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Abstract

1. Abstract

The thyroid gland is an endocrine organ responsible for producing thyroid hormones, which are
essential for normal growth and development, and for maintaining functional homeostasis of
different organ systems. The thyroid is known to be classically regulated by the hypothalamic-
pituitary-thyroid (HPT) axis which, in short, involves hypothalamic release of thyrotropin-releasing
hormone (TRH) in response to low levels of thyroid hormones in the circulation. Through positive
feedback, the TRH signals to the pituitary to release thyroid stimulating hormone (TSH), which, in
turn, binds and activates thyrocytes to release thyroid hormones. Replenishment of thyroid
hormones in circulation then serves as a negative feedback to quench TRH and TSH release.
Growing evidence, including the non-genomic effect of thyroid hormones (Tz and T.), the selective
thyroid hormone transporters that regulate cellular thyroid hormone uptake and release (including
in the thyrocytes), as well as the discovery of endogenous thyroid hormone derivatives, the
thyronamines, and their physiological effects, collectively challenge the classical view on thyroid
regulation. The implications of that is that more complex regulatory mechanisms might exist, that
are capable modulating thyroid function, also at the level of the thyroid follicle itself — the functional
unit of the thyroid gland. Such pathways may be independent of the HPT axis, and are collectively

referred to as “thyroid auto-regulation”.

The first part of the present study explores the concept of non-classical thyroid auto-regulation in
the context of thyroid hormone transporters, namely by investigating the interrelation between the
thyroid hormone transporters Mct8 and Mct10 and thyroid hormone liberation by thyroglobulin-
processing proteases. This was done by biochemical and morphological assessment of
thyroglobulin degradation status in mouse thyroid tissue deficient in Mct8 or/and Mct10, as well
as by analysing Mct8 protein levels and localisation in thyroid tissue cryosections from mice
deficient in one or more of the thyroglobulin-processing cathepsins B, K or L. The results indicate
an upregulation in thyroglobulin-processing cathepsins and thyroid hormone liberation in thyroid
tissue lacking either or both Mct8 and Mctl0, which correlates to enhanced thyroglobulin
proteolysis implying an intrathyroidal thyrotoxic state in the said genotypes, thus, in a counter-
intuitive manner. These results further suggest that thyroid hormone transporters are involved in
“sensing” intrathyroidal thyroid hormone levels, and thereby, in regulating thyroglobulin-
processing cathepsins in a mechanism independent of TSH induction, i.e. in an auto-regulatory

fashion.
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The second and major part of this study focuses on the trace amine-associated receptor 1 (Taarl),
as a further candidate to play a role in thyroid auto-regulation. This notion is based on the fact
that Taarl, a G protein-coupled receptor, has been suggested as a putative receptor for
thyronamines. The latter being endogenous derivatives of the classical thyroid hormone, which
were also termed as the non-classical, or “cool thyroid hormones”, for potentially eliciting effects

antagonistic to those of the classical T; and Ta.

Confocal immunofluorescence data showed Taarl to be expressed in rodent thyroid epithelial
cells, and to localise on the apical pole of mouse thyroid epithelial cells in situ. This observation
prompted establishing an in vitro-cell model which stably expresses a chimera of mouse Taarl
with a covalently fused enhanced green fluorescent protein tag on its C-terminus (mTaarl-EGFP),
in order to further elucidate Taarl subcellular localisation and trafficking in thyroid cells,
particularly that previous studies in other cell systems showed that Taarl appears to not reach
the surface efficiently. The mTaarl-EGFP was shown to successfully traffic to the cell surface
and, notably, to localise on the cilia of structurally-differentiated, polarized thyrocytes. Thus, this
model will be used in future studies to investigate thyronamine-induced Taarl signalling in order

to better understand its role in thyroid auto-regulation.

Finally, in order to assess whether Taarl has a functional role in thyroid morphogenesis and
regulation, thyroid tissue from Taarl-deficient male mice was analysed by morphological and
biochemical means. Male mice were used to eliminate potential discrepancies due to hormonal
fluctuations in females. Immunofluorescence analysis revealed an alteration in the localisation of
the TSH receptor, whereby it was predominantly seen to be located in subcellular compartments
in Taarl-deficient thyroid tissue sections, as compared to the canonical localisation at the
basolateral plasma membrane in thyrocytes of the wild type tissue. Furthermore, the Taarl-
deficient mouse features mildly elevated concentrations of serum TSH, despite normal Tz and T4
concentrations, as well as a subtle disturbance in proteolytic to anti-proteolytic balance, thus
affecting Tg solubilisation and degradation states, in the Taarl-deficient thyroid. All in all, this led
to concluding that Taarl is required to maintain canonical TSH receptor localisation, which also

suggests that Taarl signalling is connected to the hypothalamic-pituitary-thyroid axis.

The study was upported by Deutsche Forschungsgemeinschaft in the framework of SPP 1629,
BR1308/11-1 and 11-2. MQ was also supported by the National Science Centre, Poland, ID
211744, Ref. 2013/08/W/NZ1/00696 Woplynal, Jacobs Project 6113/50590, “Extracellular
proteolytic activity of human epithelium — role in the modulation of signal transduction”.



Introduction

2. Introduction
2.1 The Thyroid Gland

The thyroid gland is a bilobal endocrine organ positioned ventrally in the neck, overlying the
trachea and larynx. The function of the thyroid gland is to produce thyroid hormones (TH), which
are crucial regulators of various developmental and differentiation processes, organ function,
metabolism and growth (Yen 2001). The function of the thyroid gland is classically regulated by
thyrotropic feedback, whereby decreased levels of TH in circulation signals the hypothalamic
secretion of the thyrotropin-releasing hormone (TRH; also known as thyroliberin), which in turn
triggers the pituitary gland to release thyrotropin, also known (and will be henceforth referred to)
as the thyroid-stimulating hormone (TSH), which then modulates TH liberation and release from
the thyroid (Dietrich et al. 2012). These components therefore are collectively referred to as the

hypothalamic-pituitary-thyroid (HPT) axis, which partly answers for thyroid homeostasis.

2.1.1 Classical thyroid hormones, synthesis and release

The “classical” TH, essentially L-3,5,3-triiodothyronine (T3), and its precursor L-3,5,3,5-
tetraiodothyronine, also known as thyroxine (T4). They are released from the thyroid follicles as a
result of proteolytic processing of the prohormone thyroglobulin (Tg), stored in covalently cross-
linked form in the lumina of thyroid follicles (Dunn et al. 1991, Brix et al. 2001, Friedrichs et al.
2003).

Tg synthesis and processing is regulated by the pituitary-secreted thyroid stimulating hormone
TSH, which binds the basolaterally-expressed TSH receptors (TSHR) on thyrocytes, the thyroid
functional unit, the follicle (Nussey and Whitehead 2001). Thyrocytes depend on TSH in order to
differentiate and form the thyroid follicles (Morgan et al. 2016), in the lumen of which Tg is stored
in covalently cross-linked form (Brix et al. 2001). TSHR activation results in the initiation of Ggs Or
the Gquq signalling pathways, which results in the activation of adenylate cyclase and
phospholipase C, respectively (Nussey and Whitehead 2001). The former raises intracellular
levels of cyclic adenosine monophosphate (CAMP), which mediates the long-term effect of TSH
stimulation that culminates in the exocytosis of newly synthesised Tg (Chabaud et al. 1988,
Chambard et al. 1990). Acute TSH stimulation, however, promotes the short-term effect of TSH
stimulation, which signals via the Gqq pathway, whereby phospholipase C leads to the initiation of

the phosphatidylinositol cascade, leading to an increase in intracellular Ca?* levels,
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which mediates Tg proteolysis to release TH, a process marked by an increase in serum Talevels
(Brix et al. 2001, Nussey and Whitehead 2001). Subsequently, cysteine proteases — namely,
cathepsins B, K and L — are relocated to the apical pole of the thyrocyte by retrograde trafficking,
where they are secreted into the extracellular lumen to initiate Tg proteolysis extracellularly in
order to liberate T4, the process which accounts for as high as 54% of the total T4 released (Brix
et al. 1996, Tepel et al. 2000, Brix et al. 2001, Linke et al. 2002, Linke et al. 2002, Friedrichs et
al. 2003). The partially degraded Tg is then internalised by endocytic uptake into the thyrocytes,
where Tg is further degraded inside the endo-lysosomes, resulting in further T4 as well as Ts
liberation. Tg would then be synthesised de novo and stored in the follicular lumen as a long-term

TSH-response until another round of TSH activation thyroid follicles.
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Figure 1: Thyroglobulin (Tg) proteolysis is mediated by cysteine cathepsins that are relocated
and secreted into the follicle lumen following TSH stimulation. Tg proteolysis begins in the
extracellular lumen, near the apical plasma membrane of thyrocytes. Tg is stored in covalently
cross-linked form in the follicular lumen, where it becomes solubilised by action of cathepsins B
and L. Soluble Tg is further processed extracellularly by cathepsins K and L, which results in T4
liberation. The partially degraded Tqg is then internalised, where its degradation is completed by
cysteine proteases in endo-lysosomal compartments, resulting in Ts liberation. [Modified from
Friedrichs et al., 2003].
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The liberated TH is released into the blood stream to be delivered TH target cells, a process
facilitated by selective thyroid hormone transporters (THT) (Hennemann et al. 2001, Friesema et
al. 2003, Heuer and Visser 2009). In target cells, the T4:Ts ratio is adjusted by iodothyronine
deiodinases, a sub-family of selenoenzymes, of which type | and type Il iodothyronine-5'-
deiodinases (Diol and Dio2, respectively) are responsible for converting the prohormone T, into
the active Tsform, whereas the action of type Ill deiodinase (Dio3) as well as, to a lesser extent,
Diol, converts TH to mono- or di-iodinated forms, the direct precursors of thyronamines (see
section 2.2.3), rendering them incapable of binding to nuclear TH receptors (TR) (Kohrle 2000, St
Germain et al. 2009).

2.1.2 Thyroid phenotype of mice deficient in Tg-processing cathepsins

Studies involving mice deficient in one or more Tg-processing cathepsins showed thyrocytes to
lose their typical cuboidal morphology to become more flat, which is associated with a reduction
in functionality, and is correlated with a decline in serum T4 concentration and increased serum
TSH concentration. Mice deficient in cathepsin K (Ctsk”) have shown that the typical, multilayered
arrangement of Tg stored in the extracellular lumen of thyroid follicles is retained in Ctsk™ thyroids,
with a considerable increase in the size of the thyroid gland when compared to wild type mice,
i.e. goitre-like phenotype; however, contrary to predictions, Ctsk” mice do not exhibit the
phenotype of hypothyroidism (Friedrichs et al. 2003). On the other hand, mice deficient in either
cathepsin B (Ctsb™) or cathepsin L (Ctsl™) show increased amounts of luminally-stored Tg in non-
multilayered form, combined with larger follicle areas and lower epithelial extension, with Ctsl”
mice additionally exhibiting an accumulation of dead cells in the follicular lumen (Friedrichs et al.
2003). Dead cell remnants were similarly observed in the lumina of Ctsk”/Ctsl™” thyroids follicles,
but not in those with a single deficiency in either cathepsin B or K, indicating cathepsin L to be a
survival factor for thyroid epithelial cells. Moreover, Ctsk’/Ctsl” mice featured a significant
decrease in serum T, levels (Friedrichs et al. 2003). Collectively, this means that any disturbance
in proteolysis reflects directly on thyroid function, i.e. Tg-processing cathepsins are essential for
thyroid homeostasis and their action and regulation must be taken into consideration when
evaluating thyroid function.

It is noteworthy that double deficiencies in both cathepsins B and L proved lethal to mice in early

postnatal stages due to brain atrophy (Felbor et al. 2002).
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2.1.3 Thyroid hormone transport

Following liberation from Tg, TH were originally proposed to passively diffusing across lipid
bilayers (Hillier 1970), a view that was challenged with the discovery of selective thyroid hormone
transporters (THT) such as the monocarboxylate transporters 8 and 10 (MCT8 and MCT10), the
organic anion transporting polypeptide 1C1 (OATP1C1), and the L-amino acid transporter type 1
and 2 (LAT1 and LAT2) (Hennemann et al. 2001, Friesema et al. 2003, Heuer and Visser 2009,
Visser et al. 2011).

Mct8 efficiently transports both Tz and T4 (Friesema et al. 2003), and was found to be expressed
in different tissue types, including the thyroid gland, in which it is the THT expressed the most,
and where it localises to the basolateral membrane domain of thyroid epithelial cells (Di Cosmo
et al. 2010). It was additionally found to be expressed in various regions of the mouse central
nervous system (CNS), particularly highly in Ts- sensitive neurons (Heuer et al. 2005).

In human, the absence of functional MCT8 results in the X-linked Allan-Herndon-Dudley
syndrome (AHDS), characterised by severe psychomotor retardation (Schwartz et al. 2005,
Schwartz and Stevenson 2007) due to insufficient Tz supply in brain neurons during development
(Friesema et al. 2006). AHDS patients suffer from disturbances in TH transport, which translates
as highly elevated serum T3 concentrations, which do not correlate with the magnitude of
reduction in T4 nor the normal to slightly increased TSH concentrations (Heuer et al. 2005,
Friesema et al. 2006). The Mct8-deficient mouse was developed as an AHDS model (Dumitrescu
et al. 2006); however, despite mimicking the serum TH/TSH profiles of the human MCT8-deficient
condition (Di Cosmo et al. 2010), the Mct8-deficient mouse does not exhibit signs of motor or
neurological impairment like AHDS patients, a phenomenon that was explained by a different THT
distribution in the CNS, specifically the blood-brain-barrier, between human and mouse (Visser
and Visser 2012, Miller and Heuer 2014). Subsequently, mouse models with a global Mct10-
deficiency or double Mct8 and Mct8 deficiencies were generated (Muller et al. 2014). Mct10 is
selective for T transport, compared to a much lower affinity to T4 transport (Friesema et al. 2008),
and is the second most expressed THT in the mouse thyroid gland, where its transcript level
comprises 14% that of Mct8 (Di Cosmo et al. 2010). However, while a single deficiency in Mct10
only does not result in alterations in mouse serum TH levels, the double Mct8/Mct10-deficient
mouse exhibits a partial rescue phenotype in that the serum T, concentrations are normalised in
comparison to the Mct8-deficient mouse, but retains elevated serum Tz and TSH levels (Muller et
al. 2014). This was accompanied by an increase in TH concentrations in hepatic, renal and thyroid

tissue more pronouncedly than in Mct8-only deficient tissues (Muller et al. 2014). Additionally,
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upregulation of Diol in the hepatic and renal tissue with both Mct8 and Mct10 deficiencies
suggests that the normal serum T4 content is not the result of reduced T4 update by the liver and
kidney, but rather that thyroidal T4 release is increased despite the absence of both Mct8 and
Mct10 (Muller et al. 2014). This is addressed in this study by analysing the changes in thyroid
homeostasis, i.e. the thyroid’s capacity to degrade and liberate TH, in Mct8/Mct10-double

deficient mice.

2.1.4 Genomic action of thyroid hormone

The classical (i.e. genomic) TH pathway refers to the transcriptional regulatory effect that T3 exerts
on TH target genes through binding and activation of nuclear TH receptors (TR). These are high-
affinity, low-capacity Ts-binding proteins that belong to the family of nuclear receptors that act as
ligand-inducible transcriptional factors (Bassett et al. 2003). In human, two TR genes, a and g,
located on two different chromosomes, encode variants of TRa and TR isoforms, which are

variably distributed in a tissue-specific manner (Cheng et al. 2010).

The activation of TR by Tz induces conformational changes allowing the TR to interact with
specific TH responsive elements in the promoter region of TH responsive genes to either activate
or repress their transcription (Bassett et al. 2003, Tata 2013, Senese et al. 2014). TR are
commonly known to form homodimers or to heterodimerise with other nuclear receptors, such as
the retinoic X receptor (RXR), thereby contributing to the diversity of responses they are capable

of eliciting upon binding TH responsive elements (Forman et al. 1992).

Importantly, the genomic effect mediated by Ts-TR interaction requires hours and up to days to

manifest, and is sensitive to inhibitors of transcription or translation (Yen 2001).
2.1.5 Non-genomic action of thyroid hormones

Conversely, Tz is also capable of mediating relatively rapid metabolic responses that, contrary to
genomically-mediated effects, remain unaffected by inhibitors of transcription or translation
(Wrutniak-Cabello et al. 2001, Mullur et al. 2014). Clinical data show low degree of correlation
between genetic mutations in transcription factors crucial for thyroid development and function,
and the actual prevalence of thyroid pathology and dysgenesis in the population (Kuehnen et al.
2009, Brix et al. 2011). This is in accord with observations that in addition to the Ts-mediated
transcriptional effects, TH is involved in various non-genomic, TR-independent signal

transduction pathways that are initiated at the plasma membrane, the cytoplasm, or in organelles,
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particularly the mitochondria (Wrutniak-Cabello et al. 2001, Cheng et al. 2010, Lanni et al. 2011).
Such pathways are mediated via, for example, adhesion receptors, such as the alpha(v)beta(3)
(avBs) integrin, which rapidly activates the extracellular-signal-regulated kinase (ERK) pathway (a
component of the mitogen-activated protein kinase (MAPK) pathway) (Bergh et al. 2005, Scarlett
et al. 2008, Mullur et al. 2014). Moreover, extra-nuclear T3-TR interaction has been reported to

mediate intracellular AKT-mammalian target of rapamycin (MTOR) and p70S% and
phosphatidylinositol 3-kinase-integrin linked kinase-matrix metalloproteinase-2 signalling

pathways, to promote growth and metastasis of thyroid cancer in a mouse model expressing
mutant TRB (Furuya et al. 2009). Besides, it has been suggested that T, can induce MAPK
signalling by activating a GPCR, that is, without requiring transport into the target cell (Lin et al.
1999).

Among the non-genomic, or “non-classical’, effects of TH are rapid increases in cardiac
contractility and output, vasodilation, and thermogenesis (Lynch et al. 1985, Schmidt et al. 2002,
Bassett et al. 2003, Wang et al. 2003). However, many such alternative, non-classical
mechanisms of TH signalling, and their physiological significance, remain to be further explored.
Some non-genomic effects are induced by non-classical TH molecules, such as the ones
discussed below (see section 2.2.3).

2.2 Trace amine-associated receptors

Trace amine-associated receptors (TAARS) are a subclass of rhodopsin-like G-protein coupled
receptors (GPCRSs) discovered in 2001 (Borowsky et al. 2001, Bunzow et al. 2001), which have
been characterised in detail in 2001 as scarcely expressed receptors in various human and rodent
tissues, responsive to trace amine (TA) activation. TA, such as p-tyramine, B-phenylalamine (B-
PEA), tryptamine and octopamine, which are derived from classical biogenic amines, are found
in trace concentrations in the CNS (Boulton 1984, Berry 2004, Hashiguchi and Nishida 2007).

Nine Taar genes have been identified in both human and chimpanzee, including 3 and 6
pseudogenes, respectively, as opposed to 16 (including 1 pseudogene) and 19 (including 2
pseudogenes) in mouse and rat, respectively (Lindemann et al. 2005). Sequence analysis of the
Taar gene sequences led to them being phylogenetically classified into 3 subgroups: Taarl-4,
Taar5 and Taar6-9, which are also indicative of potential functional differences, judging by the
putative ligand binding pockets (Lindemann et al. 2005). In terms of chromosomal localisation,

the human Taar genes collectively map 109 kb of chromosome 6g23.1, whereas mouse Taar
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genes are localised on chromosome 10A4 with a total of 192 kb (Lindemann et al. 2005).
Coincidentally, the long arm of the sixth human chromosome, on which the cluster of Taar genes
is localised, has been identified as a susceptibility locus for schizophrenia (Cao et al. 1997).
Moreover, human TAARG6 (previously called TAAR4) has been shown to be preferentially
expressed in brain regions associated with schizophrenia pathophysiology (Duan et al. 2004).

TAAR association with schizophrenia if further commented on in section 2.2.4.

The suggested Taar ligands, TA, are synthesised from their amino acid precursors typically by
the enzymatic action of aromatic L-amino acid decarboxylase (AADC), at a rate comparable to
the synthesis of classical neurotransmitters (Berry 2004, Lindemann and Hoener 2005). However,
they are then rapidly metabolised by monoamine oxidase (mainly type B; MAO-B) (Grimsby et al.
1997), resulting in an estimated half-life for TAs of 30s, therefore ensuring that their concentration
in the CNS remains in the nanomolar range, several hundred-fold less than the concentration of
classical neurotransmitters (Durden and Philips 1980, Berry 2004). Functionally, TAs have been
described as being “sympathomimetics”, and are thought to act as neuromodulators by affecting
monoamine neurotransmitter synaptic and post-synaptic activity by direct interaction with GPCRs,
such as TAAR1 (Berry et al. 1994, Branchek and Blackburn 2003, Burchett and Hicks 2006,
Zucchi et al. 2006). This is further supported by the fact that inhibition of MAO-B activity results in
elevated levels of B-PEA and enhanced sensitivity to dopamine (Berry et al. 1994, Chen et al.
1999, Holschneider et al. 2001). Moreover, TAs — namely B-PEA, 3-T:AM and tyrosine — were
found to induce concentration-dependent chemosensory migration in subsets of human
granulocytes tested positive for both TAAR1 and TAAR2 expression (Babusyte et al. 2013).

With the exception of Taarl, all Taar’'s were found to be selectively expressed in mouse olfactory
epithelium and, consequently, were shown to bind volatile amines (Liberles and Buck 2006),
suggesting that they perform a chemosensory function in mammals, as well as other vertebrates
(Hashiguchi and Nishida 2007, Liberles 2015). Taarl, on the other hand, has been found to be
distributed in various regions of the human, rhesus monkey and mouse CNS (Borowsky et al.
2001, Lindemann and Hoener 2005, Liberles and Buck 2006, Lindemann et al. 2008). In addition,
Taarl has been reported to be expressed in low to moderate amounts in human peripheral tissue,

including stomach, and kidney (Borowsky et al. 2001), discussed in more detail below.
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2.2.1 Trace amine-associated receptor 1

Structurally, TAARs are highly conserved 7-transmembrane domain GPCRs, with an extracellular
N-terminal domain and a cytosolic C-terminus (Lindemann et al. 2005). According to the UniProt
database, the human TAARL1 (hTAARL1) protein (accession code: Q96RJ0) contains 2 potential
N-glycosylation sites at asparagine (Asn) residues number 10 and 17, as well as a disulphide
bond linking the second and third extracellular loops — a rather conserved feature of TAAR
proteins - making a total of 339 amino acid long protein with a molecular mass of approximately
39.1 kDa. By contrast, the mouse TAAR1 (MTAARL1) protein (Q923Y8) contains a single potential
N-glycosylation site at Asn residue 9, in addition to a potential disulphide bond between residues
95 and 181, making up for a predicted molecular mass of 37.6 kDa of the non-glycosylated
protein. Inter-species sequence homology for Taarl reaches 90% for mouse and rat, but still there
is an average of 79% homology between human and rodent Taarl (Lindemann et al. 2005, Miller
2011). Comparison of nucleotide and amino acid sequences of the human vs. mouse Taarl gene
and TAAR1/Taarl protein, respectively, using the Basic Local Alignment Search Tool (BLAST)
provided by the National Center for Biotechnology Information (NCBI, MD, USA)! indicate an 80%

and 75% gene and protein sequence homology, respectively.

Subsequent studies expanded the spectrum of Taarl agonists to include other endogenous
biogenic amines, including the classical monoamine neurotransmitters, such as dopamine and
serotonin, as partial agonists of human and rodent Taarl (Lindemann and Hoener 2005,
Lindemann et al. 2008), in addition to thyronamines (Scanlan et al. 2004) (discussed in section
2.2.3) and exogenous, amphetamine-like psychostimulants, all of which trigger signal cascades
eventually resulting in the accumulation of cAMP (Bunzow et al. 2001, Miller et al. 2005, Reese
et al. 2007, Wainscott et al. 2007, Barak et al. 2008, Kleinau et al. 2011). This indicated that Taarl

signals via the Gqs-coupled pathway.

2.2.2 Invitro Taarl expression

The responsiveness of Taarl to TA, thyronamines and exogenous psychostimulants made it the
centre of pharmacological interest as a target for treatment of psychological and neurological
disorders (Wolinsky et al. 2007, Lindemann et al. 2008, Xie and Miller 2009, Revel et al. 2011,
Pei et al. 2016). This led to many in vitro studies whose goal was to pharmacologically analyse

the GPCR, therefore human, rhesus monkey or rodent TAAR1/Taarl were expressed in HEK 293

1 https://blast.ncbi.nlm.nih.gov/Blast.cqi
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cells, but also in COS-7 and U20S cell lines (Borowsky et al. 2001, Bunzow et al. 2001, Miller et
al. 2005, Barak et al. 2008). However, this proved a challenge as Taarl appeared to exhibit poor
surface targeting (Grandy 2007, Miller 2011), and Taarl was consequently suggested to localise
to and signal from intracellular compartments (Bunzow et al. 2001). Various approaches have
been employed in an attempt to promote Taarl trafficking to the plasma membrane to enable
pharmacological characterisation, including introducing a cleavable 16 amino acid long signal
sequence to the N-terminus of rat Taarl (Bunzow et al. 2001), or modifying the N-terminus, C-
terminus and third intracellular loop of the human TAARL with those corresponding to the rat
Taarl (Lindemann et al. 2005, Grandy 2007, Reese et al. 2007). The latter chimera, however,
was similar to the mouse Taarl in terms of pharmacological profile (Lindemann et al. 2005,
Grandy 2007, Reese et al. 2007). In another experiment, the N-terminus of human TAAR1 was
modified to additionally contain the first 9 amino acids of the human 2-adrenergic receptor, which
contains an N-linked glycosylation site on the 6'" residue (Barak et al. 2008), a post-translational
modification that is known to modulate GPCR transport to the cell surface (Dong et al. 2007).
Subsequently, the latter construct was used to show that TAAR1 is able to heterodimerise with
mouse dopamine D2 receptor when co-expressed in HEK 293 cells, and that the latter modulated
the surface expression of TAARL (Espinoza et al. 2011).

2.2.3 Thyronamines as Taarl agonists

Thyronamines (TAM) are metabolic derivatives of classical TH, therefore structurally related to Ts
and T4 but lacking the carboxyl-group and the alanine side chain (Scanlan et al. 2004, Chiellini et
al. 2017).

Although the precise physiological function of TAM remains to yet be determined, they have been
described to counter the effects of classical TH. The administration of synthetic 3-
iodothyronamine (3-T1:AM) and, though less effectively than the former, thyronamine (ToAM) to
rodents has been shown to decrease metabolic rate, manifesting in a dose-dependent
bradycardia, decreased cardiac output, hypothermia, and hyperglycemia (Scanlan et al. 2004,
Doyle et al. 2007, Frascarelli et al. 2008, Klieverik et al. 2009, Piehl et al. 2011, Venditti et al.
2011); the latter was also reproduced in the Djungarian hamster, where the carbohydrate

metabolism was blocked upon injecting 3-T1AM, shifting the metabolism towards lipid utilisation
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(Braulke et al. 2008, Ghelardoni et al. 2014). TAM have been therefore termed as the “cool thyroid

hormones” (Brix, Fuhrer, Biebermann, 2011).

1 T, 1 T,
/@/0 \©\JH2 D/O NH,
HO HO I
T,AM 3-T,AM

Figure 2: The structure of thyroid hormones (T4 and T3) in comparison to thyronamines (3-T:AM
and ToAM). (Image modified from (Doyle et al. 2007)).

Moreover, 3-T:AM has been reported to inhibit TH transport by TH transporters, namely the
inhibition of OATP1C1, which is believed to be responsible for transporting T4 across the blood-
brain-barrier, as well as inhibiting both T3 and T, transport by the MCT8 receptor (lanculescu et
al. 2010). Contrarily, 3-T:AM had no effect on OATP1B3 or MCT10. This suggests that 3-T;:AM
modulates the delivery of TH to target tissue, including the brain (lanculescu et al. 2010).
Additionally, 3-T:AM was reported to inhibit monoamine transport into synaptic vesicles in rat
brain, and to inhibit dopamine and norepinephrine reuptake, hence suggesting a neuromodulatory
role (Snead et al. 2007). TAM, however, have been shown not to interact with nuclear TH
receptors (Scanlan et al. 2004, Zucchi et al. 2006), but cellular 3-T:AM uptake appears to occur
independent of sodium chloride, via specific transporters, in a pH dependent manner (lanculescu
et al. 2009). Other GPCRs such as the Ggs-coupled dopamine and -adrenergic receptors have
also been excluded as candidate receptors for TAM as the latter failed to amplify cAMP signalling

in HEK 293 cells expressing either of the respective receptors (Scanlan et al. 2004).

On the other hand, 3-T:AM (and to a lesser extent ToAM) were found to potently activate mouse
and rat Taarl via the Gqs pathway, resulting in cAMP accumulation in vitro in a dose-dependent
manner (Scanlan et al. 2004). However, it remains to be investigated whether this effect is directly
induced by 3-T:AM or is an indirect result of Taarl stimulation by a metabolite of the said
compound. 3-T:AM was also shown to activate rhesus monkey Taarl in an in vitro system,

resulting in cAMP accumulation at levels comparable to those resulting from activation with (3-
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phenylethylamine, a potent monoamine Taarl agonist (Panas et al. 2010). However,
administration of 3-T:AM via intraperitoneal injection to wild type and Taarl1-deficient mice showed
no significant difference in the decrease in body temperature between the two treatment groups,
concluding that the thermoregulatory effect of 3-T:AM is not Taarl-mediated (Panas et al. 2010).

Endogenously, 3-T:AM and ToAM have been detected in mouse blood serum and peripheral
organs, including brain, heart, and liver (Scanlan et al. 2004). 3-T:AM has also been measured
in rat serum, reaching a concentration of 0.3 nM; however, significantly higher concentrations
were detected in peripheral tissue (Saba et al. 2010). Scanlan et al. estimated the concentration
of 3-T1:AM to be in the sub-picomolar range per gram of rat brain, in comparison to 1-6 pmol/g of
T4 in the same tissue (Scanlan et al. 2004). 3-T:AM has also been detected in human blood (Saba
et al. 2010). However, it has also been shown that as high as 90% of 3-T:AM is present in bound
form in human serum, where it binds with high affinity to the lipoprotein apoB100 (Roy et al. 2012).
This could, in fact, account for the discrepancies in reported endogenous 3-T:AM concentration
depending on the method of detection (Ackermans et al. 2010, Hoefig et al. 2011, Galli et al.
2012, Hoefig et al. 2016). However, Hoefig et al. reported a median serum concentration of 66 +

26 nM in healthy adults, measured by immunoassay (Hoefig et al. 2011).

There has been much speculation regarding the site of 3-T:AM synthesis, whether it was a direct
metabolite of T, and Ts, and whether it originated from the thyroid gland itself, or was of
extrathyroidal origin (Ackermans et al. 2010, Hoefig et al. 2011, Hackenmueller et al. 2012, Hoefig
et al. 2016). An in vitro experiment showed no 3-T:AM production in primary rat thyrocytes nor
FRTL-5 cells following incubation with T4 (Agretti et al. 2011). Moreover, it was observed that
serum 3-T:AM was comparable to slightly higher in patients receiving T4-substitute than in
healthy, euthyroid individuals, which strongly suggested 3-T:AM to be an extrathyroidal Ta-
derivative (Hoefig et al. 2011).

Conversely, using *C-labelled T4, Ackermans et al. were able to detect the conversion to T3, but
not to 3-T:AM, in rat plasma and brain tissue, however, nor were they able to detect any
endogenous 3-T:AM or ToAM in either rat plasma or human plasma and thyroid tissue
(Ackermans et al. 2010). Subsequently, Hackenmueller et al. demonstrated that hypothyroid mice
that underwent hormone replacement with either T4 or an isotope-labelled (heavy) T4 (H-Ta)
resulted in elevation in liver Tz and H-Ts, respectively, but did not affect 3-T:AM levels. Rather,
with the induction of hypothyroidism there was a gradual decrease in liver 3-T:AM, which could

not be recovered by Tatreatment (Hackenmueller et al. 2012). As such, it is deemed that 3-T:AM
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is produced within the thyroid via a process independent but similar to that of T4 biosynthesis,
also requiring a sodium-iodide symporter (NIS, responsible for the active transport of iodide into
thyrocytes (Spitzweg and Morris 2002)) and thyroperoxidase (TPO, responsible for the iodination
of tyrosine residues in Tg (Ruf and Carayon 2006)), leading the authors to speculate that 3-T:AM
was not of extrathyroidal origin (Hackenmueller et al. 2012). However, Hoefig et al. argued that,
while hypothyroidism in mice was induced through administering 0.1% methimazole and 0.2%
potassium perchlorate, it would cause systemic inhibition of both NIS and TPO, thereby potentially
affecting the deiodinating and decarboxylating enzymes needed for 3-T1:AM generation (Hoefig et
al. 2015, Hoefig et al. 2016). Contrarily, it is only a lack of thyroidal NIS and TPO in thyroidectomy
and/or radiotherapy patients receiving T4-substitutes orally, as opposed to injected T4 as in the
experimental model (Hoefig et al. 2011). This led the authors to hypothesise and subsequently
show in vitro that T, is metabolised into 3-T:AM in the intestine (Hoefig et al. 2015). This is done
through several deiodination and decarboxylation steps involving ornithine decarboxylase (Hoefig
et al. 2015).

2.2.4 Taarl-deficient mouse model

The detection of Taarl in mouse dopaminergic and serotonergic brain regions led to extensive
studies being conducted, focusing on the modulatory role of Taarl in the monoaminergic system
(Lindemann et al. 2008, Xie and Miller 2009, Revel et al. 2011). Accordingly, in rhesus monkey
Taarl has been shown to colocalise with dopamine transporters in brain tissue and to functionally
regulate it (Xie and Miller 2007, Xie et al. 2007). Besides, since TA have long been associated
with neuropsychiatric disorders, Taarl, being a TA-responsive GPCR expressed in the CNS,
elicited much interest for its potential role in depression, attention deficit hyperactivity disorder
(ADHD), Parkinson’s disease, and schizophrenia (Branchek and Blackburn 2003). Interestingly,
the thyroglobulin-processing cysteine protease cathepsin K (section 2.1.1) has also been linked
to schizophrenia, since its expression has been found to be up-regulated in the cerebra of chronic

schizophrenia patients (Bernstein et al. 2007, Bernstein et al. 2008).

The Taarl-deficient (Taarl”) mouse model has been generated to study the role of Taarl as a
regulator of TA neuromodulatory effects, hailing it as a model “with relevance to schizophrenia”
(Wolinsky et al. 2007, Lindemann et al. 2008). The Taarl” was generated by replacing the entire

Taarl-coding sequence with a LacZ reporter gene, fused to a nuclear localisation sequence
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(NLS), in frame with the original Taarl promoter, such that the latter drives the expression of the
LacZ replacement gene, producing B-galactosidase in tissue where Taarl is normally expressed
(Lindemann et al. 2008). This enabled tissue screening for LacZ expression, through staining
Taarl” tissue with 5-bromo-4-chloro-3-iodoxyl-B-D-galactopyranoside to detect B-galactosidase,
resulting in serotonergic and dopaminergic areas of the brain to be identified as Taarl-expressing
(Lindemann et al. 2008). No morphological alterations in the Taarl” mouse brain were observed,
nor did the mouse exhibit any developmental or behavioural differences when compared to their
wild type (WT) littermates (Lindemann et al. 2008). However, Taarl” mice demonstrated reduced
prepulse inhibition to acoustic stimuli, and elevated sensitivity to amphetamines in comparison to
WT littermates, which manifested in enhanced locomotor activity that correlated with higher
dopamine and norepinephrine release in the striatum, which is in line with findings that the firing
frequency of dopaminergic neurons was increased upon Taarl inhibition by the selective
antagonist N-(3-Ethoxy-phenyl)-4-pyrrolidin-1-yl-3-trifluoromethyl-benzamide (EPPTB) (Bradaia
et al. 2009), as well as a significant increase in striatal expression of high-affinity dopamine type
2 receptors, all of which are characteristic symptoms of schizophrenia (Wolinsky et al. 2007,
Lindemann et al. 2008, Espinoza et al. 2015, Sukhanov et al. 2016).

Thus, targeting Taarl as a prospective treatment of psychological disorders has been the centre
of numerous studies to date (Revel et al. 2012, Tallman and Grandy 2012, Revel et al. 2013,
Alvarsson et al. 2015). However, It is noteworthy that the HPT axis is directly affected in various
neuropsychiatric symptoms, with a range of phenotypic deviations from normal thyroid function,
including both hypothyroidism and hyperthyroidism, being exhibited in patients with schizophrenia
(Othman et al. 1994, Santos et al. 2012), as well as in those suffering from various manifestations
of depression (Hage and Azar 2012). The present study is the first to address Taarl in the context
of the thyroid gland, knowing that many psychological disorders are linked to disorders in thyroid

function.
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3. Aims of the Study

The general aim of this study was to better understand the non-classical pathways by which the
thyroid gland can self-regulate its function, i.e. independent of TSH stimulation, and to investigate

the potential involvement of THT and Taarl in such a mechanism.

The thyroid gland is classically regulated by the hypothalamic-pituitary-thyroid axis via a series of
feedback loops, where the hypothalamus signals to the pituitary to release TSH, which stimulates
thyrocytes to liberate TH from the precursor Tg by action of Tg-processing proteases, including
cathepsins B, K and L. This ensures an adequate supply of TH in the circulation for target tissues.
However, when viewed as simply a TH-releasing gland, many intrinsic regulatory processes that
contribute to this overall mechanism and to thyroid gland homeostasis could be overlooked. The
concept of thyroid auto-regulation relies first and foremost on approaching the thyroid gland not
exclusively as a TH-producing organ, but also as a TH- target itself. Thyrocytes express various
THT, thereby have varying capacities for transporting TH molecules. The levels of THT
expression are tissue-specific, implying that the process of importing and exporting different TH
molecules is a tightly regulated one, also within the thyroid itself. Moreover, despite the notion
that all follicles have equal supply of TSH from the circulation, the follicular population within a
thyroid gland retains heterogeneity in terms of the degree of activation, i.e. variability in efficiency
of Tg production and Tg degradation (TH liberation), at a given time. This further suggests that a

mechanism exists that dictates such autonomy of thyroid follicles.

Therefore, a follicle has to have a mechanism by which it senses the levels of intrathyroidal TH,
as accordingly regulate Tg-proteolysis in a mechanism additional to the classical, TSH-dependent

pathway.

Several THT have been identified that are expressed at different levels in a tissue specific manner.
This study is, in part, based on the hypothesis that THT may be involved in a non-classical
pathway of thyroid regulation, namely by acting as sensors for intrathyroidal TH concentrations,
and by associating with Tg-processing proteases, including cysteine cathepsins, because they

are vital for TH liberation from Tg.

Accordingly, a study was designed to investigate the interrelation between the availability of Tg-
processing cathepsins, the extent of Tg-degradation and TH liberation, and the expression and
localisation of specific THT. To this end, Tg degradation status and Tg-processing cathepsin
profiles were assessed in mouse models with single or double deficiencies in Mct8 and/or Mct10,
and compared to WT C57BL6/J mice.
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An additional potential thyroid regulatory pathway could be mediated by thyronamines, which are
the decarboxylated and deiodinated endogenous derivatives of Tz and Ta. In some tissue types,
and under certain physiological states, thyronamines were suggested to mediate the opposite
effects of their precursors, therefore, they were referred to as the “cool TH” or non-classical TH.
Furthermore, 3-iodothyronamine (3-T:AM) was suggested to exert a modulatory effect on TH
delivery to target tissue by inhibiting TH uptake by THT (lanculescu et al. 2010). Notably, 3-T:AM,
has been reported to be the putative ligand for Taarl, and whether THT inhibition by 3-T1AM is

Taarl-mediated or not, remains an open question.

Accordingly, the proposed hypothesis is that Taarl in the thyroid may function as a 3-T:AM
triggered receptor to possibly mediate further regulatory effects on the follicle’s capacity for quickly
altering Tg storage or Tg utilisation for TH release, which could also be by modulating THT
function. Therefore, the present study was designed to characterise Taarl in the context of the

thyroid gland, and its potential involvement in thyroid gland auto-regulation.

In this context, this study questioned whether Taarl is at all expressed in thyroid epithelial cells
and, if so, what is its subcellular localisation. To verify the presence of Taarl in thyrocytes, thyroid
cryosections from WT C57BL6/J male mice were immunolabelled with antibodies specific for
mouse Taarl, as testified by its weak reactivity in the Taarl-deficient thyroid tissue cryosections.
Following verification of the presence of Taarl on the apical plasma membrane domain in situ,
and additionally at ciliary membranes in vitro, the next step was to elucidate the trafficking and
precise subcellular localisation of Taarl, for which in vitro models were established stably
expressing mouse Taarl with a covalently linked C-terminal enhanced green fluorescence protein
tag (mTaarl-EGFP). The remaining questions to answer were, if Taarl has a functional role in
the thyroid gland, how does Taarl-deficiency affect the morphological parameters of thyroid
epithelia? How does it affect the proteolytic capacity and availability of Tg-processing cathepsins
and Tg-degradation status? Morphological parameters, such as follicle and/or lumen size, and
epithelial extension, can be representative of a thyroid follicle’s functional status since more
extended (prismatic) cells are associated with higher cell activation, which could mean more Tg
synthesis and/or Tg processing. Synthesised Tg is stored in cross-linked form in the lumina of
thyroid follicles, hence an alteration in luminal size can indicate alterations in Tg synthesis, cross-
linkage or processing. For the later, Tg-processing and degradation capacity is dependent on the
availability and activity of Tg-processing proteases, including cathepsins B, K and L. Therefore,
careful assessment of all these parameters can serve as an evaluation method of thyroid function.

Additionally, the effect of Taarl-deficiency on the
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overall thyroid status is assessed by measuring serum Ts, T4 and TSH concentration. To this end,
the Taarl-deficient model was employed; morphological and biochemical analyses were
performed on thyroid epithelial tissue from Taarl-deficient thyroids from both young (5-8 months
old) and adult (10-15 months old) male mice, and compared to their WT counterparts.
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4. Results

The result of this work is a compilation of five studies, as listed below, each presented in detail
as a separate manuscript:

1- Brix, K., M. Qatato, J. Szumska, V. Venugopalan, and M. Rehders. Thyroglobulin storage and
degradation for thyroid hormone liberation. In: The Thyroid and Its Diseases, edited by Markus
Luster, Leonidas Duntas, and Leonard Wartofsky, Springer-Verlag Berlin/Heidelberg.
REVIEW. [Submitted on 15/08/2016; in press].

This is a review that explores Tg biosynthesis and storage, and the regulatory processes
underlying Tg proteolysis for thyroid hormone liberation, which largely occur through feedback
to the hypothalamic-pituitary-thyroid (HPT) axis, but which it also regulated intrafollicularly, in
part, by Tg itself. This review therefore also explores the autonomous mechanisms that occur
within a particular thyroid follicle, independent of the HPT-axis, leading to several unanswered
questions that revolve around the concept of “thyroid auto-regulation”, particularly what are
the part-takers involved in regulating thyroid follicular homeostasis, and what is the role of Tg-
processing cathepsins in this process. The subsequent studies aim at answering some of the

open guestions in thyroid cell biology.

Contribution: MQ contributed to topic discussion and manuscript writing.

2- Weber J., Mclnnes J., Kizilirmak C., Rehders M., Qatato M., Wirth E. K., Schweizer ., Verrey
F., Heuer H., Brix K. (2017). Interdependence of thyroglobulin processing and thyroid hormone
export in murine thyrocytes. EJCB 96(5): 440-456. doi: 10.1016/j.ejcb.2017.02.002

This research article focuses on thyroid hormone transporter-deficient mouse models,
namely, the Mct8-deficient, Mct10-deficient, and the Mct8/Mct10-double deficient mice, to
study the interrelationship between THT and Tg-processing cathepsins, and the effect that
THT-deficiency has on Tg-proteolysis. It correlates thyroid hormone transporter deficiency to
increased protein levels of Tg-processing cathepsins, and therefore, an increase in
intrathyroidal Tg-proteolysis, leading to intra-follicular thyrotoxic states, because the TH
liberated in higher amounts cannot be exported from follicles deficient in either Mct8 and/or

Mct10. It concludes that THT Mct8 and Mct10 act as sensors of intrathyroidal thyroid hormone
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levels, and cross-talk with Tg-processing cathepsins in a counter-intuitive and HPT axis-
independent fashion, such that when the sensing mechanism is impaired due to altered THT
expression, Tg-proteolysis is enhanced such that intrathyroidal thyrotoxicity results.

Contribution: MQ contributed to the experiment described in Figure 2
(immunohistochemistry), and was involved in results’ discussion and manuscript editing.

3- Szumska J., Qatato M., Rehders M., Fuhrer D., Biebermann H., Grandy D.K., Kéhrle J., Brix
K. (2015). Trace amine-associated receptor 1 localization at the apical plasma membrane
domain of Fisher rat thyroid epithelial cells is confined to cilia. Eur Thyroid J. 4(Suppl 1): 30—
41. doi: 10.1159/000434717.

This research article investigates the subcellular localisation of trace amine-associated
receptor (Taarl) in thyroid epithelial cells, Taarl being a GPCR shown to be responsive to
thyronamine stimulation in vitro. This study reports Taarl to localise to primary cilia of FRT
cells in vitro, as well as to the apical plasma membrane domain of mouse thyroid epithelial
cells in situ. The latter suggests the primary cilium to constitute the signalling platform for
Taarl and that, being extended into the extracellular luminal space, the Taarl could be thus
exposed to its ligand. Accordingly, if a thyronamine such as 3-T:AM is the endogenous Taarl
ligand, this may speak in favour of the intrathyroidal origin of 3-T:AM, or else, of its transport
into the luminal space by an unknown pathway. Moreover, since thyronamines are known to
antagonise thyromimetic effects, i.e. can act as non-classical TH molecules, Taarl signalling

may contribute to non-classical thyroid regulation.

Contribution: MQ contributed to preliminary immunocytochemistry experiments, and control
experiments (immunoblotting), and was involved in data interpretation and discussion, as well
as manuscript writing.
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4- Qatato M., Dallto W., Hein Z., Springer S., Biebermann H., Brix K. Establishing an in
vitro model to study trafficking of mouse Taarl in thyroid epithelial cells. [To be
submitted].

Previous in vitro studies suggested that Taarl may signal from intracellular compartments.

However, our study discussed above showed Taarl to localise apically and on ciliary

extensions in rodent thyrocytes, suggesting that at least in the thyroid, Taarl may signal from

the apical plasma domain of thyrocytes in situ, where it is exposed to the content of the follicle
lumen. This research article represents a study designed to explore mouse Taarl trafficking,
heterologously expressed in rat and human thyroid cell lines in order to establish an in vitro

system in which Taarl signalling from the cell surface can be studied. In addition, such a

model would be suited answering which effect that signalling may have on thyrocytes’ function

in terms of Tg-processing cathepsins’ activity and/or the expression and function of THT and

TSH receptor.

The results show that the chimeric mouse Taarl-EGFP does traffic to the cell surface, and
localises particularly to ciliary membranes in polarised thyroid cells featuring a primary cilium.
Moreover, mTaarl-EGFP appears to form homodimers and tetramers in stably expressing
human thyroid cell lines.

To further address the potential function of Taarl in the thyroid gland, the thyroid gland of

Taarl-deficient male was biochemically and morphometrically assessed in the study below.

Contribution: MQ contributed to the design of the study, performed experiments described
in Figures 2-12, was involved in data discussion and interpretation, and drafted the
manuscript.

5- Qatato M.*, Szumska J.*, Skripnik V., Rijntjes E., Kéhrle J., Grandy D.K., Brix K. Canonical
TSH regulation of cathepsin-mediated thyroglobulin processing in the thyroid requires Taarl
expression. Frontiers in Pharmacology. [Submitted on 17/12/2017].

(* contributed equally)

This research article offers insight into the role of Taarl in thyroid homeostasis through

characterising the morphometric parameters of the thyroid gland of Taar1-deficient male mice,
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in comparison to their WT counterparts, and by biochemically evaluating and correlating the
Tg degradation status to the protein and activity levels of Tg-processing cathepsins, as well
as aiming at assessing systemic concentrations of Ts, T4 and TSH. This study reveals that
Taarl-deficiency causes a subtle disbalance in the proteolytic network in the thyroid, but more
strikingly, it reveals that Taarl is required to maintain canonical, basolateral localisation of

TSH receptor in mouse thyrocytes, thereby maintaining homeostasis in the HPT axis.

Contribution: MQ contributed to the design of the study, as well as performed the experiments
described in Figures 1, 2A, 3 and 4 (immunolabelling, microscopy, image analysis on CellProfiler,
and data analyses), Figures 5F and 6 (SDS-PAGE, silver staining, immunolabelling, microscopy
and data analyses), and Figure 10C (TSH ELISA and data analysis), and was involved in data
discussion and interpretation, as well as contributed to statistical analysis and manuscript writing.

This study demonstrates the existence of a functional link between THT and Tg-processing
cathepsins, showing that in the thyroid gland, THT not only enable TH transport across thyrocytal
membranes, but also involve in regulation of TH liberation in a TSH-independent mode. This study
also points out that Taarl is expressed in the thyroid gland, where it maintains an apical
localisation, as well as to localising at cilia in thyrocytes in vitro, as demonstrated by studying
mTaarl-EGFP trafficking in a cell system stably expressing the chimeric protein. Remarkably, this
study suggests a potential functional link between Taarl and the TSH receptor, where localisation
of the latter is altered in mouse thyroid epithelia lacking a functional Taarl. Although the absence
of a functional Taarl does not affect thyroid development to a large extent, and only mildly affects
its capacity to liberate TH, the altered TSH receptor localisation presents a novel, interesting
finding, and highlights the importance of considering potential side-effects that Taarl-targeting

pharmaceuticals might have on thyroid function.
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Abstract

The tasks of the thyroid gland comprise (i) thyroid hormone (TH) generation via synthesis of the
pro-hormone thyroglobulin (Tg), (ii) import and organification of iodine resulting in the generation
of preformed TH bound to Tgq, (iii) Tg storage in covalently cross-linked form in the extracellular
follicle lumen, (iv) TH demand-driven solubilization of Tg from its storage forms, (v) proteolytic
processing of Tg for TH liberation by extra- and intracellular means, (vi) complete degradation of
Tg upon its re-internalization, and (vii) TH release into the bloodstream. Therefore, this chapter
focuses on thyroid cell biology and describes how classical thyroid hormones are generated,

liberated and released from thyroid follicles.

Key-words: cathepsins, covalent cross-linkage, endocytosis, extracellular thyroglobulin
processing, intracellular thyroglobulin degradation, lysosomes, proteases, protein processing,
thyroglobulin, trafficking
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Abstract

Thyroid hormone (TH) target cells need to adopt mechanisms to maintain sufficient levels of TH
to ensure regular functions. This includes thyroid epithelial cells, which generate TH in addition to
being TH-responsive. However, the cellular and molecular pathways underlying thyroid auto-
regulation are insufficiently understood. In order to investigate whether thyroglobulin processing
and TH export are sensed by thyrocytes, we inactivated thyroglobulin-processing cathepsins and
TH-exporting monocarboxylate transporters (Mct) in the mouse. The states of thyroglobulin
storage and its protease-mediated processing and degradation were related to the levels of TH
transporter molecules by immunoblotting and immunofluorescence microscopy. Thyroid epithelial
cells of cathepsin-deficient mice showed increased Mct8 protein levels at the basolateral plasma
membrane domains when compared to wild type controls. While the protein amounts of the
thyroglobulin-degrading cathepsin D remained largely unaffected by Mct8 or Mctl0 single-
deficiencies, a significant increase in the amounts of the thyroglobulin-processing cathepsins B
and L was detectable in particular in Mct8/Mct10 double deficiency. In addition, it was observed
that larger endo-lysosomes containing cathepsins B, D, and L were typical for Mct8- and/or Mct10-
deficient mouse thyroid epithelial cells. These data support the notion of a crosstalk between TH
transporters and thyroglobulin-processing proteases in thyroid epithelial cells. We conclude that
a defect in exporting thyroxine from thyroid follicles feeds back positively on its cathepsin-
mediated proteolytic liberation from the precursor thyroglobulin, thereby adding to the
development of auto-thyrotoxic states in Mct8 and/or Mct10 deficiencies. The data suggest TH

sensing molecules within thyrocytes that contribute to thyroid auto-regulation.

Euro J Cell Biol. 2017; 96(5):440-456
https://doi.org/10.1016/|.ejcb.2017.02.002
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Abstract

Background: The trace amine-associated receptor 1 (Taarl) is one member of the Taar family
of G-protein-coupled receptors (GPCR) accepting various biogenic amines as ligands. It has been
proposed that Taarl mediates rapid, membrane-initiated effects of thyronamines, the
endogenous decarboxylated and deiodinated relatives of the classical thyroid hormones T4 and
Ts.

Objectives: Although the physiological actions of thyronamines in general and 3-
iodothyronamine (T:AM) in particular are incompletely understood, studies published to date
suggest that synthetic Ti:AM-activated Taarl signaling antagonizes thyromimetic effects exerted
by Ts. However, the location of Taarl is currently unknown.

Methods: To fill this gap in our knowledge we employed immunofluorescence microscopy and a
polyclonal antibody to detect Taarl protein expression in thyroid tissue from Fisher rats, wild-type
and taarl-deficient mice, and in the polarized FRT cells.

Results: With this approach we found that Taarl is expressed in the membranes of subcellular
compartments of the secretory pathway and on the apical plasma membrane of FRT cells. Three-
dimensional analyses further revealed Taarl immunoreactivity in cilial extensions of post-
confluent FRT cell cultures that had formed follicle-like structures.

Conclusions: The results suggest Taarl transport along the secretory pathway and its
accumulation in the primary cilium of thyrocytes. These findings are of significance considering
the increasing interest in the role of cilia in harboring functional GPCR. We hypothesize that
thyronamines can reach and activate Taarl in thyroid follicular epithelia by acting from within the
thyroid follicle lumen, their potential site of synthesis, as part of a nonclassical mechanism of

thyroid autoregulation.

Eur Thyroid J 2015;4(suppl 1):30-41
https://doi.org/10.1159/000434717
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Abstract

Trace amine-associated receptor 1 (Taarl) is a seven-transmembrane G protein-coupled
receptor that has been identified as the putative receptor of thyronamines, endogenous thyroid
hormone metabolites. Expression of Taarl in heterologous systems has repeatedly reported
intracellular localisation of Taarl, as opposed to the expected cell surface expression. However,
we have shown Taarl to be localised at the apical plasma membrane of mouse thyroid epithelial
cells in situ, as well as on the primary cilia of Fisher rat cells in vitro. Therefore, this study was
designed to investigate mouse Taarl trafficking in thyrocytes further. To this end, in vitro models
were established by stably expressing mouse Taarl tagged with an enhanced green fluorescent
protein, which was linked to the C-terminus of Taarl by a 12-amino-acid peptide (mTaar1-EGFP),
in human thyroid epithelial Nthy-ori 3-1 and carcinoma KTC-1 cell lines. Transport studies by
temperature shift and colocalisation experiments with compartment-specific markers showed
mTaarl-EGFP to localise predominantly as a membrane protein to vesicles in the perinuclear
region of the transduced cells. However, a subset of mTaarl-EGFP was observed to reach the

plasma membrane, being present particularly on ciliary extensions of polarised KTC-1 cells. SDS-
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PAGE and immunoblotting analyses indicated mTaarl-EGFP to predominantly occur in dimeric
and tetrameric form in both thyroid cell lines. The results suggest that an in vitro-cell model was
established that recapitulates Taarl trafficking in thyrocytes and will enable studying thyronamine-
triggered Taarl signalling in future, thus extending our general understanding of the potential
significance of Taarl-thyronamine interactions for thyroid auto-regulation.

(247 words)

Introduction

Trace amine-associated receptor 1 (human TAAR1 / mouse Taarl) is a G protein-coupled
receptor (GPCR) that has been identified to be susceptible to activation by a variety of biogenic
amines (Borowsky et al. 2001, Bunzow et al. 2001); for review, see (Grandy 2007). Despite being
expressed in various human and mouse peripheral tissues (Borowsky et al. 2001, Bunzow et al.
2001), TAAR1/Taarl has been primarily investigated for its role in regulation of neuromodulation
in the central nervous system. As such, it has been assessed as a potential target for
pharmacological intervention to treat neurological and psychiatric disorders (Wolinsky et al. 2007,
Lindemann et al. 2008, Revel et al. 2011); reviewed in (Xie and Miller 2009, Jing and Li 2015, Pei
et al. 2016). Hence, TAARL trafficking and subcellular localisation has been of interest ever since
its discovery, in order to understand its physiological role as well as help characterise it
pharmacologically. The weak cell surface expression of TAAR1/Taarl in vitro proved to be a
challenge (Miller 2011). Bunzow et al. were first to report the expression of rat Taarl chimera with
an N-terminal tag consisting of an 8-amino acid M1 flag-tag, preceded by a 16-amino acids signal
sequence derived from the influenza haemagglutinin virus, thus targeting the HA-M1 flag-tagged
Taarl, in principle, for transport along the secretory route (Bunzow et al. 2001). Stably expressed
in HEK 293 cells, the M1 flag-tagged rat Taarl appeared to be distributed as puncta intracellularly,
as opposed to the M1 flag-tagged human dopamine 1 receptor, expressed as a control Gs-coupled
protein receptor, which localised at the surface of HEK 293 cells. This led the authors to speculate
that Taarl may require a chaperone to promote trafficking to the cell surface that is absent in HEK
293 cells, or else that Taarl functioned predominantly as an intracellular GPCR. The latter
conjecture was further supported by the notion that Taarl ligands, such as endogenous biogenic
amines, which are synthesised in the cytoplasm, may be translocated into vesicles (Bunzow et
al. 2001). Similarly, a rhesus monkey Taarl with an enhanced green fluorescence protein (EGFP)

tag fused to its N-terminus was transiently expressed in HEK 293 cells, resulting in a
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predominantly intracellular fluorescence signal distribution, despite an infrequent cell surface
localisation (Miller et al. 2005). The same group subsequently showed that rhesus monkey Taarl
associated with the total membrane fraction, but not with the plasma membrane fraction (Xie et
al. 2008). Although the molecular mechanism underlying TAARL failing to reach the cell surface
remains undisclosed, it was shown that engineering an extra residue with a further N-linked
glycosylation site to the N-terminus of the human TAARL1 enabled its trafficking to and localisation
at the cell surface in HEK 293 and U20S cells (Barak et al. 2008). This was achieved by creating
a construct that consisted of a triple influenza haemagglutinin (HA) tag, followed by a sequence
coding for the first 9 amino acids of the human B2 adrenergic receptor (32AR), which contains an
N-linked glycosylation consensus motif on site 6, fused in frame to a sequence coding for the
human TAARL, either with or without an EGFP tag on its C-terminus. That study presented
surface localisation of the TAAR1 chimera modified with the B2AR N-terminal sequence, but not
the non-modified protein, in HEK 293 cells (Barak et al. 2008).

Allin all, TAAR1/Taarl trafficking studies remain limited for the difficulty in expressing it stably in
heterologous systems (Grandy 2007). Although the prevalent view is that it retains an intracellular
localisation in several different cellular model systems, the exact transport pathways of TAARL,
its main subcellular localisation along the secretory route, and whether it has the ability, or the
need, to dimerise or oligomerise with itself, or with other GPCRs, for productive transport to the
cell surface remain an important field for investigations. Moreover, our recent discovery that Taarl
localises to the apical plasma domain of thyroid epithelial cells in situ, and rat Taarl is present at
the primary cilia of Fischer rat thyroid (FRT) cells in vitro (Szumska et al. 2015), challenges the
notion of Taarl being a predominantly intracellular receptor, at least in polarised thyroid epithelial
cells, which were never addressed by trafficking studies before. Primary cilia are plasma
membrane appendages on the apical pole of well-differentiated epithelial cells that anchor and,
thereby, provide a signalling platform to GPCRs (Gerdes et al. 2009, Louvi and Grove 2011).
Hence, our observation of endogenous Taarl localisation to primary cilia might suggest a
signalling role of this GPCR in rodent thyrocytes (Szumska et al., 2015). Importantly, ciliary Taarl
localisation suggests that Taarl follows the classical transport route of secretory proteins, namely
from its synthesis site at the endoplasmic reticulum (ER), through the ER-Golgi intermediate
complex (ERGIC), the Golgi apparatus, and the trans-Golgi network (TGN), to finally reach the
plasma membrane, which is the canonical localisation for GPCRs where they can encounter

extracellular ligands (Duvernay et al. 2005).
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This study was therefore designed to test the proposal of Taarl being transported along the
secretory pathway and pulse-chase was performed to elucidate the trafficking of mouse Taarl
from the TGN onwards while it is heterologously and stably expressed in human Nthy-ori 3-1 and
KTC-1 thyroid cell lines, the latter bearing characteristics of well-polarised epithelial cells. To this
end, a construct coding for mouse Taarl tagged with EGFP on its C-terminus was used to stably
express mTaarl-EGFP in normal human thyroid epithelial (Nthy-ori 3-1) and human papillary
thyroid carcinoma (KTC-1) cell lines in order to establish an in vitro model to study Taarl
trafficking in thyrocytes. Nthy-ori 3-1 is a well-studied human thyroid follicular epithelial cell line,
which retains functional differentiation in that it is capable of iodide-trapping and thyroglobulin
(TG) secretion (Lemoine et al. 1989). KTC-1, on the other hand, are poorly differentiated papillary
thyroid carcinoma cells that, despite not expressing TSHR, thyroid peroxidase (TPO) and sodium
iodide symporter (NIS), retain high transcript levels of TG, TTF-1 and paired box gene 8 (PAX8)
relative to other thyroid cancer cell lines (Kurebayashi et al. 2000, Schweppe et al. 2008, Suzuki
et al. 2011). Additionally, these cells maintain a certain degree of epithelial polarity, supported by
the prevalence of tight junction proteins, such as claudin-1, E-cadherin and occludin, in the lateral
plasma membrane of the cells (Tedelind et al. 2011). Therefore, both cell lines were deemed
appropriate as models for a functionally differentiated versus polarised, structurally differentiated
human thyrocytes.

Immunocytochemical analysis revealed mTaarl-EGFP to localise to ciliary membranes in
polarised KTC-1 cells, stably mTaarl-EGFP-expressing. Surface localisation of mTaarl-EGFP
was also observed in stably mTaarl-EGFP-expressing Nthy-ori 3-1 cells. This may suggest that
mouse Taarl contains a cell surface targeting sequence. mTaarl-EGFP was additionally
observed in vesicular structures. Moreover, biochemical analyses indicated homodimerisation
and tetramerisation of mTaarl-EGFP in vitro. Therefore, oligomerisation might either be a
prerequisite of Taarl transport to the plasma membrane, or it may serve as a requirement of

keeping it at this site for canonical GPCR signalling.

Materials and Methods

Vector construction
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Plasmids coding for mouse Taarl, Taar5 or Taar8b, with an HA-tag fused to the N-terminus,
cloned into a pcDps expression vector (pHA-mTaarl, pHA-mTaar5 and pHA-mTaar8b) were
described previously (Muhlhaus et al. 2014, Dinter et al. 2015).

These plasmids were used as templates to amplify mouse Taarl, Taar5 or Taar8b cDNA
sequences minus the stop codon, provided with overhangs complementary to the Xhol and
BamHI restriction sequences. They were ligated into the linearised pEGFP-N1 (Clontech,
Heidelberg, Germany) expression vector using T4 DNA ligase (Thermo Scientific) in the presence
of ATP-containing reaction buffer (Thermo Fisher) for 15 min at room temperature, following which
it was immediately used to transform competent E.coli DH5a cells. Kanamycin-resistant clones
were used to isolate plasmid DNA using NucleoSpin® Plasmid EasyPure (740727. Macherey-
Nagel) or GeneJET Plasmid Midiprep Kit (K0482, Thermo Fisher Scientific). The resultant
plasmids coded for chimeric proteins with full-length mouse Taarl, Taar5 or Taar8b, covalently
connected to the EGFP tag by a 12 amino acid long spacer peptide linker (pmTaarl-EGFP,
pmTaar5-EGFP and pmTaar8b-EGFP, respectively). Primer sequences, PCR settings, construct
maps and sequence alignments are provided as supplementary data. Sequences were confirmed
using standard pEGFP-N1 forward and reverse primers at Eurofins Genomics, Ebersberg,

Germany.

Similarly, the sequence coding for full length mouse Taarl lacking the stop codon was inserted
into a modified puc2CL6lpwo lentiviral vector (Hanenberg et al. 1996, Hein et al. 2014) at Xhol
and Agel sites of insertion (5’-end and 3’-end, respectively), to obtain a construct coding for the
chimeric protein consisting of full length mouse Taarl, covalently connected to the EGFP tag by
a 12 amino acid long spacer peptide linker (mTaarl-EGFP in puc2CL6Ipwo). Sequences were
confrmed using oSFO031Fwd (5- CGGCGCGCCAGTCCTCCG) and o0SF031Rev (5-
TAGACAAACGCACACCGG) sequencing primers at Eurofins Genomics.

Cell culture

Fisher rat thyroid (FRT) cells were grown at 37°C and 5% CO. in F-12 Coon’s media (F-6636,
Sigma), containing 31.9 mM NaHCOgs;, supplemented with 5% Foetal Bovine Serum (FBS; F7524,
Sigma), 10 pg/ml insulin (16634, Sigma), 5 ug/ml transferrin (11107-018, Invitrogen, Darmstadt,
Germany), 10 ng/ml somatostatin (S1763, Sigma), 10 ng/ml glycyl-histidyl-lysine (Sigma), and 10
nM hydrocortisone (H-0135, Sigma). KTC-1 (Kurebayashi et al. 2000) and Nthy-ori 3-1 (Lemoine
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et al. 1989) (Nthy-ori for short) cells were cultured in RPMI 1640 medium, containing 2 mM
glutamine (BE12-702F, Lonza, Verviers, Belgium), supplemented with 10% FBS, 100 U/ml
penicillin and 0.1 mg/ml streptomycin (P0781, Sigma), at 37°C and 5% CO; in a moisturised
atmosphere (unless specified otherwise). HEK 293T cells (ACC 635, DSMZ, Braunschweig,
Germany), were cultured in Dulbecco’s modified Eagle’s medium (DMEM; BE12-604F, Lonza),
containing 2 mM glutamine and 10% FBS.

For trafficking studies, KTC-1 and Nthy-ori cells stably expressing mTaarl-EGFP (consequently
referred to as KTC-Z and Nthy-Z, respectively, as explained below were grown on sterile cover
slips in 10 cm Petri dishes until confluent, then incubated overnight at 18°C in Gibco’s CO»-
independent culture medium (18045, Thermo Fisher Scientific) with 10% FBS and 1 pg/ml
puromycin, following which they were shifted to 37°C. Cells were fixed in 4% PFA in 200 mM
HEPES, pH 7.4, at t= 0 min, 15 min, 30 min, 45 min, 1.0 hr, 1.5 min, 2.0 hr, 3.0 hr and 4.0 hr,
respectively, post temperature shift, and immunolabelled with compartment-specific markers, as

described below.

Transient transfection

Cells were incubated in 1 ml 0.25% trypsin in EDTA (T4549, Sigma) solution at 37°C until they
detached. They were washed in PBS, then 1 x 10° cells were resuspended in 150 pl cytomix
solution (120 mM KCI, 10 mM KHzPO4, 5 mM MgCl,, 25 mM HEPES, 2 mM EGTA, 2 mM ATP
(A-2383, Sigma), and 5 mM oxidised glutathione (G4626, Sigma), pH 7.2 ) (van den Hoff et al.
1992) with 10 yg DNA. FRT cells were pulsed twice at 700V for 200 us using a multiporator
(Eppendorf). Following 10 min recovery on ice, cells were seeded onto sterilised cover slips in 6-
well plates, at a density of approximately 5 x 10° cells per 2 ml media per well. Cells were fixed
in 4% paraformaldehyde (PFA) in 200 mM HEPES, pH 7.4, for 10 min at room temperature, at 48

hr post transfection.

Lentiviral transduction

Transduction was performed as described previously (Hanenberg et al. 1996, Halenius et al.
2011, Hein et al. 2014). In brief, HEK 293T cells were transfected with 6 pg of each of the following
plasmids: puc2CL6IP-mTaarl-EGFP, pCDNL-BH and vesicular stomatitis virus G, with 45 pl
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polyethylenimine, branched (PEI; 408727 Sigma-Aldrich) solution (1mg/ml) as a transfection
reagent. The virion-rich supernatant of HEK 293T cells was collected 48 hr post-transfection and
filtered through a 0.45 um filter before being applied to 70% confluent KTC-1 and Nthy-ori cells.
Following transduction, KTC-1 And Nthy-ori cells were selected with 1 pg/ml puromycin (0240.2,
Carl Roth, Karlsruhe, Germany) in medium.

Henceforth, the acronyms KTC-Z and Nthy-Z will be used when referring to transduced, mTaarl-
EGFP-expressing KTC-1 and Nthy-ori cells, respectively. KTC-Z and Nthy-Z cells were cultured
in RPMI 1640 medium with 10% FBS, in the presence of penicillin and streptomycin, and
additionally supplied with 1 pg/ml puromycin.

Cytochemistry and indirect immunofluorescence

Following fixation, cells were washed 3 x 5 min by incubation with calcium- and magnesium-free
PBS (CMF-PBS) consisting of 0.15 M NaCl, 2.7 mM KCI, 1.5 mM NaH2PO4, 8.1 mM NaxHPO4,
pH 7.4.

Cover slips were incubated with primary antibodies diluted in 0.1% bovine serum albumin (BSA,
3854, Carl Roth) in CMF-PBS overnight at 4°C. For compartment-specific immunolabelling,
mouse anti-human GM130 (1:100; 610822, BD Transduction Laboratories), mouse anti-rat
acetylated a-tubulin (1:100; T7451, Sigma-Aldrich), and mouse anti-human LAMP-2 (H4B4,
DSHB) antibodies were used. In order to label cell surface glycoproteins, cells were treated with
10 pg/ml of biotin-conjugated Concanavalin A (ConA) from Canavalia ensiformis (C2272, Sigma-
Aldrich) for 30 min at 4°C.

After washing with 0.1% BSA in CMF-PBS, cells were incubated with Alexa 546-conjugated
secondary antibodies (1:250; Molecular Probes, Karlsruhe, Germany), or with Alexa Fluor® 546-
conjugated streptavidin (S-11225, Molecular Probes) for ConA label detection, for 1 h at 37°C
together with 5 uM of the nuclear counterstain Drag5™ (Biostatus Limited, Shepshed, UK).

Specific antibodies were omitted in negative controls.

The cells on coverslips were mounted with embedding medium consisting of 33% glycerol, 14%
Mowiol in 200mM Tris-HCI, pH 8.5 (Hoechst AG, Frankfurt, Germany). The slides were analysed
with a confocal laser scanning microscope equipped with Argon and Helium-Neon lasers (LSM

510 Meta; Carl Zeiss Jena GmbH, Jena, Germany). Images were obtained at a pinhole setting of
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1 Airy unit and at a resolution of 1024 x 1024 pixels. Micrographs were analysed with the LSM
510 software, release 3.2 (Carl Zeiss Jena GmbH).

Cell lysate preparation, SDS-PAGE and immunoblotting

Cells were washed thrice in ice cold PBS, following which they were scraped off the 10 cm Petri
dishes and collected in 500 pl lysis buffer, consisting of 50mM Tris (pH 6.8) with 0.2% TX-100
and supplemented with protease inhibitors (0.2 ug/ml aprotonin, 10 uM E-64 and 1 uM pepstatin
A and 2 mM EDTA). The cell suspension was then incubated for 1 hr at 4°C with constant rotation,
then, lysates were cleared by centrifugation for 10 min at 10,000 g at 4°C. The supernatant was
collected and protein content was determined according to the Neuhoff assay (Neuhoff et al.
1979).

Protein samples were prepared in Laemmli sample buffer (Laemmli 1970) (50mM Tris-HCI (pH
7.6), 2.5% sodium dodecyl sulphate (SDS), 125mM dithiotreitol (DTT), 50% glycerine, 125 ug
bromophenol blue) and heated for 5 min at 95°C prior to loading onto 12.5% SDS-polyacrylamide
gels, which were then semi-dry blotted onto nitrocellulose membranes (Kyhse-Andersen 1984).
Pre-stained protein standards covering a broad range of 11-245 kDa (#P7712S, NEB) were used

as molecular mass markers.

Unspecific binding sites were blocked in 5% blotting grade milk powder (T1452, Roth) in PBS-
special buffer (pH 7.5) containing 0.3% Tween-20 (9127.2, Roth) (PBS-T) solution overnight at
4°C, except for samples subjected to biotinylation, which were blocked in a 3% BSA in PBS-T
solution instead. Membranes were incubated in primary antibodies, i.e. rabbit anti-GFP (ab209,
Abcam) or mouse anti-GFP (#1814460, Roche) diluted in PBS-T were used overnight at 4°C,
washed in PBS-T buffer 6 x 5 min on a shaker at room temperature, then incubated with goat
anti-rabbit or goat anti-mouse (respectively), horseradish (HRP)-conjugated IgG secondary
antibody for one hour while constantly rotating at room temperature. Alternatively, the membranes
were incubated in streptavidin-peroxidase (S-5512, Sigma) in PBS-T. Following the washing
steps, membranes were incubated with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (34580, Thermo Scientific, Rockford, IL, USA) for 2 min at room temperature, and
scanned using C-DiGit Blot Scanner from Li-COR Biosciences and the Image Studio Lite software
version 5.2 (Lincoln, NE, USA).
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Cell surface biotinylation

Cell surface biotinylation was performed according to a modified protocol described elsewhere
(Brix et al. 1998). In brief, KTC-1, KTC-Z, Nthy-ori and Nthy-Z cells were cultured in biotin-free
medium (DMEM + 10% FBS, additionally with 1 pg/ml puromycin for transduced "Z" cells)
continuously for 14 days prior to commencing the experiments. Cells were grown in 10 cm Petri
dishes until ~70% - 90% confluent. The cells were then washed in cold PBS 2 x 30 min, then
incubated with 200 pg/ml biotinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium
salt (B1022, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in PBS solution for 1 hr at 4°C
with gentle shaking. Non-biotinylated controls were incubated in parallel in PBS only. The cells
were then briefly rinsed in PBS, then washed with 10mM L-lysine (L5501, Sigma-Aldrich,
Switzerland) in PBS solution 4 x 10 min to quench unbound biotin. Finally, the cells were
incubated in lysis buffer (50 mM Tris, pH 6.8, with 0.2% TX-100, containing protease inhibitors as
specified above), and collected in 2 ml microcentrifuge tubes to complete cell lysis and protein
extraction, as described above. Cell lysates were subsequently used for SDS-PAGE and

immunoblotting (see above).

Molecular mass calculation

The predicted molecular masses of mouse Taarl, the chimeric mTaarl-EGFP, and human

TAAR1 were calculated using the SIB Swiss Institute of Bioinformatics ExXPASy “Compute pl/Mw
tool” (https://web.expasy.org/compute pi/).

Results

Having previously shown Taarl to localise at the apical plasma membrane of mouse thyroid
epithelial cells in situ, as well as on ciliary appendages of FRT cells in vitro (Szumska et al. 2015),
this study was designed to investigate Taarl subcellular localisation and trafficking in human

thyroid epithelial and carcinoma cells in vitro.

FRT cells are normal rat thyroid epithelial cells, characterised by maintaining highly polarised
states, and featuring a single cilium at their apical plasma membrane. FRT cells grow in a tight

monolayer before eventually forming domes and follicle-like structures once confluence is
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reached. However, they lack the thyroid transcription factor-1 (TTF-1), do not express the Tshr
and produce little thyroglobulin (Tg), they hence lack the functional properties of a typical
thyrocyte (Zurzolo et al. 1991, Mascia et al. 1997, Tonoli et al. 2000).

The mouse Taarl is a 332 amino acids long, 7-transmembrane GPCR, with extracellular N-
terminus and a cytoplasmic C-terminal tail (Figure 1A). In the present study, N-terminally HA-
tagged or C-terminally EGFP-tagged mouse Taarl, Taar5 or Taar8b chimeras were transiently
co-expressed in FRT cells. A schematic diagram highlighting the position of either tags relative to

the protein’s transmembrane orientation is given in (Figure 1B).

Co-expression of related but differently tagged Taar molecules results in trafficking of Taarl to

cilia of FRT cells

Taar proteins have been classified into 3 phylogenetic subgroups (Lindemann et al. 2005).
Consequently, Taar5 and Taar8b were chosen as representatives of the two other phylogenetic
subgroups, besides Taarl. Contrary to Taarl, cell surface expression has been reported for both
Taar5 and Taar8b in transiently expressing HEK 293 cells (Mlhlhaus et al. 2014, Dinter et al.
2015). However, only Taarl has been shown to be expressed in thyroid epithelial cells (Szumska
et al. 2015). When singly and transiently expressed in FRT cells, mTaarl-EGFP signal appeared
in a predominantly reticular and vesicular distribution in steady state (Figure 2A).

Next, we sought to test for Taar heterodimerisation and its effect on Taar trafficking to the cell
surface. To this end, an EGFP-tagged Taar was paired with an HA-tagged Taar for co-expression
studies. Our results show that co-expressing mTaarl-EGFP with HA-Taar8b results in their
colocalisation at patchy plasma membrane sub-domains (Figure 3A). Furthermore, co-expressing
mTaar5-EGFP and HA-Taar8b resulted in their colocalisation on what resembled ciliary
extensions (Figure 3B). Collectively, these observations suggest that Taar co-expression,
presumably resulting in oligomerisation, promotes trafficking to the cell surface, or that high
protein amounts are required to trigger efficient transport in vesicles destined to reach the plasma
membrane. Indeed, FRT cells expressing mTaar5-EGFP only, revealed surface localisation in
addition to reticular localisation (Figure 2B), indicating Taar5 to traffic more efficiently to the

plasma membrane than Taarl.

Therefore, to test the hypothesis of cells requiring translation of sufficiently high protein amounts

to favour oligomerisation-driven cell surface transport and to be able to perform biochemical
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analyses, stable mTaarl-EGFP expression was favoured over transient expression. This was

achieved by transducing human KTC-1 and Nthy-ori thyroid cell lines to express mTaarl-EGFP.

Chimeric mTaarl-EGFP is abundant in dimeric and tetrameric form in KTC-Z and Nthy-Z cells

The predicted molecular mass of mouse Taarl equals 37.6 kDa, and mTaarl-EGFP is 65.8 kDa,
disregarding potential post-translational modifications like through usage of N-glycosylation sites.

Similarly, the predicted molecular mass of human TAAR1 is 39.1 kDa.

Proteins of whole cell lysates of KTC-Z and Nthy-Z, versus the non-transduced KTC-1 and Nthyr-
ori controls, respectively, were separated on 12.5% SDS-PAGE and immunolabelled with GFP-
specific antibodies. Immunolabelling revealed anti-GFP positive bands prominently at an
apparent molecular mass of 155 kDa and 276 kDa in Nthy-Z and KTC-Z lanes only. These
molecular masses, when divided by 65.8, the predicted molecular mass of the monomeric
chimera, yielded 2.35 and 4.19, respectively, suggesting mTaarl-EGFP exists in SDS-resistant
dimeric and tetrameric forms (Figure 4). The said molecular masses represent an average of
apparent molecular mass values, determined from the exponential equation of retardation factor

(Ry) values plotted against the molecular masses of the protein ladder.

Additionally, a band at ~27 kDa was seen in mTaarl-EGFP-expressing cells only, corresponding
to the size of EGFP, indicating cleavage of the EGFP tag by mTaarl-EGFP degradation which
additionally seems to yield a protein of ~52 kDa. Therefore, the anti-GFP immunoblot was
subsequently stripped and re-incubated with anti-Taarl antibodies and the two immunoblots
compared (Figure 5). The band at 52 kDa was identified with both anti-GFP and anti-Taarl
antibodies in Nthy-Z cell and KTC-Z cell lysate, respectively, suggesting degradation products of
the chimeric protein. In addition to the bands positive for anti-GFP, the anti-Taarl immunoblot
revealed a band at ~41 kDa in both mTaarl-EGFP-expressing and non-expressing cells most
likely represents endogenous TAARL1 (Figure 5B), as well as an anti-Taarl-positive band at ~72
kDa in Nthy-Z and Nthy-ori cell lysates, which may represent the endogenous TAAR1 homodimer
(2 x 39.1 = 78.2 kDa).

Alternatively, Nthy-Z and KTC-Z cells, as well as their non-mTaarl-EGFP-expressing Nthy-ori
and KTC-1 controls, were subjected to cell surface biotinylation with long chain biotin, i.e.
biotinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt was used at 4°C, that
is, under endocytosis-blocking conditions. Lysates from cell surface biotinylated cells, as well as

lysates from non-biotinylated controls, were run on 12.5% SDS-PAGE and either immunolabelled
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with GFP-specific antibodies, or incubated with HRP-conjugated streptavidin. The results are
demonstrated in (Figure 6), showing that the proportion of biotinylated proteins corresponding in
size to the 276 kDa and 155 kDa mTaarl1-EGFP tetramer and dimer, respectively, were prevalent
in Nthy-Z and KTC-Z cells. This provides indirect evidence that a subset of mTaarl-EGFP dimers

and tetramers are localised on the cell surface.

Transport of mTaarl-EGFP in transduced, polarised thyroid epithelial cells results in its targeting

to and localisation at cilia

When steadily incubated at 37°C, Nthy-Z and KTC-Z exhibit a reticular pattern of mTaarl-EGFP
distribution (Figure 7A-B), besides an occasional cell surface localisation in sub-confluent cultures
(Figure 7A).

In order to further elucidate mTaarl-EGFP trafficking in these cell lines, Nthy-Z and KTC-Z cells
were grown on cover slips to >70% confluence and incubated at 18°C to inhibit anterograde
trafficking of proteins along the secretory pathways from the trans-Golgi network onwards. Cells
were incubated for a minimum of 8 hours, and up to 17 hours, at 18°C prior to shifting back to
37°C to restore the microtubule polymerisation/depolymerisation dynamics from the perinuclearly
located microtubule-organising centre, therefore re-enabling post-TGN vesicle trafficking (Gierke
et al. 2012). Following incubation at 18°C, mTaarl-EGFP was abundant in the perinuclear region,
i.e. inthe ER, as indicated by the green mTaar1-EGFP signal surrounding the nuclei and outlining
the nuclear envelope, as well as in the Golgi, as evident from colocalisation of the mTaarl-EGFP
signal with that of the cis-Golgi marker GM130 (Figure 8). Moreover, mTaarl-EGFP was observed
as puncta in the cytoplasm of both KTC-Z and Nthy-Z cells (Figure 8A-B, arrows), which may
represent vesicles at the ER-exit sites of the ER-Golgi intermediate compartment (ERGIC) or
secretory vesicles in transit to the cell surface. Ciliary localisation of mTaarl-EGFP was
maintained even at 18°C in the polarised KTC-Z cells, as evident from the colocalisation with the
ciliary marker acetylated-a-tubulin (Piperno et al. 1987, Szumska et al. 2015) (Figure 9). The latter
observation suggests that the half-life t1» of Taarl exceeds 17 hours. In addition, the results
suggest that cilia once established in KTC-Z cells are not affected by temperature shifts, which is
consistent with the understanding that microtubules of primary cilia are rendered cold-induced
disassembly stable by the binding of MAP6 proteins (Dacheux et al. 2015). To see whether
mTaarl-EGFP reached lysosomal compartments for degradation, cells were immunolabelled with
LAMP-2. Partial colocalisation of mTaarl-EGFP with the lysosomal marker LAMP-2 was

occasionally observed in KTC-Z cells, which was most distinct at 30 min post shift from 18°C to
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37°C (Figure 10), indicating targeting of the chimeric GPCR-EGFP protein for lysosomal
degradation, at least in some proportion of the total expressed chimeric protein.

The ER, Golgi, and vesicular distribution of mTaarl-EGFP prevailed in both cell lines for the
duration of the experiment, i.e. up to 4 hours post shifting the cells back to 37°C. A distinct cell
surface localisation of mTaarl-EGFP was observed through co-localisation with ConA-stained
cell surface constituents in some Nthy-Z cells, especially at 45 min following TGN release
onwards (Figure 11). It should be noted that the chimeric protein persisted in KTC-Z cells upon
recovery from the 18°C transport block, particularly on ciliary extensions (Figure 12), consistent
with cilia being resistant to cold temperature conditions, as mentioned.

Discussion

Previously conducted studies by other groups, involving heterologous expression of Taarl in
various cellular model systems, demonstrated Taarl to retain an intracellular localisation pattern,
which led to speculations that Taarl functions as a GPCR signalling from within intracellular
compartments, rather than from the cell surface (Bunzow et al. 2001). Alternatively, this may
suggest Taarl to require interaction with another protein to facilitate trafficking to the cell surface,
a phenomenon known for many of the GPCRs (Panetta and Greenwood 2008, Milligan 2009,
Smith and Milligan 2010). Indeed, TAAR1 has been shown to form functional dimers with TAAR2
in human leukocytes (Babusyte et al. 2011), as well as with the human dopamine receptor when
co-expressed in HEK 293 cells (Espinoza et al. 2011). Moreover, the majority of studies reporting
on TAAR1/Taarl trafficking and subcellular localisation to date involved introducing modifications
to the N-terminus of the TAAR1 sequence, often to promote its transport to the plasma membrane
(Bunzow et al. 2001, Miller et al. 2005, Barak et al. 2008). We hereby present a model in which
the N-terminus of Taarl remained unaltered; however, a covalently linked EGFP tag was

introduced at the protein’s C-terminus.

FRT cells co-expressing mTaarl-EGFP and HA-Taar8b were shown to localise the GPCRs in a
patchy pattern reminiscent of lipid raft-like microdomains, as opposed to a predominantly reticular
distribution in cells expressing mTaarl-EGFP only. These results thus indicate that Taarl
heterodimerisation with another protein of the Taar-family enhances its trafficking to the cell
surface. In support of that proposal, co-expression of mTaar5-EGFP with HA-Taar8b resulted in
ciliary localisation of the molecules. However, FRT cells expressing mTaar5-EGFP only, also

exhibited its localisation at the plasma membrane, namely in what resembles lipid raft-like
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microdomains or ciliary extensions, suggesting that Taar5 traffics to the surface of well-polarised
thyroid epithelial cells more readily than Taarl. The latter may be attributed to the fact that mTaar5
contains the amino acid sequence “FRKALKLLL”, in its C-terminus, which corresponds to the
F(X)eLL C-terminal motif that was identified to promote GPCR trafficking to the cell surface
(Duvernay et al. 2009). This particular motif is absent in the C-terminus of mouse Taarl and
Taar8b.

Although mTaarl-EGFP signal was largely observed as puncta or in a reticular pattern, as well
as in the Golgi, a subset of mTaarl-EGFP signal was observed on the surface of both Nthy-Z and
KTC-Z cells, indicating that mTaarl-EGFP does, after all, successfully traffic to the cell surface.
However, because the ratio of cell surface to perinuclear mTaarl-EGFP signal is very low, some
of the surface localised mTaarl-EGFP can go undetected in fluorescence microscopy because
the relative contribution of mTaarl-EGFP from within perinuclear organelles appears to obscure

the much weaker signal derived from cell surface located chimeras.

The trafficking of mTaar1-EGFP to lipid raft-like microdomains or ciliary extensions in transfected
FRT and in the stably expressing KTC-Z cells supports our previously reported observations that
endogenous Taarl localises on cilia of FRT cells, and on the apical plasma membrane domain of
mouse thyroid epithelial cells in situ (Szumska et al. 2015). This fact is strongly suggestive of
Taarl serving a role in thyroid regulation, because the apical plasma membrane domain of
thyrocytes faces the thyroid follicle lumen into which the cilia extend and where thyroglobulin, the
precursor protein of thyroid hormones, is stored in high concentrations. Therefore, exposing the
Taarl to the extracellular environment opens up the possibility that Taarl could potentially serve
as a sensor to intraluminal molecular alterations. Such changes in the composition of the thyroid
follicle lumen are readily achieved upon thyrocyte stimulation with TSH, hence, thyroglobulin
degradation may result in the generation of thyronamine precursors, which eventually may be
rendered into thyronamines upon cellular uptake and cytosolic conversion before re-export into
the lumen, where they can, in principle, act as intra-thyroidally generated Taarl agonists
(Szumska et al. 2015). This suggestion of an intra-follicular mechanism of Taarl ligand generation
and Taarl signalling from apically located cilia may contribute to regulating thyroid function in a
non-canonical form (Szumska et al., 2015; commented in Brix et al., in press). Support of this
hypothesis comes from our recent investigations describing the thyroid phenotype of Taarl-
deficient mice, which is mild but affects TSH receptor localisation in particular (Qatato/Szumska

et al., submitted).
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Conclusion

This study was conducted by expressing a mouse Taarl chimera with a C-terminal EGFP tag
fused via a short linker peptide. We conclude that KTC-1 and Nthy-ori cells stably expressing
mTaarl-EGFP provide a suitable model to study Taarl trafficking and localisation in thyrocytes.
We report that chimeric mTaarl-EGFP, when expressed in rat and human thyrocytes in vitro, is
transported to the cell surface and is preferentially targeted to the primary cilia of polarised
thyrocytes. We also report that mTaar1-EGFP forms homo-oligomers, whereby it is predominantly
found in the dimeric and tetrameric forms, in stably expressing KTC-1 and Nthy-ori cells. We
propose these cellular models to be suited for signalling studies that are beyond the scope of the

present investigation, and will be conducted in future.

The current study mainly focused on the anterograde trafficking of mTaarl-EGFP from the trans-
Golgi network to the cell surface. For future studies, we will rely on these established cellular
models to further elucidate mTaar1 oligomerisation and its effect on the receptor’s transport to
the plasma membrane and to cilia in particular, as well as measure mTaarl turnover rates, i.e.
analyse its re-entry by endocytosis and subsequent fates like receptor recycling or endo-
lysosomal degradation. Moreover, we intend to perform functional assays to study mTaarl
signalling in vitro, and its implication in regulation of thyroid function. In line with this notion, we
have recently discovered that Taarl is needed to maintain the basolateral localisation of the Tshr
in vivo, suggesting that Taarl functionally serves as a co-regulator in the hypothalamic-pituitary-

thyroid feedback loop (Qatato/Szumska et al., submitted).
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Figure 1: (A) A schematic diagram of the structural topology of the mouse Taarl, a 332 amino
acid long protein, consisting of 7 transmembrane domains (blue), 4 extracellular domains (yellow),
and 4 cytoplasmic domans (orange). A putative N-linked glycosylation site on the ninth residue
and a disulphide bond connecting the second and third extracellular domains are indicated. The
diagram is designed according to annotations in the UniProt entry Q923Y8 (TAAR1 _MOUSE).
(B) A schematic diagram showing the position of the tag in the different Taar chimeric protein,
whereby plasmids pHA-mTaarl, pHA-mTaar5 and pHA-mTaar8b code for an HA-tag fused to the
extracellular N-terminus of the 7-transmembrane Taar protein, as opposed to the pmTaarl-EGFP,
pmTaar5-EGFP, and pmTaar8b-EGFP, which encode the respective Taar protein with a fused

EGFP-tag on the cytoplasmic C-terminus of the Taar protein.
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Figure 2: (A) mTAAR1-eGFP has a reticular localisation in FRT cells, indicating mTaarl-EGFP
(green) to be primarily confined to the endoplasmic reticulum when singly expressed in FRT cells.
Image overlaid with phase contrast. . (B) FRT cells expressing mTaar5-EGFP (green), which
frequently localises at cilia (arrows) and associated with lipid raft-like microdomains (arrowheads).
Bottom panels provide single fluorescence channels for mTaar5-EGFP (left) and Dragb™ as
nuclear counter-stain (middle), and phase contrast (right). Scale bar represents 10 um in (A) and
50 um in (B).
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Figure 3: Co-expressing Taars in FRT cells enhances trafficking to lipid raft-like microdomains

mTaar5-EGFP

and the ciliary membrane. FRT cell co-expressing mTaarl-EGFP (green) and HA-Taar8b,
labelled with Taar8-specific antibodies (red) show colocalisation at lipid raft-like microdomains
(yellow), image is overlaid with phase contrast to outline the cell (A). FRT cell co-expressing
mTaar5-EGFP (green) and HA-Taar8b, labelled with Taar8-specific antibodies (red) show
colocalisation at the cilium (yellow), viewed from the top in (B) and as side view in (C),
demonstrating the protrusion of the cilium from the cell. Single channel fluorescence are provided
in the bottom panels, left to right: mTaarl-EGFP, Taar8b, and Dragb™ as nuclear counter-stain
(A), and mTaar5-EGFP, Taar8b, and Drag5™ in (C). Scale bars represent 10 uym.
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Figure 4: mTaarl-EGFP forms dimers and tetramers in stably expressing KTC-Z and Nthy-Z cells.
Cells lysates prepared from stably mTaarl-EGFP-expressing KTC-Z and Nthy-Z cells were
separated by 12.5% SDS-PAGE alongside lysates from non-transduced KTC-1 and Nthy-ori cells
used as negative controls. Membranes immunolabelled with polyclonal rabbit-anti-GFP (abcam)
(A), and monoclonal mouse-anti-GFP (Roche) (B) show two prominent GFP-specific bands at
approximately 276 kDa and 155 kDa. In (A), an additional band of 27 kDa is seen, equivalent to
the molecular mass of EGFP. The molecular masses were measured from 6 separate anti-GFP
immunoblots (C), to give an average of 276 kDa and 155 kDa. These values, when divided by
65.8 kDa (the predicted molecular mass of the mTaarl-EGFP chimera), yield 4.19 and 2.36,
indicating tetrameric and dimeric complexes, respectively.
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Figure 5: Comparison of GFP-positive immunoblot (A) to mouse Taarl-positive immunoblot (B).
In (A), the major GFP-immunopositive bands representing the tetrameric and dimeric mTaarl-
EGFP at the apparent molecular mass of 275 kDa and 155 kDa are seen, respectively (lanes 2,
4 and 6 in A). In addition, a fainter bands at 52 kDa (lane 2), which may either be the monomeric
mTaarl-EGFP, or a degradation product. These bands can also be traced on the Taarl
immunoblot (B) for Nthy-Z and KTC-Z cells, but not their negative controls. The Taarl immunoblot
also shows Taarl-immunopositive bands at 72 kDa in Nthy-ori (lane 1) and Nthy-Z (lane 2) cells,
and at 41 kDa in all cell lines, which may represent the dimeric and monomeric form of the
endogenous TAARL, respectively.
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Streptavidin

Figure 6: A subset of mTaarl-EGFP dimers and tetramers reaches the surface of Nthy-Z and
KTC-Z cells. Nthy-Z and KTC-Z cells were subjected to cell surface biotinylation (+) or not (-), and
cell lysates separated on 12.5% SDS-PAGE and either immunolabelled with GFP-specific
antibodies (top), or labelled with streptavidin conjugated to HRP (bottom). Streptavidin-positive
bands equivalent to the GFP-positive bands at 276 kDa and 155 kDa can be traced on the
streptavidin blot, suggesting that dimeric and tetrameric mTaarl-EGFP may be among those
surface biotinylated proteins. The fact that the streptavidin bands are fainter in Nthy-Z cells,
compared to the strong GFP-positive bands, suggests that only a small subset of mTaarl-EGFP
may be localised on the surface. On the other hand, a stronger streptavidin signal is seen in KTC-
Z cells, suggesting that more mTaarl-EGFP may be reaching the cell surface in KTC-Z than in
Nthy-Z cells.
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mTaar1-EGFP mTaar1-EGFP

Figure 7: mTaarl-EGFP is predominantly localised in the perinuclear regions of Nthy-Z and KTC-
Z cells at 37°C. mTaarl-EGFP signal can be seen spread out in a reticular pattern, as well as
outlining the nuclei (*) in both Nthy-Z (A) and KTC-Z (B) cells. Additionally, mTaarl-EGFP can be
seen on the surface of Nthy-Z cells (arrows), and in the Golgi (arrowheads). Scale bars represent

20 pm.
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Figure 8: mTaarl-EGFP is localised in the Golgi and as puncta in Nthy-Z and KTC-Z cells directly

following incubation at 18°C. Fixed cells were labelled with antibodies against the cis-Golgi marker
GM130 (red). The presence of mTaarl-EGFP (green) in the Golgi of both Nthy-Z (A) and KTC-Z
(B) cells is evident from its colocalisation (yellow) with GM130. mTaarl-EGFP is also seen
distributed in a reticular pattern and as puncta (arrows), which may represent ER-Golgi
intermediate compartments or ER exit sites. Single channel fluorescence are provided in the
bottom panels, left to right: mTaarl-EGFP, GM130, and Drag5™ as nuclear counter-stain. Scale
bars represent 20 pum.
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Figure 9: mTaarl-EGFP is localised in the ciliary membrane of KTC-Z cells directly following
incubation at 18°C. Fixed cells were labelled with antibodies against the ciliary marker acetylated-
a-tubulin (red). Square in (A) outlines the cell magnified in (B). The presence of mTaarl-EGFP
(green) on the cilia of KTC-Z cells is evident from its colocalisation (yellow) with acetylated-a-
tubulin. Single channel fluorescence are provided in the bottom panels, left to right: mTaarl-

EGFP, acetylated-a-tubulin, and Drag5™ as nuclear counter-stain. Scale bars represent 20 um.
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Figure 10: mTaarl-EGFP partially colocalised with LAMP-2 in the lysosomes of KTC-Z cells. Cells
were fixed and immunolabelled with the lysosomal marker LAMP-2. mTaarl-EGFP (green)
partially colocalised with LAMP-2 (red) in lysosomal compartments (yellow) at 30 min past shift
from 18°C to 37°C. Single channel fluorescence are provided in the bottom panels, left to right:
mTaarl-EGFP, LAMP-2, and Drags™ as nuclear counter-stain. Scale bar represents 20 pum.
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Nthy-Z
t=45 min

Figure 11: mTaarl-EGFP colocalises with concanavalin A staining on the surface of Nthy-Z cells.
Fixed cells were stained with lectin concanavalin A (ConA). mTaarl-EGFP (green) colocalised
with ConA (red) on the cell surface (arrows) at 45 min (A) and 1.5 hr (B) past shift from 18°C to
37°C. Single channel fluorescence are provided in the bottom panels, left to right: mTaarl-EGFP,

ConA, and phase contrast. Scale bars represent 20 um.
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Figure 12: mTaarl-EGFP is localised on the cilia and surface of KTC-Z cells. Cells were fixed 4
hr past shift from 18°C to 37°C, and immunolabelled with acetylated-a-tubulin (A and B), or
stained with lectin ConA (C). mTaarl-EGFP is localised on the cilium of a KTC-Z cell, as evident
from its colocalisation with the ciliary marker acetylated-a-tubulin (yellow, arrow; A). In (B), a side-
view of the same cell in (A) is provided, demonstrating the extension representing the cilium
(arrow). In (C), mTaarl-EGFP is colocalised with ConA (arrowheads) on the surface of KTC-Z
cells. Single channel fluorescence are provided in the bottom panels, left to right: mTaar1-EGFP,
acetylated-a-tubulin and Drag5™ as nuclear counter-stain (A and B), and mTaarl-EGFP, ConA,

and Drag5™ in (C). Scale bars represent 10 um.
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Supplementary Data

Primer Sequence 5’ —» &

Taarl_for G AT C|TC GAG ATG CAT CTT TGC CAC GCT ATC AC
Taarl_rev CGC GGT AC|C GTC AAAAAT AGCTTAGACCTAG
Taar5_for G AT C|TC GAG ATG AGA GCT GTCCTC CTCC
Taar5_rev CGC GGT AC|C GT GTC ATG GTATAAATC AACAGTC
Taarr8b_for GAT C|TC GAG ATG ACC AGC AACTTTTCC CAAC
Taar8b_rev CGC GGT AC|C GTC TCT GAA AAC AAACTCATG G

Table.1 Primers used to amplify the cDNA sequences for mouse Taarl, Taar5 and Taar8b. The
forward (_for) primer sequences were preceded by an Xhol restriction site (5'...ctcgag...3’),
whereas the reverse (_rev) primers were preceded by a Kpnl restriction site (5'...ggtacc...3’).
Primer overhangs are highlighted in red; the restriction sites are in bold, with the arrow indicating
the position of cleavage. All primers were manufactured by Eurofins MWG Operon (Ebersberg,
Germany). The PCR reaction consisted of 30 s denaturation at 95°C, 45 s of annealing at 48°C,
and 1.5 min elongation at 72°C for a total of 30 cycles, preceded by 3 min of initial denaturation

at 95°C, and followed by final elongation for 5 min at 72°C.
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A pmTaarl-eGFP (1787 bp)/puc2CL6IP-mTaarl-EGFP
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pmTaar5-eGFP (1796 bp)

200 400 600 800 1,000 1,200 1,400 1,600

[KpnI
linker

| mTaar5 cDNA >
[xhol eGFP

pmTaar8b-eGFP (1817 bp)
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Figure S.1: Linear maps of plasmid construct coding for mTaarl-EGFP in either the pEGFP-N1
expression vector for transient transfection, or the puc2CL6IP vector for lentiviral transduction (A),
MTAAR5-EGFP (B), mMTAAR8b-EGFP (C). The constructs were designed using the online tool

from Benchling Inc., San Francisco, USA (https://benchling.com/). Sequence alignments are

provided below.
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1. Sequence alignment for puc2CL6IP-mTaarl-EGFP using forward sequencing primer
0SF031Fwd 5- CGGCGCGCCAGTCCTCCG:

(from 1-300 bp} 12/18/2017 10:20:58 AM

Template Alignment: oSF130Fwd

Template Alignment: 05F130Fwd (from 2701-3000 bp) 12/18/2017 10:20:58 AM

ATATGGCCCAACCCTCAGCAGTTTCTTAAGACCCATCAGATGTTTCCAGGCTCCCCCAAGGACCTGAAATGACCCTGCGCCTTATTTGAATTAACCAATC

2,710 2,720 2,738 2,740 2,750 2,760 2,770 2,780 2,790 2,800
template sequence puc2CLEIP-nTaar1-EGFP
2,710 2,720 2,730 2,740 2,750 2,760 2,770 2,780 2,79 2,800

aligned sequence oSF130Fwd

AGCCTGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTTCCCGAGCTCTATAAAAGAGCT CACAACCCCTCACTCGGCGCGCCAGTCCTCCGACaGACTGAGT

2,810 2,820 2,830 2,840 2,850 2,860 2,870 2,880 2,89 2,900
template sequence puc2CLEIP-mTaar1-EGFP

2,810 2,820 2,830 2,840 2,850 2,860 2,870 2,880 2,89 2,900
aligned sequence oSF130Fwd

CGCCCGGGTACCGCggattageggecgcaaCTCGAGATGeatetttgecacgetatcacaaacattteccacagaaacagegactggtcaagagaagtec
2,910 2,920 2,938 2,940 2,950 2,968 2,970 2,980 2,998 3,000

[ ®hoI | mTaarl cDNA »;

template sequence puCZCLGIP-mTaar 1-EGFP

------ GGGGTCGCGGATTAGCGGCCGCAACTCGAGATGCATCTTTGCCACGCTATCACAAACATTTCCCACAGAAACAGCGACTGGTCAAGAGAAGTCC

2,910 2,920 2,830 2,940 2,950 2,960 2,970 2,980 2,99 3,000
aligned sequence oSF130Fwd

https:/fbenchling.com/maria/firvxenLsF-uploads/seq-CDLOQRQE-puc2cl6ip-mtaarl-egfp/edit# 10/31
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Template Alignment: 0SF130Fwd (from 3001-3300 bp) 12/18/2017 10:20:58 AM

aagcttccctgtacagettaatgtcactcataatectggecactetggttggeaacttaatagtaataatttccatateccatttcaageaacttcatac

3,«‘:1« 3,w‘3za 3,l|a3a 3,«‘45 ],W‘QSB 3,l|aea 3,«‘75 ],W‘QSB 3,l|a9a 1,199‘

» mTaarl cDNA »
template sequence puc2CL6IP-nTaarl-EGFP

AAGCTTCCCTGTACAGCTTAATGTCACTCATAATCCTGGCCACTCTGGTTGGCAACTTAATAGTAATAATTTCCATATCCCATTTCAAGCAACTTCATAC

T T T T T T T T T T
3,010 3,020 3,030 3,040 3,850 3,060 3,070 3,080 3,099 3,100
aligned sequence oSF130Fwd

acccaccaactggctccttcactccatggecattgtegactttetgetgggetgtetgataatgecctgeageatggtgagaactgttgagegetgttgg

T T T T T T T T T T
3,110 3,120 3,130 3,140 3,150 3,160 3,170 3,180 3,199 3,200

» mTaarl cDNA »
template sequence puc2CLEIP-nTaar1-EGFP

M

ACCCACCAACTGGCTCCTTCACTCCATGGCCATTGTCGACTTTCTGCTGGGCTGTCTGATAATGCCCTGCAGCATGGTGAGAACTGTTGAGCGCTGTTGG

T T T T T T T T T T
3,110 3,120 3,130 3,140 3,150 3,160 3,170 3,180 3,199 3,200

aligned sequence oSF130Fwd

tattttggggaaatcctetgtaaagttecacaccageaccgatateatgetgagetecgectecattttecacttagettteatttecattgacegetact

T T T T T T T T T T
3,210 3,220 3,230 3,240 3,250 3,260 3,270 3,280 3,29 3,300

1%

B aar
template sequence puc2CLEIP-nTaarl-EGFP

TATTTTGGGGAAATCCTCTGTAAAGTTCACACCAGCACCGATATCATGCTGAGCTCCGCCTCCATTTTCCACTTAGCTTTCATTTCCATTGACCGCTACT

T T T T T T T T
3,210 3,230 3,240 3,250 3,260 3,270 3,280 3,299 3,300

. 3,
aligned sequence oSF130Fwd
https:/fbenchling.co ia/f/rvxenLsF-upload: q-CDLOQRQE-puc2clGip-mtaarl-egfp/edit# 11/31
Template Alignment: 0SF130Rev (from 3601-3300 bp) 12/18/2017 10:19:17 AM

caatcaatcgtacgaatgttcaagttggattggaagggaaaagecaageaccacaaagcaaggaaacaaaagecgegaagaccttagggatcatggteggg

3,‘51« 3,é29 3,r|,3a a,s‘;m J,ése 3,r|,6a 3,s‘;7a J,éaa 3,r|,9a 1,709‘

> nTaarl cONA £
‘template sequence puc2CLEIP-mTaar1-EGFP

CAATCAATCGTACGAATGTTCAAGTTGGATTGGAAGGGAAAAGCCAAGCACCACAAAGCAAGGAAACAAAAGCCGCGAAGACCTTAGGGATCATGGTGGG

T T T T T T T T T T
3,610 3,620 3,630 3,640 3,650 3,660 3,670 3,680 3,699 3,700
aligned sequence oSF13eRev

cgttttectegtatgetggtgecegttetttetetgeacggtectggacectttectgggetatgttateecaccetetetgaatgacgeactgtattgg

I I I I I I I I I [
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

» mTaarl cDNA »:
template sequence puc2CLEIP-mTaarl-EGFP

-

CGTTTTCCTCGTATGCTGGTGCCCGTTCTTTCTCTGCACGGTCCTGGACCCTTTCCTGGGCTATGTTATCCCACCCTCTCTGAATGACGCACTGTATTGG

T T T T T T T T T T
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

aligned sequence oSF13eRev

tttgggtacttgaattctgecctcaatecgatggtttatgectttttctatcectggttcagaagagecttgaagatggttctecttggtaaaattttec
T

T T T T T T T T T
3,810 3,820 3,830 3,840 3,850 3,860 3,870 3,880 3,899 3,900

™
R

£ aar. ».
template sequence puc2CLEIP-nTaar1-EGFP

TTTGGGTACTTGAATTCTGCCCTCAATCCGATGGTTTATGCCTTTTTCTATCCCTGGTTCAGAAGAGCCTTGAAGATGGTTCTCCTTGGTAAAATTTTCC

T T T T T T T T T T
3,810 3,820 3,830 3,840 3,850 3,860 3,870 3,880 3,899 3,900
aligned sequence oSF13eRev

https://benchling. ia/f/rvxenLsF-upload: DLOQRGE-puc2cl6ip-mtaarl-egfp/edit# 13/31
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Template Alignment: 0SF130Fwd (from 3601-3900 bp) 12/18/2017 10:20:58 AM

caatcaatcgtacgaatgttcaagttggattggaagggaaaagccaageaccacaaagcaaggaaacaaaagecgegaagaccttagggatcatggtgeg

T T T T T T T T T T
3,618 3,620 3,630 3,640 3,650 3,660 3,670 3,680 3,690 3,700

» mTaarl cDNA =
template sequence puc2CLEIP-nTaar1-EGFP

CAATCAATCGTACGAATGTTCAAGTTGGATTGGAAGGGAAAAGCCAAGCACCACAAAGCAAGGAAACAAAAGCCGCGAAGACCTTAGGGATCATGGTGGG

T T T T T T T T T T
3,610 3,620 3,630 3,640 3,650 3,660 3,670 3,680 3,699 3,700
aligned sequence oSF130Fwd

cgttttectcgtatgetggtgeccgttotttetetgeacggtectggacectttectgggetatgttateccaccctetetgaatgacgeactgtattgg

T T T T T T T T T T
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

3» mTaarl cDNA >
template sequence puc2CLEIP-nTaar1-EGFF

CGTTTTCCTCGTATGCTGGTGCCCGTTCTTTCTCTGCACGGTCCTGGACCCTTTCCTGGGCTATGTTATCCCACCCTCTCTGAATGACGCACTGTATTGG

T T T T T T T T T T
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

aligned sequence oSF130Fwd

tttgggtacttgaattctgecctcaatecgatggtttatgectttttetatecctggttcagaagagecttgaagatggttetecttggtaaaattttec

T T T T T T T T T T
3,810 3,820 3,830 3,840 3,850 3,860 3,870 3,880 3,899 3,900

I mTaarl cONA »:

template sequence puc2CLEIP-nTaarl-EGFP

TTTGGGTACTTGAATTCTGCCCTCAATCCGATGGTTTATGCCTTTTTCTATCCCTGGT TCAGAAGAGCCTTGAAGATGGTTCTCCTTGGTAAAATTTTCC
3,:‘41« 3,:‘320 3,:'330 3,31:5 J,l‘i% 3,:'360 s,én J,l‘i% 3,:'390 J,E%‘
aligned sequence oSF130Fwd

https:/fbenchling.co ia/f/rvxenLsF-upload: q-CDLOQRQE-puc2clGip-mtaarl-egfp/edit# 13/31
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Sequence alignment for puc2CL6IP-mTaarl-EGFP using reverse sequencing primer
0SF031Rev (5-TAGACAAACGCACACCGG) sequencing primers:

(from 1-300 bp) 12/18/2017 10:19:17 AM

Template Alignment: oSF130Rev

2,910 2,920 2,930 2,940 2,950 2,960 2,978 2,988 2,990 3.000

CGCCCGGGTACCGCggattageggecgecaaCTCGAGAT Geatetttgecacgetatcacaaacatttcccacagaaacagegactggtcaagagaagtec

2,910 2,920 2,938 2,940 2,950 2,960 2,970 2,980 2,998 3,000

[ XhoI | mTaarl cDNA »:

template sequence puc2CLEIP-nTaarl-EGFP

2,910 2,920 2,930 2,940 2,950 2,960 2,970 2,980 2,990 3,000
aligned sequence oSF13Rev

aagcttccctgtacagettaatgtcactcataatcectggecactetggttggeaacttaatagtaataatttecatateccatttcaageaacttecatac

3,018 3,020 3,038 3,840 3,050 3,060 3,878 3,080 3,000 3,108

£ mTaarl cDNA »
template sequence puc2CLEIP-mTaarl-EGFP

——————————————————— TAAGTCACTCATAATCCTGGCCACTCTGGTTGGCAACTTAATAGTAATAATTTCCATATCCCATTTCAAGCAACTTCATAC

3,000 3,020 3,030 3,040 3,050 3,060 3,070 3,080 3,009 3,100
aligned sequence oSF130Rev

acccaccaactggetecttcactecatggecattgtegactttetgetgggetgtetgataatgecctgeageatggtgagaactgttgagegetgttgg

3,118 3,120 3,130 3,140 3,150 3,160 3,178 3,180 3,190 3,200

> mTaarl cDNA »:
template sequence puc2CLEIP-mTaarl-EGFP

ACCCACCAACTGGCTCCTTCACTCCATGGCCATTGTCGACTTTCTGCTGGGCTGTCTGATAATGCCCTGCAGCATGGTGAGAACTGTTGAGCGCTGTTGG

3,110 3,120 3,130 3,140 3,150 3,160 3,178 3,180 3,199 3,200
aligned sequence oSF132Rev

tattttggggaaatcctetgtaaagttcacaccageaccgatatcatgetgagetecgectecattttecacttagetttecatttecattgacegetact

3,210 3,220 3,230 3,240 3,250 3,260 3,278 3,280 3,290 3,300
> mTaarl cDNA »

template sequence pucZCLEIP-mTaarl-EGFP

TATTTTGGGGAAATCCTCTGTAAAGTTCACACCAGCACCGATATCATGCTGAGCTCCGCCTCCATTTTCCACTTAGCTTTCATTTCCATTGACCGCTACT

3,218 3,220 3,238 3,240 3,250 3,260 3,270 3,280 3,290 3,300
aligned sequence oSF13eRev

https://benchling.com/maria/f/rvxenLsF-uploads/seq-CDLOQRQE-puc2clBip-mtaarl-egfp/edit# 11/31
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Template Alignment: 0SF130Rev (from 3301-3600 bp) 12/18/2017 10:19:17 AM

gtgctgtgtgtgaccctttgagatacaaagccaagatcaatatctccactattcttgtgatgatcctcgttagttggagccttcctgctgtttatgcatt

3 3]8 3, !20 3, 33& 3, 345 3, !5& 3, ]Gﬁ 3 370 ],3848 3, 3‘3& ],IM

» mTaarl cDNA
template sequence puc2CLEIP-mTaarl-EGFP

KA

GTGCTGTGTGTGACCCTTTGAGATACAAAGCCAAGATCAATATCTCCACTATTCTTGTGATGATCCTCGTTAGTTGGAGCCTTCCTGCTGTTTATGCATT

T T T T T T T T
3 319 3,320 3,330 3,340 3,350 3,360 3,370 3,380 3,39 3,400
aligned sequence oSF130Rev

tgggatgatcttectggaactgaacttaaaaggagtggaagagetgtategeagteaggtcagegacetgggeggetgtteteccttetttagtaaagta

I [ I I [ I I I I
3,410 3,420 3,430 3,440 3,450 3,460 3,470 3,480 3,499 3,500

= mTaarl cONA »g
template sequence puc2CLEIP-mTaarl-EGFP

™

TGGGATGATCTTCCTGGAACTGAACT TAAAAGGAGT GGAAGAGCTGTATCGCAGTCAGGTCAGCGACCTGGGCGGCTGTTCTCCCTTCTTTAGTAAAGTA

I [ I I [ I I I I
3,410 3,420 3,430 3,440 3,450 3,460 3,470 3,480 3,499 3,500

aligned sequence oSF130Rev

tctggggtactggcgttcatgacttccttctatatacctggatctgttatgttatttgtttactataggatatatttcatagctaaaggacaagcaaggt

3, 510 3, 529 3, 530 3, 5“ 3, 55@ 3, 560 3, 570 3, 580 3, 5‘30 J,EM

3 aar’ E23
template sequence puc2CL6IP-mTaarl-EGFP

Ml

TCTGGGGTACTGGCGTTCATGACTTCCTTCTATATACCTGGATCTGTTATGTTATTTGTTTACTATAGGATATATTTCATAGCTAAAGGACAAGCAAGGT

T T T T T T T T
3, s10 3,520 3,530 3,540 3,550 3,560 3,570 3,580 3,599 3,600
aligned sequence oSF130Rev

https://benchling.com/maria/f/rvxenLsF-uploads/seq-CDLOQRQE-puc2clBip-mtaarl-egfp/edit# 12/31

Template Alignment: 0SF130Rev (from 3601-3300 bp) 12/18/2017 10:19:17 AM

caatcaatcgtacgaatgttcaagttggattggaagggaaaagecaageaccacaaagcaaggaaacaaaagecgegaagaccttagggatcatggteggg

3,‘51« 3,é29 3,r|,3a a,s‘;m J,ése 3,r|,6a 3,s‘;7a J,éaa 3,r|,9a 1,709‘

> nTaarl cONA £
‘template sequence puc2CLEIP-mTaar1-EGFP

CAATCAATCGTACGAATGTTCAAGTTGGATTGGAAGGGAAAAGCCAAGCACCACAAAGCAAGGAAACAAAAGCCGCGAAGACCTTAGGGATCATGGTGGG

T T T T T T T T T
3, 510 3,620 3,630 3,640 3,650 3,660 3,670 3,680 3,699 3,700
aligned sequence oSF13eRev

cgttttectegtatgetggtgecegttetttetetgeacggtectggacectttectgggetatgttateecaccetetetgaatgacgeactgtattgg

I I I I I I I I I [
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

» mTaarl cDNA »¢
template sequence puc2CLEIP-nTaarl-EGFP

-

CGTTTTCCTCGTATGCTGGTGCCCGTTCTTTCTCTGCACGGTCCTGGACCCTTTCCTGGGCTATGTTATCCCACCCTCTCTGAATGACGCACTGTATTGG

T T T T T T T T T T
3,710 3,720 3,730 3,740 3,750 3,760 3,770 3,780 3,799 3,800

aligned sequence oSF13eRev

tttgggtacttgaattctgccctcaatccgatggtttatgcctttttctatccctggttcagaagagccttgaagatggttctccttggtaaaattttcc

3, 819 3, 820 3, 830 3, BW 3, 850 3, 860 3, B?E 3, EBB 3, 8‘30 J,E%

™
R

£ aar. ».
template sequence puc2CLEIP-nTaar1-EGFP

TTTGGGTACTTGAATTCTGCCCTCAATCCGATGGTTTATGCCTTTTTCTATCCCTGGTTCAGAAGAGCCTTGAAGATGGTTCTCCTTGGTAAAATTTTCC

T T T T T T T T T T
3,810 3,820 3,830 3,840 3,850 3,860 3,870 3,880 3,899 3,900
aligned sequence oSF13eRev

https://benchling. ia/f/rvxenLsF-upload: DLOQRGE-puc2cl6ip-mtaarl-egfp/edit# 13/31
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Template Alignment: 0SF130Rev (from 3901-4200 bp) 12/18/2017 10:19:17 AM

(T A A T T I T
aaaaagattcatctaggtctaagetatttttgACGGTACcgcgggcccgCGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGG

3,910 3,920 3,930 3,940 3,958 3,968 3,970 3,980 3,998 4,000
[ChAgel ]

> mTaarl cDNA Linker EGFP
template sequence puc2CL6IP-nTaar1-EGFP

AAAAAGATTCATCTAGGTCTAAGCTATTTTTGACGGTACCGCGGGCCCGGEGATCCACCGGT=mm===============—=o———————o—o————m

3,810 3,920 3,930 3,340 3,950 3,960 3,970 3,980 3,99 4,000
aligned sequence oSF13¢Rev

GGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACC

4,010 4,820 4,030 4,040 4,850 4,060 4,070 4,080 4,099 4,100
EGFP
template sequence puc2CLEIP-nTaar1-EGFP
4,010 4,820 4,030 4,040 4,850 4,060 4,070 4,080 4,099 4,100

aligned sequence oSF130Rev

CTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACC

4,118 4,120 4,130 4,140 4,150 4,160 4,170 4,180 4,199 4,200
EGFP
template sequence puc2CL6IP-nTaar1-EGFP
4,118 4,120 4,130 4,140 4,150 4,160 4,170 4,180 4,199 4,200

aligned sequence oSF13@Rev

14/31

Results
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3. Sequence alignment for pmTaarl-EGFP (in pEGFP-N1) using forward sequencing
primer pEGFPN1-Fwd (standard from Eurofin Genomics):

(from 1-300 bp) 12/18/2017 10:09:46 AM

Template Alignment: pEGFP-N1_FWD

------- --- ----cgctagcgctaccggactcagatctegagatgeatcet
lIB 2‘0 3‘2 4‘8 5'0 SIB 7'& B‘ 1) 9‘& 1 EEI
[XheI [ %7

template sequence puTaarl-eGFP

EGGGGGTKGGYGTGTMGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAKATCTCGAGATGCATCT

T T T T T T T T T T
10 20 30 40 58 60 70 8e L) 100

aligned sequence pEGFP-N1_FWD

ttgccacgetatcacaaacatttcccacagaaacagegactggtcaagagaagtccaagettecctgtacagettaatgtcactcataatectggecact

T T T T T T T T T T
110 120 130 140 158 168 170 188 198 200

» mTaarl cDNA »:
template sequence pmTaarl-eGFP

TTGCCACGCTATCACAAACATTTCCCACAGAAACAGCGACTGGTCAAGAGAAGTCCAAGCTTCCCTGTACAGCTTAATGTCACTCATAATCCTGGCCACT

T T T T T T T T T T
110 120 130 140 150 168 170 188 199 200

aligned sequence pEGFP-N1_FWD

ctggttggeaacttaatagtaataatttccatatcecatttcaageaacttcatacacccaccaactggetectteactecatggecattgtegacttte

I I I T | | I I [ I
210 228 230 240 250 268 270 2808 290 300

» mTaarl cDNA »
template sequence pmTaari-eGFP

CTGGTTGGCAACTTAATAGTAATAATTTCCATATCCCATTTCAAGCAACTTCATACACCCACCAACTGGCTCCTTCACTCCATGGCCATTGTCGACTTTC

I I I I I [ I I [
210 220 230 240 258 268 270 289 299 300

aligned sequence pEGFP-N1_FWD

https://benchling.com/mariaffirvxenLsF-uploads/seq-0STbgW5z-pmtaarl-egfp/edit# 17

Template Alignment: pEGFP-N1_FWD (from 301-600 bp) 12/18/2017 10:09:46 AM

tgctgggetgtetgataatgecctgeageatggtgagaactgttgagegetgttggtattttggggaaatectetgtaaagttcacaccageaccgatat

T T T T T T T T T T
310 320 330 340 350 360 3re 380 330 400

3 mTaarl cONA »;
template sequence prTaarl-eGFP

TGCTGGGCTGTCTGATAATGCCCTGCAGCATGGTGAGAACTGTTGAGCGCTGTTGGTATTTTGGGGAAATCCTCTGTAAAGTTCACACCAGCACCGATAT

T T T T T T T T T T
330 340 350 360 370 388 390 400

310
aligned sequence pEGFP-N1_FWD

catgctgagctcecgecteccatttteccacttagetttcatttecattgaccgetactgtgetgtgtgtgacectttgagatacaaagecaagatcaatatce

I I I I I | I I I T
410 420 430 440 450 460 470 480 430 500

£ mTaarl cDNA ».
template sequence pmTaari-eGFP

CATGCTGAGCTCCGCCTCCATTTTCCACTTAGCTTTCATTTCCATTGACCGCTACTGTGCTGTGTGTGACCCTTTGAGATACAAAGCCAAGATCAATATC

T I T T T | I | T T
430 448 450 460 470 488 490 508

410
aligned sequence pEGFP-NI_FWD

tccactattcttgtgatgatcctegttagttggagecttectgetgtttatgecatttgggatgatcttectggaactgaacttaaaaggagtggaagage
T T T T T T T T T T

518 520 530 548 550 568 570 580 590 608
2 mTaarl cONA »

template sequence pmTaarl-eGFP

TCCACTATTCTTGTGATGATCCTCGTTAGTTGGAGCCTTCCTGCTGTTTATGCATTTGGGATGATCTTCCTGGAACTGAACTTAAAAGGAGTGGAAGAGC

T T T T T T T T T
530 540 550 568 570 580 530 608

510
aligned sequence pEGFP-N1_FWD

https:/fbenchling.com/mariaffirvxenLsF-uploads/seq-0STbgW5Sz-pmtaarl-egfp/edits 2/7
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Template Alignment: pEGFP-N1_FWD (from 601-200 bp) 12/18/2017 10:09:46 AM

tgtatcgecagtcaggtcagegacctgggeggetgttcteccttetttagtaaagtatetggggtactggegttcatgacttecttetatatacctggate

6‘13 6;0 E-;H 6;3 6‘50 ﬁt!:& EF"B ﬁl‘iB 5;& I'BB‘

» mTaarl cDNA =
template sequence puTaari-eGFP

TGTATCGCAGTCAGGTCAGCGACCTGGGCGGCTGTTCTCCCTTCTTTAGTAAAGTATCTGGGGTACTGGCGTTCATGACTTCCTTCTATATACCTGGATC

T T T T T T T T T T
3] 630 640 650 660 670 680 690 700
aligned sequence pEGFP-N1_FWD

tgttatgttatttgtttactataggatatatttcatagetaaaggacaagcaaggtcaatcaatcgtacgaatgttcaagttggattggaagggaaaage

T T | | T |
710 720 730 740 758 760 770 780 790 8o

> mTaarl cDNA k.2
template sequence paTaari-eGFP

TGTTATGTTATTTGTTTACTATAGGATATATTTCATAGCTAAAGGACAAGCAAGGTCAATCAATCGTACGAATGTTCAAGTTGGATTGGAAGGGAAAAGC

T I | T T | I T | T
710 28 730 740 758 768 770 780 798 Bee

aligned sequence pEGFP-N1_FWD

caagcaccacaaagcaaggaaacaaaagecgcgaagaccttagggatcatggtgggeg-ttttectegtatgetggtgecegttetttetetgeacggte

T T T T T T T T T T
810 820 830 B840 858 868 870 888 898 900

» mTaarl cONA »:

template sequence pulaarl-eGFP

CAAGCACCACAAAGCAAGGAAACAAAAGCCGCGAAGACCTTAGGGATCATGGTGGGCGTTTTTCCTCGTATGCTGGTGCCCGTTCTTTCTCTGCACGGTC

T T T T T T T T
830 840 858 860 870 Bse 899 L

810
aligned sequence DEGFP-N1_FWD
https:/fbenchling.co ia/f/rvxenLsF-upload: g-0STbgWSz-pmtaarl-egfp/edit# 37
Template Alignment: pEGFP-N1_FWD (from 901-1200 bp) 12/18/2017 10:09:46 AM

ctggaccctttectgggetatgttateccacectetetgaatgacgeactgtattggtttgggtacttgaattectgecctcaatecgatggtttatgect

st a0 33 s 550 ate 570 a0 ase 1,099‘

» mTaarl cDNA =
template sequence pulaarl-eGFP

CTGGACCCTTTTCCTGGCTATGTTATCCCACCCTCTCTGAATGACGCACTGTATTGGTTT=GGTACTTGGATTCTGCCCTCAATCCGATGG-TTATGCCC

T T T T T T T T
930 940 950 968 970 988 998 1,000

910
aligned sequence pEGFP-N1_FWD

ttttctatccctggttcagaagagecttgaagatggttetecttggtaaaattttccaaaaagattcatetaggtctaagetatttttgacggtaccgeg

T T T T T T T T T T
1,010 1,820 1,030 1,040 1,050 1,060 1,070 1,080 1,099 1,100

» mTaarl cDNA linker
template sequence pulaarl-eGFP

TTTTCTATCCCTGGTCAGAGAG===CTTGAAGATGGTCTCT === === === mmm e o oo o mmmm e mmmmmm e mmmmmme e ee

T T T T T T T T
1,010 1,820 1,030 1,040 1,050 1,060 1,070 1,080 1,099 1,100
aligned sequence pEGFP-N1_FWD

ggccegggatccaccggtegecaccatggtgageaagggcgaggagetgttcaccggggtggtgeccatectggtegagetggacggegacgtaaacgge
T

T T T T T T T T T
1,110 1,120 1,130 1,140 1,150 1,160 1,170 1,180 1,199 1,200
Tinker T EGFP
template sequence pulaarl-eGFP

T T T T T
1,110 1,120 1,138 1,140 1,150 1,160 1,170 1,180 1,19 1,200
aligned sequence pEGFP-N1_FWD

https:/fbenchling.co ia/f/rvxenLsF-upload: g-0STbgWSz-pmtaarl-egfp/edit# 447
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4. Sequence alignment for pmTaarl-EGFP (in pEGFP-N1) using reverse sequencing
primer pEGFPN1-Rev (standard from Eurofin Genomics):

(from 1-300 bp) 12/18/2017 11:05:41 AM

Template Alignment: pEGFP-N1_REV
111

gctagegetaccggactcagatctegagatgeatctttgecacgetatcacaaacatttcccacagaaacagegactggtcaagagaagtccaagette

T T T T T T T T T T
10 20 38 48 58 68 70 80 %8 100

[XheI ] mTaarl cDNA »;

template sequence puTaarl-eGFP

YN S ~=ACCAGGCCW

T T T T T T T T T T
10 20 30 40 58 60 70 8e L) 100

aligned sequence pEGFP-N1_REV

cctgtacagcttaatgtcactcataatcctggecactctgg----ttggcaacttaatagtaataa-------- tttccatatcccatttcaag------
110 120 130 140 150 160 17 180 150 200
» mTaarl cDNA »:

template sequence puTaarl-eGFP

TTAAAATAGTTCCACCTCAATAAAATTGCTGGCAACTTCTGGGTTGGGGCAAACTTAAATAAGT AAATAAATTTTTTCCATATCCCATTTCAAGGCAACT

T T T T T T T T T T
110 120 130 140 150 168 170 188 199 200

aligned sequence pEGFP-N1_REV

-caacttcatacacccaccaactggetcc-tteactecatggecattgtegactttetgetgggetgtetgat-aatgecctgeageatggtgagaactg

I I I T | | I I [
210 228 230 240 250 268 270 2808 290 300

» mTaarl cDNA »
template sequence pmTaari-eGFP

TTCATTACACCCACCCAAACTTGGGCTCCTTTCACTCCATGGCCATTGTCGACTTTCTGCTGGGCTGTCTGATAAATGCCCTGCAGCATGGTGAGAACTG

I I I I I [ I I [ [
210 220 230 240 258 268 270 289 299 300

aligned sequence pEGFP-N1_REV

https://benchling.com/mariaffirvxenLsF-uploads/seq-0STbgW5z-pmtaarl-egfp/edit# 17

Template Alignment: pEGFP-N1_REV (from 301-600 bp) 12/18/2017 11:05:41 AM

ttgagegetgttggtattttgggg-aaatectetgtaaagttcacaccageaccgatatcatgetgagetecgectecattttecacttagettteattt

T T T T T T T T T T
310 320 330 340 350 360 3re 380 330 400

3 mTaarl cONA »;
template sequence prTaarl-eGFP

TTGAGCGCTGTTGGTATTTGGGGGAAAATCCTCTGTAAAGTTCACACCAGCACCGATATCATGCTGAGCTCCGCCTCCATTTTCCACTTAGCTTTCATTT

T T T T T T T T T T
330 340 350 360 370 388 390 400

310
aligned sequence pEGFP-N1_REV

ccattgaccgctactgtgetgtgtgtgaccctttgagatacaaagecaagatcaatatctecactattettgtgatgatcctegttagttggagecttee

I I I I I | I I I T
410 420 430 440 450 460 470 480 430 500

£ mTaarl cDNA ».
template sequence pmTaari-eGFP

CCATTGACCGCTACTGTGCTGTGTGTGACCC=TTGAGATACAAAGCCAAGATCAATATCTCCACTATTCTTGTGATGATCCTCGTTAGTTGGAGCCTTCC

T I T T T | I | T T
430 448 450 460 470 488 490 508

410
aligned sequence pEGFP-NI_REV

tgctgtttatgeatttgggatgatcttectggaactgaacttaaaaggagtggaagagetgtatcgeagtcaggtcagegacctgggeggetgttetece
T T T T T T T T T T

518 520 530 548 550 568 570 580 590 608
2 mTaarl cONA »

template sequence pmTaarl-eGFP

TGCTGTTTATGCATTTGGGATGATCTTCCTGGAACTGAACTTAAAAGGAGTGGAAGAGCTGTATCGCAGTCAGGTCAGCGACCTGGGCGGCTGTTCTCCC

T T T T T T T T T
510 530 540 550 560 570 580 598 608
aligned sequence pEGFP-N1_REV

https:/fbenchling.com/mariaffirvxenLsF-uploads/seq-0STbgW5Sz-pmtaarl-egfp/edits 2/7
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Template Alignment: pEGFP-N1_REV (from 601-900 bp) 12/18/2017 11:05:41 AM
T A A A A T T T
ttctttagtaaagtatctggggtactggegttcatgacttecttctatatacctggatctgttatgttatttgtttactataggatatatttcatageta
510 620 o0 40 650 a0 670 s80 o0 700
» mTaarl cDNA =
template sequence puTaarl-eGFP
TTCTTTAGTAAAGTATCTGGGGTACTGGCGTTCATGACTTCCTTCTATATACCTGGATCTGTTATGTTATTTGTTTACTATAGGATATATTTCATAGCTA
s ‘ 530 40 650 a0 670 a0 o0 700
aligned sequence EGFP-N1_REV
(T T A T T T T I T T I I I
aaggacaagcaaggtcaatcaatcgtacgaatgttcaagttggattggaagggaaaagccaageaccacaaagcaaggaaacaaaagecgegaagacctt
71 720 i 740 750 70 70 780 T80 a0
3» mTaarl cONA >
template sequence puTaarl-eGFP
AAGGACAAGCAAGGTCAATCAATCGTACGAATGTTCAAGTTGGATTGGAAGGGAAAAGCCAAGCACCACAAAGCAAGGAAACAAAAGCCGCGAAGACCTT
71 120 T30 740 750 760 0 780 T g0
aligned sequence EGFP-N1_REV
agggatcatggtgggegttttectegtatgetggtgecccgttetttetetgeacggtectggacectttectgggetatgttateccacectetetgaat
sl 520 s a4 550 ss0 a0 s80 550 a0
I mTaarl cONA »:
template sequence pmTaarl-eGFP
AGGGATCATGGTGGGCGTTTTCCTCGTATGCTGGTGCCCGTTCTTTCTCTGCACGGTCCTGGACCCTTTCCTGGGCTATGTTATCCCACCCTCTCTGAAT
£ : 830 842 850 a0 a0 e80 a0 seo
aligned sequence pEGFP-N1_REV
https:/fbenchling.co ia/f/rvxenLsF-upload: g-0STbgWSz-pmtaarl-egfp/edit# 37
Template Alignment: pEGFP-N1_REV (from 901-1200 bp) 12/18/2017 11:05:41 AM
O T T T T T T T T T O O T T T T T
gacgcactgtattggtttgggtacttgaattctgecctcaatecgatggtttatgectttttctatecctggttecagaagagecttgaagatggttetee
st a0 33 s 550 ate 570 a0 asa 1,009‘
» mTaar: £
template sequence pmTaarl-eGFP
GACGCACTGTATTGGTTTGGGTACTTGAATTCTGCCCTCAATCCGATGGTTTATGCCTTTTTCTATCCCTGGT TCAGAAGAGCCTTGAAGATGGTTCTCC
st : 930 a4 s50 a6e 970 sto o0 1,000‘
aligned sequence pEGFP-N1_REV
ttggtaaaattttccaaaaagattcatctaggtctaagetatttttgacggtaccgegggcccgggatecaccggtegecaccatggtgageaagggega
1,(‘!1@ 1,1‘»20 1,('930 1,@‘1:5 1,1‘»5@ 1,('960 1,@‘7:5 1,1‘»% 1,('990 1,100‘
[ KpnT | [ Ager |
> mTaar] cONA Tinker [ EGFPE
template sequence puTaarl-eGFP
TTGGTAAAATTTTCCAAAAAGATTCATCTAGGTCTAAGCTATTTTTGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGMGR
1,(‘!1@ 1,1‘»20 1,(‘930 1,@‘1:5 1,1‘»5@ 1,(‘960 1,@‘7:5 1,1‘»% 1,(‘990 1,100‘
aligned sequence pEGFP-N1_REV
(T A T T AT (T
ggagctgttcaccggggtggtgeccatectggtegagetggacggegacgtaaacggccacaagttcagegtgtecggegagggegagggegatgecace
1,‘11« 1,‘120 1,'13& 1,1‘4a 1,‘159 1,'16& 1,1‘7a 1,‘133 1,'19& 1,209‘
EGFP
template sequence puTaari-eGFP
GGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAAC-GCCACAAGT C-===============---=----------ooooo
1,‘11« 1,‘120 1,'13& 1,1‘4a 1,‘159 1,'16& 1,1‘7a 1,‘133 1,'19& 1,209‘
aligned sequence pEGFP-N1_REV
https:/fbenchling. ia/f/rvxenLsF-upload: g-05ThgW5z-pmtaarl-egfp/edit# a7

Results
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5. Sequence alignment for pmTaar5-EGFP using forward sequencing primer pEGFPN1-
Fwd:

(from 1-300 bp) 12/18/2017 10:12:34 AM

Template Alignment: pEGFP-N1_FWD
[T T (T

---------------------------------- cgctagegetaccggactcagatctegaga
lIB 2'0 3‘0 4'8 5‘0 EIE 7‘0 EIB 9‘0 l%l
[XhoI %

template sequence pmTaar5-eGFP

EAATSGMGWKTKGGCGTGKYMSMGTGGGAAGGTCTATATAAGCARAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCTACCGGACTCAGATYTCGAGA

J T T J T ) T 1 T T
10 20 EL] 40 58 60 7 88 98 100

aligned sequence pEGFP-N1_FWD

tgagagctgtectecteccgggetetggagageagectacagegttetgetaccaggtgaatgggtettgecccaggacagtccaccecgetggecateca
T

T T T T T T T T T
110 120 130 148 150 168 170 188 198 208

> nTaars cONA £

template sequence pmTaar5-eGFP

TGAGAGCTGTCCTCCTCCCGGGCTCTGGAGAGCAGCCTACAGCGTTCTGCTACCAGGTGAATGGGTCTTGCCCCAGGACAGTCCACCCGCTGGCCATCCA
1ie 130 Lo 150 160 170 ™ 150 200
aligned sequence pEGFP-N1_FWD

ggtcgtcatctatctggectgegeagtgegtgtgctgatcacagtectggggaatttgtttgtggtgtttgeagtgtectactttaaagtgctecacacg

I | I I I | I | T T
210 220 230 240 250 268 270 280 290 308

. mTaar5 cDNA »
template sequence prTaar5-eGFP

GGTCGTCATCTATCTGGCCTGCGCAGTGGGTGTGCTGATCACAGTCCTGGGGAATTTGTTTGTGGTGTTTGCAGTGTCCTACTTTAAAGTGCTCCACACG

I | I I I | I | T T
210 220 230 240 250 260 270 280 290 300

aligned sequence pEGFP-N1_FWD

https:/fbenchling.com/mariaffirvxenLsF-uploads/seq-lojty 1 DS-pmtaar5-egfp/edit# 17

Template Alignment: pEGFP-N1_FWD (from 301-600 bp) 12/18/2017 10:12:54 AM

cccaccaacttectgetgetetecctggeectggcagacatgttgetaggtetgetggtgetgeccctgageacagtecgetetgtggagagetgetggt
T T T T T T T

T T T
310 320 330 340 350 360 370 3se 390 400

> wTaars cONA »

template sequence pTaar5-eGFP

CCCACCAACTTCCTGCTGCTCTCCCTGGCCCTGGCAGACATGTTGCTAGGTCTGCTGGTGCTGCCCCTGAGCACAGTCCGCTCTGTGGAGAGCTGCTGGT

T T T T T T T T T T
310 320 330 340 350 368 370 380 390 400

aligned sequence DEGFP-N1_FWD

tctttggagacttcctgtgecgtetgeatacctatetggacacgetgttetgtetcacctecatcttecatctetgttttatttccattgaccgteattyg

I I I T | | I I [ I
410 428 430 440 450 468 470 480 499 500

2 mTaar5 cONA .2
template sequence pmTaar5-eGFP

TCTTTGGAGACTTCCTGTGCCGTCTGCATACCTATCTGGACACGCTGTTCTGTCTCACCTCCATCTTCCATCTCTGTTTTATTTCCATTGACCGTCATTG

I I I I I [ I I | [
410 420 430 440 458 468 470 488 498 508

aligned sequence pEGFP-N1_FWD

tgccatctgtgacceectgetetatecctecaagttcacagtcaggacagecctecgetacategtggcagggtgggggataccageagectacactgee

T T T T T T T T T T
510 520 530 540 550 560 570 580 590 600

» mTaar5 cONA »:

template sequence puTaar5-eGFP

TGCCATCTGTGACCCCCTGCTCTATCCCTCCAAGTTCACAGTCAGGACAGCCCTCCGCTACATCGTGGCAGGGTGGGGGATACCAGCAGCCTACACTGCC

T T T T T T T T T T
510 528 530 540 550 568 570 588 599 608

aligned sequence pEGFP-N1_FWD

https://benchling.com/maria/firvxenLsF-uploads/seg-lojtylDS-pmtaarS-egfp/edit# 217
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Template Alignment: pEGFP-N1_FWD (from 601-200 bp) 12/18/2017 10:12:54 AM
T A A T A T T
ttcttcctctacacagatgtggtagagagageactcagecagtggctagaagagatgecttgtgtgggcagetgecagetgetgttcaataagttctggg
510 620 o0 40 650 a0 670 s80 o0 700
» mTaar5 cDNA =
template sequence paTaar5-eGFP
TTCTTCCTCTACACAGATGTGGTAGAGAGAGCACTCAGCCAGTGGCTAGAAGAGATGCCTTGTGTGGGCAGCTGCCAGCTGCTGTTCAATAAGTTCTGGG
s ‘ 530 40 650 a0 670 a0 o0 700
aligned sequence EGFP-N1_FWD
(T A T I T T I T T T I
gttggttaaacttccctgeattttttgttccctgectaatcatgatcagettgtacctgaagatetttgtggtcgecaccaggeaggctcageagatcag
71 720 i 740 750 70 70 780 T80 a0
> mTaar5 cDNA k.2
template sequence paTaar5-eGFP
GTTGGTTAAACTTCCCTGCATTTTTTGTTCCCTGCCTAATCATGATCAGCTTGTACCTGAAGATCTTTGTGGTCGCCACCAGGCAGGCTCAGCAGATCAG
71 120 T30 740 750 760 0 780 T g0
aligned sequence EGFP-N1_FWD
aactctgagccaaagett-ggetggggctgtcaagegggaaagaaaagetgecaagacgetgggcattgetgtgggcatetaccttgtgtgttggcttee
sl 520 s a4 550 ss0 a0 s80 550 a0
23 mTaars cDNA >
template sequence pmTaarS-eGFP
AACTCTGAGCCAAAGCTTGGGCTGGGGCTGTCAAGCGGGAAAGAAAAGCTGCCAAGACGCTGGGCATTGCTGTGGGCATCTACCTTGTGTGTTGGCTTCC
810 830 842 850 a0 a0 e80 a0 seo
aligned sequence DEGFP-N1_FWD
https:/fbenchling.co ia/f/rvxenLsF-upload: g-lojty1DS-pmtaar5-egfp/edit# 37
Template Alignment: pEGFP-N1_FWD (from 901-1200 bp) 12/18/2017 10:12:54 AM
(T T O O T
cttcactgttgacacactagtggacagecttcttaacttcatcaccccaccect--ggtctttgacatctttatetggtttgettatttcaattcag-cc
st a0 33 s 550 ate 570 a0 ase 1,099‘
» mTaar5 cDNA =
template sequence pmTaarS-eGFP
CTTCACTGTTGACACACTAGTGGACAGCCTTCTTAACTTCATCACCCCACCCCCTGGTCCTTTGACATCTTTATCTGGTTTGCTTATTTCAATTCAGCCC
910 330 s 550 ase 570 a0 ase 1,099‘
aligned sequence DEGFP-N1_FWD
I
tgtaatcccatcat-ctacgtcttctectaccggtggtttaggaaggeactgaaactgetectgag--cegggagatcttetcaccaaggacaccgactg
1,l‘m 1,1‘»20 1,('930 1,;455 u‘ﬁa 1,('960 1,;755 1,1‘»80 1,('990 1,1%‘
= mTaar5 cDMA
template sequence paTaar5-eGFP
TGTATCCCCATCATCCTACGTCTTCTCTTA-CGGTGGATTTAGGAGGCACTGAACTGCTTCTGGAAGTCCGGGAGAAATCCTTC-----------—----
1,l‘m 1,1‘»20 1,('930 1,;455 u‘ﬁa 1,('960 1,;755 1,1‘»80 1,('990 1,1%‘
aligned sequence EGFP-N1_FWD
ttgatttataccatgacacggtaccgegggeccgggatccaccggtegecaccatggtgageaagggegaggagetgtteaccggggtggtgeccatect
1,‘11& 1,‘120 1,'130 1,1‘455 1“150 1,'160 1,1‘755 1,‘180 1,'190 1,2%‘
[KpnI ]
Linker I eGFP
template sequence paTaar5-eGFP
1,‘11& 1,‘120 1,|130 1,1‘455 1“150 1,I160 1,1‘755 1,‘180 1,{90 1,2%‘
aligned sequence DEGFP-N1_FWD
https:/fbenchling.co ia/f/rvxenLsF-upload: g-lojty1DS-pmtaar5-egfp/edit# 447

Results
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6. Sequence alignment for pmTaar5-EGFP using reverse sequencing primer pEGFPN1-
Rev:

(from 1-300 bp) 12/18/2017 10:13:46 AM
Template Alignment: pEGFP-N1_REV
[ pomEE 000000
kcgctagegetaccggactcagatetegagatgagagetgtectectececgggetotggagageagectacagegttetgetaccaggtgaatgggtette
)

J T T J T T 1 T T
1@ 20 30 40 50 L1 7@ 8o 99 pL-

[ XhoL | mTaar5 cDNA ».

template sequence pmTaar5-eGFP

J T T J T ) T 1 T T
10 20 EL] 40 58 60 7 88 98 100

aligned sequence pEGFP-N1_REV

ccccaggacagtccacccgetggecatccaggtegtecatctatetggectgegeagtgggtgtg-ctgatcacagtectggggaatttgtttgtggtgtt
T

T T T T T T T T T
110 120 130 148 150 168 170 188 198 208

> nTaars cONA £

template sequence pmTaar5-eGFP

-------- TCATCTATCTGGCCTGCGCCAGTGATGTGCCTGATCACAGTCCTGGGGAA=TTGTTTGTGGTG=T

T T T T T T T T T
110 120 130 140 158 160 170 180 190 200

aligned sequence pEGFP-N1_REV

tgcagtgtectacttt-aaagtgetecacacgeccaccaacttectgetgetetecctggeectggeagacatgttgctaggtetgetggtgetg-ccce

I | I I I | I | T T
210 220 230 240 250 268 270 280 290 308

. mTaar5 cDNA »
template sequence prTaar5-eGFP

TGCAGTGTCCTACTTTAAAAGTGCTCCACACGCCCACCAACTTCCTGCTGCTCTCCCTGGCCCTGGCAGACATGTTGCTAGGTCTGCTGGTGCTGECCCC

I | I I I | I | T T
210 220 230 240 250 260 270 280 290 300

aligned sequence pEGFP-N1_REV

https:/fbenchling.com/mariaffirvxenLsF-uploads/seq-lojty 1 DS-pmtaar5-egfp/edit# 16

Template Alignment: pEGFP-N1_REV (from 301-600 bp) 12/18/2017 10:13:46 AM

tgagcacagtccgetctgtggagagetgetggttetttggagacttectgtgecgtetgeatacctatetggacacgetgttetgtetcacctecatett
T T T T T T

T T T T
310 320 330 340 350 360 370 3se 390 400

> wTaars cONA »

template sequence pTaar5-eGFP

TGAGCACAGTCCGCTCTGTGGAGAGCTGCTGGTTCTTTGGAGACTTCCTGTGCCGTCTGCATACCTATCTGGACACGCTGTTCTGTCTCACCTCCATCTT

T T T T T T T T T T
318 330 340 350 366 370 380 ELT) 400
aligned sequence DEGFP-N1_REV

ccatctctgttttatttccattgaccgtcattgtgecatctgtgacceectgetctatecctecaagttcacagtcaggacageectecgetacategtg

I I I T | | I I [ I
410 428 430 440 450 468 470 480 499 500

2 mTaar5 cONA .2
template sequence pmTaar5-eGFP

CCATCTCTGTTTTATTTCCATTGACCGTCATTGTGCCATCTGTGACCCCCTGCTCTATCCCTCCAAGTTCACAGTCAGGACAGCCCTCCGCTACATCGTG

I I I I I [ I I | [
410 420 430 440 458 468 470 488 498 508

aligned sequence pEGFP-N1_REV

gcagggtgggggataccageagectacactgecttettectctacacagatgtggtagagagageactcagecagtggctagaagagatgecttgtgteg

T T T T T T T T T T
510 520 530 540 550 560 570 580 590 600

» mTaar5 cONA »:

template sequence puTaar5-eGFP

GCAGGGTGGGGGATACCAGCAGCCTACACTGCCTTCTTCCTCTACACAGATGTGGTAGAGAGAGCACTCAGCCAGTGGCTAGAAGAGATGCCTTGTGTGG

T T T T T T T T T T
510 528 530 540 550 568 570 588 599 608

aligned sequence pEGFP-N1_REV

https://benchling.com/maria/firvxenLsF-uploads/seg-lojtylDS-pmtaarS-egfp/edit# 2/6
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Template Alignment: pEGFP-N1_REV (from 601-900 bp) 12/18/2017 10:13:46 AM

gcagctgecagetgetgttcaataagttetggggttggttaaactteectgeattttttgttcecctgectaatcatgatecagettgtacctgaagatett

6‘10 6;0 E-;H 61‘& 6‘50 ﬁt!:& EF"B ﬁl‘iB 5;& I'BB‘

» mTaar5 cDNA =
template sequence pulaar5-eGFP

GCAGCTGCCAGCTGCTGTTCAATAAGTTCTGGGGTTGGTTAAACTTCCCTGCATTTTTTGTTCCCTGCCTAATCATGATCAGCTTGTACCTGAAGATCTT

T T T T T T T T T T
630 640 658 668 670 688 698 T80

3]
aligned sequence pEGFP-N1_REV

tgtggtcgecaccaggeaggetcageagatcagaactctgagecaaagettggetggggctgtcaagegggaaagaaaagetgecaagacgetgggeatt
T T

T T | | I T | T
710 720 730 740 758 760 770 780 790 8o

> mTaar5 cDNA k.2
template sequence puTaar5-eGFP

M

TGTGGTCGCCACCAGGCAGGCTCAGCAGATCAGAACTCTGAGCCAAAGCTTGGCTGGGGCTGTCAAGCGGGAAAGAAAAGCTGCCAAGACGCTGGGCATT

T I | T T | I T | T
710 28 730 740 758 768 770 780 798 Bee

aligned sequence pEGFP-N1_REV

getgtgggcatetaccttgtgtgttggettecctteactgttgacacactagtggacagecttettaactteatcaccecaccectggtetttgacatet

T T T T T T T T T T
810 820 830 B840 858 868 870 888 898 900

I mTaars cONA »:

template sequence pulaarS-eGFP

GCTGTGGGCATCTACCTTGTGTGTTGGCTTCCCTTCACTGTTGACACACTAGTGGACAGCCTTCTTAACTTCATCACCCCACCCCTGGTCTTTGACATCT

T T T T T T T T T T
830 840 858 860 870 Bse 899 L

810
aligned sequence pEGFP-N1_REV
https:/fbenchling.co ia/f/rvxenLsF-upload: g-lojty1DS-pmtaar5-egfp/edit# 3/6
Template Alignment: pEGFP-N1_REV (from 901-1200 bp) 12/18/2017 10:13:46 AM

ttatctggtttgettatttcaattcagectgtaateccatcatetacgtettetectaceggtggtttaggaaggeactgaaactgetectgageeggga

T T T T T T T T T T
910 920 930 940 958 968 970 988 998 1,000

5 iTaars DN E

template sequence pulaarS-eGFP

TTATCTGGTTTGCTTATTTCAATTCAGCCTGTAATCCCATCATCTACGTCTTCTCCTACCGGTGGTTTAGGAAGGCACTGAAACTGCTCCTGAGCCGGGA

T T T T T T T T T T
930 940 958 968 g7@ 988 999 1,000

91¢
aligned sequence pEGFP-N1_REV

gatcttctcaccaaggacaccgactgttgatttataccatgacacggtaccgegggeccgggatecaccggtegecaccatggtgageaagggegaggag
1,(‘11« L,t‘m 1,('930 1,«‘1:5 1,1‘*5@ 1,('960 1,«‘7:5 1,1‘% 1,('990 1,160‘
[ KpnI ]
: Tirker I wGrP

template sequence puTaar5-eGFP

GATCTTCTCACCAAGGACACCGACTGTTGATTTATACCATGACACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGRMGAGGAG

T T T T T T T T T T
1,010 1,820 1,030 1,040 1,050 1,060 1,070 1,080 1,099 1,100
aligned sequence pEGFP-N1_REV

ctgttcaccggggtggtgeccatectggtegagetggacggegacgtaaacggecacaagttcagegtgtecggegagggcgagggcgatgecacctacg
1,‘11« 1,‘129 1,'13& 1,1‘4a 1,‘159 1,'16& 1,1‘7a 1,‘133 1,'19& 1,209‘

&GFP

template sequence puTaar5-eGFP

CTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTC--~AGCGGCCGGCCGEGEMARG----—--==-——---~

T T T T T T T T T
1,110 1,120 1,138 1,140 1,150 1,160 1,170 1,180 1,19 1,200
aligned sequence pEGFP-N1_REV

https://benchling. ia/f/rvxenLsF-upload: qg-lojty1DS-pmtaar5-egfp/edit# 416
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7. Sequence alignment for pmTaar8b-EGFP using forward sequencing primer pEGFPN1-
Fwd:

Template Alignment: pEGFP-N1_FWD (from 601-900 bp) 12/18/2017 10:40:11 AM

accggactcagatctcgagatgaccagecaacttttcccaaccageectgeagetetgetatgagaacacgaatggatectgtattaaaacteectattet

T T T T T T T T T
610 620 630 640 658 660 670 688 699 7

P>

template sequence puTaarBb-eGFP

g

ACCGGACTCAGATCTCGAGATGACCAGCAACTTTTCCCAACCAGCCCTGCAGCTCTGCTATGAGAACACGAATGGATCCTGTATTAAAACTCCCTATTCT

T T T T T T T T T
610 620 630 640 650 660 670 68 699 T

aligned sequence pEGFP-N1_FWD

g

ccagggeececgggteatectgtacatggtetttggetttggggetgtgetggeagtgtgtgggaacctectggtggteatttcagttctecattteaage

T I T T T | I T T
710 720 730 740 758 760 70 788 798 8

2

template sequence puTaar8b-eGFP

CCAGGGCCCCGGGTCATCCTGTACATGGTCTTTGGCTTTGGGGCTGTGCTGGCAGTGTGTGGGAACCTCCTGGTGGTGATTTCAGTTCTCCATTTCAAGC

| I I T | | I I [
710 728 730 740 750 768 70 7808 790 8

aligned sequence pEGFP-NI_FWD

g

agctgeactctcecagecaatttteteategectetetggecagegetgacttettggtgggeatetetgtgatgeccttecageatggtcaggtecattga
T T T T T T

]

T T T T
810 820 830 840 858 860 870 888 890 a

template seguence pmTaar8b-eGFP

AGCTGCACTCTCCAGCCAATTTTCTCATCGCCTCTCTGGCCAGCGCTGACTTCTTGGTGGGCATCTCTGTGATGCCCTTCAGCATGGTCAGGTCCATTGA

T T T T T T T T
810 820 830 840 858 860 870 888 890 a

aligned sequence pEGFP-N1_FWD

]

w

https://benchling.com/maria/f/1VV]GMQcDY-my-sequences/seq-58wepF5Z-pmtaar8b-egfp/edits /20

Template Alignment: pEGFP-N1_FWD (from 1201-1500 bp) 12/18/2017 10:40:11 AM

tcaagactgggttttgatagattttcttctatttttcatacctacccttgttatgatcattetttacagcaaaatatttttggtagecaaacageaaget
1,'210 1,£za 1,%30 1,540 1,‘25« 1,%6» 1,£7a 1,£sa 1,%90 1,309'

template sequence prTaar8b-eGFP

TCAAGACTGGGTTTTGATAGATTTTCTTCTATTTTTCATACCTACCCTTGTTATGATCATTCTTTACAGCAAAATATTTTTGGTAGCCAAACAGCAAGCT

T T T T T T T T T T
1,210 1,230 1,240 1,250 1,260 1,270 1,280 1,298 1,308

1
aligned sequence pEGFP-N1_FWD

gtaaaaattgaaacttctgtaagtgacaacagaggtgaatcatcctcagagagtcacaaagecagagtggecaagagagagaggaaggctgcaaaaacct

T T T T T T T T T T
1,310 1,320 1,330 1,348 1,350 1,360 1,370 1,380 1,398 1,400

template sequence prTaarBb-eGFP

GTAAAAATTGAAACTTCTGTAAGTGACAACAGAGGTGAATCATCCTCAGAGAGTCACAAAGCCAGAGTGGCCAAGAGAGAGAGGAAGGCTGCAAAAACCT

I I T | I | T I T T
1,318 1,320 1,330 1,340 1,350 1,368 1,370 1,388 1,3% 1,488

aligned sequence pEGFP-NI_FWD

t-gggggtcactgtggtggcttttatggtctegt-ggeteccatacacaattgactcattggttgatge-tttegtgggcttcattactectgectatgt

T T T T T T T T T T
1,410 1,420 1,430 1,440 1,450 1,460 1,470 1,480 1,49 1,500

template sequence prTaarBb-eGFP

TGGGGGGTCACTGTGGTGGCTTTTATGGTCTCGTGGGCTCCCATACACAATTGACTCATTGGTTGATGCTTTTCGTGGGCTTCATTACTCCTGCCTATGT

T T T T T T T T T T
1,418 1,420 1,430 1,448 1,450 1,460 1,470 1,480 1,49 1,508

aligned sequence pEGFP-N1_FWD

v
]

https:/fbenchling.com/maria/f/1VV]JGMQcDY-my-sequences/seq-58wepF5Z-pmtaar8b-egfp/edit# 0
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Template Alignment: pEGFP-N1_FWD (from 1501-1800 bp) 12/18/2017 10:40:11 AM

ctatgaaatctgttgctggagtgectattataactcagecatgaaccctttgatttatgetttcttttatecttggtttaggaaagecataaagettatt

T T T T T T T T T T
1,518 1,520 1,530 1,540 1,550 1,560 1,570 1,580 1,59 1,600

template sequence puTaar8b-eGFP

CTATGAAATCTGTTGCTGGAGTG=CTATTATAACTCAGCCATG-ACCCTTTGATTTATGCT===TCTTATCCTTTGGT TAGGAAGCCATTAAAG------

T T T T T T T T T
1,510 1,520 1,53 1,540 1,550 1,568 1,570 1,580 1,59 1,600
aligned sequence pEGFP-N1_FWD

ttaagtggggagattctaaagagtcattcatctaccatgagtttgttttcagagacggtaccgegggeecgggatecaccggtegecaccatggtgagea
T T | T T | T

T T T
1,610 1,628 1,630 1,640 1,650 1,660 1,670 1,680 1,699 1,708
template sequence pulaar8b-eGFP

T T T T T T T
1,610 1,620 1,630 1,640 1,650 1,660 1,670 1,680 1,699 1,700
aligned sequence pEGFP-N1_FWD

agggegaggagetgttcaccggggtggtgeccatectggtegagetggacggegacgtaaacggecacaagttcagegtgtecggegagggegaggegega
T

T T T T T T T T T
1,710 1,720 1,730 1,740 1,750 1,768 1,770 1,788 1,79 1,800

template sequence pulaar8b-eGFP

T T T
1,710 1,720 1,730 1,740 1,750 1,768 1,770 1,788 1,79 1,800
aligned sequence DEGFP-N1_FWD

https://benchling.com/maria/f/1VVJGMQcDY-my-sequences/seq-58wepF3Z-pmtaar8b-egfp/edit# 6/20

Template Alignment: pEGFP-N1_FWD (from 901-1200 bp) 12/18/2017 10:40:11 AM

gagctgetggtactttggagatgeattttgtagecttecacagttgetgtgatgtggctttttgttactettetgeectecacctgtgetteatcteagty

T T T T T T T T T T
910 920 930 940 950 968 970 988 998 1,000

template sequence pulaar8b-eGFP

GAGCTGCTGGTACTTTGGAGATGCATTTTGTAGCCTTCACAGTTGCTGTGATGTGGCTTTTTGTTACTCTTCTGCCCTCCACCTGTGCTTCATCTCAGTG

T T T T T T T T T T
910 920 930 940 950 968 970 988 998 1,000

aligned sequence pEGFP-N1_FWD

gacaggtacattgctgtcacagaccctcetggtctatcccaccaagttcacagtgtetgtgtetggaatttgeatcageatctectggattetgeceetgg

T T T T T T T T T T
1,010 1,820 1,030 1,040 1,850 1,060 1,070 1,880 1,099 1,108

template sequence puTaarBb-eGFP

GACAGGTACATTGCTGTCACAGACCCTCTGGTCTATCCCACCAAGTTCACAGTGTCTGTGTCTGGAATTTGCATCAGCATCTCCTGGATTCTGCCCCTGG

[ [ [ | [ [ | [ [ [
1,010 1,820 1,030 1,040 1,850 1,060 1,070 1,880 1,099 1,108

aligned sequence pEGFP-N1_FWD

tatacagcagtgcagtgttctacacaggeatcagtgetaaggggattgaaagettagtaagtgetctgaattgtgtagggggetgecaaategttgteaa
1,‘11« 1,‘120 1,{30 1,1‘4:5 1,‘150 1,{60 1,1‘7:5 1,‘1% 1,{90 1,200‘

template sequence pulaar8b-eGFP

TATACAGCAGTGCAGTGTTCTACACAGGCATCAGTGCTAAGGGGATTGAAAGCTTAGTAAGTGCTCTGAATTGTGTAGGGGGCTGCCAAATCGTTGTCAA
1,‘11« 1,‘120 1,{30 1,1‘4:5 1,‘15@ 1,{60 1,1‘7:5 1,‘1% 1,{90 1,200‘
aligned sequence pEGFP-N1_FWD

s

https://benchling.com/maria/f/1VVJGMQcDY-my-sequences/seq-58wepF3Z-pmtaar8b-egfp/edit# /20
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8. Sequence alignment for pmTaar8b-EGFP using reverse sequencing primer pEGFPN1-
Rev:

Template Alignment: pEGFP-N1_REV (from 601-300 bp) 12/18/2017 10:55:46 AM

ccggactcagatctcgagatgaccageaacttttcccaaccageecctgeagetetgetatgagaacacgaatggatectgtattaaaacteectattete
E!lﬂ 6;0 ﬁ:‘m GLB 5‘50 béo S;E Géﬁ s;m FBﬁI

D

template sequence prTaarBb-eGFP

AATGGATTCTGTATT==AACYTCCTWATTTC
T

T T T T T T T
61¢ 620 630 648 650 660 670 680 698 700
aligned sequence pEGFP-NI_REV

cagggeeccgggtcatectgt--acatggtettt-ggetttggggetgtgetggeagt-gtgtgggaacc-tectggtgg-tgattteag-ttctecatt
| | | [

T T T I | T
718 728 730 740 750 768 770 780 798 808

template sequence prTaar8b-eGFP

TCAGGGCCCGGGTCATCCCTKTAACATGGTCTTTGGGCTTGGGGACTGTGCTGGCAGTGGTGTGGGAACCTTCCTGGTGGRTGATTTCAGTTTCTCCATT

T I I T I I I I I T
710 720 730 740 750 768 70 788 798 808

aligned sequence pEGFP-N1_REV

tcaagcagetgeactctec--agecaatttteteategectetetggec-agegetgacttettgg--tgggeatetetgtgatgecctteageatggte
T T T T T T

T T T T
81e 820 230 840 850 860 870 880 830 900

template sequence pmTaar8b-eGiP

TCAAGCAGCKGCACTTCTCCAGGCCAATTTTCTCATCGCCTCTCTGGCCAAGCGCTGACTTCTTGGGTGGGGCATCTCTGTGATGCCCTTCAGCATGGTC
EIIQ 8;0 BZ‘W B:B B.‘W SéO B;E axlaa 85‘30 9%'
aligned sequence pEGFP-N1_REV

w
™

https:/fbenchling.com/mariaff/1VV]JGMQcDY-my-sequences/seq-58wepF5Z-pmtaar8b-egfp/edit# o

Template Alignment: pEGFP-N1_REV (from 901-1200 bp) 12/18/2017 10:55:46 AM

aggtccattgagagetgetggtactttggagatgcattttgtagecttcacagttgetgtgatgtggctttttgttactettetgeectecacctgtget
T T T T T

T T T T T
91 920 930 940 950 960 970 ase 990 1,000

template sequence puTaarBb-eGFP

AGGTCCATTGAGAGCTGCTGGTACTTTGGAGATGCATTTTGTAGCCTTCACAGTTGCTGTGATGTGGC=TTTTGTTACTCTTCTGCCCTCCACCTGTGCT

T T T T T T T T T T
910 928 930 940 950 968 970 988 990 1,000

aligned sequence DEGFP-N1_REV

tcatctcagtggacaggtacattgctgtcacagaccctetggtctatcccaccaagttcacagtgtetgtgtetggaatttgeatcageatetectggat

T T T T T T T T T
1,010 1,020 1,030 1,040 1,050 1,060 1,870 1,880 1,098 1,1

8

template sequence puTaarBb-eGFP

TCATCTCAGTGGACAGGTACATTGCTGTCACAGACCCTCTGGTCTATCCCACCAAGTTCACAGTGTCTGTGTCTGGAATTTGCATCAGCATCTCCTGGAT

I [ | | [ [ [ [ [
1,010 1,820 1,830 1,840 1,858 1,060 1,870 1,080 1,090 1,1

aligned sequence pEGFP-N1_REV

8

tctgeccctggtatacageagtgeagtgttctacacaggeatcagtgctaaggggattgaaagettagtaagtgetetgaattgtgtaggggectgccaa

8

T T T T T T T T T
1,110 1,120 1,130 1,148 1,150 1,160 1,178 1,188 1,199 1,2

template sequence puTaarEb-eGFP

TCTGCCCCTGGTATACAGCAGTGCAGTGTTCTACACAGGCATCAGTGCTAAGGGGATTGAAAGCTTAGTAAGTGCTCTGAATTGTGTAGGGGGCTGCCAA

T T T T T T T T T
1,110 1,120 1,130 1,148 1,150 1,160 1,170 1,188 1,198 1,2
aligned sequence pEGFP-N1_REV

£

s

https://benchling.com/maria/f/1VV]GMQcDY-my-sequences/seq-58wepF5Z-pmtaar8b-egfp/edit# /20
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Template Alignment: pEGFP-N1_REV (from 1201-1500 bp) 12/18/2017 10:55:46 AM

atcgttgtcaatcaagactgggttttgatagattttcttctatttttcatacctacccttgttatgatcattetttacagcaaaatatttttggtageca

T T T T T T T T T T
1,210 1,220 1,230 1,240 1,250 1,260 1,270 1,280 1,299 1,300

template sequence puTaar8b-eGFP

ATCGTTGTCAATCAAGACTGGGTTTTGATAGATTTTCTTCTATTTTTCATACCTACCCTTGTTATGATCATTCTTTACAGCAAAATATTTTTGGTAGCCA

T T T T T T T T T T
1,210 1,220 1,230 1,240 1,250 1,260 1,270 1,280 1,29 1,300
aligned sequence pEGFP-N1_REV

aacagcaagctgtaaaaattgaaacttctgtaagtgacaacagaggtgaatcatcctcagagagtcacaaagecagagtggecaagagagagaggaaggce

T T T T T T T T T T
1,310 1,320 1,330 1,340 1,350 1,360 1,370 1,380 1,399 1,400

template sequence pulaar8b-eGFP

AACAGCAAGCTGTAAAAATTGAAAMWTMWRTAAGTGACAACAGAGGTGAATCATCCTCAGAGAGTCACAAAGCCAGAGT GGCCAAGAGAGAGAGGAAGGC

T T T T T T T T T T
1,310 1,320 1,330 1,340 1,350 1,360 1,370 1,380 1,39 1,400

aligned sequence pEGFP-N1_REV

tgcaaaaaccttgggggtcactgtggtggettttatggtetegtggeteccatacacaattgactcattggttgatgetttegtgggetteattactect

T T T T T T T T T T
1,410 1,420 1,430 1,440 1,450 1,460 1,470 1,480 1,499 1,500

template sequence pulaar8b-eGFP

TGCAAAAACCTTGGGGGTCACTGTGGTGGCTTTTATGGTCTCGTGGCTCCCATACACAATTGACTCATTGGTTGATGCTTTCGTGGGCTTCATTACTCCT

T T T T T T T T T T
1,410 1,420 1,430 1,440 1,450 1,460 1,470 1,480 1,499 1,500
aligned sequence pEGFP-N1_REV

w

https://benchling.com/maria/f/1VVJGMQcDY-my-sequences/seq-58wepF3Z-pmtaar8b-egfp/edit# /20

Template Alignment: pEGFP-N1_REV (from 1501-1800 bp) 12/18/2017 10:55:46 AM

gcctatgtctatgaaatctgttgetggagtgectattataactcagecatgaaccctttgatttatgetttcttttatecttggtttaggaaagecataa
1,‘51« 1,l=.za 1,é3a 1,5‘.4a 1,%59 1,éea 1,é:m 1,l=.aa 1,éqa 1,668‘

template sequence pulaar8b-eGFP

GCCTATGTCTATGAAATCTGTTGCTGGAGTGCCTATTATAACTCAGCCATGAACCCTTTGATTTATGCTTTCTTTTATCCTTGGTTTAGGAAARCCATAA

T T T T T T T T T T
1,510 1,520 1,530 1,540 1,550 1,560 1,570 1,580 1,59 1,600

aligned sequence pEGFP-N1_REV

agcttattttaagtggggagattctaaagagtcattcatctaccatgagtttgttttcagagacggtaccgegggeccgggatccaccggtegecaccat

T T T T T T T T T T
1,610 1,620 1,630 1,640 1,650 1,660 1,670 1,680 1,699 1,700

template sequence pulaar8b-eGFP

AGCTTATTTTWWKTGGGGAGATTCTAAAGAGTCATTCATCTACCATGAGTTTGTTTTCAGAGACGGTACCGCGGGMCCGGGATCCACCGGTCGCCACCAT
1,‘51« 1,éza 1,r|,3a 1,s‘.4a 1,ésa 1,r|,ea 1,é7a 1,éaa 1,r|,9a 1,799‘
aligned sequence pEGFP-N1_REV

getgagcaagggegaggagetgttcaccggggtegtgeccatectggtegagetggacggegacgtaaacggecacaagtteagegtgtecggegaggge
T T T

T T T T T T T
1,710 1,720 1,730 1,740 1,750 1,768 1,770 1,788 1,79 1,800

template sequence pulaar8b-eGFP

GGTGAGCTA

T T T
1,710 1,720 1,730 1,740 1,750 1,768 1,770 1,788 1,79 1,800
aligned sequence pEGFP-N1_REV

https://benchling.com/maria/f/1VVJGMQcDY-my-sequences/seq-58wepF3Z-pmtaar8b-egfp/edit# 6/20
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Abstract

Trace amine-associated receptor 1 (Taarl) has been suggested as a putative receptor of
thyronamines. These are aminergic messengers with potential physiological roles related to
metabolic and neurological effects of their contingent precursors, the thyroid hormones.
Recently, we found Taarl to be localized at the primary cilia of rodent thyroid epithelial cells in
vitro and in situ. Thus, Taarl is present in a location of thyroid follicles where it might be
involved in regulation of thyroglobulin utilization from luminal storage forms through its
cathepsin-mediated proteolytic processing, eventually yielding TH and derivatives thereof.

In this study, Taarl-deficient male mice (taar1”) were used to determine whether and how
Taarl function would entail alterations in thyroid states of young and adult animals. Analyses of
blood serum revealed largely unaltered T, and T3 concentrations upon Taarl deficiency,
however, accompanied by elevated TSH concentrations. Interestingly, TSH receptors, typically
localized at the basolateral plasma membrane domain of wild type controls, were located at
vesicular membranes in thyrocytes of taarl” mice. In addition, determination of epithelial
extensions in taarl” thyroids showed prismatic cells, which might indicate activation states
higher than in the wild type. However, gross degradation of thyroglobulin was comparable to
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controls. Still, deregulated thyroglobulin turnover in taarl” mice was indicated by luminal
accumulation of covalently cross-linked thyroglobulin storage forms. These findings were in line
with decreased proteolytic activities of thyroglobulin-solubilizing and -processing proteases, due
to upregulated cystatins acting as their endogenous inhibitors in situ.

In conclusion, Taarl-deficient mice are hyperthyrotropinemic, as based on elevated TSH but
unaltered T4 and T3 concentrations in blood serum, and are characterized by non-canonical
TSH receptor localization in intracellular compartments, which is accompanied by altered
thyroglobulin turnover due to a disbalanced proteolytic network in the angio-follicular units.

These finding are of significance considering the rising popularity of using TAAR1 agonists or
antagonists as neuro-modulating pharmacological drugs. Our study highlights the importance of
further evaluating potential thyroid-related off-target effects, which may not only affect the
thyroid hormone-generating thyroid gland, but may emanate to other thyroid hormone target
organs like the CNS that is vitally dependent on their proper supply.

1 Introduction

Trace amine-associated receptor 1 (Taarl) is a G protein coupled receptor (GPCR) that was
shown to be involved in regulation of dopaminergic neurotransmission in rodents (Wolinsky et
al., 2007; Lindemann et al., 2008; Espinoza et al., 2011; Revel et al., 2011; Revel et al., 2012a;
Leo et al., 2014; Harmeier et al., 2015). Subsequently, Taarl was considered as a drug target
for treatment of alcohol and drug addiction, as well as Parkinson’s disease and schizophrenia
(Bradaia et al., 2009; Galley et al., 2012; Revel et al., 2012b; Lynch et al., 2013; Alvarsson et
al., 2015; reviewed in Grandy, 2007, 2014; Grandy et al., 2016; Berry et al., 2017). In the
context of neuro-modulation, taarl”- mouse models were developed to study schizophrenia
particularly, but also other neuropsychiatric disorders. The taarl” mouse model exhibited
elevated sensitivity to amphetamines in comparison to wild type (WT) littermates, which
manifested in enhanced locomotor activity. This was correlated with higher dopamine and
norepinephrine release in the striatum upon amphetamine treatment, as well as a significant
increase in striatal expression of high-affinity dopamine receptors, all of which are regarded as
characteristic symptoms of schizophrenia (Wolinsky et al., 2007; Lindemann et al., 2008).
Otherwise, the taarl” mouse proved comparable to WT controls in terms of development and
growth, as well as tissue morphogenesis, as far as this was investigated.

Hence, Taarl and the taarl” mouse models have been studied mainly in the context of the
central nervous system (CNS). So far, there was no focus on investigating the thyroid gland of
taarl” mice. However, we have previously shown Taarl to be expressed in thyroid epithelial
cells, where it localizes to primary cilia (Szumska et al., 2015). Because the thyroid gland
produces thyroid hormones (TH), which play a crucial role in brain development, and which
were shown to be deregulated in various neuropsychiatric disorders (Bauer et al., 2008),
including depression, Parkinson’s disease, and schizophrenia, we decided that studying the
thyroid phenotype of taarl” mice was important to better understand TH-mediated endocrine
regulation at large, and with regard to maintenance of CNS functions.
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Taarl at primary cilia of the apical plasma membrane of thyroid epithelial cells is exposed to the
pH neutral and oxidizing milieu of the thyroid follicle lumen, in which thyroglobulin (Tg) is stored.
The apical plasma membrane domain of thyrocytes is the site of Tg secretion, upon which it is
iodinated to preform TH, and is then stored in the lumen of thyroid follicles in covalently cross-
linked form. In addition, partial degradation by Tg-processing cathepsins B, K, and L for
solubilization and initial TH liberation, and subsequent endocytosis of Tg happen at the apical
plasma membrane domain, too, i.e. in direct vicinity of the Taarl-bearing cilia of thyrocytes (Brix
et al., 1996; Tepel et al., 2000; Jordans et al., 2009; reviewed in Dauth et al., 2011). Currently,
the site(s) of thyronamine production remain(s) controversial as both the thyroid gland
(Hackenmueller et al., 2012), the gastrointestinal mucosa and other potential tissues (Hoefig et
al., 2016) have been proposed to provide these aminergic ligands, which were shown to
activate TAARL1 in vitro (Scanlan et al., 2004). Thus, it is plausible that the thyroid follicle lumen
may be providing ligands that activate Taarl at cilia of the apical plasma membrane domain of
thyrocytes (Szumska et al., 2015), thereby implicating that Taarl could be involved in the
regulation of thyroid gland functions, namely Tg degradation and, consequently, TH liberation.
Therefore we investigated in this study morphological features of thyroid follicles, Tg processing,
TSH receptor (Tshr) localization as well as resulting serum thyroid hormone status in male
taarl” mice vs. wild type (WT) controls.

Classical regulation of the thyroid gland involves the hypothalamic-pituitary-thyroid (HPT) axis,
whereby low TH concentrations trigger a negative feedback resulting in thyroid releasing
hormone (TRH) release from the hypothalamus to trigger thyroid stimulating hormone (TSH)
release from the pituitary gland. Circulating TSH binds to its receptors (human TSHR / mouse
Tshr) expressed at the basolateral plasma membrane of thyrocytes. Ligand binding on TSHR
induces Gqq and Gsq signaling pathways. Activation of Gqq induces non-genomic effects of TSH
stimulation that culminate in relocation of Tg-processing cathepsins to the apical plasma
membrane, where they are released into the thyroid follicle lumen to initiate Tg solubilization
and TH liberation (Brix et al., 1996; Linke et al., 2002). This is completed by re-internalization of
partially degraded Tg molecules for lysosomal degradation and exhaustive TH liberation
(Friedrichs et al., 2003; Jordans et al., 2009). In contrast and subsequently, the long-term effect
of TSH stimulation entails enhanced secretion of de novo synthesized Tg into the follicular
lumen (reviewed in: Brix et al., 2001; Dauth et al., 2011). Thus, any disturbances in TSH
regulation of thyrocytes will potentially translate into alterations in levels of Tg-processing
proteases and, therefore, the degree of Tg processing and degradation, which would eventually
affect TH concentrations in the blood serum. Accordingly, this study included investigations on
the Tshr to determine the effect of Taarl deficiency on thyroid function in male mice.

2  Materials and Methods

2.1 Animals, Thyroid Tissue Sampling, and Cryo-sectioning

Male taarl” and C57BL6/J wild type (WT) mice were kept in the animal facility of Jacobs
University Bremen, Germany. The founder taar1” mice were provided by Dr. David K. Grandy
(Oregon Health & Science University, Portland, OR, USA), and genotyped as previously
described (Szumska et al., 2015). Mice were housed under standard conditions, with a 12h/12h
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light/dark cycle and ad libitum water and food. Testing was conducted in accordance with
institutional guidelines in S1-laboratories of Jacobs University Bremen (SfAFGJS Az. 513-30-
00/2-15-32 and Az. 0515_2040_15).

Young (5 - 8 months old) and adult (10 - 15 months old) male mice were euthanized by CO-
inhalation. Perfusion was carried out through the heart with 0.9% NacCl including 0.4 1U heparin
per mL. The resected thyroid gland tissue was either snap-frozen in liquid nitrogen and stored
at -80°C until used, or fixed in 4% paraformaldehyde (PFA) in 200 mM HEPES, pH 7.4, and left
overnight at 4°C. Cryo-preservation was carried out by incubation in 0.5 M, and then 1 M
sucrose solution in phosphate-buffered saline (PBS), pH 7.4, for 24h each at 4°C. PFA-fixed
tissue samples were embedded in Tissue Freezing Medium (Jung, through Leica Microsystems,
Nussloch, Germany) and stored at -20°C until sectioning on a cryostat (Leica CM1900, Leica
Microsystems) into 5 pm-thick transverse sections and thaw-mounting on microscope slides.

2.2 Indirect Immunofluorescence

Residual embedding solution was washed out by overnight-incubation in calcium- and
magnesium-free PBS (CMF-PBS), composed of 0.15 M NaCl, 2.7 mM KCI, 1.5 mM NaH2PO4,
8.1 mM NazHPO, at pH 7.4, at 4°C, followed by blocking with 3% bovine serum albumin (BSA;
Carl Roth GmbH, Karlsruhe, Germany) in CMF-PBS for 1 hour at 37°C. The sections were then
incubated with primary antibodies diluted in 0.1% BSA in CMF-PBS, overnight at 4°C (see Table
1). After washing with 0.1% BSA in CMF-PBS, the sections were incubated with Alexa 488- or
Alexa 546-conjugated secondary antibodies for 1 hour at 37°C (1:200; Molecular Probes,
Karlsruhe, Germany) together with 5 uM of the nuclear counter-stain Draqg5™ (Biostatus
Limited, Shepshed, Leicestershire, UK). Epithelial cells were stained with HCS CellMask™
Orange for 1 hour at 37°C (1:1000, Molecular Probes, H32713). Glycosylated tissue
components were stained with the biotinylated lectin Concanavalin A from C. ensiformis (ConA;
Sigma-Aldrich, C2272) at 10pg/mL for 30 min at 4°C, followed by incubation with Alexa Fluor®
546-conjugated streptavidin (Molecular Probes, Karlsruhe, Germany, S-11225) as the
secondary ConA detection label. Specific antibodies were omitted in negative controls. After
washing with CMF-PBS and deionized water, the sections were mounted with embedding
medium consisting of 33% glycerol, and 14% Mowiol in 200 mM Tris-HCI, pH 8.5 (Hoechst AG,
Frankfurt, Germany).

2.3 Image Acquisition and Analysis

Immuno- and lectin-labeled thyroid tissue cryo-sections were inspected with a confocal laser
scanning microscope equipped with Argon and Helium-Neon lasers (LSM 510 Meta; Carl Zeiss
Jena GmbH, Jena, Germany). Images were obtained at a pinhole setting of 1 Airy unit and at a
resolution of 1024 x 1024 pixels. Micrographs were analyzed with the LSM 510 software,
release 3.2 (Carl Zeiss Jena GmbH).

The epithelial extensions, follicle areas, follicle luminal areas, cell numbers per 1000 pm? of
tissue area, as well as the fluorescence intensities of anti-cystatin C- and D-, and ConA-positive
signals were analyzed with the aid of the open source software Cell Profiler (version 2.1.1.;
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available from the Broad Institute at www.cellprofiler.org, (Lamprecht et al., 2007), following our
established pipelines described elsewhere (Weber et al., 2015).

2.4 Tissue Lysate Preparation

Resected deep-frozen thyroid tissue was homogenized on ice in lysis buffer (0.5% Triton X-100
in PBS, pH 7.4), and incubated at 4°C for 30 min. Lysates were cleared by centrifugation at 4°C
and 13,000 g for 5 min. Quantitative protein determination was performed by the Neuhoff
method (Neuhoff et al., 1979) using BSA dissolved in 0.5% Triton X-100 in PBS as a standard.

2.5 SDS-PAGE, Immunoblotting, and Silver Staining

Protein lysates were separated through SDS-PAGE on 12.5% self-cast vertical polyacrylamide
gels along with a Page Ruler Prestained Protein ladder (Thermo Scientific, #26616), and
transferred onto nitrocellulose membranes by semi-dry blotting. Unspecific binding sites were
blocked by incubation with 5% blotting grade milk powder in PBS, supplemented with 0.3%
Tween (PBS-T) for 16 hours at 4°C. Afterwards, membranes were incubated for 2 hours at room
temperature with antibodies specific for cathepsins B, D, and L, as well as B-tubulin for
normalization, each diluted in PBS-T, respectively (see Table 1). Incubation with horseradish
peroxidase-conjugated secondary antibodies (Southern Biotech, Birmingham, USA, #6160-05,
#4050-05, 1:5000) was performed for 1 hour at room temperature, followed by incubation with
the respective secondary horseradish peroxidase-conjugated antibody, and visualization by
chemiluminescence ECL Western Blotting substrate onto XPosure films (Pierce via Thermo
Scientific, Schwerte, Germany). Band densitometry analysis was performed using ImageJ
version 1.48.

A total of 0.5 ug protein from thyroid lysate preparations were separated on horizontal SDS
Gradient 8-18 ExcelGel (GE Healthcare, Upsala, Sweden). Gels were silver stained
(Heukeshoven & Dernick, 1988), and band densitometry analysis was performed on Image
Studio Lite version 5.2.

2.6 Cathepsin B Activity Assays

Cathepsin B activity assays were performed as described (Barrett, 1980; Brix et al., 1996;
Mayer et al., 2009). In brief, protein samples prepared from thyroid tissues were assayed in
triplicates by monitoring cleavage of 10 uM cathepsin B-specific substrate N-benzyloxycarbonyl-
arginine-arginine-7-amido-4-methylcoumarin hydrochloride (Z-Arg-Arg-AMC*HCI; Bachem,
Bubendorf, Switzerland, #1-1135) at pH 6.0, and for 60 min at 40°C. In negative controls,
prepared for each sample, 10 uM E-64 were added at the start of the reaction time. Substrate
cleavage was stopped by the addition of 2 M Tris-HCI (pH 9.0). The amounts of released AMC
were quantified by measuring the fluorescence with a Tecan GENios Reader (Tecan
Deutschland GmbH) using an excitation wavelength of 360 nm and emission reading at 465 nm.

2.7 Measurement of Serum TSH Concentrations

Blood was taken from right heart ventricles, and allowed to clot by placing on ice before sera
were stored at -20°C upon clearance by centrifugation at 4°C at 13,000 g for 10 min. Blood
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serum samples were used for evaluation of TSH concentrations by use of a mouse TSH-specific
ELISA kit (Cloud-Clone Corp. via Antibodies Online, # CEA463MU). Absorbance was
determined at 450 nm using a Tecan Infinite M1000 Pro instrument (Grodig, Salzburg, Austria).
According to the manufacturer’s instructions, the detectable TSH concentrations range from
49.4 pg/ml to 4,000 pg/ml.

2.8 Measurement of Total T4 and T3 Serum Concentrations

Total T3 and T4 serum concentrations were measured by competitive radioimmunoassay (DRG
Instruments GmbH, Marburg, Germany, #4525, #4524) according to the manufacturer’s
instructions and as described (Wirth et al., 2015). The coefficient of variation was < 5 % for both
assays.

2.9 Statistical Analyses

Data are depicted as means + standard deviations (SD). Statistical analyses were performed by
conducting univariate analysis of variance, followed by one-way ANOVA with a Bonferroni or
Dunnett’s T3 as post-hoc test, using SPSS 24.0. P-values were determined by unpaired t test
with Welch’s correction using GraphPad Prism 5.01 (GraphPad, San Diego, CA, USA). Data
sets were compared once for genotypic effect and once for age effect, therefore values of
p<0.025 were considered to be statistically significant, unless specified otherwise.

3  Results

Taarl and the taarl” mouse models have been studied in relation to behavior and the central
nervous system, but were not yet investigated in detail with regard to the thyroid gland and
possible regulation of its functions as TH-generating endocrine organ. Since we have previously
shown that Taarl is localized at primary cilia of thyroid epithelial cells in vitro and in situ
(Szumska et al., 2015), the present study asks whether Taarl plays a role in thyroid
morphology. In addition, we were interested in testing whether Taarl is required for thyroid
tissue morphogenesis, and for regulation of Tg processing and the resulting serum TH status,
as well as for Tshr localization, which are important aspects of thyroid gland function in
maintaining proper TH supply to peripheral and central target organs, including the CNS.

3.1 No morphological alterations were detectable regarding follicle size and follicle
count between WT and taarl” thyroids

To determine possible roles of Taarl during development, which might be related to
differentiation of thyroid follicle cells and thyroid tissue morphogenesis, a morphometric
approach was chosen that allows determination of entire thyroid lobes and their constituency,
namely the thyroid follicles (Weber et al., 2015). Initial morphological assessment revealed no
significant difference in follicle areas, or the number of follicles per lobe in animals of either
genotype from both age groups, namely young and adult male taarl” mice in comparison with
WT controls (Figure 1). Similarly, when comparing the average number of cells constituting a
follicle, measured as the number of nuclei per 1000 um? of follicle area, no significant difference
was found, although the number of cells constituting thyroid follicles tend to be slightly higher in
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the young WT than in the other tested groups (Figure 2A). There were 4.81 + 1.81 cells and
5.45 + 2.24 cells per 1000 um?, which composed the follicles of young taar1” and WT mice,
respectively. Thus, the follicles of young taarl” mice were rather comparable to follicles of adult
mice of both genotypes, which generally have less cells occupying 1000 um? follicle area than
per young WT follicle (Figure 2A).

3.2 Lower follicle to cell volume ratios in taarl” thyroids

The lack of Taarl did not appear to have an effect on the tissue volume of either young or adult
mouse thyroids, as indicated by comparable follicle sizes and follicle counts. However, the
finding of slightly fewer cells per follicle area in taarl” vs. WT thyroid glands prompted us to
further investigate and compare the rate of cell death and the volume of epithelial cells in
taarl” vs. WT. The mechanism of cell death in the thyroid gland is not fully understood, but it
resembles terminal differentiation and shedding of dead cells into the lumen where the
remnants remain detectable for long time intervals (Friedrichs et al., 2003; Nilsson & Fagman,
2017). In keeping with this notion, activation of procaspase 3 was not observed in WT or

taarl” thyroid tissue (data not shown). However, the proportion of dead cells was determined
by counting the luminal Drag5 ™ -positive signal of nuclei representing such remnants of dead
cells (Figure 2 B-B’), divided by the total count of cells (nuclei) comprising the respective follicle.
The results showed a significant rise in cell death rate in young taarl” follicular epithelia,
equivalent to 3.5-fold that of young WT, besides a 2.8-fold increase in the cell death rate of adult
taarl” thyroid epithelia compared to the adult WT, while cell death rates were comparable in
both young and adult WT follicular epithelia (Figure 2C). This data indicated increased thyroid
epithelial cell death rates in young taarl” over adult and WT mice, respectively.

Moreover, a trend towards higher epithelial extensions (EExt) was revealed in both young and
adult taarl” mice (5.27 um * 0.69 ym and 5.17 ym * 0.40 ym, respectively) as compared to
their WT counterparts (4.80 ym £ 0.91 ym and 4.38 ym % 0.65 ym for young and adult WT,
respectively) (Figure 3A). This increase in the EExt is consistent with a decrease in the luminal
area in taarl™ follicles, where average luminal area in young taarl” thyroid follicles is
significantly smaller (2,287 uym? + 334 ym?), when compared to their WT counterparts (2,895
um? = 312 um?) (Figure 4A). While a similar trend towards smaller luminal areas was observed
in the adult taarl™, the difference is insignificant when compared to the adult WT.

The luminal areas were additionally investigated to provide a color-coded depiction of area
distribution of follicular lumina per middle-section of a given thyroid lobe (Figure 4B). Such
analyses highlighted the heterogeneity of the follicle populations per thyroid section, where the
bigger follicles tend to localize on the thyroid lobe periphery, surrounding the smaller, more
centrally located follicles. This distribution is maintained in both the young and adult populations
of thyroid follicles in both genotypes.

Overall, an approximate 10% and 18% increase in EExt in young and adult taar1” follicles,
respectively, is indicative of a more prismatic thyrocyte shape (Figure 3B), suggesting a higher
activation state (Friedrichs et al., 2003). Thus, higher thyrocyte activity states correlating to
smaller thyroid follicle lumina could be associated with altered thyroglobulin (Tg) synthesis and
secretion rates, or less colloid stored in the lumen, which, in turn, could be the outcome of
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enhanced Tg degradation and/or more compacted Tg. Therefore, we next performed
biochemical and morphological analyses of Tg, while also conducting investigations on Tg-
processing proteases and the availability of the TSH receptor in thyroid tissue of both
genotypes.

3.3 Taarl-deficiency has an age-dependent effect on thyroglobulin glycosylation, but
no overall effect on its synthesis or state of proteolytic processing

Thyroglobulin is a complex, heavily glycosylated molecule, which makes up most of the protein
content of thyroid tissue. We therefore sought to visualize and compare the processing pattern
of thyroidal thyroglobulin and to analyze its glycosylation pattern in both young and adult WT
and taarl™ thyroid tissue. The degree of Tg glycosylation was evaluated via quantification of
fluorescence intensity of positive signal from thyroid cryosections stained with ConA (Figure 5
A-E), a lectin that recognizes a-D-mannosyl a-D-glucosyl groups (Goldstein et al., 1974). The
results indicated that Tg tends to be more glycosylated in adult vs. young WT tissue, and less
so in adult taarl” vs. WT glands (Figure 5E).

The degree of glycosylation is typically positively correlated with the degree of protein stability;
therefore, we next checked the degradation status of Tg with the aim to answer whether or not
Tg from adult thyroids was less prone to degradation. A silver staining of SDS-PAGE separated
proteins in thyroid lysates under reducing conditions shows no inter-genotypic differences in the
amounts and gross degradation pattern of Tg (Figure 5F). However, overall degradation of
thyroidal proteins appears to be enhanced in the adult mice, as compared to their young
counterparts.

On the other hand, morphological assessment of Tg storage was enabled by immunolabeling
WT and taarl” thyroid cryosections of both young and adult mice with an antibody specific for
Tg (see also (Weber et al., 2017)). The proportion of follicles with a homogeneous Tg-
immunopositive signal, resembling intact cross-linked Tg was higher in young taarl” thyroid
cryosections (10.0% and 24.9% for WT and taarl™, respectively), as opposed to the multi-
layered, partially solubilized Tg, which makes it better accessible for antibody binding. This
difference was no longer detected in the adult mice, with the percentage of cross-linked Tg-
containing follicles amounting to 10.2% and 7.0% in the WT and taarl”, respectively (Figure 6
A-D).

Furthermore, protein separation under non-reducing conditions revealed a trend toward less Tg
multimers in the adult taarl™”, as shown by the relative intensity of bands pertaining to
multimeric Tg to the total protein per lane (Figure 6 E and F, respectively). Because no
difference in the amounts of Tg, a proxy for biosynthesis of Tg, was detected in thyroid lysates
of WT and taarl™ thyroid tissue by reducing SDS-PAGE, a reduction in multimeric Tg forms in
the lumen may reflect a difference in Tg storage capacity upon Taarl deficiency.

Thus, the results show differences in Tg-glycosylation upon ageing in both WT and taarl’ mice,
as well as in Tg storage in cross-linked form in adult taar1™, in comparison to their WT
counterparts. Hence, we next asked whether there was a difference in the efficiency with which
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Tg was solubilized, a process that is enabled by cathepsin B- and L-mediated extracellular
proteolysis of covalently cross-linked Tg (Friedrichs et al., 2003).

3.4 Altered proteolytic activity of Tg-processing cathepsins in the taar1” thyroid

We first looked at whether or not Taarl deficiency had any effect on the subcellular localization
of cathepsins. Immunofluorescence revealed the subcellular localization of Tg-processing
cathepsins B, D, and L to be unaltered, as they confine mainly to endo-lysosomal compartments
in both WT and taar1” thyroid tissue (Figure 7).

Furthermore, densitometric analysis of immunoblots showed both the pro- and mature forms of
cathepsin B to be comparable in WT and taarl™ thyroid tissue (Figure 8 A-A3). However, a
slight decrease in the single chain cathepsin L was noted in adult taar1” thyroids, while
retaining comparable levels of both the pro- and heavy chain of cathepsin L in both age groups
of both genotypes (Figure 8 B-B3). Similarly, a slight reduction in cathepsin D proform was
observed in adult taarl” thyroid lysates (Figure 8 C-C1). Despite no differences in total
cathepsin B protein levels, however, an age-effect was elucidated in the proteolytic activity of
this protease, namely that it was significantly diminished in adult taar1” thyroid lysates
compared to their young counterparts (Figure 9 A), that latter also exhibiting lower proteolytic
activity than in the WT controls.

The notion of reduced Tg-solubilizing capacity in Taarl deficiency is further supported by an
enhancement in the fluorescence intensity of cystatin C immunopositive signal in taarl™ thyroid
cryo-sections (Figure 9 B-E), cystatin C being an endogenous inhibitor of cysteine proteases.
Moreover, the related cystatin D was also localized intra-luminally in the peri-cellular space at
the apical plasma membrane, where extracellular proteolysis for Tg solubilization and initial T4
liberation occurs, with an approximate 36% increase in the fluorescence intensity of luminal
cystatin D observed in the young, but not in adult, taar1” thyroid cryo-sections, as compared to
the WT (Figure 9 F-H).

Overall, subtle differences in the balance of proteolytic to anti-proteolytic activities are observed
in the taarl” mouse thyroid gland with declining potency to solubilize and degrade Tg by both,
extra- and intra-cellular means. In order to see whether this had a systemic effect, we next
looked at T3, T4 and TSH concentrations in the serum.

3.5 Lack of functional Taarl leads to a mild case of hyperthyrotropinemia in young
mice

Thyroid hormone serum concentrations were measured by radioimmunoassay, revealing an
age-dependent increase in total T4 concentrations in both genotypes, with a trend towards lower
total T4 in young taarl” mice. Age-related increasing T, and stable T3 serum concentrations
were comparable in both genotypes (Figure 10 A-B). To complete the picture, serum TSH
concentrations were measured via ELISA revealing a significant increase in serum TSH in
young taarl” mice (Figure 10C), pointing to a mild state of pituitary hypothyroidism, which was
no longer detectable in adult animals.
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Furthermore, the basolateral localization of Mct8, the major TH-exporting molecule of
thyrocytes, was not altered in taarl™” vs. WT thyroid tissue (Figure 11 A-B), thus ruling out major
differences in TH release from thyroid follicles as a cause of high TSH concentrations in the
serum of young Taarl-deficient mice. Finally, we checked whether the TSH receptor (Tshr)
localization was affected in the taarl” thyroid tissue. Immunofluorescence inspection of thyroid
sections from young mice labeled for Tshr showed a stark difference in the receptor’s
localization between the genotypes, where it was predominantly localized to vesicular
compartments in taarl” tissue, as opposed to the classical basolateral pattern of subcellular
localization in the WT tissue (Figure 11 C-F).

4 Discussion

Members of the TAAR family of receptors such as TAAR1 have been proposed as targets
mediating the actions of the thyroid hormone metabolite 3-T:AM (Panas et al., 2010). Albeit
several actions of 3-T1AM are distinct from those of classical thyroid hormones, if administered
in pharmacological doses, only few studies addressed the role of TAAR1/Taarl and its ligand 3-
T1AM on the thyroid gland and the regulation of the HPT axis (Klieverik et al., 2009; Agretti et
al., 2011; Schanze et al., 2017). Here we show that the thyroid gland of taar1” mice is
characterized by more prismatic epithelial cells and, consequently, smaller follicle lumen areas
in which the cross-linked, compact form of Tg is stored. Such a phenotype is typically observed
in TSH-activated thyroid glands, where peripheral TH demands are feeding back on the TH-
generating cells to first, liberate TH for short-term supply of target organs, and second, trigger
re-synthesis of Tg to fill up the stores of TH precursor molecules. A question that has been
asked for a long time, refers to the mechanisms by which individual follicles are able to sense
the amount of stored Tg, because an autonomy in thyroid follicle activity is observed for any
given thyroid follicle in conditions of TH demand or proper TH supply alike (Roger et al., 1992;
reviewed in Suzuki et al., 2011). An involvement in such regulatory processes by primary cilia at
the apical plasma membrane domain of thyrocytes, and reaching out into the Tg stored within
the thyroid follicle lumen, has been discussed before but was formally never proven (Herzog et
al., 1992; reviewed in Brix et al., 2001).

Previously, we proposed that Taarl at cilia of thyrocytes might play a role in auto-regulation of
individual thyroid follicles when triggered by TH derivatives, namely the thyronamines (Szumska
et al., 2015). In principle, thyronamines could be generated by intra-thyroidal means
(Hackenmueller et al., 2012). Because Tg is processed extracellularly before it is re-internalized,
and thus, undergoes limited proteolysis in the apical pericellular space (Brix et al., 1996;
Friedrichs et al., 2003), thyronamine precursors could principally be liberated during this
process (Szumska et al., 2015). These would then need to be taken up and modified to
thyronamines for their subsequent delivery into the thyroid follicle lumen for triggering e.g. Taarl
signaling (Szumska et al., 2015). In order to test this hypothesis, it would be required to analyze
the composition of the peri-cellular luminal content with regard to TH derivatives, in particular,
thyronamine precursors, and thyronamines themselves. Such investigations might become
feasible in future with more advanced imaging MALDI spectrometry at hand.

4.1 Canonical regulation of the thyroid gland upon Taarl deficiency
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Although thyroid-specific ligands remain unknown, it is clear that the Taarl receptor has a role
in thyroid gland regulation involving the HPT axis, because in the absence of functional Taarl,
the localization and potentially the signaling outcome of ligand-triggered Tshr are affected. The
metabolites of classical TH, particularly 3-T:AM, have been shown to potently activate Taarl in
vitro (Scanlan et al., 2004), leading to speculations, that thyronamines in general could serve as
the natural ligands for Taarl. However, that remains debatable, especially, when considering
persistence of several effects of high doses of 3-T:AM including thermoregulatory responses in
taarl” mice (Panas et al., 2010).

Recently, Schanze and colleagues have shown that the in vivo application of 3-T:AM leads to
the decrease in expression of the sodium-iodide symporter (Nis), pendrin and Tg, but did not
alter tshr expression, nor did it affect TSH-induced signaling in the treated animals, leading the
authors to conclude that stimulation with 3-T:AM does not affect the HPT axis but interferes with
functional characteristics of thyroid epithelial cells (Schanze et al., 2017). The results of this
study may suggest that the 3-T:AM-triggered effects are indeed not Taarl-mediated (Schanze
et al., 2017). One could also argue, however, that this may be so simply because Taarl is not
present at the basolateral plasma membrane domain of thyrocytes, and cannot be activated by
circulating 3-T:AM. However, it is not known yet whether in thyrocytes Taarl gets activated by
either thyronamines or other TH metabolites such as 3-T:AaM or 3-T;Ac. Indeed, 3-T:AM can
be metabolized by thyrocytes to yield ToAM and 3-T1Ac, as shown by (Schanze et al., 2017) for
PCCL3 cells, or might reach the thyroid follicular lumen by means of transcytotic transport as
previously suggested (Szumska et al., 2015). While the latter proposal has not been tested
experimentally, the present study supports the view that Taarl is indeed involved in thyroid
gland morphogenesis and in maintenance of its canonical function. Similar to the observations
in taar1” mice of this study, a smaller follicular lumen and higher epithelial heights have been
observed after administration of 3-T:AM for 7 days in male mice (Schanze, 2017). The results of
the present study and those upon 3-T:AM administration therefore suggest a role of both, Taarl
and circulating 3-T:AM in maintaining thyroid follicle architecture and thyrocyte functionality.

The obvious abundance of the Tshr in intracellular compartments of taarl” thyrocytes, as
indicated by the predominantly vesicular Tshr-immunopositive signals, and as opposed to a
mainly basolateral localization of Tshr in the WT, could be due to either poor targeting of the
Tshr to the cell surface, which would lead to partial TSH resistance (Calebiro et al., 2005), or
rather to an enhancement in Tshr internalization. The latter is the inevitable fate of an activated
GPCR to be internalized into endo-lysosomal compartments, generally a 3-arrestin-chaperoned
and clathrin-mediated pathway, from where the receptor is either recycled back to the cell
surface, or proceeds to be degraded by endo-lysosomal enzymes (reviewed in Luttrell &
Lefkowitz, 2002). Receptor internalization has initially been regarded as a process exclusive for
GPCR down-regulation (reviewed in Lohse, 1993); however, but is also essential for efficient
receptor desensitization (reviewed in Calebiro, 2011).

In the case of the TSHR, it is co-internalized complexed to its ligand into subcellular
compartments, even including retrograde trafficking to the trans-Golgi network (Godbole et al.,
2017), from where it continues to persistently signal via the cAMP-related pathways (Frenzel et
al., 20016; Calebiro et al., 2009; Calebiro et al., 2010; Werthmann et al., 2012; Godbole et al.,
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2017). It is noteworthy that downstream cellular targets of cAMP signaling appear to be
dependent on the subcellular site of signal origin (Rich et al., 2001; Godbole et al., 2017), i.e.
GPCRs signaling from within intracellular compartments do not necessarily activate the same
pathways as classically activated by cell surface-localized signaling GPCRs.

One must also consider the possibility of Tshr undertaking an alternative trafficking route,
leading to less Tshr reaching the surface in the first place, resulting in a lesser proportion of
Tshr being available for classical TSH stimulation. Either scenario may ultimately result in less
efficient TH liberation via cathepsin-mediated Tg-proteolysis.

4.2 Taarlis important for thyroid morphology and function

Our results show that the absence of functional Taarl imposes no overt changes in the
thyroid gland morphogenesis, nor does it affect the overall size of the gland. However,
closer inspection revealed increased cell death rates in taarl” thyrocytes, which,
although statistically proven insignificant, show a trend toward more extended thyroid
epithelia, resulting in significantly smaller follicular lumen area. Such changes were
found to be more pronounced in the younger group of tested animals. Taarl deficiency
also presents subtle disturbances in the levels and proteolytic activity of Tg-processing
cathepsins, resulting in persistence of more cross-linked Tg in the follicle lumen of
young animals. Moreover, a correlation can be drawn between the increase in cell death
rate in the taarl” and the decrease in the amounts of cathepsin L single chain form,
since cathepsin L is regarded as a survival factor for thyrocytes, whereupon cathepsin
L-deficient thyroid follicles were marked by highly prominent cell remnants in the
follicular lumen (Friedrichs et al., 2003). Whether unaltered Mct8 localization in the
taarl”’- thyrocytes relates to the observed trend towards lower T4 serum concentration
remains to be studied by functional assays in context with analysis of other TH
transporters found in thyrocytes. Overall, the data of this study are therefore in line with
previous characterizations of taarl”- mice, that did not exhibit a growth phenotype, or
severe alterations in organogenesis, especially not with regard to classical TH target
organs like the central nervous system or the liver (Wolinsky et al., 2007; Lindemann et
al., 2008). The investigations herein highlight, however, that it will be critically important
to better understand the process of Tg degradation and possible intra-thyroidal
thyronamine generation in order to deduce thyroid follicle auto-regulatory mechanisms
triggered by GPCRs like Taarl at the cilia of thyrocytes in situ.

4.3 Taarlis interconnected with Tg processing proteases

Decreased cathepsin B activity and smaller amounts of cathepsin L were observed in

taarl” follicles (this study). Judging by the fact that cathepsin B activity and the amount of
cathepsin L were only mildly diminished in the taarl” thyroids vs. WT, but higher cystatin levels
prevailed, we conclude that Taarl deficiency might have limited effects on the expression of
thyrocyte-typical genes, but might rather affect proteostasis resulting in altered balances of
proteolytic to anti-proteolytic activities in taarl” vs. WT controls, thereby leading to a mildly
misbalanced Tg turnover. In future, experiments are planned to correlate expression levels of
Taarl with those of Mct8 or other TH transporting proteins of thyrocytes in order to propose
mechanistic links between various molecular players with obvious roles in thyroid functions
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(Weber et al., 2017). The aim of such future studies would entail a better understanding of intra-
thyroidal auto-regulation and how this is connected to TSH-regulation via the HPT axis.

4.4 Conclusions and perspectives

Our results show that the Tshr is predominantly localized in vesicular membranes of Taarl-
deficient thyrocytes, rather than on the basolateral plasma membrane as in WT. Moreover,
Taarl-deficient thyroid follicles are characterized by fewer cells per follicle area, owing to more
prismatic epithelia and higher cell death rates, in addition to a decreased luminal area, in which
the compacted cross-linked form of Tg is more prevalent than in the WT controls. These
alterations are more evident in young (5-8 months) than in the adult (10-15 months) animals. No
other thyroid-specific morphological changes were noted. However, serum TSH concentrations
were slightly increased in young Taarl-deficient animals, with a tendency towards lower T,
concentrations. These results support the hypothesis that Taarl plays a regulatory role in
thyroid homeostasis including the HPT axis, its function being important for Tshr localization and
regulation of its signaling potential. We conclude that Taarl-deficient animals show a tendency
towards lower serum T4 concentrations, and eventually manifest a mild hypothyroid status, as
indicated by the slightly elevated serum TSH concentrations. Most strikingly, the thyroid
epithelia of young Taarl-deficient mice are characterized by a vesicular localization of the Tshr,
which signifies that Taarl signaling is necessary to maintain homeostatic Tshr signaling and
canonical HPT-axis regulation (Figure 12). The results highlight the importance of evaluating
Taarl-targeting drugs in pre-clinical studies for potential side effects they may have on thyroid
gland homeostasis.
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10.1 Figure 1: Morphometry of thyroid lobes revealing no gross alteration upon Taarl
deficiency

Cryosections through thyroid tissue obtained from young or adult C57BL/6 WT and taar1l” mice
were analyzed by semi-automated morphometry through a Cell Profiler-based pipeline (Weber
et al., 2015). Average follicle area per thyroid mid-section denotes the area covered by the
thyroid follicles (A). Follicle area is defined as the external edge, i.e. the collagen IV-positive
basal lamina, of the follicular epithelia encircling the thyroid follicle lumen. Follicle counts per
thyroid mid-section are depicted in (B). Note that there were no differences in follicle areas, and
no changes were observed in the number of follicles per thyroid mid-section when tissue from
taarl” and WT of both age groups, namely young and adult mice, were compared, respectively.

The number of biological replicates in (A) were n= 4, 4, 4 and 3 biological replicas for young
WT, young taarl”, adult WT, and adult taar1™”, respectively, with 208, 270, 275 and 200 total
number of technical replicas per experimental group, respectively. In (B), the number of
replicates was n=8 from 4 biological replicas for the young WT, n=10 from 5 biological replicas
for the young taarl”, and n=6 from 3 biological replicas for the adult WT and taarl™,
respectively.
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10.2 Figure 2: Number of cells per thyroid mid-section declines upon Taarl deficiency,
consistent with a higher cell death rate in Taarl-deficient follicles

Cryosections through thyroid tissue obtained from young or adult C57BL/6 WT and taar1l” mice
were analyzed by semi-automated morphometry through a Cell Profiler-based pipeline (Weber
et al., 2015). The number of cells is given per 1000 um? area of thyroid mid-section (average
counts = SD) in (A). Note that young taarl™ mice were characterized by fewer numbers of cells
per thyroid mid-section than corresponding WT controls, while there were no differences in the
numbers of thyrocytes per 1000 um? tissue area observed for adult taarl” and WT mice.

Single channel fluorescence micrographs of Drag5™ -stained nuclei and corresponding phase
contrast micrographs of thyroid follicular epithelia from young WT and taarl” mice are depicted
in (B) and (B’), respectively. Note that remnants of dead cells were found to be present in follicle
lumina of taarl” but mostly absent from WT controls (B’, arrows). Scale bars represent 20 um.

The average percentage of dead cells (z SD) was found to be significantly higher in young and
adult taar1™ thyroid epithelia than in WT controls (C). Levels of statistical significance are
indicated as *** for P<0.0005.

Number of replicas analyzed in (A) is n= 4, 4, 4 and 3 biological replicas for young WT, young
taarl”, adult WT, and adult taarl”, respectively, with 208, 270, 275 and 200 total number of
technical replicas per experimental group, respectively. In (b), three to six different images were
analyzed from each animal, while 6, 5, 3, and 3, biological replicas were included for young WT,
young taarl”, adult WT, and adult taarl”, respectively.
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10.3 Figure 3: Thyroid follicular epithelia are more extended in mice with Taarl
deficiency

Cryosections through thyroid tissue obtained from young or adult C57BL/6 WT and taarl” mice
were analyzed by semi-automated morphometry through a Cell Profiler-based pipeline (Weber
et al., 2015). Epithelial extensions (EExt) were determined per thyroid mid-section (A). Note that
EExts were higher in taarl” mice when compared to the WT controls, thus implying

taarl” thyrocytes to be more prismatic, possibly indicating a higher activation state in the
thyroid gland upon Taarl deficiency. The scheme in (B) represents a comparison in sizes of
thyrocytes relative to follicle lumen diameters in WT and taarl” mice, respectively, not drawn to

scale.

Number of replicas analyzed in (A) is n= 4, 4, 4 and 3 biological replicas for young WT, young
taarl”, adult WT, and adult taarl”, respectively, with 208, 270, 275 and 200 total number of

technical replicas per experimental group, respectively.
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10.4 Figure 4: Follicle lumen areas decrease upon Taarl deficiency

Cryosections through thyroid tissue obtained from young or adult C57BL/6 WT and taar1l” mice
were analyzed by semi-automated morphometry through a Cell Profiler-based pipeline (Weber
et al., 2015) to determine the follicle lumen areas per thyroid mid-section. Note that the average
luminal area, depicted as means = SD, was smaller in taar1” mice when compared to the WT
controls (A). A color-coded depiction of luminal area distribution per thyroid mid-section shows
there to be considerable heterogeneity among the follicle population per thyroid section, with
bigger follicles tending to localize on the thyroid lobe periphery, thus surrounding smaller, more
centrally located follicles. This pattern of follicle distribution is maintained in both genotypes and
similar for thyroid lobes from young and adult mice, respectively. Scale bars represent 500 pm.

Levels of statistical significance are indicated as * for P=0.0071. The number of replicas
analyzed is 7, 6, 4, and 3 for young WT, young taarl™”, adult WT, and adult taar1™, respectively.
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10.5 Figure 5: Protein glycosylation is reduced in adult Taarl-deficient mouse thyroid
tissue, while gross Tg degradation states are not affected

Cryosections through thyroid tissue obtained from young and adult WT C57BL/6 and

taarl’” mice were stained with the lectin ConA in order to determine the glycosylation status of
luminal Tg (A-D, green). Nuclei were counter-stained with Drag5™ (red signals). Merged, single
channel fluorescence and corresponding phase contrast micrographs are depicted as indicated.
Scale bars represent 100 pm.

The fluorescence intensities of lectin staining of glycosylated tissue components of young and
adult mice of both genotypes, respectively, as indicated were determined through a Cell Profiler-
based pipeline and normalized to the numbers of cells (E); data are depicted in bar charts as
means * SD.

Protein lysates prepared from young or adult WT C57BL/6 and taarl” mice, as indicated, were
separated by SDS-PAGE under reducing conditions on a horizontal gel, which was silver-
stained. The relative positions of bands representing multi-, di- and monomeric Tg, as well as
Tg fragments of lower molecular masses, are indicated in the right margin. Note that changes in
glycosylation states were prevalent in thyroid tissue from young vs. adult taarl” mice and adult
WT vs. taarl” mice (cf. B with D, and C with D, respectively, and E), but did not affect the
extent or pattern of Tg degradation, which was comparable between taarl” and WT mice (F).

The number of images analyzed were n=3, 5, 3, and 3 for young WT, young taarl”, adult WT,
and adult taar1™, respectively.
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10.6 Figure 6: Thyroid follicles of taarl” mice present a difference in Tg storage capacity

Morphological assessment of intra-luminal Tg was performed by immunolabeling thyroid
cryosections from young and adult WT C57BL/6 and taar1” mice with antibodies against Tg.
The homogeneous, dimmer signal denotes cross-linked Tg (A-D, asterisks), as opposed to a
higher-intensity labeling of Tg, owing to more accessible Tg epitopes for antibody binding,
reflect the multilayered, partially solubilized Tg (A-D, arrows). At 24.9%, the prevalence of cross-
linked Tg-containing follicle lumina was highest in the young taarl” thyroid tissue, as compared
to 10.0% in the young WT, and 10.2% and 7.0% in the adult WT and taarl”, respectively (A-D).

Proteins isolated from young or adult WT C57BL/6 and taar1l’” mice were separated under non-
reducing conditions by SDS-PAGE followed by silver staining (E). Note that the less prominent
signal of silver staining representing Tg multimers observed for adult taarl™ (E), also
represented in the reduction of multimeric Tg band intensities (F).

Data are depicted as means + SD. The number of follicles morphometrically analyzed is n=264
from 4 biological samples, n=434 from 6 biological samples, n=487 from 3 biological samples,
and n=346 from 3 biological samples for young WT, young taar1”, adult WT, and adult taar1™,
respectively.
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10.7 Figure 7: Subcellular localization of Tg-processing cathepsins remains unchanged
in mouse thyroid gland epithelia upon Taarl deficiency

Cryosections through thyroid tissue obtained from C57BL/6 WT and taarl” mice were stained
with antibodies against cathepsin B (A and B), cathepsin D (C and D), and cathepsin L (E and
F), and analyzed by confocal laser scanning microscopy. Single channel fluorescence
micrographs in right panels: top cathepsin B, D, or L, as indicated, middle Drag5, bottom phase
contrast. Images represent data obtained from young mice, only. Note that subcellular
localization of cathepsins was not altered upon Taarl deficiency and was mainly confined to
endo-lysosomal compartments (A-F, arrows). Scale bars represent 20 pm.
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10.8 Figure 8: Variations in protein amounts of cathepsin B, L, and D in mouse thyroid
gland upon Taarl deficiency

Proteins were isolated from thyroid tissue obtained from young or adult C57BL/6 WT and
taarl” mice, and separated by SDS-PAGE, followed by immunoblotting with antibodies against
cathepsins B, L, or D. Protein amounts of the proform (pro), single chain (SC) and heavy chain
of two-chain mature forms (HC) of cathepsin B (A-A3) and cathepsin L (B-B3), and the proform
of cathepsin D (C-C1) were analyzed by densitometry and normalized to 3-tubulin to enable
comparison between young or adult taarl” thyroid protein content and their WT controls.
Molecular mass markers are indicated in the left margins (A, B and C). Protein amounts of all
forms of cathepsin B were not altered in taar1” thyroids in comparison to WT controls (A1-A3).
Single chain and two chain mature form protein amounts of cathepsin L were insignificantly
decreased in adult taar1” thyroids in comparison to WT controls (B2 and B3, respectively).
Similarly, the proform of cathepsin D was reduced in adult taarl™ thyroids, as compared to WT
controls (C1), although not reaching the threshold of statistical significance.

Data are depicted as means + SD. Number of biological replicates was n=3.
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10.9 Figure 9: Proteolytic activity of cathepsin B is reduced in adult mouse thyroid
glands upon Taarl deficiency, consistent with an increase in cystatin levels

Proteins were isolated from thyroid tissue obtained from young or adult C57BL/6 WT and
taarl”’ mice, and proteolytic activity of cathepsin B was determined. The graph represents
cleavage of Z-Arg-Arg-AMC*HCI (A). Cathepsin B activity levels of each sample were obtained
by calculating relative fluorescence units (RFU) per protein concentration. Note that cathepsin B
activity is age-dependently decreased in taarl” mice in comparison to WT controls.

Cryosections through thyroid tissue obtained from young or adult C57BL/6 WT and taarl” mice,
were labeled with antibodies against cystatin C or D, and analyzed by confocal laser scanning
microscopy (B, C, F and G). Single channel fluorescence micrographs in right panels: top
cystatin C or D as indicated, middle Draq5, and bottom phase contrast. Images represent data
obtained from young mice. The graph in (E) represents quantification of the fluorescence
intensity of cystatin C-positive signals per cell given in grey values (GV) for taarl” mice vs WT
control. The graph in (H) represents quantification of fluorescence intensity of cystatin D-positive
signals in the lumena, depicted as percentage of total fluorescence intensity of cystatin D per
cell for taarl” mice vs WT control.

Cystatin C was mainly localized in the follicle lumen (B and C, asterisks) in both WT and
taarl” mice. Note that protein amounts of cystatin C were increased in taarl” mice in
comparison to WT controls.

Cystatin D was mainly localized to the pericellular space of the lumena (F and G) in both WT
and taarl” mice, and featured an increase in thyroids of young taar1” mice. Scale bars
represent 20 ym.

Data are depicted as means + SD. Levels of statistical significance are indicated as * for
P<0.025. For cathepsin B activity assays, n=3 biological replicas per experimental group were
analyzed in triplicates.
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10.10Figure 10: Elevated serum TSH concentrations in young taarl” mice, while thyroid
hormones concentrations remain comparable to the WT

Total T4 (A) and total T3 (B) serum concentrations of taarl” vs WT mice were quantified by
radioimmunoassay. Data showed total T4 and Ts serum concentrations were not altered in
taarl” mice in comparison to WT controls (A and B). Serum TSH was determined by ELISA,
revealing an elevation in TSH concentration in the serum of young taarl” mice, as compared to
the WT controls (C).

Data are depicted as means + SD. Levels of statistical significance are indicated as ** for
P<0.01 determined by the students’ T-test.

The number of biological replicas are n= 18 and 20 for WT and taarl”, respectively, for total T4
determination, and n=19 and 24 for WT and taarl1™, respectively, for total T3, taken as averaged
duplicates. For the serum TSH, n=5 and 4 for young WT and young taarl”, respectively, and
n= 3 and 5 for adult WT and adult taarl™, respectively. Samples were run in triplicates or
duplicates. Values for the young and adult experimental groups represent two independent
experiments, therefore, no intra-age groups statistical comparison was performed.
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10.11Figure 11: Taarl deficiency alters Tshr localization in the mouse thyroid glands, but
does not affect Mct8 localization

Cryosections through thyroid tissue obtained from young C57BL/6 WT and taarl’ mice were
labeled with antibodies against TSHR and Mct8 and examined by confocal laser scanning
microscopy. Mct8 maintains a basolateral localization in both WT and in taarl™ thyroid tissue (A
and B, arrows), while Tshr is more prominently localized at intracellular plasma membranes of
taarl” thyrocytes in young mice (D and F, arrowheads), as opposed to predominantly
basolateral distribution in the WT (C and E, arrows). (E and F) present a close-up on thyroid
epithelia of WT and in taarl” mice, respectively, as merged Tshr and Mct8 images. Secondary
antibody controls are shown in (G and H) as indicated. Single channel fluorescence
micrographs in right panels: top Mct8, middle Tshr, bottom Drag5™ as nuclear counter-stain.
Insets represent corresponding phase contrast micrographs. Images represent data obtained
from 5-7 months old mice. Scale bars represent 20 umin (A, B, E and F) and 50 umin (C, D, G
and H).
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10.12Figure 12: The influence of Taarl deficiency on liberation of TH in thyroid follicles.

Tg (yellow) is synthesized and secreted at the apical plasma membrane of thyrocytes for
storage in covalently cross-linked form in the thyroid follicle lumen of WT (left). TSH (violet)
binding to basolateral Tshr (pink) triggers retrograde trafficking of endo-lysosomal enzymes
(red) for secretion at the apical pole into the peri-cellular follicle luminal space. Subsequently, Tg
is solubilized extracellularly by the action of cathepsins B and L before being internalized for
endo-lysosomal degradation (orange to red). TH release (yellow) from thyroid follicles is through
balanced proteolytic processing of Tg by extra- and intracellular means of proteolysis, and
subsequent Mct8-mediated translocation across the basolateral plasma membrane. This study
asks whether Tg solubilization and processing to yield TH is possibly co-regulated by Taarl
(cyan), which is localized to cilia at the apical plasma membrane of thyrocytes where it can, in
principle, interact with intra-follicular generated TH derivatives triggering signaling of this GPCR.

Smaller thyroid follicle lumina in male taarl” vs. WT mice reveal thyroglobulin storage in more
compacted form (right). Enhanced luminal cystatins C and D (not depicted) render thyroglobulin-
solubilizing cathepsin B (red) less active in thyroid tissue of male taarl” mice. Cathepsin L
amounts (red) are diminished in taarl” vs. WT thyroid glands, featuring more dead cell
remnants (dark grey irregular shaped symbols) in the follicle lumen. More extended epithelia do
not affect gross thyroid hormone (yellow polygons) release from thyroid follicles of taarl” mice.

TSH (violet) concentrations in the blood serum are enhanced upon Taarl deficiency, while TSH
receptors (pink) are non-canonically located in intracellular vesicles.

The results indicate Taarl is necessary to maintain canonical HPT-axis regulation of thyroid
function in male mice.
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Antigen Specificity | Company / Provider | Catalog Dilution in Dilution
Number immuno- in
fluorescence | immuno-
blotting
B-Tubulin Rabbit Abcam #ab6067 _ 1:1000
anti-human
Cathepsin B Goat Neuromics #GT15047 1:100 1:1000
anti-mouse
Cathepsin D Rabbit Calbiochem #IM-16 1:10 1:250
anti-human
Cathepsin L Goat Neuromics #GT15049 1:100 1:1000
anti-mouse
Collagen IV Rabbit Novotech #C020451 1:100 _
anti-mouse
Cystatin C Rabbit Dr. Magnus _ 1:25 _
anti-mouse | Abrahamson, Lund,
Sweden
Cystatin D Rabbit Dr. Magnus _ 1:25 _
anti-mouse | Abrahamson, Lund,
Sweden
Monocarboxylate | Rabbit Atlas Antibodies #HPAO003353, | 1:200 _
transporter 8 anti-human lot A61491
(Mct8, SIc16A2)
Thyroglobulin Rabbit (Brix et al., 1998) 1:100 1:1000
anti-bovine
TSHR Mouse Abcam #ab6047 1:100 1:1000
anti-human
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5. Discussion

5.1 Thyroid hormone transporters Mct8 and Mct10 serve as sensors of
intrathyroidal TH levels and contribute to regulating Tg-processing cathepsins by

TSH-independent means

Thyroid regulation is a complex process that is achieved by an interaction between the classical,
HPT axis dependent pathways, and non-classical, TSH-independent pathways. We hypothesised
the THT, being molecules that selectively translocate TH across the membrane, to be part of the
non-classical regulatory ensemble, and to act as sensors of intrathyroidal TH levels. Moreover,
we hypothesised that a molecular association exists between THT and Tg-processing cathepsins
that regulate Tg proteolysis and intrafollicular TH liberation. Our results support this hypothesis,
indicating that a deficiency in Mct8 or/and Mct10 results in an intrafollicular shift in equilibrium
between covalently cross-linked and soluble Tg, facilitated by an upregulation in Tg-processing
cathepsins, and leading to an intrathyroidal thyrotoxic state. This also indicates a counterintuitive
mode of regulation that is TSH-independent. The latter notion is further corroborated by the fact
that while auto-thyrotoxicity is more grave in Mct8/Mct10 double deficient mice, these animals
maintain elevated levels of TSH and Ts in the serum, despite adequate T, concentrations (Muller
and Heuer 2014).

In conclusion, Mct8 and Mct10 not only translocate TH across membranes of TH-producing and
TH-target cells, but also feature in an intrathyroidal sensing mechanism that co-regulates the
extent of Tg-processing by regulating the amount of Tg-processing proteases available for Tg
degradation. In order to better explore this relationship, future experiments are planned to
characterised the thyroid and Tg profiles from animals with THT deficiencies combined with a
cathepsin deficiency. To this end, a colony of mice with a cathepsin K deficiency additional to an
Mct8/Mct10 single or double deficiency has been established. This is of particular interest since
Mct8 was shown to be significantly upregulated in thyroid tissue deficient in cathepsin K (this
study). This can be explained as the thyroid’s attempt to compensate for its reduced TH liberation
capacity, by upregulating TH export to maintain adequate supply for peripheral tissue (Friedrichs
et al. 2003). This can be seen as a counterintuitive mechanism too, since the thyroid might

become hypothyroid itself, at least transiently.
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5.2 Taarl localisation on the apical plasma membrane domain and ciliary

appendages of thyrocytes in situ and in vitro

The primary cilium is essentially a thin extension of the apical plasma membrane of a cell into an
intercellular milieu (Nachury 2014). The constrictive area of a cilium is commonly viewed as
providing an advantageous signalling environment in that it concentrates molecules, thereby
increasing their chemical activities, or else, by serving as a scaffold to bring signalling
intermediates to close proximity, therefore, the primary cilium provides a signalling platform to
many molecules, including GPCRs (Mahjoub and Stearns 2012, Nachury 2014).

In light of the studies suggesting Taarl to be the putative receptor for 3-T:AM (Scanlan et al.
2004, Panas et al. 2010), demonstrating that Taarl is essentially localised on ciliary appendages
on the apical plasma membrane of thyroid epithelial cells, where it is in direct contact with
intraluminal molecules, proves an interesting finding. Although the site of 3-T:AM synthesis
remains a valid question, it cannot be excluded that it may be, at least in part, liberated already
in the follicle lumen. Likewise, it may well be that other non-classical thyroid hormones, such as
downstream metabolites of 3-T:AM, act as endogenous Taarl ligands, at least in the local
environment of the thyroid follicle. Accordingly, it would be necessary to understand the molecular
make-up of the thyroid follicle lumen in wild type mice and, comparably, whether or not it is altered
in the Taarl-deficient thyroid lumena. This could, in principle, be achieved by MALDI imaging
mass spectrometry of preserved thyroid epithelial cryosections, however, the currently available
coating matrix and limited spatial resolution appear to be sub-optimal for luminal thyronome

profiling.

Thus, Taarl localising at the primary cilia of thyrocytes speaks in favour of the cilia being the site
of Taarl signalling. On the other hand, various studies have emerged describing GPCR signalling
from subcellular compartments, highlighting that it is not a strictly cell surface-dependent
phenomenon (Sato et al. 2006, Calebiro et al. 2010). In vitro experiments involving rodent, rhesus
monkey, or human Taarl/TAARL expressed in HEK 293 cells have shown the GPCR to respond
to agonist stimulation (including thyronamines and biogenic amines) with the accumulation of
intracellular cAMP (Borowsky et al. 2001, Bunzow et al. 2001, Scanlan et al. 2004, Lindemann et
al. 2005, Miller et al. 2005, Reese et al. 2007), indicating that Taarl signals mainly via the Ggs-

coupled pathway. To date, no additional pathways were reported for Taarl signalling.
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So a question to address would be if Taarl signals exclusively from the ciliary membranes, or
rather, in terms of an experimental setting, the question would be: how much of the total
intracellularly accumulated cAMP is due to ciliary Taarl signal transduction? To this end, the
established mTaarl-EGFP cellular model systems can be used, particularly KTC-1 cells stably
expressing mTaarl-EGFP (KTC-Z), as they maintain a degree of cell polarity, therefore, feature
ciliary appendages on their apical plasma membrane domains. To test for mTaarl-EGFP
functionality, activity assays featuring stimulation of stably mTaarl-EGFP-expressing cell lines
with increasing doses of 3-T:AM will be in order, where the rise in intracellular cAMP levels can
be tested for using immunoassay screening, such as the cAMP AlphaScreen assay. Assuming
mTaarl-EGFP passes the functionality test, and in order to attempt to distinguish between
apical/ciliary Taarl-EGFP signalling versus intracellularly localised mTaarl-EGFP signalling
contributing to intracellular cAMP accumulation, KTC-Z cells can be grown on filter membranes.
Since these cells retain structural polarity, they will form a tight monolayer in which the apical and
basolateral poles can be separately stimulated by Taarl-agonists such as 3-T:AM. Such a
system, however, is still challenged by the fact that the endogenous Taarl ligand is unconfirmed,
nor are the potential transporting molecules and that could facilitate TAM entry into the thyrocyte.
Therefore, if ;CAMP accumulation resulting from apical and basolateral stimulation is comparable,
it would not be possible to conclude definitively as to whether the ligand is indeed acting from
within the thyroid follicle lumen, or triggers Taarl signalling from elsewhere.

This study also showed that, following incubation for 17 hours at 18°C, mTaarl-EGFP continued
to colocalise with acetylated a-tubulin on cilia, suggesting a slow turnover rate. This could mean
that few Taarl molecules are ever required on the cell surface due to their stability, which could
explain why less mTaarl-EGFP is seen on the plasma membrane, compared to intracellular
compartments, in vitro, bearing in mind that low expression levels of Taarl were ever reported in
various tissues or cells in situ (Liberles and Buck 2006). Therefore, it would be worthwhile to
determine the half-life (ti2) of mTaarl-EGFP in the in vitro models. One way to approach this
would be, once the functionality of mTaar1-EGFP has been established, to pulse cells with excess
Taarl-agonist and chase the mTaarl-EGFP over a certain period of time. The shortcomings of
such an approach, however, would primarily be the relatively low detection levels of surface
mTaarl-EGFP, which would speak strongly in favour of relying on live cell imaging. The latter

would not be very practical over prolonged durations, as it could lead to photobleaching of EGFP.
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Alternatively, the reduction in the ratio of Taarl-positive surface signal to total Taar1l-EGFP signal
over a period of time following agonist stimulation of Taarl can be achieved by fluorescence-
activated cell sorting. This, however, is challenging in the absence of specific Taarl antibodies
that would recognise an epitope on an extracellular Taarl domain. Hence, engineering an
additional HA-tag to the N-terminus of mTaarl-EGFP would be an alternative.

Other approaches may involve using a complementation assay based on (-arrestin 2 to observe
and quantify Taar1 association with B-arrestin 2 which occurs upon internalisation (Harmeier et
al. 2015). Such an assay would involve B-arrestin 2 tagged with a Renilla luciferase (RLuc) and
mTaarl-EGFP in a bioluminescence resonance energy transfer (BRET) setup (Zhang and Xie
2012). Thus, upon association with mTaarl-EGFP, the RLuc reaction emits blue light at 480 nm
which excites the EGFP whose emission is detected at a higher wavelength, therefore, BRET is
calculated as EGFP/RLuc emission (Zhang and Xie 2012).

5.3 Altered TSHR localisation in situ in Taarl-deficient mouse thyroid epithelial

cells

The inevitable fate of an activated GPCR, including the TSHR, is to be internalised into endo-
lysosomal compartments, generally a 3-arrestin-chaperoned and clathrin-mediated pathway, from
where the receptor is either recycled back to the cell surface, or proceeds to be degraded by
endo-lysosomal enzymes (Luttrell and Lefkowitz 2002). Contrary to previous beliefs, receptor
internalisation is not exclusively a GPCR down-regulation mechanism (Lohse 1993), but is also
essential for efficient receptor desensitisation (Calebiro 2011). In the case of the TSHR, facilitated
predominantly by B-arrestin 2 (Frenzel et al. 2006), it is co-internalised complexed to its ligand
into subcellular compartments, from where it continues to persistently signal via the cAMP-related
pathways (Calebiro et al. 2009, Calebiro et al. 2010, Werthmann et al. 2012), including even in
the trans-Golgi network, following retrograde trafficking from the cell surface (Godbole et al.
2017). The latter transport pathways was described only very recently and proves thyroid
epithelial cells and the molecules that govern their physiological functions interesting to study
further as they seem to deliver peculiar solutions to cell biological problems that remained
unanswered for long. It is noteworthy that downstream cellular targets of cCAMP signalling appear
to be dependent on the subcellular site of signal origin (Rich et al. 2001), i.e. endosomally
signalling GPCRs do not necessarily activate the same downstream pathways as classically

activated by cell surface-localised signalling GPCRs.
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In mouse thyroid epithelia lacking a functional Taarl, a remarkable change in TSHR localisation
is seen, whereby a TSHR-immunopositive signal was predominantly seen in intracellular
compartments as opposed to the wild type, largely basolateral distribution. It remains to be
checked whether the intracellular distribution of TSHR in the Taar1-deficient thyroid tissue is due
to enhanced internalisation, which could be the result of B-arrestin 2 upregulation (Frenzel et al.
2006), or whether it is caused by poor targeting of the TSHR to the cell surface, which would lead
to partial TSH resistance (Calebiro et al. 2005). The direct way to experimentally address these
guestions would be to first verify TSHR signalling and the level of cAMP production in Taarl-
deficient thyroid epithelial tissue, versus WT thyroid tissue. It would also be interesting to find
whether the downstream targets of this signalling in the Taarl-deficient thyroid are different from

the wild type situation.

In order to perform signalling assays on mouse thyroid tissue, it would be advisable to prepare
primary cells from fragments of Taarl-deficient and WT mouse thyroid follicles in situ that would
form inside-out-follicles in vitro when kept on hydrophobic surface. These essentially are isolated
follicle segments from thyroid tissue, forming closed follicular spheres, but which are inverted in
terms of cell polarity, the notion that the apical plasma membrane domain of these cells is exposed
to the medium, as opposed to facing the follicle lumen as in situ (Herzog and Miller 1981, Graebert
et al. 1997). The advantage of such a system is that the cells can be prepared directly following
tissue isolation from mice of the required age and genotypes, plus, suspension in TSH-
supplemented medium ensures ligand delivery to the cells. This in vitro system is prepared by
carefully isolating thyroid tissue fragments devoid of connective tissue, washing out its luminal
content, then subjecting the tissue fragments to enzymatic and mechanical dissociation (Graebert
et al. 1997).

Additionally, the relationship between Taarl and TSHR can also be investigated in vitro to see
whether Taarl signalling directly affects TSHR localisation. To begin with, antibodies specific for
TSHR can be used to determine the subcellular localisation of the GPCR in thyroid epithelial cell
lines grown steadily at 37°C, and used to compare whether this localisation is altered upon
inhibiting Taarl by subjecting the cells to treatment with EPPTB, the selective Taarl antagonist
(Bradaia et al. 2009). Subsequently, the mTaarl-EGFP-expessing cellular systems can be used
in the same way, while subjecting the cells to 3-T1AM stimulation, EPPTB inhibition, TSH
stimulation or combinations. Additionally, inside-out-follicles can be used instead in a similar

experimental setup as they closely mimic the in situ structural arrangement of thyrocytes, in
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addition to maintaining functional differentiation, thereby providing an arguably more authentic

model than immortalised cell lines.

Because the Taarl-deficient mouse model is characterised by altered TSHR localisation, coupled
to a slight elevation in serum TSH concentration, another interesting aspect would be to put further
strain on the HPT axis by inducing hyperthyroidism and aggravating hypothyroidism in the Taarl-
deficient mouse and re-examine the same thyroidal parameters, especially with regard to TSHR
localisation, Tg-processing cathepsin protein levels, cystatin C and D levels, in addition to the
localisation and protein amounts of TH transporters, particularly Mct8 and Mct10. Hyper- and
hypothyroidism can be induced by relying on well-established protocols (Engels et al. 2016,
Rakov et al. 2016) specific for rodent models. Induced hypothyroidism was shown to cause
lowering in endogenous TAM serum concentrations (Hackenmueller et al. 2012), therefore, it is
important to first establish whether serum and intrathyroidal TAM concentrations are altered in
the Taarl-deficient mouse in comparison to the WT, and then examine how imposing further stain
on the HPT axis would alter TAM content relative to TH liberation capacity of the Taar1-deficient
thyroid gland.

Interestingly, in a study where male C57BL/6 mice were repeatedly injected intraperitonially with
5 mg/kg 3-T1AM, Schanze et al. reported a significant decrease in expression levels of the TSH-
dependent genes Nis and Tg, and pendrin, in comparison to control mice (Schanze et al. 2017).
On the other hand, Tshr, Tpo and type 1 deiodinase activity in the thyroid were not affected, nor
did serum T3z and T. concentrations change. Besides, pituitary transcription levels of genes
encoding TSH, TRH receptor and TRH were not affected by 3-T:AM treatment either (Schanze
et al. 2017). This led the authors to conclude that the effects of circulating 3-T:AM on the thyroid
were HPT axis-independent, unless an unknown compensatory mechanism becomes involved
(Schanze et al. 2017).

While the present study shows that Taarl-deficiency results in an intracellular distribution of
TSHR in thyrocytes and mild hyperthyrotropinaemia, the results from Schanze et al. may suggest
that the 3-T1AM effect is not Taarl-mediated. However, it can be argued that Taarl, being apically
and not basolaterally localised in thyrocytes, simply had no access to the 3-T:AM in the
circulation. On the other hand, it also cannot be ruled out that the alterations observed by Schanze
et al. following 3-T:AM administration via the blood circulation may have been mediated by the

latter’s metabolites, such as the mono-iodinated thyronamine (ToAM), N-acetyl-T:AM (Ac-T:AM)
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and 3-iodothyroacetic acid (TA;) (Hackenmueller and Scanlan 2012, Hoefig et al. 2016). This
speaks further in favour of determining the molecular content of follicle lumina in Taarl-deficient
and WT thyroid glands, as suggested above, but also that it would be of interest to conduct a
similar experiment involving 3-T1AM administration to Taarl-deficient mice under identical
experimental conditions as chosen in the study by Schanze and colleagues (Schanze et al. 2017).

5.4The absence of functional Taarl leads to a subtle disbalance in the proteolytic

to anti-proteolytic activities in male mouse thyroid tissue

Biochemical analyses of Taarl-deficient mouse thyroid tissue showed that, in comparison to WT
tissue, cathepsin B activity was mildly decreased, in addition to slightly diminished cathepsin L
protein levels. These changes were accompanied by a higher prevalence of cystatins C and D —
endogenous cysteine peptidase inhibitors — in the Taarl-deficient thyroid tissue, as shown by
immunohistochemical analysis of the tissue. This indicates a mild disturbance in the equilibrium
of proteolytic to anti-proteolytic activity in the thyroid gland. Such disturbances would eventually
translate as alterations in Tg degradation that could, on the long run, affect TH liberation and TAM
generation.

In order to better understand the relationship between Taarl function and proteostasis in thyroid
epithelial cells, cathepsin B and L activity assays can be performed, plus cathepsin and cystatin
protein levels can be checked by both immunoblotting and immunofluorescence in the mTaarl-
EGFP-expressing cell systems. These could further be subjected to either Taarl stimulation with
3-T:AM, or to Taarl inhibition with EPPTB, the latter to mimic the Taarl-deficient state, and
compared to those of KTC-1 and Nthy-ori 3-1 cells, i.e. non mTaarl-EGFP-expressing. This
should additionally be correlated to studying protein and/or transcript levels of THT, such as Mct8
and Mct10.
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