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The transcription master regulator MYC plays an essential role in regulating major cellular programs and is a
well-established therapeutic target in cancer. However, MYC targeting for drug discovery is challenging. New
therapeutic approaches to control MYC-dependent malignancy are urgently needed. The mitogen-activated
Oncogenic signaling prote%n kinase.: kl:nase 3 .(MKKS) binds' and activates MYC in different cell'types, and disruption of MKKS—MYC
High-throughput screening protein—protein interaction may provide a new strategy to target MYC-driven programs. However, there is no
MKK3 perturbagen available to interrogate and control this signaling arm. In this study, we assessed the drugability of
MYC the MKK3-MYC complex and discovered the first chemical tool to regulate MKK3-mediated MYC activation. We
have designed a short 44-residue inhibitory peptide and developed a cell lysate-based time-resolved fluorescence
resonance energy transfer (TR-FRET) assay to discover the first small molecule MKK3-MYC PPI inhibitor. We
have optimized and miniaturized the assay into an ultra-high-throughput screening (uHTS) 1536-well plate
format. The pilot screen of ~6,000 compounds of a bioactive chemical library followed by multiple secondary
and orthogonal assays revealed a quinoline derivative SGI-1027 as a potent inhibitor of MKK3-MYC PPI. We have
shown that SGI-1027 disrupts the MKK3-MYC complex in cells and in vitro and inhibits MYC transcriptional
activity in colon and breast cancer cells. In contrast, SGI-1027 does not inhibit MKK3 kinase activity and does not
interfere with well-known MKK3-p38 and MYC-MAX complexes. Together, our studies demonstrate the drug-
ability of MKK3-MYC PPI, provide the first chemical tool to interrogate its biological functions, and establish a
new uHTS assay to enable future discovery of potent and selective inhibitors to regulate this oncogenic complex.

activity is a highly appealing therapeutic strategy.>'? !¢

However, MYC lacks known enzymatic activity and does not have a

1. Introduction

The transcription factor MYC is a major oncogene and the master
regulator of cell growth. MYC is amplified in nearly all cancers and or-
chestrates the expression of up to 15% of all human genes."> MYC ini-
tiates and maintains tumorigenesis through the regulation of multiple
cellular programs, including cell proliferation, immortalization, differ-
entiation, metabolism, and biosynthesis as well as the expression of key
immune regulatory proteins, including the programmed death-ligand 1
(PD-L1). MYC upregulation is tightly associated with poor survival and
prognosis of cancer patients,” ! and regulation of MYC transcriptional

specific site for a small molecule binding. Instead, MYC is controlled by
other proteins either by phosphorylation or through protein-protein
interactions (PPI).!” For example, the dimerization of the MYC helix-
loop-helix leucine zipper (HLH-LZ) domain with the HLH-LZ domain
of MAX protein is essential for MYC binding to DNA.'®'” The Extra-
cellular Receptor Kinase (ERK) can upregulate MYC stability through the
phosphorylation of MYC at Ser62.”” Conversely, the phosphorylation of
MYC at Thr58 by GSK3p promotes rapid MYC degradation.?!

The Mitogen-Activated Protein Kinase Kinase 3 (MKK3) was recently
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discovered as a new binding partner and activator of MYC. MKK3 is a
dual-specificity serine/tyrosine kinase. It was originally discovered as
the activator of its only known substrate, p38 that regulates inflamma-
tion and apoptosis.*” Accordingly, MKK3 functions have been associated
solely with the regulation of the p38 signaling.>* *® We have demon-
strated a novel role of MKK3 as an adaptor protein for MYC.%*>! We
have shown that MKK3 directly binds to MYC, enhances MYC protein
stability, and promotes MYC transcriptional activity in different cancer
cell types.”” ! Interestingly, MYC can be upregulated upon its binding
to truncated versions of MKK3 that lack kinase activity. It suggests that
in contrast to ERK and GSK3p, MKK3 promotes MYC activity in a kinase-
independent manner acting as an adaptor protein. We have also shown
that MKK3 overexpression activates MYC transcriptional program and
correlates with worsened clinical outcomes in African American triple-
negative breast cancer (TNBC) patients. Therefore, disruption of
MKK3-MYC PPI may open new clinical opportunities in TNBC and other
cancers with dysregulated MYC and MKK3. However, to interrogate
biological functions regulated through MKK3-MYC PPI specific chemical
tools are needed.

Here, we report the design of short inhibitory peptides and the
development of cell lysate-based ultra-high-throughput time-resolved
fluorescence energy transfer (TR-FRET) assay to discover the first
small molecule MKK3-MYC PPI inhibitors. Through a pilot screen of
~6,000 pharmacologically active compounds, we found that the MKK3-
MYC complex can be selectively disrupted by small molecules avoiding
the inhibition of well-defined MYC-MAX or MKK3-p38 interactions. The
inhibition of the MKK3-MYC PPI correlates with the decreased MYC
protein level, suppressed MYC transcriptional activity, and reduced
expression of MYC-target genes, including cell growth and immune
response regulators. These data support the role of MKK3 as a direct
MYC activator, demonstrate the feasibility to disrupt the MKK3-MYC
complex by low molecular weight compounds, and provide the first
chemical tools to investigate MKK3-MYC PPI functions for therapeutic
discovery.

2. Results
2.1. MKK3 does not phosphorylate MYC

MKK3 is a kinase, and inhibition of its kinase activity can be a
promising strategy to regulate MKK3-dependent signaling. As a dual
threonine/tyrosine kinase, MKK3 specifically recognizes and phos-
phorylates the Thr-Gly-Tyr (TGY) motif located in the activating loop of
its well-defined and only known substrate, p38.>> MYC lacks the TGY
motif and is not expected to be phosphorylated by MKK3. Previously, we
have shown that short MKK3 fragments that lack the kinase activity are
sufficient for MYC binding and activation.’’ Nevertheless, whether
MKK3 can control MYC by phosphorylation remains unknown. To
answer this question, we tested whether MKK3 phosphorylates MYC in
the in vitro kinase assay. The radiograph obtained for MKK3 incubated
with p38 (Supplementary Fig. 1, lane 5) revealed strong phosphoryla-
tion of p38 by MKK3, indicating a sufficient kinase activity of MKK3 in
the assay. In contrast, no phosphorylation was observed for the MKK3-
MYC reaction performed in parallel (Supplementary Fig. 1, lane 4).
Moreover, incubation of MKK3 with p38 in the presence of an equal
amount of MYC did not significantly change the amount of phosphory-
lated p38 (Supplementary Fig. 1, lane 6). This observation further sup-
ports our previous discovery that MYC and p38 bind to distinct sites on
the MKK3 surface. The lack of MYC phosphorylation by MKK3 indicates
that MYC is not an MKK3 substrate and supports the role of MKK3 as a
MYC adaptor protein. Meanwhile, the lack of MYC phosphorylation by
MKKS3 suggests that MKK3 inhibitors cannot be used as potent tools to
regulate MKK3-mediated MYC activation. Instead, the inhibitors of the
MKK3-MYC PPI interface are needed.
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2.2. MKK3-MYC PPI interface can be disrupted by short peptides

Through computational and biochemical studies, we have deter-
mined MYC Helix-Loop-Helix Leucine Zipper (HLH-LZ) domain (MYC
353-439) as the main MYC binding for MKK3 surface.’’ We used the
computational model to characterize further the MKK3-MYC PPI inter-
face and design short inhibitory peptides to control MKK3-MYC PPI.
Based on the structural analysis, the following MYC-derived peptides
have been designed and cloned into Venus-Flag (VF)-tagged expression
vectors: VF-MYC 353-387, VF-MYC 387-439, VF-MYC 370-413, and VF-
MYC 362-381 were generated (Fig. 1A). The GST pull-down assay
revealed that besides VF-MYC HLH-LZ, GST-MKK3 strongly interacts
with VF-MYC 387-439 and VF-MYC 370-413 peptides located in the
middle region of the MYC HLH-LZ domain (Fig. 1B). In contrast, no
interaction was observed for GST-MKK3 with VF-MYC 353-387 or VF-
MYC 362-381 (Fig. 1B).

Since MYC 370-413 was identified as the shortest MKK3-binding
peptide, we tested whether MYC 370-413 can compete with MYC and
disrupt its interaction with MKK3 and MYC. We found that the co-
expression of GST-MKK3 with VE-MYC 370-413 suppresses the bind-
ing of the endogenous MYC to GST-MKK3 as compared to the non-
binding VF-MYC 353-387 or Venus vector control (Fig. 1C).

MYC HLH-LZ domain is known for its critical role in dimerization
with MYC major binding partner MAX to bind the DNA. Since MYC 370-
413 was derived from MYC HLH-LZ, we tested its effects on MYC-MAX
PPL.

In contrast to its inhibitory effect on the MKK3-MYC PPI, MYC 370-
413 did not significantly decrease MYC-MAX interaction in GST pull-
down assay (Fig. 1D). This observation is in agreement with the crys-
tallographic data available for the MYC-MAX complex.'® It has been
shown that MYC binds to MAX through the leucine zipper motif, and
MYC Arg424 and Arg423 are essential for MYC/MAX heterodimeriza-
tion.'® MYC 370-413 does not contain these residues and thus is not
expected to form a stable complex with MAX. Furthermore, we did not
observe the binding of VF-MYC 370-413 to the major MKK3 substrate,
p38, nor to a well-established regulator of MYC GSK3p (Fig. 1E).
Together, these data demonstrate that the MKK3-MYC PPI interface can
be selectively disrupted by chemical tools and provide a basis to discover
small molecule inhibitors for MKK3-MYC PPIL.

2.3. Development of the ultra-high-throughput screening assay for MKK3-
MYC PPI inhibitors

To assess the drugability of MKK3-MYC PPI by small molecules, we
have developed the cell lysate-based TR-FRET HTS assay to detect
MKK3-MYC interaction directly from the cell lysates (Fig. 2). This lysate-
based approach has several advantages over conventional HTS assays
with recombinant purified proteins. For example, the use of lysates of
cells co-expressing the binding proteins allows us to detect the PPIs
under physiological conditions, including post-translational modifica-
tions. It also does not require protein purification steps that can be
problematic and time-consuming, especially for disordered nuclear
proteins such as MYC.

Previously, we successfully used the lysate-based TR-FRET assay to
detect different MKK3 PPIs, including MKK3-MYC interaction in
mammalian cell lysates using the Venus tag as a TR-FRET signal
acceptor and GST-Tb conjugated antibody as the TR-FRET donor.>' On
the other hand, we have shown that detection of MYC PPIs can be
improved by using GST-d2/Flag-Tb pair of fluorophores.*® Indeed, the
TR-FRET signal detected for GST-MKK3/VF-MYC PPI using the GST-d2/
Flag-Tb antibody pair with concentrations at 1:500 and 1:750, respec-
tively followed a typical TR-FRET “bell-shaped” curve®* and provided
more than a five-fold signal-to-background assay window (Fig. 2A) at
the lysate concentration of 0.1 mg/mL. Furthermore, GST-d2/Flag-Tb
fluorophore combination provides a TR-FRET signal that is stable for
at least 48 h after the addition of antibodies (Fig. 2B) and demonstrates
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Fig. 1. MYC 370-413 peptide binds to MKK3 and disrupt MKK3-MYC PPI. A) Crystal structure of the MYC HLH-LZ-domain; B) MYC 353-439, 387-439, and
370-413 fragments interact with GST-MKK3 in GST pull down assay. The assay was performed using the HEK293T cells co-expressing GST-MKK3 and Venus-Flag
fusions of MYC fragments. Venus-Flag vector was used as a negative control. C) Venus-Flag (VF)-MYC 370-413 inhibits the interaction of endogenous MYC with GST-
MKK3 in GST pull down assay. The assay was performed using the HEK293T cells co-expressing GST-MKK3 with VF-MYC 370-413. Non-binding VF-MYC 353-387
fragment and Venus-Flag vectors served as negative and vehicle controls, respectively. D) VF-MYC 370-413 peptide does not interfere with GST-MAX/VF-MYC PPI
comparing to VF-MYC 353-387 and Venus-Flag vector controls in GST pull down assay performed in HEK293T cells. E) VF-MYC 370-412 demonstrates a higher
affinity for GST-MKK3 comparing to GST-p38, GST-MAX, and GST-GSK3p in GST pull down assay performed in HEK293T cells. GST vector served as a nega-

tive control.

tolerance to up to 30% DMSO (Fig. 2C). Since GST-d2/Flag-Tb fluo-
rophore combination demonstrated robust assay performance, we used
it for the HTS assay.

To further improve the time and cost-efficiency of the assay, we have
miniaturized the assay into a 1,536-well uHTS format. A direct com-
parison of the assay performance in 384-well (30 pL lysate per well) and
1,536-well plates (5 pL lysate per well) demonstrated equally high
characteristics of the assay with at least 4 fold over control ratios in both
plate formats (Fig. 2D).

2.4. The uHTS screening revealed SGI-1027 as the first inhibitor of the
MKK3-MYC PPI

To discover the first MKK3-MYC PPI inhibitors, we have performed a
pilot screen of a library of 5,296 pharmacologically active compounds,
including the SPECTRUM library (MicroSource, 2000 compounds), Li-
brary of Pharmacologically Active Compounds (LOPAC, Sigma-Aldrich,
1,260 compounds), and our in-house Emory Enriched Bioactive Library
(EEBL) collection of 2,036 compounds. The EEBL library is enriched in
pharmacologically active compounds with known biological and phar-
macological activities and contains 1,018 FDA-approved drugs.
Recently, the library was successfully used to discover new IAP in-
hibitors as immune enhancers.>”

The Signal/Background > 6 (Fig. 2E) and the Z' > 0.7 (Fig. 2F) and
calculated across five 1,536-well plates demonstrated an excellent assay
performance. A subsequent analysis of fluorescence intensity allowed us
to identify ~10% of compounds as fluorescent and potentially inter-
fering with the TR-FRET assay. Compounds that demonstrated at least
20% fold-change in fluorescence intensity comparing to DMSO control
were eliminated from further analysis. After elimination of color
quenching compounds, a total of 6 molecules have been prioritized with
a hit cutoff of 30% inhibition at 20 uM final concentration (Fig. 2G): N-

[4-[(2-Amino-6-methylpyrimidin-4-yl)amino] phenyl]-4-(quinolin-4-
ylamino)benzamide (SGI-1027, 37% inhibition), 5-[(3-carboxy-4-
hydroxyphenyl)-(3-carboxy-4-oxocyclohexa-2,5-dien-1-ylidene)
methyl]-2-hydroxybenzoic acid (Aurintricarboxylic acid or ATA, 58%
inhibition), [2,6-di(propan-2-yl)phenyl] ~(N)-[2-[2,4,6-tri(propan-2-
yDphenyl]acetyl]sulfamate, (Avasimibe, 48% inhibition), and
(-)-1,1,6,6',7,7'-Hexahydroxy-3,3'-dimethyl-5,5"-bis(1-methylethyl)-
[2,2'-binaphthalene]-8,8'-dicarboxaldehyde (AT101, 31% inhibition) as
well as Cisplatin and Sodium nitroferricyanide that showed 55% inhi-
bition. Since cisplatin and sodium nitroferricyanide are small inorganic
molecules with a broad spectrum of pharmacological activity and
limited potential for further development as chemical probes, these
compounds were excluded from further investigation. SGI-1027, Ava-
simibe, ATA, and AT101 were selected for validation in a dose-response
(DR) TR-FRET assay. AT101 did not demonstrate detectable inhibition
of MKK3-MYC PPI in the DR tests performed using 0 — 100 uM compound
concentrations. In contrast, the ICsg values of 8.46 uM, 14.06 uM, and
63.88 uM were determined for SGI-1027, ATA, and Avasimibe, respec-
tively (Supplementary Fig. 2).

2.5. SGI-1027 disrupts the MKK3-MYC complex

Since SGI-1027 showed the highest potency as an MKK3-MYC PPI
inhibitor in the DR TR-FRET assay, we focused on this compound as the
most promising hit for further orthogonal validations and functional
characterization. SGI-1027 is a widely-used micromolar inhibitor of
DNA Methyltransferases (DNMT).%® To test whether the DNMT inhibi-
tion contributes to the disruption of MKK3-MYC PPI, we used a struc-
turally different and more potent and selective DNMT inhibitor RG108
(ICsomnmT) = 115 nM).*’ (Fig. 3A). In contrast to SGI-1027, we found
that RG108 does not interfere with the interaction between MKK3 and
MYC at up to 100 pM concentration in the dose-response cell lysate-
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Fig. 2. Development and evaluation of the MKK3-MYC PPI TR-FRET assay.
A) GST-d2 and Flag-Tb fluorophore pair allow at least 5 fold over control TR-
FRET assay window in 384-well plate format. The error bars demonstrate the
variation between four replicates. A representative data of three independent
experiments are shown; B) Temporal stability of TR-FRET signal. The TR-FRET
signal was measured in the time course of 48 h; C) The TR-FRET signal is stable
in the presence of the increasing amount of DMSO. D) The TR-FRET assay
miniaturized into a 1,536-well uHTS format demonstrate the equally high
performance as the assay performed in 384-well HTS format. E) Each com-
pound plate used in the uHTS assay demonstrated at least a 6-fold difference
between the signal and background (S/B). F) Z° > 0.7 were determined for each
compound plate used in the uHTS assay. G) The uHTS with the LOPAC, Spec-
trum, and EEBL libraries revealed five primary hits with>30% inhibition.

based TR-FRET assay (Fig. 3B).

Then, we have confirmed the inhibition of MKK3-MYC PPI by SGI-
1027 in the orthogonal GST pull-down assay (Fig. 3C). In contrast, we
did not observe a significant suppression of MKK3-p38 or MYC-MAX
PPIs by SGI-1027 at up to 50 uM concentration (Fig. 3C). These data
support a selectivity of SGI-1027 against the MKK3-MYC complex.
Moreover, we have found that HCT116 cells treated with increased
concentration of SGI-1027 demonstrate a decreased association of GST-
MKK3 with endogenous MYC (Fig. 3D) in GST pull-down assay.

To further validate the on-target effect of SGI-1027 on MKK3-MYC
PPI, we have monitored the disruption of MKK3-MYC PPI in TR-FRET
assay performed with recombinant purified MKK3 and MYC proteins
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instead of cell lysates. Previously, we established a TR-FRET assay to
monitor the interaction between purified recombinant MKK3 and MYC
HLH-LZ domain.>! We used the assay to determine whether SGI-1027
can interfere with the MKK3-MYC HLH-LZ binding. As shown in
Fig. 3E, SGI-1027 inhibits the interaction between GST-MKK3 and His-
MYC-HLH-LZ with the IC5o = 9.67 + 1.06 pM. These results are in
excellent agreement with the cell lysate-based TR-FRET assay (ICsy =
8.46 + 1.53 uM) performed for GST-MKKS3 and full-length VF-MYC, and
strongly support the direct effect of SGI-1027 on the MKK3-MYC
complex.

2.6. A computational model of MKK3 bound to SGI-1027

To get the structural insights into the MKK3-SGI-1027 complex, we
leveraged the computational modeling approach. Previously, we
showed that MYC HLH-LZ binds to the MKK3 cavity located in its N-lobe
around 121135 residues.®' Here, using molecular docking followed by
the Molecular Mechanics/Generalized Born Surface Area (MM-GBSA)
calculations, we found that SGI-1027 can also favorably bind to the same
site on the MKK3 surface to interfere with MYC binding (Fig. 4A). In
agreement with experimental data, the estimated binding energy ob-
tained for SGI-1027 (MMGBSA AGbind = —53.30 kcal/mol) was more
favorable than for Avasimibe (MMGBSA AGbind = —44.75 kcal/mol)
and ATA (MMGBSA AGbind = —41.68 kcal/mol). Moreover, the SGI-
1027 binding energy was over two times more favorable than the
binding energy obtained for RG108 docked in parallel (MMGBSA
AGbind = —21.08 kcal/mol).

Based on the model obtained for SGI-1027, the quinoline moiety of
the compound was located in a pocket formed by Asp63, Leu64, Alal61,
Argl32, Trp137, and the quinone NH-group formed an H-bond with the
carboxyl group of Asp62 (Fig. 4B, C). The backbone carbonyl oxygen
atom of Phel31 formed an H-bond with the NH-group that connects the
quinolone and benzene rings of SGI-1027. The benzamide aromatic ring
was located near the hydrophobic side chains of Phe57 and Val59 and
was involved in Pi-cation interaction with Arg113. Argl13 also formed
an H-bond with the nitrogen atom of SGI-1027 pyrimidine moiety.

To validate that SGI-1027 binds to the N-terminal half of MKK3, we
tested if SGI-1027 can disrupt the interaction between MYC and MKK3
1-210 4fragment. First, we confirmed that GST-MKK3 1-210 demon-
strate up to 15-fold higher affinity to VF-MYC as compared to GST MKK3
201-347 (Fig. 4D). Then, we found that SGI-1027 inhibits the GST-MKK3
1-210/VF-MYC PPI in the TR-FRET assay with the ICso = 3.8 + 1.2 yM
(Fig. 4E). Moreover, the incubation of HEK293T cells with SGI-1027 did
not decrease the phosphorylation of MKK3 substrate p38. This obser-
vation indicates that SGI-1027 does not compete with ATP and thus does
not bind to the MKK3 ATP-binding site, further supporting the predicted
binding mode This observation in (Supplementary Fig. 3).

2.7. Disruption of MKK3-MYC PPI suppresses MYC protein level and
transcriptional activity

The luciferase-based MYC reporter assay was performed to deter-
mine the effect of MKK3 knockdown on MYC activation. To ensure the
sufficient luminescence signal from the reporter luciferase generated by
the endogenous MYC, we used the HCT116 cell line as a model system.
The HCT116 cells provide both, a high level of constitutively activated
MYG*® and high transfection efficiency. Previously, we have demon-
strated the MKK3-MYC PPI at the endogenous level in breast cancer
MCF7 and H1299 lung cancer cells.”’ Here, using the co-
immunoprecipitation assay we have further confirmed the endogenous
interaction between MKK3 and MYC in HCT116 cells (Fig. 5A). Then, we
found that the MYC level was substantially lower in the MKK3 knock-
down cells than in the parent HCT116 cells (Fig. 5B). The suppression of
MKKS3 also correlated with the reduced MYC transcriptional activity as
observed in the luciferase-based MYC reporter assay (Fig. 5C). On the
other hand, the loss of MYC activity in the MKK3 knockdown cells was
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Fig. 3. Validation of SGI-1027 as the MKK3-MYC PPI inhibitor. A) Chemical structures of DNMT inhibitors SGI-1027 and RG108. B) SGI-1027 but not RG108
inhibits the interaction between GST-MKK3 and VF-MYC in cell lysate-based TR-FRET assay. C) SGI-1027 inhibits MKK3-MYC PPI but not MKK3-p38, MYC-MAX
interactions in GST pull down assays. GST- and Venus-Flag (VF)-tagged proteins were co-expressed in HEK293T cells. The cell lysates were treated with 50 pM SGI-
1027. DMSO was used as vehicle control. VF vector served as a negative control for the assay. D) SGI-1027 inhibits the interaction between purified recombinant
GST-MKK3 and His-MYC Helix-Loop-Helix domain in a TR-FRET assay. The percentage of inhibition was calculated for each compound compared to DMSO control.
E) SGI-1027 inhibits the interaction between GST-MKK3 and endogenous MYC in a dose-dependent manner in GST-pull down assay.

rescued by the MKK3 overexpression (Fig. 5C). These results further
validate the critical role of MKK3 in MYC regulation.

Then, we tested if MYC activity can also be suppressed by SGI-1027.
We found that the incubation of HCT116 cells with SGI-1027 correlates
with the substantial decrease in MYC level and expression of critical
MYC-target genes, including cell-cycle regulating kinase CDK4 and the
major immune checkpoint protein PD-L1 (Fig. 5D). In contrast, RG108, a
more potent DNMT inhibitor, did not suppress the level of MYC and
MYC-target genes in HCT116 cells incubated with up to 10 pM com-
pound, which is 100 times higher concentration than the reported ICsg
of RG108 against DNMT (Fig. 5D). These data support a DNMT-
independent mechanism of the suppression of MKK3-induced MYC
activation by SGI-1027. We also found that suppression of MYC level by
SGI-1027 is not cell line-specific. For example, MYC level was decreased
proportionally to the increasing concentration of SGI-1027 in MDA-MB-
468 triple-negative breast cancer cells (Fig. 5E).

We have also validated the suppression of MYC activity by SGI-1027
in the luciferase-based MYC-reporter assay (Fig. S5F-H). First, we
confirmed that overexpression of VF-MKK3 in HCT116 or MDA-MB-468
cells leads to a significant upregulation of MYC transcriptional activity
as compared to MYC activity in cells expressing the Venus-Flag vector.
This effect can be diminished by cell incubation with SGI-1027 in a dose-
dependent manner Fig. 5F, H. In contrast, MYC activity was not sup-
pressed in cells incubated with equal amounts of RG108 (Fig. 5G).

The luciferase-based MYC reporter assay relies on the luciferase
enzymatic activity. To exclude non-specific effects of SGI-1027 on the
luciferase activity, we tested if SGI-1027 interferes with the luciferase
luminescence signal in the assay. We did not observe a decrease in the
Renilla luciferase activity in cells treated with 10 pM SGI-1027 as
compared to the DMSO control (Supplementary Fig. 4).

Both MYC and MKKS3 play a critical role in regulating cancer cell
survival and metastasis.'>>°*? Therefore, we tested if the disruption of
MKK3-MYC PPI and suppression of MYC transcriptional activity and by
SGI-1027 correlates with decreased viability and migration of HCT116
cells. We found that SGI-1027 inhibits the viability of HCT116 cells with
the ICsp = 3.2 4 0.6 pM (Fig. 5I). These data are in agreement with the
previously reported inhibitory activity of SGI-1027 against different
cancer cell lines with the range of ICso between 1.7 uM and 9.1 pM.** We

also found that SGI-1027 suppresses the migration of HCT116 cells in a
dose- and time-dependent manner (Fig. 5J). The relative wound density
(RWD) of 20% determined after 18 h of incubation of HCT116 cells with
DMSO control was more than two times higher than the RWD of 8%
determined for cells treated with 3 pM SGI-1027 (Fig. 5K).

3. Discussion

Previously we have shown that MKK3 can control MYC transcrip-
tional activity through protein—protein interaction. MKK3-MYC PPI can
play a critical role in different MYC-dependent cancers and represents a
promising target for therapeutic discovery in African American patients
with triple-negative breast cancer.**

In this study, we have demonstrated the druggability of the MKK3-
MYC PPI interface and discovered the first chemical tools to interro-
gate the cellular functions mediated through MKK3-MYC PPI. We found
that MYC 370-413 is sufficient for the binding to MKK3 and can disrupt
the interaction between MYC and MKK3 but not its major complex with
MAX. Meanwhile, MYC 370-413 does not interact with other kinases,
including the well-defined MKK3 substrate p38 or MYC negative regu-
lator GSK3p. Thus this 44-residue peptide provides a valuable tool to
selectively regulate MKK3-signalling transduced through its complex
with MYC.

To discover small molecule MKK3-MYC PPI inhibitors, we have
developed a novel cell lysate-based TR-FRET assay in ultra-HTS 1536-
well plate format. Through a pilot screen of 5,889 compounds with
known pharmacological activity followed by multiple validation assays,
we have determined a quinoline derivative SGI-1027 as the first low
molecular-weight inhibitor of MKK3-MYC PPI (ICsy = 8 uM). SGI-1027
demonstrated a notable selectivity against other MKK3 and MYC PPIs,
including their major MKK3-p38 and MYC-MAX PPIs. Although more
detailed structural studies are needed to determine the binding mode of
SGI-1027 at the MKK3-MYC PPI interface, our computational model
suggests that SGI-1027 can favorably bind to the MKK3 binding site
previously identified as its main binding site for MYC.

SGI-1027 is a known micromolar inhibitor of DNMTs and is widely
used as a chemical probe to interrogate DNMT functions in cells.*>
Our data demonstrate that SGI-1027 also can regulate MYC
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Fig. 4. A computational model of SGI-1027 bound to MKK3. A) SGI-1027 can favorably bind to the MYC binding site. The molecular surface of SGI-1027 is shown
in red. The MKK3 alpha-helices and beta-sheets are colored in blue and yellow, respectively. The predicted binding mode of the MYC HLH domain (shown in grey) is
superimposed with SGI-1027 for reference. B) A The predicted binding mode of SGI-1027 at the MKK3 binding site. The carbon atoms of SGI-1027 are highlighted in
green. The protein-ligand interactions are shown as dash lines: h-bonds are colored in red, Pi-cation interactions — green, and salt bridges — pink. C) A 2D repre-
sentation of interactions between MKK3 and SGI-1027. The H-binds are shown as red lines, salt bridges — blue lines, and Pi-cation interactions are shown as green
lines. D) GST-MKK3 1-210 demonstrates significantly (p-value < 0.01) higher affinity to VF-MYC as compared to GST MKK3 201-347 in the TR-FRET assay. The
assay was performed in lysates of HEK293T cells expressing VF-MYC or Venus-Flag vector with GST-MKK3 1-210 or GST-201-347. The Fold change of the PPI TR-
FRET signal over the Venus-control signal is shown. E) SGI-1027 inhibits the interaction between VF-MYC and GST-MKK3 1-210 supporting that SGI-1027 binds to

the N-lobe of MKK3 as predicted by docking studies.

transcriptional program through inhibition of MKK3-MYC PPI. We have
shown that the disruption of MKK3-MYC PPI by SGI-1027 correlates
with the suppression of MKK3-induced MYC activation, decreased pro-
tein level of MYC, and reduced expression of MYC-target cell growth and
immune response regulators, including CDK4 and PD-L1 In contrast to
SGI-1027, another and more potent nanomolar DNMT inhibitor RG108
did not inhibit the MKK3-MYC PPI and did not suppress MYC tran-
scriptional activity in the reporter assay. These data indicate that the
suppressive effect of SGI-1027 on MYC protein stability and transcrip-
tional activity is independent of its known activity against DNMTs. In
agreement with previously reported data, we showed that SGI-1027
suppresses both the viability and motility of colon cancer HCT116
cells. Our data suggest that these inhibitory effects of SGI-1027 can be
mediated not only through its previously reported target DNMT but in
part through the disruption of the MKK3-MYC complex. These findings
further support the significance of MKK3-MYC PPI as a promising target
for therapeutic discovery in cancer.

4. Conclusions

The master regulator transcription factor MYC is a highly attractive
therapeutic target in cancer. However, MYC targeting for drug discovery
is challenging, and no FDA-approved MYC inhibitors are available.
Novel therapeutic approaches to control MYC dependency are urgently
needed to improve clinical outcomes of patients with dysregulated MYC
transcriptional programs. In this study, we demonstrated that MYC

activity can be controlled by inhibiting MKK3-MYC PPI that was
recently reported as a new promising target in African American patients
with triple-negative breast cancer. The reported design of short inhibi-
tory peptides and the discovery of SGI-1027 as the first molecular weight
MKK3-MYC PPI inhibitor demonstrate the druggability of the MKK3-
MYC PPI interface. The established cell lysate-based ultra-high-
throughput screening assay can facilitate the discovery of new MKK3-
MYC PPI inhibitors to inform biological studies and therapeutic strate-
gies in breast cancer and other disorders with dysregulated MYC and
MKKS3.

5. Methods
5.1. Antibodies

Tb cryptate-conjugated mouse monoclonal anti-Flag antibody (anti-
Flag-Tb, catalog. no. 61FG2TLB) and d2-conjugated anti-GST antibody
(anti-GST-d2, catalog. no. 61GSTDLB) were purchased from Cisbio
Bioassays (Bedford, MA). Monoclonal ANTI-FLAG M2-Peroxidase (HRP)
antibody (catalog. no. A8592), anti-Glutathione-S-Transferase (GST)-
Peroxidase Conjugate antibody (catalog. no. A7340), monoclonal Anti-
B-Actin antibody (catalog. no. A5441), and protease inhibitor (catalog.
no. P8340) were purchased from Sigma-Aldrich. c-Myc rabbit mono-
clonal antibody (catalog. no. 5605S) was purchased from Cell Signaling.
Peroxidase AffiniPure goat anti-rabbit IgG (H + L) secondary antibody
(catalog. no. 111-035-003), Peroxidase AffiniPure goat anti-mouse IgG
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Fig. 5. Disruption of MKK3-MYC PPI correlates with inhibition of MYC
activity in cancer cells. A) Endogenous co-immunoprecipitation of MYC with
MKK3 has confirmed the MKK3-MYC PPI in HCT116 colon cancer cells. B)
MKK3 knockdown correlates with the suppression of MYC protein level in
HCT116 colon cancer cells. Two different MAP2K3 shRNA (shRNA-1 and
shRNA-2) were used. The non-target sShRNA (shRNA-Ctrl) was used as a nega-
tive control. C) MKK3 knockdown correlates with the suppression of MYC
transcriptional activity in Luciferase-based MYC reporter assay performed in
HCT116 cells. MYC activity can be rescued by VF-MKK3 overexpression (red
bars) but not Venus-Flag vector (black bars) in the knockdown cells. D) SGI-
1027 but not RG108 suppresses the level of MYC and its target genes,
including CDK4 and PD-L1, in HCT116 cells. E) SGI-1027 suppresses MYC,
CDK4, and PD-L1 in MDA-MB-468 triple-negative breast cancer cells. F) SGI-
1027 but not RG108 (G) suppresses MYC transcriptional activity in MYC re-
porter assay performed in HCT116 cells or MDA-MB-468 cells (H) expressing
VF-MKK3 (red bars) or Venus-Flag control (black bars). Expression VF-MKK3
promotes MYC activity as compared to Venus-Flag control. This effect can be
inverted by the disruption of MKK3-MYC PPI by SGI-1027. I) SGI-1027 sup-
presses the viability of HCT116 cells. Cell viability was determined in the
Alamar Blue assay and quantified relative to DMSO control. J) SGI-1027 sup-
presses migration of HCT116 cells in a time- and dose-response manner. The
wound healing was monitored in real-time during the time course of 18 h in
HCT116 cells treated either with DMSO control or indicated concentrations of
SGI-1027. The error bars indicate the standard deviation of four replicates. K)
Representative images of the wound healing obtained at the time zero and in
18 h after the treatment of cells with DMSO or 3.0 pM SGI-1027.

(H + L) secondary antibody (catalog. no. 115-035-003), and Peroxidase
AffiniPure goat anti-rabbit IgG light chain-specific (L) secondary anti-
body (catalog. no. 211-032-171) were purchased from Jackson
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ImmunoResearch.

5.2. Cell lines and culture conditions

All cell lines were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). HEK293T (ATCC CRL-3216),
colon cancer HCT116 (ATCC, CCL-247), and breast cancer MDA-MB-
468 (ATCC HTB-132) were cultured in Dulbecco’s modified Eagle’s
medium with 4.5 g/l glucose, l-glutamine, and sodium pyruvate
(Corning, catalog. no. 10-013-CV) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin solution (CellGro, catalog. no.
30-002-CI). Cells were incubated at 37 °C in humidified conditions with
5% COa.

5.3. Transfection

The HEK293T cells were transfected using 1 mg/mL Poly-
ethylenimine (PEL Polysciences, Inc., catalog no. 23966) in a ratio of 3
pL to 1 pg DNA. Cancer cells were transfected using X-tremeGENE HP
(SigmaAldrich, catalog. No. 6366546001) in a ratio of 3 pL to 1 pg DNA
following the manufacturer’s instructions.

5.4. DNA constructs

All GST-, VF-tagged human MKK3 and MYC plasmids for mammalian
expression were generated using Gateway cloning technology (Invi-
trogen) as described previously.>’ The DNA was purified using Zymo-
PURE Plasmid Maxiprep Kit (Zymo Research, catalog no. D4203).

5.5. GST-pull down assay

HEK293T cells were co-transfected with GST- and Venus-Flag-tagged
proteins, or empty vectors as negative controls. The proteins were
expressed for 48 h. Cell lysates were prepared in the 1% NP-40 lysis
buffer (150 mM NaCl, 10 mM HEPES pH 7.5, 1% nonident NP-40
(Sigma-Aldrich, IGEPAL catalog. no. CA-630), 5 mM sodium pyro-
phosphate, 5 mM NaF, 2 mM sodium orthovanadate, 10 mg/1 aprotinin,
10 mg/1 leupeptin and 1 mM phenylmethylsulfonyl fluoride) for 30 min
at 4 °C, followed by 15 min centrifugation at 14 000 r.p.m. at 4 °C. The
cleared lysates were incubated with glutathione sepharose 4B beads (GE
Healthcare, catalog no. 17-0756-05) at 4 °C for 3 h for regular pull-
down assays.

For the PPI inhibition assay, cell lysates were first pre-incubated with
compounds for 30 min and then incubated for 75 min with the gluta-
thione sepharose.

After the incubation, beads were washed three times with the 1% NP-
40 lysis buffer, eluted by boiling in sodium dodecyl sulfa-
te-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer, and
analyzed by Western blotting.

5.6. Co-immunoprecipitation assay

The co-immunoprecipitation (co-IP) was performed as described
previously.®! Briefly, cells were lysed with the Lysis buffer for 30 min at
4 °C. Then, cell lysates were collected and cleared by centrifugation at
14,000 RPM at 4 °C for 10 min. The cleared lysates (1.5-2 mg of total
proteins) were mixed with MKK3 antibody (Abcam, catalog no.
ab195037) or IgG control (Abcam, catalog no.ab172730), and incubated
at 4 °C overnight with end-to-end rotation. The next day, the samples
were combined with 20 pL of protein A/G-beads (Emd Millipore, catalog
no. LSKMAGAGO02) and incubated for 2 h at 4 °C. Immunoprecipitates
were washed three times with 500 pL of the Lysis buffer. The
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immunocomplexes were eluted with SDS-PAGE sample buffer and
analyzed by Western blotting with indicated MKK3 and MYC-specific
antibodies. To avoid the interference of MYC bands with the IgG
heavy chain, the light chain-specific secondary antibody was used for
the Western blotting.

5.7. Western blot

Proteins in sample buffer were separated by 10% SDS poly-
acrylamide gel electrophoresis (10% acrylamide gels) and were trans-
ferred to nitrocellulose filter membranes at 100 V for 2 h at 4 °C. After
blocking the membranes in 5% nonfat dry milk in TBST buffer (20 mM
Tris-base, 150 mM NaCl, and 0.05% Tween 20) for 30 min to 1 h at room
temperature, membranes were blotted with the indicated antibodies
overnight at 4 °C. Membranes were washed three times for 10 min in the
TBST buffer. The SuperSignal West Pico PLUS Chemiluminescent Sub-
strate (Thermo, catalog no. 34580) and Dura Extended Duration Sub-
strate (Thermo, catalog no. 34076) were used for developing
membranes. The western blot imaging was performed using the Chem-
iDoc imaging system (Bio-Rad).

5.8. TR-FRET measurements

Test proteins were expressed for 48 h in HEK293T cells. Cell lysates
were prepared in the 1% NP-40 lysis buffer (150 mM NaCl, 10 mM
HEPES pH 7.5, 1% nonident P-40 (Sigma-Aldrich, IGEPAL catalog no.
CA-630), 5 mM sodium pyrophosphate, 5 mM NaF, 2 mM sodium
orthovanadate, 10 mg/l aprotinin, 10 mg/1 leupeptin and 1 mM phe-
nylmethylsulfonyl fluoride) for 30 min at 4 °C, followed by 15 min
centrifugation at 14 000 r.p.m. at 4 °C. The TR-FRET assay was per-
formed in the reaction buffer (20 mM Tris-HCI pH 7.0, 50 mM NaCl,
0.01% NP-40) in 384-well or 1536-well black plates. GST-Terbium- or
Flag-d2-conjugated antibodies were used to couple GST- and VF-tagged
proteins as FRET donors or acceptors, respectively.

By titrating the cell lysates, we have determined 0.1 mg/mL as the
optimal concentration of cell lysates that can provide the highest signal/
background ratio. Cell lysates were serially diluted in FRET buffer and
mixed with anti-GST-d2 and anti-Flag-Tb antibodies with the final
dilution of 1:500 and 1:750, respectively.

The plates were centrifuged at 1000 RPM for 2 min and samples were
incubated at room temperature for the indicated times. The TR-FRET
signal was measured on the BMG Labtech PHERAstar FSX reader. The
following settings were used for the Tb/Venus pairs: Ex 337 nm, Em1:
520 nm, Em2: 486 nm; time delay: 50 ps). For the Tb/d2 pairs, the
following settings were used: Ex 337 nm, Em1: 615 nm, Em2: 665 nm;
time delay: 50 ps). The TR-FRET signal is expressed as the FRET ratio
520 nm/486 nm x 10* or 615 nm/665 nm x 10* for the Tb/Venus and
Tb/d2 pairs, respectively.

5.9. Miniaturization of the assay into a 1,536-Well uHTS format

The TR-FRET assay for uHTS was performed in a black 1,536-well
plate (Corning, catalog no. 3724). The reaction mixtures contained the
optimal amount of GST-MKK3/VF-MYC co-expression lysate, anti-GST-
d2, and anti-Flag-Tb antibodies. The VF-MYC lysate without GST-
MKK3 co-expression was used as the background control. The reaction
mixtures were dispensed to 1,536-well plates (5 uL/well) using a
multiple-drop Combi dispenser (Thermo, catalog no. 5840320). The TR-
FRET signals were measured using a BMG Labtech PHERAstar FSX plate
reader.

5.10. Pilot screening for potential MKK3-MYC inhibitors through uHTS in
a 1536-Well format

The uHTS experiments were performed with the LOPAC, Spectrum,
and Emory Enriched EEL libraries, containing 1280, 2000, and 2609
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pharmacologically active compounds, respectively. The reaction
mixture containing GST-MKK3/VF-MYC lysate mixed with the anti-GST-
d2 and anti-Flag-Tb antibodies was dispensed into 1536-well black solid
bottom plates (5 pL/well). The library compounds dissolved in 100%
dimethyl sulfoxide (DMSO) were added using pintool integrated with
Beckman NX (Beckman Coulter), giving a final compound concentration
of 10 uM. The DMSO served as vehicle control. After centrifugation and
incubation at room temperature for 2 h, TR-FRET signals were measured
using a BMG Labtech PHERAstar FSX plate reader.

The MKK3-MYC PPI inhibition was determined based on the
decreased TR-FRET signal as compared to DMSO control. The 30% in-
hibition threshold was used to identify the primary hits.

5.11. Dose-Response TR-FRET validation for compound hits

The dose-response TR-FRET assays were performed in 384-well
black solid bottom plates as described above. For the lysate-based as-
says, the lysates containing 40 pg/mL total protein were used. For the
assay with recombinant purified proteins, GST-MKK3 and His-tagged
MYC Helix-Loop-Helix domain were purified as described previ-
ously.®! The final concentrations of GST-MKK3 and His-MYC-HLH-LZ
were 10 nM and 1 pM, respectively. The reaction mixture (30 pL/well)
contained 20 pL of the lysate or purified protein mixture combined with
anti-GST-d2 antibody, anti-Flag-Tb antibody, and compounds at 0 to 50
uM concentration range. The reaction mixtures were incubated at room
temperature for 2 h, and TR-FRET signals were measured using a BMG
Labtech PHERAstar FSX plate reader.

5.12. MYC reporter assay

The MYC transcription activity was measured using the MYC re-
porter assay as described previously.®' The cells were grown in 6-well
plates and transfected with Venus-Flag-MKK3 or Venus-Flag vector
along with the Firefly luciferase reporter plasmid containing three MYC
EBOX sites: GCCACGTGGCCACGTGGCCACGTGGC. The EBOX mutated
that cannot be recognized by MYC (GCCTCGAGGCCTCGAGGCCTC-
GAGGC) was used as a negative control. Renilla luciferase expression
vector served as a normalization control for protein expression. SGI-
1027 or RG108 dissolved in DMSO was added to cells at 0.5 to 5 uM
concentration 36 h after transfection. DMSO was used in parallel as
vehicle control. The final concentration of DMSO in cell culture media
was 0.1% for all samples. Then, the cells were further incubated for 12 h,
harvested, and transferred to a 384-well plate (20 pL/well). MYC re-
porter assay was performed using Nano-Glo Dual-Luciferase Reporter
Assay System (Promega, catalog no. N1610) following the manufac-
turer’s instructions. The normalized luminescence was calculated as a
ratio of luminescence of Firefly luciferase to the luminescence of Renilla
luciferase. The MYC activity was represented as a fold over control
calculated as a ratio of the relative luminescence calculated for cells
transfected with the EBOX wild type reporter to the relative lumines-
cence calculated for cells transfected with EBOX mutant reporter
plasmid.

5.13. Kinase assay

GST-MKK3 and His-MYC were purified as described previously.31
125 nM purified recombinant GST-MKK3 was mixed with 125 nM His-
tagged MYC or 125 nM inactive GST-p38 (positive control for MKK3
activity) purified from bacteria (Signal Chem, Cat # M39-14G-20. GST-
MKK3, GST-p38, and His-MYC alone were used as negative controls for
non-specific and auto-phosphorylation. The reactions were incubated
with 50 uM [32P]-ATP for 30 min at 37 °C. The substrate phosphoryla-
tion was analyzed with the radiograph.
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5.14. Scratch wound migration assay

HCT116 cells were seeded into 96-well ImageLock tissue culture
plate (Essen BioScience, catalog no. 4379), 100 pL per well, and cultured
until confluent. The Essen BioScience WoundMaker tool (Essen BioSci-
ence, catalog no. 4493) was used to create wounds following the man-
ufacturer’s instructions. After wounding, the original medium was
removed, and each well was gently washed with 100 pL of fresh me-
dium. After the washing medium was removed, 100 pL of medium
containing SGI-1027 at assigned concentrations or DMSO was added to
each well. The assay plate was then placed into the IncuCyte S3 Live-Cell
Analysis System, and repeated scanning was scheduled for every 2 h
using the IncuCyte Scratch Wound protocol.

5.15. Cell viability assay

Cells were seeded into 384-well flat clear bottom black tissue culture
plate (Corning, catalog. no. 3764), 30 uL per well, and placed into the
incubator. On the next day, 20 uL medium containing SGI-1027 at
assigned concentrations or DMSO was added to each well, and put back
into the incubator. After 72-hour incubation, 5 uL of CellTiter-Blue Cell
Viability Assay reagent (Promega, catalog. no. G8081) was added to
each well. After brief centrifugation, the plate was then put back for
incubation at 37 °C for 2 h. Then, the plate was read by the BMG Labtech
PHERAstar FSX plate reader to record fluorescence [560(20)gx/590
(10)gml- For each experiment, wells that contain medium and CellTiter-
Blue without cells were used to quantify the background signal. The ICsq
values were calculated using the GraphPad Prism software by fitting the
four-parametric variable slope model (“non-linear regression, log (in-
hibitor) vs response - Variable slope (four parameters)” function).

5.16. Computational modeling

Molecular docking was performed using our previously reported
model of MKK3.?' The structures of SGI-1027, Avasimibe, AT101, ATA
and RG108 were prepared using Schrodinger LigPrep software. The
molecular docking was performed using Schrodinger Glide software.*®
The grid box was generated around 20 A of the MKK3 121-135 residues,
and the docking was performed using the Extra precision (XP) mode.
The Epik state penalties, reward intramolecular hydrogen bonds and
enhance planarity of conjugated pi groups as well as sample nitrogen
inversions and sample ring conformations options were enabled. The
binding energy was calculated using the MM-GBSA tool implemented in
the Schrodinger Suite.*’

5.17. Data analysis

All experiments were repeated at least three times. The data quan-
tification was performed using the GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA, USA).
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