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Abstract

Acute lymphoblastic leukemia (ALL) represents the most frequent
malignancy in children, and relapse/refractory (r/r) disease is diffi-
cult to treat, both in children and adults. In search for novel treat-
ment options against r/r ALL, we studied inhibitor of apoptosis
proteins (IAP) and Smac mimetics (SM). SM-sensitized r/r ALL cells
towards conventional chemotherapy, even upon resistance against
SM alone. The combination of SM and chemotherapy-induced cell
death via caspases and PARP, but independent from cIAP-1/2,
RIPK1, TNFa or NF-jB. Instead, XIAP was identified to mediate SM
effects. Molecular manipulation of XIAP in vivo using microRNA-30
flanked shRNA expression in cell lines and patient-derived xeno-
graft (PDX) models of r/r ALL mimicked SM effects and intermedi-
ate XIAP knockdown-sensitized r/r ALL cells towards
chemotherapy-induced apoptosis. Interestingly, upon strong XIAP
knockdown, PDX r/r ALL cells were outcompeted in vivo, even in
the absence of chemotherapy. Our results indicate a yet unknown
essential function of XIAP in r/r ALL and reveal XIAP as a promising
therapeutic target for r/r ALL.
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Introduction

Acute lymphoblastic leukemia (ALL) represents the single most fre-

quent tumor in children and is difficult to treat, especially upon

chemotherapy resistance and relapse, in both children and adults

(Malard & Mohty, 2020). Novel treatment options are intensively

needed to treat relapsed/refractory (r/r) ALL. Targeting inhibitor of

apoptosis proteins (IAPs) in r/r ALL might be an attractive therapeu-

tic concept as IAPs are often overexpressed and affect treatment out-

come in multiple cancers, including ALL (LaCasse, 2013;

Fulda, 2017).

The IAP family contains several members with strong anti-

apoptotic activity, namely cellular IAP 1 and 2 (cIAP-1/2) and

X-linked IAP (XIAP). Mechanistically, cIAP-1/2 mainly inhibits apop-

tosis downstream of tumor necrosis factor (TNF) by preventing the

formation of pro-apoptotic signaling complexes. In contrast, XIAP

functions downstream of both, intrinsic and extrinsic apoptosis path-

ways, by direct inhibition of caspases, downstream executers of

apoptosis (Fulda, 2017). Given the prominent role of XIAP in cell

death induction, extensive efforts led to the development of Smac
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mimetics (SM), small molecules designed to inhibit the XIAP-

caspase interaction. Comprehensive studies on the antitumor activity

of these SM (Fulda & Vucic, 2012; Fulda, 2017; Morrish et al, 2020)

demonstrated that, despite being developed as XIAP inhibitors, SM

exert their antitumor activity by targeting cIAP-1/2 for ubiquitination

and proteasomal degradation and subsequent NF-jB inactivation

and TNFa-dependent apoptosis (Silke & Vince, 2017). Although solid

tumors were the focus of numerous studies, acute leukemias were

always included in trials, and several SM were effective against acute

myeloid leukemia (AML) in preclinical studies, alone or in combina-

tion with other drugs (Brumatti et al, 2016; Lalaoui et al, 2016; Saf-

ferthal et al, 2017).

In ALL, studies on SM are restricted to preclinical studies, while

clinical data are missing.

Distinct mono- and bivalent SM, such as Birinapant (TL32711;

Condon et al, 2014) and BV6 (Varfolomeev et al, 2007), have been

shown to induce cell death in B-ALL primary patient samples and

patient-derived xenograft (PDX) cells in a RIPK1, TNFR1- and/or

TNFR2-dependent manner (Fakler et al, 2009; Belz et al, 2014;

McComb et al, 2016; Richmond et al, 2016; Schirmer et al, 2016;

Aguad�e-Gorgori�o et al, 2020; Zinngrebe et al, 2020). While aggres-

sive Ph-like ALL subtypes appeared to be enriched in responding

samples, identification of biomarkers predicting SM response was

challenging and expression levels of neither cIAP1/2, XIAP nor

RIPK1 were shown to be predictive (McComb et al, 2016; Richmond

et al, 2016; Aguad�e-Gorgori�o et al, 2020; Zinngrebe et al, 2020).

Combination therapies were mainly studied in SM-responsive

samples where SM treatment synergized with conventional

chemotherapy, which again depended on RIPK1 or TNFR1 signaling,

at least in part (Servida et al, 2011; Loder et al, 2012; Richmond

et al, 2016; Schirmer et al, 2016). SM enhanced caspase-dependent

cell death in response to death receptor agonists (Fakler et al, 2009),

increased response to glucocorticoids in a RIPK1-dependent manner

(Belz et al, 2014) and synergized with hypomethylating agents to

induce TNFa-dependent cell death (Gerges et al, 2016). However,

the approach to combine SM with conventional chemotherapy in r/r

ALL has not yet been studied.

Here, we evaluated the effect of targeting IAPs in r/r ALL using

ALL cell lines as well as genetically engineered PDX ALL models

in vivo. We identified XIAP, but not cIAP-1/2 as target for SM to

augment the anti-tumor effect of chemotherapy. We detected a

novel essential function of XIAP, indicating that XIAP represents an

attractive therapeutic target for ALL, especially in the situation of

treatment resistance or relapse.

Results

Smac mimetics sensitize r/r ALL towards cytotoxic drugs

In a first step, we assessed the sensitivity of B- and T-ALL cell lines

to non-selective IAP inhibitors, including the multivalent SM

LBW242 (or its orthologue LCL161; Sharma et al, 2006) and BV6

(Varfolomeev et al, 2007), which target several IAP family mem-

bers, including cIAP-1/2 and XIAP. The majority of ALL cell lines

displayed moderate response or resistance to SM-induced cell death,

for which no apparent correlation with expression of either cIAP-1/

2 nor XIAP was observed (Appendix Fig S1A–C). The two ALL cell

lines (Molt-3 and Molt-4) were completely resistant towards

LBW242 (Appendix Fig S1A) and were excluded from further stud-

ies. Four cell lines demonstrated a moderate resistance, and NALM-

6 (B-ALL) and LOUCY (ETP-ALL) cells displayed strongly decreased

sensitivity towards multiple SM (Appendix Fig S1A and C). We

selected LOUCY cells for further analysis as they belong to the early

immature ETP T-ALL subtype, known for its resistance against

chemotherapeutic agents (Anderson et al, 2014); NALM-6 cells

which showed similar response to SM than LOUCY were selected as

a model for B-ALL disease. NALM-6 and LOUCY cells were addition-

ally resistant against certain conventional cytotoxic drugs (Fig 1A

and Appendix Fig S1D–F), serving as cell line models for r/r ALL.

Although various SM failed to induce strong cell death when

applied as single agents (Appendix Fig S1A and C), apoptosis of ALL

cell lines was significantly increased when SM were combined with

vincristine (VCR; Fig 1A and Appendix Fig S1D–F), and a similar

trend was observed in primary patient cells (Fig 1B and Table EV1

for clinical characteristics of patients). This effect was independent

of the type of SM used and, within the range of concentration tested,

the strongest effect was achieved with LCL161 and its orthologue

LBW242 (Fig 1A and Appendix Fig S1D). In line with previous

results (Loder et al, 2012; Belz et al, 2014; Richmond et al, 2016;

Schirmer et al, 2016), SM also sensitized ALL cell lines to additional

cytotoxic drugs of routine anti-leukemia treatment, including L-

Asparaginase (L-ASP), Doxorubicin (DXR) and Glucocorticoids

Prednisone (PRED) and Dexamethasone (DXM), with the exception

that SM could not overcome resistance of LOUCY cells towards DXR

(Appendix Fig S1E and F). Resistance of LOUCY cells to DXR might

eventually be attributed to loss of function of p53, a known media-

tor of DXR-induced apoptosis (Prokocimer et al, 1998; Salih

et al, 2020). Cell death by the combination of LBW242 and cytotoxic

drugs (SM-drug combination) was mostly synergistic according to

combination indices (Appendix Tables S1 and S2). Thus, in ALL

cells resistant against apoptosis induction by SM alone, SM induced

synergistic apoptosis when combined with cytotoxic drugs.

Smac mimetics enhance chemotherapy-induced apoptosis
independently from TNFa, RIPK1 and NF-jB

Regarding the apoptosis signaling pathway activated by SM-drug

combinations, we found downstream loss of mitochondrial mem-

brane potential, activation of caspases-8, -9 and -3 and cleavage of

PARP, indicating activation of the apoptotic pathway in both ALL

cell lines analyzed (Fig 1C–F and Appendix Fig S1G–L).

In line with the findings that SM mainly targeted cIAP-1/2 and

induced apoptosis dependent on TNFa signaling and/or formation

of the ripoptosome (Petersen et al, 2007; Varfolomeev et al, 2007;

Vince et al, 2007; Tenev et al, 2011; Loder et al, 2012; Belz

et al, 2014), we have previously shown that cIAP-1/2 are important

when SM-sensitized SM-sensitive REH ALL cells towards cytotoxic

drugs (Loder et al, 2012). Here, in SM-resistant ALL cells, cIAP-1

was consistently degraded by the SM-drug combination

(Appendix Fig S1M) but also by treatment with SM alone

(Appendix Fig S1N), indicating that cIAP-1 degradation is not suffi-

cient to induce cell death. While degradation of cIAP-2 was less con-

sistent, no correlation of cIAP-2 degradation with cell death could

be observed, further supporting that cIAP-1/2 degradation is not suf-

ficient for cell death induction but may be a contributing event
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Figure 1.
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(Fig 1A and Appendix Fig S1A, C, M and N). To further investigate

signaling events initiated by SM treatment, we analyzed the role of

TNFa in SM-induced cell death. To our surprise, inhibition of TNFa
using the monoclonal antibody Adalimumab (Humira) did not

reduce apoptosis or caspase-8 activation by the SM-drug combina-

tion in LOUCY (Fig EV1A and B), or apoptosis in NALM-6 (Fig EV1C

and D) or primary ALL samples (Fig EV1E), while it efficiently

blocked apoptosis induced by the TNFa plus LBW242 combination

(Fig EV1A and D). These data suggest that in contrast to SM-

sensitive cells (Loder et al, 2012; Richmond et al, 2016; Schirmer

et al, 2016), apoptosis induction occurred independently from

TNFa, similarly as we had described in neuroblastoma (Eschenburg

et al, 2012).

SM-induced cIAP-1/2 degradation might induce apoptosis medi-

ated by ripoptosome formation, a complex consisting of receptor-

interacting protein kinase 1 (RIPK1), Fas-associated protein with

death domain (FADD) and caspase-8 (Tenev et al, 2011; Belz

et al, 2014). In the resistant ALL cell lines NALM-6 and LOUCY,

the RIPK1-inhibitor Necrostatin-1 (Nec-1) was unable to inhibit

apoptosis induction by SM in combination with VCR, while as a

positive control, Nec-1 significantly reduced apoptosis initiated by

TNFa plus LBW242 (Figs 2A and EV1E and F). Accordingly, apop-

tosis induction by the SM-VCR combination was not altered upon

RIPK1 knockdown (KD), while the RIPK1 KD was effective in

inhibiting apoptosis initiated by TNFa and LBW242 (Fig 2B).

Thus, in contrast to SM-sensitive cells (Loder et al, 2012; Schirmer

et al, 2016), the synergism between SM and chemotherapy is

independent of RIPK1 in SM-resistant ALL cells. In SM-sensitive

cells, SM-induced apoptosis is mediated by reducing pro-survival

canonical, but increasing non-canonical NF-jB signaling (Bai

et al, 2009; Gyrd-Hansen & Meier, 2010; Berger et al, 2011). Acti-

vation of the canonical NF-jB pathway requires signaling by

NEMO (IKKc) and is associated with phosphorylation and degra-

dation of IjBa. Here, the SM-drug combination did not induce

degradation of IjBa (Fig 2C) and apoptosis was not affected by

KD of NEMO to levels that were shown to block NF-jB activation

(Fig 2D; Konig et al, 2012; Elsarraj et al, 2017). Activation of non-

canonical NF-jB pathway is known to be mediated by processing

of the NF-jB2 subunit p100 to p52, which together with the NF-

jB subunit RelB forms a transcriptionally active complex.

Although SM alone or in combination with chemotherapy-induced

p100 processing (Fig 2E), RelB KD had no effect on apoptosis

induced by SM alone or in combination with chemotherapy

(Fig 2F), indicating that non-canonical NF-jB signaling is dispens-

able for cell death induction.

In summary, our data indicate that SM in combination with

chemotherapy-induced cell death in r/r ALL independently of cIAP-

1/2 degradation as well as RIPK1, NF-jB and TNFa signaling, indi-

cating that other mechanisms are at play as compared to SM-

sensitive ALL cells (Loder et al, 2012).

XIAP is upregulated in primary tumor cells from ALL patients and
targeting XIAP affects cell death by SM or VCR

We hypothesized that in r/r ALL, XIAP may serve as the major

mediator of SM-induced effects. To evaluate a putative role of XIAP

in r/r ALL, we first performed expression analysis of major IAPs in

ALL. We had previously shown that XIAP protein is upregulated in

primary tumor cells from children with T-ALL associated with poor

prognosis (Hundsdoerfer et al, 2010) and now studied the expres-

sion of XIAP on mRNA and protein level in both, children and

adults with ALL. In primary cells of a cohort of 833 adults, array

data showed that XIAP mRNA was upregulated in ALL compared to

healthy controls and expressed to a higher level than in AML

(Figs 3A and EV2A), while c-IAP1/2 mRNAs were not significantly

increased in ALL (Fig EV2B–E).

XIAP protein was expressed in primary leukemic cells of ALL

patients, where high XIAP protein levels were found in diagnosis and

relapse samples, but not in remission controls (Appendix Fig S2A).

Significant upregulation of XIAP protein was further detected in 7/7

PDX samples derived from children with ALL as well as in 3/3 PDX

adult samples compared to controls (Fig 3B and Appendix Fig S2B;

patient characteristics are summarized in Table EV1). Taken together,

upregulation of XIAP protein represents a common feature for child-

hood and adult ALL.

To support our hypothesis of a putative functional relevance of

XIAP in r/r ALL, we also tested the ARTS mimetic A4, which was

reported to have a high specificity towards XIAP but not c-IAP1 (Mam-

riev et al, 2020). Treatment with A4 decreased XIAP levels in NALM-6

and LOUCY cells (Appendix Fig S2C) and equally sensitized cells to

cytotoxic drugs (Appendix Fig S2D), again supporting the notion that

XIAP might mediate SM effects. A role for XIAP is further supported by

overexpression of XIAP in SM-resistant (NALM-6) and also in SM-

sensitive (REH) B-ALL cell lines. Cell death induction by VCR or SM

was reduced or nearly abrogated upon overexpression of XIAP, indicat-

ing that XIAP inhibited drug- as well as SM-induced cell death signaling

(Fig 3C and D). XIAP overexpression showed similar effects on SM-

sensitive and SM-resistant ALL cell lines; thus, increased XIAP levels

abrogate cell death induced by the SM-drug combination in ALL cells,

independently from their sensitivity towards SM. Taken together, XIAP

◀ Figure 1. Smac mimetics sensitize r/r ALL towards cytotoxic drugs.

A LOUCY cells were treated in vitro with the indicated SMs with or without vincristine (VCR) for 48 h. Apoptosis was determined by flow cytometry upon staining
with Annexin-V and Propidium Iodide (PI). Mean � SD of three independent experiments is shown; **P < 0.01, ***P < 0.001 and ****P < 0.0001 by unpaired Stu-
dent’s t-test.

B Fresh primary leukemic cells from two pediatric patients, one with common B-ALL at relapse (left) and one with T-ALL at diagnosis (right), both with poor response
to second-line chemotherapy, were treated with LBW242 and VCR at the indicated concentrations. Apoptosis was measured after 24 h as described in (A).

C–F The SM-drug combination activates caspases and induces PARP cleavage. LOUCY cells were incubated with the indicated chemotherapeutic drugs with or without
LBW242 for 48 h. Cells were stained with respective fluorescent substrates for caspase-8 (C) and -9 (D) or an antibody detecting the active caspase-3 subunit (E)
and were subsequently analyzed by flow cytometry. Mean � SD of three independent experiments is shown; *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001 by unpaired Student’s t-test. Cleavage of PARP was measured by Western blot using Actin as loading control (F). One representative immunoblot
out three independent experiments is shown.

Source data are available online for this figure.
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might be a critical regulator of apoptosis mediated by SM in combina-

tion with cytostatic drugs in ALL.

Silencing XIAP sensitizes ALL cells towards vincristine in vivo

To validate that SM-mediated inhibition of XIAP-sensitized-resistant

ALL cells towards cytotoxic drugs, we mimicked XIAP inhibition on

a molecular level by performing KD experiments.

Towards this aim, a short hairpin RNA (shRNA) cassette was

expressed in the background of microRNA 30 (miR30; Stegmeier

et al, 2005; Fig 4A); the miR30 approach enabled expressing the

shRNA directly coupled to expression of a fluorochrome marker so that

both, marker and shRNA, are expressed in equal molar amounts under

control of the same Pol II promoter. This allows dose–response analy-

sis within the same population by comparing cells with high marker/

shRNA expression to those with low marker/shRNA expression. To

perform competitive in vivo assays, control and XIAP KD populations

were additionally molecularly marked using two different fluo-

rochromes, mTagBFP and eGFP, respectively (Fig 4A). As important

quality control, dsRED expression levels were highly similar between

the two KD constructs, control shRNA and the shRNA targeting XIAP

(Fig 4B), reassuring similar shRNA expression levels. The shRNA

sequences used to target XIAP were selected using a reporter system

(Fellmann et al, 2013; Appendix Fig S3A and B). The XIAP shRNAs

were specific and induced stable KD of up to 98% when expressed

under the strong viral SFFV promoter, while levels of cIAP-1 and cIAP-

2 remained unchanged (Fig 4C and Appendix Fig S3B).

To mirror the effect of the SM-drug combination on a molecular

level, we generated a derivative NALM-6 cell line with partial, but

stable KD of XIAP, using the moderate eukaryotic elongation factor 1

alpha (EF1a) promoter (Fig 4D). Competitive in vivo growth assays

were performed; a 1:1 mixture of CTRL and XIAP KD cells was injected

into mice and their relative proportion was followed up over time,

using flow cytometric measurement of the recombinant fluorochromes

(Fig 4E and Appendix Fig S3C). In abundant control experiments, the

system was proven to be devoid of bias regarding colors or control

shRNA sequences, in cell lines in vitro (Appendix Fig S3D).

Using this approach, we found that partial inhibition of XIAP did

not affect spontaneous growth of NALM-6 cells in vivo (Fig 4F). In

contrast, when NALM-6 cells were xenografted into mice and mice

systemically treated with VCR, the population with XIAP KD

showed strongly reduced survival compared to controls, indicating

that silencing XIAP-sensitized NALM-6 cells towards VCR-induced

cell death (Fig 4F). Thus, partial KD of XIAP mimicked the effect of

SM and sensitized SM-resistant ALL cells towards VCR in vivo.

To our surprise, we observed that NALM-6 cells with strong XIAP

KD, using the strong SFFV promoter and two distinct shRNA

sequences, spontaneously died over time in vitro and in vivo, indicat-

ing a yet unknown, genuine essential function of XIAP alone in r/r

ALL (Fig 4G and Appendix Fig S3E and F). Survival time of mice

injected with a 1:1 mixture of control and strong XIAP KD cells nearly

doubled when compared with mice injected with a moderate XIAP KD

population in their mixture; time to full-blown leukemia increased

from 25 to 46 days (Appendix Fig S3G). We performed transcriptome

analysis in which 38 genes were differentially expressed between cells

with strong XIAP KD and sh-CTRL; regarding these genes, cells with

moderate XIAP KD clustered together with sh-CTRL cells

(Appendix Fig S3H). Cells with strong XIAP KD differed from cells with

moderate XIAP KD and sh-CTRL regarding several GO-terms on apop-

tosis signaling, although at borderline significance (P < 0.1,

Table EV2), pinpointing towards apoptosis as underlying mechanism

for cell death by strong XIAP KD. In agreement, increased PARP cleav-

age was detected in NALM-6 cells with strong XIAP KD compared to

sh-CTRL (Fig 4H). These effects were unequivocally dependent on

XIAP, as XIAP re-constitution in shXIAP NALM-6 cells in vitro rescued

the cells from cell death (Fig 4I and Appendix Fig S3I). As such a func-

tion might have an important impact for using XIAP as putative thera-

peutic target, we asked whether inhibiting XIAP alone might be

effective in the absence of chemotherapy.

XIAP plays an essential role for patients’ r/r ALL cells growing in
mice

Aiming for a model which closely mimics the clinical situation, we

worked with patients’ ALL cells and in the complex environment of

individual patients’ tumors. All experiments were performed

in vivo, using the individualized xenograft mouse model (Terziyska

et al, 2012) and samples of two pediatric patients with r/r ALL.

◀ Figure 2. Apoptosis induction is independent from TNFa, RIPK1 and NF-jB.

A Necrostatin-1 (Nec) does not affect LBW-mediated sensitization to VCR-induced apoptosis. Apoptosis induction in LOUCY cells was determined by flow cytometry
48 h after treatment with SM and/or VCR (left) and/or TNFa (right) in the presence or absence of the RIPK1-inhibitor Nec. Mean � SD of three independent experi-
ments is shown; *P < 0.05 and **P < 0.01 by unpaired Student’s t-test.

B RIPK1 is dispensable for apoptosis induction by LBW242 and VCR. LOUCY cells were transfected with a non-targeting siRNA (neg-siRNA) or a RIPK1-specific siRNA. Six
hours post-transfection, cells were treated with the indicated drugs and apoptosis was measured 40 h thereafter. Mean � SD of three independent experiments is
shown; ***P < 0.001 by unpaired Student’s t-test. Knockdown (KD) was verified by Western blot at the time of apoptosis measurement and KD efficiency was calcu-
lated compared to the control. One representative immunoblot out of three biological replicates is shown.

C The SM-drug combination does not activate the canonical NF-jB pathway. Phosphorylation and degradation of IjBa upon treatment with VCR or TNFa and/or
LBW242 was determined in LOUCY cells by Western blot following treatment with the indicated drugs for 5, 15 or 60 min using Actin as loading control. One repre-
sentative immunoblot out of three independent biological replicates is shown.

D KD of NEMO does not affect the SM-mediated sensitization to chemotherapy-induced apoptosis. Experiment was performed as described in (B), except that an siRNA
targeting NEMO was used. Mean � SD of three independent experiments is shown; *P < 0.05 by unpaired Student’s t-test.

E The SM-drug combination activates the non-canonical NF-jB pathway. Cleavage of p100 NF-jB2 to the p52 fragment was determined by Western blot 24 h after
treatment of LOUCY cells with chemotherapy or TNFa in combination with SM. Asterisk indicates an unspecific signal. One representative immunoblot out of three
biological replicates is shown.

F KD of RelB does not inhibit apoptosis. Experiment was performed as described in (B), except that an siRNA targeting RelB was used. Mean � SD of three independent
experiments is shown; differences are not significant, by unpaired Student’s t-test.

Source data are available online for this figure.
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Figure 3. XIAP is upregulated in primary ALL patient samples and overexpression regulates cell death induction.

A Expression of XIAP mRNA in samples obtained from BM of healthy individuals (Ctrl, n = 10) or patients with AML (n = 517) or ALL (n = 306). Data are expressed as
median, 25th and 75th percentile, whiskers indicate min/max; **P < 0.01; ****P < 0.0001 by Games-Howell post hoc test.

B Protein levels of XIAP normalized to loading control in PDX ALL samples from pediatric and adult patients, analyzed by protein immunoassay (Simple Western) and
depicted as mean (n = 2, biological replicates); PBMC, peripheral blood mononuclear cells (see Appendix Fig S2B).

C, D Parental and XIAP over-expressing NALM-6 cells (C) or REH cells (D) were treated with VCR or LBW242; apoptosis (Annexin-V/PI) was measured at the indicated
time points (C) or after 72 h (D) by flow cytometry. Mean � SEM of three independent experiments is shown; ****P ≤ 0.0001 by unpaired Student’s t-test. XIAP
protein level was analyzed in parental and XIAP-overexpressing NALM-6 cells by protein immunoassay (Simple Western); Actin was used as loading control. One
representative immunoassay out of three independent experiments is shown.

Source data are available online for this figure.
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For this analysis, we chose the PDX sample with highest XIAP

expression, ALL-265 (Fig 5) and ALL-199 (Fig EV3) characterized by

intermediate XIAP protein level (Fig 3B). Both children suffered

from relapsed ALL (Table EV1), which was refractory to conven-

tional treatment so that both succumbed to their disease early after

diagnosis of their relapses.

Using lentiviruses (Terziyska et al, 2012), PDX ALL cells were

molecularly modified identically as NALM-6 cells (Fig 5A), and

dsRED expression was analyzed to verify similar shRNA expression

in sh-CTRL and sh-XIAP cells (Fig EV3A); after each transduction,

transgenic PDX r/r ALL cells were enriched by flow cytometry and

re-amplified in mice (Fig 5A). As for NALM-6, these cells were used

for competitive in vivo transplantation trials (Fig 5B).

Using the SFFV promoter, a strong KD of XIAP was achieved in

PDX ALL cells, which remained stable for several passages (Fig 5B).

While transgene and sh-CTRL expression had no impact on PDX pro-

liferation in vivo (Fig EV3B), silencing XIAP induced a clear growth

disadvantage in the absence of chemotherapy in both ALL-265 and

ALL-199 (Figs 5C and EV3C). The XIAP KD population was severely

diminished over time, while control cells increased.

To reassure that the effect was due to XIAP KD, a dose–response

analysis was performed within the same animal by separately analyz-

ing PDX ALL cells with high dsRED expression indicating strong XIAP

KD and PDX ALL cells with low dsRED expression indicating moder-

ate XIAP KD. PDX ALL cells with high dsRED expression showed the

strongest effect and almost completely vanished (Figs 5D and EV3D),

strengthening that XIAP KD was the underlying cause for

subpopulation-specific disadvantage. Our data show that XIAP is

required for growth of PDX r/r ALL samples in mice as silencing of

XIAP decreased tumor load in a dose-dependent manner.

Taken together, our data reveal a yet unknown essential function

for XIAP in patients ALL cells growing in vivo. While partial inhibi-

tion of XIAP by moderate KD mimicked the effect of SM and

sensitized ALL cells towards chemotherapy (Figs 1–4), strong inhibi-

tion of XIAP reduced survival and proliferation of r/r ALL in vivo

(Figs 4G and 5).

Discussion

In search for novel treatment options against r/r ALL, we discovered

a yet unrecognized essential function of XIAP in r/r PDX ALL cells

in vivo. Strong inhibition of XIAP induced major growth disadvan-

tage and cell death, and moderate XIAP KD or SM-sensitized r/r

ALL cells towards conventional chemotherapy. Our data show that

XIAP represents an attractive therapeutic target, which might enable

eliminating r/r ALL cells that are otherwise resistant against

treatment.

To study the role of XIAP, we advanced preclinical PDX models

and used genetic engineering to generate what we propose calling

genetically-engineered PDX (GEPDX) models in parallel to genetically

engineered mouse models (GEMM; Heckl et al, 2019). GEPDX models

with the novel miR30-based KD approach combine the advantages of

(i) use of patients’ individual tumor cells in (ii) orthotopic mouse

models in vivo with (iii) strong stable KD (iv) dose–response analyses

within single animals, (v) convenient assay readout by flow cytome-

try and (vi) competitive in vivo assays bypassing inter-mouse devia-

tions. Competitive in vivo approaches were frequently used in mouse

studies on normal hematopoiesis and were adapted to leukemia and

PDX models to spare resources and benefit from high sensitivity and

reliability (Eaves, 2015; Maetzig et al, 2017; Liu et al, 2020; Carlet

et al, 2021). While the high clinical relevance of the PDX model is

widely accepted (Gao et al, 2015; Guo et al, 2016; Townsend

et al, 2016; Izumchenko et al, 2017; Evrard, Srivastava et al, 2020),

additional studies, including non-competitive in vivo experiments and

survival analyses will be suitable to confirm the translational

◀ Figure 4. Silencing XIAP sensitizes ALL cells towards Vincristine in vivo.

A Schematic representation of lentiviral vectors. Control (CTRL) and XIAP-targeting shRNAs were expressed in the 3´untranslated region of dsRED in the background of a
miR30 cassette under control of the Pol II promoter. mTagBFP and eGFP were used to mark each cell population; the control shRNA expressing plasmid was trans-
duced into mTagBFP+, the XIAP KD plasmid into eGFP+ cells.

B shRNA expression control. Equal expression levels of ds-RED in the sh-CTRL/mTagBFP and sh-XIAP/eGFP subpopulation indicate identical expression levels of control
and XIAP shRNA. One representative histogram out of three independent experiments is shown.

C Expression of IAP. Western blot analysis of XIAP in NALM-6 cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP under the SFFV promoter; GAPDH was used as loading
control. One representative immunoblot out of three independent experiments is shown.

D Western blot analysis of NALM-6 cells with moderate (69%, EF1a promoter) or strong (92%, SFFV promoter) KD of XIAP; GAPDH was used as loading control. The XIAP
KD levels (% KD) were quantified relative to sh-CTRL. One representative immunoblot out of three independent experiments is shown.

E Schematic representation of competitive in vivo assays. Cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP were mixed at a 1:1 ratio and injected into mice (�in vivo
treatment); at indicated time points, mice were sacrificed, cells isolated from bone marrow and analyzed.

F Moderate knockdown of XIAP sensitizes towards chemotherapy. NALM-6 cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP were mixed at a 1:1 ratio and injected
into groups of mice. Four days after injection, mice were either treated with PBS (n = 4), or with Vincristine (VCR, n = 8), 0.3 mg/kg i.v. once a week for 3 consecutive
weeks. Seven days after last treatment, mice were sacrificed, and relative proportion of sh-CTRL and sh-XIAP subpopulations re-isolated from the BM was quantified
by flow cytometry. Data are depicted as mean � SEM of all mice analyzed with ****P ≤ 0.0001 by unpaired Student’s t-test with Welch’s correction.

G Strong knockdown of XIAP impairs NALM-6 growth in vivo. NALM-6 cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP were mixed at a 1:1 ratio and injected into
groups of mice (n = 8). Thirty-eight or 46 days after injection, mice were sacrificed, and relative proportion of sh-CTRL and sh-XIAP subpopulations re-isolated from
the BM was quantified by flow cytometry. Data are depicted as mean � SEM of all mice analyzed with ****P ≤ 0.0001 by unpaired Student’s t-test.

H PARP cleavage in NALM-6 cells with strong XIAP inhibition. NALM-6 cells were lentivirally transduced with sh-CTRL or sh-XIAP (SFFV). Four days later, cells were lysed
and relative cleavage level of PARP (%) was analyzed by protein immunoassay (Simple Western). Mean � SD of three independent experiments is shown; **P < 0.01
by unpaired Student’s t-test.

I XIAP reconstitution in NALM-6 cells. NALM-6 cells were transduced with shCTRL, shXIAP.1 alone or shXIAP.1 together with the XIAP overexpression vector. At day 0,
transduced cells were mixed in a 1:1 ratio with parental (untransduced) NALM-6 cells. Distribution of the fluorochrome marker was used as a readout to determine
growth variations of the respective subpopulation over time. Mean � SD of three independent experiments is shown; **P < 0.01 by unpaired Student’s t-test.

Source data are available online for this figure.
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relevance of the effects described here. In addition, the absence of a

functional immune system remains a potential limitation (Byrne

et al, 2017). Therefore, a possible influence of the immune system on

the effects of XIAP KD in ALL PDX remains to be determined; as

apoptotic cells express “eat me” signals capable to trigger an immune

response (Hochreiter-Hufford & Ravichandran, 2013), effects of XIAP

KD may even be increased.

XIAP is known to act as a direct caspase inhibitor, inhibiting

downstream apoptosis signaling. Although cIAP-1/2 were shown to

be targets of SM in multiple tumor settings, affecting NF-jB signal-

ing and SM-mediated apoptosis (Bai et al, 2009; Gyrd-Hansen &

Meier, 2010; Berger et al, 2011; Richmond et al, 2016; Silke &

Vince, 2017) we show here that SM-mediated sensitization of r/r-

ALL for cytostatic drugs was independent of NF-jB, RIPK1 and

A

B

D

C

Figure 5.
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TNFa. In contrast, KD of XIAP phenocopies the effect of SM treat-

ment in sensitizing r/r ALL cells towards chemotherapy, suggesting

that the caspase-inhibitor XIAP might be the direct target of SM in r/

r ALL. Albeit XIAP degradation was observed in SM-sensitive but

not resistant cells upon SM treatment (Richmond et al, 2016; Mam-

riev et al, 2020; Hashimoto et al, 2021), we did not observe XIAP

degradation to be associated with cell death, suggesting that phar-

macological XIAP inhibition by SM is sufficient to block its anti-

apoptotic function. Identifying an essential role for XIAP, even in

the absence of direct apoptotic stimuli, was unexpected, but in line

with recent observations that loss of function mutations of XIAP in

patients are associated with spontaneous apoptosis of human T-cells

(Parackova et al, 2020). As putative explanation, XIAP might con-

stantly inhibit constitutive background apoptosis signaling from

inside or outside the tumor cell, preventing, for example, “death by

default” (LeBrasseur, 2007; Willis et al, 2007).

Determining the patient sub-groups that might benefit most from

XIAP-directed therapies either as single agents or in combination treat-

ments remain elusive. Our previous studies indicated that high XIAP

protein, but not mRNA, level correlated with unresponsiveness to glu-

cocorticoids and an adverse outcome of T-ALL patients (Hundsdoerfer

et al, 2010). Post-transcriptional upregulation of XIAP by various

mechanisms in conjunction with limited therapy response has been

reported for multiple cancer entities (Tamm et al, 2000; Gu

et al, 2009; Nishioka et al, 2016; Yang et al, 2017). However,

increased expression of XIAP alone can likely not serve as predictive

biomarker (Seeger et al, 2010). As gene expression signatures were

suggested to predict response to SM in aggressive BCP-ALL subtypes

such as Ph-like ALL (Richmond et al, 2016; Zinngrebe et al, 2020), it

will be interesting to determine whether chemo-resistant ETP-ALL can

be sensitized to treatment and whether gene expression signatures

can predict response in this aggressive subtype (Zhang et al, 2012;

Anderson et al, 2014). Additionally, targeting XIAP together with BCL-

2 was recently suggested as promising treatment for aggressive AML

subtypes, where certain mutations, karyotypes and TP53 transcrip-

tional activity correlated with response (Hashimoto et al, 2021).

It will be interesting to determine whether the caspase-inhibiting

function of XIAP is sufficient to block apoptosis or whether, in anal-

ogy to cIAP-1/2, XIAP E3-ligase function is necessary to regulate cell

survival (Schile et al, 2008; Edison et al, 2017; Silke & Vince, 2017;

Ellwanger et al, 2019).

Treatment targeting XIAP might putatively induce adverse

effects. Nevertheless and despite broad expression of XIAP in most

organ compartments under physiologic conditions (Duckett

et al, 1996; Marsh et al, 2009), the XIAP knockout mouse shows an

overall moderate phenotype with normal blood cell counts (Harlin

et al, 2001), allowing hope for limited adverse effects of therapies

targeting XIAP. ALL cells harbor a higher sensitivity towards loss of

XIAP compared to their normal counterparts, lymphocytes and their

progenitors (Harlin et al, 2001; Filipovich et al, 2010). In humans,

patients with X-linked lymphoproliferative disease type II (XLP-2)

lack functional XIAP but show normal blood cell counts under con-

ditions of health (Rigaud et al, 2006) and even lymphoproliferation

upon infection (Filipovich et al, 2010; Pachlopnik Schmid

et al, 2011). These data support that therapies which strongly target

XIAP might still be tolerated in humans.

Our data favor developing selective SM, additional compounds or

approaches which strongly antagonize XIAP for use in patients with

r/r ALL. The antisense oligonucleotide AEG35156 specifically targets

XIAP and was clinically tested in more than 100 patients, leukemia

and lymphoma patients among them (Carter et al, 2011;

LaCasse, 2013). While a phase I/II trial showed encouraging

responses to AEG35156 (Schimmer et al, 2009), the approach was

not pursued further when a phase II trial failed to show major effi-

cacy (Schimmer et al, 2011). Our in vivo data show that strong XIAP

inhibition is required to unmask XIAPs’ essential function, while

intermediate inhibition is not sufficient. The strength of XIAP inhibi-

tion appears crucial for its anti-tumor effect, but was not documented

in the phase II trial, which may eventually explain lack of effectivity.

Newly designed potent and selective IAP inhibitors, currently

under development (Baggio et al, 2018, 2019; Sheng et al, 2019; Shu

et al, 2019; Mamriev et al, 2020), hunt for specific residues in the BIR3

domain of XIAP in order to enhance the affinity of these compounds

to XIAP, aiming for a potent and selective inhibition. In this context,

proteolysis-targeting chimeras (PROTAC) may be of particular interest

given their ability to induce target protein degradation coupled to ben-

eficial therapeutic effects (Lai & Crews, 2017; Kostic & Jones, 2020).

Our data support developing such compounds and approaches and

test them, for example, in r/r ALL and other resistant tumors.

Materials and Methods

Materials

LBW242 and its orthologue LCL161 were kindly provided by Novar-

tis Pharma (Cambridge, USA), bivalent BV6 by Genentech (San

Francisco, USA). The small molecule ARTS mimetic A4 was

◀ Figure 5. XIAP plays an essential role for patients’ r/r ALL cells growing in mice.

A Generation of ALL genetically-engineered PDX (GEPDX) models. Primary patients’ALL-265 cells were transplanted into mice to generate serially transplantable PDX
cells. PDX cells were lentivirally transduced in two rounds with the constructs depicted in Fig 4A, and fluorochrome+ PDX cells were enriched by flow cytometric cell
sorting; resulting cells expressing either sh-CTRL/mTagBFP or sh-XIAP/eGFP were amplified and applied for repetitive in vivo transplantation assays.

B, C XIAP plays an essential role for ALL-265 growing in mice. Experimental scheme and stability of XIAP knockdown over passaging. ALL-265 PDX cells produced as
described in A were mixed at a 1:1 ratio and injected into mice (P1, n = 4). At clinical signs of illness, cells were isolated and re-injected into next recipient mice (P2,
n = 4). XIAP expression levels of P1 and P2 PDX cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP were analyzed by Western blot at the end of each passage;
GAPDH was used as loading control (B). Relative proportion of ALL-265 GEPDX cells expressing sh-CTRL/mTagBFP or sh-XIAP/eGFP re-isolated from the BM at the
end of each passage was quantified by flow cytometry (C). Data are depicted as mean � SEM of all mice analyzed (n = 4, each passage) with ****P < 0.0001 by
unpaired Student’s t-test.

D Dose–response relationship between strength of XIAP knockdown and growth disadvantage; ALL-265 PDX cells of a representative mouse were analyzed separately
for dsRED/shRNA high- and low-expressing cells.

Source data are available online for this figure.
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purchased from InterBioScreen. Necrostatin-1 was from StressMarq

Bioscience. The antagonistic TNFa antibody adalimumab (Humira�)

was purchased from Abbott Laboratories.

Ethical statement

Written informed consent was obtained from all patients and from

parents/carers in the cases where patients were minors. The study

was performed in accordance with the ethical standards of the

responsible committee on human experimentation (written approval

by Ethikkommission des Klinikums der Ludwig-Maximilians-

Universit€at M€unchen, ethikkommission@med.unimuenchen.de,

April 15/2008, number 068-08) and with the Helsinki Declaration of

1975, as revised in 2013.

All animal trials were performed in accordance with the current

ethical standards of the official committee on animal experimenta-

tion (written approval by Regierung von Oberbayern,

poststelle@reg-ob.bayern.de, 05/2007, number 55.2-1-54-2531-95-

10 and 01/2016, number ROB-55.2Vet-2532.Vet_02–15-193). The

experiments conformed to the principles set out in the WMA Decla-

ration of Helsinki and the Department of Health and Human Ser-

vices Belmont Report.

Mice were kept in animal rooms of the Laboratory Animal Breed-

ing and Husbandry Unit of Helmholtz Zentrum M€unchen under

specified pathogen-free (SPF) conditions with a 12/12 h light cycle,

fully air-conditioned with a temperature of 20–24°C and 45–65%

humidity according to Annex A of the European Convention 2007/

526 EC. The maximum stocking density of the cages corresponds to

Annex III of the 2010/63 EU. The cages were constantly filled with

structural enrichment and the animals had unlimited access to food

and water. During the experiment, mice were kept in individually

ventilated cages (IVCs). Hygiene monitoring was carried out at least

quarterly in accordance with the current FELASA recommendation.

For animal studies, sample size was estimated based on preliminary

experiments. Blinding was not performed.

Cell lines and patient samples

Cell lines, including LOUCY (human T-ALL, resembling the early T-

cell precursor ETP-ALL subtype; Ben-Bassat et al, 1990, Zhang

et al, 2012) and NALM-6 (human pre-B-ALL, resembling DUX4-

rearranged B-ALL; Hurwitz et al, 1979, Yasuda et al, 2016), were

purchased from DSMZ (German collection of microorganisms and

cells, Braunschweig, Germany) and were maintained in RPMI (Life

Technologies GmbH, Darmstadt, Germany), supplemented with

2 mM L-glutamine, penicillin/streptomycin and with 20% (LOUCY)

and 10% FCS (NALM-6; Invitrogen). All cell lines used in this study

were regularly tested to exclude mycoplasma contamination.

Primary bone marrow cells from ALL patients at diagnosis or at

relapse with poor in vivo response to second-line chemotherapy

were isolated by Ficoll gradient centrifugation (Biochrom) of freshly

aspirated bone marrow before the onset of chemotherapy. Primary

cells (1 × 106/ml) were cultured for no longer than 24 h in RPMI-

1640 supplemented with antibiotics, 2 mM L-glutamine and 20%

FCS.

Peripheral blood mononuclear cells (PBMCs) used as normal

control to compare protein expression in leukemia (Jimenez-

Sanchez et al, 2020; Nelson et al, 2021) were isolated on Ficoll–

Hypaque density gradients (Biochrom AG) from 5 ml of heparinized

venous blood drawn from healthy volunteer donors.

For ALL-199, primary ALL blasts of second relapse were obtained

from a child treated at the Ludwig Maximilians University Chil-

dren’s Hospital. ALL-265 was obtained from a child treated for

relapsed ALL in Zurich according to the I-BFM study protocol and

first cell engraftment in mice was performed in Zurich. Engraftment

and passaging of PDX cells in NSG mice were performed as

described (Terziyska et al, 2012).

Detection of apoptosis

Apoptosis was detected by flow cytometry after staining the cells

with Annexin-V/propidium iodide (PI; Becton Dickinson). Apoptosis

was quantified using CellQuest or FlowJo software with Annexin-

positive and Annexin- and PI-double-positive cells regarded as

“apoptotic.” Apoptosis rate of untreated control cells was subtracted

to determine “specific apoptosis.”

Determination of mitochondrial membrane depolarization (Dwm)

To detect the mitochondrial membrane depolarization, the JC-1

Assay Reagent (#10009908, Biozol) was used. Briefly, 1 × 105 cells

in 200 ll culture medium were stained with 2 ll of the membrane

potential-sensitive JC-1 reagent for 30 min at 37°C. Cells with

decreased red fluorescence were detected by FACS. Cells with low

Dwm were quantified as the percentage of the total cell population.

Detection of caspase activity by flow cytometry

Detection of active-caspase-3 was conducted using FITC-Active-

Caspase-3 Apoptosis kit (BD Pharmingen) according to the manufac-

turer’s protocol. Active caspase-8 and active caspase-9 were

detected using Green Caspase-8 (or -9) Staining Kit (PromoKine) fol-

lowing instructions of the manufacturer.

Gene silencing by siRNA transfection

For knock-down of RIPK1, NEMO and RelB, cells were transiently

transfected with a set of 4 siRNAs (on-target plus smart pool, Dhar-

macon) using the amaxa nucleofection kit T (amaxa biosystems).

Briefly, 2 × 106 cells were transfected with 200 nM target-specific or

non-targeting (scrambled) siRNAs and seeded in 12-well plates.

After 6 h, cells were treated as indicated to assess apoptosis 48 h

post-transfection.

Analysis of protein expression

Cell lysates were prepared using RIPA-buffer supplemented with

complete protease inhibitor cocktail (Roche) and phosphatase inhi-

bitor mix II (Serva). Protein concentration was measured by BCA

assay (New England Biolabs).

Two different techniques were used to detect protein expression.

Western blot
Equal amounts of protein were separated on gels and transferred by

semi-dry blotting (Bio-Rad) to a nitrocellulose membrane (M&N),

incubated with antibodies and visualized with chemiluminescent
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substrate (Thermo scientific). The following antibodies were used:

XIAP (BD Transduction, 1:5,000), cIAP-1 (R&D, 1:1,000), cIAP-2

(R&D, 1:1,000), actin (Sigma-Aldrich, 1:5,000), GAPDH (CB1001,

1:5,000), caspase-8 (H-134, Santa Cruz, 1:1,000) and RelB (C-19,

Santa Cruz, 1:1,000). Antibodies detecting caspase-3, PARP, IΚBa,
phospho-IΚBa (Ser32, 14D4), IKKɣ (NEMO) were from Cell signal-

ing (1:1,000). Secondary antibodies were purchased from GE Health

Care. Anti-actin or anti-GAPDH were used to control for equal pro-

tein loading.

Simple Western protein immunoassay (WES, ProteinSimple, San
Jose, USA)
The technology enables a Western blot-like analysis with the advan-

tage of requiring only low cell numbers, typically 10,000 cells per

lane. It was used when only minor cell numbers were available for

analysis. In this assay, equal amounts of protein were loaded on an

assay plate and samples were processed using a Protein Simple

instrument (capillary tube-based electrophoresis immunoassay—

San Jose, CA, USA). Capillaries were processed to attach all proteins

to the capillary wall and incubated with a single antibody; results

were measured as emission curves from each capillary and

“Western blot-like presentations” calculated thereof using the Com-

pass software (ProteinSimple), including quantification. Final

“Western blot-like presentations” appear clearly different from con-

ventional Western blots (Liu et al, 2020); due to very high sensitiv-

ity, equal loading is hard to achieve, but also not required, as

protein amounts are calculated with high sensitivity and reliability.

Primary antibodies used were: XIAP, PARP (both from Cell Signal-

ing Technologies, diluted 1:5 and 1:50, respectively) and ß-actin

(AC-15, Sigma Aldrich, 1:25).

Gene expression analysis

Gene expression analysis used the pooled HGU-133 A, B or Affyme-

trix HGU-133 Plus 2.0 bulk chip data of adult T- and B-ALL

(n = 306) and AML (n = 517) patients and healthy controls (n = 10)

studied between 1999 and 2005. The routine diagnostic work-up

included standard morphology, immunophenotyping, fluorescent

in situ hybridization (FISH), cytogenetics and molecular analyses of

frequent translocations as published previously (Fransecky

et al, 2016; Herold et al, 2017, 2018). Details of sample preparation,

hybridization and image acquisition have been described previously

(Herold et al, 2018). The data sets are publicly available through the

Gene Expression Omnibus (GEO) website (GSE66006, GSE78132,

GSE37642).

Results obtained by the HG-U133 A, B chips and HG-U133 Plus

2.0 chips were normalized separately by the robust multichip aver-

age method as described by Irizarry et al (Hobbs et al, 2003), and

only the 44,754 probe sets present on all chips were included in the

analysis. To correct the batch effect resulting from the use of differ-

ent chip designs, we applied an empirical Bayesian method as

described elsewhere (Herold et al, 2014).

For gene expression analysis on NALM-6 cells following moder-

ate or strong XIAP inhibition, NALM-6 cells transduced with differ-

ent lentiviral vectors (EF1a/sh-CTRL or sh-XIAP.1; SFFV/sh-CTRL

or sh-XIAP.1) were sorted 10 and 13 days after transduction. Gene

expression analysis was performed by applying a bulk-adjusted

SCRB-Seq protocol on sorted subpopulations from NALM-6 cells as

described previously (preprint: Soumillon et al, 2014; Ebinger

et al, 2020). Five samples identified as outliers by PCA were

excluded from the analysis, as well as genes with only 0 or 1 count

per million in more than 2/3 of the samples. Raw count values were

preprocessed with the R package edgeR (version 3.30.3), and the

genes were tested for differential expression with the R package

limma (version 3.44.3). Genes with an adjusted P-value of ≤ 0.25

were considered significant.

Statistics

Combination indices (CI) were calculated using the Chou-Talay

method to determine synergism (CI < 1), additivity (CI = 1) or

antagonism (CI > 1), if combining LBW242 with cytotoxic drugs

(Chou, 2006). The CI was calculated according to the classic

isobologram equation: CI = (d1/D1) + (d2/D2), where D1 and D2

represent the required doses of drug 1 and drug 2 to produce x%

effect and d1 and d2 the required doses of drug 1 and 2 to produce

the same effect if used in combination. Statistical significance was

determined using Student’s t-test (two-tailed) or ANOVA. The gene

expression group tests were analyzed by Games–Howell post hoc

test. A P-value ≤ 0.05 was considered significant if not otherwise

stated.

Cloning

XIAP over-expression: For over-expression of XIAP, the full-length

CDS of XIAP (gBlock, IDT) was cloned into the pCDH-vector back-

bone (System Biosciences) using EcoRI and BamHI and linked by a

T2A fragment to mTagBFP, used as marker.

shRNA expression system: The construct encoding for dsRED

and the miR30 KD cassette was generated by cloning the PCR-

amplified dsRED-miR30 fragment (TRMPVIR vector; Addgene

#27994) into the pCDH-EF1a-MCS-T2A-copGFP vector (SBI,

CD521A-1) using primers carrying MfeI and SalI as 50 and 30 restric-
tion sites. The target sequences for eGFP (CCAGCCACAACGTCTA

TATCAT) and XIAP (sh-XIAP.1 AAAGCATCATACTATAACTGAA

and sh-XIAP.2 CGAGGTTGGTTGTTGTGTTTTA) have been syn-

thetized as part of 110 bp ss-DNA oligos (shRNAmiR30 backbone,

Eurofins), annealed and cloned into the vector using XhoI and

EcoRI. To generate the plasmids encoding the two different fluores-

cent markers (mTagBFP or eGFP), the coding sequences for

mTagBFP (from plasmid pmTagBFP-C1) and eGFP (from DNA frag-

ment synthetized by IDT) were PCR-amplified and cloned into the

same vector as above using BamHI and SalI.

Lentiviral transduction and flow cytometry

ALL cell lines and PDX ALL cells were lentivirally transduced using

third-generation packaging plasmids pMDLg/pRRE, pRSV-Rev and

pMD2-G as described. Transduction efficiency was optimized to be

below 30% in all transduced cell lines and PDX samples to aim for

single lentiviral integrations. Freshly transduced PDX ALL cells were

kept in culture for 4 days on MS-5 feeder cells to allow transgene

expression and enrichment by flow cytometry before injection into

mice, to save one round of passaging through mice. Cells were ana-

lyzed at the LSRII or sorted using a FACSAriaIII sorter (both Becton

Dickinson).
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Competitive in vivo transplantation assays

To study the effect of XIAP silencing in NALM-6 and PDX cells, a total

amount of 1 × 105 NALM-6 cells, 3 × 105 ALL-199 or 3 × 104 ALL-265

PDX cells expressing either the sh-CTRL or sh-XIAP.1 were mixed 1:1

and injected into the tail vein of 6 to 16-week-old male or female

NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ mice (NSG, The Jackson Laboratory,

Bar Harbour, ME, USA). Experimental end points were specific days

after transplantation, or end-stage leukemia when mice developed clini-

cal signs of illness (rough fur, hunchback). Mice were sacrificed by cer-

vical dislocation, and NALM-6 or PDX cells were re-isolated from

murine bone marrow and analyzed by flow cytometry or sorted to sep-

arate sh-CTRL and sh-XIAP populations according to specific color

expression. In treatment trials, mice were randomized and received

Vincristine 0.3 mg/kg i.v. once a week for three consecutive weeks or

PBS as control. Mice were monitored daily to analyze treatment-related

toxicity. Experiments were performed in a non-blinded way. If not indi-

cated differently, three mice were used per group per time point.

Data availability

The gene expression data generated in this study have been depos-

ited at the Gene Expression Omnibus under the following accession

code GSE184011 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE184011), GSE66006 (http://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE66006), GSE78132 (http://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE78132), GSE37642 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37642).

Expanded View for this article is available online.
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