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SUMMARY
Transcription factors have proven difficult to target with small molecules because they lack pockets neces-
sary for potent binding. Disruption of protein expression can suppress targets and enable therapeutic inter-
vention. To this end, we developed a drug discovery workflow that incorporates cell-line-selective screening
and high-throughput expression profiling followed by regulatory network analysis to identify compounds that
suppress regulatory drivers of disease. Applying this approach to neuroblastoma (NBL), we screened bioac-
tive molecules in cell lines representing its MYC-dependent (MYCNA) and mesenchymal (MES) subtypes to
identify selective compounds, followed by PLATESeq profiling of treated cells. This revealed compounds that
disrupt a sub-network of MYCNA-specific regulatory proteins, resulting inMYCN degradation in vivo. The top
hit was isopomiferin, a prenylated isoflavonoid that inhibited casein kinase 2 (CK2) in cells. Isopomiferin and
its structural analogs inhibited MYC and MYCN in NBL and lung cancer cells, highlighting the general MYC-
inhibiting potential of this unique scaffold.
INTRODUCTION

Neuroblastoma (NBL) is the most common extracranial solid tu-

mor affecting children, responsible for �15% of all pediatric

cancer deaths each year.1 NBL derives from the neural crest,

an embryonic structure that gives rise to the sympathetic ner-

vous system.2 Tumors driven by focal amplification of the

MYCN locus (MYCNA subtype)—occurring in �20% of NBL

patients—are associated with the most aggressive phenotype

and poor prognosis.3,4 Tumor stratification based on clinical,

pathological, and genetic factors places patients into risk cate-

gories, with high risk NBL carrying 40–50% chance of sur-

vival.1,5 Since there are no effective targeted therapies for the

aggressive MYCNA subtype, this represents a substantial un-

met medical need.

MYCN is considered an ‘‘undruggable’’ protein, due to lack of

potential binding pockets on its surface amenable to small mole-

cule docking. As MYCN abundance is determined by relative

rates of synthesis and degradation, one strategy to target this
Ce
protein is by modulating the upstream regulators of these pro-

cesses. For example, disruption of the MYCN/AURK protein-

protein interaction (PPI) by alisertib increases MYCN turnover

by enabling access to a phosphodegradation site on MYCN.6,7

Despite toxicity associated with AURKA inhibition in pediatric

patients, this approach demonstrated that indirectMYCN target-

ing by small molecules is a viable strategy to inhibit activity in

cells and tumors.

MYCNA-subtype homeostasis is regulated by a complex autor-

egulatory system that was elucidated by network-based analysis

of primary tumor gene expression profiles.8 This study revealed

a tightly interacting ten-protein core set—or tumor checkpoint

module (TCM)—driven by an aberrant MYCN-TEAD4 autoregula-

tory loop.8 Genetic disruption of this module, via TEAD4 silencing,

suppressed MYCN activity and abrogated tumor viability in vitro

and in vivo, suggesting that targeting the TCMwith small molecule

inhibitors may be an effective strategy for the treatment of

MYCNA-subtype tumors.9 Here, we used this MYCNA-subtype-

specific-TCM, comprising a 10-master-regulator-(MR)-proteins
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module, as a multiplexed phenotypic reporter assay to prioritize

subtype-selective lethal molecules.

As TCM collapse abrogates MYCN activity and induces tumor

demise in vivo, we leveraged the OncoTreat methodology10

to identify compounds capable of inverting the activity of

TCM MR proteins, identified as mechanistic determinants of

MYCNA tumors. The approach relies on gene expression pro-

files of cells following perturbation with a panel of candidate

drugs in 96-well format, produced by the PLATESeq technol-

ogy.11,12 OncoTreat assesses TCM inactivation by measuring

the activity of its proteins in drug vs. vehicle-treated cells, using

the VIPER algorithm—an extensively validated, network-based

algorithm that, akin to a multiplexed gene reporter assay, mea-

sures protein activity based on the expression of their tissue-

specific transcriptional targets.13,14

The top-ranked molecule emerging from this screen was a

prenylated isoflavonoid, called isopomiferin, that collapsed the

TCM and suppressed both MYCN and TEAD4 in MYCN-ampli-

fied NBL cells. Integrative analysis of isopomiferin-treated cells

identified kinases as targets of isopomiferin and structurally

related isoflavonoid molecules, including casein kinase 2

(CK2), which is a pleiotropic kinase that regulates a variety of

cellular processes, including cellular proliferation.15,16 We char-

acterize the mechanism of this unique class of inhibitors that

disrupt the MYCNA-TEAD4-centric TCM, leading to its inactiva-

tion and subsequent cell death. The methodology is generaliz-

able and can be expanded across cancer types to identify selec-

tive compounds that suppress the regulatory architecture driving

the disease-related cellular phenotype and to elucidate their

mechanism of action.

RESULTS

A chemical screen identifies MYCNA-selective
inhibitors
We hypothesized that a phenotypic screen for compounds with

enhanced potency in MYCNA cell lines would identify subtype-

selective molecules and enrich for compounds that disrupt the

MYCNA TCM. To facilitate the screen, expression profiles from

a comprehensive panel of NBL cell lines were evaluated using

the OncoMatch algorithm to identify those that best recapitulate

both the regulatory network and the aberrant activity of the MR

protein identified from MYCNA primary tumor analysis.8 Specif-

ically, OncoMatch assesses the conservation of the top 25 most

activated and 25 most inactivated MRs between each individual

patient and the cell line model.17 The analysis revealed SK-N-

Be2 and IMR-32 as the MYCNA cell lines most closely recapitu-

lating the regulatory network and MR profile observed in primary

tumors. Two cell lines most representative of the mesenchymal

NBL subtype (MES), SK-N-AS and NLF, were also included to

control for subtype specificity of the compounds.

To identify subtype-selective inhibitors, we systematically

screened >5,000 compounds from three chemical libraries cho-

sen for their enrichment of bioactive molecules, diversity in

chemical structure, and for inclusion of compounds with known

mechanisms of action. Compounds were initially tested at a sin-

gle concentration and time-point (20 mM for 72 h) to eliminate

those with no in vitro activity in NBL cell lines. Lethal compounds

were re-screened across a five-point dilution series ranging from
2 Cell Chemical Biology 31, 1–15, April 18, 2024
20 mM to �250 nM, to determine IC50 values in each of the four

cell lines. By ranking compounds based on average IC50 values

for each of the two subtypes, MYCNA or MES-selective com-

pounds were identified (Figure 1).18

PLATESeq analysis identifies compounds that disrupt
the MYCNA TCM
The top 90 compoundswith the highest relativeMYCNA vs.MES

specific selectivity were then used to generate PLATESeq

expression profiles at 24 h following treatment of SK-N-Be2

cell lines with each compound at its IC20 concentration11 (Fig-

ure 2A). PLATESeq relies on barcoding transcripts isolated

from treated cells grown in 96-well plates, which are then pooled

and sequenced, thus yielding 96 drug-specific gene expression

profiles per plate. We then generated differential protein activity

profiles by comparing the gene expression profile of compound

vs. vehicle control (DMSO)-treated cells using the VIPER algo-

rithm and assessed their ability to invert TCM MR activity using

the OncoTreat algorithm. The latter is characterized by very

high reproducibility, leading to its CLIA certification (Clinical Lab-

oratory Improvement Amendments of 1988) in both New York

and California. OncoTreat assesses a compound’s ability to

revert the aberrant activity of patient-derived MR proteins (i.e.,

MR-inverters), by performing a protein set enrichment analysis

(PSEA) of patient-derived MRs in proteins that are most differen-

tially activated following compound perturbation.10,17 Statisti-

cally significant negative normalized enrichment scores (NESs)

indicate strong activity reversal, driven by inhibition or activation

of MR proteins byMR-inverter compound. Figure 2B shows a list

of 90 compounds ranked by their inferred efficacy using this

approach, along with the gene expression and protein activity

profiles of the 10-MR protein module responsible for NBL

MYCNA subtype. While there is no clear pattern of transcrip-

tional repression among top inhibitors, using protein activity as

a readout demonstrates that top MR-inverters effectively sup-

press the activity of virtually all proteins within the 10-MR mod-

ule, including its core MYCN-TEAD4 positive feedback loop.

Across all TCGA (The Cancer Genome Atlas) tumor cohorts,

an average of %50 master regulators were shown to integrate

the effect of 90% of the tumor mutations, on a patient-by-patient

basis.19 We therefore used TCMs defined as the top 50 candi-

date MRs of the MYCNA subtype—i.e., 25 most activated and

25 most inactivated—to compute the activity reversion score.

This score enabled us to prioritize MR-inverter compounds

based on the ability to collapse the MYCNA TCM, including the

core set of ten transcriptional regulators (TEAD4, PRDM8,

ZNF219, E2F3, MYBL2, HMGB2, TAF1D, HNRNPAB, MYCN,

and TFAP4) that were experimentally validated as mechanistic

drivers of the aggressive MYCNA tumor subtype.8 Of all 90 com-

pounds tested using this methodology, isopomiferin had the

strongest TCM reversal effect, suppressing the activity of virtu-

ally all ten aberrantly activated MR proteins comprising the

MYCNA TCM (Figure 2B). Compound activity on master regula-

tors is effectively recapitulated by gene set enrichment analysis

(GSEA) plots, enabling visualization of MR differential activity

following chemical perturbation. In these plots, transcriptional

regulators are ranked based on inferred protein activity by

VIPER algorithm, including the aberrantly activated (red) and

suppressed (blue) master regulators of the MYCNA subtype.
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Figure 1. Chemical screen identifies subtype-selective compounds

(A) Heatmap of z-scores from row-normalized IC50 values. Compounds ranked on ratio of average IC50 of MYCNA cells over MESN cell line models.

(B) Western blot of MYCN protein expression in MYCNA and MESN cell lines.

(C) Dose-response curves from four NBL cell lines treated for 48 h. Data represent the mean from three replicate experiments, and error bars represent standard

deviation across experiments (mean ± S.D.).

(D) Chemical structures of four subtype-selective compounds.
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As shown, TCM-suppressing compounds inhibited activated

master regulators and restored the activity of the inactivated

ones (Figure 2C). Importantly, VIPER predicted that TCM-

collapsing compounds suppress the activity of MYCN, while

compounds that did not revert the signature would have negli-

gible effect on MYCN activity.

The MYCNA TCM acts in coordinated fashion to establish and

maintain the transcriptional state of the MYCNA subtype.8 Ge-

netic interrogation of these core regulatory proteins suggested

that their activity is established by a positive feedback loop be-

tween MYCN and TEAD4, determined by both transcriptional

and post-translational interactions, which is essential for cell

viability.8 We reasoned that compounds capable of disrupting

the TCMwould inhibit MYCNprotein activity inMYCNA cell lines.

To test this hypothesis, MYCN abundance was evaluated

following treatment with the top five TCM-collapsing com-

pounds (isopomiferin, homidium bromide, methyl gambogate

methyl ether, podophyllotoxin, and NSC255109), compared to

three negative control compounds that were not predicted to

affect MYCN (Figure S1A). As potency differed between com-

pounds, each molecule was tested at its IC20 concentration

following 24 h of treatment, as well as at a 3-fold dilution. Consis-

tent with VIPER results predicting MYCN suppression, the top-

ranked compounds dramatically reduced MYCN protein abun-

dance, while compounds that did not disrupt the TCM (negative

controls) had no effect on MYCN abundance (Figure 2D).

Top TCM-reverting compounds were prioritized for follow up

study based on reversion score, development opportunity, and

novelty. Methyl gambogate methyl ether and podophyllotoxin
were both potent inhibitors of cell viability and MYCN expres-

sion, decreasing protein abundance at 600 nM (Figure 2D).

However, these compounds were deprioritized on account of

development challenges and possible tolerability issues. Podo-

phyllotoxin is an antimitotic agent that that is a chemical precur-

sor to the cytotoxic chemotherapeutics etoposide and tenipo-

side.20 Gambonic acid and derivatives have broad apoptotic

effects across cancer cell models at IC50 values consistent

with our observations, but these natural products are challenged

by poor solubility and pleiotropic cellular effects.21 Although iso-

pomiferin was less potent as an inducer of cell death, it scored

highest of 96 molecules tested for TCM inversion and depleted

MYCN in SK-N-Be2 cells at 5 mM. Little is known about isopomi-

ferin’s mechanism of action, which presented an opportunity to

uncover novel facets of MYCN biology, especially in the context

of the MYCNA subtype. As such, an investigation into the mech-

anisms through which isopomiferin disrupts the MYCNA TCM

was undertaken.

We next sought to investigate biological pathways affected by

isopomiferin by performing enrichment analysis on a set of 50

Cancer Hallmark pathways, comprising genes involved in can-

cer-specific bioprocesses and curated by the Broad Institute.22

Additional PLATESeq profiles were generated from SK-N-Be2

cells at 6 h and 24 h following isopomiferin perturbation at

3.3 mM and 10 mM. We then analyzed the VIPER-inferred protein

activity profiles of isopomiferin vs. DMSO-treated cells to study

the compound’s mechanism of action. Ten Cancer Hallmark

gene sets were significantly enriched in differentially active pro-

teins, across both time points and concentrations. Consistent
Cell Chemical Biology 31, 1–15, April 18, 2024 3
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Figure 2. OncoTreat identifies lethal compounds that revert the MYCNA tumor checkpoint module (TCM)

(A) Schematic of PLATE-Seq workflow.

(B) Evaluating the effect of 90 compounds on theMYCNA TCM revealed hit molecules predicted to collapse the TCM and suppressMYCN activity. Showing gene

expression z-scores on the left, and VIPER-inferred normalized enrichment scores (NES) on the right. (GES: Gene Expression Signature, PAS: Protein Activity

Signature).

(C) VIPERGSEA plots of regulatory proteins ranked from low-to-high activity along x axis. Highlighted are 25master regulators (MRs) that are upregulated (red) or

suppressed (blue) in MYCNA tumors. Compounds that revert the signature suppress aberrantly activated proteins, including MYCN and TEAD4.

(D) Western blot of MYCN protein abundance in SK-N-Be2 cells treated with TCM-reverting compounds for 24 h (isopomiferin, homidium bromide, methyl

gambogate methyl ether, podofilox, and NSC255109). Three non-reverting compounds included for comparison (NSC73846, imipramine hydrochloride, and

candesartan cilexetil).
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with the effect of isopomiferin on MYCN abundance and cell

viability, gene sets associated with MYC activity (‘‘MYC Tar-

gets’’), and cell-cycle regulation (‘‘E2F Targets’’ and ‘‘G2M

Checkpoint’’) were effectively suppressed by isopomiferin, in

time- and dose-dependent manner (Figure 3A).

Isopomiferin induced dose-dependent decrease in MYCN

abundance in SK-N-Be2 cells, which was validated across three

other MYCNA cell models (Figures 3B and S1B). Isopomiferin

subsequently triggers apoptosis, as indicated by cleaved cas-

pase 3 and PARP cleavage (Figure 3G). At the protein level,
4 Cell Chemical Biology 31, 1–15, April 18, 2024
MYCN is regulated by its relative synthesis and degradation

rates.23 As such, compounds affectingMYCN turnover will affect

its overall abundance. Consistent with this, treatment with pro-

teasome inhibitor MG132 abrogated isopomiferin’s ability to

ablate MYCN, suggesting that an active proteasome is essential

for the compound’s activity and that the compound works by

affecting MYCN turnover (Figure 3C). We then looked at a

network of MYCN-interacting proteins, and their first interacting

neighbors, for the top 10 compounds as recovered from the PPI

database (PrePPI). All top compounds suppressed MYCN
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Figure 3. Isopomiferin induces degradation of MYCN

(A) Radar plots of pathways enrichment analysis using the hallmarks of cancer MSigDB gene set. The colored lines indicate statistical significance at p < 0.05;

gene sets outside of the red line are enriched for activity, whereas gene sets inside the green are suppressed in protein activity.

(B) MYCN abundance in SK-N-Be2 cells treated with isopomiferin for 24 h, at indicated concentrations.

(C) Western blot analysis of MYCN abundance in SK-N-Be2 cells treated with 5 mM MG132 and 15 mM isopomiferin for 6 h.

(D) Western blot analysis of P70S6K phosphorylation levels following treatment with isopomiferin for 24 h. Total P70S6K used as a loading control.

(E) Measurement of AKT phosphorylation (Ser473) levels following treatment with isopomiferin for 24 h. Treatment with 250 nM BEZ-235 (B) used as a positive

control. Total AKT used as loading control.

(F) VIPER GSEA plots of 10 mM isopomiferin or 1 mM rapamycin for 24 h.

(G) Western blot analysis of cleaved Caspase3 and cleaved PARP. SK-N-Be2 cells treated at indicated concentration of isopomiferin for 48 h.
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protein (Figure S1C, negative VIPER scores in blue), albeit some

showed a trend of protein activation for MYC or MAX (positive

VIPER scores in red).
Previous studies have suggested potential mechanisms

through which prenylated isoflavonoids inhibit cell proliferation.

One study tested the effect of pomiferin triacetate on mTOR
Cell Chemical Biology 31, 1–15, April 18, 2024 5
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Figure 4. Structural analogs reveal a potent MYCN inhibitor and preliminary SAR data

(A) Chemical structure of isopomiferin and five analogs, ranked by potency in cell viability assays.

(B) Dose-response curves of SK-N-Be2 cells treated with isopomiferin analogs for 72 h. Data represent the mean from three replicate experiments, and error bars

represent standard deviation across experiments (mean ± S.D.).

(C) MYCN abundance in SK-N-Be2 cells treated with isopomiferin, pomiferin, pomiferin dimethyl ether, or hydrogenated pomiferin for 24 h.

(D) Western blot analysis of MYCN and TEAD4 abundance in SK-N-Be2 cells following treatment with pomiferin for 24 h.

(E) Western blot analysis of MYCN abundance in SK-N-Be2 cells following treatment with 10 mM pomiferin across time.

(F) Transcript abundance of three direct targets of MYCN associated with poor patient outcome. SK-N-Be2 cells treated with 10 mM pomiferin for indicated time

point. Values represent mean ± S.D. of three biological replicates.
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activity and found the compound could bind mTOR kinase.24

mTOR forms the kinase subunit of two separate complexes

(mTORC1/2) that regulate cell proliferation in response to

intrinsic and environmental cues.25 Phosphorylation of P70S6K

is a marker for mTORC1 activity, whereas phosphorylation of

AKT (Ser473) (Ak strain transforming) serves as a signaling

output for mTORC2.26 Isopomiferin inhibited phosphorylation

of P70S6K, as well as the IGF1-induced phosphoactivation of

AKT (Ser473), suggesting that signaling through both

mTORC1/2 was attenuated (Figures 3D and 3E). However,

treatment with the mTORC1 inhibitor rapamycin failed to invert

the MR activity signature or to recapitulate isopomiferin’s pro-

tein activity signature (Figure 3F). Together, these findings sug-

gest that isopomiferin may disrupt mTORC1 in cells, but likely

this is a dispensable aspect of isopomiferin’s activity, at least in

terms of MYCN inhibition, and that other targets are likely

responsible for collapsing the MYCNA TCM.

Testing structural analogs reveals an isoflavonoid with
improved potency
Isopomiferin is a prenylated isoflavonoid derived from extracts of

the wild citrus species Maclura pomifera,27,28 with chemical
6 Cell Chemical Biology 31, 1–15, April 18, 2024
properties that make it an appealing scaffold for further develop-

ment. The compound has low molecular weight, and is

compliant with Lipinski’s ‘‘Rule-of-Five’’ for optimal drug proper-

ties in humans.29 Furthermore, the scaffold is amenable to modi-

fication by semi-synthesis and total synthesis to produce ana-

logs for lead optimization. Isopomiferin was not particularly

potent in cell-based assays, so we embarked on an optimization

strategy to develop a more potent analog to enable in vivo tumor

suppression.

In an effort to identify a potent analog of isopomiferin, we

assembled a small collection of structurally related analogs

and tested them in SK-N-Be2 cells. These compounds were

collected from commercial vendors, isolated from natural sour-

ces, or are unique products created through semi-synthesis us-

ing the pomiferin scaffold as starting material. Remarkably, sub-

tle structural modifications resulted in profound changes in

MYCN inhibition and cell viability (Figures 4A–4C, S2A, and

S2B). Notably, conversion of hydroxy functional groups on the

phenyl ring to methoxy groups abrogated activity of the mole-

cule, possibly by disrupting the ability to form hydrogen bonds

with a protein target. Comparing the activity of six closely related

structural analogs revealed pomiferin as the most potent
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compound of the group (Figure 4B). A broader panel of various

flavonoid and isoflavonoid structures confirmed that pomiferin

stood out as a potent inhibitor of cell viability (Figure S2C).

To assess the relationship between the inhibition of cell

viability and MYCN abundance, we compared the ability of

four closely related isoflavonoids to suppress MYCN abundance

and induce cell death. Cells were treated with either isopomi-

ferin, pomiferin, a hydrogenated version of pomiferin with

reduced aromatic ring structures, or the inactive pomiferin

dimethyl ether. Consistent with their effect on cell viability, pomi-

ferin was the most potent compound and depleted both MYCN

and TEAD4 at concentrations as low as 1.5 mM, within 6 h of

treatment (Figures 4D and 4E). Isopomiferin and hydrogenated

pomiferin had similar effects on MYCN abundance, although hy-

drogenated pomiferin was slightly more active at 5 mM. In

contrast, and consistent with its inactivity, pomiferin dimethyl

ether had no effect on MYCN abundance at concentrations

tested. We evaluated the effect of pomiferin on transcript accu-

mulation of threeMYCN targets associated with poor outcome in

NBL, including PLK1, LIN28B, and BMI1.30–32 By 24 h, all three

downstream targets were significantly reduced at the transcript

level (Figure 4F), confirming that pomiferin is sufficient to disrupt

oncogenic signaling through the MYCN-TEAD4 regulatory axis.

Casein kinase 2a inhibition contributes to MYCN
depletion by prenylated isoflavonoids
To uncover kinase targets of isopomiferin and its functional ana-

logs, we developed the virtual-inference of kinase inhibiton by

gene regulatory networks (VIKING), an algorithm to enable

data-driven inference of drug targets based on activity dysregu-

lation of PPIs. Specifically, the VIKING algorithm uses gene reg-

ulatory networks inferred by the ARACNe algorithm33,34 as input

for VIPER to infer a comprehensive transcriptional and post-

translational footprint of a drug’s activity for >6,000 proteins

with regulatory or signaling activity. These drug perturbation pro-

tein activity profiles are then used as input for the DeMAND algo-

rithm (determination of mechanism of action by network dysre-

gulation),35 which is then used to evaluate PPI network

dysregulation to help elucidate the full complement of cellular

pathways that mediate a compound’s pharmacological activity

(Figure S3).

While VIPER is based on transcriptional regulation network

analysis, VIKING also leverages PPI networks from the PrePPI

database36 to link signal transduction proteins including kinases,

ubiquitin ligases, etc., with transcriptional regulators. Specif-

ically, VIKING integrates DeMAND-based candidate MoA pro-

tein with VIPER-inferred effectors of drug activity, with negative

NES scores representing drug-mediated loss of protein activity

due to potentially direct chemical inhibition (see STARmethods).

This list is filtered for human kinases to prioritize them as candi-

date compound targets (Figure S3). As a result, VIKING pro-

duced a list of potential cellular mechanisms of action of isopo-

miferin (Figure 5A), which were subsequently evaluated as

potential direct targets of the compound. To benchmark the al-

gorithm, we used CRISPR knockout and RNAi screening data

as released by the Broad Institute Cancer Dependency Map

(DepMap). Briefly, we built a receiver operating characteristic

(ROC) curve using VIKING predictions on isopomiferin drug per-

turbations over SK-N-Be2 cells (n = 12 treatments and n = 6 con-
trols) and compared them against gene dependency scores on

SK-N-Be2 cells, integrated across the two platforms (i.e.,

CRISPR and RNAi) to control for technology bias. The area under

the ROC (AUROC) computed with this approach is 70.8%, with

�50% sensitivity at �95% specificity (Figure S3E).

VIKING predicted multiple kinases as cellular mechanisms of

action for isopomiferin (Figure 5A), including cyclin dependent ki-

nases (CDK2/CDK6), Polo-like kinase-1 (PLK1), both CK2 sub-

units a and a0 (CSNK2A1/CSNK2A2), and aurora kinase A and

B (AURKA/AURKB). These kinases had previously been found

to have either physical or functional interactions with MYC. For

example, CDK2 inhibition is synthetically lethal in MYCNA cell

lines,37 and PLK1 inhibition showed strong antitumor activity in

MYCNA NBL preclinical models.38,39 Reduced signaling through

these pathways could also be an artifact of decreased cellular

proliferation induced by the compound, so we prioritized this

shortlist of potential targets by focusing on kinases that act up-

stream of MYC. Of these, CSNK2a1, which encodes for the

catalytic subunit of CK2 phosphorylates cMYC and MYCN40,41

proteins and can regulate their activity through indirect mecha-

nisms.14 CK2 is a pleiotropic kinase that phosphorylates multiple

proteins that drive cell proliferation and support pro-survival

mechanisms.15,16 Previous studies have demonstrated that

CK2 is inhibited by flavonoids, so we decided to test whether

CK2 inhibition by the isoflavonoids could be mediating response

to isopomiferin and pomiferin.42

Cell-free biochemical assays were used to test whether

CK2a1 subunit was inhibited by isoflavonoids. Both isopomi-

ferin and pomiferin inhibited CK2a1 kinase activity in a concen-

tration-dependent manner (Figure 5B), albeit less potently than

a CK2a-specific kinase inhibitor in development (CX-4945;

silmitasertib). We tested whether pomiferin could suppress

signaling through CK2 in cells by evaluating its effect on

PTEN (Phosphatase and TENsin homolog deleted on chromo-

some 10) phosphorylation (Ser366), a downstream target of

CK2 signaling. Treatment with either pomiferin or CX-4945

reduced phosphor-PTEN(ser366) levels, supporting the hypoth-

esis that CK2 activity is attenuated by pomiferin (Figure 5C).

Intriguingly, the potency of CX-4945 that was observed in the

biochemical assays did not translate to cellular assays, and po-

miferin was better able to suppress signaling through CK2 in

cells compared to CX-4945.

The functional relationship between CK2 and MYCN was as-

sessed by knocking down both CK2 alpha subunits and evalu-

ating MYCN stability, hypothesizing that co-knockdown would

destabilize MYCN similar to isoflavonoid treatment. siRNAs tar-

geting CK2a1 and CK2a2 were pooled and transfected into SK-

N-Be2 cells, followed by western blot and qPCR to confirm suf-

ficient knockdown of both isoforms (Figures 5D and S4A). As

with isoflavonoid treatment, knocking down CK2a1/2 sup-

presses MYCN protein, suggesting that the combined activity

of the two subunits stabilizes MYCN. CK2a1 was further vali-

dated as a functional target of pomiferin by expressing a mutant

isoform of CK2a1 harboring amino acid substitutions at residues

essential for interaction with CX-4945.15 Despite considerable

effort, we were only able to achieveminimal plasmid transfection

efficiency, which is an inherent challenge of NBL cell models.

Despite this, cells expressing the mutant CK2 isoform conferred

resistance to both pomiferin and CX-4945, while cells
Cell Chemical Biology 31, 1–15, April 18, 2024 7
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Figure 5. Prenylated isoflavonoids are cell permeable kinase inhibitors that act in part through CK2 inhibition

(A) VIKING output of predicted kinases targeted by isopomiferin.

(B) Cell free CK2a1 kinase activity in presence of pomiferin, isopomiferin or CX-4945. Values represent mean ± S.D. of three technical replicates.

(C) Western blot analysis of PTEN phosphorylation (Thr366) following treatment with either pomiferin or CX-4945 for 24 h.

(D) Western blot analysis of MYCN and two CK2a isoforms following siRNA-mediated knock-down of CK2a1/2 for 48 h in SK-N-Be2 cells.

(E) Cell viability of SK-N-Be2 cells expressing mutant CK2 isoform with impaired binding to inhibitor. Bars represent mean ± S.D. of three biological replicates.

(F) Crystal structure of human apo CK2a1. Cartoon representation of the human CK2a1 protomer for which a-helices, b-strands, and loops are colored in yellow

(for Ca carbons), cyan, and light magenta, respectively. The modeled pomiferin (purple for Ca carbons) and side chains (green) of amino acids, which are

predicted to interact with pomiferin are shown with stick models.

(G) Ligand interaction diagram of pomiferin in the crystal structure of CK2a1, corresponding to the docking pose shown in (F); arrows indicate hydrogen bonds.

(H) SK-N-Be2 cell viability following treatment with pomiferin, isopomiferin or CX-4945 for 72 h. Bars represent mean ± S.D. of three biological replicates.

(I) MYCN abundance following treatment with pomiferin or CX-4945 for 24 h.

(J) Cellular accumulation of pomiferin or CX-4945 for indicated time points. Values represent mean ± S.D. of three replicate experiments.

(K) Quantification of cellular abundance following treatment with prenylated isoflavonoids and CX-4945. Cell samples treated with 10 mM for 3 h, followed by

LC-MS analysis. Values represent mean ± S.D. of three replicate experiments.
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transfected with a GFP-expressing plasmid were not affected

(Figure 5E). To assess the specificity of this response, the pro-

teasome inhibitor MG132 was tested alongside the two com-

pounds, yet no resistance was conferred by the plasmid.
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Together, these findings support the hypothesis that CK2a is a

target of isoflavonoids in MYCNA NBL, and that both CX-4945

and pomiferin likely target similar residues on the CK2a1 protein

binding site.



ll
Resource

Please cite this article in press as: Stokes et al., Subtype-selective prenylated isoflavonoids disrupt regulatory drivers of MYCN-amplified cancers, Cell
Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.11.007
Molecular modeling predicted the direct interaction between

pomiferin and CK2a1, suggesting a possible molecular basis

for the inhibition of kinase activity. The keto and hydroxyl groups

of the isoflavone core are in hydrogen bonding proximity to

the hinge region Val116 and make key interactions with it

(Figures 5F and 5G). The hydroxyl groups of the phenyl ring

interact with Lys68 and Asp175, consistent with the decrease in

activity of the O-methyl analogs. The isoprene portions of the

molecule are solvent exposed, consistent with the retention of

activity on reduction of their double bonds. In addition, reduction

of the double bond in the isoflavone ring, while slightly changing

the shape of themolecule, allows it tomaintain the key binding in-

teractions. The crystal structure of CX-4945 reveals similar key

hydrogen bonding interactions to CK2 to those found by docking

studies with pomiferin. The carboxyl group of CX-4945 interacts

with Lys68 and Asp175 and form hydrogen bonds between the

pyridine nitrogen of CX-4945 and the hinge Val116.43

CX-4945, pomiferin, and isopomiferin were then tested in cell-

based viability assays. Dose-response curves of SK-N-Be2 cells

treated with the three compounds revealed pomiferin as the

most potent inhibitor of viability, followed by CX-4945 and isopo-

miferin (Figure 5H). Pomiferin was also a more potent MYCN

suppressor and apoptosis inducer than CX-4945, as evidenced

by PARP and caspase3 cleavage (Figures 5I and S4B). These cell

viability data are in contrast with biochemical data that demon-

strated potent inhibition of CK2a by CX-4945, which has a re-

ported Ki in the single-digit nanomolar range.44 This discrepancy

between cell-based and biochemical assays led to the hypothe-

sis that differences in cell permeability are driving the differential

activities observed between CX-4945 and the prenylated

isoflavonoids.

To assess whether changes in cellular accumulation underpin

differential activity between cell-based and biochemical assays,

cells were treated with pomiferin or CX-4945 and cellular abun-

dance of the compounds was determined by liquid chromatog-

raphy-mass spectrometry (LC-MS). We initially confirmed the

ability to detect and quantify pomiferin and CX-4945 by running

standard samples of compound added directly to acetonitrile

and injected into the LC-MS, which confirmed that both com-

pounds ionized readily and were detectable on the instrument

(Figure S4C). SK-N-Be2 cells were treated with 20 mM of CX-

4945 or pomiferin and sampled across time. Pomiferin readily

accumulated in cells, as �300 ng of compound was detected

in a sample of 2x10^6 cells (Figure 5J). Contrary to this, only

2.2 ng of CX-4945 was detected by 6 h, indicating that the CX-

4945 compound may suffer from poor cell permeability. CX-

4945 contains a carboxylic acid group, which is likely charged

at physiological pH, which might impair cell permeability. Cell

permeability could be a feature of pomiferin that enables the iso-

flavonoid to outperform CX-4945 in cell-based assays. Perme-

ability was then compared between pomiferin, isopomiferin

and the null analog pomiferin dimethyl ether. Pomiferin exhibited

approximately twice the cellular accumulation of isopomiferin,

consistent with its relative potency (Figure 5K). The null analog

accumulated the most of all compounds tested, confirming

that the loss of activity is not driven by poor cell permeability.

To further explore the cellular response to prenylated isoflavo-

noids, SK-N-Be2 cells were treated with pomiferin, isopomiferin,

or the inactive analog pomiferin dimethyl ether for 24 h and eval-
uated by RNA sequencing (RNA-seq). As pomiferin dimethyl

ether does not suppress MYCN, it was used as a negative con-

trol compound to evaluate unique chemical activity of the active

analogs that could lead toMYCN suppression. VIPER analysis of

top 25 MYCNA MRs confirmed that pomiferin suppressed a

broader set of proteins than isopomiferin, when both compared

to pomiferin null analog (Figure S5A). OncoTreat analysis of the

same drug signatures suggests that pomiferin is more effective

that isopomiferin in reverting the MYCNA TCM (Figure S5B).

Moreover, VIKING analysis of pomiferin RNA-seq samples reca-

pitulates CK2a1 as compound MoA (Figure S5C). Next, we used

a PLATE-Seq perturbational screening on SK-N-Be2 cells to

evaluate pomiferin analogs and other compounds with known

MoA that target MYCNA-related pathways.7,45–47 OncoTreat

analysis identified pomiferin triacetate as top MR-inverter com-

pound among selected pomiferin analogs (Figure S6A). Com-

pounds that strongly reverted MYCNA MR signature are among

pomiferin analogs and show similar protein activity profiles (Fig-

ure S6B), highlighting conserved activity across the series that is

distinct from other compounds tested.

Pomiferin suppresses tumor growth in vivo

In vitro metabolic stability assays were initially performed to

assess suitability for in vivo studies. Both compounds were incu-

bated alongside a positive control compound (ferrostatin-1) in

mouse plasma for 4 h and quantified by LC-MS. Isopomiferin

was completely stable in mouse plasma, while approximately

75% pomiferin remained following incubation (Figure 6A).

Similarly, both pomiferin and isopomiferin were reasonably

stable to metabolic activation by mouse liver microsomes.

Approximately �80% pomiferin and �50% isopomiferin re-

mained after 2 h incubation, while the positive control com-

pounds 7-ethoxycoumarin was metabolized across the duration

of the assay, suggesting that prenylated isoflavonoids are meta-

bolically stable in mice (Figure 6B).

The ability of the compounds to inhibit growth of MYCNA tu-

mor xenografts was evaluated by treating tumor-bearing mice

with daily intraperitoneal (i.p.) injections of 20mg/kg isopomiferin

or pomiferin. Mice that received daily treatments of pomiferin ex-

hibited significantly decreased tumor volume compared to the

vehicle-only control arm (Figure 6C). Mice treated with isopomi-

ferin trended toward having smaller tumors than control groups,

but these differences were not significant (Figures 6D and S7A).

MYCN abundance was evaluated mid-experiment, following

14 days of treatment. Tumors were sampled 3 h post-dose on

the fourteenth day of treatment. Pomiferin caused a substantial

decrease in MYCN protein in tumors, relative to both vehicle-

only and isopomiferin treated animals (Figure 6E). No differences

in mean body weight were observed, suggesting that the treat-

ments were well tolerated (Figure 6F).

Pomiferin suppresses MYC proteins across cancer cell
line models
Genomic amplification of MYCN is commonly associated with

aggressive NBL, but MYCN dysregulation has been observed in

other aggressive tumors,48 including Wilms’ tumor (WT),49 neuro-

endocrine prostate cancer (NEPC),50,51 and lung cancers.52,53 To

identify non-NBL cell lines with dysregulated MYCN, expression

profiles of >1000 cell lines from the cancer cell line encyclopedia
Cell Chemical Biology 31, 1–15, April 18, 2024 9
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Figure 6. Pomiferin delays NBL tumor growth in mouse xenografts

(A) Stability of pomiferin isopomiferin and ferrostatin-1 (positive control) in mouse plasma across 4 h. Data represent mean ± S.D. of three replicates.

(B) Stability of isopomiferin, pomiferin and 7-ethoxycoumarin (positive control) following 2 h incubation in mouse liver microsomes at 0.5 mg/mL. Data represent

mean ± S.D. of three replicates.

(C) Tumor growth across 21 days of treatment with 20 mg/kg pomiferin or vehicle control. Student’s t test was performed to assess differences between vehicle

and treatment groups; * indicates statistical significance at p < 0.05, n = 6 animals per group. Data represent mean ± S. D.

(D) Relative volume from mice treated with either isopomiferin (20 mg/kg), pomiferin (20 mg/kg), or vehicle control for 21 days.

(E) Western blot analysis of MYCN in SK-N-Be2 xenografts treated with vehicle, isopomiferin (20 mg/kg) or pomiferin (20 mg/kg) for 14 days.

(F) Mouse body weight across time, following daily treatment with isopomiferin (20 mg/kg), pomiferin (20 mg/kg), or vehicle control for 21 days.
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(CCLE) were ranked based on MYCN transcript abundance.

Twelve of the top fourteen cell lines were NBL, while the other

two cell lines were derived from small cell lung cancer (SCLC; Fig-

ure S7B). Approximately 20%ofSCLC tumors are associatedwith

amplificationofMYC familyofproto-oncogenes,53andfinding that

these cell lines among the top ranked reflects this.

Pomiferin sensitivity was evaluated in twoMYCN-driven SCLC

cell lines (NCI-H69 and NCI-H526) and two cMYC-driven lung

cancer models (A549 and NCI-H441). Similar to observations

in NBL, cell lineswith aberrantMYCN expression weremore sen-

sitive to pomiferin (Figure 7A). To test whether this was associ-

ated with MYCN depletion, NCI-H69 cells were treated with iso-

pomiferin for 24 h, which resulted in concentration-dependent

decrease in MYCN protein, albeit with less potency in the lung

cancer lines relative to NBL (Figure 7B).

We hypothesized that pomiferin may deplete MYC proteins in

general, and that cMYC and MYCL could also be suppressed by

isoflavonoids. This is important in NBL since aberrant cMYC ac-

tivity replaces that of MYCN in a subset of MYCNA-subtype tu-

mors that are not MYCN amplified.54 The ability of pomiferin to

suppress cMYC in the cMYC-driven NBL line Sy5y was tested,

which revealed inhibition of protein abundance similar to that

observed in MYCNA NBL (Figure 7C). We then tested whether

isoflavonoid could similarly suppress cMYC or MYCL in SCLC

lung cancer cell lines, by treating NCI-H69 and NCI-H209 with
10 Cell Chemical Biology 31, 1–15, April 18, 2024
isopomiferin for 24 h. Isopomiferin abrogated MYC protein in

both SCLC lines (Figures 7D and 7E), confirming its activity is

not limited to NBL. cMYC enables lung cancer tumors to evade

immune detection by suppressing expression of CCL5,55 so we

confirmed that isopomiferin was sufficient to suppress the cMYC

signaling axis by observing rescue of CCL5 expression upon

prolonged treatment with isopomiferin (Figure 7F).

MYCN and cMYC promote their own gene expression in

a TEAD4-mediated positive autoregulatory feedback loop

and suppress each other in MYCNA NBL.56,57 This regulatory

relationship results in NBL cell line models that express

either MYCN or cMYC, depending on genetic background and

tumor subtype.58 We assessed the effect of pomiferin on

MYCN expression and observed a time-dependent decrease

ofMYCN transcript, consistent with a loss of MYCN autoregula-

tion (Figure S7C). cMYC transcript was induced by pomiferin in

SK-N-Be2 cells, consistent with the antagonistic relationship be-

tweenMYC familymembers and the derepression that can occur

whenMYCN depleted in cells. We tested whether this could lead

to a compensatory mechanism by evaluating cMYC protein

upon MYCN depletion. Despite finding that pomiferin induced

cMYC transcript accumulation, there was no concomitant in-

crease in cMYC protein observed (Figure S7D). Thus, pomiferin

represents a treatment option that broadly disrupts MYC stabil-

ity, may be applicable across all MYC-driven tumor types, and
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(A) Cell viability assays from four lung cancer lines treated with pomiferin for 72 h. Data represent mean ± S.D. of three biological replicates.

(B) MYCN abundance measured in SCLC NCI-H69 cells treated with isopomiferin for 24 h.

(C) Western blot analysis of cMYC protein abundance Sy5Y NBL cells treated with pomiferin for 24 h.

(D) Western blot analysis of MYCL protein abundance NCI-H209 SCLC cells treated with isopomiferin for 24 h.

(E) cMYC abundance in NSCLC A549 cells treated with isopomiferin for 24 h.

(F) qPCR measurement of CCL5 transcript in A549 cells following isopomiferin treatment for 48 h.
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sidesteps possible compensatory mechanisms associated with

MYCN-mediated cMYC inhibition.

DISCUSSION

The current standard of care for MYCNA NBL is grueling for pe-

diatric patients and can have long-lasting implications for growth

and development.59,60 Children that receive high-dose radio-

therapy and chemotherapy can often experience reduced

growth rates throughput adolescence and higher incidence of

hypothyroidism, ovarian failure, hearing loss and dental issues

as adults.59 A novel targeted therapy that disrupts core regulato-

ry drivers of MYCNA NBL could improve clinical outcomes for

patients and reduce the long-term health effects caused by cur-

rent treatment modalities.

In this work we outline a proof-of-concept approach to

the identification of ‘‘MR-inverting’’ agents that target the

MYCNA TCM. Prenylated isoflavonoids are an interesting scaf-

fold upon which future medicinal chemistry efforts can be

focused, but optimization is required to develop these agents

further. Identification of pomiferin presented a significant

improvement in bioactivity over isopomiferin that enabled sig-

nificant inhibition of SK-N-Be2 xenografts at 20 mg/kg in

mice. Further improvements to the potency and solubility of

these agents will likely enhance the antitumor activity and is

the focus of ongoing research. Two studies highlight the thera-

peutic index for isoflavonoids, revealing that the anti-prolifera-
tive effect of pomiferin is >10-fold more potent against trans-

formed cells relative to non-transformed cell line models.27,61

If the isoflavonoids are selective for transformed cells, the

agents may be well tolerated in vivo at higher doses. Consis-

tent with this, finding that mouse body weight was unaffected

by isopomiferin and pomiferin suggests these agents are toler-

ated in animals, but future toxicology studies are needed to

evaluate this.

While CK2 inhibition appears central to the pomiferin mecha-

nism of action, the potential for secondary targets as contribu-

tors to TCM collapse cannot be ruled out. Given that pomiferin

treatment at micromolar concentrations is needed in vitro to sup-

press MYCN, it is likely that pomiferin interacts with secondary

targets that may contribute to TCM collapse. A pomiferin analog

with increased potency and selectivity would help elucidate the

full extent of CK2’s role in supporting the MYCNA TCM and

help define the contribution of secondary targets to the mecha-

nism of action. Identification of the inactive analog with no bioac-

tivity is another useful tool that enables us to interrogate the

mechanism of prenylated isoflavonoids. Targets that are in-

hibited in biochemical assays by the null analog can likely be dis-

missed as not relevant to pomiferin activity, and the compound

serves as a negative control in expression profiling assays.

Ongoing efforts are aimed at uncovering potential secondary tar-

gets that drive MYCNA TCM collapse by pomiferin.

CX-4945 is a potent CK2 inhibitor designed using in silico

docking based methods and has shown activity in a variety of
Cell Chemical Biology 31, 1–15, April 18, 2024 11
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cancer models.44,62,63 The compound received orphan designa-

tion status by the FDA, and is undergoing clinical testing for chol-

angiocarcinoma, and other tumors.64 CX-4945 was used here to

validate CK2 as a relevant target in MYCNANBL, and to evaluate

how prenylated isoflavonoids compare to CK2 inhibitors

currently in development.44,65 Despite single-digit nanomolar

potency in biochemical assays, cellular activity of this inhibitor

was not as potent as the prenylated isoflavonoids, suggesting

that the scaffold has good chemical properties and cell-based

activity upon which future lead optimization could be based.

Given that NBL is a pediatric indication, the implications for tar-

geting a pleiotropic kinase will need to be carefully considered,

especially in the context of developmental effects.

The target patient population that can benefit from a novel

MYCN-suppressing therapeutic extends beyond the MYCNA

NBL patient group, which also includes cMYC-driven samples

that lack the MYCN amplification event. Isopomiferin sup-

pressed MYCN in lung cell lines, suggesting an MR-inverting

therapeutic may benefit patients with a wide range of MYCN-

driven tumors, independent of cancer type. For example, 12%

of WT, NEPC, �2–3% of non-small cell lung cancer (NSCLC),

�2–3% of liver cancers are MYCNA, representing a substantial

patient population that could benefit from an isopomiferin-based

therapeutic. This is particularly important because MYCN-driven

tumors are noted for their aggressive phenotype and high mor-

tality rate.1 MYCN-amplification occurs in later stages of adult

cancers to exacerbate tumor development at a time when pa-

tients have often exhausted other options.48

The development of PLATESeq and algorithms for its data

analysis enables high-throughput and cost-effective screening

to prioritize compounds based on disruption of cellular regulato-

ry networks. While we have demonstrated the utility in MYCNA

NBL, this approach can be readily adopted for cMYC-driven

adult tumors. We have demonstrated that a limited screen of

>5,000 molecules identified agents that disrupt the TCM and

diminish MYC proteins across multiple cell-line models tested.

Importantly, targeting MYC protein stability blocked the

compensatory accumulation of otherMYC family members, dis-

rupting a plausible resistance mechanism to MYCN-targeting

agents. In future, this method could be tailored to any MYC-

driven tumors and applied to a more expansive chemical library

in a targeted screening program to identify novel agents inhibit-

ing core drivers of these aggressive tumors.

Limitations of the study
In this proof-of-concept study, we demonstrated a unique

approach to interrogate the checkpoint module driving aggres-

sive MYCNA NBL. As mentioned previously, CK2 is a key factor

that defines the mechanism of prenylated isoflavonoids, yet

other targets likely contribute to complete TCM collapse. A bet-

ter understanding of secondary mechanisms would enable more

refined medicinal chemistry efforts and the design of analogs

with improved potency and selectivity. In vivo, SK-N-Be2 xeno-

grafts were sensitive to pomiferin at 20 mg/kg daily dosing, re-

sulting in significant inhibition of tumor growth. Further optimiza-

tion of dose regimen may improve the antitumor effects of

pomiferin and other prenylated isoflavonoids. To this end, alter-

nate dosing and administration strategies could be investigated

to optimize exposure in tumor tissues, followed by pharmacoki-
12 Cell Chemical Biology 31, 1–15, April 18, 2024
netic/pharmacodynamic (PK/PD) analysis to validate effects

in vivo. While preparing solutions for in vivo studies, it was noted

that pomiferin solubility limited dosing at higher levels, which

might be addressed through investigation of different formula-

tion strategies. To improve translatability of findings, future

studies could use more advanced tumor models, such as ortho-

topic models or patient derived xenografts.

SIGNIFICANCE

Subtype-selective chemical screening and high throughput

expression profiling identified a development scaffold that

ablates MYCN in cells and in vivo. By targeting regulatory

circuits that stabilize MYCN protein expression, an indirect

mechanism to inhibit the ‘‘undruggable’’MYCN transcription

factor was identified. Importantly, CK2 is a conservedmech-

anism that supports the MYC family of transcription factors,

suggesting an opportunity for therapeutic MYC suppression

across a variety of cancer contexts. MYC proteins are often

amplified or hyperactive in cancer, and a small natural prod-

uct with good tolerability is an opportunity to develop novel

targeted therapies for some of the most aggressive tumors.

This computational and experimental approach represents a

promising new precision-oncology framework that can be

generalized to elucidate targets and associated inhibitors

across any cancer subtype.
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B AZVII-13-1 (5,7-dihydroxy-3-(4-hydroxyphenyl)-6-(3-

methylbut-2-en-1-yl)-4H-chromen-4-one)

B AZVII-13-2 (diprenylorobol; 3-(3,4-dihydroxyphenyl)-

5,7-dihydroxy-6,8-bis(3-methylbut-2-en-1-yl)-4H-
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B AZVII-13-3 (diprenylgenistein; 5,7-dihydroxy-3-(4-hy-

droxyphenyl)-6,8-bis(3-methylbut-2-en-1-yl)-4H-chro-

men-4-one)

B AZVII-12P (3-(3,4-dihydroxyphenyl)-5-hydroxy-6-iso-

pentyl-8,8-dimethyl-2,3,9,10-tetrahydro-4H,8H-pyr-

ano[2,3-f]chromen-4-one)

B AZVII-12O (5-hydroxy-3-(4-hydroxyphenyl)-6-isopen-

tyl-8,8-dimethyl-2,3,9,10-tetrahydro-4H,8H-pyrano

[2,3-f]chromen-4-one)

B AZVII-12-1 (3-(3,4-dihydroxyphenyl)-5,7-dihydroxy-

6,8-diisopentylchroman-4-one)

B AZVII-12-2 (5,7-dihydroxy-3-(4-hydroxyphenyl)-6,8-

diisopentylchroman-4-one)

B AZVII-89-11 3-(3,4-dimethoxyphenyl)-5-hydroxy-8,8-

dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano

[2,3-f]chromen-4-one

B AZVI-89-12 5-hydroxy-3-(4-methoxyphenyl)-8,8-

dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano

[2,3-f]chromen-4-one

B AZVII-4A (5-hydroxy-3-(3-hydroxy-4-methoxyphenyl)-

8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano

[2,3-f]chromen-4-one)

B AZVII-44 4-(5-acetoxy-8,8-dimethyl-6-(3-methylbut-2-

en-1-yl)-4-oxo-4H,8H-pyrano[2,3-f]chromen-3-yl)-

1,2-phenylene diacetate
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MYCN, Rabbit mAb Cell Signaling Technology Cat. # 84406, RRID:AB_2800038

CMYC, Rabbit mAb Cell Signaling Technology Cat. # 5605, RRID:AB_1903938

ACTIN, Mouse mAb Cell Signaling Technology Cat. # 3700, RRID:AB_10928322

Caspase, Rabbit mAb Cell Signaling Technology Cat. # 9662, RRID:AB_331439

PARP, Rabbit mAb Cell Signaling Technology Cat. # 5625, RRID:AB_10699459

GAPDH, Rabbit mAb Cell Signaling Technology Cat. # 5174, RRID:AB_10622025

TEAD4, Mouse mAb Abcam Cat. # ab58310, RRID:AB_945789

Chemicals, peptides, and recombinant proteins

CX-4945 Selleckchem Cat. #S2248

methylene blue Sigma millipore Cat. # 457250

fluvastatin Sigma millipore Cat. # SML0038

triamterene Sigma millipore Cat. #T4143

Imipramine HCl Sigma millipore Cat. #I7379

Candesartan cilexetil Sigma millipore Cat. # SML0245

Podofilotoxin Sigma millipore Cat. #P4405

Critical commercial assays

CellTitreGlo Promega Cat. #G7573

Deposited data

RNASeq profiling of treated SK-N-Be2 cells This paper GEO: GSE245006

PLATESeq data of chemical screening plate This paper GEO: GSE245006

PLATESeq data of SK-N-Be2 cells treated with isoflavonoids This paper GEO: GSE245006

PLATESeq data of SK-N-Be2 cells treated with

compounds of known MoA (ure S6)

This paper GEO: GSE245006

Achilles shRNA and CRISPR KO Data DepMap; Broad Institute https://depmap.org/portal/download/all/

Molecular Signatures Database (MSigDB) Broad Institute https://www.gsea-msigdb.org/gsea/

msigdb/index.jsp

RNASeq from NBL tumors NCI TARGET dbGap: phs000467

Human kinases data Manning et al.67 http://kinase.com/human/kinome/

Experimental models: Cell lines

A-549 ATCC RRID:CVCL_0023

IMR-32 ATCC RRID:CVCL_0346

LAN-1 ATCC RRID:CVCL_1827

NCI-H69 ATCC RRID:CVCL_1579

NCI-H209 ATCC RRID:CVCL_1525

NCI-H441 ATCC RRID:CVCL_1561

NLF ATCC RRID:CVCL_E217

SK-N-AS ATCC RRID:CVCL_1700

SK-N-Be2 ATCC RRID:CVCL_0528

SH-Sy5y ATCC RRID:CVCL_0019

SMS-SAN ATCC RRID:CVCL_7137

Oligonucleotides

Primers used in qPCR experiments This paper Table S1

siCK2a1 Dharmacon Cat. # L-003475-00-0010

siCK2a2 Dharmacon Cat. # L-004752-00-0010

siNT Dharmacon Cat. # D-001810-10-05

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

VIKING algorithm This paper https://github.com/alevax/VIKING

VIPER algorithm R package Alvarez et al.13 https://doi.org/10.18129/B9.bioc.viper

PrePPI Interactome Zhang et al.36 https://honiglab.c2b2.columbia.edu/

PrePPI/index.html

ARACNe-AP algorithm Lachmann et al.33 https://github.com/califano-lab/ARACNe-AP

ggplot2: Graphics for Data Analysis Wickham et al.71 https://ggplot2.tidyverse.org/

Tidyverse R Package Wickham et al.72 https://www.tidyverse.org/

GraphPad Prism GraphPad Software Inc. RRID:SCR_002798
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RESOURCE AVAILABILITY

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

R Stockwell (bs2198@columbia.edu).

Materials availability
All reported compounds generated in this manuscript will be available upon reasonable request to the lead contact after completion

of anMTA and as long as supplies are available. Detailed procedures for isolating pomiferin, osajin, diprenylgenistein, diprenylorobol,

and AZVII 13-1 are included in section ‘‘extraction of prenylated isoflavonoids from osage orange’’ in STAR methods.

Data and code availability
d RNASeq and PLATESeq sequencing data have been uploaded to the gene expression omnibus (GEO) with accession number

GEO: GSE245006, and are publicly available at the time of publication. Accession numbers are listed in the key resources table.

d All original code has been deposited at GitHub (https://github.com/alevax/VIKING) and is publicly available as of the date of

publication. DOIs are listed in the key resources table.

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

Mice
(1) NCG mice, 6 weeks of age when purchased and approximately 8 weeks of age at study initiation, equal distribution of male

and female animals.
Cell lines
(1) IMR-32 (neuroblast cells isolated from 13-month-old Caucasian male).

(2) NLF (NBL line isolated from 3-year-old male).

(3) LAN-1 (NBL cell line isolated from 2-year-old male).

(4) SMS-SAN (NBL cell line isolated from 3-year-old female).

(5) SK-N-AS (neuroblast cells isolated from the brain of a 6-year-old Caucasian female).

(6) SK-N-Be2 (NBL cell line from bone marrow biopsy taken from 2-year-old male).

(7) SH-SY5Y (Subclone of the SK-N-SH cell line, which was established from a metastatic bone tumor of a 4-year-old female).

(8) NCI-H441 (Derived from pericardial fluid of male with papillary adenocarcinoma of the lung).

(9) NCI-H69 (lung carcinoma from 55-year-old Caucasian male).

(10) NCI-526 (isolated from lung of 55-year-old Caucasian male with carcinoma).

(11) A549 (lung carcinoma from 58-year-old Caucasian male).
Cell lines and culture conditions
Human NBL cell lines (IMR-32, NLF, LAN-1, SMS-SAN, SK-N-AS, and SK-N-Be2) were acquired from ATCC and cultured in

Advanced RPMI medium (Gibco) supplemented with 10% FBS (Gibco), 1% GlutaMAX (Gibco), and 1% Penicillin/Streptomycin. Hu-

man SCLC cell line models (NCI-H441, NCI-H69, and NCI-H526) were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS

(Gibco) and 1%Pen/Strep (Gibco). The human lung cancer cell line A549 was cultured in F-12K (Gibco) supplemented with 10%FBS

(Gibco) and 1% Pen/Strep (Gibco). Cell cultures were incubated at 37�C with 5% CO2.
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In vivo studies
Forty 6-week old NCGmice were purchased from Charles River Laboratories, comprised equal population of male and female mice,

and allowed to acclimate to Columbia’s animal barrier facility for oneweek. SK-N-Be2 cells were suspended at a density of 1003 106

cells/mL in a 50% matrigel slurry in PBS. 100 mL of this suspension was injected into the right flank, to generate a tumor-forming

mass. Tumor volume was monitored at first by palpation and then daily by caliper. As tumors reached approximately 100 mm3 in

volume, mice were randomly assigned to one of four treatment arms: No Treatment (6 mice), Vehicle-Only (8 mice), Isopomiferin

at 20 mg/kg (12mice), or Pomiferin at 20mg/kg (12mice). Isopomiferin and pomiferin were dissolved initially into DMSO, then diluted

into a solution of 50%w/v 2-hydroxypropyl beta cyclodextrin in 50%ethanol in PBS, to create a 5mg/mL stock solution. This solution

was diluted with PBS to create the appropriate concentration for 20 mg/kg following a 300 mL i.p. injection and filtered through a

0.22 mm syringe filter. The solvent-only control treatment comprised an equivalent solution absent the test compounds. Treatments

were administered by i.p. injection once daily in the morning. Tumor volume was measured by caliper and mouse body weight

measured using a microscale every-other day. On day 14 of the treatment regimen, two mice from the solvent-only, pomiferin,

and isopomiferin treatment groups were euthanized 3 h after treatment and sampled for analysis of MYCN abundance in tumors.

Upon completion of the study, mice were euthanized by CO2 asphyxiation for a minimum of 3 min. All animal experiments were

approved by the Columbia University Institutional Animal Care and Use Committee.

METHODS DETAILS

Chemical screening and cell viability assays
For chemical screening, cells were seeded into white opaque 384-well plates at a density of 1000 cells/well and incubated overnight.

The following day, 384-well stock screening plates containing 10mMcompound dissolved in dimethyl sulfoxide (DMSO)were diluted

to a concentration of 200 mM in daughter plates containing growthmedium. From these plates, compoundswere diluted 1/10 into the

assay plates containing cells, resulting in a final chemical concentration of 20 mM and a DMSO concentration of 0.2%. Cells were

incubated for 72 h, after which cell viability was determined using CellTiterGlo luminescence assay, following the manufacturer’s in-

structions (Promega). Compounds were screened from 3 chemical libraries: 727 compounds from the NIH Clinical Collection

(National Institutes of Health), 2498 compounds from the NCI Diversity Set (National Cancer Institute) and 2400 compounds from

the SPECTRUM Collection (MicroSource). Following the initial screen, lethal molecules were rescreened across a five point,

3-fold dose series ranging from 20 mM to 0.25 mM, following a similar protocol. Dose curves of cell viability were generated using

PRISM v7.0 software (GraphPad).

Protein detection by Western blot
Cells were seeded in 6w plates at 400k cells/well and incubated overnight. The following day, compounds were diluted from 10 mM

DMSO stocks into growth media to achieve desired concentrations, with DMSO added to control wells to maintain equal concen-

tration across groups. Following treatment, the media was removed and cells were rinsed with cold PBS, followed by trypsin diges-

tion to release cells from the wells. Cells were collected with media and pelleted by centrifugation. Cell pellets were incubated on ice

in RIPA lysis buffer, followed by centrifugation at 17 0003 g for 100 to remove cellular debris. Protein was denatured by boiling in 1X

laemmli buffer and separated by gel electrophoresis using NuPAGE 4–12%Bis-Tris protein gels (Thermo Fisher Scientific). Semi-dry

protein transfer to nitrocellulose membrane was performed using iBlot 2 dry transfer system (Thermo Fisher Scientific), following

manufacturer’s instructions. Membranes were blocked by incubating membrane in LI-COROdyssey blocking buffer (LI-COR Biosci-

ences), at room temperature (RT) for 1 h. Membranes were incubated in primary antibody at 4�C overnight a 1:1000 dilutions. All an-

tibodies were purchased from Cell Signaling Technologies. Following incubation with primary antibody, membranes were washed

33 in PBST, and incubated with secondary antibody (LI-COR Biosystems) for 1 h in Odyssey buffer with 0.2% tween 20. Imaging

of membrane luminescence was performed using the Odyssey Western Breeze detection system (LI-COR Biosystems).

RT-qPCR
Total RNA was isolated from cell pellets using the RNeasy RNA isolation kit (QIAGEN), following manufacturer’s instructions. RNA

abundance and purity was determined using a nanodrop spectrophotometer (Thermo Fisher Scientific). Two mg of total RNA was

used as a template to generate cDNA using both oligo-dT and random priming hexameters. cDNA was treated with RNAse A to re-

move residual RNA, and then diluted 10-fold for qPCR reactions using SYBR green (Invitrogen) and gene-specific qPCR primers

(Table S1). qPCR reactions were performed using the Viia7 Real-Time PCR system (Applied Biosystems), and relative transcript

abundance evaluated using the deltaCT method, using the GAPDH housekeeping gene as normalization control.

PLATESeq cell culture, library prep, sequencing and analysis
SK-N-Be2 cells were seeded in a 96 well plate at a density of 10 000 cells/well and incubated overnight. The following day, com-

pounds were sequentially diluted fromDMSO stock solutions to create desired concentrations, with DMSO at 0.1%. Duplicate plates

were created by randomizing 90 lethal molecules across the plate, with the inclusion of six DMSO-only control wells. Following the

addition of compounds, the plates were incubated for 24 h. Following treatment, wells were rinsed twice with cold PBS, and 40 mL of

Buffer TCL was added to the each well and frozen at �20�C. Library prep and sequencing were performed at Columbia’s high-

throughput screening core and the JP Sulzberger Genome center, following published protocols.11
e3 Cell Chemical Biology 31, 1–15.e1–e9, April 18, 2024
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Reads were mapped against the human reference genome version Grch38 using the STAR aligner and used the variance stabi-

lizing transformation from the DESeq2 package for R to normalize each plate. Next, we corrected for batch effect due to having com-

pounds replicates on separate plates. We used the function combat from the sva package for R to compute the batch-corrected

normalized gene expression and fitted a linear model for each compound against the set of DMSO controls on each plate (6 wells

per plate per DMSO-treated cells). We used the limma package for R to fit the linear model and to compute p values and moderated

t-statistics for each gene. For each compound, we used a vector of these statistics to generate a gene expression profile of z-scores

representing the compound effect as differential between post- and pre-treatment.

We analyzed each compound gene expression profile using the VIPER algorithm13 with TARGET and NRC NBL interactomes,

reverse-engineered and provided in.8 Specifically, the ARACNe-AP algorithm33 was used to generate TARGET- and NRC-specific

interactomes from cohort-specific NBL gene expression profiles. The TARGET and NRC interactomes comprises 205,271 and

359,846 transcriptional interactions.

VIPER analysis resulted in two protein activity profiles for each compound that were integrated using Stouffer’s Z score method.66

We ran the VIPER algorithm after having pruned each interactome by keeping for each protein regulon the top 100 targets with the

highest likelihood, and excluding protein regulons with less than 50 targets, since fixing the number of targets makes more compa-

rable the activity score of each protein within the same profile.

Virtual-Inference of Kinase INhibiton by Gene regulatory networks algorithm
The VIKING algorithm consists in the following steps: 1) Inference of protein activity profiles of individual samples across condi-

tions with VIPER,13 2) Generation of high confidence PPI network with PrePPI, 3) PPI Network perturbation analysis with

DeMAND,35 4) Filtering of top dysregulated kinases with negative NES as inferred by VIPER between post- and pre-treatment con-

ditions (Figure S5).

We used ARACNe33 to reverse-engineer a regulatory network based on recent RNA-Seq data of 157 tumors from NBL patients

collected by the TARGET consortium. The resulting network consists of 2,362 TFs and co-TFs, and 3,197 signaling molecules,

yielding a total of 5,559 regulatory proteins, 21,664 targets and 1,889,970 interactions. This interactome was used to compute

a sample-specific protein activity signature with the VIPER algorithm, for 6 isopomiferin-treated samples and 6 samples treated

with pomiferin null analog (pomiferin dimethyl ether), all collected at 24 h. For this analysis, each regulon was pruned as described

above.

We generated a PPI network from the PrePPI database36 by selecting for pairs of protein interactions having structural score above

the median of the data for the specific PPI. The PPI list was further refined by filtering out interactions of proteins not known to have

regulatory functions, keeping therefore TF, co-TF, and signaling proteins. The network was then expanded by collecting for each pro-

tein its top scoring interactions and applying the same aforementioned criteria. This process was iterated 5 times, allowing the con-

struction of a neighborhood of high-confidence PPI for each regulatory protein. This procedure yielded to a PPI network of 201,193

high-confidence interactions. Next, the DeMAND algorithm was used to prioritize a list of 5,559 proteins based on the inferred dys-

regulation of a protein and all its predicted interaction partners between the set of treatment samples and the controls. The resulting

list of MoA proteins was filtered accordingly several criteria, including a Bonferroni corrected p value lesser than 0.01 for DeMAND

scores, NES score lesser than �1.965 for VIPER scores, and filtering out proteins that are not kinases. We used annotation for 514

human kinases as described in,67 and retained all regulatory proteins contained in this set.

The VIKING algorithm requires genome-wide drug perturbation RNASeq profiles in a number of samples per replicate R 6 (see

DeMAND algorithm requirements). Given that these data are generally not available, CRISPR KO and RNAi screening data were

used, as released by the Broad Institute through the Cancer Dependency Map (DepMap) Consortium, downloaded respectively in

May 2023 and January 2021. From these data, the NBL MYCNA SK-N-Be2 line was selected to make data comparable with our

drug screening performed on the same line. The ROC curve was built using VIKING predictions on isopomiferin drug perturbations

over SKNBE2 cells (n = 12 treatments and n = 6 controls) and compared against gene dependency scores on SKNBE2 cells, inte-

grated across the two platforms (i.e., CRISPR and RNAi) to control for technology bias. Top 5% of gene dependency scores were

considered as the geneswhose KO/interference affect cell viability. The Area Under theCurve (AUROC) computedwith this approach

is 70.8%, with �50% sensitivity at �95% specificity (Figure S5E).

Quantification of cellular accumulation of compounds
Cellular accumulation of CX-4945 and pomiferin was quantified by LC-MS following previously published protocols.68,69 In brief, SK-

N-Be2 cells were seeded at 400k cells/well in 6w plates and incubated overnight. The following day, compoundswere added towells

at indicated concentrations, with DMSO-only control added to non-treated wells. Following treatment for the indicated time periods,

cells were trypsinized, rinsed twice with cold PBS to remove media, pelleted by centrifugation, and frozen at�20�C. To extract com-

pounds, frozen pellets were resuspended in 150 mL of acetonitrile, sonicated for 20, and centrifuged at 1400 x g for 750 at 4�C. Su-
pernatant was collected and analyzed by LC-MS using a system comprised a Thermo Scientific Dionex Ultimate 3000 and a Bruker

amaZon SL equipped with an electrospray ionization source controlled by a Bruker Hystar 3.2. Compounds were separated by in-

jecting 20 mL of supernatant onto an Agilent Eclipse Plus C18 column (2.13 50mm, 3.5 mM)maintained at 20�C, with the flow rate set

at 400 mL/min. Initial flow conditions were 60% solvent A (MilliQ H20, 0.1% acetic acid), and 40% solvent B (HPLC-grade MeOH,

0.1% acetic acid). Solvent B was raised to 60% over 0.25 min and to 70% by 6.75 min. Solvent B was raised to 95% by 7 min

and lowered back to 40% by 8 min; total run time was 9 min.70
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Biochemical kinase assays
Cell-free biochemical kinase assays were performed at Reaction Biology Corporation (Malvern, PA). In brief, kinase substrates

were diluted into reaction buffer containing 20 mM HEPES (pH 7.5), 10 mM MgCl2, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL BSA,

0.1 mM Na3VO4, 2 mM DTT, 1% DMSO. Purified protein (CK2a1, CK2a2, or mTOR) was added to the substrate solution and

gently mixed. Test compounds were diluted from 10 mM DMSO stock solutions into the reaction buffer using an Echo550 acous-

tic dispenser, followed by incubation at RT for 20 min 33P-ATP (10 mCi/mL) was added to reaction mixture, following incubation

for 2 h at RT. Reactions were then spotted onto P81 ion exchange paper and kinase activity was detected by filter binding

method.

In vitro metabolic stability assays
Mouse liver microsomes (Xenotech) were diluted to 0.5 mg/mL in a solution containing 100 mM PBS buffer at 7.4 pH, an NADPH

regenerating system (Promega), and test compounds at 20 mM. Themixture was incubated at 37�C under gentle rotation for the indi-

cated time points. The reaction was quenched by aliquoting 15 mL of solution into 60 mL ice-cold acetonitrile containing an internal

standard. Test compounds were quantified by LC-MS using a system comprised a Thermo Scientific Dionex Ultimate 3000 and a

Bruker amaZon SL equipped with an electrospray ionization source controlled by a Bruker Hystar 3.2. Compounds were separated

by injecting 20 mL of sample onto an Agilent Eclipse Plus C18 column (2.13 50mm, 3.5 mM)maintained at 20�C, with the flow rate set

at 400 mL/min. Initial flow conditions were 60% solvent A (MilliQ H20, 0.1% acetic acid), and 40% solvent B (HPLC-grade MeOH,

0.1% acetic acid). Solvent B was raised to 60% over 0.25 min and to 70% by 6.75 min. Solvent B was raised to 95% by 7 min

and lowered back to 40% by 8 min; total run time was 9 min.

Mouse plasma was diluted with 100 mM PBS buffer at 7.4 pH at a 1:1 ratio and warmed to 37�C. Test compounds were added to

the plasma solution at 20 mMand incubated for the indicated time point. Reactions was quenched by aliquoting 15 mL of solution into

60 mL ice-cold acetonitrile containing an internal standard. Compounds were quantified by LC-MS, as described above.

Protein expression
Recombinant HIS-tagged CK2a1 protein was expressed in BL21 Escherichia coli from a codon-optimized expression system driven

by an IPTG-inducible promoter. Bacteria were selected from a single successful transformation on selectable agar plates and

cultured in 2-YT broth with 100 mg/mL ampicillin at 37�C until the culture reached an OD600 of 0.8. The culture was then acclimated

to 20�C for 1 h, following which IPTG was added at 0.5 mM and the culture was incubated overnight at 20�C. The following day, the

culture was pelleted at 4000 rpm for 20 min at 4�C. The pellet was resuspended in buffer (50 mM Tris-Cl pH 8.0, 500 mM NaCl, and

protease inhibitor tablets) and lysed by sonication. Bacterial lysate was centrifuged at 14000 rpm for 35 min at 4�C, and the super-

natant was incubated with Ni Sepharose 6 Fast Flow beads that were equilibrated in buffer (50 mM Tris-Cl pH 8.0, 500 mM NaCl).

Affinity purification using was performed following manufacturer’s instructions (GE Healthcare). Eluted protein was dialyzed over-

night at 4�C in buffer (50 mM Tris-Cl and 300 mM NaCl) to remove imidazole. The following day, dialyzed protein was concentrated

by centrifugation through amicon ultracell 10 kDa cutoff filter columns (EMDMillipore), followed by FPLC protein purification. Protein

abundance was quantified by Bradford protein assay (BioRAD) and purity evaluated by Coomassie staining of SDS-PAGE gels and

Western blot.

Molecular modeling studies
Molecular docking, molecular modeling, and visualizations were performed using Glide (version 2020-4, Schrödinger) and Schrö-

dinger Maestro (version 2020-4). Pomiferin was docked in a crystal structure of CK2 (PDB ID: 3Q9W).

Semi-synthesis of pomiferin and osajin analogs
Pomiferin and osajin were isolated from Maclura pomifera by Soxhlet extraction of the dried fruit with hexane and ether to give a

1:1 mixture of the two. RP HPLC separated pomiferin and osajin and small amounts of structurally related isoflavones. Treatment

of the mixture of pomiferin and osajin with iodomethane and potassium carbonate in acetone gave the di-O-methyl (AZVII-89-11)

and mono-O-methyl (AZVII-89-12) derivatives, respectively. By treatment of pomiferin with iodomethane and potassium carbon-

ate in acetone the O-methyl analog (AZVII-4A) could be isolated. Catalytic hydrogenation of the pomiferin/osajin mixture gave

the respective hydrogenated derivatives (AZVII-12P and AZVII-12O, respectively) after purification by RP HPLC as well as minor

amounts of reduced structurally related isoflavones (AZVII-12-1 and AZVII-12-2).

Extraction of prenylated isoflavonoids from osage orange
Osage oranges (Maclura pomifera) were collected, chopped up, oven dried at 80�C, and pulverized in a corn meal grinder. The

resulting powder was placed in a Soxhlet extractor and extracted with hexane, followed by ether. The ether extracts were

concentrated to give an orange crystalline solid containing approximately a 1:1 mixture of pomiferin and osajin, as determined

by 1H NMR. Reversed phase HPLC separation (CH3CN/H20/0.01%TFA, 60–90% CH3CN, 15-min gradient) of 100 mg of the

mixture gave two major and three minor peaks corresponding to pomiferin (44.6 mg yellow powder, RT = 14.1 min), osajin

(36.2 mg pale yellow powder, RT = 17.1 min), AZVII-13-1 (RT = 7.2 min), AZVII13-2 (RT = 9.9 min), and AZVII13-3 (RT =

12.3 min), respectively.
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AZVII-13-1 (5,7-dihydroxy-3-(4-hydroxyphenyl)-6-(3-methylbut-2-en-1-yl)-4H-chromen-4-one)

1HNMR (CD3OD) d 8.03 (s, 1H), 7.37 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.38 (s, 1H), 5.21–5.27 (m, 1H), 1.78 (s, 3H), 1.66 (s,

3H). MS M + H = 339.1.
AZVII-13-2 (diprenylorobol; 3-(3,4-dihydroxyphenyl)-5,7-dihydroxy-6,8-bis(3-methylbut-2-en-1-yl)-4H-chromen-
4-one)

1H NMR (CD3OD) d 8.10 (s, 1H), 7.03 (d, J = 1.9 Hz, 1H), 6.86 (dd, J = 1.9, 8.2 Hz, 1H), 6.82 (d, J = 8.2 Hz, 1H), 5.28–5.12 (m, 2H),

3.49 (d, J = 7.0 Hz, 2H), 3.39 (d, J = 7.1 Hz, 2H), 1.82 (s, 3H), 1.80 (s, 3H), 1.68 (s, 6H). MS M + H = 422.2.
AZVII-13-3 (diprenylgenistein; 5,7-dihydroxy-3-(4-hydroxyphenyl)-6,8-bis(3-methylbut-2-en-1-yl)-4H-chromen-
4-one)

1H NMR (CD3OD) d 8.12 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 5.24–5.15 (m, 2H), 3.49 (d, J = 7.4 Hz, 2H), 3.39 (d,

J = 7.1 Hz, 2H), 1.82 (s, 3H), 1.80 (s, 3H), 1.68 (s, 6H). MS M + H = 407.2.

Hydrogenation of pomiferin and isopomiferin

An approximately 1:1 pomiferin:osajin mixture (164 mg) in methanol (15 mL) was treated with 10% Pd/C (30 mg) and hydrogen gas

(balloon pressure) at RT. After 18 h the mixture was filtered through Celite and concentrated in vacuum to give a colorless solid. Sep-

aration by RPHPLC (CH3CN/H20/0.01%TFA, 60–90%CH3CN, 15-min gradient) gave twomajor and twominor peaks corresponding

to AZVII-12P (RT = 14.1 min), AZVII-12O (RT = 16.9 min), AZVII-12-1 (RT = 10.8 min), and AZVII-12-2 (RT = 13.2 min), respectively.
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AZVII-12P (3-(3,4-dihydroxyphenyl)-5-hydroxy-6-isopentyl-8,8-dimethyl-2,3,9,10-tetrahydro-4H,8H-pyrano[2,3-f]
chromen-4-one)

1HNMR (CD3OD) d 6.75 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 2.1 Hz, 1H), 6.62 (dd, J = 8.2,2.1 Hz, 1H), 4.58 (dd, J = 7.2, 11.3 Hz, 1H), 4.52

(dd, J = 5.0, 11.3 Hz, 1H), 3.79 (dd, J = 7.2, 5.0 Hz, 1H), 2.61 (t, J = 6.9 Hz, 2H), 2.52 (t, J = 6.9 Hz, 2H), 1.80 (t, J = 6.9 Hz, 2H), 1.53 (sept,

J = 6.6 Hz, 1H), 1.36 (s, 3H), 1.35 (s, 3H), 0.94 (d, J = 6.6 Hz, 6H) MS M + H = 424.2.

AZVII-12O (5-hydroxy-3-(4-hydroxyphenyl)-6-isopentyl-8,8-dimethyl-2,3,9,10-tetrahydro-4H,8H-pyrano[2,3-f]
chromen-4-one)

1H NMR (CD3OD) d 7.10 (d, J = 8.6 Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 4.58 (dd, J = 5.3, 11.3 Hz, 1H), 4.53 (dd, J = 7.9, 11.3 Hz, 1H),

3.89 (dd, J = 5.3, 7.9 Hz, 1H), 2.61 (t, J = 6.9 Hz, 2H), 2.52 (t, J = 6.9 Hz, 2H), 1.80 (t, J = 6.9 Hz, 2H), 1.52 (sept, J = 6.6 Hz, 1H), 1.36 (s,

3H), 1.35 (s, 3H), 0.93 (d, J = 6.6 Hz, 6H) MS M + H = 408.2.

AZVII-12-1 (3-(3,4-dihydroxyphenyl)-5,7-dihydroxy-6,8-diisopentylchroman-4-one)

1HNMR (CD3OD) d 6.73 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 2.2 Hz, 1H), 6.62 (dd, J = 2.2, 8.2 Hz, 1H), 4.53 (dd, J = 4.8, 11.3 Hz, 1H), 4.47

(dd, J = 7.1, 11.3 Hz, 1H), 3.76 (dd, J = 4.8, 7.1 Hz, 1H), 2.62–2.54 (m, 4H), 1.64–1.47 (m, 2H), 1.40–1.29 (m, 4H), 0.95 (d, J = 5.3 Hz,

6H), 0.93 (d, J = 5.3 Hz, 6H). MS M + H = 428.2.
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AZVII-12-2 (5,7-dihydroxy-3-(4-hydroxyphenyl)-6,8-diisopentylchroman-4-one)

1H NMR (CD3OD) d 7.11 (d, J = 8.6 Hz, 2H), 6.75 (d, J = 18.6 Hz, 2H), 4.54 (dd, J = 5.0, 11.3 Hz, 1H), 4.48 (dd, J = 7.5, 11.3 Hz, 1H),

3.84 (dd, J = 5.0, 7.5 Hz, 1H), 2.53–2.63 (m, 4H), 1.65–1.48 (m, 2H), 1.42–1.24 (m, 4H), 0.95 (d, J = 4.5 Hz, 6H), 0.93 (d, J = 4.4 Hz, 6H).

MS M + H = 412.2.

Methylation of pomiferin and osajin mixture

To an approximately 1:1 mixture of pomiferin:osajin (50 mg) in acetone (2 mL) was added K2CO3 (84 mg) and CH3I (15 mL). After 1 h

an additional 30 mL of CH3I was added. After 48 h the reaction mixture was filtered, concentrated and purified by RP HPLC to give

5-hydroxy-3-(4-methoxyphenyl)-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]chromen-4-one and 3-(3,4-dimethox-

yphenyl)-5-hydroxy-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]chromen-4-one.

AZVII-89-11 3-(3,4-dimethoxyphenyl)-5-hydroxy-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]
chromen-4-one

1H NMR (DMSO-d6) d 13.40 (s, 1H), 8.49 (s, 1H), 7.17 (d, J = 2.1 Hz, 1H), 7.14 (dd, J = 8.3, 2.1 Hz, 2H), 7.03 (d, J = 8.3 Hz, 1H), 6.69

(d, J = 10.0 Hz, 1H), 5.80 (d, J = 10.0 Hz, 1H), 5.22–5.08 (m, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.25 (d, J = 7.4 Hz, 2H), 1.75 (s, 3H), 1.63 (s,

3H), 1.44 (s, 6H). MS M + H = 448.2.

AZVI-89-12 5-hydroxy-3-(4-methoxyphenyl)-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]chromen-
4-one

1HNMR (DMSO-d6) d 13.38 (s, 1H), 8.46 (s, 1H), 7.51 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 8.8 Hz, 2H), 6.69 (d, J = 10.0 Hz, 1H), 5.80 (d, J =

10.0 Hz, 1H), 5.31–4.89 (m, 1H), 3.79 (s, 3H), 3.27–3.22 (m, 2H), 1.75 (s, 3H), 1.63 (s, 3H), 1.44 (s, 6H). MS M + H = 418.2.

Methylation of pomiferin

To pomiferin (50 mg) in acetone (2 mL) was added K2CO3 (84 mg) and CH3I (30 mL). After 2 h an additional 30 mL of CH3I was added.

After 48 h the reaction mixture was filtered, concentrated and purified by RP HPLC to give (5-hydroxy-3-(3-hydroxy-4-methoxy-

phenyl)-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]chromen-4-one).
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AZVII-4A (5-hydroxy-3-(3-hydroxy-4-methoxyphenyl)-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4H,8H-pyrano[2,3-f]
chromen-4-one)

1H NMR (CD3OD) d 8.14 (s, 1H), 7.06 (bd s, 1H), 6.99 (bd s, 2H), 6.74 (d, J = 9.8 Hz, 1H), 5.69 (d, J = 9.8 Hz, 1H), 5.34–5.08 (m, 1H),

3.89 (s, 3H), 1.80 (s, 3H), 1.80 (s, 3H), 1.67 (s, 3H), 1.47 (s, 6H). MS M + H = 434.2.

Triacetylation of pomiferin

A mixture of pomiferin (100 mg) and NaOAc (600 mg) in acetic anhydride (7.5 mL) was heated in an oil bath at 150�C for 3 h. After

cooling to RT, the mixture was poured into water (20 mL) and stored at 4�C overnight. Filtration gave 4-(5-acetoxy-8,8-dimethyl-

6-(3-methylbut-2-en-1-yl)-4-oxo-4H,8H-pyrano[2,3-f]chromen-3-yl)-1,2-phenylene diacetate as a gray solid (96 mg).

AZVII-44 4-(5-acetoxy-8,8-dimethyl-6-(3-methylbut-2-en-1-yl)-4-oxo-4H,8H-pyrano[2,3-f]chromen-3-yl)-1,2-
phenylene diacetate

1H NMR (CDCl3) d 7.85 (s, 1H), 7.41–7.32 (m, 2H), 7.22 (d, J = 8.9 Hz, 1H), 6.76 (d, J = 10.0 Hz, 1H), 5.69 (d, J = 10.0 Hz, 1H), 5.24–

4.87 (m, 1H), 2.43 (s, 3H), 2.29 (s, 6H), 1.78 (s, 3H), 1.67 (s, 3H), 1.49 (s, 6H). MS M + H = 546.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis was performed in R v3.6, and most of the figures were generated using ggplot2.71 Tabular data were handled with tidy-

verse.72 Statistical parameters and tests are reported in the main text, figures, figure legends and tables. Whenever appropriate,

p values were adjusted for multiple hypothesis testing using the p.adjust function from the stats package in R, using Benjamin-

Hochberg method where not otherwise specified. All statistical tests used are described in the relative methods section. Data are

considered statistically significant in applied statistical analyses when the p value is less than 0.05, unless explicitly stated that a

different significance threshold was employed.
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