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Genetically-encoded fluorescent sensors have been actively developed over the last few decades and used in live
imaging and drug screening. Real-time monitoring of drug action in a specific cellular compartment, organ, or tissue type;
the ability to screen at the single-cell resolution; and the elimination of false-positive results caused by low drug
bioavailability that is not detected by in vitro testing methods are a few of the obvious benefits of using genetically-
encoded fluorescent sensors in drug screening. In combination with high-throughput screening (HTS), some genetically
encoded fluorescent sensors may provide high reproducibility and robustness to assays. Here, we provide an overview of
attempts at using genetically encoded fluorescent sensors in HTS of anticancer compounds.
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| 1. Introduction

Chemotherapy has developed greatly over the last few decades. However, the existing drugs often lack specificity,
causing significant side effects, and the emergence of acquired drug resistance decreases drug efficiency at some point
during therapy. Given these considerations, it is especially important to examine the efficacy, specificity, and
pharmacodynamics of new drugs in live systems in a high-throughput real-time fashion. Genetically encoded fluorescent
sensors meet these requirements, at least for some targets of anti-cancer therapy.

| 2. Kinase Inhibitors Screening

Protein kinase-dependent signaling plays a crucial role in the regulation of metabolism, cell cycle, differentiation, and
death. The dysregulation of kinase activity is a significant factor in many pathological conditions, including oncological
transformation, tumor growth, and metastasis. Therefore, protein kinases are considered a promising target for antitumor
drugs. Specific kinase inhibitors are used for mono- or combinational antitumor therapy™I&El but new drugs are required
due to the frequent emergence of acquired drug resistance. Moreover, many kinase inhibitors compete with ATP for the
binding pocket of the kinase. Since the structure of this pocket is very conservative among protein kinases, competitive
inhibitors often lack specificityl. Different methods are used to screen the activity of kinases. These include the
incorporation of radioactive phosphate containing 32P isotope, the use of phosphorylation-dependent antibodies, the use
of non-genetic fluorescent peptide biosensors, and the use of genetically encoded biosensors based on fluorescent
proteins(2. The latter allow real-time monitoring of kinase signaling in cell cultures and tissues in a compartment-specific
fashion®IEI, Some genetically encoded fluorescent biosensors can be used not only for single-cell microscopy but also
for high-content screening of novel inhibitor libraries.

In different forms of cancer, the tyrosine kinase Src is overexpressed or improperly regulated. This superfluous Src activity
is involved in proliferation, adhesion, and invasive behavior of tumor cellsl®. A FRET-based Src indicator was designed
and tested in vitro and in HelLa cells. This sensor consists of an Src substrate peptide from the p130cas molecule and a
phosphotyrosine-binding SH2 domain from the c-Src molecule sandwiched between ECFP and EYFP. When the sensor is
dephosphorylated, it remains in the “closed” conformation and the fluorescent proteins are juxtaposed, allowing energy
transfer. After phosphorylation, the new linker conformation separates ECFP and EYFP, increasing the cyan-to-yellow
emission ratio. The dynamic range of FRET with this sensor is 43%2. It was adapted for evaluating drug efficacy and
delivery in the physiological tumor environment using multiphoton excitation and FLIM-FRET microscopy®¥. This
approach is less sensitive to the loss of donor emission intensity caused by scattering in tissues!! and accelerates data
acquisition. Under these conditions, the Src indicator was able to mirror the spatial regulation of Src and the
pharmacodynamics, delivery, and clearance of the tyrosine kinase inhibitor dasatinib in 3D tumor cultures and intravital
tumor xenografts. For instance, in pancreatic ductal adenocarcinoma culture, invasive cell populations demonstrate higher



Src activity than the upper surface of the culture. The same pattern was observed in vivo in xenografts, where Scr activity
correlated with invasive regions and decreased in the center of the tumor. Dasatinib decreased Scr activity in invasive
borders within 50 pm of the vasculature, but the regions in the center of the tumor, and/or more than 100 um from the
vasculature were poorly affected2.

The Hippo pathway is involved in organogenesis, differentiation, and regeneration. In this pathway, the Ser/Thr LATS1/2
kinase phosphorylates several effector proteins including the growth-promoting transcriptional co-activator YAP. When
phosphorylated on Ser127, YAP binds to cytosolic protein 14-3-3, which prevents YAP from transporting into the nucleus.
The inactivation of LATS1/2 or upstream kinases and the amplification of YAP increases cell proliferation and decreases
apoptosis and differentiation™. The biosensor for LATS (LATS-BS) activity is based on bioluminescence. The minimal
YAP fragment capable of interacting with 14-3-3 in a phosphorylation-dependent manner is fused to the N-terminal
luciferase fragment, while 14-3-3 is fused to the C-terminal luciferase fragment. When active LATS1/2 phosphorylates the
YAP fragment, it binds to the 14-3-3 chimera, and active luciferase is assembled. LATS-BS was successfully used for a
small-scale kinase inhibitor screen to identify the upstream regulators of the Hippo pathway. VEGFR, MEK, GSK-3,
PKB/Akt, EGF receptor, and CDK 4 inhibitors (SU 4312, PD 98059, BIO, API-2, Genistein, and Ryuvidine, respectively)
were shown to activate LATS-BS, while TrkA, SYK, ATR/ATM, CHK1, SGK, and broad-specific inhibitors (Ro 08-2750, ER
27319, CGK 733, PD 407824, GSK650394, and Ro 31-8220 respectively) reduced the LATS-BS signal. Some of these
regulators had been previously described. However, the role of VEGFR was established de novo (Figure 1)12].
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Figure 1. LATS-BS application to several experimental models. (A) Experimental design for high-throughput kinase
inhibitor screen. Cells were transfected with LATS-BS, treated with a kinase inhibitor library, and luciferase assay was
performed on cell lysates. (B) Heat map summarizing the results of the kinase inhibitor screen. Drugs that activate LATS-
BS are shown in red, drugs that inhibit LATS-BS are shown in green. (C) LATS-BS was tested for in vivo imaging.
HEK293 cells were transfected with LATS-BS only (-LATS) or LATS-BS and LATS kinase, injected into the mammary fat
pad of immunocompromised mice, and bioluminescence was measured. (D) LATS-BS was used for bioluminescent
imaging of LATS activity in live cells (MDA-MB231 cell line). The figures were taken from Azad et al. with minor
changes[1Z,

The MAPK signaling network affects a wide range of cellular processes, including proliferation, metabolism, and
apoptosis. In the MAPK/ERK cascade ERK functions as the final step, reflecting the activity of upstream elements. ERK
substrates and final cellular response depend on the type of cell, spatiotemporal regulation, and activity of other signaling
pathways. There are several biosensors for ERK activity. The prototype sensor ECAR, consists of mRFP1, a proline-
directed WW phospho-binding domain, a peptide from Cdc25C containing the consensus MAPK target sequence, ERK
docking peptide, and EGFPI3l. ERK shares the consensus substrate sequence with other MAP kinases4. However, the
ERK docking motif provides binding and phosphorylation specificity. When phosphorylated, the sensor is in the “closed”
conformation, and FRET occurs. Moreover, a CFP-YFP version containing Cerulean and Venus was produced. Both
FRET pairs allow 2-photon fluorescence lifetime imaging. The CFP-YFP version allows FRET ratiometric measurement as



well, providing almost the same signal-to-noise ratiol:3l. After the application of an optimized EEVEE linker backbone, the
ratiometric gain of the new sensor (EKAREV) increased fourfold and amounted to 40%12. Moreover, EKAREV was
transformed into a hybrid FRET-BRET (hyBRET) sensor by fusing a bright Renilla luciferase mutant, RLuc8, to the C
terminus of CFP (Turquoise2-GL). In the presence of substrate, the bioluminescence of RLuc8 excites CFP instead of
external light sources. The BRET and FRET ratios correlate linearly, and the dynamic ranges in both measurement modes
are almost equal. Due to the high signal-to-noise ratio, BRET sensors seem to be reliable instruments for automated drug
screening. Indeed, hyBRET-ERK was able to quantify the dose-dependent response to MAPK pathway inhibitors in
cancer cell lines cultured in microplates. For example, the IC50 for AZD6244, a MEK inhibitor, was determined using this
method2€!,

c-Jun N-terminal kinases (JNKs), also known as stress-activated protein kinases are another subfamily of MAP kinases.
They are activated by environmental stress signals and cytokines and regulate apoptosis, inflammation, cell
differentiation, and proliferation. JNKs are involved in cancer development, neurodegenerative diseases, insulin
resistance, diabetes, and heart pathologies, thus JNK inhibitors might serve as drugs in these conditionsLAML8I12920] JNK
activity reporter (JNKAR1) consists of ECFP, forkhead associated domain 1 responsible for phosphoamino acid binding, a
substrate sequence linked to the JDP2 docking domain, and Citrine. JINKAR1 is most probably sensitive to JNK1 and JNK
2 isoforms. After specific JNK activation in HelLa cells, the FRET ratio increases by up to 30%. It is noteworthy that the
dephosphorylation of the reporter is slower than the dephosphorylation of ATF-2, an endogenous JNK substratel2L.
JNKARL1 has not been validated as an instrument for high-throughput screening. However, given that JNK is a promising
drug target, and that the JNK pathway is likely to be a bistable system acting in an all-or-none fashionl2Y, INKAR1 might
be useful in drug screening assays. Moreover, JNKAR1 has been augmented with an optimized EEVEE linker, and the
resulting JNKARIEV construction demonstrated a dynamic FRET ratio range of about 100%1!,

The activity of the fusion protein Bcr-Abl produced by the Philadelphia chromosome causes chronic myelogenous
leukemia (CML). Bcer-Abl is a constitutively active mutant of c-Abl tyrosine kinase. Inhibitors of tyrosine kinases such as
imatinib mesylate and dasatinib are the main form of therapy for this condition. However, further mutations in Bcr-Abl
make the tumor resistant to these drugs, and thus the development of novel inhibitors is required?. Two sensors
detecting Bcr-Abl activity in vivo are available. The FRET-based sensor Picchu consists of C-terminally truncated adaptor
protein Crk Il flanked by CFP and YFP. Crk Il Tyr221 is phosphorylated by Abl, EGFR[23, and Bcr-Abl24 and binds to the
SH2 domain, bringing the N-terminal YFP and C-terminal CFP together. The “closed” conformation allows resonance
energy transfer from CFP to YFP [25]. The Picchu FRET ratio was demonstrated to reflect the activity of Ber-Abl and the
inhibitory effect and binding kinetics of imatinib and dasatinib. In cells expressing mutant Bcr-Abl forms, the FRET ratio
was insensitive to inhibitors. The maximal change in FRET ratio was about 15-20%. However, this was sufficient to
distinguish cells with active and inhibited Bcr-Abl by flow cytometry. According to the authors, Picchu can be used for
automatic monitoring of drug resistance in mixed population clinical samples as well as for screening of potential next-
generation Ber-Abl inhibitors24. It is noteworthy that c-Abl phosphorylates Picchu with the same efficiency as Ber-Abl(22],

Another sensor for Bcr-Abl activity is called Pickles. Its design exploits the same principles as Picchu. However, the
sensitive domain is derived from CrkL, the most characteristic substrate of Bcr-Abl. The FRET pair is m1Venus and
circularly permuted ECFP. In the presence of Bcr-Abl, FRET efficiency increases by 80%. Like Picchu, Pickles is
phosphorylated not only by Bcr-Abl but also by c-Abl. However, the efficiency of these kinases for Pickles is different.
Thus, Pickles is a more specific and sensitive indicator of Bcr-Abl activity. When expressed in cells, it was able to detect
the effect, the dose-dependency, and the inhibition rate of Bcr-Abl inhibitors, such as imatinib, nilotinib, and dasatinib.
Moreover, this sensor allowed evaluation of the drug response in primary human CML cells23,

Receptors of growth factors, cytokines, and hormones (RTKs) are a large group of tyrosine kinases. Pathological activity
of RTKs is associated with cancer emergence and progression, and the inhibitors of RTKs are widely used as therapeutic
agents[28. The fluorescent reporter of EGFR (epidermal growth factor receptor) activity named EGFRB is based on the
specific mechanism of activation of RTKs. When bound to the ligand, RTKs form dimers where the monomers
phosphorylate each other, and active receptors are internalized in endosomes. The sensor utilizes receptor clustering and
endocytosis. It consists of GFP fused to two SH2 domains from Grb2 adapter protein, which are considered to have high
affinity to phosphorylated EGFR. When the EGFRs are inactive, GFP fluorescence is homogeneously distributed
throughout the cytosol. After EGFR activation and endocytosis, the sensor binds to the receptors, and fluorescent
granules are observed. When expressed in the A549 cell line (human alveolar basal epithelial adenocarcinoma), the
sensor demonstrated no response to RTK ligands except for EGF24. A549-EGFRB cells were validated as a system for
high-content screening of EGFR modulators. After drug administration, the number of fluorescent granules in the wells of
a microplate was counted. To measure cell number and cytotoxicity, nuclei stained by DRAQ5 were quantified. The
EGFRB system demonstrated a high signal-to-noise ratio (21:1) and reproducibility. Using this system, a library of 6912



Food and Drug Administration-approved and known bioactive compounds was screened, and 12 of 13 reported EGFR
kinase inhibitors from this library were picked as positive. Moreover, the Hsp90 inhibitor 17-DMAG was shown to decrease
EGFR activity, most probably because Hsp90 is necessary for EGFR maturation. In the same screen, confirmed EGFR
activators were shown to increase the number of granules. What is more, A549-EGFRB cells were successfully used for a
dose-response test of EGFR modulators picked from the previous screen. According to the authors, EGFRB assay could
be a potent instrument in EGFR modulator discovery!28!,

| 3. Transcription Factors Regulators Screening

P53 takes part in the regulation of crucial cellular processes, including metabolism, cell cycle, stress response, and
apoptosis. Decreased p53 activity due to mutations, misregulation, or enhanced decay is associated with tumorigenesis
and cancer progression. Furthermore, p53 is ubiquitinylated and targeted to degradation by hDM2 protein, which is
overexpressed in some types of cancer22, In order to find novel p53-hDM2 interaction inhibitors, a system for automated
high-content screening for protein-protein interaction disruptor (PPID) was established. First, p53 was fused to GFP and
augmented by an NLS localizing the construction in the nucleolus. hDM2 carried both NLS and NES and was fused to
RFP. Naturally, both proteins colocalized in the nucleolus. In the presence of the known p53-hDM2 interaction inhibitor
Nutlin-3, hDM2 was exported to the cytoplasm. A library of 220,000 small-molecule compounds was screened, and the
assay demonstrated high reproducibility. However, a thorough analysis of fluorescence artifacts and cytotoxic effects was
required to omit false-positive hits. Finally, three compounds related to methylbenzonaphthyridin-5-amine were confirmed
to increase p53 protein level and apoptosis and to cause cell cycle arrest and growth inhibition in a p53-dependent
fashion2d,

The gene c-Myc plays key roles in cell cycle regulation, growth, differentiation, and apoptosis. In the vast majority of
cancers, this protein is abnormally abundant, stable, and active, which makes it a potential anti-cancer drug target.
Mitogens and other stimulators activate c-Myc via Ser62 phosphorylation by ERK kinase. After stimulator removal, Ser62
recruits glycogen synthase kinase-33 (GSK-3B), which phosphorylates the Thr58 residue and targets c-Myc for
proteasomal degradationl. c-Myc activation sensor consists of the c-Myc activation motif fused to the N-terminal domain
of Renilla luciferase and GSK-3B phosphoamino acid binding domain fused to the C-terminal domain of Renilla luciferase.
When c-Myc activation motif is phosphorylated, it binds to GSK-3p fragment, and the split luciferase fragments form an
active enzyme. The sensor was tested in murine xenografts where it was able to reflect drug impact on c-Myc
phosphorylation®2. The sensor also proved to be applicable to high-throughput screening of c-Myc inhibitors. A library of
5000 compounds was tested on SKBR3 cells (breast cancer cell line with c-Myc overexpression), and about 1% of
compounds were identified as clean positive hits, including known c-Myc pathway inhibitors, and nitazoxanide, a widely
used antiprotozoan drug with few side effects. It should be mentioned that cell proliferation and luciferase activity
inhibitors were also identified as positive hits. After further validation in c-Myc-associated cancer cell lines and xenografts,
the c-Myc inhibiting and antineoplastic effects of nitazoxanide were confirmed2!,

| 4. Cell Death Signaling Inducers Screening

Another approach in anti-cancer drug discovery is the search for inducers of certain types of cell death, like apoptosis,
mitotic catastrophe, or immunogenic cell death, irrespective of drug target. Some of these conditions can be detected
using immunochemistry or chemical labeling. However, these methods are time- and labor-intensive and usually require
fixation and permeabilization of cells. Thus, they are not well suited for high-throughput and in vivo assays. However,
these phenomena can be observed in automated systems using genetically encoded fluorescent reporters.

For example, a system of two fluorescent reporters of mitotic catastrophe has been developed. Histone H2B-GFP chimera
stably expressed in HCT 116 cells (human colon carcinoma) provides chromosome tracking, while Discosoma striata red
fluorescent protein fused to centrin (DsRed-Centrin) visualizes the centrosomes, allowing polyploidy and multipolar
divisions to be monitored. After plotting mean nuclear density against nuclear heterogeneity of H2B-GFP fluorescence,
cells arrested in metaphase were observed as a distinct population, while other cells, including apoptotic ones, were
distributed all over the plot. The assay was able to reflect mitotic catastrophe induction by several mitotic blockers,
distinguish different cell fates after treatment, and show different susceptibility to the treatment in wild-type and p537/~
HCT cells. It is suitable for the microplate format and can be used for high-throughput detection of mitotic catastrophe24!,

The activation of effector caspase-3 is one of the most critical steps of apoptosisi22. A FRET-based reporter of caspase-3
activity has been created. It consists of CFP, YFP, and a linker sequence containing the caspase-3 recognition site. After
caspase-3 activation caused by UV radiation, toxic compounds, and other apoptotic stimuli, the sensor protein is cleaved,
and the FRET ratio decreases. FRET ratio does not decrease in necrotic cell death. When expressed in HeLa-C3 cells



grown in microplates, the sensor was able to dose-dependently reflect the pro-apoptotic effect for several compounds of
known biological activity, such as vincristine, paclitaxel, and hydroxyurea, as well as for some novel plant-derived
substances!28l. It should be mentioned, however, that YFP spectral properties are highly dependent on H* and CI~ ion
concentrations, and the latter may dramatically change during apoptosis. Venus fluorescent protein is more stable and
can be used in such FRET-based sensors instead of YFPEZ. Moreover, the cleavage site DEVD, used in8, can be
recognized by other caspase-3-like proteases (DEVDases), for example, caspase-7[8],

Another approach for detection of caspase-3-like protease activity is using switch-on fluorescence-based caspase-3-like
protease activity indicator (SFCAI). This sensor is based on a circular permutant of Venus protein, whose native N- and C-
termini are connected by DEVDase recognition sequence. The artificial N- and C-termini are fused to Npu DnakE intein
from Nostoc punctiforme, which catalyzes the trans-ligation of the termini, forming a cyclic protein. Cleavage by
DEVDases alters the protein conformation and enables fluorescent activity. The sensor was tested in several cell cultures,
and it was able to specifically reflect apoptotic DEVDases activation by cisplatin in a real-time and dose-dependent
fashion. It is noteworthy that MCF-7 cells (human breast cancer) turned out to be the most convenient for fluorescent
microscopy because they did not detach from the culture platform. The sensor also detected apoptosis in 3D cell cultures
in soft agar. A group of relative sensors was developed based on different fluorescent proteins: superfolder GFP,
Cerulean, and mCherry. According to the authors, SFCAIs could be used in high-throughput screening assays for pro-
apoptotic agents due to their high sensitivity and robust signall2&l.

Some apoptotic cells undergo membrane rupture after caspase activation entering secondary necrosisd, so caspase
activity reporters can leak from the cytoplasm, causing non-specific shifts in sensor readout. To distinguish between
apoptosis and primary and secondary necrosis, one can use an additional fluorescent protein localized in membrane
organoids, which stay intact during necrosis. For example, mitochondrion-targeted red fluorescent protein can be used
together with a cleavable FRET-based caspase-3/7 activity reporter containing ECFP and EYFP. In apoptotic cells, the
FRET ratio decreases, and in necrotic cells the FRET signal is lost, while RFP fluorescence remains constant. For cells
stably expressing both reporters, high-throughput adaptable protocols for live-cell imaging and flow cytometry analysis are
available2d,

Immunogenic cell death (ICD) inducers are another type of anti-cancer drugs. They stimulate cancer cells to emit signals
that attract and activate immune cells. During premortem stress several processes occur, for example exposure of
calreticulin on the surface of the cell, release of ATP, and the exodus of high-mobility group box 1 (HMGB1) protein from
the nucleus to the cytoplasmi4ll. LC3 protein migrates to autophagy-specific granules#. Using U20S cells (human
osteosarcoma) expressing calreticulin fused to RFP and HMGB1 or LC3 fused to GFP, a library of more than 500
compounds was screened. Cell nuclei were stained with DAPI, and nuclear pyknosis was also detected. This screening
demonstrated that some tyrosine kinase inhibitors can induce ICD, which was further confirmed in cell cultures and
murine xenografts43. HMGB1 exodus can also be observed via the “retention using selective hooks” (RUSH) system. In
this system, U20S cells express streptavidin fused to the NLS3 sequence and HMGB1 fused to streptavidin binding
protein (SBP) and GFP. In the absence of biotin, the HMGB1-SBP-GFP chimera is bound to the streptavidin-NLS3
construction and localized in the nucleus. However, after ICD inducers and biotin treatment, GFP fluorescence is also
observed in the cytosol. The assay is performed on fixed cells. It has been validated for high-throughput screening for ICD
inducers. The RUSH system allows comparison of cell images with and without biotin treatment, thus filtering out false-
positive results detected due to drug fluorescence and other unspecific factors#4. This approach can also be applied to
the search for protein secretion inhibitors!43.

The LC3-GFP reporter can be used in search of caloric restriction mimetics (CRM) as an autophagy reporter in tandem
with protein acetylation monitoring. CRM can act as cardio- and hepatoprotectors and stimulate the immune response
against tumor-associated antigens. LC3-GFP was used to identify CRM in a library of 200 compounds, and positive hits
were tested for cytotoxicity and protein acetylation state. The screening revealed a CRM effect of 3,4-dimethoxychalcone,
which was further confirmed to improve the T-cell dependent effect of the chemotherapeutic drug mitoxantronel4€!,

| 5. Energy Metabolism Modulators Screening

Another promising area to target for anti-cancer anti-proliferative drugs is ATP production. Most cancer cells are
characterized by metabolic changes, the Warburg effect is manifested as the predominance of glycolysis over oxidative
phosphorylation®Z. The identification of small molecular inhibitors of glycolytic ATP production may be leveraged in the
creation of some anti-cancer drugs. Imamura et al. developed ATeams FRET sensors for intracellular ATP level detection
based on the epsilon subunit of Bacillus subtilis FOF1-ATP synthase fused to cyan fluorescent protein (mseCFP) at the N-
terminus and yellow fluorescent protein (cp173-mVenus) at the C-terminusl48l. The physiological role of the e-subunit is
thought to be regulation of FOF1-ATP synthase activity depending on the intracellular ATP level. The subunit binds to ATP



but does not hydrolyze it. In the ATP-bound form, the subunit retracts to draw the two fluorescent proteins close to each
other, increasing FRET efficiency. ATeam version AT1.03 demonstrated a FRET signal dynamic range of about 2.5, and
the detectable ATP concentration range was 1-8 mM. In 2018, Zhao et al. designed a three-step assay protocol in 96-well
fluorescent plate reader format based on long-term transfectant K562 cells expressing ATeam FRET sensor version
AT1.03, which allowed identification of compounds inhibiting glycolytic or OXPHOS-dependent ATP production, or both!49.
It was demonstrated that using 105 cells/well in 96-well fluorescent plate reader format made the variability of sensor
FRET ratio between wells insignificant and the detected signal reproducible. The first read allowed detection of drugs that
inhibit glucose-independent oxidative phosphorylation-dependent ATP production because measurements were made in
the absence of glucose. The authors demonstrated that in those conditions K562 cells had produced ATP by OXPHOS
using stored substrates for up to 3 h or until an inhibitor had been added. The second read was performed after 20 min
incubation with 5 mM azide to block respiratory complex IV and provided an opportunity to select compounds that affect
FRET ratios at the 1st read via fluorescence artifacts. Subsequent incubation with 20 mM D-glucose for 20 min preceded
the third read. In this read, glycolysis inhibitors preventing ATP synthesis were detected. Unfortunately, the described
method was not able to identify compounds that inhibit glycolytic or OXPHOS-dependent ATP production with a delayed
mechanism of action. However, this FRET screening made it possible to test 813 compounds in the NCI's (National
Cancer Institute) Mechanistic Set Ill. ATP level influence was confirmed by luciferase ATP assay. The assay identified 14
compounds inhibiting oxidative phosphorylation-dependent ATP production by >75% and 13 compounds inhibiting
glycolysis by >80%. Three of the detected inhibitors of oxidative phosphorylation, nonactin (NSC 52141), usnic acid (NSC
5890), and peliomycin (NSC 76455), were described previously. Other inhibitors were identified for the first time. ATeam
FRET screening may be a basis for selecting inhibitors of ATP production with the ability to differentiate the path of ATP
synthesis inhibition, i.e., glycolysis or OXPHOS. Significantly, Zhao et al. showed that the identified inhibitors of oxidative
phosphorylation were not more antiproliferative than the NCI's compound library as a whole, whereas glycolysis inhibitors
were significantly more effective.

Due to the Warburg effect, many cancer cells show significantly lower NAD+/NADH ratios than non-cancer cells. The
genetically encoded SoNar sensor was constructed by insertion of cpYFP between two subunits of NAD(H) binding
protein Rex from Thermus aquaticus (T-Rex). NAD+ saturation of SoNar increases fluorescence exited at 485 nm, while
NADH binding increases fluorescence exited at 420 nm. SoNar can specifically bind NAD+ or NADH (Kd = 5.0 uM and =
0.2 pM, respectively, at pH 7.4). It is a pH-stable, effective ratiometric sensor for NAD+, NADH, and their ratio. SoNar
displays an 8-fold dynamic range in living cells. Zhao et al. presented SoNar as an excellent choice for HTS of the
NAD+/NADH ratio in living cancer cells with drug screening opportunities2. More than 5500 unique compounds from the
commercially available small-molecule libraries that might affect cellular metabolism were screened in the microplate
format in H1299 cells using the SoNar sensor. Seventy-eight compounds were identified that significantly decreased the
NAD+/NADH ratio in H1299 cells, and most of them did not exhibit obvious H1299 cell toxicity. Just 9 of 78 compounds
were toxic. Compounds that significantly increased the NAD+/NADH ratio in H1299 cells exhibited H1299 cell toxicity (8 of
12 identified), among which were B-lapachone, shikonin, and fascaplysin, potent widely studied anti-tumor agents. The Akt
inhibitor, also known as KP372-1, was identified as the compound with the most pronounced influence, increasing
NAD+/NADH ratio, and with high cytotoxicity at 100 nM concentration for cancer cells of different origin, and with low
toxicity toward various primary cells. KP372-1 was tested in H1299 xenografts expressing SoNar in mice, and the
suppression of tumor growth was confirmed. Moreover, KP372-1 was shown to be cytotoxic to cancer cells independently
from Akt inhibition. KP372-1 was proven as a potent NQO1-mediated redox cycling agent that causes severe oxidative
stress and induces cancer cell apoptosis. The pronounced antitumor effect, bioavailability, and pharmacokinetics make
KP372-1 a promising candidate for antitumor drugs.
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