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ABSTRACT
Small GTPases, together with their regulatory and effector molecules, are key intermediaries in the
complex signalling pathways that control almost all cellular processes, working as molecular
switches to transduce extracellular cues into cellular responses that drive vital functions, such as
intracellular transport, biomolecule synthesis, gene activation and cell survival. How all of these
networks are linked to metabolic pathways is a subject of intensive study. Because any response
to cellular action requires some form of energy input, elucidating how cells coordinate the signals
that lead to a tangible response involving metabolism is central to understand cellular activities.
In this review, we summarize recent advances in our understanding of the molecular basis of the
crosstalk between small GTPases of the Ras superfamily, specifically Rac1 and Ras/Rap1, and
glycogen phosphorylase in T lymphocytes.

Abbreviations: ADCY: adenylyl cyclase; ADCY6: adenylyl cyclase 6; BCR: B cell receptor; cAMP:
3ʹ,5ʹ-cyclic adenosine monophosphate; CRIB: Cdc42/Rac binding domain; DLPFC: dysfunction of
the dorsolateral prefrontal cortex; EGFR: epidermal growth factor receptor; Epac2: exchange
protein directly activated by cAMP; GDP: guanodine-5ʹ-diphosphate; GPCRs: G protein-coupled
receptors; GTP: guanodin-5ʹ-triphosphate; IL2: interleukin 2; IL2-R: interleukin 2 receptor; JAK:
janus kinases; MAPK: mitogen-activated protein kinase; O-GlcNAc: O-glycosylation; PAK1: p21
activated kinase 1; PI3K: phosphatidylinositol 3-kinase; PK: phosphorylase kinase; PKA: cAMP-
dependent protein kinase A; PKCθ: protein kinase Cθ; PLCγ: phospholipase Cγ; Src: proto-
oncogene tyrosine-protein kinase c; STAT: signal transducer and activator of transcription
proteins.
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Introduction

Small GTPases of the Ras superfamily are key mediators
in the complex signalling networks that shape cellular
activity [1]. These proteins are classified into five large
families, with each specialized in the regulation of one or
more functions: (i) the Ras family is involved in cellular
growth control and metabolism; (ii) the Rho family is
involved in actin cytoskeleton reorganization, and coop-
erates with Ras family in cell cycle regulation, gene expres-
sion and cellular transformation; (iii) the Rab family is
specialized in vesicular and membrane trafficking; (iv) the
Arf family participates in vesicular biogenesis, intracellu-
lar transport and actin remodelling; and lastly (v) the Ran
family regulates nucleocytoplasmic transport and

microtubule organization during the cell cycle [1]. Small
GTPases of the Ras superfamily function as molecular
switches that cycle between an inactive guanosine-5ʹ-
diphosphate (GDP)-bound and an active guanosine-5ʹ-
triphosphate (GTP)-bound state. The transition from
inactive to active states is regulated by guanine nucleotide
exchange factors (GEFs), whereas the reverse process is
performed by GTPase-activating proteins (GAPs), which
stimulate the intrinsic GTPase activity to generate GDP
and inorganic phosphate (Pi) [2]. Finally, the GDP-
dissociation inhibitors (GDIs) act to prevent GDP disso-
ciation from GTPases, and to keep the latter sequestered
and inactive in the cytosol [3].

In their active configuration, small GTPases of the
Ras superfamily interact with downstream effector
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molecules to elicit a variety of biological responses [2].
Functional specificity of these proteins depends mainly
on the cellular system, the type of stimulus, and their
intracellular localization. Signals emanating from mem-
brane receptors, such as G protein-coupled receptors
[4,5], growth factor receptors [6–9], or tyrosine kinase-
linked receptors [10,11] frequently lead to the activa-
tion of one or more GTPase, ensuring a rapid and
efficient pleiotropic response [12]. However, the
kinetics of activation as well as the effector molecules
engaged often differ strongly between the different
GTPase family members.1

Small GTPases in the immune system

Small GTPases participate in essential biological func-
tions in the immune system. The best characterized
GTPases – both structurally and functionally – are
Ras proteins, which play critical roles in numerous
cellular processes, including lymphocyte proliferation
[3,13], maturation and positive selection of
T lymphocytes, and programmed cell death during
the immune response [14]. The three classical Ras
genes (H-Ras, N-Ras and K-Ras (which is expressed as
the splice variants K-Ras4A and K-Ras4B)) are differ-
ently expressed in T lymphocytes, being N-Ras protein
the most important isoform expressed in this cell line-
age. N-Ras protein is crucial to reach T-cell activation
and a proper downstream Ras signalling [15]. However,
both H-Ras and K-Ras 4B variant are also involved in
important functions, such as T-cell differentiation in
the periphery and thymocyte development respec-
tively [16].

These Ras isoforms are identical in aminoacid
sequence at the N-terminal region, which mediate
interactions with common downstream targets [17].
Yet, they differ in the amino acid sequence of the
C-terminal region, which results in a distinct spatial
localization of each isoform within the plasma mem-
brane and might thus explain their non-redundant
functionality of each isoform [17,18].

In addition to Ras proteins, small GTPases of the
Rho family also play important roles in immune system
functions, including the development and activation of
lymphocytes, the formation of immunological synapses,
dendritic cell function [19,20], phagocytosis processes,
and in polarized exocytosis in cytotoxic lympho-
cytes [21].

The motility of lymphocytes and dendritic cells in
response to chemokines is a process inherent to small
GTPases of the Rho family, including RhoA, Rac1 and
Cdc42 [19,20]. Indeed, the deregulation of the control
of the active/inactive states of RhoA, Rac1 or Cdc42, is

responsible for several immune pathologies and cancer
development. For instance, Wiskott-Aldrich syndrome
is an immunodeficiency disease caused by mutations in
the gene encoding WASP, an effector molecule for
Cdc42 [22]. Also, Rac1 has been implicated in p210-
BCR-ABL-mediated transformation in acute myeloid
leukaemia [23,24].

The GTPases of the Rac subfamily, Rac1, Rac2, Rac3
and RhoG [1,25] are gaining increasing relevance in
T cell biology [6,26–29]. These Rac subfamily members
have different expression patterns: Rac1 and RhoG are
ubiquitously expressed whereas Rac2 expression is cir-
cumscribed to cells of haematopoietic origin and that of
Rac3 predominantly occurs in the brain [25]. From
a functional point of view, the importance of Rac1
expression is reflected by the fact that Rac1-knockout
mice are embryonic lethal [30]. By contrast, Rac2−/–,
Rac3−/–, or RhoG−/ – mice show no apparent altered
phenotype [31–33] even when they do have cell-type
specific functional deficiencies–notably, the macro-
phages of Rac2−/-mice show a reduced M1 to M2 dif-
ferentiation potential [32] and those of RhoG−/-

animals have a slightly increased antigen receptor
cross-linking ability [31].

Rac1 and Rac2 proteins are involved in T cell activa-
tion, division, and migration, as well as in B cell devel-
opment and receptor (BCR) signalling [34,35]. On the
other hand, Rac1 and Rac2 have redundant functions,
with Rac2 usually playing a more prominent role as
reflected by the fact that T cells express more Rac2 than
Rac1 [36]. Nevertheless, both Rac1 and Rac2 show
similar affinity in their interaction with the Rac binding
domains of several effector molecules, including
p67phox. However, the involvement of one GTPase or
another in a given cellular function depends on the cell
lineage [37].

T cell receptor (TCR) engagement by antigens pro-
motes the rapid activation of GTPases and other signal-
ling molecules [38]. Activated Rac transduce signals
through several intermediate molecules, including
PI3K [39,40], phospholipase C (PLC)γ1 and protein
kinase C (PKC)ϴ [28,29]. Importantly, Rac1 controls
the translocation of RAS guanyl-releasing protein 1
(RasGRP1, a GEF for Ras) to the actin juxtamembrane
structure to facilitate Ras/ERK pathway activation [41].
The integration of these signalling events culminates in
the nucleus via the transcription factors AP-1, NFAT
and NF-κB, which actively participate in the transcrip-
tion of the genes coding for IL-2 and IL-2 receptor (IL-
2R) α chain, thereby contributing to the clonal expan-
sion of T cells [21,42–45].

In contrast to its well established role in the TCR-
mediated activation programme, how Rac1 functions in
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IL-2 signalling is not entirely clear. IL-2 is a cytokine
that is key to stimulate T lymphocyte clonal expansion
[46]. The binding of IL-2 to its high affinity receptor
(IL-2R) triggers multiple signalling pathways, of which
the three most important for cell cycle progression and
inhibition of apoptosis are the janus kinases (JAK)/
signal transducer and activator of transcription proteins
(STAT), and the PI3K and Ras/Raf/MAPK pathways,
respectively [47–49]. JAKs initiate signalling from acti-
vated IL-2R. According to the current IL-2R signalling
model, IL-2-activated JAKs recruit critical Src homol-
ogy 2 (SH2)-containing signalling mediators, leading to
signal propagation in the cytoplasm. Tyrosine phos-
phorylation of STAT3 and STAT5 is mediated by
JAK1 and JAK3, causing STAT dimerization and sub-
sequent nuclear translocation and DNA binding
[50,51]. Additionally, IL-2 mediates activation of the
PI3K/AKT pathway, which regulates downstream sig-
nalling molecules such as p70S6K and mTOR, both of
which are required for activation of the cell cycle reg-
ulator E2F and cell cycle progression [52–56].

The role of Ras in the signalling cascades initiated by
IL-2 is well established. Upon IL-2/IL-2R engagement, the
adapter protein SHC is anchored to the phosphorylated
IL-2Rβ chain [57]. Subsequently, SHC is tyrosine phos-
phorylated, allowing the recruitment of the Grb2/SOS
complex, which controls the activation of the Ras/Raf/
MAPKinase pathway. Activation of this cascade results in
phosphorylation and activation of transcription factors
such as AP-1, ELK1 and Myc, which regulate the expres-
sion of genes involved in cell proliferation [58–60]. To
accomplish this transcription factor regulation, T cells
possibly require not only the Ras/MAPK pathway, but
also a complex cooperation with other signalling net-
works, including some GTPases of the Rho family.
Indeed, RhoA cooperates with ERK-dependent signalling
pathways to transcribe c-fos in response to IL-2 [61].
Moreover, Rac1 participates in IL-2-induced actin cytos-
keleton-rearrangement in a murine T cell line [62].
However, the relevance of the latter Rac1-mediated
response in T cell proliferation is still unclear, as there
are many signalling pathways still to be discovered that
might depend on this GTPase. In this regard, we pre-
viously reported that active Rac1 binds to and activates
glycogen phosphorylase, which seems to be key to control
IL-2-mediated T lymphocyte proliferation [63].

Relationship between glycogen phosphorylase
and small GTPases in the immune system

The functional specificity of GTPases is believed to be
determined by the interactions that they establish with

specific GEFs and other effector molecules [64].
Because of their pleiotropic functions, there has been
a long-standing interest in identifying the protein part-
ners that GTPases associate with, and some have been
identified by non-hypothesis-driven proteomic
approaches [65]. Indeed, proteomics has emerged as
a powerful platform to screen putative protein-protein
interactions owing to its sensitivity [66]. Using this
technology, we identified the muscle isoform of glyco-
gen phosphorylase (GPM) as a protein that binds to the
active form of the GTPase Rac1, revealing that GPM is
in fact a Rac1 specific effector molecule and linking
Rac1 activity to glycogen metabolism [63].

Glycogen phosphorylase uses Pi to release glucose as
glucose 1-phosphate from intracellular glycogen stores.
Glycogen is a branched polysaccharide of D-glucose
(Glc; 1–4) and is the main form of carbohydrate storage
in liver, skeletal muscle and brain [67–70]. Glycogen
phosphorylase is biologically active as a homodimer
associated with its cofactor pyridoxal phosphate (vita-
min B6). Three different glycogen phosphorylase iso-
enzymes are known: brain (GPB), liver (GPL) and
muscle (GPM) [67,68]. Although these isoforms share
70% of sequence homology, with the muscle and brain
isoforms being evolutionarily closer [70], there are sub-
stantial functional differences between them. In combi-
nation with glucose-6-phosphatase, GPL releases
glucose from liver glycogen stores into the bloodstream,
thereby making this sugar available to all tissues. By
contrast, GPB and GPM release glucose into the cyto-
plasm, to provide intracellular energy and to regulate
cellular responses [71].

Activation mechanisms also differ among glycogen
phosphorylase isoforms. GPL is solely activated by rever-
sible phosphorylation on serine at position 14. In the
1950s Sutherland and Cori established that both adrena-
line and glucagon mediate glycogenolysis in the liver
[72]. Both hormones bind to their cognate receptors,
which are members of the G protein-coupled receptor
(GPCR) superfamily. The engagement of these receptors
triggers a signalling cascade mediated by the Gαs protein
subunit in a GTP-dependent manner. Specifically, GTP-
bound Gαs activates adenylyl cyclase (ADCY) [73] to
hydrolyse ATP, generating 3ʹ,5ʹ-cyclic adenosine mono-
phosphate (cAMP), which associates and activates
cAMP-dependent protein kinase A (PKA), which in
turn phosphorylates and activates phosphorylase kinase
(PK) that ultimately activates glycogen phosphorylase
through phosphorylation at Ser-14 (Figure 1) [74].
Additionally, GPB and GPM can also be regulated by
allosteric modification through the binding of energy
availability sensors, such as AMP or glucose [68].
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Rac1 does not appear to control GPM activity
through phosphorylation, as IL-2 stimulation does not
seem to modify the GPM phosphorylation state at Ser-
14 [63]. Rather, the interaction between the Rac1 and
GPM occurs through a GPM region that is homologous
to the Cdc42/Rac binding domain (CRIB) of p21 acti-
vated kinase 1 (PAK1), suggesting that Rac1 regulates
GPM activity by allosteric modification [63].

Since the discovery of the association between Rac1
and GPM [63], it has been identified the mechanism
through which the IL-2/IL-2R complex stimulates Rac1
in T lymphocytes. IL-2R, a tyrosine kinase-linked
receptor, recruits and activates lymphocyte-specific
protein tyrosine kinase (Lck), a member of the src
tyrosine kinase family, to phosphorylate and activate
PLC1γ and consequently generate diacylglycerol, which
activates PKCϴ. The latter phosphorylates the Rac1
GEFαPix, to activate Rac1, which binds and activates
glycogen phosphorylase [28,29]. The overall evidence
indicates that this pathway participates in the control of
T cell migration and proliferation (Figure 1). The

signalling pathway that links IL2-R to GPM via Rac1
may be as functionally important as the three canonical
pathways that were previously described for IL-2-sti-
mulated T lymphocytes: JAK/STAT, Ras/MAPK and
PI3K. Thus, GPM can regulate its activity indepen-
dently of both ADCY and AMP generated by metabolic
sensors. Accordingly, we established a new function of
small GTPases of the Rho family in glycogen regulation
in T lymphocytes [28,29,63].

The relationship between Rac1 GTPase protein and
GPM does not seem to be exclusive for lymphoid cells:
at the brain tissue level, GPM is mainly expressed in
astrocytes whereas GPB is also expressed in neurons
[75]. Astrocytes are key players in numerous brain
functions, including energy supply to neurons [75,76].
In this regard, Pinacho et al. have suggested that the
alteration of glycogen degradation in the dysfunction of
the dorsolateral prefrontal cortex (DLPFC) associated
with schizophrenia could be related to a deficient GPM
and Rac1 expression in astrocytes [75]. Additionally,
astrocytes respond to numerous types of central
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Figure 1. Scheme summarizing the involvement of the small GTPases of the Ras superfamily in glycogen phosphorylase
regulation. The intracellular signalling networks that trigger the activation of glycogen phosphorylase (GP) and glycogen break-
down varies according to the receptors involved. G protein-coupled receptors (GPCRs) transduce signal through the canonical
pathway in which the αs subunit of the heterotrimeric G protein activates adenylyl cyclase (ADCY) by allosteric mechanisms
generating 3ʹ,5ʹ-cyclic adenosine monophosphate (cAMP) to activate GP by reversible phosphorylation via the PKA/PK pathway.
EGFR transduces signals using part of the canonical pathway; in this case, ADCY is activated by serine phosphorylation and the
communication between EGFR to ADCY is established by the participation of the Ras/Epac2/Rap1/Raf1 pathway. On the other hand,
IL-2 receptor does not require the involvement of ADCY to activate GP. The IL-2 receptor controls the Lck/PLCγ/PKCθ/αPix pathway,
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nervous system injuries that cause severe and persistent
locomotor and sensory dysfunction [77] through
a process known as astrogliosis. Thus, during the
acute phase of the injury, astrocytes increase in number
and migrate to the site of the injury to isolate the
inflammatory region from neighbouring tissue.
Besides its function in the haematopoietic system, the
Rac GTPase/GPM axis could therefore be involved in
the physiology of astrocytes by controlling migration as
well as by participating in other brain functions such as
control of the blood-brain barrier, regulation of blood
flow or synaptic functions [76].

That IL-2R mediates glycogen phosphorylase activa-
tion via Rac 1 in an ADCY-independent manner does
not preclude the possibility that other GTPases of the
Ras superfamily might also activate glycogen phosphor-
ylase through the canonical, ADCY-dependent pathway
[28,29]. In fact, it has recently reported that epidermal
growth factor receptor (EGFR) activation in
T lymphocytes allows Ras to cooperate with Rap1 to
control glycogen phosphorylase activation [6]. This sig-
nalling pathway requires, firstly that exchange protein
directly activated by cAMP (EPAC2) acts as the bridge
between Ras and Rap1 and, secondly Rap1 in its active
configuration associates with and activates Raf1, allow-
ing it to phosphorylate ADCY type 6, in order to
modulate glycogen phosphorylase activation through
the canonical pathway (Figure 1) [6].

Regarding the exchange proteins activated by cAMP,
Epac2 – but not Epac1 – binds N-Ras and K-Ras with
more affinity than H-Ras [78]. Llavero et al have
recently reported that the overexpression of the consti-
tutively active form of H-Ras leads to the activation of
Rap1 and GP through Epac2 in T-cells [6]. In this
respect, although it might appear counterintuitive that
H-Ras isoform with low affinity for Epac2 activates
Rap1 in T-cells, the massive expression of the H-Ras
constitutively active form could facilitate Epac2 trans-
location from the cytosol to the plasma membrane to
activate Rap1 at the plasma membrane as suggested by
Li et al. [78]. Given this scenario and considering that
N-Ras protein is the most abundant isoform and has
important functions in the immune system [15], it
could be postulated that N-Ras protein would be con-
trolling the Rap1/GP pathway in T-cells.

In this review, we present two new regulatory
mechanisms of glycogen phosphorylase activation,
both controlled by GTPases of the Ras superfamily,
but that can be both ADCY dependent and indepen-
dent. The use of one mechanism over the other is
determined by the stimulus, with IL-2 requiring Rac1
and modulating glycogen phosphorylase via allosteric
activation, whereas EGFR used Ras and Rap to activate

glycogen phosphorylase through phosphorylation via
Raf 1 (Figure 1). From a functional perspective,
whereas IL-2R controls T lymphocyte migration and
proliferation through the Rac1/glycogen phosphorylase
pathway, EGFR signalling through the ADCY6/glyco-
gen phosphorylase pathway could be a mechanism to
deactivate IL-2R and return T lymphocytes to their
inactive state.

Future perspectives

One of the enigmas of T lymphocyte clonal expansion
concerns how these cells coordinate all the signals they
are exposed to in order to gain energy and proliferate,
and ultimately produce an efficient immune response
[6]. In resting conditions, T lymphocytes consume glu-
cose at a low rate to maintain basal cellular processes,
whereas their activation produces metabolic changes to
deal with the increasing demands for energy. Glucose
metabolism in activated lymphocytes is primarily
dependent on glycolysis [79], with glycolysis-derived
ATP ensuring energy supply as well as basic molecules
in excess, thereby fuelling the cellular growth necessary
for a prolonged immune response [80–82]. Mitogenic
stimulation of T lymphocytes increases the rate not
only of glucose uptake, but also of glutamine consump-
tion, with the rate of glutamine utilization by lympho-
cytes comparable to if not greater than glucose
consumption [83]. T lymphocytes also have the possi-
bility to use glycogen, fatty acids and ketone bodies as
energy substrates, and accordingly also possess the
necessary enzymes of gluconeogenesis, pentose phos-
phate pathway, and ketone body synthesis [84]. The
activity of hexokinase in T lymphocytes is much more
important than glycogen phosphorylase, suggesting that
endogenous glycogen is a less essential energy substrate
than exogenous glucose [85,86].

Our working hypothesis is that the biological signifi-
cance of the Rac1/glycogen phosphorylase and Ras/
Epac2/Rap1/Raf1/ADCY6/glycogen phosphorylase path-
ways could be attributed to the functioning of early
intracellular signalling pathways that regulate reversible
O-glycosylation by serine and threonine residues in pro-
teins, rather than energy. The equilibrium between
O-glycosylation/phosphorylation of proteins constitutes
a nutrient sensor that modulates intracellular signalling
transcription and actin cytoskeleton modifications [87].
The imbalance between the levels of phosphorylation and
glycosylation underlies pathologies such as human neu-
rodegenerative diseases, type 2 diabetes, cancer, infec-
tious diseases [88,89] and perhaps even some rare
diseases such as McArdle’s disease, a condition caused
by inherited deficiency of GPM. Future studies should
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address the functional importance of these signalling
cascades to ensure an efficient immune response.
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