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ABSTRACT: By the delivery of specific natural or engineered
proteins, mammalian cells can be programmed to perform
increasingly sophisticated and useful functions. Here, we
introduce a set of proteins that has potential value in cell-based
therapies by programming a cell to target tumor cells. First, the
delivery of VSV-G (vesicular stomatitis virus glycoprotein)
allowed the cell to undergo membrane fusion with adjacent
cells to form syncytia (i.e, a multinucleated cell) in conditions
of low pH typically occurring at a tumor site. The formation of
syncytia caused the clustering of nuclei along with an
integration of the microtubule network and ER. Interestingly,
the formation of syncytia between cells that are dynamically
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blebbing, a mode of migration preferred during tumor metastasis, resulted in the loss of these morphology changes. Lastly, the
codelivery of VSV-G with LS7R (an engineered photoactivated caspase-7) allowed cells to undergo low pH-dependent
membrane fusion followed by blue light-dependent apoptosis. In cell-based therapies, the clearance of syncytia between tumor
cells might further trigger an immune response against the tumor.
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Cells can be programmed to perform a diverse set of functions
through the delivery of natural or engineered proteins. This
concept has been applied notably to the reprogramming of
stem cell fate by delivering a set of transcription factors for
converting mouse fibroblasts to pluripotent stem cells, neurons’
or cardiomyocytes.” Cellular programming can be applied more
broadly to control not just stem cell fate but cell behavior.
While most applications to date have used naturally occurring
proteins, the efforts to engineer proteins expand the
possibilities of rewiring biological functions. For instance,
through protein engineering with the LOV2 domain,
engineered proteins have brought cell migration,3 gene
transcription,* Ca®* entry® and apoptosis® under the direct
control of blue light. Further, the engineering of Ca®* sensitive
proteins allows rewiring of many stimuli through the natural
modularity of Ca®t signaling.7 Specifically, through the
coexpression of an engineered Ca’* sensitive RhoA with the
acetylcholine receptor or channelrhodopsin-2, cell migration
could be controlled by acetylcholine and blue light,
respectively.”®

Through a network of the natural and engineered genes,
programmed cells can begin to perform increasingly
sophisticated and useful functions such as the identification of
a tumor site, inhibition of metastasis and initiation of tumor cell
death. When a solid tumor reaches beyond the size of 1-2
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mm?®, the cells in the center of the tumor experience a
microenvironment with low oxygen and nutrients.”'® Low
oxygen, in particular, causes the cell to switch from respiration
to glycosis for ATP production that in turn lowers pH around
the tumor site.""'> To continue its expansion, the tumor grows
blood vessels that restore oxygen and nutrient supply (i,
angiogenesis) and at a later stage, these vessels serve as
conduits for tumor cells to migrate to other sites (ie.,
metastasis). Thus, new anticancer drugs>~'° have been
developed to target pathways regulating angiogenesis and
metastasis, but they too have significant side-effects as these
pathways likewise function in normal physiology. An ideal
therapeutic could recognize a disease condition and then act
locally to minimize systemic side-effects (i.e., similar to the
immune system at its best). For instance, a programmed cell
could recognize the tumor microenvironment via low pH,
inhibit metastasis and then initiate cell death of both the tumor
and programmed cell.

Here, we introduce a set of proteins that has potential value
in programming a cell for therapeutic intervention against
tumor cells. To recognize the low pH environment at the
tumor site, vesicular stomatitis virus glycoprotein (VSV-G) was
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Figure 1. VSV-G facilitates membrane fusion at low pH. (A) Schematic layout of vectors created in the study. (B, C) The fluorescence image of
COS-7 cells transfected with dualCMVygy.g/mrrp after replacement with PBS (pH 6, 25 °C) at 0 and 10 min. The dotted line indicates the location
of an untransfected cell, while the arrows indicate cells that have gained fluorescence or become brighter. (D, E) The fluorescence image of cells
incubated in DMEM (pH 7.4, 37 °C, 5% CO,) after 1 and 3 h. COS-7 cells were cotransfected with dualCMVygy.g/mrep and
dual CMV ceryean-NLs/Lyn-venus and similarly treated for 10 min in PBS (pH 6, 25 °C). (F, G) The fluorescence image of cells after a 3 h incubation
in DMEM (pH 7.4, 37 °C, 5% CO,). Red fluorescence was shown separately so that the nucleus is more visible. (H) Percentage of cells in syncytium
formation with different pH buffers. The percentage was calculated as the total number of cells involved in syncytium formation divided by the total
number of cells observed (n = 3 experiments). Images are in false color (i.e., blue for Cerulean, green for Venus, red for mRFP). The scale bar is 10

um. See also Figure S1 (Supporting Information).

used, a common envelope protein employed in lentivirus
generation that allows transfection of a wide variety of cell
types."® When VSV-G was expressed in mammalian cells, we
observed membrane fusion between cells when the pH was
lowered to ~6 (e.g., a level of acidity found within the tumor
site), a finding consistent with the literature.'”'® The formation
of syncytia (i.e., fused cells with 3 or more nuclei) resulted in
the gradual clustering of the nuclei and rearrangement of the
microtubule network and endoplasmic reticulum (ER).
Furthermore, syncytia formation between dynamically blebbing
cells resulted in the cessation of blebbing or amoeboid-like cell
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morphologies, a mode of cell migration preferred during
metastatic migration of certain cell types.'® To initiate death of
the syncytia, we used LS7R, a previously engineered caspase-7
protein and induced apoptosis by blue light excitation.®
Apoptosis is a particularly desirable form of cell death because
the cells die in an orderly way and then are silently cleared by
the immune system in a process that causes no inflammation.
During cell clearance, dendritic cells can uptake antigens from
the fused cell to initiate a specific immune response against
both the tumor and programmed cell.*
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Figure 2. The rearrangement of the nuclei, the microtubule network and ER from syncytia formation. Membrane fusion was induced by treating
COS-7 cells for 10 min in PBS (pH 6, 25 °C) and then incubated in DMEM (pH 7.4, 37 °C, 5% CO,) for 1 h. To observe nuclei changes, COS-7
cells cotransfected with dualCMVygy.g/mrep and dualCMV eyiean NLS/Lyn-venus Were imaged after (A) 0 h, (B) 1 h and (C) 4 h. To observe
microtubule network changes, COS-7 cells cotransfected with dual CMVygy.;/mrrp and EB1-GFP were imaged after (D) O h, (E) 1 h and (F) 4 h. To
observe ER changes, COS-7 cells cotransfected with dualCMVygy.g/mrep and FKBP12-TM p4-Venus-KDEL were imaged after (G) O h, (H) 1 h and
(I) 4 h. The arrow in H indicates a nucleus without a surrounding Golgi apparatus. Images are in false color (i.e., blue for Cerulean, green for Venus,
red for mRFP). The scale bar is 10 ym. See also Movies S1 and S2 (Supporting Information).

Mammalian cells transfected with VSV-G underwent cell—
cell membrane fusion at low pH' (n = 30/30 experiments)
(Figure 1). To allow expression of two proteins in transfected
cells, a dualCMV vector was assembled to contain two CMV
promoters with multiple cloning sites. In the du-
alCMVyssy.g/mrep Vector, VSV-G expression was controlled by
one CMV promoter, while monomeric red fluorescent
protein®’ (mRFP) expression was controlled by the other
(Figure 1A). COS-7 cells transfected with dualCMVygy.c/mrep
had red fluorescence localized to the nucleus and cytoplasm,
where the nucleus had a slightly higher fluorescence that
excluded the nucleolus (Figure 1B). After 10 min in PBS (pH
6), we noticed a fluorescence redistribution: one cell became
brighter and nonfluorescent cells became fluorescent (Figure
1C). This indicated that early membrane fusion occurred in
some cells because mRFP could freely diffuse between cells.
Next, the media was replaced with DMEM (pH 7.4) and
incubated at 37 °C and 5% CO,. After 1 h, most cells in the
culture dish appeared to be fused with 2—3 nuclei (Figure 1D).
After 3 h, most cells were giant cells (called syncytia) with
greater than 4 nuclei that clustered together (Figure 1E),
indicating that membrane fusion can fuse more than 2 cells
together.

To more clearly observe the nucleus and plasma membrane,
the dualCMV e ryieanNLS/Lyn-venus VECtor was created, where
Cerulean-NLS is Cerulean® (ie., mutant cyan fluorescent
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protein) fused with a nuclear localization signal (RIRKKLR)
and Lyn-Venus is Venus™ (ie, mutant yellow fluorescent
protein) fused with the plasma membrane localization signal
from Lyn kinase (GCIKSKGKDSA) (Figure 1A). Next, COS-7
cells cotransfected with dualCMVygy.g/mrep and dual-
CMV erulean-NLS/Lyn-venus Were similarly induced to fuse mem-
branes by PBS (pH 6). With the nuclear marker, we could
clearly observe some cells had greater than 10 nuclei after 3 h
(Figure 1F,G). To establish the range of pH required to induce
membrane fusion, we determined the percentage of cells
involved in syncytia formation in pH buffers varying from S.5,
5.7, 6.0, 6.2, and 6.5 (Figure 1H). Consistent with previous
studies,'” the membrane fusion occurred negligibly at pH 6.5,
moderately at pH 6.2 and readily at .5, 5.7, or 6.0. Lastly, low
pH-dependent membrane fusion was apparent in all tested
mammalian cell lines (i.e., HeLa and HEK293 cells) (Figure S1,
Supporting Information).

After cell—cell membrane fusion, the nuclei of the syncytia
clustered, along with an integration of the microtubule network
and ER. COS-7 cells cotransfected with dualCMVygy.q/mrep
and dualCMV¢ryean-NLS/Lyn-venus Were fused together in the
previous low pH conditions. Initially, the nuclei were separated,
and gradually over 3 h, the nuclei began to cluster together,
suggesting a dynamic rearrangement of cell structure (Figure
2A—C, Movies S1 and S2, Supporting Information) (n = 10
experiments). To track changes in the microtubule network,
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Figure 3. Dynamic blebbing is stopped by syncytia formation. The fluorescence images of HEK293 cells cotransfected with dual CMVygy./mrep and
RhoA(Q63L)-Venus at (A,B) 0 min, (C) 10 min and (D) 20 min. After membrane fusion, the fluorescence images of HEK293 cells transfected with
dual CMVygy./mrep and RhoA(Q63L)-Venus at (E,F) 0 min, (G) 10 min and (H) 20 min. Images are in false color (i.e., green for Venus, red for
mRFP). The scale bar is 10 ym. See also Movies S3 and S4 (Supporting Information).

Figure 4. Programming membrane fusion and subsequent apoptosis. Again, membrane fusion was induced by treating COS-7 cells for 10 min in PBS
(pH 6, 25 °C) and then incubated in DMEM (pH 7.4, 37 °C, 5% CO,) for 1 h. The fluorescence images of COS-7 syncytia cotransfected with
dual CMVygy./1s7r and dualCMV ryiean-NLS/Lyn-venus 3t (A/E,I)0h, (B,F,J) 1 h,(C, G,K)2hand (D, H, L) S h. Images are in false color (i.e., blue
for Cerulean, green for Venus, red for mRFP). The scale bar is 10 ym. See also Movies S7—S9 (Supporting Information).

COS-7 cells were cotransfected with dualCMVygy.g/mrep and
EB1-GFP** (Figure 2D—F) (n = 3 experiments). Ending
Binding 1 (EB1) is a highly conserved protein that regulates the
growth of microtubules, and when fused with green fluorescent
protein (EB1-GFP), it labels growing microtubules during
mitosis.”* Prior to cell—cell membrane fusion, some contorted
strands of microtubule fibers were observed in random
orientations inside the cell (Figure 2D). The large background
fluorescence was from excess EB1-GFP that did not associate
with polymerizing microtubules. After cell—cell membrane
fusion, many long straight strands of microtubule fibers were
observed inside the syncytia (Figure 2E,F). To track changes in
the ER, COS-7 cells were cotransfected with du-
alCMVygy.G/mrep and FKBP12-TMyy p,-Venus-KDEL>® (Figure
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2G-1) (n = 3 experiments). FKBP12-TM; p4-Venus-KDEL is
a synthetic transmembrane protein designed by our group that
labels the ER with Venus, which appears as a web-like
fluorescence distribution.>® There was also a fluorescent outline
that defined the nuclear envelope surrounded by a cluster of
fluorescence that defined the Golgi apparatus (Figure 2G).
After cell—cell membrane fusion, nuclei away from the main
cluster of nuclei appear to lose their Golgi apparatus, suggesting
that only one area of the syncytia can function as the Golgi
apparatus (Figure 2H,I).

The membrane fusion between cells undergoing dynamic
blebbing or amoeboid-like morphology changes resulted in the
loss of these morphology changes. Blebbing and amoeboid-like
migration by RhoA is thought to be the mode of cell motility

dx.doi.org/10.1021/sb3000468 | ACS Synth. Biol. 2013, 2, 173—-179
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Figure 5. Programming a cell to target and eliminate tumor cells. First, the engineered cell migrates to the tumor site by the signals released by the
tumor site (e.g., VEGF). Second, it recognizes the specific microenvironment of the tumor site (e.g,, low pH). Third, it initiates membrane fusion
with tumor cells to create syncytia. Lastly, it dies by apoptosis and is cleared by the immune system in a process that may trigger a further adaptive

immune response against the tumor.

preferred in cancer metastasis of certain cell types, which
appear as spherical extensions from cell.***” In weakly adherent
cell lines like HEK293, the overexpression of the dominant
positive mutant of RhoA (Q63L) induces dynamic cell blebbing
that could guide cell migration to close a wound in in vitro
assays.” Thus, HEK293 cells were cotransfected with
dualCMVygy.g/mrep and dominant positive RhoA (Q63L) to
first induce dynamically blebbing as observed by forming and
retracting spherical extensions from the cell (Figure 3A—D,
Movie S3, Supporting Information) (n = 3 experiments). After
cell—cell membrane fusion induced by low pH, the syncytia no
longer displayed any dynamic blebbing (Figure 3E—H, Movie
S4, Supporting Information) (n = 3 experiments). Cell—cell
membrane fusion was evident as there was relatively uniform
fluorescence intensity within the syncytia and a lack of cell
boundaries. Lastly, a similar lost of dynamic blebbing was
observed in fused HeLa cells overexpressing dominant positive
RhoA (Q63L) (Figure S2, Movies SS and S6, Supporting
Information) (n = 3 experiments). The cessation of dynamic
blebbing in syncytia should reduce their motility, which is
intuitive as increasing size is commonly correlated with
decreasing motility.

By coexpressing VSV-G and the engineered protein LS7R,
mammalian cells were programmed for low pH-dependent
membrane fusion and light-dependent apoptosis (Figure 4;
Movies S7—S9, Supporting Information) (n = 3 experiments).
LS7R is a photoactivable caspase-7 engineered by our group
through the tandem fusion of the LOV2 domain, the catalytic
domain of caspase-7 and mRFP.® When stimulated by blue
light, the LOV2 releases inhibition of the catalytic domain of
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caspase-7, allowing it to cleave substrates that execute the
apoptosis pathway. The dualCMVygy.g/Ls7r vector was
constructed to allow expression of both VSV-G and LS57R
(Figure 1A). When COS-7 cells were transfected with
dualCMVygy.g 57z and induced with low pH conditions, they
could efficiently fuse with untransfected cells (Figure S4,
Supporting Information). Next, COS-7 cells cotransfected with
dualCMVygy.g/1s7r and dualCMVcereanNLs/Lyn-Venus WeTe in-
duced to fuse membranes by the previous low pH conditions.
Again, the lack of cell boundaries and the relative uniformity of
fluorescence within syncytia confirmed that the cell—cell
membrane fusion occurred. The nuclei were also detected
under red fluorescence since LS7R is large enough to be
excluded from the nucleus. Since only minimal light stimulation
was needed to activate LS7R, syncytia were stimulated using a
pulsed blue light with a long period and short exposure (i.e.,
300 ms exposure every minute) to minimize phototoxicity.
After 1 h, there was dramatic shrinkage in syncytia, but nuclei
remained distinct. After 2 h, the syncytia began to round and
there was nuclear instability as some nuclei disappeared or
merged. After 4 h, there was dynamic blebbing in the syncytia.
All these changes are consistent with apoptotic cell death
mediated by L57R.° Using the same blue light excitation in
syncytia transfected with dualCMVygy.g/mrep and dual-
CMV Cerlean-NLS/Lyn-Venus SYRCytia had minimal cell morphology
changes and no nuclear instability or dynamic blebbing (Figure
2A—C). As expected, blue light excitation of syncytia
transfected with dualCMVygy.g 157 v also stained positive for
propidium iodide, which labels DNA in dead cells (Figure S3,
Supporting Information) (n = 3 experiments).
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We have demonstrated a potentially useful set of proteins to
program cells to target and eliminate tumor cells (Figure S).
The expression of VSV-G allows a cell to recognize the low-pH
environment around a tumor site and then subsequently start
membrane fusion to form syncytia with tumor cells. Next, the
expression of LS7R allows the syncytia between the
programmed and tumor cells to undergo photoactivated
apoptosis. The subsequent clearance of the syncytia by the
immune system can potentially initiate a specific immune
response against both the tumor and programmed cell.” It is
possible that more genes are still necessary to enable the
programmed cell to migrate to the tumor site. Since tumor sites
secrete growth factors such as vascular endothelial growth
factor (VEGF) for angiogenesis,28 cell migration toward tumor
sites can potentially be programmed using a protein network of
the VEGF receptor and engineered Ca®>* sensitive RhoA
proteins.”® For ultimate applications in cell-based therapies, it
will be important to study the consequences of creating
syncytium with tumor cells as it may result in nuclear fusion,
genomic instability and an overall more aggressive tumor.
Furthermore, VSV-G dependent membrane fusion may activate
prematurely and induce fusion with normal cells to cause off
target toxicity. Other issues include determining the best cell
type to program along with whether to genetically modify the
patient’s own cells or a universal cell with immunosuppres-
sants.”’ Nevertheless, membrane fusion combined with
apoptosis might be a useful general strategy to clear unwanted
cells in cell-based therapies.

B MATERIALS AND METHODS

Plasmids. To express two proteins from a single vector, the
dual CMV vector was assembled with two CMV promoters and
multiple cloning sites using a cassette-based methodology
described previously.’*** EB1-GFP and VSV-G were from
Addgene (Cambridge, MA) plasmids 17234 and 11914,
respectively. VSV-G was amplified by PCR and inserted into
the pCfvtx vector" All subsequent fusion proteins were
subcloned as previously described®®™>* and then inserted into
dualCMV vector via compatible restriction endonuclease sites.

Cell Culture and Transfection. COS7, HeLa and HEK293
cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 25 mM p-glucose, 1 mM sodium pyruvate
and 4 mM L-glutamine (Invitrogen, Carlsbad, CA) with 10%
supplemented Fetal Bovine Serum (FBS) (Sigma Aldrich, St.
Lois, MO) in TS flasks (37 °C and 5% CO,). Cells were
passaged at 95% confluency using 0.05% Trypsin with EDTA
(Sigma) and seeded onto 35 mm glass-bottom dishes (MatTek,
Ashland, MA) at 1:15 dilution. Cells were transiently
transfected using Lipofectamine 2000 according to manufac-
turer’s protocols (Invitrogen).

Induction of Membrane Fusion. The cell media was
replaced with a phosphate buffered saline (PBS) buffer adjusted
to pH 6 by addition of hydrochloric acid. After 10 min of
incubation at room temperature, the cell media was replaced
with DMEM + 10% FBS and incubated 37 °C and 5% CO, for
3 h.

lllumination and Imaging. Imaging was performed using
an inverted IX81 microscope with Lambda DG4 xenon lamp
source and QuantEM 512SC CCD camera with a 60X oil
immersion objective (Olympus). Filter excitation (EX) and
emission (EM) bandpass specifications were as follows (in
nm): CFP (EX: 438/24, EM: 482/32), YEP (EX: 500/24, EM:
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542/27), RFP (EX: 580/20, EM: 630/60) (Semrock). Image
acquisition was done with MetaMorph Advanced (Olympus).
Quantification of Membrane Fusion in Varying pH
Conditions. For each pH condition, three independent
experiments were performed. For each experiment, 30 random
frames containing transfected cells were collected from the
microscope described above. Nonsyncytia were cells that
contained 1 or 2 nuclei, whereas syncytia were cells with 3 or
more nuclei. Percentage of syncytium formation was calculated
by dividing the number of syncytia with the number of cells.

Induction of Photoactivated Apoptosis. Cells trans-
fected with LS7R were illuminated for 300 ms every minute
using the CFP excitation filter. The light intensity was
measured at 25 mW/cm?.

Propidium lodide Staining and Imaging. The cell media
was replaced with a PBS buffer containing 2 yM of propidium
iodide (Sigma). After S min, the cell media was replaced with
PBS buffer. Fluorescence from propidium iodide was measured
using optical filters for RFP described above.

B ASSOCIATED CONTENT
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