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ABSTRACT

The anti-apoptotic cellular FLICE-like inhibitory protein cFLIP plays a pivotal role
in normal tissues homoeostasis and the development of many tumors, but its role
in normal thymus (NT), thymomas and thymic carcinomas (TC) is largely unknown.

Expression, regulation and function of cFLIP were analyzed in biopsies of NT,
thymomas, thymic squamous cell carcinomas (TSCC), thymic epithelial cells (TECs)
derived thereof and in the TC line 1889c by qRT-PCR, western blot, shRNA techniques,
and functional assays addressing survival, senescence and autophagy. More than 90%
of thymomas and TSCCs showed increased cFLIP expression compared to NT. cFLIP
expression declined with age in NTs but not in thymomas. During short term culture
cFLIP expression levels declined significantly slower in neoplastic than non-neoplastic
primary TECs. Down-regulation of cFLIP by shRNA or NF-kB inhibition accelerated
senescence and induced autophagy and cell death in neoplastic TECs.

The results suggest a role of cFLIP in the involution of normal thymus and the
development of thymomas and TSCC. Since increased expression of cFLIP is a known
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tumor escape mechanism, it may serve as tissue-based biomarker in future clinical trials,
including immune checkpoint inhibitor trials in the commonly PD-L1"" thymomas and TCs.

INTRODUCTION

Thymomas and thymic carcinomas (TC) are rare
thymic epithelial tumors with poorly understood pathogenesis
and no curative options beyond surgery [1]. Thymomas are
separated into WHO type A, AB, B1, B2 and B3 histological
subtypes [2]. Thymomas variably maintain thymic functions,
including functionally compromised thymopoiesis that
predisposes to autoimmunity and immunodeficiencies [3],
and are used to study thymic function and immunosenescence
in humans [4]. Thymic squamous cell carcinoma (TSCC) is
the most common TC subtype, behaves more malignant than
thymomas [5] and lacks thymus-specific functions. Genetic
alterations of TSCC and thymomas are significantly different
from those of squamous cell carcinomas of head, neck and
lung [6]. This reflects the enigmatic etiology of thymomas and
TCs compared to the known environmental triggers of most
upper aero-digestive tract cancers. A clue to the oncogenesis
of thymomas and TSCCs could be their increasing incidence
with age that parallels thymic involution. This and the known
potential of senescence to eliminate pre-cancerous cells
make us hypothesize, that genetic and epigenetic alterations
that interfere with thymic involution could contribute to
the development of thymomas and TSCCs. Since thymic
epithelial cells (TECs) show turnover in the normal thymus
(NT) up to old age [7], thymic involution can formally be
explained by TEC death outweighing proliferation, but
underlying molecular mechanisms are poorly understood
[8]. Along this line, we previously found that an inhibitor
of the intrinsic/mitochondrial apoptotic pathway, BIRC3
shows increased expression in TSCC but not in thymomas
compared to NT [9]. By contrast, we report here that there is
increased expression of cellular FLICE-like inhibitory protein
(cFLIP), a key inhibitor of the extrinsic, TNFa-, FAS-L- and
TRAIL-driven apoptosis pathway [10], in both thymomas
and TSCCs compared to NT. cFLIP is expressed in various
splice variants (mainly cFLIP, (cFLIPlong) and cFLIP
(cFLIPshort)) in normal tissues and many tumors [11] and
is regulated by various factors, including NF-«xB [11]. Apart
from blocking apoptosis, cFLIP, plays a role in autophagy
suppression [12], which can interfere with cell death as well.
Therefore, we compared cFLIP and NF-kB expression, and
the functional relevance of cFLIP over-expression and NF-
kB blockade on TEC survival and autophagy in resection
specimens and primary cell cultures of NT, thymomas, TCs
and the TC cell line 1889c [13].

RESULTS

Thymomas and TSCCs show increased cFLIP
expression compared to NT in vivo

We found significantly (p<0.001) higher expression
levels of cFLIP RNA and protein in whole tissue extracts

of thymomas (n=67) and TSCCs (n=15) than in NT (n=15)
(Figure 1A). RNA levels varied within each histological
tumor subtype (range: 3-180 fold compared to the average
level of 15 NTs). Between the thymoma subtypes, RNA und
protein levels were not significantly different. However, RNA
levels were significantly higher in TSCCs compared to type
A, AB and B2 thymomas (p <0.0001) and B3 thymomas
(p=0.0009). There was no significant correlation between
tumor stage and cFLIP mRNA levels. cFLIP, represented the
only expressed isoform in thymoma subtypes excepted in B2
thymomas that showed both cFLIP_ and cFLIP, expression
(Figure 1B). When cFLIP RNA levels were normalized for
cytokeratin 19 (CK19) expression levels (as surrogate marker
of epithelial cell content), the difference between thymomas
and TSCCs disappeared, while the individual cFLIP/CK19
ratios of the different thymic tumor subtypes (mean ratios
1,58 - 2,0) were still significantly higher than the ratio of NTs
(ratio 0,33 +/-0,13) (Supplementary Figure 2 and Table 1).
Higher RNA expression was accompanied by higher protein
expression in thymomas and TSCCs compared to NT on
western blot (Figure 1B). cFLIP, splice variant is more
expressed in all thymomas except in three B2 subtype tumors
(Figure 1B). Expression levels of cFLIP were not different
in females and males within each cohort of NTs and thymic
tumors (not shown).

cFLIP expression in vivo declines with age in NT
but not in thymomas and TSCCs

In NTs (n=15) cFLIP RNA expression levels
declined with age from 5,27+/-0,9 (age 28-35 years,
n=5) through 1,33+/-0,18 (40-57 years, n=6, p=0,0013)
to 0,166+/-0,10 (61-82 years, n=3, p=0,0062)
(Supplementary Figure 3A). By contrast, no age-related
decline of cFLIP expression levels was observed in
thymomas and TSCCs (Supplementary Figure 3B)

cFLIP expression declines more slowly in
neoplastic than normal pTECs on prolonged cell
culture

EpCam(+) primary thymic epithelial cells (pTECs)
established from resection specimens of thymomas
showed higher cFLIP mRNA and protein levels than
pTECs established from NTs (Figure 2 and Supplementary
Figure 4) at the time of sub-confluence and first passaging.
Subsequently, cFLIP expression decreased more rapidly in
pTECs from NTs (n=4) than in 3 of 4 investigated neoplastic
pTECs (Figure 2). This was accompanied by the failure to
split pTECs derived from NTs more than once under our
cell culture conditions. The time-dependent decline of cFLIP
levels in neoplastic and non-neopl+astic pTECs is not a
general feature of ex vivo established cell cultures: a prostate
cancer primary cell culture and several primary fibroblast
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Figure 1: cFLIP mRNA and protein expression analysis. A. mRNA expression by Q-PCR in 67 thymoma and 15 TSCC compared
to 5 normal thymuses (NT). The applied primers recognize sequences shared by cFLIP, and cFLIP_ “"p<10-, "*p=0.0002 and p=0.0009).
B. Expression of ¢cFLIP, and cFLIP protein in 4 NT and 15 thymomas (4 type A, AB, B2 and 3 type B3) and 3 TSCC. B-actin served as
loading control.
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Figure 2: Slower decline of cFLIP mRNA and protein levels in thymoma primary epithelial cells compared to primary
epithelial cells from normal thymus. Higher cFLIP expression levels in primary thymic epithelial cells (pTECs) from a type AB
thymoma compared to a normal thymus (NT). Subconfluent pTECs were trypsinized for passaging at the indicated culture times after
surgery (4-35 days) and RNA and protein levels were analyzed using real time PCR and western blot analysis, respectively. D: days of cell
or tissue culture after surgery. The mRNA quantification result represents the mean +/- SEM of three independent experiments. Comparable
results were obtained with pTECs from 3 other NTs and 4 other thymomas (Figure S3).

www.impactjournals.com/oncotarget 89582 Oncotarget



cultures derived from different tumors did not show a drop in
cFLIP expression on prolonged cell culture (data not shown).

Delayed decline of cFLIP expression in
neoplastic pTECs is associated with delayed start
of senescence

While cFLIP expression decreased in pTECs
during cell culture (see above), X-Gal staining intensities
increased over time (Figure 3A). This suggests progressive
senescence in vitro. In pTECs from thymomas, senescence

became recognizable after 15 days in culture, and
RNA expression of pl6™k4A (a senescence-associated
gene) started to rise progressively on day 10 to 15 after
surgery and lasted till the 3™ to 5" passage (Figure 3B).
By contrast, pTECs from NTs showed X-Gal staining
positivity and increased p16™%4* RNA levels already after
5-7 days in primary culture (Figure 3C). Furthermore,
pl16™K4 RNA levels of whole tissue extracts of NTs (age
12-29 years) were significantly higher than levels in
thymomas (p= 0.0014) (Figure 3D). Taken together, the
negative correlation between cFLIP expression levels and
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Figure 3: Senescence detection in thymoma and NT pTECs by X-Gal staining. A. Senescence of primary thymic epithelial
cells (pTECs) as revealed by X-Gal staining starts consistently earlier in normal thymic (NT) pTECs than pTECs from thymomas. The
number of passages is indicated in brackets (PO, primary culture). B. Progressive increase of p16™%44 expression in thymomas was detected
by real time PCR at the time of pTEC passaging; expression levels were normalized to the expression at the end of 4 days (4D) culture that
was set as 1. C. Comparison of p16™%# expression in pTECs from normal thymuses (NT; n=4; primary passage, p0) and thymomas (n=6; 1
type A, 1 type AB, 1 type B2 and 3 type B3; passages p0-p5). D. For comparison, in vivo p16™&4A expression levels in whole tissue extracts
of NTs (n=8; age 28-47 years) and A, AB and B3 thymomas (n=16; age 26-79 years) are shown. The results represent the mean +/- SEM.
The results in figure B represent experiments in triplicates. “D”: days. The dark circles in figure C represent NTs of 28 and 29 year-old
patients, light circles represent NTs of 46 and 47 year-old patients.
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levels of senescence markers in pTECs in vitro, and the
increased cFLIP levels and decreased p16™&4A Jevels in
thymomas compared to NTs in vivo argued for a role of the
increased cFLIP expression in attenuation of senescence
in thymomas.

To test this hypothesis, cFLIP RNA and protein
levels were downregulated in 2 to 4 day-old pTECs by
cFLIP shRNA (Figure 4A). Suppression of cFLIP for 12

and 24 hours followed by TNFa treatment decreased cell
viability of pTECs to 50-80% and 75-95%, respectively
compared to mock-transfected pTECs (Figure 4B).
The thymic carcinoma cell line, 1889c, and HaCaT
keratinocytes showed a similar reduction of cell survival
upon cFLIP knockdown (Supplementary Figure 4A-
4B). However, following cFLIP knockdown, only 1889¢c
cells and HaCaT cells but not pTECs could be rescued
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Figure 4: Sensitization of cultured TECs for TNFa-induced cell death following sh-cFLIP mediated knockdown
pTECs from 2 different thymoma subtypes (A and B3) were transfected with either pU6"°-sh-cFLIP or scramble
pU6™°-sh control plasmid. A. Efficiency of cFLIP knockdown was measured 24 hours after transfection by real time PCR and western
blot analysis. B. MTT assay reveals reduced pTECs viability 12 and 24 hours after transfection on treatment with 100ng/ml TNFa for 1
hour. C. Cell death was measured by AnnexinV-APC/PI flow cytometry: primary TECs were pretreated with either 50uM pan-caspase
inhibitor Z-VAD-FMK or 100uM Necl or with both of these cell death inhibitors for one hour prior to transfection with cFLIP-shRNA
(for 24 hours). Subsequently, pretreated cells and various control cells were treated with 100ng/ml TNFa for 1 hour. D. Left diagram:
Representation of apoptotic cells (lower right region on the dot blot of figure C); right diagram: Rescue of cells (lower left region on the dot
blot of figure C) because of caspase inhibition. The results shown are representative of three independent experiments.
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from TNFa-induced cell death through the pan-caspase
inhibitor Z-VAD-FMK or the necroptosis inhibitor,
Necrostatin-1 (Necl) (Figure 4C—4D und Supplementary
Figure 4B-4D). Enforced cFLIP downregulation in
pTECs was accompanied by p16™*A upregulation and
accelerated senescence (Supplementary Figure 5A). Taken
together, cFLIP counteracts senescence in neoplastic
pTECs and prevents their death by a mechanism that
is independent of caspases and the necroptosis inducer,
RIPK1.

NF-kB inhibition downregulates cFLIP
expression in neoplastic thymic epithelia cells

Since cFLIP expression is driven by activated NF-
kB (p65) in some non-thymic tumors [11, 14], we treated
neoplastic pTECs and control cell lines with the NF-xkB
inhibitor, EF24 [15] (Figure 5). This treatment reduced
cFLIP mRNA and protein expression levels (Figure 5A)
and facilitated TNFa-induced cell death in neoplastic
pTECs of two B3 thymomas tested in passage 1 and 2
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Figure 5: Cultured TECs are highly sensitive towards NF-kB inhibition and can not be rescued from cell death by
inhibition of caspases and necroptosis pTECs from two B3 thymomas were first pretreated with Z-VAD-FMK for 1
hour before they were treated in addition with the NF-kB inhibitor, EF24 for 12hours. Cells were then stimulated with
100ng/ml TNFa for one hour. RNA and proteins were analyzed for cFLIP expression using real time PCR and western blot A. (2 type B3
thymoma pTECs are shown). Cell death was determined with Annexin V/APC/PI using flow cytometry B. Dead cells represented 59.70%+/-
10.% of pTECs compared to control cells (DMSO and TNFa treated) (“p=0.0043) (C, left diagram). Rescued cells after pan-caspase and
necroptosis inhibitions in pTECs (C, right diagram: no significant effect of caspase inhibition). Results in C, diagrams represent the mean
+/-SEM of duplicate experiments from freshly thawed cells. D, days in culture.
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(Figure 5B and Figure 5C, left diagram, 2™ column).
Furthermore, EF24 treatment induced premature
senescence in terms of X-Gal staining and accelerated
p16 overexpression (data not shown). Death of neoplastic
pTECs following NF-kB inhibition could not be prevented
by either the pan-caspase inhibitor Z-VAD-FMK or
Necrostatin 1 or both inhibitors combined (Figure 5C,
right diagram, 2" column). By contrast, the EF24 treated
control thymic carcinoma cell line, 1889¢c, and HaCaT
cells could be partially rescued from TNFa-induced cell
death by either Z-VAD-FMK or Necrostatinl or both
inhibitors (Supplementary Figure 5A). Therefore, like
cFLIP knockdown, NF-kB inhibition can facilitate TNFa-

induced cell death of pTECs by a caspase and RIPK1
independent mechanism.

cFLIP knockdown and NF-kB inhibition induce
autophagy in pTECs

Since autophagy can lead to caspase- and
necroptosis-independent cell death [16], we next tested the
impact of cFLIP knockdown on autophagy. Autophagic
vacuoles were detected already 24 hours after shRNA-
mediated cFLIP knockdown in all cultured pTECs of
thymomas (n=3) (Figure 6A) but only after 48 hours in
a minority of 1889¢c TC cells (Figure 6B). HaCaT cells
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Figure 6: Sensitivity of sh-cFLIP transfected and EF24 treated pTECs to TNFo-induced autophagy Visualization of
autophagic vacuoles in 4-day-old pTECs derived from one type AB and one B3 thymoma and in 1889c and HaCaT
cells. The cells were transfected using sh-cFLIP or sh-control RNA for 12h (pTECs) or 48h (1889¢, HaCaT)) or treated with 3uM (1889c¢,
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showed no autophagic vacuoles (Figure 6B). Similar
to cFLIP knockdown, the NF-kB inhibitor EF24 at
concentrations that reduce cFLIP expression increased the
number of autophagic vacuoles in pTECs and the control
cell line 1889¢ but not in HaCaT cells (Figure 6C and
6D). This suggested that cFLIP interfered with autophagy
in pTECs and, therefore, might be a candidate protein to
attenuate autophagy-dependent cell death mechanisms.

Blocking autophagy in cFLIP"Y pTECs
attenuates TNFa-induced cell death

To investigate whether autophagy blockade could
block TNFa induced cell death, pTECs of two AB, one B2
and one B3 thymoma were pre-treated with either 25uM
of the autophagy inhibitor, chloroquine (CQ), or 50uM of
the pan-caspase inhibitor, Z-VAD-FMK or a combination
of both agents before cFLIP knockdown or EF24
treatment. Pretreatment with either CQ or Z-VAD-FMK
alone did not significantly block TNFa induced cell death
of sh-cFLIP transfected pTECs and 1889c cell line (Figure
7A) and EF24 treated pTECs and 1889c cell line (Figure
7B), although autophagy was efficiently blocked by CQ
as measured by western blot of LC3I/LC3II expression
(Figure 7C) [17]. However, combined application of
CQ and Z-VAD-FMKa rescued significant numbers of
neoplastic pTECs and thymic carcinoma 1889c cells from
TNFa induced cell death. These findings suggest that
cFLIP fosters the survival of neoplastic pTECs by its dual
inhibitory impact on apoptosis and autophagy.

DISCUSSION

The main new findings here are i) higher expression
of cFLIP in thymomas and TSCCs compared to NT in
vivo; ii) delayed decline of cFLIP levels and delayed
senescence in cultured neoplastic pTECs compared to
normal pTECs; iii) regulation of cFLIP expression through
NF-«B signaling in neoplastic pTECs; and iv) cell death
induction through autophagy and apoptosis by cFLIP
knockdown and NF-«B inhibition in pTECs.

Relevance of epithelial cFLIP overexpression
in TETs

Genes that regulate the ‘intrinsic’ apoptotic pathway,
such as members of the BCL-2 and IAP (inhibitor
of apoptosis) families, have been implicated in the
development of TETs for long, and their overexpression
heralds a poor prognosis [9, 18, 19]. Genetic gains
of BCL-2 family genes belong to the commonest
genetic abnormalities in TETs, and BCL-2 and BIRC3
overexpression are almost consistent features of TCs
[9, 19]. By contrast, increased expression of cFLIP, i.e.
a blocker of the ‘extrinsic’ death receptor pathway [11]

has not been described in TETs so far. Since survival of
primary cell cultures established from thymomas was
significantly attenuated by TNFa treatment only after
cFLIP knockdown, increased cFLIP expression appears
to be functionally relevant. Together with increased
expression of BCL2 and IAP family members in TETs [9,
19] the current findings imply that most TETs suffer from
a block of both intrinsic and extrinsic cell death pathways,
offering a potential explanation for the resistance of most
unresectable TETs to current treatments [2].

TETs share high cFLIP expression levels mostly
CFLIP, with various solid and hematopoietic tumors [20,
21] but not with cutaneous squamous cell carcinomas
(CSQCCQC) [22]. This is remarkable, since CSQCC and
TETs are the only cancers that commonly express the
thymus-‘specific’ transcriptional master regulator and
survival factor, FOXN1 [23]. Since cFLIP expression
levels are decreased in CSQCC compared to normal
tissues, TRAIL therapy has been considered effective and
safe for patients with cFLIP*" CSQSC [22]. By contrast,
our results suggest that TRAIL treatment alone might not
be effective in cFLIP"&" TETs.

Increased expression of the large variant of cFLIP
cFLIP, and additionally increases expression of the
small cFLIP variant cFLIPg in B2 thymoma subtype
(Figure 1) occurred across the spectrum of indolent to
aggressive thymoma subtypes and highly malignant TSCC
suggesting that cFLIP is an important regulator of TEC
homoeostasis rather than driver of aggressiveness. This is
also illustrated by our new finding that cFLIP appears to
be involved in thymic involution: First, cFLIP expression
showed an age-dependent decline in NT but not TETs in
vivo. Second, spontaneous cFLIP decline in normal and
neoplastic TECs showed different kinetics in vitro: while
pTEC cultures of NTs showed rapidly declining cFLIP
expression levels that were accompanied by early strong
signs of senescence. Cultured neoplastic TECs maintained
their increased cFLIP levels much longer (mostly cFLIP,
because of the isolated neoplastic TECs, which were from
AB and B3 Thymoma, expressing only cFLIP (Figure
1)). However, when cFLIP levels dropped in neoplastic
TEC:s after prolonged culture, this was again accompanied
by epithelial senescence and growth arrest. Third, forced
cFLIP downregulation by RNA interference or NF-xB
inhibition led to reduced proliferation of neoplastic TECs,
accelerated senescence and cell death. Since blockade of
the extrinsic apoptotic pathway delays thymic involution
in mice [24], conditional cFLIP overexpression and
knockout in murine TECs in vivo may give hints to the
role of cFLIP in thymoma development and thymic
involution, respectively. cFLIP, overexpression in B2
thymoma (Figure 1) suggests that the small cFLIP variant
could play a role in the development of the B2 thymomen,
how far ¢FLIP¢ in involved in blocking the thymic
senescence and involution muss be investigated further
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Figure 7: Attenuation of TNFa induced cell death by blocking autophagy and apoptosis in sh-cFLIP transfected and
EF24 treated pTECs Autophagy inhibition by chloroquine (CQ) treatment. pTECs from one AB thymoma, one B3 thymoma,
thymic carcinoma 1889¢ and TE167 rhabdomyosarcoma cell lines were pretreated either with CQ 25M uM or 50uM Z-VAD-FMK or
both agents for 1 hour before they were transfected with sh-cFLIP or treated with the NF-«xB inhibitor, EF24 for 12hours. Cells were then
stimulated with 100ng/ml TNFa for one hour: Cell death was determined with Annexin V-APC/PI using flow cytometry. A. Cell death in
sh-cFLIP transfected pTECs of pTECs from AB and B3 thymomas) and TC 1889c cell line. B. Cell death in EF24 treated pTECs and TC
1889c cell line. C. Expression levels of LC3 and cleaved LC3 (LC3I and II) proteins in sh-cFLIP transfected (left figure) and EF24 treated
cells (right figure). Note blockade of LC3 cleavage by CQ. B-Actin was used as loading control.
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in TECs isolated from these neoplastic tissues of B2
thymoma. Fourth, declining cFLIP levels and subsequent
senescence of cultured normal and neoplastic TECs were
accompanied by upregulation of CDKN2A/p16™&A that
has been implicated in thymic epithelial stem cell biology
and thymic aging [24, 25].

Absence of pl6 expression is common in many
tumors, occurs in 70% of TETs and is associated with
poor prognosis [19]. Rarely, pl6 deficiency in TETs
results from homozygous loss of the CDKN2A locus at
9p21.3 [19]. This was not the case in any TET that we
studied functionally, since CDKN2A transcription always
increased during thymoma epithelial cell culture. Other
known regulatory mechanisms of CDKN2A expression,
such as methylation [25, 26], and miR-24 [26, 27] have
not been studied in TETs. Therefore, it is unknown
whether increased expression of cFLIP is involved in the
observed downregulation of 16™%4 in TETs.

Autophagy induction in thymoma TECs by
c¢FLIP knockdown

In terms of cell death, cFLIP can prevent apoptosis,
anoikis [28], necroptosis [29, 30]. c-FLIP, but not cFLIP
attenuates autophagy by directly acting on the autophagy
machinery by inhibiting Atg3 binding to LC3, thereby
decreasing LC3 processing [30, 31]. Unexpectedly, in
all four primary thymoma epithelial cell cultures tested,
cFLIP knockdown induced autophagosome formation
and rendered pTECs sensitive to TNFa-induced cell
death that could not be prevented by single agent pan-
caspase and necroptosis inhibition. This suggests that
cFLIP in thymomas prevents epithelial cell death mainly
through blockade of both apoptosis and autophagy.
By contrast, cFLIP-depleted cells of the 1889¢ thymic
carcinoma cell line could partially be rescued from
TNFa-induced cell death by inhibitors of caspases,
necroptosis and autophagy, suggesting that cFLIP in
1889c¢ carcinoma cells may regulate a broader spectrum
of cell death-inducing targets. These studies must be
extended to primary thymic carcinoma cells (that were
not available to us) in order to learn whether cFLIP-
regulated cell death pathways are really different
between thymomas and TCs. Since TNFa treatment
reduced survival of cFLIP-depleted, thymoma-derived
pTECs by cFLIPShRNA or EF24 compared to untreated
controls (Figure 5C and 7C), cell death control by
intrinsic pathways is strongly operative in TETs and may
need attention in future therapeutic trials for thymoma
patients (see below).

Impact of NF-kB downregulation on cFLIP
expression and TEC survival

cFLIP expression is regulated by a broad spectrum
of mechanisms, including histone acetylation [32] DNA

damage and ubiquitination [33] miR-375 [34] sonic
hedgehog and myc signalling [32, 35]; and Hsp90 [36,
37]. Here we focussed on NF-kB-driven cFLIP expression
because it is common in many cancers [21, 38] Indeed,
the NF-kB inhibitor, EF24 elicited cFLIP downregulation
in primary thymoma TECs and 1889 thymic carcinoma
cells [13] (Figure 4A and Supplementary Figure 6A) and
sensitized them to TNFa induced cell death (Figure 4B
and 4C and Supplementary Figure 6B and 6C). Like cFLIP
knockdown, NF-kB blockade induced both apoptosis and
autophagy in 1889¢ TC cells (Supplementary Figure 7 and
Figure 7) and in primary thymoma-derived TECs (Figure
4; Figure 5 and Figure 7). Whether NF-«xB expression in
neoplastic TECs is driven by oncogenic mechanisms [38]
or echoes the epithelial NF-«B signaling that is operative
during early thymus development [39] is unknown.

Translational perspective

Because TETs show variable and often combined
increased expression of cFLIP, BCL2 and IAP family
members [9, 19], TETs appear as promising candidates
for trials testing novel inhibitors of multiple anti-apoptotic
proteins [40]. Accordingly, anti-cell death signatures
are candidate companion tissue-based biomarkers.
Furthermore, therapeutic trials may also investigate
blockers of NF-kB signaling [41] and new heat shock
protein (HSP) inhibitors with improved drug tolerability
[36], because cFLIP and autophagy-related proteins are
clients of HSP90 [36] and HSP90 is expressed in TETs
[37,42]

Finally, expression of cFLIP by cancer cells
has been described as an immune escape mechanism
[43]. Therefore, cFLIP expression in TETs appears a
reasonable adjunct biomarker in immune checkpoint
inhibitor trials that are underway in light of the recent
detection of high levels of PD-L1 in thymomas and
TCs [44, 45] as TAP inhibitors, which were found to
mimic co-stimulatory signalling in T cells [46] and the
small-molecule IAP antagonists, such as LCL161, have
entered clinical trials for their ability to induce tumor
necrosis factor (TNF)-mediated apoptosis of cancer
cells in multiple myeloma, This effect was not a result
of direct induction of tumor cell death, but rather of
upregulation of tumor-cell-autonomous type I interferon
(IFN) signaling and a strong inflammatory response
that resulted in the activation of macrophages and
dendritic cells, leading to phagocytosis of tumor cells
and notably, combination of LCL161 with the immune-
checkpoint inhibitor anti-PD1 was curative in all of the
treated mice [47].

In complementary work, a tumor cell line that was
selected for resistance to immunotherapy upregulated
AKT compared with sensitive wild-type cells, and this was
associated with increased levels of BIRC2 and BIRC3,
BCL-2 and BCL-XL [48].
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Table 1: Characteristics of 82 tumor patients and tissues studied for cFLIP compared to 20 adult cardiac surgery

patients with normal thymus (NT)

Diagnosis N Age range (y) Sex (m:f) Stage (I-1V) MG+ (%) Follow-up
Thymoma
Type A 8 36-87 05:03 III((rrllz'o;)) 1 (12.5%) 0k
Type AB 22 26-79 08:14 HI ((2:19;) 9 (40.9%) 0k
Type B2 18 21-81 08:10 I (n=9) 8 (44.4%) Partially known
II (n=4) 2: dead
I (n=2) 2: alive
IV (n=3)
Type B3 19 41-76 09:10 I (n=6) 4 (21.05%) Partially known
11 (n=4) 1: dead
I (n=4) 11: alive
IV (n=5)
TSCC 15 32-74 10:05 I (n=1) 0 Partially known
II (n=5) 7: dead
I (n=4)
IV (n=5)
NT 20 28-82 — — —

Thymoma type A, AB, B2, and B3 (WHO classification); TSCC, thymic squamous cell carcinoma; MG+ (%), percentage of
patients with Myasthenia gravis; n.k., not known; stage, according to Masaoka-Koga (2).

MATERIALS AND METHODS

Patients

Characteristics of the patients, 82 (Supplementary
Table 1) biopsies of thymomas and TSCCs and of 20 non-
neoplastic thymuses are summarized in Table 1.

Primary thymic epithelial cells (pTECs) and cell
lines

pTECs were prepared and cultured as described
[9]. Shortly, cell suspensions were prepared by several
rounds of collagenase II digestion of tissue fragments,
and grown at 37°C in a 5% CO, on uncoated 10 cm
tissue plastic dishes (Becton & Dickinson, Heidelberg,
Germany) in RPMI 1640 with 4.5 g/L glucose, 25 mM
Hepes, 200 mM L-Glutamine, 50 U/ml penicillin, 50
pg/ml streptomycin and 10% calf serum (PAA Inc.,
Freiburg, Germany). The medium was changed every 4
days. Epithelial cell content of primary cell cultures was
determined by anti-EpCAM immunofluorescence (clone
4G10 Abcam, Heideberg, Germany) (Supplementary

Figure 1A) and flow cytometry (Supplementary Figure
1B). Cell cultures with <50% EpCAM(+) cells were
discarded. After 4-7 days, sub-confluent cells were
trypsinized, and pTECs were split up for passaging,
X-Gal staining, flow cytometry, isolation of DNA,
RNA and proteins, and storage in liquid nitrogen. The
thymic carcinoma cell line 1889c [13] was also grown
in the above medium and has been kindly provided
by Prof Ralf J. Riecker (Institute of Pathology,
University Hospital, Heidelberg, Germany) in 2011. The
immortalized keratinocyte cell line HaCaT was cultured
in DMEM medium. (The cell lines (1889¢ and HaCat)
were authentified in January 2016 by STR (short tandem
repeat) Analysis in the cell line authentification service
in Heidelberg, Germany).

Cell proliferation assay

Mitochondrial dehydrogenase activity as surrogate
proliferation marker was measured by MTT assay 12h
after 3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-
tetrazolium bromide treatment of cells at 50% confluency
according to the manufacturer’s protocol.
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Inhibition of nuclear factor-kB signalling
by EF24

2x10* cells/well were grown in 12-well plates and
treated for 24 h with the NF-kB inhibitor, EF24 (3,5-Bis
(2 flurobenzylidene) piperidin-4-one) dissolved in DMSO
[15] at 1uM (pTECs), 6uM (1889c) and 3uM (HaCaT).
Controls were cultured in DMSO only. cFLIP expression
was measured by real time PCR and western blot, cell
death by flow cytometry.

Cell death analysis by flow cytometry

pTECs, 1889¢c and HaCaT cells were seeded at
2x10* to 4x10* per well in 48-well microtiter plates and
pre-treated either with the caspase inhibitor, z-VAD-fmk
(Promega, Germany) (50uM pTECs and HaCaT and
100uM 1889c) or with the RIPK1 inhibitor, necrostatin-1
(Nec-1, 50uM; DB Bioscience, Heidelberg, Germany) [49]
or with both z-VAD-fmk and Nec-1 for 1 hour, then treated
with EF24 for 24 hours or transfected with sh-cFLIP for
48 hours. Lastly, cell death was induced using 100 ng/
ml human TNFa (RD Systems, Wiesbaden, Germany)
and quantified using AnnexinV/APC/PI (DB Bioscience,
Heidelberg, Germany) by fluorescence-activated cell
sorting (guava easyCyte™) as described [50].

Detection of autophagy

Autophagic vacuoles were identified using the Cyto-
ID® Autophagy Detection Kit (ENZO, Germany) in live
pTECs and 1889¢ TC cells according to the manufacturer’s
protocol. Briefly, cells were transfected with shRNAcFLIP
or scramble shRNA for 48 h or treated with EF24 for 24
hours and labelled with Cyto-ID dye for 30 min at 37°C.
Cells were washed with 1X assay buffer, fixed with 4%
paraformaldehyde in PBS for 10 min and visualized
using a fluorescence microscopy. The unprocessed form
of microtubule-associated protein 1 light chain 3 (LC3)
which is involved in autophagosome formation during
autophagy and the proteolytically cleaved forms (LC3I
and LC3II) were detected by western blot analysis.

Detection of senescence by X Gal staining

When cells were trypsinized for passaging, cells in
parallel cultures were washed with PBS, fixed for 3-5 min
in 4% paraformaldehyde in PBS at room temperature and
stained with fresh senescence-associated-3-B-galactosidase
(SA-,3-Gal) staining solution (X-Gal staining) [51].
Treated cells were checked every hour after the beginning
of X-Gal staining. Images were taken with a Leitz
Laborlux 11 microscope at the time point when X-Gal
staining became recognizable for the first time, which was
monitored as the ‘time-to-senescence’ period.

Western blot

Western blots were performed as described [9].
Membranes were probed with mouse anti-cFLIP (G11
D16AS8, Cell Signaling, Heidelberg, Germany; against
cFLIP, and cFLIP;), rabbit anti-LC3 (Acris, Herford,
Germany) and rabbit anti-B-actin (New England Biolabs
Frankfurt, Germany) primary antibodies over night at
4°C. Bound antibodies were detected with secondary
anti-mouse and anti-rabbit antibodies and visualized with
a chemoluminescence detection kit (Pierce, Darmstadt,
Germany).

Real time PCR analysis

Reverse transcription was performed using 1 pg
RNA First Strand Minus ¢cDNA kit (Thermo Scientific,
Heidelberg, Germany). The real time PCR was performed
on the ABI STEP ONE PLUS TagMan PCR System
(Applied Biosystems) using FAST SYBR Green master
mix (Applied Biosystems).

The relative quantification was calculated
using the AACt method with GAPDH as internal
control. The Primer sets used were forward
5’-CACTGAAAGTCCCCGTCAAC-3" and reverse
5-’CGTGCTGTGTACCTGCCCAAT-3’ for cFLIP and
forward 5’-TCGACAGTCAGCCGCATCT-3’ and reverse
5’-CCGTTGACTCCGACCTTCA-3’, for GAPDH:
5’-TCGACAGTCAGCCGCATCT-3> forward and
5’-CCGTTGACTCCGACCTTCA-3’, for cytokeratin 19
(CK19): 5°- CATGACTTCCTACAGCTATGC forward
and 5> CGCGAAGAGGACTGGACGGTT -3’ reverse and
for p16: 5’>-CCACCCTGGCTCTGACCAT-3’ forwards
and 5’-GCCACTCGGGCGCTG-3’ reverse.

Statistical analysis

All statistical analyses were performed with
GraphPad Prism V6.0 (GraphPad Software Inc, La Jolla,
USA). Two-tailed student’s #-test was used with p<0.05
and a confidence level of 95% (p<0.05 was considered
significant) when comparing cFLIP gene expression levels
in different groups of thymomas. A subsequent F-test was
used to compare variances with p<0.05 at a confidence
level of 95% (p<0.05) was considered as significant.
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