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Abstract

Objective: ALS deficiency (ACLSD), caused by inactivating mutations in both IGFALS gene
alleles, is characterized by marked reduction of IGF-I and IGFBP-3 levels associated to mild
growth retardation. The aim of this study was to expand the known phenotype and genetic

characteristics of ACLSD by reporting data from four index cases and their families.

Design: Auxological data, biochemical and genetic studies were performed in four children

diagnosed with ACLSD and all available relatives.

Methods: Serum levels of IGF-I, IGFBP-3, ALS, and in vitro ternary complex formation (ivTCF)
were determined. After sequencing the IGFALS gene, pathogenicity of novel identified
variants was evaluated by in vitro expression in transfected CHO cells. ALS protein was
detected in patients” sera and CHO cells conditioned media and lysates by Western

immunoblot.

Results: Four index cases and four relatives were diagnosed with ACLSD. The following
variants were found: p.Glu35Glyfs*17, p.Glu35Lysfs*87, p.Leu213Phe, p.Asn276Ser,
p.Leu409Phe, p.Alad75Val, and p.Ser490Trp. ACLSD patients presented low IGF-I and low or

undetectable levels of IGFBP-3 and ALS. Seven out of 8 patients did not form ivTCF.
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Conclusions: This study confirms previous findings in ACLSD, such as the low IGF-I and a
more severe reduction in IGFBP-3 levels, and a gene-dosage effect observed in heterozygous
carriers. In addition, father to son transmission (father compound heterozygous and mother
heterozygous carrier), preservation of male fertility, and marginal ALS expression with
potential involvement in preserved responsiveness to rhGH treatment, are all novel aspects,

not previously reported in this condition.

Introduction

Acid-labile subunit deficiency (ACLSD) (OMIM #615961), caused by inactivating
mutations in both IGFALS gene alleles, is characterized by severely reduced circulating levels
of IGF-I and IGFBP-3 associated to mild growth retardation (height -2 to -3 SDS).' The
condition is transmitted with an autosomal recessive pattern of inheritance in both
consanguineous and non-consanguineous families.> About 30 patients from diverse ethnic

backgrounds have been reported worldwide.**>°

Because ALS is essential for the stability of
ternary complex with IGF-I and IGFBP-3 (or IGFBP-5),” the lack of this protein results in the
absence of the 150-kDa complex in the circulation and the instability of IGF-I and IGFBP-3.
ACLSD patients present a lack of response to the acute and chronic administration of

recombinant human GH (rhGH), both in terms of height velocity acceleration and increase in

IGF-I levels.>*#%1% pyhertal delay and insulin insensitivity, have been frequently reported.3

We evaluated the impact on height and on the IGF system of different IGFALS gene
variants characterized in four families with ACLSD. The study of these families confirms

previous findings such as a marked reduction in circulating levels of IGF-I, and a more severe
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reduction in IGFBP-3 levels, associated to mild growth impairment. Functional
characterization for several of the IGFALS variants found in these patients has been
previously reported.’*™® The effect of one combined variant, still unreported, on the

synthesis and secretion of ALS by in vitro expression, was also evaluated.

Subjects and Methods

In the four index cases, clinical examination and routine laboratory analysis ruled out
non-endocrinological causes of short stature. Evaluation of the GH-IGF axis revealed normal
GH response to stimulation tests with low levels of IGF-I and low or undetectable IGFBP-3

and ALS levels. Evaluation of other pituitary axes was normal (Supplementary Table 1).

Cases descriptions
Family 1

The proband (IV-4, Figure 1), a 13.8-year-old prepubertal boy referred for
growth retardation, was born at term (Supplementary Table 1), the fourth of nine
siblings from consanguineous parents (first degree cousins) of short normal height
(Table 1). He always grew slightly below the 3™ percentile, but from the age of 12
years his growth velocity became markedly low. At 13.8 years, he presented a height

of 134.7 cm (-2.65 SDS), a weight of 28.3 kg (-2.47 SDS) and a bone age of 12.8
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years for 13.3 years. At the age of 14.6 years (height 138.0 cm, -2.97 SDS, Tanner
stage | -pubic hair 2, testicular volume 3 ml-), he was started on rhGH treatment
(0.32 mg/kg.week). He was treated up to 18.1 years of age (height 154.3 cm, -2.67
SDS, bone age 15.5 years), attaining a height of 155.3 cm at the age of 18.6 years

(Supplementary Figure 1).

Family 2

The index case (ll-1, Figure 1) was a 5.0-year-old girl, born at term
(Supplementary Table 1). She was the only child of non-related healthy parents of
normal height (Table 1). Her height was within normal limits, slightly below her target
height (TH -0.73) (Supplementary Figure 2). She presented a 46,XX karyotype, a

delayed bone age (3.5 years), and a normal brain MRI.

Family 3

The index case was a 4.7-year-old boy (ll-2, Figure 1). He was born at term
(Supplementary Table 1), the second child of healthy, non-consanguineous parents of
normal height (Table 1). At first evaluation, he presented a normal height (Table 1), 1.41 SD
below TH. However, during an observation period of 3.2 years, he grew poorly,
deteriorating his height from -1.67 to -2.36 SDS. At the age of 7.9 years he started rhGH
treatment (0.15 mg/kg.week) for 8 months, improving his height velocity from 3.1 to 7.5
cm/year (height gain 0.40 SD). After 5 months, out of treatment, he received rhGH for
another 7 months, with poor compliance, attaining a height of -1.92 SDS at the age of 9.7

years. (Supplementary Figure 3).
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Family 4

The index case (llI-2, Figure 1), a 2.4-year-old boy, was referred for short stature
evaluation (Table 1 and Supplementary Figure 4). He was born at 39 weeks of gestation, the
second child from non-consanguineous parents (Supplementary Table 1). While his mother
(1-8) and his 6-year old brother (lll-1) presented normal height, his father (lI-4) was also

short (Table 1).

While families 1 and 4 were evaluated at the “Ricardo Gutiérrez” Children’s Hospital
(Buenos Aires, Argentina), families 2 and 3, both living in Brazil, were evaluated at Federal
University of Sao Paulo, (Brazil). Other studies were all performed at the “Ricardo Gutiérrez”
Children’s Hospital. Auxological data, biochemical and genetic studies were also extended to

all available relatives (Table 1).

The study was conducted in accordance with the Helsinki Declaration. The Ethics
Committee of the “Ricardo Gutiérrez” Hospital approved the protocol. The patients gave
their assent and parents and relatives signed a written informed consent for molecular

studies.

Endocrinological evaluation

Serum levels of GH, IGF-I and IGFBP-3 and anti-thyroperoxidase antibodies were
determined by chemiluminescent immunometric assays (Immulite 2000, Siemens
Healthcare Diagnostics, Llamberis, Gwynedd, UK). TSH, free T4 (FT4), ACTH, cortisol, PRL, LH,

FSH, testosterone and insulin were measured by electrochemiluminescence (Cobas e411
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analyzer; Roche Diagnostics GmbH, Mannheim, Germany). Serum ALS levels were evaluated
by enzyme-linked immunosorbent assay (ELISA, Mediagnost, Reutlingen, Germany). IGF-I

response to exogenous rhGH was also evaluated (Supplementary Table 2).
Molecular Studies:

Genomic DNA was isolated as previously described.** The IGFALS gene coding
sequence was amplified by PCR as previously reported™? and sequenced in an ABI 3730x
DNA analyzer (Macrogen Inc., Seoul, South Korea). Sequences were analyzed based on the
following NCBI reference sequences: NG_011778.1 (gene), NM_004970.2 (mRNA) and
NP_004961.1 (protein) by using the Mutation Surveyor Software v3.2 (State College, PA,

USA).

Seventeen SNPs were characterized by sequencing IGFALS gene exons 1 and 2, intron
1, 950 bp of 5'flanking region and 40 bp of 3’"UTR. Only 9 informative SNPs were used to
define a specific microhaplotype. Two STRs flanking the /IGFALS gene locus, D1653434 (21 Kb
upstream) and D1653024 (186 Kb downstream) were analyzed by PCR amplification using a

fluorescently-labeled (FAM) primer, capillary electrophoresis and Genescan.

Site-directed mutagenesis and transient transfection assays:

Mutants ALS  (p.Leud409Phe, pAlad75Val and the double mutant
p.[Leud409Phe;Ala475Val]-ALS) were generated into an expression vector containing the
wild-type (WT) IGFALS cDNA (pCMV6-XL5-hIGFALS, Origene, Rockville, USA), using the Quick
Change Il XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) as

previously described.*®
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Transfections were performed using Chinese hamster ovarian (CHO) cells as
previously described and lysates and conditioned media (CM) were collected 48 hours after

transfection for western immunoblot analysis.*?

In vitro ternary complex formation (ivTCF):

In vitro ternary complex formation (ivTCF) was evaluated by size exclusion
chromatography. In family 1, using a HiPrep 16/60 Sephacryl S-200HR column (Amersham
Pharmacia Biotech AB, Uppsala, Sweden)? and in families 2, 3 and 4 ivTCF by using a HiLoad
16/600 Superdex 200 column (GE Healthcare, Bio-Sciencies AB, Uppsala, Sweden) as

. . 10,1
previously described.'®*®

Western immuno blot:

ALS in serum samples and those produced by CHO cells in vitro, was evaluated by
Western immunoblot (WIB) by using a goat anti-ALS antiserum (R&D Systems, Inc.

Minneapolis, MN, USA) as previously described.

Statistical analysis:

Height, serum levels of IGF-I, IGFBP-3, and ALS, expressed as standard deviation
score (SDS) were compared among ACLSD, heterozygous carriers (HC), and wild-type (WT)
subjects by using Kruskal-Wallis test. In addition, median SDS values for each group were
compared with the hypothetical zero values for the reference population by Wilcoxon

signed rank test. Values of P<0.05 were considered significant.
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Results

Biochemical profile

All index cases presented normal stimulated GH, low IGF-I, and extremely low or
undetectable IGFBP-3 and ALS levels (Table 1, Supplementary table 1). Severe IGF-I
deficiency with undetectable levels of IGFBP-3 and ALS was also found in four relatives: 2
siblings in family 1 (IV-3 and IV-8), the father (ll-4) and the paternal aunt (lI-5) in family 4
(Table 1 and Figure 1). IGF generation test was performed in index cases from families 2, 3
and 4 (Supplementary Table 2). Responses of IGF-1 and IGFBP-3 to rhGH administration were
low or absent. One father (II-4, family 4), presented a subnormal increase in IGF-I levels with

no changes in either IGFBP-3 or ALS levels (Supplementary Table 2).

Sequence analysis of the IGFALS gene

Sequencing of the IGFALS gene revealed that all four index cases were either
homozygous or compound heterozygous for a presumably pathogenic IGFALS gene variant
(Table 1). Patient IV-4 from family 1 was homozygous for two different missense variants
present in the same allele: ¢.[1225C>T;1424C>T], p. [Leu409Phe;Ala475Val]. While one of
his older sisters (IV-3) and a younger brother (IV-8) were also homozygous for the same
variants, his parents (llI-2 and IlI-3), three sisters (IV-2, IV-5 and IV-6) and a brother (IV-7)

were HC. Only the oldest sister (IV-1) was homozygous WT (Figure 1).
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In family 2, patient II-1 was compound heterozygous for a duplication (c.103dupG),
predicting a frameshift mutation (p.Glu35Glyfs*17) and a missense variant (c.827A>G; p.
Asn276Ser). The father was HC for the duplication and the mother, HC for the missense

mutation (Figure 1).

Patient 1I-2 from family 3 was compound heterozygous for a deletion (c.103delG)
predicting a frameshift mutation (p.Glu35Lysfs*87) and a missense variant (c.637C>T;
p.Leu213Phe), while his parents were HC, the father for the deletion and the mother for the

missense mutation. The only sister was homozygous WT (Figure 1).

Family 4 presented a more complex mutational result: the patient (llI-2) harbored
two different heterozygous gene variants: a transition at c.1469C>G, predicting a missense
point mutation (p.Ser490Trp); and a duplication (c.103dupG, p.Glu35Glyfs*17). The mother
(N-8) was HC for the duplication (c.103dupG). The father (lI-4) resulted compound
heterozygous, with one allele carrying the ¢.1469C>G; p.Ser490Trp variant, and two
different  additional variants in the other allele: ¢.[1225C>T;1424C>T],
p.[Leud409Phe;Alad75Val]. The patient’s brother was HC for the p.Serd490Trp variant. The
study of the father’s relatives, revealed that the grandmother (I-2) was HC for the
p.[Leu409Phe;pAlad75Val] and the grandfather (I-1) HC for the p.Ser490Trp variants. The
younger uncle (II-6) was homozygous WT while a paternal aunt (lI-5) turned out to present

the same genotype as the father (Tablel, Figure 1).
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Gene dosage effect

Height as well as IGF-1, IGFBP-3 and ALS were significantly different among ACLSD
patients, HC and WT subjects. Although these parameters were only significantly lower in
ACLSD compared to WT relatives, ACLSD and HC showed height, IGF-I, IGFBP-3, and ALS

levels significantly below zero SDS, suggesting a gene dosage effect (Table 2).

Western immunoblot (WIB)

Serum ALS WIB (Figure 2, Panel A) showed that no 84- to 86-kD ALS protein band
could be detected in three out of four index cases: IV-4 (family 1), II-1 (family 2) and IlI-2
(family 4), and in four of their relatives: IV-3 and IV-8 (family 1) and II-4 and II-5 (family 4), all
of them homozygous or compound heterozygous for IGFALS variants. Patient II-2 (family 3)
presented a faint but clear 84- 86-kD band indicating the presence of some ALS protein.
Heterozygous carriers presented an 84-86-kD band less intense than that corresponding to a

normal control.

In transfected CHO cells (Figure 2, Panel B), WIB revealed that WT-ALS was present
mostly in the extracellular compartment (CM) at 48 hours post-transfection, although a faint
band of lower molecular weight was visible in the intracellular compartment, probably
related to the lesser extent of glycosylation. While p.Ala475Val-ALS variant showed a similar
pattern of expression as WT-ALS, no discernible band corresponding to ALS protein was
observed in the CM or in the lysate of CHO cells transfected with either the p.Leu409Phe-
ALS variant or the double mutant p.[Leu409Phe;Ala475Val]-ALS variant, indicating that the
lack of ALS in the patient could be attributed to the pathogenic effect of the p.Leu490Phe

variant.
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In vitro ternary complex formation (ivTCF)

Profiles corresponding to ivTCF are shown in figure 3. In family 1, ivTCF was
performed with the addition of 6 pg/ml rhIGFBP-3 on Sephacryl column.™ In subjects
presenting ACLSD (IV-3, IV-4 and IV-8), no peak corresponding to the ternary complex was
detected, with most of the complexed **I-IGF-I eluting in the 50-kD peak corresponding to
the binary complex formed with IGFBPs. Heterozygous carriers (llI-1, 11I-2, IV-5, IV-6 and IV-
7) presented peaks corresponding to ternary and binary complex of similar magnitude,
while the only homozygous WT subject from this family (IV-1) showed a predominant 150-

kD peak corresponding to the ternary complex.

In the other three families, ivTCF was performed on Superdex-200 columns. Patient
[I-1 (family 2) showed no detectable 150-kD peak and her parents had both a clear peak
corresponding to ternary complexes. In family 3, patient II-2 presented a reduced but
detectable ternary complex, while his parents and his older sister all presented predominant

ternary complex peaks.

In family 4, size-exclusion chromatography revealed absence of 150-kD peak in the
three ACLSD subjects (IllI-2, 1l-4, and 1I-5) (Figure 3, panel A), whereas normal ternary
complexes were observed in HC (I-2, 1I-8, and Ill-1) as well as in the only homozygous WT

subject from this family (I1-6) (Figure 3, panel B).
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IGFALS polymorphism analysis

Given the unusual finding of two uncommon gene variants ¢.[1225C>T;1424C>T] in
the same allele in families 1 and 4, a polymorphism analysis was undertaken to determine
whether these two variants arose independently or they originated from a common
ancestor. The analysis of 9 informative SNPs and two CA repeats (D1653034 and D1653024)

revealed the common haplotyope (CA)ls/acgaaccgt/(CA)22 or (CA)za’ differing only by one

CA-repeat in D16S3024, in all subjects carrying the c.[1225C>T;1424C>T] double variant
allele. This finding strongly suggests a founder effect for these variants, originated form a

common ancestor (Table 3).

Discussion

In the present study, we have characterized ACLSD in four children presenting either
short stature, normal stature but shorter than mid-parental height, or even normal height
adequate to familial height. All cases presented normal GH-stimulated levels and severe IGF-
| and IGFBP-3 deficiencies. Despite this variable impact on postnatal growth, the lack of ALS
had a consistent effect on the circulating IGF system resulting in diminished levels of IGF-I
with a more severe reduction of IGFBP-3.% The lack of ALS, resulting in the impairment of
ivTCF, a landmark of this condition, was observed in 7 out of 8 ACLSD subjects in this study.
Delayed puberty, frequently observed in ACLSD was present in the male index case of family
1 (4 ml of testicular volume at the age of 15 years) and a relatively late thelarche in his older
sister (11.5 years). The remaining ACLSD subjects were too young to characterize the time of
puberty (three males of 3.0, 3.2 and 4.7 years old and a female 5.0 years old). Insulin

resistance, a frequent finding in ACLSD, was not present in the index cases.
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From the original report in 2004, at least 30 patients with complete ACLSD have
been characterized.>® In autosomal recessive genetic diseases, patients arise usually in
consanguineous families being both parents carriers for the same pathogenic variants.
However, in ACLSD more than 40% of the patients reported were compound heterozygous
for two different variants inherited from non-related parents.? This finding suggests that
pathogenic /IGFALS variants could be present in the general population, probably because
they would not be under a strong negative selection pressure. Our previous finding of
heterozygous inactivating /GFALS variants in idiopathic short stature and even in normal
control children, support this interpretation.'®> Reinforcing this observation, three out of
four index cases from this study were compound heterozygous for different IGFALS gene
variants, while their parents, obligate HC, were non-related. Only in family 1 the parents

were first degree cousins, carrying the same genetic variants.

Characterization of two ACLSD undiagnosed siblings in family 1, and the finding of
two ACLSD adults in family 4, underline the importance to extend biochemical and genetic
studies to all available relatives. Because ACLSD subjects could present a mild phenotype, it
is not unusual to find undiagnosed ACLSD siblings and even adults. Family 4 represents the
first example of father to son transmission of ACLSD, not due to an autosomal dominant
pattern of inheritance, but because the proband was the offspring of a father compound
heterozygous for two different pathogenic variants and a mother HC for another pathogenic
variant in the IGFALS gene. Incidentally, this family revealed that male fertility is preserved
in this condition. A situation that, associated to the mild phenotype and no evidence of a
serious deleterious effect on health or lifespan, could explain the transmission of pathogenic

IGFALS variants from one generation to another.

This article is protected by copyright. All rights reserved.



The finding of two variants in cis (p.Leu409Phe and p.Ala475Val) in two non-related
families of different ethnic background, opens the question as to the origin of this unusual
variant combination. In family 1, the two great-grand parents of the index case were
Sephardic Jews from Aleppo, Syria, that migrated to Argentina at the beginning of the
twentieth century. In family 4, the grandmother, carrier for these same variants, had
Spanish ancestors. The finding of a similar haplotype with 9 intragenic SNPs and two
flanking microsatellites suggests a gene-founder effect with likely a common ancestor from
Spain. A similar finding of a common ancestor has been reported for the E180 splice variant

in the GHR gene in patients with Laron syndrome from different countries.'

The auxological evaluation and the characterization of the IGF system in all 8 ACLSD
subjects, 14 HC, and 3 WT relatives revealed that HC for pathogenic IGFALS variants were 0.6
SD shorter than WT, presenting IGF-I, IGFBP-3 and ALS levels intermediate between ACLSD
and WT relatives. A similar difference in height of 0.9 SD between HC and their WT relatives
has been reported.” However, these observations are limited by the relatively small number
of WT subjects and due to the different ages among ACLSD patients, HC and WT subjects.
These data confirm previous findings of a gene dosage effect of /IGFALS gene on the IGF
system,”'® probably related to the requirement of a molar excess of ALS to stabilize

circulating IGF-1 in ternary complexes.’

This study also revealed the first subject (II-2, family 3) compound heterozygous for
two pathogenic IGFALS variants retaining a marginal expression of ALS protein. While the
p.Glu35Lysfs*87 (a pathogenic variant associated with complete ACLSD when present in

homozygosis') was not expressed in vitro, the novel p.Leu213Phe although partially
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synthesized in vitro was not secreted.™ A similar effect on preserved synthesis but complete
lack of secretion has been previously reported for the p.Asp440Asn-ALS variant, albeit for

this particular variant a more pronounced intracellular accumulation was reported.’

Whether the finding of detectable levels of ALS in this patient, preserving the ability
to form some ternary complexes, could be explained by marginal in vivo secretion of
p.Leu213Phe-ALS, or alternatively, to some regression to the WT allele by a revertant
mosaicism mechanism,'® remains to be elucidated. This marginal secretion of ALS protein
may have practical implications. Previous studies have demonstrated a limited effect of rhGH
treatment in ACLSD patients to improve adult height.? The index case of family 1 (IV-4), had
a very poor response to rhGH improving his height only 0.3 SDS after 3.5 years of rhGH
treatment. The index case from family 3 (lI-2) lost 0.72 SD from 4.7 to 7.8 years of age and
gained 0.44 SD in 1.9 years receiving rhGH for only 1.25 years with partial compliance. In
addition, measurements obtained 2 weeks after the last rhGH injection showed
normalization of IGF-I levels (88 ng/ml, -0.98 SDS) and measurable IGFBP-3 levels (1.0 ug/mi,
-3.27 SDS). It could be speculated that this increase in IGF-1 levels could be responsible for

the observed growth acceleration.

Previously, we reported the impact of 7 different IGFALS variants found in these
families by in vitro expression.*® Five of these variants (p.Glu35Lysfs*87, p.Glu35Glyfs*17,
p.Asn276Ser, p.Ser490Trp and p.Leu409Phe) were not synthesized and secreted in vitro,
confirming they all are pathogenic variants. Variant p.Leu213Phe retained some ability to be
synthesized in vitro but with no evidence of secretion. Variant p.Ala475Val-ALS showed a

similar pattern of expression as WT-ALS.
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Variants p.Leu409Phe and p.Ala4d75Val were found in the same allele both in
homozygosis (3 subjects in family 1) or as compound heterozygous (3 subjects from family
4). To clarify the effect of these two variants on synthesis and secretion of ALS, they were
expressed individually and combined. While variant p.Leu409Phe was not synthesized,
variant p.Ala475Val preserved the ability to be synthesized and secreted. The double variant
p.[Leud409Phe;Ala475Val] was not expressed in vitro, indicating that the pathogenicity of this

double variant is caused by p.Leu409Phe variant.

In conclusion, this study not only confirms previous findings of ACLSD, but also
reveals novel aspects such as: i) the first report of a father-to-son transmission, not as a
consequence of an autosomal dominant pattern of inheritance (the father was compound
heterozygous and the mother HC for different IGFALS variants); ii) male fertility is preserved
in this condition; and iii) ACLSD children retaining some ALS expression, may increase IGF-I

on rhGH treatment. Whether this might improve adult height, remains to be determined.
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Table 1: Auxology, evaluation of the IGF system, and IGFALS genotype of the index cases
and their relatives.

) Height IGE-I IGFBP-3 ALS IGFALS Genotype
Subject Age Tanner
cm ng/mi ug/ml muU/ml
(gender) (years) stage SDS SDS Allele 1 Allele 2
SDS SDS
Family 1
Father 160.0 98 2.7 1280 c.[1225C>T;1424C>T]
41.0 5 WT
-2 -1.88 -0.91 -1.90 -0.56 p.[L409F;A475V]
Mother 157.0 118 3.1 1468 c.[1225C>T;1424C>T]
42.0 5 WT
-3 -0.61 -0.68 -1.60 -0.55 p.[L409F;A475V]
IV-I 153.0 233 4.0 3516
19.0 5 WT WT
(F) -1.26 -1.66 -0.51 1.40
V-2 149.8 92° 2.7° 1400°  ¢.[1225C>T;1424C>T]
17.0 4 WT
(F) -1.88 -1.69 -2.16 -1.30 p.[L409F;A475V]
IV-3 143.5 47 <0.5 <100 c.[1225C>T;1424C>T]  c¢.[1225C>T;1424C>T]
16.0 4
(F) -2.69 -7.90 <-3.50 <-2.78 p.[LA09F;A475V] p.[LA09F;A475V]
V-4 136.2 29 <0.5 <100 c.[1225C>T;1424C>T]  c¢.[1225C>T;1424C>T]
14.4 1
(M) -2.76 -3.22 <-4.30 <-3.12 p.[L409F;A475V] p.[L409F;A475V]
IV-5 144.5 229 33 1409 c.[1225C>T;1424C>T)
12.0 3 WT
(F) -0.68 -0.14 -1.31 -1.22 p.[L409F;A475V]
IV-6 10.0 1 125.6 85 2.0 809 c.[1225C>T;1424C>T] WT

This article is protected by copyright. All rights reserved.



(F) 145 104 -1.84 -1.96 0.[LA09F;A475V]
V-7 110.0 87 27 990  c.[1225C>T;1424C>T]
6.0 1 WT
(M) 108 017  -157 127 0.[LA09F;A475V]
V-8 87.6 <25 <0.50 <100 c[1225C>T;1424C>T]  c.[1225C>T;1424C>T]
3.0 1
(M) 146  <2.65 <405  <3.13 0.[LA09F;A475V] p.[LA09F;A475V]
V-9 64
0.9 1 N.A. N.A. N.A. N.A. N.A.
(F) -1.72
Family 2
Father 1780 147 3.4 1435 c.103dupG
48 5 WT
-1 018  -0.12  -1.40 0.06 p.E35Gfs*17
Mother 1545 170 3.4 1335 C.827A5G
44 5 WT
1-2 156 0.10 -1.40 -0.90 p.N2765
-1 99.5 <25 <05 <100 ¢.103dupG C.827A5G
5.0 1
(F) 128 <260 <610  <-3.18 p.E35Gfs*17 0.N2765
Family 3
Father 177 125 27 1008 c.103delG
40 5 WT
-1 003  -074  -2.20 -1.64 0.E35Kfs*87
Mother 160 116 29 1071 .637C>T
43 5 WT
-2 063 094  -2.00 -1.57 p.L213F
-1 122 172 42 1651
7 1 WT WT
(F) 0.09 1.38 1.58 0.80
-2 100 35 0.9 227 c.103delG .637C>T
4.7 1
(M) 167 350  -3.47 .84 0.E35Kfs*87 0.1213F
Family 4
Eather 156.5 25 <05 <100  c.[1225C>T;1424C>T] C.1469C>G
30.4 5
-4 240 =794 <370 <528 0.[LA09F;A475V] 0.5490W
Mother 258 5 1623 128 26 800 ¢.103dupG WT
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-8 026  -1.52 2.7 2.6 p.E35Gfs*17
-1 1165 126 2.0 700 .1469C>G
5,9 WT
(M) 060  0.12 -1.88 -1.90 0.5490W
1Il-2 88.6 28 <0.5 <100 ¢.103dupG C.1469C>G
3.2
(M) 230 233 <405  <3.13 p.E35Gfs*17 0.5490W
Aunt 153.0 27 <0.5 <100 c.[1225C>T;1424C>T] C.1469C>G
24.8
(11-5) 126 715 <460  <-4.04 0.[L409F;A475V] 0.5490W
\ 1723 370 4.9 1452
19.0 WT WT
(11-6) 005 111 0.27 -1.33
Grand- 156.4 133 2.7 1044 C.[1225C>T;1424C>T]
mother 56.5 WT
(-2) 070  0.11 2.0 -1.64 0.[L409F;A475V]
Grand-
o 1650 106 41 798 ¢.1469C>G
ather 597 WT
115  -0.93 -0.58 2.41 0.S490W

(-1)

Serum IGF-1, IGFBP-3, and ALS levels are expressed as standard deviation score (SDS).* For
families 1 and 4 height SDS was based on Argentinean growth references,”® and for families
2 and 3 on CDC (2000), National Center for Health Statistics, Centers for Database Control
and Prevention.??In patient IV-2 from family 1, biochemical profile was evaluated at the

age of 22 years. Growth charts of ACLSD subjects are included in Supplementary Figures:
subjects V-4, IV-3 and IV-8 from family 1 as Supplementary Figures 1, 5 and 6, respectively;

subject II-1 from family 2 as Supplementary Figure 2; subject II-2 from family 3 as

Supplementary Figure 3; and subject Ill-2 from family 4 as Supplementary Figure 4. N.A.:

not analyzed.
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Table 2: Height and IGF-1, IGFBP-3 and ALS levels in subjects with ALS deficiency (ACLSD),

heterozygous carriers (HC), and wild type (WT).

ACLSD HC WT P value
(n=8) (n=14) (n=3) KW test
Age 9.7 40.5 19.0
0.0329
(years) (3.0 to 30.4) (5.9 t0 59.7) (7.0 to 19.0)
-1.99° -0.69° -0.05
Height 0.0019
(-2.76 to -1.26) (-1.88 to 0.26) (-0.70 to 0.09)
-3.36° -0.71° 1.11
IGF-I 0.0003
(-7.94 to -2.33) (-1.69 to 0.12) (-1.66 to 1.38)
-4.05° -1.86° 0.27
IGFBP-3 <0.0001
(-6.10t0 -3.47) | (-2.70t0-0.58) | (-0.51to 1.58)
-3.13¢ -1.44° 0.80
ALS 0.0002

(-5.28 to -2.78)

(-2.41 to 0.06)

(-1.33 to 1.40)

Results are expressed as median SDS (range) and groups were compared by Kruskal-Wallis
(KW) test. Significant differences are given for comparison with the reference population

(zero). °P<0.0001, °P < 0.001, and P <0.01.
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Table 3: Characterization of SNPs and dinucleotide repeats at the /GFALS locus.

< Promoter region I‘Intron 1 Exon 2 <
815|888 |83|S|z|a|r| 8 |8
Elg|la|lB |3 |8 |8[R|S(8|5| & |@ |IGFALS variant
Cla|8(RISF|IR|S |||l R |8
5191298 elnllR] @ |°
m2 Bl AT CTG[AJA[C[C[G] T [23]p[L409FA475V]
w|lAlc |l c|AJAlc]c|G] c |24 WT
mal 8l ATClGIAJTAJC[CIG] T |23][p[L409FA475V]
2| Tl claele|[T]c]c|] c |26 WT
valdol Al clelATAJC]C]G] C |24 WT
2| Tl clae|c|[T]c][c|] c |26 WT
wvoltsl Al clGlAJAJCICIG] T [23]p{L409FA475V]
w|lA[lc | c|AJAlc|c|G] c |24 WT
“|waslt8l Al CTGIAJTAJC[CIG] T |23 ][p{L409FA475V]
> 5| Al cl el AJAlc]c|G] T [23]p.[L409F;A475V]
Elwaltel Al CclG[AJA[C[C[G] T |23]p[L409F;A475V]
w 5| Al cl g AJAlc]clG]| T [23]p[L409F;A475V]
wvslt5l Al cl GJAJAJC|ICIG] T [23]p[L409FA475V]
2| Tl clGc|[c|[T][c]c|] c |26 WT
veltsl Al clGJAJTAJC|CIG] T [23]p[L409FA475V]
2| Tl c|Gc|[c|[T][c]c|] c |26 WT
vl Al clGJAJTAJC|ICIG] T [23]p[L409FA475V]
2| Tl c|Gc|[c|[T][G]c|] c |26 WT
vel Bl Al CIGJAJA[CIC]G] T [23]p [L409FA475V]
5|l AflclclAafAaflclclac| T [23]p[L409F;A475V]
qal el TlclGlG]T]G]C] C |25 p.S490W
5| Alcl g AlAlclclGc] T |31 WT
o 8l AT ClTGTATAJC]C]G] T |22][p[L409FA475V]
Bl Tlclae|a|[T]c]c|] c |28 WT
na Bl ATCTGIATAJC]CIG] T |22]pL409FA475V]
14lc|[ Tl clac|[a[T|]Gc]c|] c [25 p.S490W
| sl AJ CJG[AJAJC[CIG[] T [22][p[L409FA475V]
> 14l Tl claGc[c[T]G]c] c |25 p.S490W
Elye sl Al clclAJAalCc]ClIG] T |31 WT
w Bl Tl clae]c[T]c]c] c |28 WT
e 2l 6l Tl clele[T]G]C|] C [21] pE35GHET
2| T clac|c[T]c][c] c |24 WT
mal2l el Tl clele[T[G]c] C |24 WT
14l Tl claGc[c[T][G][c] c [25 p.S490W
Mol 2l Gl T 1 CclGIG][T[G[C] C |21] pE35SGH™7
14l e[ Tl claGc|c[T|G]c|] c [25 p.S490W

We found 5 different alleles ranging from 10 to 15 CA-repeats for the D1653034

microsatellite, while for the D1653024 microsatellite, 8 different alleles ranging from 21 to
31 CA-repeats, were detected. All the individuals carriers for the p.[L409F;A475V] double
variant allele present a similar haplotype: (CA).s/acgaaccgt/(CA),, or (CA),3 (shaded in grey).
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Legends of figures:
Figure 1: Familial pedigrees

Pedigree of the investigated families with ACLSD.

Figure 2:
Serum Western immunoblot (WIB)

Western immunoblot of serum samples using anti ALS antibody. Subjects are identified by
using the same code as in the pedigrees in Figure 1. Marker (Mk) and normal control serum

(C), respectively.
ALS WIB of in vitro transient transfection experiments

WIB of wild type (WT) and mutant-ALS proteins obtained by transient transfection of CHO
cells. Samples of conditioned media (CM) and lysates (LYS) were chromatographed on SDS-
PAGE and immunoblotted for ALS. While p.L409F exhibits absence of expression indicating
either a defect in synthesis and/or stability, the p.A475V shows similar expression in CM and
LYS compared to WT. Expression of p.L409F;p.A475V double variant also denotes impaired

synthesis and/or stability.

Figure 3: In vitro ternary complex formation

In vitro ternary complex formation (ivTCF) in serum samples previously incubated with 125,

IGF-I. In family 1, ivTCF was performed with the addition of 6 pg/ml rhIGFBP-3 on Sephacryl
columns. In families 2, 3 and 4, ivTCF was performed on Superdex-200 columns. The 150
kDa peak corresponds to ternary complex (TC), the 30-50 kDa peak to binary complexes and

d *°I-IGF-I. Homozygous or compound heterozygous subjects are

the 7 kDa peak to unboun
represented in red, WT subjects in black and HC in green, blue or purple. Family 4: A) ACLSD
subjects (Ill-2, II-4, 1I-5), B) Heterozygous carriers (I-2, II-8 1lI-1) and wild type subject (II-6).

Arrows indicate the positions of the molecular weight markers (150, 50 and 10 kDa).
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Figure 3
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