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A high-content screen for small-molecule regulators of
epithelial cell-adhesion molecule (EpCAM) cleavage yields a
robust inhibitor
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Epithelial cell-adhesion molecule (EpCAM) is a transmem-
brane protein that regulates cell cycle progression and differen-
tiation and is overexpressed in many carcinomas. The EpCAM-
induced mitogenic cascade is activated via regulated intramembrane
proteolysis (RIP) of EpCAM by ADAM and y-secretases, gener-
ating the signaling-active intracellular domain EpICD. Because
of its expression pattern and molecular function, EpCAM is a
valuable target in prognostic and therapeutic approaches for
various carcinomas. So far, several immunotherapeutic strate-
gies have targeted the extracellular domain of EpCAM. How-
ever, targeting the intracellular signaling cascade of EpCAM
holds promise for specifically interfering with EpCAM’s prolif-
eration-stimulating signaling cascade. Here, using a yellow fluo-
rescence protein—tagged version of the C-terminal fragment of
EpCAM, we established a high-content screening (HCS) of a
small-molecule compound library (# = 27,280) and character-
ized validated hits that target EpCAM signaling. In total, 128
potential inhibitors were initially identified, of which one com-
pound with robust inhibitory effects on RIP of EpCAM was ana-
lyzed in greater detail. In summary, our study demonstrates that
the development of an HCS for small-molecule inhibitors of the
EpCAM signaling pathway is feasible. We propose that this
approach may also be useful for identifying chemical com-
pounds targeting other disorders involving membrane cleavage-
dependent signaling pathways.

The epithelial cell adhesion molecule (EpCAM)* is a cal-
cium-independent homophilic cell adhesion molecule that

This work was supported by Wilhelm Sander Foundation Grant 2015.019.1.
The authors declare that they have no conflicts of interest with the con-
tents of this article.

This article contains Tables S1-S3 and Figs. S1-S12.

" These authors contributed equally to this work.

2To whom correspondence may be addressed. E-mail: Olivier.Gires@
med.uni-muenchen.de.

3To whom correspondence may be addressed. E-mail: niessing@helmholtz-
muenchen.de.

“The abbreviations used are: EpCAM, epithelial cell-adhesion molecule; RIP,
regulated intramembrane proteolysis; ICD, intracellular domain; EpICD,
ICD of EpCAM; HCS, high-content screening; aa, amino acids; EpEX, extra-
cellular domain of EpCAM; CTF, C-terminal fragment; YFP, yellow fluores-
cent protein; ANOVA, analysis of variance; h, human; PDL, poly-p-lysine.

8994 J. Biol. Chem. (2018) 293(23) 8994 -9005

belongs to the family of cellular adhesion molecules (CAM) (1).
The EPCAM gene belongs to the tumor-associated antigen
gene family GA-733 (2-4). Because EpCAM is overexpressed
on a variety of carcinomas, it has been discovered numerous
times by different groups and has been given various names.
These names are based on the antibody or cDNA that were used
for the identification of this antigen (5, 6). However, EpCAM is
used as its primary name since 2007 (7). Up to now, a variety of
functions of this protein have been described, ranging from
cell adhesion (1, 8) to cell signaling that is involved in regu-
lation of cell cycle and differentiation (9-16). Additionally,
EpCAM is used as prognostic marker and therapeutic target
in carcinomas (17-19).

In normal tissue, EpCAM displays a highly selective expres-
sion pattern in pluripotent embryonic stem cells (20, 21), hepa-
tocytic progenitors (5, 22, 23), and epithelia (24). This expres-
sion is reactivated or enforced in the vast majority of carcinoma
(25) and in cancer stem cells (26). The maintenance of the
undifferentiated state of embryonic stem cells is strongly con-
nected with EpCAM expression levels (6, 16, 20, 27). In carci-
nomas, EpCAM is highly overexpressed and (re-)distributed
over the whole cell surface, which is frequently associated with
cytoplasmic and nuclear staining (6, 28 —31). In many cancer
types, EpCAM overexpression is associated with a poor prog-
nosis for the patient, e.g lung, ovarian, and breast cancer, as well
as pancreatic, gallbladder, and prostate carcinoma (18, 32-38).
Exceptions to this are renal and thyroid carcinomas, in which
high EpCAM expression is associated with an increased sur-
vival (30, 40). However, there are also cancer types such as gas-
tric cancer in which the association of EpCAM expression with
the outcome for patients was inconclusive (37). Recently,
EpCAM was found to also be expressed on tumor cells of acute
myeloid leukemia, with EpCAM-positive leukemic cells show-
ing a greater resistance to chemotherapy (41).

EpCAM has a promoting role in cell proliferation. Several in
vitro and in vivo studies demonstrated an induction of cell pro-
liferation caused by EpCAM overexpression and a decreased
cell proliferation after EpCAM down-regulation (9, 10, 14, 42).
Induction of EpCAM expression leads to an up-regulation of
the oncogenic transcription factor c-Myc, which eventually

SASBMB

© 2018 Tretter et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

8T0Z ‘SZ 8UN U0 5PUI01[qIqRAAUSZ - UBLDUBN Al WNAUSZ Z3OuW PH T /61000 [ mamay/:d1y Woly pepeojumoq


https://orcid.org/0000-0001-8727-2575
https://orcid.org/0000-0002-5589-369X
http://www.jbc.org/cgi/content/full/RA118.002776/DC1
mailto:Olivier.Gires@med.uni-muenchen.de
mailto:Olivier.Gires@med.uni-muenchen.de
mailto:niessing@helmholtz-muenchen.de
mailto:niessing@helmholtz-muenchen.de
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.002776&domain=pdf&date_stamp=2018-4-26
http://www.jbc.org/

results in up-regulation of cyclin A, D, and E (9, 14). Regulation
of cyclin D1 expression was additionally demonstrated to occur
through binding of the intracellular domain EpICD to consen-
sus sequences of the CCNDI promoter (14).

EpCAM is a 34 —42-kDa type I membrane protein consisting
of 314 aa and can be divided in three domains: a large extracel-
lular domain (EpEX) of 242 aa, a transmembrane domain of 23
aa, and a short intracellular domain (ICD) of 26 aa (43-45).°
The matured extracellular domain consists of an epidermal
growth factor—like domain (aa 27-59), a thyroglobulin type 1A
domain (aa 66-135), and a third cysteine-free motif that
appears to be unrelated to any other known molecule (6, 46, 47).
EpCAM is processed by regulated intramembrane proteolysis
(RIP) (10), which is induced by juxtacrine signaling (48).
Thereby, EpCAM molecules on two different cells interact with
each other or with an as-yet-unknown ligand, which leads to
the activation of RIP. The first step is a cleavage by ADAM
proteases, in which EpEX is shed from the remaining C-termi-
nal fragment (CTF = transmembrane domain + EpICD) of
EpCAM (10, 49). Soluble EpEX can act as ligand for EpCAM,
thereby enhancing the EpCAM signaling cascade in a paracrine
way. Cleavage by membrane-associated a-secretases of the
ADAM family is the prerequisite for the second step of RIP,
which is conducted by y-secretase (10). This subsequent step
leads to the release of small, soluble extracellular fragments
(EpCAM-ApB-like) and the cytoplasmatic EpICD, which can
vary in length because of differential cleavage (50). hEpICD is
part of a large protein complex together with FHL2, B-catenin,
and the transcription factor Lef-1 (10). This complex trans-
locates into the nucleus and activates the transcription of
EpCAM-target genes, which are genes involved in cell prolifer-
ation and growth, cell death, and reprogramming (9, 10, 14,
51-53). Via the interaction with FHL2 and its binding to
B-catenin and Lef-1, EpCAM is linked to the Wnt pathway (52).
Additionally, EpEX shedding can be conducted by the 3-secre-
tase BACE1 under acidic conditions, probably following endo-
cytosis of EpCAM in acidified intracellular vesicles (50).

Because of its preferential strong expression in carcinomas,
EpCAM is a suitable target for cancer therapy (6, 54). There-
fore, EpCAM has been the target of different immunotherapeu-
tic approaches, e.g. monoclonal antibodies, vaccination, and
toxin- or tumor necrosis factor—related apoptosis-inducing
ligand— conjugated antibodies (55—60). The first immunother-
apeutic anti-EpCAM antibody was edrecolomab, which was
produced in ascites of mice (61, 62). However, a clinical activity
in adjuvant setting could not be confirmed (63, 64). In April
2009, the rat-mouse hybrid mAb catumaxomab (Removab®)
was approved in the European Union for treatment of malig-
nant ascites (65). Other EpCAM-directed antibodies are cur-
rently under development (6, 66). However, targeting of the
intracellular EpCAM signaling cascade is an alternative and
promising approach (67).

In the present study, we have addressed the development of
inhibitors of EpCAM signaling through a high-content screen-
ing (HCS) approach. We established an automated, fluores-
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cence-based imaging approach to investigate living cells with
respect to alterations of cellular pathways upon administration
of small inhibitory molecules. We subsequently performed an
HCS with 27,280 compounds for the identification of hits that
specifically inhibit the intracellular EpCAM signaling cascade.
For the obtained hits, verification procedures and assessment of
their toxicity and specificity toward EpCAM were established.
One compound is described that shows significant effects on
the intramembrane cleavage and thus signaling cascade of
EpCAM. Hence, identification of small molecule inhibitors of
EpCAM in the newly established HCS bears potential for the
future development of inhibitory substances.

Results
Establishment of a high-content screen (HCS)

To establish a HCS for modulators of the EpCAM cleavage
and signaling pathway, hEpCAM-negative human embryonic
kidney HEK293 cells (9, 10) (Fig. S1A) were stably transfected
with a plasmid expressing a fusion of the preactivated C-termi-
nal fragment of EpCAM with yellow fluorescent protein
(hREpCAM~CTF-YFP). This fusion protein allows for the spa-
tial detection of EpCAM-cleavage products in different com-
partments of the cell (Fig. 1, A and B). Treatment of cells with a
compound that affects the intramembrane cleavage and/or sig-
naling of EpCAM should result in an accumulation of YFP fluo-
rescence in specific cellular compartments such as the mem-
brane, the cytoplasm, or the nucleus (Fig. 1B). As control,
fluorescence intensities in subcellular compartments of com-
pound-treated cells were referred to intensities in DMSO-
treated cells. If the compounds gave ~50% more YFP signal
intensity in one of the four cell regions (nucleus, ring (i.e. cyto-
plasm), membrane and/or cell) as obtained in the DMSO sol-
vent control and if the number of selected cells per well
exceeded a predefined threshold (>20 nuclei selected per well),
this compound was regarded as a hit.

Fluorescence intensities in each subcellular compartment
were calculated using the Columbus High-Content Imaging
and Analysis Software and included several sequential steps
(Fig. 1C). To allow the automated software to distinguish
between different compartments, the nucleus was stained with
Hoechst 3342, and the cell membranes were stained with the
Cell Mask dye. In the first step, all cells were identified by their
nuclear Hoechst 3342 staining. Subsequently, all cells that did
not meet certain imaging criteria regarding roundness and area
(for details see “Experimental procedures”) were excluded from
further analysis (selection of population; Fig. 1C). During sub-
sequent steps, the cytoplasm of each cell was selected, and
thereafter the nucleus, cytoplasm, and membrane regions were
defined, and the YFP intensities were assessed. The value of the
calculated YFP intensity in each region was normalized to the
size of the region and to the number of the analyzed cells (Fig.
1C). For the identification of small molecule inhibitors target-
ing the intracellular EpCAM signaling cascade, a suitable HCS
setting had to be established. Hence, optimal conditions for
imaging (magnification and imaging method), staining of the
cells and optimal cell number per well had to be determined.
Therefore, HEK293 hEpCAM-CTE-YFP cells were treated
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Figure 1. Principle of HCS and image analysis. A, different C-terminally YFP-fused hEpCAM fragments are depicted. hEpCAM-CTF-YFP is generated by
a-/B-secretase cleavage of hEpCAM-FL-YPF. Subsequent cleavage of hEpCAM-CTF-YFP leads to formation of EpICD-YFP. hEpCAM-FL-YFP is the construct
used for intramembrane cleavage assays. hEpCAM-CTF-YFP and EpICD-YFP are the fragments relevant for HCS. B, possible effects of compound treatment.
Small molecules could either have no effect (left), lead to accumulation of hEpCAM-CTF-YFP at the membrane (middle), or to accumulation of hREpCAM-ICD in
the cytoplasm or nucleus (right). C,image analysis. After selection of the cells that are included in the downstream analysis, the different cell regions are defined,

and the YFP intensities for each region are calculated.

with the y-secretase inhibitor DAPT, which inhibits cleavage of
hEpCAM-CTF-YFP (10) and thereby leads to stabilization and
accumulation of this fragment at the cell membrane, resulting
in a significant increase of YFP fluorescence at the cell mem-
brane. After this treatment, the cells were stained and imaged
under different conditions regarding imaging methods (confo-
cal versus nonconfocal), magnification (40X versus 60X), cell
density (3,000 versus 5,000 cells/well) and staining (DRAQ5
versus CellMask), evaluated, and compared, and the optimum
conditions were chosen for performing the HCS (Fig. S1B).
To streamline the screening procedure, three areas of each
well were imaged instead of entire wells. Analysis revealed
40X magnification with 3,000 cells/well and CellMask stain-
ing to be optimal for the HCS (Fig. S1B). When comparing
results of confocal imaging and nonconfocal imaging, it
could be shown that confocal imaging facilitates significant
differentiation between the cell regions regarding YFP inten-
sities (Fig. S1B).

8996 J. Biol. Chem. (2018) 293(23) 8994 -9005

Performance of HCS and first validation of hits

The initial screen was performed with 27,280 small mole-
cules at a final concentration of 8 uM. DMSO and DAPT (10
uM) were used as negative and positive control, respectively.
HEK293-hEpCAM-CTF-YFP cells (Fig. 1, A and C) were
automatically seeded onto 384-well plates, treated with the
compounds, stained, and fixed, and the effects of the compound
treatment on the cells were analyzed (Fig. 2A4). For every initial
screening plate, the Z’ score (71) was calculated for every sub-
cellular compartment (membrane region, cytoplasm, nucleus,
and YFP total). If at least the Z' score for one region was
between 0.3 and 1.0, the respective screening plate was included
in further analysis (Fig. S2). After initial screening and analysis,
128 compounds were identified as primary hits (hit rate, 0.45%).
These hits were reanalyzed in a 5-point titration (80 -5 um), in
which 81 compounds showed a reproducible effect and were
thus confirmed (Fig. 2B). Afterward, 81 molecules were reor-
dered and tested in a 10-point titration (80 —0.15 wm), by which
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Figure 2. Performance and results of HCS. A, overview of HCS process. The cells were cultivated and automatically seeded onto 384-well plates. Compounds
were transferred and incubated overnight before cells were stained, fixed, and finally imaged. B, summary of hit validation. Shown are the number of remaining
compounds as well as the reason for exclusion of others. C,images of the effects of the remaining eight compounds on the cells. Treatment with DMSO shows
no effect, whereas DAPT led to accumulation of hEpCAM-CTF-YFP (green) at the membrane. Seven compounds also led to accumulation of hREpCAM-CTF-YFP
atthe membrane. Compound 66 led to accumulation in the cytoplasm. The compound number is given above the respective image. The nuclei are stained with
Hoechst 33342 (blue). For a better visualization of the corresponding effects, CellMask staining is not shown in these images. The scale bar represents 50 um.

Pictures of compounds were taken with autocontrast function.

59 compounds could be confirmed. Because the readout of the
screen was fluorescence, it was important to exclude false-pos-
itive results arising from autofluorescence of compounds.
Therefore, YFP-lacking HEK293—-hEpCAM-CTF cells were
treated with the respective compounds, and their fluorescence
signal was analyzed. As a result, 51 additional compounds were
excluded because of autofluorescence (data not shown) (Fig.
2B). Of the remaining eight compounds, seven showed accu-
mulation of CTF-YFP at the membrane, and compound 66
showed accumulation of EpICD-YFP in the cytoplasm (Fig.
2C). These compounds were considered as high-confidence
hits and studied further with regards to toxicity, effects on
intramembrane cleavage of hEpCAM, effects on the trans-
criptional level of EpCAM target genes, and effects on cell
proliferation.

Cytotoxicity of compounds

Because general cytotoxicity of a compound is detrimental to
its use as potential drug, we assessed the effects of the eight
compounds on viability, cytotoxicity, and apoptosis. To find a
potential EpCAM-specific effect, four different EpCAM-posi-
tive and -negative cell lines were used. These are EpCAM-neg-
ative HEK293 WT cells, HEK293—-hEpCAM cells, and two
endogenously EpCAM-expressing cell lines: HCT-8 cells and
FaDu hypopharynx cells. These cell lines were automatically
seeded onto 384-well plates, treated with the verified hits from
our screen with the drug staurosporine as positive control (80—
0.15 um) or DMSO (negative control), and analyzed after 16 h of

SASBMB

incubation. The results were related to DMSO as a control (Fig.
3A). In none of the cases did we observe cell-type—specific dif-
ferences in viability, cytotoxicity, or apoptosis. Staurosporine
expectedly led to a strongly decreased viability (—) and strongly
increased cytotoxicity and apoptosis (++). Compound 7 did
not show any effects on the cells, whereas compounds 13 and 66
strongly impaired cell viability. Compounds 4, 6, 9, 10, and 51
had only minor effects on the cells (for a detailed presentation
of the results, see Figs. S3-S7).

Effects of compounds on regulated intramembrane cleavage

The effect of high-confidence hits on regulated intramem-
brane proteolysis of full-length hREpCAM (Fig. 14) was analyzed
in membranes isolated from HEK293—-hEpCAM-YFP cells.
Following preincubation of cells with the indicated com-
pounds/inhibitors, membrane fractions were isolated. To
assess substrate cleavage, membrane fractions were incubated
at 37 °C for 22 h in the presence of newly added compounds/
inhibitors. DMSO was used as vehicle control. Cleavage prod-
ucts were analyzed in immunoblot experiments using anti-GFP
antibodies (which recognizes YFP). After 22 h of incubation
without inhibitor or with DMSO, hEpCAM-YFP (66 kDa) was
cleaved into the membrane-associated CTF-YFP (35 kDa) and
the soluble ICD of EpCAM (hEpICD-YFP; 31 kDa) (Fig. 3B,
top panel). Incubation with the ADAM protease inhibitor
GI254023X and B-secretase inhibitor (C3) led to inhibition of
cleavage of hEpCAM-YFP. This inhibits the formation of
hEpCAM-CTF-YFP but still allows for the cleavage of already

J. Biol. Chem. (2018) 293(23) 8994-9005 8997
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Figure 3. Effects on viability and intramembrane cleavage. A, HEK293 WT,
HEK293 hEpCAM-FL, HCT-8, and FaDu cells were treated with compounds,
DMSO, or the drug staurosporine as control. Effects on cell viability, toxicity,
and apoptosis are summarized in the table. The data for each cell line are
summarized in Figs. S3-S7 B, HEK293 hEpCAM-CTF-YFP cells were treated as
indicated. Isolated membrane fractions were separated in SDS-PAGE, and
cleavage products were detected by a GFP-specific antibody (recognizes YFP
equally well). Shown is one representative blot of three experiments (top
panel). In the bottom panel, the ratio of the intensities of EpICD-YFP/EpCAM-
CTF-YFP bands were compared with EpICD/CTF ratio of DMSO 22-h control.
Shown are mean values and standard deviations of three independent exper-
iments. Compound 13 led to a highly significant decrease of EpICD/CTF. Sta-
tistical significance was verified using one-way ANOVA. p values are given
above bracket (bottom panel). *, p < 0.0004.

formed fractions of this fragment into hEpICD-YFP (Fig. 14).
ADAM/BACE inhibition in conjunction with the y-secretase
inhibitor DAPT abrogated hEpICD-YFP formation (Fig. 3B,
top panel). The effects of compounds on EpCAM cleavage were
quantified from Western blots (# = 3 independent experi-
ments) by calculating the ratios of the intensities of hREpICD—
YFP/CTF-YFP bands relative to EpICD/CTF DMSO 22-h con-
trol. Compounds 4, 6, 9, 10, and 13 show a reduced signal.
However only compound 13 significantly decreased hEpICD—
YFP intensity (0.11 * 0.04) when using the strict one-way

8998 J. Biol. Chem. (2018) 293(23) 8994 -9005

ANOVA analysis with Bonferroni correction (Fig. 3B, bottom
panel). Compound 13 did not significantly impede CTF forma-
tion, which indicates that this compound has an influence on
y-secretase—mediated cleavage of the CTF fragment of full-
length EpCAM (Fig. 3B, bottom panel). For details of one-way
ANOVA, see Table S1.

Effects on EpCAM target gene transcription

For the investigation of a possible effect of compound treat-
ment on EpCAM target gene transcription, the expression level
of CCND1 (cyclin D1) was assessed. To define an EpCAM-
specific effect on proliferation, HCT-8 colorectal adenocarci-
noma WT and a CRISPR-Cas9-mediated EPCAM KO clone of
HCT-8 cells (50) were tested, and the results were compared.
Inhibition of EpICD formation through treatment with DAPT
resulted in an average of 13% reduction of CCND1 transcript
levelsin EpCAM ™ HCT-8 cells, but not in EpCAM-KO HCT-8
cells (Fig. 4A). Further analysis of relative expression levels
revealed a significant decrease after treatment with compounds
4,6,9,10,13,51,and 66 in HCT-8 WT cells (Fig. 44, left panel;
p < 0.05). In HCT-8 KO cells, compounds 4 and 6 led to a
significant decrease of CCNDI expression level (Fig. 4A, right
panel; p < 0.05), suggesting an EpCAM-independent effect.
Comparison of expression levels in WT cells and in KO cells
showed that compound 10 led to statistically significant reduc-
tion of CCND1 exclusively in HCT-8 WT cells, which indicates
an EpCAM-specific effect.

Effect on proliferation of cells

To address a potential EpCAM-specific effect of the com-
pounds on cell proliferation, HCT-8 WT and EpCAM-KO
cells were treated with compounds DAPT or DMSO. Over a
period of 7 days, cell numbers were determined on a daily basis,
using the automated Operetta Imaging System. None of the
compounds showed a significant difference between EpCAM-
positive and -negative cells. Compound 66 did not show an
effect on cell proliferation. Compounds 9, 10, and 7 had minor
effects on the proliferation of HCT-8 WT and KO cells. Com-
pounds 4, 6, 13, and 51 almost completely inhibited cell prolifera-
tion of both cell lines at the given concentration (Fig. 4, B and C).

Screening of analogs

Based on the results of the membrane-cleavage assays and
similarities in chemical scaffolds, analogs of compounds 4, 9,
10, and 13 were selected. In total, 39 new compounds were
assessed: 13 analogs of compound 4, 4 analogs of compound 9,
13 analogs of compound 10, and 9 analogs of compound 13
were chosen. These compounds were compared with the orig-
inal compounds in a 10-point titration (80-0.15 um) with
the primary screening assay in HEK293—- hEpCAM-CTF-YFP
cells (data not shown). The effects of all compounds were visu-
ally assessed regarding their efficiency and toxicity. If an analog
showed comparable or better effect with simultaneously less
toxicity, this compound was used for further studies. Further-
more, an assessment of the analogs using HEK293- hEpCAM
cells showed no autofluorescence for any of them (data not
shown). In summary, 9 of 39 analogs were chosen for further
studies (Fig. 5).
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Figure 4. Effects on target gene expression and cell proliferation. A, effects on CCND1 expression was assessed with EpCAM-positive HCT-8 WT cells (left
panel) and EpCAM-negative HCT-8 KO cells (right panel). Compounds 4, 6,9, 10, 13, 51, and 66 showed an effect in WT cells, and compounds 4 and 6 showed
an effect in KO cells. Compound 10 yielded a significant, EpCAM-specific down-regulation of CCNDT expression. Shown is the evaluation of five independent
experiments. Whiskers span the 10-90 percentiles. Statistical analysis was performed using paired-sample t test. p values of t tests between the cell lines are
depicted by an asterisk. *, p < 0.01. The red dashed lines show DMSO as reference. B and C, HCT-8 WT and EpCAM-KO cells were plated and treated with
compounds, and cell numbers were determined on a daily basis. No difference could be detected between the two cell lines. Compounds 4, 6, 13, and 51
strongly impaired cell proliferation; compounds 7, 9, and 10 had minor effects, whereas compound 66 did not show any effect.

Cytotoxicity of analogs

To test the toxicity characteristics of the original compounds
and the nine analogs, their effects on the viability of cells were
tested. Therefore, different EpCAM-positive and -negative cell
lines were treated with DMSO, staurosporine (positive control)
or compounds and analyzed after 16 h of incubation (Fig. 64).
There were no observable differences in viability, cytotoxicity,
and apoptosis between EpCAM-positive and -negative cell
lines. Remarkably, none of the analogs of compound 13 showed
any toxic effect on the cells, whereas the original compound 13
showed a strong reduction in viability (two independent exper-
iments with three replicates each; compare Fig. 64 with Fig. 34;
Figs. S8 —S12). Thus, analogs of 13 have an improved toxicity
profile.

Effects of analogs on intramembrane cleavage of hEpCAM

The effect of the selected nine analogs on hEpCAM cleavage
was analyzed on isolated membranes of HEK293— hEpCAM—
YFP cells. As before, the ratio of the intensities of the
HEpCAM-CTF-YFP/hEpICD-YFP bands was calculated rel-
ative to the CTF/EpICD DMSO 22-h control (Fig. 6B). Com-
pound 13_1 (0.33 £ 0.07) and 13_7 (0.36 = 0.14) showed a
significant decrease of CTF/EpICD-YFP intensity, but these
effects were no improvement when compared with the original
compound 13 (0.11 = 0.04) (Fig. 3B). In contrast to the primary
hits 9 and 10, the analogs 9_0 (0.29 = 0.12), 10_4 (0.57 = 0.08),
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10_6 (0.26 £ 0.07), 10_9 (0.38 £ 0.16), 10_10 (0.3 £ 0.09), and
10_12(0.29 £ 0.01) reduced significantly the CTF/EpICD-YFP
intensity, which also indicates an influence on y-secretase
cleavage for these compound series. For the remaining analog
4_7, no significant, reproducible effects were observed. For
details of one-way ANOVA, see Table S2.

Effects of analogs on EpCAM target-gene transcription

For the investigation of a possible effect of the analogs on
EpCAM-dependent CCND1 expression, HCT-8 WT and KO
cells were treated with DMSO (control) or analogs of com-
pound 10. Our analysis was restricted to analogs of compound
10 because this compound was the only one that showed an
EpCAM-specific effect (Fig. 4A4). In WT cells, compounds 10_4
and 10_12 showed a significant decrease of CCND1I expression
(Fig. 7A, left panel; p < 0.05). In KO cells, only compound 10_12
showed a significant effect (Fig. 74, right panel; p < 0.01). Com-
parison of expression levels in WT and KO cells showed that com-
pound 10_12led to significant reduction of CCNDI in HCT-8 W'T
cells (Fig. 7A). In summary, these findings indicate that only com-
pound 10_4 has a modest but EpCAM-specific effect.

Effects of compound 10 and analogs on cell proliferation

To confirm potential EpCAM-specific effects of compound
10 analogs on cell proliferation, HCT-8 WT and -KO cells were
treated with analogs, DAPT, or DMSO as control. The cell
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DAPT

Figure 5. Effects of nine selected analogs on HEK 293 hEpCAM-CTF-YFP
cells. Treatment with DMSO shows no effect, whereas DAPT led to accumu-
lation of hEpCAM-CTF-YFP (green) at the membrane. All shown analogs led
to accumulation of hREpCAM-CTF-YFP at the membrane and improved effi-
ciency or lower toxicity. The compound number is given above the respective
image. The nuclei are stained with Hoechst 33342 (blue). CellMask staining is
not shown to allow for a better recognition of effects. The scale bar represents
50 wm. Pictures of compounds were taken with autocontrast.

numbers were automatically counted every 24 h for a total
duration of 7 days. No difference could be seen between HCT-8
WT and HCT-8 EpCAM KO cells for any compound. Addi-
tionally, none of the analogs of compound 10 showed signifi-
cant effects on cell proliferation (Fig. 7B).

Discussion

EpCAM signaling based on RIP is an attractive target for
potential small molecule inhibitors, which might be effective in
carcinoma cells. The rationale for this approach relies on the
strong overexpression of EpCAM primarily in cancer cells and
an apparently preferential RIP-dependent cleavage in tumor
cells (10). In fact, most recent data suggest that signaling
through EpICD does not impact proliferation of normal liver
cells (22), whereas EpICD regulates gene expression and tumor
progression in hepatocellular carcinomas (39). To identify
potential inhibitors of EpCAM cleavage, we have successfully
established a HCS using the precleaved and highly reactive
C-terminal fragment of EpCAM in a YFP-fused version.

This HCS yielded robust (Z scores between 0.5 and 0.9; Fig.
S2) and reproducible results. Effects seen in the initial screen
could be reconfirmed in hit picking campaigns with the same
compounds, as well as with newly ordered compounds. An
advantage of the here-performed HCS is that by measuring an
increase in YFP fluorescence in a specific subcellular compart-
ment, possible modes of actions of the hits can already be antic-
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Figure 6. Effects on viability and intramembrane cleavage. A, HEK293 WT
cells, HEK293 hEpCAM-FL cells, HCT-8, and FaDu cells were treated with com-
pounds, DMSO, or the drug staurosporine as control. Effects on cell viability,
toxicity, and apoptosis are summarized in the table. No compound showed
an effect on cell viability. B, HEK293 hEpCAM-CTF-YFP cells were treated as
indicated. Isolated membrane fractions were separated by SDS-PAGE, and
cleavage products were detected using an YFP-specific antibody. Shown is one
representative blot of three (left panel). Evaluation was done as described above.
Shown are mean values and standard deviations of three independent experi-
ments. Compounds 13_1, 13_7, 10_4, 10_6, 10_9, 10_10, and 10_12 led to a
significant decrease of EpICD/CTF signal. Statistical significance was verified
using one-way ANOVA. p values are given above brackets (right panel). *, p <
0.0004.

ipated. Therefore, further characterization of a given hit com-
pound and its effect can be done in a more targeted way. In the
here-performed screen, seven compounds showed accumula-
tion of YFP at the membrane. Based on this information, we
performed membrane assays that confirmed that these com-
pounds indeed affect y-secretase cleavage of EpCAM.

After investigating the effects of the eight high-confidence
hits on cell viability, proliferation, target gene expression, and
regulated intramembrane proteolysis, four compounds showed
promising results: compounds 4, 9, 10, and 13. Therefore, ana-
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Figure 7. Effects on target gene expression and cell proliferation. A, effects on CCNDT expression was assessed by quantitative RT-PCR with EpCAM-positive
HCT-8 WT cells (left panel) and EpCAM-negative HCT-8 KO cells (right panel). Compounds 10_4 and 10_12 showed an effect in WT cells, and only compound 10_12
showed an effect in KO cells. Shown is the evaluation of five independent experiments. Whiskers span the 10-90 percentiles. Statistical analysis was performed using
paired-sample t test. Band C, HCT-8 WT and KO cells were plated and treated with compounds, and the cell number was determined daily. Compound 13_1 strongly
impaired cell proliferation, and compounds 4_7 and 13_7 only had minor effects on the proliferation of WT cells. All other compounds did not have an effect on cell
proliferation, and none of the analogs of compound 10 showed an EpCAM-specific effect. The red dashed lines show DMSO as reference.

logs of these compounds were chosen and investigated under
the same conditions as before, which allowed us to analyze the
structure—activity relationship (a summary of all compound
structures is found in Table S3). For the efficacy of compound 4,
a 2-methoxysubstitution on the right-hand aromatic ring
seemed to be crucial. If this substitution is in any other position,
the compound lost its efficacy (e.g. compounds 4_2 and 4_5).
The fluorine-derivatized compounds showed a very weak effect
(4_3 and 4_4). The only alternative is a chloride instead of a
methoxy substitution; however, this compound 4_6 was more
toxic than 4 and less effective. Compounds 4_7 and 4_9 have a
chlorine and fluorine substitution at the left aromatic ring,
respectively. Additionally, they show a benzyl-cycloalkylamin
at the right aromatic ring. The cycloalkyl seemed to be impor-
tant, because derivatives without this residue do not have any
effect (e.g 4_10 and 4_13). The structures of compound 9 and
10 have a very similar scaffold. The basic backbone consisting of
a2 + 1ring system is consistent and only altered by differential
substituents. It seems that a secondary amine (R1-NH-R2) has a
somewhat better efficacy than N-substitution. For analogs of
13_0, it was shown that a benzyl group drastically reduces cyto-
toxicity but shows comparable effectiveness (13_1). Moreover,
compounds substituted at the exo-N (13_5 to 13_9) also show
similar effects and toxicity as the analogs, which are substituted
at the N within the aromatic ring. The benzyl group reduces the
cytotoxicity of these compounds as well. In general, com-
pounds 4 and 13 are structurally similar in that they show the
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same basic backbone, except for compound 13 having an oxy-
gen atom instead of sulfur atom in the five-membered ring. All
benzyl-substituted derivatives show the best effects and addi-
tionally decrease cellular toxicity for analogs of compound 13.

The five-point and ten-point serial dilutions were performed
with compounds from stock aliquots and newly provided by the
supplier, respectively. In some cases, the effect shown in the
initial HCS campaign was not reproducible. Several reasons
might account for this. Because the compounds for HCS were
stored in multiwell plates in DMSO at —20 °C, freeze-thaw
cycles might have led to degradation of the compounds and thus
changing efficiency. Thus, in some cases a degradation product
might have been the cause of inhibitory effects observed in the
initial screen. Moreover, newly provided compound samples
might differ in their purity and identity of possible contaminants.

In summary, in this study we have established a robust and
reliable HCS for inhibitors and identified compounds that
affected the membrane cleavage of EpCAM. Our work demon-
strates the feasibility of a HCS against EpCAM signaling path-
way that is potentially also applicable for other disorders involv-
ing membrane cleavage— dependent signaling pathways.

Experimental procedures
Cell lines

Human embryonic kidney cells (HEK293), human colon car-
cinoma cell line HCT-8,, and human hypopharyngeal carci-
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noma cell line FaDu were cultivated in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum, 1% Fungizone, and
1% penicillin/streptomycin. All cell lines were grown in a 5%
CO, atmosphere at 37 °C. HCT-8 CRISPR-Cas9-mediated
EpCAM KO clones were prepared by T. Tsaktanis as previously
described (50). All cell lines have been confirmed by STR-typ-
ing at the Helmholtz Zentrum Miinchen.

Transfections and expression vectors

Transfections were performed using the MATra reagent
(Iba, Goettingen, Germany) according to the manufacturer’s
instructions. Stable selection of transfectants was done by
using puromycin (1 wg/ml) in the culture medium starting at
day 1 after transfection. Human EpCAM (hEpCAM) full-
length (314 aa) was cloned without YFP. The CTF mimic of
hEpCAM termed hEpCAM—CTF-YFP consists of a signal pep-
tide sequence MPRLLTPLLCLTLLPALAARGLR, a Myc tag
(EQKLISEEDL), CTF sequence of hEpCAM (251-315), FLAG
tag (DYKDDDDK), the TEV recognition site (ENLYFQG), and
YFP. The constructs were cloned into the 141 pCAG-3SIP
expression vector using Nhel and EcoRI restriction sites.

Coating of screening plates

Prior to seeding, 384-well plates (PerkinElmer Life Sciences)
were coated with 10% (w/v) poly-p-lysine (PDL; Sigma—
Aldrich). PDL was solubilized in double-distilled H,O. 20 ul of
PDL were incubated for 1 h at room temperature and washed
twice with 20 ul of PBS/well and air-dried. The coated plates
were stored at 4 °C until further use.

Staining and fixation of cells

For staining of cells, Hoechst 33342 (1:1000; Life Technolo-
gies) and 3.5 ug/ml CellMask™ Deep Red plasma membrane
stain (Invitrogen) were added to prewarmed Dulbecco’s modi-
fied Eagle’s medium. 25 ul of medium/well was added to the
cells and incubated for 10 min at 37 °C. Afterward, the medium
was removed, and 20 ul 2% (w/v) paraformaldehyde per well
were added and incubated for 20 min at room temperature.
Finally, plates were washed twice with PBS and immediately
used for screening.

Performance of high-content screen

HEK293 cells stably expressing EpCAM-CTF-YFP were
automatically seeded (ELX406 plate washer and dispenser;
BioTek, Winooski, VT; 3,000 cells in 50 ul/well) on PDL-coated
384-well plates. In the initial HCS, compounds were tested at a
concentration of 8 um (0.8% DMSQO). Compound-treated cells
were incubated overnight at 37 °C. Afterward, the cells were
stained and fixed. The cells were imaged with the Operetta
high-content imaging system (PerkinElmer Life Sciences) at
40X magnification and confocal imaging method, and the
results were evaluated with the Columbus high-content
imaging and analysis software version 2.8.0 (PerkinElmer
Life Sciences).

Automated image analysis

Multiparametric image analysis was performed using Colum-
bus high-content imaging and analysis software version 2.8.0

9002 J. Biol. Chem. (2018) 293(23) 8994 -9005

(PerkinElmer Life Sciences). The nuclei were detected via the
Hoechst signal using method C of Columbus software with the
following parameters: common threshold (parameter deter-
mining the lower level of pixel intensity for the whole image
that may belong to nuclei), 0.30; area (to tune the merging and
splitting of nuclei during nuclei detection), >30 wm?; split fac-
tor (parameter influencing the decision of the computer
whether a large object is split into two or more smaller objects
or not), 7.0; individual threshold (parameter determining the
intensity threshold for each object individually), 0.4; and con-
trast (parameter setting a lower threshold to the contrast of
detected nuclei), 0.05. Method C to find nuclei provides good
results for images with low background or with size variations
of nuclei and supports images with large variations in intensity
or contrast of nuclei.

In the next step, the area of nuclei was determined and fil-
tered by nucleus area [um?] > 100. For this subpopulation
called “nuclei selected,” the cell mask fluorescence intensity was
used to define the cytoplasm by using the building block “find
cytoplasm.” The building block “select cell region” was then
used to distinguish membrane, nucleus and ring (cytoplasm)
region. The building block “calculate intensity properties” was
used to calculate the YFP intensity in the different cell compart-
ments. In the last step, we defined five output parameters: 1)
nuclei selected — number of objects; 2) nuclei selected — inten-
sity nucleus region YFP mean — median per well; 3) nuclei
selected — intensity membrane region YFP mean — median per
well; 4) nuclei selected — intensity ring region YFP mean —
median per well; and 5) nuclei selected — intensity cell YFP
mean — median per well.

Inhibitors

Inhibition of a- and B-secretase was performed by using 3
uM GI254023X and 3 um C3, respectively. y-Secretase was
inhibited by using 10 um DAPT in HCS and 3 uM in membrane-
based EpCAM cleavage assays.

Membrane-based EpCAM cleavage assay

These assays were performed as previously described (50, 68,
69). Briefly, the cells were treated with 20 um compound or
inhibitor overnight in assay buffer (150 mm sodium citrate, pH
6.4, 10 um ZnCl,, protease inhibitor). The cells were lysed, and
the membrane fractions were generated by centrifugation steps
(1,000 X g for 15 min and 16,000 X g for 20 min) and subse-
quently treated with 20 um compounds or inhibitor as stated
above for 22 h. The cleavage products were analyzed by SDS—
PAGE and immunoblots.

Immunoblot experiments

The cells were lysed in PBS containing 1% Triton X-100 and
protease inhibitors (Roche Complete). The protein concentra-
tion was determined by BCA assay (Thermo Scientific, Wal-
tham, MA) according to the manufacturer’s instructions. 20 ug
of proteins were loaded onto a 12% SDS—PAGE and separated
for 15 min at 15 mA and 2 h at 30 mA. Afterward, the proteins
were transferred onto a methanol-equilibrated polyvinylidene
difluoride blotting membrane. Visualization was done by anti-
GEFP antibody, in combination with a horseradish peroxidase—
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conjugated secondary antibody, horseradish peroxidase sub-
strate, and the ImageLab software version 5.2.1 (Bio-Rad).

RNA isolation, cDNA synthesis, and quantitative real-time PCR

RNA isolation was performed with the High Pure RNA iso-
lation kit (Roche) according to the manufacturer’s protocol. For
removal of contaminating DNA, isolated RNA was treated
twice with the Turbo DNAfree kit (Ambion, Austin, TX).
Reverse transcription was done with PrimeScript™ RT Master
Mix (Takara, Paris, France) according to the manufacturer’s
instructions. Quantitative PCR experiments were performed in
a LightCycler® 480 instrument (Roche) using the KAPA SYBR
Fast Universal kit according to the manufacturer’s protocol.
Evaluation was done by using the AAcp method (70).

FACS experiments

YFP and EpCAM expression of cell lines were assessed with a
BD LSR II flow cytometer (BD Biosciences). The cells were
incubated with a monoclonal FITC-conjugated anti-EpCAM
antibody (Life Technologies) diluted in 1X PBS (1:200) for 30
min at room temperature in the dark. Afterward, the cells were
washed, resuspended in 1X PBS, and transferred to FACS mea-
surement. The results were evaluated with the FlowJo program
version 10.0.8.

Viability/cytotoxicity assay
Viability, cytotoxicity, and apoptosis of different cell lines
were assessed in 384-well plates using the ApoTox Glo assay

according to the manufacturer’s instructions (Promega) and
5,000 cells in 50 wl of cell medium.

Proliferation assay

The cells were automatically seeded onto 96-well plates.
After 6 h, one row was stained with 0.25 ul of Hoechst 33342
and imaged with Operetta high-content imaging system
(PerkinElmer Life Sciences). Afterward, medium was removed,
and new medium containing the compounds or DMSO or
DAPT as control was added. Every 24 h, one row was stained
with Hoechst 33342 and imaged (D0-D7). The results were
evaluated with the program Microsoft Excel.

Author contributions—]. Y. T. and K. S. data curation; J. Y. T. and
K. S. formal analysis; J. Y. T. and K. S. validation; J. Y. T., K. S,, E. L.,
and J. T. investigation; J. Y. T. visualization; . Y. T., O. G., and D. N.
writing-original draft; J. Y. T., O. G., and D. N. writing-review and
editing; K. S., K. H,, O. G., and D. N. conceptualization; E. L. resourc-
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