bioRxiv preprint doi: https://doi.org/10.1101/2025.05.20.655224; this version posted May 24, 2025. The copyright holder for this preprint (which

10

11

12

13

14

15

16

17

18

19

20

21

22

23

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Cheminformatic identification of small molecules targeting acute myeloid leukemia
Megan R. Daneman*!, Bernadetta Meika*?, Elissa Tjahjono?, Alexey V. Revtovich?!, Leonid A.
Stolbov?, Scott R. Gilbertson®, Vladimir V. Poroikov?, Natalia V. Kirienko*!

!Department of BioSciences, Rice University, Houston, TX, USA.

2Institute of Biomedical Chemistry, Moscow, Russia.

3Department of Chemistry, University of Houston, 3585 Cullen Blvd. #112, Houston, TX 77004,
USA.

*Contributed equally.

#Corresponding author. Department of BioSciences, Rice University, Houston, TX, USA.

kirienko@rice.edu.

Abstract

Acute myeloid leukemia (AML) is an aggressive hematological malignancy that has poor
prognosis and high relapse rates with cytotoxic chemotherapeutics. Previously, we identified
modulators of mitochondrial function, PS127-family compounds, that were cytotoxic to AML and
were characterized by two predicted functions: apoptotic agonism and thioredoxin/glutathione
reductase inhibition (T/GRi). Here, we uncovered a third critical predicted function: autophagic
induction. A cheminformatics screening of ~4.2 million compounds for molecules with high
probability of these three functions yielded 93 hits, 81 of which were closely related to PS127-
family molecules. In silico hits selected for validation selectively killed AML cells, activated
apoptosis, required functional autophagy, and interfered with glutathione metabolism, confirming
predicted functions. This increased pools of cytosolic and mitochondrial ROS and decreased

oxygen consumption and ATP synthesis. Differential scanning fluorimetry implicated glutathione
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reductase as a direct target of these molecules. Structurally-unrelated compounds from different
clusters caused the same phenotype, validating our structure-blind screening approach.
Furthermore, strong synergy between these compounds and the AML treatment midostaurin

underscores their therapeutic potential.

Introduction

Acute myeloid leukemia (AML) is an aggressive, heterogeneous hematopoietic
malignancy that is fatal when left untreated. AML occurs when hematopoietic stem cells mutate,
causing immature myeloid precursor cells to divide uncontrollably. Rapid division of myeloid
precursors decreases the number of healthy immune cells and differentiation, leading to
immunosuppression and making the patients susceptible to diseases, including opportunistic
pathogens (1). Additionally, the 5-year survival rate decreases with increasing patient age and the
number of comorbidities, as these patients are less tolerant of intensive treatments (2). Therefore,
fast diagnosis and effective treatment are crucial for patient survival.

In addition to low tolerance of current chemotherapy regimens, cancerous AML cells
develop resistance mechanisms. The heterogeneous population of AML cells provides an
opportunity for relapse after remission due to primary (before drug administration) or acquired
drug resistance (after drug administration). Multidrug resistance (MDR) genes are involved in
efflux, influx, proliferation, and anti-apoptotic pathways (3). For example, multidrug resistance-
related protein (MRP1/ABCC1), promotes drug resistance by transporting drugs outside the cell
and isolating drugs in vesicles (3,4). However, MRP1 can also cause efflux of the antioxidant

glutathione (GSH), increasing cellular sensitivity to reactive oxygen species (ROS) levels (4,5).
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The intricate balance of detoxification and resource production that modulate ROS levels provides
a therapeutic opportunity to tip the scales by targeting mitochondrial metabolism.

The mutation profiles of AML are also important to consider when administering and
developing new chemotherapeutics. Proto-oncogenes, which are necessary for cell proliferation,
can mutate into oncogenes to induce tumorigenesis (6). However, they can also be a target for drug
design. The most common mutation, which occurs in about 30% of AML patients, is the cell
proliferation marker, Fms-like tyrosine kinase 3 (FLT3). This mutation typically occurs as an
internal tandem duplication (ITD) or tyrosine kinase domain (TKD) mutation (7-9). FLT-ITD is
associated with poor prognosis due to increased or constitutively activated cell proliferation.
Current FLT3-ITD inhibitors, such as midostaurin, quizartinib, gilteritinib, and sorafenib, are
subject to resistance due to FLT3 point mutations (3,10-16). Therefore, when investigating
potential novel therapeutic targets, metabolic pathways and bioenergetics are a promising start.

AML is driven from two populations: immature myeloblasts and leukemic stem cells
(LSCs) (17,18). Myeloblasts are targeted with front-line induction and consolidation treatments
comprised of a pyrimidine analog arabinose-C/cytarabine (ara-C) and an anthracycline drug, but
this regimen is insufficient for LSCs elimination. LSCs divide slowly, while myeloblasts divide
rapidly. Therefore, LSCs are less sensitive to the anti-proliferative mechanisms of first-line
chemotherapeutics. However, notably these two leukemic cell populations undergo metabolic
reprogramming that makes their mitochondria sensitive to damage, revealing a way to target both
populations (19).

AML cells favor oxidative phosphorylation (OXPHOS) and glutaminolysis (17,18,20-22).
Increased OXPHOS enhances production of ROS, making cells more sensitive to mitochondrial

damage. The heterogenous nature of AML cell populations also contain cells that are less effective
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at ATP production due to low coupling efficiency (23,24). Substantial mitochondrial damage often
leads to mitophagy, or the recycling of dysfunctional or damaged mitochondria. This process must
be heavily regulated to maintain homeostasis. It has been shown that both the induction and
inhibition of mitophagy induce leukemia cell death (7,17,25-27). Similarly, upregulation of
mitophagy can induce resistance to chemotherapeutics such as venetoclax; however, upregulation
of mitophagy pathways have been shown to correlate to increased patient survival, making
mitophagy a great potential therapeutic target for AML treatment (28,29).

Our study took advantage of the metabolic reprogramming AML cells undergo by targeting
their partially dysfunctional mitochondria with compounds that disrupt mitochondrial homeostasis
(23). Previously, we discovered that mitochondria in AML cells have lower coupling efficiency,
likely due to a higher proton leak (30). Consequently, it made AML cells highly sensitive to
multiple combination of mitochondria-targeting drug with an established AML treatment (31). A
panel of novel activators of PINK1-mediated mitophagy was previously discovered using a
phenotypic screen in the nematode Caenorhabditis elegans (32). These PINK1-Stabilizing (PS)
compounds increased levels of PINK1 in C. elegans and notably, selectively killed AML cells
(23). These compounds also interfered with mitochondrial bioenergetics, characterized by
decreased routine and ATP-linked respiration, and increased mitochondrial membrane
depolarization—ultimately leading to cell death in blasts and LSCs. Cheminformatic analysis
revealed that the most promising compounds, PS127E and PS127B, were likely inhibitors to key
enzymes responsible for redox homeostasis (23).

In this manuscript, we used ligand-based cheminformatics approach to screen over 4.2
million compounds to identify small molecules with the same probable functions as mitophagic

activators from the PS127 family. Specifically, the presence of these three functions: apoptosis
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92  agonism, thioredoxin or glutathione reductase inhibition (T/GRi), and autophagic induction, was
93  sufficient to selectively kill AML cells. Ninety-three such hits were discovered, with 81 clustering
94  with our prior hits from PS127 family. These compounds were found to be synergistic with
95 chemotherapeutics, particularly midostaurin (MID), indicating their potential as combinatorial
96 treatment for AML. To uncover their mechanism of action, we verified these three predicted
97  activities of selected PS127 analogs. We demonstrated that these compounds triggered apoptosis,
98 required functional autophagy for AML cell cytotoxicity, and affected glutathione metabolism.
99 Importantly, we identified glutathione reductase (GSR) as a molecular target of these compounds
100 and demonstrated evidence of drug-target interaction. A structurally unrelated hit, compound
101 125 1, yielded very similar experimental outcomes, validating our approach. Compounds from
102  the PS127 family and 125 1 negatively affected mitochondrial metabolism in AML cells, resulting
103 inlower oxygen consumption rates (OCR) and concomitant decrease in ATP levels. These findings
104  showed that using cheminformatics to screen for specific functions based on bioactive molecules
105 s valuable in identifying novel compounds.
106
107 METHODS
108  Cell culture, AML cell lines, PBMCs, and treatments
109 AML cell lines (MOLM-13, MOLM-14, MV4-11, THP-2, and OCI-AML2) were purchased from
110 ATCC (Manassas, VA, USA). MOLM-13 was used as our main AML cell line model, unless
111  specified otherwise, to assess compound cytotoxicity and mechanisms of action. Cell cultures were
112  maintained in RPMI-1640 medium supplemented with 2 mM L-glutamine and sodium bicarbonate

113 (Sigma-Aldrich), 10% Corning™ Regular Fetal Bovine Serum (FBS) (Heat Inactivated) and 1%
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114  penicillin-streptomycin solution (P/S) (Sigma-Aldrich) in a 37°C humidified atmosphere with 5%
115 CO..

116 Peripheral blood mononuclear cells (PBMCs) were obtained from the Gulf Coast Regional
117  Blood Centre (Houston, TX, USA). PBMCs were used to represent healthy cells as a counterpart
118 to AML cells and to assess for selectivity against AML cells over healthy cells. Healthy PBMCs
119  were isolated using Ficoll®-Pagque PREMIUM (Cytiva) according to manufacturer’s instructions.
120  PBMCs were maintained overnight (at least 16 hours) at a minimum density of 10° cells/mL before
121 experimental use. All molecules that were identified in silico were purchased from Molport

122 (www.molport.com). Each in silico-identified compounds, commercial chemotherapeutics, and

123 antioxidants were prepared as a 10 mM stock solution in DMSO or sterile water, aliquoted, and
124  stored at -20°C. Compounds were stored for short-term use at 4°C.

125

126  Insilico screen

127  Chemoinformatics analysis was performed using Prediction of Activity Spectra for Substances
128  (PASS) version 2022 (33). Database of ~4.2 million molecules was screened for identified
129  activities with PASS using AP > 0.7. AP represents the prediction of activity (Pa) minus the
130  prediction of inactivity (Pi) (33). The remaining molecules (n = 161) were clustered based on
131  structural similarity using Multidimensional Scaling (MDS) in ChemMine Tools (cut off > 0.4)
132 (34). A second filtration of the 161 molecules resulted in 93 molecules was done using autophagic
133 induction PASS activity (AP > 0.7). Structural similarity was analyzed further using the Tanimoto
134  coefficient based on PubChem fingerprinting and visualized in Cytoscape 3.10.3.

135

136  Cytotoxicity assay
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137  Cell viability was assessed by seeding cells at a density of 5,000 AML cells or 50,000 PBMCs per
138  well into 96-well plates. Preliminary cytotoxicity assays assessed compound efficacy at 10 uM of
139  compound. Cells were treated with compounds or solvent controls for 72 hours with a final volume
140  of 100 pL in experimental media (RPMI-1640 with 1% FBS, 1% P/S). After 72 hours of treatment,
141  cells were stained with Hoechst 33342 and propidium iodide (P1) to detect total and dead cells,
142  respectively, as previously described (35). Plates were spun down for 5 minutes at 1,000 rcf in the
143 Hermile Z446 Benchmark. Stained cells were then analyzed on a BioTek plate reader (Cytation 5
144  Cell Imaging Multi-Mode Reader) with Gen5 software.

145 The concentration of 50% cytotoxicity (CCso) for each compound was determined by
146  fitting dose-response models using the dose-response curve (drc) package in R (36). Cells were
147  seeded in 96-well plates and immediately treated with compound or the solvent control, DMSO,
148  at 5,000 AML cells/well or 50,000 PBMCs/well. Cell viability assays were performed using a 2-
149  fold serial dilutions in a 96-well plate. The highest concentration of solvent control was used, never
150 exceeding 0.5% (v/v). Cell viability was normalized to the solvent-control viability. Three
151 technical replicates were performed per dose with at least three biological replicates.

152

153  Compound synergy assay

154  Combination cell viability was assessed by following previously described guidelines (31). We
155 assessed the synergistic potential of three commercially used AML chemotherapeutics:
156  doxorubicin (DOX) (Ark Pharm Inc.), cytarabine (ara-C) (Accela Chembio Inc), and midostaurin
157  (MID) (MedChemExpress) to capture how our PS127-family compounds would interact with first-

158  line chemotherapeutics and targeted therapy.
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159 Cells were seeded at a density of 5,000 AML cells or 50,000 PBMCs per well into 96-well
160 plates and immediately treated with a commercial chemotherapeutic and PS127-family compound
161  with a final volume of 100 pL in experimental RPMI-1640 media (1% FBS, 1% P/S). Cells were
162  treated for 72 hours using a concentration matrix starting at approximately 2-fold of the 72-hour
163  CCso values, followed by three 2-fold serial dilutions. The single treatment concentrations were
164  also included in the matrix. Single drug treatments and combinations were assessed in technical
165  duplicates per each of three biological replicates. Due to differences in final DMSO volume from
166  various final drugl/drug2 combination, the highest DMSO amount was used as a solvent-control.
167  All viability was normalized to the DMSO control viability. Plates were imaged for viability using
168 the BioTek plate reader with Hoechst/Pl double-staining.

169 Synergy for each biological replicate was determined by inputting the cell viability and
170  corresponding drugl/drug2 concentrations into the SynergyFinder package in R
171 (https://synergyfinder.fimm.fi) (37). Synergy scores were calculated using Bliss model. According
172  to this model, Bliss synergy scores indicate that scores larger than 10 are synergistic, while scores
173  between -10 and 10 are additive, and scores below -10 are antagonistic. We further categorized
174  synergistic strength as follows: low synergy (10-20), medium synergy (>20-30), and high synergy
175  (>30). Synergy plots were created using the same package and visualized in a 2D format. We
176  determined the synergistic potential of our compounds by taking the average max synergy scores
177  from at least three biological replicates. Corresponding PBMC synergy matrices were performed
178  to assess potential synergy in healthy cells. Synergy graphs shown are representative of one
179  biological replicate.

180

181  Evaluation of T/GRIi activity
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182 To assess thioredoxin reductase (TrxR) activity, MOLM-13 cells seeded at density of 10°
183  cells/mL were treated with PS127-compound at CCso, 72hours for 48 hours. DMSO was used as
184  negative control. Cell lysates were then prepared and assessed using the Thioredoxin Reductase
185  Colorimetric Assay Kit (Cayman Chemicals) at 414 nm according to manufacturer’s instructions.
186  PS127-treated sample, positive control, and solvent-control were assessed in duplicate.

187 The ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) was assessed using
188  the EnzyChrom™ Glutathione GSH/GSSG Assay Kit. MOLM-13 cells were treated with similar
189  conditions as above. Samples were prepared following manufacturer’s instructions for GSSG and
190 total glutathione measurements. The amount of GSSG and total glutathione was determined from
191  ODai2nm measurements at 0 and 10 minutes. Concentration of GSH or GSSG was normalized to
192  total protein concentration, determined by Pierce™ BCA Protein Assay Kit, and negative control.
193

194  Assessment of autophagy-inducing activity

195  The ability for PS127-compounds to induce cytotoxicity through inducing autophagy was assessed
196 by co-treating MOLM-13 cells with known autophagy inhibitor, 3-methyladenine (3-MA) (TCI
197  America™) (38). Cell viability was assessed as a matrix of PS127-compound and 3-MA single
198 and combined treatment. MOLM-13 cells were seeded at a density of 5,000 cells per well at the
199  concentration matrixes described in Figure 4C and S8A for 24 hours. Plates were stained with
200  Hoechst/Pl and visualized in the BioTek plate reader.

201

202  Supplementation of exogenous antioxidants

203  The concentration in which antioxidant would not induce cell death was determined for each

204  antioxidant used to supplement compound treated cells (Figure S9). We found that exogenously
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205  supplementing GSH (Thermo Scientific Chemicals) and GSSG (TCI America™) was not toxic to
206 MOLM-13. However, tocopherol (Thermo Scientific Chemicals) and ascorbate (TCI Chemicals)
207  were toxic at concentrations higher than 62.5 UM and 15.63 UM respectively. These concentrations
208  were then used in subsequent combination assays. GSH, GSSG, tocopherol and ascorbate were
209  dissolved in sterile water.

210 MOLM-13 cells were simultaneously treated with antioxidants and tested compounds at
211  their 4X CCso for 72 hours to assess rescue of cell viability. Cell viability was assessed with
212 Hoechst/PI staining in the BioTek plate reader as described previously.

213

214  Flow Cytometry

215  Total and mitochondrial ROS were measured using dihydroethidium (DHE) (Invitrogen™) or
216  MitoSOX™ Red (Invitrogen™) staining, respectively, as described in manufacturer’s protocols.
217  Cells were double stained with Hoechst as viability control. Meanwhile, Annexin V-
218  FITC/PI/Hoechst staining was used to detect live, apoptotic, and dead cells as previously described
219  (23). For each experiment, MOLM1-13 were seeded at a density of 10° cells/mL and treated with
220 8 uM of screened compound or 4 uM of PS127_10 for 24 hours. DMSO was used as negative
221 control. Flow cytometry was performed on SONY MA900 Cell Sorter. Data were analyzed in
222 FlowJo software 10.8.1.

223

224  Differential Scanning Fluorometry (DSF)

225 DSF was performed by combining final concentrations of 5 UM of human glutathione reductase
226  (GSR) (Sigma-Aldrich), 20 uM of each compound, and 5X of SYPRO® Orange Protein Gel Stain

227  (ThermoFisher). The total final volume per well was 20 pL. Buffer solution used to dilute
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228  compound and GSR stocks was 20 mM HEPES, pH 7.4, 100 mM NaCl with 1% DMSO (39). We
229 included no protein controls, compound-fluoresce interference controls, and autofluorescence
230 plate controls. The known GSR inhibitor, 2-AAPA (Sigma-Aldrich), was used as a positive
231  experimental control. After being sealed with clear adhesion covers, PCR plates were continuously
232 heated with gradual increase in temperature from 25°C to 95°C at 1-minute intervals using the
233  PREP BioRad gPCR instrument. RFU was then determined through the FRET channel. Melting
234 temperature was determined by the derivative of relative fluorescence units (dRFU) using the open
235  access tool, DSFworld (40).

236

237  Oxygen consumption rate measurements

238  Oxygen consumption rate (OCR) and oxygen concentration were measured using the NextGen-
239 02k instrument (Oroboros Instrument, Innsbruck, Austria). Additional modules required for
240  various experiments were assembled and used (e.g. SmartPOS, TIP-2k). Instrumental background
241  calibration with MiR05 (Oroboros) and oxygen air calibration with experimental media (RPMI-
242 1640 supplemented with 1% FBS and 1% P/S) were performed according to standardized
243  protocols. The oxygen solubility factor was altered based on media used in chamber (0.92 for
244  MIRO05, 0.89 for RPMI) at 37°C. Measurements were taken every 2 seconds.

245  OCR was determined using oxygen detecting protocols provided by Oroboros. Routine respiration
246  was assessed in live cells (> 90% viability) using 2-mL Duran® glass chambers filled with
247  experimental RPMI-1640 medium, maintained at 37°C, and stirred at 750 rpm. Live cells were
248 incubated for 3 hours with 4 uM compound treatment or corresponding volume solvent control
249 (DMSO) at 10° cells/mL in a 6-well plate in a humidified 37°C incubator with 5% CO>. Cell

250 concentration and viability were measured with the Invitrogen Countess Il Automated Cell
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251  Counter using Trypan-Blue (0.4%) before treatment and after oxygen measurement. The OCR was
252  calculated from the average of oxygen negative slope over time normalized to total number of cells
253  per chamber volume using the data analysis template Excel file provided by Oroboros.

254

255  ATP measurements

256  MOLM-13 cells were seeded at a density of 5,000 cells per well into an opaque 96-well plate and
257  incubated with either 4 uM compound or corresponding volume of solvent control (DMSO) for 3
258  hours at a final volume of 100 pL of experimental RPMI medium. Each biological replicate was
259 analyzed in three technical replicates. Cells were double-stained with Hoechst/PI to assess cell
260 viability as previously described. Each well was maintained to have greater than 90% viability
261  before proceeding with cell lysis. After imaging, plate was spun down again for 5 minutes and 50
262  pL of media was removed from each well. Subsequently, 50 pL of CellTiter-Glo® 2.0 (Promega)
263  solution was added to each well. Plate was then kept in the dark, gently shaken for 1 minute to
264 induce cell lysis, and incubated at room temperature for 10 minutes to allow luciferase activation.
265  The luciferase signal was measured via luminescence on the BioTek plate reader (Cytation 5 Cell
266  Imaging Multi-Mode Reader) with Gen5 software. The total ATP production was then calculated
267 by dividing the luminescence signal by the total number of live cells per well.

268

269 RESULTS

270 Insilico biological activity screen identifies AML-targeting compounds

271 Previous research in our lab identified PS127 as a novel activator of mitophagy (32).
272  Subsequent study demonstrated that this molecule selectively kills AML cells. A small-scale

273  structural similarity search and structure-activity relationship analysis identified ~15 analogs of
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274  PS127, 12 of which showed cytotoxicity against AML in vitro (23). In order to identify potential
275  mechanisms of action for these molecules, a chemoinformatics software package called Prediction
276  of Activity Spectra for Substances (PASS) was used (41). PASS uses a set of interest with chemical
277  structures of drug-like compounds to predict a range of biological activities. Probability to be
278  active (Pa) and to be inactive (Pi) are shown for specific molecule. Both of them are ranged
279  between 0 (no likelihood of activity) and 1 (high likelihood of activity). Pa scores above 0.7
280 indicate a high probability of compound activity (33). PASS analysis predicted that all 12 active
281 PS127-analogs had high probability for two activities: apoptotic agonism and thioredoxin /
282  glutathione inhibition functions (T/GRi) (23). These activities were specific to active molecules;
283  analogs found to lack activity in vitro (such as PS127H) had low Pa scores for these activities
284  (Figure 1A).

285 These results suggested that the ability of PS127-family molecules to selectively kill AML
286  cells was linked to at least one of these predicted functions. To identify additional molecules with
287  these predicted functions, an in silico screen of over 4.2 million compounds was performed. To
288 increase stringency and reduce the number of false positive hits, the screen parameters were
289  adjusted. Compounds were considered hits only if AP (defined as Pa — Pi) was at least 0.7 for each
290 of the desired activities (Figure 1B). This screen yielded a set of 161 potential hits (Figure 1B).
291  The molecules were grouped into 41 clusters based on structural similarity using multidimensional
292 scaling (MDS) (Figure 1C and Figure S1). This process identified two large clusters with
293  structurally-related compounds, referred to here as clusters 20 and 103.

294 Cluster 20 contained 82 compounds, including multiple previously-identified PS127-family
295  hits, like PS127E and PS127B. This group will henceforth be referred to as the PS127-family

296  cluster. A subset of 14 compounds from this cluster were ordered and tested as representatives of
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297  the PS127-family cluster’s chemical space (Figure 1D). Compounds were dissolved in DMSO
298 and tested for cytotoxicity in an AML cell line, MOLM-13, at 10 uM for 72 hours (Figure 1E).
299  All PS127-family compounds tested showed high cytotoxicity to the AML cells (Table 1).

300 Cluster 103 was comprised of 18 molecules, four of which were ordered and tested as above
301 (Figure 1E). None showed activity in vitro, despite being predicted to have the same two activities.
302 Tanimoto-based structural analysis showed that all cluster 103 compounds had high structural
303  similarity to each other (Tanimoto coefficient > 0.75), whereas compounds from PS127-family
304  cluster formed distinct sub-clusters (Figure S2, Table S1). For example, PS127 10 and PS127E
305 were more structurally similar to each other (Tanimoto coefficient 0.833) than they were to
306 PS127 4 or PS127_6, which were more closely related to each other (Tanimoto coefficient
307 0.0758).

308 To gain insight into the basis for functional differences between compounds from these two
309 clusters, active and inactive compounds were reassessed with the PASS software. This revealed
310 several additional activities unique to active, PS127-family molecules. The most intriguing of
311  these was autophagic induction, a feature we have previously linked to mitochondrial health and
312  AML sensitivity to drugs (23,30). We hypothesized that this third activity was required for
313  cytotoxicity and may be differentiating active and inactive compounds in our 161 hits. When
314  applied to this set, the number of hits was narrowed to 93 molecules, excluding all of the
315 compounds in cluster 103 (Figure 1F). Of these 93 molecules, 81 molecules belonged to the
316  PS127-family cluster, while the remaining 12 were structurally distinct from this group. Five of
317 these 12 compounds were selected and tested for cytotoxicity in MOLM-13 cells (Figure 1G).
318  Four molecules significantly reduced AML cell viability. Overall, 125 1, 16 2, and 141_1 were

319  structurally unrelated to each other or PS127-family, but cytotoxic to AML cells. These data
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320 corroborated our hypothesis that the presence of these three predicted functions underlying AML
321  cytotoxicity, providing proof of principle.

322

323  PS127 family has selective cytotoxicity against AML cell lines

324 After initial cytotoxicity screening indicated that PS127-family molecules were likely to be
325 active, 14 molecules were chosen to represent the chemical space of the PS127 family.
326  Concentration testing was performed to ensure that molecules exhibited dose dependent
327  cytotoxicity and a CCso value (the concentration that would induce 50% cytotoxicity in MOLM-
328 13 cells) was calculated for each compound. Twelve molecules out of the 14 PS127-molecules
329  displayed CCso under 8 uM, with four molecules (PS127_4, PS127_9, PS127_10, and PS127E)
330 displaying a sub-micromolar CCso (Table 1). To evaluate whether this cytotoxicity was specific
331  for leukemic cells, CCso values were also determined for healthy peripheral mononuclear blood
332  cells (PBMCs). Each of the compounds showed at least a two-fold difference between their CCso
333  values in MOLM-13 and PBMCs, with our top four hits having over a 15-fold difference,
334  emphasizing their selectivity.

335 Previous research indicated that PS127 (the founding member of the compound family) was
336 likely to function through stimulation of autophagic recycling of mitochondria (23). For this
337  reason, we considered the possibility that these compounds may exhibit greater toxicity to cells
338  with increased mitochondrial dependence, such as cardiomyocytes (42). CCso values of PS127-
339  family compounds with sub-micromolar CCso in MOLM-13 were calculated for the cardiomyocyte
340 H9C2 cell line, and were determined to be ~9.5-30-fold higher than in AML cells, suggesting that

341  mitochondrial targeting in leukemia cells was specific.
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342 These compounds were also evaluated in a panel of other AML cell lines: MOLM-14, MV4;11,
343 THP-1, and OCI-AML2 (Table 2) with a variety of genetic lesions that are frequently found in
344  AML patients. Each of the prioritized PS127-molecules was active against other AML cell lines,
345 aresult crucial for targeting the heterogenous nature of AML. Based on their strong activity and
346  low CCso, PS127_4, PS127_10, and PS127E were selected for further evaluation.

347

348 PS127-family compounds are synergistic with current commercial chemotherapeutics

349 The rise of drug resistance in AML is a well-known phenomenon that complicates treatment
350 inmost, if not all, patient populations. Consequently, few modern chemotherapeutics are given as
351  monotherapies. Instead, they are provided in combinations. The synergistic potential of our top
352  compounds was tested in combination with commonly used AML chemotherapeutics. Synergy is
353  considered to be a greater-than-additive effect when multiple treatments are combined (43).

354 For this purpose, PS127-family compounds were tested for synergy with the first-line
355 treatments doxorubicin (DOX) and arabinose-C/cytarabine (ara-C) (44-46) and with midostaurin
356 (MID), a targeted therapy used in AML patients with FLT-3 mutations (16,47). Synergy was
357 evaluated by assessing cell viability after single and combinatorial treatments with the PS127-
358  family compounds and AML treatments. A Bliss model was used to calculate synergy, with a score
359 above 10 considered to indicate synergy (43). The prioritized candidates, PS127 4, PS127 10,
360 and PS127E showed some synergy with DOX and ara-C but had the strongest synergy with MID
361 in MOLM-13 (Figure 2, S3, S4, S5). This was promising, as MOLM-13 harbors an internal
362 tandem duplication of FLT3 (FLT3-1TD) mutation, which is the expected target of MID. Higher

363  levels of synergy are often correlated with distinct mechanisms of action for the drugs, suggesting
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364  that the prioritized compounds use a different mechanism compared to MID, possibly different
365 from DOX and ara-C as well.

366 We also evaluated the synergistic potential of these compounds in healthy PBMCs under the
367 same conditions. In these cells, no synergistic activity was observed between PS127-compounds
368 and AML treatments, including MID (Figure 2B, D and S3, S4, S5). Notably, there was also a
369 concomitant difference in sensitivity: the survival of AML cells in the presence of drug
370  combinations resulting in maximum synergy was significantly lower than in PBMCs (Figure 2C,
371  E). Specifically, PBMC survival was over 85% for all combinations tested. This result reinforced
372 the conclusion that the cytotoxicity of the drug combination was specific to leukemic cells and was
373  unlikely to have overt side effects on healthy cells.

374 Since PS127-family compounds showed the highest synergy with MID, we evaluated these
375  combinations in two additional AML cell lines: MV4;11 and OCI-AML2. MV4;11, like MOLM-
376 13, carries an FLT3-1TD mutation, while OCI-AMLZ2 does not contain any FLT3 mutations but
377  still maintains high, detectable amounts of FLT3 (48). The top PS127-compounds showed high
378  synergy with MID in MV4;11 (Figure 3A, S6). The combination of PS127_4 and MID produced
379  the strongest synergy, with the Bliss score being above 60 (Figure 3B and C). In contrast, the
380 combination did not significantly affect PBMC cell viability (Figure 3B and C). The difference
381 in combined treatment survival between MV4;11 and PBMCs was ~10 fold (9.20% vs 93.65%).
382 Intriguingly, prioritized PS127-compounds displayed a range of synergy with MID in OCI-AMLZ2,
383  despite the lack of FLT3 mutation in this cell line (Figure 3A, Figure S7). MID is also known to
384 target S6 phosphorylation and sphingosine kinase-1, which likely contributes to its effective
385 interaction with PS127-family compounds in OCI-AML2 cells (48,49). Importantly, while

386 PS127E had comparable synergy with MID in MV4;11 and OCI-AML2, synergy scores for
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387 PS127 4 and 127_10 were about two times lower in the latter cell line, indicating complex
388 relationships between compound effects and cancer genotype.

389

390 Invitro validation of PASS activity predictions

391 To elucidate the mechanisms used by the prioritized compounds to selectively induce leukemic
392  cell death, we began by verifying the PASS-predicted activities used for screening: apoptotic
393  agonism, T/GRi, and autophagic induction. First, flow cytometry experiments were performed
394  using annexin V-FITC/PI/Hoechst staining to evaluate compounds’ ability to induce apoptosis.
395 Annexin V is a protein that binds to phosphatidylserine which will be exposed during apoptosis
396  (50). Hoechst 33342 and PI were also used to distinguish between viable and non-viable cells.
397 MOLM-13 cells were treated with PS127E for 24 hours. Flow cytometry analysis demonstrated
398 that PS127E significantly induced apoptosis in leukemic cells, as indicated by annexin V-positive
399 staining (Figure 4A). Treatment with PS127 4 or PS127 10 also increased apoptotic activation
400 (Figure 4B). Most cells killed by PS127-family compounds were positive for annexin V staining,
401  suggesting that the primary mechanism of cytotoxicity was apoptotic activation.

402 Next, the ability of PS127-family compounds to induce autophagy was measured. MOLM-13
403  cells were treated with PS127-family molecules for 24 hours in the presence or absence of the
404  autophagic inhibitor 3-methyladenine (3-MA) (38). The combination of 3-MA and PS127-family
405  molecules resulted in substantial antagonism (Figure 4C, S8A). This antagonism restored cell
406  viability, suggesting that functional autophagy was required for PS127-induced cytotoxicity.

407 Finally, the predicted inhibitory effect of PS127-family molecules on enzymes responsible for
408  redox metabolism, specifically thioredoxin reductase (TrxR) or glutathione reductase (GSR), was

409 evaluated. Colorimetric assays were used to assess the impact of compound on each pathway.
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410 None of the top PS127-compounds had a significant effect on the activity of TrxR in MOLM-13
411  (Figure 4D), suggesting that none of them interacted with TrxR and that this was not the
412  mechanism used by the compounds. Next, changes in the ratio of GSH to GSSG in the presence
413  of these compounds were determined. Alterations to this ratio serve as an indicator that the
414  compounds are disrupting GSR activity, as this enzyme reduces GSSG back into GSH, an
415 antioxidant responsible for maintaining ROS homeostasis and reducing cellular oxidative stress
416  (51,52). In contrast to what was seen for TrxR, PS127-family compounds substantially reduced
417  the ratio of GSH to GSSG (Figure 4D), suggesting that they might be disrupting GSR.

418

419 PS127-compounds induce redox-dependent cytotoxicity by interfering with glutathione
420 metabolism

421 The decrease in the GSH to GSSG ratio after PS127-treatment suggested further evaluation for
422  whether other redox metabolism pathways were affected by the treatment. For this evaluation,
423  PS127E-treated cells were supplemented with exogenous GSH, GSSG, or the GSH precursor, N-
424  acetyl-cysteine (NAC). GSH and NAC completely rescued viability of PS127E-treated cells
425  (Figure 5A). In contrast, supplementation with GSSG did not provide any rescue.

426 To determine whether the PS127-family was specifically targeting the glutathione pathway,
427  cells were supplemented with other known antioxidants, which act independently of GSR. The
428 first antioxidant tested was reduced ascorbate, which can be regenerated by GSH without affecting
429  glutathione peroxidase (GPX1) or GSR activity (51,53). Ascorbate supplementation at the highest
430 concentration that causes minimal cytotoxicity (Figure S9C) did not rescue PS127E-treated cells
431  (Figure 5A). Similarly, a-tocopherol supplementation also failed to significantly improve survival

432  of PS127E-treated cells (Figure 5A). a-tocopherol often scavenges peroxyl radicals and can
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433  indirectly elevate GSH levels by increasing the levels of glutamylcysteine synthetase (y-GCS),
434  which catalyzes the first, rate-limiting step in GSH synthesis (54,55). These results reinforced the
435  likelihood that PS127-family molecules specifically interfere with glutathione pathway, likely by
436  preventing the ability of GSR to reduce GSSG. This would have the effect of increasing
437 intracellular ROS. Cytotoxicity of PS127 4 or PS127_10 was similarly inhibited by GSH and
438 unaffected by GSSG or a-tocopherol (Figure S8B).

439 To examine the relationship between ROS levels and cytotoxicity, we measured the change of
440 total ROS and mitochondrial ROS using DHE and MitoSox staining, respectively, in cells treated
441  with PS127-family-molecules. PS127-family-molecules significantly increased both total and
442  mitochondrial ROS levels compared to negative controls, suggesting an oxidative stress-dependent
443  cytotoxicity (Figure 5B and C, S8), likely due to the decrease of cellular GSH pools. Consistent
444 with this, supplementation with GSH, but not with GSSG or a-tocopherol, decreased total and
445  mitochondrial ROS levels to approximately basal levels in spite of treatment with PS127-family
446  compounds (Figure 5B and C, S8). Combined, these data indicated that these compounds were
447  likely to compromise the activity of GSR.

448

449  PS127-family compounds interfere with glutathione reductase

450 Differential scanning fluorimetry (DSF) was used to evaluate the possibility of direct
451 interactions between GSR and PS127-family molecules. This technique measures the melting
452  temperature of a target protein in the presence or absence of small molecules that may interact
453  with the protein (56). A significant increase in protein melting temperature indicates interference
454  with protein unfolding, likely due to an interaction between the enzyme and the small molecule.

455 A known GSR inhibitor, 2-AAPA, was used as a positive control (57). As expected, 2-AAPA
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456  significantly changed the melting temperature of GSR (Figure 5D). When incubated with active
457  PS127-family compounds (PS127_4, PS127 9, PS127 10, or PS127E), the melting temperature
458 of GSR similarly displayed a significant increase in melting temperature, suggesting enzyme-
459  compound interaction (Figure 5D). In contrast, an inactive PS127-compound analog (PS127H)
460  did not significantly change the melting temperature of GSR (Figure 5D). These data suggested
461  that active PS127-family molecules bind to GSR, preventing its ability to reduce GSSG and
462  reducing cellular GSH pools. Consequently, this increased cellular ROS and triggered apoptosis.
463

464 A non-PS127-family compound, 125 1, shares PS127-family compounds’ properties

465 As described above, compounds predicted to have high probability of apoptotic agonism,
466  T/GRIi, and autophagic induction are likely to be cytotoxic to AML cells. This prediction is
467  structurally agnostic, so other compounds with all three activities are also likely to have this
468  activity. Toward that end, compound 125 1, which was structurally unrelated to PS127-family but
469  was predicted to have all three activities, was chosen for further analysis. Compound 125 1
470  exhibited a low CCso at 1.14 = 0.16 pM in MOLM-13, unlike in PBMCs (6.52 + 0.77 uM) or
471  cardiomyocytes (> 16 uM). To determine whether 125 1 uses similar mechanisms as PS127-
472  family molecules, we examined the predicted PASS activities. Annexin V-FITC/Hoescht/Pl
473  staining indicated that 125 1 induced apoptotic cell death (Figure 6A). Moreover, 125 1 showed
474  strong antagonism with 3-MA, suggesting autophagy-dependent cytotoxicity (Figure 6B). Finally,
475  cells treated with 125_1 were supplemented with GSH, GSSG, or a-tocopherol. GSH significantly
476  reduced cytotoxicity, while GSSG and a-tocopherol did not (Figure 6C). Compound 125 1 also
477  triggered similar patterns of increased total and mitochondrial ROS levels to PS127-family

478  molecules, with GSH significantly decreasing these ROS levels (Figure 6D and E). Finally,
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479  compound 125 1 also increased GSR melting temperature, indicating that this compound also
480  binds to the enzyme (Figure 6F). Interestingly, 125 1 also showed synergy with MID in MOLM-
481 13, like PS127-family molecules (Figure 6G). Overall, 125 1 shared the same mechanistic
482  properties of the other compounds identified in silico, despite the structural dissimilarities.

483

484  Prioritized PS127-family compounds interfere with mitochondrial bioenergetics

485 As noted above, PS127-family compounds compromised redox homeostasis and increased
486  mitochondrial ROS. This suggested that the compounds may be compromising mitochondrial
487  pathways, particularly respiration. Previous reports have shown that AML cells, especially LSCs,
488  heavily rely on OXPHOS to support the demand for ATP due to low coupling efficiency
489  (23,58,59). We have previously reported that other compounds with selective cytotoxicity toward
490  AML cells impair AML cell respiration and ATP production (23).

491 Routine respiration was measured in live AML cells after 3 hours of exposure to PS127-family
492  compounds. As anticipated, treatment with PS127 4, PS127 10, or PS127E impaired routine
493  respiration, indicated by reduction of oxygen consumption rate (Figure 7A). Similarly, compound
494 125 1 also significantly impaired routine respiration compared to solvent control. Importantly,
495 this effect was independent of cell death as more than 85% cells were alive at this time point.
496 Finally, ATP production was measured after 3 hours of exposure to these GSR inhibitors using
497  a commercial assay. In line with previous result (23), PS127_4, PS127 10, PS127E, and 125 1
498  significantly decreased ATP production (Figure 7B). Similarly to routine respiration, this effect
499  was independent of cell death as more than 95% cells were alive at the time of cell lysis to measure
500 ATP levels.

501
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502 DISCUSSION

503 It remains critically important to identify new, improved treatments for AML that decrease the
504 risk of relapse and have better potential for patient populations who cannot tolerate standard
505 induction and consolidation regimens, including elderly or those with serious co-morbidities.
506  Targeting dysfunctional mitochondria present in leukemic blast and stem cells is one increasingly
507  promising approach. One of the key obstacles in drug discovery is finding small molecules that
508 demonstrate appropriate selectivity for diseased cells compared to their healthy counterparts, a
509 ratio known as the therapeutic window.

510 In order to more efficiently probe chemical space and more effectively identify promising
511 leads, researchers have begun to leverage in silico techniques like ligand- and structure-based
512  screening methods (60). These methods have been extensively reviewed, but they are undergoing
513  constant evolution with the integration of Al approaches. For example, some of the more popular
514  approaches of computer-aided drug design include quantitative structure-activity relationship
515 (gSAR) assays, molecular docking, and pharmacophore modeling (61). Structure-based screen
516  methods are promising but they are limited to known structures, often taken from X-ray, cryo-EM,
517  or NMR structures. If no structure is available, researchers are forced to rely on predicted structures
518 gained from homology modeling or template-free, Al predictions like AlphaFold. These
519 techniques, while powerful, require considerable data input and computing power. Ligand-based
520 drug design approaches like gSAR or acquisition of virtual libraries followed by molecular
521  docking are other common approaches, but they suffer from the same problems (62,63). When
522 looking for more approachable cheminformatic methods, function-based methods like PASS are
523  appealing. PASS is a ligand-based cheminformatic approach that has been trained on structural-

524  activity relationships of thousands of known bioactive compounds, which enables a function-based
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525 in silico screen. PASS can rapidly predict the biological functions of millions of unknown
526  molecules, enabling a search for specific functions (64,65). The approaches are not mutually
527  exclusive; researchers have begun to integrate PASS software as an input into gSAR to obtain
528 independent model outputs (66).

529 Using PASS, we identified potential biochemical functions for the previously identified
530 PS127-family compounds (23). Compounds were predicted to have apoptotic agonism and T/GRIi
531 activity. Active compounds triggered cell death in AML blasts and stem cells by inducing
532  depolarization of the mitochondrial membrane, upregulating ROS, and decreasing routine and
533  ATP-linked respiration. At the same time, the active compounds did not significantly induce
534  changes in healthy PBMCs, indicating their selectivity. We were interested in employing function-
535 based cheminformatics to identify additional small molecules with these properties, so we
536 integrated PASS into our in silico pipeline to identify additional hits that may share those activities.
537  Using this approach, we tested a wide chemical space without employing large computational
538  resources, like gSAR and exploratory molecular docking.

539 Using this approach, 161 hits were obtained, 82 of which structurally clustered with known
540 PS127-family molecules. In total, 14 selected in silico hits were examined in vitro, 12 of which
541  were active. Meanwhile, all 4 compounds tested from the second largest group, cluster 103, were
542 inactive. To understand the relevant difference between the activity of these two groups, we
543 analyzed additional predicted PASS activities using an extended version of the software. This
544  revealed a third activity, autophagic induction, that was predicted to be present in PS127-family
545  compounds but absent from cluster 103 molecules. This function was consistent, as the parent

546  PS127 molecule was identified in a screen for mitophagic activators. Since PS127-family


https://doi.org/10.1101/2025.05.20.655224
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.20.655224; this version posted May 24, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

547  molecules affected mitochondrial function, we hypothesized that this activity could be relevant to
548  AML cell cytotoxicity.

549 We filtered our 161 hits to remove those without autophagic induction activity, which reduced
550 the number of total molecules to 93. Notably, this cut only a single molecule from the PS127-
551  family group. To determine whether the three functions together were sufficient to discriminate
552  between active and inactive compounds, five of the 12 non-PS127-family molecules remaining
553  were ordered and tested for cytotoxic activity. Most showed strong cytotoxic potential.

554 Our study highlights the value of function-based selection in discovering novel bioactive
555 compounds. PASS also revealed a more complete characterization of the chemical space for
556  PS127-family molecules before in vitro testing began. PS127-family molecules were originally
557  predicted to promote cell death and interfere with redox homeostasis, and based on previous C.
558 elegans data, we predicted they also initiate mitophagy (23). The predicted functions of the
559  molecules were reasonably connected as changes in redox homeostasis, particularly oxidative
560 stress, have been linked to mitophagic induction (67). Additionally, the partially dysfunctional
561  mitochondria present in AML cells allow PS127-family compounds to tip the ROS balance toward
562 initiation of mitophagy in leukemic cells, while healthy cells are able to utilize their normal
563  mechanisms to maintain homeostasis (18,67-69).

564 We also evaluated whether our compounds synergize with current AML treatments, as the
565 therapeutic regimen often involves multiple drugs being administered at once. The first-line
566  treatment of AML includes induction followed by consolidation. Induction de-bulks the leukemic
567 mass by inducing profound cell death in the proliferated leukemic blasts residing in the bone
568 marrow and blood. Most commonly provided in a “7 + 3” treatment plan, induction involves the

569  administration of high dose ara-C for seven days to disrupt DNA replication in combination with
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570 an anthracycline (e.g. doxorubicin, daunorubicin, or idarubicin) for the first three days (70). To
571  reduce relapse, induction is followed up by consolidation, a post-remission plan involving
572  ongoing, high-dose of ara-C treatment often with targeted therapeutics to further decrease and
573  maintain low blast numbers. Therefore, we tested for synergy between DOX or ara-C and our
574  PS127-family compounds. We also included a tyrosine kinase receptor inhibitor, MID, which is
575  often administered during induction and consolidation to AML patients with FLT-3 mutations,
576  which accounts for about 30% of the patient population (71). Interestingly, MID has also been
577  found to be effective in vitro against AML cells lines without FLT-3 mutations, like OCI-AML?2
578 (48). MV4;11, a cell line with an FLT3-ITD mutation, showed the highest synergy with PS127-
579  family molecules, with scores for PS127 _4/MID averaging over 60. This suggests that patients
580 with genotypes similar to MV4;11 may benefit from this treatment combination. In contrast,
581 PS127E/MID showed higher synergy in OCI-AML2 cells.

582 While our compounds were also synergistic with DOX, the magnitude was lower. This reduced
583  synergistic potential may be due to the cascade of effects that result from inhibiting DNA
584  replication, including interfering with mitochondrial bioenergetics and respiration, leading to some
585  mechanistic overlap with the PS127-compounds (72). However, DOX has also been linked to
586  cardiotoxicity via mitochondrial targeting (72). This suggests that PS127-family compounds,
587  which did not show cardiotoxicity at concentrations that killed AML cells, may be useful as an
588 alternative. Additionally, synergy is important when treating patient populations that are sensitive
589 to high chemotherapeutic dosing or when the risk of relapse is high. Some studies show that drug
590 combinations may promote resistance, but monotherapy is not often strong enough to induce
591 remission in patients (68,73,74). Ultimately, patients would need to be evaluated on a case-by-case

592  basis to determine whether intensive induction and consolidation should be the first step, and
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593  which mutation-specific drugs should be administered (75). While some researchers are looking
594 into pre-approved FDA drugs for other diseases to add to the arsenal of drugs to treat sensitive and
595  high-risk patients, our goal was to find novel chemotherapeutics and uncover their mechanisms of
596  action (76).

597 AML cells, particularly LSCs, have been found to be “addicted” to glutathione, diverging from
598 the traditional Warburg metabolism that assumes leukemic cells upregulate glycolysis, and rely on
599 the sensitive balance of mitophagy for cell survival and proliferation (21,77). LSCs are thought to
600 be one cause of relapse in AML patients, the other likely being acquired resistance in myeloblasts
601 (78-80). Relapse is often attributed to LSCs as their slow division makes them less susceptible to
602  the anti-proliferative chemotherapeutics used in first-line treatment, like anthracyclines (81,82).
603 By targeting both blasts and LSCs metabolism, patients will have a higher chance of remaining in
604  complete remission. These PS127-family compounds interfere with the glutathione redox balance,
605 almost definitely by inhibiting GSR. Previously, we showed that PS127B and PS127E activate
606  high levels of apoptosis in LSCs but not healthy hematopoietic stem cells (23). This is consistent
607  with literature reports on GSR targeting being effective in eliminating LSCs (21,83).

608 Targeting redox homeostasis has become increasingly appealing as an approach to treat
609  heterogenous populations like AML. One of the most recently approved AML chemotherapeutics
610 is a BCL-2 inhibitor. BCL-2 is a regulator of mitochondrial respiration, therefore inhibitors like
611 ABT-737 and ABT-263 are able to selectively induce cell death in leukemic cells with low ROS
612  levels while not affecting PBMCs health (82). Venetoclax became the first approved BCL-2
613 inhibitor for newly diagnosed, sensitive AML patient populations (75,84,85). Redox homeostasis
614  can also be altered indirectly. For example, first line chemotherapeutics like DOX and ara-C that

615  have downstream effects that decrease the GSH to GSSG ratio in different subcellular components
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616  of AML cells, despite DNA replication being each drug’s primary target (86). Previous research
617 by others showed that inhibiting GSR or TrxR, particularly TrxR1, may be effective for cancer
618  therapy (21,87,88). The thioredoxin and glutathione systems are the two most important routes for
619 ROS detoxification in eukaryotes (89).

620 We used a structure-blind, function-based cheminformatic approach to identify compounds
621 that selectively kill AML cells and provide a foundation to uncovering target pathway and protein
622  for these molecules. We validated their predicted functions, including inhibition of glutathione
623  metabolism, likely via interfering with the function of GSR. High synergy with MID underscores
624  therapeutic promise of these molecules and validates our approach. Our preliminary evidence
625  suggests that these compounds have a large therapeutic window and show genotype-specific
626  effects. Although these compounds show considerable promise, there are still important questions.
627  For example, compound pharmacokinetics are an important consideration when evaluating new
628  potential drugs for clinical application. Additionally, evaluation of these compounds in patient-
629  derived cells will also provide critical data about their clinical potential. These are key questions
630  for which we are enthusiastically searching for answers.
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Figure Legends

Figure 1. Primary screening and hit validation. A) Representative PASS outputs of active and

inactive PS127 molecules on relevant biological activities. B) The in silico screening pipeline to
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944  uncover additional active novel small molecules. C) The top two clusters from MDS analysis. D)
945  Scatter plot of cluster 20 (PS127-family), showing all PS127 molecules (blue) and tested
946  compounds (yellow). Three molecules with the strongest cytotoxic activity were labelled. E)
947  Cytotoxicity of representative molecules from cluster 20 and cluster 103 at 10 uM on MOLM-13.
948 F) Flow chart of a downstream in silico screening with the third PASS-predicted activity,
949 autophagy inducer. G) Cytotoxicity comparison of compounds with three PASS-predicted
950 activities. Representative compounds from non-PS127-family were tested at 10 uM in MOLM-13.
951  Bar graphs displayed average of three biological replicates, each of which was represented in data
952  points. Error bars indicated SEM. ANOVA using post-hoc Dunnett’s test was used to identify
953  statistical significance. * - p<0.05, ** - p<0.01, *** - p<0.001, ns — not significant.

954

955  Figure 2. Synergistic effect of PS127-compounds and commercial chemotherapeutics in
956 MOLM-13. A) Average maximum synergy score of PS127-family compounds and commercial
957  chemotherapeutics: MID, DOX, and ara-C. Red area represented synergy (above 10), grey
958 represented additive (-10 — 10), and green represented antagonistic effects (< -10). B)
959  Representative synergy plot of MOLM-13 cells (left) or PBMCs (right) with PS127_4 and MID.
960 C) Comparison of MOLM-13 and PBMCs viability upon monotherapy or combined treatments
961  with PS127_4 and MID. Bar graphs (normalized mean + SEM) represented viability in MOLM-
962  13cell lines or PBMCs at maximum synergy condition. D) Representative synergy plot of MOLM-
963 13 cells (left) or PBMCs (right) with PS127_4 and DOX. E) Comparison of MOLM-13 and
964  PBMC:s viability upon monotherapy or combined treatments with PS127_4 and DOX. Bar graphs
965 (normalized mean + SEM) represented viability in MOLM-13 cell lines or PBMCs at maximum

966  synergy condition. Black asterisks indicated comparison of AML cells vs. healthy PBMCs under
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967 the same combinatorial treatment conditions. Pink asterisks indicated significantly lower survival
968 under combinatorial treatment compared to single PS127-family compound treatment; Blue
969  asterisks indicated significantly lower survival under combinatorial treatment compared to a single
970  MID treatment. Significance was assessed via ANOVA using post-hoc Dunnett’s test. * - p<0.05,
971  **-p<0.01, *** - p<0.001, ns — not significant.

972

973  Figure 3. Synergistic effect of PS127-compounds with MID in other AML cell lines. A)
974  Average maximum synergy of PS127-family compounds and MID in other AML cell lines,
975 MV4;11 and OCI-AML2. Red area indicated synergy (greater than 10), grey indicated additive (-
976 10 — 10), and green indicated antagonistic effects (less than - 10). B) Representative synergy
977 landscape of MV4;11 cells (left) or healthy PBMCs (right) with PS127 4 and MID. C)
978  Comparison of MV4;11 and PBMCs viability upon monotherapy or combined treatments with
979 PS127_4 and MID. Bar graphs (normalized mean = SEM) represented viability in MV4;11 cell
980 lines or PBMCs at maximum synergy condition. Black asterisks indicated comparison of AML
981 cells vs. healthy PBMCs under the same combinatorial treatment conditions. Pink asterisks
982 indicated significantly lower survival under combinatorial treatment compared to single PS127-
983 family compound treatment; Blue asterisks indicated significantly lower survival under
984  combinatorial treatment compared to a single MID treatment. Significance was assessed via
985  ANOVA using post-hoc Dunnett’s test. * - p<0.05, ** - p<0.01, *** - p<0.001, ns — not significant.
986

987 Figure 4. Validating predicted activities of PS127-treatment in MOLM-13. A) A
988 representative flow cytometry analysis of apoptotic cells induced by PS127E (8 uM, blue) or

989 DMSO (red) for 24 hours. Apoptotic assay was determined using flow cytometry with Annexin
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990 V-FITC/PI/Hoechst staining. B) Flow cytometry quantification of cell populations upon PS127-
991 molecule treatment compared to DMSO following annexin V-FITC/PI staining. Apoptotic cells
992  were detected by annexin V-FITC*/PI" and annexin V-FITC*/PI*, while non-apoptotic dead cells
993  were indicated by annexin V-FITC/PI* and live cells were annexin V-FITC/PI". Bar graphs
994 indicated the average percentage of cell population and error bars displayed standard error mean.
995  Significance levels represented comparison of PS127-induced apoptotic cells to DMSO. Grey,
996 green and yellow asterisks displayed statistical significance to control of the same group: live, late
997  apoptotic, and non-apoptotic dead cells, respectively. C) Antagonistic interactions between 3-MA
998 and PS127 family. A representative landscape of PS127E and 3-MA treatment (left) and the
999  average antagonistic scores of other PS127-molecules were summarized in table (right). D) The
1000 effect of PS127-molecules on TrxR activity. E) Changes of GSH to GSSG ratio indicated the
1001  impact of PS127-molecules on GSR activity. All results were representative of at least three
1002  biological replicates, each of which was shown as data point in boxplot. Statistical significance
1003  was assessed via ANOVA using post-hoc Dunnett’s test. * - p<0.05, ** - p<0.01, *** - p<0.001,
1004  ns— not significant.
1005
1006
1007  Figure 5. The effect of PS127-induced cytotoxicity on redox metabolism and ROS level in
1008 MOLM-13. A) The PS127E-induced cytotoxicity for 72 hours was rescued by various ROS
1009  scavengers. B) Changes of cellular and mitochondrial ROS upon PS127E treatment in the presence
1010 of ROS scavengers was assessed using flow cytometry. Representative histograms of DHE™ (left
1011  panel) and MitoSOX Red" (right panel) population in the presence of ROS scavengers compared

1012  to negative control. Peak with dashed lines indicate control treatment or in absence of PS127-
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1013  molecule, while solid lines represent treatment with PS127-molecule. C) Quantification of ROS
1014 in the presence of ROS scavengers. ROS level was indicated by median fluorescence intensity
1015 (MFI) of ROS staining dye. D) DSF with GSR was performed to determine changes in melting
1016  temperature (Tm). PS127_4,PS127 9, PS127 10, and PS127E were found to significantly change
1017 the Tm of GSR, indicating compound-enzyme binding. 125 1 = active non-PS127-family
1018 compound, 127H = previously identified inactive PS127 analog, 2-AAPA = GSR inhibitor control.
1019  All statistical significance was assessed via ANOVA using post-hoc Dunnett’s test, comparing
1020 each treatment against the no ROS scavenger group. * - p<0.05, ** - p<0.01, *** - p<0.001, ns —
1021  not significant.

1022

1023  Figure 6. Evaluation of PASS-predicted activities in 125 1 and their mechanistic activity to
1024 induce cell death. A) Quantification of apoptotic cells upon 125 1 treatment in MOLM-13,
1025 indicated by Annexin V/PI staining. B) Antagonistic interactions between 3-MA and 125 1. C)
1026  Cytotoxicity upon 125 1 treatment was rescued by GSH, but not other ROS scavengers. D)
1027  Treatment of 125 1 changed the total and mitochondrial ROS level. Representative histograms of
1028 DHE" (left panel) and MitoSOX™ (right panel) population upon 125 1 treatment in the presence
1029 of ROS scavengers compared to negative control. Peak with dashed lines indicated control
1030 treatment or in absence of PS127-molecule, while solid lines represented treatment with PS127-
1031  molecule. E) Quantification of total (upper panel) and mitochondrial (below panel) ROS level in
1032  the presence of ROS scavengers. ROS level was indicated by MFI of ROS staining dye. F) DSF
1033  with GSR was performed to determine changes in melting temperature (Tm). 125 _1 significantly
1034 increased the Tm of GSR, indicating compound-enzyme binding. G) Compound 125 1 had

1035  synergistic effect with MID in MOLM-13. Synergy score was calculated using the Bliss model.
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1036  Statistical significance of apoptotic cells and ROS level was assessed via ANOVA using post-hoc
1037  Dunnett’s test, comparing each treatment against the no ROS scavenger group. Significance level
1038 of DSF was determined using Student’s T-test. * - p<0.05, ** - p<0.01, *** - p<0.001, ns — not
1039  significant.

1040

1041  Figure 7. Compounds with all three PASS-predicted activities interfered with mitochondrial
1042  biogenetics. A) The routine oxygen consumption rate (OCR) was measured for treated and non-
1043  treated MOLM-13 cells. Cells that were treated with compounds for 3 hours had significantly less
1044  oxygen consumption compared to the solvent-control. OCR was normalized to the number of cells
1045  per chamber volume. B) The steady state ATP level in MOLM-13 was measured after 3 hours of
1046  treatment exposure. Total ATP was quantified by dividing the luminescence measurement by the
1047  number of live cells. All MOLM-13 cells had a cell viability > 90% before cell lysis occurred to
1048 measure total ATP. All statistical significance was assessed via ANOVA using post-hoc Dunnett’s
1049  test. * - p<0.05, ** - p<0.01, *** - p<0.001, ns — not significant.

1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066


https://doi.org/10.1101/2025.05.20.655224
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.20.655224; this version posted May 24, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1067
1068

1069

1070

1071
1072

1073

1074

Table 1. CCso (mean + SEM, uM) value of PS127-family compounds in MOLM-13, PBMCs, and

HoC2
Compounds| MOLM-13 | pemc | PBMC/MOLM- |50, | HICZIMOLM-
13 ratio 13 ratio

127 1 >8 >16 ND ND ND
127 2 1.62 + 0.08( 4.38 = 0.30 2.71 >16 ND
127 3 241 + 012|947 + 156 3.94 >16 ND
127 4 0.33 = 0.02] 5.93 + 0.53 18.04 584 + 1.59 17.70
1275 |1.15 + 0.05| 7.46 + 0.33 6.48 >16 ND
127 6 |1.05 + 0.05| 8.37 + 0.70 7.97 >16 ND
127 8 6.03 = 0.22 >16 >5.28 >16 ND
127 9 059 = 0.02]9.79 + 1.41 16.65 9.19 + 0.88 15.58
127 10 |(0.39 = 0.02| 7.37 = 0.61 18.78 3.73 £0.10 9.56
127 13 |(2.15 + 041 >16 >7.44 >16 ND
127 14 |3.68 + 0.17 >16 > 4.35 >16 ND
127 20 (141 + 0.11] 294 + 043 2.09 >16 ND
127 21 >8 >16 ND ND ND
PS127E [0.56 + 0.09(10.72 + 1.11 19.14 16.88 + 2.48 30.14

ND: Not determined

Table 2. CCso (mean £ SEM, uM) of prioritized PS127-family compound in other AML cell

lines

Compounds| MOLM-14 MV4;11 THP-2 OCI-AML2
127 4 0.71 + 0.04 | 0.73 £ 0.07 [ 090 + 0.07 | 0.96 + 0.14
127 9 094 + 009|138 + 0.12 (136 + 0.06 | 1.38 + 0.11
127 10 092 + 005080 £ 0.07]093 £+ 0.04 | 111 £ 0.11
PS127E | 128 + 0.09 (126 + 014|123 + 0.14 | 235 + 0.23
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