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In brief

Diepstraten et al. demonstrate that p53

enforces apoptosis induced by BH3-

mimetic drugs. To boost BH3-mimetic-

induced apoptosis in TP53-mutant blood

cancers, STING agonists were employed

to induce pro-apoptotic BH3-only protein

expression in a p53-independent manner.

Therefore, BH3-mimetics alongside

STING agonists represents a promising

new combination therapy for aggressive

TP53-mutant blood cancers.
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SUMMARY

TP53-mutant blood cancers remain a clinical challenge. BH3-mimetic drugs inhibit BCL-2 pro-survival pro-
teins, inducing cancer cell apoptosis. Despite acting downstream of p53, functional p53 is required for
maximal cancer cell killing by BH3-mimetics through an unknown mechanism. Here, we report p53 is acti-
vated following BH3-mimetic induced mitochondrial outer membrane permeabilization, leading to BH3-
only protein induction and thereby potentiating the pro-apoptotic signal. TP53-deficient lymphomas lack
this feedforward loop, providing opportunities for survival and disease relapse after BH3-mimetic treatment.
The therapeutic barrier imposed by defects in TP53 can be overcome by direct activation of the cGAS/STING
pathway, which promotes apoptosis of blood cancer cells through p53-independent BH3-only protein
upregulation. Combining clinically relevant STING agonists with BH3-mimetic drugs efficiently kills TRP53/
TP53-mutant mouse B lymphoma, human NK/T lymphoma, and acute myeloid leukemia cells. This repre-
sents a promising therapy regime that can be fast-tracked to tackle TP53-mutant blood cancers in the clinic.

INTRODUCTION

Overall blood cancer survival rates have improved over the last

decade due to advancements in molecular profiling and novel

therapeutic approaches.1,2 However, TP53 (murine: Trp53)-

defective lymphoma and leukemia remains a major clinical chal-

lenge, with patients bearing such mutations considered adverse

risk and associated with inferior survival outcomes.3–6 TP53-

mutant blood cancers are more resistant to cytotoxic drugs

which induce cancer cell death via DNA damage, and also har-

bor defects in metabolism, genome stability and autophagy,

which confer reduced sensitivity to diverse anti-cancer agents.7

TP53 mutations occur in up to 25% of acute myeloid leukemias

(AMLs),5,8 25% of non-Hodgkin lymphomas (NHLs),3 and up to

60% of natural killer/T (NKT) cell lymphomas.9 Effective treat-

ment approaches for TP53-mutated blood cancers are urgently

needed.

In response to stresses including oncogene activation, DNA

damaging cytotoxic drugs, org-radiation, p53 is activated and up-

regulates expression of pro-apoptotic BH3-only proteins (e.g.,

NOXA, PUMA, and BIM).10 This intrinsic apoptotic signaling

pathway is governed by the balance between pro-apoptotic and

pro-survival members of the BCL-2 family.11 Pro-apoptotic BH3-

only proteins physically sequester pro-survival proteins (e.g.,

MCL-1, BCL-2, and BCL-XL), promoting pro-apoptotic effector

(BAK/BAX) activation. Activated BAK/BAX causes mitochondrial

outer membrane permeabilization (MOMP), which releases apop-

togenic factors and triggers the caspase cascade for cell demoli-

tion. Of note, whileMOMPhas been called the ‘‘point of no return’’

for apoptotic cells, recent studies have demonstrated ‘‘limited/mi-

nority’’MOMP—wheresomemitochondria remain intact—thereby

providing cells with an escape mechanism from death.12–14

BH3-mimetic drugs are small molecule inhibitors which

directly bind and inhibit pro-survival members of the BCL-2 fam-

ily. Their development was seen as a major milestone toward a

p53-agnostic therapeutic, as their use would allow for apoptosis

induction downstream of p53. The BCL-2 selective BH3-mimetic

venetoclax/ABT-199 is approved by regulatory authorities
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Figure 1. p53 and its downstream target genes are activated by treatment with BH3-mimetics

(A) Immunoblotting of Em-Myc lymphoma (AF47A/560) and DHL (214DHL) cell lines pre-treated with QVD-O-Ph then S63845, venetoclax, or Nutlin-3a for

indicated time points. HSP70 was used as a loading control.

(legend continued on next page)
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world-wide for treatment of chronic lymphocytic leukemia (CLL)

and AML, while BH3-mimetics targeting MCL-1 are in early clin-

ical development.15–17 Unfortunately, although many patients

initially respond well to venetoclax, emerging clinical data sug-

gest that most will relapse.18,19 A range of resistance mecha-

nisms to BH3-mimetics have been identified20–25; perhaps the

most surprising being that functional p53 is required for maximal

BH3-mimetic drug-induced apoptosis of leukemic cells.26,27 The

mechanisms underlying this p53-mediated response to BH3-

mimetic drugs are unclear, but recent analyses show that pa-

tients with TP53-defective CLL or AML have poorer outcomes

after venetoclax treatment than patients with TP53-sufficient

leukemias.6,25,28 Ideally, BH3-mimetic therapy would be com-

bined with drugs that can effectively kill malignant cells indepen-

dently of p53.

Here we report that p53 is activated in lymphoma cells by BH3-

mimetic-induced MOMP, and this process induces expression of

BH3-only proteins in a feedforward loop, promoting a second

wave of apoptosis necessary for maximal cell killing. This feedfor-

ward loop is missing in TP53-deficient blood cancers, leading to

drug resistance. We demonstrate that clinically relevant small

molecule stimulator of interferon genes protein (STING) agonists

can compensate for loss of TP53 in a broad range of hematologic

cancers by inducingBH3-only protein expression in a cell intrinsic,

p53-independent manner. STING is a cytosolic DNA sensor pro-

tein best characterized in inflammation and immune stimulation.29

This new approach repositions STING agonists as a therapeutic

drug class with direct and potent oncologic potential against

poor prognosis hematologic human cancers in combination with

BH3-mimetic drugs.

RESULTS

BH3-mimetic drug treatment causes p53 activation and
increased expression of its targets NOXA, PUMA, BIM,
and P21
While BH3-mimetic drugs act downstream of p53 to trigger

apoptosis, we have previously shown that p53 function is

required for maximal apoptosis following BH3-mimetic treat-

ment of leukemia and lymphoma cells.26 To explore the underly-

ing mechanism, we used cell lines from two independent murine

lymphoma models with different BCL-2 pro-survival protein de-

pendencies: the Em-Myc model of aggressive pre-B/B cell lym-

phoma,30,31 which is highly sensitive to BH3-mimetics targeting

MCL-1,32 as well as Em-Myc-derived double hit lymphoma (DHL)

cells, which combines MYC overexpression with pro-survival

protein BCL-2 upregulation, and is highly sensitive to BH3-mi-

metics targeting BCL-233 (Figure S1A).

To investigate whether p53 is activated by treatment with

BH3-mimetics, we treated Em-Myc lymphoma and DHL cells

with MCL-1 or BCL-2 inhibitors, respectively, and examined

p53 expression over time by immunoblotting. As a positive con-

trol for potent p53 stabilization/activation, we treated cells with

the MDM2 inhibitor Nutlin-3a.34 We detected p53 protein stabi-

lization in Em-Myc lymphoma cells (indicative of activation)

following 4 h treatment with the MCL-1 inhibitor S63845 (Fig-

ure 1A). Similarly, in mouse DHL cells, p53 protein stabilization

was evident 6 h post-treatment with the BCL-2 inhibitor veneto-

clax (Figure 1A). In contrast, p53 protein activation was detected

just 1 h after Nutlin-3a treatment in both cell lines, suggesting

BH3-mimetics may activate p53 indirectly.

To determine whether the increased p53 protein observed after

exposure to BH3-mimetic drugs was functional, Em-Myc lym-

phoma cells were treated with an MCL-1 inhibitor and RT-qPCR

performed to quantify expression of the direct p53 target genes

Noxa (Pmaip1), Puma (Bbc3), and p21 (Cdkn1a), and the indirect

target gene Bim (Bcl2l11) (Figure 1B). After S63845 treatment,

increased expression of Noxa, Puma, and p21 was detected by

4–6 h (Figure 1B). The levels of Puma and p21 were reduced in

isogenic variants engineered to be Trp53 knockout (KO) by

CRISPR-Cas9 (cells validated in Figure S1B and a study by Thijs-

sen et al.26), demonstrating their inductionwas largely p53-depen-

dent (Figure 1B). Additionally, we performed RNA sequencing

(RNA-seq) analysis on non-targeting single guide (sg)RNA control

(NTC) and Trp53KO Em-Myc lymphoma cells treated with S63845

for 24 h. Gene set enrichment analysis (GSEA) of S63845-treated

NTC cells demonstrated enrichment of p53 target genes

(Figures 1C and S1C), confirming its activation after MCL-1 inhib-

itor treatment. Of p53 target genes specifically involved in

apoptosis, DNA damage repair or metabolism, we identified

increased expression of Pmaip1/Noxa, Bbc3/Puma, Cdkn1a/

p21, Bcl2l11/Bim, andMdm2, among others, in NTC cells treated

with S63845 (Figures 1D and S1D). This was reduced in Trp53 KO

lymphoma cells (Figures 1D, S1E, and S1F). Similarly, in mouse

DHLcells, increased levels of p53,PUMA, andBIMwereobserved

following venetoclax treatment (Figures 1E and 1F). These results

demonstrate that p53 is functionally activated after treatment with

BH3-mimetics targeting BCL-2 or MCL-1.

To extrapolate this finding to human lymphomas, we generated

TP53-deficient variants of human diffuse large B cell lymphoma

(DLBCL) cell line DOHH2 and Burkitt lymphoma cell line BL2 using

CRISPR-Cas9 (Figures S2A and S2B). Analogous to Em-Myc lym-

phoma cells, stabilization of p53 protein was observed after

S63845 treatment (Figure 1G) and induction of p53 target genes

was confirmed in DOHH2 cells, with reduced PUMA and P21

levels observed in their TP53-deficient derivatives (Figure 1H).

(B) RT-qPCR for p53 target genes in two independent isogenic non-targeting sgRNA control (NTC) and Trp53 KO Em-Myc lymphoma cell lines pre-treated with

QVD-O-Ph, then S63845 for indicated time points. Fold change is relative to 0 h for each cell line.

(C) RNA-seq GSEA from NTC and Trp53 KO AH15A, AF47A, and 560 Em-Myc lymphoma cells pre-treated with QVD-O-Ph then 300 nM S63845 for 24 h.

(D) Heatmap of select p53 target genes from experiment in (C).

(E) Immunoblotting of two independent mouse DHL cell lines after pre-treatment with QVD-O-Ph then venetoclax for 24 h. HSP70 was used as a loading control.

(F) Quantification of immunoblot in (E).

(G) Immunoblotting of isogenic NTC and TP53 KO variants of human BL2 and DOHH2 cell lines after pre-treatment with QVD-O-Ph then S63845 for 24 h. HSP70

was used as a loading control.

(H) RT-qPCR for p53 target genes in isogenic NTC and TP53KODOHH2 cell lines pre-treated with QVD-O-Ph then S63845 for 24 h. Fold change is shown relative

to DMSO-treated NTC cells. Error bars represent SEM for two independent experiments.

(I) Model depicting our observation that BH3-mimetic drug treatment leads to p53 activation. See also Figures S1, S2 and Table S4.
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We next examined the role of Trp53 target genes in resistance

to MCL-1 inhibitors. We found that Noxa/Puma/Bim-deficient

Em-Myc lymphoma cells generated by CRISPR-Cas9 (Fig-

ure S2C; note, loss of Noxa was incomplete in the 560 line)26

were more resistant to apoptosis than their parental counter-

parts following treatment with suboptimal doses of S63845,

similar to Trp53 KO cells (Figure S2D). This demonstrates that

these pro-apoptotic BH3-only proteins have a major role in the

response to BH3-mimetics. To examine the role of p21, we

generated p21-deficient cells using CRISPR-Cas9 (Figure S2E).

All three p21 KO Em-Myc lymphoma derivatives had a growth

advantage over parental cells in the absence of drug, but an

additional advantage during extended culturing with S63845

was only observed in AF47A cells (Figure S2F), suggesting a var-

iable contribution of p21 to cellular responses to MCL-1

inhibitors.

Collectively, these results demonstrate both mouse and hu-

man lymphoma cell lines treated with BH3-mimetics can stabi-

lize and functionally activate p53, resulting in p53-dependent

transcriptional induction of BH3-only proteins (illustrated in Fig-

ure 1I) and augmentation of cell death in response to BH3-

mimetics.

p53 is activated by MOMP after treatment with BH3-
mimetics
We next sought to determine the underlying mechanism of p53

activation we observed following BH3-mimetic treatment in lym-

phoma. We have previously shown that BH3-mimetics do not

induce DNA damage,26 effectively ruling out direct DNA damage

as the stimulus for our observed p53 activation. To understand

the sequence of events preceding p53 activation, we first asked

whether p53 activation could occur after MCL-1 inhibition in

isogenic Em-Myc lymphoma cells rendered Bak/Bax-deficient

using CRISPR-Cas9.20 We found no evidence of increased p53

protein stabilization (Figure 2A), nor of p53 target gene induction

post-BH3-mimetic-treatment in the absence of these essential

effectors of apoptosis (Figure 2B). Similar results were observed

for human NTC and BAK/BAX-deficient DOHH2 cell lines (Fig-

ure 2C), also generated using CRISPR-Cas9 (Figure S3A). As

BAK and BAX are essential MOMP effectors in apoptotic cells,

our results suggest that MOMP is required for p53 activation

following BH3-mimetic treatment (illustrated in Figure 2D).

MOMP induction by sublethal doses of BH3-mimetics has

been shown to elicit mitochondrial (mt)DNA release into the

cytosol.13,35 We confirmed this phenomenon occurs in blood

cancer cell lines, as cytosolic mtDNA levels were increased 4 h

post-treatment with suboptimal BH3-mimetic doses, with no

change in cytosolic nuclear DNA detected (Figure S3B). To

investigate whether cytosolic mtDNA release was responsible

for p53 activation, we derived two independent mtDNA-deficient

DOHH2 cell lines (called Rho0; validated by uridine dependence

(Figure S3C) and absent mitochondrial gene expression (Fig-

ure S3D)).36 While we observed a modest trend of reduced in-

duction of PUMA and P21 in these cells following S63845 treat-

ment (Figure S3E), p53 stabilization remained detectable

(Figure S3F), indicating that cytosolic mtDNA is not the sole

p53 activator post-BH3-mimetic-treatment in these cells.

Furthermore, we conclude that caspases must be dispensable

for BH3-mimetic-induced p53 activation, as our immunoblotting

and RT-qPCR experiments showing p53 activation (Figures 1

and 2) were performed in the presence of caspase inhibitors to

facilitate examination of cells that would otherwise undergo

demolition.

Activation of the cGAS/STINGpathway byBH3-mimetics
can induce expression of BH3-only genes, but this is
normally silenced by caspases
While examining expression of pro-apoptotic BH3-only genes in

lymphoma cells following BH3-mimetic treatment, we observed

that although the induction of Noxa, Puma, and Bim was greatly

blunted in Trp53-deficient cells, it was not abrogated by p53 loss

(Figures 1B and 1D). Therefore, we surmised there must also be

a p53-independentmechanismpromotingBH3-only gene expres-

sion following BH3-mimetic treatment. Besides a p53 pathway

response, our RNA-seqGSEA analysis of Em-Myc lymphoma cells

treated with S63845 revealed significant enrichment of genes

involved in inflammation, interferon signaling and NF-kB signaling

(Figure 1C). Release of mtDNA during MOMP has been shown to

activate the cytosolic dsDNA-sensing cyclic GMP-AMP syn-

thase/stimulator of interferon genes protein (cGAS/STING)

pathway,37,38 which promotes interferon and NF-kB signaling.29

In addition, IRF3, a cGAS/STING pathway effector, has been

reported to transcriptionally induce expression of BH3-only

proteins.39,40 Therefore, we investigated whether cGAS/STING

pathway activation may account for the observed p53-indepen-

dent induction of BH3-only genes following BH3-mimetic

treatment.

We treated isogenic NTC, Trp53 KO, and Bak/Bax KO Em-Myc

lymphoma cells with S63845 after QVD-O-Ph pre-treatment, and

examined expression of phosphorylated (activated) TBK-1 and

IRF3, two critical cGAS/STING pathway effectors (Figure S4A).

In both NTC and Trp53 KO cells, TBK-1 and IRF3 phosphoryla-

tion was detected, indicating cGAS/STING pathway activation

after BH3-mimetic therapy, but this was not observed in Bak/

Bax KO derivatives. These findings confirm that MOMP is

required for cGAS/STING pathway activation following BH3-

mimetic treatment. We confirmed the Em-Myc lymphoma lines

expressed cGAS, which is necessary for DNA sensing upstream

of STING activation (Figure S4B). Phosphorylated (activated)

STING was also detectable in NTC and Trp53 KO Em-Myc lym-

phoma cells treated with S63845 in the presence of QVD-O-Ph

(Figure 3A). We further showed that treatment of mouse DHL

cells with venetoclax also led to cGAS/STINGpathway activation

(Figure 3B), confirming this is a BH3-mimetic class effect.

To determine whether p53-independent expression of Noxa,

Puma, and Bim after BH3-mimetic treatment depended upon

cGAS/STING pathway activation, we generated Sting KO Em-

Myc lymphoma cells using CRISPR-Cas9 (Figure S4C). Notably,

p53was still stabilized and activated in StingKO cells post-treat-

mentwithBH3-mimetics, showing that p53 activation is indepen-

dent of STING (Figure S4D). As expected, activation of STING

and its downstream target proteins following MCL-1 inhibition

was not observed inSting-deficientEm-Myc lymphomacells (Fig-

ure 3C). We next examined expression of BH3-only genes in Em-

Myc lymphoma cells treated with QVD-O-Ph and S63845 (Fig-

ure 3D). In the absence of either Trp53 or Sting, Noxa, Puma,

and Bim induction were variably reduced. Simultaneous Trp53

and Sting loss prevented this induction more than loss of either
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gene alone. cGAS/STINGpathway activationwas also confirmed

by increased Irf7, Ifnb1,Cxcl10, and Ifit1 levels following S63845

treatment in NTC and Trp53 KO cells, and this was markedly

reduced in lymphoma cells lacking STING (Figures 3D, S4E,

and S4F). These results demonstrate cGAS/STING signaling

can induce p53-independent BH3-only gene expression.

During apoptosis, caspases silence the cGAS/STING

pathway to ensure programmed cell death is immunologically
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Figure 2. Activation of p53 by BH3-mimetic drugs requires mitochondrial outer membrane permeabilization (MOMP)

(A) Immunoblotting of isogenic non-targeting sgRNA control (NTC), Trp53 KO, and Bak/Bax KO Em-Myc lymphoma cell lines pre-treated with QVD-O-Ph then

S63845 or Nutlin-3a for 24 h. HSP70 was used as a loading control.

(B) RT-qPCR for p53 target genes in isogenic NTC andBak/Bax KO Em-Myc lymphoma cell lines pre-treated with QVD-O-Ph then 400 nM (AF47A) or 300 nM (560)

S63845 for 24 h. Fold change is relative to DMSO-treated NTC cells. Error bars represent SEM for two independent experiments.

(C) Immunoblotting of isogenic NTC, TP53 KO, and BAK/BAX KO human DOHH2 cells pre-treated with QVD-O-Ph then S63845 or Nutlin-3a for 24 h. Blotting for

HSP70 was used as a loading control.

(D) Model depicting our observation that MOMP is necessary for BH3-mimetic-mediated p53 activation. See also Figure S3.
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silent.37,38 To permit examination of intact cells after BH3-

mimetic treatment, we had conducted our experiments thus

far in the presence of caspase inhibitors (QVD-O-Ph), which

fortuitously enabled cGAS/STING pathway activation to be

identified. We hypothesized that the cGAS/STING pathway

would not be activated by BH3-mimetics in the absence of cas-

pase inhibitors; however, we could not examine cGAS/STING

pathway activation in lymphoma cells post-BH3-mimetic treat-

ment without QVD-O-Ph pre-treatment as they are rapidly de-

molished. Therefore, we performed competition assays

comparing NTC and Sting KO Em-Myc lymphoma cells after

S63845 treatment without QVD-O-Ph (Figure S4G). Two of

the three STING-deficient cell lines had a competitive advan-

tage over NTC cells when cultured with DMSO. This suggests

that cGAS/STING signaling may contribute to Em-Myc lym-

phoma cell death under normal culture conditions in the

absence of caspase inhibition. This may relate to the stress

imposed by c-MYC overexpression causing a low level of
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Figure 3. Activation of the cGAS/STING pathway by BH3-mimetic drugs can induce expression of pro-apoptotic BH3-only genes

(A) Immunoblotting for cGAS/STING pathway activation in isogenic NTC and Trp53 KO Em-Myc lymphoma cell lines pre-treated with QVD-O-Ph then S63845 for

the indicated time points. HSP70 was used as a loading control.

(B) Immunoblotting for cGAS/STING pathway activation in 214DHL cells pre-treated with QVD-O-Ph then venetoclax for the indicated time points. HSP70 was

used as a loading control.

(C) Immunoblotting for cGAS/STING pathway activation in Sting KO Em-Myc lymphoma cells pre-treated with QVD-O-Ph then S63845 for the indicated time

points. HSP70 was used as a loading control.

(D) RT-qPCR for Noxa, Puma, Bim, and Irf7 in isogenic NTC, Trp53 KO, Sting KO, and Trp53/Sting KO Em-Myc lymphoma cell lines pre-treated with QVD-O-Ph

then with S63845 for 24 h. Fold change is relative to the DMSO-treated NTC sample. Data shown for three independent Em-Myc lymphoma cell lines.

(E) Model depicting our observation that in the presence of caspase inhibitors, BH3-mimetic-induced MOMP triggers STING-mediated BH3-only gene

expression. See also Figure S4.
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Figure 4. Activation of the cGAS/STING pathway with STING agonists induces apoptosis in mouse Em-Myc lymphoma cells

(A) Dose-response curves of three independent isogenic NTC, Trp53 KO, andStingKO Em-Myc lymphoma cell lines treatedwith the STING agonist ADU-S100 for

24 h. Error bars represent SD for three independent experiments.

(legend continued on next page)
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MOMP that drives cGAS/STING activation. Notably, this effect

was not enhanced by S63845 treatment, indicating that cGAS/

STING is unlikely to be activated any further by BH3-mimetics

without caspase inhibition. Our model of p53-independent

STING activation following BH3-mimetic activity is depicted in

Figure 3E.

STING agonists induce apoptosis in lymphoma cells by
IRF3-mediated activation of PUMA, NOXA, and BIM
To determine if Em-Myc lymphoma cells could be killed by forced

activation of the cGAS/STING pathway, they were treated with

ADU-S100, a synthetic cyclic dinucleotide STING agonist

currently in clinical trials for solid cancer immune targeting.41,42

ADU-S100 effectively killed both NTC and Trp53 KO Em-Myc

lymphoma cells (Figure 4A), and induction of cell death corre-

lated with STING protein levels, but not Trp53 status (Figure 4B).

As expected, STING-deficient cells were unaffected by ADU-

S100 (Figure 4A).

To explore how STING agonists induce cell death, Em-Myc

lymphoma cells lacking BAK/BAX were exposed to ADU-S100.

BAK/BAX-deficient cells were entirely resistant to STING agonist

treatment, demonstrating that these agents kill via apoptosis

(Figure 4C). We next examined the effect of ADU-S100 on

Noxa, Puma, and Bim induction in Em-Myc lymphoma cells; all

three BH3-only genes were substantially induced in both NTC

and Trp53-deficient derivative cells, alongside induction of

cGAS/STING pathway target genes (Figure 4D). To determine

the extent to which STING agonist-mediated cell death was

reliant on BH3-only protein induction, we treated Noxa/Puma/

Bim-deficient Em-Myc lymphoma cells with ADU-S100. These

triple KO cells were profoundly resistant to STING agonist-medi-

ated killing, demonstrating that these drugs induce BH3-only

proteins to trigger apoptosis (Figure 4C). This proposed mecha-

nism is illustrated in Figure 4E.

ADU-S100 is a well-studied STING agonist, but must be deliv-

ered intra-tumorally, limiting its clinical utility. Therefore, two

additional commercially available small molecule STING ago-

nists were investigated: MSA-243 and diABZI compound 3

(also called diABZI STING agonist-1, or diABZI).44 Both agents

induced apoptosis in Em-Myc lymphoma cells in a NOXA/

PUMA/BIM-, BAK/BAX-, and STING-dependent manner

(Figures S5A and S5B). Both agents were also less effective in

cells with lower levels of STING expression (Figures 4B, S5A

and S5B). All STING agonists induced PUMA and BIM protein

expression in NTC, Trp53 KO, and Bak/Bax KO cells, but not in

Sting KO cells (Figure S5C). As expected, STING loss did not

confer general drug resistance, as Em-Myc lymphoma cells re-

mained sensitive to doxorubicin, Nutlin-3a, and S63845

(Figure S5D).

Canonical cGAS/STING signaling activates type I interferon

(IFN) signaling via IRF3 and NF-kB.45 To dissect which of these

pathways controls STING agonist cytotoxicity, cell death assays

were conducted using either IRF3 or NF-kB pathway inhibitors in

combination with ADU-S100 or MSA-2. GSK8612 (small mole-

cule TBK1 inhibitor) blocks IRF3 signaling, as although TBK1

promotes activation of both pathways, it is only essential for

IRF3 signaling.45 GSK8612 pre-treatment of Em-Myc lymphoma

cells prevented STING agonist-induced killing, indicating that

TBK1/IRF3 signaling is essential for apoptosis (Figures 4F and

S5E). Confirming this, Irf3KO Em-Myc lymphoma cells generated

by CRISPR-Cas9 (Figure S5F) were resistant to STING agonist-

induced killing (Figures 4G and S5G). TPCA-1 (small molecule in-

hibitor of IKK-2) was employed to suppress NF-kB signaling. As

NF-kB signaling can promote pro-survival protein expression,46

we hypothesized blocking it might enhance lymphoma cell killing

by STING agonists. However, only modestly enhanced killing

was observed with NF-kBblockade (Figures 4H and S5H). These

results identify the essential cGAS/STING pathway components

TBK1 and IRF3 as necessary for STING-mediated apoptosis.

Activation of cGAS/STING signaling and type I IFN production

may also promote cell-cycle arrest.47 Although Bak/Bax KO and

Noxa/Puma/Bim KO cells were resistant to diABZI-mediated

apoptosis (Figure S5I), proliferation was significantly reduced af-

ter 72 h of culture, whereasStingKOcells continued to proliferate

normally (Figure S5I). Examining DNA content of Sting KO and

Bak/Bax KO cells after 24 h diABZI treatment revealed a trend

toward an increased proportion of Bak/Bax KO cells arrested in

G0/G1, whereas no cell-cycle arrest was observed in Sting KO

lymphoma cells (Figure S5J). These results indicate STING ago-

nists can inhibit lymphoma expansion bimodally; predominantly

via apoptosis induction, but also through suppression of

proliferation.

Combined BH3-mimetic and STING agonist therapy
potently kills Trp53-deficient lymphoma cells
To determine whether STING agonists could enhance BH3-

mimetic drug activity, particularly against relapse-prone TP53-

deficient hematological malignancies, NTC and Trp53 KO Em-

Myc lymphoma cells were treated with S63845 in combination

with ADU-S100, MSA-2, or diABZI (Figure 5A). Combination

therapy killed NTC and Trp53 KO lymphoma cells more than

either agent alone. Bak/Bax KO lymphoma cells were entirely

(B) Immunoblotting for baseline STING levels in isogenic NTC and Trp53 KO Em-Myc lymphoma cell lines. HSP70 was used as a loading control.

(C) Cell viability assays of two independent isogenic NTC, Trp53 KO, Noxa/Puma/Bim KO, and Bak/Bax KO Em-Myc lymphoma cell lines treated with ADU-S100

for 24 h. Error bars represent SD for three independent experiments.

(D) RT-qPCR for BH3-only and STING target genes in three independent isogenic NTC and Trp53KOEm-Myc lymphoma cell lines treatedwith ADU-S100 for 24 h.

Fold change is relative to the AH15A DMSO-treated NTC sample.

(E) Model depicting our observation that STING agonists induce p53-independent BH3-only gene expression.

(F) Cell viability assays of Em-Myc lymphoma cell lines treated with ADU-S100 and/or GSK8612 for 24 h. Error bars represent SD for three independent ex-

periments. Diagram illustrates how GSK8612 acts to inhibit TBK1 signaling.

(G) Dose-response curves of isogenic NTC and Irf3 KO Em-Myc lymphoma cell lines treated with ADU-S100 for 24 h. Error bars represent SD for two independent

experiments.

(H) Cell viability assays of Em-Myc lymphoma cell lines treatedwith ADU-S100 (AH15A/560: 0.5 mg/mL; 47A: 5 mg/mL) and/or TPCA-1 for 24 h. Error bars represent

SD for three independent experiments. Diagram illustrates how TPCA-1 acts to inhibit NF-kB signaling. See also Figure S5. Statistical comparisons of data

presented in this Figure are detailed in Table S4.
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Figure 5. STING agonists combine with BH3-mimetics targeting MCL-1 or BCL-2 to boost apoptosis in mouse Em-Myc lymphoma cells

(A) Cell viability assays of isogenic NTC, Trp53 KO, and Bak/Bax KO Em-Myc lymphoma cell lines treated with S63845 in combination with ADU-S100, MSA-2, or

diABZI for 24 h. Error bars represent SD for at least two independent experiments.

(legend continued on next page)
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resistant, confirming this combination therapy relies on

apoptosis (Figure 5A). Strikingly, this drug combination effec-

tively suppressed outgrowth of Trp53 KO over NTC lymphoma

cells in competition assays, compared with treatment with

BH3-mimetic drugs alone (Figure 5B). Similarly, in mouse DHL

cells, additive killing could be achieved by combining a STING

agonist with venetoclax (Figure 5C). These results show

combining BH3-mimetics with STING agonists can boost

apoptosis in Trp53-wild-type and Trp53-deficient lymphoma

cells. A schematic illustrating this enhanced cell killing mecha-

nism is shown in Figure 5D.

We next examined the efficacy and safety of combined BH3-

mimetic and STING agonist therapy in vivo. STING agonists

are being evaluated in clinical trials to boost host immune system

stimulation for immunotherapy.48 However, our data indicated

that STING agonists could have a tumor cell-intrinsic effect

in vivo. To delineate this, NTC or Trp53 KO Em-Myc lymphoma

cells were transplanted into Rag1�/� mice (lacking mature T

and B cells). Mice were treated intravenously with S63845, diA-

BZI, or both in combination (Figure 5E). Mice which received

NTC lymphoma cells and diABZI alone had significantly longer

survival than the vehicle arm (Figure 5F; median survival:

22 days vs. 16 days; p = 0.0006). Furthermore, 3/5 mice in the

S63845 plus diABZI combination arm remained alive 100 days

post-transplantation, compared to only 1/6 mice receiving

S63845 monotherapy. For mice transplanted with highly aggres-

sive Trp53 KO lymphoma cells (Figure 5G), combined S63845

plus diABZI significantly increased survival compared to

S63845 alone (median survival: 26 days vs. 20 days; p =

0.0014). Blood and tumor-burdened organ analyses confirmed

that all mice died from lymphoma (enlarged lymphatic organ(s),

increased white blood cells, reduced platelets; Figure S6). These

results demonstrate addition of STING agonists to BH3-mimetic

therapy can boost killing of Trp53-wild-type and Trp53-mutant

lymphoma cells in vivo through cancer cell-intrinsic mecha-

nisms, and tumor-free survival can be prolonged independently

of STING agonist effects on immune cells.

STING agonists alone or in combination with MCL-1
inhibitors potently kill lymphoma cells in immune-
competent mice
As STING agonists are otherwise being investigated for their im-

mune-promotingproperties,wenext tested thesafetyandefficacy

of diABZI alone and in combination with S63845 in immune-

competent mice transplanted with NTC or Trp53 KO Em-Myc lym-

phoma cells (Figure S7A; noteCas9 transgenic mice were utilised

to avoid rejection of CRISPR/Cas9-modified lymphoma cells). For

mice transplantedwith NTC cells, treatment with either drug alone

or both in combination effectively eliminated all lymphoma cells

(Figure S7B). However, in mice transplanted with aggressive

Trp53 KO cells, while S63845 alone did improve survival (median

survival: 38 days vs. 13 days; p = 0.0005), diABZI alone (5/6 mice

lymphoma-free at 150 days) or combined with S63845 (5/5 mice

lymphoma-free at 150 days) was highly effective at eliminating

Trp53 KO lymphoma cells (Figure S7C). Blood and organ weight

analyses confirmed lymphoma burden at endpoint (Figures S7D

and S7E). These results indicate that therapeutic doses of this

drug combination are tolerable in immune-competent animals.

They also suggest the apoptosis-promoting effects of STING ago-

nists alongside any immune-promoting effects could result in even

greater tumor control than appreciated from studies in immune-

deficient animals.

STING agonists enhance apoptosis of human ENKTL
cells triggered by BH3-mimetics
STING protein expression is necessary for STING agonist func-

tion. Therefore, to determine which human blood cancers should

be targeted by this approach, STINGmRNA expression was sur-

veyed in human cancer cell lines from the Cancer Cell Line Ency-

clopedia (CCLE; Figure S8A). Lymphoma cell lines have dichoto-

mous STING expression; low in B cell lymphomas, high in T cell

lymphomas. Analysis of STING protein expression in a panel of

human B cell lymphoma lines (DLBCL and Burkitt lymphoma)

confirmed these cells lacked detectable STING protein (Fig-

ure S8B). Consequently, none of these cell lines were sensitive

to STING agonist treatment, alone (Figure S8C) or with S63845

(Figure S8D).

In contrast, extranodal NK/T lymphoma (ENKTL) cell lines ex-

pressed high levels of STING protein (Figure 6A). Since ENKTLs

are highly aggressive with overall poor prognoses, we explored

the potential for STING agonists to treat this malignancy. We first

generated a STING-deficient cell line (MEC04) using CRISPR-

Cas9 (Figure S9A). As expected, STING agonists activated

cGAS/STING signaling in numerous ENKTL cell lines, but not in

MEC04 STING KO cells (Figure 6B). Like in mouse lymphoma

cells, STING agonists exhibited potent anti-proliferative effects

as monotherapies (Figure 6C). It has been reported that

ENKTLs rely on BCL-XL for survival,49 but on-target thrombocy-

topenia fromBCL-XL-targeting BH3-mimetics makes combining

these with other, non-platelet-lethal therapies highly desirable.

Efficient killing of three p53 pathway-defective ENKTL cell lines,

including one with a confirmed TP53 mutation (MEC04),49 was

achievable by combination treatment with STING agonists and

the BCL-XL-targeting BH3-mimetic A-1331852 (Figures 6D and

(B) Cell competition assays of isogenic NTC lymphoma cells vs. their Trp53KOderivatives. Lymphoma cells mixed at a 1:1 ratio were treatedwith DMSO, S63845,

ADU-S100, or S63845 and ADU-S100 combined for 7 days, and the proportions of each genotype monitored over time, with the proportions of Trp53 KO cells

plotted. Representative data shown from two independent experiments. Error bars represent SD of two technical replicates.

(C) Cell viability assays of mouse DHL cell lines treated with venetoclax in combination with ADU-S100, MSA-2, or diABZI for 24 h. Data shown for three in-

dependent experiments.

(D) Model depicting our observation that BH3-mimetic plus STING agonist combination therapy potently induces apoptosis in lymphoma cells.

(E) Experimental design for in vivo treatment of Rag1�/� mice bearing transplanted Em-Myc lymphoma cells. Axis indicates days post-transplant.

(F and G) Survival curves of Rag1�/� mice transplanted with isogenic NTC (F) or Trp53 KO (G) AH15A Em-Myc lymphoma cells. Arrows indicate when treatments

were given. Indicated n values are number of mice which reached endpoint due to lymphoma/number of mice included per arm. Note that one mouse from the

combination treatment arm in (F) was euthanised at day 3 post-transplant due to illness from an unrelated bacterial infection. This mouse was excluded from

analyses. Arms were compared using a log rank Mantel-Cox test with Bonferroni’s correction; ** = p < 0.01, *** = p < 0.001. See also Figures S6, S7, and S12.

Statistical comparisons of data presented in this Figure are detailed in Table S4.
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Figure 6. BH3-mimetic drugs targeting BCL-XL combine with STING agonist drugs to boost apoptosis in human ENKTL cell lines

(A) Immunoblotting for STING in a panel of human ENKTL cell lines. HSP70 was used as a loading control.

(B) Immunoblotting for cGAS/STING pathway activation in three independent human ENKTL cell lines (SNK6, SNT15, and MEC04), as well as isogenic MEC04

STING KO cells pre-treated with QVD-O-Ph then STING agonists for 24 h. HSP70 was used as a loading control.

(C) Cell viability and proliferation of SNK6 cells treated with STING agonists for 72 h. Error bars represent SD for two independent experiments.

(D) Cell viability assays of human ENKTL cell lines treated with A-1331852 in combination with STING agonists for 48 h. Error bars represent SD for at least two

independent experiments.

(E) Cell viability assays of ENKTL cell lines treated with A-1331852 in combination with ADU-S100 for the indicated times. Error bars represent SD for two in-

dependent experiments.

(F) Experimental design for in vivo treatment of NSG mice transplanted with SNK6 cells. Axis indicates days post-transplant.

(legend continued on next page)
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S9B). This enhanced killing effect increased over time (Figure 6E)

but, as expected, was not seen in STING KO cells (Figure S9C).

To confirm that STING agonists were inducing pro-apoptotic

gene expression in ENKTL cells, we examined PUMA, BIM,

and NOXA expression following treatment of three independent

cell lines with diABZI, A-1331852, or both drugs in combination

(Figure S9D). We observed a marked increase in pro-apoptotic

gene expression upon drug combination, with the effect lost in

STING-deficient cells (Figure S9D). A-1331852 also activated

cGAS/STING signaling in the presence of caspase inhibitors

(Figure S9E), similar to results for MCL-1 and BCL-2 inhibitors

in mouse lymphoma cells (Figures 3A–3C), again confirming

this is a class effect of BH3-mimetics.

To test the impact of combined BH3-mimetic and STING

agonist therapy on human ENKTLs in vivo, NOD-SCID-gc
�/�

(NSG) mice were subcutaneously transplanted with SNK6 cells,

then treated with either A-1331852 (orally), diABZI (IV), or both

drugs in combination (Figure 6F). Small tumors were first de-

tected in mice treated with vehicle or diABZI alone at 32 ± 2

(mean ± SD) or 35 ± 1 day post-transplantation, respectively. Tu-

mors in these mice reached predetermined ethical endpoint vol-

umes at similar times (Figure S9F), with no gross differences be-

tween endpoint tumor weights (Figure S9G), lymph node

metastases weights (Figure S9H), or blood counts, except for

slightly reduced platelet levels in the vehicle-treated mice (Fig-

ure S9I). In the A-1331852-treated mice, tumors were first de-

tected 35 ± 2 days post-transplantation, while no tumors were

seen in A-1331852 plus diABZI-treated mice until 40 ± 2 days

post-transplantation, with 2/6 mice remaining tumor-free until

55 days post-transplantation. The tumors in mice from these

two treatment arms eventually grew such that standard external

volume estimation was no longer deemed an accurate measure

(see STAR methods). Therefore, we sacrificed all mice treated

with A-1331852 alone or in combination with diABZI at 65 days

post-transplantation, when the first mouse in these arms

reached tumor volume ethical endpoint, allowing for direct tumor

burden comparisons. We found that primary tumors excised

frommice treated with A-1331852 plus diABZI were significantly

smaller than those from mice treated with A-1331852 alone

(1.3 ± 0.3 g (mean ± SEM) vs. 3 ± 0.4 g, respectively; p =

0.0025; Figures 6G and 6H). Of note, 6/6 mice treated with

A-1331852 alone also had an enlarged metastatic proximal axil-

lary lymph node whereas, after combination therapy, 3/6 mice

had no evidence of metastasis, and the remaining 3/6 mice ex-

hibited only slight axillary lymph node enlargement (Figure S9J).

Blood cell counts from these treatment arms were comparable

(Figure S9K). Finally, we observed that 2/6 mice treated with

A-1331852 alone had evidence of extensive intra-peritoneal lym-

phoma, suggesting a more advanced disease, something not

observed in any combination treated mice. Overall, these results

show that combined BH3-mimetic and STING agonist therapy

can suppress outgrowth of aggressive ENKTL cells in mice

more potently than either treatment alone, and this is indepen-

dent of immune effector cell function.

STING agonists enhance killing of human AML cell lines
and patient samples targeted by BH3 mimetics
According to CCLE data, myeloid cancer cell lines have the high-

estSTING expression among blood cancers (Figure S8A). There-

fore, we investigated STING agonist therapy potential for AML.

Strong STING protein expression was detected in a panel of

HoxA9/Meis1-driven mouse AMLs (Figure S10A). Consequently,

these cell lines were all effectively killed by diABZI and ADU-

S100 (Figure S10B). Turning to human AML, we confirmed

robust STING expression in a panel of established cell lines (Fig-

ure 7A). As for the lymphoma models with BH3-mimetics, we

confirmed that venetoclax treatment activated cGAS/STING

signaling in human AML cell lines pre-treated with QVD-O-Ph

(Figure S10C), indicating that this pathway was functional and

targetable in human AMLs. Indeed, all three AML cell lines tested

could be efficiently killed by STING agonists as monotherapy

(Figure 7B). Consistent with lymphoma cells, isogenic BAK/

BAX-deficient (Figure S10D) or STING-deficient (Figure S10E)

AML cells were entirely resistant to killing by diABZI (Fig-

ure S10F). Despite increased resistance to venetoclax (Fig-

ure S10F), TP53-deficient MOLM-13 and MV4;11 cells (engi-

neered by CRISPR-Cas9; Figure S10G) remained highly

sensitive to diABZI (Figure S10F). We confirmed that diABZI

induced p53-independent expression of PUMA, NOXA, and

BIM in AML cells (Figure 7C). Therefore, there is strong rationale

to combine STING agonists with venetoclax to enhance killing of

TP53-mutant AML cells, which respond sub-optimally to BH3-

mimetics, even alongside chemotherapy.15 Indeed, combined

STING agonist and venetoclax treatment effectively killed human

AML cell lines, regardless of TP53 status (Figures 7D and S10H).

Moving in vivo, we transplanted isogenic MOLM-13 NTC or

TP53 KO cells into NSG mice and treated them with venetoclax,

diABZI, or both drugs in combination (Figure 7E). diABZI showed

more potent tumor control than venetoclax, in both the NTC (me-

dian survival: 24 days vs. 17 days, p = 0.012; Figure 7F) and TP53

KO cohorts (median survival: 27 days vs. 22 days, p = 0.011; Fig-

ure 7G), while mice that received combination therapy survived

significantly longer (median survival: 35 days for both NTC and

TP53 KO cohorts) (Figures 7F and 7G). Tumor burden assess-

ment at ethical endpoint confirmed human AML cell outgrowth

(Figures S11A and S11B).

We next examined a genomically diverse panel of AML patient

samples, including two with TP53 defects (01-021-2019, 01-

058-2023; Figures 8A and S11C; Table S1). Most (4/7) samples

were sensitive to diABZI alone, and displayed minimal sensitivity

to venetoclax (Figure 8A). The remaining samples (3/7), despite

limited sensitivity to diABZI or venetoclax alone, had striking

suppression of leukemic blast viability after combined diABZI

and venetoclax treatment, a result most prominent in the

TP53-defective cases (Figure 8A). These results confirm that

clinically relevant STING agonists are highly active against pri-

mary AML, exerting direct anti-leukemic effects regardless of

TP53 status, and with enhanced activity in combination with

venetoclax.

(G) Tumor weights for mice treated with A-1331852, or A-1331852 in combination with diABZI. Lines represent treatment arm median tumor weight at day 65

post-transplantation. 6 mice were included per arm. Student’s t test; ** = p < 0.01.

(H) Representative tumors (closest to themedian weight; yellow outlines) frommice treatedwith A-1331852, or A-1331852 in combination with diABZI. Scale bars

represent 1 cm. See also Figures S8 and S9. Statistical comparisons of data presented in this Figure are detailed in Table S4.
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Finally, to validate STING agonist impact on primary AML sam-

ples in vivo, we generated two patient-derived xenograft (PDX)

models using highly aggressive relapsed/refractory AML: PDX-1

from a patient with double-hit TP53-mutant AML relapsing after

venetoclax-based therapy; PDX-2 from a patient refractory to

intensive chemotherapy in combination with venetoclax

(Table S1). Upon successful engraftment in recipientmice (detect-

able human CD45+ cells in peripheral blood; Figures S11D and

S11E), mice commenced treatment with control, venetoclax

alone, diABZI alone, or combination arms (Figure 8B). In both

models, diABZI enabled superior survival over venetoclax

(TP53-mutant PDX-1: median survival: 57.5 vs. 30 days, p =

0.013; Figure 8C; TP53-wild-type PDX-2: median survival: 62.5

vs. 38 days, p = 0.012; Figure 8D). In TP53-mutant PDX-1, due

to its highly aggressive nature, 6/6 control, 5/6 venetoclax, and

1/6 diABZI arm mice reached ethical endpoint before the planned

week 2 intra-femoral aspirate to assess disease response (Fig-

ure 8E). However, comparing diABZI monotherapy to the diABZI

plus venetoclax combination therapy in the remaining mice re-

vealed a greater reduction in leukemic burden in the combination

cohort (bone marrow median %hCD45+ cells: 4.6% vs. 0.18%,

p = 0.016; Figure 8E). In TP53-wild-type PDX-2, the control and

venetoclax groups had accumulated a considerable disease

burden by week 2 of treatment (bone marrow median %

hCD45+ cells: 42.4% vs. 41.6%; Figure 8F). Strikingly, disease

burden was greatly reduced by diABZI monotherapy, with a

further >10-fold reduction with combination therapy (bone

marrowmedian%hCD45+ cells: 0.46% and 0.03%, respectively;

Figure 8F). Human leukemia outgrowth was confirmed at ethical

endpoint (Figures S11F and S11G). These results indicate that

STING agonists alone or in combination with BH3-mimetics

have strong clinical potential in AML, even in TP53-mutant

disease.

STING agonists alone or in combination with BH3-
mimetics arewell tolerated bymice, with limited toxicity
to healthy human immune cells
We observed no adverse effects in immune-deficient mice

treated with STING agonists alone or combined with MCL-1,

BCL-2, or BCL-XL inhibitors, nor in immune-competent mice

treated with STING agonists alone or combined with MCL-1 in-

hibitors. Nevertheless, we sought to further characterize poten-

tial drug toxicities. First, we assessed potential STING agonist

off-target effects. RNA-seq on NTC and Sting KO Em-Myc lym-

phoma cells pre-treated with QVD-O-Ph, then with DMSO or di-

ABZI, revealed 681 genes significantly differentially expressed in

NTC cells and 0 in Sting KO cells (adj. p value < 0.05,

logFC > 0.58), confirming that diABZI specifically activates

STING with no detectable off-target effects (Figure S12A).

Next, we assessed STING agonist acute toxicities using im-

mune-competent mice. C57BL/6 mice were treated with diABZI,

S63845, venetoclax, each on their own, or diABZI combined with

either of these two BH3-mimetics, and peripheral blood cell sub-

sets were examined after 24 h. We found that lymphocytes were

depleted by all three drugs asmonotherapy, most potently by di-

ABZI (Figure S12B). Nomajor effects on red blood cells, platelets

or hematocrit were detected 24 h post-treatment (Figure S12B).

We next investigated the effects of a two-week combination

treatment schedule on immune-competent mice (Figure S12C).

We observed slight body weight reductions immediately

following diABZI administration, but the mice soon recovered

(Figure S12D). 96 h after final treatment, mice were euthanized,

and bone marrow and peripheral blood examined for immune

cell toxicity (Figures S12E and S12F). We noted a slight increase

in dendritic cell and granulocyte proportions in the bonemarrow,

perhaps indicating immune activation by diABZI (Figure S12E). In

addition, the proportion of total B cells in the peripheral blood of

diABZI-treatedmice remained significantly lower than in vehicle-

treated mice (Figure S12F). As human B cells express little

STING,50 we expected human B cells to be less impacted by

STING agonist therapy than mouse B cells. As predicted, anal-

ysis of human blood from healthy donors treated ex vivo showed

that human T andB cells were resistant to killing by diABZI alone,

while NK cells were slightly more sensitive (Figure S13). In com-

parison, venetoclax appeared more toxic to normal B and NK

cells than diABZI alone. Furthermore, healthy T cells were mini-

mally sensitive to diABZI or venetoclax alone, while combined

treatment had a greater impact on T and NK cells.

Together, these results identify STING agonists as a promising

therapeutic drug class, with potential in patients with STING-ex-

pressing blood cancers, and only limited impact on non-malig-

nant blood cells.

DISCUSSION

BH3-mimetic drugs have significantly extended tumor-free sur-

vival for several hematological cancers. However, TP53mutation

is associated with increased relapse risk despite BH3-mimetics

inducing apoptosis downstream of p53.6,25,28 Mechanisms

underlying this result were unclear, but we now report that

BH3-mimetic-induced MOMP leads to p53 activation. p53 then

induces expression of pro-apoptotic BH3-only proteins, a

Figure 7. STING agonists combine with BH3-mimetics targeting BCL-2 to boost apoptosis in AML cell lines in vitro and in xenograft models

(A) Immunoblotting for STING in a panel of human AML cell lines. HSP70 was used as a loading control.

(B) Dose-response curves of MOLM-13 (TP53-wild-type), MV4;11 (TP53-wild-type), and THP-1 (TP53-mutant) cells treated with STING agonists for 24 h. Error

bars represent SD for two independent experiments.

(C) RT-qPCR for NOXA, PUMA, BIM, and IFNB1 in isogenic NTC, Trp53 KO, and STING KO MOLM-13 cell lines treated with diABZI for 24 h. Fold change is

relative to the DMSO-treated NTC sample. Error bars represent SEM for three independent experiments.

(D) Cell viability assays of human AML cell lines treated with venetoclax in combination with diABZI for 24 h. Error bars represent SD for three independent

experiments.

(E) Experimental design for in vivo treatment of NSG mice transplanted with MOLM-13 human AML cells. Axis indicates days post-transplant.

(F and G) Survival curves of NSG mice transplanted with isogenic NTC (F) or TP53 KO (G) MOLM-13 human AML cells. Arrows indicate when treatments were

given. Indicated n values are number of mice which reached endpoint due to leukemia/total number of mice included per arm. Arms were compared using a log

rankMantel-Cox test with Bonferroni’s correction; * = p < 0.05. See also Figures S10 and S11. Statistical comparisons of data presented in this Figure are detailed

in Table S4.
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feedforward loop that augments the death of malignant cells that

otherwise might not reach the necessary apoptotic threshold.

Importantly, this occurred with both MCL-1 and BCL-2 inhibi-

tors, suggesting it is a BH3-mimetic class effect. This new facet

of p53-mediated tumor suppression, where it not only triggers

but enforces apoptosis, may have implications for other drugs

that endeavor to trigger apoptosis downstream of p53. Future in-

vestigations in other cancer types or non-transformed cells will

provide important insights into this potential new tumor-sup-

pressive function of p53.

Armed with an understanding of the requirements to efficiently

induce apoptosis in TP53-mutant blood cancer cells, we identi-

fied that cGAS/STING pathway activation can boost pro-

apoptotic BH3-only protein expression in a p53-independent

manner. STING agonists are in clinical trials in combination

with immunotherapy, aiming to enhance host anti-cancer im-

mune responses.48,51 These studies have so far reported limited

efficacy from stimulation of the host immune response by STING

agonists,48,51 but have critically demonstrated the tolerability of

these drugs in humans, with the main adverse events relating

to consequences of cytokine release.52,53 In this study, we re-

purposed this drug class and showed that both synthetic cyclic

dinucleotide and small molecule STING agonists could kill

mouse and human blood cancer cells directly, triggering tumor

cell-intrinsic apoptosis in vitro and in vivo, without the require-

ment of immune activation. The extent of cell killing was TP53

status agnostic but required STING protein. Stringent character-

ization of this pathway revealed that the TBK1/IRF3 axis was

essential for killing, while NF-kB signaling was dispensable

(though not antagonistic). Understanding the critical regulators

required for apoptotic induction by cGAS/STING signaling not

only assists with patient selection, but exposes the pathway to

further manipulation to improve pro-apoptotic STING signaling

in future.

Importantly, we demonstrate that combining STING agonists

with BH3-mimetics can boost apoptosis in both TP53/TRP53-

wild-type and TP53/TRP53-mutant leukemias and lymphomas.

STING agonists alone or in combination with venetoclax were

highly efficacious in AML patient samples and PDX models,

regardless of TP53 status, even in samples insensitive to veneto-

clax alone. In human ENKTL, the combination of BCL-XL

inhibition and STING agonists potently killed malignant cells

with non-functional p53. Crucially, the combination of BH3-mi-

metics with STING agonists was well tolerated in immune-

competent mice, even those bearing aggressive lymphomas.

ENKTL54 and TP53-mutant AML55 represent two blood cancer

subtypes with limited therapy options and dismal prognoses.

As both BH3-mimetic and STING agonist drugs are already in

clinical trials (or widely approved and used, in the case of vene-

toclax), this drug combination could be fast-tracked to the clinic

for immediate translational impact.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45-FITC (1:100) Beckman Coulter Cat# IM0782U; RRID: AB_131000

CD34-PerCP-Cy5 (1:25) BD Biosciences Cat# 347203; RRID: AB_400266

CD117-PE-Cy7 (1:100) BioLegend Cat# 313212; RRID: AB_893222

HLA-DR-APC-Cy7 (1:50) Abcam Cat# ab239308

CD33-BV650 (1:100) BioLegend Cat# 303430; RRID: AB_2650933

CD33-APC (1:100) BioLegend Cat# 983902; RRID: AB_2810824

CD14-Alexa Fluor 700 (1:100) BioLegend Cat# 367114; RRID: AB_2566716

CD64-BV786 (1:50) BioLegend Cat# 305044; RRID: AB_2800780

CD3-BV421 (1:100) BD Horizon Cat# 562426; RRID: AB_11152082

CD3-B711 (1:100) BD Horizon Cat# 563725; RRID: AB_2744392

CD19-PE (1:100) Beckman Coulter Cat# IM1285U; RRID: AB_10640419

CD16-BV650 (1:50) BioLegend Cat# 302042; RRID: AB_11125578

CD56-BV650 (1:50) BioLegend Cat# 362532; RRID: AB_2565602

B220-BV605 (1:200) BioLegend Cat# 103244; RRID: AB_2563312

CD19-APC (1:400) WEHI Antibody Facility 1D3

IgM-FITC (1:400) WEHI Antibody Facility 5–1

IgD-PE (1:800) BD Pharmingen Cat# 558597; RRID: AB_647211

cKit-BV711 (1:200) BD Horizon Cat# 563160; RRID: AB_2722510

Anti-FCR (1:10) made in-house N/A

TCRb-PeCy7 (1:400) BioLegend Cat# 109222; RRID: AB_893627

CD4-PerCP (1:800) BioLegend Cat# 100434; RRID: AB_893330

CD8-Alexa Fluor 700 (1:400) WEHI Antibody Facility 53-6-7

TER119-Alexa Fluor 647 (1:400) WEHI Antibody Facility TER119

Mac1- APC-Cy7 (1:400) BD Pharmingen Cat# 557657; RRID: AB_396772

Gr-1-PE (1:400) WEHI Antibody Facility RB6-8C5

NK1.1-Alexa Fluor 700 (1:400) WEHI Antibody Facility 6-3-17

CD11c- FITC (1:400) WEHI Antibody Facility N418

mCD45-BV711 BD Biosciences Cat# 564357; RRID: AB_2744404

HSP70 (reactivity: mouse/human,

host species: mouse, dilution: 1:10000)

Dr. R. Anderson (ONJCRI, Australia) Clone: N6

TRP53 (reactivity: mouse, host species:

rabbit, dilution: 1:2000)

Novocastra Cat# NCL-p53-CM5p; RRID:

AB_563933; Clone: CM5

TP53 (reactivity: human, host species:

mouse, dilution: 1:1000)

Santa Cruz Biotechnology Cat# sc-126; RRID: AB_628082;

Clone: DO-1

PUMA (reactivity: mouse/human, host

species: rabbit, dilution: 1:500)

ProSci Incorporated Cat# 3043; RRID: AB_203251;

Clone: polyclonal

BIM (reactivity: mouse/human, host

species: rabbit, dilution: 1:1000)

Enzo Life Sciences Cat# ADI-AAP-330-E;

RRID: AB_2038875; Clone: polyclonal

STING (reactivity: mouse/human,

host species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 13647; RRID: AB_2732796;

Clone: D2P2F

pSTING (reactivity: mouse, host

species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 72971; RRID: AB_2799831;

Clone: D8F4W

pSTING (reactivity: human, host

species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 19781; RRID: AB_2737062;

Clone: D7C3S
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TBK1 (reactivity: mouse/human,

host species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 3504; RRID: AB_2255663; Clone: D1B4

pTBK1 (reactivity: mouse/human,

host species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 5483; RRID: AB_10693472; Clone: D52C2

IRF3 (reactivity: mouse/human, host

species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 4302; RRID: AB_1904036; Clone: D83B9

pIRF3 (reactivity: mouse/human, host

species: rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 4947; RRID: AB_823547; Clone: 4D4G

BCL-2 (reactivity: mouse/human, host

species: mouse, dilution: 1:2000)

BD Biosciences Cat# 610539; RRID: AB_397896; Clone: 7/BCL-2

cGAS (reactivity: mouse, host species:

rabbit, dilution: 1:1000)

Cell Signaling Technology Cat# 31659; RRID: AB_2799008; Clone: D3O8O

Mouse IgG (host species: goat,

dilution: 1:2000)

Southern Biotech Cat# 1010-05; RRID: AB_2728714

Rabbit IgG (host species: goat,

dilution: 1:5000)

Southern Biotech Cat# 4010-05; RRID: AB_2632593

Biological samples

Human AML: PDX 1: genotyping

information in Table S1

this paper PDX-32

Human AML: PDX 2: genotyping

information in Table S1

this paper PDX-20

Human AML: 03-271-2022:

genotyping information in Table S1

this paper N/A

Human AML: 01-335-2022:

genotyping information in Table S1

this paper N/A

Human AML: 02-104-2023:

genotyping information in Table S1

this paper N/A

Human AML: 01-117-2023:

genotyping information in Table S1

this paper N/A

Human AML: 05-016-2023:

genotyping information in Table S1

this paper N/A

Human AML: 01-021-2019:

genotyping information in Table S1

this paper N/A

Human AML: 01-058-2023:

genotyping information in Table S1

this paper N/A

Chemicals, peptides, and recombinant proteins

S63845 Chemgood Cat# C1370

diABZI Sting agonist 3 SYNthesis Med Chem N/A

A-1331852 Dr N Duong and Prof G

Lessene (WEHI, Australia)

N/A

ABT-199/venetoclax Active Biochem Cat# A-1231

ADU-S100 MedChemExpress Cat# HY-12885A

MSA-2 MedChemExpress Cat# HY-136927

TPCA-1 MedChemExpress Cat# HY-10074

GSK8612 MedChemExpress Cat# HY-111941

doxorubicin Ebewe Interpharma N/A

ionomycin Sigma-Aldrich Cat# I9657

nutlin-3a MedChemExpress Cat# HY-10029

thapsigargin Sigma-Aldrich Cat# T9033

QVD-O-Ph MedChemExpress Cat# HY-12305

hIL-3 R&D Systems Cat# 203-IL

hIL-6 R&D Systems Cat# 206-IL

hFLT3-ligand R&D Systems Cat# 308-KFN
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hSCF R&D Systems Cat# 255-SC

mIL-3 In house N/A

hIL-2 PeproTech Cat #200-02

Critical commercial assays

MycoAlert Lonza Cat #LT07

eBioscience Foxp3/Transcript Factor

Staining Buffer Set

Invitrogen Cat# 00-5523-00

SF Cell Line 4D-Nucleofector X Kit Lonza Cat# V4XC-2023

DNeasy Blood & Tissue Kit QIAGEN Cat# 69504

GoTaq Green Master Mix Promega Cat# M712

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

TaqMan Fast Advanced Master Mix Thermo Fisher Scientific Cat# 4444963

Superscript III First Strand Synthesis System Thermo Fisher Scientific Cat# 18080051

TruSeq RNA Library Prep Kit v2 Illumina Cat# RS-122-2001

SYBR Green PCR Master Mix Thermo Fisher Scientific Cat# 4309155

Deposited data

Em-Myc RNA-seq data this paper GEO: GSE261373

Mouse reference genome GRCm38 (mm10) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/

datasets/genome/GCF_000001635.20/

MSigDB Hallmark collection (mapped

to mouse orthologues)

Garnham 202079 https://bioinf.wehi.edu.au/MSigDB/index.html

Experimental models: Cell lines

Murine B cell lymphoma: AH15A: Em-Myc Kotschy et al. 201632 N/A

Murine B cell lymphoma: AF47A: Em-Myc Kotschy et al. 201632 N/A

Murine B cell lymphoma: 560: Em-Myc Kotschy et al. 201632 N/A

Murine double-hit lymphoma:

214DHL: Em-Myc/dCas9a-SAM+/�/sgBcl-2

Deng et al. 202233 N/A

Murine double-hit lymphoma:

216DHL: Em-Myc/dCas9a-SAM+/�/sgBcl-2

Deng et al. 202233 N/A

Murine double-hit lymphoma:

270DHL: Em-Myc/dCas9a-SAM+/�/sgBcl-2

Deng et al. 202233 N/A

Human Burkitt lymphoma: BL2 Dr A Rickinson (The University

of Birmingham, UK)

RRID: CVCL_1966

Human Burkitt lymphoma: Akata-BL Prof K Takada (Hokkaido

University, Japan)

RRID: CVCL_0148

Human Burkitt lymphoma: Ramos-BL Dr S Cory (WEHI, Australia) RRID: CVCL_0597

Human DLBCL: DOHH2 Dr D Huang (WEHI, Australia) RRID: CVCL_1179

Human AML: MV4; 11 Dr D Huang (WEHI, Australia) RRID: CVCL_0064

Human AML: THP-1 Dr D Huang (WEHI, Australia) RRID: CVCL_0006

Human AML: MOLM-13 Dr D Huang (WEHI, Australia) RRID: CVCL_2119

Human AML: KASUMI-1 Dr D Huang (WEHI, Australia) RRID: CVCL_0589

Human AML: HL-60 Dr D Huang (WEHI, Australia) RRID: CVCL_0002

Human AML: KG-1 Dr D Huang (WEHI, Australia) RRID: CVCL_0374

Human AML: OCI-AML-3 Dr D Huang (WEHI, Australia) RRID: CVCL_1844

Human ENKT: SNK6 Dr C Shannon-Lowe (The University

of Birmingham, UK), Nagata et al. 200156
RRID: CVCL_A673

Human ENKT: MEC04: Dr C Shannon-Lowe (The University

of Birmingham, UK), Coppo et al. 200957
N/A

Human ENKT: SNT15 Dr C Shannon-Lowe (The University

of Birmingham, UK), Oyoshi et al. 200358
RRID: CVCL_A675
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Human ENKT: SNT8 Dr C Shannon-Lowe (The University

of Birmingham, UK), Nagata et al. 200156
RRID: CVCL_A677

Human ENKT: NKCI Dr C Shannon-Lowe (The University

of Birmingham, UK)

N/A

Human embryonic kidney: HEK293T ATCC RRID: CVCL_0063; Cat #CRL216

Murine AML: 556: HoxA9/Meis1 this paper N/A

Murine AML: 557: HoxA9/Meis1 this paper N/A

Murine AML: 558: HoxA9/Meis1 this paper N/A

Murine AML: 559: HoxA9/Meis1 this paper N/A

Murine AML: 561: HoxA9/Meis1 this paper N/A

Experimental models: Organisms/strains

Mouse: Rag1�/�: C57BL/6-WEHI Rag1�/� WEHI breeding facility N/A

Mouse: C57BL/6 Cas9KI/KI: C57BL/6-

WEHI Cas9KI/KI
Prof K.Rajewsky (Max

Delbr€uck Center,

Germany), Chu et al. 201659

RRID: IMSR_JAX:02855

Mouse: NSG: NOD-SCID-gc
�/� WEHI breeding facility N/A

Mouse: NSG-SG3: NOD.Cg-Prkdcscid

Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1

Eav/MloySzJ

The Jackson Laboratory RRID: IMSR_JAX:013062

Mouse: C57BL/6: C57BL/6-WEHI WEHI breeding facility N/A

Oligonucleotides

sgRNAs can be found in Table S2 this paper N/A

Primers for NGS can be found in Table S3 this paper N/A

Primers for mtDNA quantification can

be found in Table S3

Bronner et al. 201666;

Bryant et al. 202267
N/A

Recombinant DNA

FuCas9-Cherry Addgene, Aubrey et al. 201564 Cat #70182

FgH1tUTG Addgene, Aubrey et al. 201564 Cat #70183

pKLV-U6gRNA(Bbsl)-PGKpuro2ABFP Addgene, Koike-Yusa et al. 201460 Cat #50946

Software and algorithms

Prism v9 GraphPad

FlowJo v10 BD Biosciences

ImageJ/Fiji Schindelin et al. 201262

CRISPR indel calculator Dr ST Diepstraten https://crisprindelcalc.net

Galaxy Australia The Galaxy Community 202271 https://usegalaxy.org.au/

HISAT2 v2.2.1 Kim et al. 201572 via Galaxy Australia (https://usegalaxy.org.au/)

subread v2.0.3 Liao et al. 201473 via Galaxy Australia (https://usegalaxy.org.au/)

limma-voom v3.50.1 Law et al. 201474 via Galaxy Australia (https://usegalaxy.org.au/)

ggplot2 v3.3.3 Wickham et al. 201670 via Galaxy Australia (https://usegalaxy.org.au/)

fgsea v1.8.0 Korotkevich et al. 202180 via Galaxy Australia (https://usegalaxy.org.au/)

Other

Zombie Yellow (1:1000) BioLegend Cat# 423103

LIVE/DEAD Fixable Yellow Invitrogen Cat# L34959

AmPure XP beads Beckman Coulter Cat# A63880

TRIzol Thermo Fisher Scientific Cat# 15596026

Taqman probe (mouse): Hmbs Thermo Fisher Scientific Mm01143545_m1

Taqman probe (mouse): Noxa/Pmaip1 Thermo Fisher Scientific Mm00451763_m1

Taqman probe (mouse): Puma/Bbc3 Thermo Fisher Scientific Mm00519268_m1

Taqman probe (mouse): Bim/Bcl2l11 Thermo Fisher Scientific Mm00437796_m1

Taqman probe (mouse): Trp53 Thermo Fisher Scientific Mm01731287_m1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, A/Prof

Gemma Kelly (gkelly@wehi.edu.au).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cancer cell lines and tissue culture
Mouse Em-Myc lymphoma cell lines AH15A, AF47A and 560 were previously derived from tumors arising in Em-Mycmice (C57BL/6-

WEHI)32 and cultured in FMAmedium consisting of high glucose DMEM supplemented with 10% heat-inactivated fetal bovine serum

(FBS; Sigma #F9423), 100 mM L-asparagine (Sigma #A4284), 50 mM b-mercaptoethanol (Sigma #M3148), 100 U/mL penicillin and

100 mg/mL streptomycin (Gibco #15140122). Mouse cells were maintained at 37�C with 10% CO2. Mouse double hit lymphoma

cell lines 214DHL, 216DHL and 270DHL were derived from tumors arising in Em-Myc/dCas9a-SAM+/�/sgBcl-2 mice as described

previously33 and cultured as above. The human Burkitt lymphoma cell lines BL2 (a kind gift from Dr A Rickinson, The University of

Birmingham, UK) and Akata-BL (a kind gift from Prof K Takada, Hokkaido University, Japan), were cultured in RPMI-1640 medium

supplemented with 10% FBS, 1 mM sodium pyruvate (Gibco #11360070), 2 mM L-glutamine (Gibco #25030081), 50 mM a-thiogly-

cerol (Sigma #M-6145), 100 U/mL penicillin and 100 mg/mL streptomycin. The human DLBCL cell line DOHH2 (a kind gift from Prof D

Huang, The Walter and Eliza Hall Institute, Australia), Burkitt lymphoma cell line Ramos-BL (a kind gift from Prof S Cory, The Walter

and Eliza Hall Institute, Australia) and all AML cell lines (MV4; 11, MOLM-13, THP-1, KASUMI-1, HL-60, KG1 and OCI-AML3; a kind

gift from Prof D Huang) were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin and

100 mg/mL streptomycin. The human ENKT lymphoma cell lines SNK6,56 MEC04,57 SNT15,58 NKCI and SNT856 (a kind gift from Dr C

Shannon-Lowe, The University of Birmingham, UK) were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated

human serum (Sigma #H4552), 1 mM sodium pyruvate, 2 mM L-glutamine, 700 U/mL human IL-2 (PeproTech #200-02), 100 U/mL

penicillin and 100 mg/mL streptomycin. Human lymphoma and leukemia cell lines were maintained at 37�Cwith 5%CO2 and verified

by STR profiling at the Australian Genomics Research Facility (AGRF). Human cell lines of both male and female origin were included

in the study. HEK293T (ATCC #CRL-3216) cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin and

100 mg/mL streptomycin and maintained at 37�C with 10% CO2. All cell lines were passaged in culture for <3 months and regularly

tested negative for mycoplasma (MycoAlert; Lonza #LT07).

Continued
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Taqman probe (mouse): Irf7 Thermo Fisher Scientific Mm00516793_g1

Taqman probe (mouse): p21/Cdkn1a Thermo Fisher Scientific Mm00432448_m1

Taqman probe (mouse): Ifnb1 Thermo Fisher Scientific Mm00439552_s1

Taqman probe (mouse): Cxcl10 Thermo Fisher Scientific Mm00445235_m1

Taqman probe (mouse): Il6 Thermo Fisher Scientific Mm00446190_m1

Taqman probe (mouse): Ifit1 Thermo Fisher Scientific Mm00515153_m1

Taqman probe (human): HMBS Thermo Fisher Scientific Hs00609296_g1

Taqman probe (human): NOXA/PMAIP1 Thermo Fisher Scientific Hs00560402_m1

Taqman probe (human): BIM/BCL2L11 Thermo Fisher Scientific Hs00708019_s1

Taqman probe (human): PUMA/BBC3 Thermo Fisher Scientific Hs00248075_m1

Taqman probe (human): P21/CDKN1A Thermo Fisher Scientific Hs00355782_m1

Taqman probe (human): IFNB1 Thermo Fisher Scientific Hs01077958_s1

Taqman probe (human): GAPDH Thermo Fisher Scientific Hs02786624_g1
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Primary AML and healthy donor specimens
Bone marrow and peripheral blood samples were collected from patients treated at The Peter MacCallum Cancer Center and The

Alfred Hospital who had newly diagnosed or morphologically relapsed AML. Peripheral blood samples from healthy donors (equal

numbers male and female) were collected at the Walter and Eliza Hall Institute of Medical Research. Samples were collected after

informed consent and studies were conducted in accordance with the approved protocols through the Human Research Ethics

Committee of the respective institutions and the Declaration of Helsinki. Mononuclear cells were isolated using Ficoll density

gradient. Freshly processed or thawed cryopreserved cells were used in drug sensitivity assays. Cells were cultured in Stempsan

SFEM (Stem Cell Technologies #09650), supplemented with Stemreginin (500 nM; StemCell Technologies #72354), UM171

(35 nM; Selleckchem #S7608), and recombinant human cytokines IL-3 (1 ng/mL; R&DSystems #203-IL), IL-6 (2 ng/mL; R&DSystems

#206-IL), FLT3-ligand (5 ng/mL; R&D Systems #308-KFN) and stem cell factor (5 ng/mL; R&D Systems #255-SC).

Mice
All experiments with animals followed the guidelines of the Melbourne Directorate Animal Ethics Committee and were approved by

TheWalter and Eliza Hall Institute ofMedical Research Ethics Committee.Micewere group-housed (up to 6 per cage) andmaintained

on Barastoc rodent diet (Barastoc #102093). For experiments, littermates were randomly assigned to treatment arms. Individual ex-

periments were performed with cohorts of either all female or all male mice as indicated in the method details. Mice were excluded

from analyses if they were euthanised for unrelated illnesses and did not complete treatment (as described in Figure 5F and S7).

METHOD DETAILS

Em-Myc lymphoma mouse experiments
For in vivo experiments with Em-Myc lymphoma cells, healthy Rag1�/� (male, 6–10 weeks old) or C57BL/6 Cas9KI/KI (male,

11–30 weeks old) mice59 were intravenously (IV) injected with 1 3 106 AH15A wild-type or Trp53 KO cells on day 0. On days 4–8

post-transplantation, mice were treated with 25 mg/kg S63845 (Chemgood #C1370) or vehicle (50 mM PBS containing 2% vitamin

E (Sigma #57668)) daily by IV injection. On days 4, 7 and 11 post-transplantation, mice were treated with 1.5 mg/kg diABZI Sting

agonist compound 3 (diABZI; SYNthesis Med Chem) or vehicle (40% polyethylene glycol(PEG)-400 (Sigma #P3265) in saline) by

IV injection (n = 4–6 per treatment arm). On days where both drugs were administered, diABZI was given 4 h after S63845 to allow

mice to recover fromhandling.Miceweremonitored for lymphomaby experienced animal technicianswhowere blinded to the nature

of the transplanted tumor cells and the treatments applied, and animals were euthanized at the predetermined ethical endpoint. Ex-

periments concluded 150 days post-transplant and any remaining (lymphoma free) mice were euthanized. For all mice, retro-orbital

bleeds were analyzed by Advia to obtain blood cell counts, and enlarged organs (spleen, lymph nodes, thymus) were weighed.

Human ENKT lymphoma xenograft experiments
For in vivo ENKT lymphoma xenograft experiments, healthy NOD-SCID-gc

�/� (NSG) mice (male, 6–8 weeks old) were subcutane-

ously injected with 2 3 106 SNK6 human ENKT lymphoma cells on day 0. On days 7–13 post-transplantation, mice were treated

by oral gavage with 50 mg/kg of the BCl-XL inhibitor A-1331852 (a kind gift from Dr D Nhu and Prof G Lessene, WEHI) or vehicle

(2.5% DMSO, 10% EtOH, 27.5% PEG-400, 60% Phosal 50 PG (Lipoid/Thermo Fisher Scientific #FSHNC0130871)). On days 7,

10 and 13 post-transplantation, mice were treated with 1.5 mg/kg diABZI or vehicle (40% PEG-400 in 0.9% saline) by IV injection

(n = 6 per treatment arm). On days where both drugs were administered, diABZI was given 4 h after A-1331852 to allow mice to

recover from handling. Mice were checked for tumors by experienced animal technicians, who were blinded to the treatments

applied, 3 times weekly by thorough examination and probing of the injection site. Once detected, tumors were measured using cal-

ipers every 3–4 days by an experienced animal technician who was blinded to the treatment applied. Tumor volume was calculated

using the equation p/63 length3width2. Mice were euthanized at ethical endpoint when tumors had reached 0.5 cm3. The volumes

of tumors in mice treated with A-1331852, or A-1331852 in combination with diABZI, which arose later than those in the vehicle or

diABZI only treatment arms, could not be accurately measured using calipers, due to their varying shapes/positions. Therefore, these

mice were collected on day 65 post-transplantation, tumors excised from the right flank and tumor weights compared directly. For all

mice, retro-orbital bleeds were analyzed by Advia to obtain blood cell counts, and spleens, enlarged lymph nodes and tumors were

weighed.

Human AML xenograft mouse experiments
For in vivo studies, venetoclax was dissolved in 60%Phosal 50 PG, 30%PEG-400 (Sigma #202398) and 10%EtOH. For AML cell line

xenograft experiments, healthy NSGmice (female, 8–10 weeks old) were injected with 2.53 105 MOLM-13 TP53-wild-type or TP53

KO cells intravenously on day 0. From day 3, mice received either no treatment (control), venetoclax (50 mg/kg orally 53 weekly),

diABZI (1.5 mg/kg intravenously 23 weekly), or the drug combination for two weeks (n = 5 per treatment arm). On days where

both drugs were administered, they were administered simultaneously. For AML patient derived xenograft (PDX) experiments,

healthy NSG-SG3 (female, 8 weeks old) mice were intravenously injected with 53 105 cryopreserved patient AML samples. Human

leukemia engraftment was confirmed using flow cytometric analysis of submandibular peripheral blood for the presence of hCD45+

cells (any%; hCD45-FITC 1:100; Beckman Coulter #IM0782U;mCD45-BV711 1:1000; BD Biosciences #564357). For PDXmodel #1,

confirmation of engraftment was obtained on day 21 post-transplant and treatment commenced on day 25. For PDX model #2,
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confirmation of engraftment was obtained on day 21 post-transplant and treatment commenced on day 24. Mice were left untreated

or administered with venetoclax (50 mg/kg orally 53 weekly), diABZI (1.5 mg/kg intravenously 23 weekly), or the drug combination

for four weeks (n = 6 per treatment arm). Leukemia progression was monitored using intrafemoral biopsy during week 2 of therapy.

Briefly, mice were anesthetized with isofluorane and administered with analgesics 0.1 mg/kg buprenorphine and 5 mg/kg carprofen.

Femoral bone marrow was aspirated using a 27-gauge syringe and needle and percentage hCD45+ leukemia cells was enumerated

by flow cytometry. Mice were monitored for leukemia development and euthanized at predetermined ethical endpoint. Drug efficacy

was determined by flow cytometric assessment of peripheral blood, bone marrow, and spleens (if enlarged) to assess leukemia

burden (by hCD33+ (CD33-APC) for cell line xenografts and hCD45+ (CD45-FITC) for PDXs). Viability was assessed by LIVE/

DEAD Fixable Yellow (Invitrogen #L34959) and cells were fixed with eBioscience Foxp3/Transcript Factor Staining Buffer Set (Invi-

trogen #00-5523-00) before analysis on an Aurora flow cytometer (Cytek).

Drug toxicity experiments in mice
To measure acute drug toxicity in vivo, healthy C57BL/6-WEHI mice (male, 6–8 week old) were treated with vehicle (for S63845; IV),

S63845 (25 mg/kg; IV), vehicle (for venetoclax; oral gavage) or venetoclax (50 mg/kg; oral gavage). After 4 h, mice were treated with

vehicle (for diABZI; IV) or diABZI (1.5 mg/kg; IV). 24 h after the initial BH3-mimetic treatment, a retro-orbital bleed was taken for anal-

ysis by Advia. Graphs were prepared in Prism v9 (GraphPad).

To measure long term recovery, C56BL/6-WEHI mice were treated with dosing schedules matching that used in AML experiments

for two weeks (53 weekly venetoclax, 50 mg/kg oral gavage and/or 23 weekly diABZI, 1.5 mg/kg IV). Body weight was monitored

every 2–3 days. Themice were collected 96 h following the final treatment. Retro-orbital bleeds and bonemarrow from the femur and

tibia were collected for analysis of immune cell populations by flow cytometry. Briefly, red cells were lysed and live cells were stained

with Zombie Yellow (BioLegend #423103) for 15min on ice. Cells were then stained on ice for 1 hwith extracellular markers for lineage

identification (key resources table). Cells were then fixed with 4% PFA for 1 h on ice. Samples were analyzed on an Aurora flow cy-

tometer (Cytek). Data were plotted in Prism v9.

CRISPR-Cas9 gene knockout cell lines
CRISPR-Cas9 gene editing for mouse and human lymphoma cell lines was performed using FuCas9-Cherry (Addgene Plasmid

#70182) and FgH1tUTG (Addgene Plasmid #70183) lentiviral constructs as described previously.20 Parental cells expressing Cas9

and a non-targeting (NT) control sgRNA against human BIM (for mouse cell lines) or mouse Bim (for human cell lines) were used

as control (NTC) cells for all experiments involving CRISPR-Cas9 generated cell lines. Successful knockout of targeted proteins

was confirmed by immunoblotting or next generation sequencing. For AML cell lines, sgRNA guides targeting human TP53, STING,

BAX, BAK and non-targeting control guides were obtained from the Sanger Whole Genome CRISPR Arrayed Library or synthesized

(Integrated DNA Technologies) and cloned into pKLV-U6gRNA(Bbsl)-PGKpuro2ABFP (Addgene Plasmid #5094660) or FgH1tUTG

(Addgene Plasmid #70183). TP53 and STING double KO cells were generated by electroporation of STING sgRNAs (purchased

from Synthego) into TP53 KO cells using the SF Cell Line 4D-Nucleofector X Kit (Lonza #V4XC-2023) and 4D-Nucleofector Core

Unit (Lonza). The sgRNA sequences used are listed in Table S2.

Next generation sequencing
Next generation sequencing was performed to confirm successful CRISPR-Cas9-mediated gene mutation. For mouse Em-Myc lym-

phomas and human B cell lymphomas, genomic DNA was extracted using the DNeasy Blood & Tissue Kit (QIAGEN #69504). sgRNA

target sites were PCR-amplified using GoTaq green mix (Promega #M712) and gene-specific primers with overhangs to enable in-

dexing of products and sequencing on the Illumina platform. Primer sequences are listed in Table S3. The following cycling conditions

were used: denaturation at 95�C for 3 min, followed by 35 cycles of 95�C for 30 s, 60�C for 30 s and 72�C for 30 s. The final extension

was performed at 72�C for 5 min. Samples were pooled and cleaned up using AmPure XP beads (Beckman Coulter #A63880) and

sequenced on an Illumina MiSeq. For human AMLs, sequencing for TP53 mutations was performed as described previously using

published primer sequences.26 The proportion of indels was determined using the CRISPR indel calculator https://crisprindelcalc.net

and graphs generated in Prism v9.

Cell line death assays
Cells were plated into 96-well flat-bottom plates in duplicate at 33 104 cells/well and drugs added at indicated concentrations. The

following drugs were used: S63845, A-1331852, ABT-199/venetoclax (Active Biochem #A-1231), ADU-S100 (MedChemExpress

#HY-12885A), MSA-2 (MedChemExpress #HY-136927), TPCA-1 (MedChemExpress #HY-10074), GSK8612 (MedChemExpress

#HY-111941), diABZI, doxorubicin (Ebewe Interpharma), and ionomycin (Sigma-Aldrich #I9657). All drugs were dissolved in

DMSO except for ADU-S100 which was dissolved in H2O. At the indicated time point, cells were transferred into a round-bottom

96-well plate, spun down at 1500 rpm for 5min, resuspended in Annexin V binding buffer containing Annexin V-A647 (made in house,

1:2000) and propidium iodide (PI; 1 mg/mL). Live cells (Annexin V/PI double-negative) were quantified on an LSR II flow cytometer (BD

Biosciences). For the human AML cell experiments shown in Figure S13D, cells were plated in duplicate at 2 3 105 cells/mL into

round-bottom 96 wells. Viability was assessed by PI or DAPI (0.5 mg/mL). Live cells were quantified using a Cytoflex flow cytometer

(Beckman Coulter). Data analysis was performed using FlowJo v10 (BD Biosciences) and Prism v9.
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Primary specimen death assays
Cells were plated at 1.5–53 105 cells/mL into 96 well round-bottom plates and cultured at the indicated drug concentrations for 48 h

at 37�C and 5% CO2. Cell viability was assessed by flow cytometry using the NovoCyte Quanteon (Agilent) or Cytek Aurora (Cytek

Biosciences). For AML samples, leukemia cells were identified by staining for CD117. Cells were stained with extracellular markers to

enable lineage identification. Antibodies used for these assays are listed in the key resources table. Viability was assessed by staining

with PI (0.5 mg/mL) or DAPI (0.2 mg/mL). Data analysis was performed using FlowJo v10.

Immunoblotting
Immunoblotting was performed as described previously.20 Briefly, cells were treated with S63845, venetoclax, A-1331852, STING

agonists or Nutlin-3a (MedChemExpress #HY-10029) after being pre-treated with 25 mM of the broad-spectrum caspase inhibitor

QVD-O-Ph (MedChemExpress #HY-12305) for 15 min. Protein concentration was measured using the Pierce BCA Protein Assay

Kit (Thermo Fisher Scientific #23225). 10 mg of protein was loaded per sample. For AML cells, immunoblotting was performed as

described previously.61 Extracts from equal cell numbers were loaded per sample. Antibodies used are listed in the key resources

table. Quantifications were performed using ImageJ/Fiji.62 Levels of the proteins of interest were normalized to levels of HSP70 and

data plotted in Prism v9.

Quantitative reverse transcriptase PCR
RNA extractions, cDNA syntheses and TaqMan RT-qPCRs were performed as described previously.20 Cells were treated with

S63845, venetoclax, A-1331852, STING agonists or Nutlin-3a after being pre-treated with 25 mM QVD-O-Ph caspase inhibitor for

15 min. Data were analyzed using the DDCt method, normalized to the housekeeping control gene (Hmbs/HMBS or GAPDH)

for each sample. Data were plotted in Prism v9. TaqMan probes are listed in the key resources table. In all instances, Ct values

for each gene were normalized to the housekeeping gene Hmbs/HMBS, except for AML samples (which are normalized relative

to GAPDH) while fold change is shown relative to indicated controls.

RNA-seq of Em-Myc lymphoma cells
Em-Myc lymphoma cells were treated with 300 nM S63845 or 100 nM diABZI after pre-treatment with QVD-O-Ph for 15 min. Cell pel-

lets were collected after 24 h and resuspended in TRIzol (Thermo Fisher Scientific #15596026). RNA was extracted according to the

manufacturer’s instructions and 200 ng used per sample for sequencing using the TruSeq RNA Library Prep Kit v2 (Illumina #RS-122-

2001), according to the manufacturer’s instructions. Paired-end sequencing was performed by the WEHI genomics facility on a

NextSeq 2000 (Illumina).

Generation and culture of mouse AML cells
HoxA9/Meis1 construct63 retrovirus was produced using GAG and ENV packaging as described previously.64 Fetal livers from E14.5

C57BL/6-LY5.2-WEHI embryos were transduced with virus and 53 105 cells transplanted IV into sublethally irradiated (13 750 Rad)

male C57BL/6-LY5.1-WEHI mice (6–8 weeks old), as described previously.65 Mice were monitored for leukemia development by

experienced animal technicians. HoxA9/Meis1 AML cell lines (556, 557, 558, 559, 561) were generated from the bone marrow or

spleen harvested from mice at ethical endpoint. Cells were maintained in Iscove0s Modified Dulbecco0s media (IMDM; Gibco

#12440053), supplemented with 10% FBS and IL-3 (1:100, made in house).

Cell cycle and proliferation analyses
To determine cell number and viability for cell proliferation analyses, an equal volume of 0.4% trypan blue (BioRad # 1450021) was

added to samples and cells were counted on a TC20 Automated Cell Counter (BioRad). Data were plotted in Prism v9. For cell cycle

analyses, cells were treated with DMSO or diABZi for 24 h, then collected and fixed on ice for 30 min using the eBioscience Foxp3/

Transcription Factor Staining Buffer Set (Thermo Fisher Scientific #00-5523-00). Cells were then resuspended in 13 permeabilization

buffer and incubated at 4�C for at least 48 h. Cells were spun down and resuspended in PBS containing 5% FBS and 0.5 mg/mL DAPI

(Sigma #D9542) and analyzed on an LSR II W flow cytometer (BD Biosciences). Data analysis was performed using FlowJo v10.

Rho0 cells and cytosolic mtDNA analysis
To examine mtDNA release into the cytosol, DOHH2 cells were pre-treated with QVD-O-Ph for 15 min and then DMSO (vehicle con-

trol), S63845 (100 nM) or Thapsigargin (100 nM; Sigma Aldrich #T9033) for 4 h. Cells were collected and cytosolic DNA released into

the supernatant using established protocols.66 Briefly, cell pellets were resuspended in 1% NP-40/IGEPAL CA-630 (Sigma Aldrich

#56741) and incubated on ice for 15 min. Insoluble material was pelleted by centrifugation at 13,000 rpm for 15 min at 4�C and DNA

extracted from the supernatant using the DNeasy Blood & Tissue Kit (QIAGEN). Quantification of cytosolic DNA was performed by

qPCR using established protocols.66,67 Briefly, 10 ng of cytosolic DNA was amplified using SYBR Green PCR Master Mix (Thermo

Fisher Scientific #4309155) and published primers66,67 for the mtDNA geneMT-ND1, nuclear gene KCNJ10, and ribosomal DNA 18s

(listed in Table S3). Relative levels of mtDNA and nuclear DNA in the cytosol were determined by normalization to ribosomal DNA

levels using the DDCt method. Graphs were plotted in Prism v9.

To generate Rho0 derivatives of the humanDLBCL cell line DOHH2, cells were cultured in low doses of ethidium bromide (50 ng/mL;

VWR 443922U) for 33 days, in the presence of uridine (50 mg/mL; Sigma-Aldrich #U3003) and sodium pyruvate (2 mM). Dependence
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on uridine was confirmed by uridine withdrawal and quantification of cell viability and cell number 72 h later by trypan blue exclusion

on a TC20 Automated Cell Counter (BioRad), as described for proliferation assays above. Whole cell DNA was extracted from pel-

leted cells using the DNeasy Blood & Tissue Kit (QIAGEN) and loss of mtDNAwas confirmed by qPCR for themitochondrial geneMT-

ND1 and mitochondrial DNA D loop sequence (MT-DNA-Loop) (also listed in Table S3) as described above. Levels were normalized

to that of the nuclear gene KCNJ10 using the DDCt method. Graphs were plotted in Prism v9.

Imaging
Brightfield imaging of ENKT lymphoma cells was performed using a ZOE fluorescent cell imager (BioRad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details for each experiment are located in their respective figure legends and, due to the large number of comparisons,

additional comparisons are listed in Table S4. All data were confirmed to conform with the assumptions of the statistical tests

used via normalcy tests, where appropriate. Mouse survival curves were plotted in Prism v9. Curves were compared using the

Log rank (Mantel-Cox) test with Bonferroni’s correction. For all other assays, comparisons between two groups were performed us-

ing an unpaired Student’s t test. Comparisons betweenmore than two groups were performed using a one-way ANOVAwith Tukey’s

multiple comparisons test. Statistics were performed using Prism v9.

STING1 gene expression data were downloaded from the Cancer Cell Line Encyclopedia.68 Cell lines were further annotated by

Non-Hodgkin lymphoma subtype using data from Cellosaurus.69 Boxplots were generated in R using ggplot2.70

For RNA-seq analysis, sequencing files were uploaded to and analyzed on the Galaxy71 Australia (usegalaxy.org.au) server.

Sequencing reads were aligned to the mouse genome (mm10) using HISAT2 v2.2.172 and read counts obtained for each gene using

the featureCounts function of subread v2.0.373 (>19.4 M reads assigned to exons per sample). Differential expression analysis was

performed using limma-voom v3.50.1.74 Lowly expressed genes that did not meet a minimum expression level (count per million >

0.5) in at least 2 samples were filtered out. Normalization was performed using the trimmed mean of M-values (TMM) method.75 The

Benjamini and Hochberg method was used to adjust p-values for multiple tests.76 Genes with adj. p-value < 0.05 and logFC > 0.58

were considered differentially expressed. Plots were generated with ggplot2 v3.3.3.70 Gene set enrichment analysis (GSEA) was per-

formed using the Molecular Signatures Database Hallmark Gene Set Collection77,78 (mapped to mouse orthologues79) with fgsea

v1.8.0.80 Gene sets with adj. p-value % 0.0015 were plotted in Prism v9.
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