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Abstract
Hereditary sensory and autonomic neuropathy type 1 (HSAN1) is a rare, autosomal dominantly inherited, slowly progressive 
and length-dependent axonal peripheral neuropathy. HSAN1 is associated with several mutations in serine-palmitoyltrans-
ferase (SPT), the first enzyme in the de novo sphingolipid biosynthetic pathway. HSAN1 mutations alter the substrate speci-
ficity of SPT, which leads to the formation of 1-deoxysphingolipids, an atypical and neurotoxic subclass of sphingolipids. 
This study describes the clinical and neurophysiological phenotype of a German family with a novel SPTCL2 mutation 
(c.529A > G; N177D) associated with HSAN1 and the biochemical characterization of this mutation.) The mutaion was 
identified in five family members that segregated with the diesease. Patients were characterized genetically and clinically for 
neurophysiological function. Their plasma sphingolipid profiles were analyzed by LC–MS. The biochemical properties of the 
mutation were characterized in a cell-based activity assay. Affected family members showed elevated 1-deoxysphingolipid 
plasma levels. HEK293 cells expressing the N177D SPTLC2 mutant showed increased de novo 1-deoxysphingolipid forma-
tion, but also displayed elevated canonical SPT activity and increased C20 sphingoid base production. This study identifies 
the SPTLC2 N177D variant as a novel disease-causing mutation with increased 1-deoxySL formation and its association 
with a typical HSAN1 phenotype.
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Introduction

Hereditary sensory and autonomic neuropathies (HSAN) 
are rare inherited disorders of the peripheral nervous sys-
tem, characterized by sensory and autonomic dysfunc-
tion (Houlden et  al. 2004). Seven subtypes of HSAN 

(HSAN1–HSAN7) have been described (Dyck 1993; 
Edvardson et al. 2012; Leipold et al. 2013) of which HSAN 
type I (HSAN1) is the most frequent one. HSAN1 has an 
autosomal dominant (AD) trait and is primarily character-
ized by axonal atrophy and a progressive degeneration of 
sensory neurons (Houlden et al. 2006). Onset of the disease 
is variable and can occur between early childhood up to 
the sixth decade of life (Auer-Grumbach 2013; Suriyanaray-
anan et al. 2016). HSAN1 is associated with mutations in 
two subunits of serine-palmitoyltransferase (SPT) (Rot-
thier et al. 2011; Penno et al. 2010). SPT is a heteromeric 
enzyme, which catalyzes the condensation of palmitoyl-
CoA and l-serine, the first and rate-limiting step in the de 
novo biosynthesis of sphingolipids (SLs). It is located at 
the outer membrane of the endoplasmic reticulum and com-
posed of the three subunits SPTLC1, SPTLC2 and SPTLC3 
(Hornemann et al. 2006). Further, regulatory components 
(ORMDL 1-3 and ssSPTa,b) were also reported (Breslow 
et al. 2010; Gupta et al. 2015; Davis et al. 2019). So far, 
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seven missense mutations in SPTLC1 (p.C133W, p.C133Y, 
p.C133R, p.V144D, p.S331F, p.S331Y and p.A352V) 
(Houlden et al. 2006; Dawkins et al. 2001; Klein et al. 
2005; Geraldes et al. 2004; Auer-Grumbach et al. 2013) and 
six missense mutations in SPTLC2 (p.V359M, p.G382V, 
p.I504F, p.A182P, p.S384F, and p.R183W) (Rotthier et al. 
2010; Ernst et al. 2015; Murphy et al. 2013; Suriyanaray-
anan et al. 2016) have been associated with HSAN1.

HSAN1 mutations cause a change in the amino acid 
specificity of SPT, so that in addition to the canonical l-ser-
ine, also l-alanine is used as an alternative substrate. This 
leads to de novo synthesis of an atypical subclass of SLs 
termed 1-deoxysphingolipids (1-deoxySLs). 1-deoxySLs 
lack the C1 hydroxyl group of canonical sphingolipids and 
therefore, are neither converted to complex sphingolipids 
nor degraded by the canonical sphingolipid catabolic path-
way. 1-deoxySLs are neurotoxic, affecting neurite formation 
and cytoskeleton integrity in cultured dorsal root ganglia 
(DRG) (Penno et al. 2010; Guntert et al. 2016). Moreover, 
pathologically elevated 1-deoxySL levels were found in 
plasma and lymphocytes of HSAN1 patients (Penno et al. 
2010) and in plasma and tissues of transgenic HSAN1 mice 
(Eichler et al. 2009; Garofalo et al. 2011).

In addition to palmitoyl-CoA, SPT can also metabo-
lize other acyl-CoAs in the range of C14–C18, which results 
in the formation of sphingoid bases with different carbon 
chain lengths (Hornemann et al. 2009). Besides increased 
1-deoxySL formation, some HSAN1 mutations also affect 
canonical SPT activity and the affinity for alternative acyl-
CoAs, therefore changing the spectrum of the sphingoid 
bases profiles (Hornemann et al. 2009). This is in particular 
true for the two SPTLC1 mutations (p.S331F, p.S331Y) and 
one SPTLC2 mutant (p.I504F). These mutants are associated 
with an exceptionally severe disease phenotype and show not 
only elevated 1-deoxySL formation, but also higher canoni-
cal activity and increased C20 sphingoid base formation 
(Auer-Grumbach et al. 2013; Suh et al. 2014).

Here, we report a novel HSAN1 causing mutation in 
SPTLC2 (c.529A > G; p.N177D). In addition to segregation 
studies in the family, we characterized the mutant biochemi-
cally in cell culture experiments to assess the pathogenicity 
of the mutation.

Materials and Methods

Patients

A family of five affected and three non-affected individu-
als participated in this study. All affected family members 
were clinically diagnosed for HSAN1. Patients carrying the 
mutations underwent a detailed diagnosis, based on clinical 
phenotype together with neurophysiological assessments. 

Plasma samples were obtained from all family members, 
with written informed consents. The manuscript is a retro-
spective case report that does not require ethics committee 
approval at our institution.

DNA Sequencing

Next generation sequencing (NGS) was performed after a 
gene enrichment procedure (Agilent in solution technology). 
The coding and the flanking intronic regions were sequenced 
(Illumina HiSeq 2500/4000). Only variants (SNVs/Small 
Indels) with a minor allele frequency of MAF < 1.5% in the 
coding and the flanking intronic regions (± 8 bp) were evalu-
ated. Known disease-causing variants (according to HGMD) 
were verified in ± 30 bp of the flanking regions and up to a 
MAF of 5%. At least one causative or rare variant was re-
sequenced using conventional Sanger sequencing, provid-
ing a second, independent, confirmation [for details refer to 
(Dohrn et al. 2017)].

Cloning

The N177D mutation was introduced into the SPTLC2 
cDNA by site-directed mutagenesis as described previously 
(Penno et al. 2010), using the following primers:

hSPTLC2_N177D_FW 5′-GTT​ATA​AAC​ATG​GGT​TCC​
TAC​GAC​TAT​CTT​GGA​TTT​GCA​CGG​-3′.

hSPTLC2_N177D_RV: 5′-CCG​TGC​AAA​TCC​AAG​ATA​
GTC​GTA​GGA​ACC​CAT​GTT​TAT​AAC​-3′. Constructs were 
verified by sequencing and by western blot for expression.

Sphingolipid Analysis in Serum

The Serum sphingoid base profile was analyzed in sera of 
blood samples collected from N177D carriers and unaffected 
healthy family members. 500 µl of methanol (Honeywell) 
including 200 pmol of deuterated internal standards (d7-sph-
inganine and d7-sphingosine, Avanti Polar Lipids, AL, USA) 
were added to the 100 µl of serum sample or frozen cell 
pellets resuspended in 100 µl PBS. Lipids were extracted at 
37 °C for 1 h with constant agitation at 1400rcf. Protein pre-
cipitates were removed by centrifugation (16000 rcf, 5 min) 
and 500 µl of the supernatant was transferred to new tubes 
and 75 μl of HCl (32%, Sigma) was added. The extracted 
lipids were hydrolyzed for 16 h at 65 °C. Acid hydrolysis 
was stopped by addition of 100 μl KOH (10 M). The free 
sphingoid bases were extracted with 125 μl of chloroform 
followed by washing with 100 μl of ammonium hydroxide 
(2 N) and 500 μl of alkaline water. The extracted lipids 
were separated on C18 column (Uptispere 120 A°, 5 μm, 
125 × 2 mm, Interchim) and analyzed on a TSQ Quantum 
Ultra MS analyzer (Thermo Scientific).



184	 NeuroMolecular Medicine (2019) 21:182–191

1 3

Cell based SPT Activity Assay

Stable HEK293 cell lines expressing either the vector 
control (VC), wildtype SPTLC2 (WT) or the SPTLC2 
mutant (N177D) were generated. For the sphingolipid 
synthesis assay, cells were cultured in DMEM (Sigma) 
with 10% fetal bovine serum (Sigma), 400 µg/ml of Gene-
ticin (Gibco) and penicillin/streptomycin (100 U/ml, and 
0.1 mg/ml, respectively, Sigma) for 48 h. Followed by 
the exchange of medium with l-serine deficient DMEM 
(Genaxxon Bioscience, Ulm, Germany). After 2 h, iso-
topic labelled (d3, 15 N)-serine (1 mM) and (d4)-alanine 
(2 mM) were added. Cells were harvested after 24 h, SPT 
activity and 1-deoxySL formation was measured by the 
incorporation of isotope-labeled (d3, 15 N)-serine and 
(d4)-alanine into the newly formed sphingoid bases using 
mass spectrometry as described above.

Homology Modelling

The human SPTLC2 model was generated from the pro-
tein structure homology-modelling server Swiss Model 
(http://swiss​model​.expas​y.org) based on the SPT struc-
ture from Sphingomonas paucimobilis (PBD entry code 
2JG2) (Yard et al. 2007). The resulting models showed 
QMEAN4 values of − 2.44 and GMQE values of 0.51. 
Structure of SPTLC2 with residue N177 was illustrated 
using VMD 1.9.2.

Results

Clinical Details

The pedigree revealed an AD inheritance of the clinical 
phenotype (Fig. 1a). The onset of symptoms varied from 
childhood to adults. Three (II-1; II-2; III-4) of five affected 
individuals had a late onset in the third decade, one patient 
(III-3) in the second decade presenting initially with reduced 
sensation in the feet and later with distal atrophy and pare-
sis. All except the youngest affected family member (III-5; 
15 years) had impaired wound healing and ulcerations. The 
youngest family member showed early onset symptoms in 
the first decade with slow motor development in childhood 
and the formation of a syrinx. Sensory loss occurred in 
gloves and stocking distribution; vibration perception was 
better than pinprick perception. Patient II-2 had restless legs; 
patients II-1 and III-3 had a history of diabetes mellitus. 
Electrophysiology was done in four of five patients. Due to 
the young age, patient III-5 was not analyzed. All patients 
had an axonal and demyelinating neuropathy (Table 1).

Sequencing

Sequencing of SPTLC2 revealed a missense mutation of A 
to G at nucleotide position 529, causing the substitution of 
Asparagine (N) to Aspartic acid (D) at amino acid 177. All 
five patients (II-1, II-2, III-3, III-4, and III-5) carried the 
same N177D mutation, while healthy individuals (Con-
trol 1-3) carried the normal allele. Interestingly, sequence 
analysis and alignment indicated that the N177 residue is 
highly conserved among species ranging from bacteria (S. 
paucimobilis) to Arabidopsis to humans (Fig. 1b).

1‑Deoxysphingolipid Levels are Elevated in Patient 
Plasma

All N177D carriers  showed significantly elevated 
plasma  1-deoxysphinganine (1-deoxySA) and 1-deox-
ysphingosine (1-deoxySO) levels compared to controls 
(Fig. 2a). Total C18 (Fig. 2b) and C20 sphingolipid levels 
were not different between patients and controls (Fig. 2c). 
Index patient (II-1) had borderline elevated C20 SLs.

Effect of the SPTLC2 N177D Mutation on SPT Activity

Expression levels of HEK293 cells transfected with 
SPTLC2wt were not different from SPTLC2 N177D 
cells (Fig. 3). At standard assay conditions [(d3, N15)-
serine (1 mM), (d4)-alanine (2 mM)], N177D expressing 
HEK293 cells showed a 9-fold increase in isotope labeled 
1-deoxySL compared to SPTLC2wt (Fig. 4a). 1-deoxySL 
formation was modulated in response to the availability 
of alanine or serine. In presence of increased (d4)-alanine 
(10 mM), 1-deoxySL formation was increased, whereas 
1-deoxySL formation was considerably suppressed in pres-
ence of increased (d3, N15)-serine (10 mM) (Fig. 4a). For 
N177D expressing cells, we also observed an increased 
formation of isotope labelled C18 (Fig. 4b) and C20 sphin-
goid bases (Fig. 4c), compared to control cells.

Modelling

A homology model of human SPTLC2 was generated 
using the Swiss Model Server (http://swiss​model​.expas​
y.org) based on the SPT structure from S. paucimobilis 
(PBD entry code 2JG2) (Yard et al. 2007). The structural 
analysis revealed that residue N177 is likely located in an 
internal loop of the protein and is not in the α-helix or the 
β-sheet (Fig. 5a, b). The exchange from a polar aspara-
gine to the negatively charged aspartic acid could have an 
impact on salt bridges that might lead to changes in overall 

http://swissmodel.expasy.org
http://swissmodel.expasy.org
http://swissmodel.expasy.org
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structure thereby affecting substrate binding affinity and 
activity.

Discussion

So far, thirteen mutations in either SPTLC1 or SPTLC2 have 
been functionally associated with HSAN1. In this study, we 
report a novel mutation (SPTLC2 p.N177D) in a German 
HSAN1 family. Clinically, the patients presented with typi-
cal features for HSAN1, including numbness, loss of sensa-
tion, tingling in hands and feet, distal atrophy and impaired 
wound healing. The age of onset in this family varied from 
childhood to adult. All N177D carriers were affected and 
had elevated plasma 1-deoxySL levels, which appeared to 
correlate with the severity of the disease (Laura et al. 2012). 

The youngest patient (III-5), showed slow motor develop-
ment and a more severe neuropathy compared to other fam-
ily members, although his plasma 1-deoxySL levels were not 
the highest within the family. The reason for this is not clear, 
but might be related to his younger age, duration of illness 
or due to the influence of environmental and dietary factors.

Compared to wild type cells, HEK293 cells overexpress-
ing the SPTLC2 p.N177D mutant showed an increased 
activity in using alanine as the substrate and, as the conse-
quence, increased 1-deoxySL formation. Similar to other 
HSAN1 mutants, 1-deoxySL formation was stimulated or 
suppressed in the presence high levels of l-alanine levels 
and l-serine, respectively. This suggests, that the patients 
might benefit from an oral l-serine supplementation that was 
recently tested as a therapy for HSAN1 (Garofalo et al. 2011; 
Auranen et al. 2017; Fridman et al. 2019).

Fig. 1   a Pedigree of German family with SPTLC2 N177D muta-
tion. Square = male; circle = female; diagonal line = deceased; filled 
symbol = affected; unfilled symbol = not affected; n.a = not avail-

able. b Sequence alignments showed that the N177 residue (arrow) is 
highly conserved between species



186	 NeuroMolecular Medicine (2019) 21:182–191

1 3

Ta
bl

e 
1  

C
lin

ic
al

 d
et

ai
ls

 o
f S

PT
LC

2 
N

17
7D

 p
at

ie
nt

s

AA
O

 a
ge

 a
t o

ns
et

, D
M

 d
ia

be
te

s m
el

lit
us

a  de
at

h

Pa
tie

n 
t

A
A

O
A

ge
 a

t 
ex

a 
m

Sy
m

pt
om

 
at

 o
ns

et
M

ot
or

Se
ns

or
y

Re
fle

xe
s

U
lz

er
o-

 
m

ut
i-

la
tin

g 
co

m
pl

i-
ca

tio
ns

A
m

pu
ta

-
tio

n
O

th
er

N
er

ve
 c

on
du

ct
io

n 
stu

di
es

U
ln

ar
 

D
M

C
V

m
 

(m
s)

C
M

A
P 

(m
V

)
C

V
s 

(m
s)

SN
A

P 
(µ

V
)

R
ad

ia
l 

C
V

s
N

A
P 

(µ
V

)

II
-1

25
56

N
um

b-
ne

ss
 o

f 
fe

et

D
ist

al
 a

tro
ph

y 
an

d 
pa

re
si

s 
fe

et
 >

 ha
nd

s

V
ib

ra
tio

n 
an

cl
es

 
4/

8,
 ti

n-
gl

in
g,

 
se

ns
or

y 
lo

os

A
bs

en
t a

t 
pa

te
lla

r 
an

d

B
ur

ns
 

an
d 

ul
ce

rs

Ye
s l

ef
t 

fo
ot

D
M

a
3.

4
34

.4
2.

5
23

.7
2.

2
16

.8
8.

4

II
-2

25
51

Fo
ot

 
de

fo
r-

m
at

io
n,

 
re

stl
es

s 
le

gs
, 

de
la

ye
d 

w
ou

nd
 

he
al

in
g

D
ist

al
 a

tro
ph

y 
an

d 
pa

re
si

s 
fe

et
 >

 ha
nd

s

V
ib

ra
tio

n 
an

cl
es

 
4/

8,
 

tin
gl

in
g

A
bs

en
t a

t 
an

cl
es

B
ur

ns
 

an
d 

ul
ce

rs

N
o

2.
83

62
.5

4.
2

33
.5

10
.7

10
.2

60
.3

II
I-

3
14

32
D

el
ay

ed
 

w
ou

nd
 

he
al

in
g

D
ist

al
 a

tro
ph

y 
an

d 
pa

re
si

s 
fe

et
 >

 ha
nd

s

V
ib

ra
tio

n 
an

cl
es

 
4/

8 
pi

n 
ab

ov
e 

el
bo

w
 

an
d

A
bs

en
t a

t 
pa

te
l-

la
r a

nd
 

an
cl

es

B
ur

ns
 

an
d 

ul
ce

rs

N
o

D
M

, 
m

ul
ti-

pl
e 

fo
ot

 
op

er
a-

tio
ns

4.
79

37
.7

0.
87

58
.8

9
22

7.
5

II
I-

4
22

42
D

ist
al

 a
tro

ph
y 

an
d 

pa
re

si
s 

fe
et

A
ta

xi
a,

 
V

ib
ra

-
tio

n 
an

cl
es

 
4/

8 
pi

n 
ab

ov
e 

el
bo

w

B
ur

ns
 

an
d 

ul
ce

rs

N
o

3.
62

29
.8

3.
8

19
12

.4
10

.1
2.

8

II
I-

5
3

15
Ti

ng
el

in
g 

in
 h

an
ds

 
an

d 
fe

et
s

D
ist

al
 a

tro
ph

y 
an

d 
pa

re
si

s
fe

et
 >

 ha
nd

s

V
ib

ra
tio

n 
an

cl
es

 
4/

8

A
bs

en
t a

t 
an

cl
es

N
o

N
o

Sy
rin

x
–

–
–

–
–

–
–



187NeuroMolecular Medicine (2019) 21:182–191	

1 3

In cell culture, the N177D mutation also resulted in 
the increased formation of C18 and C20 sphingoid bases 
formation which was, however, not reflected by high con-
centrations of these metabolites in the serum of affected 
patients. Altered C18 and C20 sphingoid base formation was 
described previously for other HSAN1 mutants (SPTLC1 
p.S331F, p.S331Y and SPTLC2 p.I504F) and was typically 
associated with a more severe disease phenotype. These 
severe variants are clinically associated with a congenital 
onset, development of cataracts and respiratory as well as 
growth complications and in atleast one case with mental 

retardation (Rotthier et al. 2011; Auer-Grumbach et al. 2013; 
Rotthier et al. 2010). However, in these severe cases, C18 
and C20 sphingoid bases were also found to be elevated in 
plasma, which was not the case in the family studied here. 
(Table 2 shows an overview of all published SPTLC2 muta-
tions). HSAN1 mutations that are associated with the mild 
phenotype typically cluster around the active site, whereas 
mutations associated with a severe phenotype are located on 
the surface of the SPT dimer (Bode et al. 2016). We used a 
protein structure homology modelling to model the N177D 
mutation into the homology structure for human SPTLC2 
based on PBD 2JG2 (Yard et al. 2007). In these models, 
residue N177 appeared to be part of an internal loop which 
is neither in the vicinity of the active site nor exposed to the 
surface. However, a change from asparagine to aspartic acid 
could have an influence on salt bridges, which in turn affect 
the overall protein structure and thereby shifting the sub-
strate-binding affinity towards alanine. We observed that the 
sequence motif is conserved among higher organisms and 
especially the N177 amino acid has been strictly retained in 
the evolution. The amino acid stretch falls within a region 
that corresponds to a loop structural motif, therefore, point-
ing to its essential role in selectivity and SPT function.

In summary, we identified the novel SPT  variant 
SPTLC2p.N177D as a disease-causing HSAN1C mutation 
with combined sensory and motor involvement, associ-
tated with increased 1-deoxySL formation. In total, this 
expands the number of reported HSAN1 mutations to 
fourteen.

Fig. 2   a 1-deoxyphingolipid (1-deoxySA/1-deoxySO) levels in 
plasma of HSAN1 patients carrying N177D mutation and unaffected 
family members. 1-deoxySA and 1-deoxySO were significantly ele-
vated in all the patients carrying the SPTLC2 p.N177D mutation b 
Canonical sphingolipids (C18SA/C18SO) were not different in any 
of the patients except III-5, who had slightly lower levels compared 

to controls c Total level of C20SLs were not elevated in patients 
compared to controls, except for index patient (II-1), who had bor-
derline elevated levels. All data are shown as mean, with error bars 
representing SDs (unpaired, two tailed, t test; *p < 0.05, **p < 0.01, 
***p < 0.001)

Fig. 3   Expression of N177D mutant in stably transfected HEK293 
cells. Cells expressing vector control and SPTLC2 were used as con-
trol. SPTLC2 (63  kDa) was detected using antibody against the the 
C-terminal V5-tag. GAPDH (38 kDa) was used as a loading control
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Fig. 4   Cells were treated with isotope-labelled (d3, 15N)-serine and 
(d4)-alanine. Levels of de novo formed isotope-labelled a (d3)1-
deoxySA and (d3)1-deoxySO b (d3)-C18SA and (d3)-C18SO c (d3)-
C20SA and (d3)-C20SO were significantly elevated in N177D cells 

compared to wt control. All data are shown as mean, with error bars 
representing SDs (unpaired, two tailed, t test; *p < 0.05, **p < 0.01, 
***p < 0.001)

Fig. 5   Modelling of the human 
SPTLC2 subunit using the 
homology-modelling server 
Swiss Model based on the SPT 
structure from S. paucimobilis 
(PBD 2JG2). a Structure of 
SPTLC2 was illustrated using 
VMD 1.9.2. Residue N177 
is located in the internal loop 
and is neither in α-helix, nor in 
β-sheets (N177 shown in red, 
PLP in orange) b (Left) Overall 
structure of SPTLC2 (illustrated 
using VMD 1.9.2). Space fill 
representation for SPTLC2 
indicates that residue N177 
is buried within the protein. 
(Right) Close-up view of N177 
(yellow) in SPTLC2
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