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Abstract Hereditary sensory neuropathy type 1 (HSAN1) may be the first genetic neuropa-
thy amenable to a specific mechanism-based treatment, as L-serine supplementation can
be used to lower the neurotoxic levels of 1-deoxysphingolipids (1-deoxySL) that cause
the neurodegeneration. The treatment is so far untested in HSAN1C caused by variants
in the serine palmitoyl transferase subunit 2 (SPTLC2) gene. The aim of this study was to es-
tablish whether oral L-serine lowers 1-deoxySL in a patient with HSAN1C, to perform a dose
escalation to find the minimal effective dose, and to assess the safety profile and global met-
abolic effects of the treatment. Our patient underwent a 52-wk treatment in which the L-ser-
ine dose was titrated up to 400 mg/kg/day. She was followed up by repeated clinical
examination, nerve conduction testing, and skin biopsies to document effects on small
nerve fibers. Serum was assayed for 1-deoxySL and metabolomics analysis of 111 metabo-
lites. We found a robust lowering of 1-deoxySL, which correlated in a near-linear fashion
with increased serum L-serine levels. Metabolomics analysis showed a modest elevation
in glycine and a marked reduction in the level of cytosine, whereas most of the other as-
sayed metabolites did not change. There were no direct side effects from the treatment,
but the patient developed a transitory toe ulceration during the course of the study. The
Charcot-Marie-Tooth neuropathy score increased by 1 point. We conclude that oral sup-
plementation of L-serine decreases 1-deoxySL in HSAN1C without major global effects
on metabolism. L-serine is therefore a potential treatment for HSAN1C.

[Supplemental material is available for this article.]

INTRODUCTION

Hereditary neuropathies, commonly known as Charcot-Marie-Tooth disease (CMT), are a
genetically diverse group of disorders with a total population frequency of approximately
1in 2500 (Reilly et al. 2011). In two specific hereditary neuropathies a toxic disease mecha-
nism is implicated: hereditary sensory and autonomic neuropathy (HSAN) types IA and IC are
caused by variants in the genes SPTLCT (Dawkins et al. 2001) and SPTLCZ2 (Rotthier et al.
2010), respectively. These genes encode subunits of serine palmitoy! transferase (SPT), a
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pyridoxal 5'-phosphate (PLP)-dependent enzyme needed for sphingolipid biosynthesis
(Hanada 2003). Disease-causing variants lead to the incorporation of L-alanine or glycine
in the place of L-serine, causing the accumulation of neurotoxic deoxysphingolipids (1-
deoxySL) and deoxymethylsphingolipids in the bloodstream (Penno et al. 2010; Rotthier
et al. 2010).

Increasing the substrate availability of SPT by oral supplementation with L-serine lowers
1-deoxySL levels in a mouse model and humans with SPTLC1 variants (Garofalo et al. 2011).
Therefore, L-serine is being tested as a treatment for HSAN1TA (clinicaltrials.gov;
NCT01733407) but so far the supplementation is untested in HSAN1C. L-serine supplemen-
tation is also used in congenital disorders of L-serine synthesis (El-Hattab 2016) and has been
tested as a potential neuroprotective agent in amyotrophic lateral sclerosis (ALS) (Levine
et al. 2017).

Enzymatic activity of SPT requires SPTLC1 together with the PLP-binding catalytic sub-
unit STPLC2, which is present in lower amounts and is therefore rate-limiting. In addition,
there is a third subunit, SPTLC3, whose expression is highly tissue-specific (Hornemann
et al. 2006). SPTLC2 and SPTLC3 are structurally similar and can be replaced by each other.
Their tissue-specific expression may allow the adaptation to specific requirements for sphin-
golipid synthesis depending on cell type and developmental stage (Hornemann et al. 2007).
Mutations in SPTLC1 and SPTLC2 probably cause 1-deoxySL elevations through similar
mechanisms, as most of the known mutations of both subunits are situated near the PLP
binding site in the enzyme's three-dimensional structure (Bode et al. 2016). However, given
that SPTLC2 is the rate-limiting catalytic subunit, and that it may be functionally redundant in
certain tissues, it is of interest to explore the effects of L-serine supplementation also in the
setting of SPTLC2 mutation. Moreover, it is important to perform a dose-escalation study in
order to determine the lowest L-serine dose at which 1-deoxySL levels are suppressed. The
aim of this study was to test whether L-serine lowers 1-deoxySL levels in HSAN1C and to gain
knowledge of the clinical and metabolic consequences of prolonged exposure to high-dose
L-serine.

RESULTS

Experimental Treatment Protocol and Clinical Findings

The previously described patient 323 (Suriyanarayanan et al. 2016), is a female with sensory-
predominant axonal neuropathy and small fiber neuropathy starting at age 54 caused by
SPTLC2 p.(Arg183Trp). At the start of this trial, the patient’s age was 67, weight 98 kg,
and height 165 cm. Her permanent medication consisted of losartan, bisoprolol, and hydro-
chlorothiazide for hypertension and nortriptyline for neuropathic pain.

L-serine (Sterling Supplements and the Serine Store; http:/theserinestore.com/) was
administered orally in the form of a powder mixed in water. The dose was titrated at 3-wk
intervals at 50-100-200-300 mg/kg/day such that the target dose of 400 mg/kg/day was
reached on week 13, which was the highest dose previously tested for HSAN1A patients
(Garofalo et al. 2011). The study was continued for a total of 52 wk.

The patient did not develop immediate side effects from the treatment. Her subjective
sensations of neuropathic symptoms were essentially stable but she did report some
increased tingling and pains distally in her hands soon after the start of the study. For
this, she was placed on gabapentin, which continued until the end of the study. At
week 45 (i.e., when she had used 400 mg/kg/day L-serine for 32 wk), swelling and an
ulceration had developed on one toe. Therefore, as a precaution the dose was lowered to
200 mg/day combined with oral cephalosporin for 14 d and careful local nurture. After
this, the swelling and ulceration subsided. A peripheral circulatory disturbance was excluded
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Table 1. Clinical and neurophysiologic parameters

Prestudy Week 22 End of study
L-serine dose 0 400 mg/kg/day 200 mg/kg/day
Serum 1-deoxySO 0.385 pM 0.192 pM 0.218 uyM
Serum 1-deoxySA 0.154 pM 0.031 pM 0.061 uM
Sensory symptoms 3 3 2
Motor symptoms (legs) 1 1 1
Motor symptoms (arms) 1 1 1
Pinprick sensibility 2 2 2
Vibration 2 2 2
Strength (legs) 1 1 1
Strength (arms) 0 1 2
Ulnar CMAP 7.4 mV (0) 6.5mV (0) 7.6 mV (0)
Radial SAP 22.8 pV (0) 20.8 pV (0) 20.8 pV (0)
TOTAL CMTNS 10 11 11

Clinical symptoms and findings were scored according to the Charcot-Marie~Tooth neuropathy score second version
(CMTNS) on a scale of 0-4 for each item, as previously described (Murphy et al. 2011). For the neurophysiological
parameters, the measured values are given together with the CMTNS score in parentheses.

CMAP, compound muscle action potential; SAP, sensory nerve action potential.

by a normal ankle-brachial pressure index, but MRI of the foot showed chronic skeletal
deformities that may have predisposed to abrasion.

No other new symptoms developed during the trial. Her Charcot-Marie-Tooth neurop-
athy score (second version) increased by one point during the study, because of increased
weakness in the arms, whereas sensory symptoms improved slightly. No changes were
observed on nerve conduction studies (NCS) and quantitative sensory testing parameters af-
ter the study (Table 1). Her prestudy skin biopsy had been negative for intraepidermal nerve
fibers (Suriyanarayanan et al. 2016). Repeated biopsies at weeks 22 and 52 remained nega-
tive, although in the latter there were slight features indicative of regenerating fibers that
nevertheless did not reach the quantitative threshold.

Metabolic Effects of L-Serine Supplementation

Upon routine laboratory testing, no significant changes were observed on blood cell counts
or plasma cholesterol, triglycerides, glucose, or liver transaminases.

In metabolomics analysis, the serum level of L-serine showed a strong increase as the
L-serine dose was titrated upward (Fig. 1A). The serum L-serine level correlated with the
supplemented dose, approximating a second-order polynomial relationship (R?=0.90;
Fig. 1B). On the 400 mg/kg/day dose, the serum L-serine level was increased on average
3.2 £0.38-fold (average + standard deviation) of the pretreatment levels. 1-DeoxySL levels
showed close to linear correlation with serum L-serine (R? =0.63 for 1-deoxysphingosine
[1-deoxySO] and R?=0.75 for 1-deoxysphinganine [1-deoxySA]; Fig. 1C). The levels of
deoxymethylsphinganine, which is formed upon glycine incorporation, were suppressed
upon L-serine supplementation but the levels were close to the detection limit and therefore
the data may not be reliable (Supplemental Fig. 1A). On 400 mg/kg/day L-serine, total 1-
deoxySL (1-deoxySO + 1-deoxySA) reached the normal range, <0.3 uM, corresponding to
the 95th percentile measured in healthy individuals (Fig. 1A). Of the normal C;g sphingoid
base products of SPT, sphingosine (SO) and sphinganine (SA), there were no significant
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Figure 1. Serum metabolites during L-serine supplementation. (A) The serum L-serine level increased and 1-
deoxySL level decreased over the course of the study. Shown on the horizontal axis are the time points at which
anew L-serine dose was begun. Next to the L-serine trace are the week numbers at which the sample was tak-
en. The upper limit of normal for L-serine (177 pM) is indicated by the upper gray dotted line and the upper
limit of normal (0.3 uM) for total 1-deoxySL (1-deoxySO + 1-deoxySA) is indicated by the lower gray dotted
line. (B) Serum L-serine plotted against the oral dose, the trend line is a second-order polynomial curve (R?
=0.90). (C) Plotting the serum 1-deoxySL against serum L-serine shows that 1-deoxySL levels decrease
upon administration of L-serine. (D) Metabolomic analyses of 111 serum metabolites were performed and plot-
ted on a heatmap. Data are shown for metabolites showing a negative correlation with serum L-serine: y-glu-
tamylcysteine (R?=0.30), cytosine (R?=0.48), kynurenic acid (R?=0.37); ora positive correlation with L-serine:
asparagine (R? = 0.36), trimethylamine-N-oxide (R* = 0.40), symmetric dimethylarginine (R?=0.42), and gly-
cine (R? =0.44). The correlations were statistically significant (Benjamini—Hochberg method for 95 observa-
tions assuming 33% false discovery rate) for cytosine, glycine, symmetric dimethylarginine, and trimethyl-N-
oxide. Data are organized according to the sampling weeks as indicated above the plot (week —1 corresponds
to a sample that was taken before initiation of the trial). (E) The relative level of serum glycine is shown in re-
lation to the serum level of L-serine, such that the average pretreatment levels are taken as 1. (F) The corre-
sponding curve for serum cytosine; note that the trend line is shown only for the portion above the
horizontal axis. Trend lines are shown with 95% confidence intervals (dotted lines).

changes, which likely reflects their regulation by metabolic feedback mechanisms
(Supplemental Fig. 1B).

A heatmap was generated to analyze the levels of all other assayed metabolites.
Selected metabolites are shown in Figure 1D, the whole heatmap in Supplemental
Figure 2, and numeric metabolomics data in Supplemental Table 1. Although the
majority of metabolites showed no correlation with serum L-serine, a positive correlation
was found between the serum L-serine and glycine (R? = 0.44; Fig. 1E). This was expected,
because glycine can be directly synthesized from L-serine. On 400 mg/kg/day L-serine,
serum glycine was on average 1.35 =0.22-fold increased compared with pretreatment
levels. The most significant negative correlation to serum L-serine was found for
cytosine, which decreased on average to 0.16 + 0.07-fold on the highest L-serine dose
(Fig. 1F).
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DISCUSSION

This study provides the first data on the effects of L-serine supplementation in HSAN1C. The
results are important considering the potential use of L-serine in future trials for HSAN1C and
for treating other disorders such as HSAN1A and ALS.

L-serine supplementation is effective at lowering 1-deoxySL in HSAN1A disease.
However, there are differences between the SPTLC1 and SPTLC2 subunits—namely that
SPTLC2 is the catalytic subunit that binds the pyridoxal 5'-phosphate coenzyme, whereas
SPTLC1 does not (Hanada 2003), and that the expression of SPTLC2 determines the catalytic
rate. Therefore, the effects of L-serine supplementation may not be the same in HSAN1A and
HSAN1C. We chose a dose escalation approach in order to find the lowest dose at which 1-
deoxySL levels become suppressed. Our data show that the serum 1-deoxySL has a near
linear correlation to the supplemented dose, reaching normal levels at 400 mg/kg/day.
This suggests that more clinical benefit may be anticipated at higher doses. The level of
1-deoxySO decreased slower than that of 1-deoxySA, which is consistent with 1-deoxySO
being the downstream product of 1-deoxySA (Alecu et al. 2017). These data show that L-
serine supplementation is also effective in lowering plasma 1-deoxySL in HSAN1C and is
a potential treatment for both forms of HSAN1.

Based on this single case and one-year follow-up, we cannot conclude whether the
achieved 1-deoxySL reduction was sufficient to stop or slow the progression of the disease.
Our patient’'s CMTNS increased by one point because of a reduced arm strength, although
we observed a slight improvement in her sensory symptoms. The NCS measurements
remained stable. The rarity and slow natural progression of HSAN1C makes it difficult to
set up sufficiently powered clinical trials to confirm a mild clinical outcome measure. To
our knowledge, nine families with HSAN1C have so far been reported (Rotthier et al.
2010; Murphy et al. 2013; Ernst et al. 2015; Suriyanarayanan et al. 2016). It was shown recent-
ly that 1-deoxySL, although not degraded by the canonical sphingolipid catabolic pathway,
is metabolized by a set of CYP4F enzymes as part of a physiological lipid detoxification
mechanism (Alecu et al. 2017). A stimulation of this pathway (e.g., by fibrates) (Othman
et al. 2015) should be synergistic to L-serine supplementation. Thus a more potent
1-deoxySL decrease could be reached at lower doses of L-serine.

The utility of CMTNS in clinical trials is limited by its low sensitivity (Mannil et al. 2014).
Therefore, we used skin biopsy with PGP9.5 staining for small fibers as a second biomarker.
The biopsy was negative for small fibers before the start of the study, and no recovery of
small fibers was observed at the end of the study. This suggests that nerve fibers that
have already been lost do not effectively regenerate despite the reduced 1-deoxySL levels,
or that a biopsy from the distal part of the leg is not sensitive enough to document a slight
regenerative change. Biopsies from a more proximal site (Fridman et al. 2015) or imaging of
corneal small fibers by confocal microscopy (Tavakoli et al. 2010) could be a more sensitive
method for following small fiber integrity in future studies.

L-serine supplementation was not associated with any evident side effects in our patient.
The patient did develop an ulcer after being on the 400 mg/kg/day (40 g/day) dose for 32 wk
that later healed when the dose was decreased to 200 mg/kg/day. However, ulceration may
have rather been a consequence of absent distal sensation and skeletal deformities, but
because she had not reported ulcers previously we cannot fully exclude that it was also
related to the treatment. It is therefore important to pay special attention to skin changes
in future trials for HSAN1C. The overall tolerance of L-serine in our patient is in line with
its reported safety in the previous trial for ALS where the highest dose was 30 g/day for
up to 6 mo (Levine et al. 2017), HSAN1A where doses reached 400 mg/kg/day (Garofalo
et al. 2011), and a toxicity study in rats using daily doses of up to 2900 mg/kg (Tada et al.

Auranen et al. 2017 Cold Spring Harb Mol Case Stud 3: a002212 50f8



L-serine for hereditary neuropathy

2010). The use of nortriptyline by our patient is important to note. Tricyclic antidepressants
have been shown to affect sphingolipid metabolism by inhibiting acid sphingomyelinase
(ASM), which produces ceramide through hydrolysis of sphingomyelin (Beckmann et al.
2014). Altered signaling from ceramide-induced membrane domains has been implicated
in depression and other disorders (Beckmann et al. 2014; Gulbins et al. 2015). Ceramide
is also produced de novo via the SPT-catalyzed reaction. Thus nortriptyline and L-serine
both have the potential to affect ceramide-dependent signaling, but the absence of unex-
pected side effects such as mood changes in our patient suggests that their combination
is safe.

In addition to being incorporated into proteins, L-serine serves as a precursor for several
essential metabolites including sphingolipids, the plasma membrane component phospha-
tidyl-serine, and the neurotransmitters glycine and D-serine. L-serine can be removed
through conversion into glycine by serine hydroxymethyl-transferase or through degradation
into pyruvate and ammonia by serine hydratase (El-Hattab 2016). Because of the involve-
ment of L-serine in multiple metabolic pathways, we chose an unbiased metabolomics
approach to document unexpected metabolic effects. We found a trend toward a second-
order relationship between serum L-serine concentration and the supplemented dose.
This suggests that the pathways catabolizing L-serine may become saturated at very high
doses, which could theoretically increase the risk of toxicity. We also found a moderate in-
crease in serum glycine, as expected because of its conversion from L-serine. As the de-
oxymethylsphingolipids levels were also suppressed by L-serine supplementation, the
glycine elevation does not appear to limit the efficiency of the treatment.

Furthermore, we observed a significant drop in the level of the DNA/RNA base cytosine.
The biochemical mechanism of this decrease is not known but may be related to the central
role of L-serine in one-carbon metabolism (Meiser et al. 2016). There was no indication of
defective nucleic acid metabolism such as cytopenia, so the clinical significance of the cyto-
sine depletion is not clear. The vast majority of the assayed metabolites did not change
significantly in response to L-serine. We therefore conclude that there does not seem to
be significant global metabolic effects from high-dose L-serine supplementation.

In conclusion, we have shown that L-serine is effective at lowering 1-deoxySL in HSAN1C
with restricted effects on global metabolite levels. Doses up to 400 mg/kg/day are likely to
be safe in this patient population.

METHODS

Standard clinical testing was performed at HUSLAB laboratory, Helsinki University Hospital.
Metabolomics analyses were carried out at the Metabolomics Unit, Technology Centre,
Institute for Molecular Medicine Finland FIMM, University of Helsinki. A detailed description
of the method for metabolomics analysis from serum for 100 metabolites has been pub-
lished recently (Nikkanen et al. 2016). For 11 additional metabolites, the same extracted
samples from 100 metabolites analysis were injected under different chromatography and
mass spectrometry conditions for the analysis of methionine cycle metabolites together
with calibration curve. Instrumental and analytical conditions were the same as for 100 me-
tabolites analysis except that metabolites were separated in 5.6 min of run time using 10 mM
ammonium formate, pH 3 in the mobile phase A and B. The detection system, a Xevo TQ-S
tandem triple quadrupole mass spectrometer, was operated in only positive polarity and op-
timized mass-dependent parameters like declustering potential (DP) and collision energy
(CE) were used for detection of the methionine cycle metabolites. Data were analyzed
with MetaboAnalyst 3.0. (http://www.metaboanalyst.ca/), excluding variables with missing
values due to being below the detection limit.
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Total sphingoid base levels after hydrolysis (SO, SA, 1-deoxySO, and 1-deoxySA) were
measured as described previously (Suriyanarayanan et al. 2016). The patient underwent se-
rial clinical evaluation using the Charcot-Marie-Tooth neuropathy score (second version,
CMTNS) (Murphy et al. 2011), NCS, quantitative sensory testing, and skin punch biopsies
taken 10 cm proximal to the lateral malleolus with PGP9.5 immunostaining for intraepider-
mal nerve fibers. Statistical analyses were performed with GraphPad.

ADDITIONAL INFORMATION

Data Deposition and Access

Metabolomics data have been deposited to Metabolomics Workbench (www.metabo
lomicsworkbench.org/), study number STO00876.

Ethics Statement

The study was approved by the institutional ethics review board of Helsinki University
Hospital (decision number 130/13/03/01/2015), and the patient gave written informed
consent.

Acknowledgments

We thank the patient for taking part in the study. Riitta Lehtinen is thanked for technical help.
The Metabolomics Unit, Technology Centre, Institute for Molecular Medicine Finland FIMM,
University of Helsinki is thanked for performing metabolomics analyses. The study was sup-
ported by the following funding sources: Hospital District of Helsinki and Uusimaa (HUS);
Academy of Finland; 7th Framework Program of the European Commission (“RESOLVE,”
Project number 305707); the Swiss National Foundation SNF (Project 31003A_153390/1);
and the Rare Disease Initiative Zurich (“radiz,” Clinical Research Priority Program for Rare
Diseases, University of Zurich).

Author Contributions

M.A., H.T,, T.H., and E.Y. conceived and designed the experiments. J.T. performed neuro-
physiologic analyses. A.P. performed pathologic analyses. M.A. and E.Y. performed clinical
analysis. S.S. and M.A.L. performed experiments. E.Y. drafted the manuscript. All authors
critically reviewed the manuscript.

REFERENCES

Alecu |, Othman A, Penno A, Saied EM, Arenz C, von Eckardstein A, Hornemann T. 2017. Cytotoxic 1-de-
oxysphingolipids are metabolized by a cytochrome P450-dependent pathway. J Lipid Res 58: 60-71.
Beckmann N, Sharma D, Gulbins E, Becker KA, Edelmann B. 2014. Inhibition of acid sphingomyelinase by

tricyclic antidepressants and analogons. Front Physiol 5: 331.

Bode H, Bourquin F, Suriyanarayanan S, Wei Y, Alecu |, Othman A, Von Eckardstein A, Hornemann T. 2016.
HSAN1 mutations in serine palmitoyltransferase reveal a close structure-function-phenotype relationship.
Hum Mol Genet 25: 853-865.

Dawkins JL, Hulme DJ, Brahmbhatt SB, Auer-Grumbach M, Nicholson GA. 2001. Mutations in SPTLC1, encod-
ing serine palmitoyltransferase, long chain base subunit-1, cause hereditary sensory neuropathy type I. Nat
Genet 27: 309-312.

El-Hattab AW. 2016. Serine biosynthesis and transport defects. Mol Genet Metab 118: 153-159.

Emnst D, Murphy SM, Sathiyanadan K, Wei Y, Othman A, Laura M, Liu YT, Penno A, Blake J, Donaghy M, et al.
2015. Novel HSAN1 mutation in serine palmitoyltransferase resides at a putative phosphorylation site that
is involved in regulating substrate specificity. Neuromolecular Med 17: 47-57.

Auranen et al. 2017 Cold Spring Harb Mol Case Stud 3: a002212 7 0f8


http://www.metabolomicsworkbench.org/
http://www.metabolomicsworkbench.org/
http://www.metabolomicsworkbench.org/
http://www.metabolomicsworkbench.org/

L-serine for hereditary neuropathy

Fridman V, Oaklander AL, David WS, Johnson EA, Pan J, Novak P, Brown RH Jr, Eichler FS. 2015. Natural his-
tory and biomarkers in hereditary sensory neuropathy type 1. Muscle Nerve 51: 489-495.

Garofalo K, Penno A, Schmidt BP, Lee HJ, Frosch MP, von Eckardstein A, Brown RH, Hornemann T, Eichler FS.
2011. Oral L-serine supplementation reduces production of neurotoxic deoxysphingolipids in mice and hu-
mans with hereditary sensory autonomic neuropathy type 1. J Clin Invest 121: 4735-4745.

Gulbins E, Walter S, Becker KA, Halmer R, Liu Y, Reichel M, Edwards MJ, Miller CP, Fassbender K,
Kornhuber J. 2015. A central role for the acid sphingomyelinase/ceramide system in neurogenesis and ma-
jor depression. J Neurochem 134: 183-192.

Hanada K. 2003. Serine palmitoyltransferase, a key enzyme of sphingolipid metabolism. Biochim Biophys Acta
1632: 16-30.

Hornemann T, Richard S, Rutti MF, Wei Y, von Eckardstein A. 2006. Cloning and initial characterization of a new
subunit for mammalian serine-palmitoyltransferase. J Biol Chem 281: 37275-37281.

Hornemann T, Wei Y, von Eckardstein A. 2007. Is the mammalian serine palmitoyltransferase a high-molecular-
mass complex? Biochem J 405: 157-164.

Levine TD, Miller RG, Bradley WG, Moore DH, Saperstein DS, Flynn LE, Katz JS, Forshew DA, Metcalf JS,
Banack SA, et al. 2017. Phase | clinical trial of safety of L-serine for ALS patients. Amyotroph Lateral
Scler Frontotemporal Degener 18: 107-111.

Mannil M, Solari A, Leha A, Pelayo-Negro AL, Berciano J, Schlotter-Weigel B, Walter MC, Rautenstrauss B,
Schnizer TJ, Schenone A, et al. 2014. Selected items from the Charcot-Marie-Tooth (CMT) Neuropathy
Score and secondary clinical outcome measures serve as sensitive clinical markers of disease severity in
CMT1A patients. Neuromuscul Disord 24: 1003-1017.

Meiser J, Tumanov S, Maddocks O, Labuschagne CF, Athineos D, Van Den Broek N, Mackay GM, Gottlieb E,
Blyth K, Vousden K, et al. 2016. Serine one-carbon catabolism with formate overflow. Sci Adv 2: 1601273.

Murphy SM, Herrmann DN, McDermott MP, Scherer SS, Shy ME, Reilly MM, Pareyson D. 2011. Reliability of
the CMT neuropathy score (second version) in Charcot-Marie-Tooth disease. J Peripher Nerv Syst 16:
191-198.

Murphy SM, Emst D, Wei Y, Laura M, Liu YT, Polke J, Blake J, Winer J, Houlden H, Hornemann T, et al. 2013.
Hereditary sensory and autonomic neuropathy type 1 (HSANI) caused by a novel mutation in SPTLC2.
Neurology 80: 2106-2111.

Nikkanen J, Forsstrom S, Euro L, Paetau |, Kohnz RA, Wang L, Chilov D, Viinamaki J, Roivainen A, Marjamaki P,
et al. 2016. Mitochondrial DNA replication defects disturb cellular ANTP pools and remodel one-carbon
metabolism. Cell Metab 23: 635-648.

Othman A, Benghozi R, Alecu |, Wei Y, Niesor E, von Eckardstein A, Hornemann T. 2015. Fenofibrate lowers
atypical sphingolipids in plasma of dyslipidemic patients: a novel approach for treating diabetic neuropa-
thy? J Clin Lipidol 9: 568-575.

Penno A, Reilly MM, Houlden H, Laurd M, Rentsch K, Niederkofler V, Stoeckli ET, Nicholson G, Eichler F,
Brown RH Jr, et al. 2010. Hereditary sensory neuropathy type 1 is caused by the accumulation of two neu-
rotoxic sphingolipids. J Biol Chem 285: 11178-11187.

Reilly MM, Murphy SM, Laura M. 2011. Charcot-Marie-Tooth disease. J Peripher Nerv Syst 16: 1-14.

Rotthier A, Auer-Grumbach M, Janssens K, Baets J, Penno A, Almeida-Souza L, Van Hoof K, Jacobs A, De
Vriendt E, Schlotter-Weigel B, et al. 2010. Mutations in the SPTLCZ subunit of serine palmitoyltransferase
cause hereditary sensory and autonomic neuropathy type I. Am J Hum Genet 87: 513-522.

Suriyanarayanan S, Auranen M, Toppila J, Paetau A, Shcherbii M, Palin E, Wei Y, Lohioja T, Schlotter-Weigel B,
Schén U, etal. 2016. The variant p.(Arg183Trp) in SPTLCZ2 causes late-onset hereditary sensory neuropathy.
Neuromolecular Med 18: 81-90.

Tada Y, Yano N, Takahashi H, Yuzawa K, Ando H, Kubo Y, Nagasawa A, Chin K, Kawamata Y, Sakai R, et al.
2010. A 90-day feeding toxicity study of |-serine in male and female Fischer 344 rats. J Toxicol Pathol
23: 39-47.

Tavakoli M, Marshall A, Pitceathly R, Fadavi H, Gow D, Roberts ME, Efron N, Boulton AJ, Malik RA. 2010.
Corneal confocal microscopy: a novel means to detect nerve fibre damage in idiopathic small fibre neurop-
athy. Exp Neurol 223: 245-250.

Auranen et al. 2017 Cold Spring Harb Mol Case Stud 3: a002212 8of8



