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The adenosine analogue remdesivir has emerged as a front-
line antiviral treatment for SARS-CoV-2, with preliminary
evidence that it reduces the duration and severity of illness!.
Prior clinical studies have identified adverse eventsl’z, and
remdesivir has been shown to inhibit mitochondrial RNA poly-
merase in biochemical experiments7, yet little is known about
the specific genetic pathways involved in cellular remdesivir
metabolism and cytotoxicity. Through genome-wide CRISPR-
Cas9 screening and RNA sequencing, we show that remdesivir
treatment leads to a repression of mitochondrial respiratory
activity, and we identify five genes whose loss significantly re-
duces remdesivir cytotoxicity. In particular, we show that loss
of the mitochondrial nucleoside transporter SLC29A3 miti-
gates remdesivir toxicity without a commensurate decrease

in SARS-CoV-2 antiviral potency and that the mitochon-

drial adenylate kinase AK2 is a remdesivir kinase required

for remdesivir efficacy and toxicity. This work elucidates the
cellular mechanisms of remdesivir metabolism and provides a
candidate gene target to reduce remdesivir cytotoxicity.
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Remdesivir is a phosphoramidate prodrug which is con-
verted within cells to an adenosine triphosphate analogue?.
This active remdesivir metabolite is incorporated by vi-
ral RNA-dependent RNA polymerase (RdRp) enzymes into
nascent viral RNA chains and results in premature transcript
termination3. While developed to treat Ebola virus?, remde-
sivir has been shown to impede replication of coronaviruses
including SARS-CoV and MERS-CoV*? and notably SARS-
CoV-2%3 in vitro and in mouse and macaque models.

While clinical data suggests remdesivir is generally safe for
human use, the causes and mechanisms of toxicity are not
fully known. These may depend on patient-specific condi-
tions or genetic background, and may increase with higher

dosing or treatment earlier in disease progression as has
been shown for other antiviral drugs such as oseltamivir
(Tamiflu)>>72-11, One possible mode of toxicity induced by
nucleoside analogues is mitochondrial toxicity, as mitochon-
drial polymerases lack the selectivity of mammalian poly-
merases to exclude nucleoside analogues. HIV antiviral nu-
cleotide analogues and Hepatitis C virus (HCV) nucleoside
analogs induce mitochondrial toxicity with varying levels of
severity!>!3, and remdesivir has been shown to inhibit mi-
tochondrial RNA polymerase in biochemical experiments'4,
albeit at 100-fold lower rates than RdRp.

In order to better understand the mechanisms by which
remdesivir affects host cells and induces cytotoxicity, we
have performed RNA-sequencing (RNA-seq) and genome-
wide CRISPR-Cas9 screening on liver and intestinal cell
lines treated with remdesivir. RNA-seq has been employed
previously to characterize drug mechanisms, which include
cytotoxicity'>!®, CRISPR-Cas9 screening has been used to
identify genetic pathways driving cancer drug resistance!”.
To our knowledge, neither approach has been used to charac-

terize the effects of remdesivir.

To begin addressing which genes and pathways underlie
remdesivir toxicity, we performed RNA-seq in two human in-
testinal cell lines (HT29 and HCT116) and two human liver
cell lines (HepG2 and PLC/PRF/5). We use these cell lines
because they are derived from organs that are often most af-
fected by drug toxicity. We performed RNA-seq on all four
cell lines harvested after 8 and 24 hours of remdesivir treat-
ment using a maximal dose for each cell line which does not
induce apoptosis within a 24 hour measurement time (Sup-
plementary Table 1). As controls, we performed similar ex-
periments on DMSO-treated cells and cells treated with the
SARS-CoV-2 antiviral drug hydroxychloroquine (HCQ)'8.
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Figure 1. RNA-seq upon remdesivir treatment reveals decreased expression of genes involved in mitochondrial respiration. a) RNA-seq gene expression corre-
lation matrix among HT29 and HepG2 cell lines treated with remdesivir, HCQ, or DMSO (control) for 8 and 24 hours. b) GSEA correlation matrix of HT29 and HepG2 cell
lines treated with remdesivir or HCQ relative to DMSO (control). c) GSEA enrichment plot of intramolecular oxidoreductase activity in HT29 for remdesivir treatment as
compared to DMSO control. d) Average mitochondrial RNA-seq logz (fold-change) of HepG2 cells after 24 hour treatment with remdesivir as compared to DMSO control. e)
Normalized ATP-red and mitoROS geometric mean of fluorescence intensity (gMFI) for untreated (blue) or remdesivir-treated (red) HepG2 and HT29 cells.
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We hypothesized that HCQ would induce distinct host gene
expression response due to its orthogonal mechanism of im-
pairing endosome and lysosome trafficking!®.

As expected, RNA-seq gene expression clusters most
strongly by cell line and next by drug exposure (Fig. la,
Supplementary Fig. 1). There is clear evidence of differential
expression without strong pro-apoptotic gene expression sig-
natures, validating our dosing and duration (Supplementary
Fig. 1). To investigate which genes and pathways change
expression as a result of remdesivir treatment, we performed
gene set enrichment analysis (GSEA)?°. We identify a set of
highly statistically significant gene ontology (GO) pathways
affected by remdesivir in each of the four cell lines. There is
concordance in the pathways regulated by remdesivir across
the four cell lines that differ from pathways induced by HCQ
treatment (Fig. 1b, Supplementary Fig. 1), suggesting that
each drug has a signature impact on cellular physiology.

The main drug-specific gene expression response of remde-
sivir is a significant decrease in mitochondrial respiratory
gene expression (Fig. lc-d, Supplementary Fig. 1, Sup-
plementary Table 2). Remdesivir strongly represses nuclear
genes that comprise mitochondrial respiratory complexes 1,
3, 4, and 5 as well as other genes encoding mitochondrially
localized proteins while not significantly impacting expres-
sion of genes encoded by the mitochondrial genome (Fig. 1d,
Supplementary Fig. 1). To determine the functional impact
of remdesivir mitochondrial gene repression, we performed
flow cytometric measurement of mitochondrial redox state
and ATP production using the fluorescent dyes MitoROS
520 and ATP-Red?'??, finding a significant decrease in ATP
production upon remdesivir treatment in HepG2 and HT29
cells and a significant decrease in mitochondrial oxidation in
HepG?2 cells (Fig. le-f). Thus, we conclude that remdesivir
decreases mitochondrial function, at least partially through
decreasing the expression of genes involved in mitochondrial
respiration.

The main cell line-consistent remdesivir-upregulated path-
ways are the RNA polymerase and nutrient stress response
pathways driven by ATF3 and ATF4, which are upregulated
in all cell lines (Supplementary Table 2)** and which should
dampen mTOR signaling?*. These pathways are also up-
regulated by HCQ and are a common cellular response to
stress, including mitochondrial stress>>. In contrast to remde-
sivir, HCQ robustly upregulates cholesterol metabolism, au-
tophagy, and starvation pathways and decreases rRNA and
tRNA production across all cell lines (Supplementary Table
2), consistent with the known HCQ mechanism of impair-
ment of endosome to lysosome processing!*2® and suggest-
ing that RNA-seq analysis highlights specific drug-response
pathways. We show that HCQ impairs cellular LDL uptake
and induces an endosomal LDL retention phenotype (Supple-
mentary Fig. 2), confirming this consistent phenotypic out-
come in the HCQ RNA-seq.

Given that remdesivir decreases the expression of genes in-
volved in mitochondrial respiration, we asked whether drugs

that affect mitochondrial oxidative phosphorylation impact
remdesivir toxicity. We tested a set of five drugs previ-
ously reported to impact mitochondrial function, finding that
remdesivir cytotoxicity in HT29 and HepG?2 cells is mitigated
by syrosingopine, exacerbated by ursodeoxycholic acid, and
unaffected by trigonelline, dimethyl fumarate, and metformin
(Supplementary Fig. 3). Ursodeoxycholic acid has been
shown to improve mitochondrial function?’, and syrosin-
gopine, a lactate transporter inhibitor, has been shown to
decrease mitochondrial function?®?°. These results suggest
that further suppressing mitochondrial activity may mitigate
remdesivir toxicity, although the mitochondrial suppressor
metformin did not replicate this activity, suggesting that there
are nuances to how altering mitochondrial activity impacts
remdesivir cytotoxicity.

In order to directly identify genes involved in remdesivir
metabolism and cytotoxicity, we developed a drug toxic-
ity CRISPR-Cas9 screening paradigm. A pool of HT29
cells was treated with the Brunello lentiviral genome-wide
CRISPR-Cas9 gene knockout library®°, which targets 19,114
genes each with four guide RNAs (gRNAs), and after selec-
tion for cells with lentiviral integration, cells were treated
for 14 days either with remdesivir or with DMSO or HCQ
as controls. We used concentrations of remdesivir and HCQ
that yield 50% as many surviving cells every five days (Sup-
plementary Fig. 4) to detect genes whose knockout ex-
acerbates drug toxicity (relatively depleted in remdesivir-
treated samples) or mitigates toxicity (enriched) (Fig. 2a).
To address whether this screening paradigm indeed mea-
sures remdesivir-dependent toxicity, we treated HT29 cells
with remdesivir in the presence of a 100-fold molar excess
of adenosine, which should decrease the relative usage of
remdesivir by mitochondrial RNA polymerase, finding that
remdesivir toxicity is completely attenuated (Fig. 2b).

We performed six biological replicate screens in HT29 cells
with both drugs and used the MAGeCK-MLE pipeline’!-2
to identify genes and pathways mediating antiviral drug tox-
icity (Supplementary Table 3). We collected an average of
5.5%1076 NGS reads per library, obtaining high replicate
consistency in gRNA representation (r = 0.60-0.77, Supple-
mentary Fig. 4). We observed a significant depletion of gR-
NAs targeting cell essential genes after two weeks of drug
or DMSO treatment, confirming robust CRISPR-Cas9 activ-
ity (Supplementary Fig. 4). To identify gRNAs specifically
enriched or depleted by drug treatment, we calculated the
MAGeCK beta-score per gene compared to DMSO control
to identify significantly enriched and depleted genes (Fig. 2c,
Supplementary Fig. 4), then compared the remdesivir and
HCQ screens to identify sets of 43-501 genes specifically af-
fected by each drug (Fig. 2d, Supplementary Fig. 4).

To discover pathways regulating remdesivir metabolism and
toxicity, we performed GO analysis on these genes whose
knockout specifically alters growth in the presence of remde-
sivir or HCQ. We found that genes involved in carbohydrate
transport and catabolism as well as nucleoside diphosphate
metabolism are enriched after remdesivir treatment (Fig. 2e).
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Figure 2. A drug toxicity CRISPR-Cas9 screen identifies candidate genes and pathways involved in the mitigation and exacerbation of remdesivir cytotoxicity.

a) Schematic of pooled CRISPR screen. Cells were transduced with Brunello lentiviral library and treated either with DMSO or for 14 days with doses of remdesivir or HCQ
titrated to yield 50% surviving cells every five days of treatment. Genomic DNA was collected before and after drug for sequencing of gRNA abundance. b) Effect on remde-
sivir toxicity of 100-fold molar excess of adenosine in HT29 cells. Error bars are SE. c¢) Volcano plot showing beta score calculated for the 4 gRNAs targeting each gene

vs. the -log1o(FDR) of remdesivir treatment vs. DMSO treatment across 6 screening replicates. d) Square plot showing normalized gene beta score normalized to pre-drug
control for remdesivir vs. HCQ treatment. e-f) Top 5 most significant GO terms enriched (e) and depleted (f) after remdesivir treatment vs. DMSO treatment.
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These pathways match known steps in the enzymatic acti-
vation of phosphoramidate prodrugs such as remdesivir®>.
Genes involved in the synthesis of the purine precursor in-
osine monophosphate (IMP), including ATIC, GART, and
PFAS, emerge as among the most depleted after remdesivir
treatment (Fig. 2f), likely by restricting cellular concentra-
tions of adenosine and thus increasing relative abundance of
remdesivir. DNA repair-related pathways are also depleted
after remdesivir treatment.

On the gene level, we performed individual validation of gR-
NAs targeting six genes whose loss significantly mitigated
remdesivir toxicity in the pooled screen, confirming signif-
icantly increased CCsg in five out of six (Fig. 3a, Supple-
mentary Fig. 5). We were unable to maintain knockout cells
for the sixth gene, EIF4A1, because of excessive cell death.
The five confirmed genes elucidate mechanisms of remde-
sivir activation and toxicity. Among these genes is cathep-
sin A (CTSA, 11.3-fold CCsg increase in HT29), an esterase
known to be involved in intracellular activation of phospho-
ramidate nucleoside prodrugs®’, providing genetic confirma-
tion that CTSA is the primary enzyme in the initial intracel-
lular remdesivir activation step. Additionally, gRNAs target-
ing Kelch-like ECH-associated protein 1 (KEAP1, 3.2-fold
CCs increase in HT29), whose knockout should stabilize
and activate the NRF2 transcription factor, were enriched.
Activated NRF2 is established to increase a set of antiox-
idant response element genes involved in stress response,
mitochondrial function, and purine synthesis**, suggesting
that NRF2 activation may protect against remdesivir toxicity.
The plasma membrane calcium transporter ATP2B1 (5.7-fold
CCjs increase in HT29) was also required for remdesivir tox-
icity through an unknown mechanism.

Intriguingly, gRNAs targeting two mitochondrially local-
ized adenosine metabolic genes, the reversible adenylate ki-
nase AK23>3¢ and the bidirectional nucleoside transporter
SLC29A3%7, are highly enriched. Notably, AK2 has been
shown to be involved in activation of the antiviral drugs teno-
fovir and PMEA3339 and SLC29A3 knockdown has been
shown to reduce mitochondrial transport of other nucleotide
analogue drugs!’, suggesting that both of these genes are
common regulators of antiviral nucleotide drug metabolism.
We found that the CCsy for remdesivir is dramatically in-
creased by knockout of AK2 (71.4, 58.9, 21.7, 9.6, and 5.9-
fold) and SLC29A3 (11.3, 9.8, 8.0, 5.7, and 10.9-fold) in
HepG2, HT29, Huh7, OV-90, and HEK293-ACE2 cells re-
spectively (Fig. 3a, Supplementary Fig. 5), suggesting that
these genes are common cellular mediators of remdesivir tox-
icity. In contrast to their reported impacts on metabolism of
other antiviral nucleotide analogue drugs*’—°, knockout of
AK?2 and SLC29A3 did not significantly impact the cytotox-
icity of the cytosine mimetic SARS-CoV-2 antiviral EIDD-
193140 in HT29 cells (Supplementary Fig. 5), which may be
because EIDD-1931 causes cytotoxicity through mechanisms
other than mitochondrial polymerase inhibition*!.

Additional genes whose knockout mitigates remdesivir tox-
icity include EIF4A1, TSCI1, TSC2, DUSP4, and DUSP6,

whose knockouts should all activate mTOR signaling*>*3,

suggesting that activating mTOR signaling may counteract
the ATF3- and ATF4-driven stress response observed in the
RNA-seq data. Overall, remdesivir cytotoxicity can be mit-
igated by modulating conversion of prodrug to active drug,
mitochondrial nucleoside metabolism and transport, mito-
chondrial function, and mTOR signaling, and cytotoxicity is
exacerbated by blocking synthesis of purine nucleotides that
would compete with remdesivir.

In contrast, an orthogonal and highly biologically coher-
ent set of genes impacts the cytotoxicity of HCQ treatment.
Nearly all of the genes most enriched genes after HCQ treat-
ment are involved in plasmalogen synthesis in the peroxi-
some (core plasmalogen synthesis genes AGPS1, FAR1, and
TMEM189* are the three most enriched genes), peroxisome
maintenance (e.g. PEXS, PEX6, and PEX7%), or vesicle traf-
ficking (e.g. SYT8, RALGAPB, and CHD1) (Supplementary
Fig. 6), which is supported by GO analysis (Supplementary
Fig. 6). Genes depleted by HCQ are highly enriched for
those involved with endocytosis, cholesterol metabolism, and
vesicle trafficking (Supplementary Fig. 6). These results are
consistent with the RNA-seq data indicating that HCQ in-
hibits cholesterol metabolism, suggesting that further impair-
ing cholesterol production is synthetic lethal to HCQ-treated
cells. They are also concordant with the known role of HCQ
in disrupting endosome to lysosome processing'*°. We con-
firmed 5/7 gene knockouts individually, showing changes in
survival upon HCQ treatment consistent with screening re-
sults (Supplementary Fig. 6), and we found that knockout
of the sterol biosynthesis gene SQLE reversed the HCQ re-
sistance induced by loss of the plasmalogen synthesis genes
AGPS and FAR1 (Supplementary Fig. 6), supporting the
idea that plasmalogens increase HCQ cytotoxicity through
inhibiting cholesterol production**.

To address whether loss of AK2 or SLC29A3 impacts the po-
tency of remdesivir as a SARS-CoV-2 antiviral agent, we
tested remdesivir response in a SARS-CoV-2 virus challenge
assay in the presence of individual gene knockout in Huh7
cells. Control or knockout cells were treated with a range
of remdesivir concentrations and then infected with SARS-
CoV-2 viral supernatant for 48 hours before fixation and
RNA fluorescence in situ hybridization detection of SARS-
CoV-2 RNA (Supplementary Fig. 7). We found in three inde-
pendent replicate virus challenge experiments that the SARS-
CoV-2 ICsq for remdesivir in Huh7 is increased only slightly
by SLC29A3 knockout as compared with control gRNA (me-
dian 1.9-fold), while AK2 knockout induces a robust (median
22.1-fold) increase in the remdesivir ICsg (Fig. 3b, Supple-
mentary Fig. 7). The increase in ICsq induced by AK2 knock-
out in Huh7 is highly similar to the increase in CCsg dose
(21.7-fold), suggesting that loss of AK2 decreases cytotoxic-
ity through decreasing the intracellular availability of active
remdesivir-triphosphate. However, SLC29A3 loss induces a
robust decrease in cytotoxicity (8-fold) without a commensu-
rate decrease in antiviral potency.
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on average normalized SARS-CoV-2 infection efficiency and ICsq in sgCtrl and KO cell lines. c) Steady-state kinetic plot for AK2 catalytic rate (v/[E]) versus [RMP] (0-80
1+ M). Reactions were carried out with 40 nM AK2 at 30° C for 10 minutes. d) Schematic of genes and pathways involved in the cellular metabolism and toxicity of remde-
sivir. The remdesivir prodrug is metabolized sequentially by Cathepsin A in the lysosome and AK2 in the mitochondrial intermembrane space into its active remdesivir-
triphosphate form, which restricts SARS-CoV-2 RdRp in competition with ATP. SLC29A3 may modulate remdesivir-triphosphate entry into the mitochondrial matrix where its
inhibition of mitochondrial RNA polymerase leads to toxicity. Remdesivir treatment leads to repressed nuclear transcription of mitochondrial genes, especially those involved
in respiration, as well as leading to an ATF3/4 stress response. The plasma membrane transporter ATP2B1 is also involved in remdesivir cytotoxicity through an unknown

mechanism.


https://doi.org/10.1101/2020.08.27.270819
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.27.270819; this version posted August 28, 2020. 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-ND 4.0 International license.

Given the requirement of AK2 in SARS-CoV-2 antiviral effi-
cacy and its role in phosphorylating other nucleoside analog
drugs3®3?, we asked whether AK2 is a remdesivir kinase. Af-
ter the remdesivir prodrug is uncaged by CTSA and cellular
amidases, it forms remdesivir monophosphate (RMP)3346-47,
As RMP requires phosphorylation to actively inhibit RdRp
or mitochondrial RNA polymerase, we examined the possi-
bility that AK2 can convert RMP to the diphosphate (RDP)
form using a spectrophotometric pyruvate kinase/lactate de-
hydrogenase coupled assay. This enzyme assay connects any
ADP formation that occurs upon phosphorylation of RMP
to the oxidation of NADH, which can be followed by UV
absorbance change at 340 nm (Supplementary Fig. 8)*-0,
Using this assay, we demonstrated that recombinant purified
AK?2 can efficiently process RMP in a fashion that is linear
with respect to AK2 and RMP concentration in the ranges
investigated (Fig. 3c, Supplementary Fig. 7). The AK2 cat-
alytic rate (v/[E]) of 123 ([PC1]+ 10) min"' at 80 uM RMP
is only about 10-fold lower than the natural substrate AMP
(Supplementary Fig. 8) and at a level that we expect to be
pharmacologically relevant. These biochemical data support
the proposal that AK2 phosphorylates RMP into RDP, play-
ing a vital role in activating remdesivir to promote its antiviral
efficacy and toxicity.

To understand whether loss of either gene alters mitochon-
drial function upon treatment with remdesivir, we measured
the production of mtROS and ATP in knockout cell lines and
found no significant difference in the presence of mtROS or
ATP in AK2 or SLC29A3 knockouts of HT29 and HepG2 cell
lines compared to controls upon remdesivir treatment (Sup-
plementary Fig. 3).

Naturally occurring population variation may affect the
levels or functionality of proteins involved in remdesivir
metabolism and toxicity with implications on relative drug
efficacy and toxicity among patients. In AK2, ATP2B1, and
SLC29A3, there are common eQTL variants which signifi-
cantly increase or reduce gene expression in several tissues,
including liver, sigmoid, and transverse colon (GTEx v8,
Supplementary Table 4). Additionally, we expect that nearly
5% of individuals carry a rare loss-of-function or missense
variant in one of the five genes whose knockouts decrease
remdesivir cytotoxicity, some of which would be expected
to reduce protein function (gnomAD v2.1.1, Supplementary
Table 4). It is as-yet unclear if variation in these genes in-
fluences the clinical toxicity risks of remdesivir, and it is
hard to imagine patient genotyping as a companion diagnos-
tic for remdesivir treatment in the short-term, but such varia-
tion may provide a useful lens to study the efficacy and side
effect profile of remdesivir at the population level as addi-
tional COVID-19 patient sequencing data become available.

Overall, through a genomics-based approach, this work has
improved understanding of how remdesivir is metabolized
and how it induces cytotoxicity. The prodrug remdesivir is
thought to be taken into cells through passive diffusion’> Our
CRISPR screen provides evidence that the first intracellular
step of remdesivir activation, ester hydrolysis, occurs primar-

ily by the lysosomal Cathepsin A (CTSA, Fig. 3d). After a
further set of chemical reactions that do not appear to have
strong monogenic enzymatic drivers? yield RMP, our results
suggest that this drug intermediate is phosphorylated to RDP
by the adenylate kinase AK2, which resides in the mitochon-
drial intermembrane space, and this is further converted to
the active triphosphate species by nucleoside diphosphate ki-
nases. Most cells, including those used in this work, ex-
press robust levels of several other adenylate kinases includ-
ing cytoplasmic AK1, mitochondrial matrix-localized AK3
and AK4, and nuclear AK®, so it is unclear why AK2 is the
primary enzymatic activator of RMP.

Once formed, remdesivir-triphosphate restricts viral repli-
cation in the cytoplasm, while biochemical studies'* com-
bined with our findings of remdesivir-induced mitochondrial
dysfunction suggest that cytotoxicity predominantly occurs
through its inhibition of mitochondrial RNA polymerase in
the mitochondrial matrix. Our results suggest that target-
ing the bidirectional mitochondrial nucleoside transporter
SLC29A3% robustly reduces remdesivir cytotoxicity in five
cell lines derived from different organs while not as severely
influencing remdesivir SARS-CoV-2 viral restriction. While
SLC29A3 is believed to reside on both outer and inner mi-
tochondrial membranes®’, our findings raise the hypothesis
that SLC29A3 loss may have a larger role in preventing trans-
port of activated remdesivir through the mitochondrial inner
membrane into the mitochondrial matrix, thus mitigating tox-
icity, without substantially limiting flow of remdesivir into
and out of the mitochondrial outer membrane, which would
be expected to suppress remdesivir activation by impeding
AK2 access to the remdesivir prodrug.

More work is required to gauge the therapeutic relevance
of SLC29A3 as a target to reduce toxicity of nucleoside
drugs such as remdesivir. There are four equilibrative
nucleoside transporter (ENT) genes, all of which are ex-
pressed broadly across human tissues, yet only SLC29A3
has an effect on remdesivir toxicity. Non-specific small
molecule ENT inhibitors have been identified®!, although
gene-specific inhibitors have not been identified. Homozy-
gous germline SLC29A3 knockout is associated with histi-
ocytosis (macrophage expansion) in mice and humans>*>!,
although it is unknown whether transient inhibition of
SLC29A3 would have side effects. To gauge the relevance
of SLC29A3 as a therapeutic target, animal virus restriction
studies on SLC29A3 deficient models should be performed,
and gene-specific inhibitors must be identified and tested for
safety and efficacy in vivo.

Once properly activated, remdesivir-triphosphate’s primary
effect on cellular gene expression is a reduction of mito-
chondrial respiratory gene expression transcribed from the
nuclear genome, accompanied by reduced mitochondrial res-
piration and ATP production (Fig. 3c). Because remdesivir-
triphosphate inhibits mitochondrial RNA polymerase'4, the
decrease in mitochondrial function may be a direct result
of such inhibition as has been suggested for HCV nucleo-
side analogues'3. The decrease in mitochondrial respiratory
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gene expression from the nuclear genome suggests that a
cellular feedback mechanism that recognizes mitochondrial
dysfunction and decreases mitochondrial activity to compen-
sate may also contribute to this phenotype. In contrast to
remdesivir, HIV-restricting nucleotide analogue drugs have
been found to increase mitochondrial gene expression as a
stress response?, an intriguing difference that may owe to
the fact that these other drugs interfere with mitochondrial
DNA polymerase in contrast to remdesivir’s impairment of
mitochondrial RNA polymerase.

While mitochondrial activity is clearly central to remdesivir
toxicity, our findings suggest that its role is complex, likely
because of the pleiotropic role of mitochondrial regulators.
For example, the CRISPR-Cas9 screening suggests that in-
creasing the activity of NRF2 (through KEAPI loss) and
mTOR mitigates remdesivir toxicity. Along with their role
in increasing mitochondrial activity, both of these pathways
promote purine biosynthesis’>*3, a pathway whose activation
should mitigate remdesivir toxicity. This pleiotropy may ex-
plain the conflicting effects on remdesivir toxicity of inter-
ventions known to increase and decrease mitochondrial ac-
tivity.

It is important to stress that in vitro studies have been shown
to be imperfect surrogates for drug toxicity seen in patients>.
Moreover, the clinical safety profile of remdesivir remains
poorly characterized!>*>3, and it is unknown whether the mi-
tochondrial toxicity profile of remdesivir is the limiting factor
preventing higher dosing in patients. Nonetheless, these data
emphasize the utility of CRISPR-Cas9 screening to reveal
genes and pathways that are subject to gene-drug toxicity in-
teractions and to suggest actionable points of intervention to
modulate remdesivir cytotoxicity.

Methods
Cell culture and drug titration

All cell lines were obtained from ATCC and were cultured in:
McCoy’s 5A media (Thermo Fisher) + 10% FBS (Thermo
Fisher) (HCT-116, HT29); DMEM (Thermo Fisher) + 10%
FBS (HepG2, PLC/PRF/5, HEK293-ACE2, Huh7); RPMI
(Thermo Fisher) + 10% FBS (OV-90). Information on di-
lution of all small molecules can be found in Supplementary
Table 1.

To ascertain 50% cytotoxic concentrations (CCsg, 11 concen-
trations each of remdesivir (MedChemExpress, stock con-
centration 50 mM in DMSO) and HCQ (SelleckChem, stock
concentration 50 mM in water) were tested each in four repli-
cates with DMSO as a control. Cells were plated at 2-4x 10"
4/cm?2 in 96-well format, and media with drug was replaced
every 2-3 days. One of two methods was used to measure vi-
ability. Alamar Blue (Thermo Fisher) was used at suggested
concentrations, and fluorescence was measured 15-120 min-
utes after staining using a Victor X5 multiplate reader (Perkin
Elmer). Alternately, cells visually determined to be in range
of the CCs( concentration were trypsinized, stained with 0.5
ug/mL propidium iodide (PI, Biolegend), and subjected to

flow cytometry using a Cytek DXP11 using a consistent flow
rate. Cell concentration per well was calculated from flow
cytometry data using FCS Express (De Novo Software) by
counting the number of live (PI-) cells per second measured
by the flow cytometer between 10-30 seconds after starting
sample collection.

For mitochondrial function assays, cell lines were plated at
1.25% 10" 5/cm2 and treated with 0.5-1.5 uM remdesivir
for HepG2 and 1-3 uM remdesivir for HT29 two days prior
to staining. Cells were incubated in 1:500 MitoROS™ 520
stock solution (AAT Bioquest), 10 uM BioTracker ATP-Red
Live Cell Dye (Millipore Sigma), and respective concentra-
tions of remdesivir for 30 minutes at 37°C. Fluorescence in-
tensity was monitored using a Cytek DXP11 flow cytome-
ter with 530/30 nm filter (FITC channel) and 590/20 filter
(PE channel). The geometric mean of fluorescence inten-
sity was calculated using FCS Express (De Novo Software).
Within each cell line, relative fold changes for remdesivir
treatments were averaged given that similar results were ob-
served among escalating remdesivir doses.

RNA-seq

Cell lines were plated at 6x10"4/cm2 one day prior to drug
treatment. Remdesivir and HCQ were added for 8 or 24
hours at specified doses (Supplementary Table 1), followed
by RNA harvest and purification using the Qiagen RNeasy
Plus mini kit. Up to 1000 ng of purified total RNA was pre-
pared for RNA-seq using the Lexogen QuantSeq 3° mRNA-
Seq kit and sequenced using Illumina Nextseq 500 with 75-nt
reads at >1.6x10"6 reads per sample.

RNA-seq reads were mapped using the Quantseq 3> mRNA
mapping pipeline as described by Lexogen to GRCh38.p12.
Briefly, reads were first trimmed using bbduk from the bbmap
suite (v38.79) trimming for low quality tails, poly-A read-
through and adapter contamination using the recommended
parameters. Then, reads were mapped using the STAR
aligner (v2.5.2b)°7 with the recommended modified-Encode
settings. Finally, HT-seq (v0.9.1) count was used to ob-
tain per-gene counts>®. RNA-seq data are available in GEO
(GSE154936).

Within each cell line, we conducted differential expression
analysis using DESeq2 1.26.0 to identify significantly differ-
entially expressed genes for each drug treatment with respect
to the DMSO condition. Samples at different time points
(8 or 24h) that received the same treatment were treated as
replicates. We then performed pathway enrichment analy-
sis using GSEA as previously described by Reimand et al®.
Genes were ranked by computing the -logl0 p-value mul-
tiplied by the sign of the log-transformed fold-change from
the differential expression analysis. This ranking was used
as input to fgsea 1.12.0 to identify pathways enriched from
MSigDB 7.1’s GO gene set (C5)%°. Redundant pathways
were collapsed by performing hierarchical clustering on the
presence/absence of genes in the leading edge for NES > 0
and NES < 0. We defined the representative pathway for each
cluster to be the pathway in that cluster with the highest ab-
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solute NES.

To compare samples across treatment conditions and cell
types, we computed correlations across samples at both the
gene-level and the pathway-level. On the gene level, we com-
puted correlation of the top 2000 most variable genes that had
been transformed using DESeq2’s variance stabilizing trans-
formation. On the pathway level, we computed correlation
of the NES scores of the subset of pathways identified to
be significant (adjusted p-value < 0.05) in at least one cell-
type/condition in the GSEA analysis. Pathways that were
not significant (adjusted p-value >= 0.05) in a given cell-
type/condition were assigned an NES of 0.

CRISPR-Cas9 screening

Genome-wide CRISPR-Cas9 screening was performed using
pre-made Brunello?! lentivirus in the CRISPR-v2 backbone
(Addgene 73179-LV). HT-29 cells were plated in two repli-
cates at a concentration of 4x10"4/cm? in 25-cm? plates with
8 ug/mL of polybrene for lentivirus infection. Lentivirus was
added to cells at a multiplicity of infection (MOI) of ~0.5
as determined by a titration in order to have only one gRNA
copy/cell.

Two days after transduction, cells were treated with 333
ng/mL of puromycin for 3 days. Each plate was then split
to six 25-cm? plates, using >2%107 cells per plate, along
with collection of early time point genomic DNA. Four to-
tal plates, derived from two replicate infections, were treated
with either Remdesivir (1.67 uM), Hydroxychloroquine (30
#M), or DMSO as a control.

Genomic DNA was isolated from cells after 14 days of drug
treatment or after 10 days for DMSO controls, and 20 ug of
gDNA was used to amplify gRNAs using an [llumina library
preparation protocol (Supplementary Note 1). Pooled sam-
ples were sequenced using NextSeq (Illumina) at the Broad
Institute Sequencing Facility, using 75-nt reads and collect-
ing greater than 5x1076 reads per sample.

CRISPR-Cas9 screening analysis was performed using
MAGeCK package v0.5.9.33!. MLE beta-score was calcu-
lated by using read counts from 1000 non-targeting con-
trol gRNAs for normalization, with 5 rounds of permu-
tation. Analysis with either pre-drug bulk population or
DMSO treatment as control groups was performed, which
is stated for each plot (Supplementary Table 3). To com-
pare beta-scores across different conditions, we normalized
the beta-score values by using MAGeCK cell-cycle normal-
ization method to account for possible inconsistent cell cy-
cles in different conditions. FLuteMLE for gene ontology
(pathway+GOBP)?? for each fraction of candidates were per-
formed by default setting.

Cloning of individual sgRNAs into lentiCRISPR v2 vec-
tor

In order to create individual knock-out of the genes, we first
modified the lentiCRISPR v2 backbone (Addgene 52961)°!
to contain the “FE” -modified gRNA hairpin®®. Next,
oligonucleotides (IDT) including protospacer sequences

were amplified by PCR to create homology arms and cloned
into lentiCRISPR v2 FE Puro backbone through NEBuilder
HiFi DNA assembly (NEB). Protospacer sequences used are
listed below:

sgAK?2, 5’-GTGAGGCAGGCAGAAATGGT-3’;
sgSLC29A3, 5-GGCCAGGATGACCGTCAGTG- 3’;
sgKEAPI, 5-GACAACCCCATGACCAATCAG -3’;
sgEIF4A1, 5’-GAAGCACATCAGAAGGCATTG-3;
sgATP2B1, 5’-GAGAGGGCTGGAATTACTGTG-3’;
sgCTSA, 5’-GTGGTGCTTTGGCTCAATGG-3’;
sgAGPS, 5’-GCAATTTGACAGCTCATGTAG-3’;
sgFARI, 5’-GACAGACACCACAAGAGCGAG-3’;
sgTMEM189, 5’-GCCAACACCGAGTATGACGAG-3’;
sgVPS29, 5’-GATCAAATTGCCTCTGCAACA-3’;
sgPITPNB, 5’-GCTTACTTGTTCTACAGTAG-3’;
sgATPIA, 5’-GAATGCCGATTAACTTACCAG-3’;
sgSQLE, 5’-GAAAACAATCAAGTGCAGAG-3’;
sgCtrl, 5’-GTAGCCCAGGTGTGCAGGCT-3’

AK?2 kinase activity assay

Recombinant human AK?2 (Novus Biologicals) activity on
remdesivir monophosphate (RMP, MedChemExpress) and
adenosine monophosphate (AMP, Cayman Chemical) was
measured spectrophotometrically through a pyruvate ki-
nase/lactate dehydrogenase coupled assay that monitors
NADH oxidation®*63%4  Kinase assays were carried out
in quartz cuvettes (Hellma) in 100 pL reaction mixtures
containing 20mM HEPES (pH 7.3), 100 mM KCI, 10mM
MgCl,, 2 mM dithiothreitol, 1 mM ATP, 100 mM NADH, 0.5
mM phosphoenolpyruvate, 2 units of pyruvate kinase/lactate
dehydrogenase mixture (Millipore Sigma), and varying con-
centrations of AK2 (0-40 nM). Reaction mixtures were in-
cubated at 30° C for 2 minutes before initiation upon addi-
tion of substrate (RMP or AMP, 0-80 M). Then, individual
reactions were monitored in the spectrophotometer (Beck-
man DU640) for 10 minutes, during which the absorbance at
340 nm was recorded every 10 seconds to track NADH con-
sumption. For each condition, two duplicate reactions were
conducted (n=2). The extinction coefficient of NADH (6.22
mMem!) was then used to calculate changes in NADH
concentration, and to determine the rate of RMP or AMP con-
sumption. We assumed that two molar equivalents of ADP
were formed for each turnover of AMP and one molar equiv-
alent of ADP was formed for each turnover of RMP. Rates
were calculated from the slopes by linear regression taking
data in the linear range (from the first 2 minutes) of the time
course and expressed as v or v/[E]. Rate measurements in the
manuscript are shown +/- standard error.

Cultivation of SARS-CoV-2

SARS-CoV-2 (USA_WA1/2020 strain) was provided by the
University of Texas Medical Branch Arbovirus Reference
Collection (Galveston, TX, USA) and cultivated on VeroE6
cells (ATCC). Culture supernatants were collected three days
post infection and clarified by centrifugation. Titer was cal-
culated by serially diluting virus on VeroE6 cells, then per-
forming a RNA FISH-based focus forming unit assay for
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virus infection by detection of virus mRNA (described be-
low). All SARS-CoV-2 experiments were performed under
biosafety level 4 conditions in the National Emerging Infec-
tious Disease Laboratories BSL-4 suite at Boston University.

Measurement of remdesivir restriction of SARS-CoV-2
infection

Control or gene knockout cell lines were treated with indi-
cated concentrations of remdesivir or vehicle diluted in cul-
ture medium and incubated at 37° C for 1 hour prior to infec-
tion. Cells were infected at an MOI of 1 and incubated for 48
hours at 37° C then fixed in 10% neutral buffered formalin.
Samples were assessed for infection efficiency using an RNA
fluorescence in situ Hybridization (FISH) method® adapted
to be optimal for SARS-CoV-2. FISH probes were designed
to target ORF3a and S subgenomic mRNAs and were con-
jugated to Cy5 fluorescent dye. Cell nuclei were stained
with Hoechst 33342 (Invitrogen), and samples were imaged
on a Cytation 1 Cell Imaging Multi-Mode Reader (BioTek,
Winooski, VT). Images were evaluated using CellProfiler®
and infection efficiencies were calculated from the percent-
age of virus mRNA positive-cells in each sample. ICsq values
were calculated from nonlinear regression analysis and fitting
a dose-response curve GraphPad Prism Software. All assays
were performed at least twice and with 3 or more replicates.

Measurement of population variation and expression for
remdesivir toxicity-modulating genes

Human population variation in the genes that modulate
remdesivir toxicity was measured using the Genome Aggre-
gation Database (https://gnomad.broadinstitute.org/) publicly
available v2.1.1 exome sequence data (N=125,748 unrelated
individuals). All non-synonymous variants with global allele
frequency of less than or equal to 0.005 (0.5% ) with func-
tional consequence of missense, stop-gain, canonical splice
site, or frameshift were included, as calculated by Variant Ef-
fect Predictor v85. All variant allele frequencies were aggre-
gated for each of the five genes whose knockouts decrease
remdesivir cytotoxicity.

To identify variants which affect gene expression levels in
proteins involved in remdesivir metabolism and toxicity, we
used data from GTEx Analysis Release V8 (dbGaP Acces-
sion phs000424.v8.p2). All genome-wide significant eQTLs
in a single-tissue were included if present in liver, sigmoid,
and transverse colon tissues. Maximum Normalized Effect
Size (NES) is reported, which describes the magnitude and
direction of gene expression change attributable to each vari-
ant.
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