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France, 8Department of General, Endocrine and Metabolic Surgery, Hopital de la Conception, Marseille, France,
9Bioinformatics Platform, Paris Descartes University, IMAGINE Institute, Paris, France, 10Genomic Platform,
INSERM UMR 1163, Paris Descartes Sorbonne Paris Cite University, Imagine Institute, Paris, France, 11INSERM
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Abstract
Congenital hypothyroidism is the most common neonatal endocrine disorder and is primarily caused by developmental
abnormalities otherwise known as thyroid dysgenesis (TD). We performed whole exome sequencing (WES) in a
consanguineous family with TD and subsequently sequenced a cohort of 134 probands with TD to identify genetic factors
predisposing to the disease. We identified the novel missense mutations p.S148F, p.R114Q and p.L177W in the BOREALIN gene
in TD-affected families. Borealin is a major component of the Chromosomal Passenger Complex (CPC) with well-known func-
tions in mitosis. Further analysis of the missense mutations showed no apparent effects on mitosis. In contrast, expression
of the mutants in human thyrocytes resulted in defects in adhesion and migration with corresponding changes in gene ex-
pression suggesting others functions for this mitotic protein. These results were well correlated with the same gene expres-
sion pattern analysed in the thyroid tissue of the patient with BOREALIN-p.R114W. These studies open new avenues in the
genetics of TD in humans.
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Introduction
Thyroid Dysgenesis (TD) occurs in 80–85% of congenital hypo-
thyroidism (CH), the most common neonatal endocrine disorder
while the remaining 15–20% are owing to inherited defects of
thyroid hormone synthesis called dyshormonogenesis (1). TD
includes a large spectrum of developmental anomalies with or
without hypothyroidism varying from the absence of thyroid
tissue (athyreosis), the presence of ectopic tissue to hypoplasia
of an orthotopic gland or hemiagenesis (2). Ectopic thyroid is
the most common cause of CH (60%), followed by athyreosis
(20%). In contrast, thyroid hypoplasia, hemithyroid and asym-
metric thyroid lobes are rare. In human development, the me-
dian anlage invaginates from the floor of the foregut starting
towards embryonic day 22 (E22) and expresses NKX2-1, PAX8
and FOXE1 (E32-33) (3,4). From E26 onwards, the ultimobranchial
bodies develop from the fourth pharyngeal pouch on each side
(5). The median and lateral anlagen actively migrate and then
fuse, at E44 at the definitive pretracheal position (6). The cells
differentiate into thyrocytes expressing thyroglobulin (TG, from
8GW, Gestational Week) and producing T4 (from 11GW) or into
C-cells expressing calcitonin (7). The functional unit of the thy-
roid is represented by the follicles where thyroid hormone syn-
thesis takes place. Defects in any step of thyroid development
(such as specification, proliferation, migration, growth, organi-
zation, differentiation, and survival) may result in a congenital
anomaly and/or impaired hormonogenesis, leading to variable
degrees of hypothyroidism. However, TD is not always associ-
ated with hypothyroidism (8,9). Mutations in six of genes PAX8,
NKX2-1, FOXE1, NKX2-5, TSHR, GLIS3 have been reported in indi-
viduals with CH and TD, demonstrating the genetic heterogene-
ity of this pathology (10–13). These mutations account for less
than 5% of patients with TD. TD is usually considered as a spo-
radic disease, although a prevalence of 2% of familial cases sup-
port the Mendelian inheritance but do not exclude other modes
of inheritance such as multigenetic, multifactorial as well as
epigenetics (2,14,15). To overcome the limitations posed by the
rarity of new mutated genes associated with TD, we performed
WES (Whole Exome Sequencing) for siblings with congenital hy-
pothyroidism and TD and thereby identified mutations in
BOREALIN/CDCA8 as a single-gene responsible for TD. By Sanger
sequencing of the BOREALIN gene, we analysed 134 TD cases.
We identified two more mutations in patients with CH and TD.

Borealin is a major component of the Chromosomal
Passenger Complex (CPC) along with Survivin, Aurora B kinase
(AURKB) and INCENP (inner centromere protein) (16,17). The
CPC has well-described functions in chromosome segregation
and cytokinesis. Interestingly, Borealin is highly expressed dur-
ing early embryogenesis and this has been attributed to its role
in mitosis. Specific roles for Borealin in development and partic-
ularly in thyroid development and TD have not been docu-
mented. We describe for the first time mutations in BOREALIN
in TD and the involvement for this protein in migration and ad-
hesion of human thyrocytes.

Results
Mutations in Borealin and clinical data

Family F1 was a consanguineous French family originating from
Sri Lanka and of Tamil ethnicity. Parents were first cousins (I-1,
I-2) and had four children sharing three different pathologies
(Fig. 1A). One daughter died at four months of leprechaunism
(II-2), while two children, one daughter (II-3) and one son (II-4),

had hemolytic and uremic syndrome (HUS). Finally, two siblings
had TD, one with ectopic thyroid and CH (II-3) and the other one
with hemiagenesis and no CH (II-1) (18). The parents (I-1, I-2)
were euthyroid but display thyroid morphogenesis alteration:
asymmetric thyroid lobes in the mother and nodules in the fa-
ther. The son (II-4) was euthyroid and has a normally formed
and shaped thyroid gland of normal size. Using the recessive
model of transmission, the WES revealed mutations potentially
responsible for the three pathologies. Firstly, a homozygous
frameshift mutation in the sibling with leprechaunism (II-2)
was found in INSR (p.G5AfsX60). Secondly, homozygous codon-
stop mutation was identified in ADAMSTS13 (p.R1119X) in two
children with HUS (II-3, II-4). These two mutated genes (INSR,
ADAMTS13) correlated well with the clinical phenotype (19,20).
Finally, a missense homozygous mutation was found in CDCA8/
BOREALIN (c.443C>T, p.S148F, rs546751848) in two daughters
with TD (II-1, II-3) (Table 1). Parents carried the three mutations
in the three different genes at the heterozygous state. By WES,
the recessive model for TD found two mutated genes. Only the
BOREALIN variant was confirmed by Sanger sequencing whereas
the other was not. The euthyroid son (II-4) was carrier of the
heterozygous BOREALIN mutation. Patients II-1 and II-3 were
born at term and II-3 had CH detected by the systematic CH neo-
natal screening performed in France with initial high TSH level
(150 lU/ml), confirmed at day 11 of life: TSH: 382 lU/ml (refer-
ence values: 0.3–7), free T3: 2.8 pmol/l (reference values: 2.6–
10.8) and free T4: 4 pmol/l (reference values: 9.5–25). Treatment
by L-Thyroxine was started at day 12 (8 micrograms/kg/day). TD
as thyroid ectopy for II-3 and hemiagenesis for II-1 was diag-
nosed on scintigraphy and ultrasound respectively. Thyroid
ultrasound revealed a defect in thyroid development: an asym-
metric thyroid (right lobe: 9.88 cm3, left lobe: 5.49 cm3 according
to thyroid ultrasound) for the mother (I-1). Furthermore, thyroid
ultrasound showed nodules (measuring 2 mm and 5 mm) in the
father (I-2). No BOREALIN mutation was found in the two others
consanguineous families in our cohort.

In family F2, we identified a heterozygous mutation of
BOREALIN, c.341G>A, p.R114Q (rs35565540), in a daughter with
CH due to the ectopic thyroid gland (II-1) (Fig 1A and Table 1).
CH was diagnosed due to systematic neonatal screening (TSH:
126 lU/ml) and confirmed the first days of life: TSH: 75 lU/ml,
free T4: 15.1 pmol/l, free T3: 3 pmol/l. Her mother carried the
same heterozygous mutation. She had an euthyroid asymmet-
ric thyroid (right lobe 5.89 cm3, left lobe 3.87cm3) and developed
papillary thyroid cancer in the left lobe, diagnosed by thyroid ul-
trasound as a malignant nodule of 1.5 cm3 and finally confirmed
by cytological and histological analysis after surgery. The father
was euthyroid with a normally shaped and of normal size thy-
roid gland and did not carry this mutation. We sequenced the
cDNA of the white blood cells and we found the mutation at the
heterozygous state in the daughter and in the mother
(Supplementary Material, Fig. S1A). No autosomal monoallelic
expression of the mutation p.R114Q of BOREALIN was identified
in the cDNA of the thyroid tissue of the F2-I-1 by Sanger se-
quencing (21) (Supplementary Material, Fig. S1B).

In family F3, we identified a heterozygous mutation of
BOREALIN, c.530T>G, p.L177W (rs140856315), in a proband with
CH and athyreosis (Fig 1A and Table 1). CH was diagnosed dur-
ing the neonatal period with high TSH levels (200 lU/ml) at diag-
nosis. Treatment with L-Thyroxine was started at 3 weeks of
life. The patient had also a congenital heart defect (double out-
let right ventricle with a ventricular septal defect), necessitating
surgical correction. The mother carried the same heterozygous
mutation (I-1) and she was euthyroid. However, thyroid
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ultrasound has shown three nodules in the right thyroid lobe
for the mother (I-1), two of them measuring 3 mm and one mea-
suring 9 mm. Thyroid ultrasound (size and shape) was normal
for the father (I-2) and the brother (II-2), who had also normal
thyroid function tests. The brother did not carry the mutation.
Father’s DNA was not available.

Mutations Borealin-114, 148 and 177 are situated in a central
unstructured region of Borealin that interacts with Shugoshin and
HP1 proteins to enhance targeting to the centromere (Fig. 1B)

(22,23). Moreover, the three mutations altered amino acid residues
that are conserved from chicken to human (Fig. 1C). On ExAC
(Exome Aggregation Consortium) database, the mutation Borealin-
114 has a reported allele frequency estimated at 0.001368 (genotype
frequency in 1000Genomes: 0.001), Borealin-148 an allele frequency
at 0.0001411 (genotype frequency in 1000Genomes: 0.00039936) and
Borealin-177 a allele frequency at 0.0001153 (unreported genotype
frequency). Mutation Borealin-114 (p.R114Q) is predicted to be be-
nign according to Polyphen and SIFT in silico prediction tools, while

Table 1. Summary of thyroid phenotypes associated with BOREALIN mutations

p.S148F p.S148F p.S148F p.S148F p.R114Q p.R114Q p.L177W p.L177W
F1, I-1 F1, I-2 F1, II-1 F1, II-3 F2, I-1 F2, II-1 F3, I-1 F3, II-1

Shape of the
thyroid

Asymmetric
thyroid

Nodules Hemiagenesis
thyroid

Ectopic
thyroid

Asymmetric thyroid and
papillary thyroid cancer

Ectopic
thyroid

Nodules Athyreosis

Size of the thyroid AbN N AbN N AbN N N AbN
Thyroid function N N N CH N CH N CH

N, normal; AbN, Abnormal; CH, congenital hypothyroidism.

A

B

C

Figure 1. Molecular genetics. (A) Pedigrees of families with Borealin mutations.

Family F1. Characterization of a homozygous missense mutation by WES, c.443C>T, p.S148F, in a consanguineous family F1. Familial pedigree with four children in-

cluding two siblings with TD and the homozygous mutation (m/m). Parents are heterozygous (m/þ) for the mutation. The mother has an asymmetric thyroid lobes and

the father has nodules. Mutation and familial segregation are confirmed by Sanger sequencing.

Family F2. Characterization of a heterozygous missense mutation, c.530T>G, p.R114Q, identified by Sanger sequencing in the mother and her daughter. The daughter

has CH with ectopy and the mother had an asymmetric thyroid and developed later a papillary thyroid cancer.

Family F3. Characterization of a heterozygous missense mutation, c.341G>A, p.L177W, found by Sanger sequencing in a girl with CH due to athyreosis and congenital

heart defect and in the mother. The mother has nodules (in light gray).

Affected individuals are indicated by solid black/gray symbols (black for thyroid ectopy, thyroid hemiagenesis, athyreosis, asymmetric thyroid and light gray for nod-

ules).

(B) Schematic representation of the Borealin protein with domain structure.

(C). Multiple sequence alignment of Borealin proteins.

For the three missense mutations (in gray) conservation across evolution of altered amino acid residues is shown.
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mutations Borealin-148 (p.S148F) and Borealin-177 (p.L177W) are
predicted to be possibly damaging by Polyphen and deleterious by
SIFT.

Borealin localizes in thyroid during development

Borealin is mainly expressed in organ development during mitosis
(24). Adult tissues expressing Borealin with high proliferation rate
are the testis, colon and skin. Borealin expression in others adult
tissues is weaker (Human Protein Atlas available from www.protei
natlas.org (25)). By quantitative PCR, we observed mRNA encoding
BOREALIN expression in human thyroid at 8 and 12GW (Fig 2A).
Low expression was found in adult thyroid tissue. By immunofluo-
rescence, at 8GW, BOREALIN was colocalized with E-cadherin-ex-
pressing cells (a marker of epithelial cells) undergoing mitosis (Fig.
2B). At 12GW, while the thyroid was thoroughly differentiated, we
observed a clear colocalization of BOREALIN in the nucleus of
some TG-expressing cells surrounding colloid in thyroid follicles.
Thus, BOREALIN is expressed in human thyroid tissue during de-
velopment. BOREALIN was also found expressed by immunocyto-
chemistry in human primary thyrocytes in culture, obtained from
adult thyroid control tissues (Supplementary Material, Fig. S2, see
Plasmids, cells culture and transfection in Materials and Methods).

Mutations in Borealin do not disturb the mitosis

To understand the role of Borealin mutations identified in pa-
tients with TD, we studied its known role as a regulator during
mitosis. We transfected an immortalized thyroid epithelial cell

line, Nthy, with pFlagBorealin wild type (wt) or mutated (114,
148 and 177 mutants) and pSuperBorealin (sh) to inhibit endoge-
nous Borealin to only study the effects of Borealin transfected
wt or mutated, as previously done (26) (Supplementary
Material, Fig. S3). After propidium iodide (PI) staining, we quan-
tified cell cycle distributions by flow cytometry (Fig. 3A).
Expression of Borealin mutants had no effect on the percent of
cells in G2/M compared to Borealin-wt (Fig. 3A). Borealin mu-
tants localized normally to centromeres, midzone and midbody,
structures where CPC coordinates important mitotic events (Fig.
3B and Supplementary Material, Fig. S4). In addition, overex-
pression of GFP-tagged Borealin mutants in combination with
Borealin shRNA had no effect on the duration of mitosis in HeLa
cells (Supplementary Material, Figs 3C and D). Therefore, the
three Borealin mutations found in TD patients do not appear to
affect the mitotic functions of the protein.

Borealin mutations decrease cell migration and cell
spreading

Two patients with the Borealin mutations 114 and 148 had an
ectopic thyroid gland and two parents had an asymmetric thy-
roid gland. Migration of progenitor cells is critical for normal
thyroid development (27). Interestingly, we observed that ex-
pression of Borealin mutants in a thyroid cell line altered migra-
tion and adhesion of these cells, potentially explaining the
developmental defects observed. For these studies, we tracked
Nthy cells transfected with sh and Borealin-GFP vector (contain-
ing Borealin-wt or Borealin-114, Borealin-148, Borealin-177) by

A

B

Figure 2. Borealin expression during thyroid development. (A) Gene expression by quantitative PCR of Borealin in thyroid tissue at 8GW, 12GW and in adult thyroid, re-

ported to one thyroid tissue at 8GW and Peptidylpropyl isomerase A. Experiments with three tissues by stage. (B) Immunohistofluorescence of the Borealin (A, E, in

red), Ecadherin (B, in green) and TG (F, in green) in thyroid tissue at 8 and 12GW. In C, co-staining of Borealin and E-cadherin. In G, co-staining of Borealin and TG.

Boxes indicating enlarged areas (D, H).
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microscopy during a time lapse of 8 hours following a wound-
healing assay (Fig. 4A). We observed a significant decrease in
the length of migration path of Nthy cells with three Borealin
mutants compared to Borealin-wt (decrease of 20% for three
mutants compared to wt, P< 0.05) (Fig. 4B). Therefore, Borealin
mutants alter the migration of Nthy cells. To understand the al-
tered migration ability, we analysed the adhesion of Nthy cells
transfected with Borealin-Flag. Cell spreading was observed
by immunofluorescence after staining of the actin cytoskele-
ton with phalloidin (Fig. 4C). Significantly more Nthy cells
transfected with Borealin mutants remained unspread com-
pared to Borealin-wt Nthy (respectively with Borealin-114,
Borealin-148 and Borealin-177: increase of 74%, 168%, 213%
P< 0.05) (Fig. 4D). Furthermore, we observed a weaker spread-
ing of Nthy cells with mutants compared to Borealin-wt Nthy
(respectively with Borealin-114, Borealin-148 and Borealin-177:
decrease of 36%, 45%, 42%, P< 0.05). Phalloidin experiments
showed the same effect for the three mutations at the het-
erozygous as for homozygous state (Supplementary Material,
Fig. S5).

The defect in spreading caused by the three Borealin mu-
tants may explain the decrease in cell migration (28).

Impact of Borealin mutations on the expression of genes
involved in adhesion/migration

Transcriptome analysis of human thyroid bearing the Borealin-114
mutation
The only known role for Borealin is as part of the CPC, where it
influences proper localization of the complex during mitosis.
The effects on cell adhesion and migration were not predicted
from its known role in mitosis. Borealin does bind to DNA, how-
ever the importance of this interaction has not been investi-
gated (29). Given the effects observed with our Borealin
mutants, we used transcriptome analysis to determine whether
corresponding gene expression changes may explain the effects
on cell behavior. We performed transcriptome analysis of thy-
roid tissue of the mother with asymmetric thyroid lobes (I-1) of
the pedigree F2, carrying the mutation 114 compared to three
thyroid adult tissues as controls. By an unbiased analysis with
GSEA software (Gene Set Enrichment Analysis, Broad Institute),
the whole gene expression pattern revealed a decrease in the
following pathways: Focal Adhesion, Regulation of actin cyto-
skeleton, ECM receptor interaction (Extracellular Matrix) in the
KEGG classification and Proteinaceous extracellular matrix, Cell
substrate adhesion, Protein complex binding, and Extracellular

A

B

D

C

Figure 3. Effects on mitosis of Borealin mutants. (A). G2/M phases in Nthy transfected with Borealin-wt, Borealin-114, Borealin-148 and Borealin-177. Borealin transfec-

tion in cells lead to increase the mitosis. The percentage of cells was determined by flow cytometry. Values are represented as mean 6 SEM from three independent

measurements. NT, non-transfected; Mock, cells transfected with empty vector; Borealin-wt, Borealin-114, Borealin-148 and Borealin-177 were cells transfected with

sh-vector and with vector containing Borealin-wt or mutated. (B) Localization of Borealin mutants during metaphase. HeLa M cells were transiently transfected with

GFP-tagged wild-type and mutant Borealin. Single z-planes of representative transfected cells are shown. BOR, Borealin, AURB, Aurora B kinase, ACA, anti-centromere

autoantibodies. (C) Time lapse. Examples of cells progressing through mitosis after transfection with wild-type and mutant Borealin-GFP along with Borealin shRNA.

(D) Length of mitosis. GFP-positive cells as described in C were tracked from prophase to telophase. Average þ SEM are shown.
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Matrix structural constituent" in the GO (Gene Ontology) classi-
fication in the mutated Borealin-114 thyroid tissue in compari-
son with thyroid controls (Fig. 5A). In these pathways, we
interestingly observed a decreased expression of VCL, TLN1,
TLN2, PXN, CAV1, ITGA3 and ITGB1, directly implicated in focal
adhesion compared to thyroid control tissues (Fig. 5B).
Decreased expression was also observed for LAMB1, LAMA4,
LAMC1, which encode laminins, extracellular matrix glycopro-
teins implicated in cell adhesion, migration and differentiation.
Furthermore, we observed a diminution of ACTN1, a cytoskele-
tal protein involved in adherens junctions and FBLN1, a glyco-
protein protein of the extracellular matrix, playing a role in cell
migration and adhesion (Figs 5B and C). VCL, TLN1, PXN, ITGA3,
ITGB1, ACTN1, LAMB1, CAV1 and FBLN1 genes, with decreased
expression found by transcriptome analysis were validated by
quantitative PCR on the same tissues (Fig. 5C).

Adhesion and migration gene expression in transfected human
primary thyrocytes
By quantitative PCR, we analysed gene expression of human pri-
mary thyrocytes (HPT) transfected with Borealin-wt or Borealin

mutants (114 or 148 or 177) (Fig. 5D). We found a significantly
lower expression of VCL in HPT transfected with mutants
Borealin-114 and Borealin-148 and a trend in Borealin-177 com-
pared to Borealin-wt. We also observed a significant decrease in
TLN1, ITGA3, ITGB1, ACTN1, LAMB1, CAV1 and FBLN1 expression
with three mutants (Borealin-114 or Borealin-148 or Borealin-177)
compared to HPT transfected with Borealin-wt. No difference
was observed with PXN gene expression. These results were con-
firmed by the strong decrease in protein expression of TLN1 and
slight decrease of VCL in transfected HPT of Borealin mutants
compared to Borealin-wt (Supplementary Material, Fig. S6). We
observed also a decrease of this same set of genes involved in the
adhesion and/or the migration in Nthy transfected with Borealin
mutants compared to Borealin-wt (Supplementary Material, Fig.
S7). Our results in HPT confirmed the results of the transcriptome
analysis of the thyroid with Borealin-114. Overall, our results ob-
tained using human thyroid tissue derived from a patient with
Borealin mutation or transfected cells indicate a novel involve-
ment of Borealin in cell adhesion and migration. Furthermore,
the mutations identified alter adhesion and migration in a man-
ner that may be important in normal thyroid development.

A

C

B

D

Figure 4. Modifications in migration and spreading of cells by Borealin mutants. (A) Tracking of GFP-Nthy transfected with Borealin-wt, Borealin-114, Borealin-148 and

Borealin-177 during 8 h after wound healing assay on time-lapse video microscopy as described in "Materials and Methods." (B) The length of migration in um was

measured by quantifying the total distance that the positively transfected cells (GFP) moved from the edge of the wound toward the center of the wound in 8 h. Mean

of the length of the migration from four independent experiments. *P ¼ 0.04, 0.0036, 0.0202 respectively for Nthy with Borealin-114, Borealin-148 and Borealin-148 in

comparison with Nthy with Borealin-wt, calculated by t test. (C) Analysis of spreading by immunofluorescence. Staining of Borealin-Flag (in green) and filamentous ac-

tin (in red) showed decreased spreading of Borealin-114, Borealin-148, Borealin-177 Nthy compared to Borealin-wt Nthy (NT, no transfected; mock, empty vectors).

(D) The percentage of spread and unspread Nthy was estimated by counting Nthy for each cell line (light gray, unspread; medium gray, weakly spread; dark gray,

strongly spread). The graph represents the mean five independent experiments. *P< 0.05, P<0.01 calculated by t test.
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Discussion
We describe here for the first time the impact of BOREALIN
mutations as a genetic cause of TD in humans. We have
shown that BOREALIN is expressed in thyroid tissue during
development and localizes in thyrocytes. Through functional
studies in human thyrocytes, we have demonstrated that
BOREALIN is involved in the adhesion and in the migration
of these cells.

Mutations in Borealin are linked to TD

To date, no Borealin mutation has been linked to human pa-
thology. We identified three Borealin mutations in patients with
different types of TD: ectopic thyroid gland, hemithyroid, athyr-
eosis and asymmetric thyroid lobes. BOREALIN-114, 148 and 177
mutations are localized to an unstructured domain implicated
in centromere targeting of the CPC. This region binds to
Shugoshin, which in turn binds to phosphorylated histone H2A
localized to the kinetochore. Of note, L177 also is in a putative

chromo shadow domain (CSD) binding motif that has been im-
plicated in binding HP1 protein also to the enhance centromere
targeting. However, our imaging experiments show that
BOREALIN-114, 148 and 177 are still able to localize to the inner
centromere suggesting that the central domain of BOREALIN
has alternative functions relevant to TD. Furthermore, cells
progressed normally through mitosis upon overexpression of
the mutants suggesting no mitotic defects. Phosphorylation of
Borealin is critical for its normal function, raising the possibility
that p.S148F disrupts phosphorylation. However, phosphoryla-
tion of this site has not been reported and is not indicated in
phosphor-proteome databases. In any case, no significant ef-
fects on mitosis were observed between Nthy or HeLa trans-
fected with Borealin-wt or mutants. Borealin knock out mice
died very early during development due to its crucial function
during mitosis (24). We can hypothesize that the mutations de-
scribed here were not in a known crucial domain for the func-
tion of Borealin and cannot be loss of function alleles. Any
major effects on mitosis would be expected to be lethal or asso-
ciated with more syndromic features.

A

B

C

D

Figure 5. Transcriptome analysis of thyroid tissue with Borealin-114 and quantitative PCR in transfected HPT. (A) Genes with decreased expression in transcriptome

analysis of the thyroid tissue with Borealin-114 compared to thyroid controls. On the left, KEGG Pathway analysis of expressed mRNAs. Top fifteen enriched down-reg-

ulated pathways. On the right, GO enrichment analysis of expressed mRNAs. Top fifteen enriched down-regulated pathways. The bar plot represents the percentage of

genes contributing to the enrichment score. *Pathways involved in adhesion and/or migration. (B) Examples of pathways of interest with decreased expression genes

in thyroid tissue with Borealin-114 (T114) compared to thyroid tissues control (CTRL): KEGG Focal adhesion, KEGG Regulation of actin cytoskeleton, GO Proteinaceous

extracellular matrix. Colour scale for each pathway is shown. From left to right, gene expression difference between control tissues and T114 is increased. *Genes in-

volved in adhesion and/or migration and validated in HPT. (C) Gene expression of Borealin-114 tissue compared to controls in trancriptome analysis and validated by

quantitative PCR (black, thyroid controls; medium gray, transcriptome results of Borealin-114 tissue; light gray, validation by quantitative PCR in Borealin-114 tissue).

(D) Genes involved in adhesion and/or migration in transfected HPT analysed by quantitative PCR 48 h post-transfection (black, Borealin-wt HPT, dark gray, Borealin-

114 HPT; medium gray, Borealin-148 HPT; light gray, Borealin-177 HPT). The graph represents the mean of four independent experiments. *P < 0.05, **P<0.01 calculated

by t-test.
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Mutations in Borealin altered cell migration

The three BOREALIN mutations identified in patients with TD
led to defective migration of transfected Nthy. Migration of pro-
genitors is a critical step during thyroid development. Any per-
turbation during the migration process can lead to TD
(27,30,31).The mechanism is not very well understood but dif-
ferent concomitant actions are crucial for normal thyroid devel-
opment including active migration of progenitor cells, the
effects of surrounding tissues and vessels organization, and the
neck elongation (4). Collective cell migration during morpho-
genesis is also important for thyroid tissue development.
Molecular mechanisms of collective migration implicate cell
motility, cell-cell adhesion, signalling and ECM (cell-extracellu-
lar matrix) remodeling allowing the integrity of cell-cell junc-
tions, cell polarization, organization of the actin cytoskeleton
generating traction and protrusion, and the guidance by chemi-
cal and physical signals of surrounding environment (32,33).

Accordingly, the decrease in migration and cell adhesion ob-
served in our thyrocytes models are likely to explain the devel-
opmental defects in the affected families. Indeed, the decrease
in migration shown by tracking of transfected Nthy shows the
impact of Borealin mutations on this mechanism. Moreover, the
defect in spreading of Nthy transfected with Borealin mutants
and the decrease of adhesion molecules TLN1, ITGA3, ITGB1 led
to defective adhesion in cells expressing Borealin mutants. We
also observed a decrease in the FBLN1 and LAMB1 ECM proteins
whose remodeling determines migration. These decrease in
molecules involved in the adhesion and in the ECM were ob-
tained by experiments in transfected HPT and by trancriptome
analysis of thyroid tissue from the patient with Borealin-114.
Indeed, all our experiments to unravel the Borealin function in
adhesion/migration were performed in human thyroid context.
Therefore, we can speculate that Borealin is necessary for the
integrity of adhesion allowing the proper migration of thyro-
cytes. Nevertheless, the understanding of the link between the
Borealin and the molecules involved in adhesion and/or migra-
tion remains to be explored and will be the focus of our further
work.

Nkx2-1 and Pax8 expression in murine and human stem
cells are sufficient to drive development of thyroid follicular
cells (34–36). However, very few mutations in these transcrip-
tion factor genes account for TD. The major difference between
the Nkx2-1 and Pax8 driven stem cells and the thyroid organ de-
velopment is that migration is at play for the latter. Therefore, it
is not unexpected to find that migration alteration is responsi-
ble for TD.

Phenotypic variability of Borealin mutations

BOREALIN mutated patients had a range of TD, from asymmet-
ric thyroid to ectopic thyroid gland and athyreosis while all
three mutants caused a decrease in migration and spreading in
our transfection studies. The spectrum of TD showed clearly a
variable disease expressivity and penetrance with a dominant
mode of inheritance. These types of effects could previously be
found for other transcription factors involved in TD such as
PAX8 and NKX2-1; affected patients presented sometimes a
phenotypic variability, as parents (10,11). These data confirmed
that TD, despite different types, represents the same disease
and is modulated by epigenetic and environment factors
(14,15,37–39). This is in line with recent results on a model of
human disease, glaucoma, where it has been shown that the
same TEK mutation gave different ocular disorders (40).

Hemiagenesis could be linked to the BOREALIN mutation as
some authors have considered hemiagenesis as the retarded
migration of a hypoplastic thyroid and/or an earlier defect of
the lateralization leading to mislobulation (41). This develop-
mental defect could also explain thyroid asymmetry.
Furthermore, alterations in cell adhesion may also contribute to
this thyroid dysgenesis.

Moreover, heterozygous and homozygous state in trans-
fected cells gave the same adhesion disorder independently of
the BOREALIN mutations. Thus, there is no difference in sever-
ity of functional effect of BOREALIN mutations. In a way, we
found the mutation thanks to a very informative consanguine-
ous family. But the fact is that these BOREALIN mutations are
active and explain the phenotype in the heterozygous state.

Monoallelic expression in the thyroid tissue could be one ad-
ditional explanation for the phenotypic variability (21).
However, this could be excluded for the p.R114Q on the thyroid
of the mother (Family F2) but we could not test this hypothesis
for the remaining patients as no thyroid tissue could be ob-
tained under the ethical rules applied in our country.

To conclude, the WES, performed in a consanguineous fam-
ily with TD, allowed us to identify a new gene involved in TD,
BOREALIN. Two other mutations of BOREALIN in two distinct
families with TD were also found. Our experiments showed an
impact of Borealin mutants on cell adhesion and migration.
These findings broaden the understanding of TD and more par-
ticularly highlight the integrity of cell adhesion required for the
proper thyroid development. TD is a multigenetic and multifac-
torial disorder and this new gene should be considered for test-
ing in patients with TD and their families.

Materials and Methods
Subjects

Three consanguineous families with at least one child affected
by TD and one non-affected child were first analysed.
Subsequently, 134 patients with CH and TD were included in
the study (69 with ectopic thyroid gland, 31 with athyreosis, 3
with thyroid in situ of normal size, 6 with hypoplastic thyroid
gland and 25 with hemiagenesis; 43 boys and 91 girls). The
study was approved by the institutional review board.

WES and Sanger sequencing

Genomic DNA was isolated from whole blood. Exome capture
and sequencing were performed at the Genomics platform of
the Imagine Institute. WES libraries were prepared from 3 mg of
genomic DNA per individual, sheared by ultrasonication
(Covaris S220 Ultrasonicator, Woburn, USA). Exome capture was
performed using the SureSelect Human All Exon V6 kit (Agilent
Technologies, Santa Clara, USA). The resulting libraries were se-
quenced on a HiSeq 2500 HT (Illumina, San Diego, USA) accord-
ing to the manufacturer’s recommendations. Paired-end (2x130)
76 bp reads were generated and mapped on the human genome
reference. More than 97% of the exome was covered at least 30x.
Raw data were analysed as described, using an in-house soft-
ware system (Polyquery) (42). Variant prioritization followed the
detailed strategy: (i) selection of functional (protein altering)
variants (removal of intergenic and 3’/5’ UTR variants, non-
splice related intronic variants, synonymous variants) (ii) vari-
ants with a frequency below 1% in public databases (dbSNP,
1000 genomes, EVS, ExAC), (release date April, 2016), and (iii)
variants previously identified in less than five individuals from
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the 7670 in-house exomes. The entire coding exon of CDCA8/
Borealin (NM_001256875.1) was amplified by PCR, and DNA se-
quencing was performed (3500xL Genetic Analyzer, Thermo
Fisher Scientific, Waltham, USA). Primers sequences and PCR
conditions are available on request. Sequencing of coding and
exons-introns boundary regions of NKX2-1, PAX8, FOXE1, TSHR
and NKX2-5 was negative for all patients.

Plasmids, cells culture and transfection

The vectors pSuper, pSuperBorealin (sh), pFlag-tagged-
humanBorealin, phumanBorealin-tagged-GFP were already de-
scribed by William Taylor (26). The mutant clones of Borealin
were generated by a PCR-based site-directed mutagenesis
method as described previously, using the Stratagene
QuikchangeVR kit (Agilent Technologies, Santa Clara, USA) (38).
Nthy (Nthy-ori 3.1) cells, which are immortalized human thy-
roid cell lines, were culture as previously described (43). Normal
human thyroid tissue specimens were collected at the Cochin
University Hospital, Paris, in accordance with local and national
ethical requirements. Informed consent was obtained from all
donors. Human Primary thyrocytes (HPT) from human thyroid
tissues were prepared as previously described and cultured
with DMEM/F-12, glutaMAX supplement, MEM Non-Essential
Amino Acids solution, Penicillin-Streptomycin (Thermo Fisher
Scientific, Waltham, USA), supplemented with six nutritional
factors 1U/L bovine TSH (Sigma–Aldrich, Saint-Louis, USA),
10mg/L human insulin (Roche Applied Science, Penzberg,
Germany), 10 mg/l somatostatin (Sigma–Aldrich, Saint-Louis,
USA), 6 mg/l human transferrine (Roche Applied Science,
Penzberg, Germany), 10� 8M hydrocortisone (Roche Applied
Science, Penzberg, Germany), and 10 mg/L glycyl-histidyl-lysine
acetate (Sigma–Aldrich, Saint-Louis, USA) (44).

Nthy were plated at 1.25 � 105/well in a 6-well plate 24 h be-
fore transfection and 1.105/well in a 12-well plate for HPT. Nthy
and HPT were transfected using XtremeGENE-HP-DNA, as rec-
ommended by the manufacturer (Roche Applied Science,
Penzberg, Germany) to co-transfect cells transiently with 700 ng
in Nthy, 280 ng in HPT of pSuperBorealin and with 300 ng in
Nthy, 120 ng in HPT of wild type or mutated BOREALIN (vectors
containing Borealin tagged with Flag or with GFP). After 24 h,
cells were used for the spreading and migration assays and after
48 h for quantitative RT-PCR and flow cytometer test.

HeLa M cells (45) used for localization and time-lapse studies
were grown in a humidified atmosphere of 10% CO2 at 37�C in
10% Hyclone Cosmic Calf Serum (GE Healthcare, Little Chalfont,
UK) in Dulbecco’s minimal essential medium DMEM (Mediatech,
Manassas, USA) supplemented with penicillin/streptomycin.
Cells were transfected using polyethylenimine (46).

Tissue sample

After approval by the Institutional Ethics Committee of the ex-
perimental design and protocols, embryonic and adult thyroid
tissues were obtained from either elective termination of preg-
nancy or thyroid surgery. Tissue samples were snap-frozen and
stored at �80 �C before RNA analysis. For immunohistochemical
studies, tissues were fixed by immersion in 3.7% buffered
formalin and then embedded in paraffin. Subsequently, 4 mm-
thick sections were mounted on StarFrost adhesive slides
(Knittel Glaser, Braunschweig, Germany) and processed for
immunohistochemistry.

RNA extraction and quantitative RT-PCR

Total RNA of cells or thyroid tissue was isolated using the
Qiagen RNeasy Microkit or Minikit (Qiagen, Valencia, USA).
Maxima First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Waltham, USA) was used for reverse transcription of
250 ng of each RNA sample. The synthesized cDNA was diluted
to 1/20, and 5 ml was used per PCR reaction. Each reaction con-
sisted of TaqMan Universal PCR Master Mix or SybrGreen PCR
Master Mix (Thermo Fisher Scientific, Waltham, USA) and pri-
mers. Peptidylpropyl isomerase A was used as an endogenous
control. Real-time PCR was performed using the QuantStudio 3
Real-Time PCR System (Thermo Fisher Scientific, Waltham,
USA). The data were analysed using the comparative cycle
threshold method and presented as the fold change in gene ex-
pression, normalized for a calibrator whose value equaled 1.
Primer sequences and PCR conditions are available on request.

Immunofluoresence staining

Immunohistochemistry was already described (31). The primary
antibodies were used at the following dilutions: rabbit anti-
Borealin (1/1000, given by William Taylor), rabbit anti-Ecadherin
(1/100, Becton Dickinson, Franklin Lakes, USA), and mouse anti-
TG (1/100, Dako-Cytomation, Glostrup, Denmark). The used
fluorescent secondary antibodies were Alexa Fluor 594 goat
anti-rabbit and Alexa Fluor 488 goat anti-mouse antibodies (1/
400, Thermo Fisher Scientific, Waltham, USA). Photographs
were taken using a fluorescence microscope (Leitz DMRB; Leica,
Wetzlar, Germany) and digitalized using a chilled 3CCD camera
(C5810; Hamamatsu Photonics, Japan). In order to analyse locali-
zation in mitosis, HeLa cells were transfected with wild type or
mutant Borealin-GFP constructs. Cells were released from a sin-
gle thymidine block and fixed with 2% formaldehyde in PBS at
10.5 hours post thymidine release. Cells were permeabilized
with 150mM NaCl, 10 mM Tris (pH 7.7), 0.1% Triton-X-100 (v/v)
and 0.1% BSA (w/v) and then blocked in 0.1% BSA in PBS.
Staining was carried as previously described (17) and included
antibodies to Aurora B (Santa Cruz Biotechnology, Dallas, TX,
USA) and human ACA (Antibodies Inc, Davis, CA, USA) to mark
the position of the centromere. Primary antibodies were de-
tected by staining with Alexa Fluor-conjugated secondary anti-
bodies (Thermo Fisher Scientific, Waltham, USA). Nuclei were
stained with Hoechst 33342 before cells were analysed using a
Leica SP8 confocal microscope.

Flow cytometer

Two days after transfection, Nthy were fixed with PFA4% (parafor-
maldehyde solution) 10 min at �20 �C and permeabilised using
TBS 1X with 0.1% triton then incubated with 10lg/ml of Brilliant
Violet 605TM anti-mouse Ki-67 antibody (1/20, Biolegends, San
Diego, USA) or anti-FLAG M2-FITC antibody (1/100, Sigma–Aldrich,
Saint-Louis, USA) during 30 min at RT. After washing with PBS 1X,
cells were incubated with PI/RNase staining buffer (propidium
iodide, Becton Dickinson, Franklin Lakes, USA) during 15 min at
RT before flow cytometric analysis (FACS Aria II, Becton
Dickinson, Franklin Lakes) and FlowJo software (FlowJo LLC,
Ashland, USA).

Time lapse

To analyse progression through mitosis, HeLa cells were trans-
fected with wild type or mutant Borealin fused to GFP. Live cells
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were tracked at 37 �C using an environmental chamber attached
to an Olympus inverted IX81 microscope. Images were captured
with a Photometrics Coolsnap HQ2 camera every 12 min for
16–18 hours depending on the experiment.

Cell migration assay

Nthy were plated in Culture-Inserts on micro-slides (IBIDI,
Martinsried, Germany) and transfected under the same conditions
as above but adapting the quantity of vectors. One day after trans-
fection, the insert was taken off and slides were incubated at 37 �C
in growth medium for 8 h. Phase contrast and fluorescence images
were taken every 8 min until the wound was closed (approximately
12 h). Only the GFP expressing cells were tracked. The length of mi-
gration was calculated measuring the distance moved toward the
center of the wound in 8 h using Imaris Software allowing
imaging-based computerized motility analysis method. The cells
transfected with WT BOREALIN were therefore compared with the
GFP-cells transfected with BOREALIN mutants.

Cell adhesion assay

Nthy were transfected as described above. 24 h after transfec-
tion, cells were trypsinized and plated on glass slides previously
coated with polylysine. After 1 h 30 min incubation at 37 �C,
cells were fixed with PFA4%. Borealin-Flag was detected by
staining with mouse anti-Flag M2 antibody (1/1000, Sigma–
Aldrich, Saint-Louis, USA) followed by Alexa Fluor 488 goat anti-
mouse antibodies (1/400, Thermo Fisher Scientific, Waltham,
USA). Filamentous actin was stained with rhodamine-coupled
phalloidin (1/400, Sigma–Aldrich, Saint-Louis, USA).

Microarray and analysis

For gene expression analysis, 200 ng of RNA was used for the
thyroid tissue with Borealin-114 and three thyroid tissue con-
trols. Thyroid tissue control samples obtained from normal part
after thyroidectomy for nodules or tumour. The Human
Transcriptome Array 2.0 (HTA 2.0; manufactured by Affymetrix
Inc., Santa Clara, USA) was employed in this study. HTA 2.0 cov-
ers the global profiling of full-length transcripts, containing
more than 40,000 non-coding and 245,000 coding transcripts in
the human genome; each transcript is accurately identified by
specific exon or exon-exon splice junction probes. RMA method
was used to normalize arrays using the Bioconductor affy pack-
age in R (47). Normalized expression values were then
Log2-transformed before statistical analysis were performed.
All results of the thyroid tissue with Borealin-114 were com-
pared with the mean of the three thyroid tissue controls.

Statistics
Results are presented as mean6 SEM for the number of experi-
ments indicated in the Figure legends. Statistical analysis of con-
tinuous data was performed with two-tailed Student’s t test.
P< 0.05 was considered statistically significant. Statistical analy-
sis was performed using GraphPad Prism4 (GraphPad Software).

Supplementary Material
Supplementary Material is available at HMG online.
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Czernichow, P. and Léger, J. (2000) Familial forms of thyroid
dysgenesis among infants with congenital hypothyroidism.
N. Engl. J. Med., 343, 441–442.

15. Castanet, M., Polak, M., Bonaı̈ti-Pellié, C., Lyonnet, S.,
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