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SUMMARY
The presence of BRAFV600E in colorectal cancer (CRC) is associated with a higher chance of distant metas-
tasis. Oxidative stress in disseminated tumor cells limits metastatic capacity. To study the relationship be-
tween BRAFV600E, sensitivity to oxidative stress, and metastatic capacity in CRC, we use patient-derived or-
ganoids (PDOs) and tissue samples. BRAFV600E tumors and PDOs express high levels of glutamate-cysteine
ligase (GCL), the rate-limiting enzyme in glutathione synthesis. Deletion of GCL in BRAFV600E PDOs strongly
reduces their capacity to form distant liver and lung metastases but does not affect peritoneal metastasis
outgrowth. Vice versa, the glutathione precursor N-acetyl-cysteine promotes organ-site-specific metastasis
in the liver and the lungs but not in the peritoneum. BRAFV600E confers resistance to pharmacologically
induced oxidative stress in vitro, which is partially overcome by treatment with the BRAF-inhibitor vemura-
fenib. We conclude that GCL-driven glutathione synthesis protects BRAFV600E-expressing tumors from
oxidative stress during distant metastasis to the liver and the lungs.
INTRODUCTION

Colorectal cancer (CRC) is a highly heterogeneous disease con-

sisting of multiple genetic and molecular subtypes1 and remains

one of the prime causes of cancer-related mortality in the West-

ern world.2 One specific amino acid substitution in the BRAF

proto-oncogene (V600E) causes constitutive activation of its

kinase domain and accounts for more than 80% of the BRAF

mutations in CRC.3 Importantly, the presence of BRAFV600E in

CRC is associated with an increased risk of mortality due to

distant metastasis.4 By contrast, non-V600 BRAF mutations

are associated with a better survival in CRC, possibly relating

to their lower impact on downstream activation of the MAPK

pathway when compared with BRAFV600E.5–8

The molecular underpinnings of the aggressive behavior of

BRAFV600E CRC remain largely unclear.9 An emerging theme in

metastasis research is the notion that reactive oxygen species

(ROS) play an important role during dissemination and metasta-

tic colonization. Oncogenic transformation is generally associ-

ated with increased ROS production, which may contribute to

establishment of the transformed phenotype.10–14 However,

ROS levels are further elevated following the detachment of tu-

mor cells from neighboring cells15,16 and from the extracellular

matrix.17 The resulting oxidative stress is an important barrier

for metastasis formation.15–24 The formation of liver metastases
C
This is an open access article und
by CRC cells depends on glutathione (GSH)-mediated neutrali-

zation of oxidative stress.18,21 The first and rate-limiting step of

GSH biosynthesis is catalyzed by glutamate-cysteine ligase

(GCL).25 GSH neutralizes H2O2 and other peroxides via the ac-

tion of GSH peroxidases (GPXs), and it detoxifies harmful elec-

trophiles through GSH-S-transferases (GSTs). The heteroge-

neous nature of CRC raises the questions of if the capacity of

CRC cells to cope with increased ROS production during metas-

tasis is context dependent and if it is influenced by genetic back-

ground. In the present study, we have used a large collection of

tissue specimens from patients with metastatic CRC, a panel of

patient-derived organoids (PDOs), and PDO-initiated metastasis

models in mice to address these questions.

RESULTS

BRAFV600ECRCdisplays increased levels ofGCLCandof
reduced GSH
To start exploring a potential relationship between the reductive

capacity of tumor cells and specific genetic alterations in CRC,

we employed a series of PDOs (Table S1) and assessed the

expression of a series of key redox-regulating genes in them.

GSH synthetase (GS), GPX2, the catalytic and modifier subunits

of glutamate-cysteine ligase (GCLC and GCLM), thioredoxin

reductase (TXNRD1), and activated (phosphorylated) NRF2.
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Comparison of the driver mutations in each of the PDOs with

expression of these factors revealed that expression of GCLC

protein, the catalytic subunit of the rate-limiting enzyme in

GSH synthesis, correlated with the presence of BRAFV600E

(Figures S1A and 1A). No other correlations were identified.

The levels of reduced GSH showed a significant correlation

with GCLC protein levels among PDOs (Figure 1B). In addition,

PDOs with BRAFV600E expressed the highest levels of GCLC

and contained the highest levels of reduced GSH when

compared with wild-type or KRAS-mutant PDOs (Figures 1B,

S1B, and S1C).

The V600E mutation in BRAF causes constitutive activation of

its kinase activity and this can be inhibited with BRAF inhibitors

like vemurafenib. Vemurafenib treatment of BRAFV600E PDOs

caused a dose-dependent reduction of GCLC protein levels

and inhibition of downstream MEK and ERK1/2 phosphorylation

in 4 independent BRAFV600E PDOs (Figures 1C and 1D). To

assess the clinical relevance of the association between GCLC

expression and the presence of BRAFV600E, we measured

GCLC protein expression in a large cohort of metastatic CRC

with driver gene mutation data and mismatch repair status

(Table S2)26,27 by immunohistochemistry using a tissue microar-

ray (TMA). The specificity of the antibody was assessed by

immunohistochemistry (IHC) analysis of GCLC expression on

experimental GCLC-knockout tumors (see Figures S3A and

S3B). GCLC expression in CRC was highly variable (Figure 1E).

Driver gene mutation analysis revealed that only the presence

of BRAFV600E was significantly positively correlated with high

GCLC expression (Figure 1F). To establish the potential direct ef-

fect of BRAFV600E on GCLC expression, we transduced 2 wild-

type PDO lines (Tor20 and Tor18T) with a lentiviral vector driving

expression of GFP (control) or GFP and BRAFV600E. Expression

of BRAFV600E caused constitutive activation (phosphorylation)

of its downstream targets MEK and ERK1/2 (Figure 1G) and

increased expression of GCLC in both PDOs (Figure 1G).

GSH synthesis promotes organ-site-specific metastasis
formation in BRAFV600E CRC
The presence of BRAFV600E in CRC is associated with an

increased chance of distant metastasis formation. To investigate
Figure 1. BRAFV600E CRC displays increased levels of GCLC and of red

(A) Immunoblot analysis of GCLC, phospho-ERK1/2 (p-ERK1/2), total ERK1/2, an

patient-derived organoid (PDO) lines. ^ indicates KRAS or NRAS-mutant PDO lin

wild type (WT) for RAS/BRAF. Data are representative of three independent exp

(B) Correlation between intracellular glutathione levels and GCLC protein expressi

dots mark BRAFV600E-mutant PDOs. RLU, relative luminescence unit; AU, arbitrar

represents the mean of three technical replicates of each experiment. R squared

(C) Immunoblot analysis of GCLC, phospho-ERK1/2, total ERK1/2, and b-actin i

indicated concentrations and time points. Data are representative of at least two

(D) Immunoblot analysis of GCLC, phospho-MEK (p-MEK), phospho-ERK1/2, a

bearing PDOs following treatment with vemurafenib (2.5 or 5 mM) at the indicated

(E) Immunohistochemistry analysis of GCLC expression in tissue microarrays (T

ure S3). Examples show tumors with weak (0), intermediate (1), and strong (2) G

(F) As in (E), graphs showing the average GCLC staining intensity in subgroups of tu

The bar graphs showmeans ± SEM. Significant differences between groups were

of tumors analyzed for each group are indicated in the bars.

(G) Immunoblot analysis of GCLC, p-MEK, p-ERK1/2, and total ERK1/2 prote

transduced with either lentiviral FG12-GFP empty vector (EV) or with FG12-GFP

two independent experiments. See also Figure S1.
a potential role for GSH synthesis in BRAFV600E-driven metas-

tasis formation, we generated CRISPR-Ecas9-engineered

GCLC (catalytic subunit) or GCLM (modifier subunit) knockout

variants of PDOs carrying the V600E mutation in BRAF

(Figures S2A and S2B). All GCLC- and GCLM-knockout PDOs

showed a strong and significant decrease in endogenous

reduced GSH levels (Figure 2A). All PDO variants were subse-

quently transducedwith a lentiviral vector expressing firefly lucif-

erase, allowing non-invasive bioluminescence imaging (BLI) of

tumor load and dissemination. During routine passaging,

GCLC- and GCLM-knockout clones retained similar proliferative

capacity and viability when compared with control organoids ex-

pressing Ecas alone (Figure 2B). In addition, GCLC or GCLM

knockout did not impair their capacity to initiate subcutaneous

tumors (Figures S2C and S2D).

To study the impact of impaired GSH synthesis on sponta-

neous metastasis, we generated a model using orthotopic trans-

plantation of PDOs into the submucosa of the caecumwall of im-

mune-deficient mice (Figure 2C28). This model was chosen

because BRAF mutant tumors are significantly more prevalent

in the proximal (right-sided) part of the large intestine, which in-

cludes the caecum.29 Pilot experiments with the parental PDOs

had indicated that primary tumors form with high efficiency and

cause spontaneous formation of distant metastases in the liver,

the lung, and the peritoneum (Figure 2C). Transplantation of con-

trol, GCLC-knockout (KO), or GCLM-KO PDOs resulted in 85%–

100% tumor take without significant differences between exper-

imental groups (Figures S2E and S2F). Primary caecum tumors

were first detected between 3 and 4 weeks after transplantation

(Figure S2E). There were no significant differences in primary

caecum tumor growth between control Ecas or GCLC- or

GCLM-KO groups using ex vivo organ-specific BLI measure-

ments (Figures 2D and 2E).

Metastatic lesions were first detected by BLI approximately

6–9 weeks following organoid transplantation (Figure S2E). After

12–16 weeks, mice were sacrificed, and all relevant organs

were harvested and analyzed for tumor growth and metastasis

formation using ex vivo organ-specific BLI and IHC with anti-hu-

man pan-cytokeratin (pan-CK) or anti-human nucleoli (hNuc).

Mice transplanted with control organoids developed distant
uced glutathione

d b-actin expression levels in Laemmli lysates derived from a selection of CRC

es; * indicates BRAFV600E-mutant PDO lines. The unlabeled PDOs are double

eriments.

on in PDOs. Green dots markWT PDOs, blue dots mark KRAS-mutant, and red

y unit. All data are the average of at least two biological replicates, and each dot

and p values were determined by correlation analysis test.

n Tor10 PDOs following treatment with the BRAF inhibitor vemurafenib at the

independent experiments.

nd total ERK1/2 levels in Tor10, Tor6, Tor19T, and Tor45 BRAFV600E-mutant-

time points. Data are representative of at least two independent experiments.

MAs) of metastatic CRC (CAIRO3 cohort) using a validated antibody (see Fig-

CLC expression. Scale bars, 200 and 50 mm.

mors withWT ormutations (MTs) in the indicated specific genetic driver genes.

determined by unpaired Student’s t tests (*p < 0.05, **p < 0.005). The numbers

in expression in Laemmli lysates derived from WT Tor20 and Tor18T PDOs

-BRAFV600E vector expressing mutant BRAFV600E. Data are representative of
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metastases in the liver, lungs, and peritoneal cavity. The high

variability of metastasis formation among mice transplanted

with control (ECAS) PDOs (Figures 2F–2K) is presumably due

to the stochastic and continuous nature of metastasis formation

in this model. By contrast, in more commonly applied models, all

metastases are seeded at once by a single injection of a large

number of tumor cells into the circulation. There was no detect-

able metastasis formation in the brain or bones. Organ-specific

BLI measurements and pan-CK IHC revealed a strong reduction

of metastases in the liver and the lungs of mice transplanted with

GCLC-KO PDOs when compared with mice transplanted with

control PDOs (Figures 2F–2K and S2F-S2L). Mice transplanted

with GCLM-KO organoids also displayed reduced metastasis

formation in the liver and the lungs, albeit to a lesser extent

(Figures 2F–2K). Anti-pan-CK and anti-hNuc IHC revealed a

strong decrease in the number and the size of established met-

astatic lesions. By contrast, the formation of peritoneal metasta-

ses was not significantly affected by KO of GCLC or GCLM

(Figures 2L and S2F).

To distinguish between an early effect of GCLC and GCLMKO

on initial seeding of liver and lung metastases versus a late effect

on subsequent outgrowth, we performed anti-hNuc IHC to

detect all metastases of all sizes in both organs in mice trans-

planted with control (Ecas), GCLC-KO, and GCLM-KO PDOs.

This analysis revealed that the vast majority of mice transplanted

with GCLC-KO PDOs had no detectable liver metastases

(of any size), indicating a major reduction in initial seeding

capacity (Figures S2G–S2I). Lungs in mice transplanted with

GCLC-KO PDOs did contain detectable metastases, but their

size was considerably smaller than that of control (Ecas)

(Figures S2J–S2L). The few liver and lung lesions that were es-

tablished from GCLC-KO PDOs were significantly smaller than

control (Ecas) metastases and had fewer Ki67-positive (prolifer-

ating) cells, also indicating a reduced outgrowth capacity

(Figures 3A–3D). GCLM-KO liver and lung metastases showed

an intermediate reduction of Ki67-positive cells (Figures 3A–

3D). GCLC or GCLM KO had no significant impact on tumor
Figure 2. GSH synthesis promotes organ-site-specific metastasis form

(A) Luminescence measurements of intracellular reduced glutathione levels dur

GCLC-knockout PDOs (GCLC1.12 and GCLC2.24), and GCLM-knockout clone

analyzed by unpaired Student’s t tests (***p < 0.0001).

(B) ATP levels as a proxy for cell viability (percentage of control) during exponen

Data in (A) and (B) are representative of three independent experiments, and eac

(C) Schematic representation of spontaneous metastasis model using orthotopic

deficient mice.

(D) Control (Ecas), GCLM-KO (2), and 2 different GCLC-KO (1.12 and 2.24) PDOs

wall of immune-deficient mice (n R 7 mice per group). Representative photogra

(E) The box and whisker plots (minimum [min] to maximum [max]; all data points) s

growing at the implantation site as in (D) (n = 7 mice per group).

(F) Representative photographs showing examples of liver metastases in each e

(G) Quantification of spontaneous liver metastasis formation in the same experim

each individual liver in each experimental group (for Ecas, n = 8 mice; for GCLM

(H) Quantification of spontaneous liver metastasis formation as in (G) by immu

(PanCK). *p < 0.05, **p < 0.005, unpaired Student’s t tests.

(I) Representative BLI measurement of lung metastasis in each experimental gro

(J and K) Quantification of spontaneous lung metastasis using ex-vivo BLI measu

Student’s t tests. (For Ecas, n = 8 mice; for GCLM2, n = 7 mice; for GCLC2.24, n

(L) Quantification of peritoneal metastasis formation by ex-vivo BLI in the same ex

QuPath software. See also Figure S2.
cell proliferation in primary caecum tumors or peritoneal metas-

tases (Figures S3A and S3B).

Next, we used phosphorylated histone 2AX (g-H2AX) as amea-

sure of DNA damage (double-strand breaks). GCLC-KO liver me-

tastases showed a significant increase in the number of gH2AX-

positive cells when compared with Ecas control metastases, but

this was not observed in GCLM-KO metastases (Figures 3E and

2F). An increase in the number of gH2AX-positive cells could be

due to hypoxia-induced oxidative stress or to DNA breaks that

occur during apoptosis. However, neither the hypoxia marker

CAIX nor the apoptosis marker cleaved-caspase-3 (Cl-CASP3)

were significantly different between Ecas control and GCLC-KO

liver metastases (Figures S3C–S3F). In addition, neither CAIX

staining nor the presence of necrotic tumor areas were signifi-

cantly different between liver metastases and the corresponding

peritoneal metastases (Figures S3G–S3I).

To obtain further evidence for a potentially selective require-

ment for the GSH pathway in liver and lung, but not peritoneal,

metastasis formation, we made use of two additional sponta-

neous PDO-initiated CRC metastasis models that give rise to

liver and peritoneal metastases (model TOR98) or lung and peri-

toneal metastases (model TOR1), respectively. RNA sequencing

data of PDOs, subcutaneous tumors, primary caecum tumors,

and corresponding metastatic lesions from all available sites

were used to perform differential gene expression and pathway

enrichment analyses. Using the Kyoto Encyclopedia of Genes

and Genomes (KEGG; consisting of 551 biological pathways),

we found that 62 and 51 pathways were significantly upregulated

in liver or lung metastases when compared with primary tumors,

respectively (Table S3). Of these, 15 pathways were enriched in

both liver and lung metastases, including the ‘‘glutathione meta-

bolism’’ pathway (hsa00480). Indeed, liver and lung metastases

had significantly higher GSH metabolism pathway scores than

PDOs, subcutaneous tumors, primary tumors, or peritoneal me-

tastases (Figures S4A–S4D). Moreover, GCLC was expressed to

higher levels in lung and liver metastases than in the correspond-

ing primary tumors (Figures S4A–S4D).
ation in BRAFV600E CRC

ing exponential growth of Tor10-derived Ecas control PDOs, 2 independent

2 (GCLM2). Statistical significance of the differences between groups was

tial growth of PDOs from each of the indicated genetic variants.

h dot represents the mean of three technical replicates of each experiment.

transplantation of PDOs into the submucosa of the caecum wall of immune-

were seeded in collagen droplets and subsequently implanted in the caecum

phs showing caecum primary tumors from each group.

how ex vivo bioluminescence imaging (BLI) analysis of primary caecum tumors

xperimental group.

ent as in (D) by ex vivo BLI of isolated livers. Each dot represents BLI counts of

2, n = 7 mice; for GCLC2.24, n = 8 mice; and for GCLC1.12, n = 7 mice).

nohistochemistry (IHC) analysis of the human tumor marker Pancytokeratin

up.

rement (J) and panCK IHC (K) as in (G) and (H). *p < 0.05, **p < 0.005, unpaired

= 8 mice; and for GCLC1.12, n = 7 mice).

periment as in (D). (n = 7 mice per group). All IHC sections were quantified using
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N-acetylcysteine boosts GSH synthesis and stimulates
organ-site-specific metastasis in BRAFV600E CRC
The above results demonstrate how impaired GSH synthesis re-

ducesspontaneousmetastasis formation to the liverand the lungs.

We next tested whether boosting GSH synthesis would have the

opposite effect. To this end, we used N-acetylcysteine (NAC), a

precursor for cellularGSH.Oneweekafter caecumtransplantation

of TOR10 PDOs, mice were treated with NAC or vehicle. Primary

tumor formation in the caecum and metastasis formation were

then assessed 12–16 weeks after transplantation. NAC treatment

had no significant effect on the initiation or outgrowth of primary

caecum tumors (Figures 4A, S5A, and S5B). In addition, pre-treat-

mentofmicewithNACbefore tumor transplantation in thecaecum

did not affect primary tumor growth (Figure S5C). However, NAC-

treated mice displayed increased distant metastasis formation in

the liver and the lungs when compared with control-treated mice

(Figures 4B–4F and S5D). Strikingly, NAC-treated mice displayed

metastasis formation in the brain, which had never been observed

before in thismodel (Figure 4E). By contrast, metastasis formation

in the peritoneum was not significantly altered by NAC treatment

(Figure 4G). IHC for Ki67 revealed that liver and lung metastases

fromNAC-treatedmice contained significantlymore Ki67-positive

proliferating cells than metastases from control-treated mice

(Figures 4H and 4I). NAC treatment also caused a significant in-

crease in the number of apoptotic cells in liver metastases,

measured by anti-Cl-CASP3 IHC (Figures S5E and S5F). The

apoptotic cellsweremainly localized around necrotic tissue areas,

typically present in the larger (faster growing) liver metastases in

NAC-treated mice. This effect was not observed in lung metasta-

ses, presumably because of their smaller size (Figures S5G

and S5H).

Cysteine, derived from NAC, is a precursor for GSH synthesis.

Toassess the effect ofNAConGSHsynthesis,wemeasured intra-

cellular GSH levels in control- andNAC-treatedmice. IHC for GSH

revealed an increase in GSH levels in liver and lung metastasis

derived from NAC-treated mice when compared with control-

treatedmetastases (Figures4J-4L).ThespecificityofGSHstaining

was confirmed in GCLC-KO-derived primary tumors and liver me-

tastases that showed decreasedGSH levelswhen comparedwith

Ecas control tumors (Figure S6A). To confirm the direct contribu-

tion ofNAConboostingGSH synthesis, wemeasured intracellular

GSH levels in Ecas control, GCLC-KO, and GCLM-KO PDOs
Figure 3. Impaired GSH synthesis decreases proliferation and increas

(A) IHC analysis of the tumor marker Pancytokeratin (PanCK) and the proliferatio

GCLM-KO andGCLC-KO tumors. Anti-human pan-cytokeratin (panCK) was used

500 mm.

(B) Box and whisker plots (all data) of Ki67-positive tumor cells in liver metas

determined by unpaired Student’s t tests (***p < 0.001). Each dot represents indi

Ecas, n = 29 lesions; for GCLM2, n = 11 lesions; and for GCLC2.24, n = 7 lesion

(C) IHC analysis of Ki67 in tissue sections of lungmetastases in the indicated grou

in (A). Scale bars, 100 mm.

(D) Box and whisker plots (all data) of Ki67-positive tumor cells in lung metast

dot represents average Ki67 index per lung section per mouse in each experime

n = 3 mice).

(E) IHC analysis of the DNA damage marker g�H2AX in tissue sections of liver m

(F) Box and whisker plots (all data) of g�H2AX-positive tumor cells in liver me

staining. **p = 0.0057, unpaired Student’s t tests. Each dot represents individual

n = 34 lesions; for GCLM2, n = 13 lesions; and for GCLC2.24, n = 8 lesions). See
following treatment with increasing concentrations of NAC. Basal

intracellular levels of GSH were significantly lower in GCLC-KO

andGCLM-KOPDOscomparedwithcontrol (Ecas)PDOs. Inaddi-

tion, NAC treatment caused a strong and significant increase in

GSH production in control (Ecas) PDOs but not in GCLC-KO or

GCLM-KO PDOs (Figure S6B). Next, we assessed the effect of

NAConmetastasis formation inmice transplantedwith either con-

trol (Ecas) orGCLC-KO (GCLC1.12) PDOs.Mice transplantedwith

control (Ecas) orGCLC-KOPDOswere treatedwitheither salineor

NAC solution 1 week after tumor transplantation for 16 weeks.

NAC treatment caused increased formation of liver and lung me-

tastases in mice transplanted with control (Ecas) PDOs but had

no effect on metastasis formation in mice transplanted with

GCLC-KO PDOs (Figures 4M–4O).

In addition to its effects on GSH synthesis, NAC can also cause

activation of the MAPK pathway.30 To test whether this may have

contributed to increased metastasis formation, we assessed

the effect of NACon intracellular p-ERK levels in liver and lungme-

tastases. The levels of p-ERK were not significantly different be-

tween liver metastases from control- and NAC-treated mice

(Figures S6C and S6D). However, we did observe a near-signifi-

cant increase in p-ERK levels in lung metastases from NAC-

treated mice compared with control mice (Figures S6E and S6G).

BRAFV600E CRC PDOs display increased resistance to
oxidative stress
Theabovedata implicateGSHsynthesis inmetastasis formation in

the liver and lungs by BRAFV600E-expressing tumor cells, but they

do not formally prove that BRAFV600E protects tumor cells against

oxidative stress. To address this directly, we experimentally

induced oxidative stress in PDOs by combined pharmacological

targeting of the GSH pathway and the thioredoxin (TXN)

pathway31–33 using buthionine sulfoximine (BSO) and auranofin,

respectively. Dose response assays revealed a highly variable

sensitivity between individual PDO lines to oxidative stress

(Figures 5A and 5B). BSO treatment strongly reduced the IC50

for auranofin in all PDOs tested (Figures 5A–5C). Strikingly, of all

18 PDOs tested, the 4 BRAFV600E organoids were significantly

more resistant to oxidative-stress-inducing drugs than BRAF

wild-type organoids, as the IC50 for auranofin showed the lowest

decrease in BRAFV600E organoids after BSO addition (Figures 5D

and 5E).
es DNA damage in liver and lung metastases

n marker Ki67 in tissue sections of liver metastases formed by control Ecas,

to identifymacro- andmicro-metastases within the tissue sections. Scale bars,

tases in the indicated groups. Significant differences between groups were

vidual tumor lesion analyzed per liver section in each experimental group. (For

s).

ps. Identification of metastases and quantification of staining was performed as

ases in the indicated groups. ***p < 0.001, unpaired Student’s t tests. Each

ntal group. (For Ecas, n = 7 mice; for GCLM2, n = 4 mice; and for GCLC2.24,

etastases in the indicated groups. Scale bars, 250 mm and 50 mm respectively.

tastases in the indicated groups. QuPath was used to quantify the extent of

tumor lesion analyzed per liver section in each experimental group. (For Ecas,

also Figure S3.
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Sensitivity to oxidative stress was significantly correlated with

GCLC protein expression (Figure 5F) and with the levels of

reduced GSH in PDOs before and after treatment (Figures 5G

and 5H). Treatment with BSO alone or in combination with aura-

nofin efficiently depleted intracellular GSH (Figure 5I), and this

could partially be reverted by the supplementation of either

reducedGSH or NAC (Figure 5J). However, only the combination

treatment caused an increase in H2O2 levels prior to the onset of

cell death (Figure 5K). The latter finding is in line with the notion

that both the GSH and TRX pathways need to be inhibited simul-

taneously in order to induce oxidative stress.

While drugs can be used to artificially induce oxidative stress in

tumor cells, during metastasis it is caused, at least in part, by the

loss of cell-cell adhesion. Therefore, we induced oxidative stress

inPDOsbydisruptingcell-cell contacts in thepresenceorabsence

of BSO and analyzed the capacity of BRAFV600E and wild-type

PDOs to regenerate organoids. BSO treatment alone did not inter-

fere with proliferation and survival of actively growing organoids,

regardless of BRAF status (Figure S7A). However, following

disruption of cell-cell contacts, BSO treatment significantly

reduced the long-term regenerative capacity of BRAF wild-type

PDOs but not that of BRAFV600E PDOs (Figures S7B and S7C).

Sensitization of BRAFV600E PDOs to oxidative stress by
blocking GSH synthesis and inhibition of BRAF kinase
activity
Since the relative resistance of BRAFV600E PDOs to oxidative

stress correlated with high expression of GCLC and with high
Figure 4. N-acetylcysteine-dependent increase of intracellular GSH sti

(A) Luciferase-expressing Tor10 PDOs were seeded into collagen droplets and we

mice per group) as in Figure 2. N-acetylcysteine (NAC) was administered intrape

Box and whisker plots show a quantification of ex-vivo BLI measurements of isola

organ per mouse in each experimental group. (For control, n = 9 mice; and for N

(B) Quantification of spontaneous liver metastasis formation in the same experim

mice; and for NAC, n = 10 mice).

(C) Quantification of spontaneous liver metastasis formation in the same experi

sections (all mice) were quantified using QuPath software. Statistical significan

(*p < 0.05). Each dot represents individual tumor lesion analyzed per liver sectio

lesions).

(D) As in (B) for lung metastases (for control, n = 9 mice, and for NAC, n = 10 mic

(E) As in (B) for brain metastases (for control, n = 6 mice, and for NAC, n = 7 mic

(F) Aggregate analysis of the relative increase inmetastasis formation in liver, lungs

each organ were set to 100%. Each dot represents individual organ analyzed pe

*p < 0.05, unpaired Student’s t test.

(G) As in (B) for peritoneal metastasis (for control, n = 9 mice, and for NAC, n = 1

(H) Box and whisker plots (all mice) of Ki67-positive tumor cells using IHC analysis

of staining. ***p < 0.001, unpaired Student’s t test. Each dot represents individual

n = 27 lesions, and for NAC, n = 42 lesions).

(I) As in (H) for lung metastasis. *p < 0.05, unpaired Student’s t test. Each dot rep

group (for control, n = 52 lesions, and for NAC, n = 74 lesions).

(J) Representative pictures of IHC staining of GSH in liver and lungmetastasis deri

(K) Box and whisker plots of the quantification of GSH expression in liver metastas

tumor lesion analyzed per liver section in each experimental group (for control, n

(L) As in (K) for lungmetastases. ***p < 0.001, unpaired Student’s t test. Each dot re

group (for control, n = 17 lesions, and for NAC, n = 35 lesions).

(M) Control (Ecas) and GCLC-KO (GCLC1.12) PDOs were seeded in collagen drop

(nR 8 mice per group). The box and whisker plots (min to max; all data points) sh

site. Each dot represents BLI counts of each individual organ per mouse in eac

GCLC1.12, n = 11 mice; and for GCLC1.12 + NAC, n = 10 mice).

(N) As in (M) for liver metastasis.

(O) As in (M) for lung metastasis (see also Figures S5 and S6).
intracellular GSH levels (Figure 5), we reasoned that the BSO

concentrations usedmay have been too low to completely inhibit

GCLC in BRAFV600E PDOs. Indeed, higher concentrations of

BSO caused a dose-dependent sensitization of BRAFV600E

PDOs to auranofin (Figure 6A). Even at these high concentra-

tions, BSO had no effect on cell viability during routine organoid

culturing (Figure 6B).

To further study the role of GSH synthesis in the protection

against oxidative stress in BRAFV600E PDOs, we made use

of the GCLC- and GCLM-KO PDOs. Both GCLC and GCLM

KO sensitized BRAFV600E PDOs to auranofin treatment

(Figures 6C–6E). Moreover, overexpression of FLAG- or GFP-

tagged GCLC in the most sensitive (BRAF wild type) PDO

(TOR26T) caused a significant protection against oxidative

stress (Figures 6F and 6G). Finally, exogenous expression of

BRAFV600E in Tor20 and Tor18T (BRAF wild type) PDOs caused

a significant protection against auranofin-BSO combination

treatment (Figures 6H–6M).

In Figure 1, we show that inhibition of BRAF activity with ve-

murafenib reduced GCLC expression in mutant BRAF PDOs.

Therefore, BRAF inhibition may sensitize BRAFV600E organoids

to oxidative stress. To test this, oxidative stress was induced in

three BRAFV600E PDOs by using BSO and increasing concentra-

tions of auranofin. All three BRAFV600E PDOs showed increased

sensitivity to BSO-auranofin combination treatment after treat-

ment with vemurafenib (Figures 7A–7D).

Finally, we tested whether the observed connection between

BRAFV600E in CRC and high reductive capacity could offer an
mulates organ-site-specific metastasis formation in BRAFV600E CRC

re subsequently implanted in the caecumwall of immune-deficient mice (nR 9

ritoneally at 1 g/kg 3 times a week, starting 1 week after caecum implantation.

ted primary caecum tumors. Each dot represents BLI counts of each individual

AC, n = 10 mice).

ent by ex-vivo BLI measurement of isolated livers (all mice). (For control, n = 9

ment by immunohistochemistry (IHC) using anti-human pan-cytokeratin. IHC

t differences between groups were determined by unpaired Student’s t test

n in each experimental group (for control, n = 21 lesions, and for NAC, n = 24

e).

e).

, and brain based on ex vivoBLI data. The highest values in the control group of

r mouse in each experimental group (for control, n = 24, and for NAC, n = 26).

0 mice).

in tissue sections of liver metastases. QuPath was used to quantify the extent

tumor lesion analyzed per liver section in each experimental group (for control,

resents individual tumor lesion analyzed per lung section in each experimental

ved from control or NAC-treatedmice. Scale bars, 250 (liver) and 100 mm (lung).

es expressed as the percentage of positive area. Each dot represents individual

= 7 lesions, and for NAC, n = 12 lesions).

presents individual tumor lesion analyzed per lung section in each experimental

lets and subsequently implanted in the caecum wall of immune-deficient mice

ow ex vivo BLI analysis of primary caecum tumors growing at the implantation

h experimental group (for Ecas, n = 8 mice; for Ecas + NAC, n = 10 mice; for
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alternative strategy for sensitizing these tumors to BRAF inhibi-

tion. To this end, we analyzed how treatment of 3 BRAFV600E

PDOS with BSO and auranofin would affect their response to

increasing concentrations of vemurafenib. Vemurafenib treat-

ment alone, or in combination with auranofin, only marginally

reduced the viability of BRAFV600E PDOs. However, further addi-

tion of BSO caused a dramatic sensitization of all three

BRAFV600E PDOs to vemurafenib (Figures 7E–7G and S7D).

These results demonstrate that lowering the reductive capacity

of BRAFV600E PDOs by simultaneous targeting of the GSH and

the TXN systems is an efficient strategy to sensitize them to ve-

murafenib treatment.

DISCUSSION

BRAFV600E is associated with distant metastasis formation.34–37

In this study, we identified the GSH-synthesizing enzyme GCLC

as an essential mediator of distant metastasis formation to the

liver and lungs in a PDO model of BRAFV600E metastatic CRC.

Our finding that BRAFV600E counteracts oxidative stress by stim-

ulating GCLC expression and GSH synthesis may (partially)

explain the metastasis-prone behavior of BRAFV600E tumors.

Although this study was focused on GCLC, other enzymes

involved in the synthesis or utilization of GSH (e.g., GS, GXPs,

GSH transferases) may also have an impact on distant metas-

tasis. In contrast to V600E, non-V600 mutations in BRAF are

associated with a better prognosis in CRC.8 Future studies are

therefore needed to assess the impact of such mutations on

GCLC expression and GSH synthesis in relation to metastatic

capacity. Surprisingly, GCLC expression was significantly
Figure 5. BRAFV600E PDOs display increased resistance to oxidative st

(A) Dose-response curves of PDOs to increasing concentrations of auranofin alon

presented as means ± SEM and are representative of at least three independent e

each experiment.

(B) Heatmap plot showing IC50 values based on dose-response curves of all te

20 mM). IC50 values are average of at least three independent experiments. Arro

(C) Graph showing IC50 values to auranofin alone or in combination with BSO (10 a

to their KRAS and BRAFmutational status. Green dots markWT PDOs, blue dots m

PDOs.

(D) Heatmap plot showing the IC50 values (set as percentage of control) for single-

20 mM) of all tested PDOs as those presented in (B).

(E) Dot plot showing the IC50 values for auranofin after addition of BSO (10 mM) (s

according to their KRAS and BRAF mutational status. Significant differences

***p < 0.0005).

(F) Correlation of GCLC protein expression (AU) quantified by density scans of

combination treatment, expressed as the IC50 value for each PDO. R squared a

(G) Correlation between intracellular glutathione levels and auranofin/BSO IC50 in

dots) for 24 h. The bar graphs show means ± SEM. Data are average of at least

replicates of each experiment. R squared and p values were determined by corr

(H) Intracellular levels of reduced glutathione in PDOs that were treated with contr

t test.

(I) Quantification of intracellular glutathione levels in Tor26T PDOs treated for 24 hw

The bar graphs show means ± SEM. Data are average of at least two biological re

experiment.

(J) ATP levels as a proxy for the amount of live cells (percentage of control) followi

combination with increasing concentrations of BSO (5, 10, and 20 mM) and in the

SEM. Data are average of at least two biological replicates, and each dot repres

(K) Quantification of H2O2 levels in control-, auranofin-, and BSO-treated PDOs

control. AU, arbitrary units. All data are presented as means ± SEM and are repre

technical replicates of each experiment. ****p < 0.0001, unpaired Student’s t tes
lower in KRAS mutant CRC. Differences in signaling between

BRAFV600E and mutant KRAS9,38 may translate into distinct ef-

fects on GCLC expression.

CRC cells require GSH synthesis, which is stimulated by

BRAFV600E (this study), in order to form liver metastases.18,21

As a result, BRAFV600E-expressing cells are likely to remain fitter

in the face of pro-oxidant challenges at distant organ sites. Hyp-

oxia is a potential source of oxidative stress in the liver, as it trig-

gers ROS generation.39,40 However, hypoxia also induces GCLC

expression and GSH synthesis.41 Nevertheless, even success-

fully formed liver metastases sustain higher levels of oxidative

damage when compared with their paired primary tumors.42

Since expression of the hypoxia marker CAIX was similar be-

tween primary tumors and liver metastases, factors other than

hypoxia are likely to bemore important in causing oxidative dam-

age associated with liver metastasis formation, for instance the

loss of cell-cell and cell-matrix contacts.15–17

Disseminated tumor cells that arrive in the lungs also face a

highly pro-oxidant microenvironment.43,44 In breast cancer

models, lung metastasis is supported by upregulation of PPARg

coactivator 1a (PGC-1a),45 which stimulates expression of anti-

oxidant genes,46 or by the antioxidant peroxiredoxin-2.47 Our

study shows that CRC cells rely on GCLC and GSH synthesis

for successful lung metastasis. Indeed, systemic administration

of the GSH precursor and antioxidant NAC promotes the forma-

tion of primary lung tumors23,48 and liver and lung metastases in

CRC (this study). In addition, we found that NAC stimulated the

formation of brain metastases, possibly resulting from the high

tumor load in these mice. Alternatively, GSH synthesis may spe-

cifically stimulate metastasis formation in the brain as it does in
ress

e or in combination with BSO at the indicated concentrations (in mM). Data are

xperiments, and each dot represents the mean of three technical replicates of

sted PDOs to auranofin treatment alone or in combination with BSO (10 and

ws indicate the examples shown in (A).

nd 20 mM) of all tested PDOs as those presented in (B), sub-grouped according

ark KRAS-mutant (KRAS-m), and red dots mark BRAFV600E-mutant (BRAF-m)

drug treatment with auranofin (set to 100%) or in combination with BSO (10 and

et as percentage of control) as presented in (D) of all tested PDOs sub-grouped

between groups were determined by unpaired Student’s t tests (*p < 0.05,

western blot signals using ImageJ software, and sensitivity to auranofin/BSO

nd p values were determined by correlation analysis test.

a selection of PDO lines treated with vehicle (circle dots) or with BSO (square

two biological replicates, and each dot represents the mean of two technical

elation analysis test.

ol or with BSO for 24 h, as determined in (G). ****p < 0.0001, unpaired Student’s

ith control or Auranofin (1.5 or 3 mM) alone or in combination with BSO (10 mM).

plicates, and each dot represents the mean of two technical replicates of each

ng a 72 h treatment of 3-day-old Tor26T PDOs with auranofin (1 mM) alone or in

presence or absence of NAC or reduced GSH. The bar graphs show means ±

ents the mean of three technical replicates of each experiment.

(Tor26T). Menadione (25 mM), a ROS-inducing agent, was used as a positive

sentative of three biological replicates; each dot represents the mean of three

ts.
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the liver and lungs. At present, it is difficult to distinguish between

these possibilities.

While lung and liver metastasis formation were dependent on

GSH synthesis, the formation of peritoneal metastases (PMs)

was not. Although PMs are considered ‘‘distant’’ metastases,

the metastatic route that underlies their initiation is essentially

different from that of liver and lungmetastases.When primary tu-

mors have invaded and breached the intestinal wall, they gain

direct access to the peritoneal cavity. Detached tumor cell clus-

ters form the seeds for PM without the need for systemic

spread.49 This limits the generation of oxidative stress16 and

thus the necessity to cope with such stress. The different

anatomical routes of dissemination and the distinct requirements

for a single cell stage are likely to underlie the differential require-

ment for GSH synthesis during liver and lung versus PM forma-

tion. The differential requirement for GSH synthesis between

distinct metastatic sites is therefore another important aspect

of metastatic organotropism.43,50

Limitations of the study
Our study has identified BRAFV600E-induced GCLC expression

as a tumor-cell-intrinsic metastasis-facilitating mechanism, al-

lowing tumor cells to withstand metastasis-associated redox

stress. However, the in vivo studies were performed in im-

mune-deficient mice, precluding the analysis of a potential role

for immune cells. Further studies are therefore needed to assess

if/how genetic or pharmacological modulation of the GSH sys-

tem alters the immune microenvironment and the generation of

anti-tumor immunity and how this affects metastatic capacity.

The altered redox state in cancer cells forms an intrinsic

generic vulnerability that may be exploited with oxidative-

stress-inducing drugs, such as the combination of BSO and aur-

anofin.32,51–53 Unfortunately, the clinical development of BSO

has been discontinued due to its short half-life and inability to

significantly reduce GSH levels in human tumors.54 Moreover,

we have found that treatment of tumor-bearing mice with aura-
Figure 6. Expression of GCLC and BRAFV600E reduce sensitivity to red

(A) Heatmap showing the sensitivity of 3 independent BRAFV600E PDOs to auran

(0–200 mM; 72 h). Data are expressed as IC50 values.

(B) Heatmap showing the cell viability (percentage of control) of the same PDOs

(C) Dose-response curves of control (Ecas) and 3 independent GCLC-KO clones

presented as means ± SEM and are representative of three biological replicates. E

(D) As in (C) but using 2 independent GCLM-KO clones (1 and 2). Data are presen

dot represents the mean of three technical replicates of each experiment.

(E) Heatmap showing the calculated IC50 values of single-drug auranofin treatm

(F) Immunoblot analysis of GCLC and b-actin expression levels in Laemmli lysates

lentiviral vectors encoding FLAG-tagged or GFP-tagged GCLC.

(G) Tor26-EV-, FLAG-, or GFP-GCLC-overexpressing Tor26 PDO variants as in (

concentrations of BSO ranging from 2.5 to 10 mM. Graph showing ATP levels as a

means ± SEM and are representative of three biological replicates; each dot rep

(H) Representative images of Tor20 PDOs transduced with the lentiviral FG12-G

anofin/BSO combination treatment. Scale bars, 100 mm.

(I) Dose-response curves of Tor20-EV or TOR20-BRAFV600E to increasing concen

presented as means ± SEM and are representative of two biological replicates; e

(J) Bar plots showing viability of Tor20-EV or TOR20-BRAFV600E following exposur

presence of auranofin (1 mM). Data are presented as means ± SEM and are repr

technical replicates of each experiment.

(K-M) As in (H)–(J) for Tor18T. Scale bars, 100 mm. Data are presented as means

the mean of three technical replicates of each experiment (see also Figure S7).
nofin and BSO produced very serious kidney toxicity, hampering

the further preclinical development of this specific drug combi-

nation. An interesting alternative drug for targeting the GSH

pathway is APR-246,55 which is currently being tested in clinical

trials. Moreover, several clinical trials testing auranofin in pa-

tients with cancer are currently ongoing but in the absence of

GSH pathway inhibition. Our study shows that effective redox-

based treatment of BRAFV600E CRC is possible but requires

simultaneous inhibition of BRAF—lowering the reductive capac-

ity of these tumors—and inhibition of both the GSH and TRX

pathway in order to induce lethal levels of oxidative stress. The

potential nephrotoxicity of redox-based treatment strategies is

a point of concern during further (pre-)clinical development.
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13. Porporato, P.E., Payen, V.L., Pérez-Escuredo, J., De Saedeleer, C.J.,

Danhier, P., Copetti, T., Dhup, S., Tardy, M., Vazeille, T., Bouzin, C.,

et al. (2014). A mitochondrial switch promotes tumor metastasis. Cell

Rep. 8, 754–766. https://doi.org/10.1016/j.celrep.2014.06.043.

14. Radisky, D.C., Levy, D.D., Littlepage, L.E., Liu, H., Nelson, C.M., Fata, J.E.,

Leake, D., Godden, E.L., Albertson, D.G., Nieto, M.A., et al. (2005). Rac1b

and reactive oxygen species mediate MMP-3-induced EMT and genomic

instability. Nature 436, 123–127. https://doi.org/10.1038/nature03688.

15. Labuschagne, C.F., Cheung, E.C., Blagih, J., Domart, M.C., and Vousden,

K.H. (2019). Cell clustering promotes a metabolic switch that supports

metastatic colonization. Cell Metab. 30, 720–734.e5. https://doi.org/10.

1016/j.cmet.2019.07.014.

16. Padmanaban, V., Krol, I., Suhail, Y., Szczerba, B.M., Aceto, N., Bader,

J.S., and Ewald, A.J. (2019). E-cadherin is required for metastasis in mul-

tiple models of breast cancer. Nature 573, 439–444. https://doi.org/10.

1038/s41586-019-1526-3.

17. Schafer, Z.T., Grassian, A.R., Song, L., Jiang, Z., Gerhart-Hines, Z., Irie,

H.Y., Gao, S., Puigserver, P., and Brugge, J.S. (2009). Antioxidant and
ting therapy

PDOs to increasing concentrations of auranofin (72 h) alone or in combination

resented as means ± SEM and are representative of three biological replicates;

Tor19T PDOs based on the dose-response curves in (A)–(C). Significant dif-

.05, **p < 0.01).

) PDOs to increasing concentrations of vemurafenib (72 h) in the absence or

SEM and are representative of three biological replicates; each dot represents

Cell Reports 41, 111728, November 29, 2022 15

https://doi.org/10.1016/j.celrep.2022.111728
https://doi.org/10.1016/j.celrep.2022.111728
https://doi.org/10.1038/nrclinonc.2016.171
https://doi.org/10.1038/nrclinonc.2016.171
https://doi.org/10.1136/gutjnl-2015-310912
https://doi.org/10.1136/gutjnl-2015-310912
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref3
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref3
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref3
https://doi.org/10.1371/journal.pone.0047054
https://doi.org/10.1158/1078-0432.CCR-19-2004
https://doi.org/10.1158/1078-0432.CCR-19-0311
https://doi.org/10.1200/JCO.2016.71.4394
https://doi.org/10.1200/JCO.2016.71.4394
https://doi.org/10.1016/j.critrevonc.2022.103657
https://doi.org/10.1016/j.trecan.2019.12.005
https://doi.org/10.1016/j.trecan.2019.12.005
https://doi.org/10.1016/j.devcel.2018.10.026
https://doi.org/10.1016/j.devcel.2018.10.026
https://doi.org/10.1126/science.1156906
https://doi.org/10.1158/1078-0432.CCR-14-1959
https://doi.org/10.1016/j.celrep.2014.06.043
https://doi.org/10.1038/nature03688
https://doi.org/10.1016/j.cmet.2019.07.014
https://doi.org/10.1016/j.cmet.2019.07.014
https://doi.org/10.1038/s41586-019-1526-3
https://doi.org/10.1038/s41586-019-1526-3


Article
ll

OPEN ACCESS
oncogene rescue of metabolic defects caused by loss of matrix attach-

ment. Nature 461, 109–113. https://doi.org/10.1038/nature08268.

18. Emmink, B.L., Laoukili, J., Kipp, A.P., Koster, J., Govaert, K.M., Fatrai, S.,

Verheem, A., Steller, E.J.A., Brigelius-Flohé, R., Jimenez, C.R., et al.
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schin, C., Zheng, K., Lin, J., Yang,W., et al. (2006). Suppression of reactive

oxygen species and neurodegeneration by the PGC-1 transcriptional co-

activators. Cell 127, 397–408. https://doi.org/10.1016/j.cell.2006.09.024.

https://doi.org/10.1038/nature08268
https://doi.org/10.1158/0008-5472.CAN-14-1645
https://doi.org/10.1126/scitranslmed.aad3740
https://doi.org/10.1016/j.cell.2019.06.003
https://doi.org/10.1016/j.cell.2019.06.003
https://doi.org/10.1172/JCI83587
https://doi.org/10.1172/JCI83587
https://doi.org/10.1038/nature15726
https://doi.org/10.1038/nature15726
https://doi.org/10.1126/scitranslmed.3007653
https://doi.org/10.1016/j.cell.2019.06.005
https://doi.org/10.1016/j.bbagen.2012.09.008
https://doi.org/10.1016/S0140-6736(14)62004-3
https://doi.org/10.1093/annonc/mdx322
https://doi.org/10.1038/nprot.2017.137
https://doi.org/10.1038/nprot.2017.137
https://doi.org/10.1002/cam4.2747
https://doi.org/10.1002/cam4.2747
https://doi.org/10.1007/s000180300001
https://doi.org/10.1158/1078-0432.CCR-11-0736
https://doi.org/10.1016/j.ccell.2014.11.019
https://doi.org/10.1016/j.ccell.2014.11.019
https://doi.org/10.1016/j.exphem.2014.10.004
https://doi.org/10.1080/14737140.2019.1661778
https://doi.org/10.1016/S0140-6736(11)60613-2
https://doi.org/10.1016/j.ejca.2017.03.023
https://doi.org/10.1016/j.ejca.2017.03.023
https://doi.org/10.1002/cncr.26086
https://doi.org/10.1002/cncr.26086
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref38
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref38
http://refhub.elsevier.com/S2211-1247(22)01606-0/sref38
https://doi.org/10.1016/j.cell.2014.12.018
https://doi.org/10.1016/j.cell.2014.12.018
https://doi.org/10.1016/j.redox.2017.02.012
https://doi.org/10.1016/j.redox.2017.02.012
https://doi.org/10.1073/pnas.1210633110
https://doi.org/10.1073/pnas.1210633110
https://doi.org/10.1016/j.ajpath.2018.06.008
https://doi.org/10.1016/j.ccell.2018.02.001
https://doi.org/10.3390/ijerph10093886
https://doi.org/10.1016/j.cell.2006.09.024


Article
ll

OPEN ACCESS
46. LeBleu, V.S., O’Connell, J.T., Gonzalez Herrera, K.N., Wikman, H., Pantel,

K., Haigis, M.C., de Carvalho, F.M., Damascena, A., Domingos Chinen,

L.T., Rocha, R.M., et al. (2014). PGC-1alpha mediates mitochondrial

biogenesis and oxidative phosphorylation in cancer cells to promote

metastasis. Nat. Cell Biol. 16, 992–1003. https://doi.org/10.1038/ncb3039.

47. Stresing, V., Baltziskueta, E., Rubio, N., Blanco, J., Arriba, M.C., Valls, J.,
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Materials availability
Plasmids generated in this study are available from the lead contact. PDOs may be obtained from the lead contact with a completed

materials transfer agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request. The RNA-sequencing data of the isolated tumors

derived from Hub98 and Tor1 PDO mouse models were deposited to GEO repository with accession number (GSE213896).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

CRC patient-derived organoid (PDO) cultures
CRC PDOs used in this study were either previously established and characterized or newly established from tumor spec-

imens.57,56 Human CRC tumor specimens were obtained from patients undergoing a colon or liver resection for respectively

primary or metastatic adenocarcinoma, or were collected during cytoreductive surgery (CRS) or diagnostic laparoscopy for

peritoneal metastasis (PM). All tumor samples were collected within biobanking protocol HUB-Cancer TcBio#12-09, which

was approved by the medical ethics committee of the University Medical Center Utrecht. Informed consent was obtained

from all patients. See Table S1 for an overview of all PDOs used in this study including their clinical parameters and muta-

tional status.

For passaging, PDOs were washed once with PBS and were subsequently dissociated using TrypLE express (Invitrogen) for

5–10 min at 37�C to obtain single cells. Cells were then washed with PBS and resuspended in CRC growth medium (see

Table S4) containing advanced DMEM/F12 (Invitrogen) supplemented with B27 serum (Invitrogen), with HEPES buffer (Lonza,

10 mM), penicillin/streptomycin (Gibco, 50 U/mL), GlutaMAX (Gibco, 2 mM), 20% R-spondin conditioned medium, 10% Noggin

conditioned medium, N-Acetyl Cysteine (Sigma-Aldrich, 0,5–1 mM), A83-01 (SignalChem, 500 nM), SB202190 (Gentaur, 10 mM), hu-

man recombinant EGF (Sigma, 50ng/mL) and Primocin (Invitrogen, 100 mg/mL). Cells were subsequently plated as droplets of Base-

ment Membrane Extract (BME; Amsbio) or Matrigel (BD Biosciences) at a 1:3 ratio.

Multi-organ metastasis and subcutaneous mouse models
Pathogen-free, 8–9-week-old male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ/J (NGS) weighing between 20 and 25gwere purchased from

Charles River. Upon arrival into the animal facility, mice were quarantined for 2 weeks for acclimatization. All mice used in experi-

ments throughout the study exhibited normal health, were housed in groups of 4–5, and randomly assigned for the experimental

groups. For spontaneous metastatic capacity of the tumor PDOs, we made use of the murine orthotopic caecum-implantation

model.28 In summary, PDOs expressing Luciferase-GFP were dissociated using TrypLE for 5–10 min at 37�C to obtain single cells.

Cells were then washed with medium and plated in neutralized Rat Tail High Concentrated Type I Collagen (Corning) to obtain

2,53 105 cells in 6–10ul organoid droplets and were allowed to recover overnight at 37�C, 5% (vol/vol) CO2. 30 min before surgery,

mice were treated with a subcutaneous dose of Carprofen (5 mg/kg, RimadylTM) and were subsequently sedated by using isoflurane

inhalation anesthesia [�2% (vol/vol) isoflurane/O2mixture]. The caecumwas exteriorized through amidline abdominal incision and a

single collagen droplet containing the PDOs was micro-surgically transplanted into the submucosa of the caecum wall. Carprofen

was given 24h post-surgery. After 12–16 weeks mice were sacrificed and tumor load was assessed using BLI and immunohisto-

chemical analysis.

For subcutaneous injections we used the equivalent of 5 3 105 cells mixed with Matrigel (BD Biosciences) at a 1:1 ratio (total vol-

ume 100mL) and injected subcutaneously into the right flank of 8–9 weeks old male NGS mice. Tumor growth and volume were eval-

uated once a week using BLI and Caliper measurements respectively. When the tumor size reached approximatively 1 cm3, mice

were sacrificed and tumors were processed either for BLI or immunohistochemistry analysis. All studies involving laboratory animals

were approved by Utrecht University’s Animal Welfare Body, the Animal Ethics Committee and licensed by the Central Authority for

Scientific Procedures on Animals (license number AVD115002016614). All experiments were conducted in accordance with the

Dutch Experiments on Animals Act, in line with European Directive 2010/63/EU and by licensed personnel.

METHOD DETAILS

In vitro drug screen
PDOs were washed once with PBS, dissociated into single cells using TrypLE, washed in PBS, resuspended in CRC growth medium

and plated in BME matrix. 2 to 5 days old organoids (depending on the CRC organoid line) were released from the BME matrix by

addition of 1 mg/mL dispase II (Invitrogen) to the medium of the organoids and incubation for 30–45 min at 37�C. Organoids were

subsequently washed with PBS, counted and re-suspended in Reduced organoid medium containing basal DMEM-F12 growth

medium supplemented with B27 serum (Invitrogen), HEPES buffer (Lonza, 10 mM), penicillin/streptomycin (Gibco, 50 U/mL), and
e3 Cell Reports 41, 111728, November 29, 2022
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GlutaMAX (Gibco, 2 mM). The equivalent of 1000 organoids in a 30 mL volume were then plated on 10ul BME pre-coated 384-well

plates using Multi-drop Combi Reagent Dispenser. The drugs and their combinations were added 3 h after plating the organoids us-

ing the Tecan D300e Digital Dispenser. All wells were normalized for solvent used. DMSO percentage or aqueous solution/Tween 20

never exceeded 1%, or 5% respectively. Drug exposure was performed in triplicate for each concentration shown. Auranofin, and

Vemurafenib were dissolved in DMSO. BSO was dissolved in water/0.3% Tween 20. Cell viability was measured 48–72h after drug

exposure using the CellTiter-Glo 3-D Reagent (Promega, catalog no. G9681) according to the manufacturer’s instructions, and lumi-

nescence was measured using SpectraMax M5 microplate reader (Molecular Devices).

Comparative RNA sequencing analysis
PDOs TOR1 and TOR98 were transplanted into the caecum of NSG mice as above (n = 4), or were injected subcutaneously

(n = 4). Subcutaneous tumors, primary caecum tumors, peritoneal metastases and either lung metastases (TOR1) or liver me-

tastases (TOR98) were harvested and snap frozen. Frozen tissue samples were cut into 20–30-mm thick cryosections with a

cryostat and immersed in RLT buffer (RNeasy� Mini Kit; Qiagen, Stockholm, Sweden) plus 1 per cent b-mercaptoethanol.

RNA isolation, including on-column DNase digestion, was performed according to the manufacturer’s instructions. RNA con-

centration was measured using a NanoDropTM 2000 instrument (Thermo Fisher Scientific). Samples with RNA integrity (RIN)

values below 8 were excluded from further analysis. In total we analyzed 4 samples from each site. Generation of sequencing

libraries was performed using the Truseq RNA stranded poly A Library Preparation Kit (Illumina, San Diego, CA, USA).

Sequencing was performed on Illumina NextSeq500 with 75-bp reads (Illumina). The RNAseq dataset was uploaded into R2

(http://r2.amc.nl) for subsequent bioinformatics analyses and is available on the platform. Differential gene expression analysis

was performed between primary tumor samples and liver metastases (TOR98) or primary tumor samples and lung metastases

(TOR1), using a cut off of p < 0.01 (ANOVA) with multiple testing correction by false discovery rate. This was followed by anal-

ysis of the enrichment of all KEGG pathways (n = 551) in the resulting gene lists.

Expression of the ‘glutathione metabolism’ pathway was determined by using the ‘view gene set’ option and storing the resulting

meta-gene values. The relate-two-tracks optionwas used to compare expression of this gene set in samples grouped by tissue-origin.

Generation of lentiviral gRNAs constructs
CRISPR guide RNAs (sgRNAs) targeting human GCLC or human GCLM genes were generated using plenti-CrisprV2-Ecas vector

(Addgene, #52961) as described by.59 Briefly, 4 independent GCLC or GCLM gRNAs were annealed and subsequently ligated to

the plenti-CrisprV2-Ecas vector cut with BsmBI, and sequence verified. The GCLC and GCLM target sequences used were

respectively:

gRNA-hGCLC-Oligo1-Forward: 50CACC GGCACATCTACCACGCCGTCA

gRNA-hGCLC-Oligo1-Reverse: 50 AAAC TGACGGCGTGGTAGATGTGCC

gRNA-hGCLC-Oligo2-Forward: 50CACC GTGTGCCGGTCCTTGACGGCG

gRNA-hGCLC-Oligo2-Reverse: 50 AAAC CGCCGTCAAGGACCGGCACAC

gRNA-hGCLM-Oligo1-Forward: 50CACC GGTGCCCGTCCACGCACAGCG

gRNA-hGCLM-Oligo1-Reverse: 50 AAAC CGCTGTGCGTGGACGGGCACC

gRNA-hGCLM-Oligo2-Forward: 50CACC GTGGACGGGCACTTCTTCCGC

gRNA-hGCLM-Oligo2-Reverse: 50 AAAC GCGGAAGAAGTGCCCGTCCAC.

Lentiviral production and PDO transduction
Lentiviral production was performed using a calcium phosphate transfection protocol in human embryonic kidney 293T cells using the

transfer plasmid (15 mg), pMD2.G (Addgene, #12259, 7.5 mg) and psPAX2 (Addgene, #12260, 7.5 mg). The following day, medium was

replaced by advanced DMEM/F12 medium (Invitrogen) supplemented with HEPES buffer (Lonza, 10 mM), penicillin/streptomycin

(Gibco, 50 U/mL), and GlutaMAX (Gibco, 2 mM). For lentiviral virus transduction, PDOs were dissociated using TrypLE and incubated

for over-night with lentivirus medium (which was filtered through a 0.45 mm polyethersulfone filter), supplemented with Polybrene

(Sigma-Aldrich, 8 mg/mL), N-acetylcysteine (Sigma-Aldrich, 1.25mM) and ROCK-inhibitor Y-27632 (Sigma-Aldrich, 10 mM), and incu-

bated overnight 37�C, 5% (vol/vol) CO2 on non-adherent plates (ultra-low attachment surface, Sigma-Aldrich). After 24h incubation,

cells were washed twice in PBS (Sigma-Aldrich), plated in matrigel and cultured as described above. For PDO transduced with

plenti-CrisprV2, subsequent selection by adding 1ug/mL of puromycin to the culture medium was performed as described. To track

tumor and metastasis formation in vivo, organoids were subsequently transduced with lentivirus encoding luciferase linked to GFP

gene (pLV-Lucif-IRES-GFP).

FG12-CMV-Lenti-GFP and FG12-CMV-Lenti-GFP-BRAFV600E were kindly provided by Pr. Dr. Daniel Peeper (Netherlands Can-

cer Institute).

Antibodies and reagents
Table S5 gives an overview of the list of antibodies and experimental conditions used in the current study. L-Buthionine-sulfoximine

(BSO) and Auranofin were purchased from Santa Cruz. N-Acetyl-L-cysteine (NAC) was purchased from Sigma-Aldrich. Vemurafenib

(PLX4032) was purchased from selleckchem.
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Immunohistochemistry and image data acquisition
Immunohistochemical (IHC) stainings were performed on 4-mm serial sections of paraformaldehyde fixed, paraffin-embedded tu-

mors. The sections were incubated with antibodies recognizing GCLC (Sigma-Aldrich), pan-cytokeratin, Ki67, phosphorylated his-

tone H2AX (gH2AX). Table S5 gives an overview of antibodies and dilutions, incubation conditions, and antigen-retrieval methods for

each marker. For all stainings, sections were deparaffinized with xylene and rehydrated with serial dilutions of ethanol and water.

Next, endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide diluted in phosphate-buffered saline. Quantifica-

tion of staining was performed using Qu-Path program analysis program.

IHC slides were scanned using NanoZoomerXR whole slide scanner (Hamamatsu) at 403 magnification, with a resolution

of 0.25 mm/pixel. Quantification of the scans was performed using QuPath program analysis program.

Analysis of Pan-cytokeratin (PanCK) positive tumor area: PanCK positive tumor area (percent tumor area per liver or lung area) in

three serial H&E-stained sections was quantified using QuPath’s Trained Pixel classification command that allows an automated

recognition of background, tissue (hematoxylin) and DAB (panCK) staining areas. Manual outlining of each panCK positive tumor re-

gion aswell as total tissue area was subsequently performed, and annotated. The percentage of PanCK positive tumor area was then

measured by using the following formula: (Total extracted background Tumor area)/(Total extracted background tissue area)x100.

Analysis of Ki67 and gH2AX IHC: Analysis of the number of Ki67 and gH2AX positive tumor cells was performed using QuPath’s

Positive Cell detection command. This command estimates staining intensity for hematoxylin and DAB, and cells are classified as

positive or negative based upon a single intensity threshold (0,2 or 0,25) applied to the mean nuclear DAB optical density within

the specified tumor regions. This protocol provides the percentage of total nuclei as well as the percentage of positive nuclei within

the tumor area.

IHC evaluation of staining of TMA
A 0.6-mm (triple-core) tissue microarray (TMA) of primary CRC tumors (CAIRO3) was used.58 For immunohistochemical staining,

multiple serial sections (4 mm thick) were cut and stained for pan-cytokeratin and GCLC.

Scoring was performed by consensus of two investigators (J.L. and S.V.S) blinded to clinicopathological data and after training by

a pathologist (Miangela Lacle). Damaged and empty TMA cores and those not containing cancer cells were excluded. For GCLC

staining, intensity was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong).

GSH and H2O2 measurement
GSH concentrations were measured using the GSH-Glo assay (Promega) according to the manufacturer’s instructions. H2O2 con-

centrations were measured using Amplex-Red (Invitrogen) kit following the manufacturer’s instructions.

Colony forming assay
Organoids were dissociated using TrypLE and filtered through a 40-mmpore size nylon cell strainer (BD Falcon), and counted. Single

cells were then suspended in BME matrix and plated at 500 cells in 25mL BME 50% v/v solution per 12-well. After polarization of the

BME at 37C, the wells were filled with reduced basal DMEM/F12 medium containing B27 serum (Invitrogen), HEPES buffer (Lonza,

10 mM), penicillin/streptomycin (Gibco, 50 U/mL), and GlutaMAX (Gibco, 2 mM), in the absence or presence of BSO supplemented

with or without 1mM N-Acetyl Cysteine (NAC). The medium was refreshed twice a week. The number of colonies were counted after

2 weeks of culturing using an inverted microscope (Nikon Eclipse TS100).

Western blot analysis
Organoid cultures were harvested at the indicated time points using dispase, washed with PBS and lysed in Laemmli lysis buffer

(2.5% SDS, 20% glycerol, 120 mM TRIS pH6.8). Equal amounts of protein (10–20 mg) were run on SDS-PAA gels transferred onto

nitrocellulose membranes (Trans-Blot Turbo, Bio-Rad, Hercules, CA, USA), and incubated with antibodies as described. Primary an-

tibodies to TXNRD1, GCLC, GCLM, and Glutathione Syntehase (GS) were all purchased fromAbcam. GPX2 antibody was a (Kind gift

from Anna Kipp (Friedrich Schiller University Jena, FSU. Institute of Nutrition, Germany). Phospho-Mek1/2, phospho-Erk1/2 (Thr202/

Tyr204) and phospho-AKT (Ser473) (163H12) were all from Cell Signaling. Phospho-NRF2 phospho (pS40) mAbwas purchased from

(ABGent), p53 antibody (Santa Cruz antibodies), and b-actin (Novus). Table S5 gives an overview of antibodies and dilutions.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analyses, we usedGraphPad Prism software (version 8) forWindows (GraphPad Software, La Jolla, CA). Unpaired Stu-

dent’s t test was used for all histological analyses. One-way ANOVAwas used for KEGGglutathionemetabolism gene signature anal-

ysis. Values are presented as means ± SEM. A value of p < 0.05 was considered significant. For in vivowork, n = number of individual

animals. Details regarding statistical tests, n values and p values can be found in the Figure Legends. Further details regarding the

quantification methods used for IHC experiment are provided in the method details.
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