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Context: Thyroid neoplasias of the follicular histotype include the benign follicular adenomas and
the malignant follicular carcinomas. Although several genetic lesions have already been described
in human thyroid follicular neoplasias, the mechanisms underlying their development are still far
from being completely elucidated. MicroRNAs (miRs or miRNAs) have recently emerged as impor-
tant regulators of gene expression, also playing a key role in the process of carcinogenesis.

Objective: The aim of our work has been to identify the miRNAs differentially expressed in human
thyroid follicular neoplasias and define their role in thyroid carcinogenesis.

Design: The miRNA expression profile of 10 human thyroid follicular adenomas was compared to
that of 10 normal thyroid tissues.

Results: The miRNA expression profiles revealed the down-regulation of let-7a in thyroid follicular
adenomas compared to normal thyroid. Then, quantitative RT-PCR analyses validated the microar-
ray data and showed a significantly higher decrease in let-7a expression in follicular carcinomas.
Enforced let-7a expression in the follicular thyroid carcinoma cell line WRO induces an epithelial-
like phenotype, increases cell adhesion, and decreases cell migration. Conversely, silencing of let-7a
in the normal rat thyroid cell line PC Cl 3 has opposite effects. We identified dysadherin (FXYD5),
a cell membrane glycoprotein, correlated with tumor progression and invasiveness, as a target of
let-7a. Consistently, an inverse correlation between dysadherin and let-7a expression levels was
found in human thyroid follicular adenomas and carcinomas.

Conclusions: These results suggest a role of let-7a down-regulation in the development of thyroid
neoplasias of the follicular histotype, likely regulating dysadherin protein expression levels. (J Clin
Endocrinol Metab 97: E2168–E2178, 2012)

Human thyroid neoplasias include benign and malignant
tumors. Most thyroid cancers are derived from the

follicular cell and include differentiated and undifferentiated

histotypes. Differentiated thyroid carcinomas include papil-
lary (PTC) and follicular histotypes (adenomas and carcino-
mas, abbreviated FA and FTC, respectively), and in most of
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the cases they have a good prognosis (1). Conversely, ana-
plastic thyroid cancer is one of the most lethal human can-
cers. FA isa commonbenign tumor thatpresents asa solitary
nodule, usually as a painless mass, and may be found during
a routine physical examination. Adenomas of this class are
usually nonfunctioning (cold at scintigraphy), whereas few
are hyperfunctioning toxic adenomas (hot on scintigraphy).
Preoperativecytologicalanalysesdonotallowthedistinction
between FA and FTC, which is possible only after surgical
intervention by the careful examination of the capsule,
whose invasion represents the hallmark of malignancy (2).
At odds with PTCs, FTCs frequently manifest vascular in-
vasionwith thepresenceofmetastases at the lungsandbones
(1). Molecular studies have in part identified the molecular
mechanisms leading to thyroidcancer initiationandprogres-
sion. Somatic mutations in the TSH receptor (TSHR) gene,
and less frequently in the adenylate cyclase-stimulating G �

protein (GNAS), have been found in toxic adenomas (3).
Conversely, point mutations of the ras gene family and the
t(2;3)(q13;p25) translocation, resulting in the fusion of
PAX8 and peroxisome proliferator-activated receptor �

(PPAR�) (4), are present in nontoxic adenomas and FTCs.
Variants of Forkhead box E1 (FOXE1) (or thyroid tran-
scription factor 2, TTF2) and NK2 homeobox 1 (NKX2-1)
(alsoknownasthyroidtranscriptionfactor1,TTF1)account
for an increased risk of both PTC and FTC (5). However,
although several genetic lesions have been described already
in human thyroid follicular neoplasias, the mechanisms un-
derlyingtheirdevelopmentarestill far frombeingcompletely
elucidated. MicroRNAs (miRNAs) are important regulators
of gene expression that play key roles in the process of car-
cinogenesis (6).PreviousstudiesshowedanaberrantmiRNA
expression profile that distinguishes unequivocally among
PTCs, anaplastic thyroid cancers, and normal thyroid tissue
(7, 8). Conversely, relatively little is known about miRNAs
differentially expressed in FAs and FTCs. Therefore, in this
study, we have analyzed the miRNA expression profile of 10
FA samples vs. 10 normal thyroid tissues. A subset of miR-
NAs was found to be down-regulated in FA. Among these
miRNAs, we focused on let-7a belonging to the let-7 family
ofmiRNAs.This family includes13members (let-7a-1,7a-2,
7a-3, 7b, 7c, 7d, 7e, 7f-1, 7f-2, 7g, 7i, mir-98, and miR-202)
(9), widely considered tumor suppressor genes because their
expression is lost in many cancers, such as lung (10), breast
(11), and gastric carcinomas (12), and the exogenous deliv-
ery of let-7 prevents the formation of lung tumors from pre-
malignant lesions and shrinks tumors carrying activating
RAS mutations (13). Consistent with the antioncogenic role
of the let-7 family members, RAS (14), HMGA2 (15), c-
MYC (16),cyclinsB1,E2,F,G2, andCDC2,25, and34 (17)
havebeen identifiedas their targets.Theresults reportedhere
suggest a role of let-7a down-regulation in the process that

leads to follicular thyroid neoplasias. Indeed, we show that
enforced expression of let-7a in the FTC cell line WRO af-
fects cell morphology leading to an epithelial-like morphol-
ogy, increases cell adhesion, and decreases cell migration,
whereas the let-7a silencing in normal rat thyroid cells has
opposite effects. Finally, we identify dysadherin (FXYD5) as
one of the let-7a targets, likely partially accounting for the
effects exerted by let-7a on cell morphology, adhesion, and
migration.

Materials and Methods

Thyroid tissue samples
Human neoplastic thyroid tissues and normal adjacent tissue

or the contralateral normal thyroid lobe of patients with non-
toxic FA and FTC were obtained from surgical specimens col-
lected at the Service d’Anatomo-Pathologie, Centre Hospitalier
(Lyon Sud, Pierre Benite, France) and immediately frozen in liq-
uid nitrogen. The tumor samples were stored frozen until RNA
or protein extractions were performed, after pulverizing the tu-
mors by using dry ice-chilled stainless steel mortar and pestles.
All thyroid tissue diagnoses were confirmed histologically. In-
formed consent was obtained for scientific use of biological ma-
terial from all patients.

miRNACHIP microarray
Microarray experimental procedures were performed as pre-

viously described (7).

RNA extraction and quantitative RT-PCR (qRT-PCR)
RNA extraction and qRT-PCR were performed as described

(18). Primers (miScript Primer Assay; QIAGEN, Hilden, Ger-
many) were: Hs_let-7a_1 (amplifying human and rat let-7a) and
Hs_RNU6B_2 (amplifying human and rat U6), used as loading
control. For FXYD5 mRNA detection, total RNA was reverse
transcribed from tumor samples and cell lines by using the Quan-
tiTect Reverse Transcription Kit (QIAGEN), and qRT-PCR was
performed by using Power SYBR Green PCR Master Mix (Ap-
plied Biosystems, Foster City, CA). G6PD was used as loading
control. Primer sequences are specified in Supplemental Mate-
rials and Methods (published on The Endocrine Society’s Jour-
nals Online web site at http://jcem.endojournals.org). The
2���Ct formula was used to calculate the differential gene
expression.

Cell cultures and stable transfections
The human WRO cell line from FTC, the normal and trans-

formed rat thyroid cell lines, and their culture conditions have
been described elsewhere (19, 20). For stable transfections of
WRO and PC Cl 3 cells, Arrest-in Transfection reagent (Open
Biosystems, Huntsville, AL) was used, following the manufac-
turer’s instructions. Five � 105 cells were plated in 100-mm
dishes, and 4 �g of the Hsa-let-7a expressing or silencing con-
structs (see Supplemental Materials and Methods) or the respec-
tive empty vectors were transfected. Forty-eight hours after
transfection, cells were selected with 0.5 �g/ml puromycin.
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TSH induction
TSH induction is described in Supplemental Materials and

Methods.

Plasmids
Plasmids are described in Supplemental Materials and

Methods.

Cell migration assays
Wound-induced migration and transwell assays are described

in Supplemental Materials and Methods.

Protein extraction, Western blotting, and
antibodies

Total proteins extraction and Western blotting were per-
formed as in Pallante et al. (21).

Primary antibodies used were anti-HMGA2 (22) antihuman
FXYD5 monoclonal antibody (M53) (23), kindly donated by
Dr. Setsuo Hirohashi (Pathology Division, National Cancer
Center Research Institute, Tokyo, Japan); antirat FXYD5 (R-15)
(Santa Cruz Biotechnology, Santa Cruz, CA); anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz Bio-
technology); and anti-�-tubulin (Sigma-Aldrich, St. Louis, MO).
Blots were visualized by using the Western blotting detection
reagents (GE Healthcare, Buckinghamshire, UK).

Immunofluorescence and confocal microscopy
Immunofluorescence and confocal microscopy are described

in Supplemental Materials and Methods.

Adhesion assay
Cell adhesion assays were performed as described (24). Ninety-

six-well plates were incubated overnight with fibronectin (FN) (10
�g/ml), or vitronectin (VN) (10 �g/ml), both from Sigma-Aldrich,
or 1% BSA in PBS. Attached cells were stained with crystal violet
0.5% and washed in PBS, and the plates were read at 570 nm in a
microplate reader (LX 800, Universal Microplate Reader; BioTek,
Winooski, VT).

Dual-luciferase reporter assay
Dual-luciferase reporter assay is described in Supplemental

Materials and Methods.

Statistical analysis
Data are presented as mean � SD. Statistical significance of the

differences in experimental data were analyzed by Student’s t test
(P � 0.05 was regarded as significant).

Results

Let-7a is down-regulated in FAs and FTCs
We used a miRNA CHIP microarray (25) to evaluate

the miRNA expression profile of 10 nontoxic FAs and 10
normal thyroid tissues. The neoplastic samples were all
matched with their corresponding normal thyroid tissues.
By applying ANOVA analysis, we obtained a list of dif-
ferentially expressed miRNAs (P � 0.05) between normal

and neoplastic thyroids (Supplemental Table 1). Among
the miRNAs down-regulated in FAs with respect to nor-
mal thyroid, we identified several miRNAs of the let-7
family. Then, we focused our attention on these miRNAs
because previous studies have identified them as tumor
suppressor genes (10–13). The microarray data were val-
idated by quantitative stem-loop RT-PCR in a larger panel
of FA and FTC samples. As shown in Fig. 1A, let-7a was
down-regulated in FAs (average fold change, 4.16) and
FTCs (average fold change, 8.33) (Fig. 1B) in comparison
with normal thyroid. The box plot analysis of let-7a ex-
pression in FAs and FTCs (Fig. 1C) allows us to estimate
the average let-7a expression level in FTCs as significantly
lower compared with FAs (P � 0.0041). Therefore, the
down-regulation of let-7a in both FAs and FTCs suggests
that this may be an early event in the process of carcino-
genesis of follicular tumors.

Let-7a is down-regulated in transformed rat
thyroid cells

The analysis of let-7a expression in rat thyroid cells, PC
Cl 3, transformed by the oncogenes v-mos, v-raf, and v-
ras-Ha shows a reduced let-7a expression in the trans-
formed cells in comparison to the normal ones (Fig. 1D),
suggesting that let-7a down-regulation may be a general
event in thyroid cell transformation. Interestingly, we ob-
served down-regulation of let-7a expression in PC Cl 3
cells stimulated to proliferate after treatment with TSH
(Fig. 1E). This result would confirm the association of
let-7a down-regulation with thyroid cell growth, strength-
ening the hypothesis of a tumor suppressor role of let-7a
in thyroid carcinogenesis.

Overexpression of let-7a in WRO thyroid cells
induces an “epithelial” phenotype

To define the role of let-7a down-regulation in thyroid
carcinogenesis, we restored its expression in a human FTC
cell line, WRO, that shows a reduced let-7a expression in
comparison with normal thyroid (Fig. 2A, left panel). We
transfected WRO cells with a U6-driven let-7a expressing
vector (see Materials and Methods) carrying a puromycin-
resistance gene. As shown in Fig. 2A (right panel), the
selected puromycin-resistant cell clones (WROlet-7a) ex-
press higher levels of let-7a compared with clones trans-
fected with the empty vector (WROhU6). Consistently,
WROlet-7a cells show lower levels of the HMGA2 and
RAS proteins (Fig. 2B and data not shown, respectively),
two previously identified let-7 targets (14, 15), in com-
parison with WROhU6 cells. WROlet-7a cell clones show
enlarged, flattened, polygonal, and more adherent-look-
ing morphology, compared with WROhU6 cells (Fig. 2C).
Immunofluorescence with phalloidin and anti-�-tubulin
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antibodies (Fig. 2D) shows that the typical mesenchymal
morphology of WRO cells, characterized by cell scatter-
ing, front-rear cell polarization with filopodia-rich front
(Fig. 2D, upper panel), is substituted by prismatic cell
shape and increased cell-cell contacts in WROlet-7a cells
(Fig. 2D, lower panel). Moreover, actin and tubulin un-
dergo massive reorganization in WROlet-7a cells, giving
rise to an evident peripheral actin bordering (Fig. 2D,
lower panel). Therefore, let-7a restoration confers an ep-
ithelial phenotype to the WRO cells.

Then, we examined the effect of let-7a expression on
cell adhesion. As shown in Fig. 2E, adhesion of WRO-

let-7a cells is increased on FN and reduced on VN, com-
pared with WROhU6 cells. Accordingly, WROlet-7a cells
show reduced migration on VN, as evidenced by wound-
healing experiments (Fig. 2, F and G), indicating that
let-7a may negatively affect cell migration.

Let-7a silencing affects cell morphology of normal
rat thyroid cells

To further confirm a role of let-7a in thyroid carcinogen-
esis, we stably inhibited let-7a expression in PC Cl 3 cells by
transfecting themwitha let-7a-interferingconstruct (seeMa-
terials and Methods). As shown in Fig. 3A, the selected cell

FIG. 1. Let-7a expression in thyroid tumors and cell lines. Analysis of let-7a expression by qRT-PCR. Let-7a expression in a panel of thyroid FAs
(n � 25) compared with normal thyroid (A), FTCs (n � 24) compared with normal thyroid (B), and box plot analyses of let-7a expression in the
same tumors (Mann-Whitney U test) (C). Asterisks indicate the significance of the difference in let-7a expression between FAs and FTCs (P �
0.0041). The fold change values indicate the relative change in the expression levels between tumor samples and the mean of three reference
thyroids (A and B, normal thyroids), assuming the latter to be equal to 1. The range of variability of let-7a in normal thyroid tissues is less than
10%. D, Expression of let-7a in rat thyroid cells PC Cl 3 transformed by v-mos, v-raf, and v-ras-Ha oncogenes, compared with the parental
nontransformed cell line. E, Let-7a expression in PC Cl 3 after TSH stimulation. The fold change values indicate the relative change in the
expression levels between PC Cl 3 cells treated with TSH and PC Cl 3 cells treated with BSA, assuming that the value of the PC Cl 3 cells treated
with BSA was equal to 1. Each bar represents the mean � SD from three independent experiments performed in triplicate.
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clones (PCsilet-7a) show reduced let-7a levels, compared
with those transfected with the empty vector (PChU6), and
undergo evident morphological changes, including loss of
cell-cell contacts, acquisition of irregular shape and forma-
tion of pseudopods (Fig. 3B), as well as easier detachment
from the substrate after trypsin treatment. Immunofluores-
cence analyses with phalloidin and anti-�-tubulin antibodies
(Fig. 3D) show PChU6 cells assembled in islets with regular

epithelial organization, in contrast with PCsilet-7a cells,
which lose cell-cell interactions, becoming sparse and “mi-
grating” (Fig. 3C and Supplemental Fig. 1). This phenotype
isprobablydue toE-cadherindelocalization,as evidencedby
immunofluorescence performed with anti-E-cadherin anti-
bodies (Supplemental Fig. 1, left panel). Although in PChU6,
eight-cell-rosettes, uninterrupted circumferential cells, usu-
ally surround a single central cell (Fig. 3C, upper panel), in

FIG. 2. Effects of let-7a overexpression in WRO cells. A, qRT-PCR analysis of let-7a expression in the human FTC-derived cell line, WRO, compared
with normal thyroid (left panel) and in WRO cell clones transfected with the empty vector or with the let-7a expressing construct, compared with
mock transfected cells (right panel). The fold change values indicate the relative change in the expression levels between cell lines and the mean of
three normal thyroids (left panel) or the mock transfected cells, assuming the latter to be equal to 1. Asterisks indicate statistical significance (P �
0.05) of differences in let-7a expression between let-7a- vs. control vector-transfected clones. B, Western blot analysis for HMGA2 in WRO cell
clones stably transfected with the let-7a expressing vector or with the backbone vector. �-tubulin is showed as the loading control. C, Phase
contrast micrographs of two representative clones of WROlet-7a and WROhU6 cells. D, Immunofluorescence analysis of WROlet-7a and WROhU6
cells (representative clones) stained with �-tubulin, fluorescein isothiocyanate-conjugated phalloidin, and Hoechst. Magnification, objective 63�/
1.40 oil M27. E, Diagram showing adhesion efficiency of WROhU6 and WROlet-7a cell clones on FN and VN. BSA is used as control. Asterisks
indicate statistical significance (P � 0.05) of differences in absorbance in let-7a- vs. control vector-transfected cells. F, Scratch assay in two representative
clones of WROhU6 and WROlet-7a cells. The wound-induced migration assay in the presence of VN coating was performed in the absence of serum. The
extent of cell migration into the wounded area was photographed under phase-contrast microscopy at 0 and 48 h. Magnification, �100. G,
Quantification of the migration assay: the diagram shows data from three separate wound-closure experiments and represents the migration rate,
quantified by measuring the distance between the edges of the wound, compared at t � 0 to t � 48 h and expressed as percentages. Asterisk indicates
that the difference in migration between let-7a- vs. control vector-transfected cells is statistically significant (P � 0.05).
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PCsilet-7a cells, the rosette organization is completely disas-
sembled (Fig. 3C, lower panel). Moreover, tubulin staining
evidences loss in cell polarization, being strongly polarized in
PChU6,butalmost symmetricallydistributedaroundthenu-
cleus in PCsilet-7a cells (Fig. 3C). After staining with phal-
loidin, PChU6 show cell-cell contacts delimiting cortical ac-
tin (Supplemental Fig. 2, arrowheads), whereas this feature
is lost in PCsilet-7a cells, where actin is predominantly lo-
calized in membrane ruffles (Supplemental Fig. 2, arrows).

Interestingly, this change in actin distribution is suggestive of
epithelial-mesenchymal transition (EMT). Furthermore, the
nuclei of PCsilet-7a cells show irregular shape and distribu-
tion and a certain dishomogeneity after staining with
Hoechst, whereas those of the control PChU6 cells appear
homogeneous in cell size and uniformly distributed (Fig. 3C
and Supplemental Fig. 1).

In adhesion assays performed on VN and FN, the adhe-
sion ability of PCsilet-7a cell clones is reduced on FN and

FIG. 3. Effects of let-7a down-regulation in PC Cl 3 cells. A, qRT-PCR analysis of let-7a expression in PC Cl 3 cell clones transfected with the let-7a
interfering construct or with the empty vector, compared with mock-transfected cells. B, Phase contrast micrographs of two representative PChU6
and PCsilet-7a cell clones. C, Immunofluorescence analysis of PChU6 and PCsilet-7a cell clones stained with anti �-tubulin antibodies, fluorescein
isothiocyanate-conjugated phalloidin, and Hoechst. Magnification, objective 63�/1.40 oil M27. D, Diagram of adhesion ability of PCsilet-7a cell
clones compared with that of PChU6 cell clones on FN, VN, or BSA. Asterisks indicate statistical significance (P � 0.05) of differences in absorbance in
let-7a-interfered vs. control vector-transfected cells. E, Scratch assay on FN-coated plates. Two representative clones of PChU6 (upper panels) and PCsilet-
7a cells (lower panels) were grown to confluence on FN-coated plates, and a scratch was performed at time 0. Cells were photographed at 0 and 96 h. F,
Quantification of the migration assay. The diagram shows data from three separate wound-closure experiments and represents the migration rate,
quantified by measuring the distance between the edges of the wound, compared at t � 0 to t � 96 h and expressed as percentages. Asterisk indicates
that the difference in migration between let-7a-interfered vs. control vector-transfected cells is statistically significant (P � 0.05).
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increases on VN, compared with PChU6 cells (Fig. 3D). Ac-
cordingly, the expression of �v�3 integrin, the VN receptor,
analyzedby immunofluorescence, increases inPCsilet-7acell
clones (Supplemental Fig. 3), as evidenced by the merged
signal. Moreover, consistent with the reduced adhesion on
FN, scratch assays on plates treated with FN (Fig. 3, E and F)
and transwell migration assays (Supplemental Fig. 4) in se-

rum-free medium showed an increased migration ability of
PCsilet-7a cells on FN compared with PChU6 cells.

Therefore, the modifications observed in the PC Cl 3 cells
after silencing of let-7a expression are specular to those ob-
served after restoration of let-7a expression in WRO cells,
indicatingakeyroleof let-7aexpressioninregulatingthyroid
cell EMT, cell morphology, adhesion, and migration.

FIG. 4. Dysadherin expression in cells transfected or interfered for let-7a. A, qRT-PCR analysis of FXYD5 expression in two representative clones of
WROlet-7a cells, compared with empty vector-transfected cells. The fold change values indicate the relative change in the expression levels
between WROlet-7a cell clones and WROhU6 cells, normalized with glucose-6-phosphate dehydrogenase (G6PD). B, Western blot analysis of
dysadherin protein expression in WROlet-7a and WROhU6 extracts. GAPDH has been used as loading control. C, Immunofluorescence analysis of
dysadherin and F-actin in WROhU6 and WROlet-7a representative clones. Nuclei were stained with Hoechst (blue). Magnification, objective 63�/
1.40 oil M27. D, qRT-PCR analysis of Fxyd5 expression in two representative clones of PCsilet-7a cells, compared with empty vector-transfected
cells. The fold change values indicate the relative change in the expression levels between PCsilet-7a cell clones and PChU6 cells, normalized with
G6pd. E, Western blot analysis of dysadherin protein expression in PChU6 and PCsilet-7a extracts. GAPDH was used as loading control. F,
Immunofluorescence analysis of dysadherin and F-actin in PChU6 and PCsilet-7a representative clones. Nuclei were stained with Hoechst (blue).
Magnification, objective 63�/1.40 oil M27.
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Let-7a targets the FXYD5 (dysadherin) gene
Because cell-cell adhesion seems to be affected by let-7a

expression, we searched for let-7a potential targets in-
volved in cell-cell adhesion and cell migration and altered
by thyroid cell transformation. Bioinformatic analysis
suggested that one of these candidate targets is the FXYD5
gene (Supplemental Fig. 5, A and B), which codes for a
membrane glycoprotein up-regulated in many tumor
types, including thyroid carcinomas (26), and related to
increased motility and reduced adhesion (23). To validate
the influence of let-7a on FXYD5, we evaluated dysad-
herin mRNA expression in let-7a overexpressing cells: as
shown in Fig. 4A, dysadherin expression was reduced in
WROlet-7a cell clones compared with WROhU6, indi-
cating a possible effect of let-7a on dysadherin mRNA
degradation. In Western blot analysis, the 50-kDa band
corresponding to dysadherin was reduced in WROlet-7a
cells in comparison with the backbone vector-transfected
cells (Fig. 4B). Immunofluorescence analysis, performed
with phalloidin and anti-FXYD5 antibodies, confirmed
the results obtained by Western blot and showed colocal-
ization of FXYD5 and actin in WROhU6 cells, but not in

WROlet-7a cells (Fig. 4C). Accordingly, interfering let-7a
expression in PC Cl 3 cells led to increased Fxyd5 mRNA
and protein expression compared with empty vector-
transfected cells (Fig. 4, D and E, respectively). Similarly,
immunofluorescence analysis demonstrated that the sup-
pression of let-7a expression resulted in dysadherin up-
regulation in PCsilet-7a cell clones compared with PChU6
cells (Fig. 4F).

To assess the ability of let-7a to directly regulate dys-
adherin expression, we performed dual luciferase assays
by cotransfecting MEG-01 cells (a human megakaryoblas-
tic leukemia cell line, which expresses very low levels of
endogenous let-7) with the pre-let-7a lentiviral vector and
the dysadherin-3� untranslated region (UTR) luciferase re-
porter construct (either rat or human), carrying a wild-
type sequence or deleted in the let-7a target sequence (Sup-
plemental Fig. 5D). Reduction in luciferase activity was
observed in MEG01 cells transfected with let-7a com-
pared with empty vector-transfected cells (Fig. 5A). Mu-
tation of the let-7a target sequence makes the reporter
construct insensitive to let-7a expression (Fig. 5A), dem-
onstrating that its regulation is dependent on a single tar-

FIG. 5. Let-7a regulates FXYD5 3�UTR. A, Relative luciferase activity of human (left) and rat (right) FXYD5 3�UTR in MEG01 cells cotransfected
with the pre-let-7a-expressing construct or the empty vector (pCDH). The pGL3-HsaDys3�UTR-Del and pGL3-RnoDys3�UTR-Del constructs carry the
FXYD5 3�UTR with the deletion in the let-7a target sequence. Asterisks indicate statistical significance of difference in luciferase activity between
let-7a- and control vector-transfected cells (P � 0.05). B, Relative luciferase activity of human (left) and rat (right) dysadherin 3�UTR in PCsilet-7a,
compared with control PChU6 cell clones. Asterisks indicate statistical significance of difference in luciferase activity between PChU6 and PCsilet-
7a cells (P � 0.05). The relative activity of firefly luciferase expression was normalized to a transfection control using Renilla luciferase.
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get site located in the FXYD5 3�UTR. Accordingly, the
luciferase activity of both rat and human dysadherin
3�UTRs was increased in stably interfered PCsilet-7a cell
clones in comparison to the control PChU6 (Fig. 5B).
Therefore, these results validate a direct posttranscrip-
tional control of dysadherin gene expression by let-7a.

FXYD5 expression inversely correlates with let-7a
expression in human thyroid carcinomas

To investigate whether regulation of dysadherin by
let-7a occurs also in vivo and might have a role in thyroid
tumorigenesis, we evaluated dysadherin expression levels
in 11 FA and 12 FTC tissues by qRT-PCR analysis. An
inverse correlation was found between let-7a and FXYD5
gene expression at the mRNA level (Fig. 6A). Accordingly,
at the protein level, dysadherin was almost not detectable
in normal thyroid, whereas FXYD5 was observed in all the
FAs and FTCs analyzed (Fig. 6B), although in a couple of
FAs (FA no. 4 and FA no. 5), its expression was quite weak;
interestingly, these samples showed a very slight decrease
in let-7a expression.

Finally, we evaluated Fxyd5 expression also in rat thy-
roid cells transformed by various oncogenes: dysadherin is
present in the transformed cells, where it inversely corre-
lates with let-7a levels, but it is expressed at very low levels
in the normal PC Cl 3 cells (Fig. 6C).

Discussion

In this study, we first analyzed the miRNA expression
profile of 10 FAs vs. 10 normal thyroid tissues. Because
let-7 was one of the miRNAs constantly down-regulated
in thyroid adenomas with the highest fold change, we con-
centrated our studies on this miRNA. This choice was also
supported by several data in literature showing let-7a
down-regulation in several cancer types and that the re-
duction in its levels induces tumorigenicity in various cell
lines (27). Then, we have shown that let-7a is also down-
regulated in FTCs, with an average fold change that is
significantly higher in comparison with that observed in
FAs. Interestingly, let-7a is down-regulated also in rat thy-
roid cells transformed by viral oncogenes.

Let-7 down-regulation has been previously described in
PTCs (28). It has also been shown that let-7f induction in
TPC-1 cells, a human PTC cell line that harbors the RET/
PTC1 oncogene, causes a marked reduction in cell prolif-
eration and induces expression of molecular markers of
thyroid differentiation, suggesting that let-7 miRNA plays
a role in thyroid carcinogenesis (28).

To define the role of let-7a down-regulation in cell
transformation and tumor progression, let-7a expression

was restored in WRO cell line, deriving from a FTC, and
blocked in the normal thyroid cell line PC Cl 3. In both
cases, the alterations in let-7a expression induced changes
at the cell surface, leading to modification in cell mor-
phology, adhesion, and migration. Indeed, the let-7a-
overexpressing WRO cells shifted their morphology from
a fibroblastoid shape to an epithelial one, showed an in-
creased adhesion on FN and reduced adhesion on VN
compared with WROhU6 cells. These changes were asso-
ciated with a reduced migratory ability, as assessed by
migration and invasion assays. Conversely, the PC Cl 3

FIG. 6. Inverse correlation between dysadherin and let-7a expression
in human thyroid tumors and rat thyroid transformed cells. A, Scatter
diagram and trend line showing the inverse correlation between let-7a
and FXYD5 mRNA expression in 11 FAs and 12 FTCs, compared with
normal thyroid. The fold change values of let-7a and FXYD5 obtained
by qRT-PCR were plotted on the x- and y-axes, respectively. The
pattern of dots, sloping from upper left to lower right, evidences a
negative correlation between let-7a and FXYD5 gene expression. The
equation for the correlation between the two variables is indicated in
the diagram. B, Western blot analysis of dysadherin expression in seven
FAs and eight FTCs. Upper and lower panels show two independent
Western blot experiments, performed on different tumor samples and
normal thyroids. C, Western blot analysis of dysadherin expression in
normal and oncogene-transformed PC Cl 3 cells. GAPDH was used as
loading control in B and C.
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cells interfered for let-7a expression acquired a fibroblast-
like shape with decreased adhesion to the plate and in-
creased motility. Therefore, our results would suggest a
new role for let-7 in migration and adhesion that may have
implications in cancerogenesis and tissue morphogenesis.
Based on our results, this role seems to be mediated at the
molecular level by the pleiotropic effect that let-7 exerts on
adhesion molecules, such as integrins, dysadherin, and
E-cadherin.

These data are consistent with previous studies dem-
onstrating the ability of let-7a to regulate �3 integrin ex-
pression in melanoma (29) and the role of let-7f in inhib-
iting cell migration and invasion in gastric cancer cells by
directly targeting the tumor metastasis-associated gene
MYH9 (30). Moreover, Shell et al. (31) have proposed
let-7 as a good candidate to define the “epithelial” gene
signature. More precisely, let-7 was found to be a marker
for differentiating human tumor cell lines with an epithe-
lial gene signature (supercluster 2 or SC2) from those with
a mesenchymal signature (SC1) more reliable than classi-
cal markers such as E-cadherin, vimentin, and Snail. Our
data, other than confirming let-7a as a marker of EMT,
also propose a direct role of let-7a in inducing epithelial
transition.

We have identified the FXYD5 gene as a novel target of
let-7a. FXYD5 protein is a single-span membrane glyco-
protein, belonging to a family of transmembrane proteins,
characterized by 35-amino acid signature sequence (32).
Dysadherin is up-regulated in v-ras, v-src- and neu-trans-
formed NIH3T3 cells (33) and overexpressed in several
human cancers (23, 34, 35). It specifically interacts with
the Na�-K�-ATPase, modulating its kinetic properties
(36), and functionally inactivates or delocalizes E-cad-
herin (34, 35).

We show that the restoration of let-7a expression re-
duces FXYD5 levels, whereas let-7a depletion increases
them. The inverse correlation found between let-7a ex-
pression and FXYD5 mRNA levels in WROlet-7a and
PCsilet-7a suggests that let-7a regulates FXYD5 protein
expression also by affecting dysadherin mRNA degrada-
tion. These results are in agreement with data from Guo et
al. (37), demonstrating that changes in mRNA levels
closely reflect the impact of miRNAs on gene expression
and that destabilization of target mRNAs may be a reason
for reduced protein output. Moreover, we demonstrate
that let-7a directly regulates FXYD5 mRNA expression
because it negatively regulates the expression of an
FXYD5 3�UTR-based reporter construct.

Interestingly, we have found a certain inverse correla-
tion between let-7a expression and FXYD5 protein levels
in FAs and FTCs, suggesting a role of let-7a in regulating

FXYD5 protein levels also in vivo. Similar correlation has
also been observed in rat thyroid transformed cells.

The ability of let-7a to target the FXYD5 gene likely
accounts for most of the phenotypic modifications ob-
served in the WROlet-7a and PCsilet-7a cells with respect
to the control cells. Indeed, dysadherin down-regulation
in pancreatic cells is associated with an enlarged, flattened,
and more adherent-looking morphology (23), which re-
sembles the phenotype of WROlet-7a cells. Finally, dys-
adherin is associated with poor prognosis, occurrence of
secondary undifferentiated carcinomas, size of primary
tumor, and metastasis to lymph nodes, and it is also in-
versely related with E-cadherin function in human thyroid
carcinomas (26).

Recently, dysadherin has been shown to confer stem-
like properties to hepatocellular carcinoma cells (38). Be-
cause let-7a down-regulation has also been considered a
“stemness”-inducing factor (39), we could envisage the
hypothesis that the loss of let-7 might have a role in cell
stemness induction by also regulating dysadherin protein
levels.

In conclusion, taken together, the results shown here
indicate a critical role of let-7a down-regulation in thyroid
carcinogenesis of follicular histotype by modifying cell
morphology, adhesion, and migration of thyroid cells
likely through its ability to regulate dysadherin protein
levels.
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