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ABSTRACT: Metal-based drugs, such as cisplatin and auranofin, are used for the treatment of
cancer and rheumatoid arthritis, respectively. Auranofin and other gold-derived compounds
have been shown to possess anticancer, anti-inflammatory, antimicrobial, and antiparasitic
activity in preclinical and clinical trials. Unlike platinum agents which are known to target
DNA, the target of gold is not well elucidated. To better understand the targets and effects of
gold agents in mammalian cells, we used a targeted CRISPR (ToxCRISPR) screen in K562
cancer cells to identify genes that modulate cellular sensitivity to gold. We synthesized a novel
chiral gold(I) compound, JHK-21, with potent anticancer activity. Among the most sensitizing
hits were proteins involved in mitochondrial carriers, mitochondrial metabolism, and oxidative
phosphorylation. Further analysis revealed that JHK-21 induced inner mitochondria membrane
dysfunction and modulated ATP-binding cassette subfamily member C (ABCC1) function in a
manner distinct from auranofin. Characterizing the therapeutic effects and toxicities of
metallodrugs in mammalian cells is of growing interest to guide future drug discovery, and
cellular and preclinical/clinical studies.

The development of efficacious transition-metal anticancer
drugs is highly attractive yet a challenging goal in drug

discovery. Platinum agents are first-line chemotherapy for
several cancer types and are primordial to the development of
improved metallodrugs.1−3 However, toxic side effects and
acquired tumor resistance to platinum therapy are major
drawbacks.4−7 Alternative efforts to develop other transition-
metal-based anticancer agents such as Co,8 Ti,9,10 Ru,11

Os,12,13 and Au14−16 have been stymied by unexplained
cytotoxicity, rapid deactivation, poor pharmacokinetics, and
poor in vivo potency.17 Gold-based compounds have been
applied as potent anticancer drug candidates in preclinical and
clinical trials with great promise.18−26 Recently, the FDA
approved gold drug auranofin, used for the treatment of
rheumatoid arthritis, was repurposed as an anticancer agent
with promising outcomes.27 Facile strategies to characterize
the mechanism of action and targets of transition-metal
compounds remain a challenge in metal-based drug discovery.
Chemical-genetic approaches involving high throughput

yeast deletions and gene knockdown systems including RNA
interference (RNAi) and short-hairpin RNA (shRNA) are
powerful technologies to investigate drug-target interac-
tions.28−33 The recent discovery of CRISPR/Cas9 systems
has provided robust and facile methods to edit mammalian
genomes.34−36 Pooled CRISPR screens have provided a
powerful approach to identify drug targets, mechanisms of
action, and resistance pathways of small-molecule drugs.37−39

Herein we demonstrate a strategy using a toxicity targeted
pooled CRISPR library to discover cellular targets and the

mechanism of action of JHK-21, a novel chiral gold(I)-
phosphine compound.
The targeted CRISPR screen indicated that JHK-21 targets

mitochondrial oxidative/bioenergetic processes, and biochem-
ical studies demonstrated direct disruption of mitochondrial
membrane potential. Additional factors modulating JHK-21
toxicity were identified including increased sensitivity in
ABCC1 (encoding the MRP1 drug/chemical exporter)
mutants. Furthermore, we noted that loss of SPRED2, a
negative regulator of the Ras-ERK pathway linked to the
proteasome complex,24 conferred resistance to JHK-21 treated
cells. Our results highlight the utility of targeted CRISPR to
comprehensively probe the activity of metallodrugs.

■ RESULTS
Synthesis and Characterization of JHK-21. We ex-

plored the synthesis of chiral gold agents to discover novel gold
compounds and structural scaffolds with high potency and
distinct mechanisms.40−42 The chiral compound JHK-21 was
prepared as described in Figure 1A. Briefly, we reacted
equ imo l a r amoun t s o f (R ,R ) - (− ) - 2 , 3 - b i s ( t e r t -
butylmethylphosphino)quinoxaline and phenanthroline gold-
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(III) in dichloromethane at room temperature for 24 h (Figure
1A). The residue was purified by silica-gel flash column
chromatography as a pale-yellow solid. JHK-21 was fully
characterized by 1H NMR, 31P{1H} NMR, 13C{1H} NMR,
high-resolution ESI mass spectrometry, and elemental analysis
for purity (Supporting Information, Figures S1−S4). Both
proton and carbon NMR spectroscopy revealed a complex
without phenanthroline resonances. This observation is due to
the strong σ-donating effect of the bisphosphine ligand, which
rapidly displaces the phenanthroline ligand and reduces the
Au(III) over a long reaction time. The oxidation of the
phosphorus ligand under ambient conditions and chloride
anions force the complex into a neutral Au(I) state. We
highlight that the complex JHK-21 possesses a P-chirogenic
ligand, which has the tendency to form diastereomers. What is
observed in the NMR spectroscopy (both 1H and 13C NMR,
ESI) is a classic diastereomeric ratio. All peaks agree with their

corresponding carbon atoms, and the integrated peaks also
support the expected structure of JHK-21. The coupling arises
from 13C−31P, and the neighboring small intensity peaks are
from the other diastereomer, in a ratio of 1:2. The 31P{1H}
NMR spectrum is consistent with the proposed structure. The
two P atoms have distinct chemical properties. P bonded to a
gold atom is found at 37 ppm, and another P bonded to
oxygen is found at 51 ppm. The two separate peaks are visible
at each location due to the diastereomeric ratio, and each peak
is a doublet due to typical P−P coupling (Figure 1B).

Biological Activity of JHK-21. We first investigated the
biological activity of JHK-21 in human K562 cells. The
compound inhibited K562 cells’ growth with a 50% maximal
inhibitory concentration (IC50) of 0.2 μM, arrested cell cycle in
the S phase by 24 h, and induced significant apoptosis within
48 h (Supporting Information).

CRISPR-Cas9 Screen for Target Identification. We used
a targeted CRISPR-Cas9-based chemical genetics ap-
proach43−45 to identify the mode of action of our metal-
containing agent (Figure 2). We developed the ToxCRISPR
KO library which targets 3675 genes involved in cellular
toxicity response genes with 4−6 sgRNA in the LentiCRIPRV2
vector, an all-in-one vector containing both sgRNA and Cas9,
as described in the Experimental Procedures and Supporting
Information. To carry out the screen, we transduced 50 × 106
K562 cells at 0.4 MOI, puromycin selected for 6 days, to
develop a pooled mutant library. Three control and three
exposure replicates of 7.5 × 106 cells each (500×
representation) were used for screening. Exposed samples
were treated with JHK-21 at the 48 h IC30 concentration (0.4
μM) to identify sensitive and resistant clones as compared to
the untreated control (DMSO treated). At Day 7, the viability
was approximately 60% of the control cells, and by the last day
of the screen, the viability dropped to 30%. After 14 days, we
isolated genomic DNA from untreated and JHK-21 treated
cells and PCR-amplified sgRNA-encoding DNA constructs and
quantitated sgRNA abundance by NGS. We identified mutants
with significant differences in representation in the treated vs
untreated samples as described in the Experimental Proce-
dures. We applied three different analysis methods (MAGeCK,
EdgeR, and DeSeq2) and compared the results across the
approaches. For MAGeCK, we identified candidates at an FDR

Figure 1. (A) Synthesis of the gold complex JHK-21 investigated in
this study and (B) 31P{1H} NMR spectrum of JHK-21.

Figure 2. (A) Metal-/metalloid-based drugs used in the clinic. (B) Schematic of the pooled CRISPR-Cas9 screening approach to identify the
cellular target and mechanism of action of JHK-21.
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< 0.1 while for EdgeR and DeSeq2, which identify individual
candidate sgRNA, we identified candidate genes for which two
or more sgRNA had an FDR < 0.1. We compared the results
across all three methods and further considered genes
identified in two or more of these analysis approaches. Using
these criteria, ten candidate genes increased resistance to JHK-
21 when targeted and 14 genes increased sensitivity to JHK-21
when targeted. See the Supporting Information files for full
results.

Analysis of Genes That Sensitize K562 Cells to JHK-
21. Enrichment analysis using DAVID (https://david.ncifcrf.
gov/) and Stringsdb (https://string-db.org/) of the 14
sensitive mutants from the CRISPR screen revealed enrich-
ment of genes involved in mitochondrial function with nine
(ATP5I, NDUFS6, NFU1, AIFM1, GARS, SLC25A19,
SLC25A46, SOD2, TIMM17A) of 14 being mitochondrial
(FDR < 5.2 × 10−6, David) and six associated with inner
mitochondrial membrane (ATP5I, NDUFs6, AIRM1,
SLC25A19, SOD2, and TIMM17A). Genes involved in
mitochondrial transport included TIMM1, SLC25A19, and
SLC25A46 and those involved in mitochondrial oxidative
phosphorylation such as the oxidoreductases (AIFM1,
NDUFS6, and SOD2) and the electron transport chain
(ATP5l and NFU1). Full results are presented in the
Supporting Information. These findings suggest that JHK-21
directly or indirectly alters mitochondrial metabolism or
function.
We also identified gene knockouts that provided a protective

effect and were enriched in the JHK-21 treated cell population.
We did not identify significant enrichment of the ten
candidates although four (SUV39H, KDM6A) were identified
by Stringsdb as involved in histone modification and two are
histone proteins (HIST1H2BK, CENPA).

Validation of Individual Knockouts. We carried out
individual CRISPR targeting of candidate genes including
ABCC1, which sensitized cells to JHK-21 when targeted, and
SPRED2, which protected K562 cells to JHK-21. To
investigate the cellular uptake of JHK-21 in wild-type and
mutant K562 cells, we determined the cellular accumulation of
JHK-21 in K562 cells by measuring gold content using
inductively coupled optical emission spectroscopy (ICP-OES,
Figure 3). We compared the uptake of gold to another gold
compound, auranofin. K562 cells were treated with com-
pounds at 5 μM concentration for 12 h, and the cell pellets
were subsequently digested and analyzed by ICP-OES. The

uptake of JHK-21 was markedly lower than auranofin
(Supporting Information). We found that three sgRNAs
targeting ABCC1 in K562 significantly enhanced susceptibility
to JHK-21 in comparison to wild-type K562 as shown in
Figure 4. Similarly, sgRNAs targeting SPRED2 sgRNAs
increased resistance to JHK-21 toxicity (Figure 4). These
results confirm the findings of our pooled CRISPR screen.

Cellular Response to JHK-21. The ToxCRISPR screen
implicated mitochondrial function in the biological effects of
JHK-21, which led us to directly assess if JHK-21 targets
mitochondrial function. We first assessed if JHK-21 disrupted
mitochondrial oxidative respiration or induced changes to the
mitochondria matrix. We assessed if JHK-21 interferes with
mitochondrial respiration through real-time oxygen consump-
tion rate measurement using a Seahorse XF96 analyzer. We
measured the basal and maximal respiration of K562 and
individual gene knockouts of K562. It was evident that wild-
type K562 demonstrates higher maximal OCR than ABCC1,
ATP5l, or SPRED2 knockout cells. We then treated K562 cells
with a 5 μM concentration of JHK-21 by pneumatic injection.
The compound induced significant inhibition of mitochondrial
basal and maximal respiration (Figure 5). Taken together, our
results suggest that JHK-21 alters cellular energy production
via interaction with mitochondrial processes even at early time
points.
Next, we examined the effect of JHK-21 on mitochondrial

membrane potential (MMP) in K562 cells since MMP is a
driver of ATP synthesis and helps maintain redox homeostasis.
The mitochondrial membrane was significantly depolarized by
JHK-21 based on the assessment of green fluorescent
monomers of JC-1 in a similar manner to cyanide m-
chlorophenyl hydrazone (CCCP). Interestingly, when K562
ABCC1 KO cells were used, a higher population of cells with
membrane depolarization was observed when compared to
that of wild-type K562, consistent with increased intracellular
levels of JHK-21 in the KO (Figure 6). These results
demonstrate that JHK-21 alters the mitochondrial membrane
potential.

■ DISCUSSION
The ability to identify cellular targets of metallodrugs is crucial
in understanding the mechanism of action as well as potential
off-target effects within the host. Here we demonstrate for the
first time the utility of a targeted CRISPR screening in a
human cell line to determine the cellular modulators of
sensitivity to a novel metal-based gold(I) compound, JHK-21.
By focusing on a limited set of toxicity related genes, we were
able to rapidly identify the functional mechanism underlying
the observed cytotoxicity of JHK-21. While we cannot rule out
that a genome-wide screen would not identify additional
functional components involved in the cellular response to this
compound, the focused approach on a limited subset of well
annotated genes involved in cellular toxicity provided
important insight into the functional effects of this compound.
This strategy should be applicable to other metal-containing
bioactive compounds, a class of biomedically relevant
compounds whose mechanism of action has been elusive.
We found that JHK-21 targets mitochondrial function by
disrupting the mitochondrial membrane potential and
inhibiting mitochondrial respiration in cells.
While the use of gold as therapeutics has been demonstrated

in the clinic with the use of auranofin to treat rheumatoid
arthritis, new bioactive gold-based agents have been hampered

Figure 3. Cell uptake studies of JHK-21 in K562 and K562-ABCC1-
G1. Cells were treated with 5 μM of compound for 12 h (n = 3).
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by the lack of facile synthetic methods. The promising effects
in repurposing auranofin to treat other disease indications
including cancer and microbial infections in the clinic provide
the impetus for gold drug discovery. We envisioned that
expanding the chemical diversity of gold-based scaffolds would
yield transformative biomedical outcomes. Thus, we utilized
our nucleophile induced reductive elimination strategy to
generate a tricoordinate gold(I), where a biologically tolerable
chiral bisphosphine ligand was used. This new approach
resulted in a novel tricoordinate gold(I) compound with
potent cytotoxicity in cancer cells.
Despite effective clinical and preclinical treatment of cancer

and rheumatoid arthritis by gold complexes, the molecular
basis of gold drug action remains unclear. A number of targets
have been suggested, including the following: (i) proteasome-
associated deubiquitinases;24,46−48 (ii) thiol-rich enzymes such
as thioredoxin and glutathione reductase;49−52 (iii) thiol-
dependent proteases;53 (iv) autophagy induction;54 and
superoxide/oxy radical ion generation.55 Here, we demonstrate
that JHK-21 targets mitochondrial processes to exploit cancer
cell dependencies.
We focused on mitochondrial function as a potential JHK-21

target based on the ToxCRISPR screen. Our genetic approach
clearly implicated mitochondrial oxidative phosphorylation,
depicted in oxidoreductases (AIFM1, NDUFS6, and SOD2)
and ETC genes (ATP5l, NFU1) as crucial modulators of K562
growth sensitivity to JHK-21. Although transition-metal
complexes possess inherent redox properties, very few studies
have been performed to characterize their impact on cellular
mitochondrial respiration. We observed the inhibition of
maximal respiration when K562 cells were treated with JHK-
21. It is important to note that AIFM, which appeared in our
sensitizing hits, is a key regulator of mitochondria-mediated

apoptosis and is characterized as a NAD(P)H oxidoreductase.
The deficiency of AIFM in mice or humans is associated with
decreased oxidative phosphorylation activity through mito-
chondria complex I and complex III activity. Inhibition of
OXPHOS by JHK-21 is corroborated by the identification of
NADH dehydrogenase (ubiquinone) iron-sulfur protein 6,
which is a mitochondrial membrane complex I protein
involved in the transfer of electrons from NADH to the
respiratory chain. Additionally, the top sensitizing hit genes
ATP5l and NFU1 involved in the respiratory chain support the
hypothesis that JHK-21 inhibits mitochondrial oxidative
phosphorylation through complex I-mediated processes. Addi-
tionally, FASN is characterized as a metabolic oncogene
implicated in tumor growth and survival. Targeting FASN
represents an attractive therapeutic strategy. Additionally, a
critical chaperone of neddylation known as glycyl tRNA
synthetase (GARS), which is implicated in protein synthesis
and lysine acetyltransferases (KAT2B) for post-transcriptional
modification of histone, was identified as a sensitizing hit.
Metabolic reprogramming is a hallmark of a number of

diseases, including cancer. The onset of cancer and its
progression depends on mitochondrial metabolic function,
which makes them vulnerable. Therefore, therapeutics that
selectively modulate mitochondrial function could lead to
targeted therapies.
The transport gene TIMM17 is a carrier translocase of the

inner mitochondrial membrane and appeared in the top
sensitizing hits in response to JHK-21. Endogenous prese-
quence-containing precursors are delivered to the matrix and
inner membrane in an inner membrane electrochemical
potential (Δψ)-dependent manner. The binding of molecules
to TIMM17 has the potential to potentiate the mitochondrial

Figure 4. Results of the CRISPR screen for genes that sensitize cells to JHK-21. (A) Analysis of ToxCRISPR results. Candidate genes and their
intracellular localization are illustrated with red dots, and the genes that confer protection to JHK-21 are shown in blue dots. (B, C) Validation of
CRISPR using KO. Individual clones of ABCC1 KO and SPRED KO in K562 were generated using the same sgRNAs employed in the pooled
ToxCRISPR screen. Cell viability using the CellTiter-Glo assay of K562-ABCC1 KO confirms sensitivity to JHK-21, and K562-SPRED2 confirms
resistance to JHK-21.
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membrane potential, which is observed when K562 cells are
treated with JHK-21.
Another transporter, which is an ATP-binding cassette

transporter, ABCC1, is responsible for transporting a wide

range of molecules across cell membranes. Particularly, multi-
drug resistance-associated protein (MRP) overexpression has
been associated with chemotherapy resistance due to drug
efflux in cancer cells.
Among the most protective sgRNAs were those against

genes involved in histone modification (HISTIH2BK and
KDM6A). Recent studies have identified molecular signatures
of epigenetic regulation and chromatin architecture as pivotal
modulators of mitochondrial function. Specifically, there
appears to be a complex interplay between environmental
factors, epigenetic signals, and mitochondrial metabolism.
Since several components required for histone modification
need intermediates of cellular metabolism including ATP,
AcCoA, NADH, and α-ketoglutarate for enzymatic function, it
is important to delineate the mechanism that underlying
response of gold therapy or resistance.
Mechanistic insights from our targeted CRISPR-Cas9 screen

of the novel chiral gold(I) compound suggest that selective
targeting of key mitochondria processes or metabolism
represents an attractive and a clinically viable target to limit
disease progression.
Finally, our CRISPR-Cas9 approach offers a functional

platform to delineate mechanisms of bioactive transition-metal
compounds. The molecular pathways by which metal-based
agents such as JHK-21 modulate cellular sensitivity are not well
understood. Together, our results highlight the power of
knockout screening as a robust platform to interrogate
biological pathways and enable drug target identification.
This report represents the first systematic study to identify
drug targets in mammalian cells of a novel gold antiprolifer-
ative agent, which possesses promising biological activity for
therapeutic benefit.

■ EXPERIMENTAL PROCEDURES
Chemicals and Reagents. 1,10-Phenanthroline was from

Sigma-Aldrich and used without further purification or drying.
Tetrachloroauric acid (HAuCl4·3H2O) was purchased from
NANOPARTZ and used as received. ACS grade solvents were
purchased from Pharmco-Aaper and used without further
purification or drying. Deuterated solvents were purchased
from Cambridge Isotope Laboratories and used as received.
Silica gel for column chromatography (Silicycle, P/N:
R10030B SiliaFlashF60, size: 40−63 μm, Canada) was
purchased from Silicycle. Aluminum backed silica-gel plates
(20 × 20 cm2) were purchased from Silicycle (TLA-R10011B-
323) and utilized for analytical thin-layer chromatography
(TLC). The detailed synthetic procedures to obtain JHK-21
are in the Supporting Information.

Cell Lines and Cell Culture Conditions. All K562 and
knocked-out K562 cells were maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium. All cell lines were
cultured in RPMI supplemented with 10% FBS, 1% penicillin/
streptomycin, and 1% amphotericin. All cells were grown at 37
°C in a humidified atmosphere containing 5% CO2.

Pooled sgRNA Analyses. ToxCRISPR KO Library. The
ToxCRISPR Knockout library targets 3,675 protein-coding
genes including the “S1500+” gene set prioritized by the
NIEHS/NTP/Tox21 program along with genes in the
environmental genome project (https://egp.gs.washington.
edu/finished_genes.html) and a few other selected toxicant
response related genes. The library contains 4 sgRNAs
targeting each of the 3675 genes along with 500 nontargeting
sgRNAs cloned into the LentiCRISPRv2 (Addgene #52961)

Figure 5. JHK-21 disrupts mitochondrial oxidative phosphorylation.
(A) Real-time monitoring of the ratio of the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) of different
isogenic K562 cells. (B) Inhibition of the OCR in K562 by JHK-21.
Oligomycin (a complex V inhibitor), FCCP (a mitochondrial
uncoupler), and rotenone/antimycin A (respiratory chain inhibitors)
were added at intervals of 20 min. JHK-21 was added to K562 cells 12
h prior to bioenergetic measurements (n = 6).

Figure 6. Images of K562 with JC-1 dye, overlay of green and red
fluorescence (a−c). (a) Negative control (untreated), (b) 2-JHK-21
induced mitochondrial membrane potential (Δψm) loss, and (c)
positive control, CCCP. (d) Negative control (ABCC1-G1 KO
untreated), (e) 2-JHK-21 induced mitochondrial membrane potential
(Δψm) loss, and (f) positive control, CCCP.
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vector which was sequence verified for representation.
Additional details on the development and validation of the
ToxCRISPR library are presented in the Supporting
Information. The ToxCRISPR library was packaged in
lentivirus and titer determined as described in the Supporting
Information.

JHK-21 ToxCRISPR Screen. 50 million K562 cells were
transduced as in Sobh et al., 2019,56 with the lentiviral
packaged ToxCrispr Library at a MOI of 0.4. 48 h post-
transduction, the cells were selected against 2 μg/mL
puromycin for 6 days. Three aliquots of 20 million cells were
frozen and stored to serve as a reference for the representation
at Day 1 (i.e., first day of screen). CRISPR screens were
performed in T75 flasks, with 7.5 million per replicate to
achieve a 500× coverage, in 30 mL RPMI 1640 supplemented
with 10% FBS and 1× pen/strep. The conditions were the
following: untreated cells (control) and 0.4 μM JHK-21 for 14
days (i.e., 14 doublings of untreated WT K562). Each
condition was performed in triplicate. The medium was
replaced every 48 h by spinning down the cells at 300g for 5
min, and 7.5 million cells were reseeded at each medium
change to maintain 500× coverage. Genomic DNA from 7.5
million cells for each replicate was extracted using the DNeasy
Blood & Tissue Kit (Qiagen) following the manufacturer’s
instructions. Amplicons for NGS illumina sequencing were
generated using the two-step PCR described in detail in Sobh
et al., 2019.56

In brief, for each sample, the gRNA region was first PCR
amplified using the high fidelity Herculase II Fusion DNA
Polymerase kit (Agilent) and the pair of primers CRISPR1-
FOR and CRISPR1-REV (PCR1). The amplicon libraries for
NGS were prepared and barcoded by carrying out a second
PCR (PCR2) using a combination of a common forward
primer (CRISPR2-FOR) and a sample specific reverse primer
(CRISPR2-REV#) incorporating respectively the P5 and the
P7+barcode adapters. For each sample, four 100 μL PCR1
reactions were performed using 10 μg genomic DNA template
per reaction and 18 cycles. The PCR1 products were pooled
for each sample followed by two 100 μL PCR2 reactions.
PCR2 was carried out using 5 μL PCR1 product per reaction
and 20 cycles producing 358 bp amplicon libraries.
The sequence of the primers used to prepare the amplicon

libraries as well as the barcodes are listed in the Supporting
Information. The amplicons were gel purified using the
QIAquick Gel Extraction Kit (Qiagen) and quantified using
the Qubit HS dsDNA assay (Thermoscientific). Equimolar
amounts (875 ng) of each amplicon library were multiplexed in
one pool. The library size and concentration were confirmed
by TapeStation (Agilent). The sequencing was performed at
the Interdisciplinary Center for Biotechnology Research
(ICBR), University of Florida at Gainesville, using the
NextSeq500 high throughput single read 75 cycles platform
(Illumina).

CRISPR-seq Data Analysis Results for the NS-910 Project.
FASTQC tools (version 0.11.8)57 were applied to compressed
fastq-files received from the sequencing facility to check read
quality. Bowtie (version 1.2.2) was used to align ToxCRISPR
sgRNAs against reads per each condition to generate the raw
count table using Samtools58 and a R wrapper.59 The raw
count table was used as input for MAGeCK, edgeR,60,61 and
DESeq262 packages (with default parameters for normal-
ization). Consolidated and annotated summary tables with

sgRNA differential representation were generated for each
comparison with adjusted p-values.63

Individual sgRNA Validation. Method: sgRNA Cloning,
Lentivirus Production, and Transduction. The guide RNAs
(gRNAs) targeting the ABCC1, SPRED2, and ATP5L genes
were selected from the Brunello genome-wide CRISPR pooled
gRNAs library64

The gRNAs had the following sequences:
ABCC1 (gRNA-1) (AAAATGTGATTGGCCCCAAG),
ABCC1 (gRNA-2) (AACCTGACAGCATCGAGCGA),
ABCC1 (gRNA-3) (AGTACACGGAAAGCTTGACC),
SPRED2 (gRNA-1) (AGTCTGAGGAGTCCACGTAG),
SPRED2 (gRNA-2) (TCCAACGTTTCATCACTGGA),
SPRED2 (gRNA-3) (CTGTGGGGTATGAGTCGTGG),
ATP5L (gRNA-1) (CTCACCGTTCACCAGCGCCG),
and ATP5L (gRNA-3) (ATAGTCAATAGTGCTCAGAC).
Each gRNA was cloned in the lentiviral vector Lenti-

CRISPRv2 (Plasmid #52961, Addgene) using the golden gate
assembly strategy described in detail.65

To produce lentiviruses, LentiCRISPRv2 constructs harbor-
ing each of the ABCC1, SPRED2, or ATP5L gRNAs were
cotransfected in HEK293T cells with the envelope PMD2.G
and packaging psPAX2 plasmids. In brief, HEK293T cells were
seeded in T25-cm2 tissue culture flasks the day preceding the
cotransfection. One hour before the transfection, the medium
was replaced with 2.25 mL Optimem medium (Thermoscien-
tific).
For each of the gRNAs, the DNA mixtures consisted of 3.4

μg lentiCRISPRv2-gene target plasmid, 1.7 μg PMD2.G, and
2.6 μg psPAX2 diluted in 700 μL Optimen and 35 μL plus
reagent (Thermoscientific), and the lipofectamine mix
consisted of 700 μL Optimen and 17.25 μL lipofectamine
2000 (Thermoscientific). The two mixtures were incubated for
5 min at room temperature and then combined and incubated
at room temperature for 20 min. The lipofectamine-DNA
complex was added to the HEK293T cells, and the cells were
then incubated for 6 h at 37 °C and 5% CO2. The transfection
medium was replaced with 6 mL of lentivirus harvest medium
(DMEM high glucose, 10% FBS, 1× penicillin/streptomycin,
1%BSA). The lentiviruses were harvested 48H post-trans-
fection as follows: cell culture medium was collected and
centrifuged at 3000 rpm for 10 min at 4 °C. The supernatant
was syringe filtered through a 0.45 μm PES sterile filter
(Sartorius). To concentrate the lentiviruses, 2 mL (1/4 of the
supernatant volume) of Lenti-X concentrator (Takara Bio) was
mixed with the filtrate. The mixture was incubated on ice for 2
h 30 min and then centrifuged at 1500g for 45 min at 4 °C.
The obtained pellet was resuspended in 300 μL of harvest
media and stored at −80 °C.
K562 cells were transduced separately with each of the

ABCC1, SPRED2, and ATP5L lentiviral preparations using the
spinoculation method. In brief, 2.5 million K562 cells were
seeded in a 12-well plate in 2 mL of RPMI 1640 medium
supplemented with 10% FBS and 1× penicillin/streptomycin.
Polybrene (8 μg/mL final concentration) and 10 μL of the
lentiviral solution were added to the cells and mixed gently up
and down. The 12-well plate was centrifuged at 1000g for 90
min at 34 °C. After centrifugation, the cells were transferred to
15 mL conical tubes and pelleted (300g for 5 min). The cell
pellet was resuspended in 6 mL of RPMI 1640 supplemented
with 10% FSB and 1× antibiotic penicillin/streptomycin and
cultivated in a T25-cm2 tissue culture flask for 48 h. The
transduced cells that integrated the lentiviral genome were
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then selected in medium supplemented with 2 μg/mL
puromycin for 6 days.

Mitochondrial Membrane Potential (JC-1 Assay). K562
cells were plated at a density of 5 × 105 cells/plate using a glass
bottom Petri dish fitted with a #1.5 coverslip with a final
volume of 1.5 mL. JHK-21 was prepared as a stock in DMSO/
RPMI (2:8) and added at a final concentration of 10 μM. The
cells were treated for 6 h at this concentration. CCCP was
prepared as a stock in DMSO and added at a final
concentration of 100 μM, and the cells were treated for 1 h.
This was used as a positive control. After the indicated
treatment time, a working solution of the JC-1 dye (Cayman
Chemicals) was prepared by adding 100 μL of dye into 900 μL
of RPMI. Note: the working solution of JC-1 should always be
prepared fresh and not stored for long-term use. Then, 100
μL/mL of RPMI was added to the cells and incubated at 37 °C
for 20 min. Prior to imaging, the media was removed and
replaced with room temperature PBS (2 mL). The cells were
then visualized using confocal microscopy on a Nikon A1R
inverted confocal microscope. J-aggregates were imaged with
excitation/emission = 510/590 nm and J-monomers with
excitation/emission = 488/525 nm. Each image is representa-
tive of three technical replicates.
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