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The role of LRRK2 on PKA-NFκB 
pathway in microglia cells: implications 
for Parkinson’s disease

Leucine-rich repeat kinase 2 (LRRK2), a gene linked to autoso-
mal-dominantly inherited and sporadic Parkinson’s disease (PD) 
as a risk factor, encodes a large and complex protein with a dual 
enzymatic activity. LRRK2 contains several domains involved 
in protein-protein interactions, however, the presence of both 
a kinase and GTPase domain points to intracellular signaling 
functions (Marín, 2006). While LRRK2 has been linked to sev-
eral molecular pathways important for neuronal activity (Martin 
et al., 2014), the observation that its expression is high in mi-
croglia has attracted the attention of different groups to under-
stand whether LRRK2 dysfunctions in these cells may impact 
neuronal activity as secondary event. In this regard, since 2012 
numerous studies have demonstrated that LRRK2 controls mi-
croglia activation and plays important roles in these cells (Rus-
so et al., 2014). Microglia are highly specialized macrophages 
responsible for mediating innate immune defense in the brain 
and scavenging debris or misfolded/aggregated proteins. They 
are considered main actors upon an inflammatory stimulus, and 
although a well-regulated inflammatory response is crucial for 
tissue repair and brain homeostasis, an excessive and prolonged 
neuroinflammation can lead to overproduction of toxic mole-
cules, which results in deleterious cellular damage, as observed 
in different neurodegenerative diseases including PD (Tansey 
and Goldberg, 2010).

The role of LRRK2 on the protein kinase A (PKA)-nuclear 
factor kappa B (NFκB) pathway: Our group and others have 
shown that LRRK2 is a positive mediator of microglial inflam-
mation triggered by lipopolysaccharide or, more importantly, by 
α-synuclein pre-formed fibrils (Russo et al., 2014, 2015). By dis-
secting the underlying molecular mechanism, we demonstrated 
that LRRK2 impacts PKA-NFκB pathway at level of NFκB p50 
inhibitory signaling (Russo et al., 2015). NFκB transcription 
factor, classically composed by p65:p50 subunits as activator or 
p50:p50 homodimer as repressor, is one of the main regulator 
of pro-inflammatory mediators induction (Tak and Firestein, 
2001). Specifically, we found that primary microglia with Lrrk2 
genetic deletion and immortalized BV2 microglia with LRRK2 
pharmacological inhibition exhibited increased PKA-mediated 
serine 337 phosphorylation and nuclear NFκB p50 subunit. In 
resting/unstimulated cells NFκB p50:p50 homodimers phos-
phorylated by PKA are constitutively imported into the nucleus, 
where they bind and repress NFκB target gene, whereas, the 
p50/p65 heterodimers are confined in the cytoplasm in an inac-
tive form by forming a complex with IκB proteins (Guan et al., 
2005). Then, upon stimulation, activated p50:p65 heterodimers 
translocate into the nucleus, compete and displace DNA-bound 
p50:p50 to initiate inflammatory-induced NFκB target genes 
transcription. Our results are supported also by Kim and col-
leagues, who showed that BV2 cells with LRRK2 knocked-down 
reported reduced NFκB transcription activity after lipopolysac-
charide priming and increased p50:p50 homodimer bound to 
NFκB target site compared to wild-type (WT) cells (Kim et al., 
2012), further indicating that LRRK2 controls NFκB inhibitory 
signaling. Overall, we hypothesized that the enhanced phos-
phorylation of NFκB p50 inhibitory subunit bound to DNA 
may hamper the binding of NFκB p65:p50 and the activation of 

gene transcription upon inflammatory priming, thus resulting 
in the reduction of inflammatory response in Lrrk2 knock-out 
or pharmacologically inhibited microglia cells. In agreement 
with these results, in our last and follow-up study (Russo et al., 
2018) we found that brain lysates from LRRK2 G2019S KI mice, 
which mutation increases the kinase activity of the protein, 
exhibited reduced NFκB p50 S337 phosphorylation compared 
to WT mice. Moreover, of relevant interest, we demonstrated 
that primary microglia isolated from LRRK2 G2019S KI mice 
reported increased inflammatory response compared to WT 
microglia upon stimulation with α-synuclein pre-formed fibrils. 
Taken together, these observations indicate that LRRK2 kinase 
activity regulates microglial inflammation through control of 
PKA-NFκB p50 inhibitory signaling. Moreover, our findings 
suggest that LRRK2 G2019S, as well as all other pathological 
mutations that confer increased kinase activity, favors the tran-
sition of microglia toward a pro-inflammatory state, which, in 
turn, may result in an exacerbated neuroinflammation in LR-
RK2-related PD patients. Supporting this hypothesis, Dzamko 
et al., (2016) showed that LRRK2 G2019S carriers exhibit higher 
levels of peripheral NFκB-dependent inflammatory cytokines 
compared to control subjects (Dzamko et al., 2016).

Successively, in the attempt of gaining more insights into LR-
RK2-PKA axis, we used a combination of in vitro and ex vivo 
systems with hyperactive or inactive LRRK2 as well as different 
readouts of PKA activity to specifically evaluate the impact of 
LRRK2 on the PKA activation state. PKA enzyme, composed 
by a dimeric regulatory subunit (R) bound to two catalytic (C) 
subunits, is part of a multifunctional complex, which includes 
scaffold A-kinase anchoring proteins (AKAP) important in the 
compartmentalization of cAMP signaling, phosphatases and 
phosphodiesterases crucial for regulating the magnitude and 
the duration of PKA signaling. In this context, LRRK2 has been 
proposed as a neuronal AKAP, since it interacts with PKA RIIβ 
subunit and neurons with Lrrk2 knock-out reported RIIβ dis-
persed in the dendritic spines (Greggio et al., 2017). Of interest, 
by exploring LRRK2-dependent modulation of PKA activity, we 
found that LRRK2 G2019S interacts more with RIIβ compared 
to WT protein in HEK293T cells and brain lysates from LRRK2 
G2019S KI mice exhibit increased phosphorylation of RIIβ 
compared to WT mice. Auto-phosphorylation of RII controls 
the interaction between RII dimer and C subunits and the bind-
ing of RII with AKAP, all steps important for the activation/
inactivation state of PKA (Greggio et al., 2017). Whereas, loss 
of LRRK2 or its kinase inhibition results in a decrease of RIIβ 
phosphorylation and of LRRK2-RIIβ interaction. Taken togeth-
er, these findings provide additional evidence that LRRK2 ki-
nase activity regulates the on/off state of PKA and reveal LRRK2 
G2019S as a brake and LRRK2 inhibition as an activator of PKA 
signaling. 

Given the crucial role of phosphodiesterases in controlling 
the magnitude/duration of PKA signaling and the well-estab-
lished link between PDE4 and the inflammatory responses in 
microglia, we then investigated whether LRRK2 activity affects 
cAMP levels. Interestingly, we found that microglia treated with 
LRRK2 kinase inhibitor display increased levels of cAMP com-
pared to control cells, indicating that LRRK2 activity impacts 
cAMP degradation (Russo et al., 2018). In support of these re-
sults, we also observed that pharmacological inhibition of PDE4 
activity affects PKA-mediated NFκB p50 phosphorylation and 
the combined treatment of PDE4 and LRRK2 inhibitors results 
in a similar increment of NFκB p50 phosphorylation compared 
to cells treated with PDE4 inhibitor alone, suggesting that 
LRRK2 kinase inhibition increases cAMP levels by inhibiting 
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PDE4 activity. In this regard, PDE4B, the most PDE4 expressed 
in microglia cells, represents a promising modulator of microg-
lia activation and neuroinflammation, and intriguingly, it has 
been proposed as a pharmacological target to reduce neuroin-
flammation (Pearse and Hughes, 2016). Evidence of therapeutic 
efficacy of PDE4 selective inhibitors has been demonstrated ex-
perimentally in a wide range of neurological diseases and injury 
models where inflammation plays an important role.

Conclusions: Overall, our findings, even if mainly performed 
in murine models, clearly indicate that LRRK2 kinase activity 
is a regulator of PKA-NFκB pathway and suggest PDE4 as a 
novel LRRK2 effector protein in microglia cells. Future studies 
directed at understanding LRRK2-dependent regulation of 
PDE4 will offer a more defined scenario of LRRK2 biology and 
pathobiology in these cells. Of relevance, our observations sug-
gest that LRRK2 pathological mutations with increased kinase 
activity may stimulate PDE4-mediated cAMP degradation and 
consequently inhibit PKA-NFκB p50 pathway (Figure 1), thus 
promoting the transition of microglia toward an overactive 
state. Therefore, it is tempting to speculate that LRRK2 activi-
ty contributes to sustainment of neuroinflammation and that 
pharmacological inhibition treatments may be effective at atten-
uating chronic neuroinflammation and neurodegeneration in 
LRRK2-related PD patients.
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Figure 1 LRRK2 kinase activity regulates PKA-NFκB p50 
inhibitory pathway. 
Microglial cells with LRRK2-G2019S exhibit increased LR-
RK2-RIIβ interaction and RIIβ phosphorylation state and a 
reduction of PKA-mediated NFκB p50 phosphorylation level, 
indicative of an inhibition state of PKA. Whereas, microglia 
cells with LRRK2 pharmacological inhibition (GSK) exhibit 
reduced LRRK2-RIIβ interaction and RIIβ phosphorylation 
state, increased cAMP and PKA-mediated NFκB p50 phos-
phorylation levels, all indicative of an activation state of PKA. 
LRRK2: Leucine-rich repeat kinase; PKA: protein kinase A; 
NFκB: nuclear factor kappa B.


