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Abstract

Cancer cells depend on mitochondria to sustain their increased
metabolic need and mitochondria therefore constitute possible
targets for cancer treatment. We recently developed small-
molecule inhibitors of mitochondrial transcription (IMTs) that
selectively impair mitochondrial gene expression. IMTs have
potent antitumor properties in vitro and in vivo, without affecting
normal tissues. Because therapy-induced resistance is a major
constraint to successful cancer therapy, we investigated mecha-
nisms conferring resistance to IMTs. We employed a CRISPR-Cas9
(clustered regularly interspaced short palindromic repeats)-
(CRISP-associated protein 9) whole-genome screen to determine
pathways conferring resistance to acute IMT1 treatment. Loss of
genes belonging to von Hippel-Lindau (VHL) and mammalian tar-
get of rapamycin complex 1 (mTORC1) pathways caused resis-
tance to acute IMT1 treatment and the relevance of these
pathways was confirmed by chemical modulation. We also gener-
ated cells resistant to chronic IMT treatment to understand
responses to persistent mitochondrial gene expression impair-
ment. We report that IMT1-acquired resistance occurs through a
compensatory increase of mitochondrial DNA (mtDNA) expression
and cellular metabolites. We found that mitochondrial transcrip-
tion factor A (TFAM) downregulation and inhibition of mitochon-
drial translation impaired survival of resistant cells. The identified
susceptibility and resistance mechanisms to IMTs may be relevant
for different types of mitochondria-targeted therapies.
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Introduction

Mitochondria contain their own DNA (mitochondrial DNA,
mtDNA), which in mammals encodes 13 subunits of the oxidative
phosphorylation (OXPHOS) system, as well as mitochondrial ribo-
somal RNAs (rRNAs) and transfer RNAs (tRNAs) (Anderson et al,
1981; Bibb et al, 1981). Expression of mtDNA is required for proper
OXPHOS function, and its disruption causes a variety of diseases,
including metabolic disorders and neurodegeneration (Chinnery,
2015; Gustafsson et al, 2016; Kauppila et al, 2017). In the last
decades, mitochondrial function has also been shown to be impor-
tant for the development and progression of cancer (Funes et al,
2007; Viale et al, 2014; Hensley et al, 2016; Gammage & Frezza,
2019; Vasan et al, 2020). The accumulation of mtDNA mutations in
cancer is a well-established phenomenon, but it is a matter of debate
whether these mutations are mere passengers or tumor drivers. The
contribution of mtDNA mutations seems to be dependent on the
type and stage of the tumor. The mtDNA mutation pattern in some
tumors is compatible with driver properties (Gopal et al, 2018;
Gorelick et al, 2021), whereas other types of mutations, for example
protein-truncating mutations, undergo negative selection in many
cancers (Ju et al, 2014; Stewart et al, 2015; Yuan et al, 2020). In
line with a proposed role for mtDNA in cancer, many groups have
provided proof-of-concept that inhibition of OXPHOS or mitochon-
drial translation can indeed impair tumor growth (Skrti¢ et al, 2011;
Boukalova et al, 2016; Reed et al, 2016; Molina et al, 2018; Lee
et al, 2019; Shi et al, 2019).

As an alternative strategy to the direct inhibition of OXPHOS, we
recently developed small-molecule inhibitors of mitochondrial tran-
scription (IMTs) that strongly impair biogenesis of the OXPHOS sys-
tem (Bonekamp et al, 2020). The IMTs, including IMT1 used in this
study, are highly specific allosteric inhibitors of the mammalian
mitochondrial RNA polymerase (POLRMT) and efficiently impair
the transcription of mtDNA, which, in turn, abolishes OXPHOS sys-
tem biogenesis (Bonekamp et al, 2020). IMTs reduce the growth of
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human tumor cells in vitro and in mouse xenografts in vivo (Bone-
kamp et al, 2020). The importance of mtDNA transcription in tumor
development is further underscored by a recent study where
POLRMT levels were manipulated in human cancer cells (Zhou
et al, 2021).

Treatment-induced drug resistance is a major problem in cancer
and it can be explained by a reprogramming of metabolism and
clonal selection of therapy-unresponsive cancer cells (Swanton,
2012). Furthermore, therapy-resistant cancer cells, sometimes also
referred to as cancer stem cells, often rely heavily on OXPHOS for
their persistence (Funes et al, 2007; Viale et al, 2014; Kuntz et al,
2017; Valle et al, 2018). To gain insights into potential mechanism
that can confer resistance to IMTs, we performed an unbiased
whole-genome CRISPR-Cas9 screen (clustered regularly interspaced
short palindromic repeats)-(CRISP-associated protein 9) of IMT1-
treated cells (Shalem et al, 2014; Katigbak et al, 2016; Sharma &
Petsalaki, 2018) and also generated an IMTI1-resistant cell line
through chronic IMT1 treatment. Our findings show that loss of
genes in the von Hippel-Lindau (VHL) tumor suppressor and the
mammalian target of rapamycin complex 1 (mTORC1) pathways
confers resistance to acute IMT1 treatment, whereas further impair-
ment of mitochondrial function, such as inhibition of mitochondrial
translation and reduction of mtDNA copy number, increases sensi-
tivity to IMT1 treatment.

Results

IMT1 treatment leads to progressive loss of mtDNA expression
and cell death

The RKO colon cancer cells are established hosts for CRISPR-Cas9
genetic screens (Schmierer et al, 2017; Sayed et al, 2019) and we
therefore characterized them further with respect to IMT1 sensitiv-
ity. We have previously demonstrated that around one third of a
panel of 89 cancer cell lines are sensitive to IMT1 (Bonekamp et al,
2020), which reflects the heterogeneity of cancer cell lines. Besides
the RKO cells, we included two additional IMT1-sensitive cell lines,
cervix (HeLa) and pancreatic cancer cell lines (MiaPaCa-2), in this
initial phase of the study. We investigated the viability of IMT1-
treated RKO, HeLa, and MiaPaCa-2 cells and found that all had ICsy
values below 1 pM (RKO: 521.8 nM, MiaPaCa-2: 291.4 nM, and
HeLa: 29.9 nM) (Fig 1A). There was a fast drop in mitochondrial
transcript levels in IMT1-treated HeLa cells, with half-lives ranging
between 37 and 321 min (Fig EV1A). Similarly, mitochondrial tran-
script levels were dramatically reduced after 96 h in IMT1-treated
RKO cells (Fig 1B). The reduction of mitochondrial gene expression
resulted in a substantial decrease in the OXPHOS protein steady-
state levels, as determined by western blots of RKO cells (Fig 1C).
The levels of subunits of complex I (NADH:ubiquinone oxidoreduc-
tase subunit B (NDUFB8)) and complex IV (cytochrome c oxidase
subunit 2 (COX2)) dropped below the limit of detection in response
to treatment with 1 pM IMT1 for 96 h, whereas subunits of com-
plex III (ubiquinol-cytochrome c¢ reductase core protein 2
(UQCRCII)) and complex V (ATP Synthase F1 subunit alpha
(ATPS5A)) were much less affected (Fig 1C). Whole-cell quantitative
proteomic analyses showed a significant reduction of mitochondrial
proteins, especially of those required for mitochondrial translation

2 of 18  EMBO reports 23: €53054 | 2022

Mara Mennuni et al.

and OXPHOS, whereas proteins localized to other cellular compart-
ments remained mostly unaffected in IMT1-treated RKO -cells
(Figs 1D and EV1B and Dataset EV1). These data demonstrate that
IMT1 inhibits mitochondrial gene expression in RKO cells to a simi-
lar extent as previously reported for HeLa and A2780 cells (Bone-
kamp et al, 2020).

CRISPR-Cas9 screening reveals that VHL and mTORC1 loss
promotes resistance to IMT1

To identify factors that can modulate sensitivity to IMT1, we
performed a genome-wide CRISPR-Cas9 screen in RKO cells. Cas9-
expressing RKO cells were transduced with a whole-genome lenti-
viral single guide RNA (sgRNA) library and allowed to grow with
or without 1 uM IMT1 for 10 days for clonal selection (Fig 1E).
The barcoded guides were sequenced to identify genes that were
enriched or depleted at the end of the experiment. Gene knock-
outs, which conferred resistance or increased susceptibility to
IMT1 treatment, were referred to as positive and negative hits,
respectively (Fig 1E). The CRISPR-Cas9 screen revealed that VHL
gene was the most significant and enriched positive hit (Fig 1F
and Dataset EV2). Moreover, most other genes that increased cell
survival after IMT1 treatment belonged to mTORCI1 pathway
(Fig 1F and Dataset EV2).

To validate the positive hits identified by the CRISPR-Cas9
screening, we tested whether chemical perturbation of the VHL and
mTORC1 pathways could increase IMT1 tolerance in RKO,
MiaPaCa-2, and HeLa cells. Treatment of RKO cells with the
mTORC1 inhibitors rapamycin or temsirolimus (Sehgal et al, 1975;
Heitman et al, 1991; Rini, 2008) reduced the phosphorylation of
eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1),
which is a downstream target of mTORC1 (Fig 2A). Both rapamycin
and temsirolimus were able to rescue cell death in IMT1-treated
RKO cells (Figs 2B and EV2A). Rapamycin also increased survival
of IMT1-treated MiaPaCa-2 (Fig 2C) and HeLa cells (Fig 2D).

Because of the well-established role of VHL as tumor suppressor
in modulating the hypoxia-inducible factor 1o (HIFla) (Wang &
Semenza, 1993; Maxwell et al, 1999), we decided to use FG4592, a
prolyl hydroxylase (PHD) inhibitor that stabilizes HIF1a at normal
oxygen levels (Guenzler-Pukall et al, 2003; Rabinowitz, 2013).
Treatment of cells with FG4592 thus mimics the reduced degrada-
tion of HIF1a that occurs during hypoxia (Jain et al, 2016; Johara-
purkar et al, 2018) or in the absence of the VHL protein. Treatment
of RKO cells with FG4592 showed that HIFla was stabilized under
standard tissue culture conditions (Fig 2E). Notably, FG4592 treat-
ment significantly increased the viability of RKO (Fig 2F), MiaPaCa-
2 (Fig 2G), and HeLa (Fig 2H) cells, when administered in the
presence of IMT1.

To understand whether these resistance mechanisms are con-
served, we included additional IMT1-sensitive cancer cell lines that
had been identified in our previous study (Bonekamp et al, 2020).
We found that rapamycin improved tolerance to IMT1 treatment in
five of the seven tested cell lines (Figs 21 and EV2B-E), whereas
FG4592 partially restored viability in the presence of IMT1 of four
out of seven cell lines (Figs 2J and EV2F-I). Rapamycin and FG4592
conferred resistance to IMT1 in cancer cell lines of different tissue
origins, showing that these resistance mechanisms are not specific
to a certain tumor type.

© 2021 The Authors
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Figure 1. Whole-genome CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats)-(CRISP associated protein 9) genetic screen reveals
mechanisms of resistance to IMT1.

A Dose-response viability curves in the presence of increasing concentrations of IMT1 for 1 week. Viable cells were counted and normalized to dimethyl sulfoxide
(DMSO)-treated controls. Data are expressed as mean £ SD of n = 3 independent experiments with four technical replicates. The ICs values were calculated with
non-linear least squares fit, RKO: 521.8 nM, MiaPaCa-2: 291.4 nM, and Hela: 29.9 nM.

B Mitochondrial transcript levels measured by quantitative real-time polymerase chain reaction (QRT—PCR) in RKO cells after 96 h of 1 uM IMT1 treatment. Data are
relative to dimethyl sulfoxide (DMSO)-treated controls and are expressed as mean + SD of n = 4 independent experiments. Ordinary one-way ANOVA was used for
comparisons to DMSO-treated controls (RNR1, RNR2, MT-COX2, MT-ATP6, and MT-ND1: ***P < 0.0001).

C Representative western blot images of oxidative phosphorylation (OXPHOS) protein levels of RKO cells at increasing concentrations of IMT1. Actin B (ACTINB) is
shown as loading control.

D Volcano plot showing proteomic changes of RKO cells treated with 1 uM IMT1 for 96 h. Data are plotted as average log,-fold change (LFC) versus log;o of adjusted
P-value of dimethyl sulfoxide (DMSO)-treated controls; mitochondrial proteins are highlighted in red.

E Schematic description of the experimental CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats)-(CRISP-associated protein 9) approach: Cas-9
expressing-RKO cells were transduced with a genome-wide pooled knockout CRISPR library and passaged in the presence of either IMT1 or DMSO (dimethyl
sulfoxide) for guide selection. After cell collection and DNA isolation, the guides were sequenced and quantified in each population. Created with www.BioRender.
com.

F CRISPR (clustered regularly interspaced short palindromic repeat) guides enriched (positive hits) in IMT1-treated RKO cells plotted as log,-fold change (LFC) versus
logyo of adjusted P-value. Mammalian target of rapamycin complex 1 (mTORC1) and von Hippel-Lindau (VHL) pathway-related genes are reported in green and blue,
respectively.
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Figure 2. Rapamycin and FG4592 treatment rescues IMT1 toxicity.
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A Levels of eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and its phosphorylation at Serine 65 in the presence of dimethyl sulfoxide (DMSO),
rapamycin (100 nM), or temsirolimus (100 nM). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as loading control.

B-D Viable cells count in the presence of dimethyl sulfoxide (DMSO), IMT1 alone or in combination with rapamycin in RKO (B), MiaPaCa-2 (C), and HeLa (D) cells. Data
are expressed as mean values + SD of n = 6 independent experiments, each including four technical intra-plate replicates. Statistical significance was calculated
with one-way ANOVA test. Paired IMT1 versus IMT1 + RAPA comparisons: RKO: ***P < 0.0001, MiaPaCa-2: **P = 0.0014, and Hela: *P = 0.0238.

E Western blot analyses showing the extent of hypoxia-inducible factor 1o (HIF1a) stabilization and steady-state level of von Hippel-Lindau (VHL) protein with and
without the treatment with FG4592 (100 uM) in RKO cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as loading control.

F-H Viability assessment of RKO (F), MiaPaCa-2 (G), and Hela (H) cells treated with dimethyl sulfoxide (DMSO), IMT1 alone and in combination with FG4592. Data are
expressed as mean values & SD of n = 6, 5, and 6 independent experiments for RKO, Hela, and MiaPaCa-2, respectively. Statistical significance was calculated with
one-way ANOVA. Paired IMT1 versus IMT1 + FG4592 comparisons: RKO: **P < 0.0028, MiaPaCa-2: **P = 0.0011, and Hela: *P = 0.0029.

I,]  Log,-fold changes (LFCs) in cell viability in the presence of IMT1 and rapamycin (I) or FG4592 (J) of a panel of seven cell lines. Data are expressed as the ratio of
viable cell counts in the presence of IMT1 alone and represent the mean + SD of n = 6 (RKO, MiaPaCa-2, and Hela) and n = 3 (DLD-1, HCT-15, NCIH460, and

A549) individual experiments. Graphs for each cell line are available in Fig EV2.

Rapamycin and FG4592 confer resistance to IMT1 through
different mechanisms

We next assessed the effect of rapamycin and FG4592 on mitochon-
drial function. We first tested whether the two compounds had an
impact on mitochondrial biogenesis, but found no significant
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increase in the levels of mtDNA (Fig EV3A) or mitochondrial tran-
scripts (Fig EV3B) in RKO cells treated with IMT1 in combination
with rapamycin or FG4592. In line with this, there was no induction
of the peroxisome proliferator-activated receptor gamma coactivator
1 alpha (PGCla) expression in either of these conditions
(Fig EV3C). Similarly, rapamycin treatment had no effect on mtDNA
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(Fig EV3D and F) and mitochondrial transcript levels (Fig EV3E and
G) in IMT1-treated MiaPaCa-2 and HeLa cells.

Next, we assessed the production rate and the stability of
mtDNA-encoded OXPHOS proteins by performing 3°S-labeling of
newly synthesized mitochondrial proteins in whole cells. We found
a mild, but significant, increase in both the production rate (pulse)
and the stability (chase) of newly synthesized mitochondrial pro-
teins after IMT1 treatment in the presence of rapamycin (Fig 3A and
B). In contrast, treatment of RKO cells with IMT1 in the presence of
FG4592 did not result in significant changes in protein production
rates or stability (Fig 3A and B). Consistent with this, the steady-
state levels of the mitochondrial-encoded COX2 protein (Fig 3C and
D) and oxygen consumption rates (OCRs) were higher if the IMT1
treatment was combined with rapamycin (Fig 3E and F), whereas
the combination with FG4592 had no such effect (Fig 3C, D, E
and G). The bioenergetic profile graph, which reports the contribu-
tion of OCR and extracellular acidification rate (ECAR) to cellular
bioenergetics, showed a shift toward glycolysis in the presence
of IMT1 (Fig 3E). However, the shift toward glycolysis was
smaller, if IMT1 was combined with rapamycin, in comparison with
IMT1 alone (Fig 3E). Based on these data, we conclude that rapa-
mycin and FG4592 confer resistance to IMT1 treatment through dis-
tinct mechanisms.

Given the relationship between cellular energy homeostasis,
nutrient availability, and autophagy (Yang et al, 2019), we deter-
mined whether changes in autophagy could account for the
increased tolerance to IMT1 in the presence of rapamycin and
FG4592. We estimated the cellular autophagic flux by assessing the
accumulation of the microtubule-associated proteins 1A/1B light
chain 3B (LC3BII) after the inhibition of lysosomal acidification with
ammonium chloride and observed a marked decrease in LC3BII
levels in the presence of IMT1 (Fig EV3H and I). We found that nei-
ther rapamycin nor FG4592 could normalize the reduced autophagic
flux caused by IMT1 treatment. We therefore conclude that the pro-
tective action of rapamycin and FG4592 is likely not caused by the
normalization of autophagy in IMT1-treated cells (Fig EV3H and I).

Dose-escalated chronic IMT1 treatment confers drug resistance
to RKO cells

The CRISPR-Cas9 screen identified cellular responses promoting sur-
vival under acute inhibition of mitochondrial transcription. In order
to understand the long-term cellular adaptations to the inhibition of
mitochondrial transcription, which often occurs in disease states, we
exploited an escalated-dose treatment approach (McDermott et al,
2014). We exposed RKO cells to sublethal IMT1 doses and gradually
increased the drug concentration over several weeks to generate
resistant lines. The IMT1 effect on viability and OXPHOS protein
abundance was assessed at different time points during the genera-
tion of the resistant lines. When compared to the original RKO cell
line, the cells chronically exposed to IMT1 for 2 months showed
increased tolerance to IMT1. Exposure to 1 uM IMT]1 for 7 days was
lethal for RKO cells, but was not toxic for the resistant line (Fig 4A).
In comparison with the original RKO cells, the resistant cells main-
tained OXPHOS protein levels (COX2 and NDUFBS8) at high IMT1
doses better (Fig 4B). While IMT1 completely abolished mitochon-
drial translation in RKO cells (Fig 4C and D, pulse), the resistant cells
maintained mitochondrial translation rates at higher levels in the
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presence of IMT1, as shown in the **S-labeling experiment (Fig 4C
and D, pulse). No differences in protein stability were observed
between the dimethyl sulfoxide (DMSO)-treated resistant and paren-
tal RKO cells in the 24-h chase experiment (Fig 4C and D, chase).
The mtDNA transcript levels in IMT1-treated RKO cells were drasti-
cally reduced, whereas IMT1-treated resistant cells had near-normal
levels of transcripts in comparison with untreated RKO cells (Fig 4E
and F). Interestingly, the mtDNA levels were also higher in the
IMT1-treated resistant line compared with IMTI1-treated parental
RKO cells, and reached levels corresponding to ~50% of the mtDNA
levels of the controls (Fig 4G). The characterization of cellular bioen-
ergetics performed with the Seahorse flux analyzer revealed that
DMSO-treated resistant cells had lower basal OCR than DMSO-
treated parental RKO cells (Fig 4H). While IMT1 treatment resulted
in a strong reduction of respiration rates in RKO cells, the drop in
OCR was smaller in IMT1-treated resistant cells (Fig 4H). These data
show that the resistant cells can maintain higher mtDNA levels than
the original RKO cells when treated with IMT1, which allow them to
maintain near-normal levels of mtDNA-encoded transcripts and
mitochondrial proteins, resulting in a partial rescue of OCR.

Increased glycolysis, reduced drug uptake, or mutations in the
drug target do not explain IMT1-induced resistance

Reliance on glycolysis is one of the mechanisms by which cancer
cells can compensate for impaired OXPHOS. To understand whether
increased glycolysis plays a role in IMT1-induced resistance, we
measured ECAR, but found no significant differences between the
RKO and IMT1-resistant RKO cells (Fig 5A). IMT1 treatment caused
a twofold increase in ECAR in the RKO cells, whereas no difference
was found in the IMT1-resistant RKO cells (Fig 5A). The bioener-
getic profile graph revealed a mild switch toward glycolysis in the
IMT1-treated resistant cells (Fig 5B). In agreement with these data,
we found no difference in the sensitivity to treatment with 2-deoxy-
D-glucose (2DG), a well-known glycolysis inhibitor (Woodward &
Hudson, 1954), between RKO and IMTIl-resistant RKO cells
(Fig 5C). Therefore, these findings exclude increased reliance on
glycolysis as an important mechanism for IMT1-acquired resistance.

Drug resistance is often caused by multiple drug resistance
(MDR) mechanisms (Szakdacs et al, 2006). Common MDR mecha-
nisms include reduced uptake and increased efflux of drugs from
the cell through the plasma membrane by ATP-binding cassette
(ABC) transporters (Szakdcs et al, 2006; Swanton, 2012). To investi-
gate this possibility further, we measured the levels of IMT1 in RKO
and IMT1-resistant RKO cells, and found no differences in the extra-
cellular concentration (Fig SD), whereas the intracellular concentra-
tion was higher in the resistant line (Fig SE), likely because these
cells were continuously maintained by culture in IMT1-containing
medium. These findings exclude decreased cellular absorption or
increased excretion of IMT1 as a resistance mechanism.

We have previously performed cryo-electron microscopy (cryo-
EM) studies and identified a specific pocket of POLRMT where the
IMTs bind (Bonekamp et al, 2020). An unbiased mutagenesis screen
has shown that substitutions of four amino acids (L796, F813, L816,
and A821) clustered in this pocket confer resistance to IMTs (Bone-
kamp et al, 2020). We therefore sequenced this POLRMT region in
the IMTl1-resistant RKO cells, but found no mutations (Fig SF).
These findings support the conclusion that the dose-escalation

EMBO reports 23: 530542022 5 of 18



EMBO reports Mara Mennuni et al.

A #S.labelling B
Pulse Chase 24h
Pulse Chase 24h
RAPA FG45 RAPA FG45
kDa  DMSO IMT1 RAPA IMT1 FG45 IMT1 DMSO IMT RAPA IMT FG45 IMT1
T
vl =4
. : k=)
37 — 3 @
% [=]
. - - - NDS5, COX1, ND4 2
- — CYTB X
- S = & = = = ND2, ND1 8
20 = - ‘ - — pe— - — COX3, COX2 .,D-;
— - - P sl . — ATP6 z
2
" - — ND6 5
- — ND3
b W =
. — ND4L
g ; - s e - — ATP8
& =
! | Coomassie
=
c . D E
9
X ((Ob(p ns
« «\ b?)'], &\ 2.0 * 8007 Aerobic Energetic
kDa OQ N Q-Y" S e & o0DMSO
3 154 3 " VT1
- s e s ses o | ACTINB § = 200 © RAPA
37 — ~ € § + IMT1 + RAPA
8 10 3 OFG4592
o 2 ® IMT1+ FG4592
20 — | - —_— - COX2 ) £
= = 100 4
s 05 5 "
x o] =i
20 - # | COX2 (longer exp.) o
i NDUFB8 Quiescent Glycolytic
: 0.0 o 0 . . .
O 3V O 0 50 100 150
Qw\% QY Q? °’ P ECAR (mpH/min/cells)
X
N
\@ /\
N
400 Oligo FCCP  RotAA  2DG 400+ Oligo FCCP  RotAA  2DG
! ! -s- DMSO ! | | -8 DMSO
__ 350 ! ! -=- IMT1 —. 3501 | | | -m- IMT1
2 1 | —o— RAPA 2 1 1 |
S 300 ! ! Q300 ! ! ! -8~ FG4592
z | | -¢- IMT1+RAPA = | i | -e- IMT1+FG4592
E 2509 ! ! ‘€ 2501 i i i
E | | £ | !
8 200 | i 8 200 i
° : : ° . '
g 150-[‘_*_*_* i & 1501 i
o o
100 1 100 i
g FHE-& | I
50 | 50
: ] R
o — T T T o ——Tr—T— T T T
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Time (min) Time (min)

Figure 3. Rapamycin, but not FG4592, treatment sustains oxidative phosphorylation (OXPHOS) function in the presence of IMT1.

A *S-labeling of newly synthesized mitochondrial-encoded proteins of RKO cells treated either with dimethy! sulfoxide (DMSO), IMT1, rapamycin, and FG4592 alone
or in combination with IMT1. Left: pulse labeling; right: 24-h chase in normal medium. Putative mitochondrial proteins are reported on the right-hand side of the
gel, molecular weights on the left. Coomassie staining shows equal protein loading; the image is representative of n = 4 independent experiments.

B Densitometric quantification of the ND5, COX1, ND4 band from n = 4 *S-labeling experiments. Data are expressed as mean values = SD. Statistical significance
was calculated with one-way ANOVA test. Paired comparisons: IMT1 versus IMT1 + RAPA pulse: *P = 0.015; IMT1 versus IMT1 + RAPA chase: *P = 0.046; IMT1
versus IMT1 + FG4592 pulse and chase: non-significant.

C Western blot analyses of oxidative phosphorylation (OXPHOS) protein steady-state levels of RKO cells after treatment with dimethyl sulfoxide (DMSO), IMT1,
rapamycin, rapamycin with IMT1, FG4592, and FG4592 with IMT1. Actin B (ACTINB) is shown as loading control.

D Densitometric quantification of cytochrome c oxidase subunit 2 (COX2) protein levels from n = 4 experiments. Data are expressed as mean values + SD. Statistical
significance was calculated with one-way ANOVA. IMT1 versus IMT1 + RAPA: *P = 0.016; IMT1 versus IMT1 + FG4592: non-significant.

E Bioenergetic profiles measured with Seahorse flux analyzer showing the contribution of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
to cellular bioenergetics upon the aforementioned treatments. Data represent the mean + SEM of n = 3 independent experiments.

F, G Cellular oxygen consumption rate (OCR) measured with Seahorse extracellular flux analyzer after sequential addition of different modulators of mitochondrial
function. RKO cells were treated with dimethyl sulfoxide (DMSO), rapamycin (F), or FG4592 (G) in the presence or absence of IMT1. Data are expressed as the
mean £ SEM of n = 3 independent experiments with six technical replicates. Statistical significance was calculated with one-way ANOVA test. DMSO-treated
controls versus: IMT1: P = 0.0008; RAPA: P = 0.1578; RAPA + IMT1: P = 0.0034; FG4592: P = 0.872; FG4592 + IMT1: P = 0.0029. Paired t-test of IMT1 versus
RAPA + IMT1: P = 0.034; IMT1 versus FG4592 + IMT1: non-significant.
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protocol we used to generate IMT1-resistant RKO cells did not pro-
mote selection of clones of cells with mutations in POLRMT that
compromise IMT1 binding.

The resistant cell line maintains higher metabolite levels in the
presence of IMT1

Having excluded mutations of the POLRMT target enzyme and MDR
mechanisms as explanations for IMT1 resistance, we focused on
identifying metabolic adaptations to IMT1 chronic treatment. First,
we performed whole-cell proteomic analyses in RKO cells and
IMT1-resistant RKO cells treated with 1 uM IMT1 for 96 h and
found quite similar proteomic changes (Pearson’s r = 0.59; Fig 6A
and B and Dataset EV1), despite the previously observed differences
in cell survival (Fig 4A). The proteins with changed expression
(Fig 6B and Dataset EV1) and the involved metabolic pathways
(Fig 6A) were similar in RKO cells and IMT1-resistant RKO cells,
although the changes were less pronounced in the resistant cells. As
reported in our previous paper, IMT1 induces a cellular energy crisis
leading to depletion of metabolites and eventually cell death (Bone-
kamp et al, 2020). We therefore performed metabolic analyses and
found a strong reduction in cellular nucleotide levels, tricarboxylic
acid (TCA) cycle intermediates and, to a lesser extent, amino acids
in RKO cells treated with IMT1 in comparison with DMSO-treated
controls (Fig 6C and Dataset EV3). However, metabolites were
maintained at higher levels after IMT1 treatment of IMT1-resistant
RKO cells in comparison with IMT1 treatment of RKO cells (Fig 6C
and Dataset EV3), thus preventing a critical decline of cellular
metabolism.

Because mTORCI1 inhibition and HIF1a stabilization confer resis-
tance to IMT1-sensitive cells (Figs 2B-D and EV2A-C), we investi-
gated whether these pathways were affected in the IMT1-resistant
RKO line. HIF1a was not detected in the proteomic analysis of resis-
tant cells (Dataset EV1), suggesting that HIF1a stabilization does not
explain resistance. No significant changes in mTORCI-related
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proteins were identified in the same dataset (Dataset EV1). However,
changes in mTORCI activity may occur without the protein levels
being affected and we therefore assessed the extent of 4EBP1 phos-
phorylation as a readout of mTORC1 activity. Interestingly, IMT1-
resistant RKO cells showed reduced phosphorylation of the mTORC1
target 4EBP1 in comparison with RKO cells (Fig 6D). Rapamycin
and temsirolimus promoted survival of cells acutely exposed to
IMT1 (Figs 2B-D and EV2A-C) and our results argue that mTORC1
inhibition may also be of importance in chronic IMT1 resistance.

Inhibition of mitochondrial translation and TFAM
downregulation can overcome IMT1 resistance

The CRISPR-Cas9 screen, in addition to positive hits (Fig 1F), also
identified a number of genes whose inactivation increased the cellu-
lar sensitivity to IMT1 (negative hits), for example, genes encoding
OXPHOS subunits, the mitochondrial transcription factor A (TFAM),
and several mitochondrial translation factors (Fig 7A and Dataset
EV2). To test the role of mitochondrial translation further, we
treated cells with chloramphenicol (CAP), a well-known inhibitor of
mitochondrial translation (McKee et al, 2006). We performed a
dose-response titration in monolayer cultures of RKO cells and
found that CAP concentrations below 1 pg/ml did not cause cell
death (Fig EV4A), despite decreasing the levels of the mtDNA-
encoded COX2 protein (Fig EV4B). Next, we proceeded to treat RKO
cells and IMT1-resistant RKO cells with this sublethal dose of CAP
(1 ug/ml) and found no effect on cell viability (Figs EV4C and 7B).
Although the IMT1-resistant cells showed no response to IMT1 and
CAP when administered individually, the combined treatment with
both drugs caused a 50% drop in cell viability in monolayers of cells
(Fig 7B), showing an additive effect of the two drugs. Importantly,
IMT1 and CAP co-treatment did not affect the viability of primary
fibroblasts from healthy donors (Fig EV4D). We then proceeded to
analyze spheroids, as this culture system resembles better some
aspects of tumor biology than monolayer cultures (Minchinton &

Figure 4. Chronic dose-escalated IMT1 treatment confers resistance to RKO cells through an upregulation of mitochondrial function.

A Differences in sensitivity to increasing IMT1 doses between RKO cells and resistant RKO cells. The graph shows mean values &+ SEM of n = 3 independent

experiments.

B Western blot analyses of oxidative phosphorylation (OXPHOS) protein steady-state levels at increasing concentrations of IMT1 of RKO (left) and IMT1-resistant RKO
cells (right). The samples were collected and analyzed after 8 weeks of chronic IMT1 treatment of the resistant line; glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) is shown as loading control.

C *s-labeling of newly synthesized mitochondrial-encoded proteins in RKO and IMT1-resistant RKO cells treated either with dimethyl sulfoxide (DMSO) or with 1 uM
IMT1 for 4 days. Left: Pulse labeling, right: 24-h chase in normal medium. Putative mitochondrial proteins are reported on the right-hand side of the gel, molecular

weights on the left. Coomassie staining shows protein loading.

D Densitometric quantification & SD of ND5, COX1, ND4 band from n = 4 independent experiments. Statistical significance was calculated with paired t-test:

RKO + IMT1 versus resistant + IMTL, pulse: *P = 0.0139, chase: *P = 0.0368.

E Quantitative real-time—polymerase chain reaction (QRT-PCR) relative quantification of mitochondrial transcript levels of RKO and IMT1-resistant RKO cells treated
with dimethy! sulfoxide (DMSO) or IMT1 for 96 h. Data represent the mean values + SEM of n = 5 experiments. Statistical significance was calculated with one-way
ANOVA test. RKO + IMT1 versus Resistant + IMT1: MT-ND1 **P = 0.0092, MT-RNR1 *P = 0.0112, MT-ATP6 **P = 0.0022.

F Northern blot analyses of mitochondrial transcripts of RKO cells treated with dimethyl sulfoxide (DMSO) (RKO, “IMT1 —”), IMT1 (RKO “+ IMT1”), and IMT1-resistant
cells (Res, “IMT1 +”). n = 3 independent experiments (Repl. 1, 21, and 3) were probed for COX2, ATP6, 16S and 12S mtRNA; the nuclear-encoded 18S RNA is shown as

loading control.

G Relative mitochondrial DNA (mtDNA) copy number measured in RKO and IMT1-resistant cells treated with IMT1 for 96 h. Data are expressed as average from n = 3
experiments & SEM. Statistical significance was calculated with one-way ANOVA test. RKO + IMT1 versus Resistant + IMT1: MT-ND1 **P = 0.0035, MT-ATP6

***p = 0,0002, MT-CYTB **P = 0.0028.

H Cellular oxygen consumption rate (OCR) measured by Seahorse extracellular flux analysis after sequential addition of different modulators of mitochondrial function
in RKO and IMT1-resistant RKO cells treated with dimethyl sulfoxide (DMSO) or IMT1. Data are expressed as the mean + SEM of n = 3 independent experiments
with six technical replicates. Statistical significance was calculated with one-way ANOVA test. RKO DMSO versus RKO + IMT1: P = 0.0008; RKO DMSO versus
resistant DMSO: P = 0.0343; RKO DMSO versus resistant + IMT1: P = 0.0092. Paired t-test of RKO + IMT1 versus resistant + IMT1: P = 0.135.

© 2021 The Authors
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Figure 5. Increased glycolysis, reduced drug uptake, or mutations in the drug target do not explain IMT1-induced resistance.

A Extracellular acidification rate (ECAR) measured by Seahorse extracellular flux analysis in dimethyl sulfoxide (DMSO) and IMT1-treated RKO and IMT1-resistant
cells. Data are expressed as the mean + SEM of n = 3 independent experiments with six technical replicates. Statistical significance was calculated with one-way
ANOVA test for multiple comparisons. RKO DMSO versus RKO + IMT1: **P = 0.0019; RKO + IMT1 versus resistant + IMT: *P = 0.0214; RKO DMSO versus resistant

DMSO: non-significant.

B Bioenergetic profiles measured with Seahorse flux analyzer, showing the contribution of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
to cellular bioenergetics in RKO and IMT1-resistant RKO cells treated with and without IMT1. Mean of n = 3 independent experiments + SEM.
C Dose-response viability curves during treatment with serial dilution of IMT1 for 1 week in RKO and IMT1-resistant RKO cells. Data are expressed as the mean + SD

of n = 3 experiments.

values &+ SEM of n = 3 experiments.

IMT1 extracellular (D) and extracellular (E) concentrations measured in the medium at 0, 2, and 24 h of IMT1 treatment in RKO and IMT1-resistant RKO cells. Mean

F Schematic representation of the IMT1-binding region on the human mitochondrial RNA polymerase (POLRMT) sequence, adapted from (Hillen et al, 2018).
Previously identified mutations conferring resistance to IMT1 are reported in red (Bonekamp et al, 2020). Representative results of n = 3 independent sequencing
experiments of the POLRMT gene in RKO and IMT1-resistant RKO cells at the region of interest.

Tannock, 2006). We treated spheroids of RKO cells with CAP and
found that doses above 1 pg/ml impaired their growth (Fig EV4E).
When we treated RKO cells with a combination of IMT1 and CAP in
increasing concentrations, we found an additive effect on spheroidal
growth (Fig EV4F). Next, we treated spheroids of IMT1-resistant
RKO cells with IMT1 and CAP and found a similar effect (Fig 7C).
To understand whether the CAP could sensitize other IMTI-
resistant cell lines to IMT1 treatment, we tested this treatment on
four additional cell lines. We found that 1 pg/ml of CAP mildly
reduced viability in the presence of IMT1 in three of the four IMT1-

© 2021 The Authors

resistant cell lines tested (Fig 7D). When the concentration of CAP
was raised to 100 pg/ml, the drop in cell number was much stron-
ger (Fig EV4G). We also tested whether the inhibition of glycolysis
can sensitize IMT-resistant cell lines to IMT1 treatment, but found
only a mild difference in viability when a combination of 1 mM
2DG and IMT1 was administered (Fig EV4H).

Since the IMT1-resistant cells maintained higher levels of mtDNA
in the presence of IMT1 (Fig 4G), we investigated whether
decreased mtDNA levels could affect survival. To this end, we
knocked down the expression of TFAM, which directly controls
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Figure 6. Cellular metabolite levels are maintained in IMT1-induced resistant cells.

A Metabolic Atlas pathway analysis of proteomic changes of RKO and IMT1-resistant RKO cells treated with 1 uM IMT1 for 96 h. Data are expressed as average log,-

fold change (LFC) of controls (dimethyl sulfoxide (DMSO)-treated RKO cells).

Comparison between proteomic analyses of parental RKO and resistant cells treated with 1 pM IMT1 for 96 h (r: sample correlation coefficient). Data are expressed

as average log,-fold change (LFC) of controls (DMSO-treated RKO cells). Mitochondrial proteins are reported in red.

Fold changes in nucleotide, central carbon metabolite, and amino acid levels after IMT1 treatment in RKO and IMT1-resistant RKO cells. Metabolite levels

are expressed as fold of dimethyl sulfoxide (DMSO)-treated RKO cells (mean IMT1-treated/control, n = 3 experiments). Dark blue, minimum (0), dark red,
maximum (2). G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; 3PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate.

Western blot analyses of total eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1) and its phosphorylated form levels of RKO and IMT1-resistant RKO

cells, two representative experiments are shown (Repl. 1 and 2). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as loading control.

mtDNA levels (Filograna et al, 2021; Bonekamp et al, 2021). We
used two different small interfering RNAs (siRNAs) in IMT1-
resistant cells and both siRNAs caused a gradual decrease in TFAM
protein levels (Fig EV4I) and mtDNA levels (Fig EV4J) over time.
TFAM siRNA#2 caused a stronger decrease of TFAM protein levels
and mtDNA copy number than TFAM siRNA#1 (Fig 7E and F). Con-
sistently, there was a significant decrease in cell viability when
IMT1-resistant cells were transfected with TFAM siRNA#2 in com-
parison with cells transfected with control siRNAs, in the presence
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of IMT1 (Fig 7G). The importance of TFAM in preventing IMT1 tox-
icity is also supported by the CRISPR-Cas9 screen where TFAM was
identified as a negative hit (Fig 7A).

Discussion

In this study, we used IMT1, a highly specific allosteric inhibitor of
POLRMT (Bonekamp et al, 2020), to study resistance mechanisms

© 2021 The Authors
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in treated cancer cells. We used an unbiased whole-genome
CRISPR-Cas9 screen to identify resistance mechanisms induced by
acute IMT1 treatment and found that the loss of mTORC1 and VHL
expression was protective. The mTORCI1 protein complex functions
as a nutrient sensor and controls cytosolic translation, which makes
it one of the master regulators of cell proliferation and cell fate deci-
sions. Inhibitors of mTORC1 have been proposed for cancer treat-
ment (Podsypanina et al, 2001; Thimmaiah et al, 2010), but the
outcomes from clinical studies have not been conclusive (Sun,
2013). It has also been proposed that mTORC1 activation may occur
although nutrients are scarce in cancer cells and that rapamycin
treatment can be protective and prevent cell death (Fumarola et al,
2005; Choo et al, 2010; Hung et al, 2012; Villar et al, 2017). The
data we present here support this model because the decreased cell
viability caused by IMT1 treatment was rescued by rapamycin.
Consistent with these results, rapamycin treatment has also
been reported to slow disease progression and prolong survival
in mice with mitochondrial dysfunction (Zheng et al, 2016; Khan
et al, 2017).

When oxygen levels are low, the stabilization of HIFla induces
a transcriptional reprogramming of the cellular metabolism to
decrease the dependency on mitochondrial function (Papandreou
et al, 2006; Zhang et al, 2007). Loss of VHL, which causes oxygen-
independent stabilization of HIFla, is reported to increase the pre-
disposition to some cancers (Giles et al, 2006; Kaelin, 2008). The
PHD inhibitor FG4592 (Roxadustat) is routinely used in vitro as an
experimental tool to stabilize HIFla (Jain et al, 2016) and was
under FDA evaluation for anemia treatment (https://clinicaltrials.
gov/ct2/show/NCT01750190; Guenzler-Pukall et al, 2003; Rabino-
witz, 2013; Joharapurkar et al, 2018). Our results show that
FG4592 stabilizes HIF1a and protects against cell death induced by
IMT1, which is in good agreement with published data showing
that loss of VHL or FG4592 treatment rescues the effects of toxins
that inhibit OXPHOS (Jain et al, 2016). It has been reported that
hypoxia can prevent neurodegeneration in a mouse model with
mitochondrial dysfunction (Jain et al, 2016; Ferrari et al, 2017).

Figure 7.
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However, stabilization of HIFla by genetic interventions was not
sufficient to prevent neurodegeneration in this model (Jain et al,
2019), where complex I becomes unstable due to the absence of
the NADH dehydrogenase (ubiquinone) iron-sulfur protein 4
(NDUFS4) subunit (Sterky et al, 2012). The pathology was instead
attributed to a direct effect of high oxygen tension in the brain
(Jain et al, 2019). In contrast, HIF1a has a direct role in ameliorat-
ing the acute effects of impaired mtDNA expression in IMT1-treated
tumor cells. It is possible that HIF1a expression is of importance in
the large subgroup of mitochondrial diseases where the biogenesis
of the whole OXPHOS system is impaired, whereas it may have no
role in mitochondrial diseases caused by impaired stability of a
single complex.

Alterations of cellular metabolism and mitochondrial function
are well-known hallmarks of cancer (Hanahan & Weinberg, 2011).
In contrast to many specialized postmitotic cells, cancer cells do not
only need mitochondria to sustain ATP production, but also to sup-
ply a variety of metabolic intermediates and reducing equivalents
needed for synthesis of biomass during cellular proliferation
(Vander Heiden et al, 2009; Vasan et al, 2020). Mitochondria are
thus an emerging target for cancer treatment, but the resistance
mechanisms induced by chronic inhibition of mitochondrial func-
tion are poorly understood. To investigate the effects of chronic
IMT1 resistance, we used a dose-escalation approach in RKO cells.
The IMT1-resistant RKO cells maintained mtDNA expression at
higher levels than RKO cells, and this was sulfficient to increase the
levels of cellular metabolites. However, interventions to decrease
mtDNA copy number (TFAM knockdown) or to impair mitochon-
drial translation (CAP treatment) decreased the survival of the
IMT1-treated resistant cells. These findings argue that interventions
at different levels in the mtDNA expression axis, for example,
decrease of mtDNA copy number, mitochondrial transcription, or
mitochondrial translation, act synergistically. A threshold effect
seems to be important for cancer cell survival in both the acute and
chronic IMT1-induced resistance. In fact, both rapamycin and
chronic IMT1 treatments seem to confer resistance by maintaining

Inhibition of mitochondrial translation and decrease in mitochondrial DNA (mtDNA) copy number sensitize resistant cells to IMT1 treatment.

A Depleted CRISPR (clustered regularly interspaced short palindromic repeat) guides (negative hits) in IMT1-treated RKO cells plotted as log,-fold change (LFC) versus

logyo of adjusted P-value.

B Viability assessment of monolayer cultures of IMT1-resistant RKO cells treated for 1 week with either dimethyl sulfoxide (DMSO), IMT1 (1 uM), chloramphenicol (CAP)
(1 pg/ml) alone or in combination with IMT1. Data are expressed as mean values + SD of n = 4 independent experiments, each including four technical intra-plate
replicates. Statistical significance was calculated with one-way ANOVA test. IMT1 versus IMT1+ CAP: *P = 0.0301.

C Representative images and related plot of IMT1-resistant RKO spheroid areas in the presence of the aforementioned compounds for 2 weeks (IMT1: 1 uM, CAP:

1 pg/ml); scale bar: 1 mm. Data show the mean values 4 SD of n = 4 experiments. Statistical significance was calculated with paired t-test: IMT1 versus IMT1+ CAP:

*P =0.0242.

D Log,-fold changes (LFCs) in viable cell count in a panel of five IMT1-resistant cancer cell lines in the presence of IMT1 + CAP (chloramphenicol) (1 pg/ml). Data
represent mean values of n = 5 (resistant RKO cells) and n = 3 (PANC-1, Capan-2, HCT-29, and Calu-6) £ SD independent experiments. Paired t-test of IMT1 versus
IMT1+CAP: resistant RKO cells **P = 0.0014; PANC-1, Capan-2, HCT-29, and Calu-6: non-significant.

E Western blot analyses of mitochondrial transcription factor A (TFAM) protein’s steady-state levels in IMT1-resistant RKO cells in the presence of small interfering
RNAs (siRNAs) against controls (control #1, #2) and TFAM (TFAM #1, TFAM #2) and treated with dimethyl sulfoxide (DMSO) or IMT1. Images are representative of

n = 3 independent experiments. Actin B (ACTINB) is shown as loading control.

F Mitochondrial DNA (mtDNA) levels in IMT1-treated resistant RKO cells in the presence of small interfering (SiRNA) against controls (control #1, #2) or mitochondrial
transcription factor A (TFAM) (TFAM #1, TFAM #2). Data are expressed as relative to DMSO-treated resistant RKO cells treated with control siRNAs (dotted line = 1)

and show the average of n = 2 independent experiments.

G Viable cell counts of IMT1-resistant RKO cells treated for 1 week with either dimethyl sulfoxide (DMSO) or IMT1 in the presence of controls (control #1, #2) or
mitochondrial transcription factor A (TFAM) (TFAM #1, TFAM #2) small interfering RNAs (siRNAs). Data are expressed as mean values & SD of n = 5 independent
experiments, each including six technical intra-plate replicates. Statistical significance was calculated with one-way ANOVA test. Controls + IMT1 versus TFAM

#1 + IMT1: P = 0.2148; Controls + IMT1 versus TFAM #2 + IMT1: *P = 0.0415.

© 2021 The Authors
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mtDNA-encoded gene products at higher levels. Also, inhibitors of
mitochondrial translation, such as the FDA-approved drug tigecy-
cline (Jia et al, 2016; Kuntz et al, 2017), have been effective in pre-
clinical tumor models. Although the exact role of mtDNA level
variation in cancer is not fully understood, an upregulation of
mtDNA copy number commonly occurs in many tumors (Reznik
et al, 2016; Filograna et al, 2021; Yuan et al, 2020). It is important
to note that studies of humans (Larsson & Clayton, 1995; Stewart &
Chinnery, 2015) and mice (Kauppila et al, 2016; Jiang et al, 2017;
Filograna et al, 2019) with mitochondrial dysfunction have shown
that mtDNA expression below a critical threshold level will lead to a
cellular energy crisis. This threshold phenomenon likely explains
why a modest increase of cellular respiration can drastically
increase the levels of cellular metabolites and survival of cancer
cells, as observed here.

Due to the extreme genetic heterogeneity of cancer cell lines, it
is not surprising that responses to the inhibition of mitochondrial
gene expression are not universal. However, we have identified a
number of mechanisms that appear to be common to many cancer
cell lines. The responses identified in this study should therefore be
taken into consideration when future mitochondria-targeted thera-
pies are developed.

Materials and Methods

Cell lines, cell culture conditions, and treatments

RKO (ATCC, CRL-2577), MiaPaCa-2 (ATCC, CRL-1420), HeLa
(ATCC, CCL2), Calu-6 (ATCC, HTB-56), NCIH-460 (ATCC, HTB-
177), DLD-1 (ATCC, CLL-221), HT-29 (ATCC, HTB-38), Capan-2
(ATCC, HTB-80), PANC-1 (ATCC, CRL-1469), AS549 (DSMZ,
ACC107), and HCT-15 (DSMZ, ACC-357) cells and primary fibro-
blasts were all maintained in Dulbecco’s modified Eagle’s medium
(DMEM) GlutaMAX™ (Gibco, 31966-021) supplemented with 10%
fetal bovine serum (FBS, Gibco 10270-106), 1% penicillin and strep-
tomycin (Gibco, 15140122) at 37°C in a 5% CO, atmosphere. Anon-
ymized human primary fibroblasts used in this study were obtained
from the Center for Inherited Metabolic Diseases (CMMS) at the
Karolinska University Hospital. The samples were obtained in
accordance with the Declaration of Helsinki, the Department of
Health and Human Services Belmont Report, and approved by the
Regional Ethics Committee at Karolinska Institutet in Stockholm,
Sweden. After titration, the working concentrations for the treat-
ments were selected as follows: IMT1 1 uM (LDC195943, LDC Dis-
covery Center (Bonekamp et al, 2020)), Chloramphenicol 1 pg/ml
(Sigma, C0378), Rapamycin 100 nM (Life Technologies, PHZ1235)
and Temsirolimus 100 nM (Sigma, PZ0020), FG4592 100 uM
(MedChemExpress, HY-13426/CS1094), and 2DG 1 mM (Sigma,
D8375). To estimate the cellular autophagic flux, at the end of each
treatment, vehicle (water) or NH,Cl (20 mM) was added to each
well for 3 h to inhibit lysosomal acidification before the collection
of the cells.

TFAM downregulation

Downregulation experiments were performed using two different
Silencer Select siRNAs for controls or TFAM according to the
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manufacturer’s specifications (Thermo Fisher, Silencer Select, Con-
trol#1, 4390843, Control #2, 4390846, TFAM#1, 4392420 — s14002,
TFAM#2, 4392420 — s14000). Cells were assessed at 24, 48, and
96 h after silencing to identify changes in TFAM protein levels and
mtDNA copy number. For studying the effect of TFAM downregula-
tion on viability, the silencing was performed in a 96-well format
24 h after seeding and the treatment with DMSO or IMT1 was
started 48 h after seeding. A second round of transfection was
performed at 96 h from seeding and viable cells were counted after
6 days of treatment, as described in the next section.

Viability assessment

The viability assays for 2D cultures were performed in a 96-well for-
mat as follows: 1,000 cells per well were plated and the treatments
were started 24 h after seeding. The length of each treatment is
specified in the Figures section for all the experiments. Cellular via-
bility was determined using Cell Counting Kit 8 (Sigma, 96992),
which selectively stains viable cells. ICsy was determined by non-
linear least squares fit of inhibitor concentration logarithm against
cell count in GraphPad Prism 9 software. For 3D cultures, 500 cells
per well were plated in round bottom 96-well plates (Corning,
7007). After 2 weeks of treatment, the bright field images of the
cells were obtained and analyzed with the software Fiji (ImageJ) to
determine the diameter of the spheroids.

Generation of IMT1-resistant RKO cells

Pool populations of RKO cells were subjected to dose-escalated
treatments with IMT1. The cells were treated with increasing con-
centrations of the compound over several months, starting with a
sublethal concentration of 10 nM for the first month, increased to
100 nM during the second, raised to and maintained at 1 uM dur-
ing the following 4 months. The cells showed to adapt and survive
to all IMT1 doses and to maintain the resistance phenotype over
freeze-thaw cycles. Two independent batches of resistant cells
were generated with the described approach and both showed to
behave in the same way in respect to the parameters analyzed in
this study.

Northern blotting and quantitative real-time PCR

The total RNA was extracted from cell pellets using TRIzol reagent
(Life Technologies, 15596018) and spectrophotometrically quanti-
fied by measuring the absorbance at 260 nm. For quantification of
the transcripts, the RNA was retrotranscribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
4368814) and the relative complementary DNAs (cDNAs) were
measured by the quantitative real-time polymerase chain reaction
(QRT-PCR) using TagMan Universal Master Mix II and probes
(Applied Biosystems, 442873) and normalized to Actin B (ACTINB)
cDNA. The assays were performed in technical triplicates on 384-
well reaction plates (Applied Biosystems) in final volumes of 10 pl
and according to the manufacturer’s guidelines. Transcript half-
lives were determined at time curves of 0, 0.5, 1, 2, 4, 6, 24, 48,
72, and 96 h. Half-lives of mitochondrial transcripts were esti-
mated by non-linear regression curve fitting using GraphPad Prism
5.0 software.
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For northern blotting, 4 ug of extracted RNA was run on an
agarose (1.2%) formaldehyde (18%) gel in 3-(N-morpholino)
propanesulfonic acid (MOPS) buffer (Ambion), then transferred to
Hybond-N+ nylon membranes (GE Healthcare) and hybridized
with o-3?P-CTP-labeled probes (PerkinElmer) for mitochondrial-
encoded RNA species. The probes were generated using the
9-mer random primer Kkit, according to the manufacturer’s specifi-
cations (Agilent).

DNA extraction, mtDNA copy number, and POLRMT sequencing

Total DNA was extracted from cell pellets using QIAmp DNA extrac-
tion kit (Qiagen) according to the manufacturer’s specifications.
Total DNA levels were measured and, after a ribonuclease (RNAse)
digestion step, the mtDNA copy number was measured via qRT-—
PCR using TagMan probes against ND1, ATP6, and COX2 and nor-
malized using 18S nuclear DNA. The assays were performed in tech-
nical triplicates on 384-well reaction plates (Applied Biosystems) in
final volumes of 10 pl and according to the manufacturer’s guide-
lines. Sanger sequencing of human POLRMT gene was performed in
parental and resistant RKO cells in samples belonging to three inde-
pendent experiments using two different primer pairs to amplify the
region of interest. Primers were designed as follows: F1_CTACCGT
CAAGGGTTGGTCC; R1_TGGTGCTGCAGCTCTTCC; and F2_TCAAC
CCCGTGAGATTGACC; R2_GTGCTGCAGCTCTTCCAGG).

Mitochondrial translation assay

35S-labeling was performed, as previously described (Chomyn,
1996). Briefly, after washes with cysteine- and methionine-free
DMEM (Gibco, 21013024), the cells were incubated in the same
medium supplemented with 1 mM glutamax, 1 mM sodium pyru-
vate (Life Technologies), and 10% dialyzed bovine serum. As much
as 100 pg/ml of anisomycin (Sigma, A9789) was added for 20 min
to inhibit the cytosolic protein synthesis and 3.7 MBq of *°S-L-
methionine and cysteine mix (PerkinElmer, NEG77200) was added
for 45 min to label the newly synthesized mitochondrial proteins.
After harvesting, the cells were lysed on ice in phosphate-buffered
saline solution (PBS) containing protease inhibitor cocktail (Roche,
4693116001), benzonase nuclease (Sigma, E1014 (2.25 U/ul)), and
0.1% n-dodecyl-p-D-maltoside (DDM) (Sigma, D4641). One percent
SDS was then added to complete the lysis. For the chase experiment,
cells were pre-treated with 50 pg/ml of chloramphenicol for 16 h
before the experiment and collected 24 h after the **S-labeling. Pro-
teins (20-30 pg) per lane were loaded on pre-cast SDS-PAGE gels
(Life Technologies). The gels were stained with Coomassie staining
solution (50% methanol, 10% acetic acid, and 0.1 % Coomassie Bril-
liant Blue R250 (Thermo Fisher, 20278)) to ensure equal loading.
The gels were dried and exposed to phosphor screens and the signal
was detected using Typhoon™ Phosphoimager. Densitometric
quantification of band intensity was performed using the software
Fiji and normalized for Coomassie-stained images of the gels.

Western blotting
After harvesting, the cell pellets were resuspended in PBS and lysed

on ice with lysis buffer (4 mM Tris—HCL, 1 M NaCl, 4 mM ethylene-
diaminetetraacetic acid (EDTA, Sigma), 2% Triton X-100 (Santa
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Cruz Biotechnology), 20% glycerol, 1x protease inhibitor cocktail,
phosphatase inhibitor cocktail (Sigma, 4906845001), and 2.25 U/l
benzonase). After incubating on ice for 20 min, the samples were
centrifuged for 20 min at 13,000 g, and the protein-containing
supernatant was used for loading. Equal amounts of proteins were
separated on NuPAGE gels (Life Technologies) depending on the
separation profile needed. Proteins were transferred to 0.45-pm
polyvinylidene fluoride membranes (PVDF, Millipore IPVH00010)
and blocked in 5% milk Tris-buffered saline (TBS) solution
containing 0.1% Tween for 1 h. The membranes were incubated
with primary antibodies overnight at 4°C (Actin B, Abcam (ab8226);
human total OXPHOS cocktail, Abcam (ab110411); glyceraldehyde
3-phosphate dehydrogenase (GAPDH), Abcam (ab8245); 4EBP1
total, Cell Signaling (9644); phospho-4EBP1 (S65), Cell Signaling
(9451); HIF1-a, Cell Signaling (14179); VHL, Cell Signaling (68547),
TFAM, Abcam (ab131607), and LC3B Cell Signaling (#2775)). After
washes in TBS-Tween, the membranes were incubated with anti-
mouse or anti-rabbit secondary antibodies (GE Healthcare,
NA9310V and NA9340V) for 1 h at room temperature. Proteins were
detected using Clarity Western ECL Substrate (Bio-Rad, 170-5061).
Densitometric quantification of western blot bands was performed
using the software Fiji normalized for the loading control.

Oxygen consumption and extracellular acidification
rates’ measurement

Parental and resistant RKO cells were seeded in Seahorse XFe96 cul-
ture dishes at a density of 1,000 cells per well and treatments were
started 24 h after seeding. OCR and ECAR were measured simulta-
neously on a Seahorse XFe96 analyzer (Agilent Technologies) in
unbuffered DMEM containing glucose (10 mM), glutamine (2 mM),
pyruvate (2 mM), and Hepes (5 mM). After assessment of basal
OCR and ECAR rates, sequential addition of oligomycin (oligo,
1 uM), carbonyl cyanide-p-(trifluoromethoxy)phenylhydrazone
(FCCP, 0.25 uM), rotenone/antimycin A (Rot, 1 uM/ AA, 1 uM),
and 2-deoxy-D-glucose (2DG, 50 mM) was performed. The optimal
concentrations of these metabolic modulators were investigated in
pre-experiments. Three independent experiments with at least six
replicates were performed. After each experiment, OCR and ECAR
values were normalized to corresponding cell numbers in each well
using the CyQUANT assay (Thermo Fisher). Steady states of basal
and maximal OCR or ECAR were calculated as the mean of three
measurement cycles and were corrected for non-mitochondrial OCR
(after Rot/AA addition) or non-glycolytic ECAR (after 2DG addi-
tion). Maximal OCR and ECAR corresponded to the steady states
after injection of the ATP-synthase inhibitor oligomycin and uncou-
pler FCCP.

Protein extraction, proteolytic digestion, and chemical labeling

Cell pellets were suspended in 0.1% ProteaseMAX (Promega), 4 M
urea (Sigma-Aldrich), 50 mM ammonium bicarbonate, and 10%
acetonitrile (ACN). The samples were sonicated using Vibra-Cell
probe (Sonics & Materials, Inc.) for 1 min, with pulse 2/2, at 20%
amplitude, and sonicated in bath for 5 min, followed by vortexing
and centrifugation for 5 min at 20,000 g. The supernatants were
transferred to new tubes and the concentration was determined in a
1:10 dilution, in water. The protein yields were 500-1,300 pg.
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Twenty-five micrograms (25 pg) of each sample was subjected to
a tryptic digestion protocol including protein reduction in 6 mM
dithiothreitol at 37°C for 60 min and alkylation in 22 mM iodoaceta-
mide for 30 min at room temperature in the dark. Trypsin was
added in an enzyme-to-protein ratio of 1:50 and digestion was car-
ried out overnight at 37°C. Tryptic peptides were cleaned with C18
HyperSep Filter Plate, bed volume 40 pl (Thermo Scientific) and
dried on a speedvac (miVac, Thermo Scientific). Six of TMT-10plex
reagents (Thermo Scientific) in 100-pg aliquots were dissolved in
30-ul dry AcN, scrambled and mixed with the digested samples
dissolved in 70 pl of triethylammonium bicarbonate (TEAB)
(resulting final 30% AcN), followed by incubation at 22°C for 2 h at
550 rpm. The reaction mixture was then quenched with 12 pl of 5%
hydroxylamine at 22°C for 15 min at 550 rpm. The labeled samples
were pooled and dried on a speedvac (miVac, Thermo Scientific).

Liquid chromatography tandem mass spectrometry

Twenty micrograms of tandem mass tag (TMT)-labeled tryptic pep-
tides was dissolved in 20 ul of 2% ACN/0.1% formic acid. Two pg
samples were injected into a nano LC-1000 system online coupled to
an Orbitrap Fusion mass spectrometer (Thermo Scientific, Bremen,
Germany). The chromatographic separation of the peptides was
achieved using a 50-cm long C18 EASY-spray column (Thermo Sci-
entific), with the following gradient: 2-26% ACN in 110 min, 26—
35% ACN in 10 min, 35-95% ACN in 5 min, and 95% ACN for
15 min at a flow rate of 300 nl/min. The MS acquisition method was
comprised of one survey full scan ranging from m/z 375 to 1,500,
acquired with a resolution of R = 120,000 (at m/z 200), followed by
data-dependent higher-energy C-trap dissociation (HCD) fragmenta-
tions from maximum 15 most intense precursor ions with charge
states 2+ and 7+. The tandem mass scans were acquired with a reso-
lution of R = 60,000, targeting 5 x 10* ions, setting isolation width
to m/z 1.4, and normalized collision energy to 35%.

Proteomic data analysis

The raw data files were directly loaded in Proteome Discoverer v2.2
and searched against mouse or human SwissProt protein databases
(42,793 and 21,008 entries, respectively) using the Mascot 2.5.1
search engine (Matrix Science Ltd.). Parameters were chosen as fol-
lows: up to two missed cleavage sites for trypsin, precursor mass
tolerance 10 ppm, and 0.05 Da for the HCD fragment ions. Dynamic
modifications of oxidation on methionine, deamidation of aspara-
gine and glutamine, and acetylation of N-termini were set. For quan-
tification, both unique and razor peptides were requested. The final
quantitative data analysis was performed with an in-house devel-
oped R-studio script. Submitochondrial localization was based on
the data extracted from (Vogtle et al, 2017). Human homologs were
mapped with DIOPT v.8.0 (Hu et al, 2011) and filtered for proteins
in human MitoCarta 2.0 (Calvo et al, 2016).

Measurement of intracellular IMT1 concentration
Parental and resistant RKO cells were seeded in triplicates in 12-well
dishes at a density of 0.5 x 10° cells per well in phenol-red free

complete DMEM (Gibco 31053-028). Twenty-four hours after
seeding, parental RKO cells were treated with either DMSO or 1 pM
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IMT1. IMT1-resistant cells were continuously grown in 1 pM IMT1.
Samples were collected 0, 2, or 24 h after treatment, and the super-
natant was transferred and snap-frozen. The cells were washed, ace-
tonitrile (ACN) was added and incubated for 15 min at 4°C for cell
extraction. The ACN extracts were transferred to a test tube and
snap-frozen. Samples were analyzed by liquid chromatography-tan-
dem mass spectrometry (LC-MS) using a Prominence UFLC system
(Shimadzu) coupled to a Qtrap 5500 instrument (ABSciex). Prior to
analysis, the samples were extracted with ACN containing internal
standard, filtered, and diluted with water as necessary. The analytes
were separated on a C18 column with an ACN and water mixture
containing 0.1% formic acid as solvent using a gradient elution.
Multiple reaction monitoring (MRM) transitions for each analyte
were optimized automatically. Test article concentrations were cal-
culated using a standard curve.

CRISPR-Cas 9 screening

The human colon carcinoma cell line RKO (ATCC® CRL-2577™)
was first made to stably express the Cas9 nuclease as described in
(Schmierer et al, 2017). In brief, a construct coding for Cas9, blasti-
cidin resistance, and a single guide against hypoxanthine phosphori-
bosyltransferase 1 (HPRT1) was introduced with lentivirus
transduction. This allows sequential selection with blasticidin and
6-thioguanine, a nucleotide analog lethal in HPRT1" cells. Next, two
replicates of approximately 150 M cells each were transduced with
the genome-wide Brunello sgRNA library (Doench et al, 2016) at an
MOI (multiplicity of infection) of 0.4 (> 600 cells/guide) in 2 ug/ml
of polybrene. Transduced cells were selected with puromycin (1 pg/
ml) from post-transduction days 2-7 and then allowed to grow for
an additional 4 days without puromycin. Cells were subcultured
when necessary, with cell number never dropping below 75 M.
Cells were subcultured on post-transduction day 11, and on day 12
populations of 150 M cells were treated with either DMSO or 1 uM
IMT1. After 10 days of treatment during which DMSO-treated cells
were subcultured every 2-3 days and inhibitor-treated cells were
subcultured once, cells were harvested, the DNA was isolated
(Qiagen DNeasy Blood & Tissue kit), and guide sequences were
amplified by PCR, as described in Schmierer et al (2017). Pathway
analysis performed using Reactome database (Jassal et al, 2019) on
the top 50 significant enriched or depleted hits identified mTORC1
pathway as positive hit. Whereas, VHL gene was the most enriched
and significant positive hit, whose loss rescued IMT1 toxicity.

Metabolite extraction for liquid chromatography
mass spectrometry

RKO wild-type and IMT1-resistant cells were seeded into 6-well cell
culture dishes (1 x 10° cells per well). Twenty-four hours after
seeding, the RKO cells were treated with either DMSO or 1 pM IMT1
for 96 h. Resistant RKO cells were kept in the continuous presence
of 1 uM IMT1. Metabolites were extracted from parental and resis-
tant RKO cells to determine basal differences in metabolite levels
(0 h). After removal of the growth medium, the cells were washed
twice with ammonium carbonate buffer (75 mM, pH 7.4) at 37°C.
Metabolites were then extracted by two consecutive incubations
with extraction buffer (40/40/20 (v/v/v) ACN/methanol/water,
10 ng/ml '*C1,ATP, citric acid d4 (Sigma 710695, 485438), as well
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as 2.5 nM uniformly '*C'*N-labeled amino acids (Cambridge Isotope
Laboratories, MSK-A2-1.2)). The two extracts were pooled and
centrifuged. The supernatants were transferred to new tubes and
dried in a speed vac concentrator (Eppendorf). Samples were resus-
pended in 150 pl of liquid chromatography mass spectrometry (LC—
MS)-grade H,O (Thermo Fisher Scientific) of which, one aliquot
(50 pl) was used to perform anion-exchange chromatography for the
analysis of glycolysis, TCA, nucleotide and deoxy nucleotide metab-
olites, and another aliquot (50 ul) was used for the analysis of
amine-containing metabolites. LC-MS analysis of amine-containing
metabolites and anion-exchange chromatography mass spectrometry
for the analysis of nucleotides, TCA cycle and glycolysis metabolites
were performed, as previously described in Bonekamp et al (2020).
Each peak was normalized to the intensities of the appropriate inter-
nal standard that were spiked into the extraction buffer. Additionally,
the peak intensities were normalized for the sample amount equiva-
lent, hence the obtained protein concentration of each sample.

Statistical analysis

Data are expressed as mean values + standard deviation (SD).
Group mean values were analyzed using a two-tailed non-
parametric Student’s t-test, whereas multiple comparisons were
performed with one-way ANOVA test. Comparisons were consid-
ered statistically significant for P values < 0.05 (*P < 0.05,
**P < (0.005, ***P < 0.001, ****P < 0.0001).

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via Proteomics Identification Data-
base (PRIDE) partner repository (Perez-Riverol et al, 2019) with the
dataset identifier PXD026481 and will be available at the following
link: https://www.ebi.ac.uk/pride/archive/projects/PXD026481

Expanded View for this article is available online.
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