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Abstract
Alkylglycerol monooxygenase (AGMO) is the only enzyme known to cleave the O-alkyl bonds of ether lipids (alkylglycerols) 
which are essential components of cell membranes. A homozygous frameshift variant [p.(Glu324LysfsTer12)] in AGMO 
has recently been reported in two male siblings with syndromic microcephaly. In this study, we identified rare nonsense, in 
frame deletion, and missense biallelic variants in AGMO in two unrelated individuals with neurodevelopmental disabilities. 
We assessed the activity of seven disease associated AGMO variants including the four variants identified in our two affected 
individuals expressed in human embryonic kidney (HEK293T) cells. We demonstrated significantly diminished enzyme 
activity for all disease-associated variants, supporting the mechanism as decreased AGMO activity. Future mechanistic 
studies are necessary to understand how decreased AGMO activity leads to the neurologic manifestations.

Introduction

Alkylglycerol monooxygenase (AGMO; EC 1.14.16.5) is the 
only enzyme known to cleave the O-alkyl bonds of ether 
lipids (alkylglycerols), which are essential components of 
cell membranes. The reaction is tetrahydrobiopterin depend-
ent and yields glycerol and aldehyde. Glycerol is a precur-
sor for triacylglycerols and phospholipids as well as an 

energy source, and aldehyde is detoxified by fatty aldehyde 
dehydrogenase (ALDH3A2) (Watschinger et al. 2010). The 
enzyme is encoded by a 14-exon gene (AGMO; also known 
as TMEM195) that maps to 7p21.2 and is highly expressed 
in liver as well as in testis and small intestine (Consortium 
G 2015). It is localized to the endoplasmic reticulum and 
predicted to have nine transmembrane and one membrane 
associated domains (Watschinger and Werner 2013). It con-
tains a fatty acid hydroxylase motif that consists of eight 
conserved histidine residues that are predicted to bind iron 
atoms in a catalytic di-iron center (Fig. 1).

A homozygous frameshift variant [p.(Glu324LysfsTer12)] 
in AGMO (#MIM 613738) has recently been reported in 
two siblings with syndromic microcephaly (Alrayes et al. 
2016). AGMO has also been reported to have a role in 
visceral leishmaniasis (Kala-azar) relapse via its role in 
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macrophage-mediated immunity (Marquet et al. 2017). Here, 
we report two unrelated individuals with neurodevelopmen-
tal disabilities with biallelic rare, predicted deleterious vari-
ants in AGMO and provide functional data about the AGMO 
catalytic activity of the variants.

Materials and methods

Ascertainment of the individuals

This study was approved by the institutional review board 
at Columbia University. Clinical data and DNA samples 
were collected from the participating families after written 
informed consent was obtained. Clinical exome and genome 
sequencing along with Sanger sequencing of the identified 
variants have been performed on peripheral blood samples 
of available family members.

Recombinant expression of AGMO variants

Untagged human AGMO cDNA in pCMV-Sport6 was from 
the Mammalian Gene Collection (Accession BC108676). 
N-terminally 6xmyc tagged human AGMO was introduced 
into pEXPR-Iba5 (Iba, Göttingen, Germany) by stand-
ard cloning techniques. Variants were introduced by the 
QuikChange II Site-Directed Mutagenesis Kit (Agilent, 
Vienna, Austria) and verified by sequencing. HEK293T 
cells (obtained from ATCC via LGC Standards, Wesel, 
Germany) were transfected with untagged or N-terminally 
6xmyc tagged AGMO as indicated in the individual figures 
together with fatty aldehyde dehydrogenase [ALDH3A2; 
NM_000382 subcloned in pcDNA3.1(+)] with TurboFect 
(Thermo Scientific, Vienna, Austria) using a total of 8 µg 
DNA per transfection (Table S1). For co-expression experi-
ments we kept the total amount of 8 µg DNA constant and 
reduced each component from 4 to 2.7 µg accordingly. In 
case of testing the effect of plasmid combinations, we added 

single plasmids twice to ensure a constant DNA amount for 
transfection, and indicated this by listing the plasmids with 
the double concentration twice in Table S2. After 48 h cul-
tivation in presence or absence of tetrahydrobiopterin pre-
cursor sepiapterin (SP, 1 µM in medium, Schircks, Jona, 
Switzerland) cells were harvested in 0.5% CHAPS and 
1 mM dithioerythritol and snap frozen in liquid nitrogen. 
AGMO activity was determined by an assay modified from 
(Werner et  al. 2007). Cellular homogenates were incu-
bated with 1-O-pyrenedecyl-sn-glycerol (Otava, Vaughan, 
Ontario, Canada) as substrate in the presence of 200 µM 
6R-tetrahydro-l-biopterin (Schircks, Jona, Switzerland) and 
25 µg/ml recombinant fatty aldehyde dehydrogenase (Keller 
et al. 2014). AGMO activity was quantified by the amount of 
pyrenedecanoic acid formed as measured by reversed-phase 
HPLC with fluorescence detection.

Western blotting

AGMO was stained with anti-AGMO (anti-TMEM195) rab-
bit polyclonal antibody (dilution 1:1000; Proteintech, Man-
chester, UK) and the 6× myc tag was detected with rabbit 
polyclonal anti c-myc (A-14) antibody (dilution 1:1000; 
Santa Cruz Biotechnology, Inc.). As a secondary antibody 
we used goat anti-rabbit CyTM5 (1:2500; GE Healthcare, 
Vienna, Austria). Actin was used as visual loading con-
trol and stained with mouse anti-actin antibody (dilution, 
1:1500; Millipore, Vienna, Austria) and goat anti-mouse 
CyTM3 (1:1250; GE Healthcare). Blots were scanned 
using a red laser (633 nm excitation and 670 nm emission; 
BP30) for Cy5 and a green laser (532 nm excitation and 
580 nm emission; BP30) for Cy3 with a Typhoon 9410 (GE 
Healthcare). Blot signals were quantified by ImageQuant 
TL software (GE Healthcare) and divided by the respective 
amount of protein applied to the gel (12.5–30 µg). Statistical 
analysis was performed with GraphPad Prism 7.03, using 
1-way analysis of variance, followed by the Tukey multiple 
comparisons test.
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Fig. 1   2D schematic of AGMO protein. The 5-amino acid long 
sequence box on the left shows the mutated Tyr21 residue (red) and 
the putative alternative initiation codon (Met23; green). Fatty acid 

hydroxylase domain is shown in green and histidine residues (His132, 
His136, His145, His148, His149, His221, His224, His235) that are 
crucial for active site are shown in orange
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Real time live confocal microscopy

HEK293T cells were seeded in a concentration of 4 × 104 
cells/well in 8-well μ-slides (Ibidi, Munich, Germany) and 
transfected with TurboFect using a total of 0.12 μg DNA 
per transfection. Real time confocal imaging was performed 
24 h after transfection with a spinning disk confocal sys-
tem (UltraVIEW VoX; Perkin Elmer, Waltham, MA, USA) 
connected to a Zeiss AxioObserver Z1 microscope (Zeiss, 
Oberkochen, Germany). GFP-constructs were excited with 
a wavelength of 488 nm. Images were acquired with the 
Volocity software (Perkin Elmer) using a 40× water immer-
sion objective with a numerical aperture of 1.2.

Results

Clinical data

Clinical findings of the two individuals with biallelic AGMO 
variants are summarized in Table 1 and compared to the 
previously reported two siblings with homozygous AGMO 
frameshift variants.

Individual 1 is an 8-year-old female born at 39 weeks 
of gestation following a pregnancy complicated with oligo-
hydramnios, maternal hypothyroidism, and decreased fetal 
movement. Her birth weight was 2892 g (23%) and length 
was 49.5 cm (50%). Head circumference was not known 
but noted to be 5–10%. She had mild neonatal jaundice and 
weak cry. She started having generalized tonic–clonic sei-
zures at 2 months of age characterized by eye fluttering, 
twitching of the face, hypertonic extension of the extremi-
ties, and decreased responsiveness. Seizures were refrac-
tory to clonazepam, lorazepam, levetiracetam, valproic 
acid, intravenous midazolam, propofol, pentobarbital, and 
lacosamide. Seizures resolved with the initiation of intrave-
nous fosphenytoin and subsequent maintenance of oral phe-
nytoin. The patient has remained clinically seizure-free on 
phenytoin monotherapy since 22 months old. She crawled at 
12–13 months old and stood with support at 18 months old. 
The patient lost all motor and cognitive skills after a status 
epilepticus episode at 18 months of age following an abrupt 
discontinuation of carbamazepine due to Stevens–John-
son syndrome and transition to clonazepam. At 24 months 
old, she was significantly below average in all areas with 
cognitive skills at an 8–10 month old developmental level 
and aspects of language/communication at a 14-month-old 
developmental level.

At 7 years and 8 months old she walks/runs well with no 
excessive falls, feeds self with her hands, can scribble, has a 
lot of vocalizations but no discernible words. She continues 
to make slow progress with no regression.

She had a brain MRI at 3 months old which showed mild 
prominence of cerebrospinal fluid (CSF) space over the fron-
tal and parietal regions. Brain MRI at 1 year old showed 
possible bilateral volume loss of the hippocampal formation 
with thinning of the parahippocampal white matter. Verte-
bral MRI at 14 months old showed mild syringohydromy-
elia at the thoracic level and conus medullaris. Repeat brain 
MRI at 2 years old was normal otherwise a minimal stable 
prominence of the atria and temporal horns of the lateral 
ventricles.

Individual’s parents are of mixed European ethnicity. 
There is no history of consanguinity. Her paternal grand-
mother was reported to have epilepsy episodes occurring 
during sleep that was diagnosed at age 19.

Individual 2 is a 4-year-old male born at 36 weeks and 
6 days via vaginally after an unremarkable and uneventful 
pregnancy. His birth weight was 2977 g (55%) and length 
was 53.3 cm (98%). There were no anomalies reported dur-
ing infancy. He sat unsupported at 5.5 months and started 
walking at 17 months old. He was speaking in sentences at 
18 months old. His parents noted regression in eye contact, 
social interaction, toilet training, and ability to write his 
name at age 3.5 years old. He also started showing increased 
issues with sensitivity and anxiety.

He had frequent infections (otitis media, pneumonia, 
croup, bronchitis) between 7 months and 2 years of age. 
He had a surgical repair of an undescended testicle at age 
1 year old. He was diagnosed as having a probable autism 
spectrum disorder. He never had a brain MRI. His parents 
also reported that he has always had a poor weight gain and 
had significant sleep issues and fatigue during the day.

At 4 years of age, his weight is 16.1 kg (28%), height 
102.2 cm (22%), and head circumference 49 cm (16%). He 
does not have any major dysmorphic facial features. He is 
able to speak in full sentences but still shows features of 
autism spectrum disorder such as inadequate eye contact and 
interaction, and some repetitive behaviors.

His parents are not consanguineous and of Ashkenazi 
Jewish ancestry. His 20 months old brother is typically 
developing. He has a nephew with epilepsy and issues with 
social interaction. There is no other family member with a 
history of congenital anomalies or known genetic disorders.

Molecular data

Whole genome trio-sequencing in Individual 1 revealed 
a maternally inherited stop-gain variant [c.389G>A:p.
(Trp130Ter)] in trans with a paternally inherited missense 
variant [c.712G>T:p.(Gly238Cys)] in AGMO. Previous 
genetic tests including chromosomal microarray analysis, 
comprehensive (53-gene) epilepsy panel, methylation stud-
ies for Prader-Willi/Angelman, MECP2 sequencing with 
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deletion/duplication analysis, and GLUT1 sequencing were 
negative.

Whole exome trio-sequencing in Individual 2 revealed 
a maternally inherited missense variant [c.430G>A:p.
(Gly144Arg)] in trans with paternally inherited in-frame 
deletion variant [c.706_708delTAT:p.(Tyr236del)] in 
AGMO. Previous genetic tests including chromosomal 
microarray and fragile-X repeat analysis were negative.

Sanger sequencing confirmed the variants in individual 
2 and the parents. Genomic coordinates, population allele 

frequencies, and in silico predictions are provided for each 
variant in Table 2. There were no other candidate variants(s) 
that could explain the phenotypes of the individuals.

Functional studies

AGMO has not been isolated from human tissues owing 
to its exceptionally labile nature nor has its 3D structure 
been experimentally determined (Watschinger et al. 2015). 
Thus, to assess the effects of our rare genetic variants on 

Table 1   Clinical findings of individuals with biallelic AGMO variants

ID/DD intellectual disability/developmental delay, Wt weight, Lt length, OFC occipitofrontal circumference, Ht height
a These individuals are siblings and born to first cousin parents

Individual 1 Individual 2 Alrayes et al. (2016)—Ia Alrayes et al. (2016)—IIa

Age 8-year-old 4-year-old 8-year-old 6-year-old
Gender Female Male Male Male
Ethnicity European Ashkenazi Jewish Middle Eastern Middle Eastern
Variants p.Trp130Ter

p.Gly238Cys
p.Gly144Arg
p.Tyr236del

p.Glu324LysfsTer12
p.Glu324LysfsTer12

p.Glu324LysfsTer12
p.Glu324LysfsTer12

ID/DD + Was normal but started to 
regress at 3.5-year-old

+ +

Microcephaly + − + +
Seizures + − − −
Anthropometric measure-

ments
Birth
Wt = 2892 g (23%)
Lt = 49.5 cm (50%)
OFC = not known (5–10%)
8-year old
Wt = 24.9 kg (52%)
Ht = 123 cm (32%)
OFC = 47.5 cm (< 2%)

Birth
Wt = 2977 g (55%)
Lt = 53.3 cm (98%)
OFC = not known
4-year old
Wt = 16.1 kg (28%)
Ht = 102 cm (22%)
OFC = 49 cm (16%)

Birth
Not reported
8-year old
Wt = 10.5 kg (< 5%)
Ht = 88 cm (< 2%)
OFC = 42.2 cm (< 3%)

Birth
Not reported
6-year old
Wt = 7.9 kg (< 5%)
Ht = 74 cm (< 2%)
OFC = 40 cm (< 3%)

Age at sitting 9 months 5.5 months Not reported Not reported
Age at walking ≈ 15 months 17 months Not reported Not achieved
Age at speaking and current 

speech
Patient has a lot of vocaliza-

tions but it is difficult to 
understand words

18 months Not reported Non-verbal

Other Hypothyroidism
Congenital hypotonia
Difficulty in swallowing
Syringomyelia
Kyphosis
Scoliosis
History of thrombocytosis

Cryptorchidism
Frequent infections
Autism spectrum disorder
Sleep issues
Lack of energy during the 

day
Poor weight gain
MTHFR C677T homozy-

gous

Short stature
Difficulty in swallowing
Flat occiput
Bilateral 5th finger 

clinodactyly, short 
hand and fingers

Self-mutilating
Subclinical hypothy-

roidism
Micropenis

Short stature
Difficulty in swallowing
Flat occiput
Bilateral 5th finger clino-

dactyly, short hand and 
fingers

Self-mutilating
Subclinical hypothyroidism
Micropenis

Brain MRI At 2-year-old
 Stable MRI with no 

intracranial abnormal-
ity and minimal stable 
prominence of the atria 
and temporal horns of the 
lateral ventricles

Not performed Delayed myelination 
and thinning of the 
corpus callosum

Not performed

EEG Normal 24-h video EEG at 
5 months old

Not performed Not reported Not reported
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AGMO activity, we performed recombinant expression of 
AGMO variants reported in this study and by Alrayes et al. 
(2016) in human embryonic kidney (HEK293T) cells by 
introducing the AGMO cDNA into an expression plasmid 
with CMV promoter as previously described (Watsch-
inger et al. 2012, 2018). We found that the AGMO activity 
was significantly reduced for all five variants reported in 
individuals with neurodevelopmental disorders (Fig. 2a). 
The activity was not significantly increased by the treat-
ment of cells with cofactor tetrahydrobiopterin precursor 
sepiapterin (Table S1). The loss of enzyme activity for 
the p.(Tyr236del) variant is consistent with the previ-
ous site-directed mutagenesis study in which there was 
reduced activity when this residue was mutated to alanine 
(Fig. 1) (Watschinger et al. 2012). Glycine residues at 
positions 144 and 238 are sometimes replaced by alanine 
in some species but neither arginine (or another positively 
charged amino acid) nor cysteine, respectively, are found 
in any other species at those residues. However, there is 
one individual in gnomAD who is homozygous for the 
p.Gly144Arg variant.

To determine if decreased activity was caused by 
diminished protein amounts, we assessed protein levels 
in the HEK293T cells by Western blotting using an anti-
AGMO antibody which showed normal protein levels for 
the missense variants (Fig. 2b). Undetectable protein for 
the p.(Trp130Ter) variant is likely due to lack of the anti-
body epitope ranging from amino acid residues 132–333. 
We, therefore, epitope-tagged p.(Trp130Ter) along with 
p.(Glu324LysfsTer12) with a N-terminal myc tag, measured 
the enzymatic activities by comparing them to N-terminally 
myc-tagged AGMO wild type and performed Western blot 
analysis using an anti-myc antibody (Fig. 2c). Interestingly, 
protein levels of p.(Trp130Ter) and p.(Glu324LysfsTer12) 

were 55% and 107% of the wild type levels, respectively, 
albeit with no enzyme activity in our experimental system.

Additionally, we tested the enzyme activities of a 
frameshift variant p.(Tyr21PhefsTer4) that is observed 
in 9 homozygotes in gnomAD and another missense 
variant p.(Glu54Gln) that we identified in trans with 
p.(Tyr21PhefsTer4) in a patient with epilepsy and intel-
lectual disability. The p.(Tyr21PhefsTer4) variant had 
59% ± 21.3% of the wild type enzyme activity. The protein 
level of p.(Tyr21PhefsTer4) variant was also 49% of the wild 
type level. This might be explained by a methionine at amino 
acid position 23 (p.Met23) (Fig. 1) that could be used as 
an alternative initiation codon since it is embedded in an 
optimal Kozak sequence of AxxATGA. This is supported 
by the presence of a slightly smaller protein on Western 
Blot (Fig. 2b). The p.(Glu54Gln) variant was found to have 
13.5% ± 4.8% of the wild type enzyme activity. Co-trans-
fection of both variants in HEK293T cells resulted in ≈ 77% 
of enzyme activity (Table S2). We then assessed whether 
p.(Tyr21PhefsTer4) affects subcellular localization of the 
enzyme and found that the enzyme was normally localized 
in endoplasmic reticulum (Fig. 3). These results support the 
hypothesis that p.(Tyr21PhefsTer4) variant does not signifi-
cantly decrease AGMO activity or quantity.

Discussion

The results of our study demonstrate that the two individuals 
reported by us and the two siblings reported by Alrayes et al., 
2016 all have negligible AGMO enzyme activity. While 
western blot studies of the variant constructs revealed nor-
mal protein levels for the missense variants, the frameshift 
and stop-gain variants also had at least ~ 50% protein levels 

Table 2   Genomic characterization of identified variants in AGMO (NM_001004320.1)

D damaging

Variant Chr7 coordinates (hg19/hg38) gnomAD frequency (n of het-
erozygotes/homozygotes)

CADD
hg19-v1.4

GERP SIFT Polyphen-2

c.430G>A
p.(Gly144Arg)

15470713
15431088

3.4e−4 (96/1) 26.4 4.85 D D

c.712G>T
p.Gly238Cys

15430495
15390870

4.7e−4 (130/0) 31 5.33 D D

c.389G>A
p.(Trp130Ter)

15584417
15544792

4.1e−6 (1/0) 46 6.13 – –

c.706_708delTAT​
p.(Tyr236del)

15430498
15390873

2.5e−4 (62/0) 19.74 – – –

c.969delA
p.(Glu324LysfsTer12)

15425178
15385553

7.9e−6 (2/0) – – – –

c.61_62dupTT
p.(Tyr21PhefsTer4)

15601409–15601410
15561783–15561784

4.8e−3 (1374/9) 33 – – –

c.160G>C
p.(Glu54Gln)

15599863
15560238

1.4e−4 (39/0) 26.8 5.93 D D
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of the wild-type construct. Our artificial expression system 
in HEK cells does not directly assess the protein expres-
sion levels in the patients, and the p.(Tyr130Ter) and 
p.(Glu324LysfsTer12) variants might actually result in non-
sense mediated decay (NMD) in humans. Nevertheless, the 
active site of the enzyme that has eight essential histidines 
located downstream of the premature termination at amino 
acid 130 and significant portion of the carboxy terminus 
would be lost for p.(Tyr130Ter) and p.(Glu323LysTer12) 
variants, respectively (Watschinger et al. 2012).

We also found that a relatively common frameshift vari-
ant, p.(Tyr21PhefsTer4), retains normal enzyme activity 

which may explain the presumably unaffected status of 9 
homozygotes on gnomAD. Homozygosity of another stop-
gain variant [p.(Arg405Ter)] was also recently reported in 
two otherwise healthy individuals with visceral leishma-
niasis relapse (Marquet et al. 2017). By the same methods 
used in this study, it was previously shown that this variant 
also has half of the wild type enzyme activity (Watsch-
inger et al. 2018). This variant might escape NMD, as it 
is located at 51 base pair upstream of the last exon–exon 
junction, which might explain the lack of neurological 
phenotype in individuals homozygous for this variant.

Fig. 2   a Enzyme activity levels 
of AGMO variants reported 
in this study and by Alrayes 
et al. (2016) compared to 
wild-type enzyme activity 
in human embryonic kidney 
(HEK293T) cells. b Western 
blot results of variant constructs 
tagged with anti-TMEM195. 
Anti-TMEM195 antibody 
was not able to capture the 
p.(Trp130Ter) construct. c 
N-myc tagged expression 
studies for p.(Trp130Ter) 
and p.(Glu324LysfsTer12) 
constructs, respectively. Stars 
indicate the bands correspond-
ing to the wild-type and variant 
constructs
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Ether lipids are important components of all cell mem-
branes, particularly in the nervous system, and deficiency 
in ether lipid biosynthesis due to biallelic pathogenic 
variants in PEX7 (MIM #601757) results in rhizomelic 
chondrodysplasia punctata (MIM #215100) in humans. 
Ether lipids are also deficient in peroxisomal biogenesis 
disorders (Dorninger et al. 2017). Alkylglycerol monoox-
ygenase (AGMO) plays an essential role in ether lipid 
metabolism and is the only known enzyme that breaks 
down the O-alkyl bonds of ether lipids. It has wide sub-
strate specificity, and the final reaction product fatty alde-
hyde is a toxic metabolite to cells and is immediately 
degraded by ALDH3A2, deficiency of which is associ-
ated with Sjogren-Larsson Syndrome (MIM #270200); an 
autosomal recessively inherited condition characterized 
with ichthyosis, intellectual disability, spastic paraparesis, 
leukoencephalopathy, and macular dystrophy. The pheno-
type of individuals with biallelic AGMO variants does not 
resemble those syndromes.

There is no knockout mouse model of Agmo, but the inhi-
bition of AGMO enzyme activity in murine macrophage cell 
line RAW264.7 resulted in an accumulation of free alkyl-
glycerols, which in turn fed back into more complex ether 
lipids, mainly alkyl-acyl- and alkenyl-acyl-phospholipids. 
Interestingly, there was no change in lyso-PAF levels, a 
direct substrate of AGMO (Watschinger et al. 2015). Thus, 
it is yet to be known the exact physiological consequences 
of loss of AGMO enzyme activity. All patients with del-
eterious AGMO variants have neurodevelopmental disabili-
ties; however, symptoms vary in severity, age of onset, and 
accompanying health problems. There are no distinguishing 
dysmorphic features. As more patients are diagnosed, we 
may be able to delineate the core clinical and biochemical 
features to aid in the diagnosis of AGMO deficiency.

In conclusion, we report enzymatic activity of 1 
frameshift, 1 stop-gain, and 3 missense AGMO variants in 
HEK293 cells which have been observed in 4 individuals 
with neurodevelopmental manifestations along with one 
frameshift variant that is seen in presumably healthy individ-
uals in gnomAD and another missense variant. Future clini-
cal and functional studies are needed to elucidate the under-
lying mechanisms leading to the neurologic manifestations.
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Fig. 3   Real time live confocal imaging of HEK cells transfected with 
a AGMO-GFP and b p.(Tyr21PhefsTer4) AGMO-GFP constructs. 
Note the lower fluorescence intensity of the cells transfected with the 
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tion of the localization of p.(Tyr21PhefsTer4) AGMO-GFP, the laser 
intensity was increased. Bar 10 µm
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