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Abstract

GTPases are a large superfamily of evolutionarily conserved proteins involved in a variety of fundamental cellular processes.
The developmentally regulated GTP-binding protein (DRG) subfamily of GTPases consists of two highly conserved paralogs,
DRG1 and DRG2, both of which have been implicated in the regulation of cell proliferation, translation and microtubules.
Furthermore, DRG1 and 2 proteins both have a conserved binding partner, DRG family regulatory protein 1 and 2 (DFRP1
and DFRP2), respectively, that prevents them from being degraded. Similar to DRGs, the DFRP proteins have also been
studied in the context of cell growth control and translation. Despite these proteins having been implicated in several fun-
damental cellular processes they remain relatively poorly characterized, however. In this review, we provide an overview of
the structural biology and biochemistry of DRG GTPases and discuss current understanding of DRGs and DFRPs in normal
physiology, as well as their emerging roles in diseases such as cancer.
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DRG Developmentally regulated GTP-binding
protein

even have homologues in Archaea (Fig. 1) (though not in
bacteria) [1]. Whilst there are typically two DRG genes in
eukaryotes, Archaeal species may have only one copy, which

DFRP DRG family regulatory protein appears to be fairly well distributed throughout the group
GTP/GDP  Guanosine tri/di-phosphate (Fig. 1). Whether DRG1 or DRG2 is the ancestral protein
Rbg Ribosome binding GTPase in eukaryotes is unclear as neither homolog appears to be
more or less closely related to the Archaeal DRG protein.
DRGI1 and DRG2 proteins are highly similar (57% iden-
Introduction tity in humans), about 40 kDa in size and have a conserved

binding partner called DRG family regulatory protein 1 and

The developmentally regulated GTP-binding (DRG) proteins
are a family of highly conserved GTPases that consists of
two closely related paralogs: DRGI and DRG?2 (Fig. 1) [1].
DRGs appear to be conserved across all eukaryotes and
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2 (DFRP1 and DFRP2), respectively [2]. Though DRG1
and DRG?2 are highly similar, their respective DFRPs share
only limited similarity (12% identity in humans). DFRP1
and DFRP?2 bind to their respective DRG and prevent it from
being degraded, likely via the ubiquitin proteasome system
[2]. Thus, DRGs and DFRP proteins exist predominantly in
complex with each other [3].

Being GTPases, DRG1 and DRG?2 belong to the same
superfamily of proteins that includes the well-known Ras
family of GTPases and the G-protein coupled receptors
(large heterotrimeric GTPases) [4]. GTPases form a large
superfamily of regulatory proteins that are capable of bind-
ing GTP and hydrolysing it into GDP [5]. Members of this
superfamily have been implicated in a variety of cellular pro-
cesses and represent some of the most highly conserved pro-
teins in all of life [4, 6, 7]. The classical mechanism of action
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Fig. 1 Phylogenetic tree of DRG proteins showing their evolutionary
relationships. Sequences were downloaded from NCBI and aligned
using the MUSCLE algorithm (a copy of the alignment used can be
found in the supplementary file). The phylogenetic tree was estimated
using the Maximum Likelihood method, with 500 bootstrap repli-
cates. Bootstrap values are indicated. All analysis was performed in
MEGAT7. H. sapiens: Homo sapiens, R. norvegicus: Rattus norvegi-
cus, G. gallus: Gallus gallus, X. leavis: Xenopus leavis, D. rerio:
Danio rerio, D. melanogaster: Drosophila melanogaster, C. elegans:

for a GTPase is known as the GTPase cycle [5, 8, 9] (Fig. 2).
When a GTPase is bound to a molecule of GTP it causes a
conformational change in the protein’s structure. In this “on”
state, the protein is considered to be active such that it can
now interact with its downstream effectors. For the protein
to be switched “oft”, the bound GTP must be hydrolysed into
GDP which can then in turn be exchanged for a new GTP
molecule. Thus, GTPases are often described as molecular
switches because of their ability to cycle between a GTP
bound “on” state and a GDP bound “off” state. This process
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Caenorhabditis elegans, O. sativa: Oryza sativa, A. thaliana: Arabi-
dopsis thaliana, S. pombe: Schizosaccharomyces pombe, S. cer-
evisiae: Saccharomyces cerevisiae, H. archaeon: Heimdallarchaeota
archaeon, N. archaeon: Nanoarchaeota archaeon, C. archaeon: Cre-
narchaeota archaeon, M. marburgensis: Methanothermobacter mar-
burgensis, A. sulfaticallidus: Archaeoglobus sulfaticallidus, M. conra-
dii: Methanocella conradii, M. barkerii: Methanosarcina barkerii, M.
vulcani: Methanolobus vulcani

of GTP binding and hydrolysis is typically slow in most
GTPases but is sped up by the action of guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins
(GAPs) (Fig. 2) [10]. For more detailed reviews of GTPases
and their regulation see [5, 9, 10].

The most well-known GTPases are the members of the
Ras superfamily. These small GTPases typically function
as molecular switches in signal transduction pathways
regulating a variety of cellular processes [7]. They are
also commonly implicated in diseases such as cancer and
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Fig.2 The canonical GTPase cycle. GTPases cycle between an active
GTP bound “on” state and an inactive GDP bound “off” state with
the help of GAPs and GEFs. GAP: GTPase Activating Protein. GEF:
guanine nucleotide exchange factor, Pi: phosphate

as such have been the focus of research for many years [6,
11]. Despite the very large amount of work focusing on
GTPases, there are many subfamilies that have remained
relatively unexplored. The DRG GTPases represent one
such subfamily. Continued research in this field is required
to establish clear roles for these proteins. In this review
we discuss the structure and function of DRG GTPases
plus their binding partners, DFRPs, in normal physiology
and in disease.

History of DRGs

The first DRG gene to be identified was DRGI. Kumar et al.
identified a set of mRNAs that are highly expressed during
mouse embryonic brain development but are downregulated
in the adult [12]. Sazuka et al. discovered that one of these
genes had the necessary residues required for GTP binding,
and showed that it could indeed bind to GTP [13]. Thus,
they named it developmentally regulated GTP-binding pro-
tein (DRG). Subsequently, homologues of this DRG protein
were identified in several other organisms [13—15]. However,
it was not initially realized that there were in fact two par-
alogous DRG genes. Only in 2000 was it shown that most
eukaryotes contain two different copies (some plants have
three copies as a result of a recent duplication of the DRG2
gene: see Fig. 1), now referred to as DRGI and DRG2 [1].
DRG?2 was first identified as a gene whose mRNA transcript
is downregulated in SV-40 transformed fibroblasts (though
at the time it was not called DRG2) [16]. The significant dif-
ference in sequence between the DRGs and other GTPases
led to the creation of a new subfamily of GTPases [4].

Table 1 Different names used to refer to DRGs and DFRPs

Mammals Yeast Other names

DRG1 Rbgl NEDD3 (gene name)
DRG2 Rbg2 -

DFRP1 TMA46 Lerepo4, ZC3H15
DFRP2 Gir2 RWDDI1

NEDD3 NPC (neural precursor cell) expressed developmentally
downregulated 3, TMA46 translation machinery associated 46,
Rbg1/2 ribosome binding GTPase 1/2, RWDD! RWD domain con-
taining 1, ZC3HI15 zinc finger CCCH-type containing 15, Lerepo4
likely orthologue of mouse immediate early response erythropoietin 4

Nomenclature

Due to overlapping nomenclature, the DRG GTPases are
often confused in the literature with other proteins that also
share the acronym ‘DRG’. These include AAA-ATPase
diazaborine resistance 1 (DRG1) and differentiation-related
gene 1/N-myc downstream regulated 1 (NDRG1). DRG can
also refer to dorsal root ganglion. Therefore, it is important
to note that these are distinct from the DRG GTPases and
are not part of this review.

Furthermore, it should be noted that DRGs and DFRPs
also have different names based on the various ways in which
they have been identified, as shown in Table 1. For the pur-
pose of this review we shall use the mammalian homologue
names unless otherwise stated (Table 1).

Overview of the OBG/HfIX superfamily
of GTPases

DRGI1 and DRG?2 belong to the OBG family of GTPases,
named after the founding GTPase Obg (spoOB-associated
GTP-binding protein). The OBG family can be split into five
subfamilies; Obg, YyaF/YchF/OLALI, Ygr210, Nogl and DRG
(Fig. 3a+Db) [4]. The HIX (high frequency of lysogenization
protein X) GTPases are another family of GTP binding pro-
teins that are related to the OBG family (Fig. 3a) [4]. Members
of the OBG and HflIX families are all highly conserved, with
some homologues found in all domains of life. Many of the
members of the OBG family have roles in ribosome regulation/
biogenesis or have been implicated in RNA binding [3, 17-22].
Based on this, it has been suggested that this family represents
a group of ancient translation factors [4]. For instance, the
bacterial Obg protein has been suggested to function as a ribo-
some splitting factor that promotes the dissociation of the 70S
ribosome into the 30S and 50S subunits [20]. Similar to the
OBG family GTPases, HfIX proteins have also been implicated
in the regulation of translation [21]. In bacteria, HIX has been
shown to interact with ribosomes and promote the splitting
of ribosomes similar to the function reported for Obg [21].
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Fig.3 Domain organization of DRG GTPases, conserved members
of the OBG-HfIX superfamily. a Phylogenetic tree of example pro-
teins from the OBG, NOGI, DRG, OLAI, Ygr210 and HIX fami-
lies. Protein sequences were downloaded from NCBI and aligned
using the MUSCLE algorithm. The phylogenetic tree was estimated
using the minimal evolution method in MEGA7. b Domain organiza-
tion of some of the GTPases shown in part (a). HTH helix turn helix,
S5D2L ribosomal protein S5 domain 2-like domain, TGS ThrRS,

For the most part, research into the OBG and HfIX GTPases
has focussed on the bacterial and yeast homologues and it is
not yet clear if the homologues from higher eukaryotes have
retained an important role in ribosome biogenesis and regula-
tion. For many of these GTPases including DRGs, detailed
molecular and cellular characterization is still lacking.

Structure, biochemistry and regulation
of DRGs

Structure of DRG1/2

Many of the Ras superfamily GTPases are typically
small (20-25 kDa), consisting of just a GTPase domain.
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HTH

DFRP domain of
Tma46 (yeast DFRP1)

GTPase, and Spol domain, CTD C-terminal domain, NTD N-ter-
minal domain, CTT C-terminal tail, CC coiled-coil. In both (a) and
(b) Hs: Homo sapiens, Sc: Saccharomyces cerevisiae, Ec: Escheri-
chia coli. ¢ Crystal structure of Rbgl on its own and d in complex
with the DFRP domain of Tma46. The DFRP domain is the region
of DFRPs that interacts with DRG proteins. Structure from Francis
et al., PDB:4A9A [25]. Images created in Chimera

However, the GTPases in the OBG family are often larger
due to the presence of additional domains (Fig. 3b) [23,
24]. For instance, Obg contains a unique N-terminal
domain called the Obg fold (Fig. 3b), which has been
suggested to function as a protein—protein interaction
domain [23]. The crystal structure of Rbgl (the yeast
homologue of DRG1; see Table 1) shows that it has three
additional domains that protrude out from the GTPase
domain (Fig. 3b+c) [25]. At the N terminus, Rbg1 has a
helix-turn-helix (HTH) domain that sticks outwards sug-
gesting a role in mediating interactions (Fig. 3b+c). At
the apex of this HTH domain is a highly conserved lysine
that is hydroxylated by the 2-oxoglutarate (20G) depend-
ent oxygenase JMJD7 in higher eukaryotes [26]. DRG2 is



Developmentally regulated GTPases: structure, function and roles in disease

7223

also modified at this position [26] (DRG hydroxylation is
described in more detail below).

Interestingly, Rbgl has a unique domain that protrudes
out from the GTPase domain and makes contact with the
HTH (Fig. 3b+c). The inserted domain is named S5D2L,
after “Ribosomal protein S5 domain 2-like” because of its
structural homology to this region [25]. This fold is typi-
cally found in RNA/DNA binding proteins [27, 28]. A third
domain is found at the C terminus, named TGS after the pro-
tein families it is found in: ThrRS, GTPase, and SpoT [29].
Whilst the HTH and SSD2L domains appear to be unique to
DRG GTPases the TGS is not. Several other members of the
OBG family also include a C-terminal TGS domain (Fig. 3b)
[30]. In Rbg1 the TGS domain is involved in the interaction
with Tma46 (yeast DFRP1) (Fig. 3d, discussed below) and
has been suggested to have a role in binding double stranded
DNA, in the GTPase YchF [24], though this is unconfirmed.
Furthermore, a recent paper has revealed how the Rbgl/
Tma46 complex interacts with the ribosome [31]. The HTH
and GTPase domains interact with the 60S subunit whilst
the SSD2L domain contacts the A-site tRNA [31]. Although
a structure has not yet been reported for DRG2, the high
sequence conservation between DRGs suggests it is likely
to have a similar overall fold.

DFRP proteins

As mentioned in the “Introduction”, both DRG1 and DRG2
have a conserved binding partner called DFRP1 and DFRP2,
respectively (Fig. 4a+Db) [2]. One function of DFRP proteins
is to stabilize the expression of their corresponding DRG.
RNA interference-mediated knockdown of either DFRP1 or
DFRP?2 causes a corresponding decrease in the protein levels
of DRGI or 2, respectively [2, 32]. It has been suggested
that this loss of DRG is mediated by proteasomal degra-
dation whereby the binding of DFRP blocks ubiquitination
(Fig. 4b) [2]. However, there has been no identification of
the ubiquitin site/sites or the E3 ubiquitin ligase responsible.
However, it has been proposed that DRG?2 is ubiquitinated
by a Skp1-Cullinl containing ubiquitin ligase [33]. Whether
this ubiquitination is blocked by DFRP2 is unknown.
Despite the high sequence conservation between DRG1
and DRG?2, their binding partners, DFRP1 and 2, respec-
tively, are strikingly different: DFRPI is 48 kDa in size,
whilst DFRP2 is only 28 kDa (Fig. 4a). The only conserved
region between the two proteins is the region responsible
for interacting with their cognate DRG, termed the DFRP
domain (Fig. 4a) [2]. The structure of Rbgl included the
C-terminal fragment of Tma46: It revealed that the DFRP
domain wraps around Rbgl in an extended conformation,
making contacts with both the TGS and GTPase domain
(Fig. 3d) [25]. It is possible that the DFRP domain only
adopts this structure when interacting with DRGs, which

a CCCH type zinc fingers

/ \

aatan
DFRP1 (48.6 kDa) [ TT ] [orrr] ]
DFRP2 (27.9 kDa) ([ rwp [] pFRP |)

b J—

Proteasomal
degradation

Fig.4 DFRP1/2 domain architecture and regulation of DRGs. a
Domain architecture of human DFRP1 and 2. The only region con-
served between the two proteins is the DFRP domain, the region
required for interaction with DRGs. b DFRP proteins bind to their
respective DRG and prevent it from being degraded, likely via the
proteasome. DRG1 has also shown weak binding to DFRP2 when
overexpressed (indicated by dashed arrow)

may be consistent with an earlier report suggesting that
DFRP?2 is an intrinsically disordered protein [34].

As previously mentioned, DFRP1 and DFRP2 are con-
siderably different proteins. Besides the DFRP domain,
DFRP1 has two conserved CCCH-type zinc fingers that are
predicted to interact with RNA (Fig. 4a). Meanwhile, the
smaller DFRP2 protein has an N-terminal RWD domain
(Fig. 4a). The RWD domain is so named because of the
proteins that share this fold: ring-finger containing proteins,
WD-repeat-containing proteins and yeast DEAD (DEXD)-
like helicases [35]. The RWD structure may also be related
to ubiquitin-conjugating enzymes, though it is unlikely that
it has any similar enzymatic activity as the catalytic cysteine
residue is not usually conserved [35]. Although the function
of the RWD domain is not fully understood, it is thought to
function in protein interactions [35].

Although many Archaeal species appear to possess a
DRG gene (Fig. 1) it is not yet clear whether these microor-
ganisms also have DFRP homologs. However, we do note
the existence of a protein in archaeon (Accession Number
AO0A482SSL1) that has an assigned C-terminal DFRP-like
domain, which raises the possibility that DFRP-like pro-
teins may also be conserved in these species. Further work
is required to determine whether these archaeal DFRP candi-
dates bind and regulate the corresponding DRG in a manner
similar to that described in higher eukaryotes.

Given the large difference between DFRP1 and DFRP2 it
is possible that the emergence of DFRPs has helped DRG1
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and DRG?2 to functionally diverge from each other. For this
hypothesis to be correct, it would be necessary for DRGs
to have maintained binding specificity to their respective
DFRP. Indeed, Daugeron et al. showed that DRG1 has spe-
cific binding for DFRP1 whilst DRG2 has specific binding
for DFRP2 [3] (Fig. 4b). However, it has been reported that
DRGI1 and DFRP2 can interact weakly when overexpressed
[36]. Whether this interaction is a consequence of overex-
pression or is physiologically relevant in the right context,
is not clear; however, Ishikawa et al. suggested it may be an
artefact of overexpression [37].

The degradation of DRGs when not bound to their respec-
tive DFRP proteins suggests that they might exist primarily
in complex with each other. This is supported by evidence
suggesting that DFRPs are the most abundant interactors
of DRGs [3]. As such, it is highly likely that DFRPs are
of considerable importance for DRG function. Despite this,
the role of DFRPs in DRG biology is often overlooked.
Whether or not DFRP proteins exist outside of this complex
is unknown. Interestingly, knockdown of DRGs has also
been shown to cause some decrease in the levels of DFRPs,
consistent with potential co-regulation of expression [32,
37]. Because of the intimate relationship between DRGs and
DFRPs, we shall discuss the functions of both here in this
review.

GTPase activity of DRGs

As members of the GTPase superfamily, DRG1 and 2 both
contain a typical GTPase domain that is similar to other
OBG family GTPases [25]. The structure of this domain
is universally conserved across GTPases, and consists of
roughly 5 alpha helices and a 6 stranded beta sheet [5]
(Fig. 3c). In addition, this domain has 4-5 highly conserved
sequence motifs called G motifs that are responsible for
coordinating the binding and hydrolysis of GTP [8]. These
motifs are highly conserved between DRG homologues (See
Supplementary material).

To date the majority of work on DRG GTPase activity has
been focused on DRG1. The first reported GTPase activity
for DRGs came from Arabidopsis thaliana (at) orthologues.
O’Connell et al. showed that both atDRG1 and atDRG2
could bind and hydrolyse GTP, albeit at a slow rate [38].
Subsequently, Francis et al. assayed the activity of Rbgl
and human DRG1, and showed that both had quite a slow
rate of GTP hydrolysis [25]. However, Perez-Arellano et al.
reported much higher activity for human DRGI [39]. This
may be explained by the greater amounts of potassium ions
used in their assays. Indeed, Ash et al. predicted that metal
cations (potassium or sodium) could increase the GTPase
activity of many GTPases, with the DRG family predicted
to be enhanced specifically by potassium ions [40]. Indeed,
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Perez-Arellano et al. showed that the activity of DRG1 was
strongly stimulated by potassium, but not sodium [39].
Hence, earlier reports of DRG GTPase activity did not take
into account the requirement for potassium ions in their
GTPase assays. Although DRG2 has not been shown to be
stimulated by potassium ions, its high sequence similarity
to DRG1 suggests it may be regulated in a similar manner.
Although the evidence for a positive role of potassium in
supporting DRG activity is relatively clear, at least in vitro,
its importance in regulating the GTPase activities of related
Obg/HfIX family members requires clarification. For exam-
ple, the E.coli ObgE GTPase appears not to require potas-
sium for activation [22].

Many GTPases also require the presence of additional fac-
tors to speed up the slow hydrolysis and exchange of bound
GTP/GDP. As outlined in the introduction, these include
GAPs that stimulate the hydrolysis of GTP, and GEFs, that
stimulate the exchange of GDP for GTP (Fig. 2) [10]. How-
ever, DRGs have been shown to bind and hydrolyse GTP
without the need for GAPs or GEFs [25, 39]. This is con-
sistent with other members of the OBG family of GTPases
that also do not have these classical regulatory proteins [30].
This may be because these factors have not been identified
yet, or these GTPases may be utilizing other mechanisms to
regulate their GTPase activity. Furthermore, OBG family
GTPases typically have faster GTP/GDP exchange kinetics,
perhaps explaining why they do not require GEFs [30].

Interestingly, the GTPase activity of DRG1 was shown to
be stimulated by its binding partner DFRP1 [39]. Although
DFRP1 increases the thermal stability of DRG1 and its
affinity for potassium ions [39], the mechanism by which
this increases GTPase activity is not clear. It is unlikely that
DFRP1 functions as a classical GAP as it does not bind to
the active site of the GTPase domain and so cannot pro-
vide any residues to enhance GTPase activity. Furthermore,
DFRP1 binds DRG1 in the absence of GTP, which is at odds
with GAP proteins [25]. Whether DFRP2 also stimulates
DRG?2 GTPase activity is unknown.

The GTPase activity of DRGI can also be regulated by
phosphorylation. DRG1 was identified as a potential sub-
strate of the kinase STK16 (Serine/Threonine Kinase 16)
[41]. STK16 phosphorylates DRG1 on a conserved threo-
nine immediately after the G2 motif. Mutating this threo-
nine to a phosphomimetic aspartate causes a reduction in the
GTPase activity of DRG1 whilst not affecting GTP binding
[39]. Interestingly, this threonine is not conserved in DRG2,
suggesting that this phosphorylation event may be relevant
to a DRGI specific function.

The conformational change that GTPases undergo upon
GTP binding regulates their interaction with other proteins
that are commonly referred to as ‘effectors’ [5]. In OBG
and the related HfiX GTPases that have additional domains,



Developmentally regulated GTPases: structure, function and roles in disease

7225

it has been suggested that GTP binding may cause a large
change in structure that causes the domains protruding from
the GTPase fold to undergo a conformational rearrangement
[5, 42]. The structure reported for Rbgl showed the pro-
tein in a GTP unbound state [25]. As such, it is currently
unknown what sort of conformational change DRGs might
undergo when bound to GTP. To date the only GTPase-
dependent interaction reported for DRGs is the interaction
between Rbgl and ribosomes (discussed below) [3]. Fur-
thermore, no GTP-dependent DRG?2 interactors have been
reported.

It should also be noted that some members of the OBG
family have been reported to bind and hydrolyse ATP [43].
The protein Obg-like ATPase 1 (OLA1), which is the human
orthologue of YchF, has ATPase activity due to changes in
its G4 motif [43]. Interestingly, it has been suggested that
Rbgl might also be capable of hydrolysing ATP [31], rais-
ing the possibility that DRGs could potentially hydrolyse
nucleoside triphosphates in addition to GTP.

Hydroxylation of DRGs

DRGs were recently identified as being targeted by other
PTM:s in addition to phosphorylation. DRG1 and DRG?2 are
both hydroxylated by the 20G-dependent oxygenase, IMID7
[26]. Protein hydroxylation is the addition of an oxygen
atom to an amino acid creating a hydroxyl group [44—46].
20G-oxygenases catalyse hydroxylation reactions using the
Krebs cycle intermediate 20G as well as Fe(II) and oxygen
as cofactors [44—46]. IMID7 hydroxylates a lysine residue
that is at the apex of the HTH domain in DRG1 and DRG2
(Fig. 3¢). This hydroxylation site is highly conserved across
all DRG orthologues. In addition, Drosophila melanogaster
JMJD7 is capable of interacting with and hydroxylating
human DRGs, suggesting that this modification is highly
conserved and important for the function of DRGs [26].
Interestingly, the amount of hydroxylation is not identi-
cal in DRGI1 and DRG2: Hydroxylation of DRGI is more
abundant and more responsive to JMJD7 expression than
DRG?2 [26]. Whether these observations are consistent with
JMID7-mediated hydroxylation imparting differential bio-
logical specificity on DRG1 and DRG?2 is not yet known.
Unlike some other hydroxylase substrates (e.g. eRF1),
DRG hydroxylation also appears to be incomplete in cells
[26], raising the possibility that IMJD7 activity and DRG
hydroxylation might be regulated. Although signals that
modulate JMJD7 activity have not yet been identified, the
activity of some 20G oxygenases is sensitive to the micro-
environment. For example, the dependence on oxygen levels
makes 20G oxygenases suitably poised to act as sensors of
hypoxia, as is the case for hydroxylases that target the tran-
scription factor Hypoxia Inducible Factor 1a (HIF1a) [44,

46, 47]. Whether JIMJD7 activity and DRG hydroxylation is
also regulated by changing oxygen levels is unknown.

Hydroxylation events are often involved in regulating
interactions [48]. The location of the hydroxylation site on
the solvent exposed apex of the HTH fold suggests that this
modification may also be involved in regulating interactions
of DRGs. In keeping with this, Markolovic et al. suggested
that hydroxylation of DRG2 could promote an interaction
with RNA [26]. Interestingly, the DRG hydroxylation site
shares similarities with eRF1 (eukaryotic release factor 1),
which is also hydroxylated at the apex of an HTH motif
involved in RNA binding [49]. Furthermore, in a recent
paper showing the structure of Rbgl in complex with the
ribosome, the HTH domain is making contact with the 60S
subunit [31]. Whether the hydroxylation of DRGs is required
for this interaction or plays some other function at the ribo-
some is unknown.

Cell biology of DRGs and DFRPs

DRG and DFRP proteins have been implicated in several
different biological processes, including protein translation,
microtubule regulation and cell growth, which we review
here in more detail.

Expression of DRGs and DFRPs

Early characterization of DRG1 showed that it is highly
expressed in the mouse developing brain and subsequently
downregulated in the adult [50]. During murine develop-
ment, DRGI is upregulated in tissues such as the brain,
spinal cord, liver and thymus [50]. Therefore, based on its
expression pattern Sasuka et al. suggested DRG1 may be
involved in proliferation and/or differentiation of neuronal
cells [50]. Analysis of DRGI transcript levels in Xenopus
laevis revealed a similar pattern of expression in the devel-
oping central nervous system (CNS) [15]. Similarly, Xeno-
pus DRG2 showed comparable expression with DRG] in
development; high expression in the developing CNS, such
as the eyes and brain [51]. Analysis of DFRPI mRNA levels
in Xenopus development showed an almost identical pattern
to that of DRGI, which might be consistent with the two
proteins co-operating in their function [2]. Currently, it is
unknown if DFRP2 also shares a similar pattern of expres-
sion with DRG2 during development.

DRGs are also expressed in most adult tissues and various
cell lines, albeit to a variable extent; for example, human
DRGI1 (but not DRG2) is very highly expressed in testis
(GTEx Portal). Perhaps consistent with an evolutionary
conserved role of DRGs in growth and fertility, expression
analysis in plants showed DRG1 and 2 have highest levels in
the reproductive organs and growing tissues [52, 53].
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Overall, the expression analysis described above supports
arole for DRGs in regulating cellular growth and prolifera-
tion. Consistent with this, both DRG/DFRP complexes have
been implicated in the regulation of translation.

Ribosomes and translation

The DRG GTPases are most closely related to the OBG
family [4]. Members of this family of GTPases have roles
in ribosome biogenesis and translational regulation. For
instance, the NOG1 GTPase localizes to the nucleolus, the
site of ribosome biogenesis, and regulates the production
of the 60S ribosomal subunit [18]. Meanwhile, the human
orthologues of Obg have been implicated in mitoribosome
biogenesis [54]. However, deletion of Rbgl and 2 in yeast
showed no effect on the total number of ribosomes [3]. Fur-
thermore, DRGs are not strongly expressed in the nucleoli
and instead show a more diffuse cytoplasmic expression with
some partial expression in the nucleus [26, 55, 56]. Hence,
it is likely that these proteins are not directly involved in
ribosome biogenesis.

DRGs and DFRPs have, however, been implicated in
the regulation of translation. DRGs and their binding part-
ners have been shown to associate with ribosomes in yeast
(Fig. 5). Wout et al. suggested that Rbg1 could interact with
Gir2 (yeast DFRP2) and both could co-sediment with poly-
somes [36]. Similarly, Daugeron et al. reported that Rbg1
and Tma46 can associate with ribosomes, particularly
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polysomes, consistent with a role in regulating protein syn-
thesis [3]. This is further supported by the identification of
Tma46 in a screen for proteins that are associated with the
eukaryotic translation machinery [57].

Deleting the TGS domain of Rbg1 reduces its interaction
with ribosomes without affecting the ribosomal association
of Tma46 [25]. This suggests that Tma46 binds to the ribo-
some and recruits Rbg1 through its association with the TGS
domain of Rbgl [25]. Indeed, a recently reported structure
of the Rbg1/Tma46 complex bound to a ribosome shows the
CCCH-type zinc fingers of Tma46 mediating an interaction
with the 40S RNA [31]. This type of zinc finger is also found
in mRNA binding proteins [58]. Consistent with the possi-
bility that the Rbg1/Tma46 complex interacts with mRNAs,
Tma46 has been identified as a yeast mRNA binding protein
in several unbiased screens [59-61].

Although the initial findings suggested that Gir2 can asso-
ciate with polysomes [36], subsequent work suggests that the
Rbg2/Gir2 complex is less ribosome associated compared
with the Rbgl1/Tma46 complex (Fig. 5) [3, 32]. However,
Rbg2 and Gir2 are still likely to interact with ribosomes and
have been implicated in regulating translation.

Gir2 can interact with Genl (General Control of Amino-
Acid Synthesis 1-Like 1) (Fig. 5), which is an important
regulator of translation in response to amino acid starva-
tion [3, 36]. Genl interacts with and activates the elF-2
kinase Gen2 (General control non-derepressible 2) under
amino acid starved conditions [62]. Interestingly, Gen2 has

/ \ Nutrient starved
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Fig.5 Roles of Rbg1/2 and Tma46/Gir2 in yeast. The Rbg1/Tma46 complex has been implicated in the regulation of translation elongation and
mRNA. Rbg2 and Gir2 have been reported to interact with Genl, and may regulate translation in response to nutrient starved conditions
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an RWD domain that is required for its interaction with
Genl [63]. Thus, Gir2 might also bind Genl via its RWD
domain. Ishikawa et al. suggested that, in yeast, overex-
pression of Gir2 reduced cell proliferation under reduced
amino acid conditions [37]. This may be caused by Gir2
sequestering Genl away from Gen?2, preventing its activa-
tion. Furthermore, the association between Rbg2/Gir2 and
Genl is increased during amino acid starvation [37]. As
such the Rbg2/Gir2 complex may be involved in regulating
translation in response to stress conditions, such as nutrient
deprivation (Fig. 5). Whether the interaction between Gir2
and Genl is conserved in higher eukaryotes is unknown.
Interestingly, a recent report describes the structure of two
collided ribosomes bound by Genl and the Rbg2/Gir2 com-
plex [64]. Though the resolution was not high enough to
visualize the full Rbg2/Gir2 complex, Pochopien et al. were
able to fit the already available structure of Rbg1 into their
model. They suggested that Rbg?2 interacts with the region
next to the A site, similar to the binding site of other transla-
tion GTPases. Furthermore, the RWD domain of Gir2 was
suggested to make contact with the C terminus of Genl,
consistent with the previous reports suggesting that these
two proteins interact [3, 36, 37, 64]. Based on these results,
Pochopien et al. suggested that Gir2 could be preventing
Gcen?2 activation by competing for binding to the C terminus
of Genl. The Rbg2/Gir2 complex may be recruited to the
stalled ribosome to promote translation elongation before
activation of Gen?2 occurs. This would be consistent with the
results of Zeng et al. (discussed below) who suggest Rbgl
and Rbg2 promote efficient translation elongation. It is cur-
rently unclear how the Rbg2/Gir2 complex might promote
translation elongation. However, because they interact on
the ribosome by the A site tRNA, they could be involved
in stimulating peptide bond formation or translocation.
More detailed biochemical and structural work is needed
to address this.

In yeast cells single deletion of either Rbgl, Rbg2, Tma46
or Gir2 does not cause a significant growth defect [3]. Even
more surprisingly, combined deletion of either both DRG
homologues (Rbgl and Rbg2) or both DFRP homologues
(Tma46 and Gir2) also does not cause a significant growth
defect [3], despite both complexes having been implicated in
translation. This may be consistent with DRGs and DFRPs
only regulating translation of specific mRNAs under nor-
mal conditions. An alternative explanation could be that
these proteins are involved in regulating bulk translation
in response to stress, which would be consistent with the
proposed role of Gir2 in amino acid starvation [37]. Of
course, these two possibilities are not necessarily mutually
exclusive.

Using a genetic screen to identify essential genes in
the context of Rbg deficiency, Daugeron et al. identified
a conserved RNA helicase, Slh1 [3]. Deletion of SIAI in

combination with deletion of Rbg1/2 or Tma46/Gir2 causes
areduced growth phenotype [3]. In yeast, Slh1 is involved in
supressing the translation of non-poly (A) tail mRNAs and
is an important component of the ribosome quality control
pathway [65, 66]. The human homolog is called Activating
Signal Co-integrator Complex 1 Component 3 (ASCC3)
and is also involved in the regulation of translation as well
as the repair of alkylated and UV damaged DNA [67-69].
Like Rbgl, SIh1 co-sediments with ribosomes and upon
deletion of Rbgl, Rbg2 and SIhl, ribosome sedimentation
profiles showed a decrease in the number of polysomes and
an increase in the amount of 80S ribosomes [3]. This sug-
gests that the triple mutant cells have a defect in translation,
consistent with the observed reduced growth phenotype of
the cells.

More recently a paper has taken the first steps towards
elucidating the function of the Rbgl/Tma46 complex at
the ribosome [31]. Zeng et al. monitored yeast ribosome
dynamics in a genome wide manner using 5P-Seq, a tech-
nique that measures the production of 5’ monophosphate
mRNA sequences produced by the 5’ exonuclease diges-
tion of mRNAs that are being translated. Using 5P-Seq,
Zeng et al. showed that the Rbg1/Tma46 complex is likely
involved in promoting translation elongation through motifs
that are prone to ribosome stalling, specifically lysine/argi-
nine rich sequences. Slower translation elongation observed
by Zeng et al. was most prominent in the strain with triple
Rbgl, Rbg2 and Slhl loss of function compared to the strain
with deletion of Rbg! only. This suggests there is some func-
tional redundancy between the three factors. Zeng et al. pro-
posed a model whereby the DRG/DFRP complexes promote
translation elongation though mRNA sequences that cause
ribosome pausing/stalling. When the DRG/DFRP complexes
are inactivated the SIh1/ASCC3 factor can rescue the stalled
and collided ribosomes through the ribosome quality con-
trol pathway. Thus, when both DRG/DFRP complexes and
S1h1/ASCC3 are inactivated, the cells are less able to over-
come the damaging effect of stalled ribosomes. Prior work
used rescue experiments in the triple deletion yeast strains
to elucidate the importance of the different domains in
Rbgl, Tma46 and Gir2. Whereas re-expression of wildtype
Rbgl was sufficient to restore normal growth, a GTPase
inactive Rbg1l mutant was not [3]. This is consistent with a
GTPase domain mutant showing reduced ribosome binding
[3] and suggests the interaction is important for function.
Furthermore, Francis et al. also showed that deleting the
HTH or TGS domain of Rbgl failed to rescue the triple
mutant growth phenotype [25]. On the other hand, deletion
of the SSD2L domain showed a modest ability to rescue cell
growth, suggesting it is not as important for Rbg1 function
as the HTH and TGS domains. Reconstitution of a triple
knockout strain (ATma46, AGir2, ASIhl) with wildtype
Tma46 was also sufficient to rescue the growth phenotype,
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whereas a Tma46 variant with a mutation in the second zinc
finger was not [3]. Although both zinc fingers of Tma46 are
highly conserved, this would suggest the second zinc finger
is more important for its role in promoting growth. Interest-
ingly, deletion of the RWD domain in Gir2 also prevented it
from rescuing the growth phenotype [3].

The requirement of the GTPase activity of Rbgl and the
zinc fingers of Tma46 for rescue of the growth phenotype
are consistent with their role in the ribosome interaction
[31]. Similar to the structure of Rbg2/Gir2 with collided
ribosomes, the structure reported by Zeng et al. shows Rbgl
binding to the GTPase association centre, making contact
with the ribosome through its GTPase, HTH and TGS
domain, whilst the S5D2L. domain makes contact with the
A site tRNA. Furthermore, the zinc fingers of Tma46 make
contact with the 40S subunit, potentially explaining why
they are important for ribosome association and rescue of
the triple deletion yeast strain [31].
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Fig.6 DRGs and DFRPs in mammalian cell biology. The DRG1/
DFRP1 complex has been reported to interact with ribosomes in
mammalian cells, suggesting its role in translational regulation may
be conserved between orthologues. DFRP1 has also been reported to
interact with TRAF2 and may have a role in NF-xp signalling. Both
DRGs have been suggested to regulate microtubules through either
direct association as in the case of DRGI1 or through regulation of
Tau by DRG2. Whilst it has not been conclusively confirmed, mam-
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In higher eukaryotes the role of DRGs and their DFRPs
in translation is less clear, though given the high sequence
conservation with their yeast counterparts, they likely have
a similar function in translation elongation. Ishikawa et al.
suggested that the mammalian DRG1/DFRP1 complex could
associate with polysomes [32] (Fig. 6). However, a prot-
eomic screen in mouse embryonic stem cells did not detect
DRG1/DFRP1 as ribosome interactors [70]. DRG2 and
DFRP2 were also not detected. This may suggest the DRG/
DFRP complexes only interact with ribosomes under certain
conditions, or could be due to technical differences. DFRP1
has, however, been identified in several proteomics screens
as a mammalian mRNA binding protein, though DRGI is
not always present [71-73]. This is consistent with the zinc
fingers of DFRP1 being predicted to interact with mRNA.
However, more work is needed to understand which RNAs
DFRP1 is capable of interacting with and whether or not it
is limited to mRNA, ribosomal RNA, or some other RNA

- Translation regulation
- Cell growth control
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malian DRG2 and DFRP?2 also likely interact with and regulate ribo-
somes given the high sequence conservation with their yeast counter-
parts. Furthermore, DRG2 has also been implicated in the regulation
of endosome recycling, via its interaction with Rab5. Given that
DRGs and DFRPs are involved in translation, it is possible that dereg-
ulated protein synthesis could be contributing indirectly to the other
reported functions. This potential regulation has been indicated using
dashed arrows
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species. Furthermore, it should be noted that there is some
evidence suggesting DRGs may bind RNA in isolation, as
Ishikawa et al. reported Xenopus DRG1 and 2 could bind to
poly uridine RNA in vitro [5S1]. DRG2 binding to poly cyti-
dine RNA was also reported by Markolovic et al. who sug-
gested the interaction might be regulated by hydroxylation
of DRG2 [26] (see above). Interestingly, DRG1 and DFRP1
may also have a function outside of translation as they can
both localize to the nucleus [26, 55, 56].

DRGs and microtubules

Aside from their roles in translation, both DRG1 and DRG2
have also been implicated in the regulation of microtubules
(Fig. 6). Microtubules are polymers of ap-tubulin proteins
and form an integral part of the cytoskeleton [74]. Further-
more, they are essential for proper cell division as they are
responsible for chromosome segregation [74]. Lu et al. first
suggested that DRG1 could co-localize with microtubules
during mitosis and interact with proteins involved in the
spindle assembly checkpoint such as BubR1 [56]. Overex-
pression of DRG1 was also suggested to increase the number
of multinucleated cells and chromosomal lagging, suggest-
ing that these cells had abnormal chromosome segregation
due to deregulated microtubules and the spindle assembly
checkpoint [56].

Schellhaus et al. subsequently reported that DRG1 and
DFRPI1, but not DFRP2 (DRG2 was not tested), could
interact with microtubules in vitro [75]. Domain map-
ping experiments showed that DRG1 could partially inter-
act with microtubules after deletion of both the TGS and
HTH domains. However, on their own, both the TGS and
HTH domains could interact strongly with microtubules
[75]. Based on this evidence, the authors suggested that the
GTPase domain, as well as the HTH and TGS domains, form
one large interaction surface that promotes the bundling,
polymerization and stabilization of microtubules in vitro.
Interestingly, these proposed functions of DRG1 did not
require its GTPase activity. In vivo, although spindles still
formed during mitosis when DRG1 was depleted, there was
a delay in the transition from prophase to anaphase, and from
aster formation to the formation of the spindle. This suggests
DRGI1 may be required for optimal spindle dynamics during
cell division [75]. It is not fully understood yet how DRG1
binds and regulates microtubules. Although DFRP1 was also
shown to associate with microtubules, its role in DRG1’s
association with and regulation of microtubules in vivo is
not yet known.

As mentioned above, DRG2 has also been implicated in
the regulation of microtubules (Fig. 6). Dang et al. proposed
that knockdown of DRG2 in HeLa cells causes a decrease
in fast growing microtubules but an increase in the amount
of long-lived slow growing microtubules [76]. Microtubules

were also more stable in DRG2-depleted HeLa cells after
treatment with microtubule inhibitors such as paclitaxel [76].
DRG2 knockdown was also suggested to inhibit the forma-
tion of perinuclear microtubule organising centres and to
cause Golgi fragmentation [76, 77]. This suggests DRG2 is
promoting the polymerization of microtubules whilst in the
absence of DRG2 the microtubules are stabilized. In addition
to this, it has been suggested that overexpressing DRG2 in
Jurkat T cells reduces sensitivity to the microtubule deregu-
lating drug nocodazole [78]. This could be consistent with
DRG?2 promoting microtubule polymerization in nocodazole
treated cells where microtubules may be depolymerized.

How DRGs might control microtubule dynamics is not
yet clear. Interestingly however, DRG2 was shown to interact
with Tau, a protein known to promote the stability of micro-
tubules [76]. Furthermore, DRG2 knockdown decreases the
phosphorylation of Tau which is thought to promote an inter-
action between Tau and microtubules, leading to increased
microtubule stabilization [77]. Mani et al. suggested that
DRG2 knockdown may impart this affect by causing an
increase in the inhibitory phosphorylation of glycogen
synthase kinase 38 (GSK3p) by Akt which then results in
reduced phosphorylation of the GSK3p target protein Tau
[77]. Therefore, DRG2 knockdown may prevent the depo-
lymerization of microtubules by deregulating the activity
of the Akt-GSK3B-Tau pathway. Although the mechanism
by which DRG2 regulates Akt activity is unknown, Mani
et al. suggested that an increase in epidermal growth factor
receptor (EGFR) in endosomes caused by DRG2 depletion
could lead to activation of Akt [77, 79].

DRG1 and ciliogenesis

Interestingly, DRG1 has also been implicated in the regula-
tion of cilia [80]. Cilia are long, thin, microtubule structures
that protrude from the surface of cells where they are impor-
tant for signalling pathways and development [81]. Lee et al.
suggested that DRG1 promotes the formation of cilia inde-
pendently of its GTPase activity, through an interaction with
the Wnt signalling activator Dishevelled (Dvl) [80]. DRG1
and Dvl interact with the protein Daam1 (Dishevelled-asso-
ciated activator of morphogenesis 1), which in turn promotes
the formation of the apical actin network that is required
for proper basal body localization and cilia formation [80].
Importantly, cilia are required for many crucial developmen-
tal signalling pathways such as Hedgehog (Hh), Wnt, Notch,
Hippo, PDGFR and mTOR [82]. Whether or not DRGI1 is
required for these signalling cascades is unknown.

DRG2: endosomal recycling and membrane tubules

As well as a role in microtubule regulation, DRG2 has also
been implicated in the regulation of endosomes (Fig. 6).
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Mani et al. reported that DRG2 can co-localize with
endosomes and interact with early endosomal proteins
including Rab5, which is a small GTPase involved in the
regulation of early endosome formation [79]. DRG2 locali-
zation to endosomes was dependent on PI3K signalling and
may be dependent on binding endosomal proteins like Rab5
[79]. Furthermore, DRG2 knockdown was reported to cause
a defect in endosomal recycling, as indicated by the retention
of transferrin (Tfn) [79], a marker commonly used to indi-
cate a defect in endosomal recycling. For proper endosomal
recycling, the Rab5 GTPase must be inactivated by GAP
proteins such as RabGAPS, which trigger Rab5 hydrolysis of
GTP into GDP. Mani et al. suggested that DRG?2 is required
for RabGAPS to interact with, and inactivate, Rab5 [79].
Without Rab5 deactivation, the endosomes are not recy-
cled to the cell membrane, thus causing retention of Tfn.
However, it is not yet known how DRG2 might regulate the
interaction between Rab5 and RabGAPS.

Similar to its role in endosomes, DRG?2 is also involved
in the regulation of membrane tubules [83]. Membrane
tubules are formed as part of intracellular organelles such
as the Golgi and endoplasmic reticulum. DRG2 was shown
to be capable of localizing to membrane tubules where it
interacts with GTP bound Racl [83]. Depletion of DRG2
caused a decrease in the length of Racl membrane tubules
suggesting DRG?2 is required for the stabilization of these
structures [83].

Taken together, these studies suggest that DRG2 may be
involved in endosome recycling and membrane tubule stabiliza-
tion; however, it is unknown whether DRG2 requires its GTPase
activity or its binding partner DFRP2 for these functions.

DRG2 and mitochondria

DRG?2 has also been implicated in mitochondrial dynamics
[84]. Depletion of DRG?2 in HeLa cells was reported to cause
mitochondrial swelling, which was accompanied by a loss of
mitochondrial membrane potential and a decrease in the pro-
duction of ATP. Vo et al. suggested that DRG2 knockdown
causes a decrease in the mRNA and protein levels of the
mitochondrial fission protein Drpl (dynamin-related protein
1) [84]. Furthermore, Vo et al. reported that overexpressing
Drpl in DRG2-depleted cells rescued the mitochondrial dys-
function, suggesting DRG2 depletion causes mitochondrial
deregulation via downregulating Drpl [84]. How DRG2
downregulates the expression of Drp1 is unknown.
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Roles of DRGs and DFRPs in disease
Cell proliferation and cancer

The DRG GTPases have been implicated in a variety of cel-
lular processes including cell growth and proliferation. Sev-
eral papers have suggested that DRG1, DRG2 and DFRP1
are required for the growth and proliferation of various
cancer cell lines [56, 84—88]. Together, these reports sug-
gest that DRG GTPases promote the growth and viability of
proliferating cells. This is supported by expression analy-
sis showing that these proteins are highly expressed during
development and in actively growing tissues [50, 53] (see
section on expression above).

Consistent with the DRG1/DFRP1 complex being
required for cancer cell proliferation there is emerging evi-
dence supporting an oncogenic role in cancer. As discussed
in relation to microtubules, Lu et al. showed that knockdown
of DRGI in two lung cancer cell lines causes a decrease in
cell proliferation and an increase in cells in G2/M [56], sug-
gesting DRGI is required for proper cell cycling. There is
also evidence suggesting that DRGI1 is overexpressed in lung
adenocarcinoma [56]. In addition to this, DRG1 was found
to interact with the protein TAL1 (T-cell acute lymphoblastic
leukemia) and to stimulate the co-transforming ability of
c-Myc and Ras in rat embryonic fibroblasts [8§9].

A recent report has shown evidence that DRG1 is overex-
pressed in osteosarcoma, where its expression is correlated
with tumor size and clinical progression [87]. Ling et al.
reported that DRG1 knockdown in two osteosarcoma cell
lines causes reduced cell viability and colony formation as
well as causing an increase in apoptosis and a G2/M arrest
[87]. Furthermore, Ling et al. suggested that DRG1 expres-
sion in osteosarcoma is dependent on the N6-methyladeno-
sine modification of its mRNA, as knockdown of the RNA
methyltransferase METTL3 reduced DRGI1 expression [87].

DRG1 is also overexpressed in melanoma, where knock-
ing down its expression reduces cell proliferation and soft
agar colony formation [90]. Interestingly, the authors of this
study also identified DRG1 as a melanoma-associated anti-
gen that is recognized by CD4 + T cells, raising the possibil-
ity that it could be a novel target for cancer immunotherapy
[90].

DFRPI1 is overexpressed in hepatocellular carcinomas
where high expression is correlated with decreased survival
[86]. In a hepatocellular cell line knockdown of DFRP1
results in reduced cell proliferation in addition to causing
an increase in apoptosis [86]. Depleting DFRP1 also reduced
the growth of tumors in mice [86].

DFRP1 is also overexpressed in acute myeloid leukaemia
(AML) and interacts with TRAF2 (Fig. 6) [55, 86]. TRAF2
is an E3 ubiquitin ligase and is involved in NF-xB signalling
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and apoptosis. Interestingly, knocking down DFRP1 was
suggested to increase apoptosis and decrease the transcrip-
tional activity of NF-xB [86]. Furthermore, Jiang et al. also
reported that DFRP1 knockdown decreased the phospho-
rylation of the p65 subunit of NF-xB [86]. The activity of
NF-xB could be partially rescued in cells overexpressing
TRAF2, suggesting DFRP1 is involved in TRAF2’s posi-
tive regulation of NF-xB [86]. It is unknown if DRG1 also
interacts with TRAF2 and regulates NF-xB signalling with
DFRPI.

Whilst DFRP1 has been suggested to have an oncogenic
role, there have been no reports yet implicating DFRP2 in
cancer. However, this might be inferred from growing evi-
dence supporting a role of DRG2 in tumorigenesis. Deple-
tion of DRG2 in HeLa cells results in reduced cell prolifera-
tion and an increase in apoptosis [84, 85]. Specifically, Jang
et al. reported that DRG2 knockdown in HeLa cells causes
a G2/M block [85], which is similar to knockdown of DRG1
in lung cancer and osteosarcoma cell lines, as noted above
[56, 87]. DRG2 knockdown was reported to upregulate p21,
Mytl and Weel and inhibit the activity of the cyclin B1/
Cdk1 complex leading to G2/M arrest [85]. In contrast to
this, it has been reported that overexpressing DRG2 in Jurkat
T cells reduces proliferation and increases cells in G2/M [78,
91]. This differing result may be due to the very different
nature of T cells compared to HeLa cells or due to indirect
effects caused by overexpression of DRG2.

Hong et al. suggested that DRG2 is overexpressed in
some non-small cell lung cancers [92]. The increase in
DRG2 expression may be due to an intronic variant which
supposedly increases the promoter activity of the DRG2
gene, despite the variant being present in a neighboring
gene [92]. The manner in which this variant might affect
the expression of DRG2 is unknown. DRG2 has also been
implicated in melanoma [88]. Yoon et al. reported that
DRG?2 is overexpressed in some melanomas and that this
expression shows positive correlation with metastatic spread
and reduced patient survival [88]. Furthermore, depletion of
DRG?2 reduces the proliferation and soft agar colony forma-
tion of melanoma cells whilst also reducing tumor growth
and metastasis in mice [88].

The research discussed here suggests that DRG/DFRP
complexes support oncogenesis and thus may be potential
therapeutic targets for cancer treatment. Oncogenic func-
tions could be consistent with one or more of the cellular
roles detailed above, including translation, cytoskeletal
regulation, endocytosis and cell growth. Further work is
required to pinpoint which functions are required for the
roles of DRGs and DFRPs in cancer.

How might DRG/DFRP complexes be targeted? Disrup-
tion of the DRG-DFRP interaction might be a potential strat-
egy, as it would result in the degradation of the DRG pro-
teins. Other ways of targeting these pathways could be the

use of GTPase inhibitors or inhibitors of the DRG hydroxy-
lase JMJD7. Although small molecule inhibitors are under
development for a variety of small GTPases and their GAPs/
GEFs, this is recognized as a challenging area [93]. Interest-
ingly, inhibitors have been successfully developed for HIF
hydroxylases and some other 20G oxygenases [45], suggest-
ing that JMJD7 inhibition could also be a viable approach.

Developmental disorders

Aside from their role in cancer, there have also been several
reports indicating that DRGs are involved in some develop-
mental/neurological disorders. Al-Nabhani et al. identified
a homozygous truncation mutation (G54*) in DRG]/ in a
patient with microcephaly and developmental delay [94].
DRG] is also a candidate gene for Autism spectrum disor-
ders [95]. Interestingly, the gene encoding JMJD7 also con-
tains reported mutations that are linked to Autism spectrum
disorders [96]. Furthermore, the DRG1 gene is located on
chr22q12, a region that is duplicated in patients with intel-
lectual difficulties and growth retardation [97, 98].

The DRG?2 gene is located in a region of chromosome 17
that is duplicated in patients with Smith—-Magenis syndrome
(SMS) and Potocki—Lupski syndrome [99, 100]. SMS causes
intellectual disability, facial abnormalities and behavioral
problems, whilst Potocki—Lupski can cause delayed devel-
opment, autism and cardiovascular problems. Consistent
with a role for the DRG2 gene in brain development, Lim
et al. reported that DRG2 knockout mice had reduced motor
function, likely as a result of deregulated dopamine neurons
[101].

It is interesting to note that deregulation of translational
control has previously been implicated in neurological dis-
orders [102]. Thus, the involvement of DRGs in neurologi-
cal disorders could be consistent with a role in translational
control.

Conclusions and future perspectives

Here we have reviewed the current understanding of both
the DRG GTPases and their binding partners, DFRP1 and
DFRP2. Both DRG/DFRP complexes appear to have impor-
tant roles in the regulation of cell growth and translation
consistent with the functions of related OBG GTPases. How-
ever, more recent work has significantly expanded the num-
ber of proposed DRG functions to include the regulation of
microtubules, endosomes, mitochondria, etc. In the future it
will be important to determine whether these represent direct
and/or indirect effects. For example, deregulated translation
could negatively impact the normal expression of many pro-
teins, giving rise to a variety of cellular phenotypes. Alterna-
tively, DRGs might regulate multiple independent effectors
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that control distinct cellular processes, either in parallel or
in specific biological contexts. Determining which DRG
interactions are GTP-dependent would likely support our
understanding of their direct functions, and the molecular
mechanisms involved.

Given the high sequence similarity between DRG ortho-
logues in vertebrates and lower organisms such as yeast and
Archaea, it is difficult to explain how the functions of DRGs
have grown to include such diverse functions. One possibil-
ity is that the evolution of the DFRP proteins has allowed
new functions for DRGs to evolve. As discussed in an earlier
section, the DFRP proteins are much less conserved when
compared to DRGs, but appear to have maintained strong
binding specificity for their respective DRG. This could
explain how the DRGs might have evolved new functions in
vertebrates that maybe do not fit with the presence of highly
similar DRG orthologues in yeast and Archaea.

Future work should investigate the determinants control-
ling specificity between DRG1 and DRG2, including the
role of PTMs such as phosphorylation and hydroxylation,
and interacting proteins including DFRPs and effectors.
Specific attention should be applied to the role of DFRP
proteins in the regulation of DRGs given that they are often
overlooked. Considering the high level of sequence con-
servation between DRG1 and DRG?2 it will be of interest
to understand how specificity is achieved at the molecular
level: such studies would be aided by structures of human
DRG/DFRP complexes, particularly in complex with GTP
analogues and effector proteins.

The high degree of sequence conservation between DRG1
and DRG2 may also present a number of technical chal-
lenges that are worth highlighting here for future consid-
eration. For example, we have observed that a number of
commercially available DRG antibodies cross-react with the
other DRG protein, and that the amount of cross-reactivity
is effected by the relative abundance of DRG1 and DRG2
in the cell type in question (QZ, personal communication);
therefore, we would recommend that antibody specificity
is proven on a case-by-case basis using, for example, RNA
knockdown approaches.

Whether or not there is any functional redundancy
between DRG1 and DRG?2 should also be considered in
future work. Furthermore, the effect of experimentally
overexpressing these proteins on the binding specificity
between DRGs and DFRPs is often not considered. Whether
any change in binding specificity is biologically relevant is
unclear, though it could be possible under conditions where
the proteins are physiologically or pathologically overex-
pressed, such as during development or cancer.

Overall, we believe the high conservation of DRG/DFRP
complexes and their links to fundamental cellular processes,
as well as diseases such as cancer, make them an important
and exciting topic of research for the future.

@ Springer
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