed a role for
the retinoic acid (RA) signaling pathway as a target of
this group of drugs12. Briefly, in this genetic screen
cells were exposed to the hydroxamate HDACI
PXD101 to induce cell cycle arrest and apoptosis. The
cells were transduced with a human cDNA expression
library and cDNAs that conferred resistance to
HDACI treatment were cloned from drug-resistant
colonies. We identified two cancer-associated genes
which, when over-expressed, could rescue the cells
from the growth arrest imposed by HDACI treatment:
retinoic acid receptor alpha (RARα) and PRAME, a
repressor of RA signaling12,14. This finding implicated
a rate-limiting role for RA signaling in the cytotoxic
effects of HDACI12.
Further analysis of cDNAs present in
PXD101-resistant colonies from this genetic screen
revealed one more candidate HDACI-resistance gene:
a partial cDNA corresponding to human UNC45A.
This clone encompassed amino acids 365-929 of
UNC45A/SMAP-1 (isoform 2) with the first internal
ATG in this sequence being a methionine at position
424. Therefore, this clone was expected to be
translated into an NH2-terminal truncated protein,
denoted as ΔN-UNC45A (424-929) (Fig. 1C). We
subsequently cloned the full-length, wildtype
UNC45A cDNA which contains four leucine-rich
nuclear receptor boxes, LXXLL motifs, which are
known to mediate interactions with nuclear hormone
receptors15,16. We tested if ΔN-UNC45A and
UNC45A could mediate resistance to HDACI in p53deficient RasV12 MEFs, the cells that were used in the
genetic screen. After infection with retroviral
UNC45A, RARα-R4 (used as a positive control) and
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Figure 1 UNC45A expression provides resistance to
HDACI
A functional genetic screen for HDACI resistance genes
identified UNC45A as a gene that could render RasV12 MEFs
resistant to the growth arrest and apoptosis induced by
PXD101. (A) In a colony formation assay, RasV12 MEFs were
infected with retroviruses encoding for UNC45A, RARα-R4 or
GFP (control), plated at low density, and selected in PXD101
(1 µM) for 3 weeks. (B) Immunoblot showing UNC45A,
RARα, and GFP protein levels in RasV12 MEFs upon retroviral
infection. The cells were treated with PXD101 (1 µM) for 16
hrs and in cell extracts the levels of p21 and acetylated
histone H3 and H4 were determined. (C) Schematic
representation of UNC45A and the N-terminally truncated
UNC45A clone identified in the functional genetic screen. The
tetratricopeptide domain (TPR) and nuclear receptor boxes
are indicated with amino acid numbering according to
UNC45A isoform 2/ SMAP-1 (accession number AB014729).
(D-E) Luciferase reporter assays in U2OS cells cotransfected with RARE3-TK-luc and ΔN-UNC45A or PRAME
and treated with PXD101 (2 µM) or MS-275 (2 µM).

measured by colony outgrowth by comparison to the
growth-arrested cells with GFP (Fig.1A). RARα-R4
is a RARα mutant which is a constitutive repressor of
RA signaling due to its inability to bind ligand and
has been shown before to provide resistance to
PXD10112. A specific antibody to UNC45A detected
the overexpressed UNC45A and an antibody to
RARα detected the endogenous RARα and ectopic
RARα-R4 in lysates of the RasV12 MEFs (Fig. 1B).
Treatment with PXD101 induced an increase in p21
protein levels and increases in histone H3 and H4

acetylation, but these were not affected by the ectopic
expression of either UNC45A or RARα-R4 (Fig. 1B).
Treatment with HDACI induces RA
signaling, which can be inhibited by overexpression
of RARα and PRAME, as described previously12. To
test if UNC45A also affected RA signaling, we used a
reporter construct containing three RA-responsive
elements (RAREs) fused to luciferase (RARE-luc).
This reporter was activated by PXD101 and by an
HDACI from another chemical family, the benzamide
HDACI MS-275. Co-expression of ΔN-UNC45A
attenuated the activation of this reporter similar to
PRAME (Fig. 1D-E). Therefore, the identified ΔNUNC45A clone in the genetic screen may have
conferred resistance to PXD101 by acting as a
negative modulator of RA signaling, similar to
ectopically expressed RARα and PRAME.

Figure 2 UNC45A inhibits RA signaling and provides
transcriptional repression
(A-C) Reporter assays showing the inhibitory effects of
UNC45A, DN-UNC45A and PRAME on RAR-dependent
transactivation. (D) Fusion proteins of UNC45A or PRAME
with the yeast Gal4 transcription factor inhibited the activation
of the Gal4-TK-luc reporter.

Repression of nuclear hormone receptor signaling
by UNC45A
To test if UNC45A affects RA signaling, we
co-transfected the RARE-luc reporter and ΔNUNC45A in U2OS cells before treating them with
ATRA (all-trans retinoic acid). Treatment with ATRA
induced activation of the reporter, which was
inhibited by the co-expressed ΔN-UNC45A and by
PRAME (Fig. 2A). Moreover, full-length UNC45A
imposed an even better inhibition of ATRA-induced
reporter activation than ΔN-UNC45A (Fig. 2B).
When 9-cis-RA was used as a ligand to induce RAR
transactivation, a similar inhibition of reporter activity
by UNC45A was found (Fig. 2C). Notably, UNC45A
was also able to mediate transcriptional repression
when fused to the DNA-binding domain of the Gal4

transcription factor as detected using a luciferase
reporter containing five Gal4 binding sites (Fig. 2D).
A Gal4-PRAME fusion protein also provided
transcriptional repression, consistent with our
previous report (Fig. 2D)14. These data indicate that
UNC45A has transcriptional repression activity. Such
repression activity might be intrinsic or mediated by
UNC45A-associated proteins.
Subsequently, we tested if UNC45A could
modulate signaling through any of the other class I
and class II nuclear hormone receptors by using
specific luciferase reporters. We found that UNC45A
could inhibit progesterone receptor (PR) signaling and
ligand-dependent transactivation of both peroxisome
proliferator-activated receptor (PPAR) alpha and
gamma (Fig. 3A-D). PRAME did not confer
detectable repression of PPAR signaling, as shown
before14.

Figure 3 UNC45A inhibits progesterone and PPAR
signaling
(A,C) Cells were cotransfected with luciferase reporters
containing either progesterone- or estrogen-responsive
elements (PRE-luc or ERE-luc, respectively) and their
corresponding receptors. The cells were treated with 1 µM
progesterone (P) or estradiol (E2). (B,D) Cells were
cotransfected with a luciferase reporter with PPARresponsive elements (PPRE-TK-luc) and either PPARα (B) or
PPARγ (D). The cells were treated with 1 µM of the synthetic
PPAR ligands WY-14643 (WY) for PPARα and Rosiglitizone
(Rosi) for PPARγ.

UNC45A inhibits differentiation and growth arrest
induced by ATRA
To test if UNC45A expression could affect
differentiation induced by ATRA, we expressed
UNC45A in F9 embryonic carcinoma cells, which
differentiate to parietal endoderm upon ATRA
treatment. The expression of UNC45A inhibited the
differentiation of a subset of the cells cultured in
ATRA and these cells grew out to form colonies with
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concomitant morphologic changes (Fig. 4). UNC45A
expression did not affect cell growth or morphology
in the absence of ATRA. Ectopic expression of RARR4, used as a positive control, in F9 resulted in
massive resistance to ATRA-mediated differentiation
(Fig. 4).

Figure 4 UNC45A inhibits differentiation induced by
ATRA
(A) F9 cells were infected with UNC45A, RARα-R4 or GFP
and cultured in ATRA (1 µM) for 3 weeks to allow for
differentiation and growth arrest to occur. (B) High
magnification (400X) of GFP and UNC45A-infected F9 cells
treated with ATRA including an ATRA-resistant colony.

UNC45A interacts with RAR and RXR
The two vertebrate Unc45 genes are
ubiquitously expressed (Unc45A) or only expressed
in striated muscle cells (Unc45B)3. We subjected a
series of human tumor cell lines to an analysis of
UNC45A protein levels. All tumor cell lines tested
expressed UNC45A, but the protein levels varied
between the cell lines (Fig. 5). To assess if UNC45A
interacted with RARα in vivo, T47D cells expressing
high
UNC45A
levels
were
used
for
immunoprecipitation
experiments.
Endogenous
UNC45A interacted with both endogenous RARα and
RXRα in T47D cells (Fig. 6A). The complex that coimmunoprecipitated with RARα, also contained
RXRα indicating that the obligate heterodimerization
of the two receptors existed in the presence of
UNC45A in vivo (Fig. 6A). A mammalian two-hybrid
assay confirmed the existence of the interaction
between RARα and RXRα in the presence of
UNC45A. A Gal4-RARα fusion construct together
with a VP16-RXRα construct mediated strong
activation of a Gal4-driven luciferase reporter upon
addition of ATRA or 9-cis-RA. This activation was of
similar strength both in the presence and absence of
UNC45A, indicating that the RARα-RXRα dimer is
not perturbed by UNC45A (Fig 6B).
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Discussion
We have recently reported the results of a
genetic screen in which we searched for genes that
interfere with the anti-cancer effects of HDACI. This
initial screen identified two known components of RA
signaling12. In the present report, we have analysed a
third cDNA from this genetic screen, UNC45A. We
found that UNC45A acts in a similar manner as the
first two genes identified in this genetic screen:
UNC45A overexpression inhibited RARα-dependent
transactivation induced by both HDACI and retinoids.
Our present data therefore further support the notion
that HDACI target RA signaling to mediate their antiproliferative and pro-apoptotic effects. Besides
RARα, UNC45A also repressed ligand-induced
activation of PR and PPAR signaling. In F9 cells,
UNC45A inhibited ATRA-induced differentiation and
growth arrest, presumably through binding to RARα
and RXRα. Since Unc45-like proteins have mainly
been known as (co-)chaperones and assembly factors
for myosin, our data clearly indicate a wider role for
UNC45A in mammalian cells.
Besides being involved in myosin assembly,
UNC45A limits the chaperoning of PR through
binding to- and inhibiting the ATPase activity of
Hsp9010. We observed an inhibition of RARα-, PRand
PPAR-mediated
transactivation
upon
overexpression of UNC45A. However, Chadli et al.10
found that knockdown of UNC45A had an inhibitory
effect on PR signaling, consistent with a role in
proper PR chaperoning. It is at present unclear if the
interference of UNC45A with nuclear hormone
receptor signaling is related to its interaction with
Hsp90, for example if RARα and RXRα are client
proteins of Hsp90 or, alternatively, if UNC45A
regulates nuclear hormone receptor signaling through
other mechanisms. UNC45A contains four putative
nuclear receptor boxes, small leucine rich motifs,
which mediate the interactions of co-regulators with
nuclear hormone receptors. These nuclear receptor
boxes in UNC45A were not essential for its role in PR
chaperoning10 and further investigation should clarify
whether they are required for the interaction of
UNC45A with RARα, RXRα, PR, and PPARs.
Intriguingly, UNC45A tethered to the Gal4
DNA-binding domain acted as a transcriptional
repressor by inhibiting the expression of an ATRAindependent reporter gene. This has also been
observed for many other Gal4-fusions of
transcriptional repressors acting in a variety of ways
to inhibit gene expression. Therefore, in non-muscle
cells, UNC45A may regulate gene expression through
an as yet unknown mechanism and further research
should be headed in this direction. Recently, elevated

Figure 5 UNC45A is ubiquitously expressed in tumor cell lines
A series of human tumor cell lines were immunoblotted to assess their endogenous UNC45A protein levels.
* = aspecific background band

UNC45A levels have been detected in serous ovarian
carcinomas biopsies, as compared with normal
ovarian surface epithelium and benign cysts11. The
association of aberrant UNC45A expression with
malignancy is maintained in established ovarian
carcinoma cell lines11. We readily detected UNC45A
protein in a wide variety of tumor cell lines,
suggesting that UNC45A may be involved in tumor
cell physiology and behavior and this notion warrants
further investigation.

Materials and methods
Plasmids, reagents and antibodies
The ΔN-UNC45A truncated cDNA was generated by
PCR using genomic DNA from PXD101-resistent
cells infected with a human erythroleukemia K562
cDNA library and was cloned into the pMX retroviral
expression vector and into the pcDNA3.1 expression
vector. Full-length UNC45A was made by PCR from
pooled plasmid DNA of the same library as a template
and cloned into the pCR3-CMV-flag and pJ3Ω-Gal4
expression vectors and the MSCVpuro retroviral
vector. The RARα-R4 and PRAME constructs, the
expression vectors for nuclear hormone receptors and
the luciferase reporters were described before12,14.
ATRA, 9-cis-RA, MS-275, β-estradiol, progesterone,
WY-14643 and rosiglitizone were purchased from
SIGMA and PXD101 was a gift from
Topotarget/Prolifix Ltd. Anti-UNC45A affinitypurified antibodies were generated by immunizing
rabbits with peptides AKQHVPEQHPKDKPS and
CHLKLEDYDKAETEAS. Antibodies against RARα
(C-20), RXRα (D-20), p21 (F5), GFP (FL), and γ-

tubulin (H-183) were from Santa Cruz Biotechnology
and antibodies to acetylated-H3 and H4 were from
Serotec and Upstate Biotechnology, respectively.
Cell culture, colony formation and differentiation
assays
All cells were cultured in DMEM supplemented with
10% fetal calf serum (FCS). RAS V12 MEFs were
generated by infection of p53-/- MEFs with a
pBabePuro-RasV12 retrovirus and used for the
functional genetic screen as described 12. Retroviral
supernatants were generated by transfection of
Phoenix packaging cells with retroviral plasmids. For
colony formation assays, RASV12 MEFs were infected
with the indicated viruses and seeded at a cell density
of 5x104 cells/ 10 cm tissue culture dish 48 hrs after
infection. PXD101 (1 µM) was added to the medium
16 hours after plating and fresh medium with
PXD101 was added every third day. Dishes were
stained with Coomassie blue 14-18 days after plating.
For differentiation assays, F9 cells were infected with
UNC45A retrovirus (MSCV-EGFP-pgk-UNC45Aires-puro, a derivative of MSCVpuro), selected in
puromycin, seeded at a density of 10,000 cells/10 cm2
and cultured in 1 µM ATRA for 48 hrs. The cells
were then detached, diluted 1:10 to 1:20 and replated
(10 cm2) and cultured in 1 µM ATRA for another 14
days. The cells were stained with 0.1% crystal violet
followed by dye-extraction in 10% acetic acid and
quantification (OD590 nm absorption).
Transfections and luciferase assays
U2OS cells were cultured in DMEM supplemented
with charcoal/dextran-treated FCS (Hyclone) and
transfected with 0.5 µg of reporter-luciferase, 10 ng
CMV-renilla and 3 µg of the indicated expression
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before separation of the (co-)immunoprecipitated
proteins on SDS-PAGE gels. The Western blots were
incubated with RARα (MO3, clone 2D2) or RXRα
(MO1, clone 4E9) mouse antibodies (Abnova) and
with HRP-coupled protein A-sepharose beads (Pierce)
as secondary antibodies before detection of proteins
by chemiluminescence (ECL).
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Abstract
Many cancer drugs exhibit limited clinical efficacy, reflecting a poor therapeutic window between
effects on tumour cells relative to their normal cellular counterparts1. Biomarkers that inform on
tumour responses to a therapeutic modality might help overcome this problem2,3. Aberrant acetylation
has been strongly linked to tumourigenesis, and the modulation of acetylation through targeting
histone deacetylase (HDAC) is gathering increasing pace as a viable therapeutic strategy4,5,6.
However, the mechanism through which HDAC inhibitors kill cells is not known, although it is widely
believed to involve altered chromatin control. Using a genomewide loss-of-function screen to identify
genes that govern the sensitivity of cells to HDAC inhibitors, we have identified an unexpected
pathway through which HDAC inhibitors kill cells. Rather than histones and related proteins involved
in chromatin control, we show that elevated levels of the effector protein, HR23B, which shuttles
ubiquitinated cargo proteins to the proteasome7 is key in the killing process. HR23B also governs cell
sensitivity to drugs that act directly on the proteasome. Moreover, the level of HR23B informs on
sensitivity of tumour cells to HDAC inhibitors, and HR23B is at high levels in tumours in situ that
undergo a favourable clinical response to HDAC inhibitors. Thus, HDAC inhibitors influence
proteasome activity, and HDAC and proteasome inhibitors converge through a unified mechanism of
cell killing. These results have important implications for the clinical application of cancer therapy and
provide a rational basis for selecting tumours that undergo a beneficial response to HDAC inhibitorbased therapies.
The loss-of-function screen used an shRNA
library targeting the vast number of human genes
involved with cancer8. Each shRNA induces a strong
and specific suppression of gene expression over
prolonged periods of time8. We configured the screen
to allow the identification of genes that influence the
sensitivity of cells to HDAC inhibitors. The rationale
was based on the fact that the reduced expression of a
gene required for HDAC inhibitor-induced apoptosis
would allow cells to survive in the presence of the
drug (Figure 1a). Surviving cells can then be isolated,
the identity of relevant genes determined and,
thereafter, the role validated in functional assays.
An shRNA vector targeting HR23B
conferred resistance to HDAC inhibitor-induced
apoptosis. To determine if expression of the gene
targeted by the shRNA sequence was in fact reduced,
the level of the encoded protein was investigated. The
HR23B protein was low in cells stably expressing
HR23B-specific shRNA (Figure 1b). The effect of the
shRNA sequence derived from stable expression was
compared to that of an siRNA targeting the same

sequence (SP), and to another siRNA (2) derived from
a different region of the HR23B RNA; both siRNAs
produced efficient depletion of HR23B (Figure 1c).
In order to validate the role of HR23B in
regulating sensitivity to HDAC inhibition, we
assessed the effect of HR23B depletion on HDAC
inhibitor-induced apoptosis with both siRNAs. The
introduction of either siRNAs against HR23B RNA,
including the SP siRNA representing the shRNA
HR23B sequence, reduced the sensitivity of U2OS
cells to undergo apoptosis in response to HDAC
inhibitor treatment (Figure 1d). HR23B is one of two
human homologues of Saccharomyces cerevisiae
Rad239. However, HR23A siRNA did not affect
HDAC inhibitor-induced apoptosis (SI Figure 1),
indicating that HR23B and HR23A take on
functionally distinct roles during HDAC inhibitorinduced apoptosis.
Having established that HR23B is
functionally important in regulating sensitivity to
HDAC inhibitors, we progressed on to assess the
effect of HDAC inhibition on HR23B. There was an
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(a)

(d)

Figure 1 HDAC inhibitor shRNA knockdown screen
(a) U2OSEcR cells were infected with the pRetroSuper shRNA library and then treated with 2µM SAHA for up to
25 days. Colonies were harvested and the genes targeted by the shRNA identified.
(b) Validation of HR23B knockdown: Immunoblot showing the level of HR23B in pRetroSuper HR23B U2OS cells
(pRS-HR23B) derived from the shRNA screen after 2 (P2) or 5 (P5) passages. PCNA was used as a loading
control, and the level of HR23B is shown for comparison in the parental line (U2OS EcR).
(c) Transient knockdown of HR23B with siRNA: siRNAs against different regions in HR23B, including an siRNA
(referred to as SP) representing the sequence in the original pRetroSuper HR23B vector isolated in the screen
(a), and siRNA2 against an unrelated sequence in HR23B RNA (referred to as 2) were compared in level of
HR23B knockdown at 48h after treatment in U2OS cells. Lamin (L) siRNA was used as an siRNA control and
PCNA as a loading control; - indicates untreated cells.
(d) The level of sub-G1 apoptotic cells determined by FACS after treating U2OS cells with either lamin (L) or
HR23B siRNA (SP and 2; as described in (c)) for 48h followed by treatment with SAHA (5µM) for 48h.
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increase in the level of HR23B in U2OS cells treated
with the HDAC inhibitor SAHA (Figure 2a), which
reflected higher levels of HR23B immunostaining
(Figure 2b). Other HDAC inhibitors, including
PXD101 and valproic acid10, together with the natural
product trichostatin A (TSA), had a similar effect on
HR23B without any apparent effect on RNA levels
(Figure 2c and d). Moreover, HR23B acetylation
occurred in both untreated and treated cells (Figure 2e
and f), indicating that HR23B is targeted by the
acetylation machinery. Thus, HR23B levels increase
through a post-transcriptional mechanism in HDAC
inhibitor treated cells.
It was, however, important to assess the
regulation of HR23B by other types of agent that kill
cancer cells, particularly those that induce apoptosis,
to exclude the possibility that HR23B undergoes a
general response to drug-induced apoptosis. In cells
treated with different anti-cancer agents, including
etoposide, bleomycin, doxorubicin and UV light,
there was little effect on HR23B levels (Figure 2g and
h). Therefore, HR23B governs the sensitivity of cells
to HDAC inhibitor drugs.
HR23B participates in nucleotide excision
repair (NER)9. HR23B binds to the xeroderma
pigmentosum complementation group C (XPC)
protein, which then interacts with the damaged DNA9.
HR23B has another important function related to a
role in targeting ubiquitylated substrates to the
proteasome7,11,12. An ubiquitin-like domain in the Nterminal region of HR23B interacts with the
proteasome, and two ubiquitin-associated domains
located in an internal and C-terminal region11,13,14
allow HR23B to shuttle proteins destined for
proteasomal degradation. To gain insight into which
property of HR23B is relevant for HDAC inhibitor
sensitivity, the effect of HDAC inhibition on XP4PA
cells was investigated. XP4PA cells carry a defective
XPC gene (Figure 3b(i)) and exhibit compromised
NER activity and, as a consequence, the importance
of HR23B in NER is reduced15. However, XP4PA
cells were as sensitive to HDAC inhibitor-induced
apoptosis as the control human M2C5 fibroblasts and
U2OS cells, with normal XPC and NER activity
(Figure 3a and 3b (i)), and HR23B was similarly
induced in XP4PA cells upon treatment with HDAC
inhibitors (Figure 3b (iv)) when compared to both
U2OS (ii) and control M2C5 cells (iii). These results
suggest that HDAC inhibitors do not induce apoptosis
through a HR23B-dependent pathway that requires
NER activity.
To test whether HDAC inhibitors influence
the interaction between HR23B and the proteasome,
we investigated the association between HR23B and
the 20S core proteasome, with which HR23B interacts
via the ubiquitin-like domain, required for HR23B to

target cargo proteins for the proteasome11,14. There
was an increase in the level of HR23B bound to the
20S proteasome in HDAC inhibitor treated cells
(Figure 3c), suggesting that proteasome activity might
be altered. To test this idea, we used an HEK293 cell
line expressing an unstable GFP, GFPu, where GFP is
fused to the Ch1 degron sequence, which destabilizes
proteins by targeting them for degradation via the
ubiquitin-proteasome pathway16,17. As expected, GFPu
was stabilised in the presence of the proteasome
inhibitor bortezomib (Figure 3d), indicating that the
level of GFPu provides an independent measure of
proteasome activity. Upon titration of different
HDAC inhibitors, there was a significant increase in
the level of GFPu protein relative to the control
treatment (Figure 3e); moreover, the increase in GFPu
levels did not result from altered RNA (Figure 3f).
Furthermore, whilst purified proteasomes were not
directly affected by HDAC inhibitors, proteasomes
harvested from HDAC inhibitor treated cells were
compromised in proteolytic activity (SI Figure 2).
Thus, proteasome activity is altered in cells treated
with HDAC inhibitors.
The proteasome is becoming increasingly
recognised as a viable cancer target, and a variety of
small molecule drugs that interfere with proteasome
activity are either in development or already approved
for clinical use18. In a similar fashion to HDAC
inhibitors, proteasome inhibitors cause profound
apoptosis in tumour cells19. Since HR23B is likely to
be responsible for the altered proteasome activity
observed in HDAC inhibitor treated cells, we
surmised that HR23B might also influence the
sensitivity of cells to proteasome inhibitors. Indeed,
HR23B siRNA significantly reduced the level of
apoptosis induced by the proteasome inhibitor
MG132 (Figure 4a,b and c). Further, HR23B was
induced upon treating tumour cells with proteasome
inhibitors (Figure 4c), where it reached similar levels
to that seen in cells treated with HDAC inhibitors.
HR23B is therefore functionally important in
mediating cell sensitivity to both HDAC and
proteasome inhibitor drugs.
A number of reports have described the anticancer effects of combining an HDAC inhibitor with
a proteasome inhibitor20,21,22. Given the shared effect
of HDAC and proteasome inhibitors on HR23B
together with the role of HR23B in conferring drug
sensitivity in tumour cells, we reasoned that the level
of HR23B might influence the outcome of the
combined treatment and, possibly, provide an
instructive biomarker that informs on the outcome of
the combination treatment. We tested this idea by
studying the effect of different doses in combination
on the level of apoptosis and HR23B. Combining
each inhibitor at 0.1 IC50 resulted in a limited effect
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Figure 2 (next page) HR23B regulates sensitivity to HDAC inhibitors
(a) HR23B protein levels are upregulated upon SAHA treatment: Immunoblot showing increase in HR23B protein
levels in U2OS cells after treatment with 0, 1, 5, or 10µM SAHA for 48h (fold change in HR23B levels relative to 0
was 6, 5.5 and 4 respectively). PCNA was used as a loading control.
(b) HR23B protein levels and localisation are altered after SAHA treatment: Immunostaining showing increased
staining of HR23B in U2OS cells after treatment with 5µM SAHA for 48h. Nuclei were located by comparison to
DAPI staining. NS represents a non-specific control antibody treatment.
(c) HR23B protein levels are upregulated by different histone deacetylase inhibitors: Immunoblot showing
increased protein levels of HR23B after treatment for 48h with TSA (1µM), SAHA (5µM), PXD101 (1µM), and
VPA (10mM) with actin as a loading control (fold change in HR23B levels relative to mock was 7, 5.2, 6.5 and 6.5
respectively).
(d) HR23B is not regulated at the RNA level by HDAC inhibition: RT-PCR showing levels of HR23B RNA after
treatment of U2OS cells for 48h with TSA, SAHA, PXD101 or VPA (concentrations described in c) for 48h with
GAPDH as a loading control (fold change in HR23B RNA relative 18S rRNA was 0.98, 0.99, 1.2 and 1.4
respectively).
(e) HR23B is acetylated: Immunoprecipitation from U2OS cell extracts with anti-HR23B or GAL4 antibody (as a
control) either untreated or treated with 5µM SAHA for 48h and subsequently immunoblotted with an antibody
against pan-acetyl-lysine (tracks 1, 2, 3 and 4; upper) or anti-HR23B (tracks 1, 2, 3 and 4; lower). Input levels of
HR23B and loading control PCNA are also shown.
(f) Quantification of relative levels presented in (e). The level of acetylated or total HR23B in the
immunoprecipitate from untreated (-) cells (track 1) was given an arbitrary value of 1 and used to calculate the
fold-increase in SAHA-treated cells (+).
(g) HR23B protein levels are not upregulated by DNA-damaging agents: Immunoblot showing HR23B protein
levels after treatment of U2OS cells for 48 hours with SAHA (5µM), MG132 (0.5µM), SAHA (5µM) and MG132
(0.5µM) in combination, UV (50J), doxorubicin (10µM), etoposide (20µM) or bleomycin (1µg/ml). PCNA was used
as a loading control.
(h) Quantification of the relative protein levels with respect to PCNA presented in (g).

Figure 3 (page 68) Proteasome activity is aberrant in HDAC inhibitor treated cells
(a) Loss of XPC does not affect cell sensitivity to SAHA: Graph showing the percentage of XP4PA (), M2C5
(), and U2OS () cells in sub-G1 determined by FACS after treatment with increasing concentrations of SAHA
(0, 1, 2, 5 and 10µM) for 48 hours. All but one comparison ( to  at 10µM) were not significantly different (p<
0.05).
(b) Loss of XPC does not impact on the increase in HR23B levels after SAHA treatment: Immunoblot showing
expression levels of XPC in the indicated cell types (i), and the level of HR23B after treatment with increasing
concentrations of SAHA for 48 hours in U2OS (ii), XP4PA (iii) and M2C5 (iv) with PCNA as a loading control.
(c) HDAC inhibitor treatment increases the binding of HR23B to the 20S core proteasome: Immunoprecipitation
from U2OS cells with anti-HR23B or control anti-GAL4 antibody (NS) either untreated (-) or treated (+) with
SAHA (5µM) for 48h and subsequently immunoblotted with anti-HR23B or 20S core proteasome antibody. Input
levels are shown, together with PCNA loading control (tracks 5 and 6). There was a 4-fold increase in the level of
HR23B associated with the 20S core proteasome in SAHA-treated cells.
(d) GFP-u1 cells express GFPu after treatment with bortezomib: Immunoblot showing expression of GFP u protein
with PCNA as a loading control. GFP-u1 cells were either untreated (-) or treated with increasing concentrations
of bortezomib (nM) for 48 hours as indicated. Cells were also treated with the protease inhibitors aprotinin (A),
leupeptin (L) or pepstatin (P) as control treatments.
(e) GFP-u1 cells express GFPu after treatment with HDAC inhibitors: Immunoblot showing expression of GFPu
with PCNA as a loading control. GFP-u1 cells were either untreated (-) or treated with aprotinin (A 1µg/ml), TSA,
SAHA or PXD101 as indicated. The fold change relative to mock for TSA, SAHA and PXD101 was 33, 24, 20, 22,
23 and 34 (tracks 3 to 8 respectively).
(f) RT-PCR showing levels of GFP RNA after treatment of GFP-u1 cells for 48 hours with bortezomib, MG132,
SAHA and TSA as indicated. 18S rRNA levels were used as a loading control. The relative change of GFP RNA
to 18S rRNA is shown underneath.
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on apoptosis, whereas at 0.2 IC50 clear synergy was
apparent, compared to combining the inhibitors at 2.0
IC50 which yielded a less significant increase in
apoptosis (Figure 4d). The effect of the combined
treatment on apoptosis coincided with the level of
HR23B in treated cells (Figure 4d); for example, at
combined 0.2 IC50 the greatest increase on HR23B
levels was observed. The level of HR23B thus
informs on the consequence of combining an HDAC
inhibitor with a proteasome inhibitor.
Whilst it remains unclear which tumours
undergo a favourable clinical response to HDAC
inhibitors, at the current time cutaneous T cell
lymphoma (CTCL) has been found to be a
particularly sensitive malignancy23. In a limited panel
of cell lines, HR23B levels correlated with sensitivity
to SAHA (SI Figure 3). It was of interest therefore to
examine the level of HR23B in CTCL in situ. In 15
biopsy-verified CTCLs, including mycosis fungoides
and its leukaemic variant Sézary syndrome, HR23B
was expressed at high levels (Figure 5 and Table 1).
The expression was localized to malignant T cells in
areas of tumour mass (Figure 5). Some CTCLs
expressed low levels of HR23B, and HR23B was
similarly low in non tumour tissue (Table 1 and SI
Figure 4). HR23B is therefore highly expressed in
CTCL in situ, which represents a malignancy that
undergoes a favourable clinical response to HDAC
inhibitor-based therapies.
Our study bears on the mechanism through
which HDAC inhibitors kill cells. It has generally
been regarded that HDACs act at the epigenetic level
by altering the level of histone acetylation, and
therefore that HDAC inhibitors cause cell killing
through related mechanisms6,24. However, the results
presented here raise the interesting possibility that
aberrant proteasome activity is a causal event in
HDAC inhibitor-induced cell death. Specifically,
HR23B appears to be functionally important and rate
limiting in mediating the effect of HDAC inhibitor
drugs. Our results suggest that increased levels of
HR23B in HDAC inhibitor treated cells provokes
aberrant proteasome activity (Figure 5). Whilst these
results do not exclude a role for altered chromatin
control in HDAC inhibitor cell death, they do strongly
implicate the proteasome as a key target for HDAC
inhibitor-based therapies.
Very interestingly, the level of HR23B
impacts on the sensitivity of tumour cells to
proteasome inhibitors, thus arguing that these two
very different classes of drug kill cells through a
common effector pathway, and identify HR23B as a
component that integrates the two pathways. Our
results suggest that the level of HR23B may not only
be useful for stratifying tumours that exhibit improved
sensitivity to HDAC and proteasome inhibitors, but

also inform on whether a combination therapy is
likely to provide clinical benefit.
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Materials and Methods
Cell culture and transfection
Cells were cultured at 37oC in a humidified 5% CO2
incubator in DMEM (Invitrogen) (U2OS), or a 1:1
mixture of DMEM and Ham’s F10 media (Invitrogen)
(M2C5 and XP4PA) containing 10% FCS and 1%
penicillin/streptomycin (Invitrogen). U2OS cells were
transfected with synthetic siRNAs against HR23B; 2
(5’UUGCAGCCCUGAGAGCCAG-3’) or SP (5’GAUGCAACGAGUGCACUUG-3’), and lamin AC
(Dharmacon) as indicated using oligofectamine
(Invitrogen) to a final concentration of 50nM before
harvesting. The HEK 293 GFPu cells were as
described17 . Cells were treated with trichostatin A
(TSA), doxorubicin, etoposide, MG132, valproic acid,
suberoylanilide hydroxamic acid (SAHA), PXD101,
bleomycin, bortezomib or UV light, at the indicated
concentrations or conditions and for the indicated
times before harvesting.
FACS analysis
Cells were fixed in 50% ethanol/PBS overnight at
4oC and incubated for 30 minutes with 1 x RNAse A
and 20ng/ml propidium iodide (Sigma). Samples were
run on a FACScan flow cytometer (BD Bioscience)
and the analysis was carried out using CellQuestPro
software.
pRetroSuper shRNA loss-of-function
Viral pools were produced by transfection of Phoenix
packaging cells with the pRetroSuper shRNA library8
using calcium phosphate precipitation. U2OS cells
expressing
the
murine
ecotrophic
receptor
(U2OSEcR) were then infected with the viral pools.
Cells were grown for 72 hours to allow for shRNA
expression and then plated overnight (40,000 cells per
plate). 2µM SAHA was then added to each plate.
SAHA containing media was then replaced every 3
days for 25 days until the appearance of colonies on
plates treated with SAHA and viral library. Colonies
were then picked and expanded to allow isolation of
total genomic DNA and protein. The genomic DNA
was isolated from surviving cells as described8 .
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Figure 4 HDAC inhibitors and proteasome inhibitors act through a common pathway
(a) HR23B depletion leads to rescue of HDAC inhibitor and proteasome inhibitormediated apoptosis: FACS
profiles depicting the effect of treatment of U2OS cells with either lamin (i, iii and v) or HR23B (ii, iv and vi) siRNA
for 48h followed by a subsequent 48h treatment with normal culture media or media containing 5µM SAHA (iii
and iv) or 0.5µM MG132 (v and vi).
(b) Quantitation of FACS profiles presented in (a).
(c) Immunoblot showing protein levels of HR23B, lamin and PCNA for experiment described in part (a).
(d) Combined HDAC and proteasome inhibitor treatment: Quantitation of sub-G1 cell population from FACS
analysis at the indicated IC50 concentrations (0.1, 0.2 and 2.0) of SAHA and bortezomib. U2OS cells were
treated with either inhibitor alone or in combination for 48h, and the level of apoptosis presented as the folddifference to the inhibitor alone treatment (average of each treatment alone).
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Immunoblotting and immunoprecipitation
Cells were washed with 1 x PBS and lysed in TNN
lysis buffer (50mM Tris pH 8, 120mM NaCl, 0.5%
NP-40, 1mM dithiothreitol, and protease inhibitors) at
4°C for 20 min. Cell lysate was normalised (Bradford
assay) and equal protein loading was confirmed with
Ponceau S staining. For immunoprecipitation, cells
were lysed in TNN buffer and incubated overnight at
4oC with the appropriate antibody bound to protein
G–Sepharose beads. Total protein was resolved by
denaturing SDS–polyacrylamide gel electrophoresis
before electrotransfer to Protran nitrocellulose
membrane and probed with antibody. Antibodies used
were anti-PCNA, GAL4, CD3, actin, GFP and XPC
(Santa Cruz Biotechnology), lamin AC (BD
Biosciences), panacetyl lysine (Cell Signalling), 20S
core proteasome, HR23B and A (Biomol). Enhanced
chemi-luminescence (Pierce) was used to visualize
antibody binding.
RNA isolation, cDNA production and PCR
Cells were harvested after compound treatment and
total RNA was isolated using the RNAeasy Mini Kit
(Qiagen). Total RNA was then used as a template to
produce cDNA with oligo-dT primers using the First
Strand cDNA synthesis kit (Invitrogen). This cDNA
was then used in PCR reactions using primers against
HR23B
(forward
5’GCATCTTCTGAACCTGCACCTG-3’; and reverse
5’GCTGTAGTAACGCTGGAAGCAAG-3’), GFP
(forward
5’GCTGACCCTGAAGTTCATCTGC-3’
and reverse 5’- GCGGATCTTGAAGTTCACCTTG3’)
and
18S
rRNA
(forward
5’GATACCGAACGAGACTCTGGC-3’ and reverse
5’-CCATCCAATCGGTAGTAGCG-3’).
PCR
products were resolved on a 1% 1x TAE/Agarose gel
containing ethidium bromide.
Immunofluorescence
Coverslips were washed in 1 x PBS and fixed in 3.7%
formaldehyde for 30 minutes, permeabilised in Triton
X-100 for 5 minutes and then blocked in 1%
FCS/PBS for 30 minutes at room temperature before
incubation with antibody as indicated. Coverslips
were then washed in 1 x PBS 0.05% Tween-20 and
mounted onto microscope slides using Citiflour
mounting media. Protein expression and localisation
was then visualised using a B202 light microsope
(Olympus) and analysed using OpenLab software
(Improvision)
Pathology examination
Diagnosis as CTCL was verified by examination by
three independent pathologists. Paraffin-embedded
formalin fixed tissue from 15 CTCLs were sectioned
(5µm) onto glass slides, cleared of paraffin in

Citroclear and rehydrated through graded alcohol
baths. After a rinse in water, sections were “pressure
cooked” for 2min in 1mM EDTA at pH8 for heat
induced epitope retrieval. Slides were incubated in
0.03% hydrogen peroxide for 5 min to inactivate
endogenous peroxidases followed by incubation with
0.1% Triton for 10min to improve antibody
penetration, and treated with anti-HR23B or anti-CD3
followed by the secondary antibody rabbit anti-mouse
HRP, and then the substrate (DAB; DAKO). Slides
were placed in haemotoxylin and eosin (Sigma) for 12 sec for nuclear counterstaining. They were then
mounted with coverslips using AquaTex (Merck,
Darmstadt, Germany). Sections were examined under
a Zeiss Axioskop light microscope (Zeiss, Germany).
Images were captured with Micropublisher 5.0 RTV
and imaging was performed with Adobe Photoshop
Version 8. Use of the human tissue in the CRUK
Tumour Pathology Unit was approved by the ORH
Research Ethics Committee (ref n. CO2.216).

Figure 5 (next pages) Expression of HR23B in
cutaneous T cell lymphoma
(a) Table summarising HR23B expression in CTCL
(diagnosis of disease indicated) together with
characteristics of abnormal T cells. A biopsy (histology
number 17) taken from chronic dermatitis showed a
high infiltration of inflammatory non-malignant T cells,
indicated as (+), that expressed low levels of HR23B
(see SI Figure 4B).
(b) Examples of tissue sections taken from CTCL
biopsies showing haematoxylin and eosin staining
(left), and anti-CD3 (middle) and anti-HR23B (right)
immunostaining. The top row (A) shows a mycosis
fungoides (histology number 7, x40), the middle (B)
shows a cutaneous cytotoxic T cell lymphoma
(histology number 11; x10) and the bottom (C) a
cutaneous lymphoproliferative disorder (histology
number 13; x10 ((i, ii and iii) and x40 (iv)). Note the
intensely stained malignant T cells, (CD3 positive, ii),
correspond with areas of HR23B staining (iii). Each
image represents a separate serial section from the
same biopsy. The inset in (B) represents 40x
magnification taken from the same image. C(iv)
represents a x40 image of the tumour mass in C(iii).
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Figure 5a

Table 1: Summary of HR23B expression in CTCL.

Histology
number

CTCL diagnosis

1

Mycosis fungoides

2

Mycosis fungoides

+

3

Sezary syndrome

+

4

Mycosis fungoides

+

5

Mycosis fungoides

+

6

Mycosis fungoides

+

7

Mycosis fungoides

+

CD2, CD3, CD30 + ve

8

Mycosis fungoides

+

CD30 + ve

9

Mycosis fungoides

+

CD3, CD30 + ve

10

Mycosis fungoides

+

CD2, CD4, CD5, CD30 + ve

11

Cutaneous cytotoxic T
cell lymphoma
Cutaneous anaplastic
large cell lymphoma
Cutaneous
lymphoproliferative
disorder
Cutaneous
lymphoproliferative
disorder
Cutaneous
lymphoproliferative
disorder
Low grade T cell
lymphoma
Chronic dermatitis

+

CD8 + ve

+

CD30 + ve

+

CD30 + ve

+

CD4, CD8, CD30 + ve

+

CD30 + ve

12
13

14

15

16
17
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Neoplastic
cells
positive for
HR23B

Neoplastic
Comments
cells
negative for
HR23B
+
CD3, CD4 + ve

CD3, CD8 + ve

Concomitant lymphomatoid
papulosis

+
(+)

73

Chapter 5

Figure 5 Expression of HR23B in cutaneous T cell lymphoma
(c) Proposed model: HDAC is functionally important in regulating the levels of HR23B (i). Upon HDAC inhibition
(HDACi) HR23B levels increase, provoking aberrant protein turnover by altering proteasome activity (ii).
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Supplementary Methods
Proteasome assay
The 20S proteasome assay components were
reconstituted and stored under conditions described
by Biomol International. Assay buffer was added to
each well as follows: 40µl in blank (no proteasome),
30µl in control (no inhibitor) and 25µl in inhibitor
wells. 20S purified proteasome (10µl) was added to
all wells except blanks. Compounds SAHA (5µM),
PXD101 (1µM), bortezomib (90nM) and epoxomicin
(0.5µM) were added to all wells except blanks and
controls. Following 10 min incubation at room
temperature, 10µl substrate (suc-LLVY-AMC) was
added to all wells. The plate was read every 2 min for
1h using a plate reader (Excitation = 360 nm,
Emission = 460 nm, gain = 58).
Assay for proteasome activity from HDAC
inhibitor treated cells
U2OS cells were harvested after 4h of compound
treatment with SAHA, PXD101, bortezomib or

vehicle control. Following a wash in 1 x PBS, cells
were re-suspended in 100µl HEPES buffer (5mM
HEPES, 1mM EDTA, pH7.5) and sonicated for 1
min. Samples were centrifuged for 10 mins
(14,000rpm at 4ºC) and the supernatant removed,
stored on ice and used immediately. The proteasome
assay (Biomol International) was carried out
according to the manufacturer’s instructions replacing
purified proteasome with the cell supernatant as the
enzyme source.
Further details of the shRNA screen
From the primary screen, about 17 colonies grew in
2µM SAHA. Several colonies contained multiple
shRNA vectors and were deprioritised. About 6
colonies failed to grow, or grew very slowly. Of the
remaining, several targeted poorly described genes,
one targeted a growth factor and the other targeted
HR23B. From the selection of shRNAs identified
HR23B was prioritised for further analysis.
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(a)

(b)

Figure S1 Role of HR23A in HDAC-inhibitor mediated apoptosis
(a) Graph depicting the induction of cell accumulation in sub-G1 phase of the cell cycle measured by FACS
analysis after treatment of U2OS cells with mock conditions, HR23A siRNA or HR23B siRNA as indicated for
48h, followed by treatment with 5µM SAHA for a further 48 hours.
(b) Immunoblot showing protein levels of HR23A, HR23B and PCNA for the experiment described in (a).

(a)

Figure S2 HDAC inhibitors do not directly inhibit proteasome catalytic activity, but proteasomes from
HDAC inhibitor treated cells exhibit compromised activity
(a) Purified proteasome was incubated with vehicle (■), SAHA (□), PXD101 (x) or bortezomib (Δ) for 10 min prior
to fluorogenic substrate addition. Cleaved substrate representative of active proteasome was measured at 2 min
intervals for 60 min.
(b) U2OS cells were treated with vehicle (■), SAHA (□), PXD101 (x) or bortezomib (Δ) for 4h prior to lysis.
Purified proteasome was then incubated with fluorogenic substrate. Cleaved substrate representative of active
proteasome was measured at 2 min intervals for 12 min.
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(b)

Figure S3 Levels of HR23B in cell lines and HDAC
inhibitor sensitivity
Extracts from the indicated cell lines were
immunoblotted with anti-HR23B as indicated. PCNA
provided a loading control. The IC50 for SAHA of the
cell lines is indicated below. The CTCL and multiple
myeloma (MM) cell lines are indicated.

Figure S4 Levels of HR23B in
human biopsy material
Tissue sections from biopsies taken
from mycosis fungoides (top row (A),
histology number 1, x40), chronic
dermatitis (middle row (B), histology
number 17, x40) and a nonmalignant perivascular T cell (CD3
positive) infiltrate surrounding an
apocrine gland (bottom row (C), x40)
showing haemotoxylin and eosin
staining (left, i), anti-CD3 (middle;ii)
and anti-HR23B staining (right; iii).
Note that the malignant T cells (CD3
positive) in the mycosis fungoides
(A, ii) had low levels of HR23B (A,
iii). Similarly, the T cell (CD3
positive) infiltrate in B ii) and C ii)
exhibit low levels of HR23B
immunostaining
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Abstract
The tumor antigen PReferentially expressed Antigen of MElanoma (PRAME) is expressed in a variety
of malignancies, including breast cancer. We have analyzed PRAME gene expression in relation to
clinical outcome for 295 primary breast cancer patients. Kaplan-Meier survival curves show a
correlation of PRAME expression levels with increased rates of distant metastases and decreased
overall patient survival. This correlation existed for both the entire patient group (n=295) and for the
subgroup of patients (n=185) who did not receive adjuvant chemotherapy. Multivariable analysis
indicated that PRAME is an independent marker of shortened metastases-free interval in patients who
did not receive adjuvant chemotherapy. PRAME expression was associated with tumor grade and
negative estrogen receptor (ER) status. We conclude that PRAME expression is a prognostic marker
for clinical outcome of breast cancer, independent of traditional clinicopathological markers.
The expression of preferentially expressed
antigen of melanoma (PRAME) has been detected in
a variety of cancers including breast cancer, but its
expression is low or absent in normal tissues1. The
protein PRAME was first detected as a tumor antigen
in cells isolated from a melanoma and high PRAME
expression has been detected in 88-95% of primary
melanomas1. PRAME can inhibit retinoic acid (RA)
signaling leading to resistance of melanoma cells to
proliferation arrest induced by RA2. The function of
PRAME in breast cancer and other cancers in which it
is expressed is still elusive3.
Among the tumor types expressing PRAME
are breast cancers, lung cancers, sarcomas, Wilms’
tumors, renal carcinomas, medullo-blastomas, headand-neck cancers, lymphomas and several types of
leukemias1,4-9. Although many reports have focused
on the detection of PRAME mRNA transcripts, there
are few studies that have linked gene expression data
directly to clinical information. The expression of
PRAME is associated with poor prognosis in
neuroblastoma: high PRAME expression is associated
with more advanced tumor stage, higher ages of
patients at diagnosis, and poor clinical outcome10.
PRAME expression has been linked to good
prognosis in pediatric AML11, but other studies did
not find a significant correlation12.
We previously identified a gene expression
profile that is associated with the risk of early distant
metastases in young breast cancer patients13. The
tumors of 78 women with sporadic lymph node-

negative breast cancer were selected to search for a
prognostic signature in their gene expression profiles.
We found that 231 genes were significantly associated
with disease outcome, one of which was PRAME.
Serial computational analyses of the data were
conducted to generate a ‘prognosis classifier’
comprising an optimized number of 70 marker genes.
PRAME was part of the set of 231 “significant
prognosis reporter genes”, but not of the optimal set
of 70 that together constitute the prognosis classifier13.
This classifier allowed the categorization of patients
in a ‘good-prognosis’ and a ‘poor-prognosis’ group,
as defined by the occurrence of distant metastases
within 5 years after initial diagnosis13.
In a subsequent validation study, the tumors
of a series of 295 consecutive women with breast
cancer were used to validate the 70-gene prognostic
profile14. The genome-wide gene expression profiles
of these tumors demonstrated the prognostic power of
this profile in predicting the outcome of disease. The
poor-prognosis signature was the strongest predictor
of the likelihood of distant metastases in all patients,
with a more accurate prediction of disease outcome
than clinicopathological criteria and the NIH and St.
Gallen criteria14.
The prognosis classifier could be used to
select effectively those high-risk patients that would
benefit from adjuvant therapy, while reducing the
number of patients that receive unnecessary treatment
and may suffer from the side effects. Thus, the
prognostic profile potentially provides a powerful tool
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to tailor adjuvant systemic treatment of breast
cancer13. Moreover, the prognostic power of the 70gene profile indicates that the ability to metastasize to
distant sites is an early and inherent genetic property
of breast cancer, which argues against the widely
accepted idea that metastatic potential is acquired
relatively late during multi-step tumorigenesis15.
Because PRAME was not part of the 70-gene
prognosis classifier, we have analyzed the gene
expression dataset of the 295 breast cancer patients
from our previous study14 for the expression levels of
PRAME and found a remarkable association between
PRAME expression and poor clinical outcome. We
discuss these findings in the context of the recent
insights in PRAME function.

Materials and methods
Selection of patients
Tumors from a series of 295 consecutive women with
breast cancer were selected from the fresh-frozen–
tissue bank of the Netherlands Cancer Institute
according to the following criteria as described
previously14. The tumor was primary invasive breast
carcinoma less than 5 cm in diameter at pathological
examination (pT1 or pT2); the apical axillary lymph
nodes were tumor-negative, as determined by a
biopsy of the infraclavicular lymph nodes; the age at
diagnosis was 52 years or younger; the calendar year
of diagnosis was between 1984 and 1995; and there
was no previous history of cancer, except nonmelanoma skin cancer. All patients had been treated
by modified radical mastectomy or breast-conserving
surgery, including dissection of the axillary lymph
nodes, followed by radiotherapy if indicated. Among
the 295 patients, 151 had lymph node–negative
disease (results on pathological examination, pN0)
and 144 had lymph node–positive disease (pN+). All
patients were assessed at least annually for a period of
at least five years. Follow-up information was
extracted from the medical registry of the Netherlands
Cancer Institute. The median follow-up among all 295
patients was 6.7 years (range, 0.05 to 18.3). There
were no missing data. The study was approved by the
medical-ethics committee of the Netherlands Cancer
Institute.
Isolation of RNA and microarray expression
profiling
The isolation of RNA, labeling of complementary
RNA (cRNA), hybridization of labeled cRNA to
25,000-gene arrays, and assessment of expression
ratios were all performed as previously described13,17.
In brief, tumor material was snap-frozen in liquid
nitrogen within one hour after surgery. Frozen
sections were stained with hematoxylin and eosin;

82

Figure 1 Histograms of PRAME expression levels
(log2 ratios) for patients without adjuvant treatment
(top; n=185) and for all patients (bottom; n=295).

only samples that had more than 50 percent tumor
cells were selected. Thirty 30-µm sections were used
for the isolation of RNA. Total RNA was isolated
with RNAzolB and dissolved in RNase-free water.
Then 25 µg of total RNA was treated with DNase
with use of the Qiagen RNase-free DNase kit and
RNeasy spin columns, the RNA was then dissolved in
RNase-free water to a final concentration of 0.2 µg
per microliter. cRNA was generated by in vitro
transcription with the use of T7 RNA polymerase and
5 µg of total RNA and labeled with Cy3 or Cy5 (Cy
Dye, Amersham Pharmacia Biotech). Five
micrograms of Cy-labeled cRNA from one breastcancer tumor was mixed with the same amount of
reverse-color Cy-labeled product from a reference
pool that consisted of an equal amount of cRNA from
each patient. Labeled cRNAs were fragmented to an
average size of approximately 50 to 100 nucleotides
by heating the samples to 60°C in the presence of 10
mM zinc chloride and adding a hybridization buffer
containing 1 M sodium chloride, 0.5 percent sodium
sarcosine, 50 mM morpholino-ethane sulfonic acid

(pH 6.5), and formamide (final concentration, 30
percent at 40°C); the final volume was 3 ml. The
microarrays
included
24,479
biologic
oligonucleotides as well as 1281 control probes. The
hybridizations were performed in duplicates and with
color reversal. After hybridization, the slides were
washed and scanned with a confocal laser scanner
(Agilent Technologies). Fluorescence intensities on
scanned images were quantified, and the values were
corrected for the background level and normalized.
Statistical methods
The PRAME expression data were linked to the
clinical database on the basis of the Rosetta
Bioinformatics patient identification number (rosid).
The probe sequence for PRAME was checked using
BLAST and was found to only code for PRAME and
did not match any other sequence. PRAME
expression was quantified as the logarithm of the
intensity ratio with respect to a standard pool of breast
cancers. A Normal probability plot indicated the
existence of two subgroups of patients with either
relatively high or low PRAME expression. An
expectation-maximization (EM) algorithm was used
to estimate the mean values and standard deviations
(SD) of the log2 ratio subgroups, which were treated
as Normal distributions, an assumption that was
supported by histograms (Fig. 1). The distance of
every sample from the mean of both groups measured
in SD of that group was calculated. The samples were
assigned to the group with the smallest distance in SD
of that group. This method assigned 98 samples
(33%) to the high expression group and 197 samples
(67%) to the low expression group. The cut-off value
for PRAME expression levels in log2 was -1.45,
which equals -0.4365 in log10.
Time in years to distant metastasis as first
event was measured from the date of diagnosis of the
primary tumor. For metastasis, the occurrence of a
metastasis before any other failure (loco-regional
recurrence or contralateral breast cancer or death) was
counted as an event, while all other patients were
censored at the time of another type of failure or end
of follow-up. For overall survival, death from any
cause was counted as an event, while patients still
alive at the end of follow-up were censored at that
time. The p-values shown for the Kaplan-Meier (KM)
curves were calculated using a log rank test. Cox
regression analysis was used to analyze the prognostic
value of PRAME in addition to that of known
clinicopathological prognosticators.

Results
The expression levels of PRAME mRNA in
the primary breast cancer biopsies of 295 patients

used in our previous study14 were analyzed and
matched to the clinical follow-up data. There were
110 patients who received adjuvant systemic
chemotherapy, the majority of which had lymph
node–positive disease14. These patients were separated
from the whole group, leaving 185 patients who had
not received adjuvant chemotherapy. In both cohorts
of patients, two subgroups for PRAME expression
existed, with relatively low and relatively high
PRAME levels. Histograms were made to confirm the
existence of two subgroups for PRAME expression in
each cohort (Fig. 1). 98 breast cancer samples (33%)
were assigned to the high expression group and 197
samples (67%) to the low expression group, using a
cut-off value of -1.45 in log2, which equals -0.4365 in
log10 (see Methods).
To evaluate the clinical relevance of PRAME
expression, Kaplan-Meier plots for overall survival
and metastasis-free interval were made. For the group
of patients who did not receive adjuvant
chemotherapy, there were significant associations
between PRAME expression levels and shortened
overall survival (p=0.000026); and PRAME
expression levels and shortened metastasis-free
interval (p=0.000046) (Fig. 2). These data indicate
that PRAME expression is a prognostic marker for
breast cancer progression.
Subsequently, we evaluated whether there was a
relation between PRAME expression levels and
clinical follow-up in the whole group of 295 patients.
There were negative associations between PRAME
expression levels and overall survival (p=0.0034) and
metastasis-free interval (p=0.0029), i.e. high PRAME
levels were associated with poor outcome. Thus,
PRAME mRNA expression levels were inversely
correlated with survival in all patients, irrespective of
treatment and KM plots and p-values showed a more
significant separation between high and low risk
samples for the patient group without adjuvant
chemotherapy compared to all 295 patients (both
analyses p<0.001) (Fig. 3).
Expression of PRAME was compared with
clinicopathological characteristics in a multi-variable
analysis. Independent prognostic factors for
metastases-free interval were PRAME expression
(P=0.006), age, lymph node status, mastectomy and
tumor grade and vascularization for the 185 patients
who did not receive chemotherapy (Table 1). In all
295 patients age, lymph node status, tumor size, grade
and vascularization, and chemotherapy were
independent prognostic factors for metastases-free
interval (Table 2). PRAME expression was not
significant in this group (P=0.11), probably due to the
strong effect of chemotherapy.
To search for a possible relation between
PRAME expression and clinicopathological tumor
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Table 1. Multivariable proportional-hazards analysis of the risk of distant metastases as a first event in
patients who did not receive chemotherapy (n=185)
Variable

Hazard ratio
(95% CI*)

P
value

Age (per 10-yr increment)
Lymph node status (per positive node)
Diameter of tumor (per 10 cm)
Tumor grade
grade 2 (vs. grade 1)
grade 3 (vs. grade 1)
Vascular invasion
1-3 vessels (vs. 0 vessels)
>3 vessels (vs. 0 vessels)
Estrogen receptor expression
Mastectomy (vs. breast-conserving therapy)
Hormonal treatment (vs. no hormonal treatment)
PRAME high expression (vs. low expression)

0.58 (0.39-0.87)
1.16 (1.02-1.30)
1.15 (0.82-1.61)

0.008
0.02
0.42

2.76 (1.09-6.99)
2.80 (1.07-7.33)

0.03
0.04

0.45 (0.11-1.90)
2.14 (1.25-3.67)
1.02 (0.61-1.70)
1.92 (1.08-3.40)
1.05 (0.40-2.79)
2.26 (1.27-4.01)

0.28
0.006
0.95
0.03
0.92
0.006

*CI denotes confidence interval
Table 2. Multivariable proportional-hazards analysis of the risk of distant metastases as a first event in
all patients (n=295)
Variable

Hazard ratio
(95% CI*)

P
value

Age (per 10-yr increment)
Lymph node status (per positive node)
Diameter of tumor (per 10 cm)
Tumor grade
grade 2 (vs. grade 1)
grade 3 (vs. grade 1)
Vascular invasion
1-3 vessels (vs. 0 vessels)
>3 vessels (vs. 0 vessels)
Estrogen receptor expression
Mastectomy (vs. breast-conserving therapy)
Chemotherapy (vs. no chemotherapy)
Hormonal treatment (vs. no hormonal treatment)
PRAME high expression (vs. low expression)

0.71 (0.51-0.99)
1.12 (1.03-1.22)
1.32 (1.03-1.68)

0.04
0.01
0.03

2.27 (1.06-4.85)
2.36 (1.09-5.11)

0.04
0.03

0.81 (0.34-1.94)
1.66 (1.03-2.66)
0.76 (0.50-1.16)
1.28 (0.80-2.04)
0.39 (0.22-0.68)
0.74 (0.33-1.66)
1.47 (0.92-2.37)

0.64
0.04
0.21
0.30
0.001
0.47
0.11

*CI denotes confidence interval
characteristics, associations between PRAME
diameter, number of positive axillary nodes,
histologic grade, estrogen receptor status, vascular
invasion, lymphatic infiltration) were analyzed. Only
for grade and estrogen receptor (ER) status evidence
for an association with PRAME was found. In the 295
breast cancer patient group, high PRAME expression
levels were associated with poorly differentiated
tumors and low PRAME expression with welldifferentiated tumors (Kruskal-Wallis test: P=0.0005).
Furthermore, the expression of PRAME was
associated with negative ER status, as ER-negative
patients had mostly high PRAME expression, whereas
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expression and clinical variables (age, tumor
ER-positive patients had mostly low PRAME
expression (Mann-Whitney test: P<0.0001). Although
significant, this negative association of PRAME with
ER was not consistent among all patients, which may
be explained by the two patient subgroups with
respect to PRAME mRNA expression (Fig. 1).
In conclusion, our analyses provide evidence
for an association of high PRAME expression levels
with poor clinical outcome of pre-menopausal breast
cancer with increased rates of distant metastases and
lower rates of overall survival.

Discussion
In the present study, we have evaluated the
prognostic value of PRAME mRNA expression in
295 primary breast cancer biopsies. The full-genome
gene expression data of these patients were previously
used to validate the “poor-prognosis profile” of 70
genes13,14. Using this large dataset, we have
demonstrated that PRAME is a prognostic marker for
metastasis-free interval and overall survival. These
data are reminiscent of a report showing that the
expression of PRAME is associated with poor
prognosis in neuroblastoma10.
Recently, an association between PRAME
expression and unfavorable disease outcome was
shown in a study involving 103 breast cancer biopsies
in which PRAME mRNA was detected in ~53% of
tumor specimens18. The presence of PRAME was
associated with shortened disease-free survival and
overall survival in all breast cancer cases18. In the
cases
when
adjuvant
chemotherapy
was
administrated, an association existed between
PRAME expression and shortened relapse-free
survival18. In our study, we provide evidence that
PRAME expression is a prognostic marker for
metastasis-free interval and overall survival in
primary breast cancer. We also demonstrate that the
strongest correlation exists for patients who did not
receive adjuvant chemotherapy, indicating that
PRAME has prognostic power in primary breast
cancer. Therefore, the data of the previous study18 are
fully consistent with the conclusion of the present
larger study based on 295 patients and a subgroup of
185 patients who did not receive chemotherapy.
We have found recently that PRAME is a corepressor of the retinoic acid receptor and harbors
seven “nuclear receptor boxes”, motifs that allow
interaction with nuclear receptors2. This finding begs
the question whether the function of PRAME in
breast cancer progression is also to inhibit the
function of specific nuclear receptors. In our study,
PRAME expression was found to be higher in the ERnegative breast tumors, suggesting that PRAME does
not act on the estrogen receptor. Consistent with this,
we did not observe and effect of PRAME expression
on estrogen receptor or progesterone receptor
activity2. Which nuclear receptor (if any) is targeted
by PRAME in breast cancer remains elusive at
present.
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Figure 2 Kaplan-Meier plots for overall survival (top) and metastasis-free interval (bottom) for patients who did
not receive adjuvant chemotherapy (n=185) categorized by PRAME mRNA levels. P-values were calculated by
using a log rank test.
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Figure 3 Kaplan-Meier plots for overall survival (top) and metastasis-free interval (bottom) for all patients
(n=295) categorized by PRAME mRNA levels. P-values were calculated by using a log rank test.

87

Chapter 7
A causal role for the human tumor antigen PRAME in cancer

Cancer Res 66, 10639-10642, 2006

A Causal Role for the Human Tumor Antigen Preferentially
Expressed Antigen of Melanoma in Cancer
Mirjam T. Epping and René Bernards
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Abstract
Tumor antigens are of interest as diagnostic and prognostic
markers and potential therapeutic targets. The tumor antigen
preferentially expressed antigen of melanoma (PRAME) is
frequently overexpressed in a wide variety of cancers and is a
prognostic marker for clinical outcome. It has been shown
recently that PRAME functions as a repressor of retinoic acid
signaling. Here, we discuss this novel insight in the context of
the increasing interest in tumor antigens as targets for
therapy. (Cancer Res 2006; 66(22): 10639-42)

Expression of Preferentially Expressed Antigen of
Melanoma in Cancer
Conceptually, tumor antigens can be divided into different
groups based on their expression patterns and the presence of
underlying gene mutations. They may be specific products of
malignant cells due to mutations, translocations, and other distinct
genetic events (e.g., the BCR/ABL fusion protein in leukemia).
Second, tumor cells may express the wild-type version of protooncogenes at a higher level than their normal cellular counterparts
(e.g., as a result of amplification as for HER-2/neu in breast cancer).
Third, among the known tumor antigens are a class of nonmutated
genes whose expression, with exception of testis and fetal tissues,
seems to be mostly restricted to tumor cells. These cancer-testis
antigens (CTA) include the MAGE, GAGE/PAGE, BAGE, LAGE/NYESO-1, and preferentially expressed antigen of melanoma (PRAME)
families and they are mostly known for their association with
melanoma.
The gene encoding PRAME was cloned by Ikeda et al. (1) as part
of an investigation into tumor immune surveillance in a patient
with a recurrent melanoma. This patient was found to express an
antigen (PRAME), which elicited a cytotoxic T-cell-mediated
immune response by autologous lymphocytes. The prevalence of
PRAME expression is very high in melanomas: 88% of primary
lesions and 95% of metastases (1). Gene expression profiling of
the different stages of melanoma progression showed that PRAME
is expressed in primary melanomas, but not in healthy skin
tissue or in benign melanocytic lesions (nevi or moles), suggesting
that PRAME expression may be an event in melanocyte
transformation (2).
Besides melanoma, PRAME is frequently expressed in many
different cancers and its expression correlates with prognosis and
survival (Table 1). For instance, PRAME is expressed in non–small
cell lung carcinomas, breast carcinomas, renal cell carcinomas,
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head and neck cancers, Hodgkin’s lymphomas, sarcomas, Wilms’
tumors, and medulloblastomas (Table 1; refs. 1, 3–7). The expression
of PRAME is also significant in the acute and chronic phases of
both myelocytic and lymphocytic leukemias with reported frequencies of expression ranging from 17% to 42% in acute lymphoblastic
leukemia (ALL) to 30% to 64% in acute myelogenous leukemia
(AML; refs. 1, 8–12). A comparison of the gene signatures of the
chronic, accelerated, and blast phases of chronic myelogenous
leukemia (CML) has revealed that early in accelerated phase,
before the accumulation of increased numbers of leukemia blast
cells, new gene expression patterns occur, including an increase in
PRAME expression (13).
Similar to melanoma, PRAME expression in neuroblastoma
is extraordinarily common: reverse transcription-PCR (RT-PCR)
screening detected PRAME expression in 93% of primary tumors
and in 100% of patients with advanced disease (14). In
neuroblastoma, highly significant associations exist between high
PRAME expression and more advanced tumor stage, higher ages of
patients at diagnosis, and poor clinical outcome of patients (14).
Moreover, a large microarray-based study into the gene expression
signatures of premenopausal breast cancers with good versus
poor clinical outcomes identified PRAME expression as one of
the molecular markers of poor prognosis. High PRAME expression
correlated with an increased probability of development of
metastases and with low disease-free and overall survival (3).
In contrast, a trend has been found that higher PRAME mRNA
levels correlate with favorable prognosis and prolonged survival in
childhood AMLs (11). Patients with the BCR/ABL t(9;22) (Ph+) and
AML1/ETO t(8;21) translocations show particularly high PRAME
mRNA levels (8, 15, 16). It cannot be excluded, however, that the
correlation of PRAME expression with good prognosis is secondary
to its correlation with these translocations (17). Indeed, it has been
shown that PRAME is a BCR/ABL-inducible gene (15).
In contrast to other CTA, PRAME is also expressed in some
normal tissues other than testis (Table 1). The high activation of
CTA in testis may be explained by genome-wide DNA demethylation, which occurs in male germ-line cells. The cause of aberrant
PRAME expression in malignancies is largely unknown. Because
many studies have relied on mRNA-based techniques, it is clear
that PRAME transcript levels are very highly induced in tumor
tissues, but whether this is due to gene amplifications, enhanced
transcription rates, or altered mRNA turnover has not been
addressed. Genetic alterations, such as mutations or translocations
in PRAME, have not been reported.
Surprisingly, a large family of PRAME-like genes and pseudogenes have evolved in the human genome (18). A comprehensive
prediction of human PRAME homologues yielded a total of 22
PRAME genes and 10 pseudogenes, which have evolved recently in
evolution through extensive gene duplications (18). However, very
little is known about their expression and their possible functions.
The mouse genome contains multiple PRAME-like genes in an
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Table 1. Expression of PRAME in cancers and in normal
tissues
Tissue type
Melanoma
Primary lesion
Metastasis
Mammary carcinoma
Lung
Non–small cell lung carcinoma
Adenocarcinoma
Squamous cell carcinoma
Leukemia
ALL
AML
CML
Progressive acute megakaryoblastic
leukemia of Down’s syndrome
Hodgkin’s lymphoma
Medulloblastoma
Neuroblastoma
Primary lesion
Advanced disease
Head and neck tumor
Renal carcinoma
Wilms’ tumor
Sarcoma
Multiple myeloma
Normal tissue
Testis
Endometrium
Bone marrow/CD34+ progenitors
Ovary
Adrenals

Percentage

References

88
95
27

(1)
(1)
(1, 3)

46
78

(1)
(1)

17-42
30-64
n.d.

(1, 8, 9, 12)
(1, 8–11)
(13)

n.d.
n.d.
30-74

(26)
(5)
(7)

93
100
39
41
n.d.
39
n.d.

(14)
(14)
(1)
(1, 4)
(6)
(1)
(27)

(1)
(1)
(11)
(1)
(1)

NOTE: There is anecdotal evidence for expression of PRAME in
additional normal tissues and tumor types in the National Center for
Biotechnology Information database of serial analysis of gene expression analysis for PRAME (http://www.ncbi.nlm.nih.gov/UniGene/
ESTProfileViewer.cgi?uglist=Hs.30743).
Abbreviation: n.d., not determined.

orthologous region, but it is unclear if a functional mouse
orthologue of human PRAME exists.

PRAME Function
The data described above raise the question whether activation
of PRAME is causally implicated in oncogenic transformation or
whether it is a mere reporter of progressive disease. Recent data
indicate that PRAME may be instrumental in disease progression
by interfering with retinoic acid (RA) receptor (RAR) signaling (19).
RA signaling is essential in development, cell fate determination,
and tissue homeostasis. RA induces transcription of a set of target
genes by binding to and activation of its receptor, resulting in
differentiation and cell cycle arrest in responsive cells (20). Loss of
RA responsiveness is therefore beneficial to cancer cells. The amino
acid sequence of PRAME reveals the presence of seven putative
nuclear receptor boxes in the protein. Nuclear receptor boxes
(LXXLL motifs, where L is leucine and X is any amino acid) are
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often present in proteins that bind to and modulate the activities
of nuclear hormone receptors. When tested for its ability to repress
transactivation by several class I and class II nuclear hormone
receptors, it was found that PRAME only acts to repress RAR
signaling (19). However, these data do not exclude that PRAME has
additional functions or that it plays roles in other nuclear receptor
signaling pathways.
RAR represses target gene transcription in the absence of its
ligand and activates transcription after binding of RA. PRAME was
found to bind directly to RAR and inhibit RAR-mediated transactivation, even in the presence of RA, thus acting as a dominant
inhibitor of the RAR pathway (19). Ectopic expression of PRAME in
RA-sensitive cells was shown to confer resistance to RA-induced
growth arrest, differentiation, and apoptosis. Moreover, knockdown
of PRAME by RNA interference (RNAi) in melanoma cells,
which are invariably RA resistant, restored sensitivity to RA
and induction of the target genes RARb en p21. Importantly,
melanoma xenografts with PRAME knockdown could be treated
with RA resulting in significantly smaller tumor sizes compared
with tumors without PRAME knockdown. Together, these results
established a dominant inhibitory effect of PRAME on RAR
signaling (Fig. 1; ref. 19).
Suppression of the proliferation arrest and differentiation
normally induced by RA may explain why PRAME expression is
positively selected for during oncogenesis. RARa is involved in the
promyelocytic leukemia (PML)-RARa and the more rare PLZFRARa translocations that cause pediatric APL. The resulting fusion
proteins encode functionally altered receptors, which are constitutive repressors of RA-induced differentiation of leukemic blasts
(20). The overexpression of PRAME in solid tumors may have a
similar effect on cell physiology and thereby phenocopy the RARa
translocations in APL. It remains to be elucidated whether tumor
cells are ‘‘addicted’’ to the presence of high PRAME levels. Based on
the current limited knowledge on PRAME function, melanoma
represents arguably the strongest case for PRAME being causally
implicated in the malignant phenotype. The extremely high
prevalence of PRAME expression in melanoma (1) and the effects
of knockdown of PRAME by RNAi in melanoma (19) support
this idea.
Given the differential correlation between PRAME expression
and prognosis in solid tumors versus childhood acute leukemias,
the role of PRAME in leukemias may be different from its function
in solid tumors. It has been shown that transient overexpression
of PRAME can induce a caspase-independent cell death (21). Stable
expression resulted in a decreased proliferation rate. Furthermore,
knockdown of PRAME by RNAi increased the tumorigenicity of
K562 leukemic cells in nude mice (21). These data raise the
possibility that PRAME has a different role in oncogenic
transformation of solid tumors compared with hematologic
malignancies.

Implications for Cancer Treatment
Tumor antigens can be exploited in two different ways: they can
be used to detect the presence of residual cancer cells and they can
serve as targets for therapy. Detection of minimal residual disease
(MRD) is critical in, for example, acute leukemias as the persistence
of leukemic blast cells represents a serious risk of relapse. Various
methods are used for the detection of MRD and several genes
have been tested for their suitability as markers of MRD by
qualitative and quantitative RT-PCR techniques. PRAME is one of

the molecular markers that are being tested in AML and seems
to be a promising diagnostic marker for the detection of MRD in
AML (22).
For the development of more effective and less toxic cancer
therapies, increased selectivity of therapeutic agents is urgently
needed. Tumor-specific proteins or pathways that the tumor cells
depend on are preferred as therapeutic targets. Some notable
successes are drugs targeting the BCR/ABL oncogene in CML and
the HER-2/neu oncogene in breast cancer. The tumor antigen
PRAME has two properties in common with these highly
successful drug targets. First, high PRAME expression is mostly
restricted to tumor cells. Second, its expression contributes to the
oncogenic phenotype, as PRAME confers a selective advantage to
tumor cells by virtue of its inhibitory effect on RA signaling. Such
a causal role for a tumor antigen in oncogenesis adds to its
potential as a target for therapy, as escape from therapy
through down-regulation of antigen expression would be
disadvantageous for the tumor cell. However, the normal tissues,
in which PRAME is expressed, may pose problems for systemic
therapeutic targeting of PRAME-positive cancer cells, especially
because PRAME mRNA has been detected in CD34+ progenitor
cells and bone marrow (Table 1; ref. 11). Preclinical in vivo

experiments to determine the toxicity profile of PRAME-directed
therapies are complicated by the lack of a clear rodent
orthologue of PRAME (18).
Two strategies could be considered to use PRAME as a specific
target in cancer. It is conceivable that, despite the intrinsic
immunogenicity of PRAME, immune responses to solid tumors are
often abrogated by immunosuppressive mechanisms/factors produced by the tumor cells. Immunotherapies could be designed to
boost the T-cell-mediated immune response to PRAME-positive
tumor cells. Immune therapy may spare normal cells, as PRAMEpositive testes cells are not good targets for T cells due to the lack
of direct contact with the immune cells and the lack of HLA class I
expression on the surface of germinal cells. Furthermore, the low
expression of PRAME in other normal tissues may not be sufficient
for CTL recognition. PRAME-specific lysis of multiple tumor cell
lines by CTL in an HLA-restricted manner has been shown (23).
However, whether patients can be stimulated to consistently
mount a robust immunologic response to this antigen has yet to be
established. It has been shown recently that the expression of
PRAME can induce antileukemic immune responses in AML.
In the majority of AML patients in complete remission, specific
T-cell responses to PRAME peptides were detected, in contrast to

Figure 1. Model of PRAME function in cancer. A, in normal cells, in the absence of ligand, RARa recruits repressor complexes to the promoters of its target genes to
repress gene transcription. B, on binding of RA, the repressor complexes are released and coactivators are recruited to induce gene transcription, resulting in
differentiation, proliferation arrest, and/or apoptosis. C, in PRAME-positive tumor cells, PRAME interacts with RARa in the presence of ligand and blocks gene
transcription. Constitutive repression of RA signaling by PRAME may be one of the genetic events in oncogenesis and represent a new mechanism of RA resistance in
human cancers. RARE, RA-responsive element.
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AML patients with refractory disease (17). This suggests that T-cell
responses can contribute to tumor eradication, even in the absence
of additional stimulation of the immune system. Heterogeneous
intratumor expression of CTA may hamper the effectiveness
of CTA-directed vaccination and RT-PCR has revealed a highly
heterogeneous expression of MAGE, GAGE, and PRAME among
human melanoma clones derived from the same lesion (24).
Immunotherapeutic approaches for AML have been developed,
which use dendritic cells generated from PRAME-positive AML
blasts (AML-dendritic cells). These AML-dendritic cells upregulated costimulatory molecules and were recognized by specific
T cells. The first clinical study targeting PRAME used autologous
AML-dendritic cells, which were injected into AML patients. This
resulted in increased T-cell numbers specifically recognizing a
PRAME-derived peptide (25).
Alternatively, small molecule-based strategies to target PRAME
in cancer can be envisioned. However, PRAME has not been shown
to possess intrinsic enzymatic activity, which could be targeted by
small-molecule drugs. In addition, the small hydrophobic a-helical
interaction surface between PRAME and RAR is a difficult target
for drug development. One possible starting point could be the
finding that PRAME requires the histone methyltransferase activity
of the polycomb protein EZH2 to mediate transcriptional
repression (19). Therefore, small-molecule inhibitors of the histone
methyltransferase activity of EZH2 may have especially potent
effects in PRAME-positive tumor cells.

References
1. Ikeda H, Lethe B, Lehmann F, et al. Characterization of
an antigen that is recognized on a melanoma showing
partial HLA loss by CTL expressing an NK inhibitory
receptor. Immunity 1997;6:199–208.
2. Haqq C, Nosrati M, Sudilovsky D, et al. The gene
expression signatures of melanoma progression. Proc
Natl Acad Sci U S A 2005;102:6092–7.
3. van ’t Veer LJ, Dai H, van de Vijver MJ, et al. Gene
expression profiling predicts clinical outcome of breast
cancer. Nature 2002;415:530–6.
4. Neumann E, Engelsberg A, Decker J, et al. Heterogeneous expression of the tumor-associated antigens
RAGE-1, PRAME, and glycoprotein 75 in human renal
cell carcinoma: candidates for T-cell-based immunotherapies? Cancer Res 1998;58:4090–5.
5. Willenbrock K, Kuppers R, Renne C, et al. Common
features and differences in the transcriptome of large
cell anaplastic lymphoma and classical Hodgkin’s
lymphoma. Haematologica 2006;91:596–604.
6. Li CM, Guo M, Borczuk A, et al. Gene expression in
Wilms’ tumor mimics the earliest committed stage in
the metanephric mesenchymal-epithelial transition. Am
J Pathol 2002;160:2181–90.
7. Boon K, Edwards JB, Siu IM, et al. Comparison of
medulloblastoma and normal neural transcriptomes
identifies a restricted set of activated genes. Oncogene
2003;22:7687–94.
8. van Baren N, Chambost H, Ferrant A, et al. PRAME, a
gene encoding an antigen recognized on a human
melanoma by cytolytic T cells, is expressed in acute
leukaemia cells. Br J Haematol 1998;102:1376–9.
9. Paydas S, Tanriverdi K, Yavuz S, Disel U, Baslamisli F,
Burgut R. PRAME mRNA levels in cases with acute

94

Several important issues remain to be solved for PRAME. First,
which signaling pathways are targeted in the various types of
cancer, in which PRAME is expressed? PRAME has been shown
to inhibit RA signaling in melanoma (19), and it will be of interest
to know if PRAME blocks RA signaling in other cancers in which it
is expressed. Alternatively, the protein may be able to interfere with
other pathways through one or more of its remaining nuclear
receptor boxes because PRAME has seven such motifs and only one
of these is used to interact with RAR (19). Second, it remains
unclear how PRAME expression is reactivated during oncogenesis.
In general, CTA expression can be induced with 5-aza-deoxycytidine
(a DNA-hypomethylating agent; ref. 24), suggesting that epigenetic
control mechanisms underlie the silencing of PRAME in most
adult tissues. PRAME was up-regulated in BCR/ABL-transduced
cells, suggesting a role for BCR/ABL in the activation of PRAME (15).
Many more of these oncogene or pathway-induced mechanisms of
PRAME up-regulation may exist and it will be important to identify
the mechanisms that cause PRAME to become selectively activated
during oncogenesis.

Acknowledgments
Received 7/10/2006; revised 9/5/2006; accepted 9/14/2006.
Grant support: Centre for Biomedical Genetics and the Dutch Cancer Society
(Koningin Wilhelmina Fonds).
We apologize to the authors whose research articles could not be cited due to
space constraints.

leukemia: clinical importance and future prospects. Am
J Hematol 2005;79:257–61.
10. Greiner J, Ringhoffer M, Taniguchi M, et al. mRNA
expression of leukemia-associated antigens in patients
with acute myeloid leukemia for the development of
specific immunotherapies. Int J Cancer 2004;108:704–11.
11. Steinbach D, Hermann J, Viehmann S, Zintl F, Gruhn
B. Clinical implications of PRAME gene expression in
childhood acute myeloid leukemia. Cancer Genet
Cytogenet 2002;133:118–23.
12. Steinbach D, Viehmann S, Zintl F, Gruhn B. PRAME
gene expression in childhood acute lymphoblastic
leukemia. Cancer Genet Cytogenet 2002;138:89–91.
13. Radich JP, Dai H, Mao M, et al. Gene expression
changes associated with progression and response in
chronic myeloid leukemia. Proc Natl Acad Sci U S A
2006;103:2794–9.
14. Oberthuer A, Hero B, Spitz R, Berthold F, Fischer M.
The tumor-associated antigen PRAME is universally
expressed in high-stage neuroblastoma and associated
with poor outcome. Clin Cancer Res 2004;10:4307–13.
15. Watari K, Tojo A, Nagamura-Inoue T, et al. Identification of a melanoma antigen, PRAME, as a BCR/ABLinducible gene. FEBS Lett 2000;466:367–71.
16. Ross ME, Mahfouz R, Onciu M, et al. Gene expression
profiling of pediatric acute myelogenous leukemia.
Blood 2004;104:3679–87.
17. Greiner J, Schmitt M, Li L, et al. Expression of tumorassociated antigens in acute myeloid leukemia: implications for specific immunotherapeutic approaches.
Blood. Epub 2006 Aug 24.
18. Birtle Z, Goodstadt L, Ponting C. Duplication and
positive selection among hominin-specific PRAME
genes. BMC Genomics 2005;6:120.
19. Epping MT, Wang L, Edel MJ, Carlee L, Hernandez M,

Bernards R. The human tumor antigen PRAME is a
dominant repressor of retinoic acid receptor signaling.
Cell 2005;122:835–47.
20. Altucci L, Gronemeyer H. The promise of retinoids to
fight against cancer. Nat Rev Cancer 2001;1:181–93.
21. Tajeddine N, Gala JL, Louis M, Van Schoor M, Tombal
B, Gailly P. Tumor-associated antigen preferentially
expressed antigen of melanoma (PRAME) induces
caspase-independent cell death in vitro and reduces
tumorigenicity in vivo . Cancer Res 2005;65:7348–55.
22. Steinbach D, Schramm A, Eggert A, et al. Identification of a set of seven genes for the monitoring of
minimal residual disease in pediatric acute myeloid
leukemia. Clin Cancer Res 2006;12:2434–41.
23. Griffioen M, Kessler JH, Borghi M, et al. Detection and
functional analysis of CD8+ T cells specific for PRAME: a
target for T-cell therapy. Clin Cancer Res 2006;12:3130–6.
24. Sigalotti L, Fratta E, Coral S, et al. Intratumor
heterogeneity of cancer/testis antigens expression in
human cutaneous melanoma is methylation-regulated
and functionally reverted by 5-aza-2¶-deoxycytidine.
Cancer Res 2004;64:9167–71.
25. Li L, Giannopoulos K, Reinhardt P, et al. Immunotherapy for patients with acute myeloid leukemia using
autologous dendritic cells generated from leukemic
blasts. Int J Oncol 2006;28:855–61.
26. McElwaine S, Mulligan C, Groet J, et al. Microarray
transcript profiling distinguishes the transient from the
acute type of megakaryoblastic leukaemia (M7) in
Down’s syndrome, revealing PRAME as a specific
discriminating marker. Br J Haematol 2004;125:729–42.
27. Pellat-Deceunynck C, Mellerin MP, Labarriere N, et al.
The cancer germ-line genes MAGE-1, MAGE-3 and
PRAME are commonly expressed by human myeloma
cells. Eur J Immunol 2000;30:803–9.

Chapter 8
General Discussion

General discussion
Despite many efforts, cancer remains an
incurable disease for half of the patients. Novel
therapeutics are urgently needed and drugs acting on
cancer-specific targets are preferred over non-specific
drugs. A new generation of small-molecule drugs
targeting cancer-specific proteins has been developed,
with imatinib mesylate (Gleevec) as the famous
example. Several groups of recently developed
compounds with potential anti-cancer activity do not
have a cancer-specific target. These compounds have
cancer-selective cytostatic activity, but their
mechanism of action is unknown. One such a group
of potential new cancer drugs are histone deacetylase
inhibitors (HDACIs) and they have been subject of
investigation in this thesis.

Functional genetic screening and cancer
drugs
Functional genetic screening focuses on the
phenotype of cells upon introduction of exogenous
genetic material1. The approach is unbiased and was
originally designed to identify novel components of
genetic pathways, for example, in p53-dependent
senescence. Functional genetic screening may also be
used to identify genes that modulate sensitivity or
resistance to a drug. In the present thesis, this
approach was used to identify molecular pathways
that are targeted by HDACI. We have conducted a
gain-of-function screen by using a cDNA library and
a loss-of-function screen by using an RNA
interference library. These studies have revealed a
role for retinoic acid (RA) signaling and for HR23B
and the proteasome, respectively. The antiproliferative and apoptotic effects of HDACIs were
exploited to select for genes that upon overexpression
or knockdown would render cells resistant to
treatment with the drug. Therefore, more than one
gene could be identified to play a role in drug
resistance.
The current thesis, together with additional
examples that are given below, underscores the power
of functional genetic screening with cancer drugs. The
aim of screening is to identify pathways that are
targeted by cytostatic drugs and their mechanisms of
action. At the same time, the results may reveal
possible mechanisms of drug resistance that exist in
vivo. Furthermore, the identified pathways could
provide cues as to which drugs could exhibit
cooperative effects with the drug under investigation.
The data from our cDNA screen suggested
cooperativity between retinoids and HDACI. Indeed,

we found synergistic effects of RA and HDACI on
RA signaling and tumor growth in vivo. Our RNAi
screen indicated that HDACI share a common theme
with proteasome inhibitors: dysregulation of the
proteasome in an HR23B-dependent manner.
Subsequently, we found SAHA and bortezomib to
synergize in the induction of apoptosis. Both
combination treatments are currently in clinical trials,
and will be discussed in more detail below.
Functional genetic screening has recently
been used for several screens with targeted
therapeutics. One example is nutlin-3, a compound
that interferes with the binding of p53 to its inhibitor
Mdm2 and induces growth arrest2. Among the short
hairpin RNA (shRNA) vectors that provided
resistance to nutlin-3 was 53BP13, 53BP1 is a
component of the ATM-CHK-53BP1 DNA damage
checkpoint pathway that is activated by doublestranded DNA breaks or shortened telomeres,
resulting in the induction of p534. This DNA damage
pathway is often constitutively activated in human
cancers and premalignant lesions5. Hence, intrinsic
DNA damage signaling in tumor cells mediated by
53BP1 is required for full nutlin-3 cytotoxicity3.
A second example focuses on mechanisms of
resistance to trastuzumab (Herceptin), which is used
for the treatment of HER2-amplified breast cancer.
Knockdown of the tumor suppressor PTEN induced
resistance to trastuzumab treatment in vitro. In
patients, low levels of PTEN and/or activating
mutations in PI3K are associated with poor prognosis
after treatment with trastuzumab6.

HDACI and cutaneous T cell lymphoma
The HDACI suberoylanilide hydroxamic
acid (SAHA, vorinostat) has proven clinical efficacy
in cutaneous T cell lymphomas (CTCLs). SAHA has
been approved for the treatment of refractory,
advanced stage CTCL, based on a 30% overall
response rate in a multi-center Phase IIB trial with 74
patients7. It is not known how SAHA selectively
induces apoptosis in CTCL cells8.
CTCLs encompass a heterogeneous group of
rare extranodal lymphoproliferative disorders9,10.
Primary CTCLs are characterized by the localization
of the clonally derived, malignant lymphocytes to the
skin at presentation10. The most common form of
CTCL, mycosis fungoides (MF), is indolent but may
transform to large cell lymphoma or evolve into a
leukemic variant, Sézary syndrome (SS)9. The
reported median times from diagnosis of MF to
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Figure 1 HDACI and bexarotene synergistically activate RA signaling
(A) U2OS cells were transfected with RARE-luc and treated with ATRA (1 µM), bexarotene (10 µM) or PXD101 (2 µM). (B)
U2OS cells were transfected with RARE-luc and treated with bexarotene (10 µM) and either PXD101 (2 µM), SAHA (2 µM),
TSA (0.25 µM), butyrate (5 mM), valproic acid (VPA, 10 mM), spiruchostatin A (20 nM) or MS-275 (2 µM). (C) Treatment with
ATRA (1 µM) for 48 hrs induced RARβ and DR5 proteins in U2OS cells, which was enhanced by addition of PXD101 (2 µM) (i).
RARβ was only induced in MDA-MB-134 cells upon treatment with ATRA and PXD101 (ii). γ-tubulin was shown to confirm
equal loading. (D) U2OS cells were immunoblotted for RARβ after treatment with ATRA (1 µM), bexarotene (10 µM) and/or
PXD101 (2 µM) for 48 hrs .

transformation to large cell lymphoma range from 12
months to 6.5 years11,12. MF Patients who undergo
transformation have a poor prognosis, with a median
survival from transformation of 19.4 months with
large differences between patients in course of the
disease11. Although partial and complete remissions
can be achieved in patients with MF and SS,
subsequent relapses are common and therapy of
refractory, transformed CTCL is palliative10.
Retinoids and synthetic retinoid analogues
have long been used alone and in combination with
other therapies for CTCL13. Rexinoids are highly
selective ligands for the retinoid X receptors (RXRs),
which are the obligate heterodimerization partners of
the retinoic acid receptors (RARs). Bexarotene
(LGD1069) is a rexinoid which induces apoptosis in
CTCL cells14 and has been approved for the treatment
of CTCL for systemic and topical application.
Bexarotene induced clinical remissions in 45% of
ninety-four advanced stage CTCL patients enrolled in
a phase II-III trial15.
Synergy between HDACI and bexarotene
In view of the synergy between RA and
HDACI described in chapter 2, we evaluated if
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bexarotene could also act in synergy with HDACI, we
transfected cells with a reporter construct containing
three retinoic acid-responsive element (RAREs) fused
to a luciferase construct and treated them with
ligands. The reporter was readily activated by ATRA,
but bexarotene and PXD101only had a mild effect.
Combination of PXD101 with either ATRA or
bexarotene synergistically activated RA signaling
(Fig. 1A). We then compared HDACIs of different
chemical classes: the hydroxamates PXD101, SAHA
and trichostatin A (TSA), the small fatty acids
butyrate and valproic acid, the cyclic tetrapeptide
spiruchostatin A, and the benzamide MS-275. All
HDACIs tested induced a synergistic activation of RA
signaling when combined with bexarotene (Fig. 1B).
Subsequently, we tested the upregulation of the
endogenous RAR-target genes RARβ and DR5 after
treatment with these ligands. In U2OS cells, ATRA
induced RARβ and DR5 and addition of PXD101
enhanced the upregulation of both proteins (Fig. 1C).
In MDA-134 cells, ATRA did not induce RARβ, but
simultaneous treatment with ATRA and PXD101 did
induce RARβ (Fig. 1C). Bexarotene did not activate
RARβ in U2OS cells, but bexarotene together with
PXD101 induced RARβ, although weaker than

ATRA plus PXD101 (Fig. 1D). These data support
the notion that combined treatment with HDACI and
bexarotene enhances RA signaling.
HDACI and bexarotene induce down-regulation of
RXR and cell death
Nuclear hormone receptors including RARα
are downregulated through degradation by the
ubiquitin-proteasome pathway upon activation by
their ligands14,16. Treatment of the CTCL cell line MJ
with ATRA and bexarotene downregulated RARα
and RXRα as expected (Fig. 2A and data not shown).
We observed that treatment of CTCL cells with
HDACI also downregulated RXRα . Treatment with
PXD101 or SAHA induced downregulation of RXRα
protein levels and concomitant cell death in a
concentration-dependent manner (Fig. 2C-D). When

SAHA and bexarotene showed an additive effect on
the reduction of cell viability (Fig. 2E). Together,
these data support the notion that HDACIs act
through activation of RXRα and its downstream
effectors to induce apoptosis in CTCL. Moreover,
RXRα may be a biomarker for effective CTCL cell
killing by HDACI.
A clinical trial has been initiated for the
treatment of CTCL patients with oral SAHA and
bexarotene. One patient under treatment had an acute
tumor necrosis and a granulomatous reaction,
followed by a complete clinical remission17. It was
suggested that the unusual clinical course of this
patient may be explained by the treatment with SAHA
and bexarotene17. Further study is required to evaluate
whether treatment of CTCL with HDACI and
bexarotene ameliorates clinical outcome due to
additive effects on tumor cell killing. Nevertheless,
these observations are fully consistent with our data
demonstrating the synergy between these two
compounds in activating RA signaling in vitro and in
anti-cancer effects of retinoids and HDACI in vivo
(chapter 2).

Proteasome inhibitors and cutaneous T
cell lymphoma

Figure 2
HDACI induce downregulation of RXRα
associated with apoptosis
(A-B) MJ cells were immunoblotted for RARα and RXRα after
treatment with ATRA (1 µM), bexarotene (10 µM) and/or
PXD101 (2 µM) for 72 hrs. (C-D) MJ cells were treated with
PXD101 or SAHA for 72 hrs followed by determination of cell
viability and Western blotting for RXRα. In (D) cells were
treated with bexarotene (10 µM) for comparison. (E) Cell
viability of MJ cells was determined after treatment with
bexarotene (5 µM) or SAHA (1-2 µM) for 72 hrs showing an
additive effect of these drugs on apoptosis.

The proteasome inhibitor bortezomib
(Velcade) has been approved for the treatment of
multiple myeloma (MM) and shows activity in other
lymphoid malignancies18. The cytostatic activity of
bortezomib has been linked to NF-κB signaling, as
bortezomib inhibits NF-κB activation and induces
apoptosis in MM and CTCL cells19. The results of our
RNAi screen revealed a role for HR23B in the
induction of apoptosis by HDACI and proteasome
inhibitors. Therefore, bortezomib-induced apoptosis
of CTCL cells may also be dependent on HR23B. It is
likely that proteasome inhibitors have a lot of
unrelated effects on cancer cells and the extent to
which distinct pathways are affected may vary among
tumor types.
In a small phase II clinical study twelve
CTCL patients were treated with bortezomib as
monotherapy. Two patients had a complete remission
and six had a partial remission; the remaining four
patients had disease progression20. This study suggests
that bortezomib may have significant single-agent
activity in patients with CTCL. In addition, a clinical
trial has been initiated to evaluate the efficacy of
SAHA combined with bortezomib in CTCL patients.

MJ cells were treated with bexarotene and PXD101
together, the RXRα protein levels decreased even
more (Fig. 2B). Moreover, treatment of MJ cells with

Together, our data demonstrate that
functional genetic screening may provide a very
helpful tool in the discovery of the signaling pathways
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that are targeted by cancer drugs and may also reveal
mechanisms of drug resistance and/or clinically
relevant interactions between drugs. Tools like these
are expected to contribute to the challenging
development of new effective and cancer-specific
drugs.

Materials and methods
Reagents and antibodies
All-trans-retinoic acid (ATRA), trichostatin A (TSA),
butyrate, valproic acid (VPA) and MS-275 were
purchased from SIGMA, bexarotene (LGD1069) was
obtained from Eisai Inc., suberoylanilide hydroxamid
acid (SAHA, vorinostat) was purchased from Alexis,
PXD101 was a gift from Topotarget/Prolifix Ltd and
spiruchostatin A was a gift from Drs. A. Ganesan and
G. Packham (University of Southampton, UK).
Antibodies against RARα (C-20), RXRα (D-20),
RARβ (C-19) and g-tubulin (H-183) were from Santa
Cruz Biotechnologies and the DR5 antibody was from
Cayman Chemicals.
Cell culture and cell viability assays
The CTCL cell lines MyLa and MJ are derived from
peripheral blood of patients with mycosis fungoides
(MF) and were cultured in RPMI1640 medium
supplemented with 10% fetal calf serum (FCS) and Lglutamine. Cells (2.5-4x105 cells/ml) were treated
with drugs for 72 hrs and cell viability was
determined by adding 6 µl of Cell Titer-Blue assay
reagent (Promega) to 100 µl CTCL cell suspension in
black 96-well plates and quantification according to
the manufacturer’s instructions. The results are
reported as mean ± s.d. of quadruplicates.
Transfections and luciferase assays
U2OS cells were cultured in DMEM with 10% FCS.
For luciferase assays, U2OS cells were cultured in
DMEM supplemented with charcoal/dextran-treated
FCS (Hyclone) and transfected with 0.5 µg of
reporter-luciferase and 10 ng CMV-renilla using
calcium phosphate precipitation. The indicated
ligands were added 48 hrs after transfection and
assays were done 72 hrs after transfection.
Normalized luciferase activities shown represent
ratios between luciferase values and renilla internal
control values and were measured using the dual
reporter luciferase assay system (Promega). The
results are reported as mean ± s.d. of triplicates.
Western blotting
Cells were lysed in Ripa buffer (50 mM Tris pH 8.0,
150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid,
and 0.1% SDS) supplemented with protease inhibitors
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(Complete; Roche) and proteins were separated on
10-14% SDS-PAGE gels. Proteins were transferred to
polyvinylidine difluoride membranes (Immobilon P,
Millipore) and the blots were probed with the
indicated antibodies. The Western blots were
incubated with with HRP-coupled secondary
antibodies before detection of proteins by
chemiluminescence (ECL).
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Summary
Samenvatting

Summary
This thesis describes the application of
functional genetic screening for the discovery of
the mechanisms of action of a new class of anticancer drugs. In addition, this thesis describes
the function of the tumor antigen PRAME.
In chapter 1, novel classes of anticancer drugs are introduced. So-called ‘targeted
therapeutics’ specifically target the protein
products of genetic lesions in cancer. The
importance of companion diagnostics for these
novel therapeutics is indicated. Subsequently,
examples of compounds which do not target
cancer-specific proteins are introduced. The
latter group includes histone deacetylase
inhibitors (HDACIs), which inhibit cell growth
and induce apoptosis in cancer cells. Histone
deacetylases are enzymes which catalyze the
removal of acetyl groups from histones and other
proteins, thereby regulating gene activity and
protein function and activity. Several HDACI
compounds are currently tested in clinical trials,
but their mechanisms of action are poorly
understood.
Chapter 2 describes a functional genetic
screen which was conducted to gain insight into
the mechanisms of action of HDACIs. A cDNA
library was introduced into transformed murine
cells and the cells were selected for resistance to
the HDACI compound PXD101. Overexpression
of the genes encoding for retinoic acid receptor α
(RARα) and PRAME made the cells resistant to
treatment with PXD101 and other HDACIs.
RARα is a nuclear hormone receptor, which
activates gene transcription upon binding of its
ligand retinoic acid (RA). Treatment of cells with
HDACIs activated RA signaling, but ectopic
RARα and PRAME repressed RA signaling.
Conversely, cells without RARs and cells with
reduced PRAME protein levels (accomplished
by using RNA interference (RNAi)) were
hypersensitive to HDACIs. Melanoma tumors
with knockdown of PRAME were sensitized to
treatment with RA, HDACIs, or both. Treatment
of cells with HDACIs and RA together
synergistically activated RA signaling. These

results indicate a role for RA signaling in
HDACI-induced cell cycle arrest and apoptosis.
Chapter 3 contains a detailed analysis of
the human tumor antigen PReferentially
expressed Antigen of MElanoma (PRAME).
PRAME bound to RARα and repressed RA
signaling. PRAME inhibited the physiological
responses triggered by RA, such as growth
arrest, differentiation and apoptosis. PRAME
itself acted as a transcriptional repressor.
PRAME bound the polycomb group protein
EZH2, which is known as a silencer of gene
expression by histone methylation. Melanoma
cells contain high levels of PRAME protein and
are resistant to RA, but could be rendered
responsive to RA by knockdown of PRAME
using RNAi. Similarly, melanoma tumors with
PRAME knockdown were sensitive to RA
treatment.
In chapter 4, a third gene is analyzed
that was identified in the genetic screen
described in chapter 2. The protein encoded by
this gene, UNC45A (SMAP-1), inhibited RA
signaling induced by HDACIs and by RA and
acted as a transcriptional repressor. UNC45A
bound to RARα and RXRα and inhibited growth
arrest and differentiation by RA. UNC45A also
attenuated ligand-induced transactivation by
progesterone receptor and PPARα and γ
receptors.
Chapter 5 describes a functional genetic
screen with the HDACI compound SAHA using
an RNAi library. Knockdown of HR23B
rendered cells resistant to apoptosis induced by
SAHA. HR23B is known to shuttle ubiquitylated
proteins to the proteasome for degradation.
SAHA was found to inhibit proteasome activity.
SAHA and proteasome inhibitors induced
HR23B protein levels and triggered apoptosis,
which was prevented by knockdown of HR23B.
SAHA has been approved for the treatment of
advanced cutaneous T cell lymphoma (CTCL).
CTCL biopsies were found to contain high levels
of HR23B protein.
Chapter 6 describes the results of an
investigation into the expression levels of the
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gene PRAME in 295 breast cancer biopsies.
PRAME expression was found to be a prognostic
marker for poor clinical outcome, as it was
associated with shortened metastasis-free interval
and overall survival.
Chapter 7 reviews the current literature
on PRAME expression and function in cancer.
PRAME is expressed in a variety of human
cancers, including melanomas, breast cancers,
lung cancers, brain tumors and leukemias and in
a limited number of normal tissues. It is
unknown whether PRAME plays the same role
in all cancers in which it is expressed.
Finally, chapter 8 provides a general
discussion of the new findings presented in this
thesis. In addition, experimental data on
bexarotene, an RXR-selective drug that is
approved for treatment of CTCL, are shown.
Treatment of CTCL cells with HDACIs alone
induced a downregulation of RXRα protein
levels, which was associated with apoptosis.
Treatment of cells with bexarotene plus HDACIs
induced RA signaling in a synergistic manner
and induced CTCL cell death in an additive
manner. These observations are consistent with
the findings in chapter 2.
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Samenvatting
Dit proefschrift beschrijft functioneelgenetisch onderzoek naar het werkingsmechanisme van een nieuw type anti-kanker
middelen. Daarnaast beschrijft dit proefschrift de
functie van het eiwit PRAME dat vaak voorkomt
in kankercellen.
In hoofdstuk 1 worden verschillende
typen anti-kanker medicijnen geïntroduceerd. In
eerste instantie worden medicijnen beschreven
die specifiek aangrijpen op de eiwitten die het
gevolg zijn van genetische veranderingen in
kanker. Het belang van de bijbehorende
diagnostiek wordt ook aangegeven. Vervolgens
worden middelen beschreven, die niet direct op
kanker-specifieke eiwitten werken. Voorbeelden
van deze tweede groep van middelen zijn de
histon deacetylase remmers (HDACIs). Histonen
zijn de eiwitten waar het DNA in de celkern
omheen gewikkeld is. Histon deacetylases zijn
enzymen die acetyl-groepen kunnen verwijderen
van histonen en andere eiwitten, en daarmee
reguleren ze genactiviteit en de functie en
activiteit van eiwitten. Behandeling van
kankercellen
met
HDACIs
leidt
tot
groeiremming en apoptose (geprogrammeerde
celdood) van de kankercellen. Een aantal
HDACI middelen worden nu klinisch getest,
maar van het werkingmechanisme van deze
middelen is nog weinig bekend.
Hoofdstuk 2 beschrijft een functioneelgenetisch onderzoek dat werd gedaan om meer
inzicht te krijgen in het werkingsmechanisme
van HDACIs. Getransformeerde muizencellen
werden geïnfecteerd met een cDNA collectie en
vervolgens werden de cellen geselecteerd voor
resistentie tegen het HDACI middel PXD101.
Overexpressie van de genen die coderen voor de
vitamine A-zuur receptor α (retinoic acid
receptor α (RARα)) en PRAME (PReferentially
expressed Antigen in MElanoma) maakten de
cellen resistent tegen behandeling met PXD101
en soortgelijke middelen. RARα is een
hormoonreceptor die genexpressie activeert
wanneer de signaalstof vitamine A-zuur (retinoic
acid (RA)) aan de receptor bindt. Behandeling
van de cellen met HDACIs activeerde RA

signalering, maar overexpressie van RARα en
PRAME remde RA signalering. Cellen zonder
RARs en cellen met veel minder PRAME,
bewerkstelligd door RNA interferentie (RNAi),
bleken daarentegen zeer gevoelig voor HDACIs.
Melanoom tumoren met RNAi tegen PRAME
waren gevoelig voor behandeling met RA,
HDACIs en combinatie daarvan. Behandeling
van cellen met HDACIs en RA samen leidde tot
synergie in de activatie van RA signalering. Uit
deze resultaten wordt geconcludeerd dat RA
signalering betrokken is bij de groeiremming en
apoptose als gevolg van de behandeling met
HDACIs.
Hoofdstuk 3 bevat een gedetailleerde
beschrijving van het onderzoek aan het eiwit
PRAME. PRAME is bekend als een humaan
tumor antigen dat vaak in melanomen voorkomt.
Experimenten toonden aan dat PRAME een
binding aan kan gaan met RARα. PRAME
blokkeerde RA signalering, wat leidde tot
remming van de fysiologische gevolgen van RA,
zoals groeistop, differentiatie en apoptose.
PRAME zelf gedroeg zich als een remmer van
transcriptie. PRAME bindt aan het polycomb
eiwit EZH2, dat genexpressie remt door
methylatie van histonen. Melanoom cellen
bevatten veel PRAME en zijn resistent tegen RA.
Melanoomcellen met veel PRAME konden weer
gevoelig worden gemaakt door verlaging van de
hoeveelheid PRAME eiwit d.m.v. RNAi. Op
vergelijkbare wijze konden melanoom tumoren
in muizen gevoelig worden gemaakt voor RA.
In hoofdstuk 4 wordt een derde gen
beschreven dat werd ontdekt in het onderzoek
beschreven in hoofdstuk 2. Dit gen codeerde
voor het eiwit UNC45A (SMAP-1). UNC45A
gaf remming van RA signalering t.g.v. RA en
HDACIs en werkte als een remmer van
transcriptie. Voorts bleek dat UNC45A kon
binden aan RARα en RXRα en dat UNC45A de
gevolgen van RA, te weten groeistop en
differentiatie, kon remmen. Los daarvan
verminderde UNC45A tevens signalering via de
progesteron receptor en de PPAR receptoren.
Hoofdstuk 5 beschrijft een functioneelgenetisch onderzoek naar het werkings-
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mechanisme van het HDACI middel SAHA,
waarvoor gebruik werd gemaakt van een RNAi
collectie. In dit onderzoek werd ontdekt dat de
werking (effectiviteit) van SAHA afhankelijk is
van de concentratie van het eiwit HR23B in de
cel. Cellen met RNAi tegen HR23B werden
resistent tegen apoptose t.g.v. behandeling met
SAHA. Van het eiwit HR23B is bekend dat het
eiwitten die bestemd zijn voor afbraak naar het
proteasome (cellulair afbraakorganel) transporteert. Behandeling van cellen met SAHA remde
de activiteit van het proteasome. SAHA, en de
andere proteasome remmende middelen die
werden getest, verhoogden de hoeveelheid
HR23B eiwit in de cel. SAHA is goedgekeurd
voor de behandeling van late stadia van T cel
lymfoom in de huid (CTCL). In biopten van
patiënten met CTCL werd veel HR23B eiwit
aangetroffen.
In hoofdstuk 6 wordt een onderzoek
beschreven naar de activiteit van het gen
PRAME in borstkanker. Een grote mate van
PRAME genexpressie bleek gecorreleerd met
een verslechterde prognose van borstkankerpatienten, namelijk met kortere overleving en
kortere tijd tot de ontdekking van uitzaaiingen.
Hoofdstuk 7 geeft een overzicht van wat
er bekend is over PRAME in kanker, op basis
van een literatuurstudie. PRAME genexpressie is
gevonden in verschillende typen kanker, o.a.
melanoom, borstkanker, longkanker, leukemie en
hersentumoren, maar ook in een beperkt aantal
normale weefsels. Het is niet bekend of het
PRAME eiwit steeds dezelfde functie heeft in de
typen kanker waarin het aanwezig is.
Hoofdstuk 8 is een algemene discussie
over de nieuwe vindingen in dit proefschrift.
Daarnaast worden experimenten getoond met
bexarotene, een middel dat op de RXRα receptor
aangrijpt. Bexarotene is al eerder goedgekeurd
voor de behandeling van CTCL. HDACIs alléén
verlaagden de hoeveelheid van het eiwit RXRα
in CTCL cellen. Deze verlaging was
geassocieerd met apoptose. Behandeling van
cellen met bexarotene en HDACIs tegelijkertijd
gaf synergie van de versterking van RA
signalering en gaf meer celdood van CTCL
cellen. Deze data zijn consistent met de
bevindingen uit het onderzoek in hoofdstuk 2.
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