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Abstract: Tripartite motif (TRIM) proteins are defined by their possession of a RING, B-box
and predicted coiled coil (RBCC) domain. The coiled-coil region facilitates the
oligomerisation of TRIMs and contributes to the formation of high molecular weight
complexes that show interesting subcellular compartmentalisations and structures.
TRIM protein compartments include both nuclear and cytoplasmic filaments and
aggregates (bodies), as well as diffuse subcellular distributions. TRIM19, otherwise
known as promyelocytic leukaemia (PML) protein forms nuclear aggregates termed
PML nuclear bodies (PML NBs), at which a number of functionally diverse proteins
transiently or covalently associate. PML NBs are therefore implicated in a wide
variety of cellular functions such as transcriptional regulation, viral response,
apoptosis and nuclear protein storage.

INTRODUCTION

The family of tripartite motif (TRIM) containing proteins are defined by a conserved
motifthat contains a RING (really interesting new gene) domain, one or two B-box domains
and a predicted coiled coil region.! TRIM proteins often show interesting subcellular
compartmentalisations and structures, which is in part due to the oligomerization abilities
of the TRIM motif facilitating both homo- and hetero-oligomerization of TRIM proteins.
Whilst some of the TRIM component domains are not always present, their linear sequence
order is always preserved (RING domain—B 1—B2—coiled coil) and the motif is mostly
evolutionarily conserved.? Therefore the various sub-domains of the tripartite motif likely
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TRIM/RBCC PROTEINS

Table 1. Summary of known cellular localizations of TRIM proteins. Most of the
cellular localizations are for exogenously expressed protein. Examples of interactions
are taken from the Human Protein Reference Database (HPRD)

Name Aliases Domains Cellular Localization
TRIMI  FXY2,MID2,RNF60  O(JEOL NG Filaments (C)
TRIM2  RNF86 O BONO Filaments (C)
TRIM3  BERP.RNF22.RNFI7. (O @O M % Diffuse (C) Speckles (C)
HACI Filaments (C)
TRIM4  RNF87 O Bo ® Speckles (C)
TRIMS ~ RNF88 O o ®  Speckles (C)
TRIM6  RNF89 O Bo @® Speckles (C) Tracks (N)
TRIM7  GNIP, RNF90 O B8O ® Diffuse (C and N)
TRIM8  GERP, RNF27 ol @) Speckles (N)
TRIM9  RNF9I OO _ING® Speckles (C)
TRIMIO  RFB30,RNF9, HERFI O O ® Aggregates (C)
Speckles (C)
TRIMIl  RNF92 O 80 @® Diffuse (C and N)
TRIMI3  RNF77.RFP2.LEUS (O O Speckles (C)
TRIMI4 - [ [@©)] @® Speckles (C)
TRIMI6  EBBP B @) @ Diffuse (C)
TRIMI7  RBCC.RNF16. TERF O O ® Speckles (C)
TRIMI8  FXY. MIDI, RNF59, OO@O[ NG Filaments (C)
XPRF
TRIMI9  PML, MYL, RNF71 ol @ Bodies (N)
TRIM20  PYRIN, MEFV 80 @ Diffuse (C)

continued on next page

function in an integrated manner rather than as separate domains that happen to be adjacent
to each other.? In terms of biochemical activity, many TRIM proteins that contain the RING
domain also have ubiquitin (Ub) E3 ligase activity® (which is discussed in Chapter 3 by
Ikeda and Inoue). A summary of TRIM proteins with known cellular localizations (mostly
of exogenously expressed protein) can be found in Table 1, together with their aliases.

One of the best-characterised TRIM proteins is TRIM19, otherwise known as
promyelocytic leukaemia (PML) protein. PML is necessary for the formation of nuclear
protein aggregates termed PML nuclear bodies (PML NBs). A number of functionally
distinct proteins associate either transiently or covalently with PML NBs and thus PML
is implicated in a variety of cellular functions. In this chapter, we will review current
knowledge on the tripartite motif with a specific focus on PML NBs.
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Table 1. Continued
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Name Aliases Domains Cellular Localization
TRIM21  RNF21, RO52, SSAI O Bo @® Speckles (C and N)
TRIM22 RNF94, STAF50 O 8o ® Diffuse, Speckles (C)
TRIM23  ARDI. ARFDLRNF46 QO A Speckles (C and N)
TRIM24 RNF82.TIFLTIFIA ~ QJBO U O Speckles (C), Bodies (N)
TRIM25 EFP,RNF147, ZNF147 (O © (® Diffuse and aggregates (C)
TRIM26 AFP,RNF95,ZNF173 O PO @ Diffuse and aggregates (C)
TRIM27  RFP, RNF76 O WO @® Speckles (C). Bodies (N)
TRIM28  KAPLRNF96. TIFIB - OJBO T Chromatin domains
TRIM29  ATDC 80 Filaments (C)

TRIM31  C6orf13, RNF O 8o Diffuse (C and N)
TRIM32 HT2A O BoO* Diffuse and speckled
(C and N)
TRIM33  PTC7, RFG7. TIFIG ol [Cl\Wie; Diffuse and speckled (N)
TRIM35 HLS5 O B ® Speckled (C and N)
TRIM36 RBCC728, RNF98, OOWMOL_ING Filaments (C)
HAPRIN
TRIM37 MUL, POBI. TEF3 O BOA Peroxisome
TRIM41  RINCK O 8o @® Speckles (C and N)
TRIM45  RNF99 ol El= Diffuse (C and N)
TRIM46  TRIFIC. GENEY O WO INO TRrRIM46
TRIM47  GOA, RNF100 O B0 ® TRIM4T
TRIMS4  MURF, MURF3, O 8ol TRIMS4
RNF30
TRIMS5  MURF2, RNF29 O 8o TRIMSS
TRIM63 IRF,MURFL.RNF28, O O[] TRIM63
SMRZ
TRIM69  HSD34, RNF36, Trif, (O © ® TRIM69
Trimless
Localisation:
N = Nuclear C = Cytoplasmic
Domains:
O RING [J COS box I\ Fibronectin Type-III O BROMO
O B-Box 1 < NHL O B30.2/SPRY A MATH
@ B-box 2 A ARF T PHD
© Coiled coil W WD40 M Filamin



92 TRIM/RBCC PROTEINS

BLM
ATM Brca1

CBP
UbcS Chk2

Daxx
elF4E

P HIPK2/3
TIF1a , HP1

Trf2
Trf1

(TRIM24)

SuPr-1 Int-6

Mre11
NBS1
RFP e PML

(TRIM27) (TRIM18)

Rad52 p53 PRB

(TRIMBS)

Figure 1. Proteins that show associations with PML nuclear bodies. The major constituent proteins of
PML NBs are PML and Sp100. All the other proteins show transient localization to the bodies, or are
recruited under certain conditions.

PML NUCLEAR BODIES AND ASSOCIATED PROTEINS

Also known as ND10, PODs and Kremer bodies, PML NBs are spherical bodies
typically found within the mammalian cell nucleus. They range from 0.3 to 1.0 um in
diameter and usually number between 10 and 30 per cell, but this varies according to
cell line and cell cycle phase.* PML and SUMO- (small ubiquitin-like modifier) modified
PML are the nucleating components of PML NBs.* The main constituent protein of the
bodies is PML, which is thought to provide a scaffold around which the other protein
components accumulate.® The aggregation of sumoylated PML protein into PML NBs
is thought to prompt the recruitment of other associated proteins to the scaffold. The
other known constituent PML NB protein is Sp100.” Transiently associated proteins, or
proteins recruited to PML NBs under certain conditions include CBP,* BLM,’ Daxx (a
transcriptional repressor),>® p53 (an activator of transcription), pRB!° and SUMO.!"! Since
these proteins function in diverse cellular pathways it has been proposed that PML NBs
act as storage depots where localised protein concentrations can be regulated.'? Figure 1
lists some of the known PML NB-associated proteins.

The specific function of PML NBs is unclear, although given the diversity of proteins
that are associated with PML, functional roles in tumour suppression,'? apoptosis,'* DNA
replication and repair,'® response to viral infection,' nuclear protein storage'” and gene
regulation and transcription'” have been suggested.
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THE TRIPARTITE MOTIF IN PML

The tripartite motif in PML plays an integral role in the formation of PML NBs,
PML-homo and hetero interactions as well as PML growth suppressor,'>'® apoptotic'*!®
and anti-viral activities.*®*" The influences of each component domain have been
investigated thoroughly.

RING Domain

The RING finger motifis acysteine-rich zinc-binding module and was first discovered
inthe human protein RING1.?? It is found in many cellular and viral proteins and mediates
E3 ubiquitin ligase activity.>** Mutations of the conserved zinc-binding cysteines in the
RING finger motif of PML disrupt PML NB formation in vivo and results in a nuclear
diffuse localization of PML.>* These mutations correlate with loss of PML growth
suppression,>* apoptotic and anti-viral activities.?”*® Furthermore, mutagenesis studies
of surface residues that form part of the PML RING domain resulted in very large nuclear
aggregates of PML protein in vivo.!! The requirement of an intact RING domain for PML
NB formation may relate to specific protein-protein interactions mediated by the RING
and thereby playing an essential role in supramolecular assembly.? There are a number
of examples of heterodimer RING-RING interactions (Brcal/Bard), although these are
usually associated with the formation of complexes that mediate E3 Ub ligase activity.
Although speculative, one cannot discount an indirect role for the PML RING domain
in mediating E3 SUMO or Ub ligase activity.

B Boxes in PML

B boxes are also cysteine/histidine rich protein sequence motifs.’*® The B boxes in
PML (B1 and B2) are small (42 and 46 residues respectively) and have been shown to
bind zinc.*' Substitution of conserved zinc ligands in B1 or B2 in PML disrupts PML
body formation in vivo but does not prevent multimerization.’! Together with the RING
finger the B-boxes, B1 and B2, exert PML growth suppressor activity.’? Interestingly B1
SUMO modification has not only been shown to be critical for recruitment of the 11S
proteasomal subunit to PML NBs?*® but also necessary for recruitment of Daxx to PML
NBs.* A recent structure of the human MID1 B-box 1 domain shows that the B-box has
a fold similar to the RING domain providing another potential interface for mediating
E2 interactions and conferring either E3 or E4 ligase activities.*

Coiled-Coil Domain of PML

PML possesses a weakly predicted a-helical coiled-coil domain, which is essential
for PML homodimerization and heterodimerization with PML-RARa without the need
for the RING and B-box domains.?**** The coiled-coil domain is also essential for PML
NB formation and full growth suppressor activity in vivo.* Removal of the coiled-coil
prevents formation of high molecular weight complexes. Recently it has been shown
that SIAH-1/2 binds and targets the coiled-coil domain in PML for proteasome-mediated
degradation, leading to a loss of PML NBs.*® These results involve the coiled-coil region
in PML as a novel structural determinant for targeted degradation.
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THE FORMATION AND DISSOLUTION OF PML NUCLEAR BODIES

PML protein is found in the nucleoplasm in a soluble fraction that is not modified
by SUMO-1.% PML NB genesis is thought to be a two-stage process, beginning with
the formation of primary aggregates of nonsumoylated PML protein®* and driven by
homodimerization via its coiled-coil domain, part of the tripartite motif.*! Formation of
the mature bodies is mediated by the covalent modification of PML protein by SUMO-1,*
polymeric SUMO-2* and SUMO-3* at up to three lysine residues (amino acid positions
65, 160 and 490;** The structure of the primary and mature bodies differs—mature
bodies visualised using electron microscopy possess ashell of PML protein that surrounds
other PML NB-associated proteins.** A PML mutant unable to be SUMO-modified
forms aberrant nuclear aggregates and fails to recruit proteins typically associated with
PML NBs, such as Daxx and Sp100.° Recently the nuclear localization of PML has been
shown to be regulated by SUMO-3,* one of the least abundant human SUMO isoforms.*’

PML protein also possesses a SUMO binding motif, known as a SUMO interacting
motif or SIM, which is independent of its sumoylation sites and is required for PML NB
formation.”® SUMO is noncovalently bound to PML at the SIM motif and it is proposed
that SIM’s can confer the ability to aggregate SUMO labelled proteins as well as promote
sumoylation of assembled complexes.* The proposed model of PML NB formation
predicts that PML protein is aggregated via interactions between RBCC motifs. The PML
RING domain is in turn required for efficient PML sumoylation.* Upon sumoylation in
interphase cells, noncovalent binding of PML to SUMO-modified PML through the SIM
is the nucleation event for the later recruitment of other sumoylated proteins or proteins
containing SIMs to PML NBs.* The regulation of PML sumoylation including SUMO
polymer chain length is not yet clear, although recent studies now suggest the existence of
specific SUMO-targeted E3 ubiquitin ligases linking sumoylation to ubiquitin-mediated
degradation.®® Among these proteins are the RNF4 family of RING proteins that contain
SIMs.>! It will be interesting to see how these newly defined proteins might regulate
sumoylated-PML and by inference PML NB formation.

PML NUCLEAR BODY DYNAMICS—NUMBER, MOVEMENT
AND MORPHOLOGY

Levels of endogenous PML expression are variable within a cell-line population,*
as determined by studying labelling intensity and number of PML NBs and the presence
of a nonspeckled diffuse nuclear staining. In HeLa and Hs27 cells, late G1 cells show
strong labelling in around 15 bodies. In S phase cells there are many smaller dots in
addition to nuclear diffuse staining and in G2 PML NB number decreases until two to
three are present in mitotic cells. PML NBs reappear between mitosis and late G1, with
cytoplasmic bodies found in addition. Thus it appears that PML nuclear bodies show
significant variation within the cell cycle.®

PML NB number is also a reflection of cell cycle status, especially at S phase
when the number of bodies increases twofold.* In general, PML NBs are positionally
and structurally stable over extended periods of interphase, with the exception of some
smaller bodies that show limited localized or ATP-dependent rapid movement.>® Stress
may also induce the fission of PML microstructures, which also show fast movement,
from parental NBs.** Also, as cells enter S phase PML NB structural stability is lost which
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is exemplified by distortions in shape and by fission and fusion events. The association
of fission products with chromatin implies that PML NBs are responding to changes in
chromatin organization and topology. A redistribution of PML protein and not de novo
synthesis was found to be responsible for the increase in PML NB number with the highest
PML protein levels found in G1, dropping by 10 and 30% respectively in S phase and G2.

Perhaps not unexpected, PML NB components like Spl100 and SUMO-1 also
undergo changes in a cell cycle-dependent manner. Both are conjugated to SUMO-1
during interphase, but are deconjugated during mitosis.®> Mitotic PML is stabilised
by phosphatase inhibitors; treatment of interphase cells with such inhibitors induces
production of PML similar to the mitotic species. Therefore phosphorylation is also
important in the differential modification of PML during the cell cycle.™ Although
showing tight colocalization throughout interphase, PML and Sp100 become separated
in early prophase of mitosis.

Atmitosis PML protein partitions via mitotic accumulations of PML protein (MAPPs),
which differ indynamics, biochemistry and structure to PML NBs.** Unlike PML NBs they do
not contain Sp100, SUMO-1 or Daxx, their loss occurring prior and concurrent to chromatin
condensation and nuclear membrane breakdown respectively.** MAPPs contribute to the
re-establishment of PML NBs in G1 where some MAPPs remain in association with the
mitotic chromosomes, potentially forming nucleation sites for PML NB formation at G1.%

Other Body Morphologies

Upuntil this point we have discussed typical PML NBs, however, there are some other
observed morphologies of PML NBs which are found under conditions of a particular
cell cycle phase (giant PML NBs) or senescence (senescence associated nuclear bodies
or SANB). There are also cytoplasmic PML bodies, which play a different role in the
cell to their nuclear counterparts.

Giant PML Nuclear Bodies

PML protein may also be involved in heterochromatin remodelling at G2.7 In
immunodeficiency, centromeric instability and facial dysmorphy (ICF) syndrome patients
heterochromatin HP1 proteins (HP1a, p and y) accumulate in a giant body (only present
in G2) over the 1gh and 16gh juxtacentromeric heterochromatins. PML protein is also
present within this body and as such it is proposed to be a giant PML nuclear body. It
contains a core of satellite DNA, although controversially, several studies have suggested
that PML NBs do not typically contain DNA. By analogy to normal PML NBs , G2
PML NBs may contain PML and Sp100 organized in ordered concentric spherical layers
around satellite DNA. These large PML containing structures would function in the
re-establishment of a condensed heterochromatic state on late-replicated satellite DNA
through an unknown mechanism.”’

Senescence-Associated Nuclear Bodies (SANB)

Spontaneous or oncogene retrieval-induced senescence is associated with
formation of large PML NBs (SANB) that also contain nucleolar components.®® SANB
appear to associate with the periphery of the nucleolus and perhaps play a role in the
ubiquitin-proteasome pathway.
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Cytoplasmic PML Bodies

Cytoplasmic PML bodies have been observed by indirect immunofluorescence
in a number of cell lines.***¢! As all PML isoforms comprise a nuclear localisation
signal in exon 6,*! these bodies could represent PML protein that has become trapped
outside of the reformed nuclear membrane and lamina. Alternatively, the cytoplasmic
bodies could comprise of the PML I isoform since it contains a nuclear export sequence
(NES),**encoded within exon 9 of the PML gene.® (The isoforms of PML are discussed
further in the following section). The ability of PML to become SUMO-modified and
induce poly-PML aggregates leading to PML bodies could be utilised in important
cytoplasmic functions. Indeed, it has recently been shown that cytoplasmic PML and
PML-I bodies play a key role in the TGF-B signalling which links cell regulation to
a nonnuclear form of PML.%

ISOFORMS OF PML PROTEIN

TRIM family proteins often comprise a number of isoforms and PML protein is the
good example of this. The PML genomic locus is found on chromosome 15, extends over
35 Kb and consists of nine exons, from which a range of transcripts are produced via
alternative splicing. This leads to the production of a number of PML proteins ranging
between forty-eight to ninety-seven kDa. There are seven isoforms of PML, PML I to
VII, which all share the N-terminal tripartite motif (found within exons one to three), but
show C-terminal sequence differences.>*! The different isoforms show different cellular
localisations; either nuclear, or both nuclear and cytoplasmic.

Since TRIM proteins share acommon N-terminal motif, C-terminal differences (such
as the presence of other motifs including the BROMO, PHD and SPRY domains) may
explain other diverse functionalities. These differences may also result from alternative
splicing, such as in the case of PML protein where different PML isoforms have the
potential to facilitate isoform-specific cellular activities. The existence of several PML
isoforms may also explain the high number of cellular and viral proteins that interact
with PML protein.?! This could also account for the diversity of functionality accredited
to PML within the cell.

The expression of specific PML isoforms is not limited to particular primary cells
or cell lines.®* PML III, IV and V were found to be minor isoforms when compared to
PML I and II, indicating differential isoform-dependent expression levels. Interestingly
stable expression of each of the isoforms (I-V) in a pml-null background produces
distinct subcellular localizations. PML I has both a nuclear and cytoplasmic distribution
(unsurprising since it contains an NES). PML II has a thread-like distribution, PML IV
has a large number of small irregular shaped bodies throughout the nucleus and PML V
produces large, dense bodies. As in other TRIM proteins, the PML isoforms’ C-terminal
domains may therefore be involved in interactions with specific cellular compartments.®
However, co-expression of several isoforms leads to their colocalization, highlighting
the ability of TRIM proteins to heterodimerize. Below are examples of proposed
isoform-specific functions.

Upon different types of stress (UV-C or y-irradiation, chemical inhibition of
transcription or DNA synthesis and proteasome inhibition) endogenous PML protein
forms nucleolar caps that eventually surround nucleolar components.?® It was observed
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that the PML I isoform contains a nucleolar targeting domain within the evolutionarily
conserved C-terminus, which contains a predicted exonuclease III fold, both of which
are essential for targeting PML-1 to nucleolar fibrillar centres. The function of PML-I at
the nucleolus is unclear but the isoform specific localisation implies that PML isoforms
can have distinct biochemical functions.

Another PML isoform, PML III, has been demonstrated to localize to the centrosome
and the pole of the mitotic spindle through the use of isoform-specific antibodies.®* PML
[T is implicated in the control of centrosome duplication as its specific knock-down leads
to amplification of centrosomes, (also seen in a significant number of PML -/- MEFs).
PML III may regulate this by repression of Aurora A kinase activity, which ultimately
leads to the inhibition of Cdk2/cyclin E in its role of regulating centrosome duplication.
However this could not be confirmed by others.*

It is established that PML protein and NBs play an important role in the regulation
of multiple apoptotic pathways.®>* To further understand the role of PML, the PML
IV isoform was found to specifically bind to the tumour suppressor pS3 and regulate
its activity.?’ Interestingly, PML IV was shown to recruit pS3 to PML NBs implicating
PML it in a p53-dependent apoptotic pathway.®

PML NUCLEAR BODIES AND DISEASE

PML protein has shown to be involved in both oncogenesis and response to viral
infection. The involvement of TRIM proteins in cancer is explored in Chapter 6 by
Cambiaghi et al..

PML Nuclear Bodies and Acute Promyelocytic Leukaemia

PML protein was firstidentified as part of the reciprocal chromosomal translocation
att(15;17)q(22;21) found in acute promyelocytic leukaemia (APL). The resulting fusion
protein comprises PML fused to retinoic acid receptor oo (RAR«).%7* Interestingly,
normal PML protein is unable to form PML NBs, instead showing a microspeckled
pattern as a result of the heterodimerization of PML with the PML-RARa fusion
protein.”®”> APL is characterised by ablock in the differentiation of promyelocytes which
can be unblocked by treatment with all-trans retinoic acid (ATRA). The restoration
of a normal PML NB pattern’ correlates with the release of the differentiation block
in promyelocytes.”” Patients with APL are often able to go into remission after
differentiation therapy.

Influence of the Coiled-Coil in PML Localization in APL

The PML-RARa fusion protein has reduced intranuclear mobility and shows
mislocalisation when compared with RARa.”® Using Fluorescence Recovery After
Photobleaching (FRAP), PML-RARa sumoylation site mutants were shown to have the
same intracellular localization and reduced mobility as wild type PML-RARa, indicating
that sumoylation of PML-RARa (at each of three different sites) does not contribute to the
altered distribution and reduced mobility of PML-RARGa. Instead a coiled-coil deletion
mutant PML-RARa indicated that the coiled-coil domain of PML-RARa is responsible
for its immobilization and thus mislocalization within the nucleus.”
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PML and the Antiviral Response

Some TRIMs display antiviral properties, such as TRIM1, TRIM5a, TRIM19 and
TRIM22,* with evidence also for influence over viral replication. TRIMs may act in
both the cytoplasm and nucleus, at multiple viral life cycle stages and target various viral
proteins.”! PML protein (with its various antiviral activities) and TRIMS5a (possessing
Lv1 and Ref1 antiretroviral activities) are the best-characterized TRIM proteins in terms
of their involvement in viral infection responses.?**!

In early DNA viral infections, PML NBs become associated with the parental
genomes and early replication compartments.®*%? Type I IFNs are known to induce
an anti-viral state. Interestingly, interferon induction also induces the expression of
PML, producing an increase in the size and number of PML NBs.%# Over-expression
of PML also provides resistance to vesicular stomatitis virus and influenza A virus.®
Infection with adenovirus causes aredistribution of PML nuclear bodies into thread-like
structures associated with viral replication centres. The adenovirus Type 5 (AdS5) early
region 4 open reading frame (E4 ORF3) product is responsible for this reorganization,
colocalizing with the PML threads.***” E4 ORF3 was also found to specifically interact
with PML I1.%8

The RBCC containing protein TRIMS5a., containing the C-terminal SPRY domain,
was found to block HIV-1 infection prior to reverse transcription in the cells of Old
World monkeys.¥ Interestingly, TRIMSa also localises to cytoplasmic speckles?!:3%%
which are highly mobile showing a dynamic morphology®! indicating a functional role
for TRIMSa cytoplasmic bodies.

NUCLEAR COMPARTMENTS SHARING ASSOCIATIONS WITH PML
NUCLEAR BODIES

PML nuclear bodies have been shown to specifically associate with a variety of
other nuclear compartments. In some cases it is unclear whether these associations are
of functional importance or occur through stochastic processes. In the following section,
these associations are discussed in the context of PML NB function.

Transcriptional Compartments

The DNA damage response in cells results in PML sequestration of Mdm?2, a p53
ubiquitin-ligase, to the nucleolus thereby potentiating p53 stability.”? There is little
evidence to suggest that PML NBs show association with the nucleoli of normal primary
cell lines that have not undergone stress or are not tumour lines. Recently a novel PML
compartment in association with nucleolar structures in human mesenchymal stem
cells has been observed in growth permitting conditions® indicating that PML may be
involved in nucleolar functions of normal nontransformed cells, as this compartment is not
present in rapidly-growing tumour-derived cells. However, it does lack the morphology
of normal PML NBs.

A cell cycle-dependent association of PML NBs with RNA polymerase II
active transcription sites has been demonstrated.® In this study, 30% of PML NBs in
unsynchronized cells associated with active transcription sites containing RNAPII, (RNA
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polymerase II with a hyperphosphorylated CTD, which forms part of the elongation
complex). This increased to 70% of PML NBs in G1 cells and 80% upon exposure to
IFNy suggesting a correlation between alteration of PML NB spatial associations with
increased transcriptional activity. However the specific functional role of PML NBs in
transcription is still unclear.

PML and CREB binding protein (CBP), a transcriptional coactivator and histone
acetyl transferase, are found to colocalize at the PML NB.%% PML, CBP and RNA
polymerase II have also been found together at a subset of PML NBs, supporting the
idea that transcription takes place at PML NBs. This alludes to a possible function for
PML in the regulation of transcription.

Chromatin Associations

There is some evidence for a cell-cycle dependent PML NB-chromatin association,
in particular the observed dynamic link between PML NBs and centromeres in G2 that
is stabilised upon proteasome-mediated proteolysis inhibition.” An observation that
Vmw 100 (Herpes simplex virus Type 1 regulatory protein) induces proteasome-dependent
degradation of both principal PML NB component proteins PML and Sp100 and CENP-C
(a centromeric protein) indicated a connection between PML NBs and centromeres in
uninfected cells. Proteasome inhibitor treatment revealed an association between the two
compartments in a significant number of G2 Hep2 cells and subsequent reassessment
of unsynchronised cells revealed rare cells in late G2 that had considerable PML
NB-centromere associations.*

A subset of PML NBs, known as alternative lengthening oftelomeres (ALT) associated
PML NBs (APBs), are found to colocalize with telomeres in certain immortalized
cell lines. Such cells seek to perpetuate or surpass existing telomeric length but are
telomerase (W\TERT) negative and thus employ a different method involving homologous
recombination.®**” APBs contain telomeric DNA and telomere-specific binding proteins
TRF1 and TRF2, plus other DNA recombination and replication proteins suggesting a
role of PML NBs in regulating telomere length.®®

Thefirststudy of the 3D spatial organization of PML NBs and gene-rich and gene-poor
chromosomal regions revealed a highly nonrandom association of the gene-rich major
histocompatibility complex (MHC) on chromosome 6 with PML NBs.” Interestingly,
this association remained when a subsection of this chromosomal region is integrated
into another chromosome in a mutant cell line.”” An extension of this study revealed
that the distance between a genomic locus and its nearest PML NB correlates with the
transcriptional activity and gene density around that specific locus.'® Locus-PML NB
mean minimum distances for four different loci (6p24, Histone cluster 6p22, TAP/LMP
and the centromere of chromosome six were compared between S phase and G1/GO cells
and it was found that only the histone-encoding cluster (transcribed in S phase alone) was
more strongly associated with PML NBs in S phase than in G1/GO0. These studies provided
the first rigorous and statistical meaningful study of PML NB associations with specific
genomic regions establishing a direct link between PML NB association with gene-rich
and transcriptional active regions. They also alluded to the possibility that PML NBs
associations are directly linked to the functionality of the specific gene region such that
the insertion of a gene-rich and active region into a different chromosome maintained
the PML NB association.
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TRIM PROTEINS THAT LOCALISE TO PML NUCLEAR BODIES

Other members of the TRIM protein family are known to interact with PML protein
and thus localise to PML NBs. These are TIF 1a (also known as TRIM24), RFP (TRIM27
or RET finger protein) and RNF36 (TRIM69 or Trif). Interestingly like PML, both TIF 1
and RFP become oncogenic as the result of chromosomal translocations producing aberrant
fusion proteins that contain RFP and TIF1.19'-1%

TIF1a (TRIM24)

TIF1o. is fused to Braf, resulting in the TIF1a-B-Raf (T18) oncoprotein in mouse
hepatocellular carcinomas.!” PML, TIF . and RXRa/RARa have been shown to function
together in a transcription complex dependent on retinoic acid (RA).'* PML acts as the
ligand-dependent coactivator of RXRa/RARa and interacts with TIF 1o and CBP which
localise to PML NBs.'*In Pm/ - cells the ability of TIF | « and CBP to act as transcriptional
coactivators on RA is impaired. T18 oncoprotein disrupts the RA-dependent activity of
the complex in a dominant-negative manner resulting in a growth advantage.'® TIF1a
also fuses to the RET receptor tyrosine kinase in human childhood papillary thyroid
carcinomas.'”Like PML, it was shown that TIF 1o is SUMO-1 modified'*” by two SUMO-1
moieties per TIF1o. By analogy to PML and Sp100, TIF1a is also chromatin associated
and was shown to interact with HP1 similar to Sp100.'% Interestingly, PML protein has
been implicated as a cofactor in TIFla-dependent enhancement of RARo-mediated
transcriptional activation.'™ Like other TRIM proteins, TIF 1 is able to heteromultimerize
via the TRIM motifs and can bind TIF1y.!”

As mentioned previously, the adenovirus Type 5 E4 ORF3 product is able to cause
the reorganization of PML bodies in to tracks within the nucleus.®#” Recently, TIF 1o has
also been identified as a novel E4 ORF3-interacting partner and is also found reorganized
into PML-track structures upon E4 ORF3 expression.'® E4 ORF3 binds TIF1a in vivo
and directs this PML NB reorganization via the TRIM domain.

RFP (TRIM27 or Ret Finger Protein)

Like other TRIM proteins, the subcellular localization of RFP can be nuclear, as
detected by a monoclonal antibody (RFP-1) generated against amino acids 148 to 163.'%
In HL-60 cells fractionated into nuclear and cytoplasmic components, the protein reactive
with RFP-1 is detected only in the former. Over 90% of nuclei of human spermatogenic
cells (but not mature spermatozoon or human testicular tumour cells) were positive
for RFP and so were up to 60% of cells in other human adult tissues, which suggests a
functional role for RFP in spermatogenesis. In contrast to these cell-specific studies, it
has been observed that RFP shows differential nuclear and cytoplasmic distributions in
different cell types.''* RFP is expressed in the nuclei of cells ranging from peripheral and
central neurones and hepatocytes to adrenal chromaffin cells and also at high levels in
male germ line cells (such as round spermatids, also forming a perinuclear cap in primary
spermatocytes). However in some plasma cells, solitary plasmacytoma and multiple
myeloma it shows high cytoplasmic expression levels. This cell-specific differential
RFP distribution must relate to the different functions of RFP perhaps in the regulation
of growth or differentiation of different cell types.
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Like PML, RFP, (also known as Ret finger protein), is sumoylated and localizes to
PML NBs. RFP functions as a transcriptional repressor by interacting with Enhancer of
Polycomb 1 (EPC1), (a Polycomb group member that plays a role in heterochromatin
formation).!!1!2 In this context, RFP shows either a cytoplasmic or nuclear localization
depending upon cell type.'* Within its coiled-coil domain is a NES and in NIH3T3 cells
this results in a cytoplasmic localization for RFP, but conversely in HepG2 cells the NES
is masked. Treatment with 12-O-tetradecanoylphorbol-13-acetate or overexpression of
constituently active protein kinase Ca. (PKCa) removes this masking and RFP is able to
relocate to the cytoplasm. NIH3T3 cells treated with PKC inhibitors show blocked NES
function, leading to nuclear localization of RFP. Therefore RFP export appears to be
positively regulated by PKC activation, however it is not a direct substrate.!®

RFP, SUMO-1 and PIASy (protein inhibitor of activated STAT y, an E3 SUMO
ligase''*) were found to localize in a characteristic nuclear structure juxtaposed with the
inner nuclear membrane (XY body) of primary spermatocytes in mouse testis.!?

As previously described, TRIM proteins can homodimerize through their coiled-coil
domains.*! For RFP this interaction requires an intact B box (despite it not being an
interacting interface itself), but not the RING finger."” The coiled-coil domain of RFP
is required for its heterodimerization with PML."¢ Interestingly, RING finger and B
box mutations affect RFP subcellular localisation suggesting that homo-oligomerization
of RFP and its specific subcellular localisation depends upon an intact and complete
TRIM motif.'" In this context, ectopic expression of RFP in HEK293 cells causes
extensive apoptosis with an intact tripartite motif required for this pro-apoptotic function.
Interestingly, sole expression of the tripartite motif (without the C-terminal RFP domain)
actually results in a further increase in pro-apoptotic activity.!'” Since the RING domain
is involved this could suggest that many of the TRIM family proteins play a role in the
control of cell survival.

In primary lymphocytes Int-6 (a subunit of the eukaryotic translation initiation factor
elF3), RFP and certain PML bodies colocalise, with RFP shown to trigger translocation
of Int-6 into PML NBs in HeLa cells.''® The interaction of RFP with Int-6 is mediated
via its C-terminal Rfp (B30.2) domain (unlike the interaction between RFP and PML,
which is coiled-coil dependent).

RNF36 (TRIMG69 or Trif)

The gene for Trif (testis-specific ring finger) was isolated from a mouse testis cDNA
library''® and the protein contains the tripartite motifand C-terminal B30.2/SPRY domain.
Later renamed RNF36, the protein is expressed in germ cells at round spermatid stages
during spermatogenesis.'?® Expression of full-length GFP-RNF36 in HEK293 cells
produces aspeckled nuclear localization. However, truncated RNF36 (containing only the
RING and B-box domains and retaining a putative NLS) localizes to the nucleus but not
in a speckled pattern.’? From immunofluorescence and coimmunoprecipitation studies
full-length RNF36 and PML protein were found to colocalize and interact. Since p38 (a
mitogen-activated protein kinase) inhibition leads to its cytoplasmic translocation, RNF36’s
nuclear localization may be phosphorylation-dependent. Interestingly, over-expression
of full-length RNF36 induced about 50% cell death in transfected cells as a result of
apoptosis.'? Given PML’s involvement in the regulation of apoptotic pathways and its
interaction with RNF36, RNF36’s induction of apoptosis may be via a PML-dependent
(but possibly p53-independent) pathway.
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OTHER TRIM-DEFINED SUBCELLULAR COMPARTMENTS

The coiled-coil domain of the tripartite motif allows TRIM proteins to oligomerize
into large subcellular structures, such as the PML nuclear bodies. Many TRIMs are
found to localize to different types of cytoplasmic or nuclear thread-like, filamentous
and speckle or body aggregates. These structures can represent endogenous localisation
patterns but more commonly are a result of overexpression studies. The ability of TRIM
proteins to oligomerize is an interesting biochemical property, that can infer an ability
to partition between soluble and insoluble high molecular weight complexes as part of
function. An extensive investigation of the subcellular localization of all TRIMs using
GFP, found most to localize to discrete cytoplasmic or nuclear structures, occasionally
associated with diffuse background staining.?

Table 1 lists the currently known cellular localizations of TRIM proteins. Cytoplasmic
TRIMs include those that form filaments (TRIM 1,2, 18,36,46, 54, 55), speckles (TRIM4,
5,9, 13, 14, 17) or are diffuse in the cytoplasm (TRIM16 and 20). Other TRIMs show
a number of cytoplasmic localizations such as TRIM3 which has cytoplasmic speckles,
filaments and a diffuse component, TRIM10 which forms cytoplasmic speckles and
aggregates, TRIM22 with its cytoplasmic speckles and diffuse component and TRIMs
25 and 26 with their cytoplasmic aggregates and diffuse component. Nuclear TRIMs can
be found in speckles (TRIMS) or nuclear bodies (TRIM19 and 69). TRIM33 localizes to
nuclear speckles and shows a diffuse nuclear distribution.

TRIM proteins may also show any other combination of cytoplasmic and nuclear
subcellular localizations. TRIM 21, 23, 35 and 41 all form both cytoplasmic and nuclear
speckles, whilst TRIM6 and TRIMs 27 and 24 have cytoplasmic speckles, but differ by also
localizing to nuclear tracks and nuclear bodies respectively. TRIM63 forms cytoplasmic
filaments and nuclear speckles. TRIM7, 11, 31 and 45 all show both cytoplasmic and
nuclear diffuse components.

The subcellular localization (and possibly functions) of TRIM proteins can often be
correlated with particular domain architecture or C-terminal features. Examples of this
include the C-terminal differences in PML isoforms that allow nuclear localization and
export and TRIMs containing a PHD or BROMO domain (TRIMs 24, 28 and 33) which
can associate with specific chromatin regions.?>'>! Another example of this is that of a
subfamily of TRIMs (including TRIM1 (MID2), TRIM9, TRIM18 (MID1), TRIM36
and TRIM46 (TRIFIC)) in which all analyzed members associate with the microtubule
cytoskeleton.'?? All subfamily members share an identical domain arrangement and contain
a novel motif, the COS box, found adjacent to the coiled-coil. As expected most of the
COS box-containing proteins in Table 1 show a cytoplasmic filamentous subcellular
localization. Often the presence of the fibronectin Type III (fnlll) domain correlates
with the presence of the COS box. 13% of the TRIMs described in Table 1 possess a
COS box. Mutations in this motif abolish microtubule-binding ability and if incorporated
into a nonmicrotubule-binding TRIM, the protein is redirected to the microtubules.'*
The majority of TRIM proteins (just over 60% of TRIM proteins described in Table 1)
contain a SPRY/B30.2 domain. B30.2 is actually a SPRY domain plus an additional PRY
domain and is found in TRIMs, having been evolutionarily selected and maintained,
speculatively as part of the innate immune recognition of retroviruses.' This tallies with
current thinking that many TRIM proteins possess antiviral functionality, such as in the
example of TRIM5a., which in fact does contain a SPRY/B30.2 domain.?! However this
domain is noticeably absent from PML.
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As seen with PML protein in APL, delocalization from expected subcellular
localizations is often an indicator of disease. A further example of this is TRIM37, which
shows a particularly interesting subcellular localization and is mutated in the autosomal
recessive genetic disorder Mulibrey (muscle, liver, brain and eye) nanism syndrome'? to
produce anonfunctional truncated protein. TRIM37 is normally targeted to the peroxisome,
howeverthis localization is compromised upon transient expression of TR/M37 containing
the major mutation found in the Finnish population, becoming homogeneously distributed
throughout the cytoplasm and the nucleus.'” TRIM37 has also been shown to be an E3
ubiquitin ligase,'?® perhaps indicating that defective ubiquitin-dependent degradation
plays a role in the pathogenesis of this disease.

CONCLUSION

The tripartite motif is present in a large number of proteins. The RBCC domain of
TRIMs is essential for their subcellular compartmentalization, as illustrated by the formation
of PML NBs which are the best characterized of TRIM subcellular compartments. The
coiled-coil domain of the tripartite motif confers an ability to oligomerize, thus mediating
the aggregation of large multi-protein complexes and the partitioning of soluble and
insoluble protein fractions. The ability for both homo- and hetero-oligomerisation gives
rise to increased functional diversity amongst TRIMs. TRIM subcellular compartments
may be found in both nuclear and cytoplasmic locations and are able to form both transient
and stable complexes with other proteins in the cell, again potentiating functionality. In
addition, the RING finger plays a role in the mediation of E3 ubiquitin ligase activity,
suggesting that all TRIMs are potential E3 ubiquitin ligases.

Whilst the tripartite motif allows oligomerisation of TRIM proteins, it is the domain
structure and composition of the rest of the protein that tends to influence the functions and
subcellular locations of TRIM-defined compartments. This makes unambiguous definition
of TRIM functionality difficult. There is redundancy in the C-terminal domain composition
of TRIM proteins, the most common domain of which is SPRY/B30.2. Others of interest
are the PHD and BROMO domains (involved in localization to chromatin) and the COS
domain (often correlating with the presence of the fnlll domain and required for localization
tomicrotubules). Interestingly anumber of TRIM proteins including PML are associated with
human disease, often resulting in their delocalization from their subcellular compartments.

Undoubtedly as more TRIM proteins are investigated in depth the link between
subcellular localization and domain structure will become clearer. Within the field of
PML, future research will certainly extend insight at both a biochemical and cellular
level into the formation of PML nuclear bodies and the interactions between PML and
its associated proteins.
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