
OR I G I N A L A R T I C L E

CALML5 is a novel diagnostic marker for differentiating thymic
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Abstract
Background: Thymic squamous cell carcinoma and type B3 thymoma are primary
neoplasms of the anterior mediastinum that are sometimes difficult to differentiate
from one another histologically. However, only a few immunohistochemical markers
are available for the differential diagnosis. The purpose of this study was to discover a
novel marker for differentiating between thymic squamous cell carcinoma and type
B3 thymoma.
Methods: We used histological samples of thymic carcinomas (n = 26) and type B3
thymomas (n = 38) which were resected between 1986 and 2017. To search for candi-
dates of differential markers, gene expression levels were evaluated in samples using
promoter analysis by cap analysis of gene expression (CAGE) sequencing.
Results: Promoter level expression of CALML5 genes was significantly higher in thy-
mic carcinomas than in type B3 thymomas. We further validated the results of the
CAGE analysis in all 26 thymic carcinomas and 38 type B3 thymomas by immunohis-
tochemistry (IHC). CALML5 was strongly expressed in the cytoplasm in 19 of 26 cases
with thymic carcinoma, whereas positivity at the protein level was shown in two of
38 type B3 thymomas. Thus, the sensitivity (73.1%) and specificity (94.7%) of
CALML5 as markers for immunohistochemical diagnosis of thymic carcinoma were
extremely high.
Conclusion: We identified CALML5 as a potential marker for differentiating thymic
squamous cell carcinoma from type B3 thymoma. It is assumed that future clinical use
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of CALML5 may improve the diagnostic accuracy of differentiating between these two
diseases.
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INTRODUCTION

Thymic epithelial tumors, including thymoma and thymic
carcinoma, are rare tumors, with a prevalence of 0.15 cases
per 100 000 people every year.1 The World Health Organi-
zation (WHO) classification pathologically classifies thy-
moma into type A, AB, B1, B2, and B3 based on the
morphology of the tumor cells and the relative quantity of
immature T lymphocytes.2 Moreover, these classifications
reflect the invasive nature and prognosis of thymoma.3 Thy-
mic carcinoma is known to have a remarkably worse prog-
nosis than thymoma.4 Type B3 thymoma, the most
malignant type of thymoma, is associated with cytological
atypia, making its differentiation from thymic carcinoma
difficult; however, this differentiation is essential because the
treatments of these two diseases are distinct. Patients with
advanced stage or recurrent thymic epithelial tumor are
treated with chemotherapy.5 The National Comprehensive
Cancer Network Guidelines version 2.2022 recommends
regimens comprising anthracycline anticancer drugs, such
as cisplatin, doxorubicin, and cyclophosphamide (CAP) for
thymoma and regimens containing carboplatin/paclitaxel
for thymic carcinoma. Recent reports have indicated the
efficacy of treatment using anti-PD-1 antibodies for patients
with thymic carcinoma.6,7 A phase II clinical trial using the
anti-PD-1 antibody pembrolizumab reported more frequent
grade 3 or higher immune-related adverse events in patients
with thymoma than in those with thymic carcinoma7; hence,
it is presumed that the clinical application of anti-PD-1 anti-
bodies should be recommended for thymic carcinoma only.

CD5, c-kit, and GLUT-1 have been used as markers for
differentiating thymic carcinoma from thymoma. The sensi-
tivity of CD5 as marker for thymic carcinoma identification
ranges from 30% to 70%, whereas that of c-kit is 70%–80%.
However, c-kit immunohistochemistry (IHC) is positive in
5%–15% of thymoma cases. The sensitivity of GLUT-1 is
70%–100%, and the specificity is 50%–100%, hence better
markers are required to improve diagnostic accuracy.8–13

The diverse functions of cells are determined via differ-
ent combinations of numerous RNA strands transcribed
from genomic DNA. RNA is translated into various pro-
teins, which are responsible for various cellular functions.
Therefore, understanding the amount and type of RNA is
essential for inferring cell functions in different diseases.
The cap analysis of gene expression (CAGE) is a genome-
wide profiling protocol of gene expressions at promoter level
by high-throughput sequencing of capped 50-ends of
mRNAs and long noncoding RNAs.14,15 It was used in the
FANTOM5 project to analyze gene expression in more than
1800 human samples, including human primary cells and

tissue and cancer cell lines.16,17 Moreover, CAGE has also
been used to characterize various cancer cells, including
identification of estrogen-regulated genes in breast cancer
cells and to resolve androgen receptor signaling in prostate
cancer cells.18,19 Furthermore, it has been used to find bio-
markers that differentiate lung adenocarcinoma from squa-
mous cell lung carcinoma.20 Pathologically, thymoma and
thymic carcinoma have been regarded as part of a contin-
uum of diseases; however, Radovich et al. indicated that
these diseases are distinct biological entities, with completely
different gene expression patterns, suggesting that it may be
possible to base the search for biomarkers on differences in
the gene expression.21

To identify genes as candidate differential markers for
diagnosing thymic carcinoma and type B3 thymoma, we ini-
tially performed CAGE on RNA extracts obtained from a
limited number of clinical samples of thymic carcinoma and
type B3 thymoma, and subsequently performed IHC on an
extended cohort as its validation. We further examined its
function by using a thymic carcinoma cell line to under-
stand the contribution of the candidate marker to cell prolif-
eration and anti-cancer drug sensitivity.

METHODS

Case selection of CAGE and IHC

CAGE was performed on available frozen samples from thy-
mic carcinoma (n = 4) and type B3 thymoma (n = 3), col-
lected at Juntendo University Hospital between March 2010
and October 2012 (Table 1). These seven tumor tissue speci-
mens were collected following a protocol approved by the
Institutional Review Board of Juntendo University. The tis-
sue donors provided written informed consent. In the oper-
ating room, 3–5 mm3 cubes of fresh tumor tissue were
dissected and immediately placed in 1.0 ml of RNA stabili-
zation reagent (Qiagen GmbH) for 24–48 h at 4�C. Thereaf-
ter, the specimens were stored at �80�C until RNA
extraction. Total RNA was extracted from frozen tissue sec-
tions according to the standard protocol. IHC was per-
formed on specimens from 64 cases (thymic carcinoma,
n = 26; type B3 thymoma, n = 38), resected at Juntendo
University Hospital between May 1986 and November 2017
including specimens subjected to CAGE sequencing. The
26 thymic carcinoma cases were classified histologically as
squamous cell carcinoma. IHC was also performed on speci-
mens from 22 cases of lung squamous cell carcinoma,
resected at Juntendo University Hospital between January
2010 and January 2011. The histological diagnosis in the
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present study was made in accordance with the fifth edition
of the WHO classification of thymic epithelial tumors.2 Two
pathologists (TH and KH), blinded to the clinical data,
reviewed all stained sections independently. When discrep-
ancies arose, the slides were reviewed using a multiheaded
microscope to reach a consensus.

CAGE assay

CAGE libraries were prepared following the previously
described protocol.15 In brief, the total RNA extracts were
subjected to a reverse transcription reaction with Super-
Script III (Life Technologies). After purification using RNA-
clean XP (Beckman Coulter), double stranded-RNA/cDNA
hybrids were oxidized with sodium periodate to generate
aldehydes from the diols of the ribose at the cap structure
and 30-end, and these were biotinylated with biotin hydra-
zide (Vector Laboratories). The remaining single-stranded
RNA was digested with RNase I (Promega) before capturing
the biotinylated cap structure with magnetic streptavidin
beads (Dynal Streptavidin M-270; Life Technologies).
Single-stranded cDNA was recovered by heat denaturation
and was ligated with the 30-end and 50-end adaptors specific
to the samples, subsequently. Double-stranded cDNAs were
prepared by using a primer and DeepVent (exo�) DNA
polymerase (New England Biolabs) and were mixed so that
sequencing with one lane could produce data from eight
samples. Three nanograms of the mixed samples were used
to prepare 120 μl of loading sample,15 which was loaded on
c-Bot, and sequenced by an Illumina HiSeq2500 sequencer
(Illumina).

Computational analysis of CAGE data to
identify candidate markers

The original samples from which individual reads were
obtained were identified with the ligated adaptor sequences.
After discarding reads including a base “N” or that hit a
ribosomal RNA sequence (U13369.1) with rRNAdust,22

the reads were aligned to the reference genome (hg19)
using BWA (version 0.7.10)23 and poorly aligned reads
(mapping quality <20) were discarded using SAMtools
(version 0.1.19).24 Only libraries with more than 2 million
mapped reads were used for further analyses. The robust
peak set15 was used as a reference set for transcription
starting site (TSS) regions, and mapped reads starting
from these regions were used as raw signals for the pro-
moter activities. Differential analyses were conducted
using the Deseq225 in the Galaxy software ecosystem
(https://usegalaxy.org).

Immunohistochemistry (IHC)

IHC was performed on representative formalin-fixed
paraffin-embedded (FFPE) tissues. The sections (thickness:
4 μm) were deparaffinized and hydrated. Immunohisto-
chemical examinations were performed using antibodies
against CALML5 (A-3; Santa Cruz Biotechnology, 1:50
dilution); CD5 (4C7; Leica Biosystems, 1:100 dilution);
c-kit (Polyclonal; Dako Cytomation, 1:100 dilution);
GLUT-1 (18 901; Immuno-Biological Laboratories Co.,
Ltd, 1:300 dilution); terminal deoxynucleotidyl transferase
(TdT) (EP266; Agilent Technologies, prediluted), follow-
ing the manufacturer’s recommendations. Immunohisto-
chemical staining was assessed independently by two
independent pathologists (K.H. and T.H.) without prior
knowledge of the clinicopathological data. A case was
recorded as positive when more than 90% of the tumor
cells stained positive for CALML5, more than 10% of the
membrane of tumor cells stained positive for CD5, c-kit,
and GLUT-1 and more than 10% of the lymphocyte
nuclei stained positive for TdT.

Cell culture

The human thymic carcinoma cell line ThyL-6 was estab-
lished at the University of Fukui (Fukui, Japan), as previ-
ously described26 and maintained under 5% CO2 at 37�C
in RPMI-1640 medium (Wako) supplemented with 10%
fetal bovine serum, penicillin (100 U/ml), and streptomy-
cin (100 μg/ml). A431 cells, MDA-MB-468 cells, and
Lenti-X 293T cells were obtained from the American
Type Culture Collection (Manassas)and maintained
under 5% CO2 at 37�C in Dulbecco’s Modified Eagle’s
medium (DMEM; Sigma-Aldrich) supplemented with
10% fetal bovine serum, penicillin (100 U/ml), and strep-
tomycin (100 μg/ml).

T A B L E 1 Characteristics of patients whose samples were used for cap
analysis of gene expression (CAGE).

Characteristics Thymic carcinoma (%) Type B3 thymoma (%)

No. of patients (n = 7) 4 (57.1) 3 (42.9)

Age (years)

Median (range) 62 (52–78) 54 (45–62)

Sex

Male 1 (25.0) 1 (33.3)

Female 3 (75.0) 2 (66.7)

Masaoka-Koga staging

Stage I 0 (0.0) 1 (33.3)

Stage II 2 (50.0) 1 (33.3)

Stage III 0 (0.0) 0 (0.0)

Stage IV 2 (50.0) 1 (33.3)

WHO TNM staging

Stage I 2 (50.0) 2 (66.7)

Stage II 0 (0.0) 0 (0.0)

Stage III 0 (0.0) 0 (0.0)

Stage IV 2 (50.0) 1 (33.3)

Abbreviation: WHO, World Health Organization.
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Transfection and construction of the
recombinant lentiviral vector

The vector of CALML5 was purchased from the DNASU
plasmid repository (Plasmid ID HsCD00506164). The vec-
tor of CALML5 and a green fluorescent protein (GFP) con-
trol construct were subcloned into the pLX307 lentiviral
expression vector (Addgene) under the control of an EF-1α
promoter. The recombinant gene was transfected into the
Lenti-X 293T cell line with PSPAX2 and PMD.2G to pro-
duce a virus supernatant. The virus supernatant was har-
vested at 48 h and concentrated by Lenti-X concentrator
(Takara Bio Inc.). Viral fluid and polybrene were added to
ThyL-6 cells. The viral fluid and polybrene were replaced by
medium after 24 h. Puromycin (2 μg/ml) was added after
24 h. The medium and puromycin were replaced after
72–96 h.

RNA sequencing

Total RNA was extracted from the cells using the Rneasy
Mini Kit (Qiagen). Total RNA of each sample was quanti-
fied and quality checked by an Agilent 2100 Bioanalyzer
(Agilent Technologies), NanoDrop (Thermo Fisher Scien-
tific Inc.), and 1% agarose gel. About 1 μg of total RNA with
RNA integrity number (RIN) above 7 was used for the fol-
lowing library preparations. Next generation sequencing
library preparations were constructed according to the man-
ufacturer’s protocol (NEBNext Ultra RNA Library Prep Kit
for Illumina, New England Biolabs). The poly(A) mRNA
isolation was performed using the NEBNext Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs) or
Ribo-Zero rRNA removal Kit (Illumina). The mRNA frag-
mentation and priming were performed using NEBNext
First Strand Synthesis Reaction Buffer and NEBNext
Random Primers (New England Biolabs). First strand cDNA
was synthesized using ProtoScript II Reverse Transcriptase
(New England Biolabs) and the second-strand cDNA was
synthesized using Second Strand Synthesis Enzyme Mix
(New England Biolabs). The double-stranded cDNA puri-
fied by AxyPrep Mag PCR Clean-up (Axygen) was then
treated with End Prep Enzyme Mix (New England Biolabs)
to repair both ends and add a dA-tail in one reaction, and
finally T-A ligated to add adaptors to both ends. Size selec-
tion of the adaptor-ligated DNA was then performed using
AxyPrep Mag PCR Clean-up (Axygen), and fragments of
�360 bp (with the approximate insert size of 300 bp) were
recovered. Each sample was then amplified by PCR for
11 cycles using P5 and P7 primers, with both primers car-
rying sequences which can anneal with the flow cell
primer to perform bridge PCR and a P7 primer carrying a
six-base index allowing for multiplexing. The PCR prod-
ucts were cleaned up using AxyPrep Mag PCR Clean-up
(Axygen), validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies), and quantified by using a Qubit
2.0 Fluorometer (Invitrogen).

Then libraries with different indices were multiplexed
and loaded on an Illumina NovaSeq instrument according
to the manufacturer’s instructions (Illumina). Sequencing
was carried out using a 2 � 150 paired-end (PE) configura-
tion; image analysis and base calling were conducted by the
HiSeq Control Software (HCS) + OLB + GAPipeline-1.6
(Illumina) on the NovaSeq instrument. The sequences were
processed and analyzed by GENEWIZ.

We analyzed the obtained FASTQ files using the Galaxy
software ecosystem (https://usegalaxy.org). Quality check
was conducted using FastQ Quality Control. Trimmomatic
was used to remove the low-quality reads and adapter
sequences. Mapping was conducted and count data were
acquired with htseq-count. Multidimensional scaling and
differential analyses were conducted using the Deseq2
package.

Quantitative real-time PCR

Total RNA was extracted from the cells using the Rneasy
Mini Kit (Qiagen). cDNA was generated from 1 μg of RNA
using the Revertra cDNA synthesis kit (Toyobo Life Sci-
ence), according to the manufacturer’s protocol. Quantita-
tive real-time PCR (qPCR) was performed using the Fast
SYBR Green Master Mix (Applied Biosystems) under the
following thermal cycling conditions: denaturation at 95�C
for 20 s and 40 amplification cycles (denaturation at 95�C
for 3 s, annealing and extension at 60�C for 30 s), concur-
rently with melt-curve analysis. Actin was used as an inter-
nal control.

The sequences of primers used for the analyses were as
follows:

CALML5
Forward: 50-GGTTGACACGGATGGAAACG-30

Reverse: 50-ACTCCTGGAAGCTGATTTCGC-30

Actin
Forward: 50-CTCTTCCAGCCTTCCTTCCT-30

Reverse: 50-AGCACTGTGTTGGCGTACAG-30

Western blot analysis

Cells were washed with iced-cold PBS and lysed with 2%
SDS buffer (50 mM Tris–HCl, pH 6.8%, 2% SDS, and 10%
glycerol) supplemented with protease and phosphatase
inhibitors (Roche). The protein concentration was measured
using the DC protein assay (Bio-Rad). Equal amounts of
whole cell lysates (10–20 μg) were loaded onto 4%–20%
Mini-PROTEAN TGX Precast Gels (Bio-Rad). After block-
ing with polyvinylidene difluoride (PVDF) blocking reagent
for Can Get Signal (Toyobo Life Science), the blots were
incubated overnight with the indicated primary antibodies:
anti-CALML5 antibody (ab154631) used at 1:1000 dilution
and anti-actin antibody (A5316) used at 1:5000 dilution.
The membranes were incubated with the appropriate horse-
radish peroxidase-conjugated secondary antibody (diluted
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1:3000) (GE Healthcare), and this was followed by detection
with enhanced chemiluminescence (ECL; GE Healthcare).
All dilutions were made in Can Get Signal Immunoreaction
Enhancer Solution (Toyobo Life Science). Images of the
western blot signals were acquired by Chemidoc and Chemi-
doc MP imaging systems with Image Lab Touch Software
(Bio-Rad).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
7.0 (GraphPad Software). The two-tailed Student’s t-test and
ANOVA were used to compare the values. Statistically sig-
nificant differences between the means were considered
at p < 0.05.

RESULTS

Identification of genome-wide differential
biomarkers for thymic carcinoma and type B3
thymoma using CAGE

We assessed promoter activity levels in thymic carcinoma
(n = 4) and type B3 thymoma (n = 3) tissues using the
CAGE protocol with a next-generation sequencer
(HiSeq2500). Radovich et al. reported that thymic carci-
noma and type B3 thymoma with the same origin have dif-
ferent expression patterns.21 It suggests that focusing on the
differences in gene expression would lead to the discovery of
an appropriate biomarker. The results of our CAGE data
analysis confirmed the existence of appropriate biomarkers.
Figure 1 shows a volcano plot of our CAGE data showing

the difference in gene expression patterns between thymic
squamous cell carcinoma and type B3 thymoma. In thymic
squamous cell carcinoma compared with type B3 thymoma,
the TMPRSS4, CALML5, HEPACAM2, and POU2F3 genes
were the top four differentially expressed genes (log2 fold
change >8.17) in our samples (Table 2) and the CD5, KIT,
and SLC2A1 genes were the already reported differentially
expressed genes (log2 fold change >1.47) (Table 3). The log2
fold change and adjusted p-value for CD5, KIT, and SLC2A1
are shown in Table 3. Only KIT had an adjusted p-value of
less than 0.01 and the highest log2 fold change. The pro-
moter activities of TMPRSS4, CALML5, CD5, KIT, and
SLC2A1 are shown in scatter plots of CAGE data
(Figure 2a). Expression of the novel candidates (TMPRSS4
and CALML5) and the already reported markers (KIT and
SLC2A1) was significantly greater in thymic squamous cell
carcinoma than in type B3 thymoma. However, no signifi-
cant difference was observed in CD5 expression. The mRNA
expression levels of the novel (TMPRSS4 and CALML5) and
known (CD5, KIT, and SLC2A1) markers obtained by ana-
lyzing Cancer Genome Atlas (TCGA) data are represented
in bar graphs (as mean with standard error of the mean)
(Figure 2b). Thymic squamous cell carcinoma was diag-
nosed in three cases and type B3 thymoma in 11 cases.
There was a significant difference in CALML5, CD5, and
KIT mRNA expression, but not in TMPRSS4 and SLC2A1
mRNA expression.

CALML5, in contrast to existing markers,
effectively differentiates between thymic
carcinoma and type B3 thymoma

We identified CALML5 as a diagnostic marker that is able
to distinguish thymic carcinoma from type B3 thymoma.
CALML5 mRNA was significantly more expressed in thymic

F I G U R E 1 Promoter-level expression analyses between thymic
squamous cell carcinoma and type B3 thymoma. The log2-fold change in
the average expression levels in count per million (CPM) (x-axis) is plotted
against the �log10 adjusted p-value. Individual dots represent the activities
of individual promoters, and the gray dots indicate an adjusted p-value of
0.01 or higher, and black dots indicate an adjusted p-value of less than 0.01,
and blue dots indicates known markers, and red dot indicates a novel
candidate.

TAB L E 2 TOP four genes that were differentially expressed in thymic
squamous cell carcinoma compared with type B3 thymoma according to
log2 fold change.

Gene name Log2 fold change Adjusted p-value

TMPRSS4 8.74 8.66E�12

CALML5 8.71 1.91E�15

HEPACAM2 8.68 5.15E�12

POU2F3 8.17 3.61E�21

TAB L E 3 Known markers for thymic carcinoma were differentially
expressed in thymic squamous cell carcinoma compared with type B3
thymoma.

Gene name Log2 fold change Adjusted p-value

CD5 2.12 0.08

KIT 6.42 8.44E�15

SLC2A1 1.47 0.01
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squamous cell carcinoma than in type B3 thymoma accord-
ing to both our CAGE and TCGA data analysis. CALML5,
CD5, c-kit, and GLUT-1 were examined at the protein level
with IHC to confirm their clinical utility for differentiating
thymic carcinoma from type B3 thymoma (Figure 3). The
patient characteristics are shown in Table 4. The proportion
of patients with stage 4 tended to be higher in the thymic
carcinoma group than in the type B3 thymoma group, and

it is consistent with the difference of patient characteristics
between them in daily clinical practice.

While CALML5 was expressed in the cytoplasm and the
nuclei of thymic carcinoma, it was not expressed in type B3
thymoma. The samples of thymic carcinoma used for CAGE
was positive for CALML5 in three of four cases. Only thy-
mic carcinoma with the lowest CPM of the four cases was
negative for CALML5. All three cases of type B3 thymoma

F I G U R E 2 Promoter activity and mRNA expression levels of novel candidates and known markers. (a) The promoter activities of two novel candidates
and three known markers for thymic squamous cell carcinoma in scatter plots with cap analysis of gene expression (CAGE) data. (b) The mRNA expression
levels of novel candidates and known markers for thymic squamous cell carcinoma with the Cancer Genome Atlas (TCGA) data are shown as bar graphs
(mean with standard error of the mean). CAGE, cap analysis of gene expression; CPM, count per million; THYM, type B3 thymoma; TPM, transcripts per
million; TSQCC, thymic squamous cell carcinoma. *p < 0.05, **p < 0.005.

F I G U R E 3 Immunohistochemistry (IHC) for thymic carcinoma and type B3 thymoma with CALML5, CD5, c-kit, and GLUT-1. (a–e) A case of thymic
carcinoma. (a) Hematoxylin and eosin (H&E). (b) CALML5 is expressed in the cytoplasm and the nuclei. (c) CD5 is expressed in the membrane. (d) C-kit is
expressed in the membrane. (e) GLUT-1 is expressed in the membrane. (f–j) A case of type B3 thymoma. (f) H&E. The tumor cells are (g) negative for
CALML5, (h) negative for CD5, (i) negative for c-kit, and (j) negative for GLUT-1. Scale bar is 100 μm. IHC, immunohistochemistry; TdT, terminal
deoxynucleotidyl transferase; THYM, type B3 thymoma; TSQCC, thymic squamous cell carcinoma.
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were also negative. CALML5 as a diagnostic marker had a
sensitivity of 73.1% (19/26 cases) and specificity of 94.7%
(36/38 cases) for thymic carcinoma (Table 5). The sensitivity
of CALML5 was higher than that of CD5, which was 69.2%
(18/26 cases), and the specificity of CALML5 was higher
than that of GLUT-1, which was 60.5% (23/38 cases), and
the same as the specificity of c-kit, which was 94.7% (36/38
cases). Previous studies have reported that CD5 and c-kit
had sensitivities of 30%–70% and 70%–80% for thymic car-
cinoma, respectively, whereas c-kit showed a specificity of
85%–95%. Therefore, the results indicated that CALML5
has a higher sensitivity than CD5 and a specificity equal to
or higher than that of c-kit.8–11 Furthermore, the tumor cells
stained diffusely, which makes it easy to confirm the pres-
ence of CALML5 expression even with a smaller number of
tumor cells. There was also a single case of CD5� c-kit�

CALML5+ thymic carcinoma (Figure S1). When used in
combination, CALML5, CD5, c-kit, and GLUT-1 had a sen-
sitivity of 100% (26/26 cases) and specificity of 100% (38/38
cases). IHC for CALML5 was performed in four specimens
(one thymic adenocarcinoma, and three thymic carcinoid).
All four cases were negative for CALML5.

Thymic squamous cell carcinoma can invade the
lungs, and lung squamous cell carcinoma can invade the
mediastinum, making it difficult to distinguish between
the two tumors. IHC was also performed in 22 cases of
lung squamous cell carcinoma using with antibodies
against CALML5 (Figure S2). The sensitivity was 4.5%
(1/22 cases). CALML5 may be useful in differentiating
between thymic squamous cell carcinoma and lung squa-
mous cell carcinoma.

CALML5 is involved in cell proliferation and
increases cisplatin sensitivity

To study the functional relevance of CALML5 to thymic
carcinoma progression, we established CALML5 overexpres-
sing thymic carcinoma cell lines (Figure S3A,B). RNA
sequencing was performed using CALML5 overexpressing
ThyL-6 cells and the enhanced green fluorescent protein
(EGFP) expressing ThyL-6 cells (as control). When compar-
ing them in gene set enrichment analysis (GSEA), the most
upregulated of the Hallmark gene sets in CALML5 overex-
pressing ThyL-6 cells was the E2F gene set (Figure S3C).
Since the results of the RNA sequencing suggested that
CALML5 may be involved in the cell cycle, we compared
cell proliferation between CALML5 overexpressing ThyL-6
cells and EGFP-expressing ThyL-6 cells. Cell proliferation
was significantly faster (Figure S3D) and the sensitivity to
cisplatin was significantly higher (Figure S3E) in CALML5
overexpressing ThyL-6 cells.

DISCUSSION

We analyzed RNA expression data using CAGE, and
selected candidate biomarkers for differentiating type B3
thymoma from thymic carcinoma. Thereafter, we identified
the protein with IHC, and showed that higher CALML5
expression is consistent with the CAGE data and useful for
differentiating thymic carcinoma from type B3 thymoma.
Our results demonstrated that CALML5 was a more sensi-
tive biomarker than CD5, and our results and comparisons
with previous reports on CD5, which are already used to dif-
ferentiate between thymoma and thymic carcinoma, showed
that CALML5 was as specific or more specific than c-kit.8–11

Moreover, CD5, c-kit and GLUT-1 are expressed only on
the cell membrane; thus, the staining area is small, lowering
the sensitivity of detection in small biopsy samples, which

T A B L E 4 Characteristics of the patients whose samples were used for
immunohistochemistry (IHC).

Characteristics Thymic carcinoma (%) Type B3 thymoma (%)
No. of patients
(n = 64) 26 (40.6) 38 (59.4)

Age (years)

Median (range) 57 (36–79) 56 (18–76)

Sex

Male 14 (53.8) 21 (55.3)

Female 12 (46.2) 17 (44.7)

Masaoka-Koga staging

Stage I 0 (0.0) 10 (26.3)

Stage II 11 (42.3) 19 (50.0)

Stage III 3 (11.5) 7 (18.4)

Stage IV 12 (46.2) 2 (5.3)

WHO TNM staging

Stage I 11 (42.3) 29 (76.3)

Stage II 0 (0.0) 2 (5.3)

Stage III 3 (11.5) 5 (13.2)

Stage IV 12 (46.2) 2 (5.3)

Abbreviation: WHO, World Health Organization.

T A B L E 5 Expression of CALML5, CD5, c-kit, and GLUT-1 in thymic squamous cell carcinoma (TSQCC) and type B3 thymoma (THYM).

No. of positive cases (%)

Tumor type No. of patients CALML5 CD5 c-kit GLUT-1

TSQCC 26 19 (73.1) 18 (69.2) 24 (92.3) 26 (100.0)

THYM 38 2 (5.3) 1 (2.6) 2 (5.3) 15 (39.5)
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are frequently used for diagnosing thymic carcinoma. How-
ever, the diffuse distribution of CALML5 in the cytoplasm
enlarges the staining area, making evaluation easier than
with CD5, c-kit and GLUT-1. No single marker has 100%
sensitivity and 100% specificity for differentiating thymic
carcinoma from thymoma. However, when used in combi-
nation, CALML5, CD5, c-kit and GLUT-1 increased the
sensitivity to 100% (26/26 cases) and the specificity to 100%
(38/38 cases). CALML5 is also presumed to improve diag-
nostic accuracy when combined with CD5, c-kit, and/or
GLUT-1 IHC.

Because thymic squamous cell carcinoma can invade
the lungs, and lung squamous cell carcinoma can invade
the mediastinum, distinguishing between the two tumors
is difficult. The sensitivity of CALML5 expression as a
biomarker of lung squamous cell carcinoma was 4.5%.
Therefore, CALML5 may help distinguish between thy-
mic squamous cell carcinoma and lung squamous cell
carcinoma.

According to the deduced amino acid sequence,
CALML5 has 52% homology with calmodulin, the major
calcium-binding protein; because of this, it is also called
calmodulin-like skin protein (CLSP), as it is expressed in
the epidermis.27 CALML5 is a ZNF750- and TINCR-
induced protein that binds stratifin to regulate epidermal
differentiation.28 We assumed that CALML5 is not only
involved in epidermal differentiation, but also in the dif-
ferentiation of thymic epithelial cells, and CALML5 IHC
may stain thymic carcinoma. IHC results showed protein
expression of CALML5 in thymic squamous cell carci-
noma, but almost no protein expression of CALML5 in
lung squamous cell carcinoma, thymic adenocarcinoma,
thymic carcinoid. Therefore, CALML5 is useful for differ-
entiating between thymoma and thymic carcinoma, rather
than between low-grade tumor and carcinoma based on
the results of IHC.

CALML5 is a poor prognostic factor for HPV-
associated oropharyngeal cancer and lung adenocarci-
noma, and K63-linked ubiquitination of CALML5 is
found in breast cancer tissue, but not in the surrounding
healthy tissue.29–31 We created a CALML5 overexpressing
cell line, ThyL-6, to investigate the role of CALML5 in
thymic carcinoma. RNA sequencing was performed, and
it was found that CALML5 may be involved in cell prolif-
eration. Our results suggest that CALML5 may be
involved in the proliferation of thymic carcinoma cells
and enhance cisplatin sensitivity and that it may be a
therapeutic target for thymic carcinoma. Further investi-
gation is warranted in the future.

The present study had certain limitations. Due to the
rarity of thymic carcinoma and thymoma, the amount of
CAGE data was small because of the small number of cases,
indicating that other useful biomarkers for differentiation
may have been overlooked. As we could not find thymic
squamous cell carcinoma cell lines, we used ThyL-6, a thy-
mic undifferentiated carcinoma cell line. Also, we could not
find CALML5-overexpressing thymic carcinoma cell lines,

and therefore we could not confirm that suppressed
CALML5 expression in thymic carcinoma cell lines with
high CALML5 expression reduces cell proliferation and cis-
platin sensitivity.

In conclusion, in the present study, we discovered that
CALML5 is a potential biomarker for differentiating type B3
thymoma from thymic carcinoma, using CAGE and IHC.
Further studies are warranted to validate our results, and we
expect that clinical use of CALML5 will improve the accu-
racy of diagnosis in the future.
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