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WNT4 overexpression and
secretion in thymic epithelial
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Background: WNT4-driven non-canonical signaling is crucial for homeostasis
and age-related involution of the thymus. Abnormal WNT signaling is important
in many cancers, but the role of WNT signaling in thymic tumors is largely
unknown.

Materials & Methods:: Expression and function of WNT4 and FZD6 were
analyzed using gRT—-PCR, Western blot, ELISA, in biopsies of non-neoplastic
thymi (NT), thymoma and thymic carcinomas. ShRNA techniques and
functional assays were used in primary thymic epithelial cells (pTECs) and TC
cell line 1889c. Cells were conventionally (2D) grown and in three-dimensional
(3D) spheroids.

Results: In biopsy, WHO classified B3 thymomas and TCs showed increased
WNT4 expression compared with NTs. During short-term 2D culture, WNT4
expression and secretion declined in neoplastic pTECs but not in 3D spheroids
or medium supplemented with recombinant WNT4 cultures. Under the latter
condition, the growth of pTECs was accompanied by increased expression of
non-canonical targets RAC1 and JNK. Down-regulation of WNT4 by shRNA
induced cell death in pTECs derived from B3 thymomas and led to decreased
RAC1, but not INK protein phosphorylation. Pharmacological inhibition of NF-
kB decreased both RAC1 and JNK phosphorylation in neoplastic pTECs.
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Conclusions: Lack of the age-related decline of non-canonical WNT4
expression in TETs and restoration of declining WNT4 expression through
exogeneous WNT4 or 3D culture of pTECs hints at an oncogenic role of WNT4
in TETs and is compatible with the WNT4 autocrine loop model. Crosstalk
between WNT4 and NF-xB signaling may present a promising target for
combined interventions in TETSs.

KEYWORDS

thymoma, thymic carcinoma, primary epithelial cells, WNT4/FZD6, JNK, NF-xB and
AKT noncanonical pathway

Introduction

Thymomas and thymic carcinomas (TCs) are organo-
specific thymic epithelial tumors (TETs) (2). Thymomas
primarily comprise histological types A, AB, Bl, B2, and B3
according to the WHO classification (3). They mostly maintain
thymic functions and commonly exhibit autoimmune features
(4). Thymic carcinomas belong to aggressive thymic tumors and
resemble histological carcinomas originating in non-thymic
organs (5). The group of TCs includes several new sub-types:
micronodular TC, hyalinizing clear cell carcinoma, and thymic
sebaceous carcinoma, which are grouped with other rare TCs
(6). Thymic squamous cell carcinoma (TSQCC) (7), the most
common TC subtype, has an inferior prognosis than thymomas
(8) and lacks thymus-specific functions. Genetic alterations of
thymomas and TSQCCs are significantly different from
squamous cell carcinomas of the head, neck, and lung (9). The
molecular pathology of TETs has only partially been resolved
(10). Previous studies have demonstrated that maintenance and
functional integrity of the stroma in the normal thymus requires
stimulation via Notch, bone morphogenetic protein (BMP), and
WNT signaling pathways (11-13).

WNT signaling controls multiple biological processes,
including proliferation, fate specification, polarity, migration,
and stemness, and has also been associated with various human
cancers (14, 15). WNT proteins are a family of 19 glycoproteins
that can either be tethered to the plasma membrane or exit the
cell via multiple routes (16). WNT signaling is divided into -
catenin-dependent (canonical) and B-catenin-independent
(non-canonical) pathways, which are further divided into i)
Planar Cell Polarity (PCP) pathway (activating DSH and
RACI, which in turn activates JUN kinase (JNK) (17)), and ii)
WNT/Ca®* pathway based on DSH, DAAMI1 and RHO
activation, which in turn activates Rho kinase (ROCK) (18-20).

WNT signaling plays a key role in the development of the
thymus, and expression levels of WNT ligands (particularly
WNT4) decrease during thymic involution in mice and
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humans (19, 21-23). WNT signaling also regulates T-cell
development in the thymus (24). The secretion of WNT
ligands mainly depends on acylation by Porcupine (PORCN)
(18). WNT4 is secreted from normal thymic epithelial cells and
activates a signaling network via G-protein-dependent Frizzled
receptors in an autocrine manner (25). In mouse models,
premature thymic involution is induced upon downregulation
of WNT signaling (26). Therefore, the maintenance of the
homeostasis of thymic epithelial cells requires WNT signaling
(27) and decreased expression of WNT proteins or increased
levels of WNT inhibitors is associated with TEC senescence (23).
Nevertheless, the signaling mechanisms that regulate thymic
involution are incompletely understood (25). Among the known
requirements that help maintain the functional integrity of the
normal thymic stroma are Notch, BMP, and WNT signaling,
and there is evidence that decreasing WNT signaling, including
WNT4 signaling, could contribute to age-related thymic
involution in humans (11-13, 28, 29). By contrast, whether
WNT pathways, specifically WNT4 signaling, play a role in
human TETs has not been elucidated. Further motivation to
study WNT4 in TETs resulted from the observation in the
TCGA study (10) that single nucleotide aberrations strongly
hint at the operation of aging-related oncogenic mechanisms in
TETs. Finally, since WNT signaling interacts dynamically with
the tumor micro-environment (30), we extended our study of
WNTH4 to 3D TET spheroids that were enriched with or without
an extracellular matrix.

Materials and methods
Patients

The clinical characteristics of the 82 patients with thymomas,
thymic carcinomas, and 21 normal thymi are summarized in

Table 1. The study was approved by the local Ethics Committee
(approval #2009-290N-MA/2010 and 2018-516N-MA).
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TABLE 1 Characteristics of the thymoma and thymic carcinoma patients and non-neoplastic adult and pediatric control from cardiac surgery

patients studied for WNT ligands, frizzled receptors and WNT inhibitors.

Diagnosis N Age range (y)
Type A 9 36-81
Type AB 25 26-77
Type B2 18 21-81
Type B3 19 41-76
TSQCC 11 32-74
Cr 6 0-10
NT 15 28-82

Sex(m:f) Stage(I-1V) MG+ (%)
4:5 I(n=4) 0
I (n=5)
15:10 I(n=18) 9 (40.9%)
H(n=7)
10:8 I(n=3) 8 (44.4%)
I (n=6)
I (n = 5)
IV (n=4)
8:11 I(n=5) 4 (21.05%)
I (n=4)
I (n = 8)
IV(n=2)
6:5 I(n=05) 0
Il (n=3)
I (n=1)
IV (n=2)
4:2 - -
6:9 - -

Thymoma type A, AB, B2, and B3 (3); TSQCC: thymic squamous cell carcinoma; MG+ (%): percentage of patients with myasthenia gravis; stage, according to Masaoka-Koga (31); CT,

(normal) childhood thymuses; NT, normal (adult) thymuses.

Primary thymic epithelial cells (pTECs)
and cell lines

pTECs were prepared from 5 type AB and 3 type B3 thymomas
(henceforth called AB-pTECs and B3-pTECs, respectively) and
cultured as described (4, 9). Shortly, cell suspensions were
prepared by several rounds of liberase II digestion of tissue
fragments and grown at 37°C on uncoated 10 cm tissue plastic
dishes (Becton & Dickinson, Heidelberg, Germany) in RPMI 1640
with 2 g/L glucose, 25 mM HEPES, 200 mM L-Glutamine, 50 U/ml
penicillin, 50 pg/ml streptomycin, and 10% calf serum (Sigma
Aldrich, Germany). The medium was changed every 4 days. The
epithelial cell content of primary cell cultures was determined by
anti-EpCAM immunofluorescence (clone 4G10 Abcam,
Heidelberg, Germany) and flow cytometry (9). The thymic
carcinoma cell line 1889c was cultured under the same
conditions. WNT4-overexpressing thymic epithelial cells (WNT4-
TEP1) (32) were established using retroviral transgenesis and flow-
cytometric enrichment as published previously (25).

3D multicellular spheroid and organoid-
like culture of primary thymic
epithelial cells

Freshly isolated pTECs were grown in two ways: To generate
3D multicellular spheroids (MCS), cells were seeded in ultra-low
attachment 96-well plates (Corning, Germany) at 5 x 10° cells/
well in RPMI 1640 with 2 g/L glucose, 25 mM HEPES, 200 mM
L-Glutamine, 50 U/ml penicillin, 50 pg/ml streptomycin and
10% calf serum (Sigma Aldrich, Germany). To generate
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organoid-like spheroids, 1 x 10> cells were dispersed in 200 ul
of ice-cold Matrigel (Corning, Germany), and then 30 ul of
Matrigel drops were individually placed into pre-warmed flat-
bottom 6-well plates. Plates were inverted, stored at 37°C for
40 min and then fed with the MEBM medium (Lonza)
supplemented with B27 supplement (GIBCO), 0.5 pg/ml
hydrocortisone (Sigma), 5 pg/ml insulin (Sigma), 4 pg/ml
heparin (Sigma), 20 ng/ml bFGF (Invitrogen), and 20 ng/ml
EGF (Sigma) (33). MCS and organoid-like spheres were
collected for RNA and protein analysis. Imaging of 3D culture
was performed using an inverse microscope, Zeiss Axio
Observer Z1.

Conditioned medium collection

Supernatants were obtained from pTECs cultured in RPMI
1640 with 2 g/L glucose, 25 mM HEPES, 200 mM L-Glutamine,
10% calf serum, and antibiotics for 96 h. Supernatants from the
first cultures (pO0, ‘early passage’) and subsequent passages (p1 to
p5, ‘late passage’) were collected, centrifuged at 2,000g for
15 min, and stored at —80°C. Freeze-thaw cycles were kept to
a minimum by aliquoting.

pTEC cultures in conditioned medium
The MTT proliferation assay is based on the mitochondrial
dehydrogenase activity as a surrogate proliferation marker.

Stimulated pTECs were incubated with 10% (v:v) MTT (tetrazolium
salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
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for 2hat37°C. Subsequently, supernatants were discarded and the cells
were lysed with DMSO. Dissolved pTECs, in which MTT was reduced
to its insoluble formazan with purple, were quantified by measuring
absorbance (570 nm and 600 nm) using a multi-well plate microreader
TECAN (Infinite 200, Austria).

Enzyme-linked immunosorbent assay

The WNT4 protein in thawed supernatants was measured by
ELISA (Diagnostic System Laboratories, Webster, TX) following the
instructions of the manufacturer. The assay employed an antibody-
specific for human WNT4 coated on a 96-well plate. The WNT4 in
calibration solutions and samples bound to the wells by the
immobilized antibody were visualized by an HRP conjugated
streptavidin detection system and measured with a TECAN
ELISA reader at 450 nm. All protein lysate samples from cells
and supernatants were assayed in triplicates. The mean of the three
values was used for further calculation using standard values and
GraphPad prism software for ELISA quantification.

Immunoprecipitation and western blot

Before WNT4 immunoprecipitation (IP), cell culture
supernatants were concentrated using trichloroacetic acid (20%)
(TCA, Merck, Darmstadt, Germany) at a 1:1 dilution for protein
precipitation. After two acetone washes, precipitated pellets were either
suspended in 500 pl IP Lysis buffer (Pierce, Thermo Fisher Scientific,
Germany) for subsequent IP or in 300 pl protein loading buffer (2x
Laemmli buffer) and stored at —80°C for further protein analysis.

From the concentrated supernatant macromolecules stored
in IP buffer, WNT4 was precipitated after overnight rotation at
4°C with 5 pg of anti-WNT4 antibody (Biozol Diagnostica,
Germany) bound to 20 pl of protein A Sepharose according to
the instructions of the manufacturer (GE Healthcare Germany).
Briefly after incubation, the samples were centrifuged for 30 s at
4°C and 3,000xg and the pellet was washed five times with 500 ul
of 1x cell lysis buffer. Finally, the pellet was resuspended with 20
ul of 1x SDS sample buffer, mixed by vortexing, then
microcentrifuged for 30 s at 3,000xg, and the supernatant was
subjected to Western blotting (9).

Isolation of nuclear and cytoplasmic
protein
The NE-PERTM Nuclear and Cytoplasmic Extraction kit was

used to separate nuclear and cytoplasmic proteins according to the
instructions of the manufacturer, followed by Western blot.
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Immunohistochemistry

Immunohistochemical detection of P-catenin protein
expression in situ was performed in six B3 thymomas and
nine thymic carcinoma samples using a rabbit monoclonal
antibody against human B-catenin (Cell Signaling, CA, clone
8480s). Immunohistochemistry was performed using a Dako
Autostainer (Dako Agilent, Germany). Briefly, 1 um thick
sections of formalin-fixed, paraffin-embedded material were
deparaffinized using Xylene and rehydrated in graded ethanol
concentrations. Antigen retrieval was performed with an epitope
retrieval solution (Cell Signaling, CA) at pH 6.0 for 40 min and
cooled down to room temperature for 30 min. Sections were
then incubated with a 1:50 dilution in Antibody Diluent
(Zytomed ZUCO-25-500) of B-catenin antibody after
endogenous peroxidase blocking for 7 min. Sections were
incubated with a peroxidase-labeled polymer conjugated to
goat anti-mouse or goat anti-rabbit immunoglobulins as a
secondary antibody for 30 min (Dako REAL™ EnVision""/
HRP, Rabbit/Mouse (ENV)). Staining was visualized with 3, 3’-
diaminobenzidine (DAB) as chromogen and slides were
counterstained with hematoxylin, dehydrated, and finally
mounted. Sections of desmoid tumors showing nuclear B-
catenin expression served as a positive control.

Short hairpin construction and cell
transfection

Two WNT4 shRNA interference plasmids were constructed
using the pU6-shRNA vector targeting the following sequences:
GAAGAGGAAACTTAACCAC, GCAGACAAACCAAGAA
TGC. AB and B3 thymoma-derived pTECs and 1889c¢ cells
were transfected with WNT4-shRNA and control shRNA for
48 h using lipofectamine 2000 (Fischer Scientific, Germany) as
described in a previous study (34).

Real-time PCR analysis

Approximately 1-2 pg of RNA was isolated from whole
tissues using TRIzol reagent (Invitrogen). Total RNA was reverse
transcribed with RevertAid'™ H Minus Reverse Transcriptase
(Fermentas, Germany) using the protocol of the manufacturer.
Real-time PCR was performed on the ABI STEP ONE PLUS
TagMan PCR System (Applied Biosystems, Germany) using
FAST SYBR Green master mix (Applied Biosystems,
Germany). The fold change in expression was calculated using
the AACt method with GAPDH and cytokeratin 19 (CK19) as an
internal control. Primer sequences are available in Table S1.
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Reagents

Lyophilized recombinant WNT4 protein (R&D Systems,
Germany) was reconstituted at 50 pg/ml in PBS and stored
at —80°C. The porcupine inhibitor IWP3 (Sigma-Aldrich, St.
Louis, MO), AKT, and IKK inhibitors MK2206 and TPCA-1 and
EF24 (3,5-Bis (2 flurobenzylidene) piperidine-4-one) (Selleckchem
and Tocris, Germany) were dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis) at final stock concentrations
of 10 mM, 15 mM, and 25 mM, respectively. Antibodies against [3-
catenin (Cell Signaling Technology, D10A8), WNT4 (9HCLC,
Thermofisher), GAPDH (EPR16891, Abcam, USA), phospho-
AKT (s473, DIE, Cell signaling Technology) and NF-kB p65
(D14E12, Cell Signaling Technology), phospho-IKKo/B (S176/
180, 16A6), phospho-JUN antibodies (Sigma-Aldrich, St. Louis,
MO), RACI antibody (2465, Cell signaling Technology) and B-
actin (sc4778, Santa Cruz), anti-rabbit and anti-mouse peroxidase-
conjugated secondary antibodies (Cell Signaling Technology) were
used for Western blotting or immunohistochemistry.

Statistical analyses

All statistical analyses were performed using GraphPad Prism
V6.0 (GraphPad Software, Inc., La Jolla, USA). Two-tailed Student’s
t-test and one-way ANOVA were applied when comparing WNT
ligands and WNT frizzled receptor mRNA levels in different groups
of thymomas. The subsequent Tukey’s multiple comparison test
was used to compare variances among all the groups at a confidence
level of 95%, with p <0.05 being considered as significant.

Results

B3 thymomas and TCs show increased
WNT4 ligand and its frizzled receptor 6
(FZD6) expression

At the mRNA level, the expression of most WNT genes was
higher in B3 thymomas and TCs compared to other thymoma types
and non-neoplastic thymuses (NT), when compared to epithelial
marker CK19 expression (Figure 1). Results for WNT4 are detailed
in Table 2. As shown in Figure 2, WNT4 mRNA levels in NTs
declined with age from childhood to the sixth decade, whereas no
age-dependent decline in WNT4 expression was observed in TETs.
In addition to WNT4, the WNT2 gene was strongly expressed in B2
thymomas compared with B3 thymomas and TCs (Figure 1E). All
FZD receptors showed lower expression in NTs and indolent type A
and AB thymomas compared with aggressive types B2 and B3
thymomas. High levels of FZD6 mRNA were a recurrent finding in
all aggressive TETs (B2, B3 thymomas, and TCs) (Figure 3). In
contrast to WNT4, expression of FZD receptors showed no age-
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dependent differences in NT and thymic tumors, as shown in
Supplementary Figure 3.

Increased nuclear expression of WNT
inhibitors TLE2 and TCF4 hampers
nuclear B-catenin in B3 thymoma and TC

The levels of mRNA of selected endogenous inhibitors of the
WNT pathway—membrane inhibitors (SFRP2, SFRP5, DKK1, and
DKK4), cytosolic inhibitors (TIMP1-3), and nuclear inhibitors
(TLE2, TLE4, TCF3, and TCF4) were quantified in 7 NTs and 62
TETs (8A, 25 AB, 12 B2, 7 B3, and 10 TC). SFRP2 and SFRP5
expression levels were increased in B2 thymomas, while AB
thymomas showed increased DKKI and DKK4 expression
compared to other TETs and NTs (Supplementary Figure 1). The
expression of cytosolic inhibitors, TIMPI1-3 was largely lacking in
TETs and NTs (Supplementary Figure 1). In contrast, levels of
nuclear inhibitors were variably higher in thymomas and TCs than
in NTs: TLE2 and TCF4 were significantly (p <0.01) higher in B3
thymomas and TCs, TLE4 only in B3 thymomas and TCF3 only in
AB thymomas (Supplementary Figure 1). Furthermore, B-catenin
protein analysis by immunohistochemistry showed cytosolic
staining in B3 thymomas and TC tissues (Supplementary
Figures 2C, D) in contrast to the positive control (a desmoid
tumor with B-catenin mutation), which showed 3-catenin nuclear
staining (Supplementary Figures 2A, B) (35, 36).

Conditioned medium from fresh
thymoma-derived pTECs supports
thymic epithelial cell survival

As mentioned above, WNT4 is secreted by normal thymic
epithelial cells and activates a signaling network (25). Conditioned
medium (CM) collected from pTECs culture was used for pTEC
culturing at 25% v/v concentration and showed maintained cell
morphology and allowed the expansion of thymoma-derived
PTECs for 24 days (Figures 4A-C), but CM only maintained the
viability of NT-derived pTECs without significant expansion for 8
days (Figures 4B-D). In contrast, the numbers of viable cells declined
when pTECs from NT and thymomas were grown in standard RPMI/
HEPES/FBS medium without conditioned medium (Figures 4C, D).
Further, we wondered whether exogenous recombinant WNT4
ligand (rec-WNT4) or CM could rescue pTECs proliferation after
WNT4 knockdown. Transfected using WNT4-shRNA for 48 h were
2x10*of B3 thymoma-derived pTECs (n =2) and were then further
cultured and maintained for 7 days with either 100 ng/ml rec-WNT4
ligand or additional CM at a concentration of 25%v:v. As shown in
Supplementary Figure 4, WNT4 knockdown decreased cell
proliferation by nearly 65% and induced cell death, which was
rescued by rec-WNT4 or CM-enriched media.
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FIGURE 1

MRNA expression levels of 15 WNT ligands in non-neoplastic thymuses and thymic epithelial tumors as determined by Q-PCR. (A): Childhood
thymuses (CT) (n = 6); (B): Normal thymuses (NT) (n = 15); (C): Type A thymoma (n = 9); (D): AB thymoma (n = 21); (E): B2 thymoma (n = 13);

(F): B3 thymoma (n = 10) and (G): Thymic carcinoma (TC, n = 10). Cytokeratin 19 was used as a reference to take the variable content of non-
neoplastic thymocytes and WNT-producing thymic epithelial cells in the various thymomas into account.

WNT4 secretion increases in aggressive
TETs and in ex vivo cultured thymoma
epithelial cells

WNT4 secretion was evaluated in whole tissues of normal
thymuses (six childhood and 10 aged NT) and thymic tumors (10
AB, 10B2 and 10B3 and 8TC) and was significantly higher in B3
thymomas and TCs compared with childhood and aged non-
neoplastic thymuses (Figure 5A). Further WNT4 protein secretion
from 4-day-old ex vivo cultured (‘fresh’) pTECs was significantly
higher in B3-pTECs (n = 7) than NT-pTECs (n = 3), AB-pTECs
(n = 8) and B2-pTECs (n = 3) (***p <0.0001, **p = 0.0003) when
measured by ELISA in cell culture supernatants (‘conditioned
medium’). WNT4 secretion from fresh B3-pTECs was significantly
higher than secretion after 10-20 days of culture (**p <0.0001; n =
6) (Figures 5B, C). When fresh pTECs and WNT4/TEP1 cells were

treated with the WNT secretion inhibitor IWP3, WNT4 release was
reduced by 75% (Figures 5B-E). WNT4 secretion by TEP1 cells was
distinctly higher than that by fresh B3-pTECs.

pTECs grown in 3D maintained WNT4
expression and secretion dependent on
an autocrine loop

We have shown the positive effect of WNT4-containing
conditioned medium on proliferation and expansion of pTECs
in standard 2D cultures (Figure 4), but whether WNT4 itself can
also drive WNT4 expression in pTECs in vivo is a mystery.

To address this hypothesis, tymoma-derived pTECs were
grown as 2D and 3D spheroids (with and without Matrigel)
(Figures 5G, H) with the basic medium. As shown in Figures 51,

TABLE 2 Statistical values of the comparison of WNT4 gene expression in thymic epithelial tumors (TETs), including thymomas and thymic
carcinomas, with normal childhood thymuses (A, n = 6) and normal adults thymuses (B, n = 15) as represented in Figure 1 (two-tailed Student's t-

test was applied for statistical analysis).

TETs vs. childhood thymuses  p-values  Significance
A 0.0494 *

AB <0.0001 e

B2 0.007 oex

B3 0.0021 o

TC <0.0001 ooee

*p <0.1, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant.
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TETs vs. adult normal thymuses  p-values  Significance
A 0.5270 ns

AB <0.0001 e

B2 0.0016 *

B3 0.0021 e

TC <0.0001 oo
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J, pTECs cultured in 3D models prevented the time-dependent
decline of WNT4 mRNA expression in thymoma-derived
pTECs, suggesting the operation of an autocrine loop in the
3D settings. Interestingly, WNT4 mRNA expression was higher
in Matrigel-covered than Matrigel-free 3D pTEC cultures,
suggesting an impact of Matrigel on WNT4 expression and
secretion. Furthermore, the expression of the JNK/JUN target
genes, FOXNI, MYC, and CD44 was also driven by CM-enriched
or recombinant WNT4-supplemented media, but more so by
growth in 3D (Supplementary Figure 4).

WNT4 activates the non-canonical WNT/
JNK pathway in thymoma-derived pTECs

Since the absence of nuclear 3-catenin suggested a minor role of
canonical WNT signaling in TETs (Supplementary Figure 2), the
role of the non-canonical WNT/JNK pathway in TETs and its
correlation with WNT4 is still unknown. Both WNT4 and RAC1
expression and JNK phosphorylation were maintained in 2D
pTECs when cultured in WNT4-containing conditioned medium
or in recombinant WNT4-enriched media compared to pTECs
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type B2 (n = 18); (F): thymoma type 3 (n = 18) and (G): thymic carcinoma (TC, n = 11). Cytokeratin 19 was used as reference gene to take the

variable content of non-neoplastic thymocytes and WNT-producing thymic epithelial cells in the various thymomas into account.
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cultured in standard media, which showed a decline of those
proteins in long-term cultures. WNT4 protein expression was
higher in B3-pTECs than AB-pTECs (Supplementary Figure 5).

Crosstalk between WNT4/PCP, AKT, and
NF-xB pathways in thymoma-derived
pTECs

To elucidate whether the gradual decline of WNT4, RAC1, and
PINK expression in long-term 2D pTEC cultures is caused by
declining WNT4 expression, we knocked down the WNT4 gene in
pTECs in early passages of culture using shRNA, which led to
reduced proliferation of AB-pTECs (n = 3), but particularly more of
B3-pTECs (n = 3) (Figure 6A), and decreased RACI protein
expression, which could be rescued by exogenous WNT4
(Figures 6B-D). Unexpectedly, decreasing RACI levels in WNT4
KD were accompanied by increasing pJNK levels, although JNK is a
target of RAC1 (37, 38) (Figures 6B-D). Thus, the short-term
knockdown of WNT4 in early stages of pTECs did not mimic the
spontaneous decline of WNT4, RACI, and pJNK during long-term
2D pTEC cultures in WNT4-deficient growth medium, as shown in
Supplementary Figure 5.

To understand this paradox, we next investigated the
expression of pAKT and pIKKo/f, since activated AKT and
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NF-kB pathways can induce JNK phosphorylation in other cell
types (39, 40). Indeed, WNT4 KD strongly increased levels of
pAKT and pIKK in neoplastic pTECs and 1889c cells
(Figures 6B-D), which was accompanied by stable pJNK levels
in AB-pTECs (Figure 6B) or even increased pJNK levels in B3-
PTECs and 1889c¢ cells (Figures 6C, D). This suggests a crosstalk
of the non-canonical WNT4/PCP pathway with AKT and NF-
kB pathways in pTECs that maintained high levels of pJNK
following acute deficiency of WNT4. Since WNT4 KD increased
JNK, AKT, and IKKo/f phosphorylation, we asked the question
whether WNT4 KD could be prevented through the
combination of AKT and pIKKo/p inhibitors MK2206 and
TPCAL. Indeed JNK phosphorylation was completely inhibited
in the presence of the combinations (WNT4 KD, MK2206, and
TPCA1) (Figure 7A).

NF-xB signaling is an upstream activator
of the WNT4/PCP pathway in pTECs

Since WNT4 KD increased pJNK, pAKT, and pIKKo/B
phosphorylation, we asked the questions of whether AKT and
NF-xB pathways could act upstream of the non-canonical
WNT4/PCP pathway in pTECs. Pharmacological inhibition of
AKT using MK2206 or NF-kB directly targeting p65 with EF24
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FIGURE 5

WNT4 secretion analysis in situ in normal and tumor tissues and in primary thymic epithelial cells (pTECs) in 2D and 3D cell culture models.

(A): ELISA-based measurement of WNT4 in protein lysates from whole tissues of 6 childhood and 10 aged normal thymuses and thymic tumors
of 10 AB, 10 B2, 10 B3, and 8 TC; (B): Supernatants of pTECs were measured by ELISA from 3 NT, 8 AB, 3 B2, and 7 B3 thymomas and from
long-term cultures of 3 AB and 3 B3 thymoma-derived pTECs. WNT4-TEP1 cells are murine thymic epithelial cells transfected with a human
WNT4 expression vector (positive control); (C): ELISA measurement of WNT4 in supernatants of pTECs from 3 NT, 3 AB, and 4 B3 treated for 3
days with the WNT secretion inhibitor, IWP3; (D): Western blot-based determination of WNT4 in cell culture supernatants collected from 2 B3
cases (#1, #2) after short-term (4-day, 4D) and long-term (10- or 12-day, 10D, 12D) culture with or without treatment of IWP3. Supernatants
from WNT4-TEP1 cells served as a positive control. Protein was concentrated by trichloroacetic acid precipitation (20%, 1:1); (E):
Immunoprecipitation of WNT4 from supernatants collected from short-term pTECs cultures of an AB and B3 thymoma with or without IWP3
treatment. Prior to immunoprecipitation, cell culture supernatants were concentrated using Amicon filtration; (F): Microscopic images of 2D
monolayer cell cultures of primary TECs (1 AB and 2 B3); (G) Microscopic images of pTECs from the same thymomas cultured in 3D
multicellular spheroid (MCS, Matrigel-free) for 4 days; (H): Representative images of 3D organoid (ORG, Matrigel+) cell culture; (I): WNT4 mRNA
expression analysis (Q-PCR) of 3 pTECs (1AB and 2B3) cultured in 2D and 3D (MCS and organoid) for 3 passages (P1(5days) P3 (14 days) and P5
(20 days)); (3): Wnt4 secretion quantification in cell culture supernatants in three different passages by ELISA. Images were taken with a LEICA
microscope with X200 for 2D and x100 for 3D cultures. D, days, Sen, Senescent. ***p<0.001, ****p<0.0001.

affected negatively the non-canonical WNT4/PCP pathway only
in EF24 treated pTECs. Both mRNA and protein levels of WNT4
and FZD6 and their downstream proteins RAC1 and pJNK were
decreased, and the nuclear translocation of target pJUN was
prevented (Figures 7B, C). In contrast, pAKT inhibition with
MK2206 showed no such effects.

Discussion

New findings here were i) WNT4 overexpression in
aggressive B3 thymomas and TCs compared to thymomas (A,
AB, and B2) and NTs contrary to Chen et al. (41), who showed
WNT4 overexpression in all thymoma types; ii) expression of
WNT frizzled receptor 6 (FZD6) is stronger in B3 thymomas and
TCs compared to other thymomas and NTs; iii) the absence of
physiological, age-related decline of WNT4 expression in TETS;
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iv) a WNT4-driven autocrine loop that activates WNT/PCP/
JNK pathway in 3D-cultured neoplastic pTECs; and v)
stabilization of JNK activation in neoplastic pTECs through
‘compensatory’ activation of AKT and NF-xB pathways
following acute blockade of WNT4 signaling. These findings
are summarized in an overview in Figure 8.

Relevance of epithelial WNT4/FZD6
overexpression and secretion in TETs

Previous studies have shown that declining WNT4 and
FOXNI expression levels are critically involved in thymic
senescence, i.e., physiological shrinkage of the thymic
parenchyma with age (26, 42, 43). Furthermore, over-
expressed WNT4 and FOXNI (42) and preliminary data from
an AB thymoma cell line suggest that increased WNT4
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FIGURE 6

WNT4 knockdown decreased cell proliferation and RAC1 protein but not pJNK in early pTECs. Thymoma-derived pTECs and thymic carcinoma
1889c cell line were either transfected using pU6WNT4-shRNA or stimulated with either 200 ng/ml recombinant WNT4 or with the CM 25% (v:
v) (Wnt4 Sup). Proteins of RACL, pINK, IKKa/B, and pAKT were extracted from the cells and analyzed by western blot after transfection of 48 h
or after four days of stimulation. (A): Cell proliferation analysis in AB and B3 thymoma derived pTECs (n = 6) after transfection for 48 h with
pU6-WNT4-shRNA. Cell proliferation was measured using MTT assay; (B): Protein analysis of RAC1, pJNK, IKKo/B, pAKT, in pTECs derived from
2 cases of AB thymomas; (C): Protein analysis of RAC1, pJNK, IKKo/B, pAKT, in pTECs derived from two cases of B3 thymomas; (D): Protein
analysis of RAC1, pINK, IKKa/B, pAKT in thymic carcinoma cell line, 1889c. GAPDH is used as loading control for cytosolic protein fractions.

expression plays a role in thymoma development through non-
canonical WNT signaling (41). These findings inspired our
working hypothesis that interference with thymic senescence
could contribute to oncogenesis across the spectrum of
thymomas and TCs through the abnormal expression of
WNT4 (23, 44, 45). Furthermore, increased WNT4 levels in
TETs did not show any correlation with the age of patients,
suggesting physiological senescence signals regulating WNT4
expression in the normal thymus are muted in TETs (Figure 2).
An overexpression of WNT4 frizzled receptor FZD6
accompanied the increase in WNT4 (Figure 3). This is a key
new finding that WNT4/FZD6 appears to be particularly
relevant for developing the most aggressive TETs (B3
thymomas and TCs) since they showed the most abnormally
increased mRNA levels of WNT4/FZDé.

In contrast, inhibitors of canonical WNT signaling, TLE2/4
and TCF4, were strongly expressed (Supplementary Figure 1),
while nuclear B-catenin was undetectable in tissues of aggressive
TETs in situ (Supplementary Figure 2). Therefore, abnormal
activation of non-canonical WNT4/PCP but non-canonical
WNT pathway appears to play a major role in the
pathogenesis of aggressive TETs. This conclusion fits well with
the observations in mice, in which neither TEC-specific ablation
nor abnormal activation of the canonical WNT pathway elicited
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thymic epithelial neoplasms but structurally abnormal and
atrophic thymuses with compromised thymopoiesis (26, 46,
47). Although abnormal activation of the canonical WNT
pathway and autocrine WNT/B-catenin loops (48, 49) are of
utmost pathogenetic relevance in many cancers (e.g., colorectal
cancer) (50, 51), activated non-canonical WNT pathways can
drive oncogenesis as well (52). Non-canonical WNT-driven
oncogenesis, however, typically involves WNT5a, WNT?7, and
WNTI11 (52) while WNT4 plays a role in only a few carcinoma
types, e.g., hepatocellular carcinomas (53) and a breast cancer
subset (1, 54). Interestingly, WNT4 expression in these cancers is
accompanied by increased levels of FZD6 and MYC, i.e., features
that we detected in aggressive TETSs previously (4). However, a
WNT4-driven autocrine loop has not been described so far in
another cancer type to our knowledge and may be one more
unique molecular peculiarity of TET's (10, 55).

The conclusion of WNT4 expression and secretion in the
most aggressive TETs (B3 thymomas and TCs) is strongly
underpinned by our in vitro experiments, since the rich
conditioned medium could postpone senescence, maintain
proliferation, and extend the survival of neoplastic pTECs
grown in vitro (Figure 4). In line with this peculiarity of TETs,
induced WNT4 expression in thymoma-derived pTECs was
positively correlated with the expression of FOXNI
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(Supplementary Figure 4). This suggests that WNT4 drives
expression of FOXNI, i.e., the master regulator of thymus
development and maintenance in neoplastic pTECs in a
similar way as in the normal thymus (56), including the rare
quiescent but non-senescent TECs that presumably represent
TEC progenitors in adult thymuses (57). These cells can resume
proliferation after acute insults (e.g., chemotherapy) to support
thymus regeneration and form clusters in a particular niche at
the cortico-medullary junction, suggesting that cell-cell contact
may be required to maintaining their Wnt4"8"Foxn1™&"
phenotype (57). Since we report that neoplastic pTECs in 3D
culture maintain the WNT4"FOXN1" phenotype of TETs much
longer than in 2D cultures, we hypothesize that tumor cell-
tumor cell and tumor cell-matrix interactions may be important
to maintain the autocrine WNT4 loop, FOXNI expression, and
tumor cell survival of TETs in vivo. In support of the critical
relevance of cell-cell contacts in this scenario, even the invasion
front of TETs typically shows cohesive tumor cells, and the
establishment of representative TET cell lines in 2D cultures has
been exceptionally unsuccessful (55).

It is unknown which molecules mediate the clustering of the
Wnt4"8"Foxn1"&" presumed TEC progenitors in normal adult
murine thymuses (57) and the cell-cell and cell-matrix
interactions in human TETs. As for cell-matrix interactions,

CD44 appears as a possible candidate since it is expressed by
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neoplastic pTECs preferentially in 3D cultures (Supplementary
Figure 4) as well as in aggressive TETSs in vivo (58) and—together
with WNT4—is a marker of cancer stem cells (59-61). As for
cell-cell interactions, identifying respective molecules in TET's
should be a research priority since interference with the 3D
structure of neoplastic TECs might elicit senescence through
attenuation of the WNT4-FOXNI1 axis and thus have
therapeutic potential in TET patients. Since the treatment of
pTECs with exogenous WNT4 in 2D cultures induced the
transcription of the WNT4 gene (Supplementary Figure 4),
WNT4 transcription and secretion are more induced in 3D
(MCS and ORG) than in 2D cultures of neoplastic pTECs
(Figures 5I, J). It has also been reported that WNT4 levels
were increased in the serum of CRC patients and originated
from CRC tissues (62). Further, it appears that an autocrine
WNT4 loop is operative in TETSs in vitro. Apparently, this
abnormality is an intrinsic property of the tumor cells, since
3D cultures of neoplastic TECs showed stronger WNT4
expression and secretion (Figures 5, J) for longer periods than
parallel 2D neoplastic TEC cultures from the same tumors.
The WNT4-driven expression of JNK in a stable AB thymoma
cell line has been reported previously (41, 44) and conforms to our
finding that the WNT4 autocrine loop depends on WNT4-driven
RACI and JNK expression, ie., activation of the non-canonical
WNT/PCP pathway (52) in neoplastic pTECs derived mainly from
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Overview of non-canonical WNT4/NF-kB/AKT signaling cascades in thymoma subtype B3 and thymic carcinoma. The canonical B-catenin
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aggressive TETs (Supplementary Figure 5). Finally, RACI and JNK
could be detected in B3 thymoma and TC tissues as reported by
Chen et al. with JNK in terms of JNK expression (41).

Link of NF-kB to WNT4 non-canonical
pathway in thymoma derived pTECs

A new finding here is that acute WNT4 blockade in pTECs
induces activation of NF-kB and AKT, which in turn, maintains
or even increases levels of phosphorylated JNK. This has not
been reported previously. In fact, this new observation of WNT/
NF-B crosstalk in pTECs appears to be at odds with previous
reports in cancers (63, 64), in which NF-«B activation inhibited
JNK phosphorylation.

JNK is not only involved in non-canonical WNT signaling
but also in the mitogen-activated protein kinase (MAPK)
cascade, which plays a vital role in apoptosis, proliferation,
migration, survival and tumorigenesis (65). Some published
studies suggest that WNT/AKT-mTOR signaling is an
important step in controlling cancer cell metabolism (66). JNK
phosphorylation in the WNT4/PCP pathway is not only
dependent on WNT4/FZD6 but also on NF-kB signaling in
TECs (Figure 7). However, NF-xB activation either shuts down
JNK or inhibits TNFo-induced apoptotic signaling (67) or
blocks JNK-dependent cell death by counteracting reactive
oxygen species (ROS) accumulation, which in turn triggers
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JNK activation (64) and WNT/AKT. These signaling pathways
can modulate the downstream target gene transcriptional
activation of the WNT signaling pathway, providing insight
into a potential molecular mechanism for inflammation-induced
carcinogenesis (68). In our study, both NF-xB and AKT
activated JNK, but but only NF-xB blockade WNT4/FZD6/
JNK signaling using EF-24. (Figure 7). Our results suggest that
WNT4 signaling drives thymoma oncogenesis and that acute
blocking of WNT4 signaling—under a therapeutic perspective—
might induce resistance through AKT/NF-xB activation.

Translational perspective

Considering that the most aggressive TETs, B3 thymomas, and
TCs showed combined increased expression of WNT4, its non-
canonical frizzled receptor 6 (FZD6) (41, 44), and downstream non-
canonical WNT/JNK activity, TETs appear as promising candidates
for trials testing novel inhibitors of WNT and JNK (52). Indeed,
targeting WNT signaling (canonical or non-canonical, which are
the currently addressed targets), small molecular inhibitors and
antibodies have already been effective against cancers in vitro (69)
and monoclonal antibodies against FZD receptors are currently
being tested in clinical trials NCT01973309 against breast cancers
and NCT01957007 against solid tumors or NCT01957007 in
synergy with docetaxel against colorectal adenocarcinoma as well
as NCT02005315 with paclitaxel and gemcitabine targeting
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metastatic pancreatic ductal adenocarcinoma (70). WNT secretion
is also targeted by some inhibitors like the inhibitor IWP-2 for
treatment of cancers, especially pancreatic cancers with RNF43
mutations (69, 71, 72), whereas PORCN inhibitors WNT974 and
ETC-159 are applicable to prevent mammary tumors and cancer
stem cells (73-75). However, from our observation that WNT4
blockade in vitro activated pro-survival AKT and NF-kB signaling
in neoplastic pTECs, we anticipate that monotherapies targeting
WNT signaling alone might be insufficient for targeting TETs.
Instead, the combined blockade of WNT, AKT, and NF-xB
signaling, as shown here in vitro, should be considered to be
tested against aggressive TETs in vivo. Considering our new
observations, WNT4 is also expressed by thymocytes and may
foster tumor cells in a paracrine way. Targeting thymocytes (e.g., by
corticosteroids) may complement tumor cell-directed interventions
and may interact with immune cells in pre-clinical models of cancer
using porcupine inhibitors (76).
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