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Context: Signal transducer and activator of transcription 5b (STAT5b) deficiency, first reported in
apatientwho carried a p.Ala630Pro missense mutation in the Src homology 2 (SH2) domain, results
in a rare clinical condition of GH insensitivity (GHI), IGF-I deficiency (IGFD), and severe immune
dysregulation manifesting as progressive worsening of pulmonary function.

Patient: The new patient presented with severe cutaneous eczema, episodic infections in the first
years of life, and autoimmune thyroiditis. Immunological evaluation revealed T lymphopenia, but
severe pulmonary symptoms were notably absent. She concomitantly exhibited pronounced
growth failure, reaching an adult height of 124.7 cm [—5.90 so score (SDS)]. Endocrine evaluations
(normal provocative GH tests; low serum IGF-I, —3.7 SDS, and IGF-binding protein-3, —4.5SDS) were
consistent with GHI and IGFD.

Results: Analysis of the STAT5B gene revealed a novel homozygous missense mutation,
p.Phe646Ser, located within the gD’ strand of the SH2 domain. Reconstitution studies demon-
strated expression of the p.Phe646Ser variant was less robust than wild type but, in contrast to the
previously described STAT5B p.Ala630Pro SH2 mutation, could be phosphorylated in response to
GH and interferon-y. The phosphorylated p.Phe646Ser, however, could not drive transcription.

Conclusion: A novel STAT5B p.Phe646Ser mutation has been identified in a patient with clinical char-
acteristics of STAT5b deficiency. Only the second STAT5B missense mutation identified, its lack of
transcriptional activities despite GH-induced phosphorylation, confirms the crucial role of STAT5b for
regulating the expression of IGF1 and provides insights into the importance of the SH2 8D’ strand for
full STATSb transcriptional activities. Whether the phosphorylated p.Phe646Ser variant retained func-
tions that prevented pulmonary distress remains unresolved. (J Clin Endocrinol Metab 97: 0000—0000,
2012)
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rowth hormone insensitivity (GHI) is characterized
by severe postnatal growth retardation, low
IGF-1I, and normal to elevated GH serum levels. The first
cases described by Laron et al. (1) were later demon-
strated to be linked to molecular defects in the GH re-
ceptor gene (GHR) (2). More recently, specific defects
downstream of the GHR have been identified (3). To date,
the only signaling molecule to be directly implicated with
severe GHI phenotype is the signal transducer and acti-
vator of transcription 5b (STATS5b). Because the first re-
port in 2003 of a patient with a homozygous missense
mutation, p.Ala630Pro (p.A630P), in the STATSB gene
by Kofoed et al. (4), only seven other STATSb-deficient
patients have been formally described (5-9), carrying non-
sense or frameshift mutations within the STATSB gene, all
of which are expected to result in the absence of functional
STATS5b protein.

The human STATSB gene, located at chromosome
17q11.2, contains 19 exons encoding a protein of 787
amino acids that consists of several domains: the amino-
terminal, the coiled-coil, the DNA-binding, the linker, the
Src homology 2 (SH2), and the transactivation domains.
The STATSD protein is a member of the STAT family of
transcription factors (STAT1, -2, -3, -4, -5a, -5b, and -6)
that are activated by hormones (e.g. GH and prolactin)
and cytokines (e.g. interferon (IFN)-vy, IL-2, and IL-7).
Extracellular binding of cytokines or GH to their specific
receptors triggers the activation of receptor-associated Ja-
nus tyrosine kinases (JAK), which phosphorylates intra-
cellular tyrosines on the receptors. Signaling molecules
possessing SH2 domains, including STATSb, are capable
of binding these phosphotyrosine residues and become
themselves tyrosine phosphorylated by the JAK. In the
GH-GHR system, JAK2-mediated phosphorylation of
STATSb at Tyr699 results in STATSb dimer formation

' ol BERSRR
Kz .&«Eﬁ.‘?

FIG. 1. A, Histological analysis of lung tissue from patient 1 at 7 yr of age demonstrating
features of LIP. The fragment of lung parenchyma measured 2.5 X 1.5 X 0.3 cm. Although
there is relative preservation of histological architecture, there is a marked and diffuse
interstitial mononuclear cellular infiltrate with a follicular pattern that broadens the alveolar
septa but largely spares the alveolar spaces. The peribronchial areas are also involved with this
cellular infiltrate. B, Axial chest computerized tomography scan of patient 1 showing
centrilobular nodules (white arrows) and subpleural nodules (black arrows).
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through reciprocal Tyr699 binding via their SH2 do-
mains. The STATSb dimers then translocate to the cell
nucleus where they act as transcription factors by binding
to poorly characterized GH response elements in the pro-
moter region of responsive genes and interact with coacti-
vating proteins to stimulate transcription of genes such as
IGF1, IGFALS, and IGFBP3.

We previously reported the first STATSb-deficient pa-
tient, who carried the homozygous missense mutation
p.A630P, located within the highly conserved SH2 do-
main (4). This case presented with GHI associated with
immune dysregulation and severe autoimmune pulmo-
nary disease (10). An update of the pulmonary disease
progression in this first case (patient 1 in Case reports) is
provided. We now describe a new case (patient 2), who
carries only the second homozygous missense mutation
identified in the STATSB gene, also located in the SH2
domain. Functional studies and clinical presentation of
the novel mutation, compared with p.A630P, revealed
some striking differences and provided valuable insights as
to possible phenotype-genotype correlations. Impor-
tantly, this mutation results in a protein capable of phos-
phorylation but incapable of transcriptionally activating
IGFI.

Patients and Methods

Case reports

Patient 1

The history of growth and endocrine abnormalities of this
patient, who carries a homozygous STATS B missense mutation,
p-A630P, was previously reported (4). Immunological evalua-
tion had indicated that T lymphocyte regulatory (Treg) cells
(CD4"FOXP3"CD25"#") were abnormally low due to dysregu-
lation of the transcription factor forkhead
box P3 (FOXP3) (10).

The female subject, born to consan-
guineous parents in Argentina, presented
with chronic pulmonary distress, in addi-
tion to growth failure, from infancy. A
particularly severe episode of respiratory
disease at age 7 yr failed to respond to em-
piric antibiotic treatment. A lung biopsy
showed infiltration of the interstitial spaces
with lymphocytes (Fig. 1A), consistent with
lymphocytic interstitial pneumonia (LIP), a
condition associated with autoimmunity.
Despite combined immunosuppressive
therapy (prednisone and azathioprine), pro-
gressive worsening of pulmonary function
(requiring mechanical ventilation), hemor-
rhagic varicella, and recurrent viral infec-
tions occurred by age 10 yr. Computed
chest tomography showed worsening LIP,
with signs of fibrosis (Fig. 1B), and a biopsy
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indicated the presence of Pneumocystis carinii. Treatment with
trimethoprim-sulfamethoxazole improved pulmonary function
and was continued as prophylaxis, along with cyclosporin A.
The patient, at age 23 yr, was awaiting a lung transplantation
because this procedure has successfully alleviated the debilitating
symptoms associated with pulmonary immune disease in one
STATS5b-deficient subject (9).

Patient 2

The new female patient, born in Argentina (birth weight
2250 g, birth length 44 ¢cm), was adopted at 4 d of age. Data
regarding family and perinatal history are not available. Karyo-
type was 46,XX. She had an adequate weight gain until the third
month of age, when the onset of episodic infections led to failure
to thrive. Atage 1 yr, she developed severe generalized seborrheic
dermatitis, which persisted for several years. Autoimmune thy-
roiditis (positive anti-thyroid peroxidase and anti-thyroglobulin
antibodies, 476 and 267 IU/ml, respectively) was diagnosed at
4.5 yr, and she was started on 1-T, therapy. In later years, she
developed severe varicella with cutaneous infection and Strep-
tococcus pyogenes septicemia. It was of note that compromised
pulmonary function was not observed throughout childhood or
adolescence.

The patient concomitantly presented with severe postnatal
growth retardation. At age 2.1 yr, she had a height of 67 cm, a
weight of 6.2 kg [—6.0 and —4.5 sp score (SDS), respectively]
(11),a head circumference of 43.5 cm (below third centile), a bird
facies with micrognathia, frontal bossing, and synophrys. Psy-
chomotor and neurological development was mildly delayed. At
11.2 yr, she was prepubertal, with a height of 106.8 cm (—4.30
SDS), weight 16.0 kg (—3.65 SDS), and bone age 10.0 yr (Fig.
2A). GH provocative tests were normal, with extremely low se-
rum IGF-I and IGF-binding protein (IGFBP)-3. She spontane-
ously started puberty at 12.5 yr, reaching normal menarche at
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14.5 yr (12, 13). A low growth spurt, with peak height velocity
of only 4.2 cm/yr (below third percentile; normal, 7.5 cm/yr for
age 13.8 yr) was noted. Pubertal height gain was 12.2 cm (Fig.
2B). She had irregular menses, followed by more than 10 months
of normogonadotropic amenorrhea, resuming regular cycles at
age 18. Her final adult height was 124.7 cm (—5.90 SDS) with a
weight of 27.0 kg (body mass index —0.97 SDS).

Methods

The study was conducted in accordance with the Helsinki
Declaration. Written informed consent for molecular studies
was obtained from the patient, the normal controls, and their
parents.

Endocrinological evaluation

Serum IGFBP-3 was measured by immunoradiometric assay
(Diagnostic Systems Laboratories Inc., Webster, TX), total IGF-1
by an in-house RIA (14), and serum GH and prolactin by chemi-
luminescent immunometric assays (Immulite 2000; Siemens
Healthcare Diagnostics, Llamberis, Gwynedd, UK). Macropro-
lactin was estimated by measuring prolactin before and after
polyethylene glycol precipitation, as previously described (15).
GH-binding protein (GHBP) was evaluated using a time-re-
solved in-house fluorometric immunofunctional assay as previ-
ously described (16).

For the IGF-I generation test, serum IGF-I and IGFBP-3 were
measured before and after the administration of recombinant
human GH (0.033 mg/kg - d) for 7 d.

Immunological evaluation
Total serum Ig (IgG, IgM, and IgA) were measured by neph-
elometry using commercially available kits (Array 360; Beckman
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FIG. 2. Growth chart for height (A) and growth velocity (B) of patient 2. The black arrow indicates the onset of L-T, treatment and the white

arrow the age of menarche.
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Coulter Inc., Fullerton, CA) and IgE by microparticle enzyme
immunoassay (Abbott Diagnostics, Buenos Aires, Argentina).

Peripheral cell subsets CD3, T cell receptor (TCR) af,
TCRy8, CD4, CD4CD45RA (naive), CD4CD45RO (memory),
CD8, CD19, natural killer (NK) (CD3-CD16"CDS56™") were
determined from fresh whole blood by FACSCalibur flow cy-
tometry (Becton Dickinson, San Jose, CA). Treg cells
(CD4*FOXP3*CD25"8h) were determined on peripheral blood
mononuclear cells (PBMC) by flow cytometry.

Proliferative responses of PBMC to phytohemagglutinin
(PHA), PHA plus recombinant IL-2, anti-CD3 (Becton Dickin-
son, San Jose, CA), and phorbol myristate acetate plus ionomy-
cin (Sigma-Aldrich, St. Louis, MO) were measured by [*H]thy-
midine incorporation.

NK-cell activity was evaluated by flow cytometry with 1 X
10°/ml K562 cells (a human erythroleukemia cell line) as target.
PBMC effector cells from patient 2 were isolated by centrifuga-
tion with Ficoll-Hypaque and resuspended to a final concentra-
tion of § X 10° cells/ml. Different concentrations of effector cells
were added to target cells and the mixture incubated for 4 hat 37
Cunder 5% CO, with propidium iodine (Sigma-Aldrich). Anal-
yses were performed using CellQuest software (Becton Dickin-
son). The values of different subpopulations and functional stud-
ies were compared with our reference population.

Molecular studies

Genomic DNA from the patient and the normal controls was
extracted from venous peripheral blood employing a cetyltrim-
ethylammonium bromide lysis buffer and isoamyl alcohol-chlo-
roform extraction method (17). The whole coding sequence (ex-
ons 2-19) and intron-exon boundaries corresponding to
STATSB gene (GenelD 6777, NG_007271.1, NM_012448.3,
and NP_036580.2) were PCR amplified from genomic DNA and
sequenced (Applied Biosystems 3730x] DNA analyzer; Macro-
gen Inc., Seoul, Korea). Oligonucleotide primers used are avail-
able upon request. The DNA samples of 50 Argentinean healthy
subjects were used as controls.

Generation of recombinant mutant N-FLAG-STAT5b
plasmids

N-terminally FLAG-tagged wild-type STATSb (F-STATSb) and
FLAG-STATS5b-A630P (F-A630P) were previously described (18).
F-STATS5b-F646S (F-F646S) was generated by site-specific mu-
tagenesis (QuikChange II Site-Directed Mutagenesis Kit; Strat-
agene, La Jolla, CA), using F-STATSb as template. The primers used
were forward 5'-aatctgatgecttctaccaccagagacttctee-3” and reverse
5'-ggagaagtctctggtggtagaaggcatcagatt-3'. The nucleotide substitu-
tions are underlined.

Cell culture and transfection experiments

HEK293 cells stably transfected with the full-length human
GHR ¢cDNA,HEK293(hGHR) (19), were maintained in DMEM
(Cellgrow; Mediatech, Herndon, VA) supplemented with 10%
fetal bovine serum (Invitrogen Life Technologies Inc., Grand
Island, NY) at 37 C in 5% CO,. To maintain selection, 400
ug/ml G418 (Sigma-Aldrich) was added to the culture medium.
For reconstitution studies, HEK293(hGHR) cells were seeded at
2 X 10°/well, grown to approximately 60% confluence in six-
well tissue culture plates, and transiently transfected with 1 pg
vector, pcDNA3.1, or 1 pug vector carrying F-STATS5b, F-F646S,
or F-A630P using TransIT-LT1 (Mirus, Madison, WI). After

J Clin Endocrinol Metab, May 2012, 97(5):0000—0000

24 h transfection, cells were washed and serum starved for 9 h
before a 20-min treatment with 100 ng/ml recombinant human
GH (generous gift from Merck-Serono, Buenos Aires, Argentina)
or 100 U/ml IFN-vy (Roche, Mannheim, Germany), as described
previously (18). Transfection experiments were performed in
duplicates, at least three independent times.

Luciferase reporter assay

The luciferase reporter construct carrying 8xGH response
element (GHRE) from the rat Spi2.1 gene in pGL2 (pGHRE-
LUC) was a generous gift from Drs. Woelfle and Rotwein (Or-
egon Health and Science University, Portland, OR).

HEK293(hGHR) cells were seeded as described above, and
transfected with a total of 2 ug input DNA per well: 1 ug
pGHRE-LUC plus 1 pug pcDNA3.1 or relevant F-STATS5b vari-
ants (F-STATSb, F-F646S, or F-A630P). After treatment with
GH or IFN-vyfor 18 -24 h, collected cell lysates were analyzed for
reporter activity using the luciferase assay system (Promega
Corp., Madison, WI) following the manufacturer’s protocol. Lu-
ciferase activities were measured with a luminometer (BioTek
Instruments Inc., Winooski, VT). The total amount of cell lysates
analyzed is as indicated. The results are reported as relative fold
induction * sp, compared with activities detected in 20 ug total
protein of untreated, pcDNA3.1-transfected cell lysates, which
was given an arbitrary unit value of 1. Calculated values were
from at least two independent experiments, performed in
duplicate.

Antibodies

Antibodies against phospho-tyrosine-STATS were obtained
from Cell Signaling Technology (Beverly, MA); anti-STATSb
(G2) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA);
anti-FLAG M2 antibody, anti-FLAG-M2-agarose gel [for im-
munoprecipitation (IP)] from Sigma; and secondary antibodies
antimouse IgG and antirabbit IgG from Amersham-Pharmacia
Biotech (Uppsala, Sweden).

IP and Western immunoblot analysis

Cell lysates were solubilized in Triton X-100 lysis buffer as pre-
viously described (18). Total cell lysates (150-300 ug) were IP using
anti-FLAG-M2-agarose affinity gel, size fractionated on reducing
7% SDS-PAGE gels, and electroblotted onto nitrocellulose mem-
branes. Western blots were processed with the appropriate primary
and secondary antibodies, following the manufacturers’ protocols,
and visualized by enhanced chemiluminescence (PerkinElmer Life
Sciences Inc., Boston, MA).

Results

Clinical phenotype of patient 2 is consistent with a
STATSb deficiency

The severe growth failure observed in patient 2 was
associated with normal GH provocative tests, abnormally
low serum IGF-I and IGFBP-3 (Table 1), and nonrespon-
siveness to an IGF-I generation test (Table 2). GHBP levels
were normal (Table 1). These observations are consistent
with GHI. Unlike GHI patients, however, serum prolactin
was markedly elevated (83 ng/ml; reference values, <25
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TABLE 1. Hormonal evaluation of patient 2

TABLE 3. Immunological evaluation of patient 2

Reference Reference
Patient 2 values Patient 2 values
GH (ug/liter) I9G (mg/dl) 2240 1264 + 280
Basal 1.7 IgA (mg/dl) 452 182 =70
Peak after arginine (30 min) 13.3 >6.0 IgM (mg/dl) 158 151 = 69
Peak after clonidine (90 min) 27.1 >6.0 IgE (IU/ml) 28 <100
IGF-I (ng/liter) 16 119-483 CD3/mm?3 (%) 540 (50%) 1400-2000
IGFBP-3 (mg/liter) 0.84 2.1-7.4 CD4/mm?3 (%) 432 (40%) 700-1100
GHBP (nmol/liter) 1.2 1.0-6.2 CD8/mm? (%) 86 (8%) 600-900
Prolactin (ug/liter) 83 3-25 CD19/mm?3 (%) 400 (37%) 300-500
NK (CD3-CD167CD56")Ymm> (%) 87 (8%) 148-332
TCRaB (%) 95 54-66
TCRyd (%) 2 5-8
ng/ml) but was not due to macroprolactinemia, because ~ CD4CD45RA (%) 7 65-73
macroprolactin was undetectable. Episodic infections, se- ~ CD4CD45R0 (%) _ 91 39-57
Treg (CD4FOXP3*CD25M9") (%) 1% 2-6%

vere dermatitis, and autoimmune thyroiditis, further-
more, were consistent with immune dysfunction. Unlike
patient 1 (see Case reports); however, pulmonary symp-
toms were notably absent.

Immunological evaluation indicated IgG and IgA hy-
per-y-globulinemia (Table 3). CD19" cells were nor-
mal, whereas CD3" T lymphocytes were significantly
decreased with abnormalities in the proportion of
CD3" cells carrying TCRaB or TCRy3. Absolute
counts of CD4™ and CD8™" cells were significantly be-
low normal (Table 3), with markedly low relative
counts of CD8. Analysis of the CD4" subpopulation
revealed low percentages of naive CD4CD45RA cells
and high percentages of activated CD4CD45RO cells.
Furthermore, CD4"FOXP3"CD25M#" cells were re-
duced. In vitro T cell proliferation responses to PHA
(40 X 10° counts/min; reference values, 62-160 X 10°
counts/min) and anti-CD3 (25X 10°% counts/min; refer-
ence values, 49-118 X 10?) were low but restorable by
addition of recombinant IL-2.

Absolute numbers of NK cells (CD3 CD16"CD56™")
were low, although NK activity was in the low-normal
range: effector to target at a ratio of 50:1 generated a
cytotoxicity of 15%, compared with the normal mean cy-
totoxicity of 30 = 15%.

The complex clinical phenotype of GHI in association
with high prolactin and immune dysregulation was
strongly suggestive of a STATSb deficiency.

TABLE 2. IGF-I generation test of patient 2 (performed
atage 11.2 yr)

IGF-I IGFBP-3
ng/liter SDS mg/liter SDS
Basal ND 0.84 —-4.5
d5 12 —-4.0 1.32 —4.1
ds8 11 -4.0 13 —4.1

ND, Not detectable.

Novel missense mutation identified within the SH2
domain of the STAT5B gene

Sequencing of the STATSB gene in patient 2 revealed a T
to C transition in exon 16, corresponding to the second nu-
cleotide of codon 646 (c.1937T—C), which changed phe-
nylalanine (Phe, F) to serine (Ser, S) (p.Phe646Ser; p.F646S)
(Fig. 3). The results are consistent with either a homozygous
or hemizygous state. No polymorphism or heterozygosity
was detected at this position in 50 Argentinean control
genomic DNA samples, nor was this variant reported in
the NCBI dsSNP database (http://www.ncbi.nlm.nih.gov/
projects/SNP/). Insilico analysis (PolyPhen-2, http://genetics.
bwh.harvard.edu/pph2/) predicted p.F646S mutation to be
probably damaging, with a score of 0.991 (sensitivity, 0.60;
specificity, 0.96). F646 lies within the SH2 domain in
STATS5b and is highly conserved among all STATSb proteins
from multiple animal species.

GH-induced phosphorylation of recombinant
F-F646S

Because primary cells from the patient were not available,
we regenerated a recombinant N-terminally FLAG-tagged
STATSb p.F646S variant for reconstitution studies in
HEK293(hGHR). The impact of the missense F646S substi-
tution on STATSb protein expression and function was eval-
uated and compared with wild-type F-STATSb and to our
previously described missense mutation, F-A630P (18).
Equivalent amounts of HEK293(hGHR) cell lysates (200 ug
total protein), transiently transfected with vector or one of
the F-STATSDb variants, were IP with anti-FLAG and immu-
noblotted asindicated (Fig. 4A). Expression of F-F646S was
consistently less than that of wild-type F-STATSb but
equivalent to that of F-A630P (Fig. 4A). When immunolog-
ically equivalent amounts of F-STATSDb variants were IP af-
ter GH treatment, phosphorylation of wild-type F-STATS5b
(Fig. 4B) was robust, phosphorylation of F-A630P was poor,
consistent with our previous results (20), but interestingly,
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mune dysfunction, due to a novel ho-
mozygous missense mutation in the
STATSB gene. This patient (patient 2)
represents the third STATSb-deficient
patient from Argentina and only the
ninth formally reported case. The iden-

FIG. 3. Identification of the STAT5B p.Phe646Ser (p.F646S) mutation in patient 2. Schematic
representation of STAT5B cDNA (exons as indicated) and protein, showing the localization of
the present and previously described missense mutation, p.A630P, within the SH2 domain.
Electropherograms show relevant DNA sequences from the STAT5B exon 16 in a normal
control (wild-type sequence) and in the patient. CCD, Coiled-coil domain; DBD, DNA-binding
domain; L, linker; ND, amino-terminal domain; TAD, transactivation domain.

GH-induced phosphorylation of F-F646S was distinctly and
reproducibly detected, although phosphorylation was con-
siderably less robust when compared with that of wild-type
F-STATSb.

Recombinant F-F646S cannot drive GHRE(Spi2.1)
luciferase reporter activity

To determine whether the GH-induced phosphorylated
F-F646S regulated gene transcription, an in vitro lu-
ciferase reporter assay system was employed. A basal 1.4-
fold increase in luciferase activity was observed upon GH
treatment in cells transfected with the vector (Fig. 4C). In
cells transfected with wild-type F-STATSb, luciferase ac-
tivities were detected in 5 pg cell lysates (8.4-fold increase
in activity), and activities increased 55.2-fold when 40 ug
total cell lysates was tested (Fig. 4C). GH-induced reporter
activity for 40 ug cell lysates expressing F-F646S protein,
in contrast, was undetectable and similar to that of vector
and F-A630P-transfected cells (Fig. 4C).

IFN-y-induced phospho-tyrosyl F-F646S is
transcriptionally inactive

Multiple growth factors and cytokines, including
IFN-v, can activate STATSb by first recruiting STATSb to
the respective activated receptors. We determined whether
other signaling systems such as IFN-v, could, like GH, also
activate F-F646S. Results showed that, similar to GH,
IFN-v can induce phosphorylation of F-F646S (Fig. 4D),
but the phosphorylated STATSb variant was unable to drive
the luciferase reporter (Fig. 4E). As previously demonstrated,

tified STATSB mutation, p.F646S, is of
particular interest, because only one
other missense STATSB mutation
(p.A630P) has been described to date
(patient 1) (4). Although both missense
mutations are located within the criti-
cal SH2 domain of the STATSb protein,
the impact of p.F646S was distinct from that of p.A630P
and, together, have provided valuable insights into
STATS5b functions. These differences may have contrib-
uted to the subtle pathophysiological differences between
the two patients.

The SH2 domain functions predominantly by binding
only phosphorylated tyrosine (pY) residues. Pathogenic
mutations in SH2 domains frequently involve amino acid
residues essential for specificity in binding pY or that are
important for protein stability (21). All SH2 domains are
structurally similar containing a core of 3-sheets flanked
by a-helices, with the positively charged phosphate-bind-
ing pocket located within the core 3-sheets and the spec-
ificity for the pY motifs proposed to be governed, in part,
by loops that link the various 3-sheets and a-helices (22).
Based on the crystal structures of STAT1 and STAT3 (23—
26), the 8-core of STAT SH2 domains consists only of the
3B, SC, and 8D-BD’ of the seven §3-sheets typically found
in SH2 domains (Fig. SA).

In the STATSD peptide A630 is located within 8C (Fig.
5A), which forms part of the phosphate-binding pocket.
F646 lies within the 8D-D’ region (Fig. 5A), which in
STAT1 and STAT3, was shown to contribute to pY bind-
ing by interacting with residues C-terminal (positions +1
to +4) of the pY (25, 26). Interestingly, in hyper-IgE syn-
drome, several STAT3 dominant-negative mutations have
been identified in the $D-8D'region (27), including a
p-M637V that resulted in loss of ligand-induced phos-
phorylation (28).
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FIG. 4. STAT5B p.F646S can be activated by GH and IFN-y in reconstitution experiments but is unable to drive luciferase activity. HEK293(hGHR)
cells were transfected with plasmids pcDNA3.1, wild-type F-STAT5b, F-F646S, or F-A630P and treated with GH and IFN-y for 20 min or as
indicated. A, Cell lysates were collected and recombinant FLAG-tagged proteins were IP from 200 ug total protein before Western immunoblot
(WIB) analysis. Antibodies used are indicated. B and D, Immunologically equivalent amounts of F-STAT5b variants were IP (F-F646S and F-A630P,
each from 300 pg total cell lysates; and wild-type F-STAT5b from 150 ug total cell lysates), and responses to GH (B) and IFN-vy (D) treatments were
evaluated. Immunoblots were stripped and reprobed with anti-STAT5b (middle panel) or anti-FLAG (bottom panel) antibodies. C and E, Cells
cotransfected with pGHRE-LUC and F-STAT5b variant were treated with or without GH (C) or IFN-vy (E), and cell lysates were analyzed for luciferase
activities. For cells cotransfected with wild-type F-STAT5b, increasing amounts of total cell lysates (5, 10, 20, and 40 ug) were tested. For the cells
cotransfected with the F-STAT5b variants, 20 and 40 ug protein were analyzed. The results are reported as relative fold induction =+ sp compared
with untreated conditions (pcDNA3.1, 20 ug total protein) from at least two independent experiments, each performed in duplicates.

Although the role of STATSb D-8D’ in binding pY
motifs remains to be fully elucidated, a substitution at 646
in 8D’, from phenylalanine, a nonpolar aromatic amino
acid residue, to serine, a small aliphatic polar residue,
would be predicted to be disruptive. However, in recon-
stitution studies, GH-induced phosphorylation of the
STATSb p.F646S variant, unlike p.A630P, was readily
observed but was consistently less than that detected with
wild-type STATSb, even when GH treatment was in-
creased from 100 to 500 ng/ml (data not shown). Similar
observations were made when treated with IFN-vy. The
implication is that STATSb p.F646S had retained the abil-
ity to associate with critical pY motifs on the GHR (29)
and IFN-vy receptors (30). The lower concentration of de-
tectable phospho-p.F646S, however, suggests a decreased
affinity for the pY motifs, although the F646S mutation
could have created conformational changes that affected
JAK2-mediated phosphorylation or increased vulnerabil-
ity to dephosphorylation.

Although phosphorylation of p.F646S was detectable,
the variant failed to drive transcription. This was not due
simply to the reduced number of phosphorylated variant
peptides, because transcriptional activities were detect-
able atcomparable, or even lower, concentrations of phos-

phorylated wild-type F-STATSD (Fig. 4C). Whether the
F646S substitution induced a shorter transitory phosphor-
ylated state, thereby affecting stable homodimer forma-
tion necessary for translocation to the nucleus and for
binding DNA (23), or modulated uncharacterized struc-
tural determinants necessary for transcriptional activities
remains to be elucidated.

The functional loss of STATS5b p.F646S as a transcrip-
tion factor is consistent with the clinical presentation of
severe IGF-I deficiency and GHI in patient 2. Previous
studies employing primary dermal fibroblasts carrying
STATSb p.A630P had demonstrated that transcriptional
regulation of IGF1 expression by GH (4) and IFN-y (18)
was STATSb dependent. Patient 2, together with these
studies and all described cases of STATSb deficiency to
date, confirms the critical importance of STATSb for me-
diating GH-induced regulation of IGFI expression.

The profound IGF-I deficiency resulted in severe
growth retardation, with patient 2 reaching an adult
height of —5.90 SDS. Interestingly, puberty was not de-
layed, unlike STATSb-deficiency cases of applicable age
(31), although the pubertal growth spurt was markedly
below normal and could be due to the actions of sex ste-
roids (32). Altogether, growth and endocrine character-
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FIG. 5. Human STAT5B mutations. A, Sequence alignment and secondary structure of SH2 domains of human STAT proteins. The secondary
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binding domain; L, linker; ND, amino-terminal domain; TAD, transactivation

istics were relatively indistinguishable among all described
STATSb-deficiency cases.

One striking difference between our two patients was
the absence of pulmonary symptoms displayed by patient
2, despite a diagnosed T cell lymphopenia and other im-
mune irregularities. For patient 1, pulmonary disease was
severe, manifesting in early childhood, requiring cortico-
steroid therapy and mechanical intervention with oxygen
treatment. The patient was awaiting a lung transplanta-
tion at age 23 (see Case reports). Indeed, a successful lung
transplantation was reported to alleviate progressively im-
paired pulmonary functions in one STATSb-deficient sub-
ject (9). Of the remaining STATSb-deficient cases, two
succumbed and died of progressive pulmonary fibrosis
and respiratory failure (Berberoglu, M., personal commu-
nication, Miras M., personal communication) (5, 31). It
was, therefore, of note that patient 2 lacked any of these

domain.

severe and chronic pulmonary manifestations. Only one
other STATS5b-deficient patient who was not severely im-
munocompromised has been described (7, 33). This adult
male, in contrast to patient 2, had a normal immune pro-
file (33) despite carrying a homozygous nucleotide inser-
tion in the DNA-binding domain region (c.1102insC; Fig
5B) that would result in a predicted frameshift and trun-
cation of the STATS5b protein. The mechanism for relative
immune competency in this patient, however, remains a
conundrum, because the majority of STATSb-deficient
subjects who suffer severe pulmonary distress carry non-
sense or similar frameshift STATSB mutations (Fig 5B)
that could generate unstable mRNA expression or trun-
cated STATSb peptides.

The pulmonary diseases of patient 1 was attributed to
abnormally low CD4"FOXP3"CD25"#" (Treg) cells as a
consequence of the STATSb p.A630P mutation (10), and
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low Treg cells have been characterized in one other
STATSb-deficient case (6). In addition to the low Treg
cells, severely low levels of CD8, low NK activity, and
elevated activated CD4" CD45RO™ cells in patient 2 were
similar to that reported for patient 1. Altogether, including
presentations of persistent severe eczema and autoim-
mune thyroiditis, immune dysfunction was clearly indi-
cated in patient 2. Itis of note that in the reported STAT5b-
deficient cases, other symptoms of immune irregularities
include juvenile idiopathic arthritis (one subject) (8) and
thrombocytopenic purpura (two subjects) (5, 9). For pa-
tient 2, it remains unclear why severe pulmonary disease
was absent, despite indications of immune dysfunction
and low Treg, but may be due, in part, to the presence of
phosphorylated STATSb p.F646S.

In summary, we have identified only the second ho-
mozygous STATSB missense mutation, p.F646S, in a pa-
tient with profound postnatal growth failure due to IGF
deficiency but who lacked the severe chronic pulmonary
disease and immunodeficiency observed in the patient car-
rying the first described STATSB missense mutation,
p-A630P. Both missense mutations are located within the
critical SH2 domain. Although the p.A630P substitution,
mapping within the BC sheet, completely abrogated both
the phosphopeptide binding and transcriptional func-
tions, the p.F646S variant, located within the BD’ sheet,
could still bind phosphopeptides but was unable to drive
transcription, thus demonstrating the importance of the
SH2 BD’ strand for full transcriptional activity. This dif-
ferential functional effect of p.F646S is unique among the
STATSB mutations and may be correlated to the absence
of pulmonary symptoms displayed by the patient. It is to
be hoped that identification of additional STATSb-defi-
cient patients will result in more thorough genotype-phe-
notype correlations.
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