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THYROID-TRH-TSH

A mouse model suggests two mechanisms for thyroid
alterations in infantile cystinosis: decreased
thyroglobulin synthesis due to endoplasmic
reticulum stress/unfolded protein response and
impaired lysosomal processing

H.P. Gaide Chevronnay, V. Janssens, P. Van Der Smissen, X.H. Liao, Y. Abid,
N. Nevo, C. Antignac, S. Refetoff, S. Cherqui, C.E. Pierreux*, P.J. Courtoy* (*,
equal last authors)

Cell Biology Unit, de Duve Institute & Université catholique de Louvain, Brussels, Belgium (H.P.G.C., V..,
PV.D.S., Y.A., C.E.P, P.J.C.); Department of Medicine (X.H.L., S.R.), Pediatrics and Genetics (S.R), The
University of Chicago, Chicago, IL, USA; Inserm, U1163, Hopital Necker-Enfants Malades & Université
Paris Descartes, Sorbonne Paris Cité, Institut Imagine, Paris, France (N.N., C.A.); Department of
Pediatrics, Division of Genetics, University of California San Diego, CA, USA (S.C.)

Thyroid hormones are released from thyroglobulin (Tg) in lysosomes, which isimpaired in infantile/
nephropathic cystinosis. Cystinosis is a lysosomal cystine storage disease due to defective cystine
exporter, cystinosin (CTNS). Cystinotic children develop subclinical then overt hypothyroidism. Why
hypothyroidism is the most frequent and earliest endocrine complication of cystinosis is unknown.
We here defined early alterations in Ctns” mice thyroid and identified subcellular and molecular
mechanisms. At 9 months, T, and T plasma levels were normal and TSH was moderately increased
(~4-fold). By histology, hyperplasia and hypertrophy of most follicles preceded colloid exhaustion.
Increased immunolabelling for thyrocyte proliferation and apoptotic shedding indicated acceler-
ated cell turnover. Electron microscopy revealed endoplasmic reticulum (ER) dilation, apical la-
mellipodia indicating macropinocytic colloid uptake, and lysosomal cystine crystals. Tg accumu-
lation in dilated ER contrasted with mRNA down-regulation. Increased expression of ER
chaperones, GRP78 and PDI, associated with alternative XBP-1 splicing, revealed unfolded protein
response (UPR) activation by ER stress. Decreased Tg mRNA and ER stress suggested reduced Tg
synthesis. Coordinated increase of UPR markers, ATF-4 and CHOP, linked ER stress to apoptosis.
Hormonogenic cathepsins were not altered, but LAMP-1 immunolabelling disclosed enlarged ves-
icles containing iodo-Tg and impaired lysosomal fusion. Isopycnic fractionation showed iodo-Tg
accumulation in denser lysosomes, suggesting defective lysosomal processing and hormone re-
lease. In conclusion, Ctns™ mice show (i) compensated primary hypothyroidism and accelerated
thyrocyte turnover; (ii) impaired Tg production linked to ER stress/UPR response; and (iii) altered
endolysosomal trafficking and iodo-Tg processing. The Ctns” thyroid is useful to study disease
progression and evaluate novel therapies.
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he function of individual molecular events in the thy-
Troid gland has been unraveled by the study of mono-
genic defects, occurring spontaneously in human or engi-
neered in mice (for reviews (1, 2)). We here address the
effects in mouse thyroid of genetic ablation of the lyso-
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somal membrane cystine exporter, cystinosin, which is
absent in a rare multisystemic autosomal recessive lyso-
somal cystine storage disease, named infantile cystinosis
(in short “cystinosis”) (for reviews see (3, 4)). Cystinosis
leads almostinvariably to primary hypothyroidism during
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the first years of life while other endocrine organs are later
affected (4-6).

Cystinosin, a 7-transmembrane protein of 367-aa dis-
playing two strong lysosomal targeting motives (7) is the
only known lysosomal membrane cystine exporter, driven
by coupled proton efflux (8). Cystine is an obligatory end-
degradation product of disulfide-bearing proteins. Once
exported out of lysosomes, cystine is rapidly reduced into
cysteine by cytosolic reducing systems. Cysteine together
with glutamate participates in glutathione synthesis, thus
cell redox homeostasis. The accumulation of lysosomal
cystine in cystinosis can be corrected by substrate deple-
tion therapy based on oral cysteamine but compliance is
very demanding. Cysteamine rearranges in lysosomes
with cystine to a mixed disulfide that egresses via the lysine
transporter (9).

The earliest manifestation of cystinosis, usually during
the first year of life, is a kidney Fanconi syndrome, rec-
ognized by high urinary loss of solutes including water,
salts, glucose and phosphate, together with ultrafiltrated
plasma proteins. Infantile cystinosis usually leads to renal
failure, even under compliant cysteamine treatment. Dur-
ing the first decade of life, most cystinotic children further
develop subclinical then overt hypothyroidism (5, 10). Al-
though early compliant cysteamine treatment improves
body growth and can avoid thyroid hormone replacement
(11), eventually about half of treated cystinotic adults re-
quire thyroid hormones. Overall, kidney and thyroid dys-
functions are the less cysteamine-preventable complica-
tions of cystinosis (12, 13). Thus, better understanding of
cellular and tissular pathogenic mechanisms in kidneys
and thyroid are mandatory.

The exact causative link between cystinosis and hypo-
thyroidism remains unexplained. As for kidneys, defective
thyroid function was originally attributed to atrophy with
pathognomonic cystine crystals (5). However, the patho-
genicrole of crystals is questioned and early impairment of
proteolysis in cystinotic lysosomes has been evidenced and
attributed to lysosomal redox imbalance (14). Thyroid
hormones (TH) are released in lysosomes by proteolytic
cleavage of engulfed thyroglobulin (Tg), although prote-
olysis may be initiated in the follicular lumen (15, 16). Tg
is an oligomer of 330 kDa monomers which assume a
compact globular form stabilized by a huge number of
disulfide bonds (> 100/monomer) (17). Tgis dimerized in
the ER then undergoes compaction in the follicular lumen
by intermolecular disulfide cross-linking, to form insolu-
ble thyroid globules for maximal storage (18, 19). Lumi-
nal compaction is attributed to extrinsic (secreted PDI)
and intrinsic disulfide bond exchange mechanisms (via
well-preserved thioredoxin (CXXC) motives) (20). The
extent of luminal Tg cross-linking varies among species
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and is related to age and follicle activation state (18, 19,
21). Tg unfolding via disulfide bond reduction by lyso-
somal reducing equivalents thus appears necessary to ex-
pose cryptic peptides targeted by lysosomal proteases (22).
Stepwise Tg proteolytic processing depends on synergistic
endo- then exopeptidases, including the aspartyl protease,
cathepsin D, and cysteine proteases, a.0. cathepsin B, (23—
27). Cysteine proteases also require a reducing environ-
ment. These requirements seem to predict that Tg unfold-
ing and cysteine protease attack are impaired when
lysosomal cystine accumulation causes redox imbalance.

At low TSH, basal TH production is supported by en-
docytosis of Tg from the colloid via small endocytic pits
(ie, micropinocytosis, reviewed in (28)). This is regulated
by expression and activation of tandem rate-limiting GT-
Pase catalysts, Rab5 and Rab7, driving together vesicular
transfer to lysosomes (29, 30). In some species such as
mice, acute stimulation with high TSH dose triggers mi-
crometric colloid uptake by protrusion of actin-dependent
lamellipodia followed by macropinocytosis (also named
phagocytosis; (31)), which brings large amounts of Tg to
lysosomes in the form of “colloid droplets”. How released
TH cross the lysosomal membrane remains unknown.
This step could involve a similar transporter as monocar-
boxylate transporter-8 (Mct-8) (32) operating at the ba-
solateral membrane for secretion into blood capillaries.
However, a Mct-8 defect is unlikely in a monogenic dis-
order such as cystinosis.

We and others recently reported on the early kidney
lesions and adaptations (33, 34) in a cystinosin-knockout
mice strain of congenic C57BL/6 background (Ctns”
mice), which mimics human cystinosis (35, 36). After a
3-months lag phase without detectable lesion, proximal
tubular cells (PTCs) of Ctns” mice showed defective en-
dolysosomal trafficking and lysosomal proteolysis result-
ing into amorphous lysosomal inclusions, then cystine
crystals. At the lesional stage, apoptosis and proportional
proliferation revealed accelerated PTC turnover (33). We
here extended our study of Ctns” mice to the thyroid
gland, on the premise of shared high apical endocytic ac-
tivity of disulfide-rich proteins, and early defects in cysti-
notic children.

We first hypothesized that cystine accumulation in ly-
sosomes of Ctns” thyrocytes would primarily affect thy-
roid function by delaying TH generation, due to impaired
Tg transfer to lysosomes, combined with defective unfold-
ing and cysteine protease activity. As an additional hy-
pothesis, nonmutually exclusive upstream mechanism,
cystinosis causes endoplasmic reticulum (ER) stress (37) to
which thyrocytes are particularly prone (38), so that ER
stress would impair Tg synthesis, and its supply to lyso-
somes. ER stress triggers the complex adaptive unfolded
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Name of Antibody

Manufacturer, catalog #, and/or,
name of individual providing the antibody

Species raised in;
monoclonal or polyclonal

Dilution used

Antibody Table.
Peptide/protein target Antigen sequence (if known)
E-cadherin
Ki67

active-caspase 3

PECAM-1 -

Ezrin aa 362-585
LAMP-1 -

KDEL

Thyroglobulin

Purified Mouse Anti-E-cadherin

Purified Mouse Anti-Human Ki-67

Cleaved Capsase-3 (Asp175) Antibody

Rat monoclonal anti-mouse endothelial cell marker CD31 (PECAM-1)
Ezrin/p81/80K/Cytovillin Ab-1, Mouse Monoclonal Antibody
Anti-LAMP-11 1D4B Antibody

Anti-KDEL [MAC256] Antibody

Monoclonal Mouse Anti-Human Thyroglobulin

lodo-thyrogobulin
GRP78

Cathepsin D
GAPDH

Anti-lodo-Thyroglobulin Antibody
GRP78/BiP Antibody

cathepsin D Antibody

GAPDH Antibody

CT(643)GEEDTSEKDEL(654)

DB Bioscience, #610 182 mouse monoclonal (clone 36) 0,25 pg/ml
DB Pharmingen, #556 003 mouse monoclonal (clone B56) 2 pg/ml

Cell Signaling, #9661 rabbit polyclonal 1/200
Dianova, #DIA310 rat monoclonal (clone SZ31) 1/20

Thermo Scientific, #MS-661-P1 mouse monoclonal (clone 3C12) 2 pg/ml
Hybridoma Bank, #1D4B rat monoclonal (clone 1D4B) 1/100

Abcam, #ab50601 rat monoclonal (clone MAC256) 1/300

Dako, #M0781 mouse monoclonal (clone DAK-Tg6) 1/200; 1/1000
provided by Dr Ris-Stalpers mouse monoclonal 1/100; 1/1000
Thermo Scientific, #PAI-014A rabbit polyclonal 2 pg/ml

Santa Cruz, #5c-6486 goat polyclonal 0,2 pg/ml
Ambion, #AM4300 mouse monoclonal (clone 6C5) 05 pg/ml

protein response (UPR) (for review see (39)). UPR is ini-
tiated by transmembrane ER sensors/receptors, inositol-
requiring kinase 1 (IRE1), protein kinase RNA-like endo-
plasmic reticulum kinase (PERK) and/or activating
transcription factor 6 (ATF-6). IRE1 activation results
from high substrate competition, causing dissociation of
ER resident chaperones such as glucose-regulated protein
78kD (GRP78). Downstream in the UPR pathway, acti-
vation of X-box binding protein-1 (XBP-1) by alternative
mRNA splicing results into multiple structural and mo-
lecular adaptive mechanisms. These include (i) expansion
of ER membrane, thus ER dilatation to accommodate pro-
tein overload; (ii) increased transcription of ER chaper-
ones (GRP78), and foldases (eg, protein disulfide isomer-
ase; PDI), thus protein maturation capacity; and (iii)
decreased translation of secreted proteins (here Tg), which
together attenuate ER stress. If stress persists or adaptive
response fails, cell death is triggered via transcriptional
activation of proapoptotic C/EBP homologous protein
(CHOP) in response to PERK-ATF-4 axis activation (for
reviews, see (39, 40)).

We found that, after a lag phase of ~6 months, all
Ctns” mice developed subclinical hypothyroidism with
increased TSH, thyrocyte hyperplasia/hypertrophy and
accelerated turnover as well as angio-proliferative re-
sponse. Relative TSH refractoriness and colloid exhaus-
tion could be explained by the combination of impaired Tg
production due to UPR response with defective endoly-
sosomal trafficking and Tg processing. UPR response to
ER stress likely links TSH stimulation to thyrocyte apo-
ptosis and accelerated turnover.

Materials and Methods

Mice

Congenic CS7BL/6 Ctns” mice have been described (36).
Mice were treated according to the NIH Guide for Care and Use
of Laboratory Animals. Mice were fed ad libitum with pellets
containing 4.30 mg/kg iodine (Carfil Quality).

TSH, T, and T; plasma concentrations

Plasma TSH concentrations were measured by a sensitive,
heterologous, disequilibrium double-antibody precipitation RIA
as described (41). T, and T concentrations were measured by

coated-tube RIA (Siemens Medical Solution Diagnostics, Los
Angeles, CA).

Histology, multiplex immunofluorescence and
morphometry

Mice thyroids were fixed in situ by whole-body perfusion-
fixation as described (33). Thyroids were dissected, postfixed
overnight with 4% neutral-buffered formaldehyde (4%F) and
processed for paraffin embedding. Four um-thick sections were
stained with hematoxylin/ eosin. Immunofluorescence was per-
formed after antigen retrieval as described (33). Appropriate
combinations of the following primary antibodies were used:
mouse anti-E-cadherin (0.25 pg/ml; DB Bioscience, 610 182),
-ezrin (2 ug/ml; Thermo Scientific, #MS-661-P1), -Ki67 (2 pg/
ml; DB Pharmingen, #556003), -Tg (1/200; Dako, #M0781) and
-iodo-Tg (1/100; kindly donated by Dr. Ris-Stalpers, Laboratory
of Pediatric Endocrinology, Academic Medical Center, Amster-
dam, Netherlands), rat anti-PECAM-1 (1/20; Dianova,
#DIA310), -LAMP-1 (1/100; Hybridoma Bank, #1D4B), and
-KDEL (1/300; Abcam, #ab50601); and rabbit antiactive
caspase 3 (1/200; Cell Signaling, #9661). Immunolabeled sec-
tions were imaged with a spinning disk confocal microscope
using EC Plan-NeoFluar 40X/1.3 or Plan Apochromat 100x/1.4
Oil DIC objectives (Cell Observer Spinning Disk; Zeiss,
Oberkochen, Germany). Morphometric analyses were per-
formed using Axiovision 4.8.2. Software (Zeiss). Binary mask
were prepared using fixed interactive thresholding. Thyrocytes,
colloid and interstitium were filled and areas were measured.

Electron microscopy

Thyroids were perfusion-fixed in situ with 4% F supple-
mented by 0.1% glutaraldehyde; then immersion-fixed in 1.5%
(v/v) glutaraldehyde overnight, postfixed with 1% (w/v) OsO, in
0.1M cacodylate buffer for 1h, rinsed in veronal buffer (4 X
Smin) and stained overnight “en bloc” in 1% neutral uranyl
acetate, all at 4°C. After extensive washing in veronal, blocks
were dehydrated in graded ethanol and embedded in Spurr. Ul-
trathin sections were obtained (Reichert ultramicrotome), col-
lected on 400-mesh rhodanium grids and contrasted with 3%
uranyl acetate then lead citrate, 10 minutes each. Grids were
washed with water, dried, and examined in a FEI CM12 electron
microscope (EM) operating at 80 kV.
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Figure 1. Ctns” mice develop thyroid hyperplasia and hypertrophy
associated with colloid exhaustion. A. Anatomy. Left: Thyroid gland
from control (WT) and Ctns” female mice at 11 months. Right: Thyroid
glands weight normalized to body weight in WT and Ctns™ female and
male at 9-12 months. Cystinotic mice do not develop goiter. B.
Histology. (a,b) Paraffin sections with hematoxylin-eosin staining and
(c) semithin plastic section with toluidine blue staining (c), all at 9
months. (@) WT thyroid is made of uniform follicles filled with
homogenous colloid and delimited by flat thyrocytes. (b) In Ctns™
mice, most follicles show exhausted colloid (asterisks) surrounded by
thyrocytes that are both hypertrophic (insert bracket) and hyperplastic,
frequently projecting into papillae (thick arrow). Boxed area at b is
enlarged below to emphasize the contrast between the few resting
follicles (flat epithelium) with colloid bearing several cell remnants (thin
arrow) and an adjacent hypertrophic/hyperplastic follicle (bracket) with
almost vanished colloid (white arrow suggests dissolution of a thyroid
globule). (¢) In the plastic section of Ctns” thyroid, the two upper
follicles with hypertrophic thyrocytes and exhausted colloid contrast
with a resting follicle below with dense colloid and flat thyrocytes.
Arrowheads point to apical thyrocyte vacuolation, suggesting
macropinocytosis/phagocytosis; the thick arrow points to irregular
basal thyrocyte clarifications aligned along the baso-apical axis,
suggesting dilation of endoplasmic reticulum. In the central follicle,
shed cell remnants almost fill the follicular lumen (thin arrows indicate
variety of shapes). Scale bars, 100 um. For histological time-course, see
Suppl Figure 1. C, D. Immunofluorescence: multifocal
activation of the angio-follicular system in Ctns” mice
thyroids and colloid exhaustion. C. Follicular hyperplasia
and hypertrophy are coupled to expansion of associated
blood capillary basket. Multiplex immunofluorescence for E-

WT Ctns*
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In situ Hybridization

Vegf-a antisense RNA probes spanning nucleotides 94 to 429
of the mouse coding sequence for Vegfa (42) were produced by
RT-PCR followed by in vitro transcription with T7 RNA poly-
merase in presence of digoxigenin-labeled uridine 5-triphos-
phate (Roche). In situ hybridization was performed on 8-um
sections as described (33).

PCR and RT-qPCR

Total RNA was extracted (TRIzol® Reagent; Invitrogen) and
150ng RNA were reverse-transcribed by M-MLV reverse tran-
scriptase (Invitrogen) using random hexamers. Primer sequences
are described in Supplemental Table 1. PCR was performed un-
der standard conditions with GoTaq® DNA Polymerase (Pro-
mega). Real-time qPCR was performed as described (33) in pres-
ence of 250 nM specific primers with Kappa SYBR Fast qPCR
Master Mix (Kapa Biosystems) on a CFX96 touch real-time PCR
Detection System (Bio-Rad). Results are presented as difference
of cycle threshold (ACt) values normalized to actin, used as in-
ternal standard.

Western and Lectin Blotting

Thyroid glands were dissected and homogenized in RIPA buf-
fer (150 mM NaCl, 1% TritonX-100, 0.5% sodium deoxy-
cholate; 0.1% SDS, 50 mM Tris, pH8.0) or in 250 mM sucrose,
3 mM imidazole and 1 mM EDTA pH7.0 buffer supplemented
with Complete Protease Inhibitors (Roche) and phosphatase in-
hibitors (sodium orthovanadate, pyrophosphate and fluoride, all
2 mM). Loading was normalized to protein concentration, mea-
sured by bicinchoninic acid method (Sigma-Aldrich). Samples
were reduced or not, as indicated, with 50 or 100 mM DTT for
10 minutes and denatured by boiling for 5§ minutes. Western
blotting were performed as described (43) using mouse anti-Tg
(1/1000, Dako, #MO0781), or -glyceraldehyde-3 phosphate
deshydrogenase (GAPDH; 0.5 pg/ml, Ambion, #AM4300); rat
anti-KDEL (2.5 pg/ml, Abcam, #ab50601); rabbit anti-GRP78
(2 pg/ml, Thermo Scientific, #?A1-014A); or goat anticathespin
D (0.2 ug/ml, Santa Cruz, #sc-6486). Lectin blotting was per-
formed with wheat germ agglutinin lectin (10 ug/ml, Vector Bio-

Legend to Figure Continued. . .

cadherin (red, thyrocyte baso-lateral membrane), ezrin (blue, thyrocyte
apical membrane) and PECAM (green, blood capillaries) in the thyroid
of WT (a) and Ctns™ (b-c) mice at 9 months, performed strictly in
parallel. (@) WT follicles are surrounded by a blood capillary network
weakly discernible by PECAM immunolabeling. (b) In this intermediate
Ctns™ pattern, notice abrupt boundary (dotted line) between resting
follicles (top) and hyperplastic follicles (bottom) showing
microvasculature expansion associated with much stronger PECAM
signal. (€) In most remodeled Ctns™ hyperplastic foci, lumina have
almost vanished and microvasculature is greatly expanded. All scale
bars, 50 um. For in situ hybridization of Vegf-a, see Suppl Figure 2. D.
Follicular hyperplasia/hypertrophy is associated with
colloid exhaustion. Morphometric assessment of the fractional
volume of thyrocytes, colloid and interstitial compartment
(mesenchyme and blood capillaries) in WT and Ctns™ mice (n = 3;
each analyzed in 9 random fields spanning the entire thyroid section,
cumulative area of 3.4 10° um? for each mice). Note doubling of
Ctns™ thyrocyte fractional volume, at the expense of the lumen, but
no significant change of interstitial fractional volume. ***P < .001;
NS, not significant.
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lab) after electrophoresis under reducing conditions as described
(44). Specificity of lectin signal was demonstrated by neuramin-
idase digestion at 37°C for 18h, following manufacturer’s in-
structions (New England BioLabs).

Cathepsin B Assay

Thyroid glands were dissected and homogenized in 250 mM
sucrose, 3 mM imidazole and 1 mM EDTA, pH7.0. Cathepsin B
activity was measured by total minus 100 uM CA-074-resistant
fraction (Sigma-Aldrich), after fluorimetric assay using benzy-
loxycarbonyl-L-phenylalanyl-L-arginine 4-methylcoumaryl-7-
amide (Z-Phe-Arg-AMC) (45), or Na-benzoyl-p; -arginine-g-
naphthylamide hydrochloride (BANA), with undistinguishable
results. Activity was normalized to protein concentration mea-
sured by bicinchoninic acid method (Sigma-Aldrich).

Analytical Subcellular Fractionation

Excised thyroid glands from 3 to 4 WT or Ctns” mice, aged
9-11 months, were pooled in 250 mM sucrose, 3 mM imidazole
and 1 mM EDTA, pH7.0, supplemented with Complete Protease

endo.endojournals.org 5

Inhibitors, and homogenized therein with a Polytron (3 X §
seconds, #8500 speed). Homogenates were cleared through 40
wm BD falcon filters and first resolved by crude differential sed-
imentation to isolate cell debris and nuclei (1.5 10* g x min),
postnuclear particles (6.3 10° g x min) and a final supernatant.
Postnuclear particles were washed once by resuspension and re-
sedimentation to minimize colloid contamination, then equili-
brated by sedimentation into 1.10-1.30 (g/ml) linear sucrose
gradientsin a SW55Ti rotor (57 10° g x min). Ten fractions were
collected from the bottom and assayed for density (weight) and
B-hexosaminidase activity as described (33). Aliquots of equal
volume were analyzed by western blotting for iodo-Tg (1/1000).
Compared blots were transferred and revealed in the same mem-
brane then quantified using Image].

Statistical analyses

Statistical significance was tested using Mann-Whitney test
(Figure 1A, Figure 3A-B, Figure 5B, Figure 6C, Figure 7B-C;
Suppl Figure 4), Student’s # test (Figure 1D, Figure 2B) or Chi2
(Figure 6B). Differences were considered significant for P < .05.

A E-cadherin, Ki-67, caspase-3a

30+ 30

*kk

20+ 20 4

104

% total proliferation
% thyrocyte proliferation

J o

WT Ctns™” WT

20 e

10 A

% interstitial proliferation
(mesenchyme + capillaries)

Ctns™” WT Ctns™"

Figure 2. Cystinosis induces follicle-autonomous thyrocyte proliferation and apoptosis. A. Confocal microscopy.
Immunofluorescence for E-cadherin (white; thyrocyte baso-lateral membrane), Ki-67 (red; cell proliferation marker) and activated caspase-3 (green,
apoptosis marker) in 9 months WT (a) and Ctns™ (b) thyroids. Notice numerous proliferating cells (arrows) in Ctns” hyperplastic follicles, pointing
to autonomous follicular response, whereas Ki-67 labeling in WT thyrocytes is very rare. At (c), large collections of apoptotic bodies in the
follicular lumen of Ctns” thyroid (arrowheads) indicate accelerated cell turn-over. All scale bars, 20 um. B. Quantification of proliferation.
Percentage of total nuclei area stained for Ki-67 in whole tissue (total proliferation) or associated to E-cadherin (thyrocyte proliferation) as
estimated by morphometric analysis in 9 months WT (open and gray symbols; gray identifies a special WT individual) and Ctns™ thyroids (filled
symbols) (n = 3). For each mice, 3.4 10° um? of area corresponding to 9 fields spanning the entire thyroid section were analyzed. Proliferation is

specifically increased in Ctns™ thyrocytes; ***P < .001.
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Except for specific thyroid weight, there was no significant dif-  comparison, thus genders were not discriminated on scatter
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Figure 3. Compensated primary hypothyroidism and mRNA expression of
thyroid hormone synthesis machinery in Ctns” mice. A. Ctns”" mice elicit a
compensatory TSH increase. T,, T and TSH plasma concentrations were measured in 9-10
months WT mice (open symbols) and Ctns™ littermates (filled symbols) (n = 18 for T,; 98 for
T3; 20 for TSH). Ctns” mice show an average 4-fold increase in plasma TSH level but still normal
thyroid hormone plasma levels, indicating effective thyroid compensation. B Expression of
thyroid-specific gene involved in hormone synthesis. Quantification by RT-gPCR of
TSH receptor (TSHR), Na/l symporter (NIS), pendrin (PDN), dual oxidase 2 (DUOX2), dual oxidase
maturation factor 2 (DUOXA2), thyroperoxidase (TPO), iodotyrosine dehalogenase 1 (DEHALT)
and monocarboxylate transporter 8 (MCT8) mRNAs in WT and Ctns™” thyroids collected at 9 and
12 months, normalized to actin (ACT) and presented as ACt values (difference of cycle
threshold).

Results

Ctns” thyroids develop
multifocal
hyperplasia/hypertrophy with
colloid exhaustion and
proportional vascular expansion

There was neither macroscopic
change nor goiter at 9 and 12 months
(Figure 1A). Thyroid glands were an-
alyzed by conventional histopathol-
ogy at 3, 6,9, and 15 months (Figure
1B and Suppl Figure 1). There were
no detectable lesions at 3 months.
Between 6 and 9 months, Ctns” mice
consistently developed multifocal
thyrocyte hypertrophy and hyper-
plasia with pseudostratification up
to papillary lesions, luminal cell rem-
nants (Fig 1Bb, ¢) and colloid ex-
haustion (Fig 1BDb). As better seen
with 1-um plastic sections, hypertro-
phic thyrocytes exhibited apical vac-
uolation, suggesting (TSH)-induced
macropinocytosis/phagocytosis,
and irregular basal cytoplasm clari-
fication, suggesting endoplasmic re-
ticulum (ER) dilatation (Fig 1Bc). As
disease progressed, luminal cell rem-
nants accumulated (Fig 1Bc) and col-
loid vanished (Suppl Figure 1). At 15
months, most Ctns”" follicles were
hyperplastic or dedifferentiated,
with few resting follicles remaining
visible. In 15-months wild-type
(WT) thyroids, most follicles re-
mained quiescent and few peripheral
follicles were activated. To focus on
consistent early physiopathological
mechanisms, mice were further ana-
lyzed at ~9 months.

The importance of thyroid capil-
laries as integrated part of autono-
mous angio-follicular units has
emerged (46). Since blood capillaries
are barely visible by conventional
histology, we looked for vascular
changes by triple immunofluores-
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cence confocal imaging, using E-cadherin and ezrin as
markers of thyrocyte membrane domains, together with
PECAM for blood capillaries. Ctns” hyperplastic follicles
were consistently associated with prominent dilated cap-
illaries as compared to resting follicles, indicating syn-
chronous activation of the angio-follicular system (Figure

endo.endojournals.org 7

1C). Proangiogenic Vegf-a was up-regulated in hypertro-
phic thyrocytes, mostly in papillary projections, in full
agreement with recruitment/expansion of blood capillar-
ies (Suppl Figure 2). Thus, Ctns” mice exhibited inte-
grated angio-follicular activation.

To quantitate tissue changes by taking into account

Figure 4. Ultrastructural alterations in Ctns™’- thyrocytes. Representative EM views of
resting WT (a) and activated Ctns” thyrocytes (b-f). (@) In this resting WT thyrocyte at 12
months, notice limited ER expansion and thin apical projections. (b) Hyperplastic Ctns”" thyrocyte
at 12 months showing strong dilatation of endoplasmic reticulum lumen. Notice characteristic
tortuous basal plasma membrane and basal lamina. () This activated Ctns™ thyrocyte at 8
months projects a lamellipodium, characteristic of macropinocytosis (arrowheads) across an
homogenous peripheral colloid ring (HC) up to central granular colloid (GC), indicated by the
broken line. (d) Asterisks indicate colloid droplets in two adjacent activated thyrocytes, two with
homogenous colloid content and undergoing homotypic fusion (green asterisks), one bearing
additional luminal structures indicating fusion with lysosomes (red asterisk). (e-f) Cystine
crystals-bearing lysosomes in Ctns™ thyrocytes at 12 months.

disease-induced heterogeneity be-
tween mice and between follicles, we
exploited E-cadherin immunofluo-
rescence (Figure 1D). Thyrocyte
fractional volume was increased by
2.2-fold in Ctns” mice (19.9% in
WT vs 42.9% in Ctns” mice) with a
concomitant decrease of fractional
luminal volume (64.5% in WT vs
39.9% in Ctns” mice). Both param-
eters showed strong negative corre-
lation (r = 0.93; P < .0001; not il-
lustrated). No significant difference
was observed between WT and
Ctns”" mice for interstitial area (com-
bined mesenchyme and blood capil-
laries). We thus focused on thyro-
cytes for further structural studies.

Increased proliferation and
apoptosis in Ctns” thyrocytes
reveals accelerated cell turnover
Cell division is rare in normal
adult thyrocytes (47) but was ex-
pected to increase so as to support
hyperplasia in Ctns™ thyroids. Con-
versely, the striking abundance of lu-
minal remnants was reminiscent of
in vitro and in vivo evidence that cys-
tinosis triggers apoptosis in other
cells/tissues (33, 48, 49). To define
the impact of cystinosis on thyrocyte
turnover, we analyzed proliferation
and apoptosis (Figure 2A, B). Thy-
rocyte proliferation, monitored by
Ki-67 immunolabeling, was barely
detected in WT (< 3%), but signifi-
cantly increased in Ctns” mice (by
4.5-fold). Interstitial cell prolifera-
tion did not reach significant differ-
ence between WT and Ctns” mice
(Figure 3B, except if values of one
outlier WT mouse were excluded;
P <.01). Likewise, in WT thyroids,
apoptotic events (monitored by ac-
tive caspase-3 immunolabeling),
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were very rare (Fig 2Aa), consistent with a resting cell
population. In contrast, caspase-3a labeled apoptotic bod-

Endocrinology

term retention of apoptotic bodies in follicular lumina (in
contrast to continuous shedding in kidney proximal tu-

ies accumulated in Ctns” follicular lumen, confirming ac-
celerated cell turnover (Fig 2Ab,c). The distribution of
apoptotic cells among follicles was much more heteroge-
neous than proliferative events, probably due to follicle
heterogeneity in disease progression and unequal long-

bules; (33)).

Ctns”" mice develop subclinical hypothyroidism
Because histological alterations of Ctns” thyroid sug-
gested TSH activation, and since cystinotic children de-

E-cadherin, KDEL, thyroglobulin
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Figure 5. Tg synthesis is slowed down but maturation is qualitatively preserved in hyperplastic Ctns” thyrocytes. A. Tg
accumulates in the endoplasmic reticulum of Ctns™’- thyrocytes. Comparison of WT (a) and Ctns” mice (b) at 9—-10 months for E-
cadherin (white), KDEL (green, retention motive used as marker of endoplasmic reticulum, ER) and Tg (red). Yellow broken lines indicate thyrocyte
profiles. Tg labeling of colloid is out-of-focus, because of artifactual colloid stickiness to the coverslip. In WT thyrocytes (a), the ER is usually
localized to the basolateral cytoplasm (notice complementarity of green pattern with Figure 4a), without resolution of the reticulum at the
confocal level, and shows barely visible Tg signal in our labeling conditions. In contrast, Ctns” hyperplastic thyrocytes (b,€) show endoplasmic
reticulum dilatations, resolved at the confocal level (KDEL, green), containing detected Tg (red) resulting in yellow signal, and expanding up to the
apical pole. B. Decreased levels of Tg mRNA in Ctns”- mice thyroid. Quantification of thyroglobulin (TG) mRNAs by RT-gPCR in WT and
Ctns™ thyroids collected at 9 and 12 months, normalized to actin (ACT) and presented as ACt values. *, P < .05; **, P < .01. C,D. Preserved
thyroglobulin maturation. C, Disulfide bonding. Thyroid extracts of 5 WT and 5 Ctns™ thyroids were analyzed by western blotting for
thyroglobulin, without or after reduction of disulfide bonds by 100 mM DTT. Notice that total Tg is decreased in Ctns™ thyroid and that Tg
oligomers remain detectable in Ctns™ thyroids although their proportion is decreased as compared to WT. These effects are attributed to
accelerated colloid turn-over. Oligomers are fully reduced into 330-kDa monomers upon DTT. Decreasing DTT concentration to 0.3 mM yielded
identical results (not shown). D, Terminal N-glycosylation. Thyroid extracts from 2 WT and 2 Ctns” mice were analyzed by lectin blotting
after reduction by DTT, without or with pretreatment with neuraminidase as lectin-specificity control,. Notice comparable terminal thyroglobulin
sialylation. This blot is representative of 2 experiments.
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velop subclinical hypothyroidism we next evaluated the
thyroid hormonal status in Ctzs™ mice and analyzed the
expression of critical genes involved in thyroid hormone
synthesis (Figure 3B). Asshown by Figure 3A, plasma TSH
concentrations of Ctns”" mice at 9-10 months were sig-
nificantly increased (by 4.4-fold) as compared to WT
mice, a feed-back response sufficient to maintain normal
plasma T, and T; concentrations. Although mRNA of
some components of thyroid hormone biosynthetic ma-
chinery were moderately altered (pendrin, DUOX2,
DUOXA2, DEHAL1), none (including the basolateral
transporter of TH, Mct-8) was really defective in Ctns”
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mice (Figure 3B). We concluded that Ctzzs” mice mimic
subclinical hypothyroidism of cystinotic children.

Tg synthesis is quantitatively but not qualitatively
altered in Ctns”" mice
As an explanation for colloid exhaustion observed in
Ctns” thyroids, we first looked at Tg biosynthetic ma-
chinery, including ER structure, disulfide-bonding and N-
glycosylation. Electron microscopy revealed prominent
ER dilatation in the hypertrophic Ctns” thyrocytes con-
trasting with normal Golgi complex (Figure 4a,b). Also by
confocal microscopy, immunolabeling for the C-terminal
endoplasmic reticulum (ER)-retention motive, KDEL,
confirmed that basolateral dilations
seen in semithin plastic sections of

A WT Ctns™” hypertrophic thyrocytes (Figure 1c¢)

- . - reflected a major enlargement of this

GRP78 —» wis SN MR, "o~ /owDa compartment (Fig 5Ab,c). Simulta-

o i neous Tg immunolabeling disclosed

GRP78 > 1 . - .- - — 78kDa its accumulation in the dilated ER,

KDEL > - . . IR 3 compatible with either increased

— 50kDa synthesis upon TSH stimulation or

: defective export, eg, upon ER stress

GAPDH > M8 e o ! - = —30/0a (50) (Fig 5Ab,c). To discriminate be-

B tween these two hypotheses, we
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e ascompared to WT mice (Figure 5B).
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‘&’l Q@ % 6 e 3‘ 6 (Figure 5C). Irrespectively of the cys-
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expression of CHOP.

A Ct (ATF4-ACT)

Figure 6. ER stress is triggered in Ctns” thyroid. A. Increased expression of
GRP78 and PDI in Ctns™ mice thyroid. Thyroid lysates from WT and Ctns” at 11-12
months were analyzed by western blotting with antibodies to GRP78 (upper panel) or KDEL (the
latter identifies both GRP78 and PDI; medium panel) and to GAPDH (stripped reprobed blot,
lower panel). B. Unconventional splicing of XBP-1 mRNA is triggered in Ctns”- mice
thyroid. RT-PCR analysis of XBP-1 mRNA maturation in thyroid of 5 WT and 5 Ctns™ mice at 9
months. Notice the alternative sXBP1 lower band in all Ctns”~ samples, and only one WT sample.
C. Induction of ATF-4 expression triggers CHOP mRNA expression. Quantification of
activating transcription factor-4 (ATF-4) and C/EBP homologous protein (CHOP) mRNAs by RT-
gPCR in WT and Ctns™ thyroids collected at 9 months, normalized to actin (ACT) and presented
as ACt values. **P < .01. Gray dots correspond to outlier WT mice for which both ATF-4 and
CHOP were increased. At right, increased expression of ATF-4 strongly correlates with increased

mina and suggested accelerated col-
loid turnover. Of note, the extent of
cross-linking differed between mice
studied here (low) and young human
adults (higher) (21): species differ-
ences should be kept in mind when
extrapolating conclusions from cys-
tinotic mice to patients. Analysis of
Tgterminal N-glycosylation by sialic
acid lectin blotting of thyroid lysates
revealed no major difference be-
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tween WT and Ctns” mice (Figure SD). We thus con-

E-cadherin, LAMP-1
b. Ctns™

lumen

Figure 7. Alterations of the late endocytic apparatus in hyperplastic Ctns™
thyrocytes. A. Identification of large apical vacuoles and crystal-bearing
structures as lysosomes. Comparison of WT (a) and Ctns” mice (b-c) at 9 months for
immunolabeling of E-cadherin (red) and LAMP-1 (green; late endosome/lysosome membrane).
(a) In this resting WT follicle, flat thyrocytes show at their apical pole packed lysosomes of
uniform small size and round shape. (b-c). In activated Ctns” thyrocytes, late endosomes-
lysosomes are frequently dilated (red arrowheads) and distorted (better seen at ¢, white arrows).
Red arrows at c suggests docked but not fused late endosomes/lysosomes. For levels of Rab5 and
Rab7 mRNAs, see Suppl Figure 4. B. lodo-Tg is retained in lysosomes. Comparison of WT
(a) and Ctns™ mice (b-e) at 9—10 months for E-cadherin (white), LAMP-1 (green) and iodo-Tg
(red). In resting WT follicles (a), iodo-Tg is stored in the colloid and is never detected within
thyrocytes. In activated Ctns” thyrocytes (b), vesicles filled with iodo-Tg and labeled by LAMP-1
(thus not primary colloid droplets) are frequently found at the apical pole of hyperplasic
thyrocytes. Enlargements of the boxed field (c-e), first show single-channel images of iodo-Tg
and LAMP-1 in black-and-white for optimal resolution and easier pattern comparison, then
merged back with E-cadherin in triple colors as above. The apparent defect of (iodo-)Tg labeling
of the central lumen is due to artifactual sticking of the colloid to the coverslip, thus out-of-focus
by confocal imaging. For a gallery of representative images of iodo-Tg retained in lysosomes, see
Suppl Figure 3.

Endocrinology

cluded that Tg processing was qualitatively preserved in

Ctns” mice and that ER enlargement
was not due to increased Tg synthe-
sis, pointing instead to quantitative
defect in export, possibly upon ER
stress.

Ctns”" thyrocytes develop the
unfolded protein response to
ER stress

Secretory cells are particularly
prone to ER stress, previously docu-
mented in activated thyrocytes (38,
50). Moreover, cystinosis has been
associated with ER stress (51). We
thus evaluated whether the unfolded
protein response (UPR) was acti-
vated in response to ER stress in
Ctns™ thyroid, by looking at UPR-
target genes and products (52, 53).
The ER-resident chaperone GRP78
and PDI, both bearing the KDEL ER-
retention motive, were increased at
the protein level in Ctns” thyroid ho-
mogenates (Figure 6A). Down-
stream in the UPR pathway, uncon-
ventional splicing of transcription
factor XBP-1 mRNA, yielding the
sXBP1 form, was detected in almost
all Ctns” thyroids but only in a mi-
nority of WT thyroids. As shown by
Figure 6B, at 9 months, 10/13 Ctns™”
vs 3/9 WT mice thyroids exhibited
nonconventional XBP-1 mRNA
splicing (P <.001);at 12 months, the
proportion were 8/9 Ctns™ vs 2/8
WT (P < .01;not shown). Further in
the UPR pathway, induction of
ATF-4 expression strongly corre-
lated with increased expression of its
downstream effector, the transcrip-
tion factor CHOP (Figure 6C). These
data together supported the hypoth-
esis that activation of ER stress/UPR
pathway in Ctns” thyrocytes not
only leads to defective Tg synthesis
and secretion, thus colloid exhaus-
tion, but also contributes to apopto-
sis triggering.
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Lysosomal Tg processing is altered in Ctns”~ mice

Besides UPR effects, our alternative working hypothe-
sis for primary hypothyroidism was defective release of
thyroid hormones from iodo-Tg. To this aim; we looked
for ultrastructural alterations of the endocytic apparatus
(Figure 4) and at LAMP-1 immunofluorescence for late
endosomes/lysosomes (Figure 7). By electron microscopy
(EM), while apical surface of resting WT thyrocytes only
showed sparse thin microvilli (Figure 4a), Ctns” thyro-
cytes in activated follicles frequently showed apical lamel-
lipodia (Figure 4¢), sequestration of primary colloid drop-
lets and their fusion into phagolysosomes (Figure 4d).
These are characteristic of TSH-induced macropinocyto-
sis, the structural equivalent of accelerated endocytosis. In
contrast, we detected no change in the abundance of Rab35
and Rab7mRNAs which finely tune micropinocytosis
(Suppl Figure 4). By immunofluorescence, induced mac-
ropinocytosis correlated with enlarged LAMP-1-labeled
apical structures (Fig 7Ab), absent in resting WT thyro-
cytes (Fig 7Aa). In addition, LAMP-1 labeled some dis-
torted structures (Fig 7Ac), either strongly elongated or
showing angular membranes, reminiscent of the abundant
lysosome-bearing crystals in Ctns” kidney proximal tu-
bular cells (33). Electron microscopy of Ctns™ thyrocytes
yielded several examples of severely physically disabled
secondary lysosomes, identified by a limiting membrane
and heterogeneous content, and containing characteristic
electron-lucent needles or long polyhedric objects, ie,
bona fide cystine crystals (Figure 4e,f). Remarkably, small
LAMP-1-labeled vesicles appeared closely apposed to dis-
torted LAMP-1-labeled structures, suggesting lysosomal
docking but impaired fusion (Fig 7Ac) as seen in Ctns”
PTCs where a late endocytic trafficking defect has been
evidenced.

Since late endocytic trafficking seemed affected in
Ctns”" thyrocytes, we looked for a functional impact on
iodo-Tg processing, so as to explain TSH feed-back and
partial TSH refractoriness. By immunofluorescence, we
frequently found iodo-Tg retained in LAMP-1-labeled ly-
sosomes selectively in Ctus”" hypertrophic thyrocytes,
suggesting defective prohormone processing (Fig 7Bb-e
and Suppl Figure 3). This was never observed in WT thy-
rocytes. Furthermore, by subcellular fractionation using
isopycnic centrifugation combined with western blotting,
’ thyroid lysosomes were
denser and contained more iodo-Tgas compared with WT
(Figure 8A and Suppl Figure 5). To examine whether ac-
cumulation of iodo-Tg in lysosomes could be due to im-
paired lysosomal enzymatic machinery, we also looked at
the expression and activity of cathepsin B and D. Both
cathepsins were actually increased at the mRNA level but
cathepsin B activity and cathepsin D protein level were not

we demonstrated that Ctns
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appreciably affected in Ctns” thyrocytes. We concluded
that TH release from Tg in lysosomes is further impaired
in Ctns” thyrocytes while major cathepsins are preserved,
pointing instead to a defect in the lysosomal milieu, likely
its redox status.

Discussion

In this study, we report for the first time that C57BL/6
Ctns”" mice recapitulate the earliest and almost obligatory
endocrine complication of cystinotic children, namely pri-
mary hypothyroidism. Longitudinal study of KO mice
thus allowed to delineate the early events of thyroid
changes, presumably also occurring in affected children
before the end-stage atrophy mostly documented in path-
ological samples. Two complementary pathogenic mech-
anisms were found to operate in Ctzs” mice: (i) impaired
Tg biosynthesis involving the unfolded protein response to
ER stress, and contributing to progressive colloid exhaus-
tion; and (ii) impaired lysosomal iodo-Tg proteolytic pro-
cessing, thus defective TH release. Adaptation mecha-
nisms include TSH increase, accelerated colloid uptake by
macropinocytosis, thyrocyte hyperplasia/hyperthrophy
combined with microvascular basket expansion, and ac-
celerated cell turnover/apoptosis.

In 9-months Ctns” mice, TSH was moderately in-
creased with T, and T; values remaining normal. In-
creased TSH induced follicle-autonomous hyperplasia/
hypertrophy and microvascular basket expansion but was
not associated with significant decrease in global expres-
sion of iodoTg synthesis-related genes except Tgitself, nor
cathepsins B and D, nor of the thyroid hormone trans-
porter, Mct-8. Thus, primary hypothyroidism was ade-
quately compensated at this age (“subclinical”) and orig-
inated from a  more  subtle  mechanism.
Immunofluorescence proved particularly useful to dem-
onstrate proliferation, apoptosis and microvasculature
changes. In the integrated angio-follicular units, capillar-
iesnot only serve to passively feed thyrocytes and to collect
TH, but also take partin an active, bidirectional paracrine
cross-talk that instructs follicular embryological differen-
tiation (54). Furthermore, follicular changes upon iodine
deficiency/goitrogenesis are closely associated with in-
creased thyroid blood flow and vascular expansion (535,
56). Thus, expansion of follicular capillaries not only re-
flects increased tissue demands but can be a useful inde-
pendent functional marker of follicle activation.

The first key pathogenic finding of this study was ac-
tivation of the UPR. Newly synthesized Tg accounts for >
50% of normal thyrocyte protein content (57) and can be
further increased by TSH (58, 59). “Professional” secre-
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Figure 8. Subcellular fractionation of iodo-thyroglobulin distribution and
assessment of hormonogenic cathepsins. A. Sucrose density gradients. Thyroids
glands pooled from 4 WT (open symbols) or 4 Ctns” mice (filled symbols) were homogenized
and postnuclear particles were resolved by isopycnic centrifugation into linear sucrose gradients.
Ten fractions were collected from the bottom and analyzed for density (dotted lines), 8-
hexosaminidase activity as lysosomal marker (upper panel), and iodo-Tg (lower panel;
densitometry of western blot bands with molecular weight > 250 kDa, ie, the sum of monomer
and oligomers). Results are expressed by reference to the sum of all fractions, so that C/Ci
indices > 1 indicate enrichment level over initial concentration (broken lines). Corresponding
western blots are shown in Supplemental Figure 5. In Ctns™ mice, iodo-thyroglobulin
accumulates in fractions corresponding to lysosomes, equilibrating at higher density as compared
to WT mice. Representative experiment out of two. B-D. Cathepsins B/D expression and
activity are not defective in Ctns™ thyroid glands. B. Expression of cathepsin B
and D mRNA. Quantification by RT-qPCR of cathepsin B (CATB) and cathepsin D (CATD)
mRNAs in WT and Ctns™ thyroids collected at 9 and 12 months, normalized to actin (ACT) and
presented as ACt values. C. Cathepsin B activity. Cathepsin B activity, assayed using Z-Phe-
Arg-AMC, is given by the difference in absence or presence of the specific inhibitor, CA-074;
data normalized to protein concentration. D. Western blot for Cathepsin D. Thyroid
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tory cells such as thyrocytes have a
well-developed pathway for protein
export and rely on a sophisticated
quality control (QC) machinery to
escape ER stress when overstimu-
lated. However, when ER folding ca-
pacity is exceeded, or fully abrogated
by Tg point mutations (38, 60), UPR
is triggered to (i) attenuate protein
synthesis, (ii) up-regulate folding ca-
pacity and (iii) increase protein deg-
radation by proteasomes. We here
demonstrate that Tg accumulates in
the dilated ER of Ctns™ thyrocytes,
yet with decreased mRNA level de-
spite higher TSH stimulation. Fold-
ing of core-glycosylated Tg necessi-
tates the simultaneous assistance of a
variety of ER-resident chaperones
(eg, GRP78) and foldase (PDI), both
of which were strongly increased in
Ctns™ thyroids. GRP78 is a major
quality-control monitor of Tg fold-
ing status (61, 62). Formation of
mixed-disulfide folding intermedi-
ates between Tg and the ER oxido-
reductase, PDI, is crucial for Tg mat-
uration and export (63). These
chaperones functionally depend on
ER redox homeostasis and high ATP
levels, both of which are impaired in
cystinosis (51, 64, 65). Combined
with general concepts from litera-
ture, our data on Ctns” thyrocytes
are thus consistent with the hypoth-
eses that (i) correct Tg disulfide
bonding is slower due to impaired
luminal redox, which results in mis-
folded/unfolded Tg accumulation in
ER, triggering the UPR response;
consequently (ii) slower ER exit/im-
paired secretion leads to ER dilata-
tion and contributes to colloid ex-
haustion .

Activation of ER-resident chaper-
ones associated with UPR has been
analyzed in detail in a congenital hy-
pothyroidism goiter due to a mu-
tated Tg trafficking defect (38, 66,
67). In contrast, immortalized
FRTLS cells showed increased ex-
pression of ER chaperones upon ac-

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 23 April 2015. at 17:23 For personal use only. No other uses without permission. . All rights reserved.



doi: 10.1210/en.2014-1672

tivation of Tg synthesis by TSH independently of UPR (no
alternative XBP-1 splicing nor CHOP expression) (68). In
most 9 and 12 month-old Ctns” thyroids, we here report
the alternative splicing of XBP-1 as well as coordinated
increased expression of ATF-4 and CHOP, strongly sup-
porting activation of UPR in response to ER stress. This
conclusion has several implications. XBP-1 transcrip-
tional activation triggers ER expansion (69, 70), as we
’ thyrocytes, but also promotes gene
transcription of ER resident chaperones (71) and of pro-
teins involved in ER-associated degradation of misfolded/
unfolded protein by proteasome (ERAD). Moreover, in-
duced CHOP expression triggers apoptosis, in particular
via down-regulation of the major antiapoptotic regulator,
Bcl-2 (for a review, see (40)). This mechanism likely con-
tributes to apoptotic thyrocyte shedding, as evidenced by
accumulation of cell remnants immunolabeled for cleaved
caspase-3 immunolabeling in Ctns” colloid.

Also consistent with a role for UPR in cystinotic thyroid
physiopathology, activation of UPR has been demon-
strated in cystinotic proximal tubular cells (37,51, 72) and
in several noncystinotic lysosomal storage diseases (72).
Interestingly, rescue of Rab27a-dependent vesicular traf-
ficking alleviated defective lysosomal transport and re-
duced ER stress in cystinotic proximal tubular cells (37).
Rab27a is a Ras-related small GTPase that regulates ve-
sicular transport and exocytosis in a variety of secretory
cells, including thyrocytes. We therefore raise the possi-
bility that, in the thyroid gland, lysosomal vesicular trans-
port defect due to cystine overload may be linked to ER
stress and UPR activation.

Our second key pathogenic observations in Ctns” thy-
rocytes relate to structural and functional endocytic alter-
ations. These include (i) induced macropinocytosis as ex-
pected for TSH stimulation; (ii) retention of undigested
iodo-Tg in enlarged (LAMP-1-immunolabeling) and
denser endosomes/lysosomes (fractionation data), indi-
cating defective Tg lysosomal degradation without alter-
ation of lysosomal cathepsin expression and activity; and
(iii) progressive build-up of lysosomal cystine needles and
exclusion of cystine-crystal bearing lysosomes from endo-
cytic trafficking. Increases lysosomal density is better ac-
counted for by protein (density, 1.33 g/ml) than cystine
crystal accumulation (1.73 g/ml; (73)). Similar alterations
in the apical endocytic pathway have recently been dem-
onstrated in Ctns™ kidney proximal tubular cells (PTCs),
but lesions appeared earlier on and crystals were more
prominent than in thyrocytes (33, 34). Although kidney

observed in Ctns
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PTCs and thyrocytes are both specialized for apical endo-
cytosis, the constitutive endocytic rate is faster in PTCs,
and the sequence of kidney then thyroid lesions in Ctns”
mice also mimics the order of appearance of clinical signs
in cystinotic children (4).

Lysosomal cargo retention despite conservation of hy-
drolytic equipment implies an altered lysosomal milieu,
probably an impaired redox environment as immediate
consequence of cystine sequestration. Alteration of intra-
cellular redox potential due to defective lysosomal cystine
export has been broadly associated to cystinosis physio-
pathology (64). Thyroid hormone release from Tg re-
quires stepwise proteolytic processing by synergistic en-
dopeptidases acting at specific sites around conserved
N-terminal and C-terminal hormonogenic residues, al-
lowing for final pruning by exopeptidases (23-27). How-
ever, the crucial endopeptidases cathepsin B and D were
not appreciably affected in Ctns™ thyrocytes. The need for
a lysosomal supply of reducing equivalents to expose bur-
ied cathepsin-sensitive peptide is supported by the accel-
eration of Tg degradation by lysosomal proteinases in a
reducing environment (22, 74). In vitro, GSH addition
boosted degradation of Tg by a thyroid phagolysosome-
enriched fraction (22). This effect was originally attrib-
uted to substrate unfolding, a conclusion confirmed with
highly purified cathepsin D and '*’I-thyroglobulin, sup-
porting the concept that Tg unfolding by disulfide bond
reduction renders it more susceptible to proteolysis (75).
However, a combined effect on activation of cysteine pro-
teinases is now well-accepted (15, 23). A lysosomal cys-
teine import system has been demonstrated (14) but as-
sociated gene(s) remain to be identified. We thus propose
that, in Ctns” thyrocytes, alteration of lysosomal redox
status upon cystine accumulation impairs cathepsin ac-
tion. In turn, defective lysosomal processing of iodo-Tg
leads to decreased TH production, thus primary hypothy-
roidism, eliciting a compensatory TSH response, thyro-
cyte hypertrophy/hyperplasia and integrated vascular ex-
pansion as endocytosis by
macropinocytosis.

Endocrine dysfunction related to a lysosomal storage
disorder is not unique to cystinosis. Subclinical hypothy-
roidism with elevated TSH has been reported in patients
affected by Fabry disease (lysosomal galactosidase-A de-
ficiency: (76, 77) and Hurler syndrome/mucopolysaccha-
ridosis type IH (a-L-iduronidase deficiency: (78)), which
are more frequent than cystinosis. However, to the best of
our knowledge, their underlying thyroid physiopathology

has not been explored. Comparison

well as accelerated

Legend to Figure 8 Continued. . .

extracts from 2 WT and 4 Ctns™ individual mice at 11-12 months were analyzed by western
blotting with antibodies to cathepsin D (CATD), using GAPDH for normalization in parallel blots.

of Tg synthesis and processing into
TH in corresponding KO mouse
models would be interesting.

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 23 April 2015. at 17:23 For personal use only. No other uses without permission. . All rights reserved.



14 (40 cara): Thyroid alterations in cystinotic mice

In conclusion, 9-months old C57BL/6 Ctns” mice re-
capitulate several key features of infantile cystinosis un-
derlying
namely chronically increased TSH, follicular activation
and proliferation and eventual thyrocyte lysosomal crys-
tals. They also disclose early pathogenic, so far unreported
mechanisms, such as ER stress triggering UPR, itself con-
tributing to apoptosis; and impaired endolysosomal traf-
ficking associated with defective lysosomal Tg processing.
Combination of impaired Tg secretion and accelerated
endocytosis provide a satisfactory explanation for colloid
exhaustion. We suggest that defective Tg processing fol-
lowing silent accumulation of Tg-derived cystine (single

compensated/subclinical ~ hypothyroidism,

substrate) is the primum movens event of the other func-
tional and structural changes. Thus, C57BL/6 Ctns” mice
are a useful model to better understand early pathogenic
vs adaptative cascades leading to eventual cystinotic thy-
roid atrophy; and to evaluate the stage-specific benefit
(and limitations) of conventional (cysteamine) or new
drugs to be developed, as well as novel therapies such as
gene therapy via stem cells (79-81). A particularly prom-
ising generic approach for gene therapy, validated in mice,
is based on hematopoietic stem cell (HSC) correction, by
which immunocompatible grafted cells bearing normal
cystinosin (or other) genes are selectively attracted to dis-
eased tissue areas. We recently reported that HSCs project
expansions, known as tunneling nanotubes, whereby they
physically interconnect with diseased epithelial cells
across basement laminae, and can bidirectionally ex-
change lysosomes by tubulin-based motion (82).
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