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Abstract

Cutaneous T-cell lymphomas (CTCLs) represent different subtypes of lymphoproliferative disorders with no curative
therapies for the advanced forms of the disease (namely mycosis fungoides and the leukemic variant, Sézary syndrome).
Molecular events leading to CTCL progression are heterogeneous, however recent DNA and RNA sequencing studies
highlighted the importance of NF-kB and f-catenin pathways. We here show that the kinase TAK1, known as essential in B-
cell lymphoma, is constitutively activated in CTCL cells, but tempered by the MYPT1/PP1 phosphatase complex. Blocking
PP1 activity, both pharmacologically and genetically, resulted in TAK1 hyperphosphorylation at residues T344, S389, T444,
and T511, which have functional impact on canonical NF-kB signaling. Inhibition of TAK1 precluded NF-xB and p-catenin
signaling and induced apoptosis of CTCL cell lines and primary Sézary syndrome cells both in vitro and in vivo. Detection
of phosphorylated TAK1 at T444 and T344 is associated with the presence of lymphoma in a set of 60 primary human
samples correlating with NF-xB and p-catenin activation. These results identified TAK1 as a potential biomarker and

therapeutic target for CTCL therapy.

Introduction

Cutaneous T-cell lymphomas (CTCL) are lymphoid
malignant neoplasms included as peripheral T-cell non-
Hodgkin’s lymphomas that primarily manifest in the skin.
The most frequent CTCL, mycosis fungoides (MF) and the
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leukemic variant Sézary syndrome (SS), are characterized
by proliferation of T-helper cells with mature phenotype
(CD3+, CD4+-, and CD45RO-+). MF is characterized by a
clinical multistage development starting with erythematous
scaly patches that are followed by infiltrated plaques and
final transformation into the tumor stage. In SS, the disease
is clinically characterized by erythroderma associated with
peripheral blood involvement manifested by circulating
malignant lymphoid cells with cerebriform nuclei (Sézary
cells). Tumor-stage MF and SS are considered aggressive
forms of the disease and usually have unfavorable prog-
nosis. Till date, there are no targeted therapies that provide
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curative alternative for advanced CTCL patients. Interferon,
oral retinoids (bexarotene), and non-specific histone dea-
cetylase inhibitors are currently prescribed as therapeutic
options, but most cases achieve response rates of about 30%
(reviewed in [1]).

Although the pathogenic mechanisms implicated in
CTCL progression are fairly unknown, several reports
have suggested a relevant role for STAT3, Notch and (-
catenin pathways in this group of disorders [2-7].
Recently, whole-genome/exome DNA and RNA sequen-
cing of tumor-stage MF and SS has clearly identified
alterations in elements upstream of TAK1 and IKK such as
CARDI11 and TNFR2, which suggest a pivotal role for NF-
kB signaling in CTCL [8-11]. Although this pathway has
been mainly associated to B-cell lymphoma [12-18], there
are several reports indicating that particular NF-kB ele-
ments can also contribute to T-cell lymphoma [19, 20]. In
fact, NF-xB is an essential regulator of normal T-cell
homeostasis and function [21-23], whereas inactivation of
the pathway leads to a blockage in the differentiation
and survival of mature T cell compartment [24-26]
and precludes tumor progression in a mouse model of
Notch-induced Acute T-cell Leukemia [27].

Phosphorylation of IkBa by IKK is the critical step on
NF-kB activation, which is initiated, in a stimulus-
dependent manner, by the TAK1 kinase downstream of
the ubiquitin-ligase elements TRAF6 and Ubcl3. Treat-
ment of primary and transformed T cells with PP2A or PP1
inhibitors has been found to increase the amount of
phosphorylated IkBa leading to NF-kB activation [28, 29],
thus indicating the existence of constitutive IKK activity
that is counteracted by phosphatases in this particular cell
lineage. Various phosphatases have been identified that
negatively regulate IKK, thus guaranteeing precise and
transient cellular responses to extracellular stimuli in par-
ticular cell types. That is the case of CUEDC2/PP1 [30]
and PP4R1 [31] phosphatase complexes. One step
upstream in the pathway, PP1 through GADD34 repressed
TAKI1 kinase in macrophages [32] by dephosphorylation
of its regulatory S412 residue [33], thus preventing
excessive activation of TLR pathway during inflammatory
immune responses. Whether TAK1 and NF-xB play a
critical role in human T-cell lymphoma has not convin-
cingly been addressed.

Here, we study the contribution and potential therapeutic
relevance of TAK1 and NF-kB signaling in CTCL. Our
results indicate that TAKI is constitutively activated in
human CTCL cells although attenuated by PP1-mediated
dephosphorylation of specific residues. However, the
remaining TAKI activity is sufficient and required to
maintain NF-kB and p-catenin activation and its inhibition
has potent anti-tumor effects leading to reduced prolifera-
tion and increased apoptosis of lymphoma cells.
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Materials and Methods
Cell cultures and cell lines

Cutaneous T-cell Lymphoma cells included 2 MF (HH and
MYLA) and 2 SS (HUT78 and SeAx) cell lines that were
tested as mycoplasma free. Patient-derived SS samples
(identified as SZ #1-4) were obtained from fresh peripheral
blood mononuclear cells of selected SZ patients with high
tumor burden (representing 90-95% of CD4+4 SZ cell
population according to current morphologic and/or phe-
notypic diagnostic criteria). Mononuclear cells were
recovered by Ficoll (GE Healthcare, Princeton, NJ) gradient
separation. CD4+ T cells were purified by positive selec-
tion using immune-magnetic beads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), cultured at a density of 1 x 10°
cells/ml and then activated and expanded in vitro using anti-
CD3/CD28 beads (Life Technologies, Norway).

SeAx tumor model in NSG mouse

We injected 4 x 107 SeAx cells into the dermal space under
the central dorsal surface of the ears above the cartilage
plane subcutaneous in the ear of 2 months old NSG mice.
These cells generated tumors that infiltrate the adjacent
lymph nodes and were detectable by palpation at 7-10 days
after the injection. At the time of tumor detection, we ran-
domly defined 2 experimental groups that were treated by
intra-peritoneal injection either with DMSO (control; n =6
animals) or 15 mg/kg (5Z)-7-oxozeaenol (TAKI inhibitor;
n = 6 animals) every other day. After 5 rounds of treatment,
the animals were killed and the tumors were collected,
measured, and processed for subsequent analysis. All
experiments involving animals were performed according to
the regulations of the Catalan Government and the Ethical
Committee at Institut Municipal d’Investigacions Mediques
(IMIM).

Antibodies against active TAK1

Antibodies targeting phosphorylated TAK1 protein (resi-
dues T344, S389, T444, and T511 corresponding to human
isoform A) were generated by Abyntek (Bizkaia, Spain) by
immunizing rabbits with the corresponding phosphor-
peptides and depleting serum from antibodies recognizing
non-phosphorylated peptides. Commercial antibodies used
in this work are specified in supplemental material.

Generation of TAK1 point mutants and cell
transfection

TAKI1 point mutants were generated using sequence over-
lap extension with specific mutagenic primers. Star-Prime
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polymerase (Takara) was used following manufacturer’s
instructions, and TAK1 inserts were sequenced to confirm
the mutations of interest and the absence of additional
undesired changes. The cells were transfected using poly-
ethylenimine at a DNA/reagent ratio of 1:5.

Gel filtration assay on Superdex200 columns

CTCL cells were lysed in 100 ul PBS containing 0.5%
Triton X-100, 1 mM EDTA, 100 mM Na-orthovanadate,
0.25mM phenylmethanesulfonylfluoride (PMSF), and
complete protease inhibitor cocktail (Roche, Basel, Swit-
zerland), centrifuged at 13.000 r.p.m. Supernatants were
loaded on Superdex200 gel filtration column (GE Health-
care). One drop (40pul) per fraction was collected and
analyzed by western blot.

Mass spectrometry analysis

Immunoprecipitated proteins were reduced (10 mM DTT, 1
h at 37°C), alkylated 20mM IAA, 30 min, RT), and
digested with trypsin (o/n, 37 °C) prior to being analyzed in
a LTQ-Orbitrap Velos Pro mass spectrometer (see Supple-
mentary materials for details). Raw data were analyzed
using Proteome Discoverer software suite (v1.4) and Mas-
cot search engine (v2.5). The data were searched against the
human protein database derived from SwissProt with a
precursor ion mass tolerance of 7 ppm, and up to three
missed cleavages. The fragment ion mass tolerance was set
to 0.5 Da. Oxidation (M), Phosphorylation (STY), Acet-
ylation (Protein N-term), and Methylation (K), were defined
as variable modifications, whereas carbamidomethylation
(C) was set as fixed modification. Identified peptides were
filtered by FDR <5%. Differentially phosphorylated TAK1
peptides were selected based on its presence in calyculin
Al-treated samples and absence in control samples in at list
2 out of 3 independent experiments performed. TAKI1
interactors were defined as those detected in 2 out of 3 IP
experiments in control conditions.

Tissue samples and sample preparation

All human tissues used in this study were obtained from
Parc de Salut MAR Biobank (MARBiobanc, Barcelona)
with the consent of its ethical Committee, and following
Spanish Ethical regulations and guidelines of the Declara-
tion of Helsinki. Patient identity remained anonymous.
Formalin-fixed, paraffin-embedded tissue blocks of human
CTCL were from MARBiobanc archives. Areas of invasive
lymphoma lesions were identified on the corresponding
hematoxylin-eosin-stained slides.

Statistical methods for biomarker correlations

Data are expressed as frequencies and percentages for
categorical variables and ordinal variables or are specified
otherwise. The associated risk (odds ratios (OR) and 95%
CI) for the grade of biomarkers intensity and for grade >0
with lymphoma was assessed by means of ordinal and
binary logistic regression models, respectively. To study
correlations, we used Spearman coefficients. All analyses
were performed using SAS 9.2 software (SAS Institute,
Cary, NC, USA) and the level of significance was estab-
lished at the two-sided 5% level.

Image analysis

Immunohistochemistry of cutaneous lymphoma sections
was evaluated by two investigators in an Olympus BX61
microscope. Immunofluorescence images were taken in a
confocal Leica SP5 TCS upright microscope and the Leica
Application Suite Advanced Fluorescence software.

Results and discussion

PP1 activity counteracts the TAK1-dependent
activation of NF-kB signaling in CTCL cells

Recent sequencing projects in human CTCL identified
mutations in CARDI11 [8, 10] and TNFR2 [9] that might
support constitutive NF-xB activity. In a project focused in
the identification of NF-kB regulators, we precipitated the
TAKI1 kinase from MYLA cells and performed mass
spectrometry analysis. We identified the canonical TAK1-
associated proteins TAB1, TAB2, nd TAB3, as expected,
but also peptides corresponding to the phosphatase PP1 and
its regulatory subunit PPP1E12A/MYPT1 (Table 1A). To
test whether PP1 was affecting NF-kB activity in CTCL, we
incubated HH, MYLA, and SeAx cells with the specific
PP1 inhibitor calyculin Al. Treating cells for 40 min led to
accumulation of phosphorylated IKK and IxkBa, and a shift
in the electrophoretic mobility of TAK1, as determined by
western blot (WB) (Fig. 1a), associated to the accumulation
of nuclear p65-NF-xB (Figure S1A). As a specificity con-
trol, PP1 knockdown using 3 different shRNAs also
increased IKK and IxkBa phosphorylation in HH, MYLA,
and SeAx cells (Figure S1B). However, the effect of PP1
knockdown was less than the observed with calyculin Al
treatment, suggesting that TAKI1 hyperphosphorylation
after PP1 inhibition is temporary and then attenuated by
negative feedback loops, or other phosphatase activities,
such as PP2A also contribute to TAK1 regulation.

SPRINGER NATURE
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Table 1 PP1 interacts with TAK1 and regulates specific TAK1 phosphorylation sites

(A) Description Score Coverage Peptides
TAK1/MAP3K7 640 32.01 17
TABI 852 50.00 14
TAB2 849 29.87 14
TAB3 109 5.48

MYPTI1 262 9.42

PP1 48 4.33

CONTROL CALY

(B) Sequence (P-site) Area Area TAKI1 (aa)
RRSIQDLTVTGTEPGQVSSR 1.438E8 1.235E8 S412
VQTEIALLLQR 0.000E0 2.343E7 T511
MITTSGPTSEKPTR 0.000E0 1.031E7 T444
RMSADMSEIEAR 0.000E0 5.187E7 S389
SDTNMEQVPATNDTIK 0.000E0 1.1079E7 T344

(A) Selected proteins identified as TAKI interactors and (B) TAK1 phosphorylated peptides that are specifically detected in calyculin Al-treated

(CALY) lysates by Mass Spectrometry analysis.

Accumulation of phosphorylated IKK and IkBa follow-
ing calyculin A1l treatment was abrogated by pre-incubation
with the TAKI1 inhibitor (5Z)-7-oxozeaenol (Fig. 1b) and
the IKK inhibitor BAY65-8072 [34] (Fig. 1c), supporting
the concept that NF-xkB was constitutively activated in
CTCL cells although buffered by PPl-mediated depho-
sphorylation of specific elements, most likely TAKI.

Next, we tested the consequences of inhibiting TAKI,
IKKB, and ROCK, which regulates the MYPT1/PP1 com-
plex, on CTCL survival. We observed a distinctive pro-
apoptotic effect of TAKI inhibition in HH and SeAx cells,
as determined by cleaved-caspase 3 detection (Fig. 1d),
which was associated with its higher impact on CTCL cell
growth (70-80% growth reduction after 36 h) (Fig. le).
Because TAKI1, IKKP, and ROCK inhibitors induced
similar IxkBa stabilization (Fig. 1d), we speculated that NF-
kB was not the only pathway contributing to CTCL cell
survival downstream of TAKI. Further analysis demon-
strated that 36 h of treatment with TAK1 inhibitor imposed
a variable, but significant reduction in the nuclear levels of
p65-NF-xB and f-catenin in all tested CTCL cell lines
(Fig. 1f) that was associated to transcriptional repression of
canonical NF-kB and f-catenin target genes c-Myc, Axin2,
A20, and Nfkbia (Figure S1C). In addition, knocking-down
TAKI1 with 2 different shRNAs promoted accumulation of
IkBa, pB-catenin destabilization, and abrogation of P-IxBa
when compared with the scramble shRNA controls
(Figure S1D).

To study the possibility that TAK1 controls CTCL cell
survival through simultaneous activation of NF-xB and -
catenin signaling, we treated CTCL cells with the NF-xB
inhibitor, the [-catenin inhibitor PKF115-584, or both.

SPRINGER NATURE

Inhibition of p-catenin and IKKp reduced growth of CTCL
cells lines (Fig. 1g) and primary SS cells (Figure S1E), but
the effect was less than TAK1 inhibition. Inhibition of NF-
kB and f-catenin pathways together showed a synergistic
effect compared to either treatment alone (Fig. 1g). Cell
growth arrest imposed by the combination treatment was
associated with increased apoptosis as determined by
cleaved-caspase 3 detection (Figure S1F). As control,
PKF115-584 and NF-xB inhibitors reduced transcription of
Axin2 and Nfkbia, respectively, both in single treatments
and in combination (Figure S1G).

Of note, P-catenin was previously identified as pro-
tumorigenic factor in T cell neoplasms [7, 35-38], a target
of TAKI in colorectal cancer cells [39], and a required co-
factor for both Notch-induced and Notch-independent acute
T cell leukemia [35-37]. Together these results point-out f3-
catenin as an essential element for oncogenic transformation
all along the T cell differentiation pathway. Moreover, the
identification of p-catenin as an enhancer of NF-kB pro-
survival function downstream of TAK1 could be clinically
exploitable.

Regulation of canonical NF-kB by PP1 in CTCL lays
downstream of the ROCK/MYPT1 pathway

It was previously shown that TNFoa induced MYPTI
phosphorylation at T696 leading to PP1 inactivation and
cytoskeleton reorganization in muscle cells [40—42]. Since
both MYPT1 and PP1 were identified in TAK1 precipitates
from MYLA cells, we investigated whether TNFa modified
MYPTI and PP1 activity and this affected NF-xB signaling
in CTCL. In MYLA cells, we found that TNFa treatment
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Fig. 1 PP1 inhibition promotes TAK1- and IKKf-dependent activation
of NF-kB signaling in CTCL. a Mass spectrometry analysis of anti-P-
TAKI precipitates from MYLA cell lysates to identify elements
associated with TAK1 complex. b Western blot (WB) analysis of
indicated CTCL cells treated with calyculin A1 (CALY) for 40 min. c—
d Western blot analysis of the indicated CTCL cells treated with 2
different TAK1 (S, from Sigma and M, from Millipore) ¢ or IKKf
inhibitors d for 16h. e WB analysis of the indicated cell lines to
evaluate the effect of different treatments on IkBa stabilization and
apoptosis as determined by cleaved-caspase 3 detection. f Quantifi-
cation of the number of cells obtained after culturing them in the
indicated conditions. g WB of nuclear extracts from different CTCL

cells treated for 36 h as indicated, and quantification by band densi-
tometry of the differences detected. h Quantification of the number of
cells obtained after culturing cells with the indicated inhibitors. In 1 h,
& indicated synergy in the combination treatment (p<0.01) as
determined by PKF115*BAY6S5 interaction term, which was con-
firmed in a mixed model analysis that included the terms cell line and
treatment, and taking into account the replica count factor from 4
independent experiments performed (p =0.0145). In all the experi-
ments n.s. non-significant; * p <0.05; ** p<0.01; *** p <0.001, and
*#%% p<0.0001 obtained by two-sided #-test analysis. Graphs repre-
sent the mean and s.d
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Fig. 2 Regulation of canonical NF-kB by PP1 in CTCL cells lays
downstream of the ROCK/MYPT1 pathway. a WB analysis of total
cell lysates from TNFa-treated MYLA cells at the indicated time
points. b WB of untreated or TNFa-treated MYLA cell lysates sepa-
rated in Superdex S200 columns. ¢ WB analysis of MYLA cells
treated with TNFa at different time points in the absence or presence
of ROCK inhibitor. d Same experiment as in C from cells pretreated
for 16 h with the proteasome inhibitor MG132. e Quantification of the
relative levels obtained by densitometry analysis of the images of IkBa
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and ubiquitinated P-IkBa from the experiments shown in C (upper
panel) and D (lower panel). The average and standard deviation values
from three independent biological replicates performed are shown. f
Quantification of the number of cells obtained after 96 h of culture in
the indicated conditions. In all experiments n.s. non-significant; * p <
0.05; ** p<0.01, and *** p<0.001 obtained by two-sided #-test. In
(f), & indicates synergy in the combination treatment (p <0.05).
Graphs represent the mean and s.d
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induced MYPT1 phosphorylation at T696 starting at 5 min
with a maximum at 20 min, linked to increased phosphor-
ylation of IxkBa and IKK and IxkBa degradation (Fig. 2a). In
Superdex S200 columns, TNFa treatment led to a sig-
nificant reduction in the amount of PP1 and MYPT]1 that
coeluted in the TAK1- and IKK-containing fractions, and
we did not detect phosphorylated MYPT1 coeluting with
TAK1 in any experimental condition (Fig. 2b). These
results further support the concept that MYPT1 phosphor-
ylation precluded PP1 activity on TAK1 and NF-xB.

Inactivating phosphorylation of MYPT1 is primarily
dependent on the activity of ROCK kinases [43—45]. We
tested the possibility that ROCK inhibition prevented
MYPT1 phosphorylation and NF-kB signaling after TNFa
treatment in CTCL cells. Incubation of MYLA cells with
the ROCK inhibitor Y-27632 suppressed TNFa-induced
MYPT1 phosphorylation at T696 and also reduced IKK
phosphorylation and IkBa degradation following TNFa
treatment (Fig. 2c, d). Comparable results were obtained
following ROCK1 knockdown with specific shRNA (Fig-
ure S2). In addition, Y-27632 treatment resulted in
decreased P-IkBa polyubiquitination induced by TNFo
after pre-incubation with the proteasome inhibitor MG132
(Fig. 2e). In all tested CTCL lines, ROCK inhibition
reduced cell growth and showed additive or synergistic
effects with the p-catenin inhibitor PKF115-584 (Fig. 2f),
suggesting that ROCK/MYPT]1 primarily regulate NF-xB-
linked TAK1 activity in these cells.

Our results indicate that the MYPT1/PP1 complex, either
downstream of ROCKI or in response to TNFa signaling
regulates canonical NF-kB in CTCL cells and contributes to
promote tumor cell survival. Thus, we speculate that in vivo,
the presence of a tumor-associated inflammatory environ-
ment, or processes that involve ROCK activation such as
cellular migration, cell adhesion, or cytoskeleton reorgani-
zation might impose MYPT/PP1 inactivation, leading to
TAKI1 phosphorylation and activation of the pro-tumorigenic
pathways NF-xB and p-catenin. Interestingly, activation of
the IKK kinase complex and NF-xB in response to cellular
attachment and cytoskeleton reorganization was previously
observed in prostate cancer cells [46], although the under-
lying mechanisms have never been addressed.

PP1 regulates TAK1 phosphorylation at non-
canonical regulatory sites

To study the possibility that PP1 was a direct regulator of the
TAKI1 and IKK, we separated freshly isolated CTCL extracts
on Superdex S200 gel filtration columns, which are used to
identify multi-protein complexes. We detected canonical
IKKa, IKKp, and IKKYy/NEMO subunits eluting at fractions
71-81, showing partial overlap with their upstream kinase
TAKI1 (eluting at fractions 77-91). Interestingly, PP1 that

was largely eluting at fractions 91-105 (corresponding to low
molecular weight complexes) was also detected at small
amounts in fractions 73-83, co-distributing with IKK and
TAKI1 (Fig. 3a, left panels). Moreover, PP1 protein from
MYLA cells coprecipitated with P-TAK1 (S412) and IKK
(Fig. 3a, right panels), indicative of physical association. To
confirm that electrophoretic mobility shift of TAK1 imposed
by calyculin Al treatment (see Fig. 1b) was due to increased
phosphorylation of the kinase, we treated these lysates with
alkaline phosphatase (AP). Incubation of calyculin Al-
treated CTCL cell lysates with AP partially, but not totally,
reversed the mobility shift of TAK1 (Fig. 3b), indicating that
PP1 inhibition promoted the accumulation of both AP-
sensitive and AP-resistant TAK1 phosphor-residues,
although we cannot formally discard the existence of other
post-translation modifications in TAKI. To identify
phosphor-residues that were substrates of PP1 activity in
CTCL, we precipitated P-TAK1 (S412) from MYLA cells
untreated or treated with calyculin A1l for 40 min (Figure S3)
and performed mass spectrometry analysis of the precipitates.
Analysis of the data indicated the presence of differentially
phosphorylated peptides corresponding to TAK1 at positions
T344, S389, T444, and T511 (Table 1B), whereas we failed
to detect any increase in the phosphorylated peptides con-
taining T184 and T187 (at the catalytic domain of TAK1) or
S412, in three independent experiments.

Functional impact of phosphorylation at T344, S389,
T444, and T511 on TAK1 activity

To study the functional contribution of phosphorylated
TAKI residues T344, S389, T444, and T511, we generated
specific point mutants of the protein. Replacement of these
particular S or T into A reduced the capacity of TAKI to
induce IkBa phosphorylation and degradation in HEK-293
cells, similar to the inactive T184/187A mutant (Fig. 4a).
We then produced polyclonal antibodies against indivi-
dual TAK1 phosphor-residues and determined their speci-
ficity on lysates from HA-TAKI-transfected HEK-293T
cells. Antibodies against phosphorylated T344 and S389
completely failed to detect TAK1 T344A and S389A
mutants, respectively, whereas they recognized all other
constructs in WB assay. Antibodies to phosphorylated T444
and T511 showed reduced affinity for the corresponding
mutants. Interestingly, antibody to T444 failed to detect the
inactive T184/187A TAKI1 mutant, in contrast to anti-P-
TAK1 (T412) that recognized all TAKI1 constructs inde-
pendent on their functional capacity (Figure S4A). As
expected, antibodies against phosphorylated TAK1 (T344,
S389, T444, T511, and S412) better detect endogenous
TAKI1 from calyculin Al-treated precipitates (Figure S4B),
which was reversed by phosphatase treatment of the lysates
(Figure S4C). Interestingly, all P-TAKI antibodies
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Fig. 3 PP1 binds to and regulates TAK1 phosphorylation at non-
canonical sites. a Western blot (WB) of CTCL (MYLA) cell lysates
separated in a Superdex S200 column (left panels) and analysis of
MYLA cell lysates immunoprecipitated (IP) with antibodies against
active TAK1 (P-S412) or non-related control IgG. 1/10 of the total
lysate is shown as input control (right panels). b Lysates from

recognized TAKI1 that associates with the regulatory NF-xB
element IKKy/NEMO from unstimulated and calyculin Al-
treated cells (Fig. 4b). As shown in Fig. 4b, ¢ and S4B,
antibodies against phosphorylated TAKI1 including the
commercial anti-T184-187, all recognized additional bands
other than the expected 75 kDa band suggesting that several
P-TAKI1 species carrying variable combinations of phos-
phor-residues, or other post-translational modifications, can
coexist in CTCL cells, or different TAK1 isoforms are
differentially phosphorylated at specific S/T residues.
Interestingly, although all phosphorylated TAKI1 species
were associated with the IKK subunit NEMO in the IP
assay (Fig. 4b), TAK1 phosphorylated at S412 was eluting
at separate fractions compared with TAK1 phosphorylated
at T344, S389, T444, and T511 residues in the Superdex
S200 columns (Fig. 4c). Together these results indicated
that CTCL cells contain different TAK1 phosphorylated
species all associated to the IKK complex, but suggested
that they are functionally different.

Inhibition of TAK1 reduces CTCL tumors in vivo
Then, we investigated the therapeutic efficacy of TAKI1
inhibition using a previously described in vivo model for

CTCL [47] (Fig. 5a). SeAx cells were injected in the ear of
NSG mice, which were treated 7 days after the injection
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calyculin Al-treated MYLA cells where left untreated or treated with
calf intestinal phosphatase (CIP) for 30 min at 37° C and analyzed by
WB. ¢ Mass spectrometry analysis of anti-P-TAK1 precipitates to
identify TAK1 peptides differentially phosphorylated following caly-
culin Al treatment,

either with DMSO (control; n = 6 animals) or 15 mg/kg of
(5Z)-7-oxozeaenol (TAKI inhibitor; n =6 animals) every
other day for 10 days. The animals were randomly included
in either group of treatment. After killing the animals, the
tumors obtained from TAKI1 inhibitor-treated animals
showed extensive areas of apoptosis and necrosis when
compared with control-treated animals, as determined by
evaluation of hematoxylin/eosin staining of tissue sections
(Fig. 5b) and cleaved-caspase 3 staining (Figure S5A).
Necrotic areas were characterized by the presence of cells
with eosinophilic cytoplasm and pyknotic nucleus, cells in
cariorexe with irregular chromatin distribution that accu-
mulated in the nuclear membrane, and cells with frag-
mented nuclei or dissolution of the chromatin with
disappearance of the nuclear structure. In contrast, growing
areas of both groups of tumors were composed of large
anaplastic cells, with irregular nucleus, hyperchromatism,
and presence of abundant mitotic figures. Tumor cells in the
growing areas were positive for the human pan-
hematopoietic marker CD45 (Figure S5B) and displayed
high levels of P-TAK1 (T444), which were reduced in the
treatment group (Figure S5C). In the growing areas, TAKI
inhibition led to a general decrease in tumor cellularity that
was accompanied by a slight, but significant reduction in
cell proliferation as determined by ki67 staining (Fig. 5c).
Comparable effects on tumor proliferation and apoptosis
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Fig. 4 Phosphorylation at T344, S389, T444 and T511 residues of
TAKI1 functionally impacts on its activity on NF-kB. a WB analysis of
HEK-293T cells transiently expressing the indicated TAKI1 kinase
mutants. Inactive T184-187A is shown as negative control. b WB
analysis of lysates from untreated or calyculin Al-treated HH cells

were obtained in three independent experiments performed
and using an alternative treatment regime (Figure S5D).
These results indicate that inhibition of TAKI in vivo
reduced growth of CTCL-derived tumors likely associated
to increased apoptosis and reduced proliferation. However,
we consistently detected the presence of growing areas in
both experimental groups (control and treatment) that show
detectable levels of P-TAKI, suggest that the capacity of
the inhibitor to eradicate lymphoma cells was related with
the accessibility of the drug to particular tumor areas. In
agreement with this hypothesis, we detected low vascular-
ization in the growing areas of TAKI inhibitor-treated
tumors as determined by CD31 staining (Figure S5E).

The MYPT1-TAK1 pathway is activated in human
CTCL

Finally, we studied the relative contribution of activated
TAKI1 to human CTCL. By IHC of MF biopsies, we
detected P-TAK1 (T444) in both the lymphocytic compo-
nent and adjacent keratinocytes (Fig. 6a, left panels) that
was associated with the presence of phosphorylated (inac-
tivated) MYPT1 (T696) (Fig. 6a, right panels), P-IkBa, and
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immunoprecipitated (IP) with antibody against IKKy/NEMO or con-
trol IgG. 1/10 of the total lysate is shown as input control. ¢ Western
blot (WB) with different anti-P-TAK1 antibodies of HH cell lysates
separated in a Superdex S200 column

active p-catenin (Figures S6A and S6B). Cells carrying P-
MYPT1 mainly corresponded to CD3-positive transformed
T-cells (Figure S6C). We next determined P-TAK1 (T444)
(Fig. 6b), P-IxBa, and B-catenin levels in a cohort of 60
human samples including CTCL lesions (MF and SS) (n =
27), 2 indolent CD30 + lymphomas, and inflammatory
diseases such as psoriasis and lupus (n =31) (Supplemen-
tary Table 1). We detected variable levels of p-catenin
(cytoplasmic and nuclear) and/or P-IkBa in 55 of the ana-
lyzed samples, and 36 were annotated as double positive
(Supplementary Table 1). Of note that cytoplasmic accu-
mulation of P-catenin had been previously reported in
human lymphoma samples where nuclear pf-catenin was not
detected [38]. Detection of P-TAKI1 (T444) associated with
higher risk of lymphoma (OR [95%CI]: 2.16 [1.05-4.43], p
=0.035; 2.99 [1.01-8.84], p =0.048; for the ordinal and
binary analyses, respectively). We did not observe sig-
nificant associations for the rest of studied biomarkers and
presence of lymphoma in the biopsies (Supplementary
Table 2). Nuclear p-catenin correlated with total p-catenin
and P-TAKI1 (p=0.620; p<0.001 and p=0.317; p=
0.017, respectively) in all samples, and with total f-catenin
in control samples (p =0.610 p <0.001). Most importantly,
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Fig. 5 Effects of ROCK, p-catenin, and TAK1 inhibition on CTCL
cells in vitro. a Scheme of the procedure used to generate the CTCL
in vivo model in NSG mice. b Representative hematoxylin & eosin
(H&E) staining of tumor sections from control or TAKI-inhibited
tumors (left panels). Necrotic (N) areas are enclosed using dashed lines
to distinguish from growing (G) areas. Quantification of the longest
cross-section of the necrotic and growing areas in control and TAKI1-
inhibited tumors (thickness), and the ratio between the necrotic and

P-TAK1 levels in the lymphoma samples significantly
correlated with p-catenin, nuclear B-catenin, and P-IkBa (p
=0.435 p=0.026, p=0.406 p=0.044, and p=0.553 p
= 0.003, respectively), and nuclear p-catenin with total p-
catenin (p = 0.643 p <0.001) (Supplementary Table 3). The
prevalence of activated TAK1 in the lymphoma lesions was
confirmed on available samples using a second anti-P-
TAKI1 (T344) antibody (Supplementary Table 1). More-
over, the robust association between P-TAK1 detection in
the tumor component and in the adjacent epithelial (EPI)
cells of the skin (see Fig. 6a, b) suggested that CTCL cells
might also impose an additional immunosuppressive effect
by the paracrine activation of TGFp (downstream of TAK1)
in the tumor stroma, as previously proposed [20]. In this
scenario, lymphoma cells would escape from the inhibitory
effect of TGFP signaling by means of TGFf receptor
inactivation [48] or upregulation of the inhibitory subunit
SMAD7 [49].

Collectively, our results support the concept that CTCL
cells display basal TAK1 activation, which is attenuated by
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growing area in each tumor is shown (right panels). Asterisks denote
the significance of the differences with the corresponding controls. ¢
Representative ki67 staining in the growing area of control and treated
tumors and quantification of the total and ki67 positive cells counted in
15 independent 20 x fields. Graphs represent the mean and s.d. Sta-
tistical significance was * p<0.05, ** p<0.01, and *** p<0.001
obtained by two-sided #-test

the action of the MYPT1/PP1 phosphatase complex.
Remaining active TAK1 is sufficient to sustain NF-kB and
B-catenin signaling in CTCL, thus promoting cell survival
and proliferation. We have here identified various residues
where phosphorylation is required for TAKI activation in
lymphoma cells, and we generated specific antibodies
against them to detect activated TAK1 in human samples.
Our data indicate that patient stratification based on P-
TAKI status and, alternatively, on the simultaneous acti-
vation of P-catenin and NF-xB in the tumor component
might provide a solid principle for therapeutic prescription.
Thus, patients carrying lymphoma cells with specific
phosphorylation of TAK1 associated with active NF-xB and
f-catenin would benefit from treatments targeting the TAK1
kinase or, alternatively, the combined treatment with
ROCK/NF-xB and f-catenin inhibitors (Fig. 6¢), which
would also allow modulating therapy toxicity by adjusting
the administration protocols. Several inhibitors related to
these pathways are currently being investigated as anti-
cancer agents for other types of tumors. The actual
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Fig. 6 The MYPT1-TAKI pathway is activated in human cutaneous
T-cell lymphomas. a Immunofluorescence analysis of P-TAK1 (left
panels) and P-MYPT1 (right panels) in human primary CTCL frozen
samples. Representative images from eight different samples analyzed.
b Immunohistochemistry analysis of P-TAKI1 (T444) in two repre-
sentative (1 MF and 1 SS) paraffin-embedded human primary CTCL
samples. Dashed lines in A and B delineate the boundary between
epidermal cells (EPI) and the dermis where lymphoma cells are
located. ¢ Model for TAK1 inhibition as therapy for CTCL. Based on
our data, NF-kB is activated in CTCL, but partially counteracted by
the PPI/MYPT1 phosphatase activity. Cytokines (TNFa) or other
factors promote a ROCK1-dependent MYPT1 phosphorylation lead-
ing to TAKI activation. Active TAK1 regulates NF-kB and f-catenin
signaling, leading to increased cell survival. Thus, inactivation of
TAKI1 kinase activity promotes apoptosis in CTCL cells

possibility of stratifying patients based on P-TAK1 patterns
might facilitate their future application. Further investiga-
tion will involve the implementation of SS patient-derived
in vivo models to validate our results and directly test
therapeutic strategies based on P-TAKI status. We are also
currently searching for other targetable TAK1 substrates, or
upstream regulators, that might be relevant for preventing
tumor initiation of progression.
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