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Targeting Bcl-xL is a potential therapeutic
strategy for extranodal NK/T cell lymphoma

Chuanxu Liu,1,3,8 Xinyu Ding,2,8 Gaoyang Li,2,8 Youping Zhang,3 Yubao Shao,2 Linyi Liu,2 Wenhao Zhang,1,3

Yujie Ma,3 Wenbin Guan,4 Lifeng Wang,4 Zhongli Xu,2 YungTing Chang,5 Yongqiang Zhang,6 Biao Jiang,2,7,*

Qianqian Yin,2,9,* and Rong Tao1,3,*

SUMMARY

Extranodal natural killer/T cell lymphoma, nasal type (ENKTL) is an aggressive
lymphoidmalignancywith apoorprognosis and lacks standard treatment. Targeted
therapies are urgently needed. Here we systematically investigated the druggable
mechanisms through chemogenomic screening and identified that Bcl-xL-specific
BH3 mimetics effectively induced ENKTL cell apoptosis. Notably, the specific accu-
mulation of Bcl-xL, but not other Bcl-2 family members, was verified in ENKTL cell
lines and patient tissues. Furthermore, Bcl-xL high expression was shown to be
closely associated with worse patient survival. The critical role of Bcl-xL in ENKTL
cell survival was demonstrated utilizing selective inhibitors, genetic silencing, and
a specific degrader. Additionally, the IL2-JAK1/3-STAT5 signaling was implicated
in Bcl-xL dysregulation. In vivo, Bcl-xL inhibition reduced tumor burden, increased
apoptosis, and prolonged survival in ENKTL cell line xenograft and patient-derived
xenograft models. Our study indicates Bcl-xL as a promising therapeutic target for
ENKTL, warranting monitoring in ongoing clinical trials by targeting Bcl-xL.

INTRODUCTION

Extranodal natural killer/T cell lymphoma, nasal type (ENKTL), is an aggressive and heterogeneous malignancy

of non-Hodgkin’s lymphoma with a poor prognosis.1,2 It shows a strong association with Epstein-Barr virus (EBV)

infection with a type II latency pattern, which is much more prevalent in Asia and Latin America than in

Western countries.3 For the current ENKTL treatment, asparaginase-containing regimens,such as

SMILE (dexamethasone, methotrexate, ifosfamide, L-asparaginase, and etoposide), GELAD (gemcitabine,

etoposide, pegaspargase, and dexamethasone), DDGP (dexamethasone, cisplatin, gemcitabline, and pegas-

pargase), and MEDA (methotrexate, etoposide, dexamethasone, and pegaspargase), evolve from anthracy-

cline-based chemotherapy, such as CHOP(cyclophosphamide, doxorubicin, vincristine and prednisone), and

offer superior benefits for ENKTLpatients.4–7 However, the standard therapy strategies have not yet been estab-

lished, and the prognosis of patients refractory to the asparaginase-based option or experiencing a relapse or

recurrence remains very poor with the current chemotherapy and radiotherapy treatment.8,9 Therefore, further

investigations are required to improve the understanding of the pathogenesis and therapeutics of ENKTL.

Multi-omics analysis utilizing techniques such as whole-genome sequencing and gene expression profiling

has been performed to reveal alterations of genetics, epigenetics, and signaling pathways potentially

involved in the pathogenesis of ENKTL.10,11 Recurrent genomic aberrations have been identified in

ENKTL, for example, the chromosome 6q region deletion and somatic mutations such as DDX3X, TP53,

BCOR, JAK3, STAT, and ECSIT.11 Besides, aberrant signaling pathways that are frequently activated in

ENKTL, such as the Janus-associated kinase/signal transducer and activator of transcription (JAK/STAT)

and nuclear factor kappa B (NF-kB) signaling pathways, have been uncovered to be potential therapeutic

targets.1,12 In addition, immune evasion mediated by the upregulation of programmed cell death ligand 1

(PDL1) has been revealed as an important mechanism for ENKTL survival.13 However, ENKTL pathogenesis,

especially the therapy resistance mechanism of ENKTL, is still poorly understood, and continued investiga-

tions are needed to identify critical genetic drivers of this disease.

The B cell lymphoma-2 (Bcl-2) family proteins are central regulators of apoptosis triggered bymultiple stim-

ulations and stress signals, which comprise anti-apoptotic members including Bcl-2, Bcl-xL (BCL2L1), Mcl-1,
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BFL1 (BCL2A1), and BCL-W (BCL2L2), pro-apoptotic effectors (BAK and BAX), and pro-apoptotic BH3-only

activators such as BIM (BCL2L11) and BID.14 As a key hallmark of cancer, the evasion of apoptosis is involved

in tumor development and treatment resistance, which is at least partially attributable to the aberrant

expression of the anti-apoptotic Bcl-2 family members.15,16 Therefore, the inhibitors of anti-apoptotic

Bcl-2 family members, especially with BH3mimetics, have been extensively investigated as therapeutic op-

tions for cancer.17 Bcl-xL is a well-defined pro-survival protein with the broadest spectrum of pro-apoptotic

counterparts. The predominant overexpression of Bcl-xL is correlated with disease progression and clinical

therapy resistance in a variety of solid tumors and a subset of leukemia cells.18–20 It underscores the poten-

tial application of Bcl-xL inhibitors in cancer cells addicted to Bcl-xL.

Here we performed high-throughput chemogenomic screening using a targeted chemical library of small

molecules with known drug targets and identified Bcl-xL as a critical survival factor in ENKTL. We demon-

strated the specific accumulation of Bcl-xL in ENKTL cell lines and patient tissues, and tumor-specific over-

expression of Bcl-xL is closely associated with poorer overall survival (OS) of ENKTL patients. We deci-

phered the molecular basis underlying Bcl-xL upregulation associated with the interleukin-2 (IL-2)-JAK1/

3-STAT5 signaling pathway. Moreover, the therapeutic benefits of Bcl-xL inhibition in vivo were investi-

gated in the ENKTL cell line-derived xenograft (CDX) model and patient-derived xenograft (PDX) murine

models. Collectively, Bcl-xL is identified as a critical pro-survival factor of ENKTL in vitro and in vivo, and

targeting the Bcl-xL alone or in combination with clinical chemotherapy drugs could be a promising ther-

apeutic strategy applied to this disease. Our preclinical results indicate that Bcl-xL is a promising therapeu-

tic target in ENKTL and insight into conducting clinical translational research by targeting Bcl-xL (www.

clinicaltrials.gov; #NCT05186012).

RESULTS

A chemogenomic screening identifies Bcl-xL as a potential target for ENKTL

To identify potential therapeutic targets and druggable mechanisms of ENKTL, we performed a high-

throughput cell viability screen in the ENKTL cell line SNK-6 cells21 with a chemogenomic library, including

the U.S. Food and Drug Administration (FDA)-approved drugs and bioactive inhibitors with known drug

targets (2,076 compounds) (Figure 1A and Table S1). In the primary screen in SNK-6 cells, 117 candidates

achieved more than 50% growth inhibition at the tested concentration (1 mM). These candidates were

further selected to perform the second-round screen using the same test concentrations in two other

ENKTL cell lines, SNK-1 and SNT-8.21,22 Finally, cytotoxic drugs were excluded, and 60 small-molecule

compounds with known targets were obtained for further target analysis (Figure 1B). BH3-mimetic drugs,

including a Bcl-xL/Bcl-2 dual inhibitor-Navitoclax (ABT-263) and its predecessor ABT-737, as well as two

Bcl-xL-specific inhibitors A-1331852 (A-133) and A-1155463 (A-115),16 were identified as the strong candi-

dates for effective ENKTL cell killing (Figure 1C). In contrast, specific Bcl-2 inhibitors such as ABT-19923 did

not show activity in the screening, further suggesting the vital role of Bcl-xL in ENKTL cells.

To explore whether the sensitivity of BH3 mimetics targeting Bcl-xL is closely associated with aberrant Bcl-

xL expression in ENKTL, the levels of Bcl-xL and other Bcl-2 family members were studied in ENKTL cell

lines and control cells, including normal peripheral blood mononuclear cells (PBMCs) from healthy adult

donors, purified CD56+ population from normal PBMCs, and immortalized cell lines as well as a panel of

cancer cell lines derived from hematologic malignancies and solid tumors. It is worth mentioning that

we established a new ENKTL cell line designated LY cells and demonstrated its cell morphology, cell-sur-

face marker analysis by flow cytometry, and short tandem repeat (STR) analysis (Figures S1A–S1C. Please

also see STAR methods for more details). In addition to the three ENKTL cell lines utilized above

(SNK-1, SNK-6, and SNT-8 cells), LY cells were also included in our study. Markedly, our data demonstrated

that Bcl-xL was specifically accumulated at much higher levels in all ENKTL cell lines compared with that of

PBMCs and purified CD56+ natural killer (NK) population from healthy individuals (Figure 1D). Besides, the

significant upregulation of Bcl-xL at both mRNA level (Figure 1E) and protein level (Figures 1F and 1G) was

also observed in all ENKTL cell lines compared with normal PBMCs, non-tumorigenic cells, and other types

of cancer cell lines. On the contrary, the expression patterns of other Bcl-2 family members did not exert

specific dysregulation in ENKTL cell lines except for BFL1, which was significantly decreased at the

mRNA level compared with that of normal PBMCs (Figures S2A–S2D). Of note, studies have shown that

Bcl-xL expression was elevated in several solid tumor cell lines, such as nasopharyngeal carcinoma cell lines

(NPCs) and a subset of leukemia cell lines (e.g., Molt-4), but Bcl-xL is muchmore highly expressed in ENKTL

cell lines, further suggesting the relevance of Bcl-xL overexpression and ENKTL pathogenesis.
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Figure 1. A high-throughput drug screen identifies aberrant anti-apoptosis pathways in ENKTL

(A) SNK-6 cells were seeded in 384-well plates and treated with bioactive chemogenomic library (1 mM) in the primary drug

screen. Scatterplot of the growth inhibitory rate (%) of all the compounds normalized to the negative control wells (0.1%

DMSO treatment). The dashed line represents 50% growth inhibition rate.

(B) An outline of the drug-screening procedure. 117 candidates (the growth inhibition rate >50% in SNK-6) were validated

in SNK-1 and SNT-8 cells for secondary screening.

(C) Target analysis of 60 final candidate compounds. The numbers in the sector diagram show the number of compounds

within each category. ‘‘Hits’’ highlighted in red are compounds that are inhibitors of Bcl-xL.

(D and E) The level of protein (D) and mRNA (E) of Bcl-xL were detected by western blots and quantitative real-time PCR,

respectively. p < 0.001 (***) was determined by one-way ANOVA analysis. AML, acute myeloid leukemia; ALL, acute

lymphocytic leukemia; BL, burkitt lymphoma; DLBCL, diffuse large B cell lymphoma; MCL, mantle cell lymphoma; NPC,

nasopharyngeal carcinoma. Error bars represent the mean G SD in an independent experiment, n = 6 for PBMC, NPCs

and solid tumors, n = 5 for AML, n = 4 for ENKTL and BL, n = 3 for ALL and DLBCL.

(F and G) The expression of anti-apoptotic Bcl-2 family proteins as indicated was detected by western blots. b-actin was

detected as the loading control.

Results in (D–G) are representative of at least three independent experiments.
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Tumor-specific overexpression of Bcl-xL is associated with a poor prognosis in ENKTL

patients

Next, we further assessed Bcl-xL protein levels in tumor tissues from 91 cases of ENKTL patients by immu-

nohistochemical (IHC) staining with a commercial anti-Bcl-xL antibody that specifically responded to Bcl-xL

in tumor tissues compared with tumor-adjacent tissues (Figure 2A, detailed patients’ information also see

Table S2). The tumor regions were spatially and histologically classified by hematoxylin and eosin (H&E)

staining. It is worth noting that Epstein-Barr encoded RNA (EBER) in situ hybridization assay is included

as the gold standard for the detection and diagnosis of ENKTL, which has characteristically associated

with EBV infection.2 Further IHC scoring analysis of Bcl-xL expression levels in tumors and adjacent tissues

showed that Bcl-xL was significantly upregulated in ENKTL patient tumors (Figure 2B). To gain further

insight into the specific expression pattern of Bcl-xL, we also investigated the expression levels of other

Bcl-2 family members in ENKTL patient cases by the IHC staining and quantitative real-time PCR. The re-

sults further supported that Bcl-xL, but not other Bcl-2 family members, was specifically upregulated in

ENKTL patients at both protein level (Figure 2C) and mRNA level (Figure 2D). To assess the clinical rele-

vance of Bcl-xL expression, we further analyzed the correlation of Bcl-xL expression with the OS in our

cohort of ENKTL patients. The optimal cutoff point for the definition of Bcl-xL high/low-expression sub-

groups was determined based on the median value (H-score 180) of quantitative IHC analysis in the tumor

group. Patient cases exhibiting an H-score <180 were pooled in the Bcl-xL low-expression group, whereas

patients with a higher H-score (R 180) were designated Bcl-xL high-expression group. The survival analysis

revealed that the OS of the patients with higher expression of Bcl-xL was significantly poorer than that of

the patients with lower Bcl-xL expression (p < 0.05; Figure 2E).

ENKTL cell highly depends on Bcl-xL for survival

To further verify the sensitivity of ENKTL cells to Bcl-xL-specific BH3-mimetic drugs, the Bcl-2 selective inhibitor

ABT-199 and the Mcl-1-selective inhibitor S6384524 were also included as controls. Our results in Figure 3A

showed that A-133, A-115, and ABT-263 exhibited significant anti-proliferative activities in SNK-6 (left panel)

and LY cells (right panel). A-133 and A-115 demonstrated better cellular activity than ABT-263, indicating that

the cellular potency of these Bcl-xL inhibitors is likely to be positively correlated with their binding affinity to

Bcl-xL.16 Among them, A-133 exerted the most potent activity. However, high concentrations of ABT-199 and

S63845 had no apparent inhibitory activity on SNK-6 and LY cells (Figure 3A). This pattern was consistent in

SNK-1 and SNT-8 cells (Figure S3A). Moreover, A-133 maintained selective cell killing against ENKTL cell lines

compared to normal PBMC and a panel of other cell lines derived from hematological malignancies, including

leukemia and lymphoma (Figure 3B), which was consistent with the specific overexpression of Bcl-xL in ENKTL

cell lines. In contrast, ABT-199 showed insensitivity to ENKTL cell lines (Figure S3B) but exhibited expected

activity in known Bcl-2-dependent leukemic cell lines (i.e., HL-60, RS4; 11 cells). The detailed list of IC50 values

(half-maximal growth inhibitory concentration) is included in Table S3. The apoptosis-inducing activity of Bcl-

xL-specific BH3-mimetic drugs on SNK-6 cells was further validated utilizing Annexin V/propidium iodide (PI)

staining (Figures 3C and 3D) and detection of the hallmark, including proteolytic cleavage of PARP and

caspase-3 activation (Figure 3E). Consistently, A-133 and, to a lesser extent, A-115 induced more profound

apoptosis than ABT-263, whereas ABT-199 and S63845 showed little activity. Likewise, a similar effect was

also verified in LY cells (Figure S3C). In accordance, the specific knockdown of Bcl-xL in SNK-6 cells by two in-

dependent small interfering RNAs (siRNAs) based on the nucleofection approach induced apoptosis, and the

response was further augmented following subsequent exposure to gemcitabine (Figures 3F, 3G, and S3D).

In addition, a Bcl-xL-specific proteolysis-targeting chimera (PROTAC) degrader DT2216, which has been

developed as a more tolerated alternative to ABT-263 by conjugating with the von Hippel-Lindau (VHL)

E3 ligase ligand,25 was introduced into our study. We showed that DT2216 significantly induced the

apoptosis of the ENKTL cells and triggered Bcl-xL protein degradation in a dose-dependent manner

(Figures 3H–3J). Notably, compared with Jurkat cells, a known Bcl-xL-dependent T-cell acute lymphocytic

leukemia (T-ALL) cell line, DT2216, was much less potent in degrading Bcl-xL and inducing apoptosis in

SNK-6 cells, possibly due to the much lower expression level of VHL E3 ligase (Figures S3E and S3F). These

results further supported that DT2216-induced Bcl-xL degradation is mediated by VHL E3 ubiquitin ligase,

which is consistent with the nature of PROTAC design. Consistently, U937 cells, a Bcl-xL-independent cell

line, exerted resistance to induction of apoptosis even though DT2216 achieved significant Bcl-xL degra-

dation. Taken together, our results demonstrated the addiction of ENKTL cells to Bcl-xL for survival, and

the targeted inhibition of Bcl-xL could have therapeutic benefits for ENKTL treatment.
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Activation of the IL2-JAK1/3-STAT5 pathway is associated with Bcl-xL upregulation

ENKTL initiates chronic inflammatory responses in which immune-associated pro-inflammatory cytokines

(including IL-2, tumor necrosis factor alpha [TNF-a], and interferon [IFN]-g, etc.) are overexpressed, thereby

promoting lymphoma-associated hemophagocytic syndrome (LAHPS) during the progression of lym-

phoma, and may indicate an extremely poor outcome.1,26 Elevated serum soluble interleukin-2 receptor

(sIL-2R) level was related to poor prognosis and can be used as a valuable biomarker for disease activity.27

In our ENKTL patient cohort, we found that sIL-2R levels were elevated in the patient group with higher

Figure 2. Specific high expression of Bcl-xL is associated with a poor prognosis in ENKTL patients

(A) Morphological and histopathological comparison of primary ENKTL biopsies. Representative images of Bcl-xL

immunostaining, EBER in situ hybridization (indicating tumor cells), and H&E staining are shown. Scale bars, 50 mm. (T),

tumor; (N), tumor-adjacent tissue.

(B) Distribution of Bcl-xL H-scores across 91 patients according to tumor and tumor-adjacent (n = 51 with tumor-adjacent).

p < 0.001 (***) was determined by a two-tailed t test.

(C and D) Histopathological examination (C) and the mRNA expression levels (D) of anti-apoptotic Bcl-2 family proteins in

5 patient cases from the present cohort were performed by immunostaining and quantitative real-time PCR, respectively.

Scale bars, 50 mm. (T), tumor; (N), tumor-adjacent tissue. Error bars represent the mean G SD in an independent

experiment. p < 0.001 (***) against the normal PBMC group (n = 6), two-tailed t test.

(E) Excluding patients lost to follow-up, 70 patients were included in the survival analysis. Overall survival of 70 patients for

whom Bcl-xL expression was determined and divided according to those with an H-score <180 (blue line) and H-score of

R 180 (red line). p value was determined by the log rank test. p < 0.05 (*) between the two compared groups.
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expression of Bcl-xL, indicating a possible correlation with IL-2 signaling (Figure 4A). Similar to normal NK

cells, the majority of ENKTL cell lines require IL-2 for in vitro proliferation. Our data further demonstrated

that withdrawal of IL-2 significantly suppressed Bcl-xL expression at both protein level (Figure 4B) and

Figure 3. Inhibition of Bcl-xL preferentially induces apoptosis in ENKTL

(A) SNK-6 and LY cells were treated with different BH3-mimetic drugs, and growth inhibition was evaluated by a CCK-8 assay. ABT-263, Bcl-xL/Bcl-2 dual

inhibitor; A-1331852 (A-133) and A-1155463 (A-115), Bcl-xL-specific inhibitor; ABT-199, Bcl-2-specific inhibitor; S63845, Mcl-1-specific inhibitor.

(B) Normal PBMC, ENKTL cell lines, and a panel of hematopoietic malignant cell lines were treated with A-133 at different doses, and growth inhibition was

evaluated by a CCK-8 assay.

(C and D) SNK-6 cells were incubated with 50 nM of ABT-263, A-133, and A-115, as well as 500 nM of ABT-199 and S6384 for 24 h, and the apoptosis-inducing

activity was evaluated by Annexin-V/PI staining (C). The percent of Annexin-V+ cells was quantified, including the early-stage apoptotic cell population

(Annexin-V+ PI�) and late-stage apoptotic cell population (Annexin-V+ PI+) (D).

(E) SNK-6 cells were incubated with different BH3-mimetic drugs at the indicated concentration, and the apoptosis-inducing activity was evaluated by

western blotting.

(F and G) SNK-6 cells were nucleofected with Bcl-xL siRNA, and apoptosis was evaluated with or without 100 nM gemcitabine treatment (F). Gem,

gemcitabine. The percent of Annexin-V+ cells was quantified (G).

(H–J) SNK-6 cells were incubated with Bcl-xL-specific PROTAC (DT-2216) at the indicated concentration, and the apoptosis-inducing activity was evaluated

by Annexin-V staining (H). The percent of Annexin-V+ cells was quantified (I). The expression of proteins as indicated was detected by western blots (J).

b-actin was detected as the loading control.

Error bars in (D, G, and I) represent the mean G SD of triplicate samples in an independent experiment. Statistical significance was determined by a two-

tailed t test. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) against the vehicle-treated group and between the line-pointed group. p < 0.05 (#), p < 0.01 (##), and

p < 0.001 (###) between groups in the presence or absence of gemcitabine in G. All experiments were repeated at least three times.
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Figure 4. Upregulation of Bcl-xL involves IL2-JAK1/3-STAT5 signaling pathway in ENKTL

(A) ENKTL patient serum samples were collected and assayed for human sIL-2R concentrations by ELISA. Plots represent data from indicated cohorts of

patients, n = 30 for the group with an H-score <180 and n = 32 for the group with an H-score R 180. p < 0.001 (***) was determined by a two-tailed t test.

(B–D) SNK-6 cells were deprived of IL-2 for the indicated days, and the expression of proteins as indicated (B) and mRNA level of Bcl-xL (C) were detected by

western blots and quantitative real-time PCR, respectively. The cell viability was determined by cell counting with Trypan blue (D).

(E and F) SNK-6 cells were incubated with ruxolitinib for 24 h at the indicated doses, and the expression of protein as indicated (E) and mRNA level of Bcl-xL

(F) were detected by western blots and quantitative real-time PCR, respectively. b-actin was detected as the loading control.

(G and H) SNK-6 cells were incubated with ruxolitinib at 2 mM for the indicated hours, and the expression of protein as indicated (G) and mRNA level of Bcl-xL

(H) were detected.

(I–K) the apoptosis-inducing activity of SNK-6 cells was evaluated with ruxolitinib treatment at the indicated concentration (I), as well as with 0.5 mM of

ruxolitinib following with or without 100 nM gemcitabine treatment (J) for 48 h. Gem, gemcitabine. The percent of Annexin-V+ cells was quantified (K).

(L andM) SNK-6 cells were nucleofected with specific siRNAs against STAT3 and STAT5A. The mRNA level of STAT3/STAT5A (L) and Bcl-xL (M) was detected

by quantitative real-time PCR.
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mRNA level (Figure 4C) in SNK-6 cells, thus resulting in a progressive decline in cell viability (Figure 4D),

further supporting the involvement of IL-2 signaling in Bcl-xL upregulation in ENKTL. Concomitantly,

STAT3 and STAT5 phosphorylation (as assessed by p-STAT3 and p-STAT5) was inhibited after IL-2 depri-

vation (Figure 4B).

Bcl-xL regulation is tightly controlled, and several transcription factors (i.e., STATs, Rel/NF-kB, and Ets)

have been demonstrated to be involved in Bcl-xL regulation.28 On the other hand, the intracellular signal

pathways activated by the IL-2, such as JAK/STAT pathway, have been well supported to be associated with

ENKTL pathogenesis.1,10 Based on the hints given above, JAK/STAT signaling inhibitor ruxolitinib (JAK1/2

inhibitor) was utilized to clarify the molecular mechanism of Bcl-xL dysregulation in ENKTL. The results

showed that ruxolitinib treatment significantly decreased Bcl-xL expression at both protein and mRNA

levels in SNK-6 cells in a dose-dependent (Figures 4E and 4F) and time-dependent manner (Figures 4G

and 4H) in parallel with inhibition of STAT3 and STAT5 phosphorylation, indicating that the Bcl-xL expres-

sion is transcriptionally regulated by JAK-STAT signaling. Consequently, ruxolitinib treatment induced sig-

nificant cell apoptosis (Figure 4I) and enhanced chemosensitivity to gemcitabine in SNK-6 cells (Figures 4J

and 4K). To further investigate the participation of JAK1, JAK2, and JAK3 in Bcl-xL regulation, JAK isoform-

selective inhibitors were utilized. Our data demonstrated that specific inhibitors of JAK1 (JAK1i, upadaci-

tinib) and JAK3 (JAK3i, PF-06651600) dose-dependently (Figures S4A and S4B) and time-dependently

(Figures S4D–S4F) reduced the Bcl-xL expression at both protein andmRNA levels in SNK-6 cells. However,

the inhibitor of JAK2 (JAK2i, fedratinib) was much less potent in regulating Bcl-xL expression (Figure S4C).

Correspondingly, JAK1i and, to a lesser extent, JAK3i exerted more potent cellular activity than JAK2i (Fig-

ure S4G). Moreover, the specific knockdown of STAT3 and STAT5 was performed to clarify their involve-

ment. The results demonstrated that STAT5A knockdown was more potent in reducing Bcl-xL expression

compared to STAT3, suggesting a more important role of STAT5 in Bcl-xL upregulation (Figures 4L and

4M). Consistently, increased baseline levels of p-STAT5 were positively correlated with higher Bcl-xL levels

in ENKTL cell lines (Figures 4N and S4H). On the contrary, the levels of p-STAT3 were not significantly corre-

lated with Bcl-xL expression (Figures S4H and S4I). Similarly, treatment of LY cells with ruxolitinib, JAK1i,

and JAK3i resulted in a significant reduction of Bcl-xL at both protein and mRNA levels, whereas JAK2i

was much less potent in downregulating Bcl-xL (Figures S5A–S5D). Consistently, the combination of ruxo-

litinib and gemcitabine significantly increased the apoptosis of LY cells (Figure S5E). Furthermore, IL-2

deprivation also suppressed Bcl-xL expression at protein and mRNA levels (Figure S5F) and a gradual in-

crease in cell death in LY cells (Figure S5G). Collectively, all these data indicated a relevant role of the IL2-

JAK1/3-STAT5 pathway in Bcl-xL dysregulation in ENKTL.

Bcl-xL inhibition significantly inhibits tumor growth and prolongs survival in the SNK-6 cell

xenograft and PDX xenograft murine models

To establish amurinemodel of ENKTL to evaluate potential therapies of Bcl-xL inhibition in vivo, we transfected

SNK-6 cells with the construct carrying luciferase reporter and generated SNK6-Luc cells. SNK6-Luc cells were

injected intraperitoneally (i.p.) in highly immune-deficient NOD/ShiLtJGpt–Prkdcem26Cd52Il2rgem26Cd22/Gpt

(NCG)mice, and human recombinant IL-2 was also administered to support the cell proliferation in vivo accord-

ing to the previously reported procedure.29 SNK6-Luc tumor-bearing NCGmice were orally administrated with

A-133, ABT-263, and ABT-199 for two weeks followed by treatment cessation (Figure 5A). The dosing regimen

was determined by balancing tolerability and efficacy. Dosing schedules for ABT-263, A-133, and ABT-199were

previously reported in murine xenograft models such as lung cancer and acute lymphoblastic leukemia

models.16 In our preliminary dosing testing experiment (data not shown), we observed a significant and rapid

weight loss in NCGmice utilizing a previously reported dosing regimen of A-133 (25mg/kg twice daily). There-

fore, the dose of A-133 was reduced to half (25 mg/kg once daily), and a 2-week intermittent schedule for five

days of consecutive administration followed by two days of rest per week (5-day-on/2-day-off) was employed to

achieve tolerability and optimal anti-tumor efficacy. Similarly, ABT-263 treatment at the halved dosing of

50 mg/kg once daily showed better tolerability in NCG mice than a previously reported dosing of

100mg/kg. Therefore, ABT-263 was administered at 50mg/kg once daily for two weeks. ABT-199 was included

as the control at the same dose as ABT-263 at 50mg/kg once daily for two weeks, and the NCGmice were well

Figure 4. Continued

(N) The correlation between the p-STAT5 level with Bcl-xL expression was analyzed by Pearson’s correlation.

Error bars in (C, D, F, H, I, and K–M) represent themeanG SD of triplicate samples in an independent experiment. p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***)

against the vehicle-treated or si-scramble group and between the line-pointed group, two-tailed t test. Results are representative of at least three

independent experiments.
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Figure 5. Inhibition of Bcl-xL demonstrates preferential activity in the CDX murine model of ENKTL

(A) Schematic of the xenograft mouse model. Luciferase-expressing SNK-6 cells were injected i.p. in NCG mice. SNK6-Luc tumor-bearing mice were

grouped and treated with vehicle, ABT-263 (50 mg/kg), A-133 (25 mg/kg), and ABT-199 (50 mg/kg) for two weeks by oral administration and were observed

for at least another week after drug withdrawal (nR 6 for each group). Mice were humanely euthanized at the pre-defined endpoint (see the STARmethods).

(B) SNK6-Luc tumor-bearing mice of each group were analyzed for tumor growth through bioluminescence imaging.

(C) Quantitative results were analyzed for each group and expressed as total photon values per second (Total Flux [p/s]). Error bars represent the meanG SD

in each group (n R 6 for each group). p < 0.001 (***) against the vehicle-treated group, two-tailed t test.

(D) The survival (%) and lifetime (days) of xenograft mice in each group were recorded (nR 8 for each group), and Kaplan-Meier survival analysis was shown. p

value was determined by the log rank test. p < 0.001 (***) against the vehicle-treated group.

(E) Representative H&E and immunohistochemical staining of human Ki-67 and cleaved caspase-3 in tumor sections from drug-treated mice. Mice received

the continuous daily treatment of different drugs at doses as indicated for four days (nR 3 for each group). All mice were humanely euthanized at 6 h after the

last injection and tumor sections were harvested. Scale bars, 50 mm. The red arrow indicates apoptotic cells.

(F–H) Quantitative results were analyzed in each group for apoptotic cells (F), Ki-67 positive cells (G), and cleaved caspase-3 positive cells (H).

Error bars in (F–H) represent the mean G SD in each group (n = 10 images per group). p < 0.001 (***) against the vehicle-treated group, two-tailed t test.
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tolerated. ABT-263 at the dose of 50 mg/kg and A-133 at the dose of 25 mg/kg significantly delayed tumor

growth by bioluminescence measurements, which were maintained even after drug discontinuation

(Figures 5B and 5C). Conversely, ABT-199 at the dose of 50 mg/kg showed weak activity in vivo. Following

drug treatment (day 14), there was a reduction in platelet numbers (Figure S6A) and body weight (Figure S6B)

in either ABT-263 or A-133 treatment group due to the on-target thrombocytopenia caused by the Bcl-xL in-

hibition. However, the platelet counts and body weight rebounded to pre-treatment levels by the time of

drug withdrawal for a week. Furthermore, therapy with ABT-263 and, to a greater extent, A-133 exerted

improved therapeutic efficacy, as evidenced by the significant survival prolongation of tumor-bearing mice

compared with the vehicle treatment (Figure 5D). In contrast, ABT-199-treated mice had a worse OS rate

than ABT-263- and A-133-treated groups. In addition, the therapeutic efficacy of ABT-263 and A-133 in vivo

was also supported by decreased levels of the cell proliferation marker Ki-67 and increased levels of the

apoptotic markers cleaved caspase-3 in tumor sections of drug-treated mice following the continuous daily

treatment for four days (Figures 5E–5H).

Utilization of PDXs as preclinical models for investigating the molecular basis of pathogenesis and identifying

new therapeutics of ENKTL is urgently needed. According to the process illustrated in Figure S7A, we gener-

ated and characterized two ENKTL PDX models from two relapsed and refractory clinical patients (termed

PDX-#1 and PDX-#2), corresponding to the patient cases (No. 1 andNo. 2) in Figure 2C, who exhibited specific

Bcl-xL high expression as demonstrated by IHC staining and quantitative real-time PCR, respectively

(Figures 2C and 2D). Primary tumor tissues from the two ENKTL patients were engrafted into NCG mice,

and the PDX mice showed symptoms such as a faster breathing rate, rough fur, decreased physical activity,

and apparent weight loss and developed splenomegaly when the disease occurred (Figure 6A). Histological

analyses showed similarities of histologic features-CD56+ EBER+ Ki-67high between PDX tumor and the

parental patient biopsies (Figure 6B). Moreover, the PDXmice also displayed aggressive tumor cell tissue infil-

tration, with significant infiltration of human malignant tumor cells into the spleen, liver, kidney, and lung

tissues accompanied by strong EBER positive signals (Figures S7B and S7C), consistent with the highly aggres-

sive characteristic of ENKTL in the clinic. Besides the spleen, the flow cytometry analysis revealed that CD56-

positive humanmalignant tumor cells also accumulated in the bonemarrow (BM) in the PDXmice (Figure S7D).

Additionally, hemophagocytosis was occasionally observed by Giemsa-Wright’s staining of BM smears (Fig-

ure S7E). Besides, a comparison of the STR DNA fingerprinting analysis in tumor tissues from the two PDX

models and the corresponding original patient showed very strong concordance as indicated by the percent-

age of identity, 97% for PDX-#1 and 100% for PDX-#2 (see Table S4). All the results above showed that the

engrafted tumors from our established ENKTL PDX models faithfully represented the immunophenotypic

and genetic characteristics of the original primary patient tumors. We next performed the efficacy evaluations

of Bcl-xL inhibition in the two PDX models in vivo.

In the vehicle-treated group, the PDX-#1 mice developed the disease evidenced by splenomegaly and kid-

ney color alteration from pink to white, suggesting a massive malignant infiltration. Targeted inhibition of

Bcl-xL with ABT-263 and A-133, but not inhibition of Bcl-2 with ABT-199, significantly alleviated tumor pro-

gression and exerted therapeutic benefits in the PDXmodel as evidenced bymorphological observation of

spleen and kidney (Figure 6C). In accordance with this result, treatment of both ABT-263 and A-133 sub-

stantially inhibited the percentage of human HLA-DR+ CD56+ tumor cells accumulated in the spleen,

BM, and kidney in opposition to the vehicle and ABT-199 treatment by flow cytometry (Figure 6D). More-

over, both A-133 and ABT-263 treatment significantly improved the survival of PDX-#1 mice in vivo, and

A-133 showed the best survival outcomes (Figure 6E). However, ABT-199 failed to prolong the survival

of PDX-#1 mice. We also investigated drug efficacy in characterized PDX-# 2 mice (Figure S7F). In the

vehicle-treated group, mice showed significant infiltration of human malignant cells into the BM by flow

cytometry analysis, and targeted inhibition of Bcl-xL with ABT-263 and A-133 significantly reduced tumor

cell infiltration in the BM by flow cytometry (Figure 6F). Collectively, the above data indicated that targeted

inhibition of Bcl-xL exhibits therapeutic promise in preclinical in vivo models.

Bcl-xL blockade exerts synergistic effects combined with clinical chemotherapy drugs

Due to the relative resistance of ENKTL to conventional chemotherapy, we further explored the efficacy of

Bcl-xL inhibition in combination with multiple chemotherapeutic agents, including L-asparaginase (L-ASP),

gemcitabine (Gem), oxaliplatin (Oxa), and etoposide (Eto), which are incorporated into multiple non-an-

thracycline-based ENKTL regimens. ENKTL cells were incubated with increasing concentrations of Bcl-

xL inhibitors and different clinical chemotherapy drugs alone or in combination at a constant ratio for 48
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Figure 6. Inhibition of Bcl-xL exhibits potential therapeutic efficacy in PDX murine models of ENKTL

(A) The primary PDX mice were humanely euthanized at the pre-defined endpoint (see the STAR methods). The representative macroscopic appearance of

normal mice and PDX-#1 (P1) mice (top), tumor, and spleens (bottom).

(B) Pathological features of the primary tumor from the patient (primary T, top) and tumor section from the PDX-#1 (P1) mice (PDX T, bottom) were

characterized by H&E, CD56, EBER, and Ki-67 staining. Scale bars are 50 mm.

(C) The single-cell suspensions of spleens of P1 passagemice (PDX-#1) were transplanted to secondary recipient mice (P2 passage). These mice were treated

with ABT-263 (50 mg/kg), A-133 (25 mg/kg), and ABT-199 (50 mg/kg) for two weeks by oral administration as described in Figure 5 (nR 6 for each group). The

representative macroscopic appearance of the spleen (top) and kidney (bottom) in each group of PDX-#1 mice are shown.

(D) The percent of anti-human HLA-DR+CD56+ cells of the spleen, bone marrow (BM), and kidney cells derived from different drugs-treated PDX-#1 mice (P2

passage, n R 3 for each group) by flow cytometry.

(E) The survival (%) and lifetime (days) of different drug-treated PDX-#1 mice (P2 passage) were recorded (n = 10 for each group), and Kaplan-Meier survival

analysis was shown. p value was determined by the log rank test. p < 0.001 (***) against the vehicle-treated group.

(F) The percent of anti-human HLA-DR+ cells of BM cells derived from different drugs-treated PDX mice of PDX-#2 model (P2 passage, nR 3 for each group)

by flow cytometry.

Data in (D and F) represent themeanG SD in each group. Statistical significance was determined by a two-tailed t test. p < 0.05 (*), p < 0.01 (**), and p < 0.001

(***) against the vehicle-treated group; p < 0.05 (#), p < 0.01 (##), and p < 0.001 (###) against ABT-199-treated group in D and F.
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Figure 7. Bcl-xL inhibition exerts synergistic effects with clinical chemotherapy drugs

(A–D) SNK-6 cells were incubated with increasing concentrations of Bcl-xL inhibitor A-133 and different clinical chemotherapy drugs- L-Asp (A), Gem (B), Eto

(C), and Oxa (D) alone or in combination for 48 h. Cell viability was determined by CCK8 assay. The CI and Fa values for the combination were calculated

using the CalcuSyn software.
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h. The combination index (CI) values and fraction (Fa) values for the combination were calculated using

CalcuSyn software. Compared with single drug treatment alone, the combination exhibited enhanced

cytotoxicity. Our data showed that Bcl-xL blockade through A-133 exerted synergistic effects combined

with these chemo-drugs with the CI value <1 in SNK-6 cells (Figures 7A–7D) and LY cells (Figures S8A–

S8D). Consistently, A-133 combined with these chemotherapy agents resulted in significantly increased

apoptosis in SNK-6 cells assessed by Annexin V/PI staining (Figures 7E–7H) and western blot analysis

(Figures 7I–7L). Meanwhile, the combination of ABT-263 paired with these chemotherapy agents was

also defined with synergistic effects on SNK-6 cells (Figures S8E–S8H) and LY cells (Figures S8I–S8L). Collec-

tively, the data above showed that Bcl-xL inhibition sensitized ENKTL cells to chemotherapy drugs, further

supporting that Bcl-xL overexpression at least partially contributes to chemotherapy resistance and that

Bcl-xL inhibition could provide a potential therapeutic benefit for ENKTL treatment.

DISCUSSION

ENKTL is a unique clinicopathological entity typically associated with poor survival outcomes. However, to

date, standard treatment strategies have not been defined. L-asparaginase-containing chemotherapy reg-

imens have improved clinical outcomes in ENKTL treatment.30 Patients who failed asparaginase-based

therapy have limited treatment options with a median survival of <6 months31 Nowadays, immune check-

point inhibitors (anti-PD-L1/PD-1 antibodies) and targeted therapies (Histone deacetylase [HDAC] inhibi-

tors, chidamide) have also shown promising results in early trials.32–34 So, there is great need to identify new

therapeutic targets, prognostic factors, and novel effective therapeutic agents. Here we performed high-

throughput chemogenomic screening using a targeted chemical library of small molecules with known

drug targets to identify potential therapeutic targets and druggable mechanisms of ENKTL.

On the one hand, our screening results revealed that inhibitors targeting HSP90, HDAC, JAK, proteasome,

and PI3K, exerted good cellular potency in ENKTL cells, and these signaling pathways are well supported

to be involved in ENKTL pathogenesis.1,35 On the other hand, our screening data identified the aberrant

apoptotic pathway in ENKTL pathogenesis and indicated Bcl-xL as a critical survival factor. Recently Sejic

et al. have reported that the blockade of Bcl-xL induces cell apoptosis of EBV+ T/NK cell lines.36 However,

there are several points to note. First, the cell lines utilized by Sejic et al. were derived from three different

disease types of EBV-positive T/NK cell lymphoproliferative diseases (EBV-TNKLPD). EBV-TNKLPD is a

group of disorders ranging from reactive lymphoproliferative diseases to fulminant malignancies. In detail,

SNK-15 and SNT-16 cells were derived from chronic active EBV infection (CAEBV), a non-malignant T/NK

cell proliferative disease. SNK-6 and SNT-8 cells corresponded to ENKTL, as wementioned earlier, an EBV-

related aggressive malignancy, most of NK origin and minor portion of T cell lineage. MEC04 is actually an

NK leukemia cell line obtained from peripheral bloodmononuclear cells of a patient who should have been

diagnosed with aggressive NK cell leukemia rather than ENKTL because of the presence of 17% abnormal

NK leukemia cells in the circulating blood.37 Although they shared a common feature, the type II latency of

EBV infection, previous studies have reported that additional abnormalities are likely to be involved in the

malignant transformation of NK/T cells besides EBV infection.38 The variability of Bcl-xL expression across

different EBV+ T/NK cell lines shown by Sejic et al. suggests that the pathological mechanisms of these cor-

responding disease types are different. In addition, we also noted some discrepancies and inconsistencies

in the results reported by Sejic et al.: 1) Sejic et al. showed that Bcl-xL expression was much higher in SNK-6

and SNT-8 cells than that of CAEBV-derived SNK-15 and SNT-16 cells as well as NK-cell leukemia cell line

MECO4. However, these two ENKTL cell lines were much less sensitive to Bcl-xL inhibitors than the other

three cell lines, to both A-133 and ABT-737,39 the predecessor of ABT-263. The inconsistency between Bcl-

xL expression and cellular potency to Bcl-xL inhibitors does not appear to support the dependence of

ENKTL on Bcl-xL. 2) Although A-133 increased tumor latency in SNK-6-tumor-bearing mice, it was ineffec-

tive in attenuating tumor burden in vivo. It seems difficult to explain this discrepancy regarding the limited

availability of IL-2 in mice as there was no difference in the responsiveness of SNK-6 cells to A133 in the

presence and absence of IL-2 in vitro. Therefore, it is of importance to clearly elucidate the dysregulation

of Bcl-xL in ENKTL cell lines and clinical samples, the clinical significance, the functional implications in vitro

Figure 7. Continued

(E–L) SNK-6 cells were incubated with A-133 (10 nM) in the presence or absence of L-Asp (0.2 U/mL) (E & I), Gem (80 nM) (F & J), and Eto (6.25 mM) (G& K) for 24

h, as well as Oxa (6.25 mM) (H & L) for 48 h. The apoptosis-inducing activity was evaluated by Annexin-V staining (E–H) and western blotting (I–L). Error bars in

(E–H) represent themeanG SD of triplicate samples in an independent experiment. Statistical significance was determined by a two-tailed t test. p < 0.05 (*),

p < 0.01 (**), and p < 0.001 (***) against the vehicle group and between the line-pointed group; n.s, not significant. All experiments were repeated at least

three times.
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and in vivo, especially in the in vivo PDX models, as well as the underlying mechanism of Bcl-xL dysregu-

lation in ENKTL.

First, we demonstrated the specific accumulation of Bcl-xL, but not other Bcl-2 family members, in ENKTL

cell lines and clinical biopsies, which confers the potent efficacy of ENKTL cells to selective Bcl-xL BH3-

mimetic drugs. Accordingly, Bcl-xL inhibition with A-133, A-115, and ABT-263 exhibits significant anti-

proliferative activity in four utilized ENKTL cell lines, including SNK-1, SNK-6, SNT-8 cells, and a new

cell line LY cell, derived from our established PDX murine model. However, high concentrations of

Bcl-2-specific inhibitor ABT-199 and Mcl-1-specific inhibitor S63845 had no obvious inhibitory activity

on these ENKTL cells. In addition, we also show that A-133 maintained selective cell killing of ENKTL

cell lines compared to normal PBMCs and a panel of other hematological malignancy cell lines. More

importantly, our study uncovered the aberrant expression of Bcl-xL in ENKTL patient specimens with

low survival rates and poor prognosis for the first time, supporting that Bcl-xL is a potential target for

ENKTL and its inhibitors may have promising therapeutic effects. Next, we further deciphered the mo-

lecular mechanisms underlying the Bcl-xL dysregulation associated with the IL2-JAK1/3-STAT5 signaling

axis. Consequently, our results further highlight the importance of JAK-STAT signaling in ENKTL, consis-

tent with the published literature,1,12 supporting the JAK signaling pathway as a potential therapeutic

target for ENKTL. Increasing evidence has shown that the aberrant activation of the JAK-STAT pathway

may be due to the overexpression or gain-of-function mutations in different components of the pathway

and the stimulation of soluble growth factors or cytokines in their microenvironment, which are likely to

be associated with cancer development and progression.40 Activating mutations involving the JAK-STAT

signaling pathway (mainly JAK3, STAT3, and STAT5B) have been reported in the ENKTL mutation profile

and may play an important role in disease pathogenesis.41,42 Furthermore, reports demonstrated that

ruxolitinib-containing treatment could increase the clinical response rate of patients with ENKTL,43 sup-

porting the JAK signaling pathway as a potential therapeutic target for ENKTL. We also noticed that the

apoptosis-inducing efficiency of JAKi (i.e., ruxolitinib) through downregulation of Bcl-xL expression was

less potent than specific BH3 mimetics by direct inhibition of Bcl-xL activity. We speculated that since

Bcl-xL is highly expressed in ENKTL cell lines, although JAKi treatment can significantly downregulate

Bcl-xL, the residual Bcl-xL protein still exerts anti-apoptotic function due to the dependence of ENKTL

cells on its function. This suggests that a combination of reducing Bcl-xL expression levels and inhibiting

Bcl-xL activity may augment therapeutic efficacy. However, it is worth noting that inhibition of JAK

signaling is accompanied by undesired systemic side effects, likely due to impaired immune cell devel-

opment and function associated with JAK inhibition, such as T cells, NK cells, B cells, and dendritic

cells.44 Therefore, it is imperative to balance the positive and negative effects of JAKi therapy and define

a beneficial therapeutic window. In addition, JAKi resistance often occurs, mainly due to acquired muta-

tions in the kinase domain.45 Thus, targeting the functionally crucial target proteins suggests new ap-

proaches to JAKi in cancer therapy. As a key downstream cell survival factor, targeting Bcl-xL might over-

come resistance or intolerance to JAKi therapy. Then, we further investigated the functional role of Bcl-xL

in ENKTL in preclinical studies and uncovered the addiction of ENKTL to Bcl-xL for survival in vitro and

in vivo. We utilized siRNA knockdown, Bcl-xL-specific BH3 mimetics, and Bcl-xL-specific PROTAC to

elucidate Bcl-xL as a key survival factor in ENKTL. Moreover, Bcl-xL inhibition sensitizes ENKTL cells to

a range of chemotherapeutic agents, suggesting that Bcl-xL-mediated apoptotic resistance at least

partially accounts for the chemoresistance of ENKTL. It should be noted that despite advances in cell

transfection approaches, NK cells and NK cell lines remain relatively resistant to transfection, including

nucleofection. In addition, Bcl-xL is predominantly highly expressed in ENKTL cell lines, and it is, there-

fore, challenging to achieve efficient and sufficient Bcl-xL knockdown by genetic approach in ENKTL cell

lines. Partial loss of Bcl-xL expression upon siRNA knockdown compromised the induction of apoptosis

but increased sensitivity to gemcitabine-induced cell apoptosis. PROTACs targeting Bcl-xL have been

developed as a safe strategy to achieve robust degradation and inhibition of Bcl-xL while reducing

on-target platelet toxicity due to minimal expression levels of VHL and Cereblon (CRBN) E3 ligase in

platelets.46 However, VHL-recruiting PROTAC-DT2216 exerts moderate potency to trigger Bcl-xL protein

degradation and induce apoptosis in ENKTL cells, possibly due to the low expression level of VHL E3

ligase. Therefore, future attempts can be made to evaluate the expression of CRBN in ENKTL cells

and the activity of CRBN-based PROTAC targeting Bcl-xL, such as XZ424 and XZ73946 in vitro and in vivo.

Furthermore, we carefully managed the utilization of Bcl-xL inhibitors in our in vivo studies and

demonstrated the excellent efficacy of Bcl-xL inhibition on the CDX and PDX murine models in vivo.
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The doses of ABT-263 and A-133 were half of those previously reported in lung cancer and acute

lymphoblastic leukemia models,16 suggesting a better safety profile. Although decreased platelet

counts due to Bcl-xL inhibition were also observed, platelet counts and body weight rebounded to

pre-treatment levels once the drug was discontinued. A clinical study demonstrated the promising ef-

ficacy of ABT-263 in a phase 1 dose-escalation study in lymphoid malignancies (ClinicalTrials.gov,

NCT00406809). In the study, 10 of 46 patients with evaluable disease had partial responses, including

one patient with ENKTL and 9 patients with chronic lymphoid leukemia (CLL)/small lymphocytic lym-

phoma (SLL) or follicular lymphoma (FL).47 The clinical benefit in CLL/SLL and FL patients was mainly

associated with Bcl-2 inhibition by ABT-263. Based on our findings, we speculate that the ENKTL pa-

tient may benefit from ABT-263-mediated Bcl-xL inhibition. However, ABT-263 failed in clinical trials

due to its on-target platelet toxicity, likely due to the essential role of Bcl-xL protein in the survival

of human platelets.48,49 Therefore, the application of other tolerated alternative strategies to reduce

the on-target platelet toxicity of Bcl-xL inhibitors can also be considered50: i.e., highly potent Bcl-xL

degrader (PROTAC), Bcl-xL-targeting antibody-drug conjugate (ADC), prodrug-based approaches

(APG-1252), and Bcl-xL inhibitor-based combination therapies. A phosphate prodrug (APG-1252) was

developed as a dual Bcl-xL/Bcl-2 inhibitor that was less cell permeable to platelets than cancer cells.

Upon reaching cancer cells, APG-1252 is converted to APG -1252-M1, an active form, to induce cancer

cell apoptosis. Compared with ABT-263, APG-1252 has more potent anti-tumor activity but less throm-

bocytopenic toxicity and is currently in clinical trials in various solid tumors. Based on these findings,

we will explore an open-label, multi-center phase Ib/II study of the safety, pharmacokinetic (PK), phar-

macodynamic (PD), and efficacy of APG-1252, a novel targeted Bcl-xL/Bcl-2 inhibitor developed by As-

centage Pharma, as a single agent or in combination with chidamide in relapsed/refractory peripheral

T cell lymphomas (PTCLs) patients, including ENKTL. This study was registered at www.clinicaltrials.gov

as NCT05186012.

Limitations of the study

The number of in vitro cell lines and CDX models utilized in this study is limited, due to the restricted avail-

ability of cell lines for ENKTL, a rare disease type. Future research will necessitate the expansion of ENKTL

cell lines, particularly those with xenograft potential in vivo.

Given the targeted platelet toxicity of Bcl-xL inhibitors, the development of alternative strategies to reduce

toxicity and enhance clinical treatment benefits is a promising approach. Although our study demonstrates

the biological activity of specific PROTACs targeting Bcl-xL and the synergistic effects of Bcl-xL inhibition

combined with clinical chemotherapeutic drugs at the cellular level, the translation of in vitro activity to

in vivo efficacy warrants further investigation. Evaluating treatment regimens to determine the optimal bal-

ance between tolerability and effectiveness is essential.

Our research sheds light on the upstream regulatory mechanisms of Bcl-xL dysregulation; however, the

in vivo anti-tumor activity resulting from targeting the underlying mechanism remains to be explored.

The potential therapeutic benefits of targeting the upstream regulatory mechanism in vivo and the feasi-

bility of combinatorial treatment approaches involving both the reduction of Bcl-xL expression levels and

the inhibition of Bcl-xL activity call for further investigation in future studies.
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Phospho-STAT3 (Tyr705) Cell Signaling Technology Cat# 9145; RRID: AB_2491009

STAT5 Cell Signaling Technology Cat# 9363; RRID: AB_2196923

Phospho-STAT5 (Tyr694) Cell Signaling Technology Cat# 4322; RRID: AB_10544692

VHL Cell Signaling Technology Cat# 68547; RRID: AB_2716279

PARP Cell Signaling Technology Cat# 9532; RRID: AB_659884

cleaved PARP Cell Signaling Technology Cat# 5625; RRID: AB_10699459

caspase3 Cell Signaling Technology Cat# 9662; RRID: AB_331439

cleaved caspase3 Cell Signaling Technology Cat# 9664; RRID: AB_2070042

b-actin Cell Signaling Technology Cat# 12620; RRID: AB_2797972

b-tubulin Cell Signaling Technology Cat# 5346; RRID: AB_1950376

Chemicals, peptides, and recombinant proteins

ABT-263 Selleck S1001

ABT-199 Selleck S8048

A-1331852 Selleck S7801

A-1155463 Selleck S7800

S63845 Selleck S8383

Oxaliplatin Selleck S1224

Etoposide Selleck S1225

L-Asp MedChemExpress HY-P1923

Ruxolitinib MedChemExpress HY-50856

Upadacitinib MedChemExpress HY-19569

Fedratinib MedChemExpress HY-10409

PF-06651600 MedChemExpress HY-100754

Gemcitabine MedChemExpress HY-17026

D-Luciferin potassium salt Perkin-Elmer #122799

PrimeScript�RT reagent Kit with gDNA Erase Takara Biomedical Technology Cat# RR047A

PowerUp� SYBR� Green Master Mix Thermo Scientific Inc A25779

Trizol Invitrogen Cat# 15596-026

Collagenase V Sigma-Aldrich Cat# C9263

DNase I Sigma-Aldrich #10104159001

Red Blood Cell Lysis Solution Sangon Biotech Cat# B541001

Cocktails Merck Cat# 539134

Critical commercial assays

AnnexinV-PI apoptosis detection kit BD Pharmingen #556547

Bradford assay kit Thermo Scientific Inc Cat# 23246

P3 Primary Cell 4D X Kit Lonza V4XP-3032

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CCK-8 assay Dojindo Molecular Technologies # CK04

Experimental models: Cell lines

SNK-1 Tokyo Medical and Dental University N/A

SNK-6 Tokyo Medical and Dental University N/A

SNT-8 Tokyo Medical and Dental University N/A

LY Jiang Biao’s laboratory, Shanghaitech

University

N/A

Experimental models: Organisms/strains

Mouse:6 week-old Male NCG mice: NOD/

ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt

GemPharmatech NO. T001475

Oligonucleotides

Si-STAT3-#1-F:GCUAUCUCAUCUAUGUGUU GenePharma N/A

Si-STAT3-#1-R:AACACAUAGAUGAGAUAGC GenePharma N/A

Si-STAT3-#2-F:GCUUUAGUGACUCAGAAAU GenePharma N/A

Si-STAT3-#2-R:AUUUCUGAGUCACUAAAGC GenePharma N/A

Si-STAT5A-#1-

F:GCCAUAUAUUGUACAAUGA

GenePharma N/A

Si-STAT5A-#1-

R:UCAUUGUACAAUAUAUGGC

GenePharma N/A

Si-STAT5A-#2-

F:GAAUAUGUCCCUGAAACGA

GenePharma N/A

Si-STAT5A-#2-

R:UCGUUUCAGGGACAUAUUC

GenePharma N/A

Si-Bcl-xL-#1-F:AGAGCUUUGAACAGGUAGU GenePharma N/A

Si-Bcl-xL-#1-

R:UCUCGAAACUUGUCCAUCATT

GenePharma N/A

Si-Bcl-xL-#2-F:GUGGAACUCUAUGGGAACA GenePharma N/A

Si-Bcl-xL-#2-R:CACCUUGAGAUACCCUUGU GenePharma N/A

Si-Screamer-F:GCATCAAGATAAGATCAAA GenePharma N/A

Si-Screamer-R:CGTAGTTCTATTCTAGTTT GenePharma N/A

RT-qPCR STAT3-

F:ATCACGCCTTCTACAGACTGC

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR STAT3-

R:CATCCTGGAGATTCTCTACCACT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR STAT5A-

F:CAGTGGTTTGACGGGGTGAT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR STAT5A-

R:GTCGTGGGCCTGTTGCTTAT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR Bcl-xL-

F:GCTTGGATGGCCACTTACCT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR Bcl-xL-

R:CGACTGAAGAGTGAGCCCAG

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR Bcl-2-

F:GAACTGGGGGAGGATTGTGG

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR Bcl-2-

R:GCCGGTTCAGGTACTCAGTC

Tsingke Biotechnology Co., Ltd. N/A

(Continued on next page)

ll
OPEN ACCESS

20 iScience 26, 107369, August 18, 2023

iScience
Article



RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Qianqian Yin (yinqq@shanghaitech.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report any 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

Cell lines and cell culture

SNK-1, SNK-6, and SNT-8 were kindly provided by Dr. Norio Shimizu of Tokyo Medical and Dental University

and were cultured in RPMI-1640medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and

700 U/mL interleukin-2 (IL-2, Shanghai Huaxin High Biotec). Human malignant cell lines, including NB4, U937,

Jurkat, OCI-AML-3, Ramos, Raji, RS4; 11, Namalwa, SU-DHL-4, Dudi, Molt-4, HCI-H23, T-47D, Capan-1, A549,

SW620, and MDA-MB-231, as well as human non-tumorigenic cells including RWPE-1, HFF-1, and HL-7702,

were obtained from ATCC and the Shanghai Cell Bank of the National Science Academy of China (Shanghai).

GES-1 cells were obtained fromCancer Hospital Chinese Academy of Medical Sciences. Nasopharyngeal car-

cinoma cells were obtained from Sun Yat-sen University Cancer Center. All cell lines were cultured according

to the provider’s instructions in a humidified incubator at 37�C and 5% CO2/95% air (v/v) and were routinely

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RT-qPCR Mcl-1-

F:AACGCGGTAATCGGACTCAA

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR Mcl-1-

R:AACGCGGTAATCGGACTCAA

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR BFL1-

F:TTGTGTCCGTAGACACTGCC

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR BFL1-

R:GGGGCAATTTGCTGTCGTAG

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR BCL-W-

F:GGCGGAGTTCACAGCTCTAT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR BCL-W-

R:GGCGGAGTTCACAGCTCTAT

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR b-Actin-

F:GGATTCCTATGTGGGCGACGA

Tsingke Biotechnology Co., Ltd. N/A

RT-qPCR b-Actin-

R:GCGTACAGGGATAGCACAGC

Tsingke Biotechnology Co., Ltd. N/A

Software and algorithms

CalcuSyn N/A N/A

GraphPad Prism Graphpad N/A

CytoFLEX Beckman N/A

Other

Human CD56 MicroBeads Miltenyi Biotech #130-050-401

ll
OPEN ACCESS

iScience 26, 107369, August 18, 2023 21

iScience
Article

mailto:yinqq@shanghaitech.edu.cn


checked and negative for mycoplasma contamination as assessed by the MycoAlert Mycoplasma Detection

Kit (Lonza).

Animals

All animal experiments were conducted at the Laboratory Animal Center at the National Centerfor Protein

Science Shanghai. All experimental protocols for the procedures with animals were approved by the com-

mittee for the humane treatment of animals at Shanghai Tech University and Shanghai Jiao Tong University

School of Medicine (IACUC approval # 20201026001). 4–6 weeks male NCG mice (NOD/ShiLtJGpt-

Prkdcem26Cd52Il2rgem26Cd22/Gpt, Strain NO.T001475) weighing approximately 18–20 g of were purchased

from the GemPharmatech and maintained in an SPF animal housing facility. Mice had access to food

and water ad libitum and were kept at a constant temperature on a 12-h light/dark cycle.

Human subjects

The cohort consists of 91 patients with pathologically confirmed ENKTL at Xinhua Hospital Affiliated to

Shanghai Jiao Tong University School of Medicine from January 2017 to January 2021, including 21 patients

from other hospitals who underwent pathology consultation at Xinhua Hospital and were excluded from

the survival analysis due to the lack of follow-up. Informed consent was obtained from all patients in accor-

dance with the Declaration of Helsinki, and all manipulations were approved by the Medical Science Ethic

Committee of Xinhua Hospital, Shanghai Jiao Tong University School of Medicine (permission No. XHEC-

D-2018-006). After ethical approval, tumor samples and specimens were obtained. The detailed clinical and

pathological information including age, gender, clinical stages and IHC score in this study were listed in

Table S2.

METHOD DETAILS

Primary cell isolation

PBMCs (peripheral blood mononuclear cells) obtained from six healthy adult donors were purchased from

Shanghai Miao-tong Biological Technology (PB009C-1, HemaCare). In addition, the human primary CD56+

NK cells were enriched and purified from PBMCs of one healthy adult donor using miniMACS (Magnetic

cell selection) and human CD56 MicroBeads (130-050-401, Miltenyi Biotech) following the manufacturer’s

instructions. The xenograft mice were euthanized by CO2 inhalation at humane endpoint. Once euthanasia

was performed, collection of tissues was initiated immediately and was complete within 3 min. Spleens

were removed from PDX mice and were homogenized into a single-cell suspension using PBS supple-

mented with 2% FBS. The single-cell suspension of bone marrow derived from PDX mice was prepared

by keeping flushing the bones with PBS till the bones’ color turned from red to white. The tumor pieces

or infiltrated tissue (i.e., kidney) pieces of xenograft mice were substantially minced into small pieces

and then digested with an enzyme mixture with collagenase V (1 mg/mL, cat# C9263, Sigma-Aldrich)

and DNase I (1 mg/mL, 10104159001, Sigma-Aldrich) at 37�C. Red blood cells were then lysed by resus-

pending cells in Red Blood Cell Lysis Solution (cat# B541001, Sangon Biotech, Shanghai). The cell suspen-

sions were filtrated through a 70 mm strainer to remove cell aggregates and cell viability was determined.

High throughput compound screening

The chemical compound library used for screening consisted of 2,076 FDA-approved drugs and bioactive

products. Compounds were dissolved in DMSO in StorPlate-384V (PerkinElmer) and added into 384-well

plates (Thermo) pre-seeding with SNK-6 cells (2 3 105/mL, 60 mL/well) at a final concentration of 1 mM

(0.1% DMSO) through the Agilent Bravo liquid handling platform. The wells were incubated at 37�C, 5%
CO2 for 48 h, and cell growth was detected utilizing the CCK-8 assay (CK04, Dojindo Molecular Technol-

ogies, MD) by reading the absorbance at 450 nm in a microporous plate detection system (PerkinElmer

Envision, California). In each 384-well assay plate, 24 wells were used as the positive control (0.1%

DMSO with 1 mM Gemcitabine), 24 wells as the negative control (0.1% DMSO without any compounds),

and 16 wells as blank control. Compounds showing greater than 50% inhibition relative to negative controls

were considered ‘‘hits’’. The drug screening results are included in Table S1.

Cell growth inhibition

2 3 105/mL cells were seeded into a 96-well or 384-well tissue culture plate. Then compounds were 2-fold

serially diluted in the corresponding medium into each well. Cells were incubated for 48 h, and cell growth

was evaluated utilizing the CCK-8 assay. The readings were normalized to the DMSO-treated cells and
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fitted using a nonlinear regression analysis with the GraphPad Prism 8 software to obtain the IC50 value for

each compound.

Cell apoptosis

Cells were seeded in 12-well plates and treated with the indicated treatments for 24–48 h. The apoptosis

assays were conducted using the AnnexinV-PI apoptosis detection kit (556547, BD Pharmingen) and

analyzed by the CytoFLEX (Beckman Coulter).

Immunohistochemistry

Immunohistochemical stainingwas performedon aDakoOmnis Autostainer (Dako, Agilent Technologies Inc.)

according to the manufacturer’s instructions. Briefly, sections were baked at 60�C for 30 min and then loaded

onto the Dako Omnis Autostainer for deparaffinization, antigen retrieval, antibody incubation, and detection.

Antigen retrieval was performed using EnVision FLEX Target Retrieval Solution, high pH at 97�C for 30 min.

The primary antibody (1:200 dilution, CST) was incubated at room temperature or 4�C. Detection was per-

formed using the EnVision FLEX/HRP reagent for 30 min. The IHC staining of positive and negative controls

was performed to determine the specificity of the observed antibody staining. Positive control issues included

breast cancer tissue (for Bcl-2, Mcl-1), lung cancer tissue (for Bcl-xL), rectal cancer tissue (for BCL-W), and colon

cancer tissue (for BFL1). Negative controls included: the mouse isotype control (for Bcl-2) and the rabbit iso-

type control (for Bcl-xL, Mcl-1, BCL-W, and BFL1). For the quantitative analysis, the H-score was calculated

based on the staining intensity and percentage of stained cells. The intensity score was defined as follows:

0, negative; 1, weak staining; 2, intermediate staining; 3, strong staining. The fraction of positive cells was

scored as 0–100%. The H-score was calculated by multiplying the intensity and fraction scores, producing a

total range of 0–300. The optimal cutoff point for the definition of Bcl-xL high/low expression subgroups

was calculated. Patient cases exhibiting an H-score (<180) were pooled in the Bcl-xL low expression group,

whereas patients with a higher H-score (R 180) were designated Bcl-xL high expression group.

Western blotting

23 105 cells/mL were plated in 6-well plates and treated with compounds as indicated. Cells were collected,

washed with cold 1 3 PBS, and lysed in 1 3 SDS buffer containing protease inhibitor cocktails (cat.539134,

Merck). Protein in cell lysate was quantified by detergent-compatible Bradford assay kit (cat.23246, Thermo).

The Millipore immobilon Western chemiluminescence substrate was used for signal development. Blots were

imaged in an Amersham Imager 600 (G.E. Healthcare).

Quantitative real-time PCR

Total RNA was extracted using Trizol (cat.15596-026, Invitrogen) and reverse transcribed into cDNA using

the PrimeScript RT reagent Kit with gDNA Eraser (Perfect Real Time) (cat. RR047A, Takara Biomedical Tech-

nology). Real-time PCR was performed using PowerUp SYBR Green Master Mix (Thermo Scientific Inc).

Melting curve analysis was performed to ensure amplification specificity. Relative gene expression was

calculated using the 2-DDCt method. Primers used for qPCR are as follows.

RNA interference

SNK-6 and LY cells (53 105 cells) were nucleofected with 50 pmol of each target siRNA duplex using Amaxa

P3 Primary Cell for 4D-Nucleofector X Kit S (cat. V4XP-3032, Lonza) according to the manufacturer’s proto-

col. Then cells were incubated for 24–48 h and collected for future analysis.

Short tandem repeat (STR) analysis

STR analysis was performed using PowerPlex 18D system (Promega Corporation) according to the manufac-

turer’s instructions. DNA extracted from tumor tissues was amplified by multiplex PCR for 21 loci, including 20

STR loci -D13S317, D18S51, D19S433, D21S11, D3S1358, D7S820, D8S1179, D16S539, D2S1338, D5S818,

D1S1656, D6S1043, D12S391, fibrinogen a chain (FGA), Penta E, Penta D, von Willebrand factor type A

(vWA), THO1, TPOX, CSF1PO, and amelogenin. Primers and DNA polymerase were included in the kit (cat.

no. DC1802; Promega Corporation). The internal lane standard was labeled with the dye WEN (included in

the kit). PCR products were electrophoresed on an ABI 31303L Genetic Analyzer (Applied Biosystems;

Thermo Fisher Scientific, Inc.) and analyzed with GeneMapper 4.0 software (Thermo Fisher Scientific, Inc.) us-

ing allelic ladders supplied by Applied Biosystems (Thermo Fisher Scientific, Inc.). The SRT analysis results in

tumor tissues from the two PDX models and the corresponding original patient are in Table S4.
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Establishment and analysis of CDX xenograft model

SNK-6 cells stably transfected with luciferase reporter (termed SNK6-Luc) were intraperitoneal (i.p.) injected

into highly immune-deficient NCG mice, and human recombinant IL-2 was also administered to support

the cell proliferation in vivo according to the previously reported procedure.29 Two weeks after transplanta-

tion, SNK6-Luc tumor-bearing NCG mice were grouped according to the bioluminescence value using a

Xenogen IVIS imaging system. NCGmicewere treatedwith vehicle, ABT-263, ABT-199, andA-1331852 at indi-

cated doses for two weeks (nR 6 for each group) and were observed for at least another week after drug with-

drawal. ABT-263 and ABT-199 were administrated consecutively for 14 days, and A-1331852 was given for five

consecutive days, followed by two days of rest per week. Drugs were formulated in DMSO/Cremophor EL/sa-

line (1:2:7, v/v). The tumor growth was measured through bioluminescence following an intravenous injection

of 150mg/kg (15mg/mL in PBS) D-luciferin (cat.122799, PerkinElmer Envision, California) after anesthesia for a

short period of time (30 s–1 min) in a sealed chamber containing the inhalation anesthetic isoflurane. The pe-

ripheral blood cells were collected from the tail using a capillary tube after anesthesia with isoflurane for

platelet count analysis. Apply pressure or use a cauterizing agent to stop the bleeding. Tumor-bearing

mice were euthanized by CO2 inhalation conformed to the following termination criteria: when the tumor vol-

ume reached 10% of net body weight, or the tumor size exceeded 1.5 cm in diameter, or when the animals

became moribund with severe weight loss (>15%), or mice showed signs of distress. The mice were placed

in a transparent box that released pure CO2 at the defined humane endpoint. When mice were observed

to faint, CO2 continued to be released for 2 mins for euthanization. The tumor section was isolated for H&E

and immunohistochemical staining of human Ki-67 and cleaved caspase-3 in tumor sections of drug-treated

mice following the continuous daily treatment for four days. All animal handling was approved by the commit-

tee for the humane treatment of animals at Shanghai Tech University and Shanghai Jiao Tong University

School of Medicine (IACUC approval # 20201026001).

Establishment and analysis of PDX xenograft models

Surgical tumor samples used for PDXmice were obtained from two relapsed and refractory ENKTL patients

from Xinhua Hospital of Shanghai Jiao Tong University School of Medicine in accordance with the Decla-

ration of Helsinki, and were approved by the Medical Science Ethic Committee of Xinhua Hospital,

Shanghai Jiao Tong University School of Medicine (permission No. XHEC-D-2018-006). Tumor cells for

PDX -#1 were obtained from a patient with relapsed/refractory ENKTL failing radiotherapy,

L-asparaginase-based regimens (P-Gemox, MEDA), and anti-PD1 antibody (Tislelizumab), the disease

relapsed with nasopharyngeal, skin, and bone marrow involvement. The skin lesion biopsy was collected

at the stage of disease progression after the last line of PD-1 mAb therapy. Tumor cells for PDX-#2 were

obtained from a relapsed ENKTL patient following treatment with CHOP+RT (cyclophosphamide, doxoru-

bicin, vincristine, and prednisone plus radiotherapy), L-asparaginase-based regimens (P-Gemox, MEDA),

and anti-PD1 antibody (Tislelizumab), the disease relapsed with skin of lower limbs, muscle, spleen, and

lymph node involvement. The skin lesion biopsy was collected at the stage of disease progression after

the last line of PD-1 mAb therapy. In brief, surgically removed tumor tissues (P0) were cut into fragments

of �15 mm3 and implanted using a trocar needle subcutaneously into male NCG mice (6–8 weeks) within

2 h for engraftment (P1). The PDX mice were given an intraperitoneal injection of human recombinant IL-2

to support engraftment according to the procedure described in the SNK-6 xenograft model above. When

the PDX-P1 mice exhibited such rough fur, decreased physical activity, a faster breathing rate, and

apparent weight loss, the disease occurred. Then the PDX mice were euthanized by CO2 inhalation con-

formed to the following termination criteria: when the tumor volume exceeded 1000 mm3, or the tumor

size exceeded 1.5 cm in diameter, or when the animals became moribund with severe weight loss

(>15%), or mice showed signs of distress. The mice were placed in a transparent box that released pure

CO2 when reaching the defined humane endpoint. When mice were observed to faint, CO2 continued

to be released for 2 mins for euthanization. The tumor pieces or infiltrated tissue were dissected and the

xenografts were transferred by serially passaging to secondary recipient NCG mice. The transplantation

of tumor cells from the isolated single-cell suspension of spleen cells (i.v.; 2 3 106 cells/mouse) of P1

PDX mice was performed to passage to secondary recipient NCG mice (P2). The in vivo efficacy of BH3-

mimetic drugs of Bcl-2 family members was performed on day 7 after engraftment in P2 passage of PDX

mice according to the administration protocols in the SNK-6 xenograft model. The mice were euthanized

by CO2 inhalation conformed to the above euthanization criteria. The survival time of each mouse was re-

corded and the tumor pieces or infiltrated tissue were dissected for future analysis. All animal handling was

approved by the committee for the humane treatment of animals at Shanghai Tech University and Shanghai

Jiao Tong University School of Medicine (IACUC approval # 20201026001).
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Establishment and characterization of LY cells

The novel ENKTL cell line LY was established from PDX-#1 murine model. After two PDX passages, sepa-

ration of CD56+ cells were performed by positive selection cell sorting methods utilizing anti-human CD56

antibody-based magnetic beads (MACS, Miltenyi Biotec) from splenic mononuclear cells of the PDX-#1

murine model (anti-human CD56+ population: 73.4% before MACS isolation versus 94.58% after MACS

isolation). The purified CD56+ cells were subjected to cell culturing under the same culture conditions as

SNK-6 cells in the supply of human recombinant IL-2 until the cells constantly doubled their number within

24 h. The detailed information is shown in Figure S1. The morphology of LY cell cells is similar to that of

SNK-6 cells, exerting several cell clumps in suspension and medium to large cell size with large nuclei

and abundant cytoplasm. Cell-surface marker analysis by flow cytometry revealed that LY cells are HLA-

DR+CD3�CD16�CD56+, indicating an NK phenotype. Finally, the STR patterns of the LY cells did not match

those of any cell lines in the public cell banks, such as the ATCC, DSMZ, or JRCB, and did not contaminate

with murine cells. Hence it is concluded that LY is a new ENKTL cell line.

Synergy calculations

The combination index (CI) values and Fraction (Fa) values for the drug combination at a constant ratio were

calculated using CalcuSyn software. CI < 1 indicates synergism; CI = 1 indicates additivity; CI > 1 indicates

antagonism.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as the mean G SD and n represents the number of biological replicates, unless

otherwise stated. All cellular experiments consisted of a minimum of three independent replicates and

were repeated at least three times. Statistical tests were performed using Microsoft Excel and GraphPad

Prism Software version 8.0. For comparisons of the two groups, a two-tailed unpaired t-test was used.

For comparisons of multiple groups, a one-way ANOVA analysis of variance was used. A Log rank test

was performed for survival curves. The levels of significance were set at p < 0.05 (*), p < 0.01 (**), and

p < 0.001 (***). Details for each figure are included in the Figure Legends.

ADDITIONAL RESOURCES

The clinical Trial has been registered on ClinicalTrials.gov (Identifier: NCT05186012, URL: https://clinicaltrials.

gov/ct2/show/NCT05186012).
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