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ORIGINAL STUDIES

THYROID FUNCTION AND DYSFUNCTION

A TSHp Variant with Impaired Immunoreactivity but Intact
Biological Activity and Its Clinical Implications

Theodora Pappa, Jesper Johannesen,? Neal Scherberg,' Maricel Torrent,®
Alexandra Dumitrescu,” and Samuel Refetoff'*

Background: Thyrotropin (TSH) deficiency caused by TSHff gene mutations is a rare form of congenital
central hypothyroidism. Nine different TSHf gene mutations have been reported, all with clinical mani-
festations. The aim was to identify the genetic cause of undetectable TSH levels in two siblings with clinical
euthyroidism.

Methods: Two brothers born to consanguineous Pakistani parents presented with undetectable serum TSH
but normal iodothyronine concentrations and no clinical signs of hypothyroidism. Direct sequencing of the
TSHf gene, functional and immunological studies, protein homology modeling, and population frequency
analysis were performed to characterize the cause of undetectable TSH in this family.

Results: Direct sequencing of the TSHf} gene revealed that the two brothers were homozygous for a single
nucleotide substitution (c.223A > G) resulting in the replacement of arginine 55 with glycine (R55G). This
variant was found in 12 out of 5008 alleles in the 1000 Genomes project (all South Asian). Serum TSH of the
two brothers was undetectable in two of five platforms, both produced by Siemens, whereas TSH levels of
the heterozygous brother and mother were half compared to the other three platforms (Roche Elecsys, Abbott
Architect, and Beckman Coulter DxI). The falsely low TSH concentration was caused by the monoclonal
antibody not recognizing the region containing the variant amino acid. This is supported by the fact that
arginine modification—following phenylglyoxal treatment—Ied to a significant (96%) decrease in the TSH
measurement with the Siemens platforms. Predictions based on PolyPhen-2 and in silico modeling revealed
no functional impairment of the variant TSH.

Conclusions: A TSHp variant with impaired immunoreactivity, but not bioactivity, is reported, and its
biochemical impact in the homo- and heterozygous state is demonstrated. It is also shown that failure to bind
to the monoclonal antibody is a direct consequence of the amino acid substitution.

Introduction

I SOLATED THYROTROPIN (TSH) DEFICIENCY due to mutations
in the 7SH 3 gene is a rare cause of congenital hypothyroidism
(CH). Until now, nine different TSH} gene mutations have been
reported, all associated with CH (Table 1). TSH is a glycoprotein
hormone with an a-subunit common with follicle-stimulating
hormone (FSH), luteinizing hormone (LH), and human chor-
ionic gonadotropin (hCG) but a unique, specific f-subunit (1).
The TSHf gene, located on the short arm of chromosome 1, has
three exons, two of which encode a 138 amino-acid (aa) protein.
TSH contains a ““seat belt”” region between cysteine residues 88
and 105, critical for the interaction of TSHf with the a-subunit
and binding to the TSH receptor (TSHR) (2).

A Pakistani family harboring a TSHJ variant altering the
protein’s immunoreactivity but not bioactivity is reported.
This variant seems not to have clinical consequences but to
cause misleading thyroid function tests. Its consequences in
heterozygotes and the direct effect of the aa substitution on
failure to bind to the monoclonal antibody are reported.

Materials and Methods

Case presentation

The proband (II-4) was a 4-year-old male, the youngest to a
consanguineous Pakistani family (Fig. 1). Complaints of fa-
tigue and low energy led to thyroid function testing. Tests
revealed undetectable TSH levels (<0.004 mIU/L; Siemens
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DEFECTIVE IMMUNE BUT NOT BIOACTIVITY OF A MUTANT TSHB
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FIG. 1. Pedigree of the

TSHp 1
WT <’ mut | O [
SR LY.
R55G .
A Genotype I MuwT | WIAWT | MutWT | MutMut | Metmat
Age (years) 43 17 14 10 43
. Results (normal range) [ . . -
I TT 4 ug/di (5-11.6) I 55 6.9 59 8.0 58
T ng/dl {90-180) 103 132 . 207 171 . 135
TrT3 ngfdl (16-36) 243 312 17.3 308 21.7
FT4l (6.0-10.5) I 7.4 ‘ 82 7.0 95 ‘ 1.7
TG ng/dl (2-38) . El [ 8 [ 12 [ 11 ‘ 21
. TPO/TG Ab (<0.4f <0.4) . <0.4/<0.4 [ <0.4/<0.4 [ <0.4/<0.4 [ <0.4/<0.4 [ <0.4/<0.4 .
B Method | TSH values (mU/L)
Roche Elecsys 19 19 . 4.0 33 39
Siemens Immulite 2000 09 1.7 15 <0.004 <0.004
Siemens Centaur [ 09 [ 1.7 . 13 [ 0.01 [ <0.01 .
Beckman Coulter DXI . 19 [ 15 . 2.7 [ 25 2.8
Abbott Architect 17 13 25 2.4

Immulite 2000) with normal total thyroxine (TT4), total tri-
iodothyronine (TT3), and free T4 index (FT,I; Fig. 1A).
Thyroid imaging and pituitary function were normal.

His 10-year-old brother also had undetectable TSH with
normal TT4, TT3, and FT4l and was clinically euthyroid.
Both siblings had no antibodies to thyroperoxidase (TPO)
and thyroglobulin (TG). Their 14-year-old brother and 17-year
old sister and their mother had normal serum TSH and thyroid
hormone levels. Their father declined testing (Fig. 1A).

Thyroid function tests

Blood was collected locally and shipped for analysis to the
Chicago laboratory. TT4, TT3, total rT3 (TrT3), TG, and
antibodies to TG and TPO were measured. FT4I was calcu-
lated from the TT4 and the resin T4 uptake ratio. TSH levels
were measured with five different automated platforms
(Roche Elecsys, Siemens Immulite 2000, Siemens Centaur
TSH3 Ultra, Beckman Coulter DXI, and Abbott Architect).

DNA sequencing

DNA was isolated from peripheral blood leucocytes using
QIAamp DNA Mini Kit (QIAGEN) followed by amplifica-
tion of genomic DNA by polymerase chain reaction and di-
rect sequencing (primers available upon request).

Testing for an interfering substance

Serum samples from the two brothers homozygous for the
variant allele (II-3 and II-4), the heterozygote brother (II-2) and
anormal subject were mixed at a 1:1 ratio with a pool of human
sera having a TSH of 6.7 mIU/L. TSH concentration was
measured with Siemens Immulite 2000 and Roche Elecsys.

family and results of thyroid
function tests and genetic
analysis. (A) Results of
thyroid function tests are
aligned with each symbol
representing a member of the
family. Abnormal values are
in bold numbers. (B) Thyro-
tropin (TSH) values obtained
WTf ‘INT 1 by five different platforms
AC using immunometric assays.
(C) Chromatograms showing
sequences for a normal (WT/
WT), heterozygous (Mut/
WT), and homozygous (Mut/
Mut) member of the family
for the R55G TSHf} gene
variant. Corresponding
symbols are open, half-filled,
and fully filled. The symbol
in brackets indicates a de-
duced genotype. The pro-
band is indicated with an
arrow. Color images
available online at www
Jiebertpub.com/thy

CE!Z!-:I![

ATE G AlG ac
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Mut / Mut

TSH absorption with Immulite 2000 beads

Microparticles with biotinylated TSH antibody used in the
Immulite 2000 were incubated with serum samples from a
normal individual and a homozygous (II-4) and a heterozy-
gous (II-2) individual for the variant TSHf. The supernatant
containing the TSH not bound to the particles was then as-
sayed for TSH in the Elecsys platform.

Modification of arginine in TSH with phenylglyoxal

Phenylglyoxal (PG) was used to modify all arginine resi-
dues in human serum with normal TSH (3). TSH was eluted
by addition of 0.1 M glycine pH 2.6 for 30 min at room
temperature. | M NaHCO; pH 9.3 was added to bring the pH
to >7 followed by 0.1 M PG treatment for 1 h at 40°C.

In silico structure modeling

Three-dimensional protein homology models for the
TSHJf protein, encompassing wild-type and mutant R55G,
were generated using the knowledge-based method within
Prime v3.2 (Schrodinger Release 2013-1) (4,5) and taking as
template references the X-ray crystal structures of human
FSH and human hCG. The previously described G29R mu-
tation, known to cause CH (6,7), was also modeled and
compared with the R55G. All modeling images were gener-
ated using the PyMOL Molecular Graphics System v1.5.0.4.

Results

Serum TSH levels of all family members were measured
with five automated platforms (see Methods). TSH of the two
brothers was undetectable using Immulite 2000 and Centaur,
but was within the reference range in the other three plat-
forms (Fig. 1B). In the Immulite 2000 and Centaur, TSH
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values of the two heterozygotes (I-1 and II-2) were half those
obtained with the other three assays (Fig. 1B).

These findings prompted sequencing of the TSHf} gene. A
single nucleotide substitution was identified (c.223A>G),
resulting in the replacement of arginine 55 with glycine
(GRCh37.p13: chrl:115576654A >G). Two brothers were
homozygous for the alternate allele, their sister was homo-
zygous for the normal allele, and their older brother and
mother were heterozygous (Fig. 1C).

Serum samples from all male siblings were added to a
human serum pool with TSH of 6.7 mIU/L to test for the
presence of an interfering substance. None affected the re-
covery of the TSH present in the serum pool, measured by
either Immulite 2000 or Elecsys.

Serum samples from normal, homozygous, and heterozy-
gous individuals for the variant TSHfS were exposed to the
Immulite 2000’s microparticles coated with TSH antibody.
The supernatant containing TSH not bound to the particles
was assayed for TSH with Elecsys. The absorption of TSH by
the monoclonal antibody in the Immulite 2000’s particles
was highest (82%) in the sample from the normal individual,
63% in the heterozygote, and lowest (51%) in that of the
homozygote for the variant TSHJf, showing altered binding
of variant TSH to the Siemens antibody.

Serum with normal TSH was treated with PG to alter ar-
ginine residues, since PG specifically modifies the guanidino
group of exposed arginines in proteins (3). TSH measured by
Elecsys was 4.4 mIU/L before and 4.1 mIU/L after exposure
to PG, whereas with Immulite 2000 TSH decreased by 96%,
from 3.9 to 0.16 mIU/L.

The mutation is tolerated/benign according to SIFT and
PolyPhen-2 prediction algorithms (scores 0.53 and 0, re-
spectively). As illustrated in 3D protein homology models
(4,5) (Fig. 2), arginine 55 is pointing away from the a-subunit
and the TSHR and is not expected to directly interact with
either. Being distal to any of its protein partners, its re-
placement with glycine is not expected to alter their binding
to TSHf. However, in the deleterious G29R mutation (6,7),

PAPPA ET AL.

the normal glycine is in close proximity to the a-subunit. In
the presence of the wild-type glycine, the ‘“‘key-and-lock™
complementarity between the two proteins is preserved.
However, its change to the much larger arginine is likely to
disrupt their interaction and impair the formation and/or ac-
tivity of the heterodimer.

Discussion

A TSHf variant with impaired immunoreactivity but not
bioactivity is reported. This variant was previously identified
in South Asian individuals of Northern California during an
investigation by Kaiser Permanente of incongruent thyroid
function tests (8). Some patients had been inappropriately
treated with antithyroid drugs. The authors demonstrated that
the antibody did not recognize the mutant protein, but could
not provide epitope sequence information. One of the pro-
posed molecular mechanisms was variable glycosylation.
Herein, evidence is provided that arginine loss is sufficient to
alter Siemens’ antibody binding to the mutant TSH. The
phenotype of heterozygotes is also described, and population
frequency information is provided. To the authors’ knowl-
edge, this variant is the only report of a pituitary glycoprotein
with loss of immuno- but not bioactivity.

Findings supporting the normal bioactivity of the variant
TSHf include clinical euthyroidism, normal thyroid hor-
mone levels, and normal TSH in assays other than Siemens.
Two algorithms predicted that the mutation is benign, and in
silico modeling showed no alteration in the interaction of
TSH with the o-subunit or the TSHR (Fig. 2). This contrasts
with the deleterious TSHff mutation, G29R, prevalent in the
Japanese population, in which replacement of glycine by
arginine impairs the interaction with the o-subunit (6,7).

Consanguinity produced homozygosity of the variant TSH
in two of four siblings and undetectable TSH in Siemens
platforms. The study of the family allowed identification of
two heterozygotes; although their serum TSH levels were
within the reference range in the two Siemens assays, the

FIG. 2. Partial representa-
tion of the 3D model of the
TSH molecule (the TSH re-
ceptor in gray and the o-subunit
in brown, model generated
using the knowledge-based
method within Prime v3.2).
The normal (WT) molecule is
compared to the variant R55G
and the functionally impaired
mutation G29R, common in
Japanese (6,7). Amino acids at
positions 55 and 29 are high-
lighted with yellow and indi-
cated with the red arrows. All
modeling images were gener-
ated using The PyMOL
Molecular Graphics System
v1.5.0.4. Color images
available online at www
Jiebertpub.com/thy
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values were half those measured by the other three analytical
platforms (Fig. 1B).

Similar to the study of Drees et al., the presence of an
interfering substance was ruled out, as normal serum TSH
added to the sera of affected individuals was fully recovered
in all assays tested. Poor TSH absorption from the serum of
affected individuals by the Immulite 2000’s TSH antibody-
coated particles demonstrated that the variant TSH is not
recognized by the Siemens antibody. Arginine modification
of normally glycosylated TSH resulted in a marked TSH
decrease with Immulite 2000, but not Elecsys, indicating that
altered glycosylation is not involved in the loss of immuno-
reactivity.

The R55G variant was observed in a heterozygous state in
the 1000 Genomes project (12/5008 alleles, minor allele
frequency [MAF] 0.0024) and the ClinSeq Agilent project (1/
1324 alleles, MAF 0.0007). In the 1000 Genomes database, it
was found only in South Asian individuals from Bangladesh,
India, Sri Lanka, and Pakistan with a subpopulation MAF of
0.012, fivefold more frequent compared with the general
population. This is relevant, since the family is of Pakistani
origin. Considering a distribution following the Hardy
Weinberg equilibrium, the calculated MAF in the study of
Drees et al. (8) is 0.0035, similar to those above.

To date, nine different TSHf} gene mutations have been
reported. All individuals with biallelic mutations had clini-
cally overt central hypothyroidism. A detailed review of all
previously reported TSHf} gene mutations is presented in
Table 1. These mutations include three missense variants and
six producing a premature stop codon (two as a result of
frame-shift, two due to single nucleotide polymorphisms, and
two splice-junction mutations) (6,7,9-31). Interestingly, in a
report of the Q49X mutation, in which the product lacks 60%
of the C-terminal tail of the mature protein, TSH could, in
part, be measured by several immunoassays; the levels ranged
from undetectable (when third-generation immunoradio-
metric and immunofluorometric assays where used) to nor-
mal (with second-generation assays and a third-generation
electrochemiluminescence immunoassay) (31). Despite the
lack of bioactivity, the mutant Q49X TSHf protein could
apparently form a heterodimer with the «-subunit conferring
some degree of immunoreactivity and thus allowing detection
of the mutant protein by some immunoassays. Similarly,
there are few other reports that, depending on the immuno-
assay, detected normal or even high serum TSH concentra-
tions in individuals with central hypothyroidism harboring
TSHp gene mutations (Table 1). In the clinical setting, these
normal TSH measurements could be misleading and delay
diagnosis of congenital central hypothyroidism.

Novel data in this study include TSH measurement in
heterozygotes for the R55G variant, being half with the Sie-
mens platform compared to the other assays. The significant
decrease in TSH (with the Siemens assay) after PG treatment
makes a glycosylation defect an unlikely scenario and points
toward the lack of recognition of arginine 55 in the TSHf
epitope by the assay antibody as the cause of spuriously low
TSH. Protein homology modeling further supports the normal
structure of the TSHJf variant. Lastly, population frequency
data are presented from three different projects with similar
MAFs and a higher frequency in the South Asian population.

In conclusion, a TSHf variant with impaired immunore-
activity but normal bioactivity was identified in a Pakistani
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family. Using methods that do not recognize the variant TSH
could lead to an erroneous diagnosis and potentially to in-
appropriate treatment (8).
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