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Supplementary Figure S1. A genome-scale shRNA screen identifies candidate metastasis-specific lethal genes
A. Gene set enrichment analysis (GSEA) of genes that lose representation in all cell line samples during in vitro culture
uncovers many known essential pathways. The pathways eliciting the most broadly lethal shRNA treatment responses are
shown.
B. An example of a broadly essential pathway. Vertical bars are genes represented in the gene set/pathway sorted by
essentiality (left: more essential) and the enrichment score is graphed above (green trace).
C. Gene ontology (GO) analysis depicts that knockdown of genes in essential pathways leads to reduced representation in
all cell lines.
D. Single shRNAs targeting known tumor suppressors are within the most enriched shRNA across all cell lines. Numbers
indicate log2 fold change in loss of representation in the late samples.
E. Top 50 genes that are specifically required for each cell line, where knockdown leads to reduced representation in each
individual cell line. Heatmaps show the Weighted Sum metric of shRNA representation for each gene after knockdown.
Panels show cell-line specific lethal genes for (from top) 368T1, 394T4, 238N1, and 482N1 respectively.
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Supplementary Figure S2. Validation of metastasis specific lethal/sick genes
A. List of candidate genes identified in the initial screen and control genes (lethal, advantageous or inert) chosen for the
secondary in vitro and in vivo screen. Genes involved in mitochondria function or metabolism are highlighted in red.
B. Comparison of representation between replicates shows high reproducibility. Each dot represents one shRNA.
C. Differential effect of each shRNA on 238N1 (Met) versus 368T1 (TnonMet) cells. The difference in the change in
representation between the Early and Late timepoint is indicated as Met-specific effect with many genes having a > 4x
greater effect in the Met cells. Each dot represents one shRNA.
D. Representation before (Early) and after (Late) 20 doubling of 482N1 cells in vivo. The representation of lethal genes
is reduced, inert genes are unchanged, and advantageous genes increase. Candidate genes have a great reduction in
representation in the in vivo (Late) cells. Each dot represents one shRNA.



Chuang et al. Supplementary Figure S3

pri
ma
ry
tum

or
me
tas
tas
is

0

10

20

30

40
C

m
ito
ch
on
dr
ia
-m

ap
pe
d
re
ad
s

[%
of
to
ta
lr
ea
ds
]

n.s.

Gene expression of all mitochondria genesBA

Lo
g2

Fo
ld
C
ha
ng

e
(M

et
/T

no
nM

et
)

Mitochondrial ribosome proteins (nuclear encoded) Mitochondria -
encoded proteins

D

Hsp90

Sdhb

mt-Co1

Atp5
Uqcrc2

T non
Me

t

T non
Me

t

T non
Me

t

Me
t

Me
t

Me
t

23
8N

1

48
2N

1

in vitro

23
8N

1

48
2N

1

in vivo

0 105-10 -5

loss of representation
(log2 )

Supplementary Figure S3. Metastasis specific effect of mitochondria-targeting
strategies.
A. Heatmap for comparing the changes of shRNA representation in the secondary in vitro
and in vivo screen for the Met cell lines 238N1 and 482N1, compared to their respective
representation in the shared "Early" samples, ranked by their highest effect on Met cell in
vitro (red). The corresponding data tables with gene/shRNA names and data values can be
found in Data Table 9.
B. RNA-sequencing analysis of TnonMet and Met cell lines for genes important for mitochondria
function shows higher expression of mitochondria encoded genes but lower expression of
nuclear encoded genes in Met cell lines compared to TnonMet cell lines.C. Interrogating the RNA-Seq dataset from Chuang et al. Nature Medicine 2017 for
mitochondria mapped reads revealed no differences between primary tumors and
metastases.
D. Western blot analysis of primary Met and TnonMet cell lines for mitonuclear imbalance. No
differences in expression of nuclear (Atp5, Uqcrc2 and Sdhb) or mitochondria encoded (mt-
Co1) genes could be observed between TnonMetand Met cell lines.



Chuang et al. Supplementary Figure S4

H I

J

re
la
tiv
e
de
po
la
riz
at
io
n

[a
.u
.]

0.5

1.0

0

re
la
tiv
e
de
po
la
riz
at
io
n

[a
.u
.]

re
la
tiv
e
R
O
S
pr
od
uc
tio
n

no
rm

al
iz
ed

to
co
nt
ro
l[
a.
u.
]

K

0.5

1.0

0
un
tre
ate
d

DM
SO Do
x

EtB
r

un
tre
ate
d

DM
SO Do
x

Do
x

Ph
enEtB
r

Do
x

Ph
enEtB
r

0.0

0.5

1.0

1.5

re
la
tiv
e
R
O
S
pr
od
uc
tio
n

no
rm

al
iz
ed

to
co
nt
ro
l[
a.
u.
]

0.0

0.5

1.0

1.5

EtB
r

Un
tre

at
ed

DM
SO

Do
xic

yc
lin

Et
hi
di
um

br
om

id
0.0

0.5

1.0

Primary 24h treatment

Un
tre

at
ed

DM
SO

Do
xic

yc
lin

Et
hi
di
um

br
om

id
0.0

0.5

1.0

Metastasis 24h treatment

TnonMet

TnonMet

Met

Met

40

20

0

T no
nM
et

Me
t

Fa
tty

ac
id
ca
pa
ci
ty
[%

]

FE

80

100

60

40

20

0

T no
nM
et

Me
t

Fa
tty

ac
id
de
pe
nd
en
cy

[%
]

G

80

100

60

n.s. n.s.

Ethidiumbromide

0 2 4 6 8

0.5

1.0

Doxycycline Phenformin 1%O2

re
la
tiv
e
re
pr
es
en
ta
tio
n

M
et
/T
no

nM
et

re
la
tiv
e
re
pr
es
en
ta
tio
n

M
et
/T
no

nM
et

0 2 4 6 8

0.5

1.0

re
la
tiv
e
re
pr
es
en
ta
tio
n

M
et
/T
no

nM
et

0 2 4 6 8
0

0.5

1.0

A B C

00

time [days] time [days] time [days]

Erk1/2
Thr202/Tyr204

Erk 1/2

Akt
Ser473

Akt

p38 Mapk
Thr180/Tyr182

p38 Mapk

Ampk
Thr172

Ampk

S6 Ribosomal Protein
Ser235/236

S6 Ribosomal Protein

MetMet TnonMetTnonMet

Ctr
l

Ctr
l

Ctr
l

Ph
en

Ph
en

Ph
en

Ph
en
Ctr
l

M

GapDH

L

Hsp90

Sdhb

mt-Co1

Atp5a
Uqcrc2

Ctr
l

Do
x

EtB
r
Ctr
l

Do
x

EtB
r

TnonMet Met

time [days]

FCCP
Ethidiumbromide

Doxycycline
Phenformin

0
0 2 4 6 8

re
la
tiv
e
re
pr
es
en
ta
tio
n

M
et
/T
no

nM
et

0.5

1.0

D
T no

nM
et

Me
t

EC
AR

[m
ph
/m
in
/1
00
0]

20

10

0

40

30

*

#3 394+482 Hypoxy

time [d]

M
et

/T
no

nM
et



20 40 60 80

re
la
tiv
e
gr
ow

th
[a
.u
.]

re
la
tiv
e
gr
ow

th
[a
.u
.]

ga
p
cl
os
ur
e
[%

]

O
394T4 - TnonMet

normoxia and pH 7.4

N

0
0.00

0 0

50

100

0.05

0.10

0.15

0.20

394T1

control

phen 200 µM

time (h)

re
la
tiv
e
gr
ow

th
(a
.u
.)

EtBr 50ng/ml

Dox 15µg/ml

368T1 - TnonMet482N1 - Met

0 20 40 60 80
0.00

0.05

0.10

0.15

0.20

0 20 40
0.00

0.05

0.10

0.15

0.20

re
la
tiv
e
gr
ow

th
[a
.u
.]

0 20 40 60 80
0.00

0.05

0.10

0.15

0.20

re
la
tiv
e
gr
ow

th
[a
.u
.]

P Q

R

238N1 - Met

60 80

482N1

control
phen 200 µM

hours

EtBr 50ng/ml

Dox 15µg/ml

368T1

control
phen 200 µM

hours

EtBr 50ng/ml

Dox 15µg/ml

238N1

hours

57
9T
1

39
4T
4

36
8T
1

48
2N
1

23
8N
1

57
9D
LN

ga
p
cl
os
ur
e
[%

]

hypoxia and pH 7.4

0

50

100
T

57
9T
1

39
4T
4

36
8T
1

48
2N
1

23
8N
1

57
9D
LN

ga
p
cl
os
ur
e
[%

]

normoxia and pH 6.5

50

100
S

57
9T
1

39
4T
4

36
8T
1

48
2N
1

23
8N
1

57
9D
LN

36
8T

1
39

4T
4
57

9T
1
23

8N
1
48

2N
1

57
9D

LN
0

50

100

Normoxia/Acidosis

G
ap

cl
os

ur
e

[%
]

ga
p
cl
os
ur
e
[%

]

hypoxia and pH 6.5

0

50

100
U

V W

57
9T
1

39
4T
4

36
8T
1

48
2N
1

23
8N
1

57
9D
LN

Met
TnonMet

Met
TnonMet

Met
TnonMet

Met
TnonMet

10

0

30

20

40

50

57
9D

LN

re
la
tiv
e
ar
ea

in
cr
ea

se
fro

m
da

y
1
to

da
y
8
[a
.u
.]

57
9T

1

day 1 day 8

57
9T
1

39
4T
4

36
8T
1

48
2N
1

23
8N
1

Met
TnonMet

57
9D
LN

Chuang et al. Supplementary Figure S4 continued



Supplementary Figure S4. Metastasis cell lines are more susceptible to mitochondria targeting therapy due to
altered mitochondria functionality.
A-C. In vitro competition assay of Met (238N1) and TnonMet (368T1) cell lines treated with 50ng/ml ethidium bromide (A),
15µg/ml doxycycline (B), or 200 µM phenformin (C) shows higher treatment effect on Met cells. Data normalized to
untreated control; one representative experiment of at least three independent experiments tested in triplicate is shown.
Error bars indicate S.D.; if the error bar is missing, the symbol was larger than the error bar.
D. In vitro competition assay of Met (482N1) and TnonMet (394T4) cell lines under 1% oxygen conditions treated with 50ng/
ml ethidium bromide, 15 µg/ml doxycycline, 200 µM phenformin, or 2 µM FCCP shows higher treatment effect on Met
cells. Data normalized to untreated control; one representative experiment of at least three independent experiments
tested in triplicate is shown. Error bars indicate S.D.; if the error bar is missing, the symbol was larger than the error bar.
E. Seahorse analysis of Met and TnonMet cell lines (n = 3 each) to measure oxygen consumption rate. Met cell lines show
higher ECAR (extracellular acidification rate) indicating higher use of gylcolysis in Met cells. Three independent
experiments measured in quadruplicate, one representative experiment is shown. Error bars indicate SEM.
F, G. Seahorse MitoFuelFlexTest analysis of Met and TnonMet cell lines (n = 3 each) to measure fuel capacity and
dependency. Both TnonMet and Met cells do not seem to fuse or rely on fatty acids as a fuel source. p > 0.05, error bars
indicate SEM.
H, I. JC1 staining of Met (H, n = 2) and TnonMet (I, n = 2) cell lines to measure relative depolarization by flow cytometry after
treatment with DMSO, doxycycline (Dox) or ethidium bromide (EtBr) normalized to untreated control. No significant
differences upon treatment could be observed. Error bars indicate SEM.
J, K. Reactive oxygen species (ROS) staining of TnonMet (J) and Met (K) cell lines to measure relative ROS production by
flow cytometry after treatment with ethidium bromide (EtBr), doxycycline (Dox) or phenformin (Phen) normalized to
untreated control. One representative cell line in 3 independent repeats is shown, tested for 2 cell lines each. Error bars
indicate SEM.
L. Western blot analysis of primary Met and TnonMet cell lines for mitonuclear imbalance after 24 hours of treatment with
control, doxycycline (Dox) or ethidium bromide (EtBr). No differences in expression of nuclear (Atp5, Uqcrc2 and Sdhb)
or mitochondria encoded (mt-Co1) genes could be observed between TnonMet and Met cell lines. One representative blot
is shown, tested for 3 cell lines each.
M. Western blot analysis of primary Met and TnonMet cell lines for differential changes in signaling pathways due to
phenformin (phen) treatment for 24 hours. No differences in expression levels between TnonMet and Met cell lines could be
detected. One representative blot out of three blots is shown, tested for 2 cell lines each.
N-Q Cell viability analysis with PrestoBlue assay. Cells were either treated with vehicle (black line), 200 µM phenformin
(pink line), 50ng/ml ethidiumbromide (green line), or 15µg/ml doxycycline (blue line). No significant differences could be
detected between the treated cells and their respective untreated controls. Two TnonMet (N,P) and two Met (O,Q) cell
lines were analyzed each tested in triplicate, each in three independent experiments. Error bars indicate SEM.
R-U. Analysis of migration in Met and TnonMet cells at normoxic (R,S) and hypoxic (1 % O2, T,U) conditions as well as at
physiological (pH 7.4; R,T) or acidic (pH 6.5, S,U) conditions. Three independent experiments measured in triplicate,
one representative experiment each is shown. Error bars indicate SEM.
V, W. Analysis of sphere forming capacity in TnonMet and Met cells. (V) Exemplary pictures of one TnonMet and one Met
cell line on day 1 and day 8 of 3D sphere culture. (W) Quantification of growth in diameter from day 1 to day 8; One out
of three independent experiments performed in triplicate for each three Met and three TnonMet cell lines is shown. Errorbars indicate SEM.
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Supplementary Figure S5. Mitochondria of metastasis in in vivo mouse models of lung cancer have reduced
functionality and are a target for anti-metastatic treatment.
A-C. Mice were subcutaneously injected with a metastatic lung cancer cell line and treated with either doxycycline (1 mg/kg i.p.,
n = 8 mice) or vehicle control (n = 8 mice) daily starting 9 days after injection. 29 days after injection, lungs were harvested and
analyzed by fluorescent stereomicroscope (A, upper panel, scale bar = 1 mm) and H&E staining (A, lower panel, scale bar = 50
µm). (B) Primary tumor weight was slightly reduced in docycycline-treated animals. (C) The percent of Tomatopositive cancer cells
was reduced in 6 out of 8 doxycycline-treated animals. Each dot represents one sample, the red line indicates the median.
D, E. 579DLN Met cells were pretreated in vitro with phenformin (in vitro phen: 200 µM) or vehicle control for 48 hours and then
intravenously injected into recipient mice. Mice were then treated with either phenformin (in vivo phen: 100 mg/kg p.o., n = 5 mice
per group) or vehicle control (n = 3 or 5 mice, respectively) daily starting at the day of injection. 3 days after injection, lungs were
harvested and analyzed by fluorescent stereomicroscope (D, upper panel, scale bar = 1 mm), H&E staining (D, middle panel,
scale bar = 50 µm), and IHC for Tomato and BrdU (D, lower panel, scale bar = 50 µm) and flow cytometry (E). The percentage of
Tomatopositive cancer cells in the lungs was significantly reduced upon pretreatment with phenformin (E, * p < 0.05, n.s. p > 0.05).
Each dot represents one sample, the red line indicates the mean.
F. Analysis of apoptosis induction in two Met cell lines used for the in vivo transplantation experiments after treatment with
phenformin (200 µM) or control. Three independent experiments measured in triplicate, one representative experiment is
shown. Error bars indicate SEM.
G. Analysis of anoikis induction in two Met cell lines used for the in vivo transplantation experiments after treatment with
phenformin (200 µM) or control. Three independent experiments measured in triplicate, one representative experiment is
shown. Error bars indicate SEM.
H, I. 579DLN Met cells were pretreated in vitro with phenformin (200 µM), doxycycline (15 µg/ml), FCCP (2 µM), or vehicle control
for 48 hours and then intravenously injected into recipient mice. 3 days after injection, lungs were harvested and analyzed by
fluorescent stereomicroscope (H, upper panel, scale bar = 1 mm) and H&E staining (H, lower panel, scale bar = 100 µm) and flow
cytometry (I). The percentage of Tomatopositive cancer cells in the lungs was significantly reduced upon pretreatment with
phenformin (p = 0.0002). Each dot represents one sample, the red line indicates the mean.

H I
vehicle phenformin doxycycline FCCP

H&E

Tomato

To
m
at
op

os
iti
ve
ca
nc
er

ce
ll/
lu
ng

[%
]

ve
hic
le

ph
en
for
mi
n

do
xy
cy
cli
ne

FC
CP

0.0

0.5

1.0

1.5

2.0

Chuang et al. Supplementary Figure S5 continued


