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Reactivation of Dihydroorotate Dehydrogenase-
Driven Pyrimidine Biosynthesis Restores Tumor
Growth of Respiration-Deficient Cancer Cells
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e Tumorigenesis depends on functional OXPHOS
e OXPHOS-derived ATP is not required for tumor formation

e DHODH-driven pyrimidine biosynthesis requires CoQ redox-
cycling

e CoQ redox-cycling via OXPHOS drives tumorigenesis
through pyrimidine biosynthesis
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In Brief

Cancer cells without mitochondrial DNA
(mtDNA) do not form tumors unless they
can highjack host mitochondria.
Bajzikova et al. show that the acquired
mitochondrial electron transport is
necessary to drive de novo pyrimidine
synthesis to overcome cell-cycle arrest.
Surprisingly, ATP generation is
dispensable for tumorigenesis in this
context.
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SUMMARY

Cancer cells without mitochondrial DNA (mtDNA) do
not form tumors unless they reconstitute oxidative
phosphorylation (OXPHOS) by mitochondria ac-
quired from host stroma. To understand why func-
tional respiration is crucial for tumorigenesis, we
used time-resolved analysis of tumor formation by
mtDNA-depleted cells and genetic manipulations of
OXPHOS. We show that pyrimidine biosynthesis
dependent on respiration-linked dihydroorotate de-
hydrogenase (DHODH) is required to overcome
cell-cycle arrest, while mitochondrial ATP generation
is dispensable for tumorigenesis. Latent DHODH
in  mtDNA-deficient cells is fully activated with
restoration of complex IlI/IV activity and coenzyme

Q redox-cycling after mitochondrial transfer, or by
introduction of an alternative oxidase. Further, dele-
tion of DHODH interferes with tumor formation in
cells with fully functional OXPHOS, while disruption
of mitochondrial ATP synthase has little effect. Our
results show that DHODH-driven pyrimidine biosyn-
thesis is an essential pathway linking respiration to
tumorigenesis, pointing to inhibitors of DHODH as
potential anti-cancer agents.

INTRODUCTION

Mitochondria are vital organelles for most eukaryotic cells (Karn-
kowska et al., 2016). They carry their own DNA (mtDNA) and
are involved in a number of essential processes. The signature
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feature of mitochondria is oxidative phosphorylation (OXPHOS),
responsible for respiration and ATP formation. Respiration is
performed by four respiratory complexes (RCs; i.e., CI-IV) that
associate into supercomplexes (SCs) and generate a proton
gradient across the inner mitochondrial membrane (IMM) that
is used by ATP synthase (CV) to produce ATP (Acin-Perez
et al., 2008; Althoff et al., 2011; Moreno-Lastres et al., 2012;
Gu et al., 2016; Letts et al., 2016; Wu et al., 2016). Respiration
also drives biosynthetic pathways directly or via the tricarboxylic
acid cycle (Bezawork-Geleta et al., 2018).

Essential protein subunits of OXPHOS complexes are en-
coded by nuclear DNA and mtDNA. Therefore, when mtDNA
is absent or damaged, OXPHOS is severely compromised
(Brandon et al., 2006; Wallace, 2012). Recently we showed
that cancer cells deficient in OXPHOS due to mtDNA depletion
(p° cells) cannot form tumors unless they acquire functional
mtDNA from host stroma (Tan et al., 2015) by transfer of whole
mitochondria (Dong et al., 2017). Other researchers support our
findings (Osswald et al., 2015; Lei and Spradling, 2016; Mo-
schoi et al., 2016; Strakova et al., 2016). These observations
suggest that functional OXPHOS is essential for tumorigenesis,
a concept consistent with other reports (LeBleu et al., 2014; Vi-
ale et al.,, 2014). Furthermore, they conform to the notion
that the Warburg effect is associated with altered biosynthetic
needs of cancer cells rather than with cancer-linked mitochon-
drial damage (Vander Heiden et al., 2009; Vander Heiden and
DeBerardinis, 2017).

However, important questions remain unresolved. Foremost,
itis unclear which aspect of OXPHOS activity is limiting for tumor
growth. ATP production is the best known function of OXPHOS,
but proliferating cells also require respiration for its oxidizing po-
wer and to produce aspartate for pyrimidine biosynthesis (Birsoy
et al., 2015; Sullivan et al., 2015; Titov et al., 2016). Further,
OXPHOS directly drives the respiration-coupled mitochondrial
enzyme dihydroorotate dehydrogenase (DHODH) that converts
dihydroorotate (DHO) to orotate in the de novo pyrimidine syn-
thesis pathway (Loffler et al., 2005).

Here we analyzed temporal events preceding tumor formation
in p° cancer cells in the context of horizontal transfer of mtDNA
in vivo and linked this to genetic manipulations of the OXPHOS
system. Our results indicate that a key event facilitating tumor
growth upon respiration recovery is reactivation of DHODH-
driven pyrimidine synthesis.

RESULTS

mtDNA Is Replenished and Respiration Recovers Prior
to Tumor Formation

Mouse breast cancer 4T1p° cells form tumors with a 3-week lag
compared with parental cells, with palpable tumors appearing on
day 20-25 (Figures 1A and S1A). To understand the sequence of
events leading to tumor growth, 4T1p° cells (referred to as day 0,
DO cells) were grafted into BALB/c mice, tissue at the injection
site was excised at various time points post injection (Figures
1B and 1C) and cancer cells were selected using 6-thioguanine
(6TG) (Aslakson and Miller, 1992). Individual lines established
in medium supplemented with pyruvate/uridine were stable
over a long time in culture, maintaining their mtDNA status and
growth properties. Analysis of the lines for respiration revealed
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its recovery prior to tumor formation (Figure 1D), pointing to an
association between respiration recovery and tumor growth.

We next assessed the mtDNA content in the lines using single-
cell PCR (sc/gPCR) and probes that discriminate between the
16S rRNA polymorphism of host cells and that of 4T1 cells (Bay-
ona-Bafaluy et al., 2003; Tan et al., 2015). We observed a pro-
gressive increase in the homoplasmic mtDNA of host origin in
D5-D15 cells as well as absence of 4T1 mtDNA polymorphism
in these cells (Figure 1E). The distribution profile of mtDNA was
normalized in D15 cells (Figure 1F). The relative mtDNA copy
number was verified by qPCR (Figure S1B), and the host
origin of homoplasmic polymorphism was confirmed by DNA
sequencing (Table S1).

To test whether the acquired mtDNA was functional, we as-
sessed replication (MREP) and transcription (mTRANS) of
mtDNA in single cells by the mTRIP method (Chatre and Ric-
chetti, 2013). Figure 1G shows relatively high mREP and
mTRANS signal already in D5 cells. We also set up a specific
mitochondrial “chromatin” immunoprecipitation (mitoChIP)
assay (Figure 1H) that revealed a gradual increase in mtDNA
binding of mitochondrial transcription factor TFAM and DNA po-
lymerase-y (POLG). The binding was very low in D5 cells,
increased in D10 cells, and normalized in D15 and D20 cells.
The protein levels of TFAM, POLG, and the mitochondrial single
strand-binding protein (mtSSB) fully recovered in D15 cells that
contain substantial mtDNA (Figures S1C and 1l).

Transcripts of mitochondrial genes encoding subunits of RCs
were detectable in D5 cells and approached parental values in
D15-D20 cells (Figures 1J and S1D). Protein subunits of RCs
recovered in D15 cells (Figure 1K), where also fully assembled
RCs and SCs appeared, and a switch from sub-CV to CV
occurred (Figure 1L). Finally, we assessed the lines for mitochon-
drial morphology by transmission electron microscopy (TEM)
(Figure S2) and for the presence of mitochondrial nucleoids using
stimulated emission depletion microscopy (STED) (Figure S3).
TEM detected mitochondria with cristae in D15 cells, consistent
with the link between cristae formation and respiration (Cogliati
et al., 2013), while STED microscopy revealed high numbers of
TFAM-containing nucleoids in D15 cell mitochondria (Kukat
et al., 2015).

In conclusion, mtDNA is acquired and amplified, and OXHPOS
machinery is reconstituted in p° cancer cells during the long
dormant period prior to tumor appearance.

Mitochondrial Function and Bioenergetics Are
Normalized Early in Tumorigenesis and Are Unrelated to
ATP Generated by OXPHOS

We investigated whether replenishment of mtDNA/reconstitution
of OXPHOS components are reflected by normalization of the
mitochondrial function. Figure 2A shows that mitochondrial
membrane potential (A%, ;), low in DO to D10 cells, increased
in D15 cells to parental cell level. Similarly, mitochondrial super-
oxide increased in D15 cells (Figure 2B), consistent with active
electron transport through assembled RCs/SCs.

We next assessed the bioenergetics of D0-D60 lines, evalu-
ating their basal respiration. Figure 2C shows little or no respira-
tion in DO-D10 cells, with an increase to 50%-60% of the
parental cell values in D15 cells and normalization in D20
cells. This was similar for Cl- and ClI-dependent respiration
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Figure 1. mtDNA Is Replenished and Respiration Recovers Early in Tumor Formation by 4T1p° Cells
A) BALB/c mice were grafted subcutaneously (s.c.) with 4T1 or 4T1p° cells at 10° per animal, and tumor volume was assessed by ultrasound imaging (USI) (n = 6).
B and C) Time schedule of retrieval of pre-tumor plaques and tumors from BALB/c mice is shown in (B), as indicated in (C) for D5 tissue.

n = 3).
E)
assessed.

¢
(
(D) Individual lines retrieved from mice according to the schedule in (B) were assessed for uncoupled (ETC), routine, and leak respiration using the Oxygraph
(t
(

Cell lines were evaluated for the presence of mtDNA using probes against a polymorphism in either 4T1 or host 16S rRNA by sc/qPCR; 92 cells per line were

F) Distribution of mtDNA polymorphism in 16S rRNA in single cells of lines shown in (E).

G) mTRIP assay in the presence of proteinase K was used to detect the mtDNA initiation of replication marker (mREP) and global mitochondrial transcripts
mTRANS) unmasked from proteins, in single cells (n = 3; 100 cells were assessed per condition).

H) Cell lines were assessed for binding of TFAM and POLG1 to the D LOOP region of mtDNA using a mitoChIP assay (n = 3).

1) Individual lines were probed for the level of mtDNA-processing proteins using WB.

J-L) gRT-PCR was used to assess the level of transcripts of selected subunits of mitochondrially encoded transcripts of RCs (n = 3) (J). Selected subunits of
mitochondrial RCs were evaluated using WB in individual lines (K), which were then assessed by NBGE for the assembly of RCs and SCs using antibodies to
relevant subunits, as shown (L).

Data in (A), (D), (G), (H), and (J) are mean values + SD. Representative images of three biological replicates are shown for (1), (K), and (L).
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Figure 2. Mitochondrial Function and Bioenergetics Are Normalized Early in 4T1p° Cell Tumorigenesis and Are Unrelated to OXPHOS-
Generated ATP

(A-C) Individual lines derived from 4T1p° cells were assessed for AW, ; using TMRE in the absence and presence of the uncoupler FCCP (A), for generation of
mitochondrial superoxide using MitoSOX in the absence and presence of antimycin A (AntiA) (B), and for basal respiration using a Seahorse XF96 (C).

(D) NADH/NAD" ratio was assessed in cell lines using a luminescence kit.

(E) Two-photon microscopy was used to visualize the level of mitochondrial NAD(P)H in individual lines.
(F) Cell lines were assessed for glycolytic reserve using a Seahorse XF96.

(G) Individual lines were evaluated for ATP levels in the absence and presence of 50 mM 2DG at 4.5 g/L glucose and 1 mM pyruvate, and the results were
expressed relative to total ATP in parental cells.

(H) The lines as shown were assessed for the ATP/ADP ratio using liquid chromatography-mass spectrometry.

(I) Parental and p° cells and two clones of ATP5B® cells were probed for the level of ATP5B using WB.

(J-L) Parental, p°, and ATP5B® cells were assessed by NBGE for assembly of RCs and SCs (J). Parental, p°, and ATP5BK cells were tested for the level of ATP
at 4.5 g/L glucose in the absence or presence of 50 mM 2DG (K) and for the ATP/ADP ratio (L).

(M) BALB/c mice were injected s.c. with 10° cells per animal, and tumor volume was quantified by USI.

(N) Cell lines derived on day 20 from tumors grown from parental, p°, and ATP5B*C 4T1 cells were assessed for ATP as described in (G). The insert documents the
level of ATP5B protein in the tumor-derived cell lines; 1, parental; 2, p% 3, ATP5BXY7 cells.

Data in (A)-(D), (F)-(H), (K), (L), and (N) are mean values + SD (n = 3); those in (M) are mean values + SED (n = 5). The symbol “*” in (A)-(D), (F)-(H), (K), and (N)
indicates statistically significant differences from parental cells; in (M), statistically significant differences from tumors grown from p° cells; and in (L), statistically
different from tumors grown from parental cells, with p < 0.05. (E), (I), (J), and (N) (insert) show representative images of three biological replicates.
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(Figure S4A), with reserve respiratory capacity absent in DO-D10
cells (Figure S4B). Compromised respiration was confirmed by
increased NADH/NAD" ratio in DO-D15 cells evaluated by a lumi-
nescence kit (Figure 2D) and elevated mitochondrial NAD(P)H
assessed by two-photon microscopy (Figures 2E and S4C).
D0-D10 cells had no glycolytic reserve (Figure 2F), consistent
with increased lactate production and glucose uptake compen-
sating for the loss of OXPHOS-derived ATP (Figures S4D and
S4E). Indeed, we found that glycolysis contributed to ATP gener-
ation by =30% in parental and 90% in DO-D10 cells (Figure 2G).
Total ATP was comparable in all cell lines and the ATP/ADP ratio
was not reduced in respiration-deficient cells, suggesting that
ATP availability is not the limiting factor (Figure 2H).

To test directly whether the onset of tumor formation is disso-
ciated from ATP generation by OXPHOS, we prepared cells that
cannot assemble CV by knocking out ATP5B (Figure 2I). Native
blue gel electrophoresis (NBGE) followed by western blotting
(WB) revealed that ATP5BX® cells failed to assemble CV (Fig-
ure 2J), with other RCs/SCs also decreased. ATP5BXC cells pre-
dominantly used glycolysis for ATP formation, their ATP content
was comparable to that of parental cells (Figure 2K), and the
ATP/ADP ratio was maintained (Figure 2L). When grafted into
BALB/c mice, ATP5BX® cells produced tumors somewhat
slower than parental cells, but significantly faster than 4T1p°
cells (Figure 2M). To exclude the possibility that ATP5BX®-
derived tumors “acquire” ATP synthase and re-establish
OXPHOS-dependent ATP production, we assessed ATP5B
expression and ATP levels in lines isolated from tumors grown
from 4T1, 4T1p°% and 4T1 ATP5BX® cells. We observed that
ATP5B"® tumor-derived cells were deficient in both OXPHOS-
derived ATP and in ATP5B, whereas 4T1 p° cells re-established
ATP production by mitochondrial transfer (Figure 2N).

To see whether these results are more broadly applicable, we
deleted ATP5B in B16 cells. When grafted into C57BL/6 mice,
B16 p° cells acquire mtDNA (Tan et al., 2015) via transfer of
whole mitochondria, yielding B16 DP cells (Dong et al., 2017).
We first assessed B16, B16p°, B16 DP, and B16 ATP5BX® cells
by SDS-PAGE and NBGE for the level of subunits of RCs (Fig-
ure S5A) and their assembly (Figure S5B), and for ATP produc-
tion (Figure S5C). These lines behaved similarly to their 4T1
counterparts. Also, B16 ATP5BX® cells were more efficient in
tumor formation than B16p° cells (Figure S5D). These
results indicate that OXPHOS-derived ATP is not essential for
tumorigenesis.

Respiration Recovery Is Associated with Reactivation of
Dihydroorotate Dehydrogenase
Cells devoid of mtDNA are auxotrophic for uridine and pyruvate
(King and Attardi, 1988, 1989). OXPHOS defects may also in-
crease the dependence of cells on otherwise non-essential nutri-
ents such as pyruvate (Sullivan et al., 2015; Birsoy et al., 2015;
Cardaci et al., 2015; Lussey-Lepoutre et al., 2015). We therefore
tested the auxothrophy profile of 4T1 lines and observed that
uridine and/or pyruvate are needed for proliferation of non-/
low-respiring cells (D0-D10), while the dependence is lost in
D15-D20 cells (Figures 3A and S4F).

We next investigated whether auxotrophy for uridine could
explain the association between recovery of respiration and
the onset of tumor growth. Since uridine auxotrophy is related

to the dysfunction of DHODH (King and Attardi, 1988; He et al.,
2014), we investigated its role in DO-D60 lines and its link to
the initiation of tumorigenesis. We found little difference in
DHODH mRNA and protein contents in DO-D60 cells (Figure 3B).
DHODH converts DHO to orotate, with the resulting two elec-
trons transferred to the respiratory chain (Loffler et al., 2005). Fig-
ure 3C shows the extent of DHODH-dependent respiration in
parental 4T1 cells and its suppression by leflunomide, a selective
inhibitor of the enzyme (Greene et al., 1995). DHODH-dependent
respiration was absent in DO-D10 cells and recovered in D15
cells (Figure 3D). We then assessed the orotate-to-DHO ratio, re-
flecting native DHODH activity. Figure 3E reveals low orotate/
DHO ratio in DO-D10 cells, indicating littte DHODH function in
these cells, while its function recovered in D15 cells.

To link the level of respiration to the kinetics of tumor initiation,
we grafted D0-D20 lines into BALB/c mice. D5 and D10 cells
formed tumors with considerable lag, while D15 and D20 cells
formed tumors with kinetics similar to parental cells (Figure 3F).
We next evaluated tumors grown from parental and DO cells
for ClI-, Cll-, and DHODH-dependent respiration and found no
significant difference (Figure 3G).

Finally, we tested whether respiration including the DHODH-
dependent component was associated with proliferation of
malignant cells after grafting 4T1p° (DO) cells into BALB/c mice
(cf. Figures 1B and 1C). The tissue excised from the grafted re-
gion was sectioned and assessed for proliferation using Ki67
staining. Figure 3H shows low proliferation in D5 tissue, with
some increase in D10 and with parental tumor levels in D15 tis-
sue, consistent with the delay in tumor formation shown in Fig-
ure 3F. These results suggest an important role for DHODH in
tumorigenesis.

DHODH Is Essential for Tumor Growth
To directly examine whether DHODH is important for tumor
formation/progression, we deleted the gene for DHODH in 4T1
cells using CRISPR/Cas9. WB in Figure 4A shows the absence
of DHODH in two clones of DHODHX® cells and its pres-
ence in DHODH-reconstituted (DHODH™®) cells. Consistent
with this, DHODH-dependent respiration was undetectable in
DHODHX® cells and recovered in DHODH™® cells, while routine
respiration was identical in all lines (Figure 4B). We also found no
difference in mitochondrial superoxide in these cells (Fig-
ure S4G). In contrast, DHODHX® cells showed stalled prolifera-
tion in the absence of uridine, which was restored by DHODH
reconstitution (Figure 4C). No significant difference in the
NADH/NAD™ ratio was detected in these lines (Figure 4D).
NBGE revealed no discernible difference in the assembly of
any of the five RCs or SCs in the cells, regardless of their DHODH
status (Figure 4E), and also showed that DHODH does not asso-
ciate with any of the complexes (Figure 4E, right panel). We then
investigated DHODHX® and DHODH™® cells for ATP generation
as well as for the role of glycolysis. Figure 4F shows that
there was virtually no difference when DHODH-manipulated
cells were compared with parental cells. Further, DHODH"® cells
contain mitochondria with cristae, unlike p° cells (Figure 4G).
We next assessed the activity of DHODH in parental,
DHODHX®, and DHODH™® cells using an in vitro enzymatic
assay independent of CIII/CIV. This revealed a similar pattern
of DHODH activity to that of DHODH-dependent respiration
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Figure 3. Respiration Recovery Is Associated with Reactivation of DHODH

(A) Cell lines as shown were evaluated for growth in the presence of uridine and pyruvate, or with pyruvate or uridine removed.

(B) Cell lines were assessed for DHODH expression by gRT-PCR and WB.

(C-E) DHODH-dependent respiration was assessed in parental 4T1 cells in the absence and presence of 30 uM leflunomide (Lef) (C). Individual lines were
assessed for DHODH-dependent respiration (D) and for the orotate-to-DHO ratio (E).

(F) Parental, DO, D5, D10, D15, D20, D25, and D60 cells (105) were grafted s.c. into BALB/c mice, and tumor growth was evaluated by USI.

(G) Tumors grown from parental or 4T1p° cells were excised and processed in a dedicated tissue shredder, and the homogenates were assessed for Cl-, Cll-, and
DHODH-dependent respiration using an Oxygraph.

(H) BALB/c mice were grafted s.c. with 10° DO cells. On the days indicated, animals were sacrificed and tissue from the grafted region excised, sectioned, and
assessed by immunohistochemistry for proliferation using anti-Ki67 1gG followed by confocal microscopy. The numbers indicate percentage of Ki67-positive
cells.

Data in (A) are mean values derived from two biological replicates with differences less than 10%; data in (B) are mean values +SD (n > 3); data in (C-G) are mean
values + SEM (n > 3); images in (B) and (H) are representative of three independent experiments. The symbol “*” indicates statistically significant differences from
parental cells, and the symbol “#” indicates statistically significant difference from DO cells, with p < 0.05.
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Figure 4. DHODH Is Essential for Tumor Growth

(A-1) WB shows the absence of DHODH in two clones of DHODHX® 4T1 cells and its presence in DHODH™® cells (A). Parental, DHODHX®, and DHODH™® cells
were tested for routine and DHODH-dependent respiration (B), auxotrophy for uridine (C), NADH/NAD™ ratio (D), assembly of RCs and SCs (E), ATP generation in
the absence or presence of 50 mM 2DG (4.5 g/L glucose) (F), mitochondrial morphology using TEM (G), DHODH activity (H), and orotate-to-DHO ratio (I).

(J) Parental, DHODH"®, and DHODH"® cells were grafted s.c. in BALB/c mice at 10° per animal, and tumor formation was assessed by USI.

Data in (C), (D), (F), and (l) are mean values + SD (n > 3); data in (B), (H), and (J) are mean values + SEM (n > 3 for B and H, n = 6 for J). The symbol “*” indicates

statistically significant differences from parental cells, with p.

(Figure 4H; cf. Figure 4B). Consistent with these results,
DHODHX cells showed low orotate/DHO ratio, which increased
to parental values in DHODH™® cells (Figure 4l), verifying this
parameter as a proxy for in situ DHODH activity. Finally, we found
that DHODH"® cells failed to produce tumors, while similar tu-
mor-forming capacity was found for parental and DHODH™®
cells (Figure 4J).

To verify whether the presence of DHODH is required for tumor
growth in another model, we examined B16 DHODH"? and B16
DHODH"™* cells. Compared with the parental line, these cells had
comparable levels of subunits of mitochondrial complexes (Fig-
ure S5A) and OXPHOS assembly (Figure S5B). The cell lines also
had similar relative levels of ATP generated by OXPHOS and
glycolysis (Figure S5C). We next found that B16 DHODHK® cells
failed to form tumors, while B16 DHODH"® cells formed tumors
with similar rate to parental cells (Figure S5E). As expected, while
DHODH™® cells grew in the absence of uridine, B16 DHODHX?
cells were auxotrophic (Figure S5F). Consistent with this, B16
DHODHX® cells featured normal routine respiration but lacked
DHODH-dependent respiration (Figure S5G). Finally, we tested

B16 lines for DHODH activity and found that it was absent in
DHODHK® cells (Figure S6H).

To summarize, DHODH is essential for tumor growth in 4T1
breast cancer and B16 melanoma models.

DHODH Links Respiration to De Novo Pyrimidine
Synthesis and to Cell-Cycle Progression

De novo pyrimidine synthesis involves reactions that convert
glutamine to uridine 5-monophosphate (UMP), with DHODH
catalyzing the “mitochondrial” step (Figure 5A). To understand
whether this pathway is operational in 4T1 lines, we measured
the conversion of ®C5'*N,-GIn into UMP. In agreement with
low DHODH respiration, formation of the m+5 isotopomer of
UMP was low in DO-D10 cells, while itincreased in D15 cells (Fig-
ure 5B). We also evaluated the level of unlabeled pyrimidines and
purines in parental and D0-D25 cells. Compared with parental
cells, pyrimidine nucleotides were low in non-/low-respiring cells
and increased in D15 cells, while the levels of purine nucleotides
were only marginally affected (Figure S4H). We next assessed
conversion of labeled glutamine to UMP in parental, DHODH"®,
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Figure 5. DHODH Links Respiration to De Novo Pyrimidine Synthesis and Cell-Cycle Progression

(A-L) De novo pyrimidine synthesis is catalyzed by the trifunctional CAD protein that includes the enzymatic activities of carbamoyl phosphate synthase 2,
aspartate transcarbamoylase and dihydroorotase, the DHODH protein, the bifunctional UMPS protein with enzymatic activities of orotate phosphoribosyl
transferase, and orotate decarboxylase (A). OMM, outer mitochondrial membrane; IMS, intermembrane space; IMM, inner mitochondrial membrane. 4T1 lines (B)
and 4T1 cells with different DHODH status (C) were analyzed by liquid chromatography-mass spectrometry with '*Cs'®N,-glutamine as the substrate for
generation of the m+5 isotopomer of UMP, the product of the de novo pyrimidine pathway shown in (A). 4T1 lines were assessed for cell-cycle distribution (D),
arrest in G2 following nocodazole treatment (10 pM, 1 hr) (E), and the level of cyclin E (F). 4T1 cells with different DHODH status were assessed for cell-cycle
distribution (G), arrest in G2 following nocodazole treatment (H), and the level of cyclin E (I). Parental, DO, D5, D10, D15, D20, D25, and D60 cells were used for
transcriptome analysis using the mouse Affymetrix chip, and the data were assessed by PCA (J). Parental and DO-D60 cells were assessed for members of the de
novo pyrimidine pathway by WB (K) and for the DHODH enzymatic activity using an in vitro assay (L).

(M) Parental, DO, DHODH"®, and DHODH"™® cells were assessed for components of the de novo pyrimidine pathway by WB.

(N) Raw mutation rates as a function of the average expression level. Mutations of oncogenes (in orange) and tumor suppressor genes (in blue) are compared with
genes involved in the de novo pyrimidine biosynthesis. The baseline from median mutation rate of non-cancer genes is also shown as gray for comparison.
(O) Statistical significance of mutation rates over expected values (MutsigCV Q-value) as a function of the average expression level for cancer genes and genes
involved in de novo pyrimidine biosynthesis, as compared with the baseline from non-cancer genes.

Data in (B)—(E), (G), and (H) are mean values + SD; data in (L) are mean values + SEM (n > 3). The symbol “*” indicates statistically significant differences from
parental cells, and the symbol “*” indicates statistically significant difference from DO cells, with p < 0.05. (F), (I), (K), and (M) show representative images of three
biological replicates. Data in (N) and (O) represent analysis of more than 11,000 patients diagnosed with 33 different types of cancer listed in the Cosmic database.
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and DHODH"® cells. DHODHX® cells contained lower UMP syn-
thesis capacity compared with parental cells, and this was
restored in DHODH"™ cells (Figure 5C).

Cancer cells are typified by rapid proliferation, which involves
unhindered progression through the cell cycle. During the S
phase, genomic DNA is replicated in a process that includes
insertion of nucleotides produced by the de novo pyrimidine
pathway into nascent DNA strands (Sigoillot et al., 2003). To
test if respiration is linked to cell-cycle progression, we evalu-
ated DO-D60 lines for cell-cycle distribution. This revealed
that more DO-D10 cells were in the S phase compared with
parental and D20-D60 cells (Figure 5D). We also found that
upon nocodazole synchronization, a higher proportion of
parental and D15-D60 cells were arrested in G2 compared
with D0O-D10 cells (Figure 5E). Finally, DO-D10, but not parental
and D15-D60 cells, accumulated cyclin E, a marker of early
S phase (Figure 5F).

We next investigated a link between S-phase arrest and
DHODH activity. Cell-cycle evaluation revealed increased num-
ber of DHODH® cells in S phase compared with parental cells,
with the proportion of DHODH™® cells in S phase being compa-
rable to parental cells (Figure 5G). A similar pattern was observed
for G2 arrest after nocodazole treatment (Figure 5H) and for the
cellular content of cyclin E (Figure 5I), consistent with a previous
report (Mohamad Fairus et al., 2017). Finally, we found that B16
DHODHK® cells were also arrested in S phase, while B16
DHODH"™* cells showed cell-cycle distribution similar to parental
cells (Figure S5I). Hence, absence of DHODH activity sup-
presses pyrimidines and interferes with cell-cycle progression.

De Novo Pyrimidine Pathway Is Primed in OXPHOS-
Deficient Cells

To understand the status of the pyrimidine pathway in DO-D60
lines and in parental 4T1 cells, we performed transcriptome anal-
ysis. Principal component analysis (PCA) in Figure 5J shows
clustering of DO-D10 and D15-D25 cells. A similar pattern was
observed for mitochondrial protein transcripts sourced from
MitoCarta 2.0 (Calvo et al., 2015) (Figure S6A). Given the link
between respiration, DHODH, pyrimidine synthesis, and tumor
progression observed above, we analyzed microchip data for
transcripts relevant for the de novo pyrimidine pathway (cf. Fig-
ure 5A) to test if the clustering pattern was maintained. This re-
vealed no trend in the expression of CAD, DHODH, and UMPS
transcripts in parental, D0-D25, and D60 cells (Figure S6B),
consistent with the DHODH mRNA and protein levels shown in
Figure 3B.

We next examined expression of proteins of the de novo py-
rimidine pathway. Similar to DHODH, there were few differences
in CAD, phosphorylated CAD, and UMPS among the lines tested
(Figure 5K). Next, DHODH activity was 30%-50% lower in DO-
D10 than in parental cells (Figure 5L), yet considerably higher
than the very low DHODH-dependent respiration and low oro-
tate/DHO ratio in these lines (cf. Figures 3D and 3E). Also, cells
with manipulated DHODH content did not show significant
changes in the expression of CAD and UMPS (Figure 5M).

The above results suggest that the de novo pyrimidine
pathway is primed and preserved in OXPHOS-deficient cells.
To interrogate this notion with patient data, we compared muta-
tion rates of known cancer genes to genes of de novo pyrimidine

synthesis (CAD, DHODH, and UMPS) as a function of average
expression levels in >11,000 patients diagnosed with 33 different
types of cancer listed in The Cancer Genome Atlas database.
Both raw mutation rate (number of mutations per base pair in a
gene) (Figure 5N) and statistical significance of mutations of a
gene over expected mutations (Figure 50) are shown for com-
parison. The median mutation rates (or significance) for other
genes (not annotated as cancer genes) were utilized as a base-
line. Raw mutation rates of CAD, DHODH, and UMPS were close
to the baseline, and were statistically indistinguishable from the
expected mutations according to MutsigCV (Q is nearly 1). By
comparison, many known oncogenes and tumor suppressor
genes had significantly higher mutation rates (20%, Q < 0.1).
These results suggest that genes of the de novo pyrimidine
pathway are rarely mutated in cancer.

To assess whether DHODH-dependent respiration and
DHODH activity are conserved in different types of cancer, we
examined breast, cervical, and pancreatic cancer cell lines as
well as osteosarcoma cells. Routine and DHODH-dependent
respiration varied between 30-80 and 2-4 pmol orotate/hr/10°
cells, respectively (Figure S6C), while DHODH activity ranged
from 200 to 450 pmol O./hr/10° cells (Figure S6D), indicating
that DHODH/pyrimidine synthesis pathway function is preserved
in cancer cells.

ATP5B*® Cells Maintain Functional DHODH

Despite the absence of OXPHOS-derived ATP, ATP5BX cells
form tumors in mice (Figures 2M and S5D) and should therefore
maintain functional DHODH. We found that ATP5B cells grew
in the absence of uridine (Figure 6A), contained normal amounts
of the DHODH protein (Figure 6A, insert), and featured DHODH-
dependent respiration while routine respiration was decreased
(Figure 6B). The relative NADH/NAD™ ratio increased by 50%—
60% in ATP5BX® cells compared with parental cells (Figure 6C).
ATP5BX® cells had mitochondria without cristae (Figure 6F), in
agreement with the literature (Daum et al., 2013). The finding of
normal DHODH protein and DHODH-dependent respiration in
ATP5BX® cells was corroborated by normal DHODH activity (Fig-
ure 6H) and conserved proteins of the de novo pyrimidine
pathway (Figure 6l). We also tested ATP5BXC B16 cells and
found a similar pattern for the corresponding lines (Figures
S5F-S5H). Consistent with this, we observed fewer cells in
S phase in both 4T1 ATP5BX® and B16 ATP5BK® cells than in
their non-respiring counterparts (Figures 6K and S5I).

Complexes Ill and IV Propel DHODH-dependent
Respiration to Promote Tumor Formation

The above data indicate that DHODH presents a link between
respiration and tumor formation, controlling de novo pyrimi-
dine synthesis independently of mitochondrial ATP generation.
As DHODH connects to the mitochondrial pool of coenzyme Q
(CoQ) that is redox-cycled by CIll/CIV, DHODH might
be stalled when respiration is deficient due to lack of its
electron acceptor before it is reconstituted in D15-D20 cells.
We therefore expressed alternative oxidase (AOX) in 4T1p°
and B16p° cells. This protein is present in lower eukaryotes
where it replaces ClIl + CIV, facilitating direct electron transfer
from CoQ to oxygen (Hakkaart et al., 2006; Perales-Clemente
et al., 2008).
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Figure 6. ATP5B Cells Maintain Functional DHODH, Propelled by CIlIl and CIV

(A-D) Parental, p°, p° AOX, and ATP5BX® cells were evaluated for growth in the absence of uridine (A), the level of the DHODH proteins by WB (A, insert), routine
and DHODH-dependent respiration (B), NADH/NAD™ ratio (C), and ATP generation in the absence or presence of 50 mM 2DG (4.5 g/L glucose) (D).

(E-K) Parental, p°, and p® AOX cells were evaluated by NBGE for the assembly of RCs and SCs using antibodies against subunits of individual RCs (E). Cells as

shown were evaluated for mitochondrial morphology using TEM (F); the ratio of orotate-to-DHO (G); DHODH activity (H); level of the CAD, p(S1859)-CAD,
DHODH, and UMPS proteins (I); formation of m+5 UMP from '3Cs,'®N,-Gin (J); and cell-cycle distribution (K).

(legend continued on next page)
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4T1p°% AOX cells proliferated in the absence of uridine (Fig-
ure BA), suggesting that AOX reactivates DHODH in p° cells.
Consistent with this, 4T1p° AOX cells contained normal
DHODH protein (Figure 6A, insert) and DHODH-dependent
respiration, while routine respiration was low and comparable
to 4T1p° cells (Figure 6B). The virtual absence of routine respi-
ration was reflected by increased NADH/NAD* ratio in p® AOX
cells, which was similar to 4T1p° cells (Figure 6C). As with
4T1p° cells, 4T1p° AOX cells used glycolysis to maintain normal
levels of ATP (Figure 6D), lacking assembled mitochondrial
complexes (except for Cll) (Figure 6E) and mitochondrial cristae
(Figure 6F); 4T1p° AOX cells converted DHO to orotate (Fig-
ure 6G), exerted normal DHODH activity (Figure 6H), main-
tained proteins of the de novo pyrimidine pathway (Figure 6l),
and efficiently converted glutamine to UMP (Figure 6J). As a
result, 4T1p° AOX cells were unlocked from the S phase arrest
(Figure 6K) and efficiently formed tumors in BALB/c mice (Fig-
ure 6L). To verify the AOX-driven reactivation of the de novo py-
rimidine pathway in tumors in vivo, we performed a live labeling
study, in which. '®C5'®N,-GIn was infused via the jugular vein
into BALB/c mice carrying tumors derived from 4T1 (17 days
after grafting) and 4T1p® AOX cells (14 days after grafting),
and the abundance of the m+5 isotopomer of UMP was evalu-
ated in isolated tumor tissue. Conversion of Gin to UMP was
comparable in 4T1 and 4T1p% AOX cell-derived tumors (Fig-
ure 6M), consistent with normal flux through the de novo pyrim-
idine pathway in AOX-expressing tumors. B16 lines showed
behavior similar to the corresponding 4T1p° lines (Figures
S5J-S5P), and B16p° AOX cells formed tumors almost as effi-
ciently as their parental counterparts (Figure S5Q).

To confirm that AOX acts in vivo by reactivating CoQ redox-
cycling rather than by enhancing mitochondrial transfer into p°
cells, we grafted 4T1p° AOX cells into BALB/c mice and derived
lines on days 5, 10, 15, and 20. The temporal increase in mtDNA
in 4T1p° AOX cells was similar to 4T1p° lines (Figure 6N; cf. Fig-
ures 1E and S1B). However, D0-D15 AOX cells had very low
routine respiration that increased in D20 AOX cells to =40% of
parental cells, while DHODH-dependent respiration remained
close to parental cell levels (Figure 60). To examine their tu-
mor-forming propensity, we grafted D0-D20 AOX cells into
BALB/c mice, and observed that D5 AOX-D20 AOX cells formed
tumors similarly to DO (p°) AOX cells (Figure 6P; cf. Figure 6L).

The link between ClII + CIV and electrons generated upstream
in the OXPHOS systems is mediated by redox-cycling of CoQ
(i.e., oxidation of CoQH, to CoQ). To assess whether CoQH, is

re-oxidized in 4T1p® AOX cells, where the AOX protein substi-
tutes ClII + CIV in redox-cycling CoQ, we determined the CoQ
redox state in parental, 4T1p° and 4T1p° AOX cells. In rodents,
CoQg is the major form of CoQ with the remainder made up
by CoQqo. We therefore assessed the CoQH,/total CoQ
(i.e., CoQH.+CoQ) for both forms of CoQ. In parental cells, >50%
of CoQ was in the oxidized state, while in 4T1p° cells most CoQ
was in the reduced form (Figure 6Q). Expression of AOX in non-
respiring cells shifted the redox state of CoQ to its more oxidized
form (Figure 6Q), consistent with published data (Guaras et al.,
2016). We next assessed the CoQH,/total CoQ ratio in DO-D60
cells and found it higher in DO-D10 and lower in D15-D60 cells,
suggesting that restoration of respiration resulted in efficient
oxidation of the CoQ pool (Figure 6R).

To confirm that restoration of DHODH function by reactivation
of CoQ redox-cycling is a major consequence of AOX expression
in p° cells that supports tumor formation, we tested the effect of
the AOX inhibitor salicylhydroxamic acid (SHAM) (Martinez-
Reyes et al., 2016), the DHODH inhibitor leflunomide (Loffler
et al., 2005), and the CI inhibitor metformin (Wheaton et al.,
2014) on tumor formation in BALB/c mice with grafted 4T1p°
AOX cells. Figure 6 shows the inhibitory effect of both SHAM
and leflunomide but not that of metformin, pointing to the
involvement of the AOX-DHODH axis in this process and
excluding potential effects of AOX on the NADH/NAD™* cycling
via nascent ClI.

Pyruvate May Not Be Limiting for Tumor Growth

Since low-respiring cells are auxotrophic for pyruvate and uri-
dine, we tested whether the capacity of p° AOX cells to form tu-
mors could be promoted by the presence of pyruvate in the
microenvironment. By providing external oxidizing power, extra-
cellular pyruvate could conceivably release the potential block in
proliferation and tumor growth linked to defective aspartate
biosynthesis due to the lack of NAD* recycling (Sullivan et al.,
2015, 2018; Birsoy et al., 2015; Garcia-Bermudez et al., 2018).
Pyruvate was suggested to be increased in malignant compared
with normal tissues (Goveia et al., 2016). We thus analyzed pyru-
vate in tissue excised from the site of grafted 4T1p° cells at time
points used to establish the lines, in parental and D5-D25 cells
(cf. Figure 1B). At all time points, pyruvate concentrations in
the tumor lesions/tissue were =20%-40% higher than in the
liver (Figure S7A), being 2-3 nmol/mg of tumor tissue. Assuming
a tissue density close to 1 g/mL, this corresponds to concen-
tration of =2 mM (i.e., higher than the 1 mM pyruvate that

(L) Parental, p°, and p°® AOX cells were grafted s.c. in BALB/c mice at 10° per animal, and tumor formation was assessed by USI.

(M-0) BALB/c mice with 4T1 and 4T1p® AOX cell-derived tumors (=250 mm?®) were cannulated via the jugular vein and infused with '3Cs, "®N,-GIn, and the
tumors were analyzed for the M+5 UMP isotopomer as detailed in STAR Methods (M). p® AOX (DO AOX) cells were grafted into BALB/c mice s.c. at 10° per animal.
On days 5, 10, 15, and 20 post-grafting, the (pre-)tumor plaques were excised from the animals and D5 AOX, D10 AOX, D15 AOX, and D20 AOX lines were
established. Parental and DO AOX-D20 AOX cells were assessed for mtDNA using gPCR (N) and for routine and DHODH-dependent respiration using the
Oxygraph (O).

(P) Parental, DO, and DO AOX to D20 AOX cells were grafted in BALB/c mice (10° cells/per animal), and tumor volume was assessed by USI.

(Q) Parental, p®, and p°® AOX cells were assessed for the ratio of CoQH, and total CoQ including the CoQg and CoQ1, analogs.

(R) Parental and p° (DO) cells as well as D5-D60 lines were assessed for the ratio of CoQH, and total CoQ.

(S) BALB/c mice were grafted with p° AOX cells at 108 per animal; tumors were treated with metformin (Met), leflunomide (Lef), and salicylhydroxamic acid (SHAM)
as detailed in STAR Methods; and tumor volume wasquantified.

Datain (A), (C), (D), (G), (J), (K), (M), (N), (Q), and (R) are mean values + SD (n = 3); those in (B), (H), and (O) n > 3; (L), (S) (n = 5), and P (n = 3) are mean values +SEM.
The symbol “*” indicates statistically significant differences from parental cells, with p < 0.05; the symbol “#” indicates statistically significant differences from p°
cells, with p < 0.05. (A, insert), (E), (F), and (I) show representative images of three biological replicates.
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supported proliferation of respiration-deficient cells in our in vitro
experiments) (cf. Figure 3A) (King and Attardi, 1988, 1989).

To see whether pyruvate detected in tumors was extracellular
(i.e., able to provide the oxidizing power for aspartate produc-
tion), we analyzed serum (containing no intracellular pyruvate)
from C57BL/6 and BALB/c mice with and without tumors as
well as serum from cancer patients and healthy human subjects
for pyruvate. The measured concentration was about 75-150 uM
in mice and about 200 uM in human samples (Figure S7B), the
latter being similar to published values (Landon et al., 1962).

To determine the effect of extracellular pyruvate on intracel-
lular aspartate and on the proliferative potential of p° cells, we
evaluated 4T1p° and B16p° cells maintained with uridine and
increasing amounts of added pyruvate for intracellular aspartate.
Figures S7C and S5R document =1.5-fold increase of intracel-
lular aspartate with escalating extracellular concentrations of
pyruvate over the range of 0-1 mM. Aspartate increased at extra-
cellular pyruvate concentrations equivalent to those measured in
mouse and human serum. Similarly, the same level of pyruvate
as found in serum resulted in stimulation of cell proliferation (Fig-
ures S7D and S5S).

We next evaluated intracellular aspartate in the absence of
extracellular pyruvate and uridine. While aspartate was reduced
by =30% in non-respiring DO-D10 cells, it recovered in D15 cells
(Figure S7E). Intracellular aspartate was unchanged in ATP5BK®
(Figure S7F) or DHODH-manipulated cells (Figure S7G). Further,
AOX expression in 4T1p° cells did not increase aspartate, which
remained similar as in the p° cells (Figure S7H). This demon-
strates that AOX overexpression does not increase intracellular
aspartate in our system and should not support growth of p° cells
in the absence of pyruvate. Accordingly, p° AOX cells, similarly
as p? cells, were auxotrophic for pyruvate (Figure S71).

Finally, we tested the effect of uridine on proliferation of 4T1p°
and B16p° cells cultured in the presence of serum prepared from
BALB/c and C57BL/6 mice instead of FCS. We observed uridine
to significantly enhance cell growth under these conditions (Fig-
ures S7J and S5T). To further document the importance of uri-
dine limitation in tumor growth, we tested the effect of uridine
supplementation of mice with grafted 4T1 p° cells on tumor for-
mation. Figure S7K shows that tumors appeared earlier in
uridine-supplemented mice, and at a time that precedes mito-
chondrial transfer and the associated respiration recovery.
Collectively, this further supports the notion that non-functional
DHODH presents a severe limitation for tumor growth.

DISCUSSION

The importance of mitochondria for the initiation and progression
of tumorigenesis is now emerging. It is evident that, despite the
well-known Warburg effect, tumors have active mitochondrial
bioenergetic metabolism (Marin-Valencia et al., 2012; Hensley
etal., 2016). Disruption of the ETC shows promise in cancer ther-
apy (Rohlena et al., 2011; Zhang et al., 2014; Rohlenova et al.,
2017). Cells with deleterious mtDNA mutations fail to form tu-
mors (Park et al., 2009), and genetic ablation of OXPHOS re-
strains tumorigenesis (Weinberg et al., 2010). mtDNA-depleted
(p°) tumor cells present a particularly instructive case. Having
no functional OXPHQOS, these cells cannot form tumors in mice
unless they acquire host mtDNA (Tan et al., 2015) via horizontal
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transfer of whole mitochondria from the stroma (Dong et al.,
2017). In this way, p° cells give rise to palpable tumors only after
along initial lag period (Tan et al., 2015; Dong et al., 2017). While
these studies suggest that functional OXPHOS is necessary for
tumorigenesis, previously published data did not pinpoint
exactly which aspect of OXPHOS function is essential. The key
finding of the current study is that DHODH-driven pyrimidine
biosynthesis, rather than OXPHOS-mediated ATP production,
is essential for tumorigenesis.

To further explore this issue, we developed a unique model
that allowed us to characterize the link between OXPHOS func-
tion and tumor formation in unprecedented temporal detail. We
followed the events associated with tumorigenesis of mtDNA-
depleted p° cells in mice during the initial lag period and
throughout the various stages of tumor progression and demon-
strate that the appearance of tumors coincides with OXPHOS
reconstitution at days 15-25 post-grafting, after the end of a
“dormant” period when mtDNA is replenished and OXPHOS ma-
chinery re-assembled. This detailed investigation was possible
because cancer cells isolated at various time points in the
4T1p° tumor model are remarkably stable in culture, and their
properties, such as the level of mtDNA, respiration, or ETC as-
sembly, did not change with time. This unexpected stability,
observed by others in a different model (Picard et al., 2014),
can be explained by the absence of selection pressure in the
rich culture media containing uridine/pyruvate (see below).

Surprisingly, we found that the best known OXPHOS function,
production of ATP by ATP synthase, is not essential for
tumorigenesis. While increased mitochondrial contribution to
total ATP production was concurrent with OXPHOS reconstitu-
tion, ATP synthase assembly and appearance of tumors, the to-
tal ATP content in the cells and energy charge were not, in gen-
eral, significantly decreased, but maintained by glycolysis with
its much faster kinetics compared with OXPHOS (Koppenol
et al., 2011). Most strikingly, cells deficient in ATP synthase
were found to readily produce tumors. This suggests that mito-
chondrial ATP production is not limiting for tumor growth, at least
at its earlier stages. Instead, we found that the important
OXPHOS-related feature that promotes tumorigenesis is
de novo pyrimidine synthesis, directly driven by respiration via
DHODH, which converts DHO to orotate. This was clearly
demonstrated by the failure of DHODH-deficient cells to form
tumors, despite the fact that these cells show otherwise fully
functional OXPHOS and normal ATP levels. Furthermore, the
DHO/orotate ratio was increased in DHODHX® cells and non-
respiring DO-D10 cells, and formation of UMP from glutamine
was compromised. This indicates that the enzyme is inactive
but is reactivated before tumors appear. The central role for
DHODH in tumorigenesis is consistent with a recent report
demonstrating upregulation of DHODH during the course of
UV-induced skin tumorigenesis and its functional role therein
(Hosseini et al., 2018).

The link between OXPHOS and DHODH is maintained by
CoQ redox-cycling (Gregoire et al., 1984; Ayer et al., 2015).
Electrons, removed from DHO by DHODH, are transferred to
CoQ yielding CoQH,, which is then re-oxidized at CIIl. The
CoQ redox cycle is broken in the absence of CIlI/CIV activity
when OXPHOS is non-functional due to mtDNA deficiency.
This removes the only practical means of CoQ recovery in
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Figure 7. Scheme Depicting the Role of Respiration in Propelling De Novo Pyrimidine Synthesis
Individual schemes illustrating the role of respiration in de novo pyrimidine synthesis with central role of CoQ and DHODH, as documented using our cell models,

including parental (1), p° (2), DHODH® (3), p° AOX (4), and ATP5BC cells (5).

mammalian cells, while maintaining upstream sources of elec-
trons for CoQ reduction such as Cll or DHODH itself. These
sources of electrons reduce CoQ to the maximal attainable
level before they stall due to the lack of the electron acceptor.
Indeed, in non-respiring DO-D10 cells CoQ was present pre-
dominantly in the reduced form, whereas the CoQH,/CoQ
redox state decreased and approached parental cell values
before the onset of tumor formation, coinciding with CIlI/CIV
reconstitution. AOX expression in p° cells was sufficient to re-
activate DHODH-driven respiration, normalize the CoQH./
CoQ and DHO/orotate ratios, reinitiate UMP synthesis both
in vitro and in vivo, and restore tumorigenicity in the absence
of mtDNA. Importantly, live labeling with '3Cs,'*N,-Gin
confirmed the in vitro results in a mouse model derived from
4T1 p° AOX cells 14 days after grafting the cells, i.e., at the
stage when respiration is not recovered and tumor formation
is largely dependent on AOX-propelled DHODH (Figures
6M-6P). It thus seems that lack of redox-cycling of CoQ, not
OXPHOS deficiency per se, restricts tumorigenesis.

We therefore propose a scenario based on our experimental
models and depicted schematically in Figure 7. In fully respiring
cells, Cl, Cll, and DHODH transfer electrons to CoQ, which are
then forwarded to CIII. This latter complex transfers electrons
to CIV, which then produces water at the expense of molecular
oxygen. Cl, Clll, and CIV increase the proton-motive force in
the form of AW, ; that, among other functions, drives formation
of ATP catalyzed by CV. In p° cells, mtDNA is missing, resulting
in the collapse of Cl, Clll, and CIV, and in the assembly of Cll and
sub-CV. Under this scenario, DHODH cannot convert DHO to
orotate, since CoQ cannot transfer electrons to CIll. ATP is
generated by glycolysis and AW, ; maintained by ATP cleavage
by the ATPase activity of sub-CV; p° cells form tumors only after
acquisition of mtDNA from the host and restoration of respiration
(Tan et al., 2015; Dong et al., 2017). DHODHX® cells lack tumor-
forming capacity and cannot be “repaired” by mtDNA acquisi-
tion, because the absence DHODH precludes conversion of
DHO to orotate. On the other hand, p° AOX cells have normal
DHODH-dependent respiration, since electrons generated by
conversion of DHO to orotate are captured by CoQ and trans-
ferred to AOX, which substitutes for the combined activity of
Clll and CIV. These cells efficiently form tumors. Finally,
ATP5BX® cells that are highly glycolytic have normal DHODH-
dependent respiration and form tumors faster than p° cells.
Together, our findings demonstrate an important role of DHODH

and CoQ redox-cycling in tumor formation in cells with damaged
mtDNA, resulting in mtDNA acquisition and restoration of respi-
ration independent of OXPHOS-derived ATP.

A typical consequence of OXPHOS dysfunction is the auxot-
rophy for pyruvate and uridine. Pyruvate as an exogenous elec-
tron acceptor is required to produce aspartate, a precursor of de
novo pyrimidine biosynthesis, and uridine to complement defec-
tive DHODH-linked pyrimidine synthesis via salvage pathways
(Loffler, 1980; King and Attardi, 1988, 1989; Birsoy et al., 2015;
Sullivan et al., 2015). We observed auxotrophy in DO-D15 cells,
which was relieved by OXPHOS reconstitution following mtDNA
transfer and prior to tumorigenesis, or in the case of uridine, by
AOX expression. Given the efficacy of AOX-mediated restoration
of tumorigenicity, this suggests that the DHODH dysfunction-
induced defect in de novo pyrimidine synthesis could be a major
obstacle for in vivo growth of respiration-compromised tumor
cells, and that pyruvate might not be the limiting factor. Indeed,
we consistently measured substantial pyruvate at the site of tu-
mor growth throughout the course of the experiment, and levels
of pyruvate in serum of mice and cancer patients were sufficient
to support proliferation of p0 cellsin vitro, although suboptimal. In
addition, it has been reported that cancer cells deficient in the Cll
subunit SDHB are addicted to pyruvate (Cardaci et al., 2015;
Lussey-Lepoutre et al., 2015), yet they readily form tumors in
mice (Guzy et al., 2008; Bezawork-Geleta et al., 2018). Impor-
tantly, SDHB-deficient neoplasias are relatively common in hu-
mans and have unfavorable prognosis (King et al., 2011). These
data suggest that pyruvate may not be limiting in vivo under all
circumstances.

To begin to place our results into context, we suggest that
de novo pyrimidine biosynthesis, driven by functional OXPHOS,
is crucial for tumor growth. This notion is supported by the failure
of DHODHK® cells to form tumors, and by the recovery of tumor-
igenicity when AOX is expressed in p° cells. Our results also
suggest that DHODH represents a bottleneck for pyrimidine syn-
thesis in non-respiring cells, although they do not rule out other
limitations that might constrain in vivo growth in the absence of
functional OXPHOS. While a deficiency in DHODH disrupts the
pyrimidine biosynthesis pathway in a defined manner, expres-
sion of AOX restores DHODH activity as well as reactivating
CoQ redox-cycling. AOX might also impact on additional meta-
bolic pathways converging on the CoQ pool. It seems unlikely,
however, that AOX indirectly supports the synthesis of aspartate
via nascent Cl. AOX expression did not affect the NADH/NAD™*
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ratio or content of aspartate in p° cells, just as p® AOX cells are
auxotrophic for pyruvate. Previous studies have reported that
aspartate can be limiting for tumor growth in vivo due to its inef-
ficientimport into cells and proposed that Cl inhibition constrains
tumor growth by limiting aspartate biosynthesis (Garcia-Bermu-
dez et al., 2018; Sullivan et al., 2018). However, while growth
retardation by Cl inhibition was complete in vitro in the absence
of pyruvate, it was incomplete when Cl was targeted in vivo
(Sullivan et al., 2018). The remaining proliferation in that case
could perhaps be supported by extracellular pyruvate. To
summarize, while this and other reports clearly show that
pyrimidine biosynthesis is essential for tumor growth in multiple
cancer models, the identity of the rate-limiting steps in various
conditions deserves further investigation, as it will likely be
affected by the environment and by the experimental model
employed.

What does this mean for cancer therapy? We found that com-
ponents of the de novo pyrimidine synthesis pathway rarely
mutate in cancer, clearly showing its importance. In our experi-
mental models, the pathway, including DHODH itself, was
primed to respond when the block in CoQ redox-cycling was
removed. Inhibitors of DHODH are used in the clinic as anti-rheu-
matics (Olsen and Stein, 2004) and show efficacy in cancer set-
tings either alone or in combination with anti-cancer agents
(Brown et al., 2017; Mathur et al., 2017; Sykes et al., 2016; Shu-
kla et al., 2017; Kim et al., 2017; Koundinya et al., 2018). A more
effective therapeutic approach could involve intervention at the
level of respiratory ClII. This would not only block DHODH activ-
ity and pyrimidine biosynthesis, but would also increase the gen-
eration of reactive oxygen species from the respiratory chain
(Adam-Vizi and Chinopoulos, 2006; Murphy, 2009; Quinlan
et al., 2012), striking the cancer cell on two fronts at once by
way of combining the cell death inducing activity of excessive
oxidative stress (Rohlena et al., 2011) with the cytostatic activity
of DHODH inhibition. While anti-cancer agents directed at CllI
exist (Le et al., 2007), their potential side effects on the hemato-
poietic and immune systems would need to be carefully evalu-
ated (Anso et al., 2017).

In conclusion, we show here that cancer cells with dysfunc-
tional OXPHOS due to mtDNA deficiency import mitochondria
from the host to restore respiration and facilitate the DHODH-
catalyzed conversion of DHO to orotate. Intriguingly, reactivation
of CoQ redox-cycling is sufficient to drive DHODH and to allow
cancer cells to form tumors. We propose that DHODH-mediated
CoQ redox-cycling is an important link between de novo
pyrimidine synthesis and respiration, and that it may be a
promising target for broad-spectrum cancer therapy. This notion
is corroborated by the emergence of tumor metabolism as a
target for anti-cancer therapeutic strategies (Sullivan et al.,
2016; Martinez-Outschoorn et al., 2017). Our reasoning is based
on the concept that despite their high metabolic plasticity, that
includes the ability to “import” mitochondria, cancer cells
seem unable to “bypass” pyrimidine synthesis defects, present-
ing a novel aspects of cancer biology with potential therapeutic
implications.

Limitations of Study
While we propose that targeting DHODH may present a novel,
broad-spectrum anti-cancer strategy, we note that there are
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mitochondrial inhibitors that are under clinical trial, such as inhib-
itors of complex | (Molina et al., 2018; Rohlenova et al., 2017) or
a-ketoglutarate dehydrogenase (Alistar et al., 2017), which effec-
tively suppress tumor growth without DHODH inhibition. In addi-
tion, it can be expected that DHODH inhibition will not be
effective in all types of tumors, and that combined targeting
involving DHODH and complex | may provide a broader and
more effective anti-cancer strategy by simultaneously interfering
with two crucial steps of pyrimidine biosynthesis. In addition,
while we do not see a direct effect of AOX overexpression on
aspartate biosynthesis in vitro in the absence of complex | activ-
ity, it is possible that AOX expression, by altering cellular redox
balance, could stimulate tumor growth in vivo in a complex I-in-
dependent manner or that as yet uncharacterized factors in the
tumor microenvironment could synergize with AOX to stimulate
tumor growth.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-BrdU-FITC IgG BD Biosciences 340649; RRID: AB_400443
anti-TFAM IgG Sigma-Aldrich HPA040648; RRID: AB_10795635
anti-SSB IgG Sigma-Aldrich HPA002866; RRID: AB_1080092
anti-ATP5B IgG Sigma-Aldrich HPAO001520; RRID: AB_1078243
anti-POLG IgG Thermo Fisher Scientific PA5-35163; RRID: AB_2552473

anti-cyclin E IgG
anti-mtCO4 IgG

Thermo Fisher Scientific
Thermo Fisher Scientific

MA5-14336; RRID: AB_10984356
PA5-29992; RRID: AB_2547466

CellPress

anti-UMPS IgG
anti-DHODH IgG
anti-TOM20 IgG

sc-398086; RRID: AB_2750932
sc-166348; RRID: AB_2091729
sc-136211; RRID: AB_2207538

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

anti-CAD IgG Cell Signaling 93925; RRID: AB_2750933
anti-p(S1859)-CAD IgG Cell Signaling 12662; RRID: AB_2750934
anti-HSP60 IgG Cell Signaling 12165S; RRID: AB_2636980
anti-Ki67 IgG Cell Signaling 9129; RRID: AB_2687446
anti-NDUFS3 IgG Abcam ab110246; RRID: AB_10861972
anti-NDUFAQ9 IgG Abcam ab14713; RRID: AB_301431
anti-NDUFB8 IgG Abcam ab110242; RRID: AB_10859122
anti-mtCO1 IgG Abcam ab14705; RRID: AB_2084810
anti-COXVa IgG Abcam ab110262; RRID: AB_10861723
anti-SDHA IgG Abcam ab14715; RRID: AB_301433
anti-SDHB IgG Abcam ab14714; RRID: AB_301432
anti-Core2 19gG Abcam ab14745; RRID: AB_2213640
anti-ATP5A IgG Abcam ab14748; RRID: AB_301447
anti-VDAC IgG Abcam ab15895; RRID: AB_2214787
anti-TFAM IgG Abcam ab47517; RRID: AB_945799
anti-DHODH IgG Proteintech 14877-1-AP; RRID: AB_2091723
anti-DNA IgG PROGEN 61014; RRID: AB_2750935
Critical Commercial Assays/Kits

NADH/NAD Glo Assay Promega G071

ATP CellTiter Glo Assay Promega G9241

Seahorse XF Cell Mito Stress Test Kit Agilent 103015-100

Seahorse XF Glycolysis Stress TestKit Agilent 103020-100

Colorimetric pyruvate assay Abcam ab65342

Pierce BCA Protein Assay Kit Thermo Fisher Scientific #23225

Atto488 NT Labeling Kit Jena Bioscience PP-305S-488

Atto550 NT Labeling Kit Jena Bioscience PP-305S-550

Chemicals, Peptides and Recombinant Proteins

ATP Sigma-Aldrich A1852
2-nitrobenzodeoxyglucose Thermo Fisher Scientific N13195

Dihydroorotic acid Sigma-Aldrich D7128

Orotic acid TCI 50887-69-9

6-thioguanine Sigma-Aldrich A4882

Metformin Metformin 04635

Leflunomide Sigma-Aldrich L5025

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Salicylhydroxamic acid Sigma-Aldrich S607

3Cs, 15 N,-glutamine Sigma-Aldrich 607983

'3Cs,°Np-glutamine Cambridge Isotope Laboratories CNLM-1275-H-0.1

Coenzyme Qg Santa Cruz Biotechnology sc-207451

Coenzyme Q1o Fluka 27595

Tetramethylrhodamine ethyl ester Sigma-Aldrich 87917

Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrozone Sigma-Aldrich C2920

Carbonyl cyanide-3-chlorophenylhydrozone Sigma-Aldrich C2759

Oligomycin Sigma-Aldrich 04876

Antimycin A Sigma-Aldrich A84T74

2-deoxyglucose Sigma-Aldrich D8375

4-(trifluoromethoxy) benzamidoxime Sigma-Aldrich 422231

ADP Sigma-Aldrich A5285

Cytochrome ¢ Sigma-Aldrich C7752

Rotenone Sigma-Aldrich R8875

Digitonin Fluka 37008

K-lactobionate Sigma-Aldrich 153516

Nocodazol Sigma-Aldrich M1404

Fluoroshield with DAPI Sigma-Aldrich F6057

MitoSOX Thermo Fisher Scientific M36008

Decylubiguinone Sigma-Aldrich D7911

Deposited Data

Microarray Analysis Data EBI ArrayExpress Database ArrayExpress: MTAB-6150

Experimental Models: Cell Lines

4T1 ATCC CRL-2539

B16 ATCC CRL-6323

MCF-7 ATCC HTB-22

MDA-MB-231 ATCC HTB-26

Hela ATCC CCL-2

143B ATCC CRL-8303

P815 ATCC TIB-64

PaTu8902 DSMZ ACC-179

PANC-1 ATCC CRL-1469

Experimental Models: Organisms/Strains

C57BL/6 mice Jackson Laboratories C57BL/6

Balb-c mice Jackson Laboratories Balb-c

C57BL/6%49PsRed2 mice Our laboratory Dong et al., 2017

Oligonucleotides

Forward mouse DHODH cloning primer Sigma-Aldrich AAA GAA TTC CAC CAT GGC GTG GAG
ACA GCT G

Reverse mouse DHODH cloning primer Sigma-Aldrich ATA AAG GAT CCT CAC CTG CGG TGA
TCTACTC

Forward guide mouse DHODH Sigma-Aldrich CAC CGT CAG GTA CTC GGC GTA GAA A

Reverse guide mouse DHODH Sigma-Aldrich AAA CTT TCT ACG CCG AGT ACC TGAC

Forward guide mouse ATP5B Sigma-Aldrich CAC CGC ACT GCC ACC GGG CGAATC G

Reverse guide mouse ATP5B Sigma-Aldrich AAA CCG ATT CGC CCG GTG GCAGTG C

Primer for 4T1_12S forward primer This paper ctt ggt gat agc tgg tta

Primer for 4T1_12S forward primer This paper ggc cta caa tgg tta aaa g

Probe for 4T1_12S_mut_HEX This paper aat aGt gAa CaA ttA aCa Aaa ca

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Probe for 4T1_12S_mut_HEX This paper aat aGt gAa TaA ttA aCa Aaa ca

Primer for POLG binding site, forward This paper TGA TCA ATT CTA GTA GTT CCC AAA A
Primer for POLG binding site, reverse This paper ACC TCT AAT TAA TTA TAA GGC CAG G
Primers for q(RT-)PCR This paper Table S2

Forward mREP Eurogentec ATA TGA CTA TCC CCT TCC CC
Reverse mREP Eurogentec AGT TTA ATG GGC CCG GAG CG
Forward mTRANS (MT1, MT6, MT11 mix)_ MT1 Eurogentec GTT AAT GTA GCT TAA TAA

Reverse mTRANS (MT1, MT6, MT11 mix)_MT1 Eurogentec TTC CAA GCA CAC TTT CCA

Forward mTRANS (MT1, MT6, MT11 mix_MT6 Eurogentec CCC ATT CCAACT TGG TCT

Reverse mTRANS (MT1, MT6, MT11 mix_MT6 Eurogentec AAT GAT GGC TAC AAC GAT

Forward mTRANS (MT1, MT6, MT11 mix)_MT11 Eurogentec GTC ATC TCA TAT AAT ATT

Reverse mTRANS(MT1, MT6, MT11 mix)_MT11 Eurogentec TCG ACA AAT GTG TGT TAC
Recombinant DNA

Salmon sperm DNA Sigma-Aldrich 438545-06-3

pXPR_001 Addgene 49535

pCDH-CMV-MCS-EF1-Puro SBI System Biosciences CD510B-1

pWPI-AOX-IRES-GFP

Gift from N. Chandel

Martinez-Reyes et al., 2016

Software and Algorithms

Image J
Photoshop

Prism
SegManPro

CFX Manager 3.1

Genes (MultiD)
Huygens Professional version software 17.04
Classic Maximum Likelihood Estimation algorithm

Fiji
Adobe

GraphPad
DNASTAR Lasergene 11

BioRad

MIQE guidelines

Scientific Volume Imaging

http://Fiji.sc/
http://www.adobe.com/uk/products/
photoshop.html

http://graphpad.com/scientific-
software/prism/

https://www.dnastar.com/software/

http://www.bio-rad.com/en-cz/product/
cfx-manager-software?|D=aed9803d-
cb4d-4ecb-9263-3efc9e650edb

Bustin et al., 2009
https://svi.nl/HuygensSoftware

https://svi.nl/ClassicMaximumLikelihood
Estimation

R Open source https://www.r-project.org/

Tidyverse R packages Rstudio https://www/tidyverse.org/

Analyst 1.6 Software SCIEX https://sciex.com/products/software/
analyst-software

MassHunter Software Agilent https://www.agilent.com/en/products/
software-informatics/masshunter-suite/
masshunter/masshunter-software

IMARIS 8.0 BitPlane http://www.bitplane.com/releasenotes/
imaris800.aspx

Other

DMEM Lonza BE12-708F

RPMI medium Lonza 12-115Q

Fetal calf serum Sigma-Aldrich F7524

Penicillin/streptomycin Sigma-Aldrich P3032/S9137

Uridine Sigma U3750

Pyruvate Sigma P5280

Protease Inhibitor Cocktail Roche 39102.01

Phsophatase Inhibitor Cocktail Sigma-Aldrich P5726-5ML

RNAZzol reagent MRC RB190/100

(Continued on next page)
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https://www/tidyverse.org/
https://sciex.com/products/software/analyst-software
https://sciex.com/products/software/analyst-software
https://www.agilent.com/en/products/software-informatics/masshunter-suite/masshunter/masshunter-software
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
HOT FIREPol Blend Master Mix Solis BioDyne 08-36-00020
DNA clean-and-concentration kit Zymo Research D5205
AguaPure Genomic DNA Isolation Kit BioRad 732-6340
2xRT?SYBR Green gPCR Mastermix Qiagen 330500
RNAeasy Mini Kit Qiagen 74104
Revertaid First-Strand Synthesis System Fermentas K1621
EvaGreen Solis BioDyne 08-24-00001
Grandmaster for probes TATAA Biocenter TA02-625
RNAse A Sigma-Aldrich R6513
Proteinase K Sigma-Aldrich P4032
Proteinase K Eurobio GEXPRK01-B05
PCR clean-up columns Machery Nagel 740609
Affymetrix MouseGene 2.0 ST Array Thermo Fisher 902119

Triton X-100 Sigma-Aldrich X100
TWEEN-20 Sigma-Aldrich P1379

Abberior Mount Liquid Antifade Abberior Instruments 4-0100-004-3
Lipofectamine 3000 ThermoFisher L3000008
FastDigest Esp3I| ThermoFisher FD0454
FastDigest EcoRI ThermoFisher FD0274
FastDigest BamHI ThermoFisher FD0055
Puromycin Invivogen ant-pr-1

Q5 High-Fidelity DNA Polymerase New England Biolabs M0491S
XBridge Amide Column Waters Part#186004868
SeQuant ZIC-pHILIC Column Merck Cat#1504600001

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed and will be fulfiled by the Lead Contact, Jiri Neuzil

(j-neuzil@griffith.edu.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We have used female Balb/c mice, and male and female C57BL mice. Human cell lines were authenticated.

METHOD DETAILS

Cell Culture

4T1 mouse metastatic breast cancer cells were purchased from the ATCC and maintained in the RPMI medium with 10% FCS and
antibiotics. B16 mouse metastatic melanoma cells were purchased from the ATCC cells and maintained in DMEM with 10% FCS and
antibiotics. Unless stated otherwise, the cells were cultivated in the presence of 1 mM pyruvate and 50 pg/mL uridine. 4T1p°
and B16p° cells were prepared as described (Tan et al., 2015). D5, D10, D15, D20, D25, D30, D40, D50 and D60 sublines were pre-
pared following injection of DO (p° cells subcutaneously (s.c.) into Balb/c mice at 10° per animal into groups of 5-6 mice. On days 5,
10, 15, 20, 25, 30, 40, 50 and 60, mice were sacrificed, the pre-tumor lesions or tumors excised, and cells isolated from the tissue in
the presence of 6TG as described (Tan et al., 2015). The isolated cells were used to establish sublines for further study. D5-D20 AOX
cells were prepared identically, following grafting of 4T1p° AOX (DO AOX) cells into Balb/c mice. The same procedure was applied to
obtain cells derived from ATP5BX® tumors. These cells were maintained in tissue culture media supplemented with uridine (50 ng/mL)
and pyruvate (1 mM). Cells were moved into the same media without uridine/pyruvate, as indicated. B16 DP cells were derived from
tumours grown in transgenic C57BLS“9-PsR€92 mice injected with B16p° cells with blue fluorescent protein nucleus as reported
(Dong et al., 2017). The human breast cancer MCF7 and MDA-MB-231 cells, human cervical cancer HelLa cells, human osteosar-
coma 143B cells, mouse mastocytoma P815 cells and human pancreatic cancer PANC-1 cells (all from the ATCC), as well as human
pancreatic cancer PaTu8902 cells (DMSZ) were maintained in the same media as B16 cells without uridine and pyruvate.
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Evaluation of Uridine and Pyruvate Auxotrophy

Cells were seeded in 6-well plates at a density of 2.5x10° cells per well. Cells were then incubated in control RPMI medium or medium
supplemented with 1 mM pyruvate (4T1 medium) or with 1 mM pyruvate and 50 pg/mL uridine (p° medium) for 24, 48 or 72 hat 37°Ciin
5% CO,. At various time points, duplicates of cells were washed with PBS, harvested by trypsinization, and the number of cells
counted using a Casy Cell Counter (Roche).

Preparation of Cells with Knocked Out or Reconstituted Genes
To prepare DHODHX® and ATP5BX® cells, we used CRISPR/Cas9 system (Shalem et al., 2014). Guide RNAs sequences from the
GeCKO library (v2 09Mar2015) were synthesized and cloned into BsmBl-cleaved pXPR_001 vector containing the mammalian
codon-optimized Cas9 nuclease expression cassette. Parental 4T1 or B16 cells were transiently transfected using Lipofectamine
3000 (Thermo Scientific), grown for 24 h and selected by puromycin for 48-72 h, or until all non-transfected control cells were elim-
inated. Surviving cells were sorted into 96 well plates, expanded, and clones unable to grow in media lacking uridine and pyruvate (for
DHODHK® cells) or glucose (ATP5BX® cells) were selected. The absence of the targeted proteins was verified by WB. The guide RNA
sequences used were as follows: DHODH, 5'-TCA GGT ACT CGG CGT AGA AA-3’; ATP5B, 5'-CAC TGC CAC CGG GCG AAT CG-3'.
To reconstitute DHODH protein expression, the DHODH coding sequence was PCR-amplified from cDNA obtained from mouse
B16 cells. Primers used were 5'-ATA AAG AAT TCC ACC ATG GCG TGG AGA CAG CTG-3' (forward) and 5'-ATA AAG GAT CCT CAC
CTG CGG TGA TCT ACT C-3' (reverse). Gel-purified PCR product was cleaved by fast-digest EcoRIl and BamHI enzymes (Thermo
Scientific) and ligated into the pCDH-CMV-MCS-EF1-Puro lentiviral vector (System Biosciences) digested in the same way. Lentiviral
particles were produced as described (Blecha et al., 2017) and used to transduce 4T1 or B16 DHODH"® cells, followed by puromycin
selection. DHODH expression was verified by WB. To express AOX in 4T1p° cells, we used pWPI-AOX-IRES-GFP vector (a kind gift of
N.S. Chandel; Martinez-Reyes et al., 2016). Lentiviral particles were produced as above and transduced cells were selected by sort-
ing for GFP. To express AOX in B16p° cells, we used lipofectamine transfection as described above, as lentiviral transduction was
ineffective in these cells. Transfected cells were grown for 10 days, and selected by two rounds of sorting for GFP.

Mitochondrial Membrane Potential and Mitochondrial Superoxide Evaluation

To assess AW, ;, cells were seeded at 80,000 per mL in 96-well plates and allowed to recover for 24 h. Tetramethylrhodamine ethyl
ester (TMRE) at 50 nM was added to all wells and incubated for 30 min prior to analysis by flow cytometry (FACScalibur, Becton Dis-
kinson). Prior to analysis, control cells were also pre-treated with 1 pM of carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) for 10 min.

Mitochondrial superoxide was assessed in cells seeded at 80,000 per well in a 96-well plate and incubated with 5 uM MitoSOX for
90 min at 37°C. Fluorescence was assessed at the excitation of 510 nm and emission of 580 nm in a Biotek Cytation 3 microplate
reader (Biotek Instruments). Mitochondrial superoxide production was further stimulated by incubation with 1 uM antimycin A for
90 min, and MitoSOX fluorescence was measured under the same conditions.

Evaluation of ATP Level, Glucose Uptake and Lactate Formation

ATP was determined in cells seeded at 10* per well in 96-well plates in media containing either 4.5 g/L glucose and 50 mM or no 2DG
using a luciferase-based assay (CellTiter-Glo Luminescent Assay, Promega). Results were normalised to the total protein level in cell
lysates assessed by the bicinchoninic acid (BCA) method.

For glucose uptake, cells were pre-incubated in low-glucose (1 g/L) RPMI medium for 24 h at 37°C and 5% CO,, followed by 15 min
incubation in normal DMEM (4.5 g/L glucose) in the presence of 50 uM 2-nitrobenzodeoxyglucose (Life Technologies); glucose up-
take was then analysed by flow cytometry.

For lactate evaluation, cells were seeded at 10° per well in 96-well plates. Aliquots of the medium were used for the analysis of
lactate using a colorimetric kit (Trinity Biotech) following 24 h incubation. Results were normalised to the total protein level in cell
lysates.

Evaluation of NADH/NAD"* Ratio

Oxidized and reduced nicotinamide adenine dinucleotides (NAD* and NADH, respectively) were assessed in cells seeded at 1.5 x 10*
per well in white-walled 96-well plates using the bioluminescent NADH/NAD* Glo Assay (Promega). Luminescence intensity was ac-
quired with a Tecan Infinite M200 Microplate Reader.

Analysis of Coenzyme Q

Cells were grown in 60 mm culture dishes, washed with PBS and scraped. Pellets were collected in conical-bottom cryotubes filled
with argon and stored in liquid nitrogen. During the procedure, all solutions used were bubbled with argon and all sample preparation
steps were carried out under an atmosphere of argon. Vials containing the cells were centrifuged briefly (1 min) at 800 rpom and 4°C,
before 100 uL the HES buffer containing protease inhibitors (10 mM Hepes pH 7.4, 250 mM sucrose, 1 mM EDTA, 100 uM DTPA and
1:50 protease inhibitors) were added. Cell lysate (90 uL) was then added to 2 mL methanol containing 0.02% acetic acid, followed by
10 mL Milli Q water-washed hexane, mixed vigorously for 30 sec and the mixture centrifuged for 5 min at 900 x g and 4°C. The re-
sulting hexane layer was removed, evaporated under vacuum using a rotary evaporator, the vacuum released under argon, and
the residue re-dissolved in 140 uL argon-flushed solvent mixture (73.375% ethanol, 22.5% methanol, 3.75% isopropy! alcohol,
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0.375% MilliQ water and 5 mM LiClO,4.3H,0). The re-dissolved lipids (100 pL) were subjected to isocratic HPLC performed using a
C18 column (Supelcosil 250 x 4.6 mm, 5 um; Supelco, Sigma-Aldrich) with guard column eluted with 65% ethanol, 30% methanol,
3% isopropyl alcohol and 2% ammonium acetate (1 M, pH 4.4) at 1 mL/min, with mobile phase being bubbled gently with a stream of
argon gas. CoQg/CoQ;¢ and CoQgH»/CoQ4oH, were determined by HPLC with coulometric multi-electrode electrochemical detec-
tion (CoulArray, Thermo Fisher Scientific), with the oxidation and reduction potentials set at +700 and -700 mV, respectively, and the
gain range set at 100 nC. The concentrations of all analytes were determined from calibration curves generated using authentic stan-
dards of CoQg and CoQ1 (Sigma-Aldrich). Standards of CoQgH» and CoQ+¢H» were prepared from CoQg and CoQ, respectively,
by reduction with sodium borohydrate (Frei et al., 1990). Concentrations of CoQg, CoQ49, CoQgH,» and CoQ4oH, were determined by
UV-VIS spectrophotometry (Agilent Technologies Cary 100 UV-VIS) using €575 nm for CoQg and CoQ1o of 14,700 and 14,240 M~ 'cm ™",
respectively, and €sg0 nm for CoQgH, and CoQ1oH» of 4,120 and 4,010 M~ 'em ™", respectively (Podda et al., 1999).

Evaluation of Respiration and Glycolysis

As relevant, the high-resolution Oxygraph-2k respirometer (Oroboros) and the Seahorse XF96 Extracellular Flux Analyzer (Agilent
Technologies) were used. Routine, Cl- and ClI-dependent respiration was assessed as published (Boukalova et al., 2016; Rohlenova
et al., 2017). DHODH-dependent respiration was carried out as follows. In brief, cells were trypsinized, washed with PBS, re-sus-
pended at 2x1 0° cells per mL of the Mir05 medium (0.5 mM EGTA, 3 mM MgCl,, 60 mM K-lactobionate, 20 mM taurine,
10 mM KH,POy4, 110 mM sucrose, 1 g/L essentially fatty acid-free bovine serum albumin, 20 mM Hepes, pH 7.1 at 30°C) and trans-
ferred to the chamber of the Oxygraph-2k instrument (Oroboros). Respiration measurements were performed at 37°C. Cells were
permeabilized with 5 ug digitonin per 10 cells and a Cl inhibitor (0.3 tM rotenone) was added prior to the addition of the substrate.
DHODH-mediated respiration was assessed by subtracting the residual respiration rate remaining after addition of 30 uM lefluno-
mide from the respiration rate in the presence of 1 mM dihydroorotate (DHO), 3 mM ADP, and 10 uM cytochrome c.

For evaluation of Cl-, Cll- and DHODH-dependent respiration in tumors, freshly excised tissue was weighed, homogenised in a
PBI-Shredder (Oroboros), re-suspended in Mir05 medium and transferred to the chamber of the Oxygraph-2k instrument. The total
oxygen consumption was monitored in the absence and presence of specific inhibitors and substrates of Cl (rotenone or glutamate/
malate/pyruvate, respectively), Cll (malonate or succinate, respectively) and DHODH (leflunomide and DHO, respectively). Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) was titrated to obtain maximal uncoupled respiration rate. Residual oxygen consumption
after antimycin A addition was subtracted from all results to obtain mitochondria-specific rates.

The Seahorse XF96 Extracellular Flux Analyzer was used for assessment of both cellular oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) as described (Deus et al., 2017). Cells were seeded in XF96 cell culture microplates at
8x10* per well in standard culture media. After 24 h, the medium was replaced by serum-free RPMI containing 5 mM glucose,
1 mM pyruvate, and 50 ng/mL uridine of the Mitostress kit and without supplementation for the Glycostress kit, with pH adjusted
to 7.4. Cells were incubated at 37°C for 30 min to allow the temperature and pH of the medium to reach equilibrium before measure-
ment. The assay protocol for mitochondrial respiration consisted of consecutive injection steps in which 1 uM oligomycin, 1 utM
FCCP, and the combination of 0.5 uM rotenone and 0.5 pM antimycin A were added. For glycolytic measurements, 10 mM glucose,
1 uM oligomycin, and 50 mM 2-deoxy-D-glucose (2DG) were consecutively added. OCR and ECAR measurements were made using
the 3 min mix and 5 min measure cycle. Results were analyzed by the XF Stress Test Report Generators (Agilent Technologies). The
results were normalized to cellular protein.

DHODH Activity Assay

DHODH activity measurements were performed using a modified protocol according to Yin et al. (2017). In brief, cells were collected,
washed with PBS, re-suspended in potassium phosphate buffer (0.1 M, pH 7.0) and lysed using three freeze-thaw cycles; the lysates
were incubated in the solution of 160 mM K>CO3-HCI (pH 8.0), 400 uM DHO, 80 uM decylubiquinone at 37°C for 60 min. The reference
sample was kept on ice. The reaction mixture was supplemented with 20 mM K5;CO3, 2 mM K;z[Fe(CN)g] and 1 mM 4-(trifluorome-
thoxy)benzamidoxime (4-TFMBAO), and heated at 80°C for 4 min. The reaction was stopped by cooling on ice and fluorescence in-
tensity was measured using the Infinite M200 plate reader (Tecan); the excitation and emission wavelengths were 320 nm and
420 nm, respectively. The calibration curve was plotted using lysate-free samples containing 0.5, 0.75 and 1 uM orotic acid.

Cell-Cycle Analysis
For cell-cycle analysis, cells grown in medium without uridine for 48 h were pre-treated with 10 uM BrdU for 30 min 37°C, harvested
and fixed with 500 pL of cold 80% EtOH added drop-wise during shaking, and incubated at -20°C. EtOH was then removed and
2M HCI was added for 30 min (room temperature) to denaturate DNA. HCI was removed and the pellet neutralised with 0.1M
disodium tetraborate (pH 8.5) for 1 min. Cells were then incubated for 1 h with anti-BrdU-FITC IgG (BD Biosciences; 0.5 ng/mL of
PBS) in the dark. Finally, cells were re-suspended in 150 pL of PSB containing 2.5 pg/mL propidium iodide and analysed by flow
cytometry.

To assess G2 arrest, cells were grown in medium without uridine for 48 h and then treated with nocodazol (1 pg/mL) for 16 h. Cells
(5x10% re-suspended in 60 uL PBS were as above. After fixation, EtOH was removed and cells were re-suspended in 150 pL of PSB
containing 2.5 pg/mL of propidium iodide and analysed by flow cytometry.
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Western Blotting

Cells were lysed in the RIPA buffer supplemented with the Complete Protease Inhibitor Cocktail (Roche) and the Phosphatase Inhib-
itor Cocktail (Sigma-Aldrich). The lysate was cleared by centrifugation and total protein determined. 50 pg of total protein were
resolved by SDS-PAGE and transferred to nitrocellulose membranes, which were then probed with the following antibodies: anti-
TFAM IgG HPA040648, anti-mtSSB IgG HPA002866, anti-ATP5B IgG HPA001520 (all Sigma), anti-POLG IgG PA5-35163, anti-cyclin
E IgG MA5-14336, anti-mtCO4 IgG PA5-29992 (all Thermo Fisher Scientific), anti-UMPS IgG sc-398086 (Santa Cruz Biotechnology),
anti-CAD IgG 93925, anti-p(S1859)-CAD IgG 12662 (both Cell Signaling), anti-NDUFS3 I1gG ab110246, anti-NDUFA9 IgG ab14713,
anti-mtCO1 1gG Ab14705, anti-SDHB IgG ab14714 (all Abcam); anti-DHODH IgG was either from Santa Cruz Biotechnology
(sc-166348) or from Proteintech (14877-1-AP).

Native Blue Gel Electrophoresis (NBGE)

NBGE was accomplished basically as published (Wittig et al., 2006). In brief, mitochondria were isolated using a Balch-style homog-
enizer as detailed elsewhere (Schmitt et al., 2013; Blecha et al., 2017). Digitonin-solubilised mitochondria were separated on
NativePAGE Novex Bis-Tris 3%-12% gradient gels. After electrophoresis, the gels were incubated in transfer buffer containing
0.1% SDS for 10 min and proteins were transferred to PVDF membranes probed with specific antibodies against complex | (NDUFA9,
ab14713, Abcam; or NDUFBS8, ab110242, Abcam), Cll (SDHA, 14715, Abcam), CIll (Core2, ab14745, Abcam), CIV (COXVa,
ab110262, Abcam) and CV (ATP5A, ab14748, Abcam; or ATP5B, HPA001520, Sigma Aldrich), and VDAC1 (ab15895, Abcam) or
HSP60 (12165S, Cell Signaling) as the loading control.

DNA Sequencing

Total DNA containing mtDNA was isolated via the DNAzol reagent (MRC) according to manufacturer’s instructions. Full-length
mtDNA was sequenced by amplifying ten 1.8 kb dsDNA PCR products using the 5x HOT FIREPol Blend Master Mix with 10 mM
MgCI2. PCR products were separated on agarose gels to confirm the specificity of the reaction and were purified using the DNA
clean-and-concentrator kit (Zymoresearch). Purified products (200 to 400 ng) were combined with water and 0.5 pL of 100 pM primer
stocks to yield 10 pL sequencing reaction mixture. Classical Sanger sequencing was performed via GACT Biotech sequencing ser-
vice, and the resulting sequences aligned using the SeqManPro suite from the DNASTAR Lasergene 11 software.

mtDNA Level Assay

Total DNA was extracted using the AquaPure Genomic DNA Isolation Kit (BioRad). 50 ng of DNA was diluted with water to 4.5 uL, and
0.5 uL of the combined 10 uM forward and reverse primers added (for mtDNA, mMito1 primers; for nDNA mB2M1 primers; see
Table S2 for sequences of primers) and 5 uL of 2xRT? SYBR Green gPCR Mastermix (Qiagen) added. The reaction was run on
the Eco gPCR System (lllumina) with the following setting: one cycle of 50°C for 2 min; one cycle of 95°C for 10 min; 40 cycles of
95°C for 15 s and 60°C for 1 min.

Quantitative Real-Time (Reverse Transcription) PCR
RNA was obtained in triplicate from 4T1- and 4T1p°- derived sublines using the RNeasy Mini Kit (Qiagen). The Revertaid First-Strand
Synthesis System plus random hexamer primers (Fermentas) were used to reverse-transcribe total RNA into cDNA. Primers specific
for all mitochondrial and nuclear encoded genes (see Table S2 for sequences of primers) were then assessed with 2x EvaGreen
(Solis BioDyne) using the Eco gPCR System. Target genes were normalized to the housekeeping gene GAPDH, and change in
gene expression was determined using the AACt method.

Single Cell qPCR

Single cell samples were obtained by automated FACS sorting (Influx, BD Biosciences). The cell suspension was filtered and nuclei
stained with DAPI to identify viable cells. Individual cells were placed in 96 well plate at 1 cell per well containing 5 ul of nuclease-free
water supplemented with 1 pg/ul BSA (ThermoFisher). The plate was sealed and placed on dry ice until use. Positive samples con-
tained 100 sorted cells. Negative controls were medium only. For mtDNA analysis 80% of cell lysate was used (4 pl) in 10 ul of gPCR
reagent following the manufacturer's recommendations using Grandmastermix for probes (TATAA Biocenter) supplemented with
400 nM primers, 200 nM probes (Sigma Aldrich) (for sequences see Table below). We used the CFX 96 (BioRad) thermocycler as
follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, 57°C for 30 s with signal acquisition. Cq values were obtained using the subtracted
baseline curve fit and the common threshold method with manual setting in the CFX manager 3.1. Data were analysed with Genex
(MultiD) according to the MIQE guidelines (Bustin et al., 2009).

Table. Primer and probe sequences used in sc/qPCR. Capital letters indicate LNA
bases; polymorphism is shown in gray.

m_4T1_12S_Fw cttggtgatagctggtta
m_4T1_12S_Rv ggcctacaatggttaaaag
m_4T1_12S_mut_HEX (parental 4T1) aataGtgAaCaAttAaCaAaaca
m_4T1_12S_WT_FAM (host mouse) aataGtgAaTaAttAaCaAaaca
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The annealing temperature for the 12S qPCR assay was optimized using a gradient run, validation of the FACS direct lysis for
mtDNA was performed using 2-fold “serial dilution” sorting of 1, 2, 4, 8 up to 1024 cells per well and showed good linearity up to
128-256 cells (data not shown). Positive controls of 100 host cells, including all single cell samples showed no or negligible quanti-
fication of parental mtDNA. No template controls (NTC) as well as 4T1p° cells were negative.

mTRIP Analysis

The fluorescence in situ hybridization analysis mTRIP (mitochondrial Transcription and Replication Imaging Protocol) was performed
and analysed as previously described (Chatre and Ricchetti, 2013). Experiments were performed in the presence of proteinase K that
reveals mitochondrial nucleic acids unmasked from proteins. Briefly, the mtDNA probes were labeled by nick translation of PCR
products, incorporating either Atto488-dUTP or Atto550-dUTP (Jena Bioscience), using the commercial kit Atto488/Atto550 Nick
Translation Labeling kit (Jena Bioscience. Mitochondrial coordinates of mREP correspond to the non-coding region 446-544, which
is labelled when initiation of mtDNA replication is activated, and mTRANS to the coordinates of three distinct probes (1905-2866,
which covers part of 16S rDNA; 7400-8518, which extends from CO/ end to ATP8; and 13416-14836 from ND5 end until the beginning
of CYTB). Cells were cultured on slides, fixed, permeabilized, and denaturated with formamide. Cells were treated with 5ug/mL of
proteinase K for 5 min at 37°C, then hybridized with the mREP and mTRANS probes for 16 h at 37°C. DNA was counterstained
with 10 pg/mL Hoechst 33342. Confocal acquisition was performed using a spinning-disk Perkin-Elmer Ultraview RS Nipkow
Disk, an inverted laser-scanning confocal microscope Zeiss Axiovert 200M with an Apochromat 63x/1.4 oil objective and a Hama-
matsu ORCA Il ER camera (Imagopole, CiTech, Institut Pasteur). Images were acquired using non-saturating settings, and the same
imaging parameters were used for all samples. Optical slices were taken every 200-nm interval along the z-axis covering the whole
depth of the cell, at resolution of 1024/1024 pixels. All acquisitions were post-treated using the same Intensity Range (Min/Max),
Maximum Intensity Projection, and background correction using the Imaris software (Bitplane), which automatically performs pixel
averaging. Three-dimensional (3D)-reconstruction was achieved using the IMARIS software. Original 2D images generated from 3D
volume rendering were used for fluorescence quantification using a single-imaging frame collection and ImagedJ software (post-
acquisition analysis). Graphic settings were applied to 2D images for the purpose of visualization (panels in figures). For each con-
dition, one hundred 3D-reconstructed cells were analysed from three independent experiments.

Mitochondrial Chromatin Immunoprecipitation (mitoChlP) Assay

Cells were crosslinked with 1% formaldehyde, harvested, and cell pellets frozen. Pellets were then resuspended in the ChIP lysis
buffer, sonicated for 12 min at cycles consisting of 15 s sonication at amplitude 5 (Qsonica Q700) and 30 s cooling in ice-water
bath. An aliquot of the sheared chromatin was treated with RNAse A and proteinase K, and subjected to agarose electrophoresis
to confirm correct shearing. Dynabeads were pre-absorbed with salmon sperm DNA (0.2 mg/mL) and BSA (0.5%) overnight, and
20 plL of bead slurry was combined with 5 pg of sheared chromatin and 1 uL of either anti-POLG1 IgG (Abcam, ab128899), anti-
TFAM IgG (Abcam ab131607) or non-specific rabbit IgG, and incubated overnight on a rotating platform. After extensive washing,
chromatin was eluted and treated with RNAseA and proteinase K to reverse the crosslinking, followed by purification using PCR
clean-up columns (MachereyNagel). gRT-PCR was then run using the Eva Green system (Solis Biodyne) at 95°C for 12 min, 40 cycles
of 95°C for 15 s, 60°C for 20 s, 72°C for 35 s, followed by melt curve analysis using primers for mouse mtDNA encompassing D-loop;
the binding site of POLG: mPOLG ChIP F, TGA TCA ATT CTA GTA GTT CCC AAA A; mPOLG ChIP R, ACC TCT AAT TAATTA TAA
GGC CAGG. Data were quantified against a non-specific IgG via the AACt method.

Microarray Analysis

Transcriptomic analysis of parental, DO, D5, D10, D15, D20, D25 and D60 4T1 cells was performed using a standard protocol and the
MouseGene 2.0 ST array (Affymetrix). The data are deposited under the accession number ArrayExpress: MTAB-6150 in the EBI
ArrayExpress database.

Stimulated Emission Depletion (STED) Microscopy

Cells were grown on high precision coverslips overnight, fixed with 4% paraformaldehyde for 10 min at 37°C, permeabilized with
0.05% Triton X-100, 0.05% TWEEN-20 and 0.1 M glycin in PBS, blocked with 5% normal goat serum, and incubated with primary
antibodies against DNA (PROGEN), TFAM (Abcam) or TOM20 (Santa Cruz Biotechnology). This was followed by appropriate second-
ary antibodies conjugated with Abberior STAR RED or Abberior STAR 580 (Abberior Instruments). Nuclei were labelled with Hoechst
33342 (Sigma-Aldrich). The coverslips were mounted on glass slides using Abberior Mount Liquid Antifade (Abberior Instruments).
STED images were acquired on commercial Abberior STED 775 QUAD Scanning microscope (Abberior Instruments) equipped with
Nikon CFI Plan Apo Lambda objective (60 x Qil, NA 1.40). Abberior STAR 580 and STAR RED labelled proteins were illuminated by
pulsed 561 nm and 640 nm lasers and depleted by pulsed 775 nm STED depletion laser of 2D donut. Confocal images were acquired
by illuminating the sample by cw 405 nm laser, all channels were obtained in line-interleaved acquisition mode. Fluorescence signal
was filtered (emission bandpasses: 500-550 nm, 580-630 nm and 650-720 nm; pinhole 35 um) and detected on single photon count-
ing modules (Excelitas Technologies). Z-stacks of three planes in distance of 250 nm were acquired for each channel, images were
scanned with pixel size of 25 x 25 nm and pixel dwell time 6 ps. All images were stabilized for drift, deconvolved with Huygens Pro-
fessional version software 17.04 (Scientific Volume Imaging) using Classic Maximum Likelihood Estimation algorithm and processed
by FiJi Imaged software. The maximal intensity projection of 500 nm z-stack is shown.
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Mitochondrial NADH Assessment

Mitochondrial NADH was assessed by two-photon microscopy using Zeiss LSM880 NLO inverted microscope equipped with
Chameleon Ultra Il and Compact OPO MP lasers (Coherent, Santa Clara, CA, USA) as described (Blecha et al., 2017); 3 independent
experiments were performed, with more than 150 cells per condition imaged in each experiment.

Transmission Electron Microscopy (TEM)

Cells were grown on cover-slips, fixed with 2.5% glutaraldehyde (Agar Scientific) and post-fixed with 1% OsO, made up in
Sorensen’s phosphate buffer (0.1 M, pH 7.2-7.4), dehydrated, and embedded in Epon-Durkupan (Sigma-Aldrich). Ultrathin sections
(~70-90 nm) were cut, contrasted with uranyl acetate (Agar Scientific), and examined in the Morgagni 268 transmission electron mi-
croscope (FEI) at 80 kV and in the TECNAI G2 20 LaB6 electron microscope (FEI) at 200 kV. Images were captured with Mega View llI
CCD camera (Olympus Soft Imaging Solutions) and Gatan Model 894 UltraScan 1000 camera (Gatan Incorporated).

Measurement of Dihydroorotate and Orotate

For measurement of DHO and orotate, 5x10° cells were seeded in a 100 mm cell culture dish and incubated with growth medium at
37°C in 5% CO2. After 24 h, the cells were lysed for the metabolite extraction. All the cells were washed with DPBS two times and
lysed with 2:1 methanol/chloroform mixture (total of 600 uL). The cell lysates were vortexed for 30 s, and incubated on liquid nitrogen
for 60 s. It was then thawed at room temperature and 1:1 chloroform/water mixture (total of 400 uL) was added. After that, the lysates
were centrifuged at 15,000 x g at 4°C for 30 min. The upper water phase was collected separately and evaporated using a centrifugal
evaporator. The complete dried pellet samples were stored at -80°C until mass spectrometry analysis. Liquid chromatography-mass
spectrometry (LC-MS) was done as described in Flux analysis of conversion of glutamine to UMP (see below).

Flux Analysis of Conversion of Glutamine to UMP

To evaluate UMP labeled with "3C3,"*N, (M+5), 3x10° cells were seeded in 100 mm cell culture dish with growth medium and incu-
bated at 37°C in 5% CO,. After 24 h incubation, media were changed to 1 mM L-glutamine (*3*Cs, 99%; *N,, 99%; Cambridge
Isotope Laboratories) containing medium, and the cells were labeled overnight. After that, the cells were lysed for the metabolite
extraction. The dried pellet samples were dissolved with 1:1 acetonitrile/water mixture for mass spectrometry analysis. The Agilent
1100 Series HPLC System and XBridge Amide Column (3.5 um, 4.6 mm x 100 mm; Waters) were used for the chromatography, with
20 mM ammonium acetate (pH was adjusted to 9 with ammonium hydroxide) and acetonitrile as mobile phases. APl 2000 Mass
Spectrometer with Analyst 1.6 Software (AB/SCIEX, Framingham) was used for the mass spectrometry analysis to measure
DHOA, orotate and labeled UMP.

Analysis of Aspartate and Nucleotides

To measure aspartate and other nucleotides, 5x10° cells were seeded in a 6-well cell culture dish and incubated with growth medium
at37°Cin 5% CO2. The cells were lysed with 5:3:2 methanol/acetonitrile/water mixture (total of 200 uL). The lysates were centrifuged
at 28,000 x g at 4°C for 30 min. The supernatant was collected separately and evaporated using a centrifugal evaporator. The Agilent
1290 Infinity LC System and SeQuant ZIC-pHILIC Column (5 pm, 150 mm x 2.1 mm; Merck KGaA, 64271 Darmstadt, Germany) were
used for the chromatography, with 20 MM ammonium acetate (pH was adjusted to 9 with ammonium hydroxide) and acetonitrile as
mobile phases. Agilent Technologies 6460 Triple Quad LC/MS with MassHunter Software (Agilent, United States) was used for the
mass spectrometry analysis.

In Vivo Metabolic Studies

Balb/c mice with 4T1 and 4T1p° AOX cell-derived tumors (volume of about 150 mm®) were infused with '3Cs, '°N,-GIn (Sigma-Aldrich)
according to a published protocol (Mashimo et al., 2014). Briefly, mice were anaesthetised with isoflurane and their jugular vein can-
nulated. The animals were then infused with labelled Gin at 0.28 mg/g body weight (in 0.3 mL saline) over 1 min and with Gin at
0.005 mg/g body weight (in 600 uL saline) at 200 uL/h for 180 min. After infusion, the mice were sacrificed and tumors excised. Tumor
tissue was homogenised and assessed for labelled UMP as described above.

Mutation Rates of Genes in the De Novo Pyrimidine Biosynthesis Pathway

We obtained all somatic mutations from The Cancer Genome Atlas (TCGA), which contains 11,330 patients of 33 cancer types. Mu-
tation maf files were downloaded from Firehose (http://gdac.broadinstitute.org/). The average gene expression levels (microarray
RMA, log2ratio) for all genes in cancer cells were derived from 91 CCLE (Cancer Cell Line Encyclopedia) cell lines. Cancer genes
were retrieved from CGC (cancer gene census, http://cancer.sanger.ac.uk/census COSMIC v81). To facilitate calculation of mutation
rates, we excluded those cancer genes that are affected by translocation, amplifications or large deletions. This led to 262 cancer
genes in which 67 are annotated as oncogenes, 100 as tumor suppressors. We calculated the raw mutation rate of a gene according
to the number of mutations per base pair in the coding sequence (CDS) and normalised by sample size. For comparison, we used the
mutation rates of 15,067 non-cancer genes as a background after excluding 1,090 genes lacking expression information and 2,440
putative cancer genes from CGC, uniprot oncogenes Proto-oncogenes/Tumor suppressor genes, NCG (Network of Cancer Genes)
and DISEASE. They were firstly divided into 20 bins according to gene expression levels. An error bar was then calculated for
each bin, marking 75 quantile, 25 quantile and median mutation rates, respectively. We then fitted a baseline for mutation rates of

Cell Metabolism 29, 1-18.e1-e10, March 5, 2019 e9

CellPress



http://gdac.broadinstitute.org/
http://cancer.sanger.ac.uk/census

Cell’ress

Please cite this article in press as: Bajzikova et al., Reactivation of Dihydroorotate Dehydrogenase-Driven Pyrimidine Biosynthesis Restores Tumor
Growth of Respiration-Deficient Cancer Cells, Cell Metabolism (2018), https://doi.org/10.1016/j.cmet.2018.10.014

non-cancer genes using the generalised additive model (GAM). Because different genes have different background (random) muta-
tion rates, we utilised MutsigCV, which employs a sophisticated model for estimating gene-specific and patient-specific background
mutation rate and calculating significantly mutated genes (Q-score, the smaller Q-score, the higher significance). For MutsigCV
calculation, the combined pan-cancer mutation maf file was used as input and all other input files and default options were kept.
Data analysis and visualisation were conducted in R using packages dplyr and ggplot2.

Evaluation of Cell Proliferation in Tumor Tissue

Immunohistochemistry was performed using paraffin-embedded tissue section (7 um). Sections were dehydrated, heated in citrate
buffer (70 mM, pH 6.0) for antigen retrieval, and blocked with PBS containing 10% normal goat serum (Jackson Immuno Research
Labs) and 0.1% Tween 20 (Sigma). Anti-Ki67 IgG was purchased from Cell Signaling, the secondary antibody coupled to AlexaFluor
594 from Jackson Immuno Research Labs. To detect cell nuclei, sections were mounted on histology mounting medium Fluoroshield
with DAPI (Sigma).The sections were imaging with fluorescence microscope Nikon Eclipse E400.

Evaluation of Pyruvate

The levels of pyruvate in tumor and liver tissue were measured using a colorimetric assay (Abcam) according to the manufacturer’s
instructions. In brief, serum from mice with and without tumors, and from cancer patients and healthy subjects, as well as mouse
tumor and liver tissue (10 mg) was collected, washed with cold PBS, and lysed in the pyruvate assay buffer; the supernatant was
collected by centrifugation at 20,000 x g for 5 min at 4°C. The reaction assay mixture (50 uL), prepared according to the manufac-
turer’s instructions, was then added to each well containing 50 pL of the sample. The colorimetric signal was evaluated at 570 nm
using the Tecan Infinite M200 plate reader. The following cancer patient serum was used in the analysis: colorectal cancer (7 pa-
tients), pancreatic cancer (9 patients), gastric cancer (1 patient), B-cell ymphoma (1 patient).

Formation of Syngeneic Tumors

4T1, 4T1p° (DO), D5, D10, D15 and D20 cells, DO AOX, D5 AOX, D10 AOX, D15 AOX and D20 AOX cells, DHODH"®*2 and DHODH"™®
cells, and p° AOX and ATP5BK®7 cells were injected subcutaneously (s.c.) into the right flank of female Balb/c mice at 10° cells per
animal. To examine the effect of uridine on tumor formation, 10 Balb/c mice were grafted with 10° 4T1p° cells. Two days later, uridine
(1 g/kg) was administered by intra-peritoneal injection to 5 mice 3 times per week (Peters et al., 1988), with the remaining 5 mice kept
as control animals. To examine the effect of Met, Lef and SHAM on growth of tumors derived from 4T1p° AOX cells, the respective
agent was administered by intra-peritoneal injection twice a week for 28 days as soon as USI-detectable tumors appeared in the
mice. The following dosing was used: SHAM, 200 mg/kg in 5% DMSO in corn oil; lefluomide, 20 mg/kg in corn oil containing 4%
ethanol; metformin, 125 mg/kg in PBS. Tumors were visualized and their volume precisely calculated using the USI device
Vevo770 or Vevo3100 (Fuji Film). The experiments were terminated when tumor volume reached about 1,000 mm?®. Animal studies
were performed according to the guidelines of the Australian and New Zealand Council for the Care and Use of Animals in Research
and Teaching, as well as the Czech Animal Ethics Committee, and were approved by the respective local Animal Ethics Committee.

Statistical Analysis

Unless stated otherwise, data are mean values + S.D. of at least three independent experiments. In mouse experiments, groups of 6
animals were used, unless stated otherwise. The two-tailed unpaired Student’s t test was used to assess statistical significance with
p<0.05 being regarded as significant, using GraphPad Prism software. Anova was used for multiple comparisons where applicable.
Images are representative of at least three independent experiments.

DATA AND SOFTWARE AVAILABILITY

The accession number for the microarray data reported in this paper is ArrayExpress: MTAB-6150.
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