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Membrane-associated epithelial cell adhesion molecule is
slowly cleaved by y-secretase prior to efficient proteasomal
degradation of its intracellular domain
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Regulated intramembrane proteolysis (RIP) is a key mecha-
nism for activating transmembrane proteins such as epithelial
cell adhesion molecule (EpCAM) for cellular signaling and deg-
radation. EpCAM is highly expressed in carcinomas and pro-
genitor and embryonic stem cells and is involved in the regula-
tion of cell adhesion, proliferation, and differentiation. Strictly
sequential cleavage of EpCAM through RIP involves initial
shedding of the extracellular domain by a-secretase (ADAM)
and f-secretase (BACE) sheddases, generating a membrane-
tethered C-terminal fragment EpCTF. Subsequently, the rate-
limiting y-secretase complex catalyzes intramembrane cleavage
of EpCTF, generating an extracellular EpCAM-AB-like frag-
ment and an intracellular EpICD fragment involved in nuclear
signaling. Here, we have combined biochemical approaches
with live-cell imaging of fluorescent protein tags to investigate
the kinetics of y-secretase—mediated intramembrane cleavage
of EpCTF. We demonstrate that y-secretase—mediated proteol-
ysis of exogenously and endogenously expressed EpCTF is a
slow process with a 50% protein turnover in cells ranging from
45 min to 5.5 h. The slow cleavage was dictated by y-secretase
activity and not by EpCTF species, as indicated by cross-species
swapping experiments. Furthermore, both human and murine
EpICDs generated from EpCTF by y-secretase were degraded
efficiently (94-99%) by the proteasome. Hence, proteolytic
cleavage of EpCTF is a comparably slow process, and EpICD
generation does not appear to be suited for rapidly transducing
extracellular cues into nuclear signaling, but appears to provide
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steady signals that can be further controlled through efficient
proteasomal degradation. Our approach provides an unbiased
bioassay to investigate proteolytic processing of EpCTF in single
living cells.

Regulated intramembrane proteolysis is an important means
of post-translational regulation for a growing number of trans-
membrane proteins (1, 2). This regulation comprises the initi-
ation of signaling by receptors such as the NOTCH family
members (3) and the tumor-associated antigen epithelial cell
adhesion molecule (EpCAM)® (4, 5), as well as the removal and
subsequent degradation of membrane proteins to dispose of
their function (6). The latter has, for example, been shown for
the major cell adhesion molecule E-cadherin and its function in
migration and segregation processes in the mouse intestine (7).

Central enzymes involved in RIP have been identified and
studied to unravel the underlying molecular mechanisms (8).
RIP is a sequential process initiated by ectodomain shedding, a
mandatory initial cleavage of the extracellular domain of sub-
strates by a- and 3-secretases and other proteases as the rate-
limiting step (9). The resulting truncated protein termed the
C-terminal fragment (CTF) is a substrate for the intramem-
brane-cleaving y-secretase protease complex that is composed
of the four subunits presenilin 1 or 2 (PS), nicastrin (NCT),
presenilin enhancer (PEN-2), and anterior pharynx-defective 1
(APH-1). Release of ectodomains from RIP substrates is a pre-
requisite for NCT to bind CTFs and thus facilitate cleavage by
PS, the enzymatically active component of the y-secretase com-
plex (10-14). Cleavage by the y-secretase complex results in
the formation of commonly small soluble extracellular domains
and cytoplasmic intracellular domains (ICDs). Hence, the
cleavage kinetics of RIP substrates is dictated by two major
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sequential events: first, an initial and mandatory generation of
CTFs by sheddases through ectodomain shedding and, second,
the generation of ICDs by the y-secretase complex.

EpCAM is a single transmembrane protein that is subject to
RIP in carcinoma, teratocarcinoma, and embryonic stem cells
(5, 15, 16), where it is highly and frequently expressed (17, 18).
EpCAM was initially shown to provide epithelial cells with a
weak cell adhesion through homophilic interactions (19, 20).
However, the postulated homophilic nature of EpCAM-medi-
ated cell adhesion has been questioned recently and is a matter
of debate (16, 21). An involvement of EpCAM in cancer cell
proliferation and stem cell differentiation was revealed when it
was shown to induce the proto-oncogene c-myc (22) and to be
generally involved in regulation of genes associated with prolif-
eration and differentiation (23). Similar to Notch, amyloid pre-
cursor protein, and other substrates, RIP of EpCAM generates
a soluble ectodomain termed EpEX through the action of
ADAM10/17 and BACEIL proteases, a soluble extracellular
ApB-like fragment identified via MS analysis, and intracellular
EpICD fragments following cleavage by -y-secretase (15, 16).
EpEX isaligand for intact EpCAM molecules that induces their
further cleavage (5), as well as a novel ligand for EGFR in colon
and head and neck carcinomas, as was described recently (24,
25). As such, EpEX induces EGFR-dependent signaling path-
ways, including ERK1/2 and AKT, and induces a moderate pro-
liferation of carcinoma cells, but restricts EGF/EGFR/pERK1/
2-dependent regulation of epithelial-mesenchymal transition
(EMT) (25).

EpICD represents the functional intracellular signaling frag-
ment that plays a crucial role in cancer cell proliferation and in
the maintenance of stem cell phenotype (4, 5, 26 —28). Despite
these important roles of EpCAM fragments in physiological
and malignant conditions, the cleavage pace and efficiency of
EpCTF by y-secretase to release EpICD, as well as EpICD sta-
bility, remain largely unclear.

In this study, we combined biochemical and live-cell imaging
approaches using fluorescence-tagged EpCTF variants to char-
acterize and quantify cleavage by the y-secretase complex in
living cells. Kinetics of EpCTF cleavage by y-secretase and sub-
sequent degradation of EpICD by the proteasome were deter-
mined in multiple cell lines. All data demonstrated that EpCTF
cleavage is a very slow process, whereas the subsequent degrada-
tion of EpICD was highly efficient in both murine and human cells.
Slow processing by y-secretase was further confirmed with endog-
enous EpCAM in carcinoma cells. Cross-species swapping exper-
iments further demonstrated that y-secretase activity, not EpCTF-
related features, defines the slow pace of cleavage. Hence, RIP of
EpCAM probably provides cells with a comparably slow response
signal and a means of disposal of EpCAM.

Results
EpCTF-YFP is correctly targeted to the plasma membrane

EpCAM is cleaved by ADAM10/17 or BACE1 and vy-secre-
tase to sequentially generate EpEX, EpCTF, AB-like, and
EpICD fragments (Fig. 1A). To study the pace and efficiency of
EpCTF cleavage by vy-secretase (i.e. the second cleavage of
EpCAM during RIP), human and murine variants of EpCAM
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composed of the signal peptide of EpCAM, a c-Myc tag, 35
membrane-proximal amino acids (aa) of the extracellular
domain of EpCAM, and the transmembrane and intracellular
domains of EpCAM were fused to yellow fluorescent protein
(YEP) (Fig. 1B). These tagged mimics of EpCTF (in the follow-
ing EpCTE-YEP) allow assessment of the proteolytic processing
of EpCTF by y-secretase in living cells by monitoring YFP
fluorescence.

To confirm EpCTE-YFP regulation via a <y-secretase/
proteasome—dependent pathway like endogenous EpCAM,
immunoblotting was performed with whole-cell lysates of sta-
ble transfectants of murine EpCTF-YFP in murine F9 teratoma
cells and of human EpCTF-YFP in human embryonic kidney
HEK293 cells. Both cell lines were treated with the y-secretase
inhibitor DAPT to block EpCTF cleavage and with the protea-
some inhibitor B-lactone to block subsequent degradation of
EpICD. Untreated cells expressed only minute amounts of
murine and human EpCTF-YFP and EpICD-YFP fragments
(Fig. 1C). After 24 h of DAPT treatment, EpCTE-YFP was
detected as a prominent band of 45 kDa and a minor band of 42
kDa, whereas EpICD was not or barely detectable (Fig. 1C). As
expected, proteasome inhibition after 12 h of treatment with
B-lactone led to an accumulation of EpICD-YFP at 32 kDa after
(Fig. 1C). Protein quantification of human and murine EpCTF
and EpICD fragments was conducted from three independent
immunoblotting experiments. Stabilization of mEpCTF and
hEpCTF through treatment of cells with the y-secretase inhib-
itor DAPT resulted in a 23-fold increase of both EpCTFs as
compared with DMSO-treated control cells (Fig. 1D). Stabili-
zation of mEpICD and hEpICD through treatment of cells with
the proteasome inhibitor B-lactone resulted in a 20- and
25-fold increased amount of EpICD, respectively, as compared
with conditions of DAPT treatment (i.e. inhibition of EpICD
generation) (Fig. 1D). Hence, murine and human EpCTF-YFP
are processed by y-secretase, and, thereafter, the resulting
EpICD fragments are degraded by the proteasome.

Next, the correct subcellular localization of EpCTF fusions
was assessed by laser-scanning confocal microscopy. mF9 and
HEK293 cells with murine and human EpCTEF-YFP were
treated with DMSO, DAPT, or -lactone. The YFP signal was
barely visualized at the plasma membrane following DMSO
treatment and only displayed faint perinuclear staining and
intracellular aggregates (Fig. 1E). In DAPT-treated cells,
murine and human EpCTF-YFP localized on the plasma mem-
brane. After B-lactone incubation in the absence of DAPT,
murine and human EpICD-YFP accumulated homogeneously
in the cytoplasm (Fig. 1E). Control cell lines expressing either
murine or human full-length EpCAM-YFP demonstrated the
expected plasma membrane localization, whereas in YFP-ex-
pressing cells, the signal was evenly distributed in cells (Fig. 1E).

Taken together, the results showed that murine and human
EpCTE-YFP variants expressed in mF9 and HEK293 cells,
respectively, were correctly localized and responded to inhibi-
tors comparably with endogenous EpCTF (5).

Live-cell imaging of EpCTF proteolysis by y-secretase

To analyze and quantify EpCTF cleavage by y-secretase,
we monitored EpCTF-YFP with live-cell confocal time-lapse
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Figure 1. Generation of YFP-tagged murine and human EpCTF variants. A, schematic representation of RIP of EpCAM by ADAM10/17, BACE1, and y-secre-
tase, including the resulting protein fragments (EpCAM extracellular domain (EpEX), EpCAM CTF (EpCTF), and EpCAM intracellular domain (Ep/CD)). B, EpCTF-
YFP variants consist of the signal peptide of murine or human EpCAM (residues 1-23), a short linker peptide consisting of two amino acids (KL), and the CTF
sequence of murine EpCAM (residues 251-315) and human EpCAM (residues 250-314) followed by YFP. C, expression of EpCTF-YFP and EplCD-YFP was
analyzed by immunoblotting with YFP-specific antibodies in stable mF9 and HEK293 transfectants following the indicated treatments (y-secretase inhibitor
(DAPT) and B-lactone proteasome inhibitor (B-/ac.)). Equal protein loading was verified with staining against B-actin. Shown are representative results fromn =
3 independent experiments. D, immunoblotting results presented in C were quantified from n = 3 independent experiments. Shown are mean values = S.E.
(error bars). E, mF9 and HEK293 cells with murine and human EpCTF-YFP were incubated with DMSO, DAPT, and S-lactone, respectively. The green YFP signal
was assessed by laser-scanning confocal microscopy. As controls, cells expressing a YFP-tagged full-length version of murine and human EpCAM or YFP only
were assessed in parallel. Each image was adjusted independently to achieve the highest quality and contrast. Shown are representative results fromn = 3
independent experiments.

microscopy. mF9 and HEK293 cells stably expressing either third group, B-lactone was added 12 and 2 h prior to DAPT
murine and human EpCTF-YFP variants, respectively, were withdrawal in murine mF9 and human HEK293 cell lines,
pretreated with DAPT for 24 h to stabilize EpCTF-YFP at the respectively, and was maintained throughout the imaging
cell surface. Thereafter, either cells were further kept in DAPT-  period. Frames were acquired every 5 or 7.5 min in mF9 or
containing medium or DAPT was withdrawn by wash-out. Ina  HEK293 cells, respectively (Videos S1-S6). At selected time
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Figure 2. Live-cell imaging of murine EpCTF-YFP cleavage. Murine EpCTF-YFP was stably expressed in murine F9 teratoma cells. Following pretreatment with
DAPT (see “Experimental procedures”), cells were maintained in DAPT-containing medium (A), washed and maintained in normal medium (B), or washed and
maintained in B-lactone-containing medium (C) for a further 5 h. Cells were monitored every 5 min at five positions. Shown are representative images at the indicated
time points from n = 3 independent experiments (left panels). Quantification of YFP fluorescence at the plasma membrane and in the intracellular area was performed
on n = 20 cells from n = 3 independent experiments. Shown are mean values = S.E. (error bars) (right panels). p values were calculated with one-way ANOVA. ***¥,

p < 0.0001.

points, the mean fluorescence intensity from membrane and
intracellular areas was quantified. The results were normalized
to the intensity at the first time point of membrane fluorescence
recording.

The presence of the y-secretase inhibitor DAPT resulted in
stable localization of mEpCTF-YFP at the cell surface over a
period of observation of 5 h (Fig. 2A (left panels) and Video S1).
Quantification of fluorescence at the plasma membrane and in
intracellular areas in # = 20 cells confirmed a steady intensity
over time (Fig. 24, right panel). Following DAPT withdrawal,
fluorescence intensity of mEpCTF-YFP gradually decreased
over 5 h. Compared with the initial time point, we observed a
=70% loss of fluorescence intensity at the plasma membrane
(Fig. 2B and Video S2). Inhibition of the proteasome with
B-lactone in combination with a release of y-secretase inhi-
bition allowed for the cleavage and intracellular accumula-
tion of mEpICD-YFP (Fig. 2C and Video S3). Under these
conditions, EpCTF-YFP fluorescence at the membrane
decreased by 50%, and fluorescence intensity of mEpICD-
YEP in the intracellular area increased from 25 to 50% (Fig.
2C). Taken together, these data support the view that
mEpICD-YFP is slowly cleaved from EpCTF and thereafter
efficiently degraded by proteasome.

Next, the efficiency and pace of cleavage of hEpCTE-YFP
were addressed in stable HEK293 transfectants. Similar to
mEpCTE-YFP in mF9 cells, hREpCTF-YFP remained tethered to
the membrane in cells constantly treated with DAPT over 24 h
(Fig. 3A and Video S4). No significant decline of fluorescence
could be measured (Fig. 34, bottom right panel). Withdrawal of
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DAPT allowed for the cleavage of hEpCTF-YFP to an ~80%
reduction of fluorescence after 24 h, which was slower than that
of mEpCTF-YFP in mF9 cells (Fig. 3B and Video S5). Upon
release from DAPT and concomitant treatment with protea-
some inhibitor, we observed accumulation of hEpICD-YFP in
the cytoplasm and nucleus as soon as 2 h after the start of treat-
ment (Fig. 3C and Video S6). After 24 h, accumulation in the
intracellular area resulted in a >3-fold increase in fluorescence
intensity as compared with the initial time point (Fig. 3, bottom
right panel).

To exclude potential effects of the inhibitors on gene expres-
sion, mRNA levels of the catalytic component of y-secretase
(i.e. expression of murine and human presenilin 1 and 2) were
assessed by qPCR. In both mF9 and HEK293 cells, we observed
no significant differences in presenilin 1 and 2 mRNA levels at
time points equivalent to the start and end of the time-lapse
interval (Fig. S1). Taken together, our results support the view
that proteolysis of murine and human EpCTF by y-secretase is
aslow process that is followed by an efficient degradation of the
newly generated EpICD by the proteasome.

Biochemical assessment of EpCTF cleavage by vy-secretase

To calculate the 50% protein turnover of EpCTF and quantify
EpICD degradation efficiency, time course experiments were
performed and combined with immunoblotting detection.
In analogy to live-cell imaging experiments, cells were either
maintained in DAPT throughout the detection period, released
from DAPT, or released from DAPT and concomitantly treated
with B-lactone. Protein levels of mEpCTF-YFP and mEpICD-
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Figure 3. Live-cell imaging of human EpCTF-YFP cleavage. Human EpCTF-YFP was stably expressed in human HEK293 cells. Following pretreatment with
DAPT (see “Experimental procedures”), cells were maintained in DAPT-containing medium (A), washed and maintained in normal medium (B), or washed and
maintained in B-lactone- containing medium (C) for a further 24 h. Cells were monitored every 7.5 min at five positions. Shown are representative images at the
indicated time points from n = 3 independent experiments (left panels). Quantification of YFP fluorescence at the plasma membrane and in the intracellular
areawas performed on n = 20 cells from n = 3 independent experiments. Shown are mean values = S.E. (error bars) (right panels). p values were calculated with
one-way ANOVA. **** p < 0.0001.

YEP in mF9 cells were analyzed at 0, 10, 30, 60, 120, 180,and 300 B, left panels). Upon DAPT withdrawal, we observed 50% cleav-
min. In the presence of DAPT, immunoblotting for mEpCTF- age of mEpCTF-YFP at 47 * 12 min (Fig. 4, A and B, middle
YFP did not reveal any significant changes over 5 h (Fig. 4, A and  panels). Upon additional B-lactone treatment, quantification of
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immunoblots for mEpCTE-YFP and mEpICD-YFP showed
50% of mEpICD-YFP accumulation after ~70 min (Fig. 4, A and
B, right panels).

Similar to mEpCTF, hEpCTE-YFP levels of stable HEK293
transfectants were not significantly altered significantly over
24 hin DAPT (Fig. 4, C and D, left panels). Upon withdrawal of
DAPT, we determined a 50% hEpCTF-YFP cleavage at 3.5 =
0.8 h (Fig. 4, Cand D, middle panels). Withdrawal of DAPT and
concomitant treatment with S-lactone resulted in hEpCTE-
YEP cleavage and stabilization of hEpICD-YFP (Fig. 4C, right
panels). Quantification of immunoblots demonstrated an accu-
mulation 50% of maximal hEpICD-YFP amounts at ~3.5 h (Fig.
4D, right panel).

Enzymatic cleavage with a 50% turnover of substrates at 47
min and 3.5 h of murine and human EpCTFs, respectively, is a
relatively slow process. To confirm that these values are not cell
type—specific, mEpCTF-YFP and hEpCTF-YFP were stably
expressed in murine NIHT3T3 fibroblasts and in the human
head and neck squamous cell carcinoma line FaDu, respec-
tively. Gradual reduction of mEpCTF-YFP in NIH3T3 cells was
observed by epifluorescence microscopy over 24 h (Fig. S24).
Quantification of fluorescence intensity over time in n = 10
cells of three independent experiments (1 = 30 total cells)
resulted in a calculated average half-life of 5.0 h (Fig. S2B). Bio-
chemical analysis confirmed the cleavage of mEpCTF-YFP over
time (Fig. S2C), and immunoblot quantification determined a
50% protein turnover of mEpCTE-YFP in NIH3T3 cellsat 5.3 =
1.1 h (Fig. S2D). Similar results were obtained in FaDu cells
transfected with human EpCTE-YFP. Assessment of YFP fluo-
rescence disclosed an average half-life of 4.7 h (Fig. S3, A and B).
Biochemical assessment of hREpCTF-YFP cleavage confirmed a
50% protein turnover of hREpCTE-YFP at 5.1 = 1.1 h (Fig. S3, C
and D). Hence, EpCTF proteolysis by y-secretase is a slow pro-
cess in all cell lines tested.

The pace of proteolysis is dictated by y-secretase, not EpCTF

Although proteolysis of mEpCTF and hEpCTF was slow, 50%
protein turnovers of EpCTFs still differed considerably across
all cell lines tested (45 min to 5.3 h in mF9 and HEK293 cells,
respectively). To address the limiting factors in EpCTF cleav-
age, cross-species swapping experiments were conducted,
where hEpCTF-YFP was expressed in murine F9 cells and
mEpCTEF-YFP was expressed in HEK293 cells. Cleavage of hEp-
CTE-YFP in mF9 cells was recorded by epifluorescence micros-
copy. We observed a significant drop in fluorescence starting
between 30 and 60 min (Fig. 54). Quantification of YFP fluo-
rescence intensity over time in # = 10 cells of three indepen-
dent experiments (n = 30 total cells) resulted in a calculated
average half-life of 53.07 min (Fig. 5B). Inmunoblotting analy-
sis of hEpCTF-YFP in murine F9 cells confirmed the timing
observed in fluorescence imaging. We observed a 50% pro-
tein turnover at 45 = 2.3 min (Fig. 5C). Hence, both micros-
copy and immunoblotting experiments suggest that murine
and human EpCTF-YFP are cleaved at almost the same rate
in mF9 cells, with 50% of hEpCTE-YFP being cleaved at 45
min in mF9 cells rather than 3.5 h in HEK293 cells. To con-
firm similar cleavage rates, Two-way ANOVA was per-
formed at each time point between mEpCTF and hEpCTF in
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mF9 cells. With an overall p value of 0.96, ANOVA analysis
demonstrates no significant difference in cleavage rate of
either construct (Fig. 5D).

We then analyzed the cleavage pace of mEpCTE-YFP in
HEK293 cells by epifluorescence microscopy and immunoblot-
ting. Both assays confirmed a reduction of mEpCTEF-YFP over
24 h, and we calculated an average 50% protein turnover at
3.31 h from fluorescence intensity kinetics of n = 30 total cells
(Fig. 6, A and B). Biochemical evaluation of mEpCTF-YFP half-
life in HEK293 cells disclosed a 50% decrease at 3.3 = 1.2 h (Fig.
6C). No statistically significant difference between hEpCTF and
mEpCTF cleavage pace was observed in HEK293 cells, with an
overall p value of the two-way ANOVA test at 0.10 and individ-
ual p values at distinct time points ranging from 0.34 to 0.99
(Fig. 6D). Thus, cross-species swapping experiments demon-
strated that the cleavage pace of EpCTF variants was associated
with endogenous 7y-secretase activity rather than the species of
origin of the substrate EpCTF. This notion is further corrobo-
rated by sequence similarities between murine and human
EpCTFs. aa sequences were analyzed for identity, similarity in
function, and differences within the protein stretch from aa
230-315 of mEpCTF and 229-314 of hEpCTF. mEpCTF and
hEpCTF are characterized by 91% functional identity and have
even greater identity within y-secretase cleavage sites and
transmembrane domains, with 95 and 96%, respectively (Fig.
7A). We have previously identified cleavage sites of y-secretase
within the transmembrane domains of murine and human
EpCAM have been identified in our previous work (15, 16). y
and e cleavage sites of EpCTF are identical between mEpCTF
and hEpCTF, except the ¢, site (Fig. 7A). The highly conserved
structure of EpCTF from different species, especially in
y-secretase cleavage sites (15), further suggests that cleavage
pace depends upon the y-secretase complex rather than the
substrate.

In the following, we aimed at validating the findings of exog-
enously expressed EpCTE-YFP proteins in the context of cleav-
age of endogenous EpCTF in membrane fractions of carcinoma
cells. Head and neck squamous carcinoma cell line FaDu and
ileocecal adenocarcinoma cell line HCTS8 were treated for 24-h
with DAPT to block cleavage of membrane-tethered endoge-
nous EpCTF. Kinetics of EpCTF cleavage were then monitored
after withdrawal of DAPT in immunoblotting experiments.
Treatment of FaDu and HCT8 cells with DAPT resulted in the
accumulation of endogenous EpCTF, which was slowly cleaved
after DAPT withdrawal (Fig. 7B, left panels). Quantification of
endogenous EpCTF relative to full-length EpCAM revealed
EpCTF half-lives of 4.7 = 0.7 and 5.5 = 2.7 h for FaDu and
HCTS cells, respectively (Fig. 7B, right panel). Thus, cleavage of
endogenous human EpCTF by y-secretase was confirmed to be
slow in carcinoma cells.

Degradation of EpICD by proteasome is highly efficient

Following the generation of EpICD through cleavage of
EpCTF by vy-secretase, EpICD can translocate into the nucleus
(4, 5). Generally, the stability of EpICD appears rather low, with
small amounts detectable in whole-cell lysates and in the
nucleus (5, 25), where EpICD deploys its major signaling func-
tion (5,27-31). To dispose of EpICD functions, the cell requires
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Figure 4. Quantification of murine and human EpCTF-YFP cleavage. A, murine EpCTF-YFP was stably expressed in murine F9 teratoma cells. Following
pretreatment with DAPT (see “Experimental procedures”), cells were maintained in DAPT-containing medium, washed and maintained in normal medium, or
washed and maintained in B-lactone-containing medium for a further 5 h. mEpCTF-YFP and mEpICD-YFP expression was assessed by immunoblotting with
YFP-specific antibodies at the indicated time points. Shown are representative results from n = 3 independent experiments. B, quantification of mEpCTF-YFP
and mEpICD-YFP expression and calculation of mEpCTF 50% protein turnover were performed from n = 3 independent experiments. Shown are mean
values = S.E. (error bars). p values were calculated with one-way ANOVA. **, p < 0.01; ***,p < 0.001; ****, p < 0.0001. C, human EpCTF-YFP was stably expressed
in human HEK293 cells. Following pretreatment with DAPT (see “Experimental procedures”), cells were maintained in DAPT-containing medium, washed and
maintained in normal medium, or washed and maintained in B-lactone- containing medium for a further 24 h. hREpCTF-YFP and hEpICD-YFP expression was
assessed by immunoblotting with YFP-specific antibodies at the indicated time points. Shown are representative results from n = 3 independent experiments.
D, quantification of hEpCTF-YFP and hEpICD-YFP expression and calculation of hEpCTF 50% protein turnover were performed from n = 3 independent
experiments. Shown are mean values with S.E. p values were calculated with one-way ANOVA. **, p < 0.01; ***, p < 0.001; **** p < 0.0001.

a degradation modality that is assumed by the proteasome.
Therefore, to quantify the efficiency of proteasomal degrada-
tion of murine and human EpICD, ratios of EpICD to EpCTF

were calculated from immunoblots in the presence and absence
of B-lactone. In B-lactone—treated mF9 cells, ratios gradually
increased from 0.02 to 22.88, demonstrating an accumulation
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Figure 5. Cleavage of hEpCTF in murine F9 teratoma cells. A, human EpCTF-YFP was stably expressed in murine F9 teratoma cells. Following pretreatment
with DAPT (see “Experimental procedures”), cells were maintained in normal medium for a further 5 h. Cells were monitored at the indicated time points by
immunofluorescence microscopy. Shown are representative pictures at the indicated time points from n = 3 independent experiments at X200 and X400
magnification. B,immunofluorescence microscopy results shown in A were quantified from n = 30 cells from n = 3 independent experiments. Shown are mean
values = S.E. (error bars). p values were calculated with one-way ANOVA. **** p < 0.0001. C, visualization and quantification of hEpCTF-YFP and hEpICD-YFP
expression and calculation of hEpCTF 50% protein turnover was performed from n = 3 independent immunoblotting experiments. Shown are mean values
with S.E. p values were calculated with one-way ANOVA. **** p < 0.0001. D, two-way ANOVA was used to calculate the difference at each time point between

mEPCTF and hEpCTF in mF9 cells. The overall p value of the test is 0.96 with individual p values ranging from 0.88 to 0.99.

of mEpICD. In the absence of B-lactone after DAPT with-
drawal, the ratio was initially increased to 0.83 and dropped to
0.29 at later time points, suggesting that mEpICD sequentially
accumulated and was later degraded (Fig. 7C, left panel). Per-
centages of mEpICD degradation are represented by the differ-
ences in ratios between the two treatment groups. After 5 h,
99% of mEpICD was degraded in absence of 3-lactone (Fig. 7C,
left panel). Similarly, 94% of hEpICD was degraded after 24 h in
HEK293 cells (Fig. 7C, right panel). Hence, degradation of
murine and human EpICD fragments by the proteasome is a
highly efficient process, which takes place following EpCTF
cleavage by y-secretase.

Discussion

The expression of EpCAM is a tightly regulated process
throughout differentiation, under physiological and pathologi-
cal conditions. Early in embryonic development during gastru-
lation and in vitro in model systems, EpCAM expression is
retained in endodermally derived cells, whereas it is repressed
in cells differentiating into mesodermal lineages (32). Spatio-
temporally selective expression of EpCAM is important for
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proper maturation of embryonic stem cells (ESCs), as a bal-
anced combination of EpCAM ™ and EpCAM ™ cells is required
for full differentiation (32). Similarly, EpCAM is characterized
by a dynamic expression during cancer progression and is fre-
quently lost during EMT (33-35). Loss of EpCAM expression
in carcinoma cells during EMT is primarily associated with
enhanced migration and invasion properties (33, 36-39). A
direct involvement of the soluble extracellular domain of
EpCAM (EpEX) in the regulation of EMT by EGFR has been
revealed recently and represents a molecular basis for the
strongly differing clinical performance of patients with head
and neck cancers (HNSCC) based on their EpCAM/EGFR
expression profile (25). These findings are in line with the
report on the expression of EpCAM in single HNSCC cells with
a primarily epithelial phenotype, as opposed to cells with an
EMT signature. The latter ones were characterized by metasta-
ses formation and poorer survival (40).

In our previous study, we have addressed the precise timing
for the strict differential regulation of EpCAM in an in vitro
three-dimensional model of ESC differentiation. Complete loss
of EpCAM in subsets of cells occurs within ~12 h of spontane-
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Figure 6. Cleavage of mEpCTF in human HEK293 cells. A, murine EpCTF-YFP was stably expressed in human HEK293 cells. Following pretreatment with
DAPT (see “Experimental procedures”), cells were maintained in normal medium for a further 24 h. Cells were monitored at the indicated time points by
immunofluorescence microscopy. Shown are representative pictures at the indicated time points from n = 3 independent experiments at X200 and X400
magnification. B,immunofluorescence microscopy results shown in A were quantified from n = 30 cells from n = 3 independent experiments. Shown are mean
values = S.E. (error bars). p values were calculated with one-way ANOVA. ****¥ p < 0.0001. C, visualization and quantification of mEpCTF-YFP and mEpICD-YFP
expression, and calculation of mEpCTF 50% protein turnover was performed from n = 3 independent immunoblotting experiments. Shown are mean values
with S.E. p values were calculated with one-way ANOVA. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. D, two-way ANOVA was used to calculate the difference

at each time point between mEpCTF and hEpCTF in mF9 cells. The overall p value of the test is 0.10 with individual p values ranging from 0.34 to 0.99.

ous differentiation (32). However, down-regulation of the
EPCAM transcription levels ensued with a slight delay.
Together with a 50% protein turnover of the EpCAM protein of
21 h (41), these results suggested a post-translational mecha-
nism to actively down-regulate EpCAM protein within 12 h.
RIP and endocytosis are two major mechanisms by which
cells dispose of EpCAM from the cell surface (Fig. 8) (15, 16).
Furthermore, RIP is central to the signaling functions of
EpCAM in cancer and stem cells, where it was described to
regulate the expression of pluripotency-associated genes (4,
5,27, 30,42, 43). Therefore, understanding the pace of RIP is
a central point to further interpret EpCAM functions in the
cellular context of differentiation and signaling in normal
and malignant cells.

RIP encompasses an initial cleavage of EpCAM by a- and
[B-secretases to generate the soluble extracellular domain EpEX
and an EpCTF fragment that is still resident in the plasma
membrane and is further cleaved at y and e sites by the y-secre-
tase complex. Only very limited knowledge is available so far
with respect to the frequency of «- and -cleavage of EpCAM
(e.g. arequirement for cell—-cell contact and a capacity of EpEX
to serve as a ligand for intact EpCAM molecules) (5, 44). Fur-
thermore, regulation of EpCAM cleavage by EGF/EGER during
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phenotypic changes along the EMT have been described for
endometrial cancer cells (45). However, we could not repro-
duce such EGF/EGFR-dependent RIP of EpCAM in an array of
carcinoma cell lines of various entities, including endometrial
cells, thus suggesting that it does not represent a common
mechanism in cancer cells (25). Generally, the pace of EpCTF
proteolysis by y-secretase will further determine the pace of
signaling through EpICD and of EpCAM disposal from the
plasma membrane. In addition, the stability of EpICD in cells
will control the availability for and duration of nuclear signaling
by EpCAM.

In the present study, we demonstrate that the pace of murine
and human EpCTF proteolysis by y-secretase is slow and that
the subsequent degradation of EpICD by the proteasome is effi-
cient. Tracking of EpCTF cleavage by live-cell imaging and bio-
chemical approaches in combination with fluorescent protein-
tagged variants of EpCAM revealed 50% protein turnover of
EpCTF ranging from 45 min to 5.3 h in different cell lines.
These findings are in line with the reported slow and inefficient
proteolysis of amyloid precursor protein CTF by y-secretase
(46) and with cleavage by rhomboid proteases (47). Swapping
experiments demonstrated that the species of provenance of
EpCTF had no impact on the pace of proteolysis. In fact, the
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Figure 7. Amino acid similarities of EpCTF variants and EpICD degradation efficiencies. A, amino acid sequences of murine and human EpCTF are
compared. Amino acids in red type represent differences between murine and human sequence. Amino acids in green type represent different but functionally
equivalent residues. Functional identities between mEpCTF and hEpCTF are 91%, suggesting a highly conserved amino acid sequence. Functional identities of
y-secretase cleavage sites and transmembrane domains are 95 and 96%, respectively. The majority of y and e cleavage sites of EpCTF variants are identical
except for the €, site. B, cleavage of endogenous EpCTF was assessed in FaDu and HCT8 carcinoma cells. FaDu and HCT8 cells were treated with y-secretase
inhibitor DAPT for 24 h. Thereafter, cell inhibition was released upon withdrawal of DAPT, and EpCTF expression was monitored by immunoblotting with
EplCD-specificantibodies. Shown are representative results from n = 3 independent immunoblotting experiments (left panels) and mean values with S.E. (error
bars) (right panels). p values were calculated with one-way ANOVA. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. C, ratios of EpICD-YFP to EpCTF-YFP were
calculated from immunoblotting results to quantify EpICD degradation efficiency. Percentages of mEpICD degradation are represented by the A value
between two groups. 99% of mEpICD was degraded in the absence of B-lactone at 5 h (left panel shadow area and table). 94% hEpICD was degraded at 24 h in
HEK293 cells (right panel). Shown are mean values with S.E. (error bars) from n = 3 independent experiments.
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pace of proteolysis was transferred to EpCTF variants through
the choice of cell lines, which in turn displayed a steady pace of
cleavage independently of the species origin of the substrate.
The notion that y-secretase rather than its substrate CTF dic-
tates the pace of catalysis is corroborated by high identities in aa
of murine and human EpCTFs.

The cleavage pace of endogenous EpCTF was demonstrated
to be similarly slow in carcinoma cells of the head and neck area
and the ileocecum as compared with exogenously expressed
variants of EpCTF, with 4.7 and 5.5 h, respectively. Based on the
slow and inefficient cleavage of EpCTF by vy-secretase, rapid
signaling by EpCAM through RIP appears unlikely. We there-
fore suggest that RIP of EpCAM is responsible for more steady
signaling through EpICD in tumor cells (4, 5) and in stem cells
(27, 28), rather than for rapid transmission of extracellular cues
into de novo gene transcription activities. Additionally, EpICD-
mediated signaling is tightly controlled by a highly =94% effi-
cient degradation of EpICD by the proteasome. Furthermore,
differences in EpICD nuclear localization between malignant
and normal cells, as observed in colon tissue (5), might impact
EpCAM signaling through RIP and result in a lack of signals in
normal tissue, as has been recently reported for primary human
liver cells (48). However, degradation of EpCAM through RIP
and proteasomal activity (e.g. during ESC differentiation and in
cells undergoing EMT during the metastatic cascade) appears
as a potentially central means of disposal of EpCAM.

Taken together, we conclude that proteolysis of EpCTF by
y-secretase is a slow process that is subsequently followed by
highly efficient degradation of the cleavage product EpICD
by the proteasome.

SASBMB

Experimental procedures
Cell lines

Murine F9 teratoma (kind gift from Dr. Marcus Conrad,
Munich) cells and murine embryonic fibroblasts (NIH3T3)
were cultured in Dulbecco’s modified Eagle’s medium (high-
glucose) supplemented with 20% FCS (Biochrom AG, Heidel-
berg, Germany) and 1% penicillin/streptomycin. Human
embryonic kidney 293 cells (HEK293) and human squamous
cell carcinoma cells (FaDu and HCT8) were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin. All cell lines were grown
in a 5% CO, atmosphere at 37 °C. Human cell lines were
confirmed by STR-typing at the Helmholtz Center (Munich,
Germany).

Transfections and expression vectors

Transfections were performed with the MATra reagent (Iba,
Goettingen, Germany) following the manufacturer’s recom-
mendations. Full-length murine and human EpCAM (315 and
314 aa, respectively) were cloned in fusion with a YFP tag to
generate EpCAM-YFP constructs. EpCTF-YFP constructs con-
sist of the signal peptide of murine or human EpCAM (residues
1-23), a short linker peptide consisting of two amino acids
(KL), and the CTF sequence of murine (residues 251-315) or
human EpCAM (residues 250 —314) followed by YFP. All con-
structs mentioned above were cloned into the 141 pCAG-3SIP
expression vector by using EcoRI and Nhel restriction enzyme
sites. Stable selection of transfectants was performed with
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puromycin (1 wg/ml) in the appropriate culture medium start-
ing 24 h after transfection.

Inhibitors

Inhibition of +y-secretase and proteasome activity was
achieved by treating cells with DAPT (10 wv; Sigma, Munich, Ger-
many) or lactacystin B-lactone (10 um; Cayman Chemical),
respectively. Inhibitors were supplemented when medium was
changed.

Laser-scanning confocal microscopy

For fluorescence staining, cells were plated on glass slides
and grown to confluence followed by incubation with different
inhibitors. Cells were washed with PBS, fixed in 3% paraformal-
dehyde, and covered with VectaShield containing 4',6-di-
amidino-2-phenylindole to stain nuclei (Vector Laboratories,
Burlingame, CA). Images were analyzed with a TCS-SP5 sys-
tem, X63 oil immersion objective, and LAS AF software (Leica
Microsystems, Wetzlar, Germany).

Epifluorescence microscopy

Cells were cultured on 10-cm tissue culture dishes and grown
to 50% confluence. Cells were pretreated with DAPT for 24 h
and washed five times with PBS, and new medium without DAPT
was added. Images were acquired with an Olympus motorized
inverted research microscope IX81. The system was run by MMI
Cellcut Plus software (Molecular Machines and Industries, Ech-
ing, Germany). Fluorescence intensity across the plasma mem-
brane areas was quantified with Fiji software (48). Exposure time
for all cell lines was set to 959 ms in X200 magnification and 1180
ms in X400 magnification, respectively. Gain value was set to 0.5
dB, and camera offset value was subtracted from all images before
quantification. Mean intensity value of fluorescence at the first
time point of measurement was set to 100% as a reference, and all
other values were normalized to the reference.

Live-cellimaging

Cells were cultured on 35-mm glass or plastic bottom (Ibidi,
Munich, Germany) dishes and grown to 50% confluence. Cells
were pretreated with DAPT for 24 h, washed five times with
PBS, and separated into three treatment groups: DAPT main-
tenance, DAPT withdrawal, and DAPT withdrawal with B-lac-
tone maintenance. Images were acquired on a Nikon Ti-E
microscope equipped with a Opterra-II swept scan confocal
head (Bruker) and automated stage (ASI) with a X60 numerical
aperture 1.4 Plan Apo oil immersion objective or a X40 numer-
ical aperture 0.95 Plan Apo air objective, respectively (both
from Nikon), onto a Photometrics Evolve 512 Delta EMCCD
camera. The system was run by PrairieView software (Bruker).
Temperature was maintained by a full enclosure incubator (In
Vivo Scientific) with a feedback-controlled heating unit (World
Precision Instruments), with the temperature set such that
37 °C was maintained at the sample. An atmosphere of 5% CO,
was maintained by mixing pressured air with 100% CO, by
190/10 flow rates through connected flow meters (Voegtlin,
Germany). Air was humidified through a semipermeable mem-
brane tube immersed in water. A 488-nm excitation wavelength
and GFP filter set (500LP or 520/40BP, Chroma, Semrock) was
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used to visualize YFP. Fluorescence intensity across the plasma
membrane and intracellular areas was quantified with Fiji (49).
Camera offset value was subtracted from all images before
quantification. Mean intensity value of fluorescence at the first
time point of measurement was set as a reference to 100%, and
all other values were normalized to the reference.

Quantitative RT-PCR

Total mRNA was isolated using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) and reverse-transcribed with the Quanti-
Tect reverse transcription kit (Qiagen, Hilden, Germany).
c¢cDNA was amplified using SYBR Green PCR mastermix
(Qiagen, Hilden, Germany) and gene-specific primers in a
LightCycler® 480 (Roche Diagnostics). Normalizations across
samples were performed using an average of constitutive gene
expression of GUSB or GAPDH. Gene expression levels were
calculated according the expression, 27227, where ACT is
defined as CT, - CT, and AACT is

gene of interest endogenous control’

defined as ACT, ..oi — ACT eatment- Primers were as follows:
GusB, 5'-CAACCTCTGGTGGCCTTACC-3' (forward) and
5'-GGGTGTAGTAGTCAGTCACAGAC-3’ (reverse); mouse
presenilin 1, 5'-CAGTGAGGAGTGGGAGGCCCA-3' (for-
ward) and 5-GCACAGGCCGATCAGTATGGCTACA-3'
(reverse); GAPDH, 5'-TGCACCACCAACTGCTTAGC (for-
ward) and 5'-GGCATGGACTGTGGTCATGAG-3' (reverse);
human presenilin 1, 5'-TACCTGCACCGTTGTCCTAC-3’
(forward) and 5'-CTCATCTTGCTCCACCACCT-3' (reverse);
mouse presenilin 2, 5'-TCCTCAACTCCGTGCTTAAC-3’
(forward) and 5'-TGATGCTCCTCTTCTTGTTCAC-3' (reverse);
human presenilin 2, 5'-AGCCTCCCTTGACTGGCTAC-3’ (for-
ward) and 5'-TTCTACAGTGTGTCTGGTGGG-3' (backward).

Immunoblotting

Cells were lysed in PBS containing 1% Triton X-100 and pro-
tease inhibitors (Roche Complete, Roche Diagnostics). Protein
concentrations were determined by a BCA assay (Thermo Sci-
entific, Schwerte, Germany). 10 —40 pug of proteins were sepa-
rated by 10-15% SDS-PAGE, followed by immunoblotting
with B-actin (Santa Cruz Biotechnology, Inc. (Dallas, TX),
sc-47778; 1:5000) and GFP antibodies able to bind YFP (Abcam,
Berlin, Germany), horseradish peroxidase— conjugated second-
ary antibodies, and detection with ECL reagent (Millipore,
Darmstadt, Germany) in a Chemidoc XRS imaging system
(Bio-Rad, Munich, Germany). Membrane extraction was per-
formed as follows. Cells were resuspended in homogenizing buffer
(10 nm MOPS, pH 7.0, 10 mm KCl (4 °C), 1X Roche Complete
protease inhibitor), Dounce homogenized in 23-gauge needles (10
strokes), and centrifuged at 1000 X gat 4 °C for 15 min to generate
a post-nuclear supernatant. Post-nuclear supernatant was then
centrifuged at 16,000 X gat4 °C for 20 min, and the resulting pellet
was washed in 500 ul of homogenizing buffer before centrifuga-
tion at 16,000 X g at 4°C for 3 min. The resulting pellet was
resolved in lysis buffer (TBS-T, 1% Triton X-100).

Quantification of protein expression was conducted as fol-
lows. Chemiluminescence intensity of protein bands from each
time point was measured using the volume tool implemented in
the Image Lab software (Bio-Rad). The first time point of
EpCTF expression was labeled as a reference band within the
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DAPT withdrawal/maintenance group, whereas the EpICD
band from the last time point was set as a reference band within
the B-lactone maintenance group. All remaining protein expres-
sion values represent the ratio of the antigen intensity divided by
the reference band and were displayed as relative quantity.

Statistics

Results are presented as mean * S.E. of at least three inde-
pendent experiments. Significance of differences from the first
time point was calculated using one-way ANOVA with Bonfer-
roni’s multiple-comparison test; the significance of differences
between two groups at each time point was calculated using
two-way ANOVA with Sidak’s multiple-comparison test. The
level of significance was displayed as follows: *, p < 0.05; **, p <

0.01; ***, p < 0.001; ****, p < 0.0001.
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