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Mutations in PIK3R1 can lead to APDS2, SHORT syndrome or a
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Mutations in PIK3R1 gene have been associated to two different conditions: a primary immunodeficiency, called
APDS2, of recent description and SHORT syndrome. 47 patients with APDS2 have been reported to date, only one
of them sharing both PIK3R1-related phenotypes. Here we describe two more patients affected by APDS2 and
SHORT syndrome, which highlights that this association may not be so infrequent. We recommend that patients

with mutations in PIK3R1 gene should be assessed by both clinical immunologists and clinical geneticists.
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Phosphatidylinositol 3 kinases (PI3Ks) are a family of enzymes that
participate in several major signal transduction pathways in different
types of cells. Class I PI3K enzymes are expressed in leukocytes and
synthesise phosphatidylinositol 3,4,5-trisphosphate (PIP3), which acts
as a second messenger. PI3Ks are heterodimers, formed by a catalytic
and a regulatory subunit. There are many different types of class I
PIK3 enzymes in humans, through the various combinations of catalytic
and regulatory subunits and due to their differing cellular expression
patterns [1] (Supplemental Fig. 1).

Heterozygous loss of function mutations in PIK3R1 (MIM 171833),
located on chromosome 5q13.1, which encodes the regulatory subunits
p85a, p55a and p50a as alternative splicing products, are associated
with two different conditions: APDS2 (Activating PI3K-delta Syndrome
2, MIM 615513) and SHORT syndrome (MIM 269880).

APDS2 is a primary immunodeficiency disorder described for the first
time in 2014 in four patients from three unrelated kindreds [2]. To date,
47 APDS2 cases have been reported [2-8]. APDS2 is characterised by
recurrent upper tract respiratory infections and lymphoproliferation,
reported in 100% and 77% of patients, respectively. Infectious episodes
also include viral infections (25%), such as cytomegalovirus (CMV) and
Epstein Barr Virus (EBV), and parasitic and fungal infections (<10%).
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Lymphoproliferation usually presents as lymphadenopathies at dif-
ferent locations. Splenomegaly is also common. Lymphoma or leukae-
mia has also been reported in 21% of APDS2 patients, suggesting a
substantial risk for developing haematological malignancies.

On immunological evaluation, the majority of patients show a
hyper-IgM phenotype, but some may show hypogammaglobulinemia
or IgA deficiency. The cellular phenotype is characterised mainly by
low CD4 and CD8 naive T cell counts and B lymphopenia (80-90% of
cases); CD8 effector/senescent T cell expansion and high transitional B
cells have also been reported in about half of them. Some individuals
also have low memory B cell counts.

In addition to these findings, half of the reported patients showed
growth restriction and/or intellectual disability (21%). Three patients
had microcephaly, two glucose metabolism alterations, and one SHORT
syndrome.

Seven different heterozygous splicing mutations in PIK3R1 have
been reported in APDS2, all of which result in the skipping of exon 11:
c.14254+1G>(T,CA), c.1425 +2G>(T,A), c.1425 + 2delTG and c.1300-
1G>C (NM_181523). This exon encodes the inter-SH2 domain of
the p85 regulatory subunit, implicated in the p1108 catalytic subunit
binding [1].

SHORT syndrome is a rare disorder characterised by short stature,
hyperextensibility of joints and/or hernias, ocular depression, Rieger
anomaly and delays of tooth eruption, which provide the condition's
acronym. In addition, there is a recognisable facial gestalt, insulin
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resistance, nephrocalcinosis and hearing deficits. Speech development
is often delayed but cognition is usually normal.

SHORT syndrome was initially described in 1975 in two siblings
whose parents showed no obvious features, suggesting an autosomal-
recessive mode of inheritance [9,10]. However, most of the cases report-
ed later were sporadic, and the evidence of male-to-male transmission
in some instances argued in favour of autosomal-dominant inheritance.
Recently, several research groups identified heterozygous loss of
function mutations in PIK3R1 as the cause of SHORT syndrome; mainly
missense changes located in the last exons of PIK3R1 [11-13].

To date, only one patient with both APDS2 and SHORT syndrome has
been reported [6]. He was found to have a splicing mutation in PIK3R1,
¢.1425+1G>A (NM_181523), previously described in patients with
APDS2. However, SHORT syndrome associated features in the patient
were not described. Here we report two further patients with mutations
at the same splice donor site and in whom both PIK3R1-related pheno-
types: APDS2 and SHORT syndrome are present.

Patient 1 is a 10-year-old Spanish boy, born at term to healthy
unrelated parents. He presented with poor weight gain from birth and
required nasogastric tube feeding from the fifth month of life until he
was ten months old. His feeding problems improved but his weight
remained on the 3rd centile. At the age of five months he was diagnosed
with mitral stenosis and at two years with pulmonary hypertension,
which eventually required surgery at the age of three years. His overall
psychomotor development was within the normal range with mild
motor and speech delay. His current school performance is good.

Regarding his previous history of infectious episodes, at the age of
one month he had bronchiolitis due to VRS infection. From the age of
10 months he suffered recurrent episodes of acute otitis media, requiring
insertion of ventilation tubes. At the age of nine he was diagnosed with
mild conductive hearing loss and was prescribed hearing aids. He has
had recurrent upper respiratory tract infections, three pneumonias and
several episodes of periorbital conjunctivitis and cellulites, requiring
hospital admission on one occasion, when he was four years old.
He has had positive viral loads to EBV twice, when he was seven and
nine years old. CMV loads were always negative. At the age of six he pre-
sented with lymphadenopathies but without hepatosplenomegaly. He
has been treated with corticosteroids and has undergone adenoidectomy
two times. Currently, he is on treatment with ivGG (intravenous
gammaglobulin), trimethoprim/sulfamethoxazole and azithromycin.
His immunological phenotype at diagnosis is summarised in Table 1.

In view of his immunological phenotype and associated features, we
asked our Clinical Genetics colleagues to assess this patient. On exami-
nation, he showed normal body proportions with no asymmetries. He
was very thin, with reduced subcutaneous fat and aged appearance.
His height was 129 cm (10th centile), weight 23 kg (3rd centile), and
head circumference 51.5 cm (25th centile). He had thin translucent
skin with no pigmentary changes and joint laxity. He showed distinctive
facial features: a rather triangular face with broad forehead and
micrognathia, a short philtrum and thin upper lip, and dental crowding
(Fig. 1). He had a mild thoracic deformity with the sternotomy scar and
a straight back. He had normal male genitalia. His hands, feet, fingers
and toes were normal. Our colleagues considered that he showed fea-
tures consistent with SHORT syndrome, although they were unaware
that a significant immunological deficit could be part of the condition.
This prompted us to perform Sanger sequencing of PIK3R1 which result-
ed in the identification of a heterozygous mutation c.1425+1G>A
(NM_181523), confirming both the diagnosis of APDS2 and SHORT
syndrome in this patient.

Patient 2 is a Spanish male born at term to healthy unrelated par-
ents. He presented with poor growth and weight gain from early in-
fancy. According to the reports by the paediatrics specialists, he
always had facial dysmorphisms with an aged appearance. At the
age of eight months his height was on the 10th centile and his weight
on the 3rd. He remained on the same centiles for the next seven
years. He received recombinant growth hormone treatment at the

Table 1
Clinical and immunological findings of patients 1 and 2.

Humoral immunophenotype P1 (10 years old) P2 (23 months old)

1140 [608-1572]" 36 [424-1051]"

IgG levels, mg/dl

IgA levels, mg/dl <7 [45-236]" 5[14-123]"
IgM levels, mg/dl 137 [52-242]" 199 [48-168]"
Vaccination response to tetanus/diphtheria Positive Negative/ND
Vaccination response to neumococo Negative ND

Cellular immunophenotype P1 (10 years old) P2 (23 months old)

1900 [1200-4700]*  ND

Total lymphocytes counts/ul

%CD3 + 84 [55-97]" 78 [36-100]™"
%CD4 + 16 [28.4-44.4]™* 48 [33-55]"*
%CD4 + CD45RA + 15.8 [53.4-74.7]]""" ND

%CD4 + CD45RO0 + 64 [21.4-40.3]"" ND

%CD8 + 67 [16.4-36.2]"" 31[14-26]""
%CD8 + CD45RA + 21[49.2-82.7]""* ND

%CD8 -+ CD45R0 + 51.6 [11.5-30.7]"" ND

%CD4 + CD45RA + CD31 + 13.7 [40.1-54.8]""" ND

%CD19 + 3[4-33]"" 6[8-45]""

%B transitional cells 45 [4-28]"" ND
%Non-switched memory B cells 7.2[0.5-8]" ND
%Switched memory B cells 46[3-18]" ND

%CD16 4 CD56 + 10 [2-31]"" 14 [1-96]""

Proliferation assays
(PHA, ConA, PWM, OKT3)

Moderately reduced Moderately reduced

ND: Not done. IgG levels are not under ivGG treatment in any of the patients.
* Jolliff CR et al. Clin Chem. 1982 Jan;28(1):126-8.
** Schatorjé EJ et al. Scand ] Immunol. 2011 Nov;74(5):502-10.
** van Gent R et al. Clin Immunol. 2009 Oct;133(1):95-107.

age of 14 with good response. He was diagnosed with congenital
heart disease (a dysplastic mitral valve and aortic valve insufficien-
cy). He showed delayed teeth eruption, which required removal of
the primary teeth when he was 13 years old. He developed autoim-
mune hypothyroidism at the age of 15, and atrophic gastritis at the
age of 20. He had normal cognition and his school performance was
good.

Regarding his previous history of infectious episodes, he had re-
current upper respiratory tract infections and gastroenteritis from
the first month of life. He subsequently suffered from S. aureus skin
infections, including omphalitis and granuloma inguinale at the age
of one month, and blistering skin lesions in the hands several times
during childhood and early adulthood. From the age of four years,
he had recurrent episodes of acute otitis media, requiring insertion
of ventilation tubes. He was diagnosed with mixed hearing loss at
the age of 17 and was prescribed hearing aids. He suffered repeated
episodes of periorbital conjunctivitis and dacryocystitis, requiring
surgery at the age of 18. He also had viral, parasitic and fungal infec-
tions in infancy: herpetic and fungal cutaneous lesions and Giardia
and Cryptosporidium infections. He started treatment with ivGG at
the age of two years and with trimethoprim/sulfamethoxazole
from the age of 14.

Fig. 1. Patient 1 at age 11 years. Note the distinctive facial features: a rather triangular face
with broad forehead and micrognathia, a short philtrum and thin upper lip, and dental
crowding.
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At the age of four, he presented with lymphadenopathies and hepa-
tomegaly, and developed nodular gastritis at the age of six. He received
treatment with corticosteroids and underwent adenoidectomy twice. At
the age of 20, he developed non-Hodgkin lymphoma that responded to
treatment. Six months later, he developed classic Hodgkin lymphoma
that also responded to treatment. However, the non-Hodgkin lympho-
ma recurred and he died at the age of 26. EBV and CMV loads were
negative every time they were evaluated, including in gastrointestinal
biopsies during the diagnosis of the lymphoma. His immunological
phenotype is summarised in Table 1.

Although no photographs were available in his clinical notes, our
Clinical Genetics colleagues reviewed his social network and recognised
features consistent with SHORT syndrome. NGS sequencing on a DNA
sample stored in our department identified the heterozygous PIK3R1
mutation c.1425+ 1G>T (NM_181523).

To test whether or not this type of mutations lead to a gain of func-
tion of the PI3K pathway in peripheral blood, the intracellular content of
phospo-Akt (p-Akt) and phospo-S6 (p-S6), activated forms of Akt and
S6, respectively, was measured in peripheral blood of patient 1 by
using the PhosFlow System (BD Biosciences) (Supplemental material).

Results showed an increase of p-S6 in peripheral B cells of the
patient in comparison with a healthy donor under basal conditions
(Fig. 2A) and after stimulation with anti-IgM during five, 10 and
15 min (Fig. 2B). However, p-Akt and p-S6 both in stimulated and
unstimulated T lymphocytes of the patient and the healthy donor
were similar (data not showed).

This means that the PI3K signaling pathway is up-regulated in B lym-
phocytes of the patient, specifically at the point of the phosphorylation
of the protein S6, which mediates the captation of glucose [14], while it
remains normal in T lymphocytes.

Thus, we describe two additional patients with both APDS2 and
SHORT syndrome, due to different splicing mutations at the same donor
site in PIK3R1. These mutations have previously been associated to
APDS2 [7] and one of them, to APDS2 and SHORT syndrome in the same
patient [6]. They both result in the skipping of exon 11 [6]. Exon 11
encodes part of the inter-SH2 domain of the regulatory subunits p85c,
p55a and p50c, which are alternative splicing products of the gene.

In leukocytes, the main class I PI3K that mediates intracellular
signalling is the heterodimer formed by the regulatory subunit p85a
and the catalytic subunit p1105. The first one binds to the second one
by the inter-SH2 domain. Therefore, mutations that lead to the loss of
this domain of the protein impair its binding ability and the formation
of heterodimers. The consequence in lymphocytes is that the p1105

A B

catalytic subunit is deregulated and over-activated, resulting in an
increase of the PI3K signalling-dependent processes. This situation
resembles that observed in APDS1 patients, where gain of function
mutations in PIK3CD, encoding the p1106 subunit, lead to a similar
clinical and immunological phenotype [14,15].

As opposed to APDS2, what has been demonstrated in the case of
SHORT syndrome is that the PI3K signalling pathway has increased
basal activity but remains downregulated after activation with spe-
cific ligands, as insulin in the case of adipocytes, so its dependent
processes are decreased [11-13]. It seems that mutations that
cause SHORT syndrome diminish the affinity between p85a and
tyrosine-phosphorylated peptides, which are implicated in many
signalling mechanisms.

Here we hypothesize that, in patients with mutations that lead
to exon 11 skipping, both situations can happen at the same time:
PI3K signalling pathway might be upregulated in peripheral blood,
as it has been showed for patient 1, while it might be downregulated
in other tissues, generating the phenotype characteristic of SHORT
syndrome.

Interestingly, mutations in PIK3CD have never been associated with
SHORT syndrome. It is probably that, as p1106 is predominantly
expressed in leukocytes [16], alterations in its coding gene mainly affect
this type of cells. By contrast, p85a expression is ubiquitous, which
means that mutations in its coding gene affect many tissues, including
leukocytes and others, such as those altered in SHORT syndrome.

In addition, patients with SHORT syndrome due to mutations in the
last exons of PIK3R1 do not develop APDS2. It could be hypothesised
that those exons are not implicated in p1105 subunit binding and, there-
fore, leukocytes are spared.

The reason why some APDS2 patients develop SHORT syndrome but
others do not, remains to be elucidated. To date, only three patients -
including ours - sharing both APDS2 and SHORT syndrome phenotypes
have been reported. However, some of the APDS2 patients described
showed other features such as growth restriction, learning disability,
microcephaly and glucose metabolism alterations. We wonder whether
SHORT syndrome may not be recognised in some of them.

We recommend that APDS2 patients should be assessed by a Clinical
geneticist or dysmorphologist. Conversely, SHORT patients should be
assessed and followed up by a Clinical immunologist, particularly if
they have a history of recurrent respiratory infections and/or lympho-
proliferation. The potential risk of developing haematological malignan-
cies should also be considered. Thus, a multidisciplinary approach is
required to diagnose, monitor and treat these patients.
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Fig. 2. A. Basal phosphorylation (unstimulated) of S6 and each isotype control in the patient and a healthy donor. B. Mean Fluorescence Intensity of p-S6 in unstimulated (—) and

stimulated with anti-IgM (15 pg/ml for 5, 10 and 15 min) CD19 + cells of the patient and a healthy donor.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clim.2017.03.004.
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