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Figure 4: Subcellular localization of YAP1 is modified by LETM1 over-expression or silencing. (A) Representative 
immunofluorescence staining indicating increased nuclear YAP1 translocation as a result of LETM1 overexpression, mediated via the 
PI3K-PKB/AKT signaling pathway in BCPAP cells. White arrow indicates nucleus. (B) Representative western blot analyses indicating 
the effect of LY294002 on AKT phosphorylation. (C) Immunofluorescence staining demonstrating the effect of siLETM1 on YAP1 nuclear 
signal. White arrows indicate nuclei. SC: scramble SiRNA. (D) Western blot analyses showing the effect of siLETM1 on total/phospho-
PKB/AKT and PDGFB in BCPAP cells. (E) qPCR analyses showing the effect of LETM1 silencing on mRNA expression of PDGFB, 
PDGFRB and THBS4 in BCPAP cells. (F) Western blot analyses showing the effect of siLETM1 on total/phospho-PKB/AKT and OxPhos/
PDGFB in 8505C cells. (G) qPCR analyses showing the effect of LETM1 silencing on mRNA expression of PDGFB, PDGFRB and THBS4 
in 8505C cells. Comparisons of the mean values were performed with the Mann-Whitney U-test. Data are presented as the means ± SD. 
** P < 0.01, *** P < 0.001. All P-values are two-sided. (H) Representative results of immunohistochemical staining using anti-LETM1 and 
YAP1 antibodies (200 x). Case #1, cytosolic localization of YAP1 in PTCs showing no LETM1 staining. Cases #2–4, nuclear accumulation 
of YAP1 in PTCs showing strong LETM1 staining. Red boxes indicate the areas magnified at the next high power field (far right panel). 
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Table 2: Clinicopathologic characteristics according to LETM1 expression status
Patients with no/focal 

staining
Patients with moderate

to strong staining P-value
N = 94 (%) N = 83 (%)

Age (years) 42.4 ± 14.8 46.5 ± 14.2 0.111a

Gender (Male:Female) 18 (19.1) : 76 (80.9) 13 (15.7) : 70 (84.3) 0.543b

Tumor Size (cm) 2.30 ± 1.20 2.23 ± 0.93 0.661a

Extrathyroidal Extension
Negative 31 (33.0) 24 (28.9)

0.560b

  Positive 63 (67.0) 59 (71.1)
Multifocality
  Negative 68 (72.3) 64 (77.1)

0.467b  Positive 26 (27.7) 19 (22.9)
Bilaterality
  Negative 77 (81.9) 70 (84.3)

0.668b

  Positive 17 (18.1) 13 (15.7)
Lymphovascular invasion
  Negative 72 (76.6) 39 (47.0) < 0.001b

  Positive 22 (23.4) 44 (53.0)

Lymph node metastasis
  Negative 53 (56.4) 31 (37.3) 0.011b

  Positive 41 (43.6) 52 (62.7)
Tumor Stage
  T1 17 (18.1) 18 (21.7)
  T2 14 (14.9) 6 (7.2) 0.312b

  T3 57 (60.6) 56 (67.5)
  T4a/b 6 (6.4) 3 (3.6)
Lymph Node Stage
 N0 53 (56.4) 31 (37.3)

0.041b N1a 31 (33.0) 39 (47.0)
 N1b 10 (10.6) 13 (15.7)
Distant Metastasis
 Negative 93 (98.9) 80 (96.4) 0.255b

 Positive 1 (1.1) 3 (3.6)
TNM Stage
 I 46 (48.9) 32 (38.6)

0.658c
 II 2 (2.1) 4 (4.8)
 III 21 (22.3) 19 (22.9)
 IVA 22 (23.4) 26 (31.3)
 IVB 2 (2.1) 1 (1.2)
 IVC 1 (1.2) 1 (1.2)
aData are presented as means ± SD and P-values were calculated by an independent samples t-test. 
bP-values were calculated by pair-wise comparison using Pearson’s χ2 test or Fisher’s exact test.
cP-values were calculated by comparison between three or four groups in linear by linear association.
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MATERIALS AND METHODS

Subjects and clinical data

A total of 177 patients (31 male and 146 female) 
who underwent thyroidectomy with central neck node 
dissection for the management of conventional PTC 
between March 2014 and December 2014 at Severance 
Hospital, Yonsei Cancer Center, Seoul, South Korea were 
enrolled in the study. Samples were taken from the center 
of the cancer and validated by hematoxylin-eosin staining. 
On histological examination, > 90% of the cells were 
confirmed to be thyroid cancer cells. All protocols were 
approved by the institutional review board of Severance 
Hospital.

RNA isolation and real-time PCR

Total RNA was extracted from fresh frozen tissues 
by Trizol reagent (Invitrogen, Carlsbad, CA, USA), and 
the RNA quality was verified using a 2100 Bioanalyzer 
System (Agilent Technologies, Santa Clara, CA, USA). 
Complementary DNA (cDNA) was prepared from total 
RNA using M-MLV Reverse Transcriptase (Invitrogen) 
and oligo-dT primers (Promega, Madison, WI, USA). 

Quantative RT-PCR (qRT-PCR) was performed using a 
QuantiTect SYBR® Green RT-PCR Kit (Qiagen, Valencia, 
CA, USA). Relative expression was calculated using the 
StepOne™ Real-Time PCR System (Applied Biosystems, 
Foster City, CA, USA). Primers used in qRT-PCR are 
listed in Supplementary Table S2. qRT-PCR experiments 
were repeated three times, and each experiment was 
performed in triplicate.

Cell culture and transfection

The human thyroid cancer cell lines BCPAP and 
8505C were cultured in RPMI-1640 medium (Hyclone, 
UT, USA) containing 10% fetal bovine serum (Life 
Technologies, Carlsbad, CA) and 1% penicillin/
streptomycin (Life Technologies). The cells were 
transfected transiently with pcDNA3.1/LETM1-Myc 
using jetPEI (Polyplus transfection, Illkirch, France).

Small interfering RNA (siRNA) transfection and 
reagents

To knock down endogenous LETM1, cells were 
transiently transfected with 10 μM chemically synthesized 
siRNAs (sc-89079, Santa Cruz Biotechnology) targeting 

Table 3: Multivariate analysis of the association of lymphovascular invasion (LVI) with LETM1 
expression levels

LVI
Odds ratio 95% CI P-value

Moderate to strong staining a 3.690 1.934–7.042 < 0.001
Moderate to strong staining b 3.900 1.886–8.066 < 0.001
Moderate to strong staining c 3.455 1.537–7.766 0.003

aAdjusted for age and sex.
bIn addition to adjustmenta, adjusted for tumor size, multifocality, bilaterality, ETE, LNM, T staging, and M staging.
cIn addition to adjustmentb, adjusted for YAP1 staining, YAP1 localization and PDGFB staining.
Abbreviations: ETE, extrathyroidal extension; LNM, lymph node metastasis; LVI, lymphovascular invasion; CI, confidence 
interval.

Table 4: Multivariate analysis of the association of lymph node metastases (LNM) with LETM1 
expression levels

LNM
Odds ratio 95% CI P-value

Moderate to strong staining a 2.177 1.189–3.986 0.012
Moderate to strong staining b 2.388 1.115–5.114 0.025
Moderate to strong staining c 3.043 1.282–7.225 0.012

aAdjusted for age and sex.
bIn addition to adjustmenta, adjusted for tumor size, multifocality, bilaterality, ETE, LVI, T staging, and M staging.
cIn addition to adjustmentb, adjusted for YAP1 staining, YAP1 localization and PDGFB staining.
Abbreviations: ETE, extrathyroidal extension; LNM, lymph node metastasis; LVI, lymphovascular invasion; CI, confidence 
interval.
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LETM1 or with non-silencing control siRNA using 
Transfection Reagent, according to the manufacturer’s 
recommendations. LY294002 was purchased from Cayman 
(Ann Arbor, MI, USA). All experiments were performed in 
duplicate and were repeated at least three times.

Immunoblot analysis

Immunoblot analysis was performed using standard 
methods with commercially available antibodies: anti-
LETM1 (HPA 011029, Sigma-Aldrich, St. Louis, 
Missouri, USA), anti- Phospho-AKT (Ser473) (#9271, 
Cell Signaling, Danvers, MA, USA), anti-AKT (#9272, 
Cell Signaling), anti-YAP1 (#14074, Cell Signaling), anti-
PDGFB (HPA-011972, Sigma), Mitoprofile Total OxPhos 
Rodent WB Antibody Cocktail (Mitosciences/Abcam, 
Cambridge, MA, ab110413), anti-HSP60 (#12165, 
Cell Signaling) and anti-Actin (sc-1616, Santa Cruz 
Biotechnology, Dallas, TX, USA). The signal intensities 
on western blots were quantified using ImageJ software.

Immunofluorescence staining

The cells were plated on coverslips in six-
well plates. At 2 days after transient transfection with 
pcDNA3.1/Myc-LETM1 using jetPEI transfection reagent 
(Polyplus Transfection, Illkirch, France) (or At 2 days 
after transfection with siRNA-LETM1 using RNAiMAX 
transfection reagent (Invitrogen, CA, USA)), the cells were 
subjected to immunofluorescence staining as described 
previously [40]. The cells were fixed and permeabilized 
using conventional methods, and then blocked in 1% 
bovine serum albumin (BSA). Thereafter, the cells were 
incubated with anti-YAP1 (#14074, Cell Signaling) and 
anti-LETM1 (sc-271234, Santa Cruz Biotechnology, 
Dallas) antibodies for double immunostaining at a 1:100 
dilution in 1% BSA for 24 h at 4 °C. After washing, cells 
were incubated with FITC (Fluorescein isothiocyanate)-
conjugated pure donkey anti-rabbit and Cy3 (Cyanine)-
conjugated pure donkey anti-mouse antibodies (Jackson 
ImmunoResearch Laboratories Inc., West Grove, PA, USA) 
at a 1:100 dilution in 1% BSA for 1 h at room temperature 
in dark. After washing the cells, cells on the coverslips were 
mounted on glass slides using mounting medium with 4, 
6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 
Inc., Burlingame, CA, USA) and visualized with a Zeiss 
LSM710 confocal microscope (Carl Zeiss AG, Jena, 
Germany). All experiments were performed in duplicate 
and were repeated at least five times.

Measurement of oxygen consumption rate and 
glycolysis

Cells overexpressing or silenced with respect 
to LETM1 were subjected to mitochondrial oxygen 
consumption rate (OCR) and extracellular acidification 
rate (ECAR) measurements using an XF-24 analyzer 

(Seahorse Bioscience Inc, North Billerica, MA). Three 
baseline measurements of the OCR and ECAR were made.

Immunohistochemical analysis

Formalin fixed paraffin-embedded (FFPE) tissue 
sections (4 μm thick) were deparaffinized and re-hydrated 
in xylene and a graded series of ethanol, respectively. 
Antigens were retrieved in 0.01 M citrate buffer (pH 6.0) 
by microwaving for 10 min. To inactivate endogenous 
peroxidases, the tissue sections were placed in 3% 
hydrogen peroxide for 5 min and then blocked for 10 min 
with normal goat serum. The primary antibodies used for 
this study were anti-LETM1, anti-PDGFB, and anti-YAP1. 
Staining scores were assigned as follows: 1, no staining; 2, 
weak or focal staining; 3, moderate staining in most cells; 
and 4, strong staining in most cells.

Public data and statistical analysis

Public repository microarray data from The Cancer 
Genome Atlas (TCGA, https://tcga-data.nci.nih.gov/
tcga/) and the Gene Expression Omnibus (GEO) of NCBI 
(Gene expression data available at www.ncbi.nlm.nih.gov/
projects/geo; accession no. GSE33630) were subjected 
to GSEA. Data from the GeneNetwork (a free scientific 
web resource, http://www.genenetwork.org/) were also 
subjected to analysis. Statistical analysis was carried out 
using SPSS version 20.0 for Windows (IBM Corporation, 
Armonk, New York, USA) or GraphPad Prism (GraphPad 
Software, Inc., San Diego, CA, USA). Data are presented 
as the means ± SD. All P-values are two sided.
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