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Abstract

Pathogenic mutations in the carboxyl-terminal domain (CTD) of immunoglobulin
superfamily member 1 (IGSF1, formerly known as InhBP/p120) cause IGSF1-deficiency
syndrome, a novel form of central hypothyroidism. IGSF1-deficient (/gsf72*!”¥) mice have
demonstrably upregulated levels of thyrotropin-releasing hormone (774) mRNA in the
hypothalamus, which may reflect low circulating thyroid hormones (THs) and/or impaired TH
transport into the hypothalamus. Delivery of THs to the hypothalamus requires their active
transport across the blood-cerebrospinal fluid barrier (BCSFB) by TH transporters, the most
notable of which is monocarboxylate transporter 8 (MCT8). Here we investigated the possibility
that increased 77/ expression in the hypothalamus of Igsf72**!Y mice was reflective of impaired
MCT8-mediated TH transport across the BCSFB. We demonstrate a novel interaction between
IGSF1 and MCTS that occurs at the plasma membrane, which is specific to MCTS8 as IGSF1
does not interact with the closely related MCT10. With both IGSF1 and MCTS8 expressed at the
apical membrane of the choroid plexus (CP), which forms the BCSFB, of wild-type mice, we
suspected that IGSF1 acted as an ancillary protein to MCTS, trafficking MCTS to the apical
membrane. However, MCTS remains apically localized in the CP of Igsf7°**!"¥ mice, suggesting
that IGSF1 is dispensable for MCT8 subcellular localization. Furthermore, we did not detect an
effect of IGSF1 on TH influx in vitro, nor does impaired TH transport into the hypothalamus
account for increased Trh expression in Igsf1°*!¥ mice. However, Igsf1°**!¥Y mice had a
significantly blunted thyroid-stimulating hormone (TSH) response to hypothyroidism and
exogenous TRH administration, as well as low Trhr expression. These results suggest that TH
transport is not affected by the loss of IGSF1 in the hypothalamus, and that downregulation of
TRH receptor may directly impair TRH-mediated TSH secretion.
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Résumé

Les mutations pathogéniques dans le domaine de la terminaison carboxyle (CTD) du
membre de la superfamille des immunoglobulines 1 (IGSF1, auparavant connu sous le nom de
InhBP/p120) cause un syndrome di a une déficience en IGSF1, une nouvelle forme
d'hypothyroidie centrale. Les souris déficientes en IGSF1 (Igsf72*!¥) démontrent un niveau élevé
d’ARNm de I’hormone thyréotrope (774) au niveau de 1’hypothalamus, ce qui pourrait signifier
une baisse des hormones thyroidiennes (THs) dans la circulation et/ou un probleme de transport
des THs vers I’hypothalamus. Pour accéder a I’hypothalamus, les THs doivent étre activement
transportées au travers de la barriere sang-liquide céphalo-rachidien (BCSFB) par des
transporteurs de TH, dont I’un des plus important est le transporteur monocarboxylate 8 (MCTS).
Cette thése examine la possibilit¢ qu’une augmentation de ’ARNm de 7rh au niveau de
I’hypothalamus des souris Igsf/**!" refléte un trouble de transport des THs au travers de la
BCSFB, qui est dépendent de MCTS. Nous avons démontré une nouvelle interaction entre MCTS8
et IGSF1 a la surface de la membrane cellulaire. Cette interaction est spécifique pour MCTS car
IGSF1 n’interagie pas avec MCT10 un membre rapproché de MCTS. De plus, parce que IGSF1 et
MCTS interagissent a la membrane apicale du plexus choroide (CP), qui forme la BCSFB chez les
souris de type sauvage, nous croyons que IGSF1 pourrait diriger MCT8 vers la membrane apicale
des cellules. Par contre, la localisation de MCTS8 a la membrane apicale demeure la méme dans le
CP des souris Igsf1°*'Y, ce qui suggere que IGSF1 n’est pas nécessaire a la localisation de MCTS
dans le CP. Selon nos expériences qui adressent la fonction de cette interaction in vitro, IGSF1 n’a
aucun effet sur I’influx des THs. De plus, chez les souris Igsf7**!¥ un trouble de transport des

THs vers I’hypothalamus ne semble pas étre responsable pour I’augmentation de I’ARNm de 7rh.



Par contre, les souris Igsf/**!”¥ ont une réponse de 1’hormone thyréostimuline (TSH) diminuée
lorsque que I’axe est provoqué par des niveaux bas de THs ou une administration de TRH exogene,
ainsi qu'un niveau d’ARNm de Trhr bas. Les résultats présentés ici suggeérent que le transport des
THs n’est pas affecté par la perte d’expression de IGSF1 au niveau de I’hypothalamus, et que la

réduction des récepteurs de TRH pourrait directement affecter la sécrétion de TSH par TRH.
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Chapter 1: General Introduction

1.1. Hypothalamic-pituitary-thyroid (HPT) axis

t!2, increase metabolism?’, and act as

Thyroid hormones (THs) regulate brain developmen
potent stimulators of cellular differentiation*. Circulating THs are tightly regulated by the HPT
axis (Figure 1.1)*°. Hypophysiotropic thyrotropin-releasing hormone (TRH)-expressing neurons
are located in the parvocellular region of the paraventricular nucleus (PVN) of the hypothalamus
and project to the median eminence!®!!. In response to low circulating THs, TRH is produced
and released into the hypophysial portal system and binds TRH receptors (TRHR) on thyrotrope
cells of the anterior pituitary gland'?!6. TRH binding to TRHR initiates a signaling cascade that
induces activating post-translational modifications of thyroid-stimulating hormone (TSH) and its
calcium-dependent release into the general circulation'”>*. TSH binds the TSH receptor (TSHR)
on epithelial cells of the thyroid gland, stimulating the production and release of the biologically
active TH, triiodothyronine (T3) and the pro-hormone thyroxine (T4)**34. THs are released from
the thyroid into the circulation and are actively transported into target tissues by TH transporters
(THTs)*>**. Within cells, T4 is deiodinated by 5” iodinases (deiodinases) into the biologically
active T3, which then binds nuclear TH receptors (THRs)**. THRs translocate into the nucleus
and bind DNA to regulate transcription of target genes*>’. THs negatively regulate their own
production through negative feedback at the levels of the hypothalamus and pituitary. In
response to TH, transcription of TRH/Trh and biosynthesis of TRH are downregulated in the
hypothalamus'*!*. In the pituitary, TH inhibits transcription of the alpha and beta subunits of
TSH, TSHB/Tshb and CGA/Cga*-%%°. Diminished TRH secretion leads to reduced TSH
q17-2061

activation and release, resulting in decreased TH production in the thyroid glan

Regulation of general and intracellular levels of TH is crucial for proper development and
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metabolic responses in animals and humans. Below, we discuss the major determinants of TH

availability and intracellular action in more detail.
1.1.1. TRH/TRHR signaling

TRH is synthesized in the hypothalamus as a preprohormone encoded by the TRH/Trh gene,
and is extensively processed to produce multiple copies of the TRH tripeptide (pyro-Glu-His-
Pro-NH2)%?-%. Human prepro-TRH contains six copies of the progenitor TRH sequence®’, Lys-
Arg-Gln-His-Pro-Gly-Arg-Lys/Arg, while the murine® and rat% prepro-TRHs contain five, each
of which is flanked by basic Lys-Lys or Lys-Arg residues and linked by connecting peptides®>®*,
Prepro-TRH contains an N-terminal signal peptide, directing its co-translational translocation
into the endoplasmic reticulum (ER), where signal peptidase cleaves the signal peptide to
produce pro-TRH®*>%¢ Pro-TRH is then cleaved in the secretory granules by prohormone
convertases 1/3 at all dibasic residues to produce multiple copies of the precursor TRH tripeptide
(Glu-His-Pro) and TRH-free connecting peptides®’. Further sequential processing by
carboxypeptidase, peptidylglycine a-hydroxylating monooxygenase, and pyroglutamyl cyclase
removes the C-terminal dibasic residues, amidates the proline residue and converts the glutamine
residue to pyroglutamate, respectively®®. Mature TRH and prepro-TRH derived peptides are
stored in secretory granules in axon terminals located at the median eminence and exocytosed in
response to calcium influx®. TRH is then secreted into the hypophysial portal vessels, and binds

7071 "and somatotropes’? of the

TRH receptor (TRHR)-expressing thyrotropes’®’!, lactotropes
anterior pituitary to stimulate production and secretion of thyroid-stimulating hormone
(TSH)!"18.73.74 "and prolactin (PRL)'"7#7¢ and growth hormone (GH) mRNA expression!”-">76,

respectively.
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The TRHR is a G-protein coupled receptor (GPCR), with an extracellular amino-terminus
(N-terminal), seven transmembrane helices and an intracellular carboxyl-terminus (C-
terminal)®®’>77. TRHR couples to the G-proteins Gaq and Ga11, which mobilize intracellular
calcium through phospholipase C (PLC) activity 2""! (Figure 1.10). Binding of TRH to the
TRHR induces a conformational change allowing G, to exchange guanine diphosphate (GDP)
for guanine triphosphate (GTP), which phosphorylates PLC and leads to PLC-mediated
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2)”"’®. Hydrolysis of PIP, forms the
second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 is then
released into the cytosol and binds IPs-sensitive calcium ion (Ca**)-channels on the smooth
endoplasmic reticulum (ER), rapidly increasing cytosolic Ca** levels and activating trafficking of
secretory granules to the plasma membrane where they exocytose their cargo. DAG promotes
protein kinase C (PKC) translocation from the cytosol to the plasma membrane, and together
with Ca?", PKC phosphorylates the pituitary-specific transcription factor Pit-17°. The
transcription factors c-fos and c-jun are also immediate early genes of TRH stimulation, which
form Activator Protein-1 (AP-1) complexes®. Together with AP-1, Pit-1 binds specific response
elements in the promoter regions of Tshb and Cga, stimulating their transcription®!-,
Furthermore, TRH activation of PKC and Ca** negatively regulates expression of Trhr®,

potentially through the recruitment of repressor proteins to the 77hr promoter region by Pit-17".

Following TRH activation of PKC and elevation of Ca** through the Gaq/11 pathway, the
TRHR is rapidly desensitized and internalized®*. Desensitization of the TRHR to TRH occurs at
the plasma membrane, where PLC activity declines in the continuing presence of TRH due to
receptor uncoupling. PLC uncouples from the TRHR in response to phosphorylation of serine

and threonine (Ser/Thr) residues in the cytoplasmic tail of TRHR by GPCR kinase 2 (GRK2).
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Dissociation of TRH from the TRHR allows dephosphorylation and resensitization of the
receptor, allowing it to mount a maximal response after a refractory period®. Internalization of
TRHRSs requires arrestins 2 or 3, which bind to the TRHR C-terminal tail at specific
phosphorylated Ser/Thr residues. Bound arrestins contribute to TRHR desensitization, and can
induce endocytosis of the phosphorylated receptor into clathrin-coated vesicles. TRH is then
degraded by the TRH degrading ectoenzyme (TRDE)*®, and protein phosphatase 1 is able to
dephosphorylate TRHRs at the plasma membrane and in sorting endosomes®’. Dephosphorylated
TRHRSs can then repopulate the plasma membrane from the pool of recycling endosomes.
Desensitization and internalization of the TRHR allows pulsatile TRH signaling and

redistribution of TRHRs on the plasma membrane, respectively.

While TRH is primarily considered a potent regulator TSH activation and secretion (See
Section 1.1.2), TRH also regulates Pr/ and Gh transcription and stimulates release of PRL in
lactating mice, as indicated by PRL deficiency in Trh-/- mice’. Presumably, the mechanism by
which TRH regulates Pr/ and Gh transcription is similar to that of 7shb and Cga as their
promoter regions contain Pit-1 binding elements’®, and both lactotropes and somatotropes

express TRHR72,
1.1.2. TSH/TSHR signaling

TSH is a glycoprotein hormone produced by thyrotrope cells of the anterior pituitary in
response to TRH and low circulating TH levels**’. It is released into the circulation and
subsequently binds to TSH receptors (TSHR) on thyrocytes of the thyroid gland to stimulate the
production and release of THs?¢2**87-90 TSH is composed of two subunits, TSHP and CGA,

encoded by the TSHB/Tshb and CGA/Cga genes’'*?>. TSHP and CGA are co-translationally
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glycosylated with one or two asparagine (N)-linked carbohydrates, respectively, which promotes
proper folding of the subunits in the endoplasmic reticulum (ER) and their dimerization in the
Golgi apparatus®*°. These N-linked high mannose sugars are further modified in presecretory
granules of the Golgi to form complex carbohydrates essential for TSH stability and biological
activity>>*+%%97  As previously mentioned, Tshb and Cga transcription are positively regulated by
low pituitary TH levels. TRH has little effect on translation of TSHf or CGA; however, TRH
promotes glucosamine incorporation in both TSHP and CGA subunits, essential for dimerization
of the two subunits as well as biological activity of TSH!®7¥ This is demonstrated by the
phenotype of Trhr-/- and Trh-/- mice, where serum TSH levels are normal or elevated in the
absence of TRH signaling, indicating that TRH is dispensable for TSH secretion in central
hypothyroid mice!”-”*. However, biological activity of TSH is clearly reduced as circulating TH

levels are low, despite normal TSH serum levels.

Glycosylated TSH released into the circulation binds TSHRs expressed in the thyroid gland,
stimulating the production of T3 and T4%". THs are produced by thyrocytes of the thyroid gland
from the precursor, thyroglobulin (Tg) following iodine organification. Briefly, iodine is actively
transported into the thyrocyte by the sodium-iodine symporter (NIS) at the basolateral membrane
and diffuses into the lumen by the exchanger pendrin at the apical membrane®. Tg produced in
the ER of the thyrocyte is released into the lumen and iodine, oxidized by thyroperoxidase (TPO)
and H>O,, is covalently bound to tyrosyl residues of the Tg macromolecule!'®. TPO also
catalyzes coupling of two iodotyrosine residues producing the prohormone T4 and, to a lesser
extent, T3. lodinated Tg is then endocytosed by the thyrocyte into endosomes which fuse with
lysosomes where THs are enzymatically cleaved from the Tg backbone. Finally, THs are

secreted into the circulation through active transport via the basolaterally localized thyroid
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hormone transporter, monocarboxylate transporter 8 (MCTS) and other as yet unidentified

THTs'L
1.1.3. TH transport and action

Circulating THs are bound to a variety of serum proteins, which increase their solubility and
prevent aggregation, with a small portion of THs circulating in ‘free’ or unbound form!'®.
Dissociation from TH binding proteins is required for their transport into peripheral tissues, and
free circulating T4 (FT4) measurements are considered an accurate diagnostic tool to assess

intracellular T4 levels in a clinical setting!®

. As zwitterionic tyrosine hormones, THs are
incapable of passively diffusing across the plasma membrane, and active transport by thyroid
hormone transporters (THTs) is required for their influx and efflux*®. The major THTs identified
are MCTS (refer to section 1.1.3.1 MCTS8) and MCT10, as well as some organic anion-
transporting proteins (OATPs) and L-type amino acid transporters (LATs). T4 is the main
circulating TH and is primarily bound by thyroxine binding globulin (TBG) from which it
dissociates prior to transport into target tissues'%*. Intracellular T4 is deiodinated by the
deiodinases DIO1 and DIO2 to produce the biologically active T3, which binds the nuclear TH
receptors (THRs) and regulates gene transcription*®!%. Ligand-bound and unbound THRs
translocate into the nucleus and bind TH response elements in the promoter regions of target
genes, where they are able to recruit repressive or activating protein complexes to inhibit or
enhance transcription*>>>°, THRs also mediate T3-dependent repression of thyroid hormone
production through interactions with promoter regions of the TH-sensitive genes of the pituitary
and hypothalamus®”-1%¢197 In the presence of T3, THRs bind promoter regions of TRH/Trh,

TRHR/Trhr, TSHB/Tshb, and CGA/Cga and recruits retinoid X receptor (RXR) to inhibit their

transcription through recruitment of histone deacetylases (HDACs)**!1%-110 When T3 is
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inactivated to reverse T2 by DIO3-mediated deiodination, transcription of these genes is
upregulated by recruitment of nuclear co-repressor (NCoR) which acts to activate transcription
by recruiting histone acetyltransferases (HATs) and transcription factor II (TFIIB)*6-36-57108.111

Through TH-mediated negative feedback, circulating TH levels are kept within a narrow range,

which can be rapidly adjusted in response to environmental cues.
1.1.3.1.Monocarboxylate transporter 8 (MCTS)

MCTS is a specific transporter of T3 and T4, which exhibits widespread expression in tissues
such as the pituitary, liver, heart, kidney, thyroid gland, skeletal muscle tissue and throughout the
central nervous system (CNS)*”!12113 Within the CNS, MCT8/Mct8 mRNA expression has been
observed in distinct neuronal populations of the cerebral cortex, hippocampus and amygdala, as
well as in hypothalamic neuroendocrine nuclei of the PVN333742114-119 "Eyrthermore,
MCTSE/Mct8 is expressed in brain capillary endothelial cells, CP, and tanycytes, which constitute
the main barriers for TH influx into the CNS*7#42114.116-118 "Expyression of MCTS in the CP and
tanycytes is particularly interesting given their role in the formation of the blood-cerebrospinal
fluid barrier (BCSFB) and the BCSF-hypothalamic barrier (BHB), respectively'2° 122, Briefly,
circulating T4 is actively transported into the epithelial cells of the CP by the THT OATP1CIl,
which is localized at both the apical and basal membranes of CP epithelium (Figure 1.2)123124,
The apically (ventricle-facing) localized MCTS then transports T4 into the ventricular CSF and
MCTS8-expressing tanycytes, which line the floor of the third ventricle, transport T4 into the
PVN of the hypothalamus'?*!>*, In the PVN, T4 is deiodinated by DIO2 into the biologically

active T3, which acts to inhibit 77/ transcription'?*124,
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Mice and humans deficient in MCTS exhibit deficiencies in TH-mediated neuronal
migration and differentiation, as well as hypothalamic modulation of the HPT axis'?*"'?’. Indeed,
mutations in MCTS8 underlie Allan-Herndon-Dudley Syndrome (AHDS), a rare disorder
affecting approximately 10% of patients with psychomotor retardation'?®. Patients with AHDS

have severe mental retardation as well as muscle hypotonia and spastic paraplegia'?®!?’

, resulting
from impaired TH expression and transport. T4 efflux by the basolaterally localized MCTS is
greatly reduced in MCTS8-deficient patients and mice, leading to increased circulating T3 and
low circulating T4'%!. Furthermore, uptake of T3 is impaired in some tissues expressing MCTS,
including the brain, and peripheral muscle tissue as exemplified by psychomotor impairments in
patients with AHDS. Impaired hypothalamic TH influx is also observed, where 772 mRNA

expression is increased in Mct8-ko mice leading to increased circulating TSH levels!'0114.118.129,

1.1.4. Diseases associated with HPT axis alterations

As mentioned, the HPT axis regulates circulating TH levels within a narrow physiological
range through TH-mediated expression of 774 and Tshb and TRH-mediated post-translational
modifications and release of TSH. This is crucial to the development and survival of the
organism as THs are necessary for neuronal migration, growth and differentiation of cells and
regulation of body temperature and energy consumption through metabolic activation. Therefore,
impairment in the regulation of circulating TH levels and TH action in tissues has a number of
consequences. Here, we will briefly discuss the HPT axis phenotypes and physiological

consequences of primary hyperthyroidism, primary hypothyroidism, and central hypothyroidism.

1.1.4.1. Hyperthyroidism
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Hyperthyroidism is characterized by low serum TSH levels with high TH levels, typically
associated with the autoimmune disorder, Grave’s disease, which occurs in approximately 1% of
the population and accounts for the majority of hyperthyroid cases'3*'**. Grave’s disease is
caused by aberrant release of thyroid hormones in response to thyroid-stimulating
immunoglobulins (TSIs), which act through the TSHRs on the thyroid gland in an agonistic
manner'3*13%_ TSIs act autonomously from HPT axis regulation, resulting in weight loss, an
inability to control body temperature, and rapid heart rates due to an overactive metabolism '3,
Treatments directed at impeding TH production largely rely on destroying the thyroid gland with
radioactive iodine as well as inhibiting TH production'*!!32, Endogenous TH production is then

replaced with exogenous TH replacement therapy.
1.1.4.2. Hypothyroidism

Primary hypothyroidism is characterized by increased serum TSH with low circulating THs,
indicating impaired TH output in response to TSHR-mediated signaling at the level of the
thyroid gland'*”'*. The most common cause of low circulating TH is dietary iodine deficiency,
with an estimated prevalence of more than 400 million worldwide'*. Todine deficiency directly
impedes TH synthesis despite normal TSHR signaling (see section 1.1.2. on TSH/TSHR
signaling). Therefore, upregulated TSH increases TSHR signaling and results in excessive
proliferation of thyrocytes in the thyroid gland (goiter) without affecting TH levels!7 14,
Primary hypothyroidism may also be caused by the autoimmune disorder, Hashimoto’s
thyroiditis, with a prevalence of approximately 1:2,000 persons'#>. In Hashimoto’s thyroiditis,
the immune system attacks the thyroid gland and directs antibodies against TPO, necessary for

TH production (see section 1.1.2 on TSH/TSHR signaling)'#*»!*4. Leukocyte invasion of the

thyroid gland increases thyroid gland size and gradually destroys the follicles. Both TPO
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inactivation and follicular damage directly impede the TH response to TSHR signaling. Finally,
inactivating 7SHR mutations in four unrelated families have been identified that impair TSHR

signaling and subsequent TH production without increasing thyrocyte proliferation®%!4.

Patients with primary hypothyroidism have decreased metabolic energy expenditure, which
reduces resting body temperatures and leads to increased weight. Furthermore, hypothyroidism
in pregnant women is detrimental to fetal development, particularly neocorticogenesis, as the
fetus is dependent on maternal THs during the first trimester. Given the deficiencies in dietary
iodine and selenium (necessary for DIO production) worldwide and the important role THs play
in fetal neocorticogenesis, primary hypothyroidism remains the most common cause of mental

retardation 4%,

1.1.4.3. Central hypothyroidism

Central hypothyroidism is characterized by reduced circulating THs secondary to insufficient
TSH stimulation of an otherwise normal thyroid gland'*’-!*°. Circulating TSH levels may be
low/normal despite low circulating TH, suggestive of decreased TSH bioactivity and a
consequent inability of TSH to elicit an appropriate TH response. TRH signaling confers
biological activity to TSH through post-translational modifications of TSH glycosylation?%7%7,
In the absence of TRH signaling, TSH is secreted normally, yet has a reduced ability to stimulate
TH production in the thyroid gland'#”'*¥. Therefore, low serum TH levels in the face of normal
circulating TSH is associated with defects in TRH signaling, either as a result of impaired TRH
release or TRH signaling through the TRHR. Central hypothyroidism is very rare, and affects

approximately 1:20,000 to 1:80,000 people worldwide!*!*°. Congenital forms of isolated central

hypothyroidism are caused by inactivating mutations in the TRHR, TSHB, and IGSFI genes.
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Patients with pathogenic TRHR mutations have decreased serum T4 levels with normal TSH
secretion, indicative of impaired TRH signaling resulting in TSH that is less biologically active.
Mutations in the TRHR have been reported in two families and span only three different
mutations’*!>!, Mutations in the TSHB subunit gene have severely decreased TH and TSH levels
due to impaired TSH subunit dimerization and mutations have been described in 5 different
families throughout the world!*?134, Recently, pathogenic mutations in the X-linked gene,

IGSF 1, have been reported in over forty non-related families with an approximate prevalence of
1:100,000 persons worldwide'*’. These mutations cause central hypothyroidism, with normal
circulating TSH and low FT4 serum levels (explored in more detail in section 1.2.2 on IGSF1-
deficiency syndrome)'*!1>>"157 IGSF1 does not currently have a defined role in the HPT axis;
however pathogenic mutations in the IGSF1 protein impair its plasma membrane expression, and

IGSF1-deficient mice appear to have impaired TRH signaling'’.
1.2. Immunoglobulin superfamily

The immunoglobulin superfamily (IGSF) is an expansive family of proteins containing one
or more immunoglobulin (Ig) domains, which were originally described in antibodies and later
identified in proteins not associated with the immune system'*® 6!, The Ig domain possesses two
B-sheets composed of anti-parallel B-strands and linked by a single disulfide bond'®%. There are
three main subtypes of Ig domains based on their resemblance to the variable (V-type), or
constant (C-type) Ig domains in antibodies, with C1-type domains more closely resembling the

C-type Ig domains, and the C2-type domains being a hybrid between the V- and C-type.

IGSF members play diverse physiological roles, with Ig domains commonly associated with

cell-cell communication and interaction!8160:163.164 * Additionally, multiple functions may be
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attributed to a single IGSF member under various physiological conditions and cell types,

making it difficult to pinpoint specific functions of any given IGSF member!6!:165-16¢,

1.2.1. Immunoglobulin superfamily member 1 (IGSF1)

IGSF1 (previously known as InhBP/p120) is a single-pass transmembrane glycoprotein
encoded by the /GSF1/Igsf1 gene located on the X-chromosome of humans and other
mammalian species'®’ 1%, IGSF1/Igsf] is predicted to encode 12 C2-type Ig domains, an N-
terminal signal peptide, a hydrophobic linker region containing two hydrophobic domains, and a
C-terminal transmembrane domain (TMD) followed by a short C-terminal tail (Figure 1.3)!®,
However, cleavage of the hydrophobic linker region during co-translational translocation into the
ER separates the protein into N-terminal domain (NTD) and C-terminal domain (CTD) with 5
and 7 Ig domains, respectively, a single-pass TMD, and a short intracellular C-terminal tail
(Figure 1.3)'®’. During translation, high mannose sugars (immature sugars) are attached to the
asparagine residues of both the IGSF1-NTD and —CTD, promoting proper folding. The CTD is
then trafficked to the Golgi apparatus where high mannose residues are converted into complex
carbohydrates (mature sugars), while the NTD appears to be trapped in the ER!*7!’_ The CTD is
then trafficked to the plasma membrane, where the Ig domains are oriented extracellularly, with
the short C-tail oriented intracellularly (Figure 1.4). The CTD is expressed primarily by
thyrotrope, somatotrope and lactotrope cells of the anterior pituitary, in the apical membrane of

the CP, and in the fetal liver of the mouse and rat!37!7%17!

In addition, the /IGSF1/IgsfI mRNA is alternatively spliced, giving rise to multiple isoforms
(Figure 1.5 and 1.6), differentially expressed in various tissues'¢®17%172 The IGSFI-1/Igsfi-1,

IGSF1-3 and IGSF'1-4 isoforms encode the entirety of IGSF1 as described above. Additionally,
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both mice and humans express the IGSF1-2/Igsf1-2 and humans express the additional /GSFI-5
isoform, which encode the N-terminal signal peptide and the first two Ig domains of the NTD.
Lacking a TMD, this isoform is predicted to be secreted, and has been detected in human
plasma!”*; however, the function of this protein remains unknown. Importantly, the murine IgsfI-
4 isoform encodes the entirety of the CTD, with its expression under the control of an internal
promoter'’?. Interestingly, the Igsf/-4 isoform appears to be expressed at lower levels than the
Igsf1-1 isoform (Bak, B, unpublished), indicating that the upstream promoter is more active and
potentially differentially regulated compared with the internal promoter. The presence of an
IGSF1-2/Igsf1-2 isoform in addition to the more active promoter may explain the evolutionary

retention of the NTD despite the absence of any obvious function.

We now know that pathogenic mutations in the /GSF/ gene result in central hypothyroidism.
These mutations impair or restrict IGSF1 expression at the plasma membrane, suggesting that
IGSF1 must be expressed at the plasma membrane to fulfill its functional role in the HPT axis.
Several point mutations, deletions, insertions, frameshift mutations and whole gene deletions

have since been identified in patients with central hypothyroidism throughout the world (Figure

1 .7)149,156,157,1747176'

1.2.2. IGSF1-deficiency syndrome

IGSF1-deficiency syndrome is a novel X-linked disorder resulting from pathogenic
mutations in the /GSFI gene, resulting in congenital central hypothyroidism and
macroorchidism!#-15¢157 A fraction of patients also present with hypoprolactinemia, GH
deficiency, delayed pubertal development, and an increased body mass index (BMI). In IGSF1-

deficient patients, circulating FT4 levels are reduced with non-elevated TSH, consistent with
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defective TRH signaling at the central level in the absence of IGSF1!3-157:174-176 Gjyen the role
for TRH in PRL and, to a lesser extent, GH expression and secretion, a defect in TRHR signaling
may account for the variable hypoprolactinemia and GH deficiency observed in patients with

IGSF1-deficiency syndrome'4"-145,

1.2.3. IGSF1-deficient mice

IGSF1-deficient mice were generated by deletion of the first exon (/gsf72%*!), which

abolishes expression of isoforms IgsfI-1, Igsf1-2, and Igsf1-3'"

. However, the IgsfI1-4 isoform,
which encodes the entirety of the IGSF1-CTD, is controlled by an internal promoter and is
retained in Igsf12*! mice. Expression of IGSF1-4 does not appear to be upregulated in the
pituitary or brain of Igsf7°*! mice (Beata Bak, unpublished), and does not appear to be capable

of compensating for IGSF1-deficiency in these mice.

Igsf1°*¥ mice have central hypothyroidism, with low circulating TSH levels as well as low
pituitary TSH content!®’. Circulating T3 levels were reduced, but to a lesser extent than one
would expect in light of the reduced TSH levels. Furthermore, circulating T4 levels were normal
on average, in spite of low circulating TSH. Pituitary 7shb mRNA levels were also normal,
indicating that TH feedback at the level of the pituitary was not affected. These results are
consistent with central hypothyroidism, where serum TSH levels are inappropriately low in
response to low TH serum levels. Interestingly, 772 mRNA expression was upregulated in the
hypothalamus of IGSF1-deficient mice, while 7rhir mRNA expression in the pituitary was
downregulated'’. Provided this is reflective of the protein expression, this is suggestive of a
TRH signaling defect in Igsf7“*'"Y mice, where TRH is incapable of upregulating TSH pituitary

content and serum levels. Hypothalamic 774 mRNA expression is regulated by TH binding to

29



THRs in TRH-expressing neurons of the PVN, where TH influx into the PVN is largely
mediated by MCTS transport of T4 across the BCSFB into the hypothalamus (see section 1.1.3.1
Monocarboxylate transporter 8). Given that circulating TH levels were variably low, the uniform
increase in 7rh mRNA expression may be reflective of low T3 influx into the hypothalamus by
MCTS. This would theoretically result in increased TRH release, and increased TSH secretion.
However, low pituitary expression of 7rhr mRNA expression suggests that the pituitary is
impaired in TRHR signaling despite increased TRH secretion. Furthermore, it is unclear whether
the decreased serum TSH levels are the result of decreased TSH pituitary content and/or a

consequence of ineffective TRH-regulated release of TSH.

Hypothalamic 72 mRNA expression appeared inappropriately high in Igsf72!¥ mice given
their relatively mild reduction in circulating T3 levels and normal T4 levels. Therefore, it is
possible that, in addition to a pituitary defect, these mice may also experience impaired TH
transport into the hypothalamus. As described above (see section 1.1.3.1 Monocarboxylate
transporter 8), MCTS is required for T3 transport across the BCSFB, where it is transported into
the hypothalamus and affects 774 transcription in TRH-expressing neurons of the PVN. MCT8 is
apically localized in the murine CP, and polarized expression of some MCT family members is
dependent on IGSF chaperones (Figure 1.8)!7"17% Indeed, the structurally similar IGSF member,
CD147 (basigin), interacts with members of the MCT family and affects both their plasma
membrane trafficking and membrane localization in polarized cells (Figures 1.8 and 1.9)!7317°,
IGSF1 is also expressed at the apical membrane of the CP, and given CD147’s role in plasma
membrane sorting of MCT family members, we hypothesized that IGSF1 might similarly affect

MCTS subcellular localization in the choroid plexus. This thesis focuses on the effect of IGSF1-

deficiency on the murine HPT axis, with a particular focus on a potential role for IGSF1 in
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MCT8-mediated T3 transport into the hypothalamus. In order to elucidate the potential role of
IGSF1 on MCT8-mediated T3 transport into the hypothalamus, we first defined an interaction
between IGSF1 and MCTS in vitro, and characterized the functional significance of this
interaction on MCT8 influx of THs in vitro and in vivo. We then observed the effects of IGSF1-
deficiency on MCT8-mediated influx of TH in vivo and further characterized the effect of
IGSF1-deficiency on TRH signaling in the absence of TH and in the presence of exogenous
TRH. We found that IGSF1 does not affect MCT8-mediated transport of T3 in vitro, nor does
IGSF1-deficiency affect TH transport into the hypothalamus. However, loss of TH elicits a
significantly blunted TSH response in Igsf7*!¥ mice compared to Igsf/™” mice. Furthermore,
exogenous TRH stimulation of TSH is also incapable of increasing TSH secretion in Igsf72*!
mice to the same extent as Igsf/Y mice. These results indicate that IGSF1 does not affect
MCTS8-mediated transport of TH in the hypothalamus, and that the TRH signaling defect

observed in Igsf1°**! mice is mainly the result of a pituitary defect.
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Figure Legends

Figure 1.1 — Components of the hypothalamic-pituitary-thyroid (HPT)-axis. 7727 mRNA is
transcribed in neurons of the PVN in response to reduced TH influx. TRH is released from axon
terminals localized at the median eminence where it travels through portal vessels and binds
TRHRSs on thyrotropes to induce post-translational glycosylation of TSH and its release into the
peripheral circulation. TSH then binds TSHRs on thyrocytes of the thyroid gland and stimulates
production and release of the THs T3 and T4 into the circulation where they are taken up by
target tissues through active transport by THTs and affect gene transcription. THs also negatively
regulate their own production by inhibiting transcription of 7rh and Tshb in the hypothalamus
and pituitary, respectively.

Figure 1.2 — Hypothesis of the mechanism for TH transport across the BCSFB. THs are
synthesized in the thyroid gland and secreted into the circulation where they bind thyroid
distributor proteins (THDPs, here they show albumin (Alb), transthyretin (TTR), thyroxine-
binding globulin (TBG)). T4 dissociates from THDPs and is actively transported across the CP
by OATP1CI1. Some T4 binds TTR produced in the CP epithelial cell and diffuses into the CSF.
The majority of T4 is unbound and is effluxed into the CSF by MCTS8. Modified from
Richardson, S.J., et al (2015) - Transport of thyroid hormones via the choroid plexus into the
brain: the roles of transthyretin and thyroid hormone transmembrane transporters. Frontiers in

Neuroscience. 9:1-8.
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Figure 1.3 — IGSF1 is sequentially cleaved at an internal signal peptide by signal peptidase
and signal peptide peptidase. IGSF1 is a 12 Ig domain containing protein with an N-terminal
signal peptide, an internal hydrophobic linker region, containing a TMD and a signal peptide,
and a C-terminal TMD. The N-terminal signal peptide directs IGSF1 co-translational
translocation into the ER. Within the ER the N-terminal signal peptide is co-translationally
cleaved by signal peptidase (SP), the first five I[g domains are translated and the first TMD is
inserted in the ER membrane. A short luminal C-terminal tail is translated followed by the
internal signal peptide. The internal signal peptide is co-translationally cleaved from the C-
terminal portion of the NTD by SP. Translation of the C-terminal portion of IGSF1 continues
into the lumen of the ER, where the next seven Ig domains are translated prior to insertion of the
C-terminal TMD into the membrane followed by translation of the short luminal C-terminal tail
of the IGSF1-CTD protein. Signal peptide peptidase (SPP) then degrades the internal signal
peptide, releasing the CTD from the membrane at the N-terminus. This process results in two

distinct IGSF1 proteins, the IGSF1-NTD and IGSF1-CTD.

Figure 1.4 — IGSF1-CTD is a membrane glycoprotein. IGSF1-CTD obtains mature
glycosylation in the ER prior to trafficking to the plasma membrane. The single-pass TMD is
inserted into the plasma membrane with the 7 glycosylated Ig domains oriented extracellularly

and with a short cytoplasmic C-tail.
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Figure 1.5 — Human IGSF1 mRNA isoforms and corresponding protein products. /GSFI is
alternatively spliced to produce five different isoforms in human. /GSFI-1, IGSFI-3, and
IGSF'1-4 encodes the full-length IGSF1 protein, with minor differences in the 5’UTR. The
IGSF1-1, IGSF1-3 and IGSFI-4 isoforms produce the entirety of the IGSF1 protein, while the
IGSF'1-2 and IGSFI-5 isoforms produce a soluble form of IGSF1 which contains the first two Ig
domains and lacks a TMD and is secreted in human plasma. (Modified from Beata Bak,
unpublished)

Figure 1.6 — Murine IgsfI mRNA isoforms and corresponding protein products. Murine
Igsf1 is alternatively spliced to give rise to four different isoforms, only one of which encodes
the entirety of the IGSF1 protein (/gsfi1-1). Igsf1-2 is orthologous to the human /GSF1-2 and
IGSF1-5 isoforms, and produces the short protein product containing the first two Ig domains
and lacks a TMD, and is presumably secreted. The Igsf1-3 isoform encodes the entirety of the
NTD as well as the first two Ig domains of the CTD, lacking the TMD of the CTD. Therefore,
the entirety of the NTD is intact and is presumably retained in the ER, while the first two Ig
domains of the CTD may also be secreted. Additionally, the entirety of the CTD is encoded by
Igsf1-4 which is transcribed through an internal promoter. (Modified from Beata Bak,
unpublished).

Figure 1.7 — Pathogenic mutations identified in human patients with IGSF1-deficiency
syndrome. Pathogenic mutations of deletion, nonsense, missense and insertion subtypes have
been identified in patients from the Netherlands, the United Kingdom, Japan, Ireland, and Italy.
The majority of mutations identified to date are located in the CTD of IGSF1. Diagram modified

from Daniel Bernard, unpublished.
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Figure 1.8 — CD147 is an ancillary protein of MCT1 required for plasma membrane
expression and subcellular localization. CD147 is an IGSF protein composed of two C2-type
Ig domains and a single-pass transmembrane domain containing a negatively charged amino
acid. Its Ig domains are oriented extracellularly while its short C-terminal tail is cytoplasmic.
CD147 binds MCT]1 and directs expression of MCT]1 to the basolateral membrane of some
polarized cell types. (Modified from Halestrap, Andrew P. and Meredith, David (2004). The
SLC16 gene family - From monocarboxylate transporters (MCTs) to aromatic amino acid
transporters and beyond. European Journal of Physiology. 447(5): 619-628).

Figure 1.9 — CD147 and IGSF1 share structural similarity. Both IGSF1 and CD147 are
composed of extracellular C2-type Ig domains, a single-pass transmembrane domain and a short
cytoplasmic C-terminal tail. CD147 contains a negatively charged amino acid in its TMD, while

IGSF1 contains a positively charged amino acid.

35



Figure 1.10 — Intracellular signaling upon binding of TRH to the TRHR. Upon binding of
TRH to the TRHR, TRHR then couples to the G-proteins Guq and Gq11, which mobilize
intracellular calcium through phospholipase C (PLC) activity. Binding of TRH to the TRHR
induces a conformational change allowing G, to exchange guanine diphosphate (GDP) for
guanine triphosphate (GTP), which phosphorylates PLC and leads to PLC-mediated hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PIP2). Hydrolysis of PIP, forms the second messengers
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP5 is then released into the cytosol
and binds IP3-sensitive calcium ion (Ca**)-channels on the smooth endoplasmic reticulum (ER),
rapidly increasing cytosolic Ca®" levels and activating trafficking of secretory granules to the
plasma membrane where they exocytose their cargo. DAG promotes protein kinase C (PKC)
translocation from the cytosol to the plasma membrane, and together with Ca**, PKC
phosphorylates the pituitary-specific transcription factor Pit-1. The transcription factors c-fos and
c-jun are also immediate early genes of TRH stimulation. Following TRH activation of PKC and

elevation of Ca®" through the Goq/11 pathway, the TRHR is rapidly desensitized and internalized.
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Chapter 2: Materials and Methods
Reagent list

Rabbit antiserum against murine IGSF1-CTD was generated and provided by Dr. Peter
Scheiffele!®’. Affinity purified rabbit antibody against MCT8 was provided by Dr. Ezra Tai
(XenoPort, Santa Clara, California)’’. Mouse monoclonal antibodies against HA (H9658) and f-
actin (A5441), EZview Red anti-HA affinity gel (E6779), and L-T3 (T2752) and L-T4 (T2376)
were obtained from Sigma Aldrich (St. Louis, Missouri, USA). Secondary antibodies for western
blotting (goat anti-mouse 170-6516 and goat anti-rabbit 170-6515) were obtained from BioRad
(Mississauga, Ontario, Canada). Monoclonal goat anti-rabbit Alexa 488 (A-11008), monoclonal
rabbit anti-GFP (G10362), TRIzol reagent (15596-026) and Pro-Long Gold anti-fade reagent
with DAPI (P36935) were obtained from Invitrogen (Burlington, Ontario, Canada). DME/F12
(12500-039) was obtained from Gibco, Life Technologies (Burlington, ON, Canada). PfuUltra-
HF (600380) was obtained from Agilent Technologies (Santa Clara, CA, USA). HindlIll
(RO104S) and Clal (R0197S), 1X glycoprotein denaturing buffer (B0701S), PNGaseF (P0704S),
and EndoH (P0702S) were obtained from New England BioLabs (NEB; Whitby, Ontario,
Canada). Gel purification kit (BS353) was obtained from BioBasic (Markham, ON, Canada). T4
DNA ligase (M1801), MMLV-RT (M1701), and RQ1 DNase (M6101) were obtained from
Promega (Madison WI, USA). Normal goat serum (053-110), D-PBS (311-425-CL), DMEM
(319-005), and FBS (081-105) were obtained from Wisent (Saint-Jean-Baptiste, QC, Canada).
PEI (23966) was obtained from Polysciences Inc. (Warrington, PA, USA). BCA assay kit
(23227) and EZ-link-sulfo-NHS-LC-biotin (21327) were obtained from ThermoScientific
(Waltham, Massachusetts, USA). Vectastain ABC kit (PK6100) was obtained from Vector

laboratories (Burlingame, CA, USA). ECL Western Lightning Plus (NEL105001EA),
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nitrocellulose membranes (NBA083CO001EA), ['*I]-T3 (NEX110X100UC), and ['*I]-T4
(NEX111H100UC) were obtained from Perkin Elmer (Boston, MA, USA). HyBlot CL
Autoradiography film (E3018) was obtained from Denville Scientific Inc. (Metuchen, NJ, USA).
Proteinase K (PRK403) was obtained from BioShop (Burlington, Ontario, Canada). Optimum
Cutting Temperature TissueTek (25608-930) was obtained from VWR (Mont Royal, QC,
Canada). BSA (10735086001) was obtained from Roche (Mannheim, Germany). EvaGreen
(Mastermix-S) was obtained from ABM (Richmond, BC, Canada). lodine-deficient/0.15% PTU
(LoI/PTU) diet was obtained from Harlan laboratories (Teklad TD.95125, Montreal, Quebec,
Canada). [**S]-UTP and [**S]-CTP (1,000 Ci/mmol) and Hyperfilm B-max were obtained from
Amersham (Braunschweig, Germany). RNase T1 was a product of Boehringer Mannheim
(Mannheim, Germany). NTB-2 nuclear emulsion and Rapid Fix were obtained from Kodak
(Integra Bioscience, Fernwald, Germany). Coated-tube RIA kits were obtained from Siemens

Medical Solutions Diagnostics (Los Angeles, CA, USA).
Constructs

A construct encoding the full-length human MCTS containing an N-terminal GFP tag
was a gift from Dr. Samuel Refetoff (University of Chicago, Chicago, I, USA). A construct
encoding the mouse IGSF1 isoform 4 was a gift from Dr. Peter Scheiffele. The mouse MCT10-
HA construct was generated in-house through the amplification of mouse liver Mct10 cDNA and
its ligation into a pcDNA3 expression vector containing the HA coding sequence at the 3’ end of
the multiple cloning site using the primer set in Table 1.2 and the high-fidelity PfuUltra-HF
polymerase. Briefly, an existing Hindlll restriction site was first removed from Mct10 using the
primer set indicated in Table 1.3 and the QuikChange mutagenesis protocol (Stratagene) after

which Mct10 was amplified as described above. The Mct10 amplicon, and pcDNA3.0-HA
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plasmid grown in Dam- (SCS110) bacteria were then digested with 0.5 units of HindlIll and Clal
at 37°C for 2 h. Digested products were gel purified using the BioBasic gel purification kit and
ligated with 1 unit T4 DNA ligase at 4°C overnight. The mouse MCT8-HA construct was
generated by amplifying Mct§ from mouse liver cDNA using the primer set in Table 1.2 and
PfuUltra. The pcDNA3.0-HA plasmid grown in Dam- (SCS110) bacteria, and the Mct8 amplicon
were digested using 0.5 units of HindlIll and Claland ligated with T4 DNA ligase as described
above. The human IGSF1-1 construct, containing a myc-tag directly following the N-terminal
signal peptide and a 3X HA tag at the C-terminus was a gift from Dr. Peter Scheiffele
(Biozentrum, University of Basel, Switzerland). This construct was modified by Dr. Beata Bak
(McGill University, Montreal, Quebec) to include an epitope for the mouse IGSF1-CTD
antiserum'>’. The mouse CRYM vector was generated in house by amplifying Crym from
murine brain using the primer set described in Table 1.2 and PfuUltra-HF polymerase.
Amplification of Crym using these primer sets added an EcoRI restriction endonuclease site at
the 5° end of the amplicon and an X#%ol restriction site at the 3” end. The resultant 987 bp PCR
product and the pcDNA3.0 vector were digested with EcoRI and X#hol, gel purified using the

BioBasic gel purification kit and ligated using T4 ligase as described above.

Cell lines

Human embryonic kidney 293 (HEK293) cells (a gift from Dr. Terence Hébert, McGill
University, Montréal, Québec, Canada) and HeLa cells (a gift from Dr. Jason Tanny, McGill
University) were maintained in DMEM supplemented with 10% FBS. All cells were cultured at

37°C with 5% COz in a water-jacketed incubator.
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Cell culture and transfection

For cell surface biotinylation, HEK293 cells were seeded in 6-well plates at 4x10*
cells/well, respectively. Twenty-four hours post-plating, cells were transfected with 2 pg plasmid
DNA and 6 g polyethylenimine (PEI). Briefly, DNA and PEI were combined in 200 pl serum-
free DMEM, and incubated at room temperature for 15 min. Cell culture media was replaced
with 1 ml serum-free DMEM and 200 pl of the DNA:PEI mix was added to appropriate wells.
Cells were incubated at 37°C for 2 h with the DNA:PEI mix after which the transfection medium
was replaced with growth medium and incubated at 37°C overnight. For T3/T4 transport assays
(described below), HeLa cells were plated in 12-well plates at 1x10° cells/well and transfected

with 1 ug DNA and 3 pg PEI 24 h post-plating as described above.

Cell surface biotinylation (CSB) and immunoprecipitation (IP)

HEK?293 cells were grown in 6-well plates for 24 h prior to transfection with either
pcDNA3, pcDNA3 + IGSF1-HA, pcDNA3 + MCT8-GFP, or IGSF1-HA + MCTS8-GFP or
pcDNA3, pcDNA3 + IGSF1-4, pcDNA3 + MCTS8-HA, pcDNA3 + MCT10-HA, IGSF1-4 +
MCTS8-HA or IGSF1-4 + MCT10-HA (Figure 3.1 a and b, respectively) to a total of 2 pg DNA
per well. Twenty-four hours post-transfection, cells were washed 3X with cold phosphate
buffered saline (PBS; pH 7.4, 137 mM NaCl, 2.7 mM KCI, 10 mM NaxHPO4, 1.8 mM KH>POs)
and incubated in 1 ml 0.5 mg/ml EZ-link-sulfo-NHS-LC-biotin per well for 30 min at 4°C with
gentle rotation to biotinylate cell surface proteins. Cells were then washed with cold 100 mM
glycine in PBS 3X 5 min at 4°C with gentle rotation and harvested in 300 pl lysis buffer (50 mM

Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100). Lysates were centrifuged at 16.1
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rcf at 4°C for 20 min and supernatant collected for immunoprecipitation and analysis via western

blot (below).

Immunoprecipitation was conducted using 20 pul EZview Red anti-HA affinity beads,
which were washed 2X with lysis buffer prior to incubation with 250 pl of lysates at 4°C
overnight with rotation. The next day, beads were washed 3X with lysis buffer and
immunoprecipitated lysates were eluted by heating in 60 ul lysis buffer and 15 pl Laemmli
buffer containing 2% 2-mercaptoethanol at 70°C. Immunoprecipitated lysates and total lysates
were resolved by SDS-PAGE on 8% Tris-glycine gels and analyzed by western blotting
(described below) using the primary antibodies rabbit anti-GFP (1:1000), mouse anti-HA
(1:40,000), rabbit anti-IGSF1-CTD (1:1000) and mouse anti-ACTB (1:20,000) or anti-BTUB
(1:20,000) diluted in blocking buffer to detect total and immunoprecipitated proteins. Detection
of biotinylated proteins was conducted using the Vectastain ABC kit. Briefly, membranes were
incubated in 5% BSA in TBST for 1 h prior to incubation with the Vectastain reagent. Two drops
of reagent A and two drops of reagent B were diluted in 5 ml of 2.5% BSA in TBST and
incubated at room temperature for 30 min. The membrane was then incubated in Vectastain
reagent for 30 min, followed by 4X 10 min washes with TBST. Protein was visualized as

described in the western blotting section below.

Western blotting

Protein lysates were heated to 70°C for 5 min in Laemmli buffer (50 mM Tris pH 6.8, 2%
SDS, 10% glycerol, 0.04% Bromophenol Blue) containing 2% 2-mercaptoethanol, and resolved
by SDS-PAGE on 8% Tris-glycine gels. Proteins were transferred to nitrocellulose membranes

(30 V, 1 h) and the membranes blocked with 5% skim milk (primary antibodies) or bovine serum
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albumin (BSA, for Vectastain) in Tris-buffered saline with Tween-20 (TBST; 0.05% Tween-20
in 10 mM Tris pH 8.0, 150 mM NaCl) for 1 h at room temperature with mild rocking.
Membranes were incubated in primary antibody in blocking buffer overnight at 4°C with mild
rocking. The next day, membranes were washed 4X 10 min in TBST and incubated in 1:3000
dilution of appropriate horseradish peroxidase (HRP)-conjugated secondary antibody in blocking
buffer for 1 h at room temperature. Finally, membranes were washed 4X 10 min in TBST,
incubated in ECL Plus reagent according to manufacturer’s instructions, and exposed to HyBlot

CL autoradiography film.
Animals

IGSF1-deficient (Igsf1°*!) mice were described previously'*”'72. Mice were handled
according to federal and institutional (McGill University) guidelines. The animals had access to
water and standard or Lol/PTU chow ad libitum. An ambient temperature of 22°C and 12 h light,
12 h dark light cycle were maintained automatically. Wild-type (Igsf1*") and hemizygous
(Igsf1°°*'"Y) male mice were generated by mating heterozygous female mice (Igsf72!") to wild-
type males. At specified ages, male mice were culled by CO» asphyxiation. Genomic DNA was
extracted by digesting toe tissue collected at post-natal day 10 with 100 pg/ml proteinase K in
tail digest buffer (100 mM Tris pH 8.0, 5 mM EDTA, 200 mM NacCl, 0.2% SDS) overnight at
55°C. Samples were centrifuged for 10 min at 16.1 rcf to pellet insoluble material and collect the
supernatant. DNA was precipitated in 1 volume isopropanol and DNA dissolved in 20 pl Tris-
EDTA buffer (TE, 10 mM Tris pH 8.0, 1 mM EDTA). Genotyping PCR to identify Igsf/™* and
Igsf1°*"¥ males was performed using primers in Table 1.1. Briefly, the IgsfI" primers anneal to
the first exon of IgsfI and amplify a 100 bp amplicon while the Igsf7*! primers anneal to the
Pgk-HPRT selection cassette, which replaced the first exon in Igsf72°*!¥ mice during
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homologous recombination of the targeting vector, and amplify a 200 bp amplicon!”2. Two pl of
genomic DNA was subjected to PCR using 1X GoTaq buffer, 5 mM MgCl,, 200 uM each dNTP,
0.4 mM Igsf1" forward and reverse primers, 0.8 mM Igsf12*! forward and reverse primers and 1
unit of Taq polymerase. PCR cycling conditions were as follows: initial denaturation, 95°C for 2
min followed by 18 cycles of denaturation at 95°C for 15 sec, annealing at 50°C for 30 sec, and
extension at 68°C for 1 min. Amplicons were run on a 1.75% agarose gel containing ethidium

bromide and run at 120 V for 20 min.
Deglycosylation

Tissues from 8-week old Igsf7™ and Igsf1°**'Y male mice were dissected and frozen on
dry ice prior to protein extraction. Tissues were then suspended in 1 pl/pg tissue RIPA buffer
(150 mM NacCl, 50 mM sodium fluoride, 10 mM NaPOs, 2 mM EDTA, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) containing protease inhibitors (2 mg/ml aprotinin, 2 mg/ml leupeptin,
1 mg/ml pepstatin A, and 0.2 M PMSF) and allowed to thaw prior to homogenization with a
hand-held homogenizer. Homogenized tissues were then centrifuged, and the concentration of
the collected supernatant was determined by BCA assay. Ten to 20 ug of protein was denatured
in 1X glycoprotein denaturing buffer for 10 min at 90°C followed by deglycosylation with 500
units of either endoglycosidase H (EndoH) or peptide-N-glycosidase F (PNGase F), following
the manufacturer’s instructions, overnight at 37°C. Proteins were resolved by SDS-PAGE on 8%

Tris-glycine gels and analyzed by western blotting as described below.
Choroid plexus immunofluorescence

Brains were collected from 8-week old male wild-type (Igsf1™Y) and Igsf1°*"¥ mice and

flash frozen in isopentane cooled to -30°C to -50°C. Brains were embedded in OCT medium
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prior to cryosectioning with a cryostat (Leica). Ten um sections from Bregma 0.14 mm and
Bregma 0.02 mm were mounted on positively charged glass slides, dried, and stored at -80°C for
immunofluorescence. Slides were warmed to room temperature and fixed using 4%
paraformaldehyde (PFA) in Hank’s Buffered Saline Solution (HBSS, 137 mM NaCl, 5.4 mM
KCl, 0.25 mM NaHPOg4, 0.1 g glucose, 0.44 mM KH>PO4, 1.3 mM CaCl,, 1.0 mM MgSOs, 4.2
mM NaHCO:3) for 15 min. Sections were washed 3X with PBS and then blocked with 5% goat
serum diluted in PBST (PBS + 0.1% Triton X-100) for 30 min at room temperature. Affinity
purified rabbit anti-MCT8 or rabbit anti-IGSF1 were diluted to 1:100 or 1:500, respectively, in
5% goat serum in PBST and incubated for 2 h at room temperature. Sections were washed 3X 5
min at room temperature with PBST, and then incubated for 1 h at room temperature in 1:400
Alexa 488 goat anti-rabbit. Sections were washed as above and glass cover slips were mounted
with ProLong Gold with DAPI. Slides were incubated overnight at room temperature in the dark
and visualized using confocal microscopy. Confocal microscopy was conducted using a Leica
SP8 microscope and HC PL APO CS2 63X/1.40 oil objective. The multiphoton laser was set to
emit at 780 nm and emission detected at 721 nm to 774 nm for DAPI images, while the HPD
laser was set to emit at 488 nm and emission detected at 406 nm to 480 nm for Alexa 488 with a
numerical aperture of 1.40, a 1.0 zoom, and a pinhole of 600 pm. Images were taken sequentially

and overlayed using LAS AF Lite.
T3/T4 in vitro transport assays*!

HelLa cells were grown in 12-well plates, and transfected with either pcDNA + CRYM,
CRYM + IGSF1 + pcDNA, CRYM + MCTS8-GFP, or CRYM + IGSF1-HA + MCTS8-GFP to a
total of 3 pg total DNA, 24 hours post-plating. 24 hours post-transfection, cells were washed

twice with 500 pl of Dulbecco’s modified PBS (D-PBS) containing 0.1% BSA. For import
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assays, cells were equilibrated in D-PBS + 0.1% BSA for 30 min at 37°C prior to addition of
[21]-T3 or ['?I]-T4. Following equilibration, D-PBS + 0.1% BSA was removed and 1 nM
[21]-T3 or ['**I]-T4 in 500 ul D-PBS + 0.1% BSA was first added to the 10 min time point and
incubated at 37°C for 5 min. The process was then repeated for the 5 min time point, and finally
the 0 min time point. All cells were then washed 2X with 500 pul D-PBS + 0.1% BSA and
harvested with 300 pl 0.1 M NaOH + protease inhibitors. lodinated ligand imported into cells
was measured using a gamma counter. Data are presented as means +SEM of either two or three
independent experiments, respectively, normalized to total ['%°I] input and analyzed by linear

regression.
Low-iodine propriothiouracil (Lol/PTU) diet

Eight-week old male Igsf7™" and Igsf1°**!"Y mice were fed a Lol/PTU diet ad libitum for
3 weeks to disrupt iodothyronine production and induce a severely hypothyroid state (n=10 per
genotype, per condition). Mice were sacrificed by CO2 asphyxiation for collection of blood,
pituitaries, and brains. Blood was allowed to clot for 1-2 h at room temperature and serum
collected following centrifuging at 3000 rpm for 10 min at room temperature for hormone
analysis (described below). Pituitaries were frozen in TRIzol reagent on dry ice and stored at
-80°C prior to RNA extraction and qPCR (described below) to analyze Tshb, Trhr, and Cga

mRNA expression.
13/T4 transport in vivo

Eight-week old male Igsf1*" and Igsf1°**!Y mice (n=7 per genotype, per condition) were
subjected to a Lol/PTU diet (as described above). During the last four days, mice were injected

intraperitoneally (i.p.) with one of four treatments: D-PBS containing 0.002% BSA (control); 5
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ng 3,3',5-triiodo-L-thyronine (L-T3)/g body weight (BW) per day (low T3); 25 ng L-T3/g BW
per day (high T3); or 100 ng L-thyroxine (L-T4)/g BW per day (T4). L-T3 and L-T4 were
dissolved in 1 M NaOH:EtOH (1:10) at 1 mg/ml and diluted in D-PBS + 0.002% BSA for
working concentrations of 1 ug/ml (low T3), 200 pg/ml (high T3), and 100 pg/ml (T4), allowing
injection of approximately 200 pl per animal regardless of treatment. Twelve hours after the last
injection, animals were sacrificed via CO» asphyxiation and blood collected via cardiac puncture.
Blood was allowed to clot for 1-2 h at room temperature and then centrifuged at 3000 rpm for 10
min at room temperature and serum was collected for hormone measurement (described above).
Brains and pituitaries were immediately dissected for in sifu hybridization (below) and RT-qPCR

analysis (below), respectively.
In situ hybridization (ISH)

All ISH experiments were kindly carried out on a collaborative basis by Dr. Heike Heuer
and Denica Doycheva (Leibniz Institute for Age Research — Fritz Lipmann Institute, Jena,
Germany) as previously described'®’. Briefly, brains dissected from 12-week old Igsf7™ and
Igsf1°*"¥ male mice were flash frozen in isopentane cooled to -30°C to -50°C on dry ice and
stored at -80°C. Coronal 20 um slices were cut on a cryostat (Leica), thaw-mounted on silane-
treated slides, and stored at -80°C until further processing. [*°S]-labeled Trh cRNA probes were
generated from 774 cDNA subclones in Bluescript KSII+ plasmids using in vitro transcription,
according to standard protocols, and [>>S]-UTP and [**S]-CTP labeled nucleotides'®!. The
resultant probe corresponds to nucleotides 103-870 of prepro-Tri cDNA. The [*°S]-labeled Trh
probe was then diluted in 50 ul RNase-free water and subjected to mild alkaline hydrolysis with
50 pl sodium bicarbonate buffer (80 mM NaHCOs3, 120 mM Na>COs; pH 10.2) at 60°C for 25

min. Frozen sections were fixed with 4% PFA in PBS for 60 min at room temperature and rinsed
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2X with PBS. Sections were then treated with proteinase K (0.01 mg/ml) for 10 min at 37°C and
re-fixed with 4% PFA for 10 min at room temperature. Following the second fixation, sections
were incubated in 0.1 M triethanolamine, pH 8 + 0.25% v/v acetic anhydride for 10 minutes at
room temperature and rinsed 3X with PBS. Sections were dehydrated with successive ethanol
washes of increasing concentrations, followed by air-drying. [*°S]-labeled Tr# cRNA probe was
diluted in hybridization buffer (50% formamide, 10% dextran sulfate, 0.6 M NaCl, 10 mM
Tris/HCI pH 7.4, 1X Denhardt’s solution, 100 pg/ml sonicated salmon sperm DNA, 1 mM
EDTA-di-Na and 10 mM dithiothreitol) to a final concentration of 5 x 10* dpm/pul and applied to
sections. Coverslips were then applied and sections were incubated in a humidity chamber at
58°C for 16 h. Two times standard saline citrate (SSC; 0.3 M NacCl, 0.03 M sodium citrate, pH
7.0) was used to remove coverslips post-hybridization and sections were treated with RNase A
(20 pg/ml) and RNase T (1 U/ml) at 37°C for 30 min. Sections were then washed at room
temperature with successive SSC concentrations (1X, 0.5X and 0.2X) for 20 min each, incubated
in 0.2X SSC at 60°C for 1 h. Sections were dehydrated and exposed to Hyperfilm B-max for 68
h and then dipped in Kodak NTB2 nuclear emulsion and stored at 4°C for 2 weeks.
Autoradiograms were developed in Kodak D19 for 4 min and fixed in Rapid Fix for 4 min.
Sections were stained with cresyl violet and viewed under dark- and bright-field illuminations.
Images were quantified using ImageJ, where background signal was subtracted from the signal

intensity and divided by the area of the image.
Hormone measurement

All hormones were kindly measured by Dr. Refetoff and Xiao-Hui Liao (University of
Chicago, Chicago, II, USA) by radioimmunoassays (RIA) as described previously'®?. Briefly, T3

and T4 were first extracted from serum prior to RIA using chloroform-methanol 2:1, containing
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1 mM PTU twice, where the final volume of chloroform-methanol extract was approximately 20
times the weight of serum. The iodothyronines were then back-extracted into an aqueous phase
using 0.05% CacCl; added to the chloroform-methanol extract, followed by one extraction with
0.05% CaCl,-MeOH-chloroform (48:49:3). A speed-vac was used to evaporate the pooled
aqueous phases, which were then dissolved in RIA buffer. Three blank tubes and three tracer
tubes were used for each assay. Blank tubes were used to assess assay background, and
contained all reagents save for sample. Tracer tubes were used to assess the recovery of extracted
iodothyronines, and contained 1500-2000 cpm of ['%°I]-labeled T3 or T4 added to the sera. Based
on the tracer output, recovery after extraction was 75-85%. The precision of measuring T3 and
T4 by extraction and RIA assay was confirmed by liquid chromatography (LC, Shimadzu,
Columbia, MD) followed by tandem mass spectrometry (MS/MS, API 4000 from Applied
Biosystems) in 20 samples. Aliquots of the extracted serum were submitted to T3, T4 or TSH
measurement by RIAs as follows. Serum total T4 concentration was measured by coated-tube
RIA Kit according to manufacturer’s instructions and modified for mouse using 25 pl serum. The
limit of T4 detection in serum was 0.25 pg/dl and the assay sensitivity was 125 pg T4 per tube.
Serum total T3 was measured by sensitive RIA!®? and the specific antibody against T3 was
provided by Maria Jesus Obregon. Eight to 13 pl T3 was used for extraction, with an average
recovery of 78%. The assay sensitivity was 1 pg T3 per tube and assay sensitivity was 10 ng/dl.
Serum total TSH was measured using 10 pl serum in a sensitive, heterologous, disequilibrium,

double-antibody precipitation RIA, as described in Pohlenz, J et al. (1999)!'%,
Quantitative RT-PCR (qPCR)

Murine pituitary and hypothalamic RNA was extracted using TRIzol reagent, following

the manufacturer’s instructions. Approximately 1 pg of RNA was reverse transcribed into cDNA
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using 50 ng random hexamer primers and Moloney murine leukemia virus reverse transcriptase
(MMLV-RT). Contaminating DNA was removed prior to reverse transcription using RQ1 DNase
and 2 pl cDNA was used for qPCR using EvaGreen and 0.4 pmol of Trhr, Tshb, c-fos, Cga, or
Rpl19 primers (Table 1.4) on a Corbett Rotor-Gene 6200 HRM (Corbett Life Science), according
to the EvaGreen real-time cycling protocol. Transcript levels were normalized relative to the

housekeeping gene ribosomal protein L19 (Rpl19) and results analyzed using the 224! method.
TRH stimulation

Eight-week old male mice were bled by submandibular venipuncture and 10-15 pl of
blood was collected prior to injection with TRH (baseline). Mice were then injected with 10
ng/kg i.p. TRH (1 pg/ml, approximately 200 pl injected per animal) or 10 pl/kg D-PBS. Fifteen
minutes post-injection, mice were sacrificed via CO; asphyxiation and blood collected via
cardiac puncture. Blood was allowed to clot for 1-2 h at room temperature and centrifuged at
3000 rpm for 10 min at room temperature. Serum was collected for hormone measurement (as
described above). Pituitaries were collected in 500 pl TRIzol and frozen on dry ice for RNA

extraction and qPCR analysis (described above).

Statistical analysis

Statistical analysis of the qQPCR and hormone data from the Lol/PTU and T3/T4 transport
in vivo, and TRH stimulation studies consisted of 2-way ANOVA followed by post-hoc
Bonferroni-corrected t-tests to compare the effects of treatment between genotypes. Results of 2-
way ANOVA analysis are presented as an F-distribution (F) along with the degrees of freedom
numerator (DFn) and degrees of freedom denominator (DFd) and the subsequent p-value

associated with the ANOVA. Significant differences between genotypes under various
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conditions are reported as a t-value and the degrees of freedom associated with the p-value as
determined by the Bonferroni-corrected Student’s t-test. T4 serum levels in T3/T4 replacement
in vivo studies were analyzed by Student’s t-test. Animals were only removed from studies post-
analysis for genotyping errors as determined by /gsf7-ex! qPCR analysis. Some animals were
removed from qPCR experiments prior to analysis due to low RNA concentrations (<100 ng/ul),
and genotype and treatment was unknown at the time. The T3/T4 in vitro studies were analyzed
using linear regression analysis and slopes were compared for significant difference. All
statistical studies were conducted using GraphPad Prism 5.0. Significance was assessed relative

to p<0.05.
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Tables

Table 2.1 — Genotyping primers

Primer

Sequence

IgsfI" forward

5’-TTTGCGGCATCTGGAGGAG-3’

IgsfI" reverse

5’-GGGAGCAGTTTGATTTACGGC-3’

Igsf1°! forward

S’>-TGTTCTCCTCTTCCTCATCTCC-3’

Igsf1**! reverse

5’-ACCCTTTCCAAATCCTCAGC-3’

Table 2.2 — Primers for generation of constructs

Gene Sense

Antisense

Mct8 5’-

CTGCCA-3’

5’-

ACTGGAATTCGCCGCGATGGCG | GCCGCTCGAGAATGGGCTCTTCAGGT

GT-3’

Mctl0 | 5°-

CGTCCCA-3

5’-

CGGAATTCTCGGGACATGGTGC | CCGCTCGAGCGGCATTAAATAATCGA

GGCGGAG-3’

Crym | 5°-

5’-

CGGAATTCAAGGCAGGCGGCGA | CCGCTCGAGCGGTTCCTTCAACTCAC

GATGAAGC-3’ TTGC-3’
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Table 2.3 — Mutagenesis primers

Mutation Sense Antisense

Mct10-HindIIl Removal 5- 5’-
CTTCTCCAGGAGAAAGC | GACTTTTTTTGGAGGACT
TCAGTCCTCCAAAAAAA | GAGCTTTCTCCTGGAGA
GTC-3° AG-3’

Table 2.4 — RT-qPCR primers

Gene Sense primer Antisense primer

Trhr 5- 5.
CTCCCCAACATAACCGA | GCAGAGAAACTGGGCTT
CAG-¥ TGA-3’

Tshb 5’- 5.
GAACGGTGGAAATACCA | AGAAAGACTGCGGCTTG
GGA-3° GTGCA-¥

Cga 5’- 5.
TCCCTCAAAAAGTCCAG | GAAGAGAATGAAGAATA
AGC-3 TGCAG-3’
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c-fos

5’-

GGAGCTGACAGATACAC

TCCAA-3’

5’-

GAGGCCACAGACATCTC

CTC-3’

Rpl19

5’-

CGGGAATCCAAGAAGAT

TGA-3’

5’-

TTCAGCTTGTGGATCTGC

TC-3°
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Chapter 3: Results

IGSFI-CTD and MCTS8 interact at the plasma membrane in vitro

Given that IGSF1-CTD and MCTS are both expressed at the apical membrane of the CP

171 127,157

of mice (Beata Bak, unpublished), and rats' ", and both proteins play a role in the HPT axis ,
we hypothesized that IGSF1-CTD and MCT8 might physically and/or functionally interact at the
cell membrane. To test this hypothesis, we transfected HEK293 cells with human MCTS8-GFP
(Figure 3.3a, lane 2), human myc-IGSF1-HA (lane 3) or both MCT8-GFP and myc-IGSF1-HA
(lane 4) and performed CSB/IP, with lysates analyzed via western blotting. As described
previously'>”1%7 human IGSF1-HA migrated as a doublet of approximately 140 kDa (Figure
3.1a, lanes 2 and 4), similar to the doublet seen in the pituitaries of adult male mice (Figure 3.2,

Y157, Human MCT8-GFP protein migrated at approximately 95 kDa (Figure 3.1a, lanes 3

lane 4
and 4) and MCT8-GFP was co-immunoprecipitated with IGSF1-HA (lane 4), indicating that the
two proteins interact when co-expressed in vitro. Furthermore, as reflected in the results of the

CSB, the mature IGSF1-HA glycoprotein was detected at the plasma membrane when expressed

alone (lane 2), or with MCTS8-GFP (lane 4). Moreover, biotinylated MCT8-GFP was co-

precipitated with IGSF1, indicating that the proteins interact at the plasma membrane.

To confirm the specificity of the interaction and to determine whether this interaction
also occurs between murine IGSF1-CTD and MCTS, we transfected HEK293 cells with either
murine IGSF1-4 (Figure 3.1b, lane 2), murine MCT8-HA (lane 3), or murine MCT10-HA (lane
4) alone, or IGSF1-4 co-expressed with either MCT8-HA (lane 5) or MCT10-HA (lane 6).
MCT10 is closely related to MCTS, sharing 49% amino acid identity, allowing us to observe the
specificity of the interaction between IGSF1 and MCT8'3. MCT8-HA migrated at 65 kDa

(Figure 3.1b, lanes 3 and 5), whereas MCT10-HA migrated at 55 kDa (lanes 4 and 6) and
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IGSF1-4 migrated as a doublet of approximately 140 kDa (lanes 2, 5 and 6). The mature IGSF1-
CTD co-precipitated with MCT8-HA (lane 5), but not MCT10-HA (lane 6). These data confirm
that murine IGSF1-4 interacts with murine MCT8-HA in vitro and this interaction is specific to

MCTS.
IGSFI-CTD is expressed in the choroid plexus and pituitary of male Igsfl1™ mice

That IGSF1 and MCTS are expressed in the CP relies on evidence from
immunofluorescence (IF) conducted on embryonic mice (Bak, unpublished) and
immunohistochemistry (IHC) on adult rats'®; however, the antibody used in these analyses
cross-reacts with other proteins in western blot analyses of brain homogenates (Robakis and Bak,
unpublished). Therefore, to determine whether the signals detected in CP are authentic IGSF1,
we used western blot analyses of deglycosylated CP protein lysates from adult mice (Figure 3.2).
We observed a robust band of approximately 135 kDa in untreated CP lysates (lane 1), which
was equivalent in size to the mature IGSF1 glycoform observed in the adult murine pituitary
(lane 4). However, unlike the case in pituitary (lane 4), there was no distinguishable immature
glycoform in the CP (lane 1). Treatment with EndoH to remove N-linked high mannose sugars
resulted in a slight decrease in size of the IGSF1-CTD immunoreactive band in the CP (lane 2).
A similar shift was observed for the mature glycoform in the pituitary (lane 5). In both cases, this
shift suggests that the mature protein possesses hybrid glycosylation. EndoH also caused a shift
of the immature glycoform down to about 90 kDa in the pituitary lysates (lane 5). No such
protein is observed in CP, further indicating that IGSF1-CTD expressed in CP matures fully.
Removal of immature, complex, and hybrid sugars with PNGaseF deglycosylated both the
mature and immature IGSF1-CTD glycoproteins to reveal the unmodified size of approximately

90 kDa in both the CP and pituitary (lanes 3 and 6). These results indicate that IGSF1-CTD is
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indeed expressed in adult murine CP as well as pituitary. Further confirmation came from the

analysis of Igsf12**'"Y mice, which lack IGSF1-CTD expression in the CP (Figure 3.3).

IGSF1 is absent in adult male Igsf1°*"" mice, while MCTS expression is similar in both
genotypes

The data in Figure 3.2 suggested that IGSF1-CTD is expressed to similar extents in the
pituitary and CP of Igsf1™¥ mice. MCTS is robustly expressed in the CP (references, Figure 3.2).
Here we examined the relative expression of MCTS in the CP of Igsf1™ and Igsf1°**"Y mice.
MCTS protein expression is expressed at a significantly higher level in CP than in pituitary, and
extended exposures were required to detect an immunoreactive MCTS signal in the pituitary. In
addition, MCTS expression in both tissues was similar in Igsf7*¥ and Igsf1°*!¥ mice. IGSF1
expression is similar in both the CP and pituitary of JgsfI™* mice, but varies widely between

individual animals. IGSF1 expression appears absent in the pituitary and CP of Igsf7*'"Y mice.

IGSFI-CTD does not affect MCTS localization in the choroid plexus

Given the role of CD147 in basolateral sorting of MCT1, and the interaction between
IGSF1 and MCTS, we hypothesized that IGSF1 might act as an ancillary protein to MCTS,
directing its subcellular localization. If true, in the absence of IGSF1-CTD, MCTS should be
impaired in its apical membrane trafficking, resulting in a basolateral localization in the CP of
Igsf1°*¥ mice. However, an MCT8 immunoreactive signal was detected in the apical
membrane of the CP in both Igsf1™ and Igsf1°*'"Y mice (Figure 3.4a). The lack of an MCTS

signal in the CP of Mct8-ko mice confirmed the specificity of the antibody (Figure 3.4b).
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IGSFI1-CTD does not affect MCTS transport of T3 or T4 in vitro

In order to elucidate the functional relevance, if any, of the IGSF1-CTD:MCTS§
interaction, we next investigated whether co-expression of IGSF1-CTD impacts MCTS influx of
the iodothyronines T3 and T4 in HeLa cells. We examined MCT8-mediated transport of ['21]-T3
into HeLa cells. Cells were transfected with IGSF1-HA and MCTS8-GFP alone or in
combination. Cells were co-transfected with the T3/T4 binding protein CRYM to prevent the
efflux of imported hormone!®”. MCTS potentiated ['2°I]-T3 import (Figure 3.5a F34=11.9775,
p=0.01817); however, this effect was unchanged by co-expression of IGSF1. We observed a
similar pattern of results with MCT8-mediated ['*°I]-T4 influx (Figure 3.5b; F34=61.396,
p=0.0008411). Thus, IGSF1 does not appear to affect MCT8 mediated transport of either T3 or
T4 in vitro. However, it is possible that a key interacting partner was missing from in vitro

analyses, and thus we resolved to study the effects of IGSF1 on MCTS transport in vivo.

MCTS transport of T3 and T4 is not impaired at the level of the hypothalamus or pituitary in
Igsf1**YY male mice

To address the potential effect of IGSF1 on MCTS transport of T3 across the BCSF and
into the hypothalamus, we investigated the ability of exogenous TH to negatively regulate TH-
sensitive genes in Igsf1™” mice compared to IgsfI1**!”¥. Experiments by Trajkovic et al. [2007]
demonstrated that Mct8-ko mice had increased 77/ expression in the PVN under control
conditions, and that replacement with physiological doses of T3 were ineffective at suppressing
Trh mRNA levels, while supraphysiological doses of T3 were able to suppress 774 levels, but to
a lesser extent than in wild-type mice!®®. If IGSF1 affects MCT8-mediated transport of T3 into
the PVN, we would expect that in Igsf72**!¥ mice the absence of IGSF1 would lead to a similar

impairment in T3-mediated downregulation of 772 mRNA expression. However, while 7rh
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mRNA levels were significantly downregulated in response to iodothyronine treatment (Figure
3.6b F3,10=76.28, p<0.0001), Trh mRNA levels in the PVN did not differ between genotypes
(Figure 3.6b, F1,19=0.03, p=0.8692). Interestingly, the TSH response to hypothyroidism was
blunted in Igsf7°*!¥ mice compared with controls (Figure 3.7a t=2.92, p<0.05). TSH serum
levels were downregulated in response to iodothyronine treatment (F3,6=59.61, p<0.0001) to
equivalent extents in Igsf7™Y and Igsf1°°*'¥ across iodothyronine treatment conditions
(F1,62=2.04, p=0.1580). As expected, T3 serum levels were significantly higher in the supra-
physiological dose compared to the physiological T3 dose (Figure 3.7b, F124=27.3, p<0.0001).
T3 serum levels did not differ between genotypes in either treatment condition (F1,24=0.15,
p=0.7012). Finally, there was no difference in serum T4 levels in Igsf1™ and Igsf1°**'"Y male

mice in the T4 treatment group (Figure 3.7¢c, t=0.2108, df=17, p=0.8356).

Tshb mRNA levels were significantly downregulated by iodothyronine replacement
(Figure 3.8a, F349=24.66, p<0.0001); however, Tshb mRNA levels did not differ between
genotypes (F1,49=1.72, p=0.1962). Cga mRNA levels were negatively regulated by
iodothyronines (Figure 3.8b, F345=0.48, p=0.7012), but genotypes did not differ (F145=0.35,
p=0.5573). Trhr mRNA levels were downregulated by iodothyronine replacement (Figure 3.8c,
F3,49=8.19, p=0.0002), but there was no effect of genotype (F1,49=0.34, p=0.5642). Interestingly,
the early response gene to TRH signaling, c-fos, levels were not affected by treatment (Figure
3.8d, F349=91.67, p=0.1870). Finally, IgsfI expression was significantly downregulated in the
pituitaries of Igsf7°**'"Y mice compared with IgsfI*"¥ mice in all treatment groups, confirming the
genotyping of our animals (Figure 3.8¢; F1,49=207.43, p<0.0001), and there is a significant effect

of treatment on expression of Igsf1 (F349=2.98, p=0.0403), suggesting that Igsf7 is regulated by
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THs. Additionally, while not significant, there appears to be increased suppression of pituitary

TH-sensitive genes to low-T3 in Igsf72*"¥ mice.

Male Igsf1**'"Y mice have a blunted TSH response to impaired iodothyronine production

To investigate the effects of IGSF1-CTD protein absence on TSH, we examined the
consequences of removing T3 and T4 negative feedback to the pituitary and hypothalamus by
abolishing TH production using the Lol/PTU diet. T3 and T4 levels did not differ between
genotypes in animals on the control diet (Figure 3.9a, t=0.1411, df=17, p=0.8894; Figure 3.9b,
t=0.2617, df=18, p=0.7965), and the Lol/PTU diet effectively impaired TH production (Figure
3.9a, F1,35=1597.33, p<0.0001; Figure 3.9b, F13=574.23, p<0.0001). In both genotypes,
circulating TSH levels, which did not differ on the control diet (Figure 3.9¢c, t=0.037, df=18,
p>0.05), were significantly elevated in response to the Lol/PTU diet (Figure 3.9¢c, F136=117.98
p<0.0001); however, the response was significantly blunted in Igsf7*!"¥ compared with Igsf™"

mice (t=4.385, df=18,p<0.001).

Lol/PTU treated animals showed significant increase in pituitary 7shb (Figure 3.10a,
F1,36=49.59, p<0.001), Cga (Figure 3.10b, F;35=20.05, p<0.001), and Trhr (Figure 3.10c, Fi36=
p<0.001) mRNA levels compared to controls, with no significant differences between genotypes.
Impaired TSH release in the absence of differences in TSH subunit expression suggested
impaired TRH release and/or signaling in these Igsf1°**!” mice. However, the absence of a
difference in TRH expression argues against the former possibility. To address the latter, we next

examined the response of wild-type and knockout mice to exogenous TRH.

69



TSH response to TRH stimulation is blunted in Igsf1**"Y male mice

When made hypothyroid, Zgsf72*!¥ mice have a blunted TSH response compared to
IgsfI*"Y mice, which may be due to decreased TRH hormone expression by the hypothalamus, or
insensitivity of the pituitary to increased TRH signaling. As in previous experiments, basal TSH
levels did not differ between genotypes (Figure 3.11a and b, t=0.6563, df=11, p=0.5251). TRH
treatment significantly increased TSH secretion in both Igsf7™ and Igsf1°**'¥ mice compared
with saline treatment (Figure 3.11b and c, F121=90.42, p<0.0001), and there was a significant
difference between genotypes (F1,21=13.59, p=0.0014). TSH response to exogenous TRH
treatment was significantly blunted in Igsf7°*""Y mice compared with Igsf7™¥ mice (t=5.108,
df=21, p<0.001). Expression of Tshb (Figure 3.12a, genotype, F1,17=0.79, p=0.5361; treatment,
F1,17=0.09, p=0.7733), and Cga (Figure 3.8b; genotype, F1,16=0.34, p=0.5703; treatment,
Fi,16=1.16, p=0.2973) were not significantly affected by either treatment or genotype. Trhr
expression is not significantly affected by TRH treatment (Figure 3.12c¢; F1,16=2.10, p=0.1670),
however, Trhir mRNA expression is significantly downregulated in the pituitaries of control and
TRH treated Igsf1°*"Y mice (F1,16=11.45, p=0.0038). The blunted serum TSH levels observed in
TRH treated Igsf7“*'"Y mice may be the result of either a TRH signaling defect, or lower
pituitary TSH protein content. To assess TRH signaling in the pituitary of Igsf7*!"Y mice, we
analyzed c-fos mRNA expression and observed a significant effect of genotype on c-fos mRNA
expression (Figure 3.12d, F1,16=6.76, p=0.0193), with a significantly blunted c-fos response to
TRH treatment in Igsf7°*!Y mice (t=3.182, df=16, p<0.05). There was an upward trend in c-fos
mRNA expression in TRH-treated Igsf1™¥ mice, but no effect of treatment overall (F=3.03,
DFn=1, DFd=16, p=0.1008). Finally, Igsf/ expression was significantly ablated in Igsf74*"Y

mice (F1,15=181.36, p<0.0001), but no effect of treatment on /gsf/expression was observed
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(F1.15=0.80, p=0.3857). TRH signaling appears impaired in Igsf7/***'"Y mice and may be

secondary to reduced 7rhr expression in the pituitary.
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Figure legends

Figure 3.1 - IGSF1-CTD and MCTS interact in vitro. (A) HEK293 cells transfected with
either pcDNA3 (lane 1), pcDNA3 and human myc-IGSFI1-HA (lane 2, IGSF1-HA), pcDNA3
and human MCTS8-GFP (lane 3, MCT8-GFP), or IGSF1-HA and MCTS8-GFP (lane 4) were
subjected to cell surface biotinylation and protein lysates were immunoprecipitated with anti-HA
beads. Total lysates and immunoprecipitated lysates were run on SDS-PAGE and immunoblotted
with anti-HA, anti-GFP or anti-BTUB antibody. The immunoprecipitated proteins were also
probed with Streptavidin to detect immunoprecipitated cell surface proteins.(B) HEK293 cells
transfected with either, pcDNA3 alone (lane 1), pcDNA3 and murine IGSF1 isoform 4 (lane 2,
IGSF1-4), pcDNA3 and murine MCT8-HA (lane 3), pcDNA3 and murine MCT10-HA (lane 4),
IGSF1-4 and MCT8-HA (lane 5) or IGSF1-4 and MCT10-HA (lane 6). Protein lysates were
immunnoprecipitated with anti-HA beads and total lysates and immunoprecipitated lysates were
run on SDS-PAGE. Membranes were probed with anti-HA, IGSF1-CTD antibody, and anti-

BTUB as control. Data represents results from more than three independent experiments.

Figure 3.2 — IGSF1 is expressed in the choroid plexus and pituitary of male Igsf71™Y mice.
Protein lysates from the CP and pituitary of three 12-week old male wild-type mice were pooled
and deglycosylated with PNGaseF or EndoH. Lysates were run on SDS-PAGE and

immunoblotted with IGSF1-CTD antibody and B-actin (ACTB) as control.

Figure 3.3 - IGSF1 is absent in the choroid plexus and pituitary of male Igsf7°*!"Y mice
while MCTS is similarly expressed in both genotypes. Protein lysates from the CP and
pituitary of three Igsf1™" or Igsf1***'"Y (WT or KO)12-week old malemice. Lysates were run on
SDS-PAGE and immunoblotted with IGSF1-CTD or MCTS antibody and with B-tubulin

(BTUB) as control.
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Figure 3.4 — MCTS8 protein localization in the choroid plexus is not altered in Igsf72!y
mice. Immunofluorescence of 10 pm coronal brain sections of Igsf1™ and Igsf12**"Y 8-week old
littermate males and 12-week old male Mct8-ko probed with the anti-MCT8 antibody and DAPI

was used as a cell marker.

Figure 3.5 — IGSF1-CTD does not affect MCTS8 transport of radiolabeled iodothyronines in
vitro. (A) Intracellular ['%I] levels from HeLa cells transfected with equivalent levels of IGSFI,
MCTS8 and Crym cDNA treated with 1 nM ['%I]-T3 for 0, 15, and 30 min. (B) Intracellular ['*°I]

levels from transfected HeLa cells treated with 1 nM ['%I]-T4 for 0, 15 and 30 min.

Figure 3.6 — Trh expression in the PVN does not differ between Igsf1*Y and Igsf1°**'Y mice
in response to hypothyroidism or exogenous TH replacement. Brains were collected and
flash-frozen for ISH analysis of 772 mRNA expression in the paraventricular nucleus (PVN) of
coronal brain sections (WT saline n=3, KO, n=3; WT low T3, n=4, KO, n=2; WT high T3 n=3,
KO n=3; WT T4 n=4, KO n=5). (A) Representative images of 7rh expression in WT and KO
PVN under the various conditions (B) Quantification of average 7rh ISH signal in WT and KO

PVN in each condition. Bars with different letters are significantly different from one another.

Figure 3.7— Exogenous iodothyronine treatment suppresses TSH release similarly in
IgsfT*" and Igsf1***'Y mice. Hypothyroid 8-week old male IgsfI™¥ (WT) and Igsf1°*'"Y (KO)
mice, treated with either saline (WT, n=10; KO, n=10), low T3 (WT, n=8; KO, n=7), high T3
(WT, n=10; KO, n=7), or T4 (WT, n=9; KO, n=9) were sacrificed and blood collected 7 h after
the final treatment for hormone analysis. Means + SEM of (A) TSH in all treatment groups, (B)
T3 in both low T3 and high T3 treatment groups, and (C) T4 in the T4 treatment group are

presented, (bars with the same letter do not differ significantly).
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Figure 3.8— Exogenous iodothyronine treatment significantly decreases mRNA expression
of TH-sensitive genes in the pituitary and PVN of hypothyroid IgsfT*¥ and Igsf1°"¥ mice.
Hypothyroid 8-week old male Igsf1™ (WT) and Igsf1°**'"Y (KO) mice either saline (WT, n=10;
KO, n=8), low T3 (WT, n=7; KO, n=5), high T3 (WT, n=8; KO, n=6), or T4 (WT, n=8; KO,
n=5) over the last 4 days of the Lol/PTU treatment. Pituitaries were collected for gPCR analysis
of (A) Tshb, (B) Cga, (C) Trhr (D) c-fos and (E) Igsf1-ex] mRNA levels. Means +SEM are
presented. Means and SEM of integrated signal intensity relative to background are presented.

Bars with the same letter do not differ significantly.

Figure 3.9 — IgsfI1**!"Y mice have a blunted TSH response to artificially-induced
hypothyroidism. Serum from 12-week old male Igsf7™Y (WT) and Igsf7°*"Y (KO) mice fed
either a control diet or a Lol/PTU diet (n=10 per genotype, per group) for 3 weeks was extracted
for hormone analysis of (A) T3 and (B) T4 measured in control groups, and (C) TSH in both
treatment groups. The means +SEM are presented and means with different letters differ

significantly from one another.

Figure 3.10 — Artificially-induced hypothyroidism increases expression of genes expressed
in the pituitary of both Igsf1™Y and Igsf1**'¥ mice. RNA from pituitaries and hypothalami of
12-week old male Igsf1™” (WT) and Igsf1°*'"¥ (KO) mice fed either a control or Lol/PTU diet
for three weeks was extracted (n=10 pituitaries per genotype per treatment) for qPCR analysis
using primers in Table 2.4 to assess (A) Tshb; (B) Cga; and (C) Trhir mRNA levels in the
pituitary and (D) 777 mRNA levels in the hypothalamus. Data are means +SEM and means with

the same letter do not differ significantly
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Figure 3.11 — TSH response to exogenous TRH treatment is blunted in Igsf74*!Y mice.
Blood was collected from 8-week old male Igsf7™¥ (WT, n=12) and Igsf7*"¥ (KO, n=13) pre-
treatment and 15 min post-treatment for measurement of serum TSH. Mice were treated with
either saline (WT, n=6, KO, n=7), or TRH (WT, n=6, KO, n=6) and TSH serum levels for each

group pre- and post-treatment are presented.

Figure 3.12 — TRH stimulation did not affect expression of selected genes in the pituitaries
of Igsf1™ or Igsf1**'¥ mice. Following TRH or saline treatment, 8-week old Igsf1*Y (WT;
saline n=4, TRH n=5) and Igsf1***'"¥ (KO; saline n=7, TRH n=>5) male mice were sacrificed and
pituitaries were collected for qPCR analysis of (A)7shb, (B) Cga, (C) Trhr, (D) c-fos and (E)
Igsfl-exImRNA expression levels (n=7 per genotype, per condition). One animal from the WT
saline group was not analyzed due to low RNA yield (less than 100 ng/ul). Data are presented as

means +SEM, and means with the same letter do not differ significantly.
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Chapter 4: General Discussion

Pathogenic mutations in the /GSFI gene cause central hypothyroidism in humans, revealing
a previously unappreciated role for IGSF1 in the regulation of the HPT axis'#*!5"157 The main
focus of my thesis was to better define IGSF1’s function in this context. To this end, I
investigated a potential role for IGSF1 in TH transport and discovered that IGSF1 physically
interacts with the THT, MCTS; however, I was unable to demonstrate a role for IGSF1 in TH
transport in vitro or in vivo. Nonetheless, the results of my thesis clearly demonstrate that

IGSF1-deficiency impairs TRH signaling in the murine pituitary.
4.1 Mature IGSF1 and MCTS8 form a stable interaction at the plasma membrane

While the central hypothyroid phenotype of patients with pathogenic /GSF1 mutations
establishes a role for IGSF1 in HPT axis regulation, a specific function for IGSF1 remains
unknown 4157157 Based on evidence that the structurally similar IGSF protein, CD147,
interacts with MCT family members directing their cell surface expression'’®, we investigated
the possibility that IGSF1 and the TH transporter, MCTS interacted at the plasma membrane. To
this end, we demonstrate a novel interaction between the mature glycoform of IGSF1 and MCTS
in vitro which we detect at the plasma membrane of HEK293 cells (Figure 3.1a). Interestingly,
we do not detect an interaction between the immature glycoform of IGSF1 and MCTS, and
experiments in our lab indicate that pathogenic mutations in IGSF1 which prevent acquisition of
mature glycosylation impair the IGSF1:MCT8 interaction (Wang, unpublished). This suggests
that the interaction between IGSF1 and MCTS is either established post-ER, or that the
interaction is less stable pre-Golgi and cannot be detected using co-immunoprecipitation assays.

Discernment of the subcellular localization of the IGSF1:MCTS interaction would establish
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whether pathogenic /GSFI mutations that restrict IGSF1 protein maturation are capable of
sequestering MCT8 in the ER, and can be achieved through pharmacological inhibition of
protein trafficking from the ER to the Golgi using Brefeldin A'*® followed by co-
immunoprecipitation or bioluminescence resonance energy transfer (BRET)!%!°! to evaluate
IGSF1:MCTS interaction. While IGSF1 interacts with MCTS, we do not detect an interaction
between IGSF1 and MCT10, which shares 49% amino acid identity with MCT8'??, suggesting
that this interaction is specific to MCT8 (Figure 3.1b). We have since mapped this interaction
domain to the C-terminal region of MCTS; provided that the interaction between IGSF1 and
MCTS is significant, this interaction domain will be a useful bioinformatics tool in establishing

additional IGSF]1 interacting partners (Smith, Wang, Silander, unpublished).

In addition to the role of CD147 in cell surface expression of MCT family members,
basolateral sorting signals (BLSSs) in the C-terminal region of CD147 direct MCT1 expression
to the basolateral membrane in polarized tissues'’®. While IGSF1 does not appear to affect
MCT8 subcellular localization in polarized cells in vitro (Silander, unpublished), the typically
basolateral localization of MCTS is altered to the apical membrane in the CP*7 where IGSF1 is
similarly localized (Bak, unpublished)'®¢. Previous in vitro studies on CD147-mediated
trafficking of MCT1 to the basolateral membrane indicate that cell type influences basolateral
localization by CD147'7¥, and we postulated that IGSF1 trafficking of MCTS to the apical
membrane may be influenced by additional protein partners present in the CP which are absent
in in vitro cell systems. However, MCT8 effectively traffics to the CP apical membrane of
Igsf1°*'Y mice (Figure 3.4), suggesting that IGSF1 is dispensable for MCTS subcellular
localization in the CP of adult mice, or that the IGSF1-4 isoform retained by Igsf72*!¥ mice'’? is

capable of compensating for the loss of full-length IGSF1 isoforms. To differentiate between
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these possibilities, we might first determine whether /gsf7-4 mRNA expression is upregulated in
the CP of Igsf12*'¥ mice compared with IgsfI*"¥ mice, which would likely be necessary given
the low expression of /gsf1-4 compared with the other /gsf7 mRNA isoforms (Bak, unpublished).
Dispersed primary CP cultures grown under polarizing conditions'*!** could then be treated
with short interfering RNA (siRNA) to knock-down all ZgsfI mRNA isoforms'®® followed by
examination of MCT8 subcellular localization by immunofluorescence or domain-specific
CSB!%1%7 This method is limited in that one may alter expression of MCTS or subcellular
localization through the dispersion techniques utilized, thereby complicating analysis of these
results'*®. The most appropriate experiment would be to generate a new murine model in which
all isoforms encoding the IGSF1-CTD are deleted or impaired in their cell surface expression,
which would be akin to the pathogenic mutations present in humans with IGSF1-deficiency
syndrome. Appropriately, our lab has generated this murine model using CRISPR/Cas9 gene
editing'?>?% to delete 312 bp in the CTD (Igsf723'?*" mice) resulting in an approximate 45-50
kDa reduction in protein mass and a loss of the mature form of IGSF1-CTD with presumably no
effect on the NTD (Turgeon and Silander, unpublished). Provided IGSF1-CTD maturation is
impaired in these mice, subcellular localization of MCT8 in the CP can be analyzed as described
in this thesis. While IGSF1 clearly interacts with MCTS at the plasma membrane in vitro, it does
not appear to function as an ancillary protein to MCTS, leaving the function of this interaction

elusive.
4.2 Absence of IGSF1 increases the pituitary sensitivity to exogenous low T3

Increased Trh transcription in the hypothalamus of Igsf7°*!"Y mice suggests that IGSF1-
deficiency may affect TH transport across the BCSFB, thereby inducing a hypothyroid state in

the hypothalamus. Here we show that IGSF1 does not affect MCT8-mediated influx of T3 or T4

90



in HeLa cells (Figure 3.5a and b), and is dispensable for TH transport into the hypothalamus of
Igsf12*'Y mice (Figure 3.6-3.8). Unlike MCT8-deficient mice, whose Trh response to exogenous
T3 is not significantly different from the hypothyroid state!®3, 772 mRNA expression in
Igsf12*"Y mice was sufficiently suppressed in response to both low and high doses of T3 (Figure
3.6), suggesting that any IGSF1 effects on MCT8-mediated transport of T3 across the BCSFB
are mild and expendable. Furthermore, 774 mRNA expression is not significantly different
between genotypes under any of the experimental conditions (Figure 3.6b), indicating that

117 is either a consequence of

increased 7Trh expression in the hypothalamus reported by Sun et a
low circulating T4, not a TH transport defect, or is an artefact of experimental design. In the Sun
et al study, crude hypothalamic dissections were obtained for gPCR assessment of 77/; however,
TRH-expressing neurons not associated with the HPT axis are also present in these
dissections®”!, and may have skewed the initial results. Unfortunately, our TH replacement study
does not include a control condition to assess 7rh expression in the PVN via ISH and thus we
cannot speculate on the endogenous state of 774 mRNA levels in this experiment. Reassessment
of Trh mRNA expression via ISH under control conditions, where the TH status of the mice is

known, would allow a definitive answer as to whether low circulating TH levels account for the

upregulation of 7rh mRNA in the absence of IGSF1.

Curiously, while Tshb, Cga, and Trhr mRNA are similarly upregulated in Igsf1™ and
Igsf1°**'Y mice under hypothyroid conditions, they appeared to be more sufficiently suppressed
by low exogenous T3 (Figure 3.8a-c), suggesting that IGSF1-deficiency increases negative
regulation by T3-bound THRs. If true, IGSF1 may decrease T3 transport into the pituitary, likely
by interacting with a TH transporter other than MCTS given the low expression of MCTS in the

pituitary (Figure 3.3). TH transport into the pituitary can be assessed by injecting radiolabeled
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THs into hypothyroid Igsf1™¥ and Igsf12*!"¥ mice!®3202203 and assessing TH levels in the
thyrotropes by double-labeling with Ts2b*°*** and quantifying using autoradioagraphy.
Alternatively, IGSF1 may act as a signaling molecule; binding to extracellular ligands and
decreasing repression of TH-sensitive genes by T3-bound THRs. In the pituitary, T3-bound
THRs bind TH response elements (TREs) in the promoter regions of Tshb, Trhr, and Cga®.
THRs then form heterodimers with the co-regulator, retinoid X receptor-y (RXR-y), which binds
RXR response elements (RREs) adjacent to TREs, and promotes histone deacetylase (HDAC)-
mediated transcriptional repression®%. Phosphorylation of serine residues in human RXR-a has
been demonstrated to inhibit regulation of gene expression by RXR-a:THR, and may denote a
general mechanism by which RXR-mediated regulation of TH-sensitive gene transcription is
controlled?*’-2% Therefore, if IGSF1 generates intracellular signaling cascades leading to
phosphorylation of RXR-y, decreasing repression of TH-sensitive gene transcription, then loss of
IGSF1 would increase repression of Tshb, Trhr, and Cga in the pituitary in response to T3-bound
THRs. Decreased mRNA expression may also be attributable to increased mRNA degradation in
the absence of IGSF1, where IGSF1 may repress transcription of micro RNAs (miRNAs) that
target RNases to these RNAs??. Differentiation between decreased transcription and increased
degradation in the absence of IGSF1 can easily be deduced by performing pre-mRNA
qPCR2!%2!11 \where primers are targeted to intron-exon junctions and allow quantification of
unprocessed mRNA. If pre-mRNA transcript levels are not significantly different between
genotypes, then the rate of transcription is likely unaffected and the difference attributed to
increased mRNA degradation in the absence of IGSF1. Interestingly, Igsf] expression is

significantly downregulated in response to exogenous TH replacement (Figure 3.8e), indicating
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that /gsf] may contain TREs in the promoter region and subject to TH-mediated regulation of

gene expression.

As IGSF1 has limited global tissue expression!>717%186

, circulating exogenous TH levels were
expectedly similar between genotypes (Figure 3.7b and ¢), indicating that IGSF1 is dispensable
for global influx of THs into target tissues. Interestingly, patients with IGSF1-deficiency exhibit
macroorchidism, which may result from increased levels of circulating luteinizing hormone
(LH), or decreased TH transport into the testes?!>?!3, While IGSF1- deficiency does not increase
LH levels in humans®!#, TH transport in the testes may be impaired without affecting global
circulating levels of TH. IGSF1 is not expressed in murine testes (Silander, unpublished), and we

186 and an

were unable to test this hypothesis; however, IGSF1 is expressed in the testes of rats
IGSF1 knock-out rat model could be generated using a similar strategy as that used to create the

Igsf1°312°% mice for the purposes of studying the macroorchidism phenotype.

Despite greater apparent suppression of Tshh and Cga mRNA expression in Igsf72*""Y mice
treated with low T3, there did not appear to be a reciprocally larger suppression of circulating
TSH under these conditions (Figure 3.7a). This is largely due to negative regulation of secretion
of stored TSH in a TH- and neuromedin B (NB)-dependent fashion?!>2!®; a pathway which does
not appear to be impaired in Igsf7/°*!""Y mice as TSH is secreted normally in the face of
exogenous TH. However, circulating TSH levels are significantly lower in Igsf7°*'"Y mice in
response to primary hypothyroidism (Figure 3.7a), despite normally upregulated 7shb and Cga
mRNA expression (Figure 3.8a and b), suggesting that TRH-mediated stimulation of TSH
secretion is impaired. Measurement of TRH in the median eminence of mice is very difficult and

therefore, one cannot eliminate the possibility that TRH protein production or release is impaired
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in Igsf1°**'"Y mice despite appropriately upregulated 77/ in response to hypothyroidism (Figure
3.6). In order to measure TRH release, one would require a larger animal model such as the
Igsfi-deficient rats suggested earlier, on which one could perform push-pull perfusions followed
by RIA for TRH?!7222, TRH production can be assessed using an antibody for murine TRH
developed by the Fekete lab, and conducting immunofluorescence on the PVN of Igsf1™ and
Igsf12*'Y mice as previously described!!. Pituitary Trhr mRNA expression levels are likewise a
poor readout of TRHR protein levels, which may be downregulated in the thyrotropes of
Igsf12**'Y mice. Lacking an appropriate antibody for TRHR, one can assess TRHR expression in
vivo by injecting Igsf1*" and Igsf1***'” mice with ['?°I]-TRH, extracting pituitaries 15 min post-
injection, double-labeling with Tshb and quantifying TRHR bound to TRH on thyrotrope cells of
the anterior pituitary?*+2%223_While this would not differentiate between TRHR expression and
effective TRH binding to the TRHR, if TRH binding to TRHRSs on thyrotropes were significantly
different between Igsf1°*!"¥ and Igsf1™¥ mice it would necessitate investigations of IGSF1 on

TRHR expression and function.

These experiments do not differentiate between TSH bioactivity and TSH secretion, where
TRH is dispensable for TSH secretion, but not TSH bioactivity!”!*®, Circulating TH levels are a
typical read-out of TSH bioactivity, where impaired TRH signaling results in normal-to-elevated
circulating TSH without a concurrent increase in circulating TH levels. In our current study, we
cannot assess the bioactivity of TSH via TH levels as we deliberately abolished their production.
Therefore, we sought to determine the bioactivity of TSH under physiological conditions and to
further assess the impaired TSH secretion in response to hypothyroidism. We also looked at the

TSH response to exogenous TRH and found that while TSH bioactivity does not appear impaired
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under physiological conditions, TSH secretion in response to exogenous TRH and

hypothyroidism is blunted in Igsf72**!"¥ mice.

4.3 Impaired TRH signaling in Igsf1°**!Y mice may be secondary to reduced TRHR

expression

Basal circulating TSH was not significantly altered in gsf72*'¥ mice compared with Igsf7*"
controls (Figure 3.9¢), nor was circulating TH noticeably diminished (Figure 3.9a and b). This is
contrary to previous results obtained by Sun et al, who observed markedly decreased circulating
TSH as well as low circulating T3 under basal conditions!’. This may be the result of variability
in the IGSF1-deficient phenotype, which is observed in both mice and man, and may be
attributable to either environmental conditions or age!'4*156¢:157:214 ‘Indeed, the IGSF1-deficient
phenotype appears to wane with age, and may also reflect maternal thyroidal states, as the fetus
is reliant on maternal TH during early fetal development, setting the HPT axis set-point®!>7-224,
Normal circulating TH in the face of normal TSH indicates that TSH bioactivity is not affected
in this cohort of Igsf72*!¥ mice, arguing against a TRH signaling defect under physiological
conditions. However, a pilot experiment to investigate the Igsf72**!Y response to hypothyroidism
detected a significant decrease in circulating T4 levels in the face of normal circulating TSH
(Silander, unpublished). This study was conducted on Igsf72*!¥ and Igsf1™¥ mice of mixed
backgrounds born to Igsf1™" or Igsf1**VA! dams, and were thus not littermates. While
circulating TH levels were not measured in these dams, it is probable that Jgsf72**!¥ mice derived
from Igsf12*1/2*<! dams were subject to lower maternal TH during embryonic development,
which may have altered their HPT axis set-point. To determine whether the variability in IGSF1-

deficiency phenotype is resultant from differential maternal TH levels, circulating TH levels in
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pregnant Igsf1*/* mice should be established, and the circulating TH and TSH levels measured
in the resultant offspring. One might also consider normalizing maternal TH status by abolishing
TH production using the Lol/PTU diet during pregnancy and exogenously replacing TH with
daily physiological doses of T4, which would alleviate the potential for maternal thyroid status to
disrupt the HPT axis of offspring and provide a clearer understanding of the direct effects of
IGSF1-deficiency on the HPT axis®*. Under hypothyroid conditions, TSH levels were again
blunted in Igsf72*""Y mice (Figure 3.9¢); a consequence of either impaired TSH protein
production or release, which may be a direct consequence of impaired TRH signaling or an
intrinsic pituitary defect. Knowledge of the bioactivity of TSH in the hypothyroid condition
would allow indirect assessment of TRH signaling, and can be assessed using a bioassay
developed by the Inada lab which measures cAMP levels produced by FRTL-5 cells in response
to bioactive TSH??°. While T2 mRNA levels would be a valuable addition to this data set, they
were not analyzed via ISH and we were not confident in the qPCR results as 777 mRNA
expression was not apparently upregulated in the hypothyroid condition. The immediate early
gene of TRH signaling, c-fos*’, has not been measured in this data set, but would be a useful
read-out of TRH signaling in the pituitary in both the basal and hypothyroid conditions. Neither
Tshb nor Cga expression was significantly altered in the Igsf72**""Y mice (Figure 3.10a and b),
and differences in TSH levels cannot be readily explained by impaired TH-mediated
transcriptional regulation in the pituitary. TrAr expression tends to be lower in Igsf7°*!"¥ mice,
though not significantly, and may be the primary cause for deficient TRH signaling (Figure

3.10c). Since TRHR is expressed in lactotropes and somatotropes, as well as thyrotrope cell

types of the anterior pituitary’®’%, with thyrotropes being the least abundant of the three®?’, it is

possible that 7rhr is downregulated in thyrotropes and not the other two cell types, resulting in
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relatively normal 7rhr expression when the pituitary is looked at on the whole. To discern
thyrotrope specific decreases in 7rhr expression, one could employ fluorescence-activated cell
sorting (FACS)?2%2% of thyrotrope cells of Igsf1™ and Igsf1°**'"Y mice and perform qPCR to
assess Trhr levels in the thyrotropes. This can be accomplished by crossing T'shb-cre mice?*°
with ROSA-26 yellow fluorescent protein (YFP) mice?}! (Tshb-YFP mice), allowing expression
of YFP specifically in the thyrotropes, and subsequently crossing these mice to Zgsf7*"Y mice.
If IGSF1 affects transcription of 77hr, then it is reasonable to assume that IGSF1 plays a role in
regulating transcription of some TH-regulated genes of the pituitary through an as-yet unknown

signaling cascade. RNA sequencing?*>23

conducted on these FACS derived thyrotropes would
allow identification of additional genes regulated by IGSF1, and analysis of response elements
present in their promoter regions would provide information on transcription factors and co-
regulators affected by IGSF1 signaling. Without knowing 772 mRNA expression or the levels of
c-fos mRNA expression as a result of downstream TRH signaling effects in the hypothyroid
condition, as well as apparently normal TSH bioactivity, we had not yet garnered conclusive
evidence of a TRH signaling defect, as TRH production and signaling through the TRHR may be
unobstructed and TSH production and secretion impaired instead. Treatment with exogenous

TRH allowed us to discern whether impaired TSH secretion was indeed the result of impaired

TRH signaling at the level of the pituitary.

While basal TSH levels were normal in Igsf72*!¥ mice (Figure 3.11a), their TSH response to
exogenous TRH administration was blunted (Figure 3.11b). Indeed, this may be secondary to
decreased TRHR expression as 7rir mRNA levels were significantly reduced in both the saline
and TRH stimulated cohorts of Igsf72!"Y mice (Figure 3.12c). While reduced Trhr levels are

sufficient to maintain basal levels of TSH, they appear inadequate for mounting a response to
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hypothyroidism. Repetition of this experiment using radiolabeled TRH as described earlier
would allow direct quantification of TRH binding to the TRHR under tertiary hypothyroid
conditions (TRH is in excess). If Trhr downregulation is a direct effect of IGSF1-deficiency,
then IGSF1 must promote 77hr transcription via signaling. There are various fashions in which
IGSF1 may signal, namely through phosphorylation of the serine/threonine residues in the
intracellular C-terminal tail upon binding of an unknown ligand to the extracellular Ig domains.
This would lead to phosphorylation of downstream effector proteins, ultimately resulting in
transcriptional regulation of IGSF1-sensitive genes, which may account for alterations in 7rhr
mRNA expression in Igsf12*!¥ mice. Modifications of protein phosphorylation profiles in the
absence of IGSF1 can be detected by isolating phosphorylated proteins from the pituitaries of
Igsf1°**'Y mice and identifying the proteins via mass spectrometry for comparison with the
phosphoproteome of IgsfI*” pituitaries?**?*°. As thyrotrope cells are the least abundant cell type
of the anterior pituitary, if IGSF1 affects phosphorylation of different proteins in the lactotropes
and somatotropes in which it is also expressed, or if the effects of IGSF1 on the
phosphoproteome are restricted to the thyrotrope cells, then differences in the phosphoproteome
of Igsf1°*!"Y mice compared with Igsf7*Y mice may be difficult to detect. Ideally, one would
utilize the Tshb-YFP mice to isolate thyrotrope cells from IgsfI12*!¥ and Igsf1™* mice prior to
analysis of the phosphoproteomes. While changes in the phosphoproteome of Igsf74*'"Y mice
may indeed be present, this would not directly implicate IGSF1 in the signaling cascade, where
IGSF1 may instead bind another receptor in the plasma membrane upon ligand binding, resulting
in phosphorylation of this interacting partner rather than IGSF1 itself. Indeed, the IGSF
membrane protein, osteoclast-associated receptor (OSCAR), binds extracellular matrix proteins

and associates with an ITAM receptor, which activates downstream signaling events**¢. Like
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IGSF1, OSCAR contains a positively charged amino acid in the TMD, and this amino acid is
necessary for OSCAR binding to this receptor?’. If, like OSCAR, IGSF1 signaling occurs
through an interacting receptor, then IGSF1 may be absent from the initial phosphoproteomic
analysis in wild-type mice, either due to inefficient separation of plasma membrane proteins in
these screens, or because IGSF1 is not phosphorylated. To determine whether IGSF1 itself is
phosphorylated, one could enrich for plasma membrane proteins in the in vivo screens or for
IGSF1 itself using immunoprecipitation techniques to pull down endogenous IGSF123>238-240
Alternatively, one could attempt these studies in vitro using SILAC enrichment techniques and
immunoprecipitation of HA-tagged IGSF1?*!. Unfortunately, without knowledge of the potential
IGSF1 ligand, in vitro techniques may be of little informative value as IGSF1 may not signal in
its absence. Identification of potential ligands for IGSF1 would be best achieved by ascertaining
in vitro protein-protein interactions between the extracellular domain of murine IGSF1 and
extracellular proteins of the murine pituitary. These analyses could be conducted using yeast 2-
hybrid, with the murine pituitary cDNA library as prey and the extracellular domain of IGSF1 as
bait, which would allow detection of both transient and stable protein interactions®** %,
However, yeast 2-hybrid assays are limited to detecting interactions between soluble proteins,
and are not capable of identifying interactions with integral membrane proteins®*, which limits
the scope of potential binding partners. Identifying binding partners via tandem affinity
purification (TAP)-tag might be another alternative; however this assay is stringent and often
unable to identify transient interactions***?*’. Ideally, interactions would be identified in vivo
rather in an in vitro system, a task which could be achieved by creating a knock-in mouse line
which expresses a TAP-tag at the C-terminus of IGSF1 (Igsf1TAP)?%0248-250 3 system which has

the advantage of identifying protein interacting partners under endogenous conditions, as well as
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under various physiological conditions and developmental time points within the various tissues

in which IGSF1 is expressed.

Blunted TSH response to exogenous TRH stimulation identifies an intrinsic pituitary defect
in Igsf12!Y mice, but does not eliminate a possible defect in the hypothalamus, nor have we
addressed the effect of IGSF1-deficiency on TRH signaling in the somatotropes or lactotropes.
Examination of the thyrotrope-specific effect of IGSF1-deficiency on the HPT axis, one would
require an animal model in which IGSF1 expression is specifically eliminated in the thyrotropes
of the pituitary. These mice could be generated using the T'shb-cre mouse line**° crossed to mice
with loxp sites flanking the TMD or C-terminal tail of IGSF1 (Tshb-Igsf1™"), elimination of
either having been shown to abolish plasma membrane expression of IGSF1 (Turgeon and
Wang, unpublished). By crossing these two mouse lines, one would generate mice in which the
IGSF1-CTD is rendered effectively non-functional in the thyrotropes of the anterior pituitary, yet
maintains wild-type expression elsewhere. These mice would address whether the variable PRL
deficiency and transient GH deficiency seen in patients with IGSF1-deficiency syndrome!*7-!4
were an effect of intrinsic lack of IGSF1-deficiency in lactotropes and somatotropes or were the
result of impaired pituitary crosstalk?®! between lactotropes, somatotropes and thyrotropes. As
the nature of IGSF1 signaling is not yet known, it is possible that IGSF1 interacts with ligands
expressed on neighbouring cell types and, like Notch?>?2%3 is cleaved upon binding, resulting in
endocytosis of the extracellular domain of IGSF1 in the ligand-expressing cell and the C-
terminal domain in the IGSF1-expressing cell, directly affecting gene expression in an
autocrine/paracrine manner. Indeed, experiments designed to analyze the cleavage of IGSF1 at
the internal signal peptide in the ER'®” have shown that blocking SP and SPP cleavage of IGSF1

results in recruitment of a rhomboid-4 protease, which is then capable of cleaving IGSF1
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(Turgeon, unpublished). Rhomboid-4 proteases have been detected at the plasma membrane?342%°

and may be capable of cleaving IGSF1 in a similar manner to Notch, resulting in
autocrine/paracrine signaling. While we have never detected IGSF1 in the nucleus of cells, our
antibody detects an epitope expressed in the TMD of IGSF1'%7:'¢7 which would remain in the
plasma membrane in this model, obfuscating our ability to detect IGSF1 in the nucleus.
Detection of IGSF1 in the nucleus of pituitary cell types would thus require the development of a
novel antibody which detects either the extracellular portion of IGSF1 or the C-terminal tail
followed by immunofluorescence analysis of IGSF1 subcellular localization in pituitary sections

of Igsf1™Y mice.

Conclusion

While IGSF1 appears dispensable for TH transport into the hypothalamus, as well as
MCT8-mediated influx of THs in vitro, IGSF1-deficiency clearly affects the thyrotrope response
to TRH, likely secondary to reduced TRHR expression. Given that 7rhr expression is
downregulated in the absence of IGSF1, it seems plausible that IGSF1 acts as a signaling protein,
binding an extracellular ligand and initiating a signaling cascade that enhances transcription of
Trhr. Future studies aimed at identifying the extracellular ligand of IGSF1, as well as the nature
of the signaling cascade may unravel the function of IGSF1 and its subsequent contribution to

central hypothyroidism in IGSF1-deficient patients.
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