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� ELF3-MED23 hotspot was efficiently
deciphered by using customized
small molecules.

� ELF3-MED23 PPI depends on specific
H-bondings to upregulate HER2
expression.

� PPI inhibitory activity of YK1 was
specific to ELF3-MED23.

� YK1-mediated specific H-bond
interruption induces promising
anticancer activities.

� Anticancer effect of YK1 was even
significant against trastuzumab-
refractory clones.

� YK1 held highly drug-like properties
showing favorable PK profile.
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Introduction: HER2 overexpression induces cancer aggression and frequent recurrences in many solid
tumors. Because HER2 overproduction is generally followed by gene amplification, inhibition of pro-
tein–protein interaction (PPI) between transcriptional factor ELF3 and its coactivator MED23 has been
considered an effective but challenging strategy.
Objectives: This study aimed to determine the hotspot of ELF3-MED23 PPI and further specify the essen-
tial residues and their key interactions in the hotspot which are controllable by small molecules with sig-
nificant anticancer activity.
Methods: Intensive biological evaluation methods including SEAP, fluorescence polarization, LC-MS/MS-
based quantitative, biosensor, GST-pull down assays, and in silico structural analysis were performed to
determine hotspot of ELF3-MED23 PPI and to elicit YK1, a novel small molecule PPI inhibitor. The effects
of YK1 on possible PPIs of MED23 and the efficacy of trastuzumab were assessed using cell culture and
tumor xenograft mouse models.
Results: ELF3-MED23 PPI was found to be specifically dependent on H-bondings between D400, H449 of
MED23 and W138, I140 of ELF3 for upregulating HER2 gene transcription. Employing YK1, we confirmed
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that interruption on these H-bondings significantly attenuated the HER2-mediated oncogenic signaling
cascades and exhibited significant in vitro and in vivo anticancer activity against HER2-overexpressing
breast and gastric cancers even in their trastuzumab refractory clones.
Conclusion: Our approach to develop specific ELF3-MED23 PPI inhibitor without interfering other PPIs of
MED23 can finally lead to successful development of a drug resistance-free compound to interrogate
HER2 biology in diverse conditions of cancers overexpressing HER2.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Protein–protein interactions (PPIs) are essential phenomena in
the human body and are frequently dysregulated in disease states.
Despite the essential function of PPIs in humans, efforts to disrupt
them have been challenging because PPI interfaces are mostly
large and shallow, generally lacking well-defined binding sites.
Due to this limitation, while numerous antibody drugs have
reached clinical use as prominent PPI inhibitors, only a few of small
molecule PPI modulators have been discovered. This is because it is
difficult to identify a small-sized ligand capable of binding to the
PPI interface with a high affinity [1]. A set of drawbacks related
with protein or peptide agents, such as poor cell internalization,
low oral bioavailability, and high immunogenicity, have continu-
ously led to various attempts to develop small molecule PPI inhibi-
tors as feasible solution to overcome most of the problems
aforementioned [2]. Developing a small molecule modulator for a
specific PPI requires identification of ‘hotspot’ for each PPI, repre-
senting a small region within the PPI interface that is primarily
responsible for the binding affinity between two proteins [3].
Experimental determination of these hotspots is still considered
time-consuming and laborious process, despite the various
methodological advancements made in this field [4]. Among
numerous PPIs of which the hotspot residues are yet unclarified,
in this study, we focused on the interaction between E74 Like
ETS Transcription Factor 3 (ELF3, also known as ESE-1, ERT, JEN,
and epithelium specific Ets transcription factor) and mediator
complex subunit 23 (MED23, also known as DRIP130, SUR2,
CRSP130, and vitamin D3 receptor interacting protein). ELF3-
MED23 interaction is one of the well-known PPIs, which is respon-
sible for regulating the gene expression of Human epidermal

growth factor receptor 2 (HER2) (Human gene database (https://

www.genecards.org/)).
HER2, a member of the HER family, plays a key role in diverse

tumorigenic processes by regulating cell survival, proliferation,
and differentiation [5,6]. HER2 overexpression was first observed
in breast cancer and critically assessed as a typical therapeutic
marker for breast cancer [7], but nowadays, many reports have also
suggested its negative prognostic role in gastrointestinal cancers,
especially in gastric cancer, demonstrating its association with
cancer aggressiveness and high recurrence rates [8]. For these
HER2 overexpressing cancer subtypes, chemotherapy regimens
are generally used in combination with trastuzumab (TZMB), an
antibody drug that targets the extracellular domain of HER2 pro-
tein [9,10]. Despite clinical successes achieved by TZMB adminis-
tration, frequently occurring resistance development issues are
continuously leading to need for a new, more sustainable thera-
peutic intervention for HER2-overexpressing cancers. Since over-
expression of HER2 is followed by the gene amplification in
many solid tumors, which is usually maintained throughout the
tumor lifespan [11–13], we have alternatively investigated on
approaches to downregulate HER2 from the gene expression level
by specifically inhibiting the interaction between transcription fac-
tor (TF), ELF3/ESX/ESE-1/ERT/JEN and its coactivator, MED23/
DRIP130/SUR2/CRSP130 [14–16]. As a necessary TF for HER2 gene
174
expression, ELF3 binds directly to the ETS transcriptional response
element of the HER2 promoter and subsequently interacts with
MED23 to promote HER2 overproduction [17].

Despite its significance, only a small number of inhibitors have
been developed for this PPI due to the lack of concrete structural
understanding in the binding interface of ELF3 and MED23 under
the limitation that the exact structure of ELF3 has not yet been
revealed. This study aimed to determine the hotspot of ELF3-
MED23 PPI by specifying the essential residues and their key inter-
actions which are controllable by small molecules.

Materials and methods

Cell viability assay of compounds with diverse cancer cells

Cells were seeded at 104 cells/well in a 96-well cell culture plate
for 20 h. After 4 h of starvation with serum-free media, cells were
replaced with compound-added medium at designated concentra-
tions and incubated for 72 h at 37 ℃ in a 5 % CO2 incubator. Viabil-
ity of the cells were finally evaluated by measuring the absorbance
at 450 nm, after applying 5 lL of EZ-cytoX to each well. For the
measurement, ELISA Microplate Reader (VersaMax, Molecular
Devices) was utilized.

Secreted alkaline phosphatase (SEAP) assay

293 T kidney cells were seeded in a 96-well microplate (SPL,
Korea) at a density of 5 � 103 cells/well and incubated overnight.
Then they were transiently co-transfected with 100 ng of each
plasmid and transfection-optimized medium (Welgene, Korea).
The co-transfected plasmids were the SEAP reporter gene
(pG5IL2SX) and GAL4-ELF3 expression vector (pBJ GAL4-ELF3).
Cells were incubated for 3 h with WelFectQ (Welgene, Korea) for
transfection, and then the compounds or MED23 protein con-
structs (pcDNA_MED23 WT, K397A, D400A, H449G, or D400A/H449G) were
added. The treated cells were incubated for 12 h. After treatment
of compound in a 5 % CO2 incubator for 12 h at 37 ℃, the plate
was incubated at 65 ℃ for 3 h to inactivate all enzymes except
for SEAP. A mixture of 25 lL of the inactivated medium and
75 lL of double distilled water was added along with 100 lL of
the substrate solution, which was made with 1.19 lL of 0.1 M 4-
methylumbelliferyl phosphate (Sigma, USA) and 98.81 lL of 2 M
diethanolamine (pH 10, Sigma, USA). After incubation overnight
at 37℃, fluorescence intensity was detected at an excitation wave-
length of 360 nm and an emission wavelength of 440 nm using a
fluorometer (SPECTRAmax GEMINIEM, Molecular Devices, USA).

Western blot analysis

For the Western blot analyses, cells were seeded in 6-well
plates and lysed in 1X RIPA lysis buffer (Cell Signaling, USA) con-
taining 1 % 0.1 M PMSF and 1 % 100X protease inhibitor cocktail
solution (Genedepot, USA). The total protein amounts were nor-
malized using the PierceTM BCA protein assay kit (Thermo Fisher
Scientific, USA) and a microplate reader (Tecan Group ltd., Switzer-
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land), equipped at Drug Development Research Core Center. 20 lg
of proteins were loaded onto a 10–15 % acrylamide gel for SDS-
PAGE and then transferred to a 0.2 lm PVDF membrane (Pall Life
Science, USA). 5 % skim milk or 5 % BSA was used for membrane
blocking, and then the membranes were incubated with primary
antibodies at room temperature (RT) for 3 h or at 4 �C overnight.
The blots were washed 3 times with tris-buffered saline-0.1 %
Tween20 (1X TBST) and incubated with HRP-conjugated secondary
antibodies (GeneTex, USA). The protein bands were detected using
ECL solution reagent (GE Healthcare, USA) and LAS-3000 (Fuji
Photo Film Co., ltd., Japan). Captured images were evaluated with
Multi-Gauge software (Fuji Photo Film Co. ltd.). All indicated pri-
mary antibodies were purchased from Thermo Fisher, Cell Signal-
ing, Santa Cruz, Novus, or MBL, and the details are listed in
Table S1.

Immunoprecipitation assay

NCI-N87 cells were seeded in a 100-mm cell culture dish and
cultured until they reached 60–70 % confluency, cells were trans-
fected with p3Xflag-myc-CMV26-empty or p3Xflag-myc-CMV26-
MED23WT plasmid DNAs using Lipofectamine� 2000 (Invitrogen,
USA). After 12 h transfection, YK1 (5 lM) was treated for additional
12 h. Cell lysate preparation and total protein quantification were
then performed using the same procedure as for the Western blot
analyses. Total 750 lg of cell extracts were incubated with 20 lL of
FLAG-agarose bead (Sigma Aldrich, USA) slurry at 4 �C for 4 h on a
rotator. After the incubation, samples were centrifuged for 1 min at
12000 rpm to precipitate the beads. Supernatants were then
removed and the remaining beads were washed 3 times with
200 lL of lysis buffer (RIPA). After removal of final supernatant,
the beads were eluted with 2X sample buffer by boiling at 98 �C
for 5 min. The immunoprecipitated proteins were loaded and sep-
arated by SDS-PAGE and analyzed using western blot analyses.

GST pull down assay

HEK293 cells were seeded in a 100 mm cell culture dish and
cultured until they reached 70–80 % confluency, and then the indi-
cated GST-tagged ELF3 construct was transfected using Lipofec-
tamine� 2000 (Invitrogen, USA). Cell lysate preparation was
performed using the same procedure as for the western blot anal-
yses. 1000 lg of cell extracts were incubated with 20 lL of Glu-
tathione SepharoseTM beads (GE Healthcare, UK) for 1 h at 4 �C on
a rotator. The Sepharose beads were washed 3 times with 200 lL
of ice-cold 1X PBS. After removal of final supernatant, the beads
were eluted with elution buffer (20 mM Glutathione, 100 mM
Tris-HCl (pH 8.0), 120 mM NaCl, 10 % glycerol). The precipitated
proteins were loaded and separated by SDS-PAGE and analyzed
using western blot analyses.

Luciferase promoter assay

HEK293 cells were plated in 6 well plate and transfected with
1 lg of pNeuLite (Addgene) alone or in combination with 0.5 lg
of pcDNA3.1-flag-ELF3WT (provided from Dr. Seung Bae Rho,
National Cancer Center, Republic of Korea) and p3Xflag-myc-
CMV26-MED23 mutant plasmids as indicated. For the normaliza-
tion of the luciferase activity of each sample, 0.5 lg of b-
galactosidase expression plasmid (provided from Dr. Eun-Sook
Hwang, Ewha Womans University, Republic of Korea) was also
added in every sample groups. All of the transfections were con-
ducted using Lipofectamine� 2000 Transfection Reagent (Invitro-
gen, USA). After 24 h, firefly luciferase and b-galactosidase
activities were evaluated with the Infinite M200 PRO Microplate
reader (Tecan Group ltd., Switzerland) using the Luciferase Assay
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System (Promega) and Galacto-Light Plus b-Galactosidase Reporter
Gene Assay System (Invitrogen), respectively, according to the
manufacturers’ protocols.

Fluorescence polarization assay

Various concentrations of (His)6-MED23391–582 and fluorescein
isothiocyanate (FITC)-labeled ELF3129–145 peptide (10 nM) were
mixed together in assay buffer (20 mM sodium phosphate (pH
8.0) containing 30 mM NaCl, and 5 mM b-mercaptoethanol) to
determine the Kd value. The final reaction volume was adjusted
to 50 lL, and samples were incubated for 30 min at RT. Determina-
tion of the Kd value was conducted with Prism 6.0 (GraphPad Soft-
ware, USA) using the least-squares non-linear fit method. The FP
signals were measured in millipolarization (mP) units using the
Infinite F200 PRO microplate reader (Tecan Group ltd., Switzer-
land) at excitation/emission wavelengths of 485/535 nm. For the
displacement assays, graded concentrations of YK1 and
unlabeled-ELF3137–144 peptide were mixed together with a mixture
of 80 nM (His)6-MED23391–582 and 10 nM FITC-ELF3129–145. Efficacy
of compound YK1 was evaluated by measuring the extent of
decrease in the FP signals, using unlabeled peptide as positive con-
trol. To determine the IC50 of each compound, four-parameter
logistic equation was applied through the Table Curve 2D program
(SPSS Inc.). Ki values were finally calculated based on the Cheng-
Prusoff equation: Ki = IC50/1+([Ligand]/Kd). FITC-labeled ELF3129–
145 and unlabeled peptide were synthesized by Peptron Inc., Korea,
and (His)6-MED23391–582 was produced as previously described
[18,19]. Experiments were performed in triplicate in flat-
bottomed 96-well black plates with a non-binding surface (Thermo
Scientific Nunc, USA).

Quantitative Real-Time PCR

FavorPrepTM Tri-RNA reagent (FAVORGEN Biotech Corp., Taiwan)
and a PrimeScriptTM RT Reagent Kit (Takara Bio Inc., Japan) were
used according to the manufacturers’ instructions to extract RNA
from cells and synthesize complementary DNA (cDNA), respec-
tively. Quantitative analysis of the demonstrated genes was per-
formed using a SensiFASTTM SYBR No-ROX kit (Bioline, Canada).
PCR amplification was conducted using the CFX96TM real-time
PCR detection system (Bio-Rad, USA) under the following protocol:
polymerase activation at 95 �C for 2 min, followed by 27 cycles of
amplifications of 95 �C for 10 sec, 56 �C for 10 sec, and 72 �C for 20
sec. The relative quantity of mRNA was determined using the DDCt
method and normalized by GAPDH or ACTIN. The primer sequences
used in this study are summarized in Table S2.

Kinase inhibition assay

Kinase inhibitory activity of YK1 at 10 lM and 25 lM was eval-
uated through the Eurofins kinase profiling services. Its inhibitory
effects toward c-RAF, EGFR, ErbB2, ErbB4, and PI3 kinases were
analyzed according to the Kinase Profiler Service Assay protocols
[20]. The scintillation values were calculated as the percent of
kinase inhibition with respect to the control.

Tumor xenografts

NCI-N87 and JIMT-1 cells (5 � 106 cells) in 100 lL of 1X phos-
phate buffered saline (PBS) were subcutaneously injected into the
right flank of 5-week-old female athymic nude mice (Envigo, USA)
and 4-week-old female NOD-SCID (Koatech, Pyeongtaek, South
Korea) mice, respectively. Mice were randomly separated into each
of the designated groups when the tumours reached a volume of
90–100 mm3. After that, drug administration was repeated six
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times via intravenous route for NCI-N87 xenografts, and eight
times through intraperitoneal route for JIMT-1 xenografts, both
at 3-day intervals. YK1 and TZMB were equally given at the con-
centration of 4 mg/kg, while they were separately prepared in
DMAC/Tween80/saline (5:10:85) mixture and saline, respectively.
Changes in the tumour size were monitored for additional days
after drug injection was completed, until the average tumor size
of the control group reached 2000–2500 mm3

. As shown in the fig-
ures, mice were sacrificed 28 days after the first drug injection for
NCI-N87 and 46 days for JIMT-1 xenografts. Tumors were then
immediately excised from each mouse, and the relative tumor sizes
were determined. The tumor length (L) and width (W) were mea-
sured with calipers, and the tumor volume was determined accord-
ing to the formula: (L � W2) / 2.

IHC assay for xenograft mouse model

Tumors obtained from the xenograft mouse model were used to
make a paraffin-embedded block section for immunohistochem-
istry (IHC). All IHC procedures followed general protocols. The indi-
cated HER2 and Ki-67 primary antibodies were incubated at 4 �C
overnight and then rinsed 3 times with 1X PBS, incubated with sec-
ondary antibody, developed with a Vectastain ABC kit (Vector Lab-
oratories, USA), and stained with DAB solution (Dako, Carpinteria,
USA), all following the manufacturers’ protocols. After counter-
staining with hematoxylin (USA), IHC staining was evaluated by
light microscopy at 200 � magnification. IHC staining was evalu-
ated semi-quantitatively by adopting the IHC score. Final scores
were calculated by multiplying the intensity and fraction score
(percentage of samples counted at each scale), producing a range
from 0 to 300. All imaging and assessments were performed using
an Axiophot 2 apparatus (Carl Zeiss MicroImaging Inc., Thornwood,
NY, USA), equipped at Drug Development Research Core Center.
The details of the applied antibodies and dilution ratios are listed
in Table S1.

Cell cycle analysis

5 � 105 NCI-N87 cells were seeded in 60-mm dishes. When 70–
80 % confluence was reached, YK1 was treated at different concen-
trations for 8 h. The cells were trypsinized and then washed with
ice-cold PBS (pH 7.4). For the cell cycle analysis, cells were fixed
with 70 % ethanol and incubated for 30 min at 4 �C and then
stained using FxCycleTM PI/RNase staining solution (InvitrogenTM,
USA) according to the manufacturer’s instructions. Cell cycle anal-
yses were performed using a fluorescence-activated cell sorting
(FACS) instrument (BD Biosciences, USA), equipped at Drug Devel-
opment Research Core Center. At least 5,000 cells were measured
for each sample.

Annexin V/PI double staining apoptosis assay

Cells were prepared using the same conditions as given above
for the cell cycle analysis, except that YK1 was used at various con-
centrations for 24 h. Cells were trypsinized and washed with 1X
PBS, and then each sample was resuspended in 100 lL of 1X
Annexin V binding buffer using an FITC Annexin V Apoptosis
Detection kit I (BD PharmingenTM) according to the manufacturer’s
instructions. The induction of apoptosis was assessed using the
FACS instrument (BD Biosciences). 10,000 cells were measured
for each sample.

Clonogenic assay

Cells were seeded in 6-well culture plates at a density of 2000
cells/well, followed by incubation with or without treatment of
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TZMB (10 or 20 lg/mL) and YK1 (0.5 or 1 lM) for 14 days. Cells
were then fixed with 100 % methanol for 1 h and stained with
200 lL of crystal violet solution (1 % [w/v] in absolute methanol)
per well [21]. Cells were rinsed with tap water and analyzed. The
images were taken using ChemiDoc bio-image analyzer (Bio-Rad)
and quantified by ImageJ software (NIH, Bethesda, MD, USA). All
steps after fixation were performed at room temperature.

Split luciferase complementation biosensor

All biosensors were constructed using an In-Fusion� HD Cloning
Kit with firefly (Photinus pyralis) luciferase from the pGL3-basic
vector (Promega) template. Luciferase was split into two fragments
(Nluc and Cluc). Full-length ELF3 (ELF3WT) and MED23 variants
were cloned into the HindIII and Kpnl sites and the Notl and Kpnl
sites, respectively, of p3Xflag-myc-CMV26. Full-length cDNA for
human ELF3 (accession number NM_001114309.1) was fused with
the N-terminal fragments of the split luciferase (Nluc), and full-
length cDNA of MED23 (accession number NM_001270521.1)
was fused with the C-terminal fragments of the split luciferase
(Cluc). Both inserts were cloned into the p3Xflag-myc-CMV26 vec-
tor. Nluc-empty and Cluc-empty constructs were prepared after-
ward using the generated full-length ELF3 and MED23 constructs
as a template. KOD-Plus-Mutagenesis kit was used. The primer
sequences for these experiments are summarized in Table S2.

In silico docking study

Docking studies were performed using a protein–protein dock-
ing model for the ELF3–MED23 interaction obtained through the
ClusPro webserver. The best pose was selected according to previ-
ous experimental evidence [22,23]. Prior to docking, amino acids
137–144 of ELF3 (ELF3137-144) were extracted as an internal ligand.
After removing the ELF3 protein from the model, protomol was
generated using ELF3137-144. The 3D structure of YK1 was gener-
ated by the SKETCH module implemented in the SYBYL program
(Tripos Inc., St. Louis, USA). Energy-minimization was conducted
through the Tripos force field using Gasteiger-Huckel [24] charges.
All the molecular docking was performed through Surflex-Dock
interfaced with Sybyl-X 2.3. (Tripos International, 2012). The
resulting poses were additionally visualized through PoseView
[25] to identify important contacts between ELF3 and MED23.

Quantifying Protein-Small molecule interaction using LC-MS/MS

HEK293 cells were seeded in 100 mm3 dish and incubated until
it reached 70–80 % confluency. Cells were then transfected with
p3Xflag-myc-CMV26-MED23WT and p3Xflag-myc-CMV26-
MED23D400A/H449G plasmids for 24 h and lysed to obtain protein
extracts. To specifically isolate the MED23-bound YK1, the whole
lysates were incubated with YK1 for 4 h and finally pulled-down
using FLAG-agarose beads (Sigma Aldrich, USA). Non-bound com-
pounds were completely removed by washing the precipitated
beads for at least 3 times. To separate YK1 out from precipitated
MED23, he samples (50 lL) were extracted with 1 mL of acetoni-
trile and centrifuged for 10 min at 4 �C with 13,000 rpm. Each sam-
ple was aliquoted from the upper layer (1000 lL) to a new tube
and evaporated to dryness under nitrogen gas at 37 �C. For the
analysis of YK1, the residue was dissolved in 50 lL of ACN and vor-
texed for 10 min. The sample was then mixed with 1 lL of the
internal standard (Compound 18, hereafter YK2; structurally simi-
lar to YK1, but lacking binding affinity to MED23; Table 1), 5000
lg/mL in ACN) and extracted with 450 lL of ACN by sonicating
and vortex-mixing. MED23-bound YK1 was finally analyzed using
Agilent 6460 triple quadrupole mass spectrometry (Agilent Tech-
nologies, USA) with an electrospray interface, equipped at Drug
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Development Research Core Center. The separation was achieved
on the column of XSelect� HSS T3 2.5 lm (2.1 � 100 mm;
2.5 lm particle size; IslandWaters). The supernatants of each sam-
ple and standard solutions were injected into the LC-MS/MS sys-
tem. The column temperature was maintained at 37 �C and the
injection volume was set to 1 lL. The mobile phase (A) contained
0.1 % formic acid in water. The mobile phase (B) contained 0.1 %
formic acid in ACN. The flow rate was 0.2 mL/min in gradient
mode: 0 min, 70 % (B); 0–3 min 100 % (B); 3–5 min 100 % (B);
5.1–12 min, 70 % (B). The total run time was 12 min.

Quantification and statistical analysis

All experiments were performed at least three times, and the
mean ± standard deviation is expressed for all data. Statistics were
calculated by one-way analysis of variance (ANOVA) or Student’s t-
test with Prism 6.0 (GraphPad Software, USA), and the differences
between two values were considered statistically significant when
P values (described using single, double or triple asterisks)
were < 0.05, <0.01, and < 0.001.

Ethics experiment

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Institutional
Animal Care and Use Committee (IACUC) at the Ewha Womans
University (No. 16–052).
Results

In Silico-based structural analysis to predict hotspot of ELF3-MED23
complex

To gain in-depth structural insights into the binding module of
ELF3 and MED23, homology model of ELF3 protein was built using

Phyre2 server (https://www.sbg.bio.ic.ac.uk/phyre2; web portal
for protein modelling, prediction, and analysis) [26], in which
69 % of the residues were modelled at > 90 % confidence. Together
with the known structure of MED23 (PDB ID: 6H02) [27], we then
implemented the automated protein–protein docking server Clu-
sPro [28,29] to predict the mode of interaction (Fig. 1A) using the
balanced coefficient weighting method. Total 27 poses were esti-
mated here. Final model was selected upon the experimental evi-
dence from our earlier reports explaining the interaction
between the 391–582 residues of MED23 (highlighted in green)
and the TAD domain (129–145, in magenta) of ELF3 (Fig. 1A).
Specifically, the yellow-highlighted ELF3 residues of S137 to E144
(8 a.a) were previously suggested as residues required for the
interaction [18,23]. For detailed validation of the model, we pre-
pared ELF3137-144 peptide as a ligand and performed docking stud-
ies on the binding interface from the predicted complex (Fig. 1B,
S1A-B). Consistent with previous results, 5 hydrophobic residues
(W138, I139, I140, L142, and L143) of ELF3 were in direct
hydrophobic contact with K406, D400, E405, H449, P446, and
M396 of MED23 (Fig. 1B, S1A). Hydrophilic amino acids S137,
E141, and E144 of ELF3 were positioned to protrude outward with-
out making direct interactions with MED23 (Fig. S1B). Since all fea-
tures demonstrated by the model were in exact agreement with
the prior experimental evidence, further analyses were conducted
based upon this model. Among the 5 key hydrophobic residues of
ELF3, the indole moiety of W138 formed a specific H-bond with
D400 and fairly strong p-p interactions with F399 of MED23. The
I139 and I140 residues of ELF3 were also predicted to create addi-
tional H-bonds with E405 and H449 in MED23, respectively.
Besides, several hydrophobic contacts between ELF3 and the
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D400, H449, E405, M396, P446 and K406 residues of MED23 were
also suggested to consolidate the interaction as well (Fig. 1B, S1A).
To elucidate the residues of MED23 that are critically involved in
the interaction with ELF3, we performed docking studies using
adamanolol, wrenchnolol, canertinib, and gefitinib which were
previously reported to exhibit ELF3-MED23 PPI inhibitory activity
[14,15,18,23]. We found that all the tested compounds and
ELF3137-144 formed H-bonds with D400 and H449 of MED23 in
common (Fig. 1C-E). ELF3137-144 and canertinib, which showed
superior ELF3-MED23 PPI inhibitory activity than gefitinib [14]
created additional p-contacts with F399 of MED23 (Fig. S1C). Thus,
we presumed D400, H449 and F399 residues of MED23 served as
hotspot for ELF3-MED23 PPI by forming H-bonds (D400, H449)
and p-stacking (F399) with ELF3.

Specification of key residues and interactions in the hotspot of ELF3-
MED23 PPI

To confirm whether the D400, H449 residues are indeed key
contributors for ELF3-MED23 PPI, we utilized our previously devel-
oped SEAP assay system [14] and additionally transfected several
point mutants of full-length MED23 construct. MED23WT induced
an increase in SEAP activity but not the MED23D400A, MED23H449G,
and MED23D400A/H449G mutants which lack the ability to form H-
bonds with ELF3 (Fig. 2A). Introduction of alanine in K397 residue
(MED23K397A), which was predicted as a non-contributing residue
for ELF3-MED23 PPI (Fig. 1), produced no significant changes com-
pared to MED23WT (Fig. 2A). For further evaluation, we prepared
biosensors using Nluc-ELF3 and various Cluc-MED23391-582 con-
structs and measured the bioluminescence intensity complemen-
tally generated by ELF3-MED23 binding (Fig. 2B). Co-transfection
of Nluc-ELF3 and Cluc-MED23391-582 WT or K397A distinctly
increased the luciferase activity [5.2- (for WT) and 4.8-fold (for
K397A) changes relative to control, respectively], but Cluc-
MED23391-582D400A and H449G constructs did not produce such changes
(Fig. 2C-D). Same trend was also observed in GST-pull down assay
using point mutants of full-length MED23. The interaction
between ELF3 and MED23 was significantly lost in the single
mutants of D400A and H449G, but not in K397A (Fig. 2E). Through
successful interaction of MED23 with ELF3 (WT and K397A), HER2
expression levels were upregulated with a direct increase in the
transcriptional activity of ELF3 (Fig. 2F-G). Consistent with the
results so far, D400A and H449G variants of MED23 failed to
increase the HER2 level. This verifies that direct H-bonding to
ELF3 via D400 and H449 residues of MED23 is crucial in the
ELF3-MED23 PPI to activate HER2 gene transcription.

Small Molecule-aided confirmation of key residues of MED23 in ELF3-
MED23 PPI

To concretize our findings, we utilized the results of an in silico
study of the binding module of gefitinib at the ELF3-MED23 inter-
face to design and synthesize compounds with minimal essential
structural elements. According to the 3D and 2D pose views of
ELF3137-144 (Fig. 1B, S1A-B) and gefitinib (Fig. 1C-D) in the binding
site, D400 and H449 of MED23 served as H-bond acceptors and
donors, respectively. In addition, the 3-chloro-4-fluorophenyl
group of gefitinib and the indole ring of W138 in ELF3137-144 both
formed an important lipophilic contact within the hydrophobic
pocket near F399 and D400. The F399 residue served as a p-
stacking provider, contributing to stabilize the binding of each
ligand at the interface. Based on these observations, we aimed to
remove the non-essential side chains from gefitinib and to design
structures that have both H-bonding donor and acceptor moieties
for the D400 and H449 residues of MED23, respectively (Fig. S2).
Besides maintaining the key interaction core, we attempted to
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Fig. 1. In silico-based structural analysis to predict hotspot of ELF3-MED23 complex. (A) Protein binding model of MED23WT and ELF3WT prepared using the Phyre2 server.
The important residues responsible for ELF3–MED23 binding are depicted in different colors. (B) 3D docking view of the ELF3137-144 peptide on MED23 protein (PDB: 6H02).
The key residues of MED23 and ELF3 involved in the interaction were labelled in green and black, respectively. The detailed 2D interaction diagrams between ELF3137-144 and
MED23 is depicted in Figure S1A. (C) Docking pose of wrenchnolol, adamanolol, gefitinib, and canertinib that were previously identified to have ELF3-MED23 PPI inhibitory
activity. (D) 2D interaction diagrams of the gefitinib docking generated by PoseView (https://proteins.plus). Gefitinib has been shown to have H-bondings to the D400 and
H449 residues of MED23 with additional hydrophobic contacts via M396, F399, D400, E405, L443, P446, and P448 but no p-p interaction with F399. (E) Summary of H-
bonding residues and -stacking of MED23 involved in the interaction with each of the indicated compounds. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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enhance the binding favorability by incorporating potential p-
stacking interaction moieties into the structure, allowing com-
pounds to fit tightly into the hydrophobic pocket. Based upon this
strategy, we adopted chalcone and pyrazoline as skeletal cores for
potential modulators of ELF3-MED23 interaction and finally pre-
pared focused series of 25 compounds (11 chalcones and 14 pyra-
zolines) (Fig. S2 and Scheme S1).
178
ELF3-MED23 PPI inhibitory activity of all the prepared com-
pounds was measured through SEAP assay [14]. Compounds that
showed over 65 % inhibition of the ELF3-MED23 interaction (black
highlighted in the bar graph in Fig. S3A), were further evaluated in
diverse concentrations (3, 5, and 10 lM) to verify the initial screen-
ing data (Fig. S3B). By measuring cell viability in parallel under the
same experimental conditions as the reporter gene assay, we con-
firmed the compound-induced specific disruption of the ELF3-
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Fig. 2. Specification of key residues and required interaction in the hotspot of ELF3-MED23 PPI. (A) To verify D400 and H449 of MED23 as key residues for ELF3-MED23 PPI,
the impact of each MED23 mutant on the binding degree between gal4-ELF3 and MED23 was measured by SEAP activity. The results are expressed in bar graph (n = 5,
mean ± S.D.). ANOVA (* and ***P < 0.05 and 0.001, respectively, ns = non-significant). MED23WT and MED23K397A increased the SEAP activity but D400A and H449G single
mutants and D400A/H449G double mutant did not. (B) Graphical scheme of designed biosensor. The N-terminal fragment of luciferase was tagged to ELF3, and the C-terminal
was linked to the MED23 constructs. (C, D) The degree of protein binding between ELF3 and different MED23391-582 fragments was evaluated by co-transfecting the generated
constructs to HEK293 cells for 24 h. Representative image (C) and the quantification result (D) was demonstrated in a bar graph (n = 4, mean ± S.D.). ANOVA (***P < 0.001,
ns = non-significant). (E) The extent of direct protein interaction between several full-length MED23 mutants and ELF3 was assessed by GST pull down assay. (F, G) Changes in
the transcriptional activity (F) and HER2 expression level (G) were determined along with co-expression of ELF3 with different full-length MED23 constructs.
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Table 1
Direct ELF3-MED23 PPI inhibitory activity (%) of 25 compounds and the MED23 residues that created interactions with each compound.

Group Structure Compounds Interacting residuesa by
in silico study

SEAP assay

R1 R2 R3 R4 Inhibition
(%)b

IC50

(lM)c

– – – – – Peptide
(8 a.a.)

D400, E405, H449 53 –

– – – – – Gefitinib D400, H449 85 3.29 ± 0.14
1 H OH H 2-Furanyl 1 D400, H449 86 2.13 ± 0.04

H OH H p-Methoxyphenyl 2 H449 41 –
H OH H p-Methoxynaphthalenyl 3 D400, H449 70 1.72 ± 0.02
H OH H p-Chlorophenyl 4 D400, H449 80 2.97 ± 0.04
H OH H p-Hydroxyphenyl 5 F399, K406, H449 60 3.96 ± 0.04
H H OH p-Methoxyphenyl 6 D400, H449 90 1.98 ± 0.34
H H OH p-Methoxynaphthalenyl 7 D400 80 2.39 ± 0.36
H H OH 2-Furanyl 8 H449 50 –
H H OH p-Hydroxyphenyl 9 F399, Y403, E405, H449 50 –
H H OH p-Chlorophenyl 10 D400 80 3.93 ± 0.74
H H OH 2-Thiophenyl 11 H449 50 –

2 H OH H 2-Furanyl 12 H449 58 –
H OH H p-Methoxyphenyl 13 H449 58 –
H OH H p-Methoxynaphthalenyl 14 F399, W429 14 –
H OH H p-Chlorophenyl 15 D400, H449 95 1.18 ± 0.34
H OH H p-Hydroxyphenyl 16 F399, W429, P446 37 –
OH H H 2-Furanyl 17 – 23 –
OH H H 1-Methoxynaphthalenyl 18 – 0 –
OH H H p-Hydroxyphenyl 19 F399, Y403 39 –
OH H H p-Chlorophenyl 20 H449 45 –
OH H H 2-Thiophenyl 21 H449 57 –
OH H H p-Methoxyphenyl 22 D400 63 –

3 H OH H p-Methoxyphenyl 23 D400, H449 87 5.01 ± 1.16
H OH H 2-Thiophenyl 24 – 34 –
H OH H p-Chlorophenyl 25 F399, H449 42 –

a Residues of MED23 which interacted with each of the indicated compounds through H-bonding.
b SEAP inhibitory activity (%) of each compound at 10 lM representing the ELF3-MED23 interaction inhibitory activity.
c IC50 value of each compounds against SEAP inhibitory activity.
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Fig. 3. Small molecule-aided confirmation of key residues of MED23 in ELF3-MED23 PPI and discovery of YK1 as a specific tool for blocking ELF3-MED23 PPI. (A) Binding
orientations of gefitinib and YK1 were compared by overlaying the final docking poses of gefitinib and YK1. MOLCAD hydrogen bonding surface was shown to visualize the
distribution of hydrogen bond donors (red) and acceptors (blue). (B) 2D interaction diagrams of the docking model of YK1 was generated through PoseView (https://
proteins.plus). Strong p-contacts with F399 along with specific H-bonding to D400 and H449 of MED23 were observed. (C) LC-MS/MS analysis result confirmed direct binding
between MED23WT and YK1 via H-bonds with D400 and H449 residues. Binding was significantly lost with MED23 D400A/H449G construct. (D) LC-MS/MS analysis assessed
YK1 binding affinity toward various MED23 fragments. YK1 specifically interacted with the 391–625 a.a. region of MED23. (E, F) Representative image (E) and quantification
result (n = 3) (F) of the luciferase biosensor assay conducted using Nluc-ELF3WT and Cluc-MED23391-462 fragment. YK1 was co-administered to the ELF3-MED23391-462
interacting system to confirm its PPI inhibitory activity. (G) The extent of ELF3-MED23 PPI inhibition was assessed by the decreased fluorescence polarization (mP) values due
to the release of FITC-labeled ELF3 peptide complexed with MED23391-582 protein by dose-dependent treatment of YK1 or unlabeled ELF3 peptide. YK2 was used as a negative
control. (H) The IC50 and Ki values of YK1 were calculated from the fluorescence polarization assay results. (n = 3, mean ± S.D.). (I) PPI inhibitory activity of YK1 was evaluated
against MED23 and its diverse binding partners using immunoprecipitation assay. YK1 specifically blocked the ELF3-MED23 PPI. (J) mRNA levels of HER2 were evaluated by
dose-dependent treatment of YK1 (n = 3, mean ± S.D., GAPDH was used as a control for normalization), ANOVA, ***P < 0.001 vs CON. (K) Protein levels of HER2 and HER2-
related downstream signal molecules were evaluated with dose-dependent treatment of YK1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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MED23 interaction and not due to the non-specific cytotoxicity of
the compound (Fig. S3). We then performed in silico docking stud-
ies of all the prepared compounds against the identified hotspot of
MED23, and evaluated the correlation between the actual PPI inhi-
bitory efficacy and the predicted structural requirements. Com-
pounds that were predicted to form H-bonds with both D400
and H449 residues showed better ELF3-MED23 PPI inhibitory
activity (Table 1 and Fig. S4). For further evaluation, we selected
compound 15 (hereinafter referred to as YK1) showing the stron-
gest cellular ELF3-MED23 PPI inhibitory activity [95 % inhibition
at 10 lM, IC50 (lM) = 1.18 ± 0.34]. Superimposing the final docking
poses of gefitinib and YK1 showed that both compounds exhibited
similar binding orientation within the hotspot of ELF3-MED23 PPI
(Fig. 3A). Instead of the nitrogen atom in the quinazoline ring of
gefitinib, the oxygen atom of the methoxy group on the pyrazoline
181
ring of YK1 served as H-bond acceptors for H449 of MED23. The
hydrogen atom of hydroxyl group on the phenyl ring of YK1 served
as the H-bond donor for D400 of MED23, equivalent to the quina-
zoline ring of gefitinib. Unlike gefitinib, YK1 formed an H-bond
with the oxygen in the backbone of the D400 residue, which read-
ily created additional p-contacts with F399 of MED23, enhancing
overall binding. Moreover, similar to ELF3137-144 peptide, YK1
was also predicted to form hydrophobic interactions with MED23
residues, F399, E405 and P446 (Fig. 3B). The ability of YK1 to
directly bind to MED23 via forming H-bonds with D400 and
H449 residues was validated using LC-MS/MS-based quantitative
analysis method, as illustrated in Fig. S5. YK1 was able to bind to
the FLAG-tagged MED23WT, but not to the double mutant
MED23D400A/H449G (Fig. 3C). Also, among the different fragments
of MED23, YK1 specifically interacted with the MED23391-625, the
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Fig. 4. Clinical relevance of HER2 overexpression and promising in vitro and in vivo anticancer activities of YK1 based upon significant downregulation of HER2. (A, B) Overall
survival (log rank test, P = 0.00088) (A) and progression-free survival (log rank test, P = 0.019) (B) of 1,065 gastric cancer patients were analyzed, and the Kaplan-Meier plots
were generated by the Kaplan-Meier Plotter (http://www.kmplot.com). (C) Tumor regression was markedly promoted by YK1 in an NCI-N87-xenograft mouse model (n = 5
per group; intravenous (IV) injection of YK1 (4 mg/kg every 3 days). (D) Photograph of the tumors collected from the vehicle- and YK1–treated mice (upper panel). Tumor
volumes were evaluated at the indicated time points by measuring the length and width of the tumor with callipers using the equation (length � width2) / 2 (mean ± S.E.M.)
(lower panel). Student’s t-test, ***P < 0.001 vs CON. (E) IHC stains of HER2 and Ki67 (proliferation marker) in the tumors. IHC score quantification was conducted using Image J
(10 independent fields per sample were assessed, mean ± S.D.). Student’s t test, ***P < 0.001 vs CON. (F, G) G1 arrest was induced by YK1 with time-dependency (10 lM at
each time point; n = 3) (F) concentration-dependency (24 h treatment at the indicated concentrations, n = 3) (G). ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001 vs CON. (H)
Proportions of apoptotic cell fractions were remarkably increased with treatment of YK1 in a dose-dependent manner (24 h treatment at indicated concentrations). (I) YK1–
mediated induction of apoptosis was confirmed by increased pro-apoptotic (e.g., c-PARP and c-casp7) and decreased anti-apoptotic (e.g., bcl-2) markers (24 h treatment at
indicated concentrations).
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fragment containing D400 and H449 residues (Fig. 3D). To ensure
whether YK1 could indeed inhibit the ELF3-MED23 PPI, we mea-
sured changes in the bioluminescence intensity in the absence
and presence of YK1 using Nluc-ELF3 and Cluc-MED23391-462 con-
structs as illustrated in Fig. 2B. Luciferase activity markedly ele-
182
vated by Nluc-ELF3WT and Cluc-MED23391-462 (6-fold change vs
control) was significantly reduced by co-treatment of YK1 in a
dose-dependent manner (Fig. 3E-F), verifying that YK1 specifically
bound to this MED23391-462 region and interfered with the ELF3-
MED23 PPI.
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YK1 as a direct regulator for HER2 by selectively inhibiting ELF3-
MED23 PPI

Through in vitro fluorescence polarization (FP) assay, YK1 was
reconfirmed as a direct PPI inhibitor of ELF3-MED23, as it markedly
decreased the FP signal through inducing the release of FITC-
labeled ELF3129-145 peptide from MED23391-582 (Fig. 3G-H) [18],
whereas YK2 made no such changes (Fig. 3G). Using the Kd value
calculated from the titration curve of (His)6-MED23391–582 and
FITC-labeled ELF3129–145 peptide (Fig. S6), we additionally calcu-
lated the Ki value of each compound as explained in the method
section. Inhibitory activity of YK1 exceeded that of the unlabeled
ELF3137-144 peptide (Ki value; YK1 vs peptide; 0.78 ± 0.05 lM vs
4.27 ± 0.25 lM; 5.5-fold; Fig. 3H). To determine whether the PPI
inhibitory activity of YK1 is specific to ELF3-MED23, we also eval-
uated its effect on some other PPIs between MED23 and its known
partner transcription factors, such as ELK1 and IRF7 [27,30,31].
Both ELK1- and IRF7-MED23 PPIs were not disturbed by YK1
(Fig. 3I). YK1, an ELF3-MED23 PPI-specific inhibitor, induced signif-
icant downregulation of the HER2 gene and protein expression
levels in cells in dose-dependent manner (Fig. 3J-K). However,
unlike gefitinib [20], YK1 did not exhibit significant inhibitory
activity against any of HER family kinases (EGFR, ErbB2, and ErbB4)
or AKT/MAPK pathway-related kinases (PI3 kinase and c-RAF)
(Table S3). It reflects that YK1-induced transcriptional downregu-
lation of HER2 was specifically triggered by ELF3-MED23 PPI inhi-
bition, resulting in attenuation of the HER2-related signaling
cascade. Further evaluation of the antiproliferative effect of YK1
on several gastric cancer cells revealed that YK1 more potently
inhibited the cell growth of NCI-N87, which highly expresses
HER2 (IC50 = 1.56 ± 0.14 lM), but almost non-cytotoxic in normal
mammalian cells (at least 44-fold less toxic compared to NCI-N87
cells, see Fig. S7), indicating that the antiproliferative activity of
YK1 is dependent on HER2 overexpression.
Direct application of small molecule PPI inhibitor as an anticancer
drug targeting HER2-overexpressing gastric cancer

We further evaluated whether YK1-mediated ELF3-MED23 PPI
blockage could be linked to significant tumor suppression against
HER2-positive gastric cancers, the cancer subtype in which HER2
is generally known as a negative prognostic factor [8]. Kaplan-
Meier survival analysis using publicly available dataset of 1,065

gastric cancer patients (https://www.kmplot.com/gastric/)
revealed a significant negative correlation between HER2 mRNA
level and the overall survival (OS) or progression-free survival
(PFS) (Fig. 4A-B). Intravenous (IV) administration of 4 mg/kg of
YK1 to NCI-N87 xenograft mice facilitated significant tumor
growth retardation with significant reduction in tumor volume
(Fig. 4C-D). IHC analysis confirmed that this outcome was due to
the significant reduction (1.8-fold compared to untreated control)
of HER2 level in the tumor (Fig. 4E, upper panel), which was
accompanied by remarkable decrease (4.5-fold compared to
untreated control) in the proliferation marker, Ki67 (Fig. 4E, lower
panel). Consistent with previous studies showing that HER2 over-
expression and gene amplification are closely related to G1/S phase
cell-cycle dysregulation [32,33], time- and dose-dependent treat-
ment of YK1 resulted in a significant increase in the cell fraction
of the G1 phase as well as a decrease in the S and G2/M phases,
overall promoting G1 arrest (Fig. 4F-G). YK1 also promoted apopto-
sis markedly in a dose-dependent manner (Fig. 4H), inducing an
increase in pro-apoptotic markers, c-PARP and c-caspase 7, but a
decrease in anti-apoptotic marker, bcl-2 (Fig. 4I). Prominent anti-
cancer activity of YK1 was also supported by favorable physico-
chemical properties and safety profiles; reasonable solubility
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(103.2 ± 0.6 lg/ml at pH 7), log P value (2.98), and permeability
(Fig. S8A) with no association of genotoxicity or cardiotoxicity
(Figs. S8B-C). This indicates that its properties generally meet the
criteria of drug-likeness. The PK profile of YK1 also demonstrated
modest bioavailability (Ft, 25.1 %; Fig. S8D) with a long half-life
[T1/2 (IV), 9.74 ± 2.76 h, T1/2 (PO), 10.9 ± 11.00 h], presumably indi-
cating that the distribution rate predominates over the elimination
rate. Throughout the animal experiments, no safety issues were
observed; the animals’ food and water consumption rates were
normal, and no significant changes in body weight occurred (data
not shown).
Possibility of small molecule ELF3-MED23 PPI inhibitor as a strategy to
overcome trastuzumab resistance in HER2-overexpressing cancers

In various HER2-positive cancer types, where HER2 overexpres-
sion is considered a clinically significant negative prognostic factor,
trastuzumab is applied as first line therapy [9,10] despite the high
risk of resistance development within 1 year of medication [32,34].
Thus, we evaluated whether YK1 could be utilized to overcome
trastuzumab-resistance using three HER2-positive TZMB-
resistant cancer cell lines prepared according to the previous
method; JIMT-1 (ER-/PR-/HER2+ subtype, from a TZMB-receiving
patient showing innate resistance), the TZMB-refractory BT474
(BT-TR; ER+/PR+/HER2+ subtype, acquired resistance), and the
TZMB-refractory NCI-N87 (NCI-N87 TR; HER2+ subtype, acquired
resistance [35]. YK1 treatment reliably inhibited the growth of
both TZMB-sensitive (BT474 and NCI-N87) and -resistant (BT474
TR, NCI-N87 TR, and JIMT-1) cancer cells, whereas the activity of
TZMB was only effective in the sensitive cells (Fig. 5A-C). Treat-
ment of YK1 effectively downregulated the HER2 expression and
its downstream signals such as phosphorylated AKT and MAPK in
both TZMB-sensitive (BT474 and NCI-N87) and -resistant (BT474
TR, NCI-N87 TR, and JIMT-1) cancer cells. In contrast, TZMB treat-
ment failed to make such changes in BT474 TR, NCI-N87 TR, and
JIMT-1 cells (Fig. 5D-F). This trend was further confirmed by clono-
genic assay in which YK1 effectively inhibited the survival and pro-
liferation of TZMB-resistant BT474 TR, NCI-N87 TR, and JIMT-1
cancer cells, whereas TZMB did not (Fig. 5G-I). The efficacy of
YK1 to overcome TZMB resistance was once again validated
in vivo by administering 4 mg/kg of YK1 and TZMB, respectively,
to JIMT-1 xenograft mice. TZMB dose determination was refer-
enced to the clinically-applied dosing regimen [36]. YK1 treatment
significantly reduced tumor growth and volume (Fig. 5J-L), along
with a remarkable decrease in HER2 levels (Fig. 5M, 1.6-fold and
1.4-fold decrease compared to untreated control and TZMB-
treated group, respectively) and the proliferation marker, Ki67
(Fig. 5N, 2.5-fold and 2.9-fold decrease compared to untreated con-
trol and TZMB-treated group, respectively). TZMB failed to demon-
strate these significant changes. Meanwhile, body weight of the
mice was generally similar throughout the experiment (Fig. S9).
Discussion

Various PPIs are typically required events in the human body
for cells to regulate specific cellular signaling pathways, such as
Wnt/b-Catenin and TGF-b pathways. The highly complex and inter-
connected network makes PPI an essential event to maintain
homeostatic function under normal conditions. However, when
exaggerated, it becomes a factor to cause tumorigenesis and/or
metastasis [1,37]. Therefore, ongoing efforts have been made to
identify inhibitors for a single specific PPI in response to the needs
to regulate specific biological pathways with the aim of reducing
side effects and off-target effects, and understanding the exact
function of a certain protein that may vary with binding partners
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Fig. 5. Possibility of YK1 to overcome trastuzumab resistance in HER2-overexpressing cancers. (A-C) Dose-dependent treatment of YK1 and TZMB-induced growth
inhibitory effect on parent cells (BT474 and NCI-N87) and TZMB-resistance acquired cells (BT474 TR, NCI-N87 TR, and JIMT-1) (n = 5). ANOVA, ns=non-significant, **P < 0.01,
***P < 0.001 versus the parent cells. (D-F) Dose-dependent treatment of YK1 and TZMB-induced effect on protein levels of HER2 and HER2-related major downstream signal
molecules in TZMB-sensitive and TZMB-resistant cells. (G-I) Survival and proliferation of TZMB-sensitive and TZMB-resistant cells after dose-dependently treated with YK1
and TZMB, respectively, through clonogenic assay. (J-L) (J) Tumor regression was markedly promoted only by YK1 in JIMT-1-xenograft mouse model (n = 6 per group; 4 mg/kg
IV injection every 3 days of YK1 and TZMB, respectively). (K) Photograph of the tumors collected from the vehicle- and YK1 or TZMB –treated mice. (L) Tumor volumes were
evaluated at the indicated time points by measuring the length and width of the tumor with callipers using the equation (length x width2 ) / 2 (mean ± S.E.M.). Student’s t-test,
***P < 0.001 vs. CON, ###P < 0.001 vs. TZMB. (M, N) IHC stains of HER2 and Ki67 in the tumors. IHC score quantification was conducted using Image J (6 independent fields per
sample were assessed, mean ± S.D.). Student’s t test, ***P < 0.001 vs. CON, ###P < 0.01 vs. TZMB.
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in context-dependent manner [38]. A good example in this case is
the ELF3-MED23 PPI which is essential for HER2 expression. Over-
expression of HER2 is frequent in diverse tumors, such as breast,
gastric, ovarian, and prostate cancers. Rates of HER2 overexpres-
sion in each cancer type were reported to be � 25 % of all breast
cancers, �6–35 % of all gastric cancers, �9–32 % of all ovarian can-
cers, and 25 % of untreated prostate cancers [50]. Although the
main mechanism of HER2 overexpression is HER2 gene amplifica-
tion, it also has been found that high transcription rates of HER2
per gene copy is involved [51]. Enhanced HER2 gene transcription
is induced even in HER2-low or HER2-negative breast cancer after
radiation therapy or endocrine therapy, which leads to resistance
in treatment [52]. HER2-targeted therapies such as TZMB and per-
tuzumab have been recommended in combination with
chemotherapy for HER2-overexpressing breast and gastric cancer
patients [9,10], but frequently emerging resistance has created a
need for alternative strategies. Thus, instead of targeting already
overexpressed HER2, several experimental attempts have been
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made to identify small molecules that transcriptionally inhibit
HER2 expression [53–58], but nothing has yet reached clinical tri-
als. HER2 expression-related PPIs occur between various TFs and
coactivators as follows: TFs are ELF3 [17,22], activator protein-2
(AP-2) [39], SP1 [40,41], signal transducer and activator of tran-
scription 3 (STAT3) [42], Y-box binding protein-1 (YBX1 or YB1)
[43], and EGR2 [44,45], and coactivators are MED23, CITED2
(Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-
terminal domain, 2) [44,45], and Yin Yang 1 (YY1) [46,47]. Among
them, the binding interface of ELF3 and MED23 is the most attrac-
tive target for HER2 modulation, since unlike other TFs, HER2 and
ELF3 form a specific reciprocal regulatory relationship [48,49]. It is
that downregulation of HER2 by selectively inhibiting the ELF3-
MED23 interaction could induce reduction in ELF3 and lead to per-
sistent attenuation of HER2 signaling.

In this study, we systematically utilized molecular modelling
and intensive biological evaluation methods to elucidate for the
first time that ELF3-MED23 PPI specifically requires H-bonding



Fig. 5 (continued)
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with the D400 and H449 residues of MED23 to upregulate HER2
gene transcription. To be more precise at structural analysis, we
started from the full-length protein structures of ELF3 (371 a.a.)
and MED23 (1368 a.a.) and narrowed down to essential short pep-
tide of ELF3 (8 a.a) in the PPI interface. Thus, it can be said that the
model utilized is very close to the actual tertiary structure with
minimal chance to have wrongly taken a different pose. Rather
than directly applying mutation studies in this structural model,
we first performed in silico study utilizing several compounds pre-
viously identified as possessing ELF3-MED23 PPI inhibitory activity
to specifically define the critical residues for MED23- ELF3 PPI. This
directly led to the idea that D400 and H449 of MED23 are the key
residues for the interaction. Among the four compounds, binding
mode of gefitinib was finally utilized as the starting point for the
design of additional small molecule series. Though canertinib
showed the most potent ELF3-MED23 PPI inhibitory activity, how-
ever, due to its severe cytotoxicity, gefitinib was utilized, which
showed the second-highest efficacy with negligible nonspecific
cytotoxicity. Since chalcones generally have two aromatic rings
linked by a conjugated ketone core that can act as a hydrogen
acceptor, we designed either R1 or R2 substituent to be hydroxyl
group to act as a potential hydrogen donor. Using these chalcones,
we also prepared pyrazolines with abidingly restricted spatial loca-
tion of the intramolecular hydrogen acceptor and donor moieties,
in order to promote more stable binding of compounds within
the ELF3-MED23 interface.

Deciphering PPI interface in the molecular level and developing
specific small molecule inhibitors for a specific single PPI has long
been considered a difficult task, because the binding interfaces of
PPI are relatively flat and large compared to receptor binding sites
or enzyme active sites and the process to determine the hotspot
residues and their position within the interface is time-
consuming and tedious [1,3,59]. Nevertheless, mutational analysis
of PPI interfaces revealed that small ’hotspots’, but not all residues
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of the PPI interface, accounted for most of the binding energy of
PPIs. This concept of hotspot, defined as being hydrophobic with
conformational adaptivity and being centered in the PPI interface
that can be covered by a small molecule, has led to successful
PPI inhibitor discovery, some of which have undergone clinical tri-
als [59]. Birinapant (also known as TL32711), a peptidomimetic
inhibitor of second mitochondrial activator of caspases (SMAC)
by interrupting PPI between SMAC and cellular inhibitors of apop-
tosis 1 has recently achieved FDA approval for the treatment of
metastatic RET fusion-positive non-small cell lung cancer [60,61].
Thus, it is very encouraging to discover that transcriptional regula-
tion of HER2 expression can be facilitated simply by regulating
only two hotspot residues (D400 and H449) out of 1368 amino
acids of MED23. However, considering the number of attempts to
develop various types of PPI inhibitors, those drugs that have
reached the clinical use are still in a very limited proportion, as
most of them exhibit relatively high molecular weight, low cell
permeability, and poor oral bioavailability [3,62]. This implicates
that the customized small molecule to the PPI interface on the
basis of structural insights, not only can serve as a useful tool for
deciphering PPI hotspots, but can also hold a great developmental
value as a druggable therapeutic agent. Therefore, these findings
will provide a useful groundwork for future studies using a rational
approach to develop drugs targeting PPIs and will open a new ther-
apeutic landscape for HER2-overexpressing cancers, including gas-
tric and breast cancers.
Conclusion

PPI is no longer a new concept but still of a great interest. This is
because the general signal cascade can be selectively regulated by
modulating specific PPIs destined to propagate the target signal of
interest. Deciphering PPI interfaces and identification of their mod-
ulators are commonly considered challenging, and especially
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applying PPI modulators to therapeutics is fastidious. Developing
selective PPI regulators becomes easier under circumstances where
hotspots are clearly defined, but these cases are generally infre-
quent due to the lack of precise 3D structural insights into the
PPI interface. Thus, in many cases, drug development relies on a
conventional HTS system, which often leads to identification of
compounds with non-specific PPI inhibitory activities and compli-
cated structure. This, in turn, requires additional efforts to optimize
the compound through an intensive structural modification pro-
cess. Based upon these facts, the significance of this study resides
in disclosing an efficient and powerful strategy for solving the
specific PPI interface under the conditions where the target protein
has multiple binding partners, and the 3D crystal structure is avail-
able for only one of the target proteins. Representatively, we
focused on the ELF3-MED23 interaction, which is known to
increase transcription of HER2, a well-known oncogene. Through
iterative complementary molecular modelling studies with inten-
sive biological evaluation methods, we finally identified YK1 with
excellent in vitro, and in vivo anticancer activity against various
HER2-overexpressing cancers, even in trastuzumab-refractory
clones. Our findings serve as a representative case of showing
how a small molecule can be utilized to define exact hotspot resi-
dues of a specific PPI and can also be directly applied as an anti-
cancer agent with superior druggability.
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