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present invention provides methods and compositions useful for studying anastasis. The present invention also provides a biosensor

comprising (a) a split transcription factor complex comprising one half of a split transcription factor linked to a transmembrane domain

via an enzyme cleavable linker; (b) a split transcription factor comprising the other halt of the split transcription factor linked to a

MTS via an enzyme- cleavable linker; and (c) a reporter system comprising (1) a first nucleic acid encoding a site specific recombinase
operably linked to the site specific sequence for the transcription factor; and (2) a second nucleic acid comprising a stop codon cassette
flanked by site specific recombination sequences, wherein the split transcription factor is Gal 4 or split Q. In other embodiments, the

recombinase is Cre or FLP.
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ANASTASIS BIOSENSOR

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No. 62/422,689,

filed November 16, 2016, which is incorporated herein by reference in its entirety.
FIELD OF THE INVENTION

The present invention relates to the field of anastasis, i.e., the process of reversal of
apoptosis. More specifically, the present invention provides methods and compositions
useful for studying anastasis.

INCORPORATION-BY-REFERENCE OF MATERIAL SUBMITTED
ELECTRONICALLY

This application contains a sequence listing. It has been submitted electronically via
EFS-Web as an ASCII text file entitled “P14439-02 ST25.txt.” The sequence listing is 2,204
bytes in size, and was created on November 16, 2017. It is hereby incorporated by reference
in its entirety.

BACKGROUND OF THE INVENTION

The discovery of programmed cell death, known as apoptosis (Greek for “falling to
death™), was one of the most exciting and important breakthroughs in biology during the 20th
century. Apoptosis is critical for normal embryonic development and adult homeostasis.
Impaired apoptosis causes cancer whereas excess apoptosis contributes to major diseases
including heart failure and neurodegeneration. Apoptosis is thought to be irreversible after
mitochondrial fragmentation and effector caspase activation because, apart from
mitochondrial dysfunction, which alone can lead to cell death, initiation of explosive caspase
activation causes massive destruction of structural and functional cellular components
including the genome. Activated caspases stimulate additional caspases, resulting in the
morphological manifestations of apoptosis such as nuclear condensation, cell shrinkage, and
membrane blebbing. After mitochondrial release of death effectors including cytochrome c,
it is assumed that caspase activation and apoptosis inevitably follow.

An unexpected reversibility of late-stage apoptosis was recently discovered, which is
called anastasis (Greek for “rising to life”). The vast majority of primary mouse liver and
NIH3T3 human fibroblasts can reverse apoptosis and survive, even after the cells pass
through critical checkpoints generally thought to be the point of no return including
mitochondrial fragmentation and caspase-3 activation. Simply removing the apoptotic

inducers by washing is sufficient to promote reversal of the process, indicating for the first
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time that anastasis is a mechanism that allows normal cells to arrest at the execution stage and
ultimately recover. Notably, the cells that reverse apoptosis acquire genetic alterations and
exhibit an increased frequency of colony formation in soft agar and anchorage independent
growth. While oncogenic transformation is a negative consequence, the present inventors
propose that there may also be multiple beneficial effects of this process. For example,
anastasis may have evolved to salvage cells that are difficult to replace, such as mature
neurons in the aging brain or adult heart cells. An organism may be better off preserving
such cells, even if they are damaged, rather than allowing them to die.

Accordingly, new and innovative approaches are needed to study this newly
discovered and fundamental cellular process. Elucidation of the mechanisms governing and
executing anastasis could transform scientific understanding and lead to entirely new
strategies for the prevention and treatment of degenerative diseases, ischemic diseases, and
cancer.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A-B. Design of a Split Gal4-based biosensor to detect concurrent
mitochondrial outer membrane permeabilization (MOMP) (FIG. 1A) and caspase-3 activation
(FIG. 1B) via a fluorescent protein reporter (FIG. 1C).

FIG. 2. Concurrent expression of N-Gal and C-Gal triggers Gal4 activity dependent
GFP expression in HeLa cells.

DETAILED DESCRIPTION OF THE INVENTION

It is understood that the present invention is not limited to the particular methods and
components, etc., described herein, as these may vary. Itis also to be understood that the
terminology used herein is used for the purpose of describing particular embodiments only,
and is not intended to limit the scope of the present invention. It must be noted that as used
herein and in the appended claims, the singular forms “a,” “an,” and “the” include the plural
reference unless the context clearly dictates otherwise. Thus, for example, a reference to a
“protein” is a reference to one or more proteins, and includes equivalents thereof known to
those skilled in the art and so forth.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Specific methods, devices, and materials are described, although any methods and
materials similar or equivalent to those described herein can be used in the practice or testing

of the present invention.
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All publications cited herein are hereby incorporated by reference including all
journal articles, books, manuals, published patent applications, and issued patents. In
addition, the meaning of certain terms and phrases employed in the specification, examples,
and appended claims are provided. The definitions are not meant to be limiting in nature and
serve to provide a clearer understanding of certain aspects of the present invention.

Despite dramatic scientific and technological advances, cancer remains a major and
growing public health problem in the United States. Chemotherapy and radiotherapy kill
cancer cells by inducing them to die through a cell death process called apoptosis (Greek for
“falling to death™). Primary cancers such as childhood acute promyelocytic leukemia and
metastatic testicular cancer are often responsive to the therapies and have low recurrence
rates. However, most metastatic cancers, including childhood diffuse pontine glioma, lung
and pancreatic cancers, typically recur, leading to treatment failure. New treatments such as
angiogenesis inhibitors that cut off the blood supply to tumors, and targeted therapies that
interfere with the cancer cell division, have been developed. However, these therapies only
manage, but do not cure the disease. This results in a suboptimal quality of life for patients
and continuous high medical expenses. Therefore, there is an urgent need for novel
therapeutic strategies. Currently, cancer research is based on the general assumption that the
initiation of cell death (apoptosis) is intrinsically irreversible. However, the present inventors
recently discovered that, in fact, many human cancer cells can reverse the cell death process
even at late stages and then survive. This recovery phenomenon was named Anastasis
(Greek for “rising to life”). Simply removing the cell death-inducing toxin can allow dying
cancer cells to recover and then proliferate, indicating that anastasis is a natural phenomenon.
Our discovery of anastasis is significant, because it reveals an unexpected tactic that cancer
cells can use to escape cancer therapy. Noticeably, most chemotherapy and radiotherapy are
delivered episodically to let patients recover from the side effects between successive
treatments. However, this also allows cancer cells to recover. Therefore, dying cancer cells
that recover by undergoing anastasis during the intervals between cycles of anti-cancer
treatments can survive, and then repopulate, leading to cancer recurrence. Importantly, some
cells that reversed the dying process acquire new mutations by harboring damaged DNA
caused during the cell death process. Therefore, the surviving cancer cells with new DNA
mutations can contribute to cancer progression that leads to an increase in drug resistance.
The ultimate goal of our research is to harness the discovery of anastasis to develop

revolutionary new therapies to fight cancers.
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As used herein, the term “polynucleotide™ or “nucleic acid” refers to a polymeric form
of nucleotides of any length, either ribonucleotides and/or deoxyribonucleotides. These
terms include a single-, double- or triple-stranded DNA, genomic DNA, cDNA, RNA, DNA-
RNA hybrid, or a polymer comprising purine and pyrimidine bases, or other natural,
chemically, biochemically modified, non-natural or derivatized nucleotide bases. The
backbone of the polynucleotide can comprise sugars and phosphate groups (as may typically
be found in RNA or DNA), or modified or substituted sugar or phosphate groups.
Alternatively, the backbone of the polynucleotide can comprise a polymer of synthetic
subunits such as phosphoramidates and thus can be an oligodeoxynucleoside
phosphoramidate (P-NH3) or a mixed phosphoramidate-phosphodiester oligomer. In
addition, a double-stranded polynucleotide can be obtained from the single stranded
polynucleotide product of chemical synthesis either by synthesizing the complementary
strand and annealing the strands under appropriate conditions, or by synthesizing the
complementary strand de novo using a DNA polymerase with an appropriate primer.

The following are non-limiting examples of polynucleotides: a gene or gene fragment,
exons, introns, mRNA, tRNA, rRNA, ribozymes, cDNA, recombinant polynucleotides,
branched polynucleotides, plasmids, vectors, isolated DNA of any sequence, isolated RNA of
any sequence, nucleic acid probes, and primers. A polynucleotide may comprise modified
nucleotides, such as methylated nucleotides and nucleotide analogs, uracyl, other sugars and
linking groups such as fluororibose and thioate, and nucleotide branches. The sequence of
nucleotides may be interrupted by non-nucleotide components. A polynucleotide may be
further modified after polymerization, such as by conjugation with a labeling component.
Other types of modifications included in this definition are caps, substitution of one or more
of the naturally occurring nucleotides with an analog, and introduction of means for attaching
the polynucleotide to proteins, metal ions, labeling components, other polynucleotides, or a
solid support.

The term “promoter” refers to the DNA region, usually upstream of the coding
sequence of a gene or operon, which binds RNA polymerase and directs the enzyme to the
correct transcriptional start site.

As used herein, the term “vector” refers to a polynucleotide construct designed for
transduction/transfection of one or more cell types. Vectors may be, for example, “cloning
vectors” which are designed for isolation, propagation and replication of inserted nucleotides,
“expression vectors” which are designed for expression of a nucleotide sequence in a host

cell, or a “viral vector” which is designed to result in the production of a recombinant virus or
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virus-like particle, or “shuttle vectors,” which comprise the attributes of more than one type
of vector

A “‘site-specific recombination event” refers to an event catalyzed by a system
generally consisting of three elements: a pair of DNA sequences (the site-specific
recombination sequences or sites) and a specific enzyme (the site-specific recombinase). The
site-specific recombinase catalyzes a recombination reaction only between two site-specific
recombination sequences depending on the orientation of the site-specific recombination
sequences. Sequences intervening between two site-specific recombination sites will be
inverted in the presence of the site-specific recombinase when the site-specific recombination
sequences are oriented in opposite directions relative to one another (i.e., inverted repeats). If
the site-specific recombination sequences are oriented in the same direction relative to one
another (i.e., direct repeats), then any intervening sequences will be deleted upon interaction
with the site-specific recombinase. Thus, if the site-specific recombination sequences are
present as direct repeats at both ends of vector backbone sequences integrated into a
eukaryotic genome, such integration of said sequences can subsequently be removed by
interaction of the site-specific recombination sequences with the corresponding site specific
recombinase.

A number of different site specific recombinase systems can be used including, but
not limited to, the Cre/lox system of bacteriophage P1, the FLP/FRT system of yeast, the Gin
recombinase of phage Mu, the Pin recombinase of E. coli, the PinB, PinD and PinF from
Shigella, and the R/RS system of Zygosaccharomyces rouxii. Recombinases generally are
integrases, resolvases or flippases. Also dual-specific recombinases can be used in
conjunction with direct or indirect repeats of two different site-specific recombination sites
corresponding to the dual-specific recombinase (W099/25840). In certain embodiments,
site-specific recombinase systems are the bacteriophage P1 Cre/lox and the yeast FLP/FRT
and the Z. rouxii R/RS systems. In these systems a recombinase (Cre, FLP or R,
respectively) interact specifically with its respective site-specific recombination sequence
(lox, FRT or RS respectively) to invert or excise the intervening sequences. The site-specific
recombination sequences for each of these two systems are relatively short (34 bp for lox and
47 bp for FRT).

To increase the bar for the biosensor to detect and track the recovery of cells after
apoptosis rather than non-apoptotic caspase activity, we designed a novel anastasis biosensor
to track reversal of apoptosis in cancer cells in vivo. It is understood that this improved

biosensor can be used to study anastasis in any cell in vivo.

5



10

15

20

25

30

WO 2018/094020 PCT/US2017/061973

In one embodiment, the present invention utilizes of the Split Gal4 system
(NGal+CGal=active Gal4-VP16) (Luan et al., 52 NEURON 425-36 (2006)) to create a new
generation of biosensor (Split Gal4-based anastasis biosensor), which will label cells only
after they have experienced the two most recognized hallmarks at late-stage events of
apoptosis: MOMP (mitochondrial outer membrane permeabilization) and caspase-3
activation (FIG. 1). More specifically, the N-terminal fragment of Gal4-VP16 (NGal) is
expressed at the mitochondrial intermembrane space by fusing it with the mitochondrial
targeting sequence of the MOMP biosensor (Albeck et al., 30 MoL. CELL 11-25 (2008))
(MTSCAVP- NGal), and the C-terminal fragment of Gal4-VP16 (CGal) is tethered to the
plasma membrane via a caspase-cleavable peptide and transmembrane domain from the
present inventors’ previously developed CaspaseTracker (MT-DEVD-CGal) (Tang et al., 100
BR. J. CANCER 118-22 (2009); see also U.S. Patent Application Publication No.
2015/0026834). Therefore, in healthy cells, the NGal and CGal cannot bind together because
they are present at two different subcellular locations. However, during apoptosis, NGal is
released to the cytosol due to MOMP (FIG. 1A), and CGal is released from plasma
membrane due to caspase-3 activation (FIG. 1B). Therefore, NGal and CGal can bind to
form Active Gal4-VP16, which then translocates to the nucleus to trigger expression of FLPo
to excise the LoxP-flanked stop cassette that separates the Ubi-promotor and GFP, resulting
in permanent expression of GFP (FIG. 1C). While Split Gal4 was originally designed for the
use in Drosophila system, it was found that it also works efficiently in mammalian cells
(FIG. 2).

The biosensor is first tested in vitro using HeLa and lung cancer cells, as these cells
respond robustly in the anastasis assay (Tang et al., 96 J. Vis. EXp. Feb. 2015, Tang et al., 23
MoL. BioL. CELL 2240-52 (2012), and Tang et al., 100 BR. J. CANCER 118-22 (2009)). It is
expected that the cells that reverse apoptosis after MOMP and caspase-3 activation will
display permanent expression of GFP, but not the untreated cells or the treated cells
expressing control biosensors, with either non-mitochondrial releasable MTS-CAAA (SEQ
ID NO:3)-NGal or non-caspase-3 cleavable MT-DEV A (SEQ ID NO:4)-CGal. After
confirming that the anastasis biosensor works in cultured cancer cell lines, anastasis of human
lung cancer cells is tested in mice using Small Cell Lung Carcinoma (SCLC xenograft)
cancer recurrence mouse model, because (1) robust reversibility of apoptosis was observed in
the cultured human lung cancer (SCLC, H446) cells (Tang et al., 96 J. Vis. ExpP. Feb. 2015),
(2) relapse rate of SCLC in patients is very high even completed response is achieved after

initial treatment (>93%) (Davis, A.J. and Tannock, J.F., 1 LANCET ONCOL. 86-93 (2000);
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Kim, J.J. and Tannock, J. F., 5 NAT. REv. CANCER 516-25 (2005); and Demedts et al., 35
EUR. RESPIR. J. 202-15 (2010), and (3) similar response is observed in clinically relevant
human lung cancer (SCLC, H446) recurrence mouse models. To begin, SCLC H446 stable
cell line expressing anastasis biosensor are established as described (FIG. 1) (Tanget al., 5
Sci. REP. 9-15 (2015), Tang et al., 96 J. VIS. EXP. Feb. 2015)), engrafted in matrigel (1
million cells in 100 pl), and then injected subcutaneously into the lower flank (under skin) of
6-8 week old athymic nude mice (from Envigo). Palpable tumors with 30-40 mm? will
develop within 4-5-week post-injection. Then, mice with tumor burdens will be treated with
hospital grade cancer drugs taxol or irinotecan (50-100 mg/kg) per week by intraperitoneal
injection continuously for 3-4 weeks, until a complete response is achieved (tumors no longer
palpable/visible to the eye). After the irinotecan treatment, recurrence occurs within 3-4
weeks, with palpable tumors with 10-45 mm®. Tumor tissues are collected to detect GFP
expression by fluorescence microscopy. Studies are also conducted to determine if anastasis
can occur in normal tissues after cancer therapy leading to secondary tumors in mice, such as
acute myeloid leukemia, a common childhood cancer, during recurrence (Chaturvedi et al.,
99 J. NATL. CANCER INST. 1634-43 (2007), Travis et al., 97 J. NATL. CANCER INST. 1354-65
(2005), and Smith et al., 21 J. CLIN. ONCOL. 1195-1204 (2003)). For these experiments,
anastasis biosensor transgenic mice are generated and tested for GFP expression in second-
site tissues such as bone marrow or in the acute myeloid leukemia developed in the cancer
drug-treated mice during recurrence. These anastasis biosensor cancer recurrence mouse
model will be the essential tools for conducting pre-clinical trials testing the safety and the
efficiency of anastasis inhibitor candidates.

In particular embodiments, sensitivity of the biosensor can be increased by increasing
the copy number of the caspase cleavage sequence in the linker peptide. In other
embodiments, the sensitivity of the biosensor can be adjusted, up or down, by fusing the
biosensor with a mutant estrogen ligand-binding domain (ERT2)65 or expressing the
biosensor using a tetracycline-responsive promoter66, so that the expression level
(sensitivity) of the biosensor will depend on the concentration of tamoxifen or tetracycline,
respectively. In further embodiments, the sensitivity of the biosensor can be lowered by
using other DEVD-containing linker peptides that are less cleavable then the PARP domain-
based linker (Poreba et al., 5 COLD SPRING HARB. PERSPECT. BIOL. A008680 (2013),
Takemoto et al., 160 J. CELL BIOL. 235-43 (2003), and Talanian et al., 272 J. BIOL. CHEM.
9677-82 (1997).
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Utilizing the split transcription factor/recombinase/intein approach, the biosensors
will label cells only after they have experienced the two most recognized hallmarks at late-
stage events of apoptosis: MOMP (mitochondrial outer membrane permeabilization) and
caspase-3 activation. Examples of the split approach include Split Gal4 (Refined spatial
manipulation of neuronal function by combinatorial restriction of transgene expression.,
Neuron. 2006 52(3) 425-36, Luan H, Peabody NC, Vinson CR, White BH), Split Q
(Controlling gene expression with the Q repressible binary expression system in
Caenorhabditis elegans., Nat Methods. 2012 9(4) 391-5, Wei X, Potter CJ, Luo L, Shen K),
Split Cre (Split-CreERT2: temporal control of DNA recombination mediated by split-Cre
protein fragment complementation, PLoS One. 2009 Dec 16;4(12):e8354, Hirrlinger J,
Requardt RP, Winkler U, Wilhelm F, Schulze C, Hirrlinger PG), Split FLPase
(Reconstruction of Split-recombinase FLP and Its Recombination Activation in Transgenic
Tobacco; Sequential gene targeting to make chimeric tumor models with de novo
chromosomal abnormalities., Cancer Res. 2014 74(5) 1588-97, Chambers JS, Tanaka T,
Brend T, Ali H, Geisler NJ, Khazin L, Cigudosa JC, Dear TN, MacLennan K, Rabbitts TH),
and Split Intein (Intersectional Cre driver lines generated using split-intein mediated split-Cre
reconstitution., Sci Rep. 2012 2 497 , Wang P, Chen T, Sakurai K, Han BX, He Z, Feng G,
Wang F.). In a further embodiment, the reverse tetracycline transactivator (rtTA) is used,
specifically, split rtTA (DNA binding domain and the VP16 domain).

Accordingly, in one embodiment, the present invention provides an anastasis
biosensor comprising (a) a first transcription factor complex comprising either the N-terminal
or C-terminal fragment of the Gal4 transcription factor linked to a transmembrane domain via
an enzyme cleavable linker; (b) a second transcription factor complex comprising either the
N-terminal or C-terminal fragment of the Gal4 transcription factor linked to a mitochondrial
targeting sequence (MTS) via an enzyme cleavable linker, wherein the N-terminal fragment
of the Gal4 transcription factor is used if the first transcription factor complex of element (a)
comprises the C-terminal fragment of the Gal4 transcription factor or wherein the C-terminal
fragment of the Gal4 transcription factor is used if the first transcription factor complex of
element (a) comprises the N-terminal fragment of the Gal4 transcription factor; and (¢) a
reporter system comprising (1) a first nucleic acid encoding flippase operably linked to the
upstream activating sequence that binds Gal4; and (2) a second nucleic acid comprising an
FRT-flanked stop codon cassette separating a constitutive promoter and a fluorescent protein

open reading frame.
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In certain embodiments, the enzyme cleavable linker of element (a) is cleaved by an
enzyme specifically expressed during apoptosis. In a specific embodiment, the enzyme of
element (a) is a caspase. In other embodiments, the enzyme of element (b) is an inner
membrane protease (IMP). The enzyme of element (b) can be any protease expressed inside
mitochondria. In particular embodiments, the fluorescent protein comprises green fluorescent
protein, red fluorescent protein, or yellow fluorescent protein. The present invention also
provides a transgenic mammal comprising a biosensor described herein.

In another embodiment, a biosensor for studying anastasis comprises (a) a caspase-
activatable transcription factor complex comprising either the N-terminal or C-terminal
fragment of the split Gal4 transcription factor that is linked to a transmembrane domain via a
caspase-cleavable linker; (b) an IMP-activatable transcription factor complex comprising
either the N-terminal or C-terminal fragment of the split Gal4 transcription factor linked to a
MTS via a caspase-cleavable linker; and (c) a reporter system comprising a (1) first nucleic
acid encoding flippase operably linked to the upstream activating sequence that binds Gal4;
(2) a second nucleic acid comprising an FRT-flanked stop cassette separating a constitutive
promoter and a fluorescent protein open reading frame.

In a specific embodiment, the caspase-cleavable linker comprises the amino acid
sequence DEVD (SEQ ID NO:1). Alternatively, the linker can comprise the amino acid
sequence of SEQ ID NO:5. In another embodiment, the IMP-cleavable linker comprises the
amino acid sequence CAVP (SEQ ID NO:2). In certain embodiments, the constitutive
promoter is the ubiquitin promoter. The MTS can be the N-terminal end of SMAC (SEQ ID
NO:6-7). In a specific embodiment, a biosensor of the present invention comprises the Mito-
CAVP (SEQ ID NO:7) and the N-terminal end of rtTA. The C-terminal end of rtTA can be
used with the transmembrane domain. In particular embodiments, the biosensor of the
present invention can also comprise a transient reporter in the nucleus. For example, the dual
biosensor of the CaspaseTracker (Tang et al., 5 SCI. REP. 9015 (2015) (see Figure 1 of Tang et al.))
can be used to signal ongoing or transient, as well as permanent reporter expression.

The present invention also provides a biosensor comprising (a) a caspase-activatable
transcription factor complex comprising either the N-terminal or C-terminal fragment of the
split Gal4 transcription factor linked to a transmembrane domain via a caspase-cleavable
linker; (b) an IMP-activatable transcription factor complex comprising either the N-terminal
or C-terminal fragment of the split Gal4 transcription factor linked to a MTS via an IMP-
cleavable linker; and (c) the G-TRACE reporter system.
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In yet another embodiment, the present invention provides a biosensor system
comprising (a) a caspase-activatable recombinase complex comprising one half of the split
Cre recombinase protein linked to a transmembrane domain via a caspase-cleavable linker;
(b) an IMP-activatable recombinase complex comprising the other half of the split Cre
recombinase protein linked to a MTS via an IMP-cleavable linkers; and (¢) a nucleic acid
comprising a LoxP-flanked stop codon cassette separating a constitutive promoter and a
fluorescent protein open reading frame.

In an alternative embodiment, a biosensor system comprises (a) a split site-specific
recombinase tethered to the plasma membrane of a test cell, wherein the split recombinase is
linked to a transmembrane domain via an enzyme cleavable linker; (b) a split site-specific
recombinase comprising the other half of the split recombinase of element (a) expressed in
the mitochondria of the test cell, wherein the split recombinase is linked to a MTS via an
enzyme cleavable linker; and (c) a nucleic acid encoding a reporter gene operably linked to a
promoter, wherein the recognition target sequence of the recombinase flanks a stop codon
cassette located between the reporter gene and the promoter.

In a specific embodiment, the site-specific recombinase is flippase and the recognition
target sequence is FRT. In particular embodiments, the reporter gene encodes a fluorescent
protein. In a certain embodiments, the promoter is a constitutive promoter. In specific
embodiments, the enzyme of element (a) is caspase. In other embodiments, the enzyme of
element (b) is IMP.

The present invention also provides a biosensor comprising (a) a split transcription
factor complex comprising one half of a split transcription factor linked to a transmembrane
domain via an enzyme cleavable linker; (b) a split transcription factor comprising the other
half of the split transcription factor linked to a MTS via an enzyme-cleavable linker; and (c) a
reporter system comprising (1) a first nucleic acid encoding a site specific recombinase
operably linked to the site specific sequence for the transcription factor; and (2) a second
nucleic acid comprising a stop codon cassette flanked by site specific recombination
sequences, wherein the split transcription factor is Gal 4 or split Q. In other embodiments,
the recombinase is Cre or FLP. The fluorescent protein can comprise green fluorescent
protein, red fluorescent protein, or yellow fluorescent protein. The present invention also
provides kits comprising one or more of the constructs described herein, as well as the
necessary reagents, controls and instructions.

The biosensors of the present invention can be used for drug screening. In certain

embodiments, the biosensors can be expressed in organoids from a patient. Drugs that kill
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cancer cells without anastasis can be screened. If the biosensor indicates that anastasis is
occurring or likely to occur, then other drugs can be used or an anastasis inhibitor could also
be used to prevent cancer recurrence during and after drug treatment. In alternative
embodiments, the screening can take place using patient-derived xenograft mice. See, e.g.,

Pauli et al., 7(5) CANCER DIScOv. 462-77 (2017).
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We claim:

1. An anastasis biosensor comprising;

(a) a first transcription factor complex comprising either the N-terminal or C-
terminal fragment of the Gal4 transcription factor linked to a transmembrane domain via an
enzyme cleavable linker;

(b) a second transcription factor complex comprising either the N-terminal or C-
terminal fragment of the Gal4 transcription factor linked to a mitochondrial targeting
sequence (MTS) via an enzyme cleavable linker, wherein the N-terminal fragment of the
Gal4 transcription factor is used if the first transcription factor complex of element (a)
comprises the C-terminal fragment of the Gal4 transcription factor or wherein the C-terminal
fragment of the Gal4 transcription factor is used if the first transcription factor complex of
element (a) comprises the N-terminal fragment of the Gal4 transcription factor; and

© a reporter system comprising (1) a first nucleic acid encoding flippase
operably linked to the upstream activating sequence that binds Gal4; and (2) a second nucleic
acid comprising an FRT-flanked stop codon cassette separating a constitutive promoter and a

fluorescent protein open reading frame.

2. The anastasis biosensor of claim 1, wherein the enzyme cleavable linker of element

(a) s cleaved by an enzyme specifically expressed during apoptosis.

3. The anastasis biosensor of claim 1, wherein the enzyme of element (a) is a caspase.

4, The anastasis biosensor of claim 1, wherein the enzyme of element (b) is an inner

membrane protease (IMP).

5. The anastasis biosensor of claim 1, wherein the fluorescent protein comprises green

fluorescent protein, red fluorescent protein, or yellow fluorescent protein.

6. A transgenic mammal comprising the biosensor of claim 1.

7. A biosensor for studying anastasis comprising;
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(a) a caspase-activatable transcription factor complex comprising either the N-
terminal or C-terminal fragment of the split Gal4 transcription factor that is linked to a
transmembrane domain via a caspase-cleavable linker;

(b) an IMP-activatable transcription factor complex comprising either the N-
terminal or C-terminal fragment of the split Gal4 transcription factor linked to a MTS via a
caspase-cleavable linker; and

© a reporter system comprising a (1) first nucleic acid encoding flippase
operably linked to the upstream activating sequence that binds Gal4; (2) a second nucleic acid
comprising an FRT-flanked stop cassette separating a constitutive promoter and a fluorescent

protein open reading frame.

8. The biosensor of claim 7, wherein the caspase-cleavable linker comprises the amino

acid sequence DEVD (SEQ ID NO:1).

9. The biosensor of claim 7, wherein the IMP-cleavable linker comprises the amino acid

sequence CAVP (SEQ ID NO:2).

10. The biosensor of claim 7, wherein the constitutive promoter is the ubiquitin promoter.

11. A biosensor comprising:

(a) a caspase-activatable transcription factor complex comprising either the N-
terminal or C-terminal fragment of the split Gal4 transcription factor linked to a
transmembrane domain via a caspase-cleavable linker;

(b) an IMP-activatable transcription factor complex comprising either the N-
terminal or C-terminal fragment of the split Gal4 transcription factor linked to a MTS via an
IMP-cleavable linker; and

© the G-TRACE reporter system.

12. A biosensor system comprising;
(a) a caspase-activatable recombinase complex comprising one half of the split
Cre recombinase protein linked to a transmembrane domain via a caspase-cleavable linker;
(b) an IMP-activatable recombinase complex comprising the other half of the split

Cre recombinase protein linked to a MTS via an IMP-cleavable linkers; and
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© anucleic acid comprising a LoxP-flanked stop codon cassette separating a

constitutive promoter and a fluorescent protein open reading frame.

13. A biosensor system comprising;

(a) a split site-specific recombinase tethered to the plasma membrane of a test
cell, wherein the split recombinase is linked to a transmembrane domain via an enzyme
cleavable linker;

(b) a split site-specific recombinase comprising the other half of the split
recombinase of element (a) expressed in the mitochondria of the test cell, wherein the split
recombinase is linked to a MTS via an enzyme cleavable linker; and

© anucleic acid encoding a reporter gene operably linked to a promoter, wherein
the recognition target sequence of the recombinase flanks a stop codon cassette located

between the reporter gene and the promoter.

14. The biosensor system of claim 13, wherein the site-specific recombinase is flippase

and the recognition target sequence is FRT.

15. The biosensor system of claim 13, wherein the reporter gene encodes a fluorescent
protein.

16. The biosensor system of claim 13, wherein the promoter is a constitutive promoter.
17. The biosensor system of claim 13, wherein the enzyme of element (a) is caspase.
18. The biosensor system of claim 13, wherein the enzyme of element (b) is IMP.

19. A biosensor comprising:

(a) a split transcription factor complex comprising one half of a split transcription
factor linked to a transmembrane domain via an enzyme cleavable linker; and

(b) a split transcription factor comprising the other half of the split transcription
factor linked to a MTS via an enzyme-cleavable linker; and

© a reporter system comprising (1) a first nucleic acid encoding a site specific
recombinase operably linked to the site specific sequence for the transcription factor; and (2)

a second nucleic acid comprising a stop codon cassette flanked by site specific recombination
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sequences, wherein the stop codon cassette and flanking sequences separate a constitutive

promoter and a fluorescent protein open reading frame.

20. The biosensor of claim 19, wherein the enzyme cleavable linker of element (a) is

cleaved by an enzyme specifically expressed during apoptosis.

21. The biosensor of claim 20, wherein the enzyme is caspase.

22. The biosensor of claim 19, wherein the enzyme of element (b) is an inner membrane
protease (IMP).

23. The biosensor of claim 19, wherein the split transcription factor is Gal 4 or split Q.
24. The biosensor of claim 19, wherein the recombinase is Cre or FLP.

25. The biosensor of claim 19, wherein the fluorescent protein comprises green

fluorescent protein, red fluorescent protein, or yellow fluorescent protein.

15



WO 2018/094020 PCT/US2017/061973

ACCUMULATES
NGal RELEASED

{Gal RELEASED
BY CASPASES

L N
MEMBRANE )

SUBSTITUTE SHEET (RULE 26)



WO 2018/094020 PCT/US2017/061973

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 2017/061973

A. CLASSIFICATION OF SUBJECT MATTER

GOIN 33/58 (2006.01)

GOIN 33/68 (2006.01)
C120 1/6897 (2018.01)
AO0IK 67/027 (2006.01)
GOIN 33/574 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GOIN 33/58, GOIN 33/68, 33/574, C12Q 1/6897, A01K 67/027

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch, EMBL, NCBI, PAJ, Espacenet, DWPI, PCT Online, USPTO DP, CIPO (Canada PO), SIPO DB

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
WO 2013/134499 A1 (THE JOHNS HOPKINS UNIVERSITY et al.) 12.09.2013,
Y claims 1-3, 5-6, 13-17, 19-21,
A 23-25
4,7-12, 18,22
Y RU 2493260 C2 (GOSUDARSTVENNOYE BYUDZHETNOYE 1-3, 5-6, 13-17, 19-21,
OBRAZOVATELNOYE UCHREZHDENIYE VYSSHEGO 23-25
PROFESSIONALNOGO OBRAZOVANIY A "NIZHEGORODSKAYA
GOSUDARSTVENNAY A MEDITSINSKAYA AKADEMIYA™"
MINISTERSTVA ZDRAVOOKYRANENIYA ISOTSIALNOGO
RAZVITIYA ROSSIYSKOY FEDERATSII ) 20.09.2013, pp.6-7, fig.1, claims
A WO 2000/073802 A1( TIBOTEC NV et al.) 07.12.2000 1-25
D Further documents are listed in the continuation of Box C. D See patent family annex.
* Special categories of cited documents: “T” later document published after the international filing date or priority

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E”  earlier document but published on or after the international filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other

special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means
“P”  document published prior to the international filing date but later than

the priority date claimed

date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

02 March 2018 (02.03.2018)

Date of mailing of the international search report

22 March 2018 (22.03.2018)

Name and mailing address of the [SA/RU:

Federal Institute of Industrial Property,
Berezhkovskaya nab., 30-1, Moscow, G-59,

GSP-3, Russia, 125993

Facsimile No: (8-495) 531-63-18, (8-499) 243-33-37

Authorized officer
L.Goretova

Telephone No. 495 531 65 15

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - wo-search-report

