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Abstract

Glioblastoma (GBM) is the most prevalent and aggressive primary central nervous system (CNS) 

malignancy. YM155 is a highly potent broad spectrum anti-cancer drug that was derived from 

a phenotypic screen for functional inhibitors of survivin expression, but for which the relevant 

biomolecular target remains unknown. Presumably as a result of its lack of cell type selectivity, 

YM155 has suffered from tolerability issues in the clinic. Based on its structural similarity to 

the GBM-selective prodrug RIPGBM, here, we report the design, synthesis, and characterization 

of a prodrug form of YM155, termed aYM155. aYM155 displays potent cell killing activity 

against a broad panel of patient-derived GBM cancer stem-like cells (IC50 = 0.7-10 nM), as 

well as EGFR-amplified and EGFR variant III-expressing (EGFRvIII) cell lines (IC50 = 3.8-36 

nM), and becomes activated in a cell type-dependent manner. Mass spectrometry-based analysis 

indicates that enhanced cell type selectivity results from relative rates of prodrug activation in 

transformed versus non-transformed cell types. The prodrug strategy also facilitates transport into 

the brain (brain-to-plasma ratio, aYM155 = 0.56; YM155 = BLQ). In addition, we determine that 

the survivin-suppressing and apoptosis-inducing activities of YM155 involve its interaction with 

receptor-interacting protein kinase 2 (RIPK2). In an orthotopic intracranial GBM xenograft model, 
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aYM155 prodrug significantly inhibits brain tumor growth in vivo, which correlates with cell type 

selective survivin-based pharmacodynamic effects.

Graphical Abstract

INTRODUCTION

Glioblastoma (GBM) is the most common form of brain cancer in adults and corresponds 

to grade IV astrocytoma by WHO classification.1, 2 The current standard of care treatment 

for GBM involves maximal surgical resection, followed by daily radiation and concurrent 

chemotherapy using the antineoplastic DNA alkylating agent Temozolomide (TMZ).3 

Despite advances in surgery, the disease remains virtually incurable and is one of the most 

lethal human cancers, typically causing mortality within one year.4, 5 Much of what makes 

treatment so difficult is attributed to a population of cells within the tumor termed cancer 

stem-like cells (CSCs), which possess stem-like characteristics, including invasiveness and 

therapy resistance, and survive treatment to repopulate bulk tumor.6–9 Thus, there is a 

pressing need for brain-penetrant drugs that effectively target not only bulk tumor but also 

the CSC-like population that underlies poor prognosis in GBM.

We have previously reported on the discovery of a small molecule termed RIPGBM, which 

was identified from a large scale cell-based chemical screen (>106 library) involving primary 

patient-derived GBM CSCs.10 RIPGBM induces cell death selectively in diverse brain tumor 

cell types, including GBM CSCs, and was found to robustly reduce tumor burden in the 

context of an orthotopic intracranial GBM xenograft model following oral administration of 

a well-tolerated dose.10 Metabolite identification studies revealed that RIPGBM undergoes 

an intramolecular cyclization reaction in GBM cells, to form an imidazolium species termed 

cRIPGBM.10 Based on observed differences in the rates of cRIPGBM formation in sensitive 

transformed GBM cells when compared to insensitive non-diseased control cell types, as 

well as the observed more potent yet less cell type selective cell killing profile of cRIPGBM, 

it was determined that the cell type selectivity of RIPGBM is derived, at least in part, by 

its ability to act as a prodrug.10 In addition to the more favorable cell-based selectivity 

profile of RIPGBM, the prodrug form was found to have excellent brain exposure, whereas 

the positively charged imidazolium-containing cRIPGBM species is unable to penetrate the 
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blood-brain barrier.10 Using a mass spectrometry-based proteomics approach involving a 

photoactivatable affinity probe derivative of cRIPGBM, receptor-interacting protein kinase 

2 (RIPK2) was identified as a relevant biomolecular target for cRIPGBM in the context 

of tumor cells.10 Mechanistic studies revealed that cRIPGBM acts as a molecular switch, 

which upon binding to RIPK2 alters its binding partners, leading to dissociation from 

Transforming Growth Factor-b (TGF-b)-activated kinase 1 (TAK1) and association with 

Caspase 1 (Casp1), which leads to the induction of Caspase1 (Casp1)-dependent cell 

death.10

Here we report on a significant improvement in potency for the RIPGBM scaffold through 

the characterization of sepantronium bromide (YM155), a clinical stage oncology drug 

identified based on its ability to suppress the expression of survivin. Additionally, we report 

on a significant improvement in the cell-based selectivity and therapeutic index profile 

of YM155 and provide insight into its mechanism of action. Survivin is a member of 

the inhibitor of apoptosis (IAP) family that plays a critical role in cell cycle progression 

and cell survival.12 It has been shown to be overexpressed in a number of different 

carcinomas and has been demonstrated to positively correlate with tumor progression and 

resistance to chemotherapy.13, 14 YM155 is an imidazolium-containing small molecule 

that was discovered from a phenotypic high throughput screen for functional inhibitors 

of survivin expression using a survivin gene promoter reporter-based assay.15 YM155 has 

been demonstrated to suppress survivin expression and induce apoptosis at pM and low nM 

concentrations in a variety of preclinical cancer cell models including hormone refractory 

prostate cancer, non-Hodgkin’s Lymphoma, sarcoma, non-small cell lung cancer, and breast 

cancer.16, 17 Though its anti-cancer activity has been well studied, the precise mode of action 

for YM155 remains unclear. Notably, YM155 efficacy has been shown to be contingent 

upon the expression of the solute carrier SLC35F2, which was demonstrated to be required 

for YM155 drug import.18 However, the relevant biomolecular target responsible for its 

survivin-inhibiting and cell killing activity remains to be elucidated.

Despite its remarkable preclinical efficacy and satisfactory results in phase I clinical trials 

when evaluated at low doses, YM155 has proven to be a disappointment in phase II efficacy 

trials when evaluated as a single agent.19–23 In general, tolerated human exposure levels are 

not associated with anti-cancer activity and those associated with moderate efficacy suffer 

from tolerability and toxicity issues.20, 23 Based on observed cell-based therapeutic indices 

described below, these observations are predictable and likely result from a lack of cell 

type selectivity in the killing of tumor versus non-tumor cell types. Based on the similarity 

of the chemical structures of YM155 and cRIPGBM, we evaluated YM155 in the context 

of GBM. Potentially due to its complete lack of CNS exposure, YM155 has never been 

tested in patients with GBM. Our principal findings are that YM155 induces cell death in 

a broad panel of GBM cell types at low- and sub-nM concentrations and that the cell type 

selectivity profile and brain exposure properties of YM155 can be significantly enhanced 

using a prodrug strategy that is analogous to that which we elucidated for RIPGBM (Figure 

1A). Additionally, we characterize that YM155-mediated suppression of survivin and its 

tumor killing activity involves its interaction with RIPK2, thereby shedding mechanistic 

insight into the mode of action of this clinical stage drug.
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RESULTS

aYM155 prodrug induces cell death selectively in brain cancer cells.

Based on structure-activity relationship (SAR) studies associated with the RIPGBM scaffold 

and the high degree of structural similarity that exists when comparing the chemical 

structures of cRIPGBM and YM155 (Figure 1A), we hypothesized that YM155 might serve 

as an effective modulator of GBM cell survival and act to induce cell death by interacting 

with RIPK2 via the proposed mechanism for cRIPGBM (Figure 1B).

To explore the relevance of YM155 in the context of GBM, we evaluated the activity 

of YM155 using the primary patient-derived GBM CSC lines used in the discovery of 

RIPGBM (i.e., GBM-A and GBM-F), as well as control non-diseased cell types (i.e., 

primary human astrocytes (HA), WA09 human ES cell-derived neural progenitor cells 

(NPC), and primary human lung fibroblasts (HLF)).10, 24 YM155 was found to be a highly 

effective and potent anti-GBM agent (Figures 2A and S1A). The potency of YM155 was 

observed to be significantly improved relative to cRIPGBM, displaying single digit and 

sub-nanomolar IC50 values related to cell killing in GBM CSCs (YM155, GBM-A IC50 = 

4.5 nM, GBM-F IC50 = 780 pM, Figure 2E; cRIPGBM GBM-A IC50 = 27 nM, GBM-F IC50 

= 70 nM, Figures 2B and S1B). However, YM155 was found to suffer from a poor cell type 

selectivity profile, being similarly cytotoxic to non-transformed cells when evaluated using 

a panel of control cell types (HA IC50 = 5.1 nM, NPC IC50 = 5.0 nM, HLF IC50 = 92 nM; 

Figures 2E and S1C).

Our hypothesis for why YM155 has had challenges in Phase II efficacy-based clinical trials 

stems from our observations that YM155 lacks cell-based selectivity and is equivalently 

and potently toxic to non-transformed cell types. We speculate that this narrow therapeutic 

index has limited efficacy at tolerated doses that have been evaluated in the clinic. Based 

on our studies with RIPGBM and the associated prodrug model for selective cytotoxicity 

(i.e., differentiational activation of an acyclic prodrug in target cell types facilitates cell 

type selectivity), we determined if we could apply an analogous approach to improve 

the therapeutic index and clinical potential of YM155. The proposed basis for cell type 

dependent differences in prodrug activation, based on chemical reactivity experiments10, 

is that altered redox potential or redox-related biotransformation in sensitive cancer cell 

types leads to reduction of the RIPGBM quinone moiety, which serves to enhance the 

nucleophilicity of the benzylic amine and facilitates its addition to an adjacent acetamido 

group. The resulting intramolecular cyclization, followed by dehydration, leads to formation 

of a cytotoxic imidazolium species (Figure S2). The corresponding putative prodrug acyclic 

naphthoquinone form of YM155, analogous to the structure of RIPGBM (Figure 2C) and 

termed aYM155 (Figure 2D), was synthesized and tested using the panels of primary GBM 

CSC and control cell types described above. aYM155 was found to have potent cytotoxic 

activity when evaluated in GBM CSC cell types (GBM-A IC50 = 10 nM, GBM-F IC50 

= 650 pM; Figures 2F and S1D). Compared to the initial generation RIPGBM molecule 

(GBM-A IC50 = 200 nM, GBM-F IC50 = 400 nM; Figure S1E), aYM155 demonstrates 

>100-fold improvement in potency in GBM CSCs. Potentially of more importance, based 

on its evaluation in control cell types (HA IC50 = 62 nM, NPC IC50 = 97 nM, HLF IC50 
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= 2.0 μM; Figures 2F and S1C), aYM155 displays a notably improved selectivity profile 

when compared to YM155 (Figure 2G). Based on comparisons of potency in GBM CSCs 

and relevant control neural cell types, when compared to YM155, aYM155 is ~equivalent or 

2.2-fold less potent in target cell types (i.e., in GBM-F and GBM-A, respectively) and 12- or 

19-fold less potent in non-target neural cell types (i.e., HA and NPC, respectively) (Figure 2, 

E and F).

We hypothesized that the cell type selectivity displayed by aYM155 is derived, at least in 

part, from our proposed prodrug activation mechanism (Figure S2). To determine relative 

rates of YM155 formation in target versus control cell types, we used a targeted mass 

spectrometry-based metabolite identification approach to evaluate relative rates of aYM155 

activation, corresponding to a −18 species, in disease and non-diseased cell types. Following 

24 hours of aYM155 treatment (100 nM), relative levels of aYM155 and YM155 in 

normalized extracted cell pellets were quantitatively assessed. Despite being significantly 

above its IC50 value in GBM CSCs (i.e., <10 nM), 100nM aYM155 was used to overcome 

instrumentation-based limits of detection on the mass spectrometer, which represented a 

challenge of working with this new highly potent agent when compared to RIPGBM. 

At the evaluated concentration and incubation timepoint, aYM155 was converted to the 

−18 species corresponding to cyclic YM155 molecule in all cell types tested (Figure 2H). 

Importantly, and consistent with the hypothesis of pro-drug activation corresponding to cell 

type sensitivity, rates of conversion to the active YM155 cyclic derivative were significantly 

higher in GBM CSC populations compared to non-transformed control cell types (Figure 2, 

H and I). Presumably, at lower more relevant concentrations, or shorter periods of in vivo 
exposure, differences in the relative levels of active drug form in target versus insensitive 

non-target cell types facilitates cell type-dependent selective cytotoxicity.

We next evaluated aYM155 and YM155 using a broader panel of GBM patient-derived 

neurosphere cell lines, including both EGFRwt-amplified cells and EGFRvIII-expressing 

cells, a frequent mutation in GBM which confers increased proliferation and invasiveness to 

glioma cells.25 Encouragingly, both YM155 and aYM155 were active on all diseased cell 

types tested (YM155 IC50 = 2.3 nM-12 nM, aYM155 IC50 = 3.8 nM-36 nM; Figure 2, J 

and K). The observed selectivity of aYM155 prodrug for all GBM cell types compared to 

control cell types (aYM155 IC50 = 3.8-36 nM versus IC50 = 62-97 nM in control neural 

cell types; Figure 2, K and F) is significantly improved when compared to YM155 (i.e., 

2.3-23 nM versus 5 nM in control neural cell types; Figure 2, J and E). This selectivity 

is also in stark contrast to that of standard of care drug Temozolomide (TMZ), which 

has been shown to be selectively toxic to non-diseased cell types and to which GBM 

CSCs are prone to resistance.6, 7, 10 O6-methylguanine-DNA-methyltransferase (MGMT) 

promoter methylation status is a prognostic biomarker for the predicted response of GBM 

patients to TMZ DNA alkylating agent therapy. 26–28 Encouragingly, both YM155 and 

prodrug aYM155 displayed potent cytotoxic activity when evaluated in either hypo-MGMT 

methylated (U118MG YM155 IC50 = 3.7 nM, aYM155 IC50 = 11 nM) or hyper-MGMT 

methylated (LN229 YM155 IC50 = 2.8 nM, aYM155 IC50 = 12 nM) cell lines (Figure S1, F 

and G).29
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YM155 activity is dependent upon its interaction with RIPK2.

Despite having reached a stage of extensive human clinical investigation, following its 

discovery from a phenotypic screen for inhibitors of survivin expression, the direct 

biomolecular target and mode of action of YM155 remains unclear. Previously, cRIPGBM 

was determined to induce caspase-1 (Casp1)-mediated cell death based on its ability to 

interact with RIPK2 and act as a molecular switch that alters RIPK2 ubiquitination status 

and an associated change in RIPK2 protein complex formation, ultimately resulting in 

disruption of TAK1-dependent proliferative signaling and association with and activation 

of Casp1 (Figure 1B).10 Based on the structural similarity of cRIPGBM and YM155, we 

hypothesized that RIPK2 is a relevant target of YM155, which could serve to mediate its cell 

killing function. To explore the mechanistic relevance of RIPK2 in the context of YM155, 

we first asked if the ability of YM155 to inhibit survivin expression is impacted by loss 

of RIPK2. shRNA-mediated knockdown of RIPK2 in U87MG cells (Figure S3A), stably 

expressing EGFRvIII, resulted in a significant rescue of survivin expression following 24 

hours of treatment with a high concentration (100 nM) of YM155 (Figure 3A). Further, 

RIPK2 knockdown was found to significantly ablate the ability of YM155 to induce tumor 

cell death. Specifically, at a concentration corresponding to the 24-hour IC50 value, loss 

of RIPK2 resulted in a significant rescue of cell viability in the context of both YM155 

(20 nM, Figure 3B) and aYM155 prodrug (160 nM, Figure 3C). We next asked if another 

member of the RIPK family, receptor-interacting protein kinase 1 (RIPK1), which has 

been previously implicated in proposed potential therapeutic approaches to the treatment 

of GBM involving necroptotic-based alternative death pathways,30 might contribute to the 

mechanism of action of YM155.30 To this end, we assessed the cytotoxicity of YM155 

and aYM155 in U87-EGFRvIII cells following shRNA-mediated RIPK1 knockdown. No 

significant differences in sensitivity to either agent was observed in the context of induced 

tumor cell death (Figure S3B-D).

We next evaluated whether the scope of YM155-RIPK2 dependence expanded beyond brain 

cancer by conducting further mechanistic studies using HT-1080 fibrosarcoma cells, which 

are sensitive to YM155 treatment (IC50 = 3.1 nM, Figure S3E), exhibit significant prodrug 

conversion (Figure S3F), and express RIPK2 to a similar degree as GBM CSCs (Figure 

S3G). shRNA-mediated knockdown of RIPK2 in HT-1080 cells (Figures S3, H and I) was 

found to significantly ablate the ability of YM155 to reduce survivin mRNA (Figure S3J) 

and protein levels (Figures 3D and S3, K-N), following 24 hours of treatment. Indeed, 

compared to the significant reduction observed with 10 nM YM155 treatment in HT-1080 

non-targeting shRNA control cells, a concentration of 100 nM YM155 was required to 

significantly impact survivin protein levels in RIPK2 shRNA cells (Figures 3D and S3, 

K-N).

To further examine the potential role of RIPK2 in the mechanism of YM155-mediated 

cell killing, we measured compound induced cytotoxicity and Casp1 activation in RIPK2 

shRNA knockdown and non-targeting shRNA control HT-1080 cells. After 24 hours, loss of 

RIPK2 resulted in a significant rescue of cell viability in the context of both YM155 (4 nM, 

Figure 3E) and aYM155 prodrug (40 nM, Figure 3F) treatment. We also assessed Casp-1 

and Casp-3/7 activation. Importantly, it has been previously demonstrated that RIPK2 serves 
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as a key mediator of Casp-1-dependent apoptosis in hypoxia induced neuronal cell death, 

and Casp-1 was demonstrated to facilitate cRIPGBM-mediated RIPK2-dependent GBM cell 

killing.10, 31, 32 Consistent with the proposed mechanism of action, YM155 was found to 

induce time dependent activation of Casp-1 in HT-1080 fibrosarcoma cells, as well as both 

EGFRvIII amplified U87MG cells and GBM CSCs. (Figure S4, A-C). Following 8 hours 

of treatment, Casp-3/7 activation was observed with either YM155 or aYM155 prodrug, 

which was significantly reduced in RIPK2 shRNA knockdown cells when compared to 

non-targeting shRNA control cells (Figure 3, G and H). Interestingly, consistent with 

the reported requirement of SLC35F2 for transport of YM155 across cell membranes18, 

SLC35F2 shRNA knockdown ablated the ability of not only YM155 but also aYM155 

to facilitate Casp3/7 activation (Figure 3, G and H). Previous studies have shown RIPK2 

is a critical downstream mediator of NOD1 and NOD2 signaling and is essential for the 

activation of IκB kinase (IKK), resulting in the phosphorylation of IκBs.33 To assess the 

ability of YM155 to modulate RIPK2 function in this context, we analyzed changes in 

IκBα phosphorylation following stimulation of NOD2 with L-18 MDP. L-18 MDP caused 

an increase in IκBα phosphorylation in U87EGFRvIII cells, indicative of the expected 

activation of NFκB pathway signaling (Figure S4D).34 Consistent with the ability of YM155 

to modulate RIPK2 function, pretreatment with 100nM YM155 reduced IKK activation, as 

shown by a decrease in observed IκBα phosphorylation levels (Figure S4D). Together, these 

data support the ability of YM155 to target RIPK2 and modulate its function.

We next assessed the ability of YM155 to directly interact with RIPK2, via the RIPGBM 

binding site, using in vitro competitive binding assays involving purified constructs of 

recombinant full length RIPK2 and our previously reported biotinylated photoactivatable 

affinity probe termed cRIPGBM-PAP (Figure 3I, apparent Kd = 2.3 μM for RIPK210). 

YM155 was found to competitively inhibit UV-dependent covalent labeling of RIPK2 by 

cRIPGBM-PAP (1 μM), by at least 50% at concentrations as low as 30nM (Figure 3, J and 

K). We next directly compared the ability of YM155 to competitively inhibit UV-dependent 

covalent labeling, relative to the less potent previous generation molecule (i.e., cRIPGBM). 

Consistent with their observed relative cell-based potencies, in terms of overall cytotoxicity, 

YM155 inhibits cRIPGBM-PAP RIPK2 labeling ~10-fold more potently than cRIPGBM 

(Figure S4, E and F). Collectively, we conclude that YM155 interacts with RIPK2 at the 

same binding site as cRIPGBM and that enhanced binding affinity directly tracks with 

observed improvements in cell-based potency. Taken together, these results suggest that 

RIPK2 is a relevant target of YM155 and that RIPK2 is required for YM155-mediated 

inhibition of survivin expression and induced cell death.

aYM155 penetrates the brain and inhibits tumor growth in a GBM intracranial xenograft 
model.

Although YM155 has been tested across a breadth of phase II clinical trials for various 

indications of cancer, it has never been tested in glioblastoma patients. This could stem from 

its reported lack of brain exposure35, an issue which significantly hampers the development 

of therapeutic agents for the treatment of brain cancers. Consistent with previous reports, in 

a brain tissue distribution pharmacokinetic study using 6-week-old CD-1 mice, we observed 

that YM155 (10 mg/kg, P.O.) has no brain exposure above limits of quantification (Figure 
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4A). In contrast, and consistent with what is observed for the relative brain exposure of 

RIPGBM and cRIPGBM, the aYM155 prodrug was found to possess reasonable brain 

exposure properties (10 mg/kg, P.O., brain Cmax= 32 nM, brain/plasma concentration ratio 

= 0.56, Figure 4A). Further, in a two-week mouse tolerability study in naïve animals, oral 

delivery of aYM155 was well tolerated at 1.0 and 5.0 mg/kg B.I.D. doses, based on weight 

loss and behavioral observations (Figure S5A). Modulation of the basicity of aromatic 

amine-containing systems has the potential liability of introducing hERG ion channel 

inhibitory activity. In a hERG channel inhibition assay, aYM155 prodrug was not found 

to significantly inhibit the channel at the highest tested concentration (< 20% inhibition at 3 

μM, Figure S5B).

Given the cell-based selectivity profile of aYM155, its single digit nanomolar IC50 potency 

with respect to GBM cell killing, including GBM CSC and EGFRvIII-expressing cell types, 

as well as the observed ability of the prodrug strategy to facilitate a reasonable level of 

brain exposure, compared to the complete lack of exposure observed for YM155 parent 

drug, we next sought to assess in vivo efficacy using an orthotopic intracranial GBM mouse 

xenograft model. U87EGFRvIII cells were engineered to express the turboFP635 protein, to 

enable non-invasive measurement of tumor growth in the brains of mice using fluorescence 

molecular tomography (FMT) (Figure 4B). Oral administration of aYM155 (5mg/kg and 

15 mg/kg, B.I.D.) to mice bearing U87EGFRvIII intracranial xenografts resulted in a 

significant inhibition of tumor growth, as monitored by FMT imaging (Figure 4, C and 

D). To explore the mechanism of action of aYM155 in vivo, we examined the impact of drug 

treatment on terminal survivin transcript levels, which was demonstrated to be a relevant 

and robust biomarker of RIPK2 target engagement in our cell-based experiments described 

above. Human tumor and control mouse brain tissue was harvested 1 hour following the 

last dose of a 9-day dosing regimen and subjected to RT-qPCR analysis of survivin mRNA 

transcript levels, using human specific probes designed for analysis of tumor tissue and 

mouse specific probes designed for analysis of normal brain tissue. At both evaluated 

doses, aYM155 was found to significantly decrease survivin expression levels specifically in 

human tumor tissue (Figure 4E) and had no effect in normal brain tissue (Figure 4F), which 

is consistent with aYM155 being specifically activated in the tumor microenvironment. 

Collectively, these data demonstrate that the aYM155 prodrug form of YM155 is able to 

penetrate the brain, reduce survivin specifically in tumor tissue, and significantly reduce 

orthotopic GBM tumor burden.

CONCLUSION

In summary, based on its structural similarity to cRIPGBM, as well as SAR insights 

for the chemical scaffold 10, we sought to characterize the clinical stage oncology drug 

YM155 in the context of GBM and to determine the potential relevance of RIPK2 in its 

mechanism of action. YM155 was found to be a highly potent anti-GBM agent, with pM 

to low nM cell-based IC50 cell killing being observed across a broad panel of primary 

GBM cell lines, including CSC-like and EGFRvIII-expressing lines. Notably, despite its 

extensive level of evaluation in clinical trials, since its discovery from a phenotypic screen 

for functional inhibitors of survivin, the relevant target and mechanism of action of YM155 

remains unknown. Our findings suggest that the mechanism of YM155-induced suppression 
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of survivin, as well as caspase-dependent cell death, is mediated by its direct interaction 

with RIPK2. By contributing to an understanding of the mode of action of this highly 

potent anti-cancer agent, elucidation of RIPK2 as a relevant molecular target of YM155 has 

implications that may help to facilitate the clinical potential and alternative applications of 

this drug. These findings also satisfy our objective of finding a more potent analog within 

the RIPGBM series for development as an anti-GBM agent, and the identified agent is a 

clinical stage drug.

By applying the same prodrug strategy that facilitates cell-based selectivity within the 

RIPGBM series, here, we have developed aYM155, which represents a prodrug form of 

YM155 that retains potent single digit and sub-nanomolar IC50 cell killing values in the 

context of GBM CSCs, while being significantly less potent on non-transformed control 

cell types (including neural cell types) when compared to YM155. The improved potency, 

with respect to RIPGBM, and improved selectivity, with respect to YM155, suggests that 

aYM155 could represent an excellent starting point for future development efforts in the 

context of brain cancers. Further, the aYM155 prodrug is also enabling for application of 

this chemical series in the context of this class of indications, as it facilitates distribution into 

the CNS, an issue that is frequently limiting and would directly limit YM155 in this context. 

Indeed, the enabled brain exposure properties of the prodrug allowed us to assess aYM155 

activity in vivo using a relevant orthotopic intracranial GBM xenograft model. Based on 

its ability to significantly reduce brain tumor burden in vivo, its single digit and sub-nM 

potencies in cell killing assays involving a broad panel of GBM cell types, as well as its 

improved therapeutic index when compared to YM155, aYM155 represents a promising new 

potential therapeutic approach to the treatment of GBM.
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Figure 1. 
Rationale for a prodrug strategy to improve the cell-based selectivity of YM155 and 

proposed mechanism of action for RIPK2-dependent induced cell death. (A) Scheme 

providing a rationale for the YM155 prodrug strategy and design based on comparison 

of the chemical structures and properties of cRIPGBM to YM155 and of the corresponding 

RIPGBM and aYM155 prodrugs. (B) Schematic representation of the proposed mechanism 

of action for cRIPGBM and YM155-induced cell death.10 Predicted full length RIPK2 

structure was generated using Alphafold.11
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Figure 2. 
YM155 prodrug induces apoptosis selectively in glioblastoma CSC’s. (A-D) Chemical 

structure and associated cell-based IC50 profile for cRIPGBM, YM155, RIPGBM, and 

aYM155. (E) YM155 concentration response curves for two GBM cell lines (GBM-A and 

GBM-F) and two healthy control cell types (NPC and Astrocytes) after 72 hours. Within 

each of these assays, individual cell lines were tested in triplicate (biological replicates). (F) 
aYM155 concentration response curves as in (E). (G) Brightfield images of GBM CSC’s 

or non-diseased human NPCs treated with either YM155 (5nM) or aYM155 (10nM) for 72 

hours. (H) Agilent 6495 triple quadrupole MS-based metabolite identification studies done 

in GBM CSC’s and non-diseased cells. Cells were treated with 100nM aYM155 for 24 
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hours prior to extraction. Error bars are from three biological replicates per cell type. (I) 
Quantification of aYM155 activation in (H) from each cell type tested. (J-K) Concentration 

response curves for YM155 and aYM155 following a 72-hour incubation across a spectrum 

of GBM cell types. Student’s t-test was used to assess significance (I). Data are means ± 

SD. n = 3 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001. NS = not 

significant.
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Figure 3. 
YM155 induces apoptosis in cells by interacting with RIPK2. (A) Western blot analysis of 

Survivin levels in U87-EGFRvIII cells treated with YM155 for 24 hours following shRNA 

RIPK2 knockdown. (B and C) Cell-viability values generated from Cell-titer glo assay 

24 hours following YM155 and aYM155 treatment, respectively, in U87-EGFRvIII cells. 

(D) Western blot analysis of Survivin levels in HT-1080 cells treated with YM155 for 

24 hours following shRNA RIPK2 knockdown. (E and F) Cell-viability values generated 

from Cell-titer glo assay 24 hours following YM155 and aYM155 treatment, respectively, 

in HT-1080 cells. (G and H) YM155 and aYM155, respectively, induced apoptosis in 

HT-1080 cells measured by Caspase-Glo 3/7 assay following shRNA mediated RIPK2 or 

SLC35F2 knockdown. (I) Chemical structure of cRIPGBM-PAP. (J) In vitro binding of 

cRIPGBM-PAP to recombinant human full-length RIPK2 in the absence or presence of 

competition using varying concentrations of YM155. (K) Band quantification from (D). 
Values are the mean of two replicates ± SD. Student’s t-test was used to assess significance 
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(C, E-H). Data are means ± SD. n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P 

< 0.001 and ****P < 0.0001. NS = not significant.
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Figure 4. 
aYM155 penetrates the brain and reduces GBM tumor growth in an intracranial xenograft 

model. (A) Mouse tissue distribution properties of aYM155 (10 mg/kg, P.O.). (B) Schematic 

of GBM orthotopic intracranial xenograft model. U87EGFRvIII cells, engineered to carry 

turboFP635, were intracranially injected into six-week-old female athymic nude mice (n 

= 8 for each group). aYM155 was administered 7 days post injection. Created with 

Biorender.com. (C) Representative FMT tumor images of mice at day 9 of aYM155 dosing. 

(D) Tumor growth curves for mice treated with vehicle, 5 mg/kg, or 15 mg/kg aYM155 

administered orally twice daily (n=8 mice per group). (E) qRT-PCR analysis of mouse brain 

tumor tissue. Student’s t-test was used to assess significance. Each data point represents the 

mean of 3 technical replicates per mouse (n = 2 mice for vehicle, n = 3 mice for 5 and 15 

mg/kg). (F) qRT-PCR analysis of normal mouse brain tissue. Each data point represents the 

mean of 3 technical replicates per mouse (n = 2 mice). *P < 0.05, **P < 0.01, and ***P < 

0.001. NS = not significant.
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