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Abstract
Background: To understand the role of proteases involved in human thyroid cancer progression and tissue
invasion, thyrocytes from other species could potentially be used provided their characteristics are similar. It is not
known whether dipeptidyl peptidase IV and aminopeptidase N activities, which are overexpressed in human thyroid
cancer, are, as in human, also absent in normal thyrocytes of other species, making them suitable models for
studies on the regulation of these proteases.
Methods: To assess the role of these proteases, activity was measured in thyroid tissue of human, mouse, rat,
porcine, bovine and ovine origin. The lysosomal protease, dipeptidyl peptidase II, was used for comparison.
Results: Murine, rat, ovine, bovine and human thyrocytes all lacked dipeptidyl peptidase IV and aminopeptidase N
activity, but porcine thyrocytes were found to possess both. In contrast, lysosomal dipeptidyl peptidase II was
strongly expressed in all species. These activity patterns were maintained in cultured cells. Cultured porcine
thyrocytes formed follicles with typical morphology upon stimulation with TSH but differed from human thyrocytes
in their response to thiamazole.
Conclusions: These species differences in the expression of dipeptidyl peptidase IV and aminopeptidase N, indicate
that porcine thyrocytes cannot be considered appropriate for the study of proteases in human cancer
development.
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Background
Normal thyrocytes are used for investigations of hormone
synthesis, regulation of proliferation and differentiation
and as controls in drug screening. Primary cells and cell
lines of canine, porcine, bovine, ovine and rat origin are
used to address different questions. Rat cell lines, especially the FRTL5 line, are used for proliferation studies [1],
whereas porcine and bovine cells are used most commonly for differentiation and gene expression studies.
Similar to ovine thyrocytes, cells from these species show
a poor response to TSH and, therefore, are not suited for
studies of proliferation [2]. Due to their limited availability,
very few groups use canine thyrocytes for their studies.
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Despite conserved physiology, marked differences between
these species have already been reported [3,4]. Stimulation
with TSH and insulin triggers DNA synthesis in dog thyrocytes and rat cell lines by very different mechanisms.
Interspecies differences in the regulation of protease activities are of particular importance because several lysosomal and membrane-associated proteases promote tumor
development and progression. The lysosomal enzymes
cathepsin B and cathepsin L are over-expressed in thyroid
cancer as in most other cancers [5,6]. Similar to other
cancers, the participation of metalloproteinases, especially
metalloproteinases (MMP) MMP-2, also termed type IV
collagenase, in thyroid cancer progression has also been
confirmed [7-9]. Additionally, the urokinase-type plasminogen activator is involved in the progression of thyroid cancer by remodelling the extracellular matrix [5,10]. Increases
in transmembrane proteases such as aminopeptidase N
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(APN) and dipeptidylpeptidase IV (DPP IV) are more
specific to thyroid carcinoma [11,12]. DPP IV activity is
increased in some cancer types (e.g. thyroid cancer, prostate
cancer, [13,14] and decreased or lost in others (e.g.
melanoma, [15,16]). DPP IV regulates contact inhibition,
cell cycle, morphological differentiation, tissue inhibitors of
metalloproteinases, anchorage-dependent growth and Ecadherin of epithelial cancers [17]. A presumed role of DPP
IV in cancer is in the induction of metabolic changes creating a favourable climate for the development of the tumor
[17]. As DPP IV is occasionally expressed in thyrocytes of
benign thyroid disorders [18] a link to proliferation has
been suggested [11]. Increased APN expression is correlated with progression and metastasis in colorectal, pancreatic carcinoma and undifferentiated thyroid carcinoma
[12,19,20].
Dipeptidyl peptidase II (DPP II, EC 3.4.14.2), a lysosomal
protease ubiquitously expressed in many cells including
normal thyrocytes of mammalian origin [21], is thought to
play a role in the release of hormone from thyroglobulin
[22].
Dipeptidyl peptidase IV (DPP IV, CD26, EC 3.4.14.5) is a
trans-membrane type II glycoprotein with multifaceted
function. As well as the integral membrane form, a soluble
form is found in serum and semen. In contrast to thyroid
follicle cells, most other types of human cell express DPP
IV [23]. DPP IV is most up-regulated in papillary thyroid
carcinoma [24,25] and apparently induced by RET/PTC
mutations [26].
Aminopeptidase N (APN, aminopeptidase M, alanine
aminopeptidase, CD13, EC 3.4.11.2), is expressed in anaplastic thyroid carcinoma cells but not in normal thyrocytes
[12]. In porcine thyrocytes, by contrast, APN is a marker of
the apical thyrocyte membrane [27,28].
To identify species with an identical pattern of protease activity compared to human thyrocytes, here we
localized protease activities using synthetic substrates.
The activities of DPP II, DPP IV and APN were studied in animal species used for investigating thyroid
function, namely human, porcine, rat, mouse, bovine
and ovine thyrocytes.

Page 2 of 7

conducted in accordance with the Helsinki Declaration of
1975.
For the localization of DPP IV and APN activities
unfixed tissues were used. For the demonstration of DPP
II 0.5 cm3 cubes of thyroid tissue were fixed in neutral
buffered 4% formaldehyde solution with 30% sucrose for
24h at RT. After fixation, samples were rinsed for 24h at
RT in distilled water containing 30% sucrose and 1%
gum arabicum. Tissue samples were embedded in Tissue
Tec (Miles) and deep-frozen in isopentane per-cooled
with liquid nitrogen.
Detection of protease activity

Protease activity in tissues and in cells was detected by
cleavage of specific synthetic substrates. The synthetic
substrate is bound to a tag, which together with the
coupler yields a colored product, when released from
the substrate.
Substrates coupled to 4-methoxy-2-naphthylamide
(MNA, Bachem Ltd.) were used at a concentration of 0.5
mg/ml. Visualization of the reaction product was achieved
through the presence of 1 mg/ml Fast Blue B (FFB, pure,
tetrazotized Di-2-anisidine ZnCl2, Serva) in the reaction
mixture.
10 μm cryostat sections were pre-treated with an ice-cold
mixture of acetone and chloroform (1:1) for 5 min. Slides
were air-dried for 30 min at RT prior to the incubation with
the substrate solution.
The following substrates were used: Gly-Pro-MNA in 0.1
M PBS pH 7.0 for DPP IV, Ala-MNA in 0.1M PBS pH 7.0
for APN and Lys-Ala-MNA in 0.1 M cacodylate buffer pH
5.5 for DPP II [29]. Incubation time was 30 min for APN
and DPP IV and 60 min for DPP II at 37°C. After washing
in bi-distilled water slides were mounted with Kaiser's glycerol gelatine (Merck). Some sections were counterstained
with hemalaun. For controls, the group-specific inhibitors
(1 mM phenylmethanesulfonylfluoride and 1 mM diisopropylfluorophosphate, Sigma for DPP II and DPP IV and 10
mM 1,10-phenanthroline, Serva) were included in the incubation mixture.

Physiological characterization of thyrocytes
Methods

Cell culture

Tissue samples

Primary culture of porcine thyrocytes was performed as
described previously [30]. In brief, connective tissue was
removed from thyroids of 10–20 pigs and thyroid glands
were dissected into pieces of 0.5 - 1 cm3. The pieces were
incubated with 1 l 0.5% dispase II (Roche) in Earle’s salt
solution (Gibco) for 2h at 35°C. The incubation solution
was constantly stirred and aliquots of 150 ml were taken
and sieved through a tea sieve. The cell suspensions were
diluted 1:3 with Earle’s solution and centrifuged (200 g for
7 min at 4°C). Cells were cultured in 6-well culture plates
(FalconW) at a density of 3x106 cells/well in NCTC-135

Cadavers of rats (female, Sprague–Dawley) and mice
(female, Balb/c), which had been used for other experiments, were obtained from the Institute of Pharmacology
and the Institute of Anatomy, respectively. Porcine, bovine
and ovine thyroid glands were obtained from the local
slaughterhouse. Samples from human thyroid tissue were
obtained from the surgical department of the University
after informed consent of the patients. Animal procedures
were performed according to the guidelines of the local
authorities. All experiments on human subjects were
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medium supplemented with Ultroser G (3% v/v; Biosepra)
and 1 μg/ml hydrocortisone and antibiotics. Human thyrocytes were also isolated from euthyroid goiters using the
same protocol. 1 mU/ml porcine TSH (Sigma-Aldrich) was
added to induce the formation of follicles. Cells were also
cultured in the absence of TSH.
Cell number and cell viability were determined in an
automatic mode based on the electrical sensing zone
method (CASY Technology).
For the localization of protease activities, cells (1.5x106)
were seeded on cover slips placed at the bottom of 6-well
plates. After 48 h of incubation, cover slips were either fixed
in neutral buffered 4% formaldehyde solution with 30%
sucrose for 10 min at RT, rinsed in PBS and infiltrated for
30 min at RT in distilled water containing 30% sucrose and
1% gum arabicum or placed immediately into an ice-cold
mixture of acetone and chloroform (1:1) for 5 min and then
stored at −20°C until assayed for protease detection (see
above).
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staining intensities were investigated over 4h in porcine
thyroids. Despite a slight decrease of the staining intensity over this time, no loss of stained structures was
observed. Perifollicular cells, which express all tested
protease activities, served as controls that protease activities could be detected in the tissue.
Activity of DPP II was detected in mouse, rat, human
sheep, pig and cow thyrocytes (porcine and bovine thyroid
shown, Figure 1 a, b). Activity of DPP IV and APN was
absent in all these species (eg. bovine thyroid, Figure 1d)
except porcine (Figure 1c). In all species, endothelial cells
stained for APN activity and occasionally also for DPP IV
activity. In porcine thyrocytes some, but not all, follicular
thyrocytes displayed DPP IV activity (Figure 1c). Activity
was localized in the cytoplasm and at the apical membrane.
Porcine thyrocytes also showed strong APN activity at
the apical pole of the cell (Figure 1e). In addition to thyrocytes, also endothelial cells weakly expressed APN activity.
In the other species studied, APN activity was restricted to
endothelial cells in the peritumoral stroma (Figure 1f).

Iodide uptake

For iodide uptake, 2.6 x105 cells/well were plated in 48well plates (CostarW) and treated with either 1.3 mU/ml
TSH (Sigma) alone or TSH in combination with 2 mM
thiamazole (FavistanW, Temmler Pharma) or 1 mM
sodium perchlorate (99.9%, VWR International). Four
kBq/well carrier-free Na125I (Amersham Biosciences) was
added 6h prior to the measurement. Control cells were
cultured in the absence of TSH. Cells were collected after
24h and 30 h of incubation and washed with a 48-well cell
harvester (IH110, Inotech) with 1 μM NaI included in the
washing solution. Filtermats (type 11731, Skatron) were
transferred to counting tubes and measured (1480 automatic Gamma counter, Wallac).
The Dunnett test was used for statistical analysis. Results
were considered statistically significant when p < 0.05.
Mean ± SEM of n = 4 experiments.
Ultrastructural analysis

Cells were cultured on gas-permeable hydrophilic polyfluoroethylene membranes (Petriperm, Heraeus) and fixed
for 2h in 2.5% glutaraldehyde in 0.05 M cacodylate buffer
pH 7.4 containing 2% sucrose, washed and post-fixed in 1%
aqueous osmium tetroxide in 0.2 M buffer for 2h. Samples
were dehydrated and embedded in Epon. Sections were
cut, stained with saturated aqueous uranyl acetate (20 min)
and lead citrate (5 min) and viewed with a LEO 912
OMEGA (Zeiss) transmission electron microscope.

Results
Protease activities in thyroid tissue

Because not all samples were collected at the same time,
and the period between collection and freezing varied
between 1h and 2.5h, time-dependent changes in the

Morphology, iodide uptake and protease activities in
cultured thyrocytes

In human thyrocytes, only DPP II but no activities for
APN and DPP IV were detected, suggesting that the isolation from the tissue did not cause prominent changes
in the pattern of protease activities. To determine
whether isolated cultured porcine thyrocytes also
behaved similarly to thyrocytes in intact tissue, these
cells were physiologically characterized.
Porcine thyrocytes formed functional follicles with characteristic thyrocyte morphology and with a stable preserved
polarity in the presence of TSH (right-side-right follicles,
Figure 2a). at the apical surface and tight junctions between
the cells, but no basement membrane formed at the basal
pole of the cells.
Upon stimulation with TSH, iodide uptake was increased
by a factor of 6.8 relative to unstimulated controls
(Figure 2b). This uptake was inhibited by 1mM perchlorate.
Despite being an inhibitor of iodine organification, not of
iodide uptake, thiamazole also significantly decreased
iodide-uptake.
Activities for all enzymes detected in intact tissues were
also demonstrated in primary cultures of porcine thyrocytes
when cultured in the presence of TSH. Intracellular
localization of DPP II was seen in all cells (Figure 2c), but
only thyrocytes integrated into follicles showed localization
of APN at the plasma membrane (Figure 2d). Compared to
APN, DPP IV activity was very weak. When cultured in the
absence of TSH in porcine thyrocytes only DPP II could be
detected (data not shown), whereas the activities of APN
and DPP IV were below the detection threshold. In human
thyrocytes, only DPP II activity, but not APN and DPP IV
was detected.
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Figure 1 Detection of protease activity with synthetic substrates by histochemistry (red) in porcine (a, c) and bovine (b, d) thyroid
tissue. Activities of perifollicular cells (endothelial cells, fibroblasts and C-cells) for the respective proteases are indicated by arrowheads. a, b:
Activity of dipeptidyl peptidase II is seen intracellularly in thyrocytes of both species. c: In porcine thyroids activity of dipeptidyl peptidase IV is
seen in some follicle cells. d: In bovine thyroids, follicle cells show no activity for dipeptidyl peptidase IV substrate. e: Activity of aminopeptidase
N is seen at the apical part of the cells in porcine follicular thyrocytes (arrow), whereas in bovine thyroids (f) activity of aminopeptidase N is
restricted to endothelial cells the perifollicular stroma below the follicular epithelium (arrowhead). FL: follicle lumen.

Discussion
We report differences in the activities of two membraneassociated proteases, DPP IV and APN, between thyrocytes
from human and animal sources. These differences may
reflect profound differences in the regulation of some proteases between human and porcine thyrocytes because the
expression of DPP IV and APN is linked to transformation
of human thyrocytes.
Thyrocytes from animals play an important role in the
study of physiological processes because inter-individual
variations in animals usually are lower than in humans.
Inter-individual variations in protein expression, iodide uptake, proliferation and other physiological reactions are
more pronounced in normal human thyroid tissue samples
and isolated human thyrocytes than in porcine ones [31].
Causes of different physiological reactions among individuals include genetic factors and environmental factors
(dietary iodine, smoking, infections, etc.). Due to these
limitations, porcine, bovine, ovine and canine thyrocytes
are common substitutes for normal human cells because
only animal thyrocyte lines able to form follicles and
synthesize thyroid hormones are available [1,32]. Despite
general similarities in morphology, synthesis of thyroid

hormone and the reaction to TSH, several differences
between the species, including molecular differences in
proteins, in expression and in reaction to growth factors,
have been identified [2,33-36].
In our study, lysosomal protease activity of DPP II was
strongly expressed in thyrocytes of all species. This lack of
interspecies differences was also reported in another study
on the expression pattern of the lysosomal proteases
cathepsin B and elastase in the placenta of mice, rats,
guinea pigs and marmosets [37]. In contrast, we saw expression of DPP IV and APN only in porcine thyrocytes
but not in thyrocytes from other species. In human thyroid glands, consistent with previous studies, thyrocytes
lacked both enzyme activities and only endothelial cells
showed reactivity for DPP IV [38]. Pronounced interspecies variations in the expression of the membraneassociated proteases were also reported by Gossrau and
Graf, who investigated cellular expression of γ-glutamyltranspeptidase, aminopeptidase A, APN and DPP IV activities [37].
The observed differences in protease activities persisted
in cultured porcine cells when cultured in the presence of
TSH. As the membrane-associated proteases DPP IV and

Fröhlich et al. Journal of Experimental & Clinical Cancer Research 2012, 31:45
http://www.jeccr.com/content/31/1/45

Page 5 of 7

Figure 2 Physiological behaviour of cultured porcine thyrocytes according to ultrastructure, iodide uptake and protease activity
detected by synthetic substrate (red). a: Porcine thyrocytes form follicles with formation of apical microvilli and intercellular tight junctions
when stimulated with 1.3 mU/ml TSH for 30h. b: Upon stimulation with TSH, iodide uptake of thyrocytes is increased 6.8 times compared to
unstimulated cells (mean ± SEM is shown). TSH-induced iodide uptake is inhibited by 1 mM perchlorate and significantly reduced upon exposure
to TSH + 2 mM thiamazole (p < 0.05). c: Upon stimulation with TSH for 30h, DPP II activity is seen in all cells, whereas activity of APN at the
plasma membrane in seen only in thyrocytes integrated in follicles but not in isolated cells (d, arrowhead). N: nucleus, FL: follicular lumen.

APN localize to the apical membrane, they are only
expressed when follicles are formed. This indicates that,
contrary to human thyrocytes, they are markers of differentiation, not de-differentiation. Expression of APN in porcine thyrocytes has also been reported by Feracci et al. [27].
Because of these observed differences, porcine thyrocytes
are not suitable models for studies on the regulation of
membrane-protease in human thyrocytes.
The determination of actual protease activity in this
study, instead of merely detecting protein or mRNA, allows
a direct assessment of relevant functional activity. Protease
activity is regulated at different levels, including alternative
splicing, compartmentalization, pH, aggregation of subunits, inhibitors etc. [39,40] and often a correlation between
mRNA expression and protease activity is lacking [41].
Nevertheless, absence of mRNA does indicate absence of
the protein and is, therefore, useful because a lack of crossreactivity of the available antibodies hinders interspecies
comparisons.
One problem in the evaluation of protease activity by
synthetic substrates may be the lack of specificity of
these peptides. Although different proteases degrade
similar substrates in vivo, the choice of the fixation,
evaluation of the staining by microscopy as well as the
inclusion of appropriate inhibitors makes false positive

results in this study highly unlikely. Peptides with proline in the penultimate position at the amine terminus
are only cleaved by DPP IV and its homologues [42].
APN selectively cleaves peptides with alanine in the penultimate position. Activities of DPP IV and APN are
inhibited almost completely by inclusion of diisopropyl
fluorophosphate and 1,l0-phenanthroline, respectively
[43], showing that under the conditions used, the staining is specific. Differentiation between proteases with
similar substrate specificity and catalytic centers, for instance DPP II and DPP IV, can be achieved by using the
appropriate fixation protocols [44].
We also showed here that differences between porcine
and human thyrocytes are not restricted to the expression
of protease activities. Although porcine thyrocytes re-organized into follicle-like structures similar to those seen in
human, the TSH-induced increase in iodide uptake was
slightly smaller than reported for human cells (7–10 times,
[45,46]). More importantly, the reaction to thiamazole differed between porcine and human thyrocytes. Whereas
these inhibitors of iodide organification have no effect
on iodide uptake in cultured human thyrocytes [47],
they depressed iodide uptake in our study (porcine
thyrocytes) as well as in studies on canine thyrocytes [48,49].
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Conclusion
The presented data show that expression of membraneassociated proteases in thyrocytes is subject to inter-species
variations. Although thyrocytes from animals are useful
tools for the investigation of human thyrocytes, for studying
protease changes porcine thyrocytes appear to be less
suited than thyrocytes from other species.
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peptidase II.
Competing interests
The authors declare that there are no competing financial interests.
Author details
1
Department of Endocrinology, Metabolism, Nephrology and Clinical
Chemistry, Internal Medicine, University of Tuebingen, Otfried-Muellerstrasse
10, 72076 Tuebingen, Germany. 2Institute of Anatomy, University of
Tuebingen, Oesterbergstr 3, 72074 Tuebingen, Germany. 3Center for Medical
Research, Medical University of Graz, Stiftingtalstr 24, Graz 8010, Austria.
Authors’ contributions
EF, RW: interpretation of data and writing of manuscript, EM: generation and
interpretation of data. All authors read and approved the final manuscript.
Received: 23 January 2012 Accepted: 16 May 2012
Published: 16 May 2012
References
1. Ambesi-Impiombato FS, Parks LAM, Coon HG: Culture of hormonedependant functional epithelial cells from rat thyroids. Proc Natl Acad Sci
1980, 77:3455–3459.
2. Kimura T, Van Keymeulen A, Golstein J, Fusco A, Dumont JE, Roger PP:
Regulation of thyroid cell proliferation by TSH and other factors: a
critical evaluation of in vitro models. Endocr Rev 2001, 22:631–656.
3. Dumont JE, Lamy F, Roger P, Maenhaut C: Physiological and pathological
regulation of thyroid cell proliferation and differentiation by thyrotropin
and other factors. Physiol Rev 1992, 72:667–697.
4. Song Y, Massart C, Chico-Galdo V, Jin L, De Maertelaer V, Decoster C,
Dumont JE, Van Sande J: Species specific thyroid signal transduction:
conserved physiology, divergent mechanisms. Mol Cell Endocrinol 2010,
319:56–62.
5. Shuja S, Cai J, Iacobuzio-Donahue C, Zacks J, Beazley RM, Kasznica JM,
O'Hara CJ, Heimann R, Murnane MJ: Cathepsin B activity and protein
levels in thyroid carcinoma, Graves' disease, and multinodular goiters.
Thyroid 1999, 9:569–577.
6. Shuja S, Murnane MJ: Marked increases in cathepsin B and L activities
distinguish papillary carcinoma of the thyroid from normal thyroid or
thyroid with non-neoplastic disease. Int J Cancer 1996, 66:420–426.
7. Maeta H, Ohgi S, Terada T: Protein expression of matrix
metalloproteinases 2 and 9 and tissue inhibitors of metalloproteinase 1
and 2 in papillary thyroid carcinomas. Virchows Arch 2001, 438:121–128.
8. Nakamura H, Ueno H, Yamashita K, Shimada T, Yamamoto E, Noguchi M,
Fujimoto N, Sato H, Seiki M, Okada Y: Enhanced production and activation
of progelatinase A mediated by membrane-type 1 matrix
metalloproteinase in human papillary thyroid carcinomas.
Cancer Res 1999, 59:467–473.
9. Tian X, Cong M, Zhou W, Zhu J, Liu Q: Relationship between protein
expression of VEGF-C, MMP-2 and lymph node metastasis in papillary
thyroid cancer. J Int Med Res 2008, 36:699–703.
10. Ulisse S, Baldini E, Sorrenti S, Barollo S, Gnessi L, Catania A, Pellizzo MR,
Nardi F, Mian C, De Antoni E, et al: High expression of the urokinase
plasminogen activator and its cognate receptor associates with
advanced stages and reduced disease-free interval in papillary thyroid
carcinoma. J Clin Endocrinol Metab 2011, 96:504–508.
11. Lima MA, Gontijo VA, Schmitt FC: CD26 (Dipeptidyl Aminopeptidase IV)
Expression in Normal and Diseased Human Thyroid Glands.
Endocr Pathol 1998, 9:43–52.

Page 6 of 7

12. Kehlen A, Lendeckel U, Dralle H, Langner J, Hoang-Vu C: Biological
significance of aminopeptidase N/CD13 in thyroid carcinomas.
Cancer Res 2003, 63:8500–8506.
13. Tanaka T, Umeki K, Yamamoto I, Sakamoto F, Noguchi S, Ohtaki S: CD26
(dipeptidyl peptidase IV/DPP IV) as a novel molecular marker for
differentiated thyroid carcinoma. Int J Cancer 1995, 64:326–331.
14. Wilson MJ, Ruhland AR, Quast BJ, Reddy PK, Ewing SL, Sinha AA:
Dipeptidylpeptidase IV activities are elevated in prostate cancers and
adjacent benign hyperplastic glands. J Androl 2000, 21:220–226.
15. Wesley UV, Albino AP, Tiwari S, Houghton AN: A role for dipeptidyl
peptidase IV in suppressing the malignant phenotype of melanocytic
cells. J Exp Med 1999, 190:311–322.
16. Wesley UV, Tiwari S, Houghton AN: Role for dipeptidyl peptidase IV in
tumor suppression of human non small cell lung carcinoma cells.
Int J Cancer 2004, 109:855–866.
17. Tan EY, Richard CL, Zhang H, Hoskin DW, Blay J: Adenosine downregulates
DPPIV on HT-29 colon cancer cells by stimulating protein tyrosine
phosphatase(s) and reducing ERK1/2 activity via a novel pathway.
Am J Physiol Cell Physiol 2006, 291:C433–444.
18. Kholova I, Ludvikova M, Ryska A, Hanzelkova Z, Cap J, Pecen L, Topolcan O:
Immunohistochemical detection of dipeptidyl peptidase IV (CD 26) in
thyroid neoplasia using biotinylated tyramine amplification.
Neoplasma 2003, 50:159–164.
19. Hashida H, Takabayashi A, Kanai M, Adachi M, Kondo K, Kohno N, Yamaoka
Y, Miyake M: Aminopeptidase N is involved in cell motility and
angiogenesis: its clinical significance in human colon cancer.
Gastroenterology 2002, 122:376–386.
20. Ikeda N, Nakajima Y, Tokuhara T, Hattori N, Sho M, Kanehiro H, Miyake M:
Clinical significance of aminopeptidase N/CD13 expression in human
pancreatic carcinoma. Clin Cancer Res 2003, 9:1503–1508.
21. Maes MB, Scharpe S, De Meester I: Dipeptidyl peptidase II (DPPII), a
review. Clin Chim Acta 2007, 380:31–49.
22. Dunn AD, Myers HE, Dunn JT: The combined action of two thyroidal
proteases releases T4 from the dominant hormone-forming site of
thyroglobulin. Endocrinology 1996, 137:3279–3285.
23. Hildebrandt M, Reutter W, Gitlin JD: Tissue-specific regulation of
dipeptidyl peptidase IV expression during development. Biochem J 1991,
277:331–334.
24. Huang Y, Prasad M, Lemon WJ, Hampel H, Wright FA, Kornacker K, LiVolsi V,
Frankel W, Kloos RT, Eng C, et al: Gene expression in papillary thyroid
carcinoma reveals highly consistent profiles. Proc Natl Acad Sci 2001,
98:15044–15049.
25. Jarzab B, Wiench M, Fujarewicz K, Simek K, Jarzab M, Oczko-Wojciechowska
M, Wloch J, Czarniecka A, Chmielik E, Lange D, et al: Gene expression
profile of papillary thyroid cancer: sources of variability and diagnostic
implications. Cancer Res 2005, 65:1587–1597.
26. Borrello MG, Alberti L, Fischer A, Degl'innocenti D, Ferrario C, Gariboldi M,
Marchesi F, Allavena P, Greco A, Collini P, et al: Induction of a
proinflammatory program in normal human thyrocytes by the RET/PTC1
oncogene. Proc Natl Acad Sci 2005, 102:14825–14830.
27. Feracci H, Bernadac A, Hovsepian S, Fayet G, Maroux S: Aminopeptidase N
is a marker for the apical pole of porcine thyroid epithelial cells in vivo
and in culture. Cell Tissue Res 1981, 221:137–146.
28. Kuliawat R, Lisanti MP, Arvan P: Polarized distribution and delivery of
plasma membrane proteins in thyroid follicular epithelial cells.
J Biol Chem 1995, 270:2478–2482.
29. Kugler P, Wolf G, Scherberich J: Histochemical demonstration of
peptidases in the human kidney. Histochemistry 1985, 83:337–341.
30. Wahl R, Brossart P, Eizenberger D, Schuch H, Kallee E: Direct effects of
protirelin (TRH) on cultured porcine thyrocytes. J Endocrinol Invest 1992,
15:345.
31. Hansen PS, Hegedüs L: Importance of genetics for interindividual thyroid
function variation in healthy subjects. Hot Thyroidology 2005
[http://www.hotthyroidology.com].
32. Tognella C, Marti U, Peter HJ, Wagner HE, Glaser C, Kampf J, Simon F,
Hauselmann HJ, Paulsson M, Ruchti C, et al: Follicle-forming cat thyroid
cell lines synthesizing extracellular matrix and basal membrane
components: a new tool for the study of thyroidal morphogenesis.
J Endocrinol 1999, 163:505–514.
33. Beech SG, Walker SW, Dorrance AM, Arthur JR, Nicol F, Lee D, Beckett GJ:
The role of thyroidal type-I iodothyronine deiodinase in tri-

Fröhlich et al. Journal of Experimental & Clinical Cancer Research 2012, 31:45
http://www.jeccr.com/content/31/1/45

34.

35.
36.

37.
38.

39.

40.

41.

42.
43.

44.
45.

46.

47.

48.
49.

Page 7 of 7

iodothyronine production by human and sheep thyrocytes in primary
culture. J Endocrinol 1993, 136:361–370.
Donda A, Javaux F, Van Renterghem P, Gervy-Decoster C, Vassart G,
Christophe D: Human, bovine, canine and rat thyroglobulin promoter
sequences display species-specific differences in an in vitro study.
Mol Cell Endocrinol 1993, 90:R23–26.
Goffart JC, Dumont JE, Mircescu H: What makes a thyroid cell a thyroid
cell ? Hot Thyroidology 2000, Editorial. [http://www.hotthyroidology.com].
Svenson M, Kayser L, Hansen MB, Rasmussen AK, Bendtzen K: Interleukin-1
receptors on human thyroid cells and on the rat thyroid cell line FRTL-5.
Cytokine 1991, 3:125–130.
Gossrau R, Graf R: Protease cytochemistry in the murine rodent, guineapig and marmoset placenta. Histochemistry 1986, 84:530–537.
Kotani T, Aratake Y, Ogata Y, Umeki K, Araki Y, Hirai K, Kuma K, Ohtaki S:
Expression of dipeptidyl aminopeptidase IV activity in thyroid
carcinoma. Cancer Lett 1991, 57:203–208.
Hadler-Olsen E, Fadnes B, Sylte I, Uhlin-Hansen L, Winberg JO: Regulation of
matrix metalloproteinase activity in health and disease. FEBS J 2011,
278:28–45.
Turk B, Turk D, Salvesen GS: Regulating cysteine protease activity:
essential role of protease inhibitors as guardians and regulators. Curr
Pharm Des 2002, 8:1623–1637.
van der Hoorn RA, Leeuwenburgh MA, Bogyo M, Joosten MH, Peck SC:
Activity profiling of papain-like cysteine proteases in plants.
Plant Physiol 2004, 135:1170–1178.
Boonacker E, Van Noorden CJ: The multifunctional or moonlighting
protein CD26/DPPIV. European journal of cell biology 2003, 82:53–73.
St Leger RJ, Cooper RM, Charnley AK: Analysis of aminopeptidase and
dipeptidylpeptidase IV from the entomopathogenic fungus Metarhizium
anisopliae. J Gen Microbiol 1993, 139:237–243.
Gossrau R, Lojda Z: Study on dipeptidylpeptidase II. Histochemistry 1980,
70:53–76.
Bernier-Valentin F, Trouttet-Masson S, Rabilloud R, Selmi-Ruby S, Rousset B:
Three-dimensional organization of thyroid cells into follicle structures is
a pivotal factor in the control of sodium/iodide symporter expression.
Endocrinology 2006, 147:2035–2042.
Fozzatti L, Velez ML, Lucero AM, Nicola JP, Mascanfroni ID, Maccio DR,
Pellizas CG, Roth GA, Masini-Repiso AM: Endogenous thyrocyte-produced
nitric oxide inhibits iodide uptake and thyroid-specific gene expression
in FRTL-5 thyroid cells. J Endocrinol 2007, 192:627–637.
Saito T, Endo T, Kawaguchi A, Ikeda M, Nakazato M, Kogai T, Onaya T:
Increased expression of the Na+/I- symporter in cultured human thyroid
cells exposed to thyrotropin and in Graves' thyroid tissue.
J Clin Endocrinol Metab 1997, 82:3331–3336.
Brown CG, Fowler KL, Nicholls PJ, Atterwill C: Assessment of thyrotoxicity
using in vitro cell culture systems. Food Chem Toxicol 1986, 24:557–562.
Duffy PA, Yarnell SA: Use of primary canine thyroid monolayer cultures to
investigate compounds that are thyrotoxic in vivo. Toxicol In Vitro 1991,
5:373–376.

doi:10.1186/1756-9966-31-45
Cite this article as: Fröhlich et al.: Interspecies differences in membraneassociated protease activities of thyrocytes and their relevance for
thyroid cancer studies. Journal of Experimental & Clinical Cancer Research
2012 31:45.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

