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The Discovery of a LEMD2-Associated Nuclear
Envelopathy with Early Progeroid Appearance Suggests
Advanced Applications for AI-Driven Facial Phenotyping

Felix Marbach,1,2,19 Cecilie F. Rustad,3,19 Angelika Riess,4,19 Dejan �uki�c,5 Tzung-Chien Hsieh,6

Itamar Jobani,7 Trine Prescott,8 Andrea Bevot,9 Florian Erger,1,2 Gunnar Houge,10,11 Maria Redfors,12,13

Janine Altmueller,14 Tomasz Stokowy,11 Christian Gilissen,15 Christian Kubisch,16 Emanuela Scarano,17

Laura Mazzanti,17 Torunn Fiskerstrand,10,11,18 Peter M. Krawitz,6 Davor Lessel,16,20

and Christian Netzer1,2,20,*

Over a relatively short period of time, the clinical geneticist’s ‘‘toolbox’’ has been expanded by machine-learning algorithms for image

analysis, which can be applied to the task of syndrome identification on the basis of facial photographs, but these technologies harbor

potential beyond the recognition of established phenotypes. Here, we comprehensively characterized two individuals with a hitherto

unknown genetic disorder caused by the same de novo mutation in LEMD2 (c.1436C>T;p.Ser479Phe), the gene which encodes the nu-

clear envelope protein LEM domain-containing protein 2 (LEMD2). Despite different ages and ethnic backgrounds, both individuals

share a progeria-like facial phenotype and a distinct combination of physical and neurologic anomalies, such as growth retardation;

hypoplastic jaws crowded withmultiple supernumerary, yet unerupted, teeth; and cerebellar intention tremor. Immunofluorescence an-

alyses of patient fibroblasts revealed mutation-induced disturbance of nuclear architecture, recapitulating previously published data in

LEMD2-deficient cell lines, and additional experiments suggested mislocalization of mutant LEMD2 protein within the nuclear lamina.

Computational analysis of facial features with two different deep neural networks showed phenotypic proximity to other nuclear en-

velopathies. One of the algorithms, when trained to recognize syndromic similarity (rather than specific syndromes) in an unsupervised

approach, clustered both individuals closely together, providing hypothesis-free hints for a common genetic etiology. We show that a

recurrent de novo mutation in LEMD2 causes a nuclear envelopathy whose prognosis in adolescence is relatively good in comparison to

that of classical Hutchinson-Gilford progeria syndrome, and we suggest that the application of artificial intelligence to the analysis of

patient images can facilitate the discovery of new genetic disorders.
Nuclear envelopathies are rare disorders caused by muta-

tions in genes encoding proteins of the nuclear envelope

(NE); these mutations result in a variety of phenotypes,

some of which mimic aspects of human aging.1 A proto-

typical example is Hutchinson-Gilford progeria syndrome

(HGPS, MIM: 176670), which is typically accompanied by

early-onset atherosclerosis, leading to cardiovascular com-

plications and mortality in the late second decade of life

(see Web Resources).2 It is caused by a recurrent de novo

synonymous splicing mutation in LMNA (MIM: 150330),

which encodes the splicing isoforms lamin A and C

(A-type lamins), the main components of the nuclear lam-

ina in somatic cells.3 Many other proteins are ‘‘anchored’’

within the meshwork created by lamins, and some of the
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respective genes, such as LEMD3 (also known as MAN1

[MIM: 607844]), BANF1 (MIM: 603811), and EMD (MIM:

300384), are associated with nuclear envelopathies (see

Web Resources).4,5 At the cellular level, mutations in these

genes cause disruption of the nuclear architecture and

gene regulation. The integral NE protein LEMD2 (LEM

domain-containing protein 2) is functionally and physi-

cally linked to A-type lamins, and experimental data sug-

gest it has a role in the structural organization of the NE6

as well as chromatin binding and distribution.7,8 Although

a single LEMD2 founder mutation has been implicated in

an autosomal-recessive form of congenital cataracts

(MIM: 212500),9 LEMD2 has not been associated with a

complex syndromic phenotype to date.
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Figure 1. Clinical Phenotype and Image
Analysis of Individuals 1 and 2
(A) Facial phenotypes of individuals 1 (left)
and 2 (right). Individual 1 is shown at the
ages of 16 years (upper panel) and 3 years
(lower panel); individual 2 is shown at
the ages of 10 years and 2 years (upper
and lower panel, respectively). Note the
protruding eyes; small mandibula and
oral aperture; and triangular face of both
individuals; this latter feature is more pro-
nounced at a younger age.
(B) (Left to right) The profiles of individ-
uals 1 and 2 as seen at the ages of 16 and
11 years, respectively.
(C) Dental features of individuals 1 and 2.
Left panel: A cranial X-ray of individual 1
shows crowded, unerupted teeth in the up-
per and lower jaw at the age of 13 years.
Right panels: Cranial CBCT scans of
individual 2 revealed complete non-erup-
ted primary dentition and agenesis of mul-
tiple teeth in the non-erupted permanent
dentition in the mandible at the age of
9 years.
(D) Composite images for LEMD2 and
HGPS were averaged from photos of both
individuals (left) and HGPS patients
(right), as described in the Supplemental
Material and Methods, and manually re-
touched.
(E) Histogram of the pairwise distances
among all cases of the cohort. Compari-
sons of the same disease entity were used

for adding a red blend to the respective bins according to their proportion. At the left side of the distribution, where the two individuals
with the LEMD2 mutation are also posed, the percentage of pairs with the same disease-causing gene increases.
We performed molecular analyses and artificial-intelli-

gence-driven facial phenotyping on two individuals who

are of different ethnicities and share similar facial features

and physical anomalies. Both individuals and their families

gave their written informed consent to participate in this

study and to undergo facial analysis by specialized software

(University ofCologne).Genetic analyseswere approvedby

the ethics committees of the University of Cologne (indi-

vidual 1) and the Regional Committee for Medical and

Health Research Ethics in Western Norway (individual 2).

Individuals 1 and 2 presented at different university hos-

pitals (Bologna, Italy and Oslo, Norway). Because of the

individuals’ early progeria-like appearance with little sub-

cutaneous fat and triangular facies, clinicians suspected

HGPS during the first years of life in both cases. However,

the individuals’ further development was encouraging,

and the initial suspected diagnosis was discarded because

neither developed joint contractures, alopecia, or clinical

signs of atherosclerosis. Psychomotor development was

normal, but poor linear growth was noted. Both had

severely delayed dentition with crowded, mostly unerup-

ted teeth in the upper and lower jaw (Figure 1C). Oral

food intake was perturbed in both cases, necessitating sup-

plementation via gastrostomy for individual 2 from the age

of 3 years onward.

At the time of their last clinical evaluations at the ages of

16 and 10 years, respectively, individuals 1 and 2 had
750 The American Journal of Human Genetics 104, 749–757, April 4,
microcephaly, protruding eyes, and mandibular hypopla-

sia along with hypodontia (Figures 1A–1C). Prominent

veins and a paucity of subcutaneous fat were notable in

both, although these characteristics were more pro-

nounced in individual 1. Skeletal features included

wormian bones and hypoplastic clavicles, as well as

reduced bone mineral density in the case of individual 1.

Both had normal cognition but cerebellar intention tremor

and mildly reduced muscle strength. Cranial MRIs of

individual 1 had revealed white-matter hyperintensities

of the peritrigonal area at the age of 5 and diffuse hyperin-

tensities of the cerebral white matter at the age of 14, indi-

cating progressive hypomyelination (Figure S1A). A cranial

MRI of individual 2 at the age of 22 months did not show

white-matter irregularities. Whereas, in the case of individ-

ual 2, growth hormone (GH) therapy initiated at age 4

substantially improved linear growth, GH therapy begin-

ning at age 11 seemed to be ineffective for individual #1

and was discontinued after 19 months because of newly

occurring insulin resistance. Repeated ophthalmological

examination of both individuals revealed no significant

pathologies.

Family history of both individuals was negative for

similar symptomatology, and there was no history of con-

sanguinity. More detailed descriptions of the clinical

histories of individuals 1 and 2 can be found in the

Supplemental Data. A compilation of the phenotypes in
2019



Table 1. Compilation of Phenotypic Features of Both Individuals in Comparison to Those of Classical HGPS, NGPS, and PYCR1-Related
Autosomal-Recessive Cutis Laxa

Disorder

LEMD2-Associated
Nuclear
Envelopathy,
Individual 1

LEMD2-Associated
Nuclear
Envelopathy,
Individual 2

Hutchinson-
Gilford Progeria
Syndrome

Néstor-Guillermo
Progeria
Syndrome

PYCR1-Related
Autosomal
Recessive
Cutis Laxa

Gene, Protein(s) LEMD2, LEM
domain-containing
protein 2

LEMD2, LEM
domain-containing
protein 2

LMNA, lamin A
and C

BANF1, barrier-to-
autointegration
factor

PYCR1, pyrroline-
5-carboxylate
reductase 1

Facial Features Triangular face þþþ þþþ þþ þ þþþ
Prominent eyes þþþ þþþ þþþ þþþ þþ

Crooked nose, septum
deviation

þþþ þ þþ þþþ -

Mandibular hypoplasia þþþ þþ þþ þþþ -

Skin, Hair,
Nails, and

Juvenile alopezia - - þþþ þþ -

Subcutaneous
Tissue

Loss of eyebrows - - þþþ - -

Thin skin, prominent veins þ þþ þþþ þþþ þþ

Cutis laxa - - - - þþþ

Patchy hyperpigmentation - - þ þ -

Dystrophic nails - - þ þ -

Generalized lipoatrophy þþ þ þþþ þþ -

Skull and Dentures Microcephaly þþþ þþ þþ - þ

Wormian bones þþþ þþþ - - þ

Open cranial sutures - - - þþþ -

Dental crowding þþþ þþþ - þþþ -

Supernumerary teeth þþþ þþþ - - -

Delayed dentition þþþ þþþ þ - -

Skeletal Features Short stature þþþ -a þþþ þþþ þ

Low bone density þþ - þþ þþþ þþ
Hypoplastic clavicles þþ þþ þþ þþþ -

Osteolytic foci - - þþ þþþ -

Joint hyperlaxity - - - - þþ
Limited joint mobility - - þþ þþþ -

Other Features IUGR þ - - - þþ

Atherosclerosis - - þþþ - -

Intention tremor þþ þþ - - -

Developmental delay - - - - þþ

Compilation of phenotypic features of both individuals in comparison to those of classical Hutchinson-Gilford Progeria Syndrome (HGPS), the phenotypically over-
lapping Néstor-Guillermo Progeria Syndrome (NGPS), and PYCR1-related autosomal-recessive cutis laxa, to which a high facial similarity was demonstrated upon
image analysis. The novel LEMD2-associated phenotype has a characteristic and distinctive pattern of features involving several organ systems but still displaying
the highest similarity to the nuclear envelopathies NGPS and HGPS.
aNormal height (32th percentile) after GH-Treatment beginning at the age of 4 years.
comparison to those associated with HGPS,2 the segmental

progeroid disorders known as Néstor-Guillermo progeria

syndrome (MIM: 614008),4 and PYCR1-related auto-

somal-recessive cutis laxa (MIM: 612940),10 to which

high facial similarity to individual 1 and 2 was calculated

by FaceNet (see Figure S2B), is shown in Table1. Of note,
The Ame
PYCR1-related autosomal-recessive cutis laxa has recently

been reported to display significant clinical similarities to

HGPS, predominantly in the first years of life.11

Individual 1 had undergone molecular genetic testing of

LMNA and ZMPSTE24 (MIM: 606480) prior to recruitment

for the research study, and individual 2 had received
rican Journal of Human Genetics 104, 749–757, April 4, 2019 751
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Figure 2. Cellular Phenotype of Patient Fibroblasts
(A) Sanger Sequencing of exon 9 of LEMD2 in individual 1 and his parents shows the c.1436C>T de novo mutation in a heterozygous
state. The resulting amino acid change p.Ser479Phe is indicatedwithin the amino acid sequence of LEMD2. TheN-terminal LEMdomain
(IPR011015), which mediates DNA binding through barrier-to-autointegration factor (BAF) proteins, and the mutated amino acid posi-
tion within the C-terminal nucleoplasmic domain are highlighted. The image was generated with the Protter website (see Web
Resources).
(B and C) Nuclear abnormalities in patient fibroblasts compared to control fibroblasts can be seen acrossmultiple different IF stainings of
NE proteins: stainings of lamin A and C, Emerin, BANF1, and LAP1B (TOR1AIP1) reveal irregular shapes, ‘‘blebbing’’ (red arrow), and
invaginations (white arrows) of the nuclear membrane in patient fibroblasts (representative images).
(D) Quantification of nuclear anomalies in primary fibroblasts shows a significantly higher percentage of abnormal nuclei in both in-
dividuals’ fibroblasts as compared to cells from healthy controls. The combined results (mean 5 SEM) of three separate experiments
are shown (** ¼ p % 0.01, *** ¼ p % 0.001).
testing for LMNA and an SNP chromosomal microarray.

Because these tests could not provide an explanation for

the unusual phenotypes, trio-exome sequencing of both

individuals and their parents was performed (see Supple-

mental Materials and Methods for details). The German

and Norwegian research groups independently identified

the de novo missense variant c.1436C>T, (p. Ser479Phe)

(GenBank: NM_181336.3) in LEMD2, which results in

the substitution of serine with phenylalanine at position

479 (Figure 2A), as potentially causative. When both

groups came into contact through GeneMatcher, a web-
752 The American Journal of Human Genetics 104, 749–757, April 4,
based tool for researchers and clinicians working on the

same genes,12 the fact that both individuals carried the

identical de novo variant as well as striking similarities in

appearance and medical history became apparent. Given

the rarity of de novo mutations in the protein-coding part

of the genome, the causal role of the LEMD2 variant was

established at this stage; the likelihood of finding the

same de novo variant—by chance—in two individuals

with a distinct and similar phenotype is negligibly low.13

We estimate this likelihood to be approximately 1 in

60 million (see Supplemental Note 2 for further details).
2019



As is to be expected for the causal variant in an ultra-

rare disease, the variant c.1436C>T was absent from

the ExAC and gnomAD databases. The algorithms

MutationTaster, PolyPhen-2, and SIFT predicted the

variant to be disease causing, probably damaging, and

damaging, respectively. The CADD score was calculated

as 32.000, a value strongly suggesting deleteriousness of a

variant. The fact that neither affected individuals carried

a second rare variant in LEMD2 suggests an autosomal-

dominant mode of inheritance of the phenotype. Of

note, the Hutterite founder mutation p.Leu13Arg

(c.38T>G), which causes an autosomal-recessive type of ju-

venile-onset cataract (accompanied by sudden cardiac

death at an early age in some individuals), affects an amino

acid within the N-terminal LEM domain, whereas the

variant p.Ser479Phe (c.1436C>T) is located at the C termi-

nus of LEMD2 (Figure 2A). Viewed from a more global

perspective, the number of observed LEMD2 missense var-

iants (irrespective of their allele frequency) in the ExAC

and gnomAD databases is lower than the number of theo-

retically expected variants14 for this gene: the missense

Z score taken from the constraint metric for LEMD2 is

3.65 in ExAC (203.3 expected and 97 observed missense

variants) and 1.98 in gnomAD (226.2 expected and 144

observed), indicating a relatively high degree of evolu-

tionary intolerance to missense variation.

Considering the well-established role of LEMD2 in the

maintenance of nuclear membrane morphology15 and

LEMD2’s previously reported association with lamin A

and emerin,6,16 we performed immunofluorescence anal-

ysis of patient-derived fibroblasts and fibroblasts of two

healthy control individuals (see Supplemental Material

and Methods for experimental details). This analysis,

through the use of four well-established integral members

of the NE (lamin A and C, emerin, BANF1, and LAP1B), re-

vealed significantly increased numbers of abnormal nuclei

in both patient cell lines when compared to the control

cell lines (Figures 2B–2D), although all four investigated

proteins showed correct intracellular localization. These re-

sults were similar to previous findings in HGPS cells.17

Notably, although we observed some nuclear blebs and

complex nuclear abnormalities, the gross majority

(�80%–90%) of nuclear abnormalities in fibroblasts from

both individuals were invaginations of the NE (Figure 2B,

white arrows). These data recapitulate findings in

LEMD2-deficient cell lines,15 providing additional evi-

dence for the pathogenic nature of the here identified

LEMD2 variant.

We further tried to evaluate the localization of LEMD2 in

patient fibroblasts compared to control fibroblasts. How-

ever, both tested antibodies gave unspecific staining (data

not shown). We therefore turned to a U2OS transient

transfection system. Overexpression of wild-type (WT)

and mutant LEMD2-FLAG constructs in U2OS cells led to

frequent formation of ‘‘patches’’ of LEMD2 within the nu-

clear periphery, as previously described.6 However, trans-

fection with small amounts of plasmid DNA (125 ng/mL)
The Ame
resulted in smooth distribution and good overall co-local-

ization with lamin A and C in the case of WT LEMD2,

whereas patchy accumulations remained predominant in

cells transfected with mutant LEMD2 (Figures 3A and

3B). This visual impression was validated by quantitative

co-localization analysis (Figure 3C). Both WT and mutant

LEMD2-FLAG constructs were largely restricted to the nu-

cleus, and immunoblotting showed no differences in

spatial distribution within the cell (Figure 3D). The notion

thatmutant LEMD2 accumulates in direct contact with the

nuclear lamina was further supported by co-localization of

mutant andWT LEMD2-FLAG constructs with the lamina-

associated proteins emerin and BANF1 (Figures 3E–3G).

The preferential formation of ‘‘patches’’ suggests a misloc-

alization of mutant LEMD2 within the NE, which is in

accordance with the observation of invaginations of the

nuclear membrane in patient fibroblasts.18 Taken together,

these data suggest that this disorder is a nuclear envelop-

athy on the cellular level.

When the German group analyzed frontal photographs

of individual 1 in early 2017 by using Face2Gene, the

well-established nuclear envelopathy HGPS was listed

among the most likely diagnoses, and later image analysis

of individual 2 produced similar results. We considered it

an intriguing finding that DeepGestalt,19 this website’s

deep convolutional neural network, which is commonly

used as an aid to diagnosis in patients with known disor-

ders, correctly assigned a novel syndrome to a group of

syndromes for which facial similarity suggested an overlap-

ping pathogenesis. Both individuals’ DeepGestalt similar-

ity scores for known disorders, as well as the overlap

between the individual DeepGestalt similarity scores with

regard to each disorder, are shown on a radar plot in

Figure S2A. DeepGestalt was trained via a supervised

learning process to assign patient pictures to a set of 216

syndromes it had ‘‘learned’’ to recognize beforehand. In or-

der to visualize the results of the DeepGestalt analysis, we

generated composite masks of both syndromes. These

masks demonstrate facial similarities and differences be-

tween individuals 1 and 2 and patients with HGPS

(Figure 1D).

Because the genetic disorder of individual 1 and 2 was

previously unknown, we decided to also investigate the

similarity between both cases in an unsupervised, data-

driven way. To do this, we clustered patient photos by us-

ing the neural network FaceNet,20 which was initially

trained to recognize intra-personal similarity in a large

dataset of unconstrained facial photos (i.e., in a non-

medical context). After being trained to recognize intra-

syndromal similarity in a group of 265 individuals with

facial abnormalities from 66 different monogenic syn-

dromes that had been selected from the PEDIA cohort

(T.-C. H. et al., unpublished data), FaceNet found

individuals 1 and 2 to be not only almost the most similar

among 34,980 random pairwise comparisons but also

more similar than most individuals inside other disease

entities, including some related individuals (Figure 1E).
rican Journal of Human Genetics 104, 749–757, April 4, 2019 753
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Figure 3. Immunofluorescence Analysis of Mutant LEMD2 in U2OS Cells
(A) Irregular nuclear localization of mutant LEMD2 during transient overexpression with pCMV6-LEMD2-FLAG constructs containing
either the LEMD2 WT or mutant (c.1436C>T) sequence in U2OS cells. 48 h after transfection, immunofluorescence staining of FLAG
(green) and lamin A and C (red) reveals patchy accumulations of mutant LEMD2 (white arrows), whereas the WT construct shows
more even distribution within the nuclear lamina.
(B) Manual comparison of cells transfected withWTand mutant LEMD2 constructs shows a higher percentage of abnormal distribution
in cells transfected with mutant LEMD2. Nuclear distribution of LEMD2 was characterized as normal or irregular, and the percentage of
nuclei with irregular distribution was calculated. Combined results (mean 5 SEM) of three separate experiments are shown. (A total of
225 cells transfected with WT and 209 cells transfected with mutant LEMD2 were analyzed.)
(C) Quantitative colocalization analysis ofWTandmutant LEMD2 demonstrates disturbed colocalization ofmutant LEMD2 and lamin A
and C. Nuclei of cells transfected with both constructs (pCMV6-LEMD2-FLAG WT and mutant) were delimited and analyzed with the
ImageJ software (Coloc2 plugin). The Pearson correlation coefficients of LEMD2-FLAG and lamin A and C of each individual nucleus, as
well as averages and p values (according to the Wilcoxon rank sum test with continuity correction), are shown.
(D) WT and mutant LEMD2 are both predominantly localized within the nucleus. The Subcellular Protein Fractionation Kit (Thermo
Fisher) was used to collect fractionated cell lysates 48 h after transfection withWTandmutant LEMD2 constructs. Immunoblot analysis
revealed similar distribution patterns of both WT and mutant LEMD2 within cytoplasm (Cyto), membranes (Mem), and nuclear (Nuc)
fractions. Comparison of band intensity normalized for total protein (shown as x-fold change with regard to the normalized band in-
tensity of the cytoplasm fraction) from three separate experiments (mean5 SEM) did not reveal significant differences betweenWTand
mutant constructs.
(E–G) Proteins of the nuclear lamina display different localization patterns relative to LEMD2-FLAG constructs. U2OS cells were trans-
fected through the use of pCMV6-LEMD2-FLAG constructs (WT or mutant), and immunofluorescence stainings were performed 48 h
after transfection. Whereas emerin and BANF1 colocalize with irregular nuclear accumulations of mutant LEMD2 (E and F), LAP1B
does not (G).
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A close-up of the dendrogram of the cophenetic distances

of the clustering analysis is shown in Figure S2B. We

concluded that FaceNet could determine, solely on the

basis of the facial phenotype, that individuals 1 and 2

were probably affected by the same syndrome and that

DeepGestalt recognized that this particular phenotype

was similar to that of the family of early-onset segmental

progeroid syndromes. More details about the techniques,

including the cluster analysis, can be found in the Supple-

mental Data.

The LEMD2-associated disorder presented in this report

displays a distinct combination of symptoms and has

phenotypic overlap with other established segmental

progeroid syndromes, such as HGPS, mandibuloacral

dysplasia (MIM: 248370, 608612), and Néstor-Guillermo

Progeria syndrome. However, it is important to note

the better overall prognosis of the LEMD2-associated

disorder when compared to HGPS: individual 1 is now

19 years of age and without clinical signs of atheroscle-

rosis, and neither patient currently presents with life-

limiting symptoms.

The available data on LEMD2,6–8,15,16,21 combined with

the individuals’ phenotypes and our own observations

in vitro, strongly support our hypothesis of an LEMD2-asso-

ciated syndromic nuclear envelopathy. The maintenance

of nuclear morphology is a well-documented function of

LEMD2 in vitro: it is required for reformation and closure

of the NE during anaphase in mitotic yeast and HeLa

cells,21 high-level overexpression of LEMD2 led to the for-

mation of finger-type intrusions in the nuclear membrane

of HeLa cells,6 and invaginations and lobulations of the NE

have been reported upon siRNA-mediated depletion of

LEMD2 in HeLa and U2OS cells.15 Thus, the nuclear anom-

alies in patient fibroblasts (Figure 2B) recapitulate the find-

ings in the above-mentioned LEMD2-deficient cell lines,15

and these anomalies might be attributable to the observed

irregular accumulations of mutant LEMD2 in the NE.

Besides having an established role in the maintenance of

NE integrity, LEMD2 has additionally been implicated in

several other mutually non-exclusive biological processes

and signaling pathways, including telomere anchoring

and heterochromatin silencing,22 DNA replication,23 and

MAPK cascade and ERK signaling.24 However, elucidation

of the impact of the p.Ser479Phe variant in these processes

as well as those linked to other progeroid syndromes will

require further work and will be the main focus of our

future studies.

Traditionally, recognition and classification of facial dys-

morphology are among the key skills of a clinical geneti-

cist. What used to require decades of training and clinical

experience is now being supplemented by the introduc-

tion of image-analysis algorithms into clinical practice.

For diagnoses with sufficiently distinct facial phenotypes,

algorithms employing machine learning generally fare

well in prioritizing potential diagnoses, sometimes with

even better accuracy than that of seasoned geneti-

cists.19,25,26 Another not-yet-exploited utility of these tech-
The Ame
nologies is their potential to detect similarities of novel

phenotypes to known disorders and to thereby identify a

potential molecular etiology, such as the disruption of a

signaling pathway or a specific cellular compartment. In

our case, DeepGestalt recognized the facial similarity of

individuals with the LEMD2 mutation c.1436C>T to

individuals with another nuclear envelopathy, HGPS.

Furthermore, FaceNet, when trained accordingly to detect

intra-syndromal similarity, correctly perceived that these

two individuals have highly similar facial dysmorphology.

Both neural networks thus provided supporting evidence

for gene identification in our particular case. We suggest

that, in particular, FaceNet’s ability to form groups within

a cohort of syndromic patients constitutes a hypothesis-

free approach to syndrome identification and patient

matching and that this approach could even help to iden-

tify individuals with ultra-rare or previously unknown

disorders (e.g. via a web-based patient-matching tool).

Such image-analysis algorithms could be employed in the

detection of syndromic ‘‘kinship’’ between non-related in-

dividuals and in the delineation of syndrome families to

facilitate the discovery of new genetic disorders and under-

lying mutations, a concept that was suggested almost

15 years ago.27

In summary, we show that a recurrent de novo mutation

in LEMD2 causes a syndromic nuclear envelopathy with a

relatively good prognosis, and we suggest that the use of

artificial intelligence could facilitate the discovery of new

genetic disorders.
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C.P., Zisserman, A., and Nellåker, C. (2014). Diagnostically

relevant facial gestalt information from ordinary photos. eLife

3, e02020.

27. Brunner, H.G., and van Driel, M.A. (2004). From syndrome

families to functional genomics. Nat. Rev. Genet. 5, 545–551.
rican Journal of Human Genetics 104, 749–757, April 4, 2019 757

https://arxiv.org/abs/1503.03832
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref20
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref21
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref21
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref21
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref21
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref22
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref22
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref22
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref22
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref23
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref23
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref23
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref23
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref24
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref25
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref25
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref25
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref25
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref26
http://refhub.elsevier.com/S0002-9297(19)30066-7/sref26


The American Journal of Human Genetics, Volume 104
Supplemental Data
The Discovery of a LEMD2-Associated Nuclear

Envelopathy with Early Progeroid Appearance Suggests

Advanced Applications for AI-Driven Facial Phenotyping

Felix Marbach, Cecilie F. Rustad, Angelika Riess, Dejan �uki�c, Tzung-Chien Hsieh, Itamar
Jobani, Trine Prescott, Andrea Bevot, Florian Erger, Gunnar Houge, Maria Redfors, Janine
Altmueller, Tomasz Stokowy, Christian Gilissen, Christian Kubisch, Emanuela
Scarano, Laura Mazzanti, Torunn Fiskerstrand, Peter M. Krawitz, Davor
Lessel, and Christian Netzer



Supplementary appendix

Table of contents

Page

Supplemental Note #1: Case Reports 2

Supplemental Note #2: Comment on de novo SNVs 5

Supplemental Figures 6

Supplemental Materials and Methods 9

Exome sequencing 9

Molecular biology 11

Cell lines 11

Immunofluorescence 11

Antibodies 12

Expression constructs 12

Western blotting 12

Facial analysis 13

Creation of composite images 13

DeepGestalt analysis 13

FaceNet analysis 14

Supplemental References 15



Supplemental Note #1: Case Reports

Medical history and clinical findings of Individual #1 and #2

Individual #1

Individual #1 was born at 36 weeks gestation, weighing 1910g (P8, Z-1.44), with a length of 44cm (P35,

Z-0.4) and head circumference of 31cm (P16, Z-1.01) (Percentiles at birth according to CDC growth

charts; www.cdc.gov/growthcharts)1. Intrauterine growth restriction had been noticed on prenatal

ultrasound. Unspecified respiratory complications necessitated mechanical ventilation during the first

days of life. He had normal psychomotor development during early childhood, walking freely at the

age of 18 months. Dentition was severely delayed, with the first tooth erupting at the age of three. At

the age of five years, he received a cranial MRI demonstrating hyperintensities of the peritrigonal white

matter. Neurologic examination at the time was normal with the exception of a fine tremor of the

lower extremities and hands. A second MRI with magnetic resonance spectroscopy (MRS) was

performed at age 11, which revealed diffuse hypomyelination of the white matter. Individual #1

attended school in Italy and Germany, successfully graduating from secondary school. At 11 years of

age, growth hormone (GH) therapy was administered for 19 months albeit normal GH levels without

satisfactory results and had to be discontinued upon newly occurring insulin resistance: Elevated

HOMA-IR (Homeostatic Model Assessment for Insulin Resistance) values were noted after 6 months of

therapy, which only receded to the normal range two years after cessation of GH therapy.

Lipid profiles (cholesterol, HDL, triglycerides) were repeatedly determined as normal between 11 and

15 years of age. LDL was determined at age 15, with normal results.

Echocardiography and 24h-Holter monitoring at the age of 14 were both normal. The most recent

echocardiography performed at the age of 17 years demonstrated normal atrial and ventricular

dimensions, septal hypertrophy, a functionally bicuspid aortic valve, and a low-grade tricuspid and

pulmonary valve insufficiency. Recent electrocardiograms showed no pathologies apart from an

incomplete right bundle branch block and signs of septal hypertrophy.



Individual #1 suffered fractures of the femur and humerus at the age of 13 and 15, respectively, due

to inadequate traumata. Orthopedic treatment of the femur by internal fixation was complicated by

perforation of Prévot nails and breaking of a plate and screw fixation, necessitating osteotomy.

Reduced bone mineral density was noticed by quantitative computed tomography. Low appetite and

preference of small portion sizes, resulting in malnutrition, was treated with hypercaloric supplements.

Neurologic examination at the age of 14 revealed muscular weakness and cerebellar (intention-)

tremor, which intensified in stressful situations. Intelligence testing showed normal cognition. A third

MRI of the neurocranium demonstrated diffuse white matter hyperintensities in T2, indicating

widespread hypomyelination (Fig, S1A). Delayed gastric passage and a “fish-hook stomach”

conformation was noted upon barium esophagography. Skeletal features included severe growth

retardation with a height of 139 cm (<P1, Z-4.95), hypoplastic clavicles and microcephaly with a head

circumference of 47.2 cm (<P1, Z-6.15) at the age of 16 (Percentiles in adolescence according to

Kromeyer-Hauschild et al., 2001)2. Dysmorphic features of the skull included wormian bones, small

palate, nasal septum deviation, absence of the right and hypotrophy of the left maxillary sinus. He had

shallow orbits, a beaked nose, mandibular hypoplasia and severe hypodontia (Fig. 1B, S1B). The

individual’s denture consisted predominantly of primary teeth, the only permanent teeth being two

incisors which erupted at the age of 12. The upper and lower jaws are crowded with unerupted teeth

(Fig. 1C). Ophthalmological examination at age 16 did not reveal cataracts or retinal abnormalities.



Individual #2

Individual #2 was conceived by In-vitro-fertilization. Pregnancy was normal until premature rupture of

membranes at 28 weeks gestation. He was born at 32 weeks with a weight of 1675g (P33, Z-0.44),

length of 40.5 cm (P54, Z-0.09) and a head circumference of 26cm (P5, Z-1.66). Pulmonary

hypertension was treated with high-frequency oscillation ventilation for the first three days. Neonatal

investigations included a normal cerebral ultrasound initially, followed by an MRI scan showing a left

hemispheric subcortical hemorrhage with edema and two normal echocardiograms. A second cerebral

MRI at 22 months of age revealed a thin rim of anterior and a normal posterior pituitary. Both MRI

scans did not indicate hypomyelination. The boy breastfed well for the first four months of life. Gradual

transition to solid foods from age four months was uneventful. Beginning at two years, he became

disinterested in food. Growth retardation persisted in the absence of malabsorption or endocrine

anomalies. Percutaneous gastrostomy placed at age three improved growth to some degree, but a

persistent lack of catch-up growth initiated the decision for GH treatment at the age of four, which

continued to date of this report. At the age of seven, he was still dependent on gastrostomy for

nutrition. Individual#2 had a thorough cardiac examination at the age of seven, which did not reveal

any pathologies. As he showed no eruption of teeth, surgical excision of regular and supernumerary

teeth, as well as exposure of permanent teeth were performed between the age of seven and nine

years (Fig 1C, S1C). At ten years he ate solid food, but caloric intake had to be supplemented via

gastrostomy. Cognitive, motor and social development were normal. He attended regular school,

taking part in all activities including physical education, although he had less muscle strength than his

peers.

From an early age a symmetric triangular face and large forehead with visible superficial veins were

noted. Additional findings in childhood included a small mouth, smooth philtrum, shallow orbits and a

generalized paucity of subcutaneous fat. Midface hypoplasia and growth retardation, created the

illusion of macrocephaly. Some of these features diminished with age, albeit persisting mandibular

hypoplasia and shallow orbits at the age of 10 (Fig. 1A). Individual #2 was 138.6cm (P32 Z-0.46) tall and



weighed 28.5 kg (P15 Z-1.04). Neurologic examination was only notable for an intermittent intention

tremor.

Supplemental Note #2: Comment on de novo SNVs

With an estimated average de novo mutation rate of between 1.0×10-8 and 2.5×10-8 per base pair per

generation3-7, the expected number of protein-coding de novo single nucleotide variants (SNV) in a

45Mb human exome is 0.45-1.13 per individual. Assuming the higher de novo mutation rate of 2.5×10-

8, the likelihood for any single phenotypically similar individual to carry any de novo SNV at the identical

position by chance alone is therefore at most 2.81×10-8, or about 1 in 35 million. Observing the identical

C>T transition has a further reduced probability of 1.62×10-8, or about 1 in 60 million. This provides

extremely strong statistical support for the causal role of this de novo SNV in these two phenotypically

similar individuals.

The number of expected de novo SNVs in the human exome were calculated straightforwardly by

multiplying the de novo mutation rate with the size of the human exome. The likelihood for a second

individual to carry the same de novo by chance was then closely approximated as

_ = 1 − (1 − ) _
where rdn is the de novo mutation rate and ndn_exp the number of expected de novos per individual. This

assumes no multiple testing, as no larger cohort was systematically sequenced in this study. Since the

recruitment of the second patient was facilitated through GeneMatcher, some (non-quantifiable)

multiple testing may exist. However, even under the highly unlikely assumption of 100 phenotypically

similar progeroid patients in the "GeneMatcher cohort" having undergone trio exome sequencing, the

adjusted probability of finding an additional occurrence of the identical de novo among this group

would still be minimal (1.62×10-6, or about 1 in 617,000). The likelihood of a de novo SNV of a cytosine

in a non-CpG context being a C>T transition was estimated at 58% based on previously published data7.
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Figure S1

Cranial MRI and dental anomalies.

A: Cranial MRI of individual #1 at the age of 14 years shows widespread diffuse hyperintensities of the cerebral

white matter in T2 and T2 FLAIR across all cerebral cross-sections, indicating hypomyelination.

B: Dental status of individual #1 at the age of 16 years. Only a single canine and incisor of the lower, and some

incisors of the upper jaw are visible. Note the small oral aperture.

C: Dental features of individual #2. Upper image: Intraoperative image of the lower jaw at the age of 9, when the

primary incisors and canines were removed and the permanent tooth germs in the anterior part of the mandible

were surgically exposed. Similar surgical treatment was performed in the upper jaw two years earlier. Lower image:

Present teeth in the upper jaw at the age of 10 years, three years after surgical exposure of permanent teeth.
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Figure S2

DeepGestalt and FaceNet analysis.

A: Overlap of DeepGestalt similarity scores of individual #1 (“patient 1a”, blue) and #2 (“patient 2a”, red) to other disorders. The computed facial similarity of each individual to the

indicated disorders is visualized as colored areas extending outward on the radicular axes. Purple color indicates overlap.

B: A dendrogram is used to visualize the computed phenotypic “distance” of individual #1 and #2 in a sample containing 265 individuals with 66 different syndromes. The close-up

shows both individuals in close proximity to each other, as well as to patients with progeroid disorders (HGPS, PYCR1-related autosomal recessive cutis laxa).



Supplemental Material and Methods

Exome sequencing

Cologne:

Library preparation and sequencing in Cologne was performed at the Cologne Center for Genomics

(CCG) on an Illumina pipeline as previously described8.

Bergen:

DNA was extracted from blood using the QIAsymphony system (Qiagen, Hilden, Germany) and exome-

sequenced was performed using the SOLID 5500xl platform (Life Technologies, Waltham, MA, USA).

Exonic sequences were enriched using the SureSelect Human All Exon v5 kit (Agilent Technologies,

Santa Clara, CA, USA) which targets ~21,500 human genes and covers 50Mb of genomic sequence.

Color space reads were mapped to the hg19 reference genome using the LifeScope v.2.5 software,

yielding on average 120 million mapped reads per exome (75bp paired-end), with about 90% mapped

reads on-target. Average depth of coverage within targets was 143. Percent of target bases covered

more than 20 times were 89%.

Trio-exome analyses

In order to validate and directly compare the sequencing data of both groups, we proceeded to analyze

both trio exome datasets on the same in-house bioinformatics pipeline. NGS sequencing data of

individual #2 and his parents were provided by the Department of Clinical Science of the University of

Bergen.

FASTQ files were processed on the QIAGEN CLC Biogenomics Workbench using a custom exome

analysis workflow. The relevant data processing steps were set as follows: 1. Map Reads to hg19

reference genome, 2. Remove duplicate mapped reads (max. representation of minority sequence:

20%), 3. InDel and Structural Variant Detection (min. variant allele count=5), 4. 2-pass Local

Realignment, 5. Variant detection (min. coverage: 16x, min. count: 8, min. variant allele fraction: 20%,

ignore broken pairs, minimum base call quality: 26), 6. Remove False Positives (min. allele fraction:



20%, min. fwd/rev-balance: 0.05, min. average base quality: 26). In addition to this, several QC

parameters (e.g. coverage information, duplicate read information, etc.) were documented and

exported to external storage. A variant call file (.vcf) and binary alignment map were generated with

target regions defined as coding regions of all transcribed genomic exons +20bp of adjacent intronic

or untranslated sequence.

Variant annotation was performed using the QIAGEN Ingenuity Variant Analysis (IVA) pipeline. The

variant filters used to identify potentially pathogenic de novo variants in both trio-exome datasets

(individual #1+parents, individual #2+parents) consisted of the following filter steps:

1. Filter for variant quality (base call quality & read depth)

2. Filter for rare variants (allele frequency <0.5% in the gnomAD database)9

3. Filter for likely deleterious variants based on functional consequence and in silico prediction of

pathogenicity.

4. Filter for variants only present in the individual’s, but not the parents’, datasets.

After these filter steps, the number of remaining putative de novo variants in both trios was 14 for

individual #1, and 15 for individual #2. After manual validation using the Integrative Genomics Viewer

(IGV), all variants except the LEMD2 variant c.1436C>T could be discarded as alignment artefacts in

both individuals.

We additionally screened both individuals’ exome datasets for heterozygous, hemizygous, compound-

heterozygous, or homozygous mutations with clear pathogenicity (ACMG class 5)10, and variants listed

in the HGMD professional database11. There were no heterozygous or hemizygous pathogenic variants

in autosomal-dominant or X-linked disease-associated genes, nor any homozygous or compound-

heterozygous pathogenic variants in autosomal-recessive disease-associated genes in either one of the

individual datasets.



Molecular biology

Cell lines

All biological samples from patients were obtained after written informed consent. The study was

performed in accordance with the Declaration of Helsinki protocols and approved by the ethics

committee of the respective institutions. Primary human dermal fibroblast cultures were established

from skin biopsies taken from individuals #1 and #2 and two healthy donors (control1 and control2,

aged 34 and 35, respectively). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM),

supplemented with 10% fetal bovine serum (Life Technologies, 10270-106), 1% amphotericin B

solution (Sigma, A2942) and 1% penicillin-streptomycin solution (Sigma, P4333) under 5% CO2 and at

37°C. Human bone osteosarcoma epithelial (U2OS) cells were grown on cell culture dishes and

coverslips, respectively, utilizing similarly supplemented DMEM. For transient overexpression of

LEMD2-FLAG constructs, U2OS cells were transfected with 125-500 ng/ml of plasmid-DNA using

Lipofectamine® 2000 Transfection Reagent (Thermo Fisher, 11668030) according to the

manufacturer’s instructions.

Immunofluorescence

Primary fibroblasts and U2OS cells were grown on glass coverslips, fixed with 4% formaldehyde,

permeabilized with 0.1% Triton X-100, 0.1% Na-citrate, blocked with 5% BSA in PBS and

immunostained with the respective antibodies which were diluted in 5% BSA in PBS. Images were taken

using Axioplan 2 imaging microscope (Zeiss, Jena, Germany) and captured using the AxioVision Imaging

System (Zeiss, Jena, Germany). Nuclear abnormalities were estimated directly by visual observation at

100x magnification, in at least 100 cells per experiment (primary fibroblasts) and 50 cells/experiment

(U2OS cells).



Antibodies

Primary antibodies used in this study were anti-lamin A/C (Santa Cruz, sc-7292), anti-BANF1 (Abcam,

ab88464), anti-LAP1B/TOR1AIP1 (Atlas antibodies, HPA050546), anti-emerin (Abcam, ab40688), anti-

LEMD2 (Aviva Systems Biology, OAAB14861), anti-LEMD2 (OriGene, TA320148), anti-FLAG (Sigma-

Aldrich, F7425) and anti-GAPDH (Sigma-Aldrich, G8795).

Expression constructs

pCMV6-AC-GFP expression vector containing the LEMD2 coding sequence (NM_181336) was obtained

from Origene (RG208535). The missense mutation identified in both individuals was introduced using

Quick-Change II site directed mutagenesis kit (Agilent, Waldbronn, Germany), with mutagenic

oligonucleotides designed based on the Quick-Change instruction manual. The FLAG-Tag was

subsequently added to the C-terminal end of LEMD2 by PCR-based whole plasmid mutagenesis using

Pfu DNA polymerase (Thermo Fisher, EP0501) for plasmid amplification, DpnI (Thermo Fisher, ER1701)

for digestion of template DNA, and T4 DNA Ligase (Thermo Fisher, EL0014) for re-ligation of plasmids,

using the respective protocols provided by the manufacturer. The following primers were utilized:

GCGAGATTACAAGGATGACGACGATAAGTAAACGCGTACGCGGCCGCTCGAG (FLAG forward) and

TTACTTATCGTCGTCATCCTTGTAATCTCGCTCTGAGTCAGAGAAGG (FLAG reverse). All constructs were

amplified using One Shot™ TOP10 Chemically Competent E. coli (Thermo Fisher, C404006) and verified

by Sanger sequencing.

Western blotting

U2OS cells were harvested 48h after transfection and processed using the Subcellular Protein

Fractionation Kit for Cultured Cells (Thermo Fisher, 78840) according to the manufacturer’s

instructions. Extracts from cytoplasm, membranes and nucleus were separated by SDS-PAGE (5μg

protein/lane) and transferred to PVDF membranes (all components for western blotting were supplied



by Bio-Rad Laboratories Inc., US-CA). PVDF membranes were then stained with primary and secondary

antibodies as indicated.

Facial analysis

Creation of composite images

As a first step, faces are located by the Stasm library12 and 77 landmark points are identified. The

positions of the points are averaged out for all of the faces in the set (10 faces included), scaled and

aligned in a rectangle in the center of the screen. Delaunay triangles are identified among all the

aligned sets of landmark points, creating a mask onto which the faces are then warped and pixels are

averaged out, creating a composite mask.

DeepGestalt analysis

The similarity of patients’ portrait photos was measured in the clinical face phenotype space (CFPS), a

concept first introduced by Ferry et al.13. As the clustering efficiency for novel phenotypes increases

with the number of modelled disorders which are used as dimensions, we span the CFPS within the

216 classes available from DeepGestalt. A low cophenetic distance between individuals #1 and #2 was

achieved, with the centroid of Hutchison-Gilford Progeria being the closest of all previously modelled

gene-phenotypes.



FaceNet analysis

We used a pre-trained FaceNet model (version 20170512-110547) producing a 128-dimensional

embedding vector from a facial picture on a dataset of individual photos.

For face verification the embeddings are created as follows: in the case of three photo instances, a

photo A of an individual, a different photo A' of the same individual, and a photo B of another

individual, the distance between the embedding vectors A and A' is going to be minimized and the

distance between the vectors A and B maximized. This is achieved through triplet-loss network training

where the triplets are A, A' and B which are the target, the positive and the negative example

respectively. We hypothesize that the distance between individuals with the same disorder (A1,...,An)

is going to be smaller than the distances between individuals with different disorders (B1,...,Bn).

Our dataset included frontal photos of 265 individuals, amongst them images from 22 patients with a

mutation in the LMNA gene, 11 with a mutation in the PYCR1 gene and photos of the two individuals

with a mutation in the LEMD2 gene. In order to include all of the visual information we have about the

two individuals (3 pictures per individual from 3 different ages), we averaged out their three respective

vectors into one. Based on the representation vectors created by the model, we calculated the pairwise

Euclidean distances between all individuals. The distances were then hierarchically clustered,

producing a dendrogram shown in Fig S2B. In this novel comparison space, the two individuals fall right

next to each other.
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