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SUMMARY
Inhibition of the extracellular signal-regulated kinases ERK1 and ERK2 (ERK1/2) offers a promising therapeu-
tic strategy in cancers harboring activated RAS/RAF/MEK/ERK signaling pathways. Here, we describe an
orally bioavailable and selective ERK1/2 inhibitor, ASN007, currently in clinical development for the treatment
of cancer. In preclinical studies, ASN007 shows strong antiproliferative activity in tumors harboringmutations
in BRAF and RAS (KRAS, NRAS, andHRAS). ASN007 demonstrates activity in a BRAFV600Emutant melanoma
tumor model that is resistant to BRAF and MEK inhibitors. The PI3K inhibitor copanlisib enhances the anti-
proliferative activity of ASN007 both in vitro and in vivo due to dual inhibition of RAS/MAPK and PI3K survival
pathways. Our data provide a rationale for evaluating ASN007 in RAS/RAF-driven tumors as well as a mech-
anistic basis for combining ASN007 with PI3K inhibitors.
INTRODUCTION

The mitogen-activated protein kinase (MAPK) pathway, also

known as the RAS-RAF-MEK-ERK pathway, regulates a vari-

ety of physiologic cell functions, including cell proliferation

and survival.1,2 RAS activation by upstream receptors requires

a switch from the guanosine diphosphate (GDP)-bound to

the guanosine triphosphate (GTP)-bound form. This conforma-

tional change leads to RAF binding, promoting its dimerization

and activation.3 Activated RAF phosphorylates and activates

mitogen-activated protein/extracellular signal-regulated ki-

nase (MEK) which phosphorylates and activates ERK1/2 at

threonine and tyrosine sites. ERK regulates a variety of cell

functions by phosphorylating >200 cytoplasmic and nuclear

substrates.4,5

This physiologic pathway is frequently hijacked by cancer cells,

through activating mutations in RAS and RAF genes.1,2,6 From a

therapeutic point of view, this activated pathway can be targeted

at different node levels. To date, only drugs targeting BRAF (ve-

murafenib, dabrafenib, and encorafenib) or MEK (trametinib, bini-

metinib, and cobimetinib) have been approved by regulatory

agencies for the treatment of BRAFV600E mutant melanoma.4,7–13

Newer strategies are exploring targeting the most proximal
This is an open access article under the CC BY-N
node, RAS, or the most distal node, ERK1/2. Several ERK1/2

inhibitors are in development, including ulixertinib (BVD-523), rav-

oxertinib (GDC-0994), and SCH772984.14–16 Rationale for these

strategies is aimed at improving the quality and duration of clinical

responses achieved by RAF andMEK inhibitors, to overcome ac-

quired resistance,whichmay includeactivationofERK1/2 through

a feedback mechanism, and to broaden tumor types that may

benefit from inhibiting this pathway.4,14,17,18

In this study, we describe a potent and selective ERK1/2 inhib-

itor, ASN007, which is in clinical development for the treatment of

cancer. We show that ASN007 has broad antiproliferative activ-

ity in both solid tumors and lymphoma, with preferential sensi-

tivity in RAS and BRAF mutant cancers. We also describe

enhanced antitumor activity in vitro and in vivo using a combina-

tional treatment of ASN007 and a phosphatidylinositol 3-kinase

(PI3K) inhibitor.

RESULTS

Discovery and biochemical characterization of the
selective ERK1/2 inhibitor ASN007
The imidazole carboxamide scaffold was used as a starting

point to discover and develop potent and selective inhibitors
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Figure 1. Structural and biochemical characterization of ASN007

(A) Molecular structure of ASN007, MW = 473.

(B) Dose-response curves of ERK1/2 inhibitors (ASN007 or SCH772894) in a homogeneous time-resolved fluorescence (HTRF)-based ERK1/2 enzymatic activity

assay.

(C) Kinome tree dendrogram showing the biochemical kinase profiling assay (KinaseProfiler, Eurofiler), which measures the kinase inhibitory activity of ASN007 in

a radiometric enzymatic assay in a panel of 335 purified kinases. Hit kinases reported are marked with a red circle and the size of the circle indicates the relative

potency of ASN007 for each kinase. ERK1/2 kinases are illustrated by a blue circle. Green dots indicate kinases against which ASN007 does not have significant

activity at 1 mM. The dendrogram was generated using the web tool TREESpot, provided by DiscoverX.

(D) IC50 values (nM) for ASN007 against the top 22 kinases, which showed >75% inhibition at 1 mmM, identified from the primary kinome screening.

(E) Dose-dependent effect of ASN007 treatment on phosphorylation of ERK1/2 targets. Representative western blot analysis shows inhibition of RSK1 (Ser380)

phosphorylation after 4h of ASN007 treatment in a colorectal adenocarcinoma cell line, HT-29.

(F) Dose-response curve of ASN007 inhibition of RSK phosphorylation in the human colon cancer HT-29 BRAFV600E mutant cell line, measured by an ELISA test.
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of ERK1 and ERK2 kinases. A structure-activity-based

approach was used to systematically modify the key moieties

of the compounds to optimize the pharmacological features,

comprising synthesis and testing of >600 compounds. The

evaluation of multiple parameters such as potency and selec-

tivity for ERK kinase inhibition, cell-based mechanistic and anti-

proliferative activity, pharmacokinetics, and in vivo efficacy led
2 Cell Reports Medicine 2, 100350, July 20, 2021
to the identification of ASN007, N-(2-amino-1-(3-chloro-5-fluo-

rophenyl)ethyl)-1-(5-methyl-2-((tetrahydro-2H-pyran-4-yl)

amino)pyrimidin-4-yl)-1H-imidazole-4-carboxamide (Figure 1A)

as a promising lead compound for further development. In

cell-free biochemical assays, ASN007 inhibited ERK1 and

ERK2 with a half-maximal inhibitory concentration (IC50) value

of 2 nM against both kinases (Figure 1B). In comparison,
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Figure 2. Antiproliferative efficacy of ASN007 in solid tumor and lymphoma cell lines

(A) The IC50 values of ASN007 were compared with two other ERK1/2 inhibitors (ulixertinib/BVD-523 and ravoxertinib/GDC-0994) in a panel of solid tumor cell

lines with or without mutations in the RAS/RAF/MEK/ERK pathway. Cells were treated with increasing concentrations of the specified ERK1/2 inhibitor for 72 h

before cell viability assessment.

(B) ASN007 was more effective against lymphoma cell lines harboring mutations in the RAS/RAF pathway. Each bar represents the mean ± SD of three inde-

pendent experiments.

(C) Dot plot comparing IC50 values of ASN007 in cell lines with or without mutations in the RAS/RAF/MAPK pathway. Black dots illustrate IC50 values for lym-

phoma cell lines and red dots illustrate solid tumor cell lines. Differences between groups were calculated with Student’s t test. ****p < 0.0001.
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SCH772984 showed IC50 values of 8 and 3 nM against ERK1

and ERK2, respectively.

In a primary kinome screening assay comprising a panel of 335

serine/threonine, tyrosine, and protein lipid kinases, ASN007

demonstrated a selective inhibition of ERK1/2 kinases at

1.0 mM concentration (Figure 1C; Table S1). IC50 determination

for the top 22 kinases, which showed >75% inhibition at 1 mM,

confirmed the selectivity of ASN007 for ERK1 and ERK2, in addi-

tion to the inhibition of a small number of kinases belonging to the

CMGC and CAMK kinase subfamilies (Figure 1D).

ASN007 treatment promotes the dose-dependent decrease in

the phosphorylation level of ERK1/2 protein targets RSK-1

and FRA-1 in HT-29, a colorectal cancer cell line harboring
BRAFV600E mutation (data not shown; Figure 1E). The inhibitory

effect of ASN007 on RSK-1 phosphorylation was further

confirmed in an enzyme-linked immunosorbent assay (ELISA)

(Figure 1F). The inhibition of ERK1/2 targets MSK1 and RSK1

was observed as early as 15 min with ASN007 treatment and

lasted for at least 72 h, as shown by time-dependent analysis

in a mantle cell lymphoma (JeKo-1) and a melanoma (A375)

cell line (Figure S1A). The antiproliferative activity of ASN007

was mainly due to the induction of a time-dependent cell-cycle

arrest in the G0/G1 phase (Figure S1B; Table S2).

The potential functional effects of the inhibition of the off-

target kinases were investigated in both in vitro cell lines and

in vivo tumor xenograft models. ASN007 demonstrated no
Cell Reports Medicine 2, 100350, July 20, 2021 3



Table 1. IC50 values for representative RAS and RAF mutant cell lines

Cell line

IC50 (mM)

Tissue Gene mutated Mutation (RAS pathway) ASN007 GDC-0994 BVD-523

HT-29 colon BRAF V600E 0.020 0.082 0.021

A375 skin BRAF V600E 0.007 0.097 0.347

Colo 205 colon BRAF V600E 0.021 0.137 0.643

T24 bladder HRAS G12V 0.653 8.335 9.512

NCI-H2122 lung KRAS G12C 0.015 >10 2.050

LoVo colon KRAS G13D 0.005 0.015 0.179

PANC-1 pancreas KRAS G12D 0.009 0.708 0.535

HCT116 colon/rectum KRAS G13D 0.026 0.549 8.762

Calu-6 lung KRAS Q61K 0.007 0.555 0.508

A549 lung KRAS G12C 0.053 >10 2.350

NCI-H460 lung KRAS Q61H 0.296 >10 3.3000

CFPAC-1 pancreas KRAS G12V 0.576 3.601 >10

SK-MEL-2 skin NRAS Q61R 0.003 0.089 0.137

Hep G2 liver NRAS Q61L 0.058 0.038 0.170

A2780 ovary PTEN N/A 0.008 0.294 0.266

LNCaP prostate PTEN N/A >10 >10 >10

PC-3 prostate PTEN N/A >10 >10 >10

U-87 MG brain PTEN N/A >10 >10 >10

MCF7 breast PIK3CA N/A >10 >10 >10

T-47D breast PIK3CA N/A >10 >10 9.566

NCI-H1975 lung EGFR N/A >10 >10 >10

BT-474 breast HER2 N/A >10 >10 >10

786-O kidney Other N/A >10 >10 >10

N/A, not applicable.
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evidence of the mechanistic inhibition of CDK2, CDK4, GSK3, or

PRDK1, confirming its selectivity in cells (Figure S1C) and tumors

(Figure S1D).
Table 2. IC50 mean values (mM) of ASN007 against different

lymphoma cell lines

Cell line IC50 Cell line IC50

CA46 >10 SU-DHL-8 2.4

EB1 >10 SU-DHL-1 2.3

Daudi >10 U-2932 2.3

L-428 >10 DB 1.7

SUP-M2 >10 Ramos 1.8

REC-1 7.6 SU-DHL-10 1.7

HBL-1 7.4 Ri-1 1.6

JVM-2 5.7 OCI-Ly10 1.5

OCI-Ly3 5.5 JeKo-1 1.4

BJAB 4.3 MAVER-1 1.3

KARPAS-299 4.1 SU-DHL-6 1.2

Raji 3.1 Z-138 0.5

TMD8 3.0 OCI-Ly19 0.4

SU-DHL-4 2.9 U-2973 0.3

JVM-13 2.7 MINO 0.2

KM-H2 2.6 NU-DHL-1 0.1
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Preferential activity of ASN007 against RAS/RAF
pathway mutant cancers
The antiproliferative activity of ASN007 was assessed in a panel

of 23 solid tumor cell lines with (n = 14) or without (n = 9) genetic

alterations in the RAS/RAF pathway (Figure 2A). Similar to the

ERK1/2 inhibitors GDC-0994 and BVD-523, ASN007 showed

preferential antiproliferative activity in cell lines harboring muta-

tions in the RAS/RAF pathway, with a median IC50 of 37 nM

(range, 13–100 nM), compared to IC50 values of >10,000 nM in

cell lines without the mutations (Table 1). However, ASN007

demonstrated greater potency compared to GDC-0994 and

BVD-523 in cell lines harboring RAS/RAF mutations (Figure 2A).

Similar results were observed in a panel of lymphoma cell lines

(n = 32) representing a wide range of histologic subtypes (Fig-

ure 2B). The compound was particularly potent against KRA-

SA146T mutant cell line NU-DHL-1, NRASG13D mutant cell line

MINO, and BRAFV600E mutant lymphoma cell line U-2973, with

IC50 values of 100, 200, and 300 nM, respectively (Table 2).

Thus, the presence of RAS/RAF pathway mutations was predic-

tive of the enhanced efficacy of ASN007, irrespective of the tu-

mor type (Figure 2C).
In vivo activity of ASN007
ASN007 activity was also evaluated in four different human tu-

mor xenograft mouse models harboring either KRAS or NRAS
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Figure 3. In vivo activity of ASN007 in mouse xenografts and PDX models

(A) MIA PaCa-2, PANC-1, SK-N-AS, and HCT116 tumor cells were implanted, and when tumors reached ~100 mm3 in size, mice were treated with either vehicle

or ASN007 at the indicated doses and schedules. BID, twice per day; PO, per os (oral) administration; QD, once per day. Error bars represent means ±SEMs (n > 8

per treatment group).

(legend continued on next page)
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mutations: (1) HCT116, a colorectal adenocarcinoma cell line

with a KRASG13D mutation; (2) Panc-1, a pancreatic adenocarci-

noma model with a KRASG12D mutation; (3) MIA PaCa-2, a

pancreatic adenocarcinoma model with a KRASG12C mutation;

and (4) SK-N-AS, a neuroblastoma model with a NRASQ61K mu-

tation. In all four models, ASN007 demonstrated strong anti-

tumor efficacy (Figure 3A) without body weight loss (Figure S2A).

Similarly, ASN007 showed a strong tumor growth inhibition in

MINO, amantle cell lymphomamodel with a NRASG13D mutation

(Figure 3B). In a pharmacodynamic assay, ASN007 decreased

the phosphorylation of ERK1/2 target proteins RSK and MSK

(Figure 3C).

The efficacy of ASN007 was evaluated against a panel of 41

patient-derived xenograft (PDX) colorectal cancer mouse

models (Figure 3E; Table S3). The panel included 17 tumors

with KRAS mutations (including G12C, G12D, G12S, G12V,

and G13D), 11 with the BRAFV600E mutation, and 13 with

wild-type BRAF and KRAS genes. Overall, treatment with

ASN007 resulted in at least 30% tumor growth inhibition in

33 of 41 models (80%) compared to mice treated with vehicle.

ASN007 was highly effective in tumors harboring KRAS muta-

tions, as tumor growth inhibition was observed in 16 of 17

models, irrespective of the KRAS subtype mutations. In two

BRAFV600E mutant models, ASN007 induced tumor regression

below baseline tumor volumes. Using a panel of 45 genes

known to be frequently altered in human tumors analyzed by

exon sequencing, we observed that most models with muta-

tions in the RAS/MAPK signaling pathway responded to

ASN007 treatment (Figure S2B). However, some models with

wild-type status of KRAS or BRAF genes also showed sensi-

tivity to ASN007 treatment. Additional studies involving geno-

mics and proteomics would help in understanding the activity

of ASN007 in these wild-type models.

In addition, a pair of PDX models were derived from a mela-

noma patient with a BRAFV600E mutation, one before initiating

treatment with vemurafenib and the second established after

disease progression while on vemurafenib. In the vemurafe-

nib-sensitive PDX model (ST052B), dabrafenib (50 mg/kg per

os [PO] twice per day [BID]) and ASN007 (25 or 50 mg/kg PO

BID) demonstrated similar antitumor activity (Figure 3D). In

the vemurafenib-resistant PDX model (ST052C), ASN007 (25

or 50 mg/kg PO BID) maintained its antitumor activity with no

significant loss of body weight (Figure S2C), whereas dabrafe-

nib showed no efficacy. Thus, ASN007 was effective in both

vemurafenib-sensitive and -resistant melanoma PDX models,

suggesting that the compound can be used to treat patients
(B) Activity of two different doses of ASN007 in a mantle cell lymphoma xenograf

treatment group).

(C) Representative western blot analysis of total and phosphorylated ERK1/2 a

(75 mg/kg, QD, or 40 mg/kg, BID). Glyceraldehyde 3-phosphate dehydrogenase

(D) PDX model derived from a melanoma patient before (ST052B) and after relaps

ASN007 (25 mg/kg or 50 mg/kg PO, BID) remained effective while therapy with th

SEMs (n > 5 per treatment group).

(E) Tumor growth inhibition by ASN007 (40 mg/kg PO, BID) in a panel of colorecta

bar represents 1 model. The color of the bar denotes the mutation status of BRAF

wild type for both BRAF and KRAS. In all in vivo efficacy studies except for the HCT

correction factor 1.32) of ASN007 was used. However, the freebase form of ASN
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with BRAF mutant melanoma after the failure of prior BRAF/

MEK inhibitor therapy.

The PI3K inhibitor copanlisib enhances the antitumor
activity of ASN007
Interlinked biological network systems such as the RAS/RAF/

MEK/ERK and PI3K pathways are reported to be highly respon-

sive to external perturbations, especially when combinational

therapies targeting both pathways are used.19–24 To explore

the impact of ERK and PI3K simultaneous inhibition in our

models, ASN007-sensitive or ASN007-resistant lymphoma and

solid tumor cell lines were treated with different concentrations

of ASN007 and the PI3K inhibitor copanlisib.

Combinational therapy enhanced the antiproliferative activity

of ASN007 in a variety of lymphoma and solid tumor cell lines

compared to either compound alone (Figures 4A, S3A, and

S3B). The inhibition of proliferation was associated with the

reduced activity of ERK and PI3K downstream targets MSK

and ribosomal protein S6 (rS6), respectively. The combination

of ASN007 and copanlisib resulted in the suppression of MSK

and rS6 phosphorylation to lower levels than are seen with

either single-agent treatment (Figure 4B). A similar effect was

observed in three different xenograft models (Figure 4C) and

in a mantle cell lymphoma (MCL) PDX model (Figure 4D). In

all of the models tested, combined therapy led to an enhanced

treatment efficacy shown by delayed tumor growth without

compromising the body weight of the animals (Figures S3C

and S3D).

DISCUSSION

BRAF andMEK inhibitors are the only approved agents targeting

RAS/RAF/MEK/ERK signaling activity.18,25 However, a common

feature of these inhibitors is the trigger of compensatory signaling

such as the reactivation of ERK1/2, leading to treatment escape

and drug resistance.2,26 These observations suggest that thera-

peutic targeting of ERK1/2may have an advantage over inhibiting

upstream targets such as MEK or BRAF. In this study, we

describe the discovery and characterization of ASN007, an orally

bioavailable and potent small-molecule inhibitor of ERK1 and

ERK2 kinases.

ASN007 is a reversible and ATP-competitive inhibitor of ERK1/

2 kinases. In cell-free assays, ASN007 had an IC50 of 2 nM

against ERK1 and ERK2 kinases. ASN007 demonstrated anti-

proliferative activity in an extended panel of solid tumor and lym-

phoma cell lines, which is associated with the durable blockade
t model using the MINO cell line. Error bars represent means ± SEMs (n >8 per

nd RSK in tumor extracts from the MINO xenograft at the end of treatment

(GAPDH) was used as a loading control.

ing on vemurafenib treatment (ST052C). In the ST052C model, treatment with

e BRAF inhibitor dabrafenib showed no efficacy. Error bars represent means ±

l cancer PDX models treated for 22 to 35 days, depending on the model. Each

and KRAS genes; magenta = BRAF mutant, green = KRASmutant, and white =

116model, the besylate (salt correction factor 1.33) or mandelate salt form (salt

007 was used for the study involving the HCT116 model.
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Figure 4. The combination of ASN007 and the PI3K inhibitor copanlisib results in enhanced antiproliferative activity in vitro and enhanced

tumor growth inhibition in vivo

(A) Drug matrix heatmap of the enhanced antiproliferative effect when ASN007 is combined with the PI3K inhibitor copanlisib in anMCL cell line, MINO. Heatmap

grids correspond to the mean of three independent experiments measured by the MTS assay.

(B)Western blot analysis of total and phosphorylated levels of rS6 andMSK after 72 h of treatment with ASN007 (0.3 mM), copanlisib (0.05 mM), or the combination

of both compounds in MINO cells. Blots are representative of three independent experiments.

(C) Combination of ASN007 and copanlisib results in enhanced efficacy in MINO and two lung carcinoma (A549, NCI-H1975) xenograft tumor models. Error bars

represent means ± SEMs (n > 8 per treatment group).

(D) Combination of ASN007 and copanlisib results in enhanced efficacy in an MCL PDX mouse model (PDX44685).

Doses administered: ASN007 (40 mg/kg PO, BID in all four models); copanlisib (14 mg/kg for MINO, NCI-H1975, and PDX 44685, and 10 mg/kg for A549, 2 days

on followed by 5 days off, intraperitoneally [i.p.]). Error bars represent means ± SEMs (n > 8 per treatment group).
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of ERK target phosphorylation. Furthermore, ASN007 demon-

strated preferential activity in a variety of tumor types that

harbored mutations in BRAF, KRAS, or RAS, providing a poten-

tial selection biomarker in clinical trials. In cell lines harboring

mutations in BRAF or RAS, ASN007 demonstrated superior effi-

cacy when compared with other ERK1/2 inhibitors (ulixertinib/

BVD-523 and ravoxertinib/GDC-0994).
ASN007 showed potent inhibition of cell proliferation in a panel

of cell lines harboring various subtype mutations of KRAS. The

subtype mutations include G12C, G12V, G12D, G13D, Q61K,

Q61L, Q61H, and Q61R. Several KRAS inhibitors, such as AMG

510, MRTX849, and ARS-3248, are being evaluated in clinical

trials (NCT04185883, NCT03785249, and NCT04006301).27,28

However, these compounds are very specific to the G12C
Cell Reports Medicine 2, 100350, July 20, 2021 7
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mutation subtype27 and do not show activity against other mutant

forms of KRAS. Therefore, unlike the KRASG12C selective inhibi-

tors, ASN007 may have activity in tumors with a broad range of

KRAS mutation subtypes.

Despite a remarkable initial response to both BRAF and

MEK1/2 inhibitors, most cancer patients subsequently relapse

due to acquired resistance.29,30 Although multiple mechanisms

have been identified to mediate this acquired resistance, the

ERK1/2 node seems to be the common point of reactivation

of the RAS/MAPK pathway.31,32 This makes ERK1/2 ideal tar-

gets for overcoming the resistance to both BRAF and MEK1/

2 inhibitors. ASN007 demonstrated strong efficacy in a mela-

noma PDX tumor model that was resistant to BRAF and

MEK1/2 inhibitors. Although the mechanism of resistance to

BRAF inhibition in this model is not well characterized, previous

studies demonstrate that resistance to BRAF inhibitors is asso-

ciated with the activation of ERK1/2.33,34 Therefore, we hypoth-

esized that inhibiting ERK1/2 kinases by ASN007 would be

effective in dabrafenib (BRAF inhibitor)-resistant tumor models.

Our data suggest that ASN007 could overcome the resistance

to BRAF and MEK1/2 inhibitors, and thus, ASN007 may be able

to provide a therapeutic option to patients who relapsed on

these agents.

Crosstalk between the RAS/MEK/ERK and the PI3K signaling

pathways has been reported.35,36 In addition, MEK inhibition

has been shown to cause PI3K activation, and PI3K inhibition

has been demonstrated to cause ERK activation.2,37,38 These

observations provided an opportunity to develop a mecha-

nism-based combination strategy combining ASN007 with

PI3K inhibitors, such as copanlisib, which was recently

approved by regulatory agencies for the treatment of relapsed

follicular lymphoma.39,40 Our data show that the combination of

copanlisib and ASN007 was more effective than either drug

alone, allowing for the dose reduction of each agent, which

may improve treatment tolerance. Moreover, the ASN007 plus

copanlisib combination was effective in a variety of tumor

models, including breast, lung, and lymphoma cell-line-derived

xenografts, in addition to a PDX-model derived from an MCL

patient.

In summary, our preclinical data provide a rationale for eval-

uating ASN007 as a single agent or in combination with PI3K

inhibitors in cancer patients, especially those with tumors

harboring mutations in RAS and BRAF genes. A phase I study

has been conducted in patients with advanced solid

tumors harboring BRAF and KRAS, HRAS, and NRAS muta-

tions, and early results suggest that ASN007 is well tolerated

with durable clinical activity lasting up to >12 months

(NCT03415126).41

Limitations of the study
Dose-limiting cytotoxicity remains a challenge with kinase inhib-

itors. Although we demonstrate that ASN007 performs well by

oral delivery either twice or once daily and in combination with

a PI3K inhibitor, our study was not designed to address addi-

tional organ or systemic toxicities. Further studies should be per-

formed to understand the mechanism of action through which

ASN007 is able to overcome resistance to BRAF inhibitors in

the melanoma PDX model.
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11. Larkin, J., Ascierto, P.A., Dréno, B., Atkinson, V., Liszkay, G., Maio, M.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-p90RSK (Thr359) Cell signaling technology Cat# 8753; RRID: AB_2783561

RSK1 Cell signaling technology Cat# 9333; RRID: AB_2181177

p-MSK (S360) Abcam Cat# ab81294; RRID: AB_1640701

MSK2 Cell signaling technology Cat# 3679; RRID: AB_2181641

Phospho-FRA1 (Ser265) Cell signaling technology Cat# 3880; RRID: AB_2106922

FRA1 (D80B4) Cell signaling technology Cat# 5281; RRID: AB_10557418

a-tubulin Cell signaling technology Cat# 3873; RRID: AB_1904178

b-Actin Sigma Cat# A5316; RRID: AB_476743

GAPDH (D16H11) Cell signaling technology Cat# 5174; RRID: AB_10622025

Phospho-GSK3 b (Ser9) Cell signaling technology Cat# 9322; RRID: AB_2115196

Phospho-GSK3 b (Ser21) Cell signaling technology Cat# 8452; RRID: AB_10860247

S6 Ribosomal Protein (5G10) Cell signaling technology Cat# 2217; RRID: AB_331355

Phospho-S6 Ribosomal Protein (Ser235/

236)

Cell signaling technology Cat# 4856; RRID: AB_2181037

b-catenin Cell signaling technology Cat# 9582; RRID: AB_823447

Goat Anti-mouse IgG HRP Conjugate Biorad Cat# 170-6516; RRID: AB_11125547

Goat Anti-rabbit IgG HRP Conjugate Biorad 170-6515; RRID: AB_11125142

Biotinylated rabbit anti-goat IgG Vector Labs Cat# BA-5000; RRID: AB_2336126

Biotinylated goat anti-rabbit IgG Vector Labs Cat# PK-6101; RRID: AB_2336820

Chemicals, peptides, and recombinant proteins

ASN007 Asana N/A

Copanlisib Selleckchem Cat# S2802

Dimethyl Sulfoxide Sigma Cat# D4540

Palbociclib Selleckchem Cat# S1579

Ulixertinib (BVD-523) Selleckchem Cat# S7854

SCH772984 Selleckchem Cat# S7101

Ravoxertinib (GDC-0994) Selleckchem Cat# S7554

Trametinib Selleckchem Cat# S2673

Dabrafenib Selleckchem Cat# S2807

Critical commercial assays

CellTiter 96 Aqueous Non-Radioactive Cell

Proliferation Assay

Promega Cat# G5430

Supersignal West Dura extended duration

substrate

Thermo Fisher Cat# 34076

3x Blue Loading buffer Cell signaling technology Cat# 56036S

30x reducing agent (1.25M DTT) Cell signaling technology Cat# 14265S

Matrigel Thermo Fisher Cat# CB-40234C

Annexin V FITC Apoptosis detection Kit I BD Biosciences Cat# 556547; RRID: AB_2869082

Experimental models: Cell lines

SU-DHL-6 DSMZ Cat# ACC-572, RRID:CVCL_2206

JeKo-1 ATCC Cat# CRL-3006, RRID:CVCL_1865

Mino ATCC Cat# CRL-3000, RRID:CVCL_1872

OCI-Ly19 DSMZ Cat# ACC-528, RRID:CVCL_1878

U-2973 DSMZ Cat# ACC-642, RRID:CVCL_1898

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SU-DHL-4 DSMZ Cat# ACC-495, RRID:CVCL_0539

TMD8 Dr. R.E. Davis lab MDACC

REC-1 ATCC Cat# CRL-3004, RRID:CVCL_1884

SU-DHL-8 DSMZ Cat# ACC-573, RRID:CVCL_2207

MAVER-1 DSMZ Cat# ACC-717, RRID:CVCL_1831

Ri-1 DSMZ Cat# ACC-585, RRID:CVCL_1885

U-2932 DSMZ Cat# ACC-633, RRID:CVCL_1896

HBL-1 Dr. R.E. Davis lab MDACC

Z-138 ATCC Cat# CRL-3001, RRID:CVCL_B077

NU-DHL-1 DSMZ Cat# ACC-583, RRID:CVCL_1876

CA46 ATCC Cat# CRL-1648, RRID:CVCL_1101

EB1 ATCC Cat# HTB-60, RRID:CVCL_2027

Daudi ATCC Cat# CCL-213, RRID:CVCL_0008

L-428 DSMZ Cat# ACC-197, RRID:CVCL_1361

SUP-M2 Dr. R.E. Davis lab MDACC

JVM-2 ATCC Cat# CRL-3002, RRID:CVCL_1319

OCI-Ly3 DSMZ Cat# ACC-761, RRID:CVCL_8800

BJAB Dr. R.E. Davis lab MDACC

KARPAS-299 Dr. R.E. Davis lab MDACC

Raji ATCC Cat# CCL-86, RRID:CVCL_0511

JVM-13 ATCC Cat# CRL-3003, RRID:CVCL_1318

KM-H2 DSMZ Cat# ACC-8, RRID:CVCL_1330

DB DSMZ Cat# ACC-539, RRID:CVCL_1168

Ramos ATCC Cat# CRL-1596, RRID:CVCL_0597

SU-DHL-10 DSMZ Cat# ACC-576, RRID:CVCL_1889

OCI-Ly10 DSMZ RRID:CVCL_8795

HT-29 ATCC Cat# HTB-38, RRID:CVCL_0320

A375 ATCC Cat# CRL-1619, RRID:CVCL_0132

Colo205 ATCC Cat# CCL-222, RRID:CVCL_0218

T24 ATCC Cat# HTB-4, RRID:CVCL_0554

NIC-H2122 ATCC Cat# CRL-5985, RRID:CVCL_1531

LoVo ATCC Cat# CCL-229, RRID:CVCL_0399)

Panc1 ATCC Cat# CRL-1469, RRID:CVCL_0480

HCT116 ATCC Cat# CCL-247, RRID:CVCL_0291

Calu6 ATCC Cat# HTB-56, RRID:CVCL_0236

A549 ATCC Cat# CRL-7909, RRID:CVCL_0023

NIC-H460 ATCC Cat# HTB-177, RRID:CVCL_0459

CFPac1 ATCC Cat# CRL-1918, RRID:CVCL_1119

SK-Mel-2 ATCC Cat# HTB-68, RRID:CVCL_0069

HepG2 ATCC Cat# HB-8065, RRID:CVCL_0027

A2780 Millipore Sigma Cat# 93112519, RRID:CVCL_0134

LnCAP ATCC Cat# CRL-1740, RRID:CVCL_1379

PC3 ATCC Cat# CRL-1435, RRID:CVCL_0035

U87MG ATCC Cat# HTB-14, RRID:CVCL_0022

MCF7 ATCC Cat# HTB-22, RRID:CVCL_0031

T47D ATCC Cat# HTB-133, RRID:CVCL_0553

NIC-H1975 ATCC Cat# CRL-5908, RRID:CVCL_1511

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BT474 ATCC Cat# HTB-20, RRID:CVCL_0179

786-0 ATCC Cat# CRL-1932, RRID:CVCL_1051

Experimental models: Organisms/strains

NSG mice Jackson Laboratories N/A

Athymic NU(NCr)-Foxn1 nude Vivo Biotech Cat# CRL:490; RRID: IMSR_CRL:490

DLFB-44685 Dana-Farber Cancer institute Stock # 005557; RRID: IMSR_JAX005557

ST052B START Center for Cancer Care N/A

ST052C START Center for Cancer Care N/A

Software and algorithms

Graphpad Prism 8.0 Graphpad software N/A

CellQuest Pro BD Biosciences 6.0

FlowJo BD Biosciences 10

Image lab Biorad 4.0.1

TREEspot Compound Profile Visualization

Tool

DiscoverX N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Anas

Younes (anas.younes@astrazeneca.com).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
The published article includes all datasets generated or analyzed during this study. Kinome screening data generated for this study

are summarized on Table S1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The human mantle cell lymphoma (MCL) cell lines (REC-1, JeKo-1, Z-138, Mino, JVM-2, JVM-13), Burkitt lymphoma (BL) cell lines

(Raji, EB1, DaudiI, Ramos, and CA46) and solid tumors cell lines were obtained from ATCC (American Type Culture Collection).

Diffuse large B cell lymphoma (DLBCL)-derived cell lines (SU-DHL-4, SU-DHL-6, SU-DHL-8, SU-DHL-10 OCI-Ly10, DB, NU-

DHL-1, U-2973, OCI-Ly3, U-2932, Ri-1 and OCI-Ly19), Hodgkin’s cell lines (L-428 and KM-H2) and the MCL cell line MAVER-1

were obtained from the DSMZ-German Collection of Microorganisms and Cell Cultures, Department of Human and Animal Cell Cul-

tures (Braunschweig, Germany). The cell lines BJAB (BL), HBL-1 and TMD8 (DLBCL), SUP-M2, SU-DHL-1 and KARPAS-299

(Anaplastic Large Cell Lymphoma (ALCL)-cell lines) were provided by Dr. R.E. Davis (MD Anderson Cancer Center, Houston, TX).

H1975 cells were provided by Dr. M. Ruscetti (Scott Lowe lab, Memorial Sloan Kettering Cancer Center, New York, NY). Lymphoma

cell lines were authenticated at the Integrated Genomic Operation Core (Memorial Sloan Kettering Cancer Center, New York, NY).

Cell lines were cultured in RPMI 1640 medium supplemented with 10%–20% heat-inactivated fetal bovine serum (Hyclone, GE

Healthcare Life Sciences), 1% L-glutamine, and penicillin-streptomycin in a humid environment of 5% CO2 at 37�C. Mutations

were annotated according to CCLE: Cancer Cell Line Encyclopedia (https://www.broadinstitute.org/ccle/home).

Human specimens
Melanoma and colorectal tumor specimens used for PDX were established from primary lesions in patients with cutaneous mela-

noma and colorectal adenocarcinoma at XenoSTART, San Antonio, US. Mantle cell lymphoma specimen were obtained from

Dana-Farber Cancer Institute, Boston, US. Mantle Cell Lymphoma PDX model were utilized for evaluation of ASN007 by the Anti-

tumor Assessment Core at Memorial Sloan Kettering Cancer Center (MSKCC). All PDX were developed and utilized in accordance

with Institutional Animal Care and Use Committee approved protocols at XenoSTAR, MSKCC and Dana-Faber and the United States

Department of Health andHuman Services. Specific informed consent for PDXmodel generationwas obtained from all patients in the
Cell Reports Medicine 2, 100350, July 20, 2021 e3
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respective institutions of origin (XenoSTART and Dana-Farber). Clinicopathological characteristics PDX model used in this study are

summarized in Table S3.

Animals
Experiments were performed in female athymic NU(NCr)-Foxn1 nude mice obtained from Envigo, Charles River Laboratories or Vivo

Biotech. The animals were housed in individually ventilated cages (maximum of 4 animals/cage) with 12 hours dark, 12 hours light

conditions. The animals were fed food and water ad libitum. Temperature and relative humidity were maintained at 20 ± 2�C and

65%, respectively. Female NSG mice were obtained from Jackson laboratory. All animal studies were reviewed and approved by

IACUC at Jubilant BioSys, MSKCC and at XenoSTART, Center for Cancer Care. All mice were maintained in accordance with the

guidelines of Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) on the care, welfare,

and treatment of laboratory animals. All experiments met the standards of the Association for the AAALAC, the United States Depart-

ment of Health and Human Services, and all local and federal animal welfare laws.

Experimental in vivo tumor models
Mice randomized 10 mice per treatment groups were injected subcutaneously with specific cell lines, or patient derived (PDX) tu-

mors, which were grown to approximately 100 or 150 mm3, before they were treated with specified single agents or combinations.

Animal body weight and tumor length (L), width (W), and height (H) were measured twice weekly before and during treatment periods

on eachmouse and then used to calculate tumor volume using the formula (L3W3H)/2. Upon completion of the experiment, tumors

were harvested and processed for western blot analysis.

The efficacy of ASN007 in tumor growth inhibition in PDX was evaluated in a panel of colorectal 41 cancer PDX models. The study

included wild-type (n = 13), BRAFV600E mutant (n = 10) and KRASmutant models (n = 18). Out of 18 KRASmutant models, six of them

had PIK3CAmutations. either vehicle group or ASN007 treatment group were treated orally with vehicle or with ASN007 at 25 mg/kg

PO, BID for up to 35 days. In all in vivo efficacy studies except for the HCT116model, the besylate (MW= 632.12) or mandelate (MW=

626.09) salt form of ASN007 was used. However, the free base form of ASN007 (MW = 473.94) was used for the HCT116 model.

METHOD DETAILS

ERK1/ERK2 homogeneous time-resolved fluorescence (HTRF) enzymatic assay
Test compounds were serially diluted by half-log dilutions, with concentrations ranging from 0.0005 mM to 10 mM in HTRF assay

buffer (50 mM Tris pH = 7.5, 1 mM EGTA, 2 mM DTT, 10 mM MgCl2, 0.1% Tween-20); 20 mL of substrate-ATP mix was added to

each well of the assay plate followed by adding 10 mL of enzyme mix to each well. Plates were incubated for 60 min at room tem-

perature with shaking. The HTRFmixwas prepared and 75 mLwas added to theHTRF plate. After the incubation, 10 mL of the reaction

mixture was transferred to the HTRF assay plate and incubated for 45 minutes at room temperature with shaking. Plates were read

using the PHERAstar microplate reader in homogeneous time-resolved fluorescence (HTRF) mode. The IC50 values were subse-

quently determined using a sigmoidal dose-response curve (variable slope) in GraphPad Prism 5 software.

In vitro kinase profiling
ASN007 was tested against a panel of 335 protein kinases encompassing both serine/threonine, tyrosine kinases and lipid protein

kinases (KinaseProfilerTM, Eurofins) in a radiometric assay at a fixed concentration of 1 uM. The residual activity for each kinase was

determined using the formula: residual activity (%) = 100 X [(cpm of compound-low control) / (high control – low control)]. The dendro-

gram was generated using the web tool, TREESpotTM, provided by DiscoverX. The 50% inhibitory concentration values (IC50) of

ASN007 were determined for the top 22 kinases, which showed > 75% inhibition at 1 mM, selected from the screening panel using

10-point dose response curves at Reaction Biology Corporation.

Cell-based target inhibition
Target inhibition by ASN007 was determined using the solid phase sandwich enzyme-linked immunosorbent assay (ELISA) that de-

tects the levels of RSK1 when phosphorylated at Ser380 position. In this assay, B-RAFV600E mutant HT29 colon cancer cells were

used to test the free base of ASN007 with a potency of 0.007 mM (7 nM). HT29 cells were seeded (60,000 cells/well) in a 96-well plate

and incubated at 37�C and 5%CO2 overnight and then treated with desired compound dilutions for 2 hours. The assay medium was

removed, and cells were rinsed once with ice-cold 1X PBS. Then, 0.070 mL ice-cold 1X cell lysis buffer containing 1mM of the serine

protease inhibitor phenylmethanesulfonyl fluoride (PMSF) was added to each well and the plate was incubated on a shaker for 2.5

hours at 4�C. The plate was then centrifuged for 20 minutes (4000 rpm) at 4�C and the supernatant transferred to a new plate. Cell

lysates were diluted with sample diluent at a ratio of 1:1. The ELISA was carried out following the manufacturer’s protocol. The IC50

values were subsequently determined using a sigmoidal dose-response curve (variable slope) in GraphPad Prism 7 software.

Cell proliferation assays
Adherent cells were seeded (5,000 cells/well) in 96-well tissue culture plates and incubated at 37�C and 5% CO2 for 16 to 24 hours

and subsequently treated with different compounds. Compound concentrations ranged from 0.0005 to 10 mM prepared in 3-fold
e4 Cell Reports Medicine 2, 100350, July 20, 2021
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serial dilutions. The plates were then incubated for 72 hours at 37�C and 5% CO2. Then Alamar Blue reagent (final concentration 1X)

was added to each well and incubated for 1 to 3 hours at 37�C and 5%CO2. The plates were read on a fluorescence reader at 540 nm

excitation and 590 nm emissionwavelengths. The IC50 values were subsequently determined using a sigmoidal dose-response curve

(variable slope) in GraphPad Prism 5 software.

Suspension cells were seeded in 96-well plates at 25,000 cells per 100 mL per well or in 24-well plates at 250,000 cells per 1 mL per

well with either vehicle (DMSO 0.1%) or increasing concentrations of compound for 24, 48, and 72 hours. Cell viability was assessed

with the nonradioactive cell proliferation MTS assay, using CellTiter 96 AQueous One Solution Reagent (Promega). MTS was added

to the culture medium at 1:5 ratios, according to the manufacturer’s instructions. Absorbance was recorded at 490 nmwith a 96-well

plate reader (Bio-Rad) (Molecular Devices, SpectraMax M3). IC50 concentrations were calculated fromMTS results using GraphPad

Prism 7 software.

Western blotting
Preparation of cellular protein lysates or tumor samples was performed by using the Cell Signaling lysis buffer (9803) according to the

manufacturer’s extraction protocol. Protein quantitation was done using the Direct Detect system (Millipore) or Coomassie Blue re-

agent following the recommended protocol. A total of 30 mg of protein was denatured in Laemmli buffer supplemented with DTT

(10%) at 95�C for 5 min. Western immunoblotting was performed using the Bio-Rad system (TGX 4%–15% gels) or ExpressPlus

PAGE 4%–12% gel was assembled in an XCell II Blot module (Invitrogen, Catalog no. EI9051). Transfer was performed for 7 minutes

using the Trans Blot turbo system (Bio-Rad) onto PVDF or nitrocellulose membranes. The blots were incubated overnight in 10 mL of

blocking buffer (5% BSA in 1X PBS) containing primary antibody. Secondary antibody incubation was done in blocking buffer con-

taining specific IRDye or HRP-conjugate secondary antibody for 1 hour at room temperature and protected from light. Images were

acquired by using the Bio-Rad Imaging Chemidoc MP system or Li-Cor Odyssey Imaging system.

Cell cycle analysis by flow cytometry
To determine the effect of ASN007 treatment on cell cycle, cell lines were cultured with or without the ERK1/2 inhibitor for 24 to 72

hours. Cells were collected and then stained with propidium iodide (PI)/RNase staining solution (Cell Signaling, #4087) at room tem-

perature for 15 minutes. Flow cytometric data was acquired on a BD FACSCalibur (BD Biosciences, San Jose, CA) using CellQuest

Pro Version 6.0. Propidium iodide was excited by the 488 nm laser and fluorescence emission wasmeasured in fluorescence param-

eter 3 (FL3) – with the standard 670LP filter. Greater than 10,000 events were acquired. Data Analysis: Doublets were excluded by

gating out high FL3- W (width) cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Procedures to determine the effects of certain conditions on cell proliferation were performed in 3 independent experiments. The

two-tailed Student’s t test and Wilcoxon rank test were used to estimate the statistical significance of differences between results

from the 3 experiments. Significance was set at p < 0.05. PRISM software was used for the statistical analyses. For synergy estima-

tion,DBliss excess was calculated as shown previously.42 Bliss expectation was calculated as A + B� (A3B), where A and B denote

the fractional responses from drugs A and B given individually. The difference between Bliss expectation and observed proliferation

inhibition of the combination of drugs A and B at the same doses define DBliss excess.
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