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Compartmentalization and regulation of GTP in

control of cellular phenotypes
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Genetic or pharmacological inhibition of enzymes involved in GTP biosynthesis
has substantial biological effects, underlining the need to better understand
the function of GTP levels in regulation of cellular processes and the significance
of targeting GTP biosynthesis enzymes for therapeutic intervention. Our current
understanding of spatiotemporal regulation of GTP metabolism and its role in
physiological and pathological cellular processes is far from complete. Novel
methodologies such as genetically encoded sensors of free GTP offered insights
into intracellular distribution and function of GTP molecules. In the current
Review, we provide analysis of recent discoveries in the field of GTP metabolism
and evaluate the key enzymes as molecular targets.

GTP production in cells

The purine (see Glossary) nucleotide GTP is involved in multiple cellular processes including
synthesis of RNA and DNA [1], G-protein signaling [2], protein biosynthesis [3], gluconeogenesis
[4,5], and tubulin formation [6]. In cells, GTP levels are maintained through both nucleotide
salvage and de novo biosynthesis pathways [7], although de novo biosynthesis is the primary
source in most proliferating cells. In higher eukaryotes, de novo purine biosynthesis consists of
a ten-step reaction involving six enzymes which build the purine ring and produce inositol
monophosphate (IMP) from phosphoribosyl pyrophosphate (PRPP) [8]. Then, IMP is converted
to either adenosine monophosphate (AMP) by adenylosuccinate synthase (ADSS) and
adenylesuccinate lyase (ADSL), or xanthosine 5-monophosphate (XMP) by IMP dehydrogenases
(IMPDH1 or IMPDH2) and further to GMP by GMP synthetase (GMPS) [8]. IMPDH1/2 (hereafter
IMPDH) represent key rate-limiting enzymes that catalyze the first committed step in GTP biosyn-
thesis [9]. From GMP, sequential phosphorylation reactions by guanylate kinase (GUK) and the
nucleoside diphosphate kinase (NME) family generate GTP [8]. GMP reductase (GMPR) nega-
tively regulates GTP production by converting GMP to IMP, thus antagonizing the activities of
IMPDH and GMPS [10] (Figure 1). Meanwhile, the nucleotide salvage pathway generates GMP
from recycled guanosine and guanine species, utilizing the activities of purine nucleoside phos-
phorylase (PNP) and hypoxanthine phosphoribosyltransferase (HPRT)1 [11] (Figure 1).

As GTP demand is higher in proliferative cells, expression and activity levels of de novo GTP
biosynthesis enzymes are often dysregulated in malignancy to increase GTP production and
maintain homeostasis despite rapid cell proliferation [12,13]. Additionally, elevated GTP produc-
tion by IMPDH appears to support viral infection by pathogens such as hepatitis C virus (HCV)
and SARS-CoV-2 [14-16]. As such, compounds suppressing GTP production are considered
as potential antineoplastic drugs and have clinical utility for antiviral therapy [17]. Although the
biochemical pathways orchestrating the synthesis of GTP are evolutionarily conserved and
well-established, regulatory mechanisms of GTP biosynthesis and the downstream effects on
cellular phenotypes have only recently begun to be understood. Thus, there is new interest in
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Highlights

GTP is essential for nuclear acid biosyn-
thesis. In addition, through its effects on
G proteins, GTP regulates a large array
of cellular processes including protein
synthesis, cytoskeleton biogenesis and
function, and intracellular signaling.

The development of genetically encoded
GTP sensors has led to the realization
that GTP molecules are not
homogenously distributed in the cell
but rather form gradients which regulate
cellular processes.

De novo biosynthesis acts as the primary
source of GTP in most cell types. It is
regulated via both transcriptional and
post-translational mechanisms that are
far from being completely elucidated.

Inhibitors of the de novo GTP biosynthe-
sis are used in organ transplantation as
immunosuppressive drugs and in antivi-
ral therapy. Although targeting GTP bio-
synthesis is an attractive anticancer
strategy, no GTP-depleting agents are
approved for cancer treatment.
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Figure 1. Overview of GTP biosynthesis. In the de novo biosynthetic pathway, IMP is generated in a ten-step reaction
from PRPP, and can be converted into GTP via the activities of IMPDH, GMPS, GUK1, and NME (green). GMPR (red)
antagonizes IMPDH and GMPS by converting GMP to IMP, thus reducing IMP=>GTP flux. The salvage pathway (right)
recycles nucleobases and nucleosides to generate GMP via the activities of PNP and HPRT1. Abbreviations: GMPS, GMP
synthetase; GMPR, GMP reductase; GUK, guanylate kinase; HPRT1, hypoxanthine phosphoribosyltransferase 1; IMP,
inositol monophosphate; IMPDH, inosine monophosphate dehydrogenase; NME, nucleoside diphosphate kinase; PNP,
purine nucleoside phosphorylase; PRPP, phosphoribosyl pyrophosphate. Figure created with BioRender.com.

how dysregulated GTP production affects human health, and whether untapped potential exists
for targeting GTP biosynthesis in treating disease. Previous reviews provide information regarding
the clinical value of suppressing GTP production (primarily via IMPDH inhibitors) as part of antiviral
therapy or to reduce autoimmunity following organ transplants [17], while others illustrate the
importance of elevated nucleotide production in cancer [7,12]. The goal of this Review is to
examine recent findings regarding the regulation of GTP biosynthesis, with a focus on how
these mechanisms impact cellular processes and phenotypes. We assess the biological implica-
tions of these findings, considering future directions for the field and potential impact on treatment
of human disease.

Compartmentalization of GTP biosynthesis regulates cellular processes

To elucidate mechanisms by which intracellular GTP pools and GTP biosynthesis regulate biological
processes, a better understanding of spatiotemporal dynamics of GTP is crucial. Although intra-
cellular sensors which visualize ATP have existed for over a decade [18], and have furthered our
comprehension of ATP signaling in cells [19], only recently have genetically encoded sensors been
developed which can visualize free intracellular GTP [20]. Termed GEVALs (GTP evaluators), these
sensors undergo a ratiometric shift in fluorescence upon binding to GTP, permitting detection of
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Glossary

De novo: from the beginning. De novo
synthesis of GTP involves building a
new purine ring from precursors and
generating GTP from sequential reac-
tions.

Endocytosis: taking in of material from
outside the cell via inward folding of the
membrane to form a vacuole.

GTPase: A broad family of enzymes
that can bind to GTP and hydrolyze it to
GDP.

Invasion: process by which cells move
through a barrier or the extracellular
matrix, allowing for cancer cells to move
into neighboring tissues in vivo.
Lamellipodia: broad protrusions
forming at the leading edge of cells dur-
ing migration.

Nucleolus: small dense structure within
the nucleus primarily associated biosyn-
thesis of rRNA.

Post-translational modification:
addition of a chemical group to a protein
which regulates its activity. This includes
phosphorylation, acetylation, among
others.

Protrusions: structures in the cell
membrane formed by invading and/or
migrating cells formed in the direction of
the movement.

Purine: aromatic compound containing
nitrogen present in the nucleobases
adenine and guanine.

Purinosome: enzyme complex
consisting of all six enzymes required for
the ten-step reaction that converts
PRPP to IMP.

Ratiometric: method wherein fluores-
cence intensity changes along an exci-
tation or emission spectrum in response
to a given parameter such as ion con-
centration. This allows for the given
parameter to be measured by calculat-
ing a ratio of intensities at two or more
wavelengths.

Salvage: recycles bases and nucleo-
sides generated in the cell during deg-
radation of DNA or RNA, or which enter
the cell exogenously.

Spatiotemporal: referring to both time
and space.
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GTP gradients in living cells. While previous methods to assay intracellular GTP relied on homoge-
nized cellular material analyzed via HPLC or mass spectrometry [21], GEVALs revealed a heteroge-
neous distribution of free GTP within living cells, with regions of relatively high and low concentrations
[20]. These findings suggested that heterogeneously distributed production and consumption of
GTP may produce gradients which affect cellular phenotypes. Notably, production of IMP is often
compartmentalized within a purinosome complex which contains all six enzymes involved in the
conversion of PRPP to IMP [22]. This complex can form in the cytosol in response to purine
deficiency, and rapidly dissociates following restoration of purine levels [22]. Recently, evidence
emerged that several purinosome enzymes colocalize with GTP-producing enzymes including
IMPDH2, GMPS, GUK1, and NME1 at the lamellipodia of migrating cells [23]. Meanwhile, enrich-
ment of IMPDH2, GMPS, GMPR, and NME1 was detected in the protrusions of invading cancer
cells, while co-immunoprecipitation studies also suggested these enzymes exist in a complex
[24]. Experiments utilizing GEVALS revealed elevated GTP in the protrusions of invading cancer
cells relative to the cell bodies, while targeting IMPDH2-driven GTP production away from protru-
sions drastically reduced the invasive capacity of the cells [24]. These studies collectively demon-
strated that cells regulate the spatiotemporal production of GTP to meet the demands of specific
processes and conditions, and suggest the existence of a guanylosome complex that forms to
facilitate GTP production as needed. However, mechanisms which influence the location and rate
of GTP production by guanylosome enzymes remain largely unknown.

In agreement with the above findings, localized GTP production appears to play a key role in cell
membrane dynamics and remodeling. A relatively early report on this topic revealed that dynamin,
a 100kDa GTPase which serves as a molecular motor in endocytosis [25], interacts with NME
proteins and is dependent on this interaction as a source of GTP [26]. Thus, local GTP replenish-
ment via phosphorylation of GDP promotes dynamin-mediated membrane fission. Separate
studies demonstrated that members of the Rho family of small GTPases are regulated by
IMPDH2, GMPR, and GMPS [24,27,28]. Rho GTPases regulate actin dynamics near the cell
membrane and are critical in motility and invasion [29]. Suppressing GTP production via loss
of IMPDH2 or GMPS activity [24,28], or via gain of GMPR activity [27], results in lower activity
levels of the Rho GTPases RhoA, RhoC, and Rac1.

Regulation of Rac1 and RhoA by de novo GTP biosynthesis enzymes is of particular interest in
cancer, as both have broad oncogenic activity driving tumor progression, drug resistance, and me-
tastasis [30,31]. The promotion of cell invasion by Rho GTPases appears more sensitive to depletion
of GTP than proliferation, as invasion was inhibited in numerous conditions where cell growth was
apparently unaffected [27]. This raises the intriguing possibility that targeting GTP production
could help slow cancer progression and tissue infiltration with minimal toxicity. Importantly,
IMPDH2 was found to interact with RhoA and Rac1, while GMPS, NME1, and GMPR co-
immunoprecipitated with IMPDH2 and Rac1 (Figure 2) [24]. Abolishing the Rac1:IMPDH2 interaction
substantially reduced overall Rac1 activity and cancer cell invasion. Likewise, targeting IMPDH2-
mediated GTP production away from the cell membrane had similar effects [24], illustrating the
importance of localization in the regulation of Rho GTPases by GTP biosynthesis enzymes.

Data from clinical samples also supports an oncogenic role of de novo GTP biosynthesis. An
analysis of publicly available data revealed that expression levels of GTP-producing enzymes
correlate with a poorer prognosis across numerous cancer types, while GTP-suppressing
enzymes correlate with better survival (Figure 3) [32].

GTP production has also been shown to regulate activity of small GTPases beyond the Rho family,
as both the lysosome-associated Rheb GTPase and the canonically oncogenic Ras family are
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Figure 2. Model for interaction of
Rho GTPases and de novo GTP
biosynthesis enzymes. Rho GTPases
Rac1, RhoA, and RhoC (blue) interact
with IMPDH2, which further complexes
with GMPS, NME, and GMPR. These
interactions are proposed to regulate
Rho GTPase activity by bringing GTP
production into the immediate vicinity.
Abbreviations: GMPS, GMP synthetase;
GMPR, GMP reductase; HPRT1,
hypoxanthine phosphoribosyltransferase
1; IMPDH2, inosine monophosphate
dehydrogenase 2; NME, nucleoside
diphosphate kinase. Figure created with
BioRender.com.
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sensitive to loss of purines and GTP. Specifically, purine synthesis appears to induce activity
of mechanistic target of rapamycin complex 1 (MTORC1) via promotion of Rheb activity [33].
Inhibition of the trifunctional purine enzyme phosphoribosylglycinamide formyltransferase,
phosphoribosylglycinamide synthetase, phosphoribosylaminoimidazole synthetase (GART) sup-
presses Rheb activity in non-small-cell lung cancer cells, leading to a substantial reduction in
mTORC1 function and tumor cell growth [33]. Importantly, direct suppression of GTP production
by the IMPDH inhibitor mycophenolic acid (MPA) is also sufficient to suppress overall mMTORC1
activity. A separate study revealed that a gain-of-function mutation in tumor protein 53 (p53)
promotes Ras activity and cell invasion in cancer by broadly upregulating enzymes involved in
nucleotide metabolism [34], with GMPS identified as playing a critical role. Although the mecha-
nisms are not entirely clear, these and above findings demonstrate the dependency of
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Figure 3. Expression of GTP biosynthesis enzymes correlates with poorer survival in cancer patients. Kaplan-
Meier curves generated by the UCSC Xena Functional Genomics Explorer (https://xenabrowser.net). Data represent the
upper (red) and lower (blue) quartile of RNA expression for each indicated gene plotted against overall survival. Each curve
contains data from the 15 most common solid tumors (n = 8361) in the TCGA PanCancer dataset. Expression of genes
encoding for proteins which suppress GTP biosynthesis (GMPR and GMPR2) correlates with better patient survival, while
those which promote GTP biosynthesis (IMPDH1, GUK1, NMET, and GMPS; see Figure 1) correlate with a worse
prognosis. The P values were determined via log-rank tests performed by the Xena platform.
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specific GTPases on production of GTP to maintain elevated activity levels necessary for their
oncogenic function. One potential mechanism is that GTP levels in cells are low enough that the
availability of GTP for binding to GTPases is itself a regulatory step controlled by de novo GTP
biosynthesis. This possibility is explored in Box 1.

In the nucleus, GTP production by IMPDH enzymes contributes to hyperactivity of the nucleolus,
and elevated rRNA and tRNA synthesis in cancer cells. Alithough GTP concentration has historically
been known to regulate rRNA synthesis [35,36], a recent study revealed that elevated IMPDH2
expression in glioblastoma (GBM) cells promotes rRNA synthesis by RNA Polymerase (Pol) | and
tRNA synthesis by RNA Pol lIl [37]. Additionally, elevated IMPDH2 activity stabilized the nucleolar
GTP-binding protein nucleostemin while promoting formation of large, dysregulated nucleoli [37],
supporting the role of IMPDH-driven GTP production in stabilizing nucleoli established in previous
publications [38,39]. Separate studies have also provided more detail on the regulation of rRNA
synthesis by IMPDH in a subset of small cell lung cancer (SCLC) cells [40,41]. Although the precise
mechanism remains unclear, IMPDH activity promoted localization of RNA Pol | to rDNA partially by
supporting the function of GPN-loop GTPases 1 and 3 (GPN1/3) [41]. Although much regarding
function of GPN GTPases in mammalian cells remain unknown, yeast homologs are proposed
to promote RNA Pol Il complex formation in a GTP-dependent manner [42]. Thus, the activities
of GPN1 and GPN3 may function similarly in promoting rRNA transcription by Pol | in mammalian
cells, though further study is necessary to elucidate precise mechanisms. Notably, different studies
reported contrary results regarding dependence of RNA Pol lll on GTP pools, observing depen-
dence on IMPDH activity in one context (GBM) [37] but not the other (SCLC) [41]. This may repre-
sent biological differences between the cell types, or possibly result from different experimental
treatments with MPA reported in the two studies. Therefore, future experiments are warranted to
better understand the mechanisms by which IMPDH-driven GTP production regulates tRNA
synthesis, and the contexts where these mechanisms are relevant.

A specialized compartmentalization of IMPDH often occurs in response to stress triggered by
GTP depletion. By standardized testing meant to detect auto-antibodies in the sera of HCV

Box 1. Intracellular GTP concentration as a regulator of small GTPases

Small GTPases, also called the Ras superfamily, are considered active in the GTP-bound state, and therefore exchange
bound GDP with GTP following hydrolysis in order to maintain activity [87]. Despite this demand, availability of GTP has
not historically been considered a possible regulatory step for small GTPases such as the Rho family. This is because
the concentration of GTP within living cells, as measured by HPLC or mass spectrometry, was found to be in a range of
roughly 0.1-1.0 mM [21]. Despite the variability in these measurements, they clearly demonstrated that total GTP within
cells far exceeds the typically submicromolar dissociation constants (Kq) between small GTPases and nonhydrolyzable
analogs of GDP/GTP observed in vitro [88-90]. Nonetheless, the finding that restoring GMPR to physiological levels in
GMPR-deficient melanoma cells is sufficient to suppress Rho GTPase activity and cell invasion, despite a modest reduc-
tion in cellular GTP pools (~25%) which was unable to affect cell proliferation [27], raised the possibility that GTP availability
is relevant to Rho GTPase activity levels. Furthermore, analysis of cell lysates with HPLC or mass spectrometry cannot
distinguish between GTP that is sequestered and that which is free for GTPase binding, and also cannot account for
heterogeneously distributed GTP pools. The GEVAL sensors demonstrated GTP gradients in living cells for the first time
[20], while suggesting that areas exist in the cell with free GTP concentrations close to the wild-type GEVAL K4GTP
(~33 uM) [20,24]. The dependency of Rac1 on an interaction with IMPDH2 also demonstrated the importance of local
GTP production in Rac1-driven cell invasion (Figure 2) [24]. Additionally, previous experiments measuring KqGTP of Rho
GTPases have noteworthy limitations, as the use of nonhydrolyzable analogs cannot account for GTP consumption by
highly active small GTPases. The in vitro environment also lacks the complex regulatory network of living cells, which
includes proteins such as guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) that
increase the GDP/GTP cycling rate of GTPases [91], and thus may elevate the GTP demand to sustain high GTPase
activity in vivo beyond the dissociation constants observed in vitro. While we cannot rule out alternative explanations,
we propose that the sum of published data supports a model wherein the concentration of free GTP in living cells is lower
than previously estimated, and that the GTP requirement to sustain high small GTPase activity in vivo, particularly in inva-
sive cancer cells, is high enough to make GTP availability a relevant regulatory step in certain GTPase-driven processes.
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patients, distinctive rod and ring (RR) structures were first visualized in cells via immunofluorescence
[483]. Further analysis found that anti-RR antibodies were predominantly present in sera from patients
treated with a standard-of-care regimen of interferon (IFN)-a plus IMPDH inhibitor ribavirin [44],
suggesting that GTP depletion by ribavirin played a role in RR formation. Concurrent research
uncovered that RR structures consist primarily of IMPDH filaments that can self-assemble in vitro
[45,46], and form in vivo under conditions of high proliferation (e.g., immunocyte activation, and
malignancy) or in response to GTP depletion (e.g., treatment with ribavirin or MPA) [45-47]. Func-
tional experiments further confirmed a role for RR structures in maintaining proliferation under
these stressed conditions [47-49]. Although the mechanism is not entirely understood, structural
and cell-based experiments support a model wherein RR structures reduce allosteric inhibition of
IMPDH by GTP [50], thus allowing for higher GTP production under specific conditions. Similar to
purinosomes, RR structures disassemble rapidly upon restoration of GTP levels by exogenous
supplementation with guanosine or GTP [46], further supporting the hypothesis that IMPDH fila-
ments form as aresponse to GTP demand. An attractive possibility is that RR structures form down-
stream of specific signaling pathways which also promote cell proliferation, but this area remains
relatively unexplored.

A potential clue to such mechanisms is the recent identification and characterization of the intra-
cellular GTP sensor phosphatidylinositol-5-phosphate 4-kinase type Il f(PIP4K2B) [51]. PIP4K2B
is a lipid kinase that generates the important signaling molecule phosphatidylinositol 4,5-
bisphosphate (PI-4,5-P2) by phosphorylating the 4-position of Pl 5-phosphate (PI-5-P) [52].
Importantly, PI-4,5-P2 is a source of secondary messengers such is inositol triphosphate and
diacylglycrerol, has a central role in cell membrane dynamics, and is phosphorylated by phosphoino-
sitide 3-kinase a (PI3K) to activate the oncogenic V-Akt murine thymoma viral oncogene
(AKT) signaling pathway [53,54]. PIP4K2B preferentially hydrolyzes GTP rather than ATP to generate
PI-4,5-P2, and its overall activity is regulated by GTP levels [51], thus representing a link between in-
tracellular GTP content and numerous signaling pathways. Intriguingly, although type | phosphoino-
sitide kinases are primarily located at the plasma membrane, type Il kinases such as PIP4K2B also
operate throughout the cell on intracellular membranes such as the nuclear envelope, lysosomes,
and autophagosomes [55-57]. Thus, PIP4K2B activity levels potentially provide a readout
(via PI1-4,5-P2 generation) of GTP content at various locations within the cell and may promote
signal transduction responses in specific areas where GTP is high or low. Further experimen-
tation could identify the consequences of altered PIP4K2B-mediated signaling in response to
GTP depletion, and whether this signaling regulates activity of GTP-producing enzymes,
such as by influencing the formation of RR structures.

Regulation of GTP metabolism

Despite an important role of GTP metabolism in multiple cellular processes, little is known about
how it is controlled by signal transduction pathways. The first report on post-translational
modifications regulating GTP metabolism enzymes demonstrated phosphorylation and activa-
tion of IMPDH2 by AKT [58]. Relatedly, a subsequent study detected phosphorylation of
IMPDH1 and IMPDH2 in response to insulin-mediated activation of PI3K [59]. However, neither
study identified the exact residues of IMPDH which were phosphorylated. A more recent paper
demonstrated phosphorylation of IMPDH1 in the retina at threonine 159 and serine 160 (Thr'%%/
Ser'®) in response to light, although this event was mediated by protein kinase C a (PKCa) rather
than AKT [60]. IMPDH1 plays a critical role in retinal function, as several protein-coding mutations in
IMPDH1 are associated with forms of inherited blindness such as retinitis pigmentosa and Lebers
congenital ameurosis [61,62]. Similarly to the proposed function of RR structures, light-dependent
phosphorylation of Thr'®%/Ser'%° appears to desensitize IMPDH1 to allosteric inhibition by GDP
and GTP, allowing for increased GTP synthesis and faster recovery of rod photoreceptors in
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response to saturating light [60]. Beyond phosphorylation, IMPDH2 is reportedly acetylated by
the clock circadian regulator (CLOCK) in a rhythmic manner [63]. While the consequence of this
acetylation on IMPDH2 activity is unclear, the net effect of CLOCK activity in the studied U20S
osteosarcoma cell line is a reduction in GDP, suggesting that acetylation by CLOCK may impair
IMPDH2 activity.

Utilizing melanoma cell models, tumor-suppressive regulation of GTP biosynthesis was uncovered
in the regulation of GMPR by the receptor tyrosine kinase ephrin type-A receptor 4 (EPHA4).
EPHA4 promotes activity of GMPR via phosphorylation at Tyr?®’, leading to a reduction in cellular
GTP, Rac1 activity, invasion, and in vivo tumor growth [64]. Intriguingly, the oncogenic and tumor
suppressive functions of EPHA4 were influenced by the status of GMPR, as EPHA4 promoted
Rac1 activity and invasion in the absence of GMPR expression. Importantly, GMPR and EPHA4
colocalized in cell protrusions, and phosphorylation of GMPRY2%” prevented enrichment of GTP
in these structures [64]. These findings demonstrated that subcellular activation of specific signal-
ing pathways can affect cell phenotypes by influencing local GTP production. While this recent
study furthered our understanding of how signal transduction pathways regulate GTP production
via post-translational modification, much more remains unknown regarding what modifications
control specific GTP biosynthesis enzymes, and how perturbations of these mechanisms influence
disease-related phenotypes.

Transcriptionally, several mechanisms have been identified by which cells indirectly promote
purine/GTP synthesis [12,65,66]. However to date, the only ubiquitous transcription factor
that has been shown to directly upregulate GTP biosynthetic enzymes is the proto-oncogene
c-Myc (MYC) [67,68]. MYC is frequently amplified in human cancer, playing critical roles in
cell cycle progression and malignant transformation [69]. Importantly, multiple reports have
demonstrated that increased MYC-driven GTP production has a functional role in oncogenic
phenotypes promoted by MYC [39,41,67], rendering IMPDH as a potential therapeutic target
in drug resistant tumors with high MYC activity. Beyond MYC, micropthalmia-associated tran-
scription factor (MITF) has been implicated in the regulation of IMPDH1, IMPDH2, GMPS, and
GMPR. The MITF gene contains multiple distinct promoters leading to tissue-specific first
exons, thus generating different mRNA species in various cell types including melanocytic
cells, retinal pigment epithelium, and macrophages, among others [70]. The melanocytic
MITF-M isoform acts as a master regulator of melanocytic differentiation [71,72], and was
found to promote GMPR expression in melanoma cell models [73]. Likewise, MITF supported
expression of IMPDH1, IMPDHZ2, and GMPS in hematopoietic stem cells [74], although the
isoform was not specified. Since both MYC and MITF are basic helix-loop—helix factors that
recognize similar E-box consensus sequences [75], these findings raise the possibility that
other lineage-specific E-box-binding factors transcriptionally regulate GTP biosynthesis
enzymes in various cell lineages. More study is warranted that identifies how GTP biosynthesis
enzymes are regulated transcriptionally, and how the associated transcription factors influence
cell phenotypes by regulation of GTP pools.

Targeting GTP pools

While GTP pools play an essential role in the homeostatic growth of healthy cells, they also become
an important and attractive target in multiple pathological conditions, such as bacterial and viral
infections, autoimmunity, and cancer. The vast majority of GTP-suppressing approaches reaching
the clinic have focused on the inhibition of the rate-limiting enzymes IMPDH1/2 (Table 1) [17].

IMPDH inhibitors can be either natural or synthetic products. The earliest identified inhibitor, MPA,
was originally isolated from fungi in rotten corn samples in 1893 and is the first antibiotic ever
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Table 1. Approved drugs targeting GTP biosynthesis

Drug Target Mechanism Approved use Relevant clinical
trials™”
Ribavirin IMPDH Competitive RSV (inhalation); hepatitis C NCT00100659
against IMP. NCT00104052
NCT01833533
MMF IMPDH Uncompetitive Solid organ transplant (heart, kidney, liver) NCT02091414
against NAD* NCT00251004
NCT00284934
Mizoribine ~ IMPDH/GMPS  Competitive Solid organ transplant; lupus nephritis; UMINO00005103
against IMP/XMP nephrotic syndrome (Japan) UMINO00008751

@https://clinicaltrials.gov/
Phttps://www.umin.ac.jp/ctr/

purified [76]. Generally speaking, IMPDH inhibitors can be divided into two classes based on their
binding to IMPDH: competitive inhibitors against IMP that target the substrate binding pocket
such as ribavirin and mizoribine, and inhibitors targeting the NAD™ cofactor binding site such as
MPA, which are usually noncompetitive against NAD™ because they bind an enzyme intermediate
which has already displaced NADH [77].

IMPDH inhibitors are commonly used as immunosuppressive drugs to prevent rejection during
organ transplant [17]. T and B lymphocytes are highly dependent on the de novo synthesis of
GTP for proliferation as they are unable to utilize the salvage pathway [78], so IMPDH inhibition
impedes lymphocyte expansion and prevents the mounting of an immune response toward the
new organ. The Food and Drug Administration (FDA) approved MPA for this indication, adminis-
tered in its prodrug amino ester form, mycophenolate mofetil (MMF), which has improved oral
biocavailablity (~90%). Similarly, in Japan the IMPDH inhibitor mizoribine is used as an immuno-
suppressive agent. Due to these properties, MMF and mizoribine have subsequently been incor-
porated in the standard of care for the treatment of several autoimmune disorders such as lupus
nephritis, rheumatoid arthritis, and systemic sclerosis [17]. Gastrointestinal toxicity is the main
limiting factor for treatment with MMF [79], although a small retrospective study in China of 42
kidney transplant recipients treated with either MMF or mizoribine reported Gl toxicity to be less
severe with mizoribine [primary outcome: number of patients with GI symptoms (e.g. diarrhea);
ChiCTR-ORN-160078781 . Notably, both MPA and mizoribine are naturally occurring antibiotics
isolated from fungi [77], suggesting therapeutic potential in targeting microbial IMPDH enzymes
to treat certain infections. Although not currently used clinically, research to develop antimicrobial
IMPDH inhibitors is ongoing (Box 2).

The IMPDH inhibitor ribavirin is a synthetic nucleoside that is mostly used in viral infections [80].
Ribavirin is phosphorylated in vivo to ribavirin 5'-monophosphate, and in this form, it inhibits
IMPDH enzymes by competing with IMP. It can also be phosphorylated to its di- and triphosphate
forms, which may further contribute to its antiviral properties [77]. Ribavirin is FDA-approved
for the treatment of hepatitis C (in combination with IFN) and respiratory syncytial virus (RSV)
[17]. Prolonged ribavirin treatment has been associated with induction of anemia in a subset of
patients [81].

Several recent preclinical studies add to the historical rationale for utilizing GTP-depleting drugs in
antitumor therapy [37,41,82-84]. However, to date, none of the available inhibitors have been ap-
proved by the FDA for cancer treatment. Tiazofurin is a synthetic nucleoside that inhibits IMPDH
enzymes which showed good efficacy against hematological malignancies [17], and in 2000 it
received an orphan drug designation by FDA for the treatment of chronic myelogenous leukemia.

¢? CellPress

Clinician’s corner

Drugs targeting de novo GTP synthesis,
primarily inhibitors of IMPDH enzymes,
are used clinically in antiviral (hepatitis
C) therapy and as immunosuppressive
agents following organ transplant. Nu-
merous preclinical studies suggest that
targeting IMPDH could provide thera-
peutic benefit in malignant settings, but
few relevant clinical trials have been com-
pleted with results reported, and efficacy
has been limited. Ongoing research
continues to support the role of IMPDH
enzymes (particularly IMPDH2) in pro-
moting GTP-dependent phenotypes in
cancer cells such as proliferation, inva-
sion/metastasis, and drug resistance;
however, further clinical development of
IMPDH inhibitors as anticancer drugs
will need to proceed with certain caveats.

() The immunosuppressive effects
of IMPDH inhibitors must be consid-
ered when pursuing them for poten-
tial use in cancer. These effects may
be minimized by using compounds
like ribavirin, a standard-of-care
drug in hepatitis C treatment which
is a weaker suppressor of the im-
mune system than other clinically
available IMPDH inhibitors such as
MMF.

(i

Deleterious side effects, including
immunosuppression, may be
alleviated by developing compounds
which specifically inhibit IMPDH2
over IMPDH1. Some success in
identifying such compounds has
been reported, demonstrating
feasibility. Since cancer cells appear
more dependent on IMPDH2, it is
conceivable that inhibiting this
isoform alone will deliver efficacy
while minimizing side effects
associated with combined IMPDH1/
2 inhibition.

(iii) Cancer cells may partially recover the
effects of IMPDH suppression by
replenishing guanine nucleotide
pools through the nucleotide salvage
pathway. For this and other reasons,
it is improbable that inhibition of
IMPDH will be beneficial as a mono-
therapy. Future preclinical and clinical
studies involving IMPDH inhibition in
cancer should utilize rational drug
combinations to increase potential ef-
ficacy, and will likely need to focus on
cancer subtypes where GTP de-
mand is found to be especially high.
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Box 2. Targeting microbial IMPDH enzymes

Infectious diseases caused by pathogenic microorganisms are a leading cause of death worldwide, particularly in lower-
income countries. The ongoing emergence of antibiotic resistance aggravates the problem and underscores the need to
develop new antibiotics with efficacy against multidrug-resistant pathogens. As in mammalian cells, IMPDH homologs
catalyze the rate-limiting step in GTP biosynthesis in microorganisms such as bacteria, yeasts, and protozoa [77],
replenishing guanine nucleotide pools and allowing for sustained proliferation. As such, microbial IMPDH has long been
considered a potential therapeutic target in various infectious diseases, although in some cases the potential efficacy of
IMPDH inhibition is questionable [92,93]. Nonetheless, IMPDH homologs have been found to support pathogenesis of
numerous microorganisms. A nonexhaustive list of such pathogens (with diseases in parentheses) includes: the bacteria
Mlycobacterium tuberculosis (tuberculosis) [94], Staphylococcus aureus (skin infections, healthcare-related staphylococcal
infections) [95], Pseudomonas aeruginosa (blood infections, pneumonia) [96], and Helicobacter pylori (stomach infection)
[97]; the yeasts Cryptococcus neoformans (lung infection, meningitis) [98], and Candida albicans (thrush) [99]; and the
protozoa Cryptosporidium parvum (cryptosporidiosis) [100], and Trypanosoma brucei (sleeping sickness) [101]. Due to
sufficient differences in structure, it is possible to develop compounds which preferentially inhibit microbial IMPDH enzymes
relative to mammalian IMPDH [102]. As such, ongoing research from several different groups seeks to identify compounds
targeting pathogen-specific IMPDH enzymes, and suppression of IMPDH has produced efficacy in preclinical in vivo models
of some infections including M. tuberculosis and C. parvum [94,100]. Thus, more research is warranted in an effort to
translate the microbial dependence on IMPDH to treating infectious diseases in clinical settings.

Development of more efficient drugs toward leukemia, such as imatinib, has halted further clinical
studies for tiazofurin. Ribavirin has been tested, alone and in combination with other drugs, in
numerous Phase |-V clinical trials for different types of malignancies [85]. Unfortunately, most
of these studies were prematurely terminated or did not report results once completed. For
example, a Phase | trial planned in 2018 in patients with follicular or mantle cell lymphoma
(NCT03585725") was terminated due to low accrual. Of those studies testing ribavirin as a single
agent, mixed results regarding efficacy have been reported. A nonrandomized Phase | trial
initiated in 2007 for patients with refractory or relapsed acute myelocytic leukemia (primary
outcome: clinical response as measured by the Cheson criteria [86]; NCT00559091") reported
promising efficacy, with nine of 11 eligible patients showing clinical response, including one
displaying a complete response. A more recent pilot study initiated in 2014 for patients with
HPV-related tumors (primary outcome: radiographic response; NCT02308241") reported no
clear efficacy of ribavirin as a single agent, with only five of nine patients achieving stable disease.
Despite these efforts and ongoing trials, to date no IMPDH inhibitor has been approved by the
FDA for treatment of cancer and additional investigations will be warranted. Notably, two
single-arm, nonrandomized trials in Japan have reported promising efficacy of ribavirin when
used in combination with docetaxel in patients with castration-resistant prostate cancer that
had previously undergone treatment with docetaxel alone. In the first pilot study [primary out-
comes: safety, PSA response, and progression-free survival (PFS); UMINO00012521"], median
PFS was found to be 6 months, compared to a median PFS of only 1.5 months when the patients
were previously treated with docetaxel alone. No adverse events requiring dose reduction were
reported. The follow-up Phase I/lla trial (primary outcome: safety; UMIN 000021107 likewise
reported promising efficacy with no dose-limiting adverse events. The potential future of combining
IMPDH inhibition with known therapies in cancer is discussed further in the Clinician’s corner.

Concluding remarks

Over the past decade, there has been growing interest in how GTP-metabolizing enzymes con-
tribute to cellular processes beyond producing nucleotides for nucleic acid synthesis. Research
has been particularly focused on how dysregulated GTP production (e.g., from increased
IMPDH2 expression) contributes to the progression of cancer, providing further rationale for
testing drugs which inhibit de novo GTP synthesis as anticancer therapies. Although much
remains to be uncovered, it is our belief that the research outlined in this Review demonstrates
the importance of local GTP production and its potential to affect disease-related phenotypes.
The recent development of intracellular GTP biosensors has also provided new opportunities to
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Outstanding questions

How are GTP-metabolizing enzymes
regulated at the transcriptional, transla-
tional, and post-translational levels?
Little is known about the regulation of
GTP metabolic enzymes, including
what controls their intracellular activity
and localization. A deeper understand-
ing of the pathways behind this regula-
tion would offer new insight into how
GTP metabolism is controlled in normal
cells, and potentially into mechanisms
for its dysregulation in cancer cells,
which could potentially be translated
into pharmacological approaches.

What is the role of GTP and its metabolic
enzymes in chemosensitivity and che-
moresistance? A body of work has
established a prominent role for GTP bio-
synthesis in tumor invasion. However,
less is known regarding GTP and its met-
abolic enzymes in mediating sensitivity
and/or resistance to conventional che-
motherapy. Further studies are war-
ranted to better understand and delay
growth of chemoresistant metastatic
lesions.

Can GTP-inhibiting drugs suppress
tumor invasion without affecting
immunocyte proliferation? GTP sup-
pression is receiving renewed atten-
tion in the clinic due to the ability of
GTP to influence the invasive capacity
of cancer cells. However, several of
the GTP-inhibiting drugs that are cur-
rently FDA approved are immunosup-
pressive, which is desirable in the
context of organ transplantation, but
not in anticancer therapy. This dilemma
must be carefully evaluated in preclinical
and clinical settings to find a balance
between antitumor and anti-immune
effects of GTP inhibition in cancer
patients.

What noncanonical functions of GTP-
metabolizing enzymes are yet to be dis-
covered and what is their role in health
and disease? A few studies have uncov-
ered GTP-unrelated roles for some of the
enzymes involved in GTP metabolism.
The discovery of additional unconven-
tional functions for GTP metabolic
enzymes could therefore open the door
to new and exciting avenues to under-
stand their role in disease progression.
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study this relationship. Thus, it is important to utilize these tools when identifying and characterizing
the underlying mechanisms controlling subcellular GTP production and consumption (see
Outstanding questions). Since compounds inhibiting de novo GTP synthesis have a long clinical
history as antiviral and immunosuppressive drugs, the potential exists to quickly translate exciting

preclinical findings into tangible benefit for patients.
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