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ABSTRACT: Small molecules frequently induce heterogeneous cell-
death programs, complicating the mechanistic interpretation and
optimization. Here, we investigate the ferroptotic and necrotic activities
of the lethal small molecule CIL56 and related analogs. Although
structurally similar, these compounds induce chemically separable death
phenotypes. A phenotypic suppressor screen further identified distinct
sets of small molecules that selectively attenuate ferroptotic or necrotic
death. Classification of suppressor compounds based on shared ligand-
based target predictions suggested nonoverlapping groups of candidate
protein targets linked to each death modality. Together, these results
show that integrating phenotypic screening with suppressor classification
and target prediction can improve the interpretability of small-molecule
phenotypic screens by prioritizing candidate proteins and pathways underlying the observed biological response.
KEYWORDS: polypharmacology, phenotypic cell-based screening, chemical annotation, nonapoptotic cell death, ferroptosis,
similarity ensemble approach

■ INTRODUCTION
Phenotypic screening has played a central role in the discovery
of small-molecule modulators of complex biological processes,1

particularly in cases where molecular targets are unknown or
polypharmacology is intrinsic to efficacy. However, a persistent
challenge of phenotypic screening is that individual com-
pounds frequently engage multiple targets and pathways, giving
rise to phenotypic outcomes that can be achieved through
distinct underlying biological programs, thereby complicating
mechanistic interpretation and downstream medicinal chem-
istry optimization.2,3

Cell death represents a particularly tractable and biologically
important context in which this challenge becomes explicit
because similar lethal phenotypes can arise from mechanisti-
cally distinct programs.
Ferroptosis is a regulated, iron-dependent form of non-

apoptotic cell death characterized by lipid peroxidation and
sensitivity to radical-trapping antioxidants such as α-tocopher-
ol.4 In contrast, nonferroptotic, necrotic cell death encom-
passes ferroptosis-independent processes that are often less
well-defined at the molecular level. Small molecules capable of
engaging both ferroptotic and necrotic pathways provide useful
probes for dissecting these modalities but also highlight the
difficulty of assigning a mechanism based solely on lethality or
single-condition assays.
CIL56 is a lethal small molecule previously shown to induce

cell death through mechanisms related to lipid peroxidation,
yet evidence suggests that its activity cannot be explained by a

single death pathway.5,6 Subsequent studies have shown that
CIL56 induces a nonapoptotic, lipid-associated form of cell
death that is genetically and phenotypically distinct from
canonical ferroptosis or necroptosis, implicating broader
disruption of lipid homeostasis and membrane-associated
processes rather than a single regulated death.7−9 Structurally
related analogs of CIL56 provide an opportunity to examine
how subtle chemical differences influence death modality and
to determine whether ferroptotic and necrotic components can
be functionally separated. In parallel, systematic identification
of small-molecule suppressors offers a complementary strategy
to interrogate the pathways that modulate these phenotypes.
Here, we investigate the ferroptotic and necrotic activities of

CIL56 and related analogs using a phenotypic suppressor
screening approach. By combining condition-specific screening
with ligand-based target prediction, we aim to improve the
interpretability of small-molecule−induced death phenotypes
and to prioritize candidate proteins and pathways underlying
distinct cell-death modalities relevant to medicinal chemistry
optimization.
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■ RESULTS AND DISCUSSION

Chemical Bifurcation of CIL56-Induced Cell Death

To examine whether structurally related compounds induce
distinct cell-death phenotypes, we first compared the activity of
CIL56 with two closely related analogs, FIN56 and SRS6−11
(Figure 1A).5,6 Although these compounds share a common
chemical scaffold, prior observations suggested that their lethal
activities may not be mechanistically equivalent. We therefore
assessed their effects on cell viability under conditions
designed to distinguish ferroptotic and nonferroptotic death
modalities.
Dose−response analyses in HT-1080 cells revealed marked

differences in the sensitivity of compound-induced lethality to
the radical-trapping antioxidant α-tocopherol (ATOC) (Figure
1B).4 FIN56-induced cell death was strongly suppressed by
ATOC across the tested concentration range, consistent with a
ferroptosis-dominant phenotype. In contrast, SRS6−11
retained substantial lethality in the presence of ATOC,
indicating a ferroptosis-independent necrotic cell-death
component. CIL56 exhibited intermediate behavior, with
partial suppression by ATOC at lower concentrations and
persistent lethality at higher concentrations, suggesting the
coexistence of ferroptotic and necrotic death components.
These results demonstrate that subtle chemical differences

among CIL56-related compounds are sufficient to bias cell
death toward distinct phenotypic modalities. These phenotypic
differences are consistent with prior structure−activity relation-
ship (SAR) analysis of CIL56 analogs, in which systematic
modifications of the oxime functionality and sulfonamide-
linked amine substituents altered sensitivity to the radical-

trapping antioxidant α-tocopherol.5 In that study, FIN56
(SRS7−34) exhibited marked α-tocopherol rescue (>160-fold
selectivity), whereas analogs such as SRS6−11 showed
minimal rescue. These findings indicate that relatively subtle
structural perturbations within the CIL56 scaffold can
substantially shift the balance between ferroptosis-sensitive
and ferroptosis-independent death components. In the present
work, we reinterpret differential α-tocopherol rescue within a
modality-separation framework, demonstrating that these SAR-
driven differences correspond to biasing of ferroptotic versus
necrotic execution programs. Importantly, this chemical
bifurcation establishes a tractable experimental system in
which ferroptotic and necrotic components of cell death can be
functionally separated, providing a foundation for subsequent
phenotypic suppressor screening and mechanistic prioritiza-
tion.
Closely related compounds display distinct sensitivities to α-

tocopherol, revealing ferroptosis- and necrosis-dominant death
phenotypes.
Phenotypic Suppressor Screening Resolves Ferroptotic
versus Necrotic Modulation

To investigate the mechanisms underlying CIL56-induced cell
death, we performed a phenotypic enhancer and suppressor
screen in HT-1080 cells under conditions that functionally
separated the ferroptotic and necrotic components. Because
CIL56 induces both phenotypes in a concentration-dependent
manner, direct screening using this compound alone risks
conflating mechanistically distinct death modalities.
Although structurally related analogs that selectively induce

ferroptosis or necrosis were identified subsequently, these
compounds were not available at the time of screening. We

Figure 1. Chemical bifurcation of CIL56-induced cell death. (A) Chemical structures of CIL56 and two analogs, FIN56 and SRS6−11. (B) Dose−
response viability curves of CIL56, FIN56, and SRS6−11 in HT-1080 cells in the presence of vehicle (DMSO) or the ferroptosis inhibitor α-
tocopherol (ATOC, 100 μM).
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therefore implemented a pharmacological separation strategy
using CIL56 in the presence or absence of α-tocopherol
(ATOC) to bias death outcomes toward specific modalities.
Under ferroptosis-favoring conditions, HT-1080 cells were
treated with CIL56 at concentrations ranging from 0.31 to 1.25
μM, where necrotic death was minimal (Figure 1B). To isolate
a necrotic phenotype, cells were cotreated with higher
concentrations of CIL56 (1.25 or 2.5 μM) and ATOC (100
μM), which suppresses ferroptosis and unmasks ferroptosis-
independent lethality (Figure 2A).
Prior to suppressor analysis, the intrinsic cytotoxicity of the

MicroSource library was assessed. HT-1080 cells were treated
with library compounds (0.5−4 μM) in the presence or
absence of ATOC for 48 h. Of the 1,841 compounds tested,
1,671 were nonlethal and were retained as candidate
modulators (Figure S1A). Among the excluded compounds,
a small subset exhibited ATOC-sensitive lethality, consistent
with ferroptosis-like activity (Figure S1B), and were not
considered further.
For suppressor screening, HT-1080 cells were cotreated with

individual modulators (4 μM) and either CIL56 alone or
CIL56 plus ATOC. CIL56 was applied as a 2- or 3-point 2-fold
dilution series, and cell viability was measured after 48 h.
Modulator effects were quantified as the change in area under

the dose−response curve (ΔAUC) relative to DMSO controls,
enabling direct comparison of modulatory effects across
ferroptotic and necrotic death modalities (Figure 2B).
Complete screening results for all library compounds are
provided in Supporting Information 1.
While the resulting ΔAUC landscape revealed a clear

structure in how small molecules modulated ferroptotic and
necrotic death, interpretation at the level of individual
compounds remained challenging. To obtain a higher-level,
target-centric view of phenotype-specific modulation, we
aggregated screening outcomes using Target Enrichment
Analysis (TEA), a ligand-based framework that integrates
phenotypic screening data with predicted protein−compound
associations derived from the Similarity Ensemble Approach
(SEA) (schematized in Figure S2; see Experimental Section
and Supporting Methods).10−12

A practical limitation of ligand-based target prediction in
phenotypic screening contexts is that confidence thresholds for
compound−target assignments (e.g., SEA E-values) do not
have a universally established optimum for phenotypic
screening data sets, and prediction stringency can influence
downstream interpretation. We therefore examined how
predicted target assignments and enrichment results varied
across a range of SEA E-value cutoffs (Figure S3). To ensure

Figure 2. Phenotypic suppressor screening resolves ferroptotic versus necrotic modulation HT-1080 cells were cotreated with CIL56 under
conditions favoring ferroptosis or necrosis in the presence of nontoxic MicroSource library compounds. (A) Schematic illustrating phenotypic
separation of CIL56-induced cell death. CIL56 alone induces ferroptosis-dominant death, whereas cotreatment with α-tocopherol suppresses the
ferroptotic component, revealing a necrotic phenotype at higher CIL56 concentrations. (B) Summary of the enhancer/suppressor screen. Changes
in area under the dose−response curve (ΔAUC) upon modulator treatment are plotted for ferroptosis (x-axis) and necrosis (y-axis). (C)
Directional summary of target enrichment results across representative Similarity Ensemble Approach E-value thresholds, highlighting consistent
suppressor and enhancer trends.
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that mechanistic prioritization was not driven by an arbitrary
threshold choice, enrichment analyses were repeated across
multiple confidence levels and enrichment patterns among
suppressor and enhancer sets were compared under each cutoff
(Figure S4). Predicted ligand−target associations for all
screening compounds are provided in Supplemental Data 2.
Using representative confidence thresholds informed by

these sensitivity analyses, target enrichment results were
summarized in Figure 2C. Enrichment trends were consistent
across multiple E-value cutoffs, highlighting candidate target

classes preferentially associated with suppression of either
ferroptotic or necrotic death. Importantly, these trends
reflected collective behavior across compound sets rather
than isolated outliers, establishing a robust target-centric
summary of phenotype-specific modulation. Full target enrich-
ment results across all confidence thresholds are provided in
Supplemental Data 3.
Target Enrichment and Overlap Analysis Reveal

Distinct Suppressor Classes. Having summarized pheno-
type-specific target enrichment trends (Figure 2C), we next

Figure 3. Suppressor chemotypes define distinct mechanistic classes. (A) Overlap analysis of leading-edge compounds across predicted protein
targets reveals nonoverlapping suppressor classes for ferroptosis and necrosis. (B) Phenotypic distribution of suppressor compounds from the
screening data set (same coordinates as Figure 2B), with distinct chemotypes highlighted. (C) Representative suppressor compounds and their
predicted protein targets, illustrating chemically separable classes associated with modulation of ferroptotic or necrotic cell death.
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asked whether suppressors of CIL56-induced ferroptotic and
necrotic cell death could be organized into distinct chemical
and predicted target classes. To address this, we examined
protein targets that were significantly enriched among
suppressors or enhancers at representative SEA confidence
thresholds and compared the sets of active compounds
contributing to each enrichment signal.
Analysis of compound-set overlap revealed a clear structure

among enriched protein targets (Figure 3A). Some targets
were supported by highly overlapping groups of suppressor
compounds, whereas others were associated with largely
distinct compound subsets, indicating the presence of multiple,
separable suppressor classes. Notably, targets preferentially
enriched among ferroptosis suppressors tended to group
separately from those enriched among necrosis suppressors,
suggesting that modulation of these two death modalities is
associated with distinct predicted target landscapes. This
separation was further reflected at the compound level, where
suppressor classes associated with ferroptotic or necrotic
modulation exhibited distinct patterns of activity across the
two death modalities (Figure S5).
To visualize these relationships in the context of the original

phenotypic screen, we overlaid enriched suppressor classes
onto the ΔAUC landscape (Figure 3B). Compounds
associated with different predicted target classes localized to
distinct regions of the ferroptosis−necrosis modulation space,
consistent with phenotype-specific suppression rather than
nonspecific cytoprotection. Importantly, compounds predicted
to target proteins within the same overlap-defined class
exhibited similar modulation profiles, reinforcing the internal
consistency of the classification.
Representative chemical structures and predicted protein

targets corresponding to each suppressor class are shown in
Figure 3C. These classes encompass chemically diverse
scaffolds predicted to engage nonoverlapping sets of protein
targets, underscoring the ability of phenotypic suppressor
screening combined with ligand-based target enrichment to
resolve heterogeneous cell-death mechanisms at a systems
level. Importantly, TEA does not imply that all proteins
associated with a given suppressor class must be simulta-
neously perturbed to achieve phenotypic suppression. Rather,
the enrichment reflects that suppressor compounds within a
class are predicted to engage one or more proteins from the
same target set, any subset of which may be sufficient to
attenuate the corresponding cell-death program. Thus, the
convergence of phenotypic modulation, target enrichment, and
compound overlap provides a focused, biologically interpret-
able set of hypotheses�prioritizing candidate proteins and
pathways for subsequent mechanistic validation.
Integrating suppressor profiling across five compound classes

reveals a structured organization of the CIL56-modulating
pathways (Figure 3C). Class I suppressors are the most
informative, identifying PGTB1, CP51A, and C11B1 (HGNC
symbols: PGGT1B, CYP51A1, and CYP11B1) as targets that
converge on lipid and membrane regulatory processes and
produce the strongest suppression across both cell death
phenotypes. Among these, PGTB1 is particularly notable, as it
regulates prenylation-dependent membrane targeting of signal-
ing and trafficking proteins, a foundational step that often
precedes and cooperates with other lipid modifications to
stabilize proteins at Golgi and plasma membranes.13,14

Perturbation of prenylation therefore implicates membrane
anchoring and organization as upstream determinants of

CIL56 sensitivity. Consistent with this view, prior screens
identified ZDHHC5/GOLGA7-dependent palmitoylation as a
strong suppressor of CIL56-induced cell death, without
resolving the specific death modality involved.7−9 Together
with our findings, these results suggest that disruption of
membrane-anchoring machinery�via either prenylation or
palmitoylation�suppresses both ferroptotic and nonferrop-
totic components of CIL56-induced lethality, rather than
selectively targeting a single death execution pathway.
In contrast to this upstream membrane-organizing layer, the

remaining suppressor classes map more directly to death-
modality−biased components of CIL56 lethality. Classes II−
IV predominantly align with the ferroptotic component by
modulating the lipid-peroxidation susceptibility rather than
directly targeting downstream death-execution machinery.
Class II targets (AK1C3, STS, DHB1; HGNC symbols:
AKR1C3, STS, and HSD17B1) encode redox-active enzymes
involved in steroid and sterol metabolism that shape
membrane composition, lipid-peroxidation pressure, and the
handling of reactive lipid-derived species.15−17 Consistent with
this framework, inhibition of sterol metabolism and related
redox enzymes has been reported to suppress ferroptotic cell
death.5,18 Class III targets (ADA2A/B/C; HGNC symbols:
ADRA2A, ADRA2B, ADRA2C) are best interpreted as
metabolic context modifiers that indirectly influence lipid-
peroxidation sensitivity,19,20 while Class IV highlights NR1H3
as a transcriptional regulator of cholesterol and phospholipid
homeostasis that tunes membrane vulnerability to lipid
oxidation.21 By contrast, Class V uniquely maps to a necrotic
axis, with ALDH2 limiting the accumulation of reactive lipid-
derived aldehydes that can destabilize membrane-associated
protein networks.22,23 Together, these patterns support a
model in which CIL56 integrates a FIN56-like ferroptotic
program with additional membrane- and aldehyde-driven
necrotic processes, conditioned by upstream regulation of
membrane anchoring and lipid organization.

■ CONCLUSION
In this study, we demonstrate that closely related small
molecules can induce distinct ferroptotic and necrotic cell-
death phenotypes and that phenotypic suppressor screening
can be used to functionally separate and interrogate these
modalities. By integrating phenotype-specific screening out-
comes with ligand-based target prediction using SEA and
Target Enrichment Analysis, we established a systematic
approach to prioritize candidate protein targets and suppressor
classes associated with heterogeneous cell-death responses.
While TEA identifies protein targets statistically associated
with phenotypically active compound sets rather than causally
required mechanisms, ligand-based prediction using SEA is
inherently dependent on the scope and quality of available
reference ligand databases, may yield false-positive associa-
tions, and does not provide direct evidence of physical target
engagement. Accordingly, SEA was used here as a hypothesis-
generating prioritization tool rather than a definitive target
assignment. Definitive mechanistic assignment will therefore
require orthogonal validation, including testing selective
inhibitors of prioritized predicted targets for shared suppressor
activity or applying targeted genetic perturbation approaches.
Such studies represent a focused and important direction for
future investigation. Despite these considerations, the combi-
nation of phenotypic screening and target enrichment provides
a rapid, inexpensive, and flexible strategy to improve the
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interpretability of small-molecule phenotypes and to guide
focused mechanistic and medicinal chemistry follow-up.

■ EXPERIMENTAL SECTION

Chemical Lethality Testing in HT-1080 Cells
HT-1080 fibrosarcoma cells were purchased from the American Type
Culture Collection. HT-1080 cells were grown in DMEM High-
Glucose media with 1% nonessential amino acids (Thermo Fisher
Scientific) and 10% FBS at 37 °C under 5% CO2. In testing chemical
lethality, we seeded 1,000 HT-1080 cells in each well of 384 well
plates and immediately cotreated them with a lethal compound
(CIL56, FIN56, or SRS6−11) alone or together with 100 μM α-
tocopherol (ATOC). Cells were incubated for 48 h before adding
AlamarBlue (Thermo Fisher Scientific) and fluorescence (488/535)
was measured on a Victor3 plate reader (PerkinElmer). Dose−
response curves were plotted using Prism 7 (GraphPad).

Chemical Library Screening
We used 2,000 compounds purchased from MicroSource Discovery
Systems for screening. We first tested the lethality of these
compounds. ATOC (100 μM) or vehicle (0.1% ethanol) was added
to the HT-1080 cell suspension. The cells were seeded in 384 well
plates at 1,000 cells per well. Cells were treated with 2-fold dilution
series ranging from 0.5 to 4 μM and incubated for 48 h before the
viability was measured using AlamarBlue. Viability was normalized
using the following equation: VM,X = (IM,X− Ibg(M))/(ID,X − Ibg(D)),
where VM,X is the normalized viability of HT-1080 cells cotreated with
a modulator M and X (either ATOC or vehicle), IM,X, ID,X, Ibg(M),
Ibg(D) are raw Alamar blue intensity of cells treated with M and X, that
treated with DMSO and X, background intensity from media and M,
and background intensity from media and DMSO, respectively. We
discarded 159 compounds that we failed to collect the data, but
measured VM,ethanol and VM,ATOC for the other 1,841 modulators.

Next, we seeded HT-1080 cells treated with either ethanol or
ATOC into 384 well plates. 1,841 different potential cell death
modulators (the Microsource Collection) were further added to the
plates at 4 μM. After one h, three concentrations of CIL56 (0.31, 0.62,
1.25 μM) were added to ethanol-treated HT-1080 cells to induce
ferroptosis, or two concentrations of CIL56 (1.25, 2.5 μM) were
added to ATOC-treated HT-1080 cells to induce necrosis. The cells
were incubated for 48 h before the viability is measured using
AlamarBlue. Normalized viability was measured by VL,M,X= (IL,M,X −
Ibg(M))/(ID,M,X − Ibg(M)), where VL,M,X is the normalized viability after
treated with L (different concentrations of CIL56), M (modulator at
4 μM), X (vehicle or ATOC). IL,M,X, ID,M,X, Ibg(M) are raw alamarBlue
intensities from the cells treated with L, M, X, the cells treated with D,
M, X, background intensity from media and M, respectively. To assess
the effect of modulator on perturbing CIL56-induced ferroptosis or
necrosis, we first computed the area under the dose−response curve
(AUC) from the 3- or 2-point 2-fold dilution series of CIL56
treatment for each M and X treatments, and measured the difference,
ΔAUCM,X= AUCM,X− AUCD,X.

Total Synthesis of a CIL56 Analog SRS6−11
CIL56 and FIN56 were synthesized as described previously (Nat
Chem Biol. 2016 Jul;12(7):497−503. PMCID: PMC4920070). The
synthesis of compound SRS6−11 was carried out following
procedures based on the same report publication. The total synthesis
of SRS6−11 is depicted in Scheme 1.
General Procedure for the Synthesis of
2,7-Bis(3-difluoropiperidin-1-ylsulfonyl)-9H-fluoren-9-one
oxime (SRS6−11)
9-Oxo-9H-fluorene-2,7-disulfonyl dichloride (1) (64 mg, 0.170
mmol,1 equiv) was dissolved in 50 mL of dichloromethane and the
mixture was cooled to −50 °C. To this mixture was added 3-
fluoropiperidine hydrochloride (61.7 mg, 0.442 mmol, 2.6 equiv) and
diisopropylethylamine (88.8 μL, 0.510 mmol, 3 equiv). The reaction
mixture was stirred at room temperature for 17h. The solvent was
evaporated, and the residue was purified by flash-column chromatog-
raphy on silica gel to provide the desired ketone intermediate
compound that was directly mixed with hydroxylamine hydrochloride
(10 equiv) in pyridine (10 mL). The mixture was stirred at 95 °C for
36 h. The pyridine was evaporated, and the residue was stirred with 1
N HCl (10 mL) for several minutes and washed several times with
cold water and ethanol. White product was collected by filtration to
give the desired 2,7-bis(3-difluoropiperidin-1-ylsulfonyl)-9H-fluoren-
9-one oxime (SRS6−11, 54 mg, 61%). 1H NMR (400 MHz, DMSO)
δ 13.35 (s, 1H), 8.67 (d, J = 1.7 Hz, 1H), 8.35 (d, J = 8.0 Hz, 1H),
8.31 (d, J = 8.0 Hz, 1H), 7.99 (dd, J = 8.5, 1.7 Hz, 2H), 7.91 (dd, J =
8.1, 1.7 Hz, 1H), 4.84 (s, 1H), 4.73 (s, 1H), 3.45 (d, J = 11.0 Hz, 2H),
3.3 (d, J = 11.0 Hz, 2H), 2.99 (d, J = 12.5 Hz, 1H), 2.96 − 2.87 (m,
1H), 2.71 (t, J = 10.5 Hz, 2H), 1.70 (d, J = 11.2 Hz, 6H), 1.55 (d, J =
12.1 Hz, 2H); MS (APCI+, M+1) 526.16.
Ligand-Based Target Aggregation and Enrichment
Analysis
Ligand-based target prediction was performed using SEA,7 which
compares screening compounds to reference ligand sets derived from
chemical library screening experiments curated in ChEMBL.24

Reference compounds associated with orthologous eukaryotic protein
targets were merged and clustered using Ward’s hierarchical clustering
method.25 Structural similarity between screening compounds and
reference ligands was quantified using extended-connectivity finger-
prints (ECFP4)26 and pairwise Tanimoto coefficients. For each
ligand−target association, SEA computes an expectation value (E-
value) that estimates the probability of observing the measured
similarity by chance, using a statistical framework analogous to that
employed by BLAST.27

Predicted ligand−target associations were aggregated at the protein
level and analyzed using a target enrichment framework conceptually
analogous to Gene Set Enrichment Analysis. Screening compounds
were ranked based on their effects on CIL56-induced ferroptotic or
necrotic cell death, quantified as changes in area under the dose−
response curve (ΔAUC). Enrichment of predicted protein targets
among suppressors or enhancers was assessed using a Kolmogorov−
Smirnov-based statistic.28 Protein targets were considered to be

Scheme 1. Total Synthesis of SRS6-11
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significantly enriched if they exceeded a predefined significance
threshold in at least one enrichment analysis. Full parameter settings,
robustness analyses, and overlap calculations are provided in the
Supporting Information.
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