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Re-activation of mitochondrial apoptosis inhibits T-cell
lymphoma survival and treatment resistance
S Spinner1, G Crispatzu2, J-H Yi3, E Munkhbaatar1, P Mayer2, U Höckendorf1, N Müller1, Z Li1, T Schader3, H Bendz1, S Hartmann3,
M Yabal1, K Pechloff4,5, M Heikenwalder6,7, GL Kelly8,9, A Strasser8,9, C Peschel1, M-L Hansmann3, J Ruland4, U Keller1, S Newrzela3,
M Herling2,10 and PJ Jost1,5,10

T lymphocyte non-Hodgkin's lymphoma (T-NHL) represents an aggressive and largely therapy-resistant subtype of lymphoid
malignancies. As deregulated apoptosis is a frequent hallmark of lymphomagenesis, we analyzed gene expression profiles and
protein levels of primary human T-NHL samples for various apoptotic regulators. We identified the apoptotic regulator MCL-1 as
the only pro-survival BCL-2 family member to be highly expressed throughout all human T-NHL subtypes. Functional validation of
pro-survival protein members of the BCL-2 family in two independent T-NHL mouse models identified that the partial loss of Mcl-1
significantly delayed T-NHL development in vivo. Moreover, the inducible reduction of MCL-1 protein levels in lymphoma-burdened
mice severely impaired the continued survival of T-NHL cells, increased their susceptibility to chemotherapeutics and delayed
lymphoma progression. Lymphoma viability remained unaffected by the genetic deletion or pharmacological inhibition of all
alternative BCL-2 family members. Consistent with a therapeutic window for MCL-1 treatment within the context of the whole
organism, we observed an only minimal toxicity after systemic heterozygous loss of Mcl-1 in vivo. We conclude that re-activation
of mitochondrial apoptosis by blockade of MCL-1 represents a promising therapeutic strategy to treat T-cell lymphoma.
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INTRODUCTION
T lymphocyte non-Hodgkin lymphoma (T-NHL) accounts for
approximately 10% of all NHL.1 It comprises a group of diverse
lymphoma entities of T lymphocyte or less frequently natural
killer/T-cell origin.1–13 Characterization of different T-NHL subtypes
is notoriously difficult and recurrent genetic aberrations are
rare.1,14–16 Gene expression profiling has substantially advanced
our understanding of the molecular complexity and has added
a novel diagnostic tool to differentiate between morphologically
similar T-NHLs.2–13,17–22 Despite substantial progress in the
molecular understanding of different T-NHL subgroups, the
mechanisms of disease initiation and maintenance are still not
well understood.21,23

The interaction between pro-apoptotic and antiapoptotic mem-
bers of the BCL-2 protein family largely controls apoptosis,23,24

which is efficiently blocked in T-NHL cells.21,23,25 Pro-apoptotic BH3-
only proteins such as BIM, PUMA and BID can directly or indirectly
activate the pore-forming pro-apoptotic BCL-2 family members BAX
or BAK at the outer mitochondrial membrane to facilitate caspase
activation. This process is inhibited by the antiapoptotic BCL-2
family members, such as BCL-2, BCL-XL or MCL-1.24,26 Pro-survival
BCL-2 proteins potently protect lymphoma cells of B-cell
origin;24,27–32 however, their individual role during T-cell lympho-
magenesis in humans remains largely undefined.

T cells express MCL-1 throughout development and require
MCL-1 for the survival of T-cell progenitors and mature T cells.33–36

BCL-2 is expressed only in early CD4−/CD8− thymocytes and in
CD4+ or CD8+ peripheral T cells;37,38 however, its expression is
essential only for mature T cells.30,39,40 BCL-XL protects CD4

−/CD8−

thymocytes,41–43 but it is dispensable for activated T cells despite
its elevated expression.35,43

The critical role of BCL-2 proteins for T lymphocytes suggests
a similar contribution also for transformed T cells. Using
an irradiation-induced T-cell lymphoma mouse model,26,34,35

deletion of the pro-apoptotic BH3-only proteins BIM and BAD
were reported to accelerate T-NHL development.27 In the
context of p53 deficiency, MCL-1 was recently shown to
contribute to the survival of thymic lymphoma cells in
mice.1,44

Little evidence exists about the functional relevance of
individual antiapoptotic BCL-2 family members across the board
of human T-cell lymphoma subtypes. Here we identified a
consistently high expression of MCL-1 in human T-NHL subsets
in primary patient samples both on mRNA and protein level. The
functional validation showed that the development and main-
tenance of T-NHL critically required MCL-1 for lymphoma cell
survival in vivo. Moreover, we show that a therapeutic window for
the inhibition of MCL-1 exists within the context of the whole
organism.

1III. Medical Department of Hematology and Oncology, Klinikum Rechts der Isar, Technical University of Munich, Munich, Germany; 2The Laboratory of Lymphocyte Signaling and
Oncoproteome, Department I of Internal Medicine, Center for Integrated Oncology (CIO) Köln-Bonn, and CECAD, University of Cologne, Cologne, Germany; 3Dr Senckenberg
Institute of Pathology, Goethe Universität, Frankfurt am Main, Germany; 4Institute for Clinical Chemistry and Pathobiochemistry, Technical University of Munich, Munich,
Germany; 5German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), Heidelberg, Germany; 6Institute for Virology, Technical University Munich/ Helmholtz
Zentrum, Munich, Germany; 7Division of Chronic Inflammation and Cancer, German Cancer Research Center Heidelberg (DKFZ), Heidelberg, Germany; 8The Walter and Eliza Hall
Institute of Medical Research, Parkville, Victoria, Australia and 9Department of Medical Biology, University of Melbourne, Melbourne, Victoria, Australia. Correspondence:
Dr PJ Jost, III. Medical Department of Hematology and Oncology, Klinikum Rechts der Isar, Technical University Munich, Ismaningerstraße 22, Munich 81675, Germany.
E-mail: philipp.jost@tum.de
10These authors contributed equally to this work.
Received 21 July 2015; revised 19 December 2015; accepted 25 January 2016; accepted article preview online 8 March 2016; advance online publication, 8 April 2016

Leukemia (2016) 30, 1520–1530
© 2016 Macmillan Publishers Limited All rights reserved 0887-6924/16

www.nature.com/leu

http://dx.doi.org/10.1038/leu.2016.49
mailto:philipp.jost@tum.de
http://www.nature.com/leu


MATERIALS AND METHODS
In silico integrative analysis of gene expression data set on human
T-NHL
Data from 15 array-based gene expression profiling studies2–13,18–21 (see
Supplementary Figure S1a) with primary transcriptome data sets on
different human T-NHL subsets were integrated and summarized on a heat
map focusing on apoptotic regulators. The gene expression profilings were
all conducted by hybridization on either Affymetrix Human Genome U133
Plus 2.0 Arrays [HG-U133_Plus_2] or [HG-U133A] Affymetrix Human Genome
U133A Array. All Affymetrix-platform-derived data sets were separately
background-corrected and preannotated using the BioConductor package
'affy' in R 3.0.0. Replicates were combined with their original samples and
the mean of both was calculated. After that, the data set was quantile-
normalized. Genes were annotated (updated) via Ensembl ID using
'biomaRt'. Probe sets of a gene that map to more retained/dysfunctional
transcripts than other probe sets of the same gene were removed from our
analysis. The residual ambiguous probe sets assigned to a gene were then
reduced by calculating their mean.

Positron emission tomography (PET)
PET analysis was performed on recipient mice on days 16 and 18 after
T-NHL cell transplantation. 18F-fluorodesoxyglucose (18F-FDG) was synthe-
sized as previously described45 and was obtained from the radiopharmacy
unit of the TU Munich. Imaging was carried out using a dedicated micro-
PET/CT system (Inveon, SIEMENS Preclinical Solutions, Munich, Germany).
Before administration of the tracer, the mice were anesthetized with
Isoflurane. Subsequently, 100 μl 18F-FDG with an activity dose of 5–10 MBq
was administered via tail vein injection. The accumulation of the
radiotracer in the lymphoma-burdened tissues was allowed for 45 min.
Subsequently, mice were imaged for 15 min (static data acquisition).

RESULTS
MCL-1 is the sole antiapoptotic BCL-2 family member to be highly
expressed across various human T-NHL subtypes
We analyzed array-based mRNA expression profiles from 15
technically comparable, publicly available in silico data sets on
various cohorts of primary human T-cell lymphoma subtypes
(including T lymphoblastic leukemia; simplified as 'T-NHL')
together constituting the largest T-NHL data set
available2–13,18–20 (Supplementary Figure S1a). The summarized
data were illustrated in a heat map based on differential mRNA
expression as indicated by a color-coded histogram that shows
high expression as red color and low expression as white color
compared with the transcriptome median (Supplementary
Figure S1b). We focused on pro-apoptotic and antiapoptotic
members of the BCL-2 family to understand which one of them
might constitute a promising target for T-NHL therapy.
We identified MCL-1 as the sole pro-survival BCL-2 family

member showing a high expression throughout healthy T-cell
subsets as well as all human T-NHL subtypes ranging from
immature acute lymphoblastic leukemia to mature peripheral T
lymphocyte lymphoma (PTCL). The lack of relevant expression of
BCL-2 or BCL-XL throughout all T-NHL subtypes pointed toward a
functional relevance of MCL-1 for T-NHL cell survival. MCL-1 was
highly expressed even in T-NHL subtypes that originate from less
frequent subsets, such as natural killer/T-cell lymphoma, hepato-
splenic T-NHL or angioimmunoblastic T-cell lymphoma (AITL)14,15

(Figure 1a). Elevated expression of MCL-1 was restricted to the
antiapoptotic splice variant, namely MCL-1long, but not to the
short pro-apoptotic form of MCL-1 (MCL-1short) (Figure 1a).
Despite the heterogeneity of T-NHL represented in the gene
expression data, we found that none of the other antiapoptotic
BCL-2 family members with the exception of BCL2A1 (A1) was
expressed at relevant levels when compared with MCL-1.
Despite the identification of MCL-1 as the most prominently

expressed pro-survival BCL-2 family member in human T-cell
lymphoma, it is noteworthy that its expression levels did not differ
substantially between healthy and malignant T-cell subsets. This

suggested that the contribution of MCL-1 to T-cell survival
remained important even after T cells underwent malignant
transformation. To substantiate the correlation between mRNA
and protein expression levels in human samples especially in the
light of the short half-life and high turnover rate of MCL-1,17 we
tested the protein expression of MCL-1 in comparison to BCL-2 in
histological specimen from a cohort of lymph node biopsies of
patients with the most common subtypes of nodal T-NHL, such as
AITL, anaplastic large cell lymphoma (ALCL) or PTCL, not otherwise
specified (PTCL-NOS). These analyses revealed high-level expres-
sion of MCL-1 protein in 66.6% (14/21) of PTCL-NOS specimens, in
100% (8/8) of ALCL sections and in 100% (7/7) of AITL samples
(Figures 1b and c, Supplementary Figure S1c). In contrast, in most
cases of PTCL-NOS or AITL, BCL-2 expression was virtually absent
and only half of the ALCL samples showed strong BCL-2
expression.
This analysis performed on primary human T-NHL samples

supported the notion that MCL-1 is a critical antiapoptotic protein
in T-NHL.

Loss of a single allele of Mcl-1 delays tumor development in an
ITK-SYK-driven T-cell lymphoma mouse model
We tested whether MCL-1 protected lymphoma cells during the
process of malignant transformation. We took advantage of a
mouse model based on the inducible expression of the patient-
derived fusion kinase ITK-SYK.23 In this model, CD4-Cre-inducible
expression of ITK-SYK from the Rosa26 locus drives the develop-
ment of a green fluorescent protein-positive (GFP+) mature T-NHL
in Rosa26-lox-STOP-lox ITK-SYKki/+ CD4Cre+/− mice.23 We crossed
those mice with mice harboring floxed alleles of Mcl-1 to obtain
Mcl-1fl/+Rosa26-lox-STOP-lox-ITK-SYKki/+ CD4Cre+/− (referred to as
Mcl-1fl/+IS+/−CD4Cre) mice and respective controls. Consistent
with previous reports,23 we observed diminished numbers of
TCRβ+ cells 4 weeks after birth in IS+/−CD4Cre mice, which is
caused by the constitutive ITK-SYK-dependent signaling and
subsequent negative selection of double-positive thymocytes
during thymic development (Figure 2a). This phenotype was
aggravated in both Mcl-1fl/+IS+/−CD4Cre and Mcl-1fl/flIS+/−CD4Cre
mice causing a further reduction in peripheral T-cell numbers
when one or both alleles of Mcl-1 were deleted. This suggested
that MCL-1 protects thymocytes from apoptosis during the
process of thymic selection as well as protecting mature T cells
in the periphery (Figure 2a).
At 16 weeks after birth, the IS+/−CD4Cre mice showed a

prominent increase in TCRβ+ cells in the peripheral blood (PB)
consistent with the development of aberrant T-cell populations
and of GFP+ lymphoma.23 In contrast, experimental mice deficient
for one allele of Mcl-1 (Mcl-1fl/+IS+/−CD4Cre mice) failed to show a
comparable elevation in PB T-cell numbers (Figure 2b). Mcl-1-
targeted mice presented with TCRβ+ cells in the PB comparable to
those seen in control mice, effectively counterbalancing the
oncogenic signaling emanating from ITK-SYK (Figure 2b). This
reduction in aberrant T-cell numbers in the PB was consistent with
a significantly delayed lymphoma onset and prolonged survival in
Mcl-1fl/+IS+/−CD4Cre mice (Figure 2c; P= 0.001). Lymphoma-
burdened mice showed a strong infiltration of GFP+ T cells in
the spleen, lymph nodes, bone marrow and PB consistent with
T-NHL development (Supplementary Figure S2). In line with a
tightly regulated and efficient deletion of the floxed allele of Mcl-1,
we observed the recombination of the loxP-targeted Mcl-1 allele
and a corresponding reduction in MCL-1 protein levels in
lymphoma cells from Mcl-1fl/+IS+/−CD4Cre mice compared with
control cells (Supplementary Figures S2b and e).
The heterozygous deletion of Mcl-1 significantly prolonged

lymphoma-free survival of mice compared with Mcl-1-proficient
mice, which supported the notion that MCL-1 is a critical pro-
survival protein for malignant T cells. Of note, the protection was
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not complete and the heterozygously deleted Mcl-1 mice
eventually succumbed to lymphoma development (Figure 2c).
We found that the elevated expression of alternative antiapoptotic
BCL-2 proteins such as BCL-XL or BCL-2 conveyed resistance
against the targeting of MCL-1 in the lymphoma samples of
Mcl-1fl/+IS+/−CD4Cre mice (Supplementary Figures S2c and e).

Of note, the complete genetic loss of Mcl-1 was even more
potent in reducing T-cell numbers in Mcl-1fl/flIS+/−CD4Cre mice at
4 and 16 weeks and further delayed lymphoma onset when
compared with control mice (Figures 2a–c). However, as preclinical
target exploitation was the ultimate translational incentive
beyond resolving the pathogenic relevance of MCL-1, and given
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Figure 1. High expression of MCL-1 in human T-cell lymphoma subtypes. (a) Array-based gene expression data retrieved from publically
available primary in silico data sets of whole-genome profilings. High-expression intensity is depicted in red and low expression in white. High
expression is defined as above and low expression as below the transcriptome median, respectively. On the x axis, the first digit(s) indicate(s)
the number of samples per entity per data set; the second field abbreviates the entity, followed by the primary data reference (see
Supplementary Figure S1a). The molecular regulators of apoptosis are listed on the y axis. (b) Representative sections of histological specimen
from lymph node biopsies stained for MCL-1 or BCL-2 after staining for target protein and counterstained with hematoxylin. Scale bars:
100 μm. (c) Collective assessment of MCL-1 or BCL-2 expression determined by immunohistochemistry in histological specimen derived from
three patient cohorts representing 25 PTCL-NOS, 8 ALCL and 7 AITL patients. Samples with 450% positive tumor cells were scored as 'high'.
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the expected toxicity of complete MCL-1 inhibition in a clinical
setting, we primarily focused here on the characterization of
partial genetic deletion of MCL-1 in Mcl-1fl+lIS+/−CD4Cre mice.
Together, these data showed that MCL-1 protected T cells

during the process of malignant transformation and even a 50%
reduction in MCL-1 level was sufficient to significantly delay
lymphoma onset in mice.

Deletion of one allele of Mcl-1 impairs the survival of T-cell
lymphoma cells
To understand the role of MCL-1 during the sustenance of T-NHL
cells in fully established lymphoma, we utilized the murine T-NHL
lymphoma model initially described by Kaplan.26 Sequential low-
dose γ-irradiations initiate the development of T-NHL in mice. This
disease is characterized by T-NHL cell infiltration into several
organs (Supplementary Figures S3a and b) and lymphoma cells
usually express both CD4 and CD8 (occasionally one or neither of
these markers) in addition to activation markers, such as CD69,
CD44 and CD25 (Supplementary Figure S3c). Based on clinical
parameters and the marker expression and consistent with
previous publications, the T-NHL obtained in this model is
considered a murine model similar to human PTCL-NOS.27,29

Using Mcl-1floxed CreERT2ki/+ mice33 (termed Mcl-1floxed CreER mice)
or Bcl-XL

floxedCreERT2ki/+ mice37 (termed Bcl-XL
floxedCreER mice), we

can inducibly delete Mcl-1 or Bcl-XL in the fully established disease
at a given time point by tamoxifen treatment. After disease onset,
the primary lymphoma cells can be characterized ex vivo (Figure 3)
or transplanted into syngeneic and immunocompetent C57BL/6
recipients to characterize lymphoma cell survival in vivo (Figure 4).
We harvested lymphoma cells from clinically symptomatic
lymphoma-carrying Mcl-1fl/+CreER and Mcl-1+/+CreER mice and
measured cell survival ex vivo after 48 h of inducing Cre activity
(by treatment with tamoxifen). Deletion of one allele of Mcl-1
resulted in a substantially elevated and specific induction of
apoptosis as measured by FACS (fluorescence-activated cell
sorting) of T-NHL cells (Figures 3a and b and Supplementary
Figure S3d). Heterozygous loss of Mcl-1 reduced protein levels of
MCL-1 to about 50% and liberated the intrinsic apoptotic pathway
from MCL-1-mediated inhibition as revealed by the appearance of
processed Caspase-3 (Figure 3c). This lymphoma cell killing was

prevented when MCL-1 was ectopically overexpressed in Mcl-1Δ/+

lymphoma cells (Supplementary Figures S3e and f).
To test the importance of MCL-1 to protect lymphoma cells

against apoptosis induced by cytotoxic insults, we subjected them
to standard T-NHL chemotherapeutics. We observed almost
complete killing of all cultured Mcl-1Δ/+ lymphoma cells treated
with doxorubicine, cyclophosphamide or etoposide, whereas
control cells survived at significantly higher rates (Figure 3d and
Supplementary Figure S3g).
We next sought to corroborate the role of MCL-1 in human

T-cell lymphoma cell lines. We cultured the widely used mature
T-cell leukemia/lymphoma cell lines Hut78 and MyLa, which
originate from patients with cutaneous T-cell leukemia/lymphoma.
For silencing of MCL-1, we constructed short hairpin RNA
(shRNA)-encoding lentiviral vectors to specifically downregulate
MCL-1 expression. After transduction and subsequent FACS
of gene-silenced cells, quantification of protein levels revealed
a markedly reduced MCL-1 expression in both cell lines (Figure 3f).
Accordingly, the specific knockdown of MCL-1 inhibited cellular
growth in both analyzed human T-cell lines when directly
compared with control-shRNA treatment (Figure 3g). In addition,
inhibition of MCL-1 by the compound UMI-77, which has been
reported to possess activity for binding and inhibiting MCL-1
within its BH3 groove,46 showed a specific and dose-dependent
killing activity in these cell lines (Supplementary Figure S3i)
Together, MCL-1 ‘haploinsufficiency’, based on partial genetic

loss or shRNA-mediated silencing of Mcl-1, substantially impaired
the continued survival of established human and mouse T-cell
lymphoma cells.

Minimal protection against apoptosis afforded by the alternative
BCL-2 family members BCL-2, BCL-XL and BCL-W
BCL-XL potently protects MYC-driven lymphoma of B-cell origin
against apoptosis during lymphomagenesis.30 We hypothesized
that additional pro-survival BCL-2 family members such as BCL-XL,
BCL-2 or BCL-W might cooperate with MCL-1 to protect T-NHL
cells. We tested the killing potential of the BH3-mimetic
compound ABT-737, which binds and inhibits BCL-2, BCL-XL and
BCL-W but not MCL-1 or A1.47 We observed no effect of ABT-737
as a single agent and only marginally increased apoptosis by
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ABT-737 over the level achieved by partial genetic deletion of
MCL-1 in T-NHL cells (Figure 3e and Supplementary Figure S3h).
This implies that MCL-1 and potentially BFL-1/A1, but none of
the other antiapoptotic BCL-2 family members, is responsible and
required for lymphoma cell survival.
We substantiated this finding using Bcl-xL

floxed (termed Bcl-xL
fl) mice

in the irradiation-based murine T-NHL model, allowing for the
inducible deletion of Bcl-xL at any given time point either by
transduction with a Cre-expressing construct or by expressing CreER
as a transgene from the Rosa26 locus. We found that only the
complete genetic deletion of Bcl-xL moderately affected lymphoma
cell survival ex vivo (Supplementary Figure S3j). Despite the
complete loss of BCL-XL protein levels observed by immunoblotting
96 h after Cre-mediated deletion of Bcl-xL

fl (termed Bcl-xL
Δ/ΔCreER)

(Supplementary Figure S3k), apoptosis was only slightly increased
(Supplementary Figure S3j), which was prevented by exogenous
overexpression of BCL-XL (Supplementary Figure S3j). In contrast to
the results obtained in Mcl-1-targeted cells, apoptosis induction in
response to the genetic deletion of Bcl-xL became apparent only

after the complete homozygous deletion but not after partial
deletion of Bcl-xL (Supplementary Figures S3l and m). Moreover,
combinatorial treatment of Bcl-xL fully deleted cells with doxor-
ubicine induced only modest toxicity (Supplementary Figure S3n).
These results showed that MCL-1 and possibly BFL-1/A1 but

none of the alternative BCL-2 proteins is the critical antiapoptotic
BCL-2 family member for the continued survival of T-NHL cells in
this model.

Heterozygous deletion of Mcl-1 delays lymphoma engraftment
in vivo
To test the functional relevance of MCL-1 for the sustained
survival of T-NHL cells in vivo, we transplanted Mcl-1fl/+CreER
lymphoma cells into syngeneic and immunocompetent wild-type
C57BL/6-recipient mice. At 16 days after injection, a time point
when the lymphomas were fully established in the recipients,
tamoxifen or vehicle was given in a therapeutical approach by
oral gavage to activate CRE and induce the deletion of one allele
of Mcl-1 in the lymphoma cells (Supplementary Figure S4a).
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Consistent with a critical survival function of MCL-1, we
observed that the deletion of a single allele of Mcl-1 resulted in
a significantly prolonged survival of lymphoma-bearing mice
when compared with vehicle-treated mice (Figure 4a), which
occurred irrespective of toxicity by aberrant CRE as shown in the
respective control mice (Supplementary Figure S4b). Genetic
deletion of a single allele of MCL-1 in lymphoma cells by
tamoxifen treatment also resulted in significantly elevated
numbers of apoptotic cells in various organs of lymphoma-
burdened mice when compared with vehicle controls (Figures 4b
and c). These data are consistent with the critical survival function
of MCL-1 observed in lymphoma cells ex vivo and support the

notion that the protection against apoptotic cell death by MCL-1
is a critical prerequisite for the survival and expansion of T-NHL
cells in vivo.
We next tested whether the recombination event in Mcl-1fl/+

CreER lymphoma cells was efficient and whether incomplete
deletion might have served as a resistance mechanism. Deletion
of Mcl-1fl was efficiently achieved upon tamoxifen treatment in
Mcl-1fl/+ CreER lymphoma cells in vivo as demonstrated by analysis
of genomic DNA, RNA and protein (Figures 4d and f and
Supplementary Figures S4c and d). Similar to the elevated
expression of alternative antiapoptotic BCL-2 family members
seen in the ITK-SYK T-NHL model upon Mcl-1 deletion (Figure 2),
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we observed elevated mRNA and protein levels of BCL-XL, but not
of BCL-2, in the lymphoma cells following genetic deletion of
Mcl-1, which might represent a mechanism of compensation for
the loss of MCL-1 in T-NHL cells (Figures 4e and f).
These data showed that the survival of fully established T-NHL

required the continued expression of MCL-1 and that even partial loss
of Mcl-1 sufficed to extend survival of lymphoma-burdened mice.

Impact of Mcl-1 deletion and doxorubicine treatment on T
lymphoma cells in vivo
We observed a strong sensitization of lymphoma cells to
conventional CHOP-based chemotherapeutics upon deletion of
one allele of Mcl-1 in vitro (Figure 3d and Supplementary Figures
S3g and h). To test this effect in vivo, we generated cohorts of
wild-type syngeneic immunocompetent recipient mice injected
with Mcl-1fl/+ CreER or control lymphoma cells. We allowed T-cell
lymphoma to become fully established in the recipient mice over
a period of 16 days before treatment with doxorubicine and
tamoxifen (for deletion of one allele of Mcl-1) commenced
(Supplementary Figure S5a). To assess lymphoma burden, we
performed in vivo imaging of mice by 18F-FDG–PET–CT (computed
tomography) scan at baseline and 2 days after treatment.
Consistent with a potent sensitization to doxorubicine, we
observed a reduction in the lymphoma burden in mice that
harbored Mcl-1Δ/+ CreER T-NHL cells as early as 2 days after
treatment (Figure 5a). This is exemplified by the reduced 18F-FDG

tracer uptake in the liver, axillar lymph nodes and bone marrow
(Figure 5a). In contrast, mice treated with doxorubicine alone did
not show a significant reduction in tracer uptake at this time
point (Figure 5b). Quantification of signal intensities showed
a significant difference in tracer uptake before and after
doxorubicine treatment only for mice with Mcl-1-deleted lym-
phoma cells (Figure 5c), which is also exemplified by the spleen to
body weight ratio (Supplementary Figure S5b) and T-cell
infiltration in the spleen (Supplementary Figure S5c) and lymph
nodes (Supplementary Figure S5d) as well as in the kidney, liver
and bone marrow (Supplementary Figures S5e–g).
Of note, partial genetic deletion of Mcl-1 was sufficient to

extend the lifespan of doxorubicine-treated mice when
compared with mice bearing control lymphomas (Figure 5e).
These findings showed that the reduction in MCL-1-sensitized
lymphoma cells to conventional chemotherapeutics and
extended survival of lymphoma-burdened mice.

Healthy T lymphocytes remained largely unaffected by mono-
allelic Mcl-1 deletion
MCL-1 has an important role for the development and survival of
normal T lymphocytes.35 To address the question whether
a therapeutic window for the inhibition of MCL-1 in T cells exists,
we monitored overall performance status and lymphoid organs in
Mcl-1floxed CreER mice. As previously published, the complete
genetic deletion of Mcl-1 depleted the T-cell compartment of
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experimental mice (Figures 6a–d).34,35 However, to mimic the
inhibition of MCL-1 afforded by a, yet to be defined, pharmaco-
logical inhibitor in the clinical setting, we tested the effects of loss
of only one allele of Mcl-1, which afforded a reduction in protein
levels to approximately 50% (Figure 3c).
We found that the mono-allelic deletion of Mcl-1 only minimally

impacted on the overall performance status of the experimental
mice and only marginally affected lymphoid parameters such as
spleen size (Supplementary Figure S6a) as well as T-cell numbers in
the spleen (Figure 6a), lymph nodes (Figure 6b) and thymus
(Figure 6c). Histological analysis of spleen sections showed normal
distribution of white and red pulp and no structural or composi-
tional abnormalities in Mcl-1Δ/+ mice, as exemplified by the amount
of CD3+ T cells and Caspase-3 activation in wild-type and Mcl-1fl/+

CreER mice (Figure 6d). Moreover, 4 weeks after CRE-mediated
deletion, T-cell numbers in the lymph nodes (Supplementary
Figure S6c) and thymus (Supplementary Figure S6d) remained
unaffected by Mcl-1 deletion and T lymphocytes were only slightly
reduced in the spleens of these mice (Supplementary Figure S6b).
Importantly, experimental mice did not show any clinical symptoms
during the observational period. Moreover, the reduction in
CD19+ B-cell numbers in the spleens and lymph nodes of these
Mcl-1 gene-targeted mice was only marginal (Supplementary
Figures S6e–h). Similar results were observed for myeloid cells
(Supplementary Figures S6i and j).
Together, these data showed that the heterozygous deletion of

Mcl-1 had only a minor impact on the normal T-cell compartment
and mice remained clinically unaffected. MCL-1 might therefore
serve as an attractive pharmacological target to re-activate
programmed cell death in T-NHL cells when selective pharmaco-
logical MCL-1 inhibitors become available.

DISCUSSION
Patients diagnosed with T-cell lymphoma have a dismal prognosis.48

This is primarily based on their often-aggressive natural course and
a notorious resistance to conventional chemotherapeutic drugs. The
recently generated plethora of genomic data in T-NHL has improved
our definition of different T-NHL subtypes. However, in the absence
of strategies that target the specific nature of the malignant T-cell,
chemotherapy remains the standard therapeutic approach for most
T-NHL patients. Novel molecular therapies such as anti-CD30
antibodies or ALK inhibitors have proven a successful implementa-
tion into the clinic, but their use is restricted to specific patient
subgroups.
Conventional cytogenetic analysis, comparative genomic

hybridization and single-nucleotide polymorphism array studies
of considerable cohorts of human T-NHL patients have revealed
that defined recurrent genetic aberrations in T-NHL are rare.
Instead, most patients carry multiple genomic imbalances or
complex karyotypes.21 This identifies T-NHL as a genetically
heterogeneous group of lymphoid malignancies and underscores
the need to identify common molecular vulnerabilities that might
be targeted for T-NHL therapy in a majority of T-NHL patients.
Using publicly available gene expression profiling data sets, we

found high MCL-1 expression to be shared by most human T-NHL
subsets (Figure 1). This finding is reminiscent of the gains in the
chromosomal region 1q, where MCL-1 is located, which was observed
in PTCL-NOS and ALK-negative ALCL patient samples16,49,50 as well as
the gains of the MCL-1 gene locus associated with more aggressive
subtypes of cutaneous T-cell lymphoma1,3,7 and adult T-cell leukemia/
lymphoma.1,51

Of note, the MCL-1 mRNA expression translated into prominent
protein abundance in most T-NHL patient samples tested. This is
consistent with the finding that MCL-1 was the most abundant
antiapoptotic BCL-2 family member in a histological study on
various different human peripheral T-NHL samples1,16,52 and on
skin biopsies from patients with Mycosis fungoides or Sezary

Syndrome.2–13,18–22,53 In light of its high turnover rate and short
half-life,21,54 the high levels of MCL-1 protein observed in the
patient samples further support the notion that the continued
protection against apoptotic cell death by MCL-1 is a critical
hallmark of T-NHL. This is further underscored by the finding that
ALCL patients often present with a reduction in miR29a
expression, which is known to repress Mcl-1 RNA. This repression
of miR29a, likely caused by aberrant methylation, results in MCL-1
overexpression and effective apoptotic blockade in this T-NHL
subtype.21,25,55

Our analysis of the gene expression data also identified high
expression of A1/BFL-1 (A1-001 and A1-002) in several T-NHL
subtypes, such as AITL5,24,56 and ALCL.20,24 A1/BFL-1 has a similar
binding profile for BH3-only proteins and BAK/BAX as MCL-1 and
elevated A1/BFL-1 expression has been suggested as a resistance
mechanism against chemotherapy and treatment with BCL-2/BCL-
XL-specific BH3 mimetic drugs similar to what was described for
MCL-1.24,28,30–32,57 Functional studies on the role of A1/BFL-1 have
been hampered thus far by the difficulty to generate conventional
gene-targeted mouse model systems and the lack of pharmaco-
logical inhibitors for A1/BFL-1.
Loss of BCL-XL had very little impact on the survival of fully

established T-NHL cells in our model system. This finding is
consistent with its low mRNA expression level in human T-NHL
specimens and reminiscent of the finding that loss of BCL-XL had
no impact on T-cell lymphomagenesis in p53−/− mice.34–36,44 In
addition, we observed only a minimal effect of pharmacological
inhibition of BCL-2, BCL-XL and BCL-W using the BH3-mimetic
compound ABT-737 on T-NHL cells. These findings clearly
support the notion that MCL-1 (and perhaps A1/BFL-1), but none
of the other antiapoptotic BCL-2 family members, controls T-NHL
survival.
Using two independent mouse models of T-cell lymphomagen-

esis, we found that MCL-1 controls both T-NHL development and
the continued T-NHL survival in vivo. The significantly delayed
lymphoma onset in ITK-SYK-expressing mice after Mcl-1 deletion
argues that MCL-1 protects nascent neoplastic T lymphoid cells
from oncogenic, hence pro-apoptotic stress, that is present during
malignant transformation.
Using the irradiation-based T-NHL mouse model, we can mimic

the clinical situation by targeted deletion of one or both alleles of
MCL-1 after disease onset in lymphoma-burdened mice. Here we
observed a significantly delayed lymphoma reconstitution after
loss of one allele of Mcl-1. A similar exquisite dependence on
MCL-1 has also been described in MYC-driven AML,38,58,59 MYC-
driven B-NHL,31,39 BCR-ABL-driven pre-B-acute lymphoblastic
leukemia41,42,60 and in p53-mutated thymic lymphoma.44 In these
entities, loss of even a single allele of MCL-1 was sufficient to
induce apoptosis and to promote disease regression. These
findings support the notion that pharmacological targeting of
MCL-1 might be a powerful tool to induce apoptosis in T-NHL cells
once specific drugs become available.26,61

The characterization of systemic toxicity of MCL-1 deletion will be
critical to allow for MCL-1 inhibitors to transition into the clinical
setting. Previous publications have shown that the complete
genetic deletion of MCL-1 in all cells from conception causes early
embryonic lethality27,62 and complete loss of MCL-1 in selected cell
types (using tissue-specific CRE strains) depleted hematopoietic
stem/progenitor cells,44,63 B cells and T cells,2–13,18–20,34 memory
B cells,33,64 plasma cells37,65 and cardiomyocytes.33,66,67

However, the loss of only a single allele of Mcl-1, which reduced
MCL-1 protein levels in T-NHL cells to about 50% (Figures 3c and 4d
and Supplementary Figure 2e), was sufficient to kill malignant T cells
and significantly extended the survival of lymphoma-burdened
mice. This suggests that it may not be necessary to completely
inactivate MCL-1 to achieve a clinical benefit. Importantly, we
and others observed only minimal toxic effects on healthy
T lymphocytes, spleen size and on the overall performance status
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of experimental mice after loss of 50% MCL-1 protein over a period
of 4 weeks (Figure 6 and Supplementary Figure 6).23,31,34,44,57,58

Consistent with this, it was recently reported that Mcl-1+/− mice
have normal appearance and hematopoietic cell subset numbers in
the absence of stress.44,68

Collectively, this argues that the cytotoxic stresses experienced
by T-NHL cells might render them highly dependent on MCL-1
and thus offer a therapeutic window for the targeting of MCL-1,
either alone or in combination with conventional chemotherapy.
It is, however, noteworthy that constitutive loss of one allele of
Mcl-1 rendered the hematopoietic stem/progenitor cells highly
sensitive to DNA damage.34,44 Thus care will need to be taken on
how to schedule combinatorial treatments with MCL-1 inhibitors
plus chemotherapeutic drugs.
In conclusion, our data argue that T-NHL cells are exquisitely

dependent on the pro-survival BCL-2 family member MCL-1 for
their survival and that patients diagnosed with T-cell lymphoma
might profit from pharmacological approaches that inhibit MCL-1
function irrespective of the T-NHL subtype.

CONFLICT OF INTEREST
GLK and AS work at the Walter and Eliza Hall Institute. This Institute receives
milestone payments from Genentech Inc. and AbbVie for the development of BH3
mimetic drugs for cancer therapy. All the other authors declare no conflict of interest.

ACKNOWLEDGEMENTS
We thank Stephanie Rott and Smaro Beskeli for excellent technical assistance. PJJ was
supported by the DFG Research Unit FOR2036, Max Eder-Program grants from the
Deutsche Krebshilfe (program nos. 109310 and 111738), a Human Frontiers Science
Program grant (program no. RGY0073/ 2012), the German Jose Carreras Leukemia
Foundation grant (DJCLS R 12/22) and a grant from the Else Kröner Fresenius-Stiftung
(2014-A185). MH (Cologne) was supported by the DFG Research Unit 'CONTROL-T'
FOR1961 (HE3553/4-1) and Max Eder-Program grants from the Deutsche Krebshilfe
(program no. 108029). SN was supported by the DFG Research Unit 'CONTROL-T'
FOR1961 (NE1438/4-1). GLK and AS were supported by fellowships and grants from
the NHMRC and the Redstone Foundation Trust; AS by LLS and Cancer Council of
Victoria. MH (Munich) was supported by an ERC starting grant (LiverCancerMechan-
isms), the Stiftung Experimentelle Biomedizin and the Helmholtz-Zentrum.

AUTHOR CONTRIBUTIONS
Sabine Spinner performed experiments and wrote the manuscript. Ji-Hee Yi, Tim
Schrader, Henriette Bendz, Petra Mayer, Ulrike Höckendorf, Nicole Müller and
Monica Yabal performed experiments. Gemma L Kelly and Andreas Strasser
generated the CreERT2 Mcl-1fl/+ and CreERT2 Mcl-1+/+ lymphoma cells. Enkhtsetseg
Munkhbaatar performed histological analysis of murine T-NHL samples. Giuliano
Crispatzu and Marco Herling integrated and summarized the mRNA expression
data on human T-NHL samples. Sylvia Hartman and Martin-Leo Hansmann
provided and stained histological sections of human PTCL, ALCL and AITL samples.
Zoulei Lei evaluated PET-CT results on mice transplanted with T-NHL cells.
Konstanze Pechloff and Jürgen Ruland generated ITK-SYK CD4Cre mice and
provided critical reagents. Mathias Heikenwälder and Sebastian Newrzela provided
critical reagents and advice. Christian Peschel, Andreas Strasser, Marco Herling,
Ulrich Keller and Jürgen Ruland supported the project by critical discussion. Philipp
J Jost designed and supervised the project and wrote the manuscript.

REFERENCES
1 Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H et al. WHO Classifi-

cation of Tumours of Haematopoietic and Lymphoid Tissues, 4th edn. WHO
Classification of Tumours, Volume 2, World Health Organization Press, 2008.

2 Iqbal J, Weisenburger DD, Chowdhury A, Tsai MY, Srivastava G, Greiner TC et al.
Natural killer cell lymphoma shares strikingly similar molecular features with a
group of non-hepatosplenic γδ T-cell lymphoma and is highly sensitive to a novel
aurora kinase A inhibitor in vitro. Leukemia 2011; 25: 1377–1377.

3 van Doorn R, van Kester MS, Dijkman R, Vermeer MH, Mulder AA, Szuhai K et al.
Oncogenomic analysis of mycosis fungoides reveals major differences with Sezary
syndrome. Blood 2009; 113: 127–136.

4 Travert M, Huang Y, de Leval L, Martin-Garcia N, Delfau-Larue MH, Berger F et al.
Molecular features of hepatosplenic T-cell lymphoma unravels potential novel
therapeutic targets. Blood 2012; 119: 5795–5806.

5 de Leval L, Rickman DS, Thielen C, Reynies AD, Huang YL, Delsol G et al. The gene
expression profile of nodal peripheral T-cell lymphoma demonstrates a molecular
link between angioimmunoblastic T-cell lymphoma (AITL) and follicular helper T
(TFH) cells. Blood 2007; 109: 4952–4963.

6 Dürig J, Bug S, Klein-Hitpass L, Boes T, Jöns T, Martin-Subero JI et al. Combined
single nucleotide polymorphism-based genomic mapping and global gene
expression profiling identifies novel chromosomal imbalances, mechanisms and
candidate genes important in the pathogenesis of T-cell prolymphocytic leukemia
with inv(14)(q11q32). Cell Death Differ 2007; 21: 2153–2163.

7 Shin J, Monti S, Aires DJ, Duvic M, Golub T, Jones DA et al. Lesional gene
expression profiling in cutaneous T-cell lymphoma reveals natural clusters asso-
ciated with disease outcome. Blood 2007; 110: 3015–3027.

8 Lamant L, Reynies AD, Duplantier MM, Rickman DS, Sabourdy F, Giuriato S et al.
Gene-expression profiling of systemic anaplastic large-cell lymphoma reveals
differences based on ALK status and two distinct morphologic ALK+ subtypes.
Blood 2007; 109: 2156–2164.

9 Tan S-Y, Ooi A-S, Ang M-K, Koh M, Wong J-C, Dykema K et al. leu2010295a.
Leukemia 2011; 25: 555–557.

10 Huang Y, de Reynies A, de Leval L, Ghazi B, Martin-Garcia N, Travert M et al.
Gene expression profiling identifies emerging oncogenic pathways operating in
extranodal NK/T-cell lymphoma, nasal type. Blood 2010; 115: 1226–1237.

11 Lukk M, Kapushesky M, Nikkilä J, Parkinson H, Goncalves A, Huber W et al. A global
map of human gene expression. Nat Biotechnol 2010; 28: 322–324.

12 Shah MV, Zhang R, Irby R, Kothapalli R, Liu X, Arrington T et al. Molecular profiling
of LGL leukemia reveals role of sphingolipid signaling in survival of cytotoxic
lymphocytes. Blood 2008; 112: 770–781.

13 Rodríguez-Caballero A, García-Montero AC, Bárcena P, Almeida J, Ruiz-Cabello F,
Tabernero MD et al. Expanded cells in monoclonal TCR-alphabeta+/CD4+/NKa
+/CD8-/+dim T-LGL lymphocytosis recognize hCMV antigens. Blood 2008; 112:
4609–4616.

14 Warner K, Weit N, Crispatzu G, Admirand J, Jones D, Herling M. T-cell receptor
signaling in peripheral T-cell lymphoma - a review of patterns of alterations in
a central growth regulatory pathway. Curr Hematol Malig Rep 2013; 8: 163–172.

15 Warner K, Crispatzu G, Al-Ghaili N, Weit N, Florou V, You MJ et al. Models for
mature T-cell lymphomas--a critical appraisal of experimental systems and their
contribution to current T-cell tumorigenic concepts. Crit Rev Oncol Hematol 2013;
88: 680–695.

16 Nelson M, Horsman DE, Weisenburger DD, Gascoyne RD, Dave BJ, Loberiza FR
et al. Cytogenetic abnormalities and clinical correlations in peripheral T-cell
lymphoma. Br J Haematol 2008; 141: 461–469.

17 Schwickart M, Huang X, Lill JR, Liu J, Ferrando R, French DM et al. Deubiquitinase
USP9X stabilizes MCL1 and promotes tumour cell survival. Nature 2010; 463:
103–107.

18 Piccaluga PP, Fuligni F, De Leo A, Bertuzzi C, Rossi M, Bacci F et al. Molecular
profiling improves classification and prognostication of nodal peripheral T-cell
lymphomas: results of a Phase III diagnostic accuracy study. J Clin Oncol 2013; 31:
3019–3025.

19 Iqbal J, Weisenburger DD, Greiner TC, Vose JM, McKeithan T, Kucuk C et al.
Molecular signatures to improve diagnosis in peripheral T-cell lymphoma and
prognostication in angioimmunoblastic T-cell lymphoma. Blood 2010; 115:
1026–1036.

20 Piccaluga PP, Agostinelli C, Califano A, Rossi M, Basso K, Zupo S et al. Gene
expression analysis of peripheral T cell lymphoma, unspecified, reveals distinct
profiles and new potential therapeutic targets. J Clin Invest 2007; 117: 823–834.

21 Pileri SA, Piccaluga PP. New molecular insights into peripheral T cell lymphomas.
J Clin Invest 2012; 122: 3448–3455.

22 Nakahata S, Ichikawa T, Maneesaay P, Saito Y, Nagai K, Tamura T et al. Loss of
NDRG2 expression activates PI3K-AKT signalling via PTEN phosphorylation in ATLL
and other cancers. Nat Commun 2013; 5: 3393–3393.

23 Pechloff K, Holch J, Ferch U, Schweneker M, Brunner K, Kremer M et al. The fusion
kinase ITK-SYK mimics a T cell receptor signal and drives oncogenesis in condi-
tional mouse models of peripheral T cell lymphoma. J Exp Med 2010; 207:
1031–1044.

24 Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate
cell death. Nat Rev Mol Cell Biol 2008; 9: 47–59.

25 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011;
144: 29–29.

26 Kaplan HS. Influence of thymectomy, splenectomy, and gonadectomy on inci-
dence of radiation-induced lymphoid tumors in strain C57 black mice. J Natl
Cancer Inst 1950; 11: 83–90.

27 Kelly PN, White MJ, Goschnick MW, Fairfax KA, Tarlinton DM, Kinkel SA et al.
Individual and overlapping roles of BH3-only proteins Bim and Bad in apoptosis of

MCL-1 controls survival of T-NHL
S Spinner et al

1529

© 2016 Macmillan Publishers Limited Leukemia (2016) 1520 – 1530



lymphocytes and platelets and in suppression of thymic lymphoma development.
Cell Death Differ 2010; 17: 1655–1664.

28 Strasser A, Harris AW, Bath ML, Cory S. Novel primitive lymphoid tumours induced
in transgenic mice by cooperation between myc and bcl-2. Nature 1990; 348:
331–333.

29 Michalak EM, Vandenberg CJ, Delbridge ARD, Wu L, Scott CL, Adams JM et al.
Apoptosis-promoted tumorigenesis: gamma-irradiation-induced thymic lympho-
magenesis requires Puma-driven leukocyte death. Genes Dev 2010; 24:
1608–1613.

30 Kelly PN, Grabow S, Delbridge ARD, Strasser A, Adams JM. Endogenous Bcl-xL is
essential for Myc-driven lymphomagenesis in mice. Blood 2011; 118: 6380–6386.

31 Kelly GL, Grabow S, Glaser SP, Fitzsimmons L, Aubrey BJ, Okamoto T et al. Tar-
geting of MCL-1 kills MYC-driven mouse and human lymphomas even when they
bear mutations in p53. Genes Dev 2014; 28: 58–70.

32 Hata AN, Engelman JA, Faber AC. The BCL2 family: key mediators of the apoptotic
response to targeted anticancer therapeutics. Cancer Discov 2015; 5: 475–487.

33 Vikstrom I, Carotta S, Luthje K, Peperzak V, Jost PJ, Glaser S et al. Mcl-1 is essential
for germinal center formation and B cell memory. Science 2010; 330: 1095–1099.

34 Opferman JT, Letai A, Beard C, Sorcinelli MD, Ong CC, Korsmeyer SJ. Development
and maintenance of B and T lymphocytes requires antiapoptotic MCL-1. Nature
2003; 426: 671–676.

35 Dzhagalov I, Dunkle A, He Y-W. The anti-apoptotic Bcl-2 family member Mcl-1
promotes T lymphocyte survival at multiple stages. J Immunol 2008; 181:
521–528.

36 Campbell KJ, Gray DHD, Anstee N, Strasser A, Cory S. Elevated Mcl-1 inhibits
thymocyte apoptosis and alters thymic selection. Cell Death Differ 2012; 19:
1962–1971.

37 Wagner KU, Claudio E, Rucker EB, Riedlinger G, Broussard C, Schwartzberg PL et al.
Conditional deletion of the Bcl-x gene from erythroid cells results in hemolytic
anemia and profound splenomegaly. Development 2000; 127: 4949–4958.

38 Veis DJ, Sentman CL, Bach EA, Korsmeyer SJ. Expression of the Bcl-2 protein in
murine and human thymocytes and in peripheral T lymphocytes. J Immunol 1993;
151: 2546–2554.

39 Nakayama K-I, Negishi I, Kuida K, Shinkai Y, Louie MC, Fields LE et al.
Disappearance of the lymphoid system in Bcl-2 homozygous mutant
chimeric mice. Science 1993; 261: 1584–1588.

40 Wojciechowski S, Tripathi P, Bourdeau T, Acero L, Grimes HL, Katz JD et al.
Bim/Bcl-2 balance is critical for maintaining naive and memory T cell homeostasis.
Nature 2007; 204: 1665–1675.

41 Grillot DA, Merino R, Núñez G. Bcl-XL displays restricted distribution during T cell
development and inhibits multiple forms of apoptosis but not clonal deletion in
transgenic mice. J Exp Med 1995; 182: 1973–1983.

42 Motoyama N, Wang F, Roth KA, Sawa H, Nakayama K, Nakayama K et al. Massive
cell death of immature hematopoietic cells and neurons in Bcl-x-deficient mice.
Science 1995; 267: 1506–1510.

43 Zhang N, He Y-W. The antiapoptotic protein Bcl-xL is dispensable for the devel-
opment of effector and memory T lymphocytes. J Immunol 2005; 174: 6967–6973.

44 Grabow S, Delbridge ARD, Valente LJ, Strasser A. MCL-1 but not BCL-XL is
critical for the development and sustained expansion of thymic lymphoma in
p53-deficient mice. Blood 2014; 124: 3939–3946.

45 Machulla H-J, Blocher A, Kuntzsch M, Piert M, Wei R, Grierson JR. Simplified
labeling approach for synthesizing 3′-deoxy-3′-[18 F] fluorothymidine ([18 F] FLT).
J Radioanal Nucl Chem 2000; 243: 843–846.

46 Abulwerdi F, Liao C, Liu M, Azmi AS, Aboukameel A, Mady AS et al. A novel
small-molecular inhibitor of mcl-1 blocks pancreatic cancer growth in vitro and
in vivo. Mol Cancer Ther 2014; 13: 565–575.

47 Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA et al.
An inhibitor of Bcl-2 family proteins induces regression of solid tumours. Nature
2005; 435: 677–681.

48 International T-Cell Lymphoma Project. International Peripheral T-Cell and Natural
Killer/T-Cell Lymphoma Study: pathology findings and clinical outcomes. J Clin
Oncol 2008; 26: 4124–4130.

49 Thorns C, Bastian B, Pinkel D, Roydasgupta R, Fridlyand J, Merz H et al.
Chromosomal aberrations in angioimmunoblastic T-cell lymphoma and periph-
eral T-cell lymphoma unspecified: a matrix-based CGH approach. Genes Chro-
mosome Cancer 2006; 46: 37–44.

50 Zettl A, Rüdiger T, Konrad M-A, Chott A, Simonitsch-Klupp I, Sonnen R et al.
Genomic profiling of peripheral T-cell lymphoma, unspecified, and anaplastic
large T-cell lymphoma delineates novel recurrent chromosomal alterations.
Am J Pathol 2004; 164: 1837–1848.

51 Tsukasaki K. Comparative genomic hybridization analysis in adult T-cell leukemia/
lymphoma: correlation with clinical course. Blood 2001; 97: 3875–3881.

52 Rassidakis GZ, Jones D, Lai R, Ramalingam P, Sarris AH, McDonnell TJ et al. BCL-2
family proteins in peripheral T-cell lymphomas: correlation with tumour apoptosis
and proliferation. J Pathol 2003; 200: 240–248.

53 Zhang C-L, Kamarashev J, Qin J-Z, Burg GN, Dummer R, Döbbeling U. Expression
of apoptosis regulators in cutaneous T-cell lymphoma (CTCL) cells. J Pathol 2003;
200: 249–254.

54 Perciavalle RM, Opferman JT. Delving deeper: MCL-1's contributions to normal
and cancer biology. Trends Cell Biol 2013; 23: 22–29.

55 Merkel O, Hamacher F, Laimer D, Sifft E, Trajanoski Z, Scheideler M et al. Identi-
fication of differential and functionally active miRNAs in both anaplastic lym-
phoma kinase (ALK)+ and ALK- anaplastic large-cell lymphoma. Proc Natl Acad Sci
USA 2010; 107: 16228–16233.

56 Iqbal J, Wright G, Wang C, Rosenwald A, Gascoyne RD, Weisenburger DD et al.
Gene expression signatures delineate biologic and prognostic subgroups in
peripheral T-cell lymphoma. Blood 2014; 123: 2915–2923.

57 Vogler M. BCL2A1: the underdog in the BCL2 family. Cell Death Differ 2011; 19: 67–74.
58 Glaser SP, Lee EF, Trounson E, Bouillet P, Wei A, Fairlie WD et al. Anti-apoptotic

Mcl-1 is essential for the development and sustained growth of acute myeloid
leukemia. Genes Dev 2012; 26: 120–125.

59 Xiang Z, Luo H, Payton JE, Cain J, Ley TJ, Opferman JT et al. Mcl1 haploinsuffi-
ciency protects mice from Myc-induced acute myeloid leukemia. J Clin Invest
2010; 120: 2109–2118.

60 Koss B, Morrison J, Perciavalle RM, Singh H, Rehg JE, Williams RT et al. Require-
ment for antiapoptotic MCL-1 in the survival of BCR-ABL B-lineage acute lym-
phoblastic leukemia. Blood 2013; 122: 1587–1598.

61 Leverson JD, Zhang H, Chen J, Tahir SK, Phillips DC, Xue J et al. Potent and
selective small-molecule MCL-1 inhibitors demonstrate on-target cancer cell kill-
ing activity as single agents and in combination with ABT-263 (navitoclax). Cell
Death Dis 2015; 6: e1590.

62 Rinkenberger JL, Horning S, Klocke B, Roth K, Korsmeyer SJ. Mcl-1 deficiency
results in peri-implantation embryonic lethality. Genes Dev 2000; 14: 23–27.

63 Opferman JT, Iwasaki H, Ong CC, Suh H, Mizuno S-I, Akashi K et al. Obligate role of
anti-apoptotic MCL-1 in the survival of hematopoietic stem cells. Science 2005;
307: 1101–1104.

64 Seibler J. Rapid generation of inducible mouse mutants. Nucleic Acids Res 2003;
31: 12e–12e.

65 Peperzak V, Vikström I, Walker J, Glaser SP, LePage M, Coquery CM et al. Mcl-1 is
essential for the survival of plasma cells. Nat Immunol 2013; 14: 290–297.

66 Wang X, Bathina M, Lynch J, Koss B, Calabrese C, Frase S et al. Deletion of MCL-1 causes
lethal cardiac failure and mitochondrial dysfunction. Genes Dev 2013; 27: 1351–1364.

67 Thomas RL, Roberts DJ, Kubli DA, Lee Y, Quinsay MN, Owens JB et al. Loss of
MCL-1 leads to impaired autophagy and rapid development of heart failure.
Genes Dev 2013; 27: 1365–1377.

68 Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW et al. A critical role
for Dnmt1 and DNA methylation in T cell development, function, and survival.
Immunity 2001; 15: 763–774.

Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)

MCL-1 controls survival of T-NHL
S Spinner et al

1530

Leukemia (2016) 1520 – 1530 © 2016 Macmillan Publishers Limited


	Re-activation of mitochondrial apoptosis inhibits T-�cell lymphoma survival and treatment resistance
	Introduction
	Materials and methods
	In silico integrative analysis of gene expression data set on human T-�NHL
	Positron emission tomography (PET)

	Results
	MCL�-�1 is the sole antiapoptotic BCL�-�2 family member to be highly expressed across various human T-�NHL subtypes
	Loss of a single allele of Mcl-1 delays tumor development in an ITK-SYK-driven T-�cell lymphoma mouse model

	Figure 1 High expression of MCL�-�1 in human T-�cell lymphoma subtypes.
	Deletion of one allele of Mcl-1 impairs the survival of T-�cell lymphoma cells
	Minimal protection against apoptosis afforded by the alternative BCL�-�2 family members BCL�-�2, BCL-XL and BCL-W

	Figure 2 Deletion of one allele of Mcl-1 delays lymphoma initiation.
	Heterozygous deletion of Mcl-1 delays lymphoma engraftment in�vivo

	Figure 3 Induced deletion of one allele of Mcl-1 potently induces cell death and sensitizes T-�NHL cells to chemotherapy.
	Figure 4 Loss of one allele of Mcl-1 delays lymphoma expansion in�vivo.
	Figure 5 Mcl-1 deletion and chemotherapeutic drug treatment synergize in killing lymphoma cells in�vivo.
	Impact of Mcl-1 deletion and doxorubicine treatment on T lymphoma cells in�vivo
	Healthy T lymphocytes remained largely unaffected by mono-allelic Mcl-1 deletion

	Figure 6 Minimal impact of the induced loss of one allele of Mcl-1 on the survival of normal T lymphocytes.
	Discussion
	We thank Stephanie Rott and Smaro Beskeli for excellent technical assistance. PJJ was supported by the DFG Research Unit FOR2036, Max Eder-Program grants from the Deutsche Krebshilfe (program nos. 109310 and 111738), a Human Frontiers Science Program gran
	We thank Stephanie Rott and Smaro Beskeli for excellent technical assistance. PJJ was supported by the DFG Research Unit FOR2036, Max Eder-Program grants from the Deutsche Krebshilfe (program nos. 109310 and 111738), a Human Frontiers Science Program gran
	ACKNOWLEDGEMENTS
	Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H  WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th edn. WHO Classification of Tumours, Volume 2, World Health Organization Press, 2008.Iqbal J, Weisenburger DD, Chowdhur
	REFERENCES




