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Abstract

studies.

PRDM16 is a member of the PRDM family of transcription co-regulators characterized by a PR domain (positive
regulatory domain) that is similar to the SET domain found in lysine histone methyltransferases. Most PRDM
proteins also contain one or more zinc finger domains that can confer direct DNA binding, in addition to other
domains that mediate binding to additional transcription factors and cofactors. PRDM16 was originally identified from
studies of (1;3)(p36;921)-positive leukaemia’s but has subsequently been implicated in several developmental
processes, including differentiation of muscle cell precursors into brown adipocyte fat cells. Such differentiation,
regulated in part by the enzyme tyrosine-protein kinase-2 (Tyk2), has gained recent attention as a means to reduce
obesity via manipulating the production of TYK2 and/or PRDM16. In addition, PRDM16 is also involved in
hematopoietic stem cell maintenance and craniofacial development. This review focuses on our current
understanding of the role of PRDM16 in each of these processes and highlights some of the challenges for future

Keywords PRDM family; Craniofacial development; Transcription
co-regulators; leukaemia’s

PRDM16 Structure and Function

The PRDM family of proteins currently contains 17 (primates) or
16 (rodents) members which function as transcription co-regulators in
tissue differentiation, cell proliferation, and cellular signalling, and are
broadly expressed in both embryonic/fetal and adult tissues. Prdm
genes are divided into 5 main subfamilies, of which Prdm-2, -3 and 16
constitute one subfamily [1]. The hallmark of all PRDM proteins is the
presence of the PR domain, so-named because of its similarity to a
domain in PRDI1-BF1/BLIMP1 (now known as PRDM1) and RIZ1
(now known as PRDM2) that has been associated with transcriptional
repression [2]. The PR domain also has similarities to the SET domain
(Su[var]3-9, Enhancer-of-zeste, Trithorax) that is a lysine
methyltransferase module that mediates the transfer of a methyl group
from S-adenosylmethionine to the e-amine group of the lysine side
chain, leading to gene silencing or activation, depending upon the
context [3]. Although not all PRDM proteins exhibit methyltransferase
activity, PRDM16 does, and also demonstrates the ability to recruit
other methyltransferases [4,5]. In addition to the PR domain, most
PRDM proteins contain zinc finger domains and may contain one or
more protein interaction domains (e.g. C-terminal binding protein
[CtBP]-binding domain in PRDM-2, -3-, and -16). PRDM16, located
on chromosome 1p36.3, was first identified as part of a translocation
breakpoint in (1;3)(p36;q21)-positive leukaemia [6]. A 1275 amino
acid PR-domain protein member, PRDM16 is 64% (nucleotide) and
63% (amino acid) similar to MDS1/EVI1 (myelodysplasia syndrome 1/
ecotropic viral integration site 1). PRDMI6 is also known as MELL1
(MDS1/EVI1-like). It contains 10 zinc finger motifs, separated into
two clusters, and a CtBP binding domain (Figure 1). While
PRDM.16 can directly bind to DNA [7], its role for function is unclear
because PRDM16 mutants in the zinc-finger (DNA-binding) domain
retain activity in brown adipocyte differentiation [8]. In addition to

full-length PRDM16, a splice variant has also been described that is
missing the majority of the PR domain because of initiation within
exon 4 (the PR domain is encoded by exons 2-5) [7]. Loss of the PR
domain may alter the effect of PRDM16 on transforming growth
factor-B (TGF-P) signalling and increase its oncogenicity [9]. While
the structure of PRDM16 has been defined, unravelling the role of PR+
and PR- isoforms remains critical to a complete understanding of
PRDM16 function.
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Figure 1: Primary structure of PRDM16

Full-length PRDM16 is a 1275 amino acid, 170 kDa proteins that
contains the namesake PR domain (sometimes referred to as the
positive regulatory domain). The PR domain is similar to the SET
domain found in PRD1-BF-1 and RIZ1. PRDM16 also contains 10
zinc fingers divided into clusters of 7 and 3, and a CtBP (C-terminal
Binding Protein) interaction domain. The PR- splice variant is shown
below the full-length version.

PRDM16 and Cancer

Myelodysplastic ~ syndromes (MDS) are malignancies of
hematopoietic stem cells that lead to either single or multiple-lineage
blood cell deficiencies with subsequent progression to acute myeloid
leukemia (AML), usually with a poor prognosis. MDS can be caused
by a translocation [t(1;3)(p36;q21)] that places the expression of
PRDM16 under control of the housekeeping gene, ribophorin 1
(RPN1), leading to ectopic expression [6]. It was later found that the
isoform of PRDM16 that lacks the PR domain was overexpressed in
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these translocations [10]. As indicated in the preceding section, this
isoform negatively affects TGFp signalling and perturbs its growth
inhibitory function and may play a role in leukemogenesis in these
cases. In addition to aberrant expression of PRDM16 due to t(1;3)
(p36;q21) translocations, fusions between runt-related transcription
factor 1 (RUNXI1) and PRDMI16, subsequent to t(1;21)(p36;q22)
translocations, can lead to an inhibition of RUNXI1 transactivation of
target genes and result in AML [11]. In human T-cell leukaemia virus,
type 1 (HTLV-1)-induced adult T-cell leukaemia (ATL), the PRDM16
promoter was shown to be hypomethylated and ectopically expressed
in ATL leukemic clones [9]. Further, the PRDM16 isoform lacking the
PR domain (MELI1S) was the major splice variant expressed in these
cells. Moreover, MEL1S-bearing cell lines were resistant to the growth
inhibitory effects of TGFp [9], and disruption of the EVI1 or PRDM16
gene, even in the absence of other alterations, was sufficient to cause
leukaemia [12].

PRDM16 gene amplifications have been identified in a panel of 48
human osteosarcomas [13]. However, other gene amplifications and
deletions were also identified making firm conclusions on the role of
PRDM16 in osteosarcoma difficult. More detailed experiments are
necessary in order to establish a functional correlation between
PRDM16 amplifications and osteosarcoma, or to define whether the
full-length, PR-domain containing isoform, or the shorter variant
lacking the PR-domain, is involved. Altered expression of PRMD16
has also been demonstrated under conditions of chromosome
instability associated with colorectal cancer [14].

In addition to the established role of PRDM16 in myeloid cancers, it
was recently shown that this gene is critical for normal hematopoietic
stem cell function (cell renewal, differentiation, and apoptosis) [15],
suggesting that dysregulation of function can also lead to disorders of
haematopoiesis. This role in stem cell maintenance may be a general
function of PRDM16 [16].

Other Disorders

Alteration of PRDM16 structure or expression has been linked to
other disease processes. The most common telomeric deletions in
humans affects the long arm of chromosome 1 (1p36), with an
incidence of 1 in 5000 [17]. The clinical characteristics vary widely,
however, two recent studies reported that a minimal deletion that
includes the gene for PRDMI6 is responsible for the cardiac defects
associated with 1p36 deletion [18,19]. The mechanism underlying the
cardiac abnormalities is due to decreased proliferation and increased
apoptosis of cardiomyocytes leading to abnormal conduction
velocities suggesting that PRDM16 is important for these processes
[18]. Genome-wide association studies have linked mutations of
PRDM16 to migraines; however, its specific role is remains to be
elucidated [20-22]. In addition, PRDM16 has been implicated in
obesity, metabolic syndrome [23-25], and hypertension [26]. While
the mechanism and specific role of PRDM16 in these disorders is not
known, these observations support the premise that PRDM16 has
quite diverse functions in tissue homeostasis.

PRDM16 and Brown Adipocyte Tissue Differentiation

The most extensively studied function of PRDMI6 is its role in
differentiation of precursors into brown adipose tissue (BAT). While
white adipose tissue (WAT) is used as a store of energy, the primary
function of BAT is to generate body heat in animals or new-borns that
do not shiver. It has been demonstrated that PRDM16 is preferentially

expressed in BAT where it regulates the expression of peroxisome
proliferator-activated receptor gamma, co-activator la and p (PGCla
and PGC1p) and uncoupling protein 1 (UCP1) and the transcriptional
activity of both PGCla and PGCI1p [8]. It was then subsequently
demonstrated that PRDM16 was the master regulator of BAT
formation by virtue of its interaction with PGCla and PGCI1{ while
simultaneously inhibiting the expression of WAT-specific genes
through binding to CtBP 1 and 2 [27]. The intense interest in the role
of PRDM16 in BAT differentiation is based on its potential to convert
WAT to BAT (or “beige fat”) as a treatment for obesity. The further
detrimental effect of WAT on human health lies partly in the fact that
it secretes hormones that lead to insulin resistance (resistin) and
increased blood pressure (angiotensinogen), while BAT does not. BAT
and WAT do not have the same precursor cells, as was originally
thought, BAT arising via PRDMI16-dependent transformation of
myogenic factor 5 (Myf5)-positive myoblasts [28,29]. Recent studies
have revealed a potential upstream regulatory mechanism whereby
PRDM16 stimulates the expression of microRNA-193-365 that in turn
represses the expression of myogenic genes, and contributes to the
expression of the BAT differentiation program [30]. Conversely,
microRNA-133 targets PRDM16 in muscle precursor cells to promote
myogenesis and thus inhibit BAT differentiation [31,32]. Thus,
balanced regulation of myogenesis by specific miRNAs provides tight
control of the BAT differentiation program.

PRDM16 was previously shown to be a Smad binding protein that
may be important for developmentp of orofacial structures through
modulation of the TGF signalling pathway [33]. This interaction was
recently emphasized by the demonstration that TGF-B/Smad 3
signalling promoted the formation of WAT, whereas loss of Smad3
expression promoted BAT formation [34]. This suggests that PRDM16
may inhibit functionality of Smad3 through direct binding, thereby
blocking downstream TGF-P signalling. It was recently shown that
euchromatic histone-lysine N-methyltransferase 1 (EHMT1) is an
essential component of the PRDMI16 transcription complex during
BAT formation [4]. EHMT1 serves several functions, including
stabilization of PRDM16 protein /transactivation of BAT-specific
genes and through repressing muscle-specific gene expression by
methylating histones in their promoter regions.

PRDM16 and Craniofacial Development

A role for PRDM16 in development of the secondary palate was
first demonstrated by the identification of a N-ethyl-N-nitrosourea-
induced missense mutation in the gene for Prdm16 in a mouse mutant
(Csp1) that had an isolated cleft of the secondary palate [35]. Further,
they identified three human cases with non-syndromic cleft palate that
also had Prdm16 missense mutations in their genome suggesting that
it may be important for palate development [36]. A bona-fide mouse
knockout model, exhibiting a fully penetrant cleft palate in
homozygous null fetuses, was subsequently created by a gene-trapping
approach. The cleft, however, may be secondary to micrognathia [37].

Nevertheless, a careful study of the underlying molecular mechanisms
will be necessary to determine the specific role of PRDM16 in
craniofacial development.

Work in other model systems has also demonstrated a role for the
PRDM3/5/16, subfamily during craniofacial development. Specifically,
loss of either PRDM3, 5, or 16 in zebra fish resulted in orofacial
defects, including a truncated Meckel’s cartilage and a hypo plastic
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ethmoid plate (the structural homolog in zebrafish to the mammalian
secondary palate) [38].

Several studies have examined the role played by PRDM16 in the
expression of genes critical for development of a normal secondary
palate and mandible. Studies utilizing chromatin
immunoprecipitation-microarray analysis (ChIP-Chip) have identified
over 100 genes whose promoter was bound by PRDM16 in primary
palate mesenchymal cells [39], interestingly; many of the genes bound
by PRDMI16 were associated with muscle development, consistent
with its previously demonstrated function during BAT formation [28].
In addition to genes important for muscle development, many
PRDM16-bound genes were associated with chondro- and
osteogenesis. Indeed, Prdml6-/- mouse mutants displayed
dysregulated expression of genes important for these two processes
and a generalized decrease in chondrogenesis, particularly in Meckel’s
cartilage, possibly explaining the foreshortened mandible in mutant
mice [40].

Future Directions

Since the initial identification of Prdm16 in 2000, there has been
noteworthy progress in defining its role in BAT differentiation as well
as
craniofacial development. The widespread expression of Prdml6 in
developing tissues (brain, lung, liver, gut, and eye) [41] suggests
multiple functions for this gene beyond what has been currently
reported. Although upstream regulators and downstream targets of
PRDM16 have been identified in several cell types, these will likely be
tissue specific, and based on its complex domain structure, will depend
on other protein binding partners. Identification of these binding
proteins will be essential for understanding tissue-specific function.

Because there are two isoforms of PRDM16, one with the PR
domain and one without, with potentially opposing functions,
clarification of tissue-specific function will require, among other
things, determination of tissue distribution. The possibility of
redundancy with other subfamily members (PRDM3 and PRDM5)
will likely be revealed by overlapping tissue expression.

In conclusion, PRDM16 is a large, widely expressed, complex
protein with the ability to bind DNA, methylate histones, and bind
numerous other transcription factors. A functional role has been
associated with a number of human diseases and several
developmental processes in mice. Future studies of PRDM16 should
place emphasis on defining its specific role in targeted reduction of
obesity. Modulation of PRDM16 expression as well as the expression
of other factors important for BAT formation, such as TYK2 and
STAT3 holds promise for combating this condition [42]. A
comprehensive database of single-nucleotide polymorphisms will be a
valuable resource to assess risks and develop tailored therapies for
many of the diseases and disorders described in this review.
Investigations focused on the developmental role for PRDM family
members will be valuable in elucidating specific functional linkages
during, for example, and as recent studies suggest, development of the
cardiovascular system [43], regulation of stem cells [44,45], cell cycle
modulation [46], and osteogenesis [47].
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