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The PR-domain containing 16 (Prdm16) protein is a powerful inducer of the thermogenic phenotype in fat cells. In
both developmental (brown) and induced (beige) thermogenic adipose tissue, Prdm16 has a critical role in maintaining
proper tissue structure and function. It has roles throughout the course of differentiation, beginning with lineage
determination activity in precursor cells, and continuing with coactivator functions that enable and maintain
thermogenic gene expression. These abilities are primarily mediated by interactions with other adipogenic factors,
suggesting that Prdm16 acts to coordinate the overall brown adipose phenotype. Mouse models have confirmed that
thermogenic adipose depends upon Prdm16, and that this type of fat tissue provides substantial metabolic protection
against the harmful effects of a high fat/high energy diet. Activation of Prdm16, therefore, holds promise for stimulating
thermogenesis in fat cells to reduce human obesity and its complications.

Introduction

The identification of Prdm16 (PR domain containing 16) as a
key transcriptional regulator of brown adipose identity' led to
important advances in our understanding of brown and beige fat
biology. Previously, no other transcription factors were known to
provide proper specification of the brown fat lineage. The ability
of Prdm16 to activate the full thermogenic genetic program in
white adipose and even non-adipose cells opened up opportuni-
ties to explore the molecular development of brown adipose tis-
sue. This also revitalized hope that methods could be developed
to activate thermogenic fat in people as a means to reduce obesity
and associated metabolic dysfunction. Over the past several years,
the roles of Prdm16 and its mechanisms of action in fat cells
have been studied in greater detail. While the biology has (pre-
dictably) not been quite so straightforward, Prdm16 continues to
occupy a central role in regulating the development and function
of thermogenic adipose tissue. Here, we discuss our current
understanding of Prdm16 function and the insights into thermo-
genic fat biology that have resulted.

Prdm16 in Brown Adipogenesis

At least three major types of adipose cells are commonly con-
sidered. White adipocytes represent the majority of the adult
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adipose mass and are vastly expanded (in size and number) in
obesity. The cells are typified by a single large unilocular lipid
droplet, minimal cytoplasm, and are specialized for efficiently
storing energy reserves as lipid until required. Brown adipocytes,
in contrast, have many small (multi-)locular lipid droplets, cyto-
plasm densely packed with mitochondria, and express the protein
Uncoupling protein-1 (Ucpl) in their mitochondrial inner mem-
branes (reviewed by Cannon and Nedergaard®). Ucpl is the
definitive marker of thermogenic fat cells, as it is physically
responsible for leaking protons across the inner mitochondrial
membrane to disconnect the electron transport chain from ATP
synthesis, with heat as the product. Whereas brown adipose tissue
is derived embryonically and maintains a relatively consistent
phenotype under different conditions, the third class of fat cells
(variably entitled beige, brite, or iBAT) are inducible and exhibit
thermogenic characteristics when they appear within white adi-
pose tissue following challenges such as cold exposure. These 3
types of fat cells (white, brown and beige) appear to have distinct
developmental origins, and each expresses certain “signature”
genes that distinguish it from the others.”"°

Brown and beige fat activity can act in rodents to limit the
weight (fat) gain caused by overcating.“’13 This apparent
counter-regulatory mechanism, known as diet-induced thermo-
genesis, is somehow activated by nutritional status or specific
nutrients."' In addition to this natural defense mechanism,
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engineering animals to have more thermogenic fat mass also
staves off obesity (reviewed by Harms and Seale'®). Importantly,
the thermogenic fat mass in adult humans is positively correlated
with leanness and metabolic health'>'® and can be activated.'” It
therefore seems reasonable to believe that the ongoing studies of
thermogenesis in animal models will have eventual clinical
application.

The molecular basis for the phenotypic differences between
white adipose and brown adipose cells has been a long-standing
question. The transcription factor Ppary (Peroxisome-prolifera-
tor activator receptor gamma) is the master regulator of adipo-
genesis in all types of fat cells.'®*® Other DNA-binding factors
and co-regulators provide for certain thermogenic-specific func-
tions that distinguish brown from white fat. For instance,
CCAAT/enhancer binding protein (C/ebp)-o and -f activate
expression of Ppary to regulate adipose differentiation®' and
were known to regulate Ucpl expression as early as 1994.%>
Ppara is highly expressed in brown adipose and participates in
the expression of many thermogenic genes, including Pgclo and
Prdm16.%° Ppary coactivator 1o (Pgcla), stimulates mitochon-
drial biogenesis, and its increased expression and activity provides
for the very high density of mitochondria that are found in
brown and beige fat cells.”*?* The winged-helix protein forkhead
box C2 (Foxc2) can also induce parts of a brown fat phenotype.*®
These factors, however, are insufficient on their own to coordi-
nate all aspects of the brown adipose phenotype.

In a search for determinants of brown fat cells, Prdm16 was
identified as a transcriptional factor having highly enriched
expression in brown fat relative to visceral white fat tissue.’
Mochizuki et al.”” and Nishikata et al.*® had previously isolated
Prdm16 in searches for a gene affected by the reciprocal translo-
cation t(1;3)(p36,921) linked to myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML). In an adipose con-
text, Prdm16 was robustly expressed in BAT (versus WAT) but
was not induced by cold exposure of mice, suggesting a role con-
trolling rather participating in the thermogenic program.' Strik-
ingly, ectopic expression of Prdm16 induced a comprehensive
brown fat program in adipocytes including mitochondrial bio-
genesis via Pgcla and cyclic-:AMP signal responsiveness; but also
repressed WAT-selective markers." Conversely, knockdown of
Prdm16 prevented expression of the thermogenic program with-
out affecting overt adipogenesis." Many of these activities were
DNA-binding independent in mutation studies." This pattern of
expression and activities positioned Prdm16 as a determinant of
brown adipose identity.

BAT Determination vs. Skeletal Muscle and WAT

Two of the most striking observations in subsequent experi-
ments with Prdm16 in adipogenesis were that Prdm16 could
convert determined myoblasts into brown adipocytes, and that
loss of Prdm16 in brown preadipocytes resulted in a myogenic
phenotype.* A common developmental precursor for BAT, der-
mis, and skeletal muscle had been first suggested by Enl fate

66 Temperature

mapping experiments.”’ Lineage tracing using genetic tracing
with markers from the skeletal myogenesis field (Myf5<";
Pax7“""®) produced labeling of BAT and skeletal muscle.*°
These results suggested that there was a potential bipotent pre-
cursor during embryogenesis that gave rise to both BAT and
skeletal muscle, and that Prdm16 acted as a master switch
between the two lineages (reviewed by Sanchez-Gurmaches and
Guertin®!).

Additional evidence has reinforced the notion that BAT and
muscle share common origins and traits. For instance, global
gene expression analyses showed that brown fat precursors and
skeletal muscle cells express many common mRNA and
miRNAs.>>%® Consistent with this, mitochondria from BAT
were substantially more similar to those from skeletal muscle
than those from WAT.>* In mice, inactivation of Myogenin, an
essential driver of muscle cell differentiation, resulted in a rather
dramatic expansion of BAT.?> Conversely, loss of several genes,
including Ewing sarcoma (EWS)?° and Ehmt1,%” results in a loss
of BAT phenotype and an upregulation of muscle genes.

Several specific MiRs tied to Prdm16 have also been impli-
cated in enforcing a fate choice between brown adipose and myo-
genic lineages. MiR-193b and -635 were found to be
upregulated by Prdm16, acting through Ppara, and their expres-
sion could repress muscle gene expression in myoblasts.”® Con-
versely, loss of MiR-193b/635 impaired adipogenesis while
increasing myogenic RNA levels.”® In contrast, MiR-133 expres-
sion is enriched in myoblasts and is a repressor of brown adipose
fate, directly targeting the 3’ untranslated region of the Prdm16
transcript.’ 740 MiR-133 is temperature-regulated, and acute
cold exposure of animals decreases its expression as Prdm16 and
Ucpl levels increase.””** This is consistent with B-adrenergic sig-
naling inhibiting expression of the Mef2 transcription factors
upstream of MiR-133.*>*! In vivo antagonism of MiR-133 in
myogenic satellite cells resulted in the appearance of muscle-
derived Prdm16-positive brown adipocytes embedded between
muscle fibers.*° Collectively, therefore, MiRs regulating and reg-
ulated by Prdm16 can function to enforce negative and positive
BAT lineage choices.

While it remains clear that there is a common progenitor for
the two lineages in early development, the relationship between
them may not be quite as simple as a binary fate switch hinged
on Prdm16 expression. Deletion of Prdm16 in vivo produces a
loss of BAT phenotype, but approaches WAT in appearance and
does not show induction of myogenic markers.*? Expression of
the Myf5<" and Pax7“""® transgenes occurs in the embryo prior
to myogenic determination and may not necessarily reflect the
endogenous gene expression pattern. Therefore, the common
precursor may be further upstream and multipotent rather than
bipotent. Indeed, Myf5“™ tracing studies show that dermis is
also labeled along with BAT and muscle.® Nonetheless, manipu-
lations around Prdm16 suggest that adult progenitors for skeletal
muscle and brown fat retain at least some degree of intrinsic line-
age bipotency.””%

In vivo, there appears to be biological redundancy at work that
is absent in cell culture models (Fig. 1). A Prdm16 BAT-selective
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knockout (KO) model, using the MnyCre

Age > WAT genes
driver to delete Prdm16 loxP-conditional Genotype Neonatal  Weanling  Juvenile Adult in BAT Beige
alleles, showed a delayed rather than com-
plete loss of thermogenic function th:41t WT O . . . o O).
became apparent by three months of age.*?
Concurrent loss of the closely related gene
Prdm3 (also known as l\}/IIECOMgfor Proma-/- ® . . . oy O> ?
Mds1/Evil-COMplex)  accelerated  the
deterioration, with defects appearing earlier Prdm16-/- @ . . O high O)O
between one and two months of age.42
However, BAT initially formed, suggesting Prdm16-/- @ . O O high O)O
that there is additional redundancy during Prdm3-/-
embryogenesis and neonatally to allow for
BAT formation. Loss of euchromatic his- Ehmt1-/- - b © S 4 O>O
tone-lysine-N-methyltransferase 1 (Ehmtl),
a Prdm16-interacting partner, is associated +Prdm16 O . . . low .).
with a dramatic block in brown adipose IWAT

development which includes elevated skele-

tal muscle gene transcripts.”” Therefore,
Ehmtl may be a common component able
to interact with several Prdm-family factors,
including Prdm16 and Prdm3.*? Nonethe-
less, loss of Ehmtl does not cause ectopic
skeletal muscle differentiation in BAT,””

Figure 1. Prdm16 in BAT determination. Prdm16 is essential for maintaining BAT in adult mice.
However, redundancy exists for BAT determination at earlier stages of development, although
not for suppression of WAT-selective genes. The redundant factor during juvenile and early adult
periods is Prdm3. The basis for compensation neonatally remains unknown. In contrast, the
Prdm16-interacting protein Ehmt1 is required at all stages, suggesting that it may act as a com-
mon partner to several Prdm family members to allow for BATogenesis. Ectopic expression of
Ap2-Prdm16 in WAT results in results in a beige fat pad.

indicating that the cells had been commit-
ted to the adipose lineage.

In cell culture, genetic loss of Prdm16 prevents expression of
the thermogenic phenotype but does not inhibit general adipo-
genesis,*® showing that the isolated cells have either already been
determined to become adipocytes, or that they possess redun-
dancy for the adipogenic aspects of Prdm16 (such as the induc-
tion and coactivation of Ppary). The thermogenic deficiency due
to the absence of Prdm16 is apparent in isolated precursors from
all ages (embryonic, neonatal, adult) however, and is therefore
cell autonomous and contrasts with the delayed tissue phenotype
in vivo.*? In neither case is there significant upregulation of myo-
genic factors, suggesting that the shRNA knockdown of Prdm16
may have additional effects (such as impairment of Ppary activ-
ity) that are necessary for myogenesis to ensue. Indeed, in vitro
CRISPR-based knockdown of Prdm16 (in lieu of shRNA) pro-
duced results that agree with the genetic knockout, yielding adi-
pogenesis  without JiL,
unpublished).

The model that emerges, then, is that Prdm16 is sufficient for
generating a thermogenic adipocyte but is context-dependent in

thermogenic  gene  expression

its necessity. Through its ability to induce Ppary expression,
repress muscle transcripts, and activate thermogenic genes,
Prdm16 can reprogram an amenable cell such as a myoblast.
However, loss of Prdm16 is inadequate to convert an in vivo
brown adipocyte into a myoblast, likely because genes such as
Ppary and C/ebpa/ have been activated by other means and are
active in maintaining adipose identity. Embryonically, BAT still
appears in the absence of both Prdm16 and Prdm3, suggesting
that there remains an unidentified participant early in
development.

www.tandfonline.com

Prdm16 in Beige Adipose

Some of the thermogenic adipose depots that have been
detected in adult humans resemble mouse beige or “inducible”
brown fat rather than developmental BAT.*** While the distri-
bution of classic brown vs. beige type fat cells in various human
depots is not completely settled,”*° there is unquestionably a
therapeutic allure to the idea of inducing a thermogenic pheno-
type in white fat. This concept has been explored in several
mouse models, showing that Prdm16 is an essential factor for
making beige fat.

Wildtype subcutaneous depots have low but detectable levels
of Prdm16 and acquire a thermogenic phenotype in response to
environmental (cold) or pharmacological (CL316243, B;-adren-
ergic agonist; thiazolidinedione, Ppary ligand) challenge. Beige
induction by rosiglitizone (thiazolidinedione) is thought to be
partly mediated by stabilization of Prdm16 protein.”” Addition-
ally, rosiglitazone promotes the SirT1-mediated deacetylation of
Ppary which, in turn, increases its interaction with Prdm16 to
drive tissue beigeing.48 Adipose-specific expression of Prdm16 in
mice was sufficient to induce beigeing in subcutaneous fat pads,
which provided the animals with increased insulin sensitivity and
resistance to high fat diet-provoked weight gain.*® There were
notable differences in response to ectopic Prdm16 between dif-
ferent depots that correlated with their pre-existing susceptibility
to beigeing. In particular, Prdm16 induced a strong thermogenic
phenotype in the inguinal subcutaneous depot whereas visceral
depots were largely unresponsive.”” BAT, having high levels of
endogenous Prdm16, was neither helped nor hindered by having
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more Prdm16. Prdm16 protein levels followed the phenotypes
despite robust RNA expression in all depots, suggesting that vis-
ceral depots translationally or post-translationally down-regulate
Prdm16 protein in a way that others do not.*” These results
showed that Prdm16 was sufficient to produce beigeing in WAT
that was metabolically beneficial for the animals.

The requirement for Prdm16 in beige adipose function was
demonstrated by Cohen et al. using a tissue-selective knockout
mouse.’® With an Adiponectin-Cre driver, Prdm16 was inacti-
vated specifically in adipose tissues. BAT was largely unaffected
by the deletion; in contrast to the results of Harms et al.,*? this
may be due to the use of a different Cre-expressing transgene
that is expressed in differentiating cells rather than in precursors.
Deletion of Prdm16 from WAT, however, resulted in a loss of
beigeing ability within the subcutaneous depots after cold expo-
sure or CL316243 injection.’® The mice were able to maintain a
normal body temperature in cold conditions, likely due to their
intact BAT depots and intact shivering response. However, when
subjected to a high-fat diet, the knockout animals gained slightly
more weight than their controls. Interestingly, despite a relatively
subtle increase in fat mass, the Prdm16 adipose-knockout mice
developed quite a profound degree of insulin resistance caused
predominantly by inefficient suppression of hepatic glucose pro-
duction. Prdm16-null subcutaneous WAT assumed a molecular
profile similar to visceral WAT, including an inflammatory signa-
ture linked to Wilm’s tumor-1 (Wtl) expression.50 Taken
together, these data illustrate that beige adipose (as defined by
the proportion of Ucpl+ cells) affects overall metabolism, and
requires Prdm16 to do so.

Prdm16 Structure and Function

The Prdm16 protein can be divided into six major domains
(Fig. 2). At the N-terminus is the PR(/SET) domain, the name-
sake feature of the Prdm family for homology to similar domains
in Prdm1 (PRD1-BF1/Blimp1) and Prdm2 (Rizl), and similar
to the SET domain in histone lysine methyltransferase (HKMT)
proteins. Following the PR domain is a cluster of seven C2H2-
type zinc-finger motifs that constitute zinc-finger domain-1
(ZF1), which is capable of sequence-specific DNA binding and
through which many protein-protein interactions occur. An ill-
defined proximal regulatory region (PRR) then occurs prior to a
repression domain (RD) containing several critical and well-
defined interaction motifs. A subsequent second zinc-finger
domain (ZF2) is composed of three additional C2H2-type zinc-
fingers and participates in DNA binding and protein interac-
tions. Finally, an acidic activation domain (AD) is designated
toward the C-terminus of the protein. Before, between, and after
these domains are several additional stretches of between 80 and
150 amino acids for which clear purposes have not been defined.

The PR domain spans approximately 125 amino acids and,
despite being a prominent feature in the protein, has been dis-
pensable in deletion experiments for adipogenic and thermogenic
induction by Prdm16.">" The PR domain has HKMT activity
and was seen to provide the initial histone-3/lysine-9 (H3K9)
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mono-methylation event required for subsequent methylations
to dimethyl and trimethyl status by other factors.”> Curiously,
this function was demonstrated to occur cytoplasmically, which
contrasts with our observations of strict nuclear localization for
Prdm16 in the context of brown adipose cells (PS, unpublished).
That the PR domain is not essential in vitro for brown adipogen-

> may indicate that PR domain function and cellular localiza-

esis
tion is lineage-specific. Alternatively, a low level of Prdm16
protein may be cytoplasmic in brown adipose yet remain unre-
marked compared to the very high levels in the nucleus. Addi-
tionally, redundant HKMTs>* could obscure this Prdm16
function if the residual HKMT activity is sufficient to allow the
specific brown-adipogenic properties of Prdml6(APR) to
emerge. Therefore, expression of Prdm16(APR) in a cell system
disabled for H3K9 monomethylation could help to demonstrate
a requirement for the PR domain in thermogenic differentiation.

The Prdm16 ZF1 is an essential part of the protein.”’ ZF1 has
sequence-specific DNA binding activity,”® but it is unclear if direct
DNA binding by Prdm16 is occurring at critical target genes in
the context of brown adipogenesis." Despite extensive ChIP-seq
studies of Prdm16 in brown adipose, the in vitro Prdm16 binding
site has not emerged as a consensus motif from the statistical anal-
ysis of the enriched loci (M. Harms & PS, unpublished). Several
explanations could cooperate to explain this. Firstly, Prdm16 may
directly bind DNA but only at a subset of loci that are hidden
among other events. Secondly, the binding sites may be degenerate
and therefore difficult to detect. In this case, different DNA bind-
ing modes between ZF1, ZF2, or ZF14+ZF2 would add addi-
tional complexity. Thirdly, and particularly relevant at key
thermogenic genes, Prdm16 has key protein-protein interactions
through its ZF domains with DNA-binding factors such as
Ppary/a* and Clebpa/B/8°". Indeed, Prdm16 has been shown to
enhance the transcriptional function of C/ebp and Ppar factors as
well as the coactivators Pgcla and Pgcl3, though the mechanism
by which this occurs is not yet clear.”*! Together, the data sug-
gest that Prdm16 is a key component of an activating transcrip-
tional complex at thermogenic genes, with DNA binding
provided by one or more other complex members.

A repressive function for Prdm16 in brown adipocytes has
been mapped to the RD domain, and specifically to a C-terminal
binding protein (CtBP) interaction within this region.53 Expres-
sion of Prdm16 in white adipocytes strongly represses white-spe-
cific genes such as Angiotensinogen (Agt) and Resistin (Retn),
and BAT tssue from Prdm16-KO animals exhibits strongly
upregulated expression of these genes.*? This pattern of Prdm16
regulation is absolutely dependent on its interaction with CtBP1
or CtBP2 through the second of two 5-amino acid CtBP-interac-
tion motifs in Prdm16.%> Interestingly, Prdm16 can be sumoy-
lated at a four amino acid motif at the N-terminal end of the RD
and just before the first CtBP motif. In the context of myeloid
differentiation, sumoylation of Prdm16 at this site enhances its
interaction with CtBP, and repression of target genes is impaired
if sumoylation is prevented.”* By homology to Prdm3, there is
also a potential phosphorylatable residue (Ser758) for casein
kinase II/protein phosphatase-1a between the SUMO and CtBP

sites that could participate in this regulation.”
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Figure 2. Prdm16 domain structure. Prdm16 can be partitioned into six major regions, including a PR/SET domain (PR); two zinc-finger domain contain-
ing seven or three C2H2 zinc finger motifs (ZF1/ZF2); a proximal regulatory region (PRR); a repression domain (RD); a second zinc-finger domain contain-

activity. (B) ZF1 and ZF2 have protein-protein interactions with a variety of factors. (C-E) Specific sequence motifs regulate Prdm16-mediated gene
repression. (C) Sumoylation enhances interactions with CtBP. (D) By homology to MECOM, Prdm16 is potentially phosphorylated at Ser758. (E) Of two
consensus CtBP motifs, the second is functional and required for interaction with CtBP1 and CtBP2.

(AD). (A) The PR domain has Histone-H3 lysine-4 (H3K4) monomethylase

The relative roles of Ehmtl and CtBP in mediating the repres-
sive functions of Prdm16 are unclear. Both Ehmtl and C¢BP
directly interact with Prdm16 to repress non-BAT gene expres-
Ehmtl-linked largely
described for myogenic genes,”” whereas CtBP was linked to

However, repression  was
repression of the WAT-selective gene program. It has not been
clearly established if these are actual separable functions of
Prdm16, or if both muscle and WAT tissue signatures are being
suppressed simultaneously, and it remains to be tested if the two
activities cooperate or if they act independently. Use of the
Prdm16(ACtBP) mutants in conjunction with Ehmtl disruption
could provide insight into their respective mechanisms of action.

Relatively little is specifically known about the PRR, ZF2, or
AD domains. The ZF2 domain has been shown in vitro to pro-
vide DNA binding activity.”® For the same reasons as for ZF1 in
brown adipogenesis, however, it is not obvious if or how DNA
binding by ZF2 is required. Proteins that interact with ZF2 also
appear to interact with ZF1, albeit independently since the bind-
ing still occurs when isolated domains are expressed in vitro.*>!
Further work will need to be done to discover how these domains
contribute to Prdm16 function.

Within the Prdm family, the most closely related protein to
Prdm16 is Prdm3, with which it shares a nearly identical exon/
intron organization and domain structure, and overall 52%
amino acid identity and 79% conservation. Notably, the con-
served domains show even higher similarity - for instance, the
ZF1 domain is 92% similar between proteins. Both PR domains
of have H3K9 monomethylation activity’*; and the PR-domain-
lacking isoform of Prdm3 (also known as Evil) is also adipogenic
like Prdm16(APR).>® The two proteins have very similar consen-
sus DNA binding sites for both ZF1 and ZF2.%%5758 Prdm3 has
similar interactions to Prdm16, including with C/epr56 and
CBP.>”%° Indeed, Prdm3 provides some redundancy for
Prdm16 in brown adipogenesis, as its loss in a double-knockout
(Myf5Cre;Prdm16;Prdm3) mouse drastically accelerates the
BAT deterioration phenotype from loss of Prdm16.%> Nonethe-
less, the individual loss of Prdm16 in BAT produces a loss-of-
function with age that does not occur without Prdm3 and in
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vitro expression of Prdm16 produces a more robust browning
effect than overexpression of Prdm3.%# Repression of white adi-
pose genes (e.g., Agt, Retn) is also a distinct capability of
Prdm16 that is absent from Prdm3.%? These latter observations
imply that, despite qualitative overlap in many functions,
Prdm16 has specialized brown adipogenic properties for which
Prdm3 cannot substitute.

Prdm16 in Non-Adipose Systems

Expression of Prdm16 is observed in a variety of tissues with
little obvious phenotypic similarity to BAT, including brain,
heart, kidney, lung, uterus, and testis. ">’ We do not yet under-
stand how Prdm16 is modified by context to provide such a vari-
ety of functions. One can envision mechanisms including
physical interactions with various tissue-specific factors, differen-
tial signaling and protein modifications, unique chromatin land-
scapes, and combinations of these influences that make Prdm16
multifunctional. In some cases, however, there may be a common
underlying pattern that is not yet clear, or that has remained
unremarked next to more prominent features. Studies from other
systems, therefore, will be informative for ruling in or out specific
Prdm16 mechanisms in BAT.

Prdm16 is essential for maintaining certain stem cell popula-
tions in the haematopoietic and nervous systems.®' In those tis-
sues, it was found to modulate oxidative stress, in part by
regulating expression of Hgf.®' Loss of Prdm16 increased reactive
oxygen species, cell death, and depletion of stem cell numbers.®’
Whether Prdm16 has a similar role in adipose progenitors has
not been described; however, regulation of protective activity
against ROS in an intensely energetic tissue such as BAT would
not be unexpected.

The Drosophila gene Hamlet is homologous to mammalian
Prdm16, and several Hamlet interactions may potentially be
informative of Prdm16 function. Induction of Hamlet expression
in response to activity of the Swi/Snf chromatin remodelling
complex was shown to be important for regulating the
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Figure 3. Model of gene regulation by Prdm16. Questions remain to be answered regarding the specific mechanisms by
which Prdm16 selects between target gene (A and B) activation or (C and D) repression; recognizes target gene regula-
tory elements; and interacts with co-regulatory proteins. (A) Prdm16 and C/ebpf cooperate to activate adipogenic gene
expression. (B) In differentiation, some (or all) of Prdm16, C/ebp, Ppary, and Pgcla assemble a transactivating complex
at thermogenic genes. How either complex (A) or (B) interacts with RNA polymerase Il (Polll) to stimulate transcription
remains to be described. (C) Myogenic genes are repressed by Prdm16 and Ehmt1. (D) WAT genes are repressed by
Prdm16+Ehmt1 and Prdm16+CtBP; it is unclear if the complex involves Prdm16+Ehmt1+CtBP. It is unclear how
sequence-specific DNA binding of the Prdm16 complex occurs at repressive gene elements (C and D).

additional
thermoprotective mecha-
nisms can be recruited.
Without Prdm16 and
Prdm3, this stability is
lost in adult animals and

the BAT becomes dys-

vival until

progressive differentiation of neural progenitors and preventing
dedifferentiation.> Hamlet also participates in Notch signaling
to regulate fate choice in olfactory neurogenesis.®> The relevance
of the Hamlet work to mammals is supported by a recent study
showing that inhibition of Notch signaling in mouse WAT
resulted in upregulation of Prdm16 and adipose tissue beige-
ing.®* Whether there are conserved mechanisms and protein
domains underpinning these functions remains to be determined.

Questions and Directions

Prdm16 is a multifunctional protein having effects in brown/
beige fat cell determination and differentiation, and in inhibiting
gene expression of alternative lineages (Fig. 3). For instance,
Prdm16 acts with C/ebpf as an inducer of Ppary and adipogene-
sis,”! but with Ehmtl to inhibit myogenic gene expression.’”
However, the known constellation factors are presently insuffi-
cient to explain the specific BAT effects of Prdm16. Identifica-
tion of molecular markers for BAT that are unaffected by Ppary
disruption® will provide leverage for refining our understanding
of the how Prdm16 induces the earliest events adipogenesis. As
well, the relationships between Prdm16 and other brown-adipose
inducing factors, particularly the required lineage commitment
factor Early B-cell factor 2 (Ebf2),%> remain poorly understood.
Assembling these parts into a coherent mechanism will also give
us a better grasp of the events involved in inducing and maintain-
ing a thermogenic phenotype.
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and WAT-
like.** Ectopic expres-

functional

sion of Prdm16 in subcutancous WAT results in beigeing,*’
although it is not yet clear if this conversion requires an initiating
thermogenic stimulation to occur. This possible maintenance
function of Prdm16 should be explored, being relevant to thera-
peutic applications in which a stable thermogenic fat pad would
be preferable to transient beigeing.

The thermogenic gene program is intact in newborn animals
lacking both Prdm16 and Prdm3, suggesting that redundant or
alternative mechanisms exist to defend BAT mass against
Prdm16 and Prdm3 loss when mice are most vulnerable to
cold.*? Nonetheless, Prdm16 has (in our hands) a stronger pro-
thermogenic activity, and whatever alternatives exist then fail or
are lost after several months. Interaction with Ehmt1?” may be a
common feature of the Prdm16-redundant factors allowing for
pro-thermogenic differentiation. The lack of an overt phenotype
in Prdm16/Prdm3 double-null embryonic BAT is highly sugges-
tive of an unknown third factor that is active or available only in
early development.

An alternative hypothesis could involve redundancy that is not
intracellular but rather reflects the presence of multiple progeni-
tor cell populations. This would invoke distinct Prdm-indepen-
dent embryonic (“developmental”) BAT stem cells that are
progressively supplanted post-weaning by Prdm-dependent adult
adipose stem cells. This model would be reminscent of the waves
of embryonic, fetal, and later myoblasts that populate developing
skeletal muscle (reviewed in Hollway & Curry®®). Notably, how-
ever, cultured embryonic brown preadipocytes exhibited similar
Prdm16-dependent defects to those observed from adults,
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suggesting that in vivo environment may be modifying a cell-
autonomous phenotype.*?

Repression of typical white-selective adipose genes, however, is
a purely Prdm16-dependent function.*? Prdm3 has primarily
white-adipose inducing activities,”® consistent with robust expres-
sion of the white-selective markers repressed by Prdm16 in BAT.
Considering the domain-level structural similarity between the
two proteins (Fig. 1), including the presence of identical CtBP-
interaction in both, this contrast suggests that there are other
unique molecular properties that could involve selective protein-
protein or protein-DNA interactions. Direct comparison of these
factors to tease apart their molecular similarities and differences
will be insightful for constructing a model of brown adipose differ-
entiation. Furthermore, the robustness of this repressive Prdm16
function suggests that the expression of these white-selective genes

is purposeful, although we do not yet know why.

differentiation, and maintenance of brown and beige adipose.
Ongoing investigations of Prdm16’s molecular mechanisms and
its collaborations with interacting factors will deepen our abilities
to manipulate this tissue. In the face of alarming obesity-related
challenges, the idea of using thermogenic fat therapeutically
remains promising, feasible, and necessary.
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