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Is serine racemase (SRR) a second
hit target for LRRK2-G2019S induced
Parkinson’s disease?
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To date, at least 7 million people are
suffering from Parkinson’s disease (PD)
worldwide, which is the second most
prevalent, age-associated, and progressive
neurodegenerative disorder (Tysnes and
Storstein, 2017). Given the accelerated global
pace of aging, it becomes of fundamental
importance that we start understanding
the origins of neurodegeneration in order
to develop effective disease modifying
treatments. Most PD patients suffer
from a combination of motor and non-
motor disabilities. The motor symptoms
typically manifest in bradykinesia, tremor
and rigidity (Hoehn and Yahr, 2001). The
physical decline is directly linked to the loss
of dopaminergic neurons in the substantia
nigra pars compacta of the midbrain, which
disrupts dopamine signalling responsible
for movement and mobility (Lanciego et al.,
2012). The non-motor symptoms are more
diverse and include depression, anxiety,
loss of smell, constipation, sleep disorders,
and dementia (Chaudhuri and Schapira,
2009). Some of them precede the motor-
ones by decades, raising the possibility that
PD might have a long-term-compensated
neurodevelopmental origin, which only
manifests at older age and in presence of
other contributing factors (Le Grand et al.,
2014).

Both, the origin of neurodegeneration and
the disease itself, remain elusive. In regard
to the multiple-hit hypothesis, a multitude of
different environmental risk factors, as well
as genetic mutations most likely contribute
to the onset and progression of PD (Sulzer,
2007). As the major, idiopathic form of PD,
representing 85% of all cases (Klein and
Schlossmacher, 2006), has no known genetic
origin, its study remains a major challenge.
Therefore, research often focuses on its
underrepresented, familial counterpart that
possesses a known underlying mono-genetic
cause (Klein and Schlossmacher, 2006). PD,
however, is far from being a single risk factor
disorder (Lesage and Brice, 2009).

Interestingly, the most common
mutation underlying PD, LRRK2-G2019S,
phenotypically strongly resembles idiopathic
cases (Lesage and Brice, 2009). Additionally,
the age of onset of PD within these patients
varies considerably and the penetrance of
LRRK2-G2019S in the general population is
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incomplete, meaning that not all its carriers
develop PD (Golub et al., 2009; Lesage and
Brice, 2009). This observation highlights
that PD is a complex multi-factorial disease.
Consequently, other either inherent factors
within the patient’s genetic background or
extrinsic, through lifestyle acquired factors
seem to contribute to LRRK2-G2019S-
induced PD. The microbiome-gut-brain axis
for instance is involved in PD and LRRK2 plays
a role in intestine inflammation (Liu and
Lenardo, 2012; Benakis et al., 2020). As such,
by studying LRRK2-G2019S induced PD, we
can build a bridge between the known and
unknown origins of PD.

Within this conceptual context, we were
able to confirm that PD is a multi-variant
polygenic disease (Nickels et al., 2019). We
discovered the enzyme serine racemase
(SRR) as a possible developmental genetic
modifier that might predispose for PD in
LRRK2-G2019S carriers. We demonstrated
that neural epithelial stem cells (NESC) from
these patients display impaired self-renewal
and viability. Interestingly, LRRK2-G2019S was
only sufficient but not necessary to cause
these phenotypes, meaning that one part
of their manifestation was LRRK2-G2019S
independent. We could reveal that in our PD
disease model the genetic background plays
a decisive role. This was demonstrated by
gene-correcting or inhibiting LRRK2-G2019S
within patients, which was not rescuing the
phenotypes. Meaning that the phenotypes
within the patient cells- increased cell death
and decreased proliferation were partly due
to the patient genetic background and not
the mutation itself. In our attempts to reveal
potential contributing factors from the
patient genetic background, we identified
SRR as a possible susceptibility factor. We
could show that serine metabolism was
deregulated in LRRK2-G2019S carriers and
we rescued NESC phenotypes by serine
complementation. NESCs derived from
patients who carry LRRK2-G2019S exhibited
a severe downregulation in SRR and an
intracellular accumulation of L-serine, which
is in accordance with reduced SRR activity.
The phenotypes within the patient NESCs
were rescued by administrating D-serine,
the product of SRR, suggesting that SRR
represents the driving force behind the
phenotypes. These results were further
validated in human blood plasma of LRRK2-
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G2019S carriers, which revealed increased
serine levels, compared to idiopathic PD
cases and healthy individuals. We identified
SRR as being responsible for the observed
defects and proposed that it acted as a
potential novel enzymatic or genetic modifier
within the patient genetic background and
complements LRRK2-G2019S pathogenicity
(Figure 1).

Interestingly, LRRK2-G2019S alone is also
able to increase serine independently of the
genetic background and SRR deregulations
(Figure 1). Serine levels were increased,
independently of SRR transcript levels
when inserting the LRRK2-G2019S mutation
into cells derived from individuals having
a healthy background as well as in vivo in
the mouse striatum of specifically LRRK2-
G2019S carrying mice. This led us to the
conclusion that both factors together might
be responsible for disease manifestation
(Figure 1).

Overall, our study highlighted the
importance of selecting the appropriate
model and isogenic controls to study PD and
demonstrates the influence of the highly
variable patient genetic background on PD
pathogenesis. Nevertheless, some questions
remain to be answered.

Taking into consideration the incomplete
penetrance of LRRK2-G2019S we hypothesise
that impaired SRR represents a metabolic
second hit for developing PD. We speculate
that this deregulation of SRR affects in
particular the LRRK2-G2019S carriers.
These patients might have an increased
susceptibility towards SRR deregulations
because their serine metabolism is already
impaired by LRRK2-G2019S. In healthy
or unaffected individuals, the serine
impairments caused by LRRK2-G2019S
might be compensated either by regulating
LRRK2 or by upregulating serine levels.
However, in PD patients having- additionally
to the LRRK2-G2019S mutation and the
upregulated serine levels- a SRR impairment,
the compensatory strategy might fail and the
disease manifests (Figure 1). Interestingly,
it was shown that increased serine levels
correlate with PD progression and that PD
patients have different metabolite profiles
that clearly separate from those of LRRK2-
G2019S patients (Lewitt et al., 2017).
Moreover, D-serine metabolism and SRR
activity, as well as SNPs within that gene are
involved in several other neurodegenerative
diseases such as schizophrenia, Alzheimer’s,
and amyotrophic lateral sclerosis, which
share certain features with PD (Labrie et
al., 2009; Billard, 2018). Therefore, LRRK2-
G2019S patients could be stratified for SNP’s
involved in serine metabolism, the SRR locus
or its upstream regulators.
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Figure 1 | A SNP in SRR acts as a second hit for developing LRRK2-G2019S induced PD.

SRR downregulation, in the patient’s genetic background, happens independent of LRRK2-G2019S
and increased serine levels. A SNP for instance could be the underlying cause of the decreased SRR
expression. PD: Parkinson’s disease; SNP: single nucleotide polymorphism; SRR: serine racemase.

In addition, the underlying mechanism
of serine metabolism and its interaction
with LRRK2-G2019S are not yet identified.
Regardless of the presence of a SNP, there
is a clear need to clarify how LRRK2-G2019S
can increase serine levels. There might
be a either a direct interaction leading to
a point of no return or some epigenetic
mechanisms at work, which should be
elucidated. Serine deficiency for instance
increases inflammation and oxidative stress
through the gut-brain axis in aging mice
and D-serine production in the intestine,
was able to rescue sleep phenotypes in
SRR-KO drosophila (Dai et al., 2019; Wang
et al., 2020). Moreover, some evidence
suggests that the impact of serine and
SRR might extend towards PD in general.
Serine levels have been significantly
elevated in PD cohorts (Lewitt et al., 2017).
Therefore, the correlations between serine
metabolism, SRR, and PD in general should
be investigated. The underlying mechanism
could be linked to N-methyl-D-aspartate
receptor signaling, synaptic plasticity and
the increased vulnerability of dopaminergic
neurons towards the molecular mechanisms
of PD (Sulzer, 2007). Moreover, treatment
strategies based on serine complementation
should be considered. Dopaminergic neurons
are regulated by N-methyl-D-aspartate
receptor signaling, and in PD, hyperactive
glutamatergic transmission could cause
and worsen motor neuron degeneration
(Gelfin et al., 2012). Moreover, within the
Parkinson-diseased brain, deregulated
N-methyl-D-aspartate receptor signaling and
the associated motor dysfunctions can be
alleviated by D-serine treatment (Gelfin et
al., 2012).

Based on our previous work, we here

propose that further stratifying the origins
of PD, especially for LRRK2-G2019S carriers
and discovering the underlying mechanisms,
such as impaired serine metabolism and SRR
functionality would enable patient-specific,
disease-modifying treatments, prevention
strategies, and would lead the way towards
precision medicine.

Sarah Louise Nickels, .
Jens Christian Schwamborn
Luxembourg Centre for Systems Biomedicine

(LCSB), University of Luxembourg, Belvaux,
Luxembourg (Nickels SL, Schwamborn JC)
Riken Institute for Medical Sciences (IMS),
Kanagawa, Japan (Nickels SL)
*Correspondence to: Jens Christian Schwamborn,
PhD, jens.schwamborn@uni.lu.
https://orcid.org/0000-0003-4496-0559
(Jens Christian Schwamborn)

Received: March 12, 2020

Peer review started: March 15, 2020
Accepted: April 29, 2020

Published online: September 22, 2020

https://doi.org/10.4103/1673-5374.293140

How to cite this article: Nickels SL, Schwamborn JC
(2021) Is serine racemase (SRR) a second hit target
for LRRK2-G2019S induced Parkinson’s disease?
Neural Regen Res 16(3):498-499.

Copyright license agreement: The Copyright
License Agreement has been signed by both
authors before publication.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.

Open access statement: This is an open access
journal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

References

Benakis C, Martin-Gallausiaux C, Trezzi JP, Melton P,
Liesz A, Wilmes P (2020) The microbiome-gut-brain
axis in acute and chronic brain diseases. Curr Opin
Neurobiol 61:1-9.

Billard JM (2018) Changes in serine racemase-
dependent modulation of NMDA Receptor: Impact
on physiological and pathological brain aging. Front
Mol Biosci 5:1-13.

Chaudhuri KR, Schapira AH (2009) Non-motor
symptoms of Parkinson’s disease: dopaminergic
pathophysiology and treatment. Lancet Neurol
8:464-474.

Dai X, Zhou E, Yang W, Zhang X, Zhang W, Rao Y (2019)
D-Serine made by serine racemase in Drosophila
intestine plays a physiological role in sleep. Nat
Commun 10:1986.

Gelfin E, Kaufman Y, Korn-Lubetzki |, Bloch B, Kremer
I, Javitt DC, Heresco-Levy U (2012) D-serine
adjuvant treatment alleviates behavioural and
motor symptoms in Parkinson’s disease. Int J
Neuropsychopharmacol 15:543-549.

Golub Y, Berg D, Calne DB, Pfeiffer RF, Uitti RJ, Stoessl
AJ, Wszolek ZK, Farrer MJ, Mueller JC, Gasser
T, Fuchs J (2009) Genetic factors influencing
age at onset in LRRK2-linked Parkinson disease.
Parkinsonism Relat Disord 15:539-541.

Hoehn MM, Yahr MD (2001) Parkinsonism: onset,
progression, and mortality. 1967. Neurology
57:511-26.

Klein C, Schlossmacher MG (2006) The genetics of
Parkinson disease: Implications for neurological
care. Nat Clin Pract Neurol 2:136-146.

Lanciego JL, Luquin N, Obeso JA (2012) Functional
neuroanatomy of the basal ganglia. Cold Spring
Harb Perspect Med 2:1-20.

Le Grand JN, Gonzalez-Cano L, Pavlou MA,
Schwamborn JC (2014) Neural stem cells in
Parkinson’s disease: A role for neurogenesis defects
in onset and progression. Cell Mol Life Sci 72:773-
797.

Lesage S, Brice A (2009) Parkinson'’s disease: From
monogenic forms to genetic susceptibility factors.
Hum Mol Genet 18:48-59.

Liu Z, Lenardo MJ (2012) The role of LRRK2 in
inflammatory bowel disease. Cell Res 22:1092-
1094.

Nickels SL, Walter J, Bolognin S, Gérard D, Jaeger C,
Qing X, Tisserand J, Jarazo J, Hemmer K, Harms A,
Halder R, Lucarelli P, Berger E, Antony PMA, Glaab
E, Hankemeier T, Klein C, Sauter T, Sinkkonen L,
Schwamborn JC (2019) Impaired serine metabolism
complements LRRK2-G2019S pathogenicity in PD
patients. Park Relat Disord 67:48-55.

Lewitt PA, Li J, Lu M, Guo L, Auinger P (2017)
Metabolomic biomarkers as strong correlates of
Parkinson disease progression. Neurology 88:862-
869.

Labrie V, Fukumura R, Rastogi A, Fick LJ, Wang W,
Boutros PC, Kennedy JL, Semeralul MO, Lee FH,
Baker GB, Belsham DD, Barger SW, Gondo Y, Wong
AH, Roder JC (2009) Serine racemase is associated
with schizophrenia susceptibility in humans and in
a mouse model. Hum Mol Genet 18:3227-3243.

Sulzer D (2007) Multiple hit hypotheses for dopamine
neuron loss in Parkinson’s disease. Trends Neurosci
30:244-250.

Tysnes OB, Storstein A (2017) Epidemiology of
Parkinson’s disease. J Neural Transm 124:901-905.

Wang F, Zhou H, Deng L, Wang L, Chen J, Zhou X
(2020) Serine deficiency exacerbates inflammation
and oxidative stress via microbiota-gut-brain axis
in D-galactose-induced aging mice. Mediators
Inflamm 2020:5821428.

C-Editors: Zhao M, Li JY; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 16 | No.3 | March 2021 | 499



