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ABSTRACT:

The approved kinase inhibitors for hepatocellular carcinoma (HCC) are not matched to
specific mutations within tumors. This has presented a daunting challenge; without a clear
target or mechanism, no straightforward path has existed to guide the development of
improved therapies for HCC. Here we combine phenotypic screens with a class of
conformation-specific kinase inhibitors termed type Il to identify a multi-kinase inhibitor -
ADBS8O - with anti-tumoral activity across a variety of HCC preclinical models, including
mouse xenografts. Mass spectrometry profiling found a number of kinases as putative
targets for AD8O0, including several receptor and cytoplasmic protein kinases. Among
these, we found p38 gamma and delta as direct targets of AD80. Notably, a closely related
analog of AD8O lacking p386/y activity, but retaining several other off-target kinases, lost
significant activity in several HCC models. Moreover, forced and sustained
MKK6=2>p38=>ATF2 signaling led to a significant reduction of AD80 activity within HCC
cell lines. Together with HCC survival data in The Cancer Genome Atlas (TCGA) and
RNA-seq analysis, we suggest p38 delta and gamma as therapeutic targets in HCC and

an “ADB8O0 inhibition signature” as identifying those patients with best clinical outcomes.
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INTRODUCTION:

Liver cancer is the fourth greatest cause of cancer related mortality, accounting for nearly
800,000 annual deaths(1). The mortality rates for hepatocellular carcinoma (HCC), which
makes up to 70-85% of liver cancer cases, have been rising dramatically(2). Based on
data between 1995 and 2009 in the US, liver cancer (including HCC and intrahepatic
cholangiocarcinoma) mortality rates increased 41.2% and 62.8% for females and males,
respectively(3).

Liver cancer presents several unique challenges for the identification of drug
targets and therapeutics. For example, the most frequent mutations in HCC patients (i.e.,
TERT promoter, TP53 and CTNNB1) are broadly considered undruggable(2).
Additionally, there are on average 2.5 genetic aberrations per Mb in HCC patients(4-6),
with significant variation either between or within tumors(7). As such, clear and actionable
driver mutations analogous to the BRAFV6E allele in melanoma have not yet been
found(4,8). Moreover, individuals with HCC often suffer from cirrhosis; a further
complication that can enhance the apparent liver toxicity of drugs and thereby narrow the
therapeutic index (e.g. sunitinib(9)).

Clinical studies have revealed advanced stage HCC patients as particularly
sensitive to kinase inhibitors (KIs), including the first approved therapy for HCC
sorafenib(10), and more recently lenvatinib(11), cabozantinib(12), and regorafenib(13).
While highly encouraging, a 5-year survival rate of only 18% in these patients highlights
a need to further improve upon current therapies.

Critical targets for sorafenib include kinases within tumor cells (e.g. RAF1) and the
microenvironment (VEGFR1)(14); however, the exact mechanism for how this drug
operates remains controversial. Recent work has suggested that additional kinases,
including p38a/MAPK14(15) and Aurora A(16), may be targeted to increase the efficacy
of sorafenib and reduce susceptibility to emergent resistance. Clearly, multi-targeted
kinase inhibitor activity for HCC has proven successful; however, identifying optimal
targets and mode of modulation to improve upon current therapies remains challenging.

Sorafenib and regorafenib belong to a subclass of Kis termed type Il inhibitors.
These compounds, along with cabozantinib and lenvatinib, share several related

structural motifs, including a hinge-binding element, linker, and cap (Fig. 1A). The linker
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and cap motifs in particular are critical for conformationally-selective target engagement.
Unlike type | compounds, which bind to the DFG (aspartate-phenylalanine-glycine)-in
(Fig. 1B) conformation of active state kinases, type Il compounds require an inactive state
configuration characterized by a flip of the conserved DFG tripeptide within the kinase
active site to enable drug binding (Fig. 1C). Within the active state, the type Il pocket is
occluded through direct contacts to Mg and ATP. While the mode of engagement by
sorafenib, regorafenib, cabozantinib, and lenvatinib(17) is similar, the precise kinase
targets for these compounds vary(14,18) and likely contribute to the differing biological
efficacy for each drug.

Recognizing the high activity of the above-mentioned Kls in HCC, which may
depend on both (i) specific target profiles and (ii) mode of inhibition, we speculated that
there might exist additional unidentified kinase dependencies for targeting HCC that may
be revealed via conformation-specific inhibition. We therefore screened a focused library
of type Il Kls within preclinical models of HCC with the purpose of identifying kinase
profiles and companion inhibitors that would improve upon current therapies. These
studies identified a class of type Il Kis with broad polypharmacology yet pronounced
selectivity for tumor over normal cells. Further, we identified the kinases p38 gamma and

delta as therapeutic targets for HCC.
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MATERIALS AND METHODS:

Cell Culture

HUH7, SNU398, LI-7, HEP3B, THLESB, and PLC/PRF/5 cells were authenticated by
short tandem repeat profiling. THLESB cells were provided by the Yujin Hoshida Lab at
the Icahn School of Medicine at Mount Sinai. All lines tested negative for mycoplasma
contamination. HUH7, SNU398, HEP3B, and PLC/PRF/5 cells were maintained in DMEM
with 10% fetal bovine serum (FBS) supplemented with penicillin/streptomycin. LI-7 cells
were maintained in RPMI with 10% FBS supplemented with penicillin/streptomycin.
THLES5B cells were maintained in DMEM/F12 with 10% FBS supplemented with

penicillin/streptomycin.

Growth Inhibition assays

Growth inhibition assays were performed in 96-well tissue culture treated plates.
Specifically, HUH7, SNU398, LI-7, HEP3B, and PLC/PRF/5 cells were plated at 2500
cells per well and treated a day later with inhibitors for 72 hours before measuring growth
inhibition. THLES5B were assayed identically except cells were plated at 5000 cells per
well. Inhibitor doses ranged from zero (DMSO only) to 20 uM with 0.1% DMSO. Growth
inhibition was calculated using fluorescence after applying redox indicator resazurin at
0.05 mg/mL within complete media. Percent growth inhibition was determined by
normalizing inhibitor-treated samples to DMSO controls. Glso values were calculated

using Prism 7 software (GraphPad Software).

Clonogenic Assays

Clonogenic assays were performed in 100 mm? tissue culture treated plates. For HUH7,
LI-7, HEP3B, and PLC/PRF/5 cells were plated at ten thousand cells per 100 mm? tissue
culture treated plates, with inhibitors added after 24 hours. After 14 days of incubation,
plates were aspirated, washed with cold PBS, and fixed with cold methanol. Then they
were stained with 0.5% crystal violet solution in 25% methanol for 10 minutes and washed

with water. All plates were air-dried overnight before scanning at 300 dpi.
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Mouse Pharmacokinetic (PK) and Maximum Tolerated Dose (MTD) Studies

For PK, 24 male 6-8-week-old C57BI6 mice were given 20 mg/kg AD80 in 12.5%
KolliphorEl, 12.5% ethanol, and 75% water via oral gavage. Quantities of AD80 in blood
plasma were determined by LC-MS/MS at Shanghai Medicilon, Inc. For MTD, five female
6-8-week old C57BI6 mice were dosed with increasing amounts of AD80 and monitored
until minimal clinical signs of toxicity were observed, including but not limited to: lethargy,
neurological symptoms, diarrhea, discharges, morbidity, and any other abnormal
indication. Body weights were also measured with dose escalations as follows: day 0: 0.1
mg/kg, day 2: 0.2 mg/kg, day 7: 1 mg/kg, day 9: 5 mg/kg, day 14:10 mg/kg, day 16: 20
mg/kg, day 22: 30 mg/kg, day 24: 40 mg/kg, and day 35: 80 mg/kg. All dosing was done
using oral gavage in vehicle of 12.5% KolliphorEl, 12.5% ethanol, and 75% water. No
signs of toxicity were observed immediately after dosing, except after 80 mg/kg, where

one animal displayed hunched posture. MTD for AD80 was determined to be 40 mg/kg.

Xenograft mouse work

Age matched (7-8 weeks) female athymic nude Foxal/nu mice were obtained from
Envigo. Prior to injection, HUH7 cells were trypsinized, washed, and resuspended in
Gibco Hanks’ Balanced Salt Solution without CaClz, MgClz,and MgSOa. This suspension
was left on ice until injection. Each mouse was injected subcutaneously with 200 pL
containing 5x108 HUH7 cells using a 1 mL syringe and 26-gauge needle in the right flank.
Post injection, mice were monitored daily for changes in tumor volume at the injection

site, by measuring the length and width of the xenograft using a digital caliper and using
the simplified equation: Tumor Volume = % x lw? (I, length; w, width). Body weight was

assessed three days per week and body condition monitored daily. Inhibitors were
dissolved in vehicle of the composition: 1-part Kolliphor El (C5135 from Sigma Aldrich),
1-part ethanol (Sigma Aldrich), and 6-parts 0.22 um filtered water. When tumors reached
a size of ~100 mm?3, animals were allocated for the experiment into three arms: vehicle,
sorafenib, and AD80. Animals were dosed once a day every weekday via oral gavage.

The tumor growth rate per day per animal was determined using the equation:

100% Volumeginqi—Volumerniti .
( Final Inmal). Anlmals

%Tumor Growth Rate Per Day =

#Days of Treatment Volumepnitial

Downloaded from mct.aacrjournals.org on June 20, 2019. © 2019 American Association for Cancer Research.


http://mct.aacrjournals.org/

Author Manuscript Published OnlineFirst on June 18, 2019; DOI: 10.1158/1535-7163.MCT-18-0571
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

were sacrificed upon reaching 1000 mm?3 or if projected to surpass 1000 mm?3 the
following day or weekend. Since each tumor reached endpoint at different times, we used
tumor growth to minimize confounding effects from the time course of the experiment. All
protocols were approved by IACUC at Icahn School of Medicine at Mount Sinai (2014-
0229).

Sample Preparation for SDS-PAGE, Coomassie, and Western Blotting

Cell culture experiments or xenograft samples were harvested and lysed in RIPA buffer
with 1X Halt Protease and Phosphatase inhibitor cocktail (Thermo Scientific #78442).
Lysates were loaded after dilution with 6X SDS Dye onto Bio-Rad 4—-15% Criterion™ Tris-
HCI Protein Gel (#3450029). Protein purification samples were diluted with 6X SDS Dye
in purification buffers before loading onto Criterion gels.

Gels meant for Coomassie staining were washed with deionized water for 10
minutes, then incubated with 10-20 mL of Bio-Safe Coomassie Stain (item # 1610787)
for 30 minutes to 1 hour. Gels were washed with deionized water and de-stained overnight
in deionized water. After de-staining, gels were scanned using a flatbed scanner.

Gels meant for subsequent western analysis, were blotted using GE Healthcare
Amersham™ Protran™ NC Nitrocellulose Membranes (#45004002). All blots were
incubated with primary antibody (1:5000) in 5% bovine serum albumin in TBST. All blots
were incubated with secondary antibody (1:5000) in 5% non-fat milk in TBST. Antibodies
were obtained from Cell Signaling Technologies: $-Actin (8H10D10) Mouse mAb #3700,
Anti-rabbit 19gG, HRP-linked Antibody #7074, Anti-mouse 19gG, HRP-linked
Antibody #7076, Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody #9101,
Phospho-S6 Ribosomal Protein (Ser235/236) (D57.2.2E) XP® Rabbit mAb #4858, B-Raf
(55C6) Rabbit mAb #9433, S6 Ribosomal Protein (5G10) Rabbit mAb #2217, p44/42
MAPK (Erk1/2) (137F5) Rabbit mAb #4695, and c-Myc Antibody #9402.

KiNativ Kinase Profiling
HUH7 cells were cultured, pelleted, and lysed by KiNativ for a final concentration between
5 and 10 mg/mL, from a 1 mL cell pellet. Lysates were split into untreated controls and 1

MM AD8O treatment. After pre-incubation for 10 minutes, the lysates were labeled with
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ATP-desthiobiotin and then digested with trypsin. Biotinylated fragments were then
enriched via streptavidin pulldown. The samples were subsequently analyzed on Thermo
LTQ ion trap mass spectrometers coupled with Agilent 1100 series micro-HPLC systems
with autosamplers as described previously by Patricelli et al(19). Treated samples were
analyzed in duplicate and untreated samples were run in quadruplicate. Results of

kinases profiled with 1 uM and values are shown in Supplemental Table 2.

Expression and Purification

Plasmid-containing HIS-tagged versions of each p38 isoform were synthesized by ATUM
(www.atum.bio). Each isoform was expressed in BL21-DE3 cells for growth and
expression in terrific broth with kanamycin. The bacteria were cultured at 37°C with
rotation until the optical density reached 0.6, upon which 1 mM IPTG was added to induce
protein expression. Bacterial cultures were grown for an additional 16 hours at 18°C after
induction, and then harvested at 4000G for 20 minutes to pellet bacteria. Pellets were re-
suspended with cold lysis buffer (25 mM Tris pH 7.5, 10% Glycerol, 150 mM NacCl, 10
mM Imidazole) in the presence of protease inhibitor tablets (Thermo Scientific™ Pierce™
Protease Inhibitor Item# 88666). Bacteria were then lysed on ice, with pulsing sonication.
Post sonication, lysates were spun down at 18000G for 20 min to clear the lysate. Cleared
lysates were then batch bound onto cobalt-agarose beads (Gold Bio H-310-100) in 4°C
on rotation. Post-incubation, beads were then washed and the HIS-tagged proteins were
eluted with lysis buffer supplemented with 250 mM Imidazole. Samples for gel
electrophoresis analysis were collected throughout the purification to confirm pull down
and elution of the protein of interest via Coomassie staining. Protein was subsequently
buffer-exchanged and concentrated for injection onto GE HiTrap lon Exchange Q or SP
column on an AKTA Pure. Final samples were concentrated to approximately ~10mg/mL

before flash freezing and storage.
Mutagenesis

Gatekeeper mutations were made using overlapping primers via site-directed

mutagenesis. Following PCR amplification and Dpnl digestion of nascent methylated
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plasmid, bacterial transformation yielded colonies that were picked and sequenced to
confirm the desired nucleotide/codon changes.

Differential Scanning Fluorimetry

5 uM of purified p38 protein were incubated in the presence of vehicle (DMSO) or varying
concentrations of compounds in 25 mM Tris, 150 mM NaCl, 20 mM MgCl.. After a 10-
minute incubation, Sypro-Orange Protein Cell Stain 5000X (Thermo Fisher Iltem # S6650)
was added to the protein mixture to a final 10X concentration. Protein melting
temperatures were determined by a ROX readout on QuantStudio 5 Real-Time PCR
machine, with 1°C per minute increases from 25 to 99°C. The derivative of the melting
curves was obtained using Protein Thermal Shift Software 1.3. Temperatures at the
peaks of maximum fluorescence were determined using GraphPad Prism software and

melting temperature was also plotted.

Hierarchical Clustering

To generate hierarchical clustering heat maps of the in vitro kinase inhibition profiles, the
inhibition data was organized via Python 3.6 packages: seaborn, pandas, and matplotlib.
Pandas was used to load the data frame. Both seaborn and matplotlib were used to

cluster (average method), visualize, adjust sizing, and label accordingly.

RNA Extraction and Sequencing of HCC Cell Lines

HUH7 and THLESB cells were plated in 6-well plates, treated for 24 hrs with 0.1% DMSO,
5 UM sorafenib, or 50 nM AD80. Cellular RNA was extracted using the RNeasy mini kit
(Qiagen) the same day following manufacturer’s instructions. RNA quality was calculated
by the RNA Integrity Number (RIN) as provided by 2100 Bioanalyzer. RNA-seq was
conducted on poly-A enriched RNA, 175 bp single reads using an Illumina HiSeq2500
instrument. Libraries were constructed using the TruSeq Stranded mRNA Library Prep
Kit using the standard protocol. Raw sequencing reads were mapped to the
GRCh37/hg19 reference genome (UCSC) using STAR (2.4.0c)(20). Aligned reads were

mapped to GRCh37/hg19 genetic features. Counts had a median coverage of 33.6 million
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mapped reads per sample. Quality control was performed using RSeQC and Picard,
including unsupervised clustering (Supp Fig. 2)(21).

Functional Analysis of HCC Cell Line RNA Sequencing

The DeSeq2 package for R was used to calculate differentially expressed genes between
the 3 treatment conditions using a generalized linear model(22). Gene set enrichment
analysis (GSEA)(23) was used to determine if any Hallmark or KEGG gene sets were
significantly enriched among the differentially expressed genes between each of the 3
conditions, respectively (FDR <.05)(24). Enrichment scores were determined from a

running sum statistic when the statistic is at the maximum deviation from zero.

Compounds and Chemical Syntheses

Skepinone-L was purchased from SelleckChem (S7214). The AD compounds, sorafenib,
and regorafenib were synthesized as previously described; details are provided in the
supplemental synthetic methods section. Final compounds were characterized by NMR
on a 400 MHz Bruker Avance Ill HD system and a Xevo TQD UPLC-mass spectrometer
(Waters).

ADB8O Signature and Survival Analysis on TCGA

To generate the AD80 gene signature we used the differentially expressed genes
between HUH?7 cells treated with AD80 and DMSO. Specifically, we selected those genes
with log2 fold change higher or lower than 3 (FDR<0.05). We used normalized FPKM
expression values from the patients within the TCGA-LIHC dataset(25). In total, we
included 359 HCC patients in the analysis, for whom clinical annotation data were also
available. We used the Nearest Template Prediction(26) method to identify those patients
with a tumor expression profile enriched in genes of the AD80 signature, following the
same approach as previously reported(27). We evaluated the prognostic impact of the
signature with log-rank test and used Kaplan-Meier curves for representation of overall
survival in patients with and without the signature as implemented in the Survminer
package and plotted in Graphpad Prism. Comparison of AFP levels between patients with

and without the signature was done using the Wilcoxon rank-sum test. All analyses were
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conducted using R 3.3.3. RNA-seq has been deposited at Array Express under accession
number E-MTAB-7847.

We also used the TCGA-LIHC(25) data for p38 survival analyses. Data on 365
patients were stratified based on how significantly different the expression of each isoform
was to determine expression cutoffs. We evaluated the prognostic impact as done above
in patients with and without the AD80 signature.

Rescue Experiments

Plasmids: pCDNA3-Flag MKK6S207E. T211E (#13517) and pCDNA3-Flag p38 gamma
(#20353) plasmids were created by Roger Davis and obtained through Addgene
(Watertown, MA). Mutant primers for p38 gammaM®T were obtained from Integrated
DNA Technologies (Coralville, 1A). The pCDNA3-Flag p38 gammaM®T plasmid was
generated following the QuikChange Il site-directed mutagenesis protocol by Agilent
(Santa Clara, CA). After transformation of the plasmid into One Shot™ StbI3™ chemically
competent cells (Invitrogen, Carlsbad, CA), DNA was isolated using Qiagen® Plasmid
Midiprep Kit (Qiagen, Hilden, Germany) and the mutant DNA sequence was confirmed

by Sanger sequencing (Genewiz, South Plainfield, NJ).

Transfection: HUH7 and HEP3B cells were transfected with MKK6S207E. T211E 'n38 gamma,
and p38 gammaM9°T plasmids following the Lipofectamine™ 3000 protocol (Invitrogen,
Carlsbad, CA). For growth inhibition assays, 5 x 10* cells were plated per well in a 96-
well dish with 0.2 ug DNA per well. For western blotting, 1 x 108 cells were plated per well

in a 6-well dish with 5 ug DNA per well.

Growth inhibition assays: HUH7 and HEP3B cells were treated with either DMSO or AD80
(1 uM, 0.5 uM, 0.1 uM, or 0.05 pM) 24 hours after transfection. After 96 hours of treatment,
resazurin sodium salt (Sigma-Aldrich, St. Louis, MO) was added to each well for a final
concentration of 0.01 ug/ul, and fluorescence was measured using a spectrophotometer
after a two-hour incubation. Technical triplicates for each condition were averaged and
normalized percent cell viability was determined by dividing the average fluorescence for

sample wells by DMSO-treated wells for each respective condition and multiplying by
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100. Percent growth inhibition was determined by normalizing inhibitor-treated samples
to DMSO controls.

Western Blotting: Treated cells were harvested, washed with PBS, and lysed in RIPA
Buffer (Thermo Fisher Scientific, Waltham, MA) for 30 minutes on ice. Lysates were
centrifuged at 14,000G at 4° C for 10 minutes and the protein concentration of the
supernatant was determined by DC™ protein assay (Bio-Rad, Hercules, CA). Equal
amounts of total protein (60 — 80 ng) were resolved by SDS-PAGE and transferred onto
PVDF membranes. Blots were probed overnight at 4° C with antibody raised against the
protein of interest. Anti-FLAG® M2 antibody was obtained from Sigma-Aldrich and used
at a 1:10,000 dilution. Phospho-ATF2 (Thr71) antibody was obtained from Invitrogen and
used at a 1:500 dilution. Vinculin (E1IE9V) XP® antibody was obtained from Cell Signaling
Technology and used at a 1:1000 dilution. GAPDH antibody was obtained from Abcam
and used at a 1:10000 dilution. After incubation with peroxidase-conjugated secondary

antibodies, proteins were detected using chemiluminescence.

Statistical Analysis

Data are expressed as mean+SD. Statistical significance was determined using Mann-
Whitney U test (when n <10 or non-normal distribution) or Student’s t-test (n >10 and
normal distribution). Correlation was calculated using the Pearson test. Group size was
determined based on the results of preliminary experiments and using the “resource
equation” method, where “E” - the degree of freedom of analysis of variance - should be
a value between 10 and 20. For the mouse experiment, “E” was the total number of
animals minus the total number of groups. Group allocation was performed randomly
while outcome assessment was not performed in a blinded manner. The differences in
survival were plotted using Kaplan-Meier curves. Significance was determined using Log-
rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test. GraphPad Software was
used to create the graphs and for the statistical analysis. Significance values were set at
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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RESULTS:

A type Il kinase inhibitor screen identifies AD80 as a highly potent compound in
experimental models of HCC

A major focus of our research group concerns the identification of chemical probes and
lead compounds for therapeutic development(28,29). As part of our efforts we have
focused on the synthesis of small molecule modulators of kinase signaling networks and
protein complex assembly. This library of chemical probes, which now includes several
hundred in-house synthesized type Il Kls, was screened against a panel of five different
HCC cell lines including HUH7, PLC/PRF/5, Hep3B, Li-7, and SNU398. We included
several series of compounds with variations at the hinge binding, linker, and cap motifs
synonymous with type Il inhibition (Fig. 1A), some of which were previously
published(28,30). Our preliminary analysis included growth inhibition assays on several
HCC cell lines and an SV40 immortalized adult hepatocyte line THLESB, with sorafenib
and regorafenib — each displaying 50% growth inhibition (Glso) concentrations ranging
from 5-20 uM on these lines - included as controls (Fig. 2A-F). Through this analysis, we
identified the compound AD80 as ranging from 10 to 1000-fold more potent than either
sorafenib or regorafenib (Fig. 2A-F). HUH7, a well-differentiated hepatocyte-derived
cellular carcinoma cell line, and HEP3B, a hepatoma line, were especially sensitive to
AD8O0 with Glso values of 35.6 £ 21 nM, and 7.1 + 1 nM, respectively (Fig. 2G). THLESB,
which acts as control for effects on non-transformed liver tissue, had a markedly higher
Glso for AD80 at 2.84 + 0.81 pM. These initial studies suggested AD80 as a potent lead
compound relative to sorafenib or regorafenib.

To further evaluate AD80, we conducted long-term clonogenic assays to measure
effects on replicative capacity (Fig. 2G). These clonogenic assays further revealed AD80
as at least 100-fold more potent on HCC cell lines compared to sorafenib (Fig. 2G).
However, at doses that caused growth inhibition on HUH7 lines, AD80 had no measurable
effects on THLESB. In contrast, sorafenib was equally or slightly more potent on THLE5SB
compared to HUH7. Indeed, growth inhibition assays indicated a larger therapeutic
window for AD80 compared to sorafenib (Fig. 2H). Overall, the growth inhibition and

clonogenic assays suggested selectivity for tumor over normal cells for AD80 as
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compared to sorafenib, regorafenib, and several drugs that have been tested in HCC
clinical trials(31).

AD8O0 is highly active in atumor xenograft model

To further explore the anti-tumoral activity of AD80, we generated HUH7
xenografts in athymic nude Foxal/nu mice (Fig. 3A). Experimental dosing for AD80 (20
mg/kg) was determined from maximum tolerated dosage (MTD) studies and
pharmacokinetic (PK) analysis (Supp. Fig. 1). In agreement with our cell line assays,
AD80 demonstrated significantly improved activity relative to sorafenib, extending the
time before each xenograft reached 1000 mm3, which was the humane endpoint
(maximum survival 31 days). Overall survival, compared to both vehicle (maximum
survival of 13 days) and sorafenib (maximum survival of 19 days) was also improved with
ADS8O0 (Fig.3A). ADS8O also significantly reduced the tumor growth rate per day compared
to vehicle and sorafenib (Fig. 3B), with rates reduced by half in AD80 versus vehicle
treated animals: 32.3 £ 9.9 %/day versus 57.1 + 7.5 %/day, respectively. There was also
a 31.8% reduction in tumor growth rate comparing AD80 to sorafenib: 32.3 £ 9.9 %/day
versus 47.4 + 7.3 %l/day, respectively.

We harvested tumors from each animal following final dosing for western blot
analysis of the mitogen-activated protein kinase (MAPK) and mammalian target of
rapamycin (mTor) pathways; proposed biomarkers of sorafenib efficacy(32,33).
Intriguingly, the animals that survived the longest in the sorafenib and AD80 arms
displayed relatively weak phospho-ERK1/2(Thr202/Tyr204) signals compared to controls
(Fig. 3C-D). In contrast, inhibition of phospho-RPS6(Ser235/236) was not associated with
differences in survival. This result is consistent with previous work suggesting that the
efficacy of sorafenib in HCC models depends on inhibition of ERK signaling(34,35).
Similarly, the activity of AD80 in this model may also occur, at least in part, through
inhibition of MAPK/ERK signaling.

AD80 induces transcriptomic reprograming to a less aggressive phenotype in cell

lines and human samples
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To delineate the transcriptomic changes induced by AD80 relative to sorafenib, we
performed RNA-sequencing on HUH7 cells treated for 24 hours with either DMSO,
sorafenib, or AD80. Using principal component analysis, we found a clear discrimination
between treatment groups (Supp. Fig. 2), which suggests that AD80 and sorafenib
induce highly divergent transcriptomic perturbations in HUH7 cells. 8,416 and 9,590
genes were significantly deregulated between AD80 and sorafenib compared to DMSO,
respectively (FDR <0.01). Compared to either the DMSO control or sorafenib treatment
AD80 induced a marked up-regulation in numerous genes associate with normal
hepatocyte physiology, including many involved in metabolic pathways, suggesting
modulation of HUH7 towards a normal hepatocyte state in response to this compound
(Fig. 4A). Members of the MAPK family, including MAPK1 (ERK2), MAP3K7 (TAK1), and
MAPK13 (p38delta), were significantly down-regulated in AD80 treatment compared to
sorafenib. Further, sorafenib treatment paradoxically increased expression of several
MAPK signaling proteins, such as RAS family members. To evaluate AD80 on normal
hepatocytes, we treated THLE5B cells with the same conditions as described for HUH7.
Overall, there were notably much fewer genes deregulated by AD80 in the THLE5B
hepatocyte cell line than in HUH7. Specifically, the expression of metabolic and MAPK
signaling genes significantly altered by AD80 in HUH7 were unchanged in THLESB cells
(Fig. 4A). Thus, the greater therapeutic window of AD80 versus sorafenib likely stems
from two features: first, an induction of HUH7 cells to a normal hepatocyte-like state as
reflected by the changes in metabolic genes, and secondly, through pronounced down-
regulation of MAPK family members.

We further performed gene set enrichment analysis (GSEA) using the ranked gene
expression differences between AD80, sorafenib, and DMSO for both KEGG (Supp. Fig.
3) and the Broad Institute Hallmark gene-sets(24) (Fig. 4B). Common between sorafenib
and AD80 were many downregulated gene sets involved in oncogenesis, such as
epithelial to mesenchymal transition genes, angiogenesis, MYC and E2F targets. Several
of these gene sets were also downregulated in THLESB cells by AD80 and sorafenib
treatment, albeit to a lesser degree, with normalized enrichment scores for MYC and E2F
targets 2 to 3-fold lower. Notably, these oncogenic targets are largely downstream of

MAPK signaling(36). Further, in almost all cases, there was a stronger down-regulation
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of oncogenic pathways by AD80 compared to sorafenib even though a dose equivalent
to Glso was used for both inhibitors.

We also found marked differences between AD80 and sorafenib on metabolic
gene sets including xenobiotic metabolism, bile acid metabolism, and cholesterol
metabolism; all significantly up-regulated by AD80 but not by sorafenib (Fig. 4B). We next
generated a gene signature associated to AD80 exposure in HUH7 cells (Supp. Table
1). We hypothesized that patients with a gene expression profile resembling the one
induced by AD80 would have a better clinical profile. Using the Nearest Template
Prediction method(26), we identified 18% (65/359) of patients with a tumor expression
profile significantly enriched (FDR<0.05) in our AD8O0 signature. These patients had
significantly better survival compared to those patients lacking the AD80 signature
(P=0.008, Fig. 4C). As predicted, those patients with the AD80 signature had significantly
lower levels of AFP (P<0.001), a known poor prognostic marker in HCC (Fig. 4D). In
summary, the RNA sequencing data suggests AD80 could be reprograming HCC
transcriptome towards a less aggressive tumor phenotype by up-regulating liver and
metabolism specific genes, while also reducing oncogenic signaling; both of these effects

markedly distinguish AD80 from sorafenib.

p38 delta (MAPK12) and gamma (MAPK13) as direct targets of AD80

AD80 was originally developed as a polypharmacological kinase inhibitor of RET-
mutant tumors(28). However, RET is neither mutated or expressed in the cancer cell lines
used in our study based on published data(37,38). More recently, AD80 has been
demonstrated as highly active in lung cancer models containing Kif5B-Ret fusions(39)
and also in PTEN-deficient malignancies(40). Our study is the first to demonstrate high
activity of AD8O in liver cancer models.

To identify critical targets for AD80 specific to HCC, we conducted an unbiased
proteomic screen. All expressed and active kinases in HUH7 cells were labeled with the
activity-based probe ATP-desthiobiotin (ATP®)(19) in the presence or absence of 1 pM
of AD80, with the degree of ATP°-inhibition by AD80 measured through quantitative
mass spectrometry on labeled peptides (Fig. 5). We found over 250 kinases within HUH7

cell lysates that were both expressed and labeled by the ATP-desthiobiotin probe;
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labeling on 20 of these kinases was inhibited by greater than 60% in the presence of
ADS8O (Fig. 5, Supp Table 2). RET was not detected in these experiments using mass
spectrometry, which supports the lack of RET expression and activity in this cell line. The
top inhibited kinases included several tyrosine kinases (EPHA2, FAK, EPHB4, ABL2,
LYN), cell-division kinases (AURKA, AURKB, and AURKC), members of the stress
activated p38 family (p386 and p38y), and several additional mitogen-activated protein
kinases (GCK, KHS1, and TAK1).

Due to the wide number of putative kinase targets, we used correlative structure-
activity relationships (SAR) to identify critical targets of AD80 within HUH7. For this, we
tested a small number of AD80-analogs, including the AD80-related compound AD58
(Fig. 6A). Interestingly, AD58 was 100-fold less active in the HUH7 cell line compared to
AD80 (Fig. 6B). However, based on in vitro assays, AD58 targeted many of the
overlapping kinases that are inhibited most strongly by AD80 within HUH7 cells(28). This
overlap in activity for AD80 and AD58 on the Aurora kinases, FRK, LYN, KHS, ABL2, and
GCK, suggests these kinases as unlikely critical targets for the differential activity of AD80
versus AD58 in this cell line. Consistent with this idea, although AD80 has activity on
Aurora A, we did not find any indication of MYC degradation (Supp. Fig. 4), which has
previously been suggested as a marker of Aurora A inhibition within HCC cell lines?3. The
most critical target that differentiated AD80 from AD58, and from the additional
compounds AD57 and AD81, based on the HCC profiling and in vitro activity, included
EPHA2, EPHB4 and p38y, with the strongest correlation mapped to p38y (Fig. 6C). This
data supports potentially important roles for all of these kinases within HUH7. However,
based on the SAR, and the transcriptional effects on MAPK signaling genes, we further
evaluated the possible isoform-biased activity among p38 family members by ADS8O.
Notably, unlike AD80, the majority of known p38 inhibitors display isoform biased activity
towards p38 alpha and beta.

To test the isoform selectivity of AD80 on the p38s, each human isoform was
expressed and purified to homogeneity for biochemical analysis (Supp. Fig. 5).
Differential scanning fluorimetry (DSF) was used to test binding of AD80 and several
control compounds. In this assay, binding is measured as a change in protein melting

temperature due to ligand-induced stabilization(41). AD80 was compared to DMSO or a
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known p38 alpha inhibitor skepinone-L(42). Skepinone-L specifically increased the
melting temperature of p38 alpha (ATm=13.87°C) and p38 beta (ATm=9.88°C) (Fig. 6D).
Sorafenib also demonstrated biased binding for the p38 alpha and beta forms (ATm=7.44
and 7.19°C, respectively). AD58 had little to no binding for any isoform. Conversely, AD80
demonstrated selectivity toward p38 gamma and delta, with ATm=7.98"C and ATm=8.93
°C, compared to the ATm=4.03°C and ATm=3.33 °C on p38 alpha and beta, respectively
(Fig. 6D). The activity on p38 delta in our assay was not observed in the large-scale in
vitro profiling presented in Fig. 6C; we account for this difference based on variances in
protein purifications and assays. However, the activity of AD80 on both p38 gamma and
delta agrees with the close homology in these two isoforms. Overall, based on the binding
data, we suggest that AD80 represents a novel kinase inhibitor for p38 gamma and delta
biased polypharmacology.

One notable difference between p38 family members is the residues at the
gatekeeper positions (Supp. Fig. 6). Alpha and beta both have a small threonine at
position 106, while gamma and delta both have the larger methionine at positions 109
and 107, respectively. To test the influence of the gatekeeper residue, point mutations
were made in each isoform and again tested using our biochemical melting temperature
assay (Supp. Fig. 5, Fig. 6E). In contrast to wild-type p38s, AD80 bound more favorably
towards alpha and beta isoforms over delta and gamma, with ATm=12.14 and 9.91°C for
alpha™9%M and beta™M, respectively, versus ATm=3.88 and 4.77°C for gammaM%°T and
deltaM97T respectively (Fig. 6E). This data supports that the gatekeeper residue largely
controls AD8O selectivity among p38 members, and that AD80-binding is active site-
directed with a rare preference for methionine over threonine at the gatekeeper.

To test for rescue from ADS8O inhibition, we over-expressed wild-type p38y, the
gatekeeper mutant M109T, and an activated form of the upstream p38 kinase MKK65297E:
T211E in HUH7 and HEP3B cells. These lines were chosen as they represent the two most
sensitive HCC cell lines to AD80 growth inhibition (Fig. 2), and MKK6S207E T211E ywas
included as it serves as an upstream activating kinase for all four p38 isoforms (Supp.
Fig. 7A,(43)). In HEP3B, each construct provided a statistically significant reduction in
ADB8O growth inhibition based on area under the curve (AUC) comparisons (p<0.001 for
both MKKGS207E: T211E and WT p38y, and p=0.0065 for p38yM99T: Supp. Fig. 7B). In
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contrast, only MKKGS207E. T211E gjgnificantly reduced AD80 activity in HUH7 cells
(p=0.0056), suggesting that the rescue may occur independently of p38 gamma in this
line. Western blot analysis downstream of MKK6 and p38 members on the transcription
factor substrate ATF2 found relatively higher pATF2 signals in the presence of AD80
compared to controls that appeared to correlate with rescue from AD80 growth inhibition
(Supp. Fig. 7C). Overall, the growth inhibition and western blot data supports the
hypothesis that rescue from AD80 growth inhibition occurs through sustained
MKK6=2>p38=>ATF2 signaling. However, distinct activated p38 isoform(s) downstream of
MKK6S207E T211E can likely drive resistance to AD8O0 in different cell lines.

Low expression of p38 delta and gamma in human HCC correlates with favorable
survival

The SAR analysis of AD80 and related analogs, combined with mass spectrometry
and in vitro profiling, suggests p38 gamma and delta as key dependencies in several
HCC cell lines. Whereas the rescue experiments indicate that sustained
MKK6=2>p38=>ATF2 signaling can drive resistance to AD80. To further evaluate the
potential role of p38 delta and gamma as correlates of aggressive HCC, we evaluated
their prognostic impact in the TCGA liver cancer dataset, which includes 365 patient
samples(25). Low and high expression groups for each of the p38 isoforms were plotted
against survival. Low mRNA expression levels of p38 gamma and delta showed a
statistically favorable prognosis for survival over high expression groups (Fig. 7A-B). This
difference was specific to the gamma and delta isoforms over alpha and beta (Fig. 7C-
D). This data supports that inhibition of p38 gamma and delta, especially within high
expression individuals, may be useful as an adjunct for existing treatments to prolong

survival for HCC patients.
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Discussion:

In this study we discover novel targets and companion inhibitors for HCC. We
utilize a focused library of structurally related kinase inhibitors with conformational
selectivity for the type Il DFG-out conformation. At the outset, we hypothesized that the
use of such a compound library across multiple pre-clinical models of HCC may uncover
target kinases that may be invisible to more conventional reverse genetic screens using
tools such as RNAi or CRISPR; with the difference being loss of protein versus
exploitation of a specific conformational state of a target. Through this approach we
identified p38 gamma and delta as promising targets for HCC, and the compound AD80
as a type Il inhibitor biased towards these members of the p38 family.

HCC has proven an extremely difficult to treat cancer, with most therapeutic
advances generated through the use of multi-targeted Kls. Recently, immune checkpoint
antibodies such as Nivolumab have demonstrated response rates as high as ~15% for
HCC patients(44). While this response rate is in line with what has been observed in other
cancers, a substantial number of patients do not respond. This points to the need for
discovering both new biochemical and mechanistic targets for HCC, as well as new lead
compounds for this disease that can be applied to broad groups of patients. Using a small
molecule library, we were able to identify AD80 as a compound with nearly a 100-fold
higher activity on HCC cell lines compared to some of the lead FDA-approved small
molecule inhibitors. Further, AD80 was also able to reduce tumor growth in a xenograft
model of liver cancer. This occurred coincident with the ability of AD80 to inhibit key driver
signaling pathways (e.g. ERK) pertinent to liver cancer, as well as induce up-regulation
of liver-specific genes that are important for normal liver function and survival. We also
discovered that AD80 was able to inhibit several kinases where low expression has been
correlated to improved overall survival for HCC patients. In this regard, we focused on
p38 gamma and delta kinases due to compelling correlative structure-activity-relationship
and HCC survival analysis.

The p38 family of kinases has been described as a stress-responsive family of
proteins that are stimulated by various signals including cytokines and free fatty acid
(FFA) accumulation(45). The family has partially overlapping roles with the JNK1-3
kinases, with members activated by MAP2K kinases MKK 3, 4, 6, and 7(46). The critical
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substrates of the p38 kinases include transcription factors such as c-JUN(47), ELK1(48),
and ATF2(49). Intriguingly, despite similar signaling and biochemistry, previous studies
have suggested marked differences between the biology of the different p38 isoforms.
For example, the alpha isoform is required for growth and development, and p38 alpha
deficient mice show embryonic lethality; whereas, p38 beta, gamma, and delta knockouts
are all viable(50,51). The alpha isoform is ubiquitously expressed, whereas again, the
other 3 isoforms have much more restricted expression patterns. Notably, most studies
with p38 inhibitors have focused on compounds such as skepinone-L and SB-203580,
which are heavily alpha-biased and likely limited due to p38a-related toxicity. Indeed, a
phase | trial of the p38 alpha inhibitor LY3007113 failed due to unacceptable toxicity(52).
In contrast, p38 gamma and delta double-knockouts are viable, and these mice have
been used to demonstrate specific inflammatory roles for these kinases within
macrophages, T-cells, and myeloid cells(53,54). These studies point to biomarkers and
cell-types for further analysis with p38 gamma and delta biased-inhibitors such as AD80.
They also provide potential insights on the whole-animal tolerability from inhibition of p38
gamma and delta.

The preference of AD80 for p38 kinases with bulkier gatekeeper residues (Met in
gamma and delta versus Thr in alpha and beta) is quite unusual. Other type Il kinase
inhibitors, such as imatinib and sorafenib, have a strong preference for Thr over larger
residues. Indeed, a highly common drug resistant mutant of imatinib is the T315I1 mutation
in BCR-ABL(55). While our in vitro binding assays using M=>T mutations suggests an
inverted preference for larger residues at the gatekeeper by ADS80, our rescue
experiments did not markedly separate the wild-type and M109T mutant of p38y. This
potentially indicates that resistance to AD8O0 is unlikely to develop through single point
mutations at the gatekeeper residue of p38 gamma or delta, and therefore other
mechanisms of resistance to this compound should be investigated. For example, studies
in another well-established AD80 target, RET, have found non-gatekeeper drug
resistance mutations(39). Additionally, our ‘rescue’ experiment suggests another possible
mechanism for resistance through sustained p38=>ATF2 signaling via activated MKK®6.
A future area of investigation will be to determine if type Il inhibitors that bind strongly to

all four p38 isoforms can be generated, and if so, will such compounds be well tolerated.

21

Downloaded from mct.aacrjournals.org on June 20, 2019. © 2019 American Association for Cancer Research.


http://mct.aacrjournals.org/

Author Manuscript Published OnlineFirst on June 18, 2019; DOI: 10.1158/1535-7163.MCT-18-0571
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

ADB8O represents a promising lead upon which to examine this question through additional
analog development. Further optimization of AD80’s physiochemical properties for clinical
development, including solubility, are also warranted. As are identifying predictive
biomarkers - for example, possibly p38 gamma or delta expression - as patient selection
criteria for this therapeutic approach.

Since MKKG6 is known to activate all four isoforms of p38 (Supp. Fig. 7A), we
interpret the stronger rescue from AD80 by activated MKK6S2078/T211E byt less significant
rescue with an individual p38 isoform, as possibly resulting from combinations of p38
activity, including potentially p38 alpha and beta. Notably, resistance to sorafenib via p38
alpha and activation of ATF2 has been described previously(15), providing more support
for the importance of p38 signaling in HCC drug resistance. Our current experiments
cannot distinguish which isoforms drive rescue that arises from over-expression of MKK®6,
and we have left this as an area of future investigation. Other future experiments will focus
on the mechanism through which AD80 drives the significant up-regulation in liver
function genes, some of which - ALDH family up-regulation, for example - have been
linked to recurrence free survival(56). A better understanding of this biology could guide
tailoring of the compound to further enhance its promise for HCC. Experiments are also
underway to understand how p38 gamma and delta modulate the liver cancer
microenvironment. Taken together, AD80 represents a lead compound upon which to

build a drug that both inhibits oncogenic signaling, while promoting normal liver function.
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FIGURE LEGENDS

Figure 1: Clinical kinase inhibitors for HCC share common structural features that enable
conformation specific binding. A. Sorafenib and regorafenib are both approved for first-line and
second-line treatment of HCC; their chemical structures differ by a single fluorine. Cabozantinib
and lenvatinib are also promising therapies for HCC. All four compounds share several conserved
structural motifs: the hinge-binding element functions as an adenosine mimic, the linker and cap
extend deep into the kinase active site pocket. B. Top: Phosphorylated insulin receptor tyrosine
kinase in complex with peptide substrate and ATP analog within an active state DFG (aspartate-
phenylalanine-glycine)-IN configuration (PDB ID: 1IR3), where the ATP analog is able to interact
with the DFG loop, and thus amenable to both substrate recognition and phosphorylation
(Bottom). C. Top: Binding of sorafenib to BRAF (PDB ID: 1UWH) forces the kinase to adopt the
DFG-OUT conformation. In this state, the BRAF activation-segment (A-seg; bottom) adopts an

inactive conformation. The DFG-OUT form of binding is referred to as Type Il inhibition.

Figure 2: The Type Il inhibitor AD80 is highly active across multiple in vitro models of HCC.
A-F. HCC and hepatocyte cell lines incubated with 0.3 nM to 20 uM of AD80, Sorafenib, and
Regorafenib in 0.1% DMSO (n23 technical). G. Calculated Glso values of drugs from A-F on cell
lines (mean+SD in uM). H. Clonogenic crystal violet assay of THLE5B, immortalized hepatocyte
cell line, and HUH7, treated under the indicated conditions for 14 days. Each condition was tested
in triplicate. I. Therapeutic window calculated based on normalization of Glso values from normal

(THLESB) and transformed (HUH?7) lines for the indicated compounds.

Figure 3: AD8O significantly improves survival in a pre-clinical HCC model through
enhanced inhibition of the ERK/MAPK pathway. A. Mouse survival in a HUH7 xenograft model.
B. AD8O0 treated animals show a tumor growth rate that is half of vehicle treated animals, and
significantly less than sorafenib treated animals. C. Western blot analysis of individual tumors
harvested from animals at the end of the survival experiment shown in D. Note that mice that
survived longest in D displayed relatively weak phospho-ERK1/2 signal compared to mice that
died early. Antibodies used: S6 Ribosomal Protein(S6RP) (5G10), phospho-S6 Ribosomal
Protein(S6RP) (Ser235/236, Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), p44/42 MAPK

(Erk1/2) (137F5). Blots were run in duplicate; representative data is shown.

Figure 4. AD80 induces an increased metabolism and reduced oncogenic signaling gene

signature compared to sorafenib in HUH7 cells. The ADS80-induced gene signhature
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significantly correlates to greater overall survival and lower AFP levels based on TCGA-LIHC data
set. A. Heat map of metabolism and MAPK associated genes significantly upregulated or
downregulated across the three groups within the indicated cell lines. Color key denotes the Z-
Score (number of standard deviations from the mean) of the sample and gene row. B. Gene set
enrichment analysis based on HUH7 data against the Hallmark Gene Sets, where normalized
enrichment scores (NES) are shown as bars and false discovery rate (FDR) < 0.05 is marked by
an asterisk. For A and B, three biological replicates per treatment near the ICso dose (sorafenib 5
UM, AD80 50 nM, DMSO 0.1%) on HUH7 or THLESB cell lines as indicated, over a course of 24
hours, were completed. C. Kaplan-Meier survival comparison of TCGA-LIHC patient samples,
separated by patients with (+) or without (-) the genes upregulated/downregulated by AD80
(Supplemental Table 3). Log-rank (Mantel-Cox) testing used to determine significance. Summary
of number of patients at risk every 2.5 years, separated based on AD80 signature shown below
the Kaplan-Meier. D. Box and whisker plot of TCGA-LIHC AD8O signature.

Figure 5: Activity-based protein profiling by mass spectrometry identifies kinases strongly
inhibited by AD80 in the HUH7 cell line. % inhibition (y-axis) corresponds to the difference in
kinase labeling with ATP-desthiobiotin in AD80 treated samples compared to untreated controls
for each kinase shown along the x-axis. AD80-treated and untreated samples were analyzed in

duplicate and quadruplicate, respectively. See supplementary Table 2 for raw profiling data.

Figure 6: AD80 is isoform biased for p38y and p3838, over p38a and p38B, with binding
dependent on the gatekeeper residue. A. Chemical structure of AD80 and related compounds.
B. Cell viability assay comparing activity of each compound on the HUH7 cell line. Technical
replicates n=6. C. Hierarchical clustering of previously generated in vitro inhibitory profiles (ref.
(28)) of the most different kinases between the related compounds. D-E. Melting temperature
binding assay using a 1:1 ratio of drug to protein (ie. 5 uM drug to 5 uM protein). Each point is the
difference in mean melting temperature (technical replicates: n=6) as determined by differential
scanning fluorimetry. In E the following mutations at the gatekeeper residue were tested:
p380/MAPK14 T106M, p38B/MAPK11 T106M, p38y/MAPK12 M109T, p385/MAPK13 M107T.

Figure 7. Low mRNA expression of p38y and p385 correlates with significantly better
overall survival for individuals with liver cancer. A-D. Kaplan-Meier overall survival curves for
individuals with low (blue) and high (red) p38 isoform expression based on liver cancer TCGA
data compiled from the Protein Atlas. Expression cutoffs between high versus low were 0.7
Fragments Per Kilobase of transcript per Million mapped reads (FPKM) (MAPK12), 0.2 FPKM
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(MAPK13), 9.6 FPKM (MAPK14), and 2.7 FPKM (MAPK11). In all panels, p-values were

determined using log-rank (Mantel-Cox) testing.
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Figure 5
ADB80 (1uM) Profiling Of Cellular Kinases within HUH7 Cells
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