


Sauermann et al.

FIG. 4. Confirmation of the candidates in a nuclear fragmentation assay. Shown are the scatter plots of caspase-3 activation and images of DAPI-
stained nuclei of the 6 candidate proteins, with YFP as the negative control. In each scatter plot, the percentage of untransfected apoptotic cells is
shown in the left corner and the percentage of transfected apoptotic cells in the right corner.

control), and CIDE-c (positive control) in conjunction with the Examination of scatter plots and the images of DAPI-stained
scatter plots for the same proteins from the high-throughput  nuclei indicate that the strength of signal in the caspase-3 assay
caspase-3 assay. The nuclei of all cells were stained by DAPI, strongly correlates with the nuclear fragmentation results of the
although only transfected cells also show the YFP signal. corresponding expression clone (i.e., the proteins that induced
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a strong caspase-3 activation also showed a clear nuclear frag-
mentation). However, 1 exception seems to be the candidate
BRP44. Overexpression of both C- and N-terminally tagged pro-
tein resulted in caspase-3 activation in 13.5% and 11.9% of trans-
fected cell population, respectively. But nuclear fragmentation
was observed only in cells transfected with the N-terminal fusion
protein, although both fusion proteins apparently localized to the
same subcellular compartment (Fig. 4 and Table 1).

DISCUSSION

Along with uncontrolled proliferation, the survival of tumor
cells is also due to their inability to activate cell death. Although
apoptosis research is progressing at a rapid pace, the list of pro-
teins in the apoptosis network is far from complete. Therefore, it
is necessary to identify the unknown players in this large network
prior to a systems biological analysis of the relations and interre-
lations of the individual proteins. In an effort toward this, we
have established a flow cytometry—based, high-throughput, cell-
based apoptosis assay and screened for dominant apoptosis-
inducing proteins. Other currently available flow cytometry—
based apoptosis assays are either difficult to automate (TUNEL)
and/or not very specific for apoptosis (detection of sub-G1 pop-
ulation). A fluorescent-activated cell sorting (FACS)-based
Annexin V assay is suitable only for cell types that grow in sus-
pension because the procedures applied to detach adherent cells
from the surface prior to measurement leads to structural changes
of the plasma membrane, resulting in the exposure of phos-
phatidylserine even in nonapoptotic cells. However, most sus-
pension cell lines have a low transfection efficiency, making
them unsuitable for experiments based on transient transfections.
These difficulties have hindered the development of reliable
high-throughput screens to identify proteins inducing apoptosis
on transient transfection. The screen described here is a specific
and sensitive approach for high-throughput detection of apopto-
sis in transiently transfected cells.

We followed an overexpression strategy in which cells were
transiently transfected with YFP-tagged ORFs and stained with a
polyclonal antibody detecting activated caspase-3. HEK293T
cells were selected for screening after validating them with
known apoptosis inducers for the presence of intact apoptosis
machinery (Fig. 1C). This cell line also showed a high transfec-
tion efficiency (70%-100%), even with miniprep DNA, which
resulted in clear and statistically significant effects in the assay.
Using a fluorescent tag (such as YFP) is a very convenient
approach to identify cells overexpressing the protein of interest.
But one frequent problem associated with the use of such a large
tag (the molecular weight of YFP is ~25 kDa) is the masking of
the localization signals, resulting in the wrong subcellular local-
ization of the protein.”'® Moreover, localization to the correct cel-
lular compartment may not always correspond to the correct
function of the fusion protein. This is possibly due to the YFP
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tag’s masking the domains present at one or the other terminus of
the protein that is necessary for the protein function. To cope with
this, ORFs with both tag orientations were screened. Each exper-
iment was also repeated 4 times to obtain statistically significant
effects. A total of 200 full-length proteins have been screened in
the assay, of which 8 proteins that showed strong to medium acti-
vation of caspase-3 were selected as candidates for further vali-
dation (Table 1). After validating these 8 proteins in a nuclear
fragmentation assay, 6 were selected as final candidates. Proteins
that showed a clear activating effect in the caspase-3 assay also
induced a strong nuclear fragmentation (Fig. 4), thus confirming
the specificity of our high-throughput assay.

For one of the candidate proteins, BRP44, nuclear fragmenta-
tion was detected only with YFP-OREF, though both tag orienta-
tions of the protein resulted in a similar level of caspase-3
activation and also localized to the same subcellular compart-
ment (i.e., mitochondria). The FACS dot plots of BRP44 indicate
that transfection with YFP-ORF resulted in a gradual increase in
caspase-3 activation with an increase in the protein expression
level, whereas ORF-YFP produced a threshold effect (i.e., only
cells expressing a very high level of protein were apoptotic).
Because the protein expression level was not quantified in the
microscopy-based nuclear fragmentation assay, it is very well
possible that the few cells with a very high protein expression
were masked/dominated by the higher number of cells with a
medium expression level, resulting in the underestimation of the
total number of fragmented nuclei. However, we cannot exclude
the possibility that BRP44 is an example of a false positive that
could not be confirmed in the validation assay.

Below, 6 final candidates of the apoptosis screen are described,
together with their potential association with apoptosis.

FUN14 domain containing 2 (FUNDC2)

This protein had initially been identified in a yeast 2-hybrid
screen to interact with hepatitis C core protein.'® Besides its
essential role in viral replication, the core protein is involved in
a variety of functions such as signal transduction, cell cycle
regulation, changes in gene transcription, and apoptosis.
Previous studies regarding the role of the core protein in apop-
tosis demonstrated controversial results. There are several stud-
ies indicating that the core protein suppresses apoptosis,'”'®
whereas other studies showed that it promotes apoptosis.
Although the differences in activity could be cell-type specific,
it is clear that the core protein regulates apoptosis. But the pre-
cise mechanism by which this is done is not fully understood.
The core protein was described to suppress the activation of
caspase-3,”' although we show here that overexpression of
FUNDC?2 leads to the activation of caspase-3. Therefore, it is
well possible that the core protein suppresses the apoptosis-
activating effect of the protein encoded by FUNDC?2 by inter-
acting with it.

19,20
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Interferon o~inducible protein 27
(IFI 27) or ISG12(a) protein

The gene belongs to the interferon stimulated genes 12
(ISG12) gene family. The ISG proteins participate in a variety of
biological functions involving antiviral, apoptotic, antiprolifera-
tive, antitumor, and immunomodulatory activities. The protein
sequence of ISG12 has 33% overall sequence identity to the prod-
uct of the 6-16 gene (also an interferon-stimulated gene), but the
functions of 6-16 as well as ISG12 have not been identified yet.
Moreover, similar induction patterns have been found for 6-16
and ISG12 in various cell lines,? suggesting the possibility that
these proteins might play related roles in the interferon system.
Increased expression of 6-16 was observed during cell growth
arrest and in senescent cells,” indicating that 6-16 is involved in
growth inhibitory processes. Overexpression of ISG12(a) induced
activation of caspase-3 and subsequently apoptosis, which is con-
sistent with the growth-inhibitory property of 6-16.

Solute carrier family 25, member 31 (SLC25A31)

SLC25A31 is a novel member of the mitochondrial solute car-
rier family 25. Three isoforms of this protein family (adenine
nucleotide translocator [ANT] 1, 2, and 3) with tissue-specific
expression patterns have been described in humans. SLC25A31 is
the 4th isoform and shares 66% to 68% amino acid identity with
the other 3 isoforms.?* Overexpression of ANT1, a well-known
member of this family, has also been demonstrated to induce
apoptosis.?

Brain protein 44 (BRP44)

BRP44 localizes to the mitochondria and belongs to a
family of proteins of unknown function. No similarities to
known proteins or domains have been found. However, homo-
logues have been found in dog, mouse, zebra fish, fruit fly, and
worm, indicating that the function of the protein might be
important in the cell. A similar protein called brain protein
44-like (from Rattus norvegicus) is predicted to be localized to
the inner mitochondrial membrane, and it might be involved in
the apoptosis of neuronal cells (SOURCE)." This is consistent
with the mitochondrial localization and the apoptosis-inducing
effect of brain protein 44 we observed here.

Cllorf56

This protein localizes to the cytoplasm and nucleus. No
functional data or association with apoptosis-related processes
are available for the candidate C110rf56.

Vacuole membrane protein 1 (VMPI)

Vmpl has no known domains or similarities to known
proteins. Its homologue, rat Vmpl, was shown to be highly
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expressed in acinar cells of rats with acute pancreatitis and in
ischemic rat kidney,? conditions in which cells die by apoptosis
as well as necrosis. Therefore, Vimpl was described as a stress-
induced gene that might be activated as an emergency program
against pancreatitis and kidney ischemia. Overexpressed rat
Vmpl was shown to promote intracellular vacuole formation and
apoptosis, which is consistent with our results.

SUMMARY

Interestingly, 3 of the proteins described above are mitochon-
drial, as determined in the subcellular localization screen. This is
in line with the fact that mitochondria are frequently involved in
apoptosis processes.”

The selection and establishment of a suitable assay was one
of the most critical parameters in the implementation of the
apoptosis screen. We aimed at selecting an assay that would
detect changes in individual cells. This assay was designed to
detect even minute changes in the parameters being assessed
(i.e., the protein expression and caspase-3 activation levels) and
at the same time was robust enough to be automated for high-
throughput screening. Although plate reader—based assays offer
the advantage that the data acquisition times are very short,
they do not allow for a single-cell resolution. Recently, auto-
mated microscopes have been used for high-throughput appli-
cations to monitor changes at the level of individual cells.'*
However, apoptotic cells tend to lose their adherence and
detach from the surface of the well. This could result in under-
estimation of the total number of apoptotic cells, thus leading
to a misinterpretation of the assay outcome. Consequently, we
did not consider microscopy-based methods for high-throughput
detection of apoptosis.

The flow cytometry—based method described here offers the
advantage that several parameters of individual cells can be mea-
sured simultaneously while it facilitates the measurement of
adherent as well as of floating (apoptotic) cells. When cells are
transiently transfected with YFP-tagged ORFs, the transfected
cells can be distinguished from untransfected cells, thus allowing
us to relate the level of protein expression to the strength of the
induced effect. Moreover, death ligands, secreted proteins, and
other proteins that induce apoptosis also in the untransfected
cells of the same well can be easily identified from the pattern of
scatter plots (see Fig. 4). Such trans effects should be difficult to
analyze with reverse-phase cell arrays,® which also typically
acquire data from fewer than 500 transfected cells. With our
assay, data from more than 10,000 cells/well have been analyzed,
which resulted in statistically significant results. Any transfection
of cells induces apoptosis in a fraction of the population and
necessitates a distinction between noise and real signal. High cell
numbers make this distinction possible and help to enlarge the
dynamic range that is required to also identify mild inducers of
apoptosis (e.g., C11orf56).
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Despite these advantages, we also identified certain limita-
tions of our assay. Although activation of caspase-3 is a central
event in apoptosis, increasing evidence shows that apoptosis
can also occur in the absence of caspase-3 activation. Proteins
inducing apoptosis through such pathways cannot be identified
in this assay. But the assay described here is versatile enough and
can be adapted to identify any pathway by simply interchanging
the antibody. An ideal high-throughput assay is one that can be
performed in a single well with no other manipulation other than
addition of the sample to be tested. Although it is easy to auto-
mate such methods, the specificity and/or the sensitivity of the
assay will be compromised. The caspase-3 assay described here
reached a reasonable compromise between sensitivity and the
level of automation. Detection of activated caspase-3 by flow
cytometry is a direct, specific, and sensitive approach for detect-
ing apoptosis. Although the process of transfection and the many
steps in the antibody-labeling procedure (i.e., fixation, permeabi-
lization, antibody labeling, washes, etc.) are automated for this
assay in a 96-well format, the staining procedure involves some
centrifugation steps that require manual intervention. The process
of aspirating the buffers from the 96-well plates resulted in
loss of cells in every step. This restricts the use of this assay for
ultra-high-throughput applications (in 384-well plates) that typi-
cally start with very few cells per well. The current screen was
performed in quadruplicate to evaluate the between-well repro-
ducibility and robustness of the assay. Selection of candidates
based on duplicate experiments might result in an increased
number of false positives or false negatives (as seen in Fig. 2A),
and therefore, we consider at least 3 replicates necessary for any
high-throughput screen.

CONCLUSION

We developed and applied a high-throughput assay to identify
proteins that dominantly induce apoptosis upon overexpression.
This assay makes it possible to identify those cells that are trans-
fected with the ORF of interest and to correlate the observed
effect with the expression level of the protein. A pilot screen with
200 previously uncharacterized proteins led to the identification
of 6 apoptosis inducers and enabled us to test the functionality
and reliability of the assay. This screen has been done in a kid-
ney cell system, and follow-up experiments are under way to val-
idate these candidates in a non-YFP approach also in other cell
types. Extending our approach to large sets of proteins in the
future will contribute to a better understanding of the regulation
of apoptosis and toward the development of novel strategies to
combat cancer.
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