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XB130 Plays an Essential Role in Folliculogenesis
Through Mediating Interactions Between Microfilament
and Microtubule Systems in Thyrocytes
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Background: XB130 (actin filament-associated protein 1-like 2, AFAP1L2) is a thyroid-abundant adaptor/
scaffold protein. Xb/30™" mice exhibit transient growth retardation postnatally due to congenital hypothy-
roidism with diminished thyroglobulin iodination and release at both embryonic and early postnatal stages due
to disorganized thyroid apical membrane structure and function. We hypothesized that XB130 is crucial for
polarity and folliculogenesis by mediating proper cytoskeletal structure and function in thyrocytes.

Methods: Primary thyrocytes isolated from thyroid glands of X630~ mice and their wild-type littermates at
postnatal week 2 were cultured in 10% Matrigel for different time periods. Folliculogenesis was studied with
immunofluorescence staining, followed by confocal microscopy. Cells were also transfected to express human
XB130 fused Green Fluorescent Protein (XB130-GFP) or Green Fluorescent Protein (GFP) only before mor-
phological analysis. Cytoskeletal structures from embryo and postnatal thyroid glands were also studied.
Results: In three-dimensional cultures of thyrocytes, XB130, aligned with actin filaments, participated in
defining the site of apical membrane formation and coalescence to form a thyroid follicle lumen. Xb130™"
thyrocytes displayed delayed folliculogenesis, reduced recruitment of a microtubule (MT)-associated proteins,
and disorganized acetylated tubulin under the apical membrane, resulting in delayed folliculogenesis with
reduced efficiency in formation of the thyroid follicle lumen.

Conclusions: XB130 critically regulates thyrocyte polarization by functioning as a link between the actin
filament cortex and MT network at the apical membrane of thyrocytes. Defects of adaptor scaffold proteins may
affect cellular polarity and cytoskeletal structure and function and result in disorders of epithelial function, such
as congenital hypothyroidism.
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Introduction always been found in clinical cases, suggesting the pres-
ence of other yet unexplored genes and mechanisms.
CONGENITAL PRIMARY HYPOTHYROIDISM is a condition Defects of adaptor scaffold proteins and cytoskeletal
in which the thyroid gland does not produce suffi- proteins may be an important cause of epithelial dys-
cient thyroid hormone to promote normal growth, devel- function and disease, including congenital hypothyroid-
opment, and function of multiple organ systems (1). ism. For example, the epithelial-specific clathrin adaptor
Mutations in genes that encode the cellular machinery for protein, AP-1B, is required for Na*/I” symporter (NIS)
thyroid gland development and function have been de- sorting at the basolateral plasma membrane of thyrocytes,
scribed (2). However, mutations in the described subset of and dysfunction of AP-1B may affect iodine accumulation
genes (or malfunction of their encoded proteins) have not  for thyroid hormonogenesis (3).
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XB130 AND CYTOSKELETONS IN THYROCYTES

Adaptor protein XB130 (actin filament-associated protein
1-like 2, AFAP1L2) is abundantly expressed in the thyroid
gland (4,5). In a recent study, we reported that deficiency of
XB130 results in transient postnatal growth retardation due to
congenital hypothyroidism in mice. Further investigation
uncovered that XB130 is highly expressed in normal thyr-
ocytes, especially near the apical membrane. The apical
membrane of thyrocytes from Xh/30™" mice showed re-
duced levels of apical-specific proteins, ezrin and thyroper-
oxidase, and fewer microvilli. Moreover, we reported that
mutant mice exhibited reduced release of thyroglobulin
(Tg) from thyrocytes to the follicle lumen and reduced io-
dination of Tg in the follicle lumen. We also observed
more intracellular lumina and fewer central lumina in em-
bryonic thyroid glands, suggesting delayed folliculogenesis
(6). The present study was designed to further explore these
defects.

Cell polarization involves organization of the cytoskele-
ton, which in turn facilitates the asymmetric distribution of
organelles and polarized targeting of transport vesicles to the
apical or basolateral membranes. Both microfilament (MF)
and microtubule (MT) systems are involved in the regulation
and function of polarized epithelial cells (7). However, the
mechanisms of coordination of these two cytoskeletal sys-
tems are largely unknown. Adaptor proteins are involved in
polarized sorting and trafficking in epithelial cells (8). With
multiple protein—protein and protein—lipid interaction do-
mains and motifs, adaptor proteins may mediate interactions
between MF and MT systems. XB130 has been postulated to
cross-link actin filaments (9) and interaction with other cy-
toskeletal proteins (10,11).

With these ideas in mind, we hypothesized that XB130,
acting as an adaptor/scaffold protein, mediates MF and MT
interaction and thereby plays an essential role in mediating
folliculogenesis and cytoskeletal structure, which is critical
to the organization of thyroid epithelial polarity and func-
tion. This hypothesis was tested first with a three-dimensional
(3D), in vitro primary cell culture system and then results
were verified with samples collected from embryonic and
postnatal thyroid glands.

Materials and Methods
Animal and tissue collection

XbI130™~ mice were generated as previously described
(12). The Animal Use and Care Committee of the University
Health Network (Toronto, Canada) approved all procedures.
Animals received humane care in compliance with the Guide
for the Care and Use of Experimental Animals formulated by
the Canadian Council on Animal Care. For tissue collection,
mice were euthanized by CO, narcosis, and thyroid glands
were harvested under a surgical microscope (Leica M651;
Leica Microsystems, Germany).

Primary thyrocyte culture

Primary thyrocytes were isolated from aseptically dis-
sected thyroid glands of postnatal week 2 (PW2) mice and
plated in Petri dishes. After a single layer of thyrocytes was
formed, cells were trypsinized and mixed with 10% Matrigel
(BD Biosciences, San Jose, CA). The cell-Matrigel mixture
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was plated onto eight-well glass chamber slides (Thermo
Fisher Scientific, Waltham, MA) and follicle structures were
analyzed at various times (13).

Primary thyrocyte culture
immunofluorescence staining

Immunofluorescence (IF) staining of Matrigel-embedded
primary thyrocyte-derived follicles was performed in an
eight-well cover glass chamber (Thermo Fisher Scientific)
(14). Follicles were fixed in 4% paraformaldehyde and then
permeabilized with 0.025% saponin in washing solution of
phosphate-buffered saline (PBS) containing 0.1 mM CacCl,
and 1 mM MgCl,. Permeabilized follicles were incubated
overnight in primary antibodies diluted in 0.025% saponin
with 0.7% fish skin gelatin in PBS at 4°C and then incubated
in secondary antibodies overnight at 4°C.

Human XB130-GFP transfection

Human XB130-GFP or GFP-only vector (11) was trans-
fected into Xb130™ primary thyrocytes using Lipofectamine
3000 and cultured in a six-well tissue culture plate for three
days. One day after transfection, thyrocytes were trypsinized
and cultured in Matrigel for another 48—72 hours. Follicles
were fixed for morphological analysis.

Embryo harvest

Breeding pairs of Xb130"~ mice were set up for timed
pregnancy. Embryos were collected at different gestation
stages, fixed in 10% formalin, and embedded in paraffin. For
immunostaining, embryo samples from two to four litters
were collected for each developmental stage.

Tissue IF studies and quantification

For IF staining, paraffin or frozen sections were incubated
with primary antibodies and then secondary antibodies.
Slides were counterstained with 4’,6-diamidine-2’-phenylindole
(Invitrogen) and mounted with SlowFade. IF staining of
embryonic tissues was visualized under a Nikon A1R+ con-
focal microscope, and acquisition and analysis were performed
using NIS-Elements C software (Nikon Instruments, Inc., New
York, NY). Some image acquisition and analyses were per-
formed using Olympus FluoView 1000B.

Immunoblotting

Using TissueLyser II (Qiagen, Valencia, CA), thyroid
tissues were homogenized in RIPA buffer supplemented with
protease and phosphatase inhibitors. Protein concentration of
tissue lysates was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). Tissue lysates with
equal volume of total proteins were loaded and separated by
SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
electrophoresis) and then electrotransferred to nitrocellulose
membranes. Membranes were blocked for one hour at room
temperature in 5% skim milk. Primary and secondary anti-
bodies were used for immunoblotting. Proteins were revealed
using SuperSignal West Dura Chemiluminescent Substrate
(Thermo Fisher Scientific).
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Statistical analysis

Comparison of the percentage of incidence was per-
formed using unpaired T-Test. Data are presented as
mean * standard error of the mean; p<0.05 is considered
statistically significant.

Results

Delayed folliculogenesis in 3D culture
of thyrocytes from Xb130™" mice

To determine whether the defects of folliculogenesis
observed in thyroid glands from X130~ mice (6) are cell
autonomous, we used a 3D system to culture primary thyr-
ocytes isolated from PW2 mice in vitro. Folliculogenesis
can be divided into 10 steps in 3D cultures (15,16). We used
phalloidin to highlight actin filaments, f-catenin for the
basolateral membrane, and ezrin for the apical membrane.
In thyrocytes from Xb130"* mice, intracellular lumina ap-
peared as early as during the first cell division, followed by
polarized two-cell follicle, polarized growing follicle, and
functional polarized follicle stages (Fig. 1A). At the two-
cell stage, XB130 first appeared together with fS-catenin/
actin filaments around the cytoplasmic membrane (Fig. 1B-
3) and then at the interface between two daughter cells
(Fig. 1B-4). Later, actin filaments were focally enriched at
the apical membrane initiation site (AMIS) (17), whereas [3-
catenin and XB130 were found at both the AMIS and in
peripheral cytoplasmic membranes (Fig. 1B-5). Next, a
preapical patch (PAP) emerged between the two cells,
which featured enhanced actin filaments and selective
preferential accumulation of XB130, but not selective
preferential accumulation of f-catenin (Fig. 1B-6). Indeed, at
later stages, f-catenin gradually disappeared from the apical site
and moved toward the basolateral membranes of the follicle
structure, whereas XB130 remained enriched, together with
actin filaments, along the apical rings of both intracellular and
central lumina (Fig. 1B-7, B-8, and B-10). When intracellular
lumina fused into a central lumen, ezrin disappeared at the
fusion site and only located on the apical membrane (Fig. 1C),
while XB130 was seen together with actin filaments at both the
fusion site and apical membrane (Fig. 1B-8 and data not
shown), indicating that XB130 is preferentially associated with
actin filaments rather than with ezrin (an apical-specific mem-
brane marker).

When Xb130™" thyrocytes were transfected with a con-
struct expressing only GFP, a diffuse cytoplasmic distribu-
tion was observed (Fig. 2A). In cells transfected with human
XB130 fused with GFP (hXB130-GFP), fluorescence was
noted at both intracellular and central lumina, colocalized
with ezrin (Fig. 2B) and phalloidin (Fig. 2C). These results
indicate that XB130 is closely associated with the membrane
actin network during folliculogenesis and tagged human
XB130 appears to have a similar or identical localization to
that of endogenous murine XB130.

After 10 days of culture, even though both intracellular
lumina and mature central lumina were observed in thyrocyte
aggregates of both genotypes (Fig. 1D), the incidence of
central lumina was significantly lower in cultures derived
from Xb1307" thyrocytes (Fig. 1E). Iodinated Tg (I-Tg)
was detected in both intracellular and central lumina in
cells derived from Xb130™" mice, and those from Xb1307~
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mice exhibited a significantly lower level of I-Tg staining
(Fig. 1F). Thus, XB130 is involved in the folliculogenesis and
function of the follicle lumen—including iodination of Tg.

Disorganized MT network in 3D cell culture
of thyrocytes from Xb130™~ mice

We then investigated in greater detail the relationship be-
tween XB130 and other apical proteins using confocal mi-
croscopy. Briefly, in the intracellular or central lumina, XB130
staining was immediately outward adjacent with partial overlap
of ezrin rings (Fig. 3A, top panel, and Supplementary Fig. S1).
XB130 was colocalized with the actin filament ring (Fig. 3A,
middle panel) and was on the luminal side adjacent to acetylated
tubulin (Fig. 3A, lower panel, and Supplementary Fig. S2). This
molecular pattern of the ezrin—actin—XB130-tubulin arrange-
ment suggests an important role of XB130 in helping to connect
the apical actin cortex to the microtubular network.

In polarized epithelial cells, calmodulin-regulated spectrin-
associated proteins (CAMSAPs) play a key role in tethering
MTs to the apical cortex (18,19). We reasoned that XB130
might be involved in the organization of MTs under the
thyrocyte apical membrane through recruitment of CAM-
SAPs. CAMSAP2 regulates the organization of cellular or-
ganelles, including the Golgi network and early endosomes
(20). Dense IF of CAMSAP2 was found primarily on the
apical membrane of thyrocytes from Xb130™* mice and co-
localized with the circumferential acetylated tubulin around
the lumen. In contrast, in thyrocytes from Xb730™" mice,
localization of acetylated tubulin was disrupted, along with
diminished apical selectivity of CAMSAP2 (Fig. 3B, C).

CAMSAP3 is required for orienting the apical-to-basal
polarity of MTs in epithelial cells, acting by tethering non-
centrosomal MTs to the apical cortex, leading to their longi-
tudinal orientation (18,21). In aggregates of thyrocytes from
Xb130""" mice, CAMSAP3 was enriched at the apical mem-
brane, being largely colocalized with the actin ring (Fig. 3D)
and acetylated tubulin around the lumen (Fig. 3E). Notably,
CAMSAP3 immunostaining was significantly reduced at the
apical pole of cells from Xb130™" mice (Fig. 3D, E). Loss of
polarized MT arrays has been observed in CAMSAP3-deficient
intestinal epithelial cells (21); thus, reduced expression of
CAMSAP3 on the apical membrane in Xb130™" thyrocytes is
likely to affect their MT network as well (Fig. 3F).

MTs in epithelial cells play important roles in establishing
cell polarity by forming a dense network under the apical
pole, with their minus ends facing the apical surface and plus
ends facing the basolateral surface. In this way, MTs provide
trails for apical cargo trafficking and maintenance of cell
morphology (22). Furthermore, the acetylation of tubulin
directly tunes the compliance and resilience of MTs (23).
During thyroid folliculogenesis, acetylated tubulin propa-
gated radially around the intracellular lumina, both perpen-
dicularly and circumferentially. As these luminal structures
coalesced in 3D culture, circumferential acetylated tubulin
nets fused together and gradually formed a circular or oval-
shaped central lumen (Fig. 4A). In 3D cultures of thyrocytes
from Xb1307~ mice, the number of lumina with dense cir-
cumferential acetylated tubulin was significantly lower
(Fig. 4B) and the number of irregular central lumina of thy-
roid follicles was significantly higher than those in cells from
Xb130""* mice (41.7% vs. 17.6%, p=0.03).
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FIG. 1. Delayed central lumen formation and lack of I-Tg in lumen-like structure in 3D culture of thyrocytes from Xb/30™~ mice.
(A) Schematic illustration of major steps of lumen coalescence. (B-D) Primary thyrocytes were harvested from thyroid glands of
PW2 Xb130"™* mice and cultured in Matrigel for a varied period of time before IF staining. (B) IF staining to show actin filaments with
phalloidin and membrane structure with f-catenin to determine XB130 at different stages of lumen coalescence. Number shows the
step in lumen coalescence. Arrows indicate AMIS or PAP. (C) Double staining of ezrin/XB130 at the lumen coalescence site.
Arrowhead shows the separation of ezrin and XB 130 at the fusion site. (D) Intracellular lumen (right) and a central lumen (left) were
revealed by ezrin/f-catenin staining. (E) The ratio of follicles with a single central lumen versus follicles containing intracellular
Iumens from thyrocytes harvested from PW2 mice and cultured in Matrigel for 10 days. Results are from four independent
experiments. In total, >400 follicles were counted in each group. (F) Representative image of IF staining of I-Tg. Primary thyrocytes
were cultured in Matrigel for 10 days, and Nal was added to the culture medium for another 5 days. Data are presented as mean = SEM.
**p <0.01. 3D, three-dimensional; AMIS, apical membrane initiation site; I-Tg, iodinated thyroglobulin; IF, immunofluorescence;
PAP, preapical patch; PW2, postnatal week 2; SEM, standard error of the mean. Color images are available online.

Disorganized MTs in thyroid glands apical membrane, forming a continuous ring along the lu-
from Xb130™" mice minal rim, with weak staining of short bundles along the
lateral membrane near the apical site (Fig. 5A). In contrast,

In thyroid glands of PW2 Xb130"* mice, most follicles most follicles in thyroid glands from Xb730™" mice lacked
showed enrichment of the acetylated tubulin mesh under the a continuous apical ring of acetylated tubulin, instead
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FIG.2. hXB130-GFP is recruited
to intracellular and central lumens
when expressed in Xb130™~
thyrocytes in 3D culture. Primary
thyrocytes harvested from B
Xb1307"~ mice at PW2 were cul-
tured for three days in a six-well
plate and then transfected with
vector containing GFP or human
XB130 tagged with GFP. At 24
hours post-transfection, cells were
harvested and cultured in Matrigel
for 2-3 days. (A, B) Thyrocytes
were stained with ezrin/GFP.

(C) Thyrocytes were stained with
phalloidin/GFP. Arrows: cell in-
terphase and central lumen; ar-
rowheads: intracellular lumen.
Color images are available online.
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exhibiting enhanced staining of elongated bundles in the
cytoplasm, especially longitudinally parallel to or along the
lateral membrane (Fig. 5A). Immunoblotting assays con-
firmed higher expression of both o-tubulin and acetylated
tubulin in the thyroid glands of PW2 and PW14 Xb130™"
mice (Fig. 5B).

The increased expression and altered distribution pattern
of acetylated tubulin in thyroid glands from Xb/30™" mice

WANG ET AL.

Phalloidin

were also observed during embryonic stages. In thyroid
glands of E15.5 Xb130""* mice, the IF staining of acetylated
tubulin in follicles predominantly localized at the apical tips
between adjacent thyrocytes, appearing as a dotted ring along
the follicular lumen (Fig. 5C). In thyroid glands from
XbI1307" mice, however, acetylated tubulin was bundled on
the lateral membrane of thyrocytes, projecting longitudinally
from the apical rings to the basal end (Fig. 5C). In thyroid
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FIG. 3. Distribution of
microtubule-binding proteins
on the apical membrane of
thyrocytes in 3D culture.
Primary thyrocytes from
PW?2 mice were cultured in
Matrigel for 10 days. Re-
presentative IF images are
shown. (A) Double staining
of XB130 with ezrin, phal-
loidin, or acetylated tubulin.
Ezrin/phalloidin/Xb130-
acetylated tubulin sandwich
at the apical surface.

(B) CAMSAP2/phalloidin
double staining.

(C) CAMSAP2/acetylated
tubulin/f-catenin triple
staining. (D) CAMSAP3/
phalloidin double staining.
CAMSAP3 on the apical
membrane was reduced in
the Xb130™~ group of mice.
(E) CAMSAP3/acetylated
tubulin/f-catenin triple
staining. CAMSAP3 was ad-
junctive to the circumferen-
tial acetylated tubulin around
the lumen and staining on the
apical membrane was re-
duced in the Xb130™"~ group
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of mice. (F) A schematic di-
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glands of E18.5 XbI30""* mice, acetylated tubulin again
appeared predominantly as a continuous ring under the apical
membrane, whereas in thyroid glands from Xb130™" mice,
staining of acetylated tubulin was significantly stronger and
distributed along the lateral membrane (Fig. 5D). The in-
creased abundance of disorganized acetylated tubulin may
alter its function (Fig. SE, see the Discussion section).

Discussion

The present study demonstrated crucial roles of XB130 in
folliculogenesis of thyrocytes and in regulating the structure
and function of the thyroid apical membrane, through coor-
dinating interactions between MF and MT systems. These
observations support the significance of adaptor/scaffold
proteins and cytoskeletal systems in maintaining the physi-
ological function of epithelia, such as seen in the thyroid
glands from the current study. Disorder or dysfunction of
these proteins may contribute to the pathogenesis of epithe-
lial diseases such as congenital hypothyroidism in Xb130™~
mice (6).

XB130 is involved in folliculogenesis of thyrocytes

Proper intracellular trafficking and fusion of intracellular
lumina to the apical initiation site are critical for the forma-
tion of a central thyroid follicular luminal cavity. In the 3D
cell culture, XB130 was closely associated with actin fila-
ments during folliculogenesis, starting at the interface be-
tween two adjacent cells, at the AMIS and PAP, and from the
intracellular lumina to the central lumen. It is known that
XB130 has high affinity to the cortical filament network
(10,11). Interestingly, when two adjacent luminal structures
merged together, ezrin, a specific marker for the apical
membrane, disappeared from the fusion site, whereas XB130
was observed at both the fusion site and apical membrane
structure together with actin filaments. This suggests that
XB130 is specifically associated with the actin filament
network in thyrocytes.

In the Xb1307"~ cell culture, the steps of folliculogenesis
are also observed (data not shown), suggesting that XB130 is
not necessary for this process. However, lack of XB130 de-
layed thyroid folliculogenesis and resulted in misshapen
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FIG. 4. Disorganized mi-
crotubules of Xb130™" thyr-
ocytes in 3D culture.

(A) Acetylated tubulin IF
staining (green) in 3D culture
of primary thyrocytes. Ex-
amples of coalescence of the
intracellular lumen to form a
central lumen. (1) Cells with
multiple intracellular lumina;
(2) two adjacent lumina with
strong acetylated tubulin
staining; (3) staining is less in
one lumen than another; (4)
thinning of acetylated tubulin
between two adjacent lumina;
(5) disappearance of separa-
tion between two lumina; (6)
formation of one oval central
lumen; and (7) defective
central lumen (significantly
high percentage in Xb130™~
thyrocytes, p=0.03).

(B) Acetylated tubulin stain-
ing. Left: lumen with or
without enriched apical acet-
ylated tubulin staining. Right:
the ratio of lumens with en-
riched apical acetylated tubu-
lin staining was significantly
lower in the Xb130™ group.
Data are mean+ SEM,
*p<0.05. Total numbers of
lumens counted: n=90 in the
Xb130"* group and n=104 in
the Xb130™"~ group, pooled
from three experiments. Color
images are available online.

central lumens at late embryonic stages. Fewer microvilli on
the apical surface of follicles and enriched intracellular lu-
mina in thyrocytes were also shown by transmission electron
microscopy from Xb130™~ mice at PW2, suggesting that
folliculogenesis is affected in postnatal mice as well (6).
XB130, together with MFs, may be involved in the formation
and fusion of these structures at the apical membrane in
follicles, helping to recruit apical membrane proteins such as
ezrin and thyroperoxidase, as well as apical membrane
function such as Tg iodination and release (6).

XB130 regulates thyrocyte polarity possibly
by mediating interactions between MF
and MT systems

Intracellular vesicular trafficking is mediated by specific
vesicle transport complexes, which involve multiple protein
components and are regulated by a functional cytoskeletal
network of MFs and MTs (24). MT integrity is essential for
apical polarization and epithelial morphogenesis in the thy-
roid gland (25). The relationship of ezrin, the actin filament
network, XB130, and tubulin at the apical membrane of
thyrocytes further supports its role in mediating interactions
between MF and MT systems.

.
)

WANG ET AL.

A Acetylated-tubulin/DAPI

Defected
central
lumen

—l

k=] *

— 60' —
8 o  +/+
% e . /-
oo
c £ 40+
o c
£'®
= ®
i = 20+
o L

o
ES
e | 0+

e X

In intestinal epithelial cells, MT minus ends were sta-
bilized by CAMSAP3 at the apical membrane (18). In
thyrocytes from Xb130™~ mice, staining of CAMSAP3 was
significantly reduced on the apical membrane surrounding
the central lumen. Moreover, the distribution pattern of
CAMSAP2 in thyrocytes from Xb130™" mice is also dif-
ferent from that of Xb130™* thyrocytes, implying that
XB130 directly or indirectly affects the recruitment of
CAMSAP3 and other MT-binding proteins to the apical
membrane structure and subsequently affects the anchorage
(and stability) of MTs to the actin filament network. Both
3D cell culture and in vivo studies showed that the lack of
XB130 altered apical tubulin acetylation and organization
in thyrocytes. This may affect the transport of vesicles
between the cytoplasm and apical plasma membrane,
which may account for much of the dysfunction observed in
the current and previous studies on thyroid glands from
Xb130™" mice (6).

Limitations and future studies

In the current study, we focused on apical membrane
structure and function. Ideally, we would have liked to
examine NIS as a control to determine basal membrane
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polarity and this will be explored in future studies. How-
ever, we note that PECAM (an endothelial cell marker)
showed proper staining near the basal membrane of thyr-
ocytes in thyroid glands from both Xb130"* and Xb130™"~
mice (6). Moreover, we did not observe any inverted po-
larity in follicles. The morphology of follicles between
thyroid glands from Xb730™" and Xb130™" mice is gen-
erally similar, with a monolayered status maintained in
surviving follicles (6).

In thyroid cancer studies, XB130 has been found as a
substrate for RET/PTC (rearrangements of the rearranged
during transfection [RET] proto-oncogene in papillary his-
totype) oncogenic kinase (5) and multiple protein tyrosine
kinases (26). Association of XB130 with the p85« subunit of
phosphatidylinositol-3 kinase has been reported and may
activate Akt and downstream signals to mediate tumor cell
growth (26,27). XB130 also regulates expression of tumor-
suppressive microRNAs in thyroid cancer cells (28). XB130
contains multiple protein—protein and protein-lipid inter-
action domains/motifs and protein phosphorylation sites
(29). Therefore, the role of XB130 protein phosphorylation

Ac-tubulin [
cAPoH I

Xb130**

FIG. 5. Disorganized microtu-
bules in postnatal and embryonic
thyroid glands in Xb130™" mice.
(A, C, D) IF staining of acetylated
tubulin in thyroid glands at differ-
ent developmental stages. (A) At
PW2, enhanced staining especially
in the cytoplasm along the lateral
membrane is seen in thyrocytes
from Xb1307"" mice, with irregular
follicle lumen structures (n=6
mice in each group). (B) Protein
expression of a-tubulin and acety-
lated tubulin in the thyroid gland of
postnatal mice. Each lane repre-
sents a pool of three to four thyroid
glands. (C) E15.5. Upper: low
magnification. Lower: high magni-
fication of the image in the white
box. Increased staining is seen in
thyrocytes from Xb130~~ mice
(n=8-11 mice in each group).

(D) E18.5. Enhanced staining of
elongated microtubule bundles in
the cytoplasm, longitudinally par-
allel to or along the lateral mem-
brane, is seen in thyrocytes from
Xb130™" mice (n=4-6 mice in
each group). (E) Proposed models
of acetylated tubulin distribution in
thyroid follicles from Xb130"* or
from Xb130™"" mice. Color images
are available online.
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and its role in downstream signaling are fertile areas for
future study.

Taken together, data from the present study highly suggest
that XB130 actively interacts with actin filaments during
thyroid folliculogenesis. Lack of XB130 not only slows down
this process but also reduces the iodination of Tg released
into both intracellular and central lumina. XB130 also
mediates interactions between MF and MT networks in
thyrocytes. Disorganized cell polarity results in complex
dysfunction during embryonic and postnatal development,
eventually leading to congenital hypothyroidism with tran-
sient postnatal growth retardation. Disorders of the adap-
tor/scaffold protein and cytoskeletal structure, cell polarity,
and basal/apical membrane structure and function should
be further explored as potential pathogenic mechanisms of
congenital hypothyroidism.
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