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Transcription factors active in embryonic parathyroid cells can be maintained in adult parathyroids and be involved in
tumorigenesis. TBX1, the candidate gene of 22q11.2-DiGeorge syndrome, which includes congenital hypoparathyroidism,
is involved in parathyroid embryogenesis. The study aimed to investigate expression, function, and regulation of the
parathyroid embryonic transcription factor TBX1 in human parathyroid adult normal and tumor tissues. TBX1 transcripts
were detected in normal parathyroids and were deregulated in parathyroid tumors. Using immunohistochemistry, TBX1
protein was detected, mainly at the nuclear level, in a consistent proportion of cells in normal adult parathyroids, whereas
TBX1 immunoreactivity was absent in fetal parathyroids. TBX1-expressing cells were markedly reduced in about a half of
adenomas (PAds) and two-thirds of carcinomas and the proportion of TBX1-expressing cells negatively correlated with the
serum albumin-corrected calcium levels in the analyzed tumors. Moreover, a subset of TBX1-expressing tumor cells
coexpressed PTH. TBX1 silencing in HEK293 cells, expressing endogenous TBX1, increased the proportion of cells in the G0/
G1 phase of cell cycle; concomitantly, CDKN1A/p21 and CDKN2A/p16 transcripts increased and ID1 mRNA levels decreased.
TBX1 silencing exerted similar effects in PAd-derived cells, suggesting cell cycle arrest. Moreover, in PAd-derived cells GCM2
and PTH mRNA levels were unaffected by TBX1 deficiency, whereas it was associated with reduction of WNT5A, an
antagonist of canonical WNT/β-catenin pathway. WNT/β-catenin activation by lithium chloride inhibited TBX1 expression
levels both in HEK293 and PAd-derived cells. In conclusion, TBX1 is expressed in adult parathyroid cells and deregulated in
parathyroid tumors, where TBX1 deficiency may potentially contribute to the low proliferative nature of parathyroid tumors.
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The role of embryonic development determinants in human
tumorigenesis is an emergent evidence for parathyroid
tumors. Nuclear transcription factors involved in parathyroid
embryogenesis such as glial cells missing homolog 2
(GCM2),1 homeobox A3 (HOXA3),2 and GATA3 (refs 3,4)
have been found to be expressed in human adult parathyroid
tissues. GCM2 gene inactivation determines congenital
isolated hypoparathyroidism,5–7 and deregulation of its
expression has been observed in parathyroid adenomas
(PAds) compared with normal glands, although with opposite
readouts.8,9 Moreover, developmental HOX group 3 gene

paralogs are deregulated in human MEN1-related and
sporadic parathyroid tumors compared with normal
glands.10 Again, the embryonic microRNA clusters C19MC
and miR-371-373 on chromosome 19 are aberrantly
expressed in a consistent subset of parathyroid tumors.11

The T-box transcription factor TBX1, the candidate gene
for the 22q11.2 microdeletion/DiGeorge syndrome,12 has
emerged as a central factor in the coordinated formation of
organs and tissues derived from the pharyngeal pouches.13

DiGeorge syndrome spans over a wide range of phenotypes,
involving heart conotruncal defects, deafness, mental
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retardation, facial dysmorphisms, thymic immunity impair-
ment, hypoparathyroidism, and hypothyroidism.14,15 Tbx1
ablation disrupts parathyroid embryonic development in mice:
conditional endoderm null embryos at E17.5 lack parathyroid
glands, whereas in Tbx1 conditional heterozygous embryos,
parathyroid glands are ectopically placed,16 suggesting that
parathyroid cells are sensitive to the Tbx1 gene dosage.

During embryogenesis, TBX1 supports cell proliferation
and inhibits cell differentiation. Recently, experimental data
suggest an involvement in the mechanisms of cell morphol-
ogy, cell dynamics, and cell–cell interactions and adhesion.17

TBX1 is neither a strong transcriptional activator nor a strong
repressor, although it regulates a large number of genes
through epigenetic modifications, interacting with histone
modifiers and chromatin-remodeling complexes.17 Members
of the T-box transcription factors' family show in the adult
life functions distinct to those driven during embryonic
development, being also involved in tumorigenesis: TBX2,
TBX3, and brachyury are expressed in a number of human
neoplasia18–20 and TBX1 has been involved in mouse and
human skin tumor development21 and in basal cell
carcinomas.22

No data about the expression and the role of the TBX1 gene
in human adult parathyroid tissues are available so far. In the
present study, we first investigated TBX1 expression, func-
tion, and regulation in human normal, adult, and fetal, and
tumor parathyroid tissues providing data about deregulation
of TBX1 in parathyroid tumors.

MATERIALS AND METHODS
Sample Collection
Formalin-fixed paraffin-embedded (FFPE) sections from five
normal parathyroid glands (PaNs) accidentally removed
during thyroid surgery from normocalcemic patients and 44
parathyroid tumors (30 PAds and 14 parathyroid carcinomas)
from patient with primary hyperparathyroidism (PHPT) were
collected. Clinical and biochemical features of PCas are
reported in Table 1. PHPT patients (22 females and 8 males),
aged 56.5 (52.7–63.5) years, harboring a single sporadic PAd,
had median serum albumin-corrected calcium 11.3 (11.0–
11.8) mg/dl, serum PTH 153 (108.8–370.8) pg/ml, and tumor
weight 1.5 (1.4–2.1) g (median (range interquartile)).
Parathyroid glands from fetuses of gestational ages 19 and
25 weeks were obtained as previously described.23 In all cases,
informed consent of the mother was obtained before
procurement of the tissues.

Fetal and adult samples were formalin-fixed and paraffin-
embedded following standard histological procedures. Four-
micrometer-thick sections were cut and stained with
hematoxylin and eosin for morphological assessment before
immunohistochemistry. Histological diagnosis of parathyroid
carcinoma was established according to the WHO published
guidelines24 and sampled as previously described.25

Fresh tissue samples from 30 parathyroid typical adenomas
were collected for further investigations. Tissues removed
were in part placed in a sterile medium for cell culture and in
part snap-frozen in liquid nitrogen and stored at − 80 °C
until analysis. The study was approved by the local Ethical

Table 1 Genetic and clinical features of the investigated parathyroid carcinomas

No. Sex Age, years LOH 1q25 CDC73 mutations G/S Para TBX1% cells SCa mg/dl PTH pg/ml Met

1a F 37 No c.518_521delTGTC G − 5 13.0 660 No

2a F 55 No c.415C4T G − 1 16.1 293 Yes

3a F 54 No c.679_680delAG S − 1 17.6 940 Yes

4a F 26 No c.679_680delAG G − 10 11.5 106 No

5 F 37 Yes No — + 45 11.2 845 No

6 F 57 Yes c.679_680delAG G − 0 15.0 320 No

7 F 70 Yes c.679_680delAG S − 5 11.6 563 No

8 M 23 No c.94insTA S − 15 16.5 353 No

9 F 47 No No — + 45 11.7 642 No

10 M 54 No No — + 60 12.0 253 No

11 F 44 No No — + 50 13.7 1347 No

12 M 57 No No — + 50 14.9 690 No

13 M 45 Yes R234X S − 0 16.0 1850 Yes

14 F 32 No R234X S − 1 15.5 720 Yes

+, positive immunostaining for parafibromin (410% of cells); − , negative immunostaining for parafibromin; CDC73, cell cycle division 73; G, germline; LOH,
loss of heterozygosity; Met, metastasis; Para, immunohistochemistry on FFPE sections for parafibromin; S, somatic; SCa, serum albumin-corrected calcium;
TBX1% cells, % of cells expressing TBX1 by immunohistochemistry.
aPreviously reported cases.23
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Committee and informed consent was obtained from all
patients.

Immunohistochemistry
Both adult and fetal parathyroid tissue sections were
incubated with a rabbit monoclonal primary antibody specific
for TBX1 (1:400 dilution; Epitomics, AVIVA Systems Biology,
San Diego, CA, USA). Parathyroid carcinoma sections were
incubated with a mouse monoclonal antibody to human
parafibromin (1:50 dilution; clone sc-33638, Santa Cruz
Biotechnology, Dallas, TX, USA) as previously described.26–28

TBX1 and parafibromin immunoreactivity could be evaluated
in five PaNs, 13 PAds (seven stained for parafibromin), and in
14 carcinomas (PCas). Samples were considered IHC-
negative for parafibromin if they did not reveal any nuclear
staining at all.27 Fetal parathyroid sections were analyzed with
a mouse monoclonal antibody anti-podoplanin/D2-40 (1:200
dilution; D2-40, Dako) and a mouse monoclonal antibody
anti-α smooth muscle actin (αSMA; 1:200 dilution; ab5694,
Abcam). Immunohistochemical staining was performed using
the automatic staining BioGenex i6000 Automated Staining
System (BioGenex, Fremont, CA, USA). Reactions were
detected by Novolink Polymer Detection System (Novocastra
Laboratories, Leica Microsystems), according to the manu-
facturer’s instructions. Negative controls were incubated in
the absence of primary antibody, and a positive control core
(referee) was used to standardize immunoreactivity between
slides. For TBX1 evaluation, the percentage of positive nuclei
was scored out of the total number of parathyroid cells
present in four high-power fields. Accordingly, at least 500
cells per sample were counted as previously described for
other markers.29 Scoring and interpretation of immunohis-
tochemical results were performed by two pathologists (SF
and VV) and a consensus was reached for all cases.

DNA Extraction and CDC73/HRPT2 Gene Sequencing
Genomic DNA was purified from the peripheral blood and
tumor specimens from patients affected with PCas using the
phenol–chloroform protocol. The entire coding region and
splice site junctions of the CDC73/HRPT2 gene were
PCR-amplified and directly sequenced as previously
described.28,30,31 Data were presented in Table 1.

RNA Extraction, RT-PCR, and Taqman Real-Time PCR
Total RNA from fresh collected and cryopreserved samples of
human adult normal kidney, liver, and parathyroid gland
were purified with TRIzol reagent (Gibco-Invitrogen, Life
Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instruction and were retrotranscribed to cDNA
using random hexamers and the High Capacity cDNA
Transcription kit (Life Technologies). In order to avoid any
amplification from genomic DNA contamination, RNA
samples were all pretreated with DNase. Reverse-transcribed
RNA was analyzed for TBX1 gene expression by PCR
amplification using specific primers (sequence available upon

request). The housekeeping ACTB gene was used as internal
control. Amplified RT-PCR products were then analyzed on
1.5% agarose gels and visualized using ethidium bromide
staining and a camera system (CHEMI DOC XRS, Bio-Rad)
and were compared with a DNA Molecular Weight Marker
(Roche). The specific bands were isolated and sequenced to
assure that they represented the expected products, using an
automated sequencer (PerkinElmer, Norwalk, CT).

Total RNA from 30 PAd, 14 PCa, and 5 PaN FFPE
specimens was purified with TRIzol reagent (Gibco-Invitro-
gen, Life Technologies) according to the manufacturer’s
instruction and was retrotranscribed to cDNA using random
hexamers and the High Capacity cDNA Transcription kit
(Life Technologies). RNA quality obtained from FFPE section
was tested by amplification of housekeeping genes. Amplifi-
cation of the TBX1 gene in the FFPE series provides results
similar to those obtained from cryopreserved corresponding
tumor samples (n= 10) showing a good correlation. Real-
Time PCR was conducted on an ABI PRISM 7900HT
Sequence Detection System (Life Technologies) using pre-
configured Taqman gene expression assay for target genes
(TBX1 Hs00271949_m1; WNT5A Hs00998537_m1; SMAD7
Hs00998193_m1; ID1 Hs00357821_g1; CDKN1A/p21
Hs00355782_m1; CDKN2A/p16 Hs00923894_m1; PTH
Hs00757710_g1; GCM2 Hs00899403_m1 Applied Biosys-
tems), or reference genes (HMBS Hs00609297_m1, b2M
Hs99999907_m1), as previously described.25 Instruments’
raw data were converted into Ct values by SDS 2.1 software
and target gene expression was relatively quantified on
internal controls (HMBS and b2M) using the comparative
Ct method. All experiments were repeated for at least three
times to ensure the accuracy of results.

Culture of PAd-Derived Cells and HEK293 Cells
Fresh-collected samples from PAds were cut into fragments
less than 1 mm3, washed with PBS, and partially digested
with 2 mg/ml collagenase type I (Worthington, Lakewood, NJ,
USA). After digestion, tissue fragments were filtered with a
cell strainer (100 μm Nylon, BD Falcon). Both human PAd-
derived and HEK293 cells were routinely grown at 37 °C, 5%
CO2 in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 2 mmol/l glutamine, and 100
U/ml penicillin–streptomycin.

Protein Extraction and Western Blot Analysis
PAd whole tissues and dispersed PAd-derived single cells were
homogenized using a Nuclear Extract kit (Active Mitif,
Carlsbad, CA, USA) following the manufacturer’s instructions
in order to obtain both cytoplasmic and nuclear protein
fractions. After separation by SDS-PAGE, polypeptides were
electrophoretically transferred to nitrocellulose membrane
(Bio-Rad, USA), and antigens were revealed by respective
primary antibodies (TBX1 and Calnexin, Epitomics; MYC,
p21, phospho-β-catenin (Ser33/37/Thr41) and total β-cate-
nin, Cell Signaling, Danvers, MA, USA; GAPDH MAB374,
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Millipore, Billerica, MA, USA) and the appropriate secondary
HRP-conjugated goat anti-rabbit or anti-mouse antibodies
(Goat anti-rabbit IgG (H+L) HRP, 3053-1 Epitomics; Goat
anti-mouse IgG HRP-linked, 7076 Cell Signaling). Calnexin
or GAPDH was used as internal controls. Proteins were
visualized by ECL (Thermo Scientific, USA) and quantified by
densitometric readings (Image-J).

The rabbit monoclonal anti-human TBX1 antibody by
Epitomics was raised against an epitope within the amino
acids 90–120 of the human TBX1; it recognized a band of
~ 53 kDa in HEK293 and Caco-2 cell extracts, used as positive
controls, corresponding to the TBX1 isoform C. Both in
HEK293 and PAd-derived cells, specific bands were detected
in the cytoplasmic and nuclear fractions. The specificity of the
antibody was confirmed by experiments with TBX1 short
interfering RNA (siRNA) both in HEK293 and in PAd-
derived cells, where the bands of 53 kDa were definitely
reduced. Immunohistochemistry and immunofluorescence
were performed with the same anti-TBX1 antibody, which, in
agreement with western blot results, detected TBX1 at
cytoplasm and nuclear levels.

Immunofluorescence
PAd-derived cells were fixed in 4% paraformaldehyde,
permeabilized in 0.2% Triton X-100, and blocked in free
serum-free block protein solution (DAKO) for 1 h. Cells were
incubated with primary antibodies, TBX1 (Epitomics and
Santa Cruz Biotechnology), and PTH (Santa Cruz Biotech-
nology), washed three times in PBS, and then incubated with
secondary antibodies conjugated with Alexa488 or Cy3
(Jackson Immuno Research; 1:100). Hoechst 33342 was used
as the nuclear stain (blue). As negative control, PBS was used
instead of primary antibodies to exclude unspecific binding of
secondary antibody. Images were obtained using confocal
microscopy (Zeiss LSM 510 System, Oberkochem, Germany)
for PAd-derived cells and fluorescence microscopy (Zeiss
Axioskop 2 Plus) for HEK293 cells.

TBX1 Gene Silencing
Short hairpin RNA (shRNA) Lentiviral Particles (Santa Cruz
Biotechnology), which encode 19–25 nucleotide shRNA, were
used to knockdown TBX1 protein expression in HEK293
cells. The infection at MOI of 10 was performed using TBX1
shRNA Lentiviral Particles (sc-38467-V), which are a pool of
transduction-ready viral particles containing three target-
specific constructs that encode shRNA designed to knock-
down TBX1 expression, and Control shRNA Lentiviral
Particles (sc-108080), which represent the negative control
of the transfection experiments because those particles encode
a scrambled shRNA sequence that does not lead to the specific
degradation of any known cellular mRNA. After infection,
cells stably expressing TBX1 shRNA or Control were isolated
by puromycin selection (5 μg/ml). Puromycin-resistant cells
with stable silencing of TBX1 were cultured in complete

medium and were used for gene expression and cell cycle
analysis.

PAd-derived cells were not suitable for stable transfection
because of their low proliferative rate; therefore, specific
TBX1 siRNA (siGENOME Smart pool, Dharmacon) was used
following the manufacturer’s instructions. Briefly, a total of
5 × 105 cells were plated in six-well plates and transfected
using 100 pmol siRNA and 5 μl of Lipofectamine 2000 (Life
Technologies) per well. After 6 h of incubation, 2 ml of fresh
growth medium was added to the cells. Following 48 h of
incubation, the cells transiently transfected were harvested for
analysis.

Cell Cycle Analysis
Analysis of cell cycle progression was performed using
propidium iodide (PI) staining. HEK293 cells were washed
twice in PBS and fixed with cold 100% EtOH overnight at
− 20 °C. Cells were washed twice in PBS and resuspended in
500 μl of a solution composed of PBS, 1% BSA, 0.5% Tween,
1 μl of RNAse, and 10 μl of PI solution (BioLegend, San
Diego, CA, USA) and were incubated for 15 min at 4 °C. Cells
were analyzed by flow cytometry (Navios, Beckman Coulter,
Milan, Italy) using Kaluza Software.

Statistics
Data are expressed as mean± s.e.m. When comparing the
data from two series, paired two-tailed Student’s t-test,
Mann–Whitney U-test, or one-way analysis of variance were
used as appropriate to determine levels of significance.
Categorical data were analyzed by χ2-or Fischer exact test,
as appropriate. Correlations between two variables were
analyzed by linear regression analysis or Spearman test as
appropriate. A P-value of o0.05 was considered statistically
significant.

RESULTS
Expression of the Embryonic Transcription Factor TBX1
in Human Parathyroid Tissues
TBX1 transcripts could be detected using RT-PCR with
specific primers in the total RNA from human adult normal
kidney, used as positive control, and in human adult PaN
(Figure 1A); the liver was used as negative control.
Quantification of TBX1 transcripts with real-time PCR, using
a specific probe directed against the sequence codifying the
common portion of the three known TBX1 isoforms, showed
that the TBX1 gene was variably deregulated in parathyroid
tumors compared with PaNs. In particular, considering as
significant a variation of TBX1 mRNA levels greater than two
folds the mean levels dected in five PaNS, TBX1 gene
expression was deregulated in 12 (40%) out of 30 PAds and in
10 (71%) out of 14 PCas (Figure 1B). All PCa samples and a
subset of PAds (5 out of 12) had reduced TBX1 expression
levels, whereas in seven PAd samples TBX1mRNA levels were
higher than the mean levels in normal glands (Figure 1B).
TBX1 protein expression in adult parathyroid tissues was
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investigated by western blot analysis on the cytoplasm and
nuclear-fractioned proteins from PAd samples (n= 11) and
by immunohistochemistry on FFPE sections from 13 PAds
and 14 PCas by a specific monoclonal anti-human TBX1
antibody. Immunoblotting identified in all samples a band of
~ 53 kDa, likely corresponding to the isoform C of 495 aa,
mainly expressed in the nuclear fractions (Figure 1C),
characterized by a great variability.

Immunohistochemistry on FFPE sections showed specific
nuclear expression of TBX1 protein detectable in all normal
glands from normocalcemic patients (n= 5; Figure 1Da and b
and Supplementary Material) with variable levels, ranging
from 30 to 70% of parathyroid cells (mean± s.e.m.,
52.0± 7.3%), where it was occasionally associated with
cytoplasm staining for TBX1 (Figure 1Da). Endothelial and
stromal cells within the parathyroids were TBX1-negative
(Figure 1Dd). Opposite to what observed in non-pathological
condition, PAds from patients with PHPT (n= 13) showed
reduction in nuclear expression of TBX1 (Figure 1Dc and d),
with seven cases (54%) displaying less than 30% of positive
cells (lowest percentage detected in normal samples; range: 5–
65%; mean: 27.3%; Figure 1Dd and E). More interestingly, 9
PCas out of 14 (64%) showed a decrease in the percentage of
TBX1-positive cells relative to normal samples (range 0–60%;
mean 20.2%; Figure 1De, f and E). The decrease in TBX1-
positive cells measured in PAds or PCas compared with that
in controls was statistically significant (P= 0.042 and 0.018 by
Mann–Whitney U-test; Figure 1E). From a histological point

of view, in parathyroid tumors with a reduced number of
TBX1-expressing cells (ie, less than 30%), TBX1-positive cells
were found as single interspersed entities in the tumor
parenchyma (Figure 1Df and Supplementary Materials).

Comparing the TBX1 mRNA and protein expression
profiles, discrepancies emerged: in PAds, both upregulation
and downregulation of TBX1 transcripts were associated with
loss of TBX1-expressing cells in a half of tumor samples,
whereas PCas showed concordant reduction of TBX1
transcript levels and loss of TBX1-expressing cells
(Figure 2A). These data may suggest that a specific TBX1
gene dosage is required for TBX1 protein generation in
parathyroid tumor cells.

Immunofluorescence showed that a subset of TBX1-
expressing cells derived from PAds coexpressed PTH
(Figure 2B), indicating that TBX1 is also expressed in
hormonally active parathyroid cells. Therefore, potential
correlation with biochemical parameters was investigated:
any significant correlation could be detected between the
proportion of TBX1-expressing cells and serum PTH levels or
tumor weights, whereas serum albumin-corrected calcium
levels negatively correlated with the proportions of TBX1-
positive cells (Figure 2C), suggesting an association between
the loss of TBX1-expressing cells and the biochemical severity
of the primary hyperparathyroidism.

We also correlated TBX1 expression with one of the most
studied oncosuppressor gene in parathyroid neoplasia,
parafibromin. Parafibromin is the product of the

Figure 1 TBX1 transcripts and proteins in human parathyroid tissues. (a) RT-PCR amplification products of the TBX1 gene in human adult normal kidney
(K), parathyroid (P), and liver (L) samples. (b) Quantitative real-time PCR analysis of the TBX1 gene expression in RNA samples from 30 parathyroid
adenomas (PAds) and 14 parathyroid carcinomas (PCas). TBX1 mRNA expression levels were represented as log2 of fold changes with respect to the
mean of the TBX1 mRNA levels in five normal glands. Dash lines indicate ± 2-folds the mean of normal parathyroid levels: expression levels below or
above these limits were considered as significantly deregulated. *, PCa samples with negative parafibromin immunostaining. (c) Representative
immunoblot by monoclonal anti-TBX1 antibody of fractioned proteins (C, cytoplasmic; N, nuclear) from seven PAds identifying the TBX1 isoform C of
53 kDa. (d) Representative images of the TBX1 immunostaining in normal parathyroids (A, B); arrows, TBX1-negative endothelial cells; arrowheads, TBX1-
negative fibroblasts; C, E show a PAd (C) and a parathyroid carcinoma (E) with a proportion of TBX1-expressing cells similar to that in normal glands; D,
F show a PAd (D) and a parathyroid carcinoma (F) with definitely reduced TBX1-expressing cells. *, a scattered TBX1-expressing cell. All sections were
imaged at × 40 magnification. Scale bars, 100 μM. (e) Quantification of TBX1-positive parathyroid cells in the indicated tissue types. Seven PAd and eight
PCa samples showed that a proportion of TBX1-expressing cells definitely reduced compared with normal glands (PaNs; o30%). P-values are from
Mann–Whitney U-test.
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oncosuppressor gene CDC73/HRPT2, lost in most parathyr-
oid carcinomas. The parafibromin expression pattern was
determined in the present PCa series (Table 1) and correlated
with TBX1 gene expression. Interestingly, the four carcino-
mas conserving parafibromin expression had TBX1 mRNA

expression levels similar to those of normal glands
(Figure 1B) and a number of TBX1-expressing cells similar
to those of normal glands at IHC (Table 1 and Figure 2D). By
contrast, parafibromin-negative PCas showed variably
reduced TBX1 mRNA levels (Figure 1B) and most had a
number of TBX1-expressing cells significantly lower than
30%, the lower limit of the range in normal glands (Table 1
and Figure 2D).

Finally, we had the opportunity to analyze TBX1 expression
by immunohistochemistry in human fetal tissues from second
trimester of pregnancy (19 and 25 weeks of gestational ages).
Specific immunostaining for TBX1 was detected in the
cytoplasm and nucleus of the αSMA-positive cells of stomach
muscle layer and similarly in the skeletal muscle cells of
ileopsoas (Supplementary Figure 1). TBX1 was expressed in
the basal layer of tracheal epithelia and in endothelial cells of
vessels. TBX1-expressing cells were also detected in fetal
thyroid gland (Supplementary Figure 1c); indeed, location
and expression of the podoplanin/D240 marker suggested
that these cells lined lymphatic vessels. Although esophageal
and parathyroid cells derive from the pharyngeal endoderm
like tracheal epithelia, TBX1 immunostaining could not be
detected in esophageal epithelial cells (Supplementary
Figure 1g) as well as in abundantly expressing PTH
parathyroid cells (Figure 3a, b and e). Indeed, TBX1 was
faintly detectable in 19 weeks’ fetal parathyroid glands
(Figure 3b) and was definitely absent in parathyroid glands
from 25 weeks of gestational age fetus (Figure 3f).

Effects of TBX1 Gene Silencing in PAd-Derived Cells
Effects on cell cycle
Because of the limited availability of PAd-derived cells, we
were not able to investigate the effect of TBX1 silencing on
cell cycle in these cells. HEK293 cells were used as an
alternative model to parathyroid cells as they express the
endogenous TBX1 gene, both at mRNA and protein levels
(Figure 4A). Stable silencing of the TBX1 gene in HEK293
cells induced a significant reduction (~70%) of the nuclear
TBX1 protein levels (Figure 4B). TBX1 deficiency increased
the proportion of cells in the G0/G1 phase (from 43.3± 3.3 to
51.7± 8.7%, P= 0.04), suggesting that loss of TBX1 induces
cell cycle arrest (Figure 4C and D).

Effects on gene targets
Supporting the promotion of cell cycle arrest in HEK293 cells,
TBX1 silencing increased CDKN2A/p16 and CDKN1A/p21
mRNA levels and decreased ID1 mRNA levels (Figure 4E).
Similar changes in the expression pattern of CDKN2A/p16,
CDKN1A/p21, and Inhibitor of differentiation 1 (ID1) genes
could be detected after 48 h of transient-efficient TBX1
silencing in PAd-derived cells (Figure 5A and B). The positive
effect of TBX1 silencing on p21 protein levels could be
detected in both HEK293 and PAd-derived cells (Figures 4E
and 5A).

Figure 2 Correlation between TBX1 expression and biochemical markers
in human parathyroid tumors. (a) Correlation between TBX1 mRNA levels
and the proportion of TBX1-expressing cells detected by IHC; black
circles, parathyroid carcinomas (PCas); grey circles, parathyroid adenomas
(PAds); light grey area, percentages of TBX1-expressing (TBX1+) cells in
normal parathyroid glands. (b) Immunofluorescence analysis by
monoclonal anti-TBX1 antibodies (red, C) in PAd-derived cells showing
that TBX1-expressing cells coexpress PTH (green, B; merge, D); (A) nuclear
DAPI staining. Sections were imaged with a confocal microscope at × 40
magnification. Scale bars, 100 μM. (c) Relationship between the
proportions of TBX1-expressing cells and serum albumin-corrected
calcium in patients harboring the analyzed tumors at diagnosis: serum
calcium levels are inversely correlated with the proportion of TBX1-
expressing levels; grey circles, PAds; black circles, PCas; dash lines, 95%
confidence interval of linear regression analysis (r2 = 0.175; P= 0.047). (d)
Relationship between parafibromin and TBX1 expression: parathyroid
tumors negative for nuclear parafibromin immunostaining (squares) have
a median proportion of TBX1-expressing cells significantly lower than
tumors expressing parafibromin (circles); grey symbols, PAds; black
symbols, parathyroid carcinomas; bars represent medians and range
interquartiles.
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Figure 3 TBX1 expression in human fetal parathyroid glands. Representative IHC by monoclonal anti-TBX1 antibodies of formalin-fixed paraffin-
embedded (FFPE) samples of the pharyngeal region from 19 (a, b) and 25 (c–f) weeks of gestational-age fetuses. (a) Nineteen-week-fetal parathyroid
gland showed homogenously positive PTH immunostaining; TBX1 immunostaining was faint (b; original magnification × 10; scale bar, 250 μm) and
mainly nuclear (insert showing cells with TBX1-positive nuclei besides a cluster of cells with TBX1-negative nuclei; magnification × 40), whereas adjacent
skeletal muscle was positive (*). Hematoxylin and eosin staining of the pharyngeal region from the 25-week-fetus showing a parathyroid gland posterior
to thyroid gland (arrow head; c, d); original magnification of d image × 10; scale bar, 250 μm); the parathyroid gland showed a positive immunostaining
for PTH (e); original magnification × 5; scale bar, 500 μm), whereas the staining for TBX1 was negative (f); original magnification × 5; scale bar, 500 μm).
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Moreover, previously identified gene targets of TBX1,
namely SMAD7 and WNT5A,32,33 were investigated in TBX1-
silenced PAd-derived cells. Although SMAD7 transcripts were

unaffected,WNT5A expression was reduced in TBX1-silenced
PAd-derived cells (Figure 5C). Interestingly, most PAds with
deregulated TBX1 mRNA expression showed WNT5A mRNA
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levels significantly reduced when compared with tumor
samples with TBX1 levels similar to those in PaNs
(1.36± 0.69 vs 4.67± 1.15; P= 0.013). Finally, in PAd-
derived cells we tested the hypothesis that TBX1 might

modulate the expression of the parathyroid-specific genes
GCM2 and PTH: no significant changes in GCM2 and PTH
transcript levels could be detected after 48 h of TBX1-
silencing (Figure 5B).
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Regulation of TBX1 Gene Expression in PAd-Derived
Cells
During embryonic development, the TBX1 gene is transcrip-
tionally regulated by Wnt/β-catenin pathway activation.34,35

We tested the hypothesis that the Wnt/β-catenin pathway
may regulate TBX1 gene expression in PAd-derived cells. The
effect of short-term activation of the Wnt/β-catenin pathway
on TBX1 mRNA expression levels was investigated in vitro.
PAd-derived cells, and HEK293 cells used as controls, were
treated for 8 h with increasing concentrations of lithium
chloride (LiCl, 10–20 mM), an agent known to induce nuclear
accumulation of β-catenin. Short-term LiCl treatment
induced significant total β-catenin accumulation (and con-
comitant reduction in phosphorylated β-catenin) in the
nuclear protein fractions of both HEK293 (Figure 5C) and
PAd-derived cells (Figure 5D). The β-catenin nuclear
accumulation was able to induce the expression of the known
Wnt/β-catenin gene target MYC at nuclear levels, confirming
that LiCl treatment determined Wnt pathway activation in
both cell models (Figure 5C and D). Wnt/β-catenin pathway
activation was associated with a reduction in TBX1 mRNA
levels in HEK293 cells and in five out of seven PAd-derived
cell preparations and in nuclear TBX1 protein levels in both
HEK293 and PAd-derived cells (Figure 5C and D).

DISCUSSION
Investigation of the embryonic transcription factor TBX1 in
human parathyroid tissues provided insights of potential
interest. First, similar to other embryonic parathyroid
transcription factors, namely GCM2, GATA3, and HOX
genes, TBX1 transcripts and proteins have been detected in
a consistent subset of parathyroid cells of the adult normal
glands. TBX1 immunoreactivity in FFPE sections and in total
protein extracts from frozen PAd samples detected the 53 kDa
product of the TBX1 isoform C, the more abundant isoform
in human tissues.36 TBX1 immunoreactivity has a nuclear and
cytoplasmic localization confined to parathyroid epithelial
cells, often coexpressing PTH; parathyroid endothelial cells
lining vessels and stromal cells do not show specific
immunoreactivity.

Tumor parathyroid cells retain the expression of TBX1,
although it is variably deregulated in a subset of benign
parathyroid tumors and in most parathyroid cancers, being
associated with a reduced proportion of TBX1-expressing
cells. In PAds, both TBX1 transcripts’ upregulation and
downregulation were associated with loss of TBX1-expressing
cells in a half of tumor samples, a condition resembling what
demonstrated by genetic studies in patients with 22q11.2
microdeletion syndrome, where the same loss of function
phenotype can be determined by both decreased and
increased TBX1 gene dosage.

Parathyroid carcinomas showed a particular signature, as
reduced number of TBX1-expressing cells was associated with
downregulation of TBX1 transcripts and loss of parafibromin
immunostaining. These data may suggest a regulatory
relationship between parafibromin and TBX1.

The role of TBX1 in adult parathyroid cells is unknown.
TBX1 is extensively involved in the embryonic development
as shown by the wide spectrum of clinical alterations that
affect patients with 22q11.2 microdeletion syndrome. During
murine embryogenesis, Tbx1 is early expressed in the
mesoderm core of the pharyngeal arches and in the
pharyngeal endoderm.12,37 In situ hybridization studies
showed conserved stage specificity and localization of TBX1
expression between mouse and human embryos. In early
week six human embryos, TBX1 expression was detected in
the core mesenchyme of the first, second, and third
pharyngeal arches and in the third pharyngeal pouches
endoderm, the domain from which parathyroid cells
originate.38 TBX1 has to be expressed during embryogenesis
to determine cell fate of endoderm-derived cells. Nonetheless,
TBX1 expression during fetal development has not investi-
gated so far. Here, immunohistochemistry analysis of human
fetal tissues of 19–25 weeks of gestational age showed that
TBX1 was expressed in both skeletal and smooth muscle cells
and in the basal layer of tracheal epithelium. TBX1-expressing
cells were detected in the fetal thyroid glands: location and
expression of the podoplanin/D240 marker suggested that
these cells lined lymphatic vessels, resembling what described
in mice.39 TBX1 is curiously absent in fetal parathyroid
glands: it was faintly expressed in early fetal human

Figure 5 Effects of TBX1 silencing in PAd-derived cells. (a) TBX1 was reduced by short interfering RNA (siRNA)-transient silencing in PAd-derived cells;
the effect of TBX1 silencing on p21 protein expression levels is also shown. (b) Effects of TBX1 silencing on mRNA expression of potential target genes
in PAd-derived cells; *P40.05 by ANOVA vs scramble siRNA for every analyzed gene. (c) Left panel: treatment for 8 h of HEK293 cells (n= 3) with
increasing concentrations of LiCl (10 and 20 mM) induced a significant decrease in TBX1 mRNA expression levels. Central panel: representative western
blot analysis with specific antibodies of cytoplasmic and nuclear protein fractions from HEK293 cells treated with increasing concentrations of LiCl (10
and 20 mM) for 8 h showed that LiCl induced a nuclear accumulation of total β-catenin (T-β-catenin), a reduction of the inactive phosphorylated β-
catenin (P-β-catenin) and a concomitant increase in the target gene MYC, consistent with the activation of the Wnt/β-catenin pathway. Concomitantly,
nuclear TBX1 was reduced. Right panel: densitometric readings of the western blot data show LiCl-induced significant decrease in TBX1 protein levels;
*Po0.05 vs basal. (d) Left panel: treatment with LiCl of PAd-derived cells (n= 7) significantly reduced TBX1 mRNA expression levels in five cell
preparations. Central panel: western blot analysis of cytoplasmic and nuclear protein fractions from PAd-derived cells treated with LiCl for 8 h showed
that LiCl induced a nuclear accumulation of total β-catenin (T-β-catenin), a reduction of the inactive phosphorylated β-catenin (P-β-catenin) and an
increase in MYC, consistent with the activation of the Wnt/β-catenin pathway. Similar to what was observed in HEK293 cells, nuclear TBX1 was reduced.
Right panel: densitometric readings of the western blot data show LiCl-induced significant decrease in TBX1 protein levels; *Po0.05 vs basal.
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parathyroid cells, expressing PTH, and undetectable in 25-
week-gestational-age fetal parathyroid cells. TBX1 down-
regulation in fetal PTH-expressing parathyroid cells suggests
that TBX1 is not required to sustain PTH expression in fetal
parathyroid cells. PTH circulates at low concentrations in the
fetal circulation. Fetal parathyroids are able to produce
PTH, but PTH release is suppressed by calcium-sensing
receptor activation secondary to the physiological fetal
hypercalcemia.40 Considering that fetal parathyroid cells are
responsive to chronic hypocalcemia by developing hyperpla-
sia, TBX1 silencing may be consistent with the quiescent
status of progenitor cells, ready to enter cell cycle upon
hypocalcemic stimuli. Resembling this ‘fetal’ hypothesis, we
found in the present study that loss of TBX1-expressing
cells in parathyroid tumors negatively correlated with
hypercalcemia.

Besides the classical role of TBX1 in embryonic develop-
ment, evidence about its involvement in cancers is accumu-
lating. Members of the T-box family are involved in human
tumorigenesis:41 TBX2 and TBX3 are upregulated in several
cancers, including melanoma, breast, lung, liver, pancreatic,
ovarian, endometrial, and cervical cancers, whereas TBX5 and
TBX18 are suppressed in the human colon cancer cell line
RKO and in basal-like breast cancer, respectively. TBX18,
which functions as an oncosuppressor, belongs to the TBX1
subfamily.41 Moreover, the regulatory region of the TBX1
gene has been found hypermethylated in human breast
cancers.42,43 The TBX1 downregulation detected in a subset of
parathyroid tumors is in line with the report in breast cancer
cells. Indeed, TBX1 silencing in HEK293 cells, endogenously
expressing TBX1, determined an increase in the proportion of
cells in the G0/G1 phase of cell cycle, associated with
increased transcript levels of CDKN1A/p21 and CDKN2A/p16
and reduced inhibitor of differentiation 1 (ID1) levels.
Therefore, the cell cycle arrest is not consistent with a role
as oncosuppressor of TBX1; however, it is similar to what
detected in Tbx1 knockout murine hair follicle stem cells.44

Tbx1-deficient hair follicle stem cells remained quiescent
longer than normal, but they eventually cycled. In this
context, Tbx1 acts as a gatekeeper that governs the transition
between stem cell quiescence and proliferation in hair follicle
cells.44 Although we were not able to investigate cell cycle in
TBX1-silenced PAd-derived cells, TBX1 silencing in PAd-
derived cells was associated with increased expression levels of
CDKN1A/p21 and CDKN2A/p16 and reduced ID1 levels,
consistent with cell cycle arrest in G1.45,46 Cell cycle arrest
may explain the low cell proliferation rate characterizing
clinically evident PAds.47

We looked for further potential effects of TBX1 silencing in
PAd-derived cells: the specific parathyroid genes GCM2 and
PTH were not affected, resembling what detected in fetal
parathyroid glands. Indeed, GCM2 is considered a down-
stream target of TBX1 during embryonic development48 and
high levels of GCM2 in parathyroid glands are required for
maintenance of parathyroid cell differentiation and of high

levels of calcium-sensing receptor expression.49 However,
these two embryonic transcription factors may act indepen-
dently in tumor parathyroid cells.

Finally, parathyroid tumor cells retain the embryonic
ability to regulate TBX1 gene expression through Wnt/β-
catenin activation; short-term treatment with lithium chloride
induced β-catenin nuclear accumulation, increased the
expression levels of the target gene MYC, and decreased
TBX1 transcript and protein levels. Besides, TBX1 silencing
decreased the expression levels of WNT5A, which belongs to
the non-canonical Wnt pathway and acts by inhibiting the
canonical Wnt/β-catenin pathway.50,51 We speculate that
TBX1-deficient parathyroid tumor cells may experience a
deregulated tuning of the Wnt/β-catenin pathway.

The present study provides unexplored insights in para-
thyroid tumors, although data here reported have some
limits: (1) the effect of TBX1 silencing on cell cycle could not
be investigated in parathyroid tumor cells; (2) timing is
crucial in determining the effect of the molecules involved in
cell cycle regulation, CDKN1A/p21, CDKN2A/p16, and ID1,
although the present investigation was limited to 48 h after
silencing, an early point in cell fate toward senescence,
proliferation, or differentiation.

In conclusion, the embryonic transcription factor TBX1 is
active and deregulated in parathyroid tumor cells, contribut-
ing to the definition of the heterogeneous parathyroid tumor
cell phenotype. TBX1 deficiency may contribute to the low
proliferation rate in parathyroid tumors in response to
hypercalcemia and may be involved in WNT pathway
deregulation.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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