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SUMMARY
Patients with brain metastases (BM) face a 90% mortality rate within one year of diagnosis and the current
standard of care is palliative. Targeting BM-initiating cells (BMICs) is a feasible strategy to treat BM, but
druggable targets are limited. Here, we apply Connectivity Map analysis to lung-, breast-, and melanoma-
pre-metastatic BMIC gene expression signatures and identify inosine monophosphate dehydrogenase
(IMPDH), the rate-limiting enzyme in the de novo GTP synthesis pathway, as a target for BM. We show
that pharmacological and genetic perturbation of IMPDH attenuates BMIC proliferation in vitro and the for-
mation of BM in vivo. Metabolomic analyses and CRISPR knockout studies confirm that de novo GTP syn-
thesis is a potent metabolic vulnerability in BM. Overall, our work employs a phenotype-guided therapeutic
strategy to uncover IMPDH as a relevant target for attenuating BM outgrowth, which may provide an alterna-
tive treatment strategy for patients who are otherwise limited to palliation.
INTRODUCTION

Brain metastases (BMs) are ten times more frequent than pri-

mary brain tumors,1 and patients diagnosed with BM face a

90% mortality rate within 4–12 months of their diagnosis.2

Lung cancer, breast cancer, and melanoma account for 85%

of the primary cancers that metastasize to the brain.1 While the

current standard-of-care treatment for BM comprises surgical

resection and/or radiation therapy, such therapeutic strategies

are palliative, and BM remains ostensibly incurable. Moreover,

the incidence of BM is increasing due to better systemic treat-

ment options for primary cancers.3 While significant progress

has been made in understanding the genetic landscape4–6 in

secondary brain tumor formation, there remains a lack of clini-

cally relevant models that can identify therapeutically suitable

targets for the treatment of BM.

The bulk of cells within a primary tumor vary in their prolifera-

tive, differentiation, and self-renewal capacities, as well as their

metastatic capacity. Only 0.01% of metastasizing primary tumor
Cell Reports Medicine 5, 101755, Octo
This is an open access article under the
cells are capable of initiating and sustaining a secondary tumor.7

This cell population is theorized to have inherent stem-like

and tumor-initiating properties that drive malignant tumor

progression and contribute to drug resistance and relapse.8–11

We have isolated and characterized this stem-like cell popula-

tion, termed BM-initiating cells (BMICs), from patient-derived

lung-,12,13 breast-, and melanoma-BM.14 BMICs evade conven-

tional therapies and migrate away from their primary tumors to

the brain to formBM.15 Therefore, developing therapeutic strate-

gies to prophylactically eradicate BMICsmay be amore effective

approach than treating existing BM.9,16

Using established lung-to-BM models,12,13 we recently

captured a population of lung-BMICs that arrived in the brain

and are undetectable by standard imaging techniques, which

we termed pre-metastatic BMICs.13 We applied Connectivity

Map (CMap) computational analysis17 to the transcriptome of

pre-metastatic lung-BMICs and identified apomorphine as a

candidate compound to block the formation of lung-BM.13 We

have since expanded this model to include breast- and
ber 15, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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melanoma-pre-metastatic BMICs and identified a shared gene

signature of pre-metastatic BMICs common to all three

cohorts.14

Here, we utilized this shared pre-metastatic BMIC signature to

uncover targetable therapeutic vulnerabilities in lung-, breast-,

andmelanoma-BMICs by applying CMap analysis. We identified

mycophenolic acid (MPA), a known inhibitor of inosine mono-

phosphate dehydrogenase (IMPDH), as a potent suppressor of

BMIC activity. Due to MPA’s predicted low blood-brain barrier

(BBB) permeability, we synthesized a focused library of analogs

that are predicted to have greater BBB permeability. Compound

3 possessed superior in vivo efficacy against BM compared to

MPA by significantly extending survival. Mechanistically, we

identified that purine synthesis is a metabolic vulnerability in

BM, where pharmacological inhibition of IMPDH slowed the for-

mation of BM. Together, our data show that inhibition of IMPDH

should be explored for the treatment and prevention of BM.

RESULTS

CMap analysis of pre-metastatic BMIC gene expression
profiles reveals MPA as a selective BMIC inhibitor
Our previouswork has led to the successful establishment of pre-

clinical models of lung-, breast-, and melanoma-BM using three

different injection routes: (1) orthotopic, (2) intracardiac, and (3)

intracranial.12–14,18 In brief, BM tumors surgically removed from

patients with BM are processed and cultured in tumorsphere-en-

riching media to establish BMIC lines; BMIC lines are subse-

quently injected into NSG mice via orthotopic (lung, fat pad, or

subcutaneous for lung-, breast-, and melanoma-BM, respec-

tively), intracardiac, or intracranial routes.12–14,18 Most recently,

we reported that our orthotopicmodels of lung-, breast-, andmel-

anoma-BM are able to capture BMICs in their early or ‘‘pre-meta-

static’’ stage of BM development where BMICs have seeded the

brain but have not yet formed metastatic lesions that are visible

by immunohistochemistry.13,14 We studied the transcriptomic

profiles of pre-metastatic lung-, breast-, and melanoma-BMICs

by RNA sequencing and found that they are distinct from their

BMIC line counterparts (Figures 1A and 1B).13,14 The term ‘‘pre-

metastatic BMICs’’ herein refers to a tumor cell population that

has newly arrived in the brain and is undetectable by standard im-

aging techniques such as MRI or immunohistochemistry.

In this work, we aimed to identify potential druggable tar-

gets for BM, by characterizing the transcriptomes of pre-

metastatic lung-, breast-, and melanoma-BMICs (see Fig-

ure 1A).13,14 We identified 3,951 genes that are commonly

differentially expressed in the pre-metastatic cohort of cells

compared to BMICs isolated from established patient tumors

(Figure 1C).14 We input the shared gene signature of pre-met-

astatic BMICs (defined by the commonly shared gene signa-

ture from BMICs of all three primary tumor cohorts) as a query

signature for computational CMap17 analysis to identify com-

pounds that evoke opposing transcriptional changes (see Fig-

ure 1A). The goal of using CMap is to generate testable hy-

potheses about drugs that have not yet been characterized

in certain disease contexts, where a query gene signature

(i.e., our pre-metastatic gene signature) is compared against

a reference database containing signatures representing a
2 Cell Reports Medicine 5, 101755, October 15, 2024
change in cellular state in response to a drug, gene, disease,

or other perturbation. 380 compounds were suggested by

CMap to affect our pre-metastatic signature, of which 194

were predicted to have an ‘‘opposing’’ effect. Only 48 candi-

date compounds met our established probability value cutoff

of 0.0517 (Figure 1D). To validate these findings, we screened

all 48 compounds for their capacity to affect the viability of a

patient-derived lung-BMIC line (BT478) at a concentration of

10 mM (Figure 1E). We identified several compounds

belonging to diverse chemical families that significantly in-

hibited BMIC viability. One such compound, apomorphine,

has previously been reported by our group to block lung-

BM,13 thus validating our target discovery pipeline.

We fully evaluated the effective compounds based on their

prior reports in cancer treatment and potential toxicity for their

current indication(s). One of the most important criteria in select-

ing a lead compound of interest was synthetic tractability since

we could not find sufficient evidence of BBB permeability19,20

for the majority of the compounds and realized that the com-

pound(s) would most likely need to be chemically modified to

enhance BBB penetration. We selected the natural product

MPA as the lead compound for further study because it

possessed a relatively high anti-BMIC activity against multiple

patient-derived BMIC lines from lung-, breast-, and melanoma-

BM below its clinically relevant plasma Cmax concentration of

10 mM21 (Figures 2A and S1), while remaining nontoxic to normal

brain cells (Figure 2B) at the same concentrations. Importantly,

its chemical structure was observed to be easily manipulated

compared to the other CMap hits. Furthermore, MPA inhibits

BMIC proliferation over time (Figure 2C) and significantly re-

duces the frequency of stemness in BMIC lines in both limiting

dilution assays (Figure 2D) and clonogenic sphere formation as-

says (Figure 2E), which are in vitro surrogate measures for stem

cell self-renewal.22,23 This suggests that MPA is targeting the

stem-like properties of BMICs that are presumed to drive their

tumor-initiating properties, which allow them to evade conven-

tional therapies.15 Finally, using an in vitro wound healing assay,

we determined that MPA inhibits themigration of patient-derived

BMICs (Figures 2F and 2G, Videos S1, S2, S3, and S4), suggest-

ing that MPA targets phenotypes relevant to the metastatic tu-

mor initiation cascade.24,25

To the best of our knowledge, neither MPA nor its known

target, IMPDH, has been previously implicated in BM. Notably,

MPA is predicted to have low BBB penetrance based on in

silico analyses and has not been previously considered for pre-

venting brain cancer. Nonetheless, due to its selectivity toward

BMIC inhibition over normal brain cell controls in vitro and the

lack of targeted therapies for BM that can extend patient survival,

we aimed to utilize MPA as a tool compound to uncover targets

for BM research while developing BBB-permeable analogs of

MPA to confirm the target’s therapeutic relevance preclinically.

MPA slows BM progression in an in vitro pre-treatment
PDX model
We next determined whether MPA can impact the ability of

BMICs to recapitulate BM in vivo using our established BM pa-

tient-derived xenograft (PDX)models.14We decided to focus pri-

marily on lung-BM for our in vivo experiments because they



Figure 1. Phenotypic screen identifies anti-BMIC compounds
(A) Schematic of phenotypic screen pipeline. Transcriptomes of BMICs isolated from established patient BM samples were compared to the same BMICs

isolated from the brains of mice following orthotopic transplantation (i.e., early colonizers of metastatic spread). Created with BioRender.com.

(B) RNA sequencing revealed a unique molecular and genetic profile suggestive of deregulation during the pre-metastatic stage of BM from all three cohorts.

‘‘Original’’ denotes BMIC samples collected prior to xenograft injection.

(C) Venn diagram of 3,951 genes being commonly differentially expressed during pre-metastasis.

(D) Schematic of selection criteria that led to 48 compounds being chosen for preliminary drug screen and evaluated against an in-house patient-derived lung-

BMIC line at 10 mM for 72 h using a PrestoBlue readout.

(E) 48 CMap compounds evaluated against an in-house patient-derived lung-BMIC line; seven compounds significantly decreased the viability to lung-BMICs

(BT478) compared to vehicle control after a 72-h incubation period (blue arrows refer to compounds shown in Figure 1D; n = 3; ***, p < 0.001; ****, p < 0.0001). See

also Figure S1. Comparisons of cell viability were made via a two-tailed unpaired t test and data are presented as mean ± SD from 3 technical replicates.
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account for over 50% of all BM cases. To assess whether MPA

treatment would affect brain tumor formation while keeping

in mind that MPA’s BBB penetrance is poor, BMICs were pre--

treated in vivo with either MPA (at its 80% maximal inhibitory

concentration; IC80) or a placebo. A clonogenic secondary

sphere formation assay (Figure 3A) showed that MPA-treated

BMICs do not regain sphere-forming capability following MPA

removal from the culture media, suggesting that MPA’s effect

on BMICs is either irreversible26,27 or that MPA is targeting an

important pathway for BM formation that warrants further inves-

tigation (Figure 3B). Thereafter, following in vitro pre-treatment of

BMICs with MPA or DMSO control, equal numbers of viable tu-

mor cells were orthotopically engrafted into immune-compro-

mised mice (Figure 3C). Mice engrafted with MPA-treated

BMICs showed a significantly reduced brain tumor burden

2 weeks post- injection (Figures 3D and 3E) and survived signif-

icantly longer (Figure 3F) thanmice injectedwith placebo-treated
BMICs. This phenotype was also recapitulated in a melanoma-

BM PDX model (Figures S2A and S2B).

To obtain a clinically relevant correlate to the data aforemen-

tioned, we acquired two patient-derived lung adenocarcinoma

samples: one that was derived from a patient who developed

BM following their primary lung tumor diagnosis (CRUK0748),

and one that was derived from a patient who, to-date, has not

developed BM (CRUK0733). BM-initiating capacity was con-

firmed in our PDX models (Figure S1C). We harvested the tagged

CRUK0748cells from thebrainsofmiceandcultured them instem

cell-enrichment media conditions to derive a CRUK0748-BM line.

MPA was tested against CRUK0748-BM in a dose-response

assay, which confirmed that MPA inhibits BMIC proliferation

within the primary CRUK0748 lung sample (Figure S1D).

Once we saw that MPA affected BM initiation in the brain

following in vivo pre-treatment (see Figures 3A–3D), we set out

to examine whether MPA could inhibit metastasis during the
Cell Reports Medicine 5, 101755, October 15, 2024 3



Figure 2. MPA is a selective anti-BMIC inhibitor

(A) Dose-response curves of multiple lung-BM (LBM), breast-BM (BBM), andmelanoma-BM (MBM) cells, and (B) control normal brain cells after a 72-h treatment

with MPA. PrestoBlue readout is normalized to vehicle-treated cells. Data are presented as mean ± SD from 4 technical replicates.

(C) Assessment of cell viability of patient-derived BMICs treated with MPA or its vehicle. PrestoBlue readout is normalized to vehicle-treated cells, p < 0.0001.

(D) Limiting dilution analysis regression curves of patient-derived BMICs after a 6-day treatment withMPA or its vehicle: plotted using the extreme limiting dilution

program (available from: http://bioinf.wehi.au/software/elda/).

(E) Quantification of tumor spheres formed by patient-derived BMICs after 72-h treatment with MPA or its vehicle. Sphere count normalized to vehicle-treated

cells, p < 0.0001.

(F andG) Percent wound closure of DMSO control vs. MPA-treated cells expressed as an average of replicates (n = 3) and images are taken at 103magnification.

Wound closure (represented by dotted white line) is measured using ImageJ on Incucyte-derived images, p values are indicated. Scale bars are 400 mm. See also

Videos S1 S2, S3, and S4. Comparisons of cell viability, sphere formation, and wound closure were made via a two-tailed unpaired t test and data are presented

as mean ± SD from 3 to 4 technical replicates. SYTOX green nucleic acid stain indicates cell death.
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earlier stages of the metastatic cascade. To determine whether

MPA slows the spread of metastasizing BMICs from a primary

tumor to the brain, we pre-treated primary CRUK0748 lung tu-

mor cells in vitro with either MPA or vehicle control before inject-
4 Cell Reports Medicine 5, 101755, October 15, 2024
ing equal numbers of live cells into the intrathoracic cavity of

mice (see Figure 3A). Since mice succumb to their primary tumor

burden prior to the formation of a macroscopic brain tumor, we

collected all brains at the humane endpoint and sorted the cells

http://bioinf.wehi.au/software/elda/


(legend on next page)
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for the human cell marker TRA-1-85 by flow cytometry to assess

MPA activity on metastasis. Mice orthotopically injected with

cells that were pre-treated with MPA had significantly fewer

TRA-1-85-positive human cells detected in their brains at the hu-

mane endpoint (Figure 3H). Mice injected with MPA-treated cells

also experienced a significant increase in median survival time of

6 days compared to the mice injected with vehicle-treated cells

(Figure 3H). Taken together, the data obtained from these in vivo

studies demonstrate that metastatic brain tumor formation is

significantly slowed following a short in vitro pre-treatment of

BMICs with MPA.

BBB penetrance is essential for a BM preventative
therapy
We next wondered whether a drug used to slow down, or block,

BM needed to be BBB penetrant and aimed to uncover whether

MPA could target pre-metastatic BMICs in the circulation in a

more clinically relevant in vivo treatment model. To this end,

we intracardiacally injected mice with patient-derived lung-

BMICs and began treating them daily with either MPA or placebo

by oral gavage (Figure S3A). MPA-treated mice had a signifi-

cantly reduced brain tumor burden 7 days post-injection (Fig-

ure S3B), suggesting that the BMICs were being effectively

targeted outside of the brain cavity. However, a difference in

brain tumor burden was no longer observed 14 days post-injec-

tion (Figure S3C), and all mice reached the humane endpoint at a

similar time point, regardless of treatment (Figure S3D). These

results suggest that MPA targets peripheral, but not central,

BMICs due to its limitation of crossing the BBB.

Next, we injected mice orthotopically with the primary lung

CRUK0748 cell line and treated them daily as described earlier

(see Figure S3A). In this model, MPA-treated mice survived

significantly longer than their placebo-treated counterparts, sug-

gesting that MPA slowed the growth of their primary lung tumors

(Figure S3E). Once the humane endpoint was reached, there was

no significant difference in the number of human cells detected in

mouse brains as determined by flow cytometry (Figure S3F).

While this contradicts our results from our pre-treatment model,

we speculate that BMICs are not targeted by MPA treatment

once they penetrate the BBB to seed the brain. These data sug-

gest that BBB penetrance is an important limitation to MPA’s

ability to slow BM and therefore an essential property of a poten-

tial anti-BM therapy.
Figure 3. Short exposure of BMICs to MPA slows BM progression in m
(A) Schematic of clonogenic secondary sphere formation assay.

(B) Quantification of secondary tumor sphere formation by patient-derived BMIC

culturemedia. Comparisons weremade via a two-tailed unpaired t test and data a

(C) Schematic of experimental timeline. BMICs or primary lung cancer cells were

penetrance) for 4 days followed by either intracranial or intrathoracic engraftmen

(D) Representative IVIS bioluminescence images of mice 14-day post injection an

in vivo imaging system. Comparisons were made via a two-tailed unpaired t test a

indicated.

(F) Kaplan-Meier survival analysis of placebo and MPA groups following intracra

rank (Mantel-Cox) test, p value is indicated.

(G) Quantification of human cells inmouse brains by flow cytometry at the humane

presented as mean ± SD from 4 to 5 technical replicates. p value is indicated.

(H) Kaplan-Meier survival analysis of vehicle and MPA groups following intrathor

were made via a log rank (Mantel-Cox) test, p value is indicated.
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Design, synthesis, and in vivo validation of BBB-
permeable MPA derivatives
We hypothesized that the poor BBB penetration of MPA is most

likely due to the carboxylic acid functionality (pKa �5), since it is

well known that CNS-active drugs are usually neutral or basic

(pKa 7.5–10.5).
19,20 A common strategy for improving the perme-

ability of carboxylic acids across membranes is via masking

the charge through ester prodrugs, which have improved lipo-

philicity and are cleaved by cellular esterases in vivo.28 The

2-morpholinoethyl ester of MPA, which is called mycophenolate

mofetil or MMF (1), was developed to improve the oral availability

of MPA and has been in clinical use since 1995.29–31 Here, we

synthesized a series of MPA derivatives (Figure 4A and supple-

mentary files) and tested their BBB permeability, with side chains

bearing tertiary amines of the appropriate basicity to improve

both permeability and solubility. We sought to compare the ac-

tivities of the esterase-cleavable esters (1–3) with more metabol-

ically stable amide derivatives (4–6), since MPA amides have

been reported as IMPDH inhibitors previously,32,33 albeit never

designed to prioritize BBB permeability.

Weevaluated each analog’s selectivity for BMICs using patient-

derived lung-BMIC lines (BT478) and neural stemcells as a normal

brain cell control (Figure 4B). One of the analogs, Compound 3,

was selected as the superior MPA analog for in vivo preclinical

study because it retained MPA’s therapeutic window in its selec-

tivity for BMICs compared to normal brain cells (Figure 4C) and

was suggested to be BBB penetrant using the in vitro parallel arti-

ficial membrane permeability assay (PAMPA,34,35 Figure 4D). To

explore active transport/efflux mechanisms, we used an MDCK-

MDR1 cell monolayer model to show that both MPA and Com-

pound 3 have a high permeability for entering the brain and are

not significant substrates for P-glycoprotein (ABCB1), which is

known to play a key role in limiting small molecules from entering

the brain (Table S1).36,37 Additionally, the similar efflux ratio results

between MPA and Compound 3 in MDCK-MDR1 assays suggest

that the ester linkage does not substantially alter the active trans-

port mechanisms but most likely masks the negative charge to

facilitate passive uptake. Finally, to explore if there is differential

partitioning of either Compound 3 or MPA in brain homogenate,

we explored free and bound drug concentrations. The composi-

tion of plasma and brain is quite different (>20-fold more lipids

in the brain, >2-fold more protein in the plasma), and mouse brain

homogenate was treated with each compound followed by
ice

s following the removal of MPA (IC80 treatment for 72 h) or its vehicle from the

re presented asmean ± SD from 4 to 5 technical replicates. p value is indicated.

pre-treated with MPA or its vehicle in vivo (due to MPA’s predicted poor BBB

t into immunocompromised mice, respectively.

d (E) brain tumor burden comparisons between placebo andMPA groups. IVIS,

nd data are presented as mean ± SD from 4 to 5 technical replicates. p value is

nial engraftment of patient-derived BMICs. Comparisons were made via a log

endpoint. Comparisons weremade via a two-tailed unpaired t test and data are

acic engraftment of patient-derived metastatic lung tumor cells. Comparisons



Figure 4. Increasing MPA’s brain penetrance enhances its anti-BM phenotype in vivo

(A) Summary of the design and synthesis strategy for MPA analogs. See supplementary information for chemical syntheses.

(B) A summary of each analog’s activity following dose-response assays. N/A, not applicable.

(C) Dose-response curves of a lung-BMIC line (BT478), breast-BMIC line (MDA-MB-231 Br), melanoma-BMIC line (BT673), and neural stem control cells following

a 72-h treatment with MPA or Compound 3. PrestoBlue readout is normalized to vehicle-treated cells and data are presented as mean ± SD from 4 technical

replicates.

(D) Brain penetrance was evaluated in vitro using the parallel artificial membrane permeability (PAMPA) assay. Permeability coefficients (�LogPe) > 6 indicate low

CNS permeability, whereas �LogPe < 6 indicate high CNS permeability. Caffeine was used as a BBB-permeable control. Comparisons were made via a two-

tailed unpaired t test and data are presented as mean ± SD from 3 technical replicates. p value is indicated.

(E) Schematic of treatment regimen. Mice were treated daily by oral gavage using either MPA, Compound 3, or placebo.

(F) Kaplan-Meier survival analysis of control-, MPA-, and Compound 3-treated mice. Log rank test, p value is indicated (n.s., not significant [MPA], ***p = 0.0005

[Compound 3]).
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equilibrium dialysis andmass spectrometry to determine the frac-

tion of bound (65.9%) and unbound drug (34.1%) for MPA

(Table S2). This is a relatively high fraction of unbound drug,

consistent with the efficacy of the MPA observed. However, the

mass of Compound 3 could not be detected following completion

of the assay, and a proper bound/unbound fraction could not be

determined. This suggests that Compound 3 is metabolized

within the brain homogenate, consistent with our hypothesis of

creating a prodrug, and subsequently, likely abides by the

bound/unbound ratios determined for MPA.

To examine whether Compound 3’s suggested BBB perme-

ability leads to superior anti-tumor activity compared to MPA,
we intracranially injected mice with lung-BMICs and, 24 h later,

began treating the mice daily by oral gavage with either vehicle,

MPA, or Compound 3 (Figure 4E). The cells were injected intra-

cranially to ensure that any survival benefit would be due to the

compounds crossing the BBB and targeting BMICs in the brain.

Mice treated with Compound 3 showed a significant survival

advantage in this model compared to both MPA and vehicle-

treated groups, whereas there was no survival advantage for

MPA-treated mice compared to vehicle (Figure 4F). This sug-

gests that enhancing the BBB permeability of MPA can be

done without sacrificing its biological selectivity toward BMICs

over normal brain cells and indicates that a compound that
Cell Reports Medicine 5, 101755, October 15, 2024 7
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can still reach the tumor cells after brain colonization is critical for

longer lasting effects.

Mechanistic studies suggest IMPDH activity as a
targetable vulnerability in BMICs
In parallel to our preclinical studies described earlier, we set out

to identify whether MPA’s known target, IMPDH, is the relevant

target in the context of its anticancer mechanism of action.

IMPDH is the first rate-limiting enzyme in de novo GTP synthesis

(Figure 5A). It is an established druggable target known to be up-

regulated in highly proliferating cells.38 To confirm whether

IMPDH is relevant in MPA’s efficacy against BMICs, we initially

confirmed that a structurally distinct and selective IMPDH-inhib-

itor, merimepodib,39 displays a similar dose-response effect

against our patient-derived lung-BMICs (Figure S4A).

Highly proliferative cells rely on de novoGTP synthesis to keep

up with their high metabolic demands, whereas BMICs, similarly

to other cancer stem-like cells, are characterized by a slower rate

of proliferation.40 Therefore, to understand why slowly prolifer-

ating BMICs are vulnerable to perturbations in de novoGTP syn-

thesis, we sought to elucidate their metabolic landscape. We

used liquid chromatography-mass spectrometry-based metab-

olomics profiling to map the differential polar metabolome of

vehicle- or MPA or Compound 3-treated BM cells in comparison

to normal human astrocytes (Figure S4B). Consistent with on-

target IMPDH inhibition, GDP and GTP levels were significantly

reduced with both MPA and Compound 3 treatment, (Fig-

ure 5B),41 while aminoimidazole carboxamide ribonucleotide

(AICAR), an intermediate in the de novo purine synthesis

pathway upstream of IMPDH, was shown to accumulate with

drug treatment (Figure 5C). This confirms that Compound 3

acts on-target and has the same metabolic profile as MPA for

both cell lines tested and further suggests that BMICs cannot

rely on the salvage pathway (see Figure 5A) to sufficiently fulfill

their GTP pools. Notably, MPA and Compound 3 treatment did

not influence the levels of dihydroorotic acid (Figure S4C), a

key metabolite in pyrimidine biosynthesis, suggesting that the

drug’s effect is specific to the purine biosynthesis pathway.

Taken together, we have shown that de novo GTP synthesis is

a critical vulnerability in metastatic brain tumors and that

IMPDH is a tractable target within this pathway.

We reasoned that if IMPDH is indeed the target of MPA in

this biological context, then exogenous guanine supplementa-

tion (i.e., upregulating the nucleotide salvage GTP synthesis

pathway, which IMPDH is not involved in, see Figure 5A) should

fully rescue MPA and Compound 3’s anti-BMIC phenotype by

stimulating the purine nucleotide salvage pathway. As expected,

exogenous guanine supplementation to cell culture media

(12 mM) rescued BMIC viability after chemical IMPDH perturba-

tion with both MPA and Compound 3 (Figure 5D). This suggests

that BMICs may be reliant on de novo GTP synthesis, potentially

due to a purine salvage deficiency and/or high glucose availabil-

ity in the brain (see Figure 5A).42

To confirm on-target activity of MPA and Compound 3 against

IMPDH, we used two patient-derived lung-BMIC cell lines,

BT478 and BT530, to generate IMPDH knockout lines, wherein

both isoenzymes (IMPDH1 and IMPDH2) are knocked out. In

parallel, we knocked out the safe-harbor locus, AAVS1, as a
8 Cell Reports Medicine 5, 101755, October 15, 2024
control cell line. Knockouts were validated by western blot

(Figures 5E and S4D). Loss of IMPDH led to tumor cell death

within 1 week of knockout (Figure 5F). IMPDH knockout cell lines

exhibited a significantly reduced sphere formation capacity

compared to AAVS1 control cell lines within 72 h (Figure 5G).

Furthermore, both MPA and Compound 3 lose their anti-BMIC

activity following IMPDH knockout (Figure S4E). Taken together,

these data provide direct mechanistic evidence that IMPDH is

the target responsible for MPA and Compound 3’s anti-tumor

phenotypes and that it is an important driver of BMIC

proliferation.

IMPDH expression as a biomarker for patients with lung
cancer with BMs
IMPDH is an established druggable target with two isoforms,

IMPDH1 and 2, that share 84% peptide sequence homology.38

IMPDH1 is generally considered a housekeeping gene, whereas

IMPDH2 is known to be upregulated in highly proliferating cells.

Notably, BMICs generally have higher protein levels of both iso-

enzymes compared to primary lung cancer cells and healthy

brain cell controls, as determined by western blot (Figures S4F

and S4G). Notably, this difference is only significant for the

IMPDH2 isoenzyme.

To investigate whether IMPDH1 and/or IMPDH2 could be

used as predictive biomarkers for drug response in patients

with primary lung cancer (i.e., the primary cancer that accounts

for �50% of BM15), we examined the correlation of IMPDH1

and IMPDH2 gene expression with drug sensitivity to MPA

across cancer cell lines available in DepMap43 (Figures S5A

and S5F). We found increased MPA drug sensitivity with higher

expression of IMPDH1 in lung cancer cell lines (Pearson correla-

tion coefficient r = �0.314, p = 0.01). The negative correlation

became stronger when subgrouping the data by lung cancer

disease subtypes, particularly for non-small cell lung cancer

(NSCLC) (r = �0.884, p = 0.116) and small-cell lung cancer (r =

�0.752, p = 0.458), the lung disease subtypes that most

commonly metastasize to the brain.44 The latter was not statisti-

cally significant, likely due to the reduced number of samples in

each subgroup.

We next explored the lung tissue expression of IMPDH1 and

IMPDH2 among normal (n = 391), tumor (n = 1,865), and meta-

static (n = 8) tissue samples from data available within

TNMplot.45 We identified that the expression of both genes

was increased in the tumor and metastatic tissue compared to

normal tissue, with metastatic tissue showing the highest levels

of expression (Figures S5G and S5H). Statistically significant dif-

ferences were obtained from non-parametric Kruskal-Wallis and

Dunn test statistical analysis from TNMplot.

We then focused on a study using patients with NSCLC

(n = 30) who developed BM (available data GSE200563)46

because it is the most common type of lung cancer, and the pa-

tient-derived lung-BM lines used in this work (BT478 and BT530)

are of this subtype. We observed that the expression of IMPDH1

and IMPDH2 did not correlate within patient samples and be-

tween tumor site (Figure S5I). The expression between primary

lung carcinoma and its BM-paired sample (n = 23) varied

(decreased, maintained, or increased) depending on the patient

(paired t test p = 0.317 and 0.447, respectively, for IMPDH1 and



Figure 5. MPA targets the de novo GTP synthesis pathway in BMICs

(A) Schematic of the de novo GTP synthesis pathway. Created with BioRender.com.

(B) Boxplots depicting relative GDP and GTP levels in patient-derived BMIC lines and normal human astrocytes (NHAs) with either DMSO, MPA, or Compound 3

treatment. Comparisons were made via a two-tailed unpaired t test, n = 4 technical replicates, p value is indicated. N.s., not significant, **** = p < 0.0001.

(C) Boxplots depicting relative AICAR levels in patient-derived BMIC lines and NHAs with either DMSO, MPA, or Compound 3 treatment. Comparisons were

made via a two-tailed unpaired t test, n = 4 technical replicates. N.s., not significant.

(D) Dose-response curves of BT478 and BT530 tumor cells treated with MPA or Compound 3 in culture media supplemented with exogenous guanine (12 mM) or

vehicle (water). Data are presented as mean ± SD from 4 technical replicates.

(E) Immunoblot confirmation of IMPDH (IMPDH1 + IMPDH2) knockout (KO) in patient-derived lung-BMICs. Cropped from single full blot.

(F) Time-course proliferation assays of AAVS1 and IMPDH KO BT478 and BT530 cells. Comparisons were made via a two-tailed unpaired t test. Data are

presented as mean ± SD from 4 technical replicates, **** = p < 0.0001.

(G) Representative bar graphs depicting the sphere count per 200 cells of AAVS1 vs. IMPDH KO cells. Comparisons were made via a two-tailed unpaired t test,

data are presented as mean ± SD from 4 technical replicates, **** = p < 0.0001.

(H) Kaplan-Meier curves showing the overall survival probability (from primary cancer diagnosis to death) in a cohort of 30 patients with lung carcinoma who

developed BM, for IMPDH2 very high vs. very low expression (1st and 3rd quartiles cutoff values: <114.86 and >210.74). The Cox regression model for survival

analysis was used, p values (p) are shown. The hazard ratio (HR) and 95% confidence interval (CI) are HR = 0.30, CI (0.09–0.96) for IMPDH2 very low compared

with very high, or inverted HR = 3.33, CI (1.041–11.11). For the two patients from the cohort whowere still alive at the end of the study, the latest survival time point

was used for the analysis. Data were obtained from the processed (Q3 method normalization) GEO dataset (GSE200563). Data acquisition, analysis, and

visualization performed using R version 4.1.2 and the following packages: GEOquery, survival, and ggplot2.
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IMPDH2) (Figures S5J and S5K). No correlation was identified

between IMPDH1 and IMPDH2 expression in the primary lung

carcinoma samples (n = 30) (Pearson r = 0.02, p = 0.10), and a

tendency toward a negative correlation for BM (n = 27) was

observed, although it was not significant (r = �0.29, p = 0.17)

(Figures S5L and S5M).

Finally, the overall survival probability was calculated for the

30 patients with primary lung carcinoma who developed BM us-

ing IMPDH1 and IMPDH2 expression in the lung cancer tissue

(high vs. low expression median cutoff values were 144.72 and

162.75, respectively), and for IMPDH1 and IMPDH2 very high

vs. very low expression (1st and 3rd quartiles cutoff values:

116.19 and 185.31, and 114.86 and 210.74, respectively) (Fig-

ures S5N–S5P and 5H). Notably, very high levels of IMPDH2

identified a subgroup of patients with significantly shorter overall

survival (Kaplan-Meier and Cox regression model for survival

analysis, p = 0.043, IMPDH2 very low: hazard ratio [HR] = 0.30,

confidence interval [CI] [0.09–0.96]; IMPDH2 very high [inverted]:

HR = 3.33, CI [1.041–11.11]) (Figure 5H).

While further studies with patient samples are required, these

data suggest that IMPDH could be used as both predictive and

prognostic biomarkers for patients with lung cancer; higher

expression of IMPDH1 may predict patients with primary lung

cancer who could be more responsive to MPA treatment,

whereas IMPDH2 expression could be a prognostic marker for

patients with NSCLCwho are at risk for developing BM by iden-

tifying those who have a poorer prognosis (i.e., shorter overall

survival).

DISCUSSION

BM remains the most common adult brain tumor and the most

understudied due to its dismal prognosis and lack of clinically

relevant experimental models.1,47 Current therapies are mainly

palliative, highlighting the urgent need for new therapeutic stra-

tegies. To address this unmet clinical need, we employed a

phenotypic drug screening strategy to identify tool compounds

that can be used to unravel promising targets for BM research.

Unlike target-based drug screening, phenotypic drug screening

intends to identify compounds capable of evoking a desired

pharmacological effect (i.e., a compound that kills BMICs

without affecting noncancerous brain cell controls).48 This

mode of drug discovery establishes therapeutic relevance earlier

in the drug discovery pipeline and enhances the chances of

serendipitous discoveries because it does not require prior

knowledge of the mechanism of action; this latter point greatly

reduces the otherwise common problem of drug off-target ef-

fects, which often occurs with target-based drug screening.49

Here, we used MPA as a tool compound to reveal IMPDH as a

therapeutically tractable target for BM research. We synthesized

an analog of MPA (Compound 3) that was suggested to have

enhanced BBB permeability through in vitro studies and found,

using an in vivo PDX model, that this compound increased sur-

vival relative to both placebo and MPA. In this study, we show

that IMPDH inhibition in BM acts on-target to inhibit de novo

GTP biosynthesis leading to purine nucleotide depletion.41 Com-

plete phenotypic rescue with the addition of guanine supports

this mechanism of action.
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Altered metabolism is a hallmark of cancer50 and the level of

biology closest to the phenotype,51 making it an attractive target

for regulating cancer cell growth. Stem-like glioma cells have

been recently reported to reprogram their metabolism to aid in

self-renewal, implicating de novo GTP synthesis as a cancer de-

pendency in primary brain tumors.52 The purine nucleotide GTP

can be biosynthesized by the salvage pathway or by the de novo

pathway in cells.38 Whereas the salvage pathway uses available

purine nucleosides to produce purine mononucleotides, de novo

biosynthesis is an energy-demanding process that is upregu-

lated in many types of cancers. Further, the normal adult brain

has lower demands for GTP synthesis and preferentially favors

purine salvage,53,54 which suggests that the salvage pathway

is defective or insufficient in BM, thus creating a vulnerability

through targeting the de novo pathway, rendering IMPDH inhibi-

tion as a tractable and nontoxic target for BM with a potentially

high therapeutic window.

Purines are the building blocks of DNA and are involved in

many cellular processes. This work adds to the growing body

of literature implicating MPA as an anti-tumor drug through

the suppression of de novo purine synthesis,55 which has

also been shown to contribute to the aggressive nature of the

primary brain tumors.41,51 Elevated rates of de novo purine syn-

thesis have been shown tomaintain the tumorigenic capacity of

glioma-initiating cells56 and contribute to enhanced DNA repair

in radiation-resistant glioblastoma.41,51 We saw a similar de-

pendency for GTP in our study, showing that targeting IMPDH

could be beneficial for metastatic brain tumors. Follow-up

work should couple these experiments with 13C-glucose sta-

ble isotope tracing and flux measurements and further delin-

eate BMIC dependency on GTP synthesis in the context of

metastasis.

In other cancers, MPA treatment and subsequent IMPDH inhi-

bition has been shown to interfere with various steps of the cell

cycle, which ultimately suppresses cell proliferation.57 In some

cancers, MPA induces differentiation and senescence, with evi-

dence of interfering with cell binding to human umbilical vein

endothelial cells, migration into an endothelial cell monolayer,

and decreased angiogenesis in the context of vasculitis,58 which

could also be the mechanism behind its blocking of metastasis.

Future studies into how IMPDH contributes to not only tumor cell

proliferation but also malignant cell invasion and metastasis

should be explored.

Clinically, MPA is a Food and Drug Administration (FDA)-

approved drug used for the prophylaxis of organ rejection in

transplant patients by targeting the increased IMPDH levels in

upregulated T cells and B cells following immune response.38,59

IMPDH activity and de novo GTP synthesis is not an inherent

mechanism of immune cells, and patients with cancer are typi-

cally already taking immunosuppressants during their treatment.

Nonetheless, a limitation of our PDX mouse models is the lack of

an intact immune system and this should be the subject of future

follow-up studies, along with testing the effects of IMPDH inhib-

itors on established BM tumors and those of varying primary tu-

mors, particularly those of breast and melanoma origin. Notably,

other groups have shown that IMPDH inhibition does not have a

devastating effect on immune function in vivo when used as a

cancer treatment,60 and current clinical trials using MPA
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prodrugs are already underway for glioblastoma with no serious

toxicities (NCT04477200).61

Collectively, our studies implicate de novo purine synthesis as

a metabolic vulnerability in BM that is targetable through its rate-

limiting enzyme, IMPDH. IMPDH inhibitors are already an FDA-

approved class of drugs used clinically, making the barrier to

clinical translation low,41,56 which is particularly important

for this patient population, whose median survival remains at

4–12 months. Here, we have shown in a proof- of- concept

that the BBB-permeable Compound 3 has improved preclinical

activity compared to MPA, indicating that an IMPDH inhibitor

that can still reach the tumor cells after brain colonization is crit-

ical for longer lasting effects. These data, paired with the notion

that IMPDH inhibitors are selective toward BMICs but seemingly

nontoxic to normal brain tissue, have warranted further research

into themetabolic profiles of BMICs and the optimization ofmore

drug-like brain-penetrant IMPDH inhibitors for clinical transla-

tion. To facilitate identification of patients at a high risk of devel-

oping BM following a primary tumor diagnosis, more focus

should be directed on whether IMPDH expression in primary tis-

sues can serve as a predictive biomarker for IMPDH inhibition ef-

ficacy on BM, and whether high IMPDH expression can be used

as a prognostic biomarker, correlated with bad prognosis. If

effective, targeting de novo GTP synthesis in BMICs could

slow their metastatic ability and serve as a first-in-class anti-

BM therapy, while translating to the future development of other

anticancer therapies for tumors with the same metabolic depen-

dencies. Overall, the work described here serves to progress BM

research toward the goal of improving the current palliative stan-

dard of care for patients with BM with a targeted therapy aimed

to eliminate BM.

Limitations of the study
In our orthotopic PDX mouse models, we have recapitulated

BM formation by orthotopically implanting patient-derived met-

astatic lung cancer cells into the thoracic cavity. In our drug

dosing experiments, we included models where we pre-treated

BMICs with MPA prior to engraftment or dosed the mice in vivo

following injection. The pre-treatment model was necessary

because our tool compound, MPA, is predicted to have poor

BBB permeability. Our results suggest that metastasis is inter-

cepted in the pre-treatment model, but not in the in vivo treat-

ment model, suggesting that BMICs are not being effectively

targeted by MPA once they cross the BBB to seed the brain.

It could, however, be hypothesized that MPA does not affect

the number of BMICs residing in the primary tumor, but rather

intercepts their ability to effectively seed the brain, perhaps

because slowly proliferating cancer stem cells are less suscep-

tible to the drug than highly proliferative, non-stem tumor cells.

Hence, future medicinal chemistry work to develop a brain-

potent IMPDH inhibitor should be followed up with these

same models, to further elucidate these findings. Altogether,

this highlights the importance of IMPDH in the metastatic pro-

cess for future work. Further, while our metabolomics data sug-

gest that GTP synthesis is blocked with MPA and Compound 3

through a decrease of both GDP and GTP and that IMPDH inhi-

bition is a consistent vulnerability in all BMIC lines tested, the

upstream metabolite AICAR accumulates in only some condi-
tions; future studies using isotope tracing would be important

to confirm the importance of de novo GTP synthesis specif-

ically. Lastly, while our in silico, PAMPA, and MDCK-MDR1

cell monolayer assays suggest that Compound 3 has greater

BBB permeability compared to MPA, complete in vivo pharma-

cokinetic studies would be necessary to confidently demon-

strate that this is the case.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IMPDH Antibody (F-6) Santa Cruz Cat#sc-166551; RRID:AB_2127354

mouse anti-GAPDH Abcam Cat#ab8245; RRID:AB_2107448

APC-conjugated anti-human TRA-1-85 (CD147) Miltenyi Biotec Cat#130-128-900; RRID:AB_2921968

HRP conjugated secondary anti mouse BioRad Cat#1706516; RRID:AB_11125547

Bacterial and virus strains

NEB Stable Competent E. coli NEB C3040

Biological samples

MDA-MB-231 ATCC Cat#HTB-26

Normal human astrocytes Lonza Bioscience Discontinued

HEK293T ATCC Cat#CRL-11268

Chemicals, peptides, and recombinant proteins

Mycophenlic acid Tocris Cat#1505

PrestoBlue Cell Viability Reagent ThermoFisher Scientific Cat#A13261

SYTOXTM Green Nucleic Acid Stain Invitrogen Cat#S7020

Incucyte� Nuclight Rapid Red Dye for

Live-Cell Nuclear Labeling

Sartorius Cat#4717

7AAD Viability dye Beckman Coulter Cat#A07704

Liberase Blendzyme 3 Millipore Sigma Cat#5401119001

Heparin Solution Cat#07980

Human Recombinant Basic Fibroblast

Growth Factor (bFGF)

STEMCELL Technologies Cat#78003

Human Recombinant Epidermal

Growth Factor (EGF)

STEMCELL Technologies Cat#78006

Antibiotic-Antimycotic (100X) Wisent Bioproducts Cat#450-115-EL

Lipofectamine 3000 ThermoFisher Cat#L3000075

Fetal Bovine Serum, heat inactivated (FBS) Wisent Cat#098-150

PBS ThermoFisher Cat#10010049

DMEM ThermoFisher Cat#11995073

EDTA Millipore Sigma Cat#20158

Guanine Sigma-Aldrich Cat#G11950

Paraformaldehyde Electron Microscopy Biosciences Cat#RT15700

D-firefly luciferin potassium salt Perkin Elmer Cat#122799

Critical commercial assays

Bradford Assay BioRad Cat#5000112

Deposited data

Lung-brain metastasis RNA seq data Gene Expression Omnibus GSE110495

Breast- and melanoma-brain metastasis

RNA seq data

Gene Expression Omnibus GSE220156

Metabolomics data FigShare https://doi.org/10.6084/m9.figshare.22246258

Experimental models: Cell lines

Patient-dervied BM lines This manuscript N/A

Neural Stem Cells This manuscript N/A

CRUK0748, CRUK0733 Provided by Prof. Charles Swanton N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

NOD-scid IL2Rgammanull (NSG) Mouse The Jackson Laboratory RRID:IMSR_JAX:005557

Recombinant DNA

pMD2.G Addgene Cat#12259; RRID:Addgene_12259

psPAX2 Addgene Cat#12260; RRID:Addgene_12260

Toronto KnockOut (TKO) CRISPR Library -

Version 3

Addgene Cat#:90294; RRID:Addgene_52961

Firefly Luciferase Addgene RRID:Addgene_118017

Software and algorithms

Image Scope Aperio https://aperio-imagescope.software.

informer.com

Living Image Perkin Elmer https://www.perkinelmer.com/es/

lab-products-and-services/resourcesin-

vivo-imaging-software-downloads.html

R The R project for Statistical Computing https://www.r-project.org/

GraphPad Prism Graph Pad https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/

FlowJo v10.8 FlowJo LLC https://www.flowjo.com/

BioRender BioRender https://biorender.com/

ELDA: Extreme Limiting Dilution Analysis Walter+Eliza Hall Bioinformatics -Insitute

of Medical Research

https://bioinf.wehi.edu.au/software/elda/

Aperio ScanScope Leica Biosystems N/A

FLUOstar Omega Fluorescence 556

Microplate reader

BMG labtech N/A

Other

10 mL Hamilton syringe Hamilton Cat#76350-01

NeuroCult NS-A Proliferation Kit Stem Cell Technologies Cat#05751
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
BM cell lines from primary lung (BT478, BT530), breast (BT923, BT930) and melanoma (BT673, BT917) cancers are derived from pri-

mary patient samples with written consent from the patients and approved by the Hamilton Health Sciences McMaster Health Sci-

ences Research Ethics Board (REB #07366), in compliance with Canada’s Tri-Council Policy Statement on the Ethical Conduct for

Research Involving Humans and International Ethical guidelines for Biomedical Research Involving Human Subjects. MDA-MB-231

was purchasedfrom American Type Culture Collection and used to generate a brain metastasis derivate following injection into the

mammary fat pad and isolation from the brain at human endpoint. Cell lines are maintained in NeuroCult Complete (NCC) media con-

sisting of NeuroCult NS-A Basal Medium (Stemcell technology #05750) and supplemented with 50 mL of NeuroCult Supplement,

20 ng/mL epidermal growth factor (EGF), 10 ng/mL fibroblast growth factor (FGF), 2 mg/mL heparin and 1% penicillin-streptomycin.

Human fetal neural stem cells (hNSCs) are derived in-house using a previously described protocol.62 Normal human astrocytes are

purchased from American Type Culture Collection. All cell lines were maintained at 37�C with a humidified atmosphere of 5% CO2.

Patient-derived primary lung tumor cell lines CRUK0748 and CRUK0733 were obtained as kind gifts from our collaborator Prof.

Charles Swanton. We tagged both cell lines with firefly luciferase and used our orthotopic lung-BM animal model to anticipate

BM formation (or lack thereof) as was seen in the human patients from which the samples were biopsied from. Following orthotopic

injection of cells, mice succumb to primary tumor burden before their brain tumors can grow to a fatal size.12,63 Nonetheless, we used

ex vivo bioluminescent imaging to confirm that themice orthotopically injected with (metastatic) CRUK0748 cells developed BMprior

to succumbing to their primary lung tumor burden, while the mice injected with (non-metastatic) CRUK0733 cells did not.

In vivo preclinical studies
All animal experiments were performed in accordance with the Canadian Council on Animal Care (CCAC) under animal utilization

protocol (19-01-01) approved by the Animal Research Ethics Board (AREB). Human tissues were isolated using protocols approved

by the Human Integrated Research Ethics Board (HIREB).
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Sex considerations were factored into our research design and analysis. To the best of our knowledge, no studies have found any

sex-related differences pertaining to response to an IMPDH inhibitor treatment. However, apart from breast cancer, significantly

higher rates of brain metastases have been reported in males compared to females in nearly all primary cancer types. In this study,

we included both male and female mice.

All experimental procedures involving animal work has been reviewed and approved by McMaster University Animal Research

Ethics Board. Non-obese diabetic-severe combined immunodeficient IL2rgnull (NSG) mice are used for all experiments. Equal

numbers of male and female mice were used for all experiments. Healthy mice were 6–8 weeks at time of use. Mice are anesthetized

by gas anesthesia using isoflurane (4% induction, 2.5% maintenance) before procedure. Cells were engineered to express firefly

luciferase and were injected intracardially, orthotopically, or intracranially as previously described.13,14,63–65 MPA and Compound

3 were administered by oral gavage (100 mg/kg). Mice are monitored weekly for signs of illness until endpoint.

METHOD DETAILS

Connectivity Map analysis
The Broad Institute’s original CMapwas used to identify possible drug candidates that could affect the expression of the deregulated

genes revealed by transcriptome analyses of premetastatic BMICs. Over 1200 small molecules are assessed in this analysis using

Bioconductor package PharmoacoGx. This analysis reveals 380 drugs with the ability to affect one or more of the 3951 deregulated

genes in lung-, breast-, and melanoma-BMICs. Drugs are filtered by resulting connectivity score (connectivity score <0, to denote

their ability to revert gene deregulation) and associated significance (p < 0.01). The 48 drugs that fit these criteria are sourced

and assayed in a preliminary drug screen to determine which drugs are effective in inhibiting BMIC proliferation. The lung-BMIC

RNA-Seq data used for this analysis has been previously described and accessible through GEO Series accession number

GSE110495.13 The breast- and melanoma-BMIC RNA-Seq data used for this analysis has also been previously described and is

accessible through GEO Series accession number GSE220156.14

In vitro functional assays
For preliminary drug screening, drugs were plated at a concentration of 10 mM in a 96-well plate, in triplicate at a density of 1000 cells/

well, and incubated at 37�C with a humidified atmosphere of 5% CO2 for three days. Vehicle controls for cell death are used in each

functional experiment. Following treatment, PrestoBlue (20 mL, Invitrogen), a resazurin-based cell viability reagent and fluorescence

indicator of cell metabolism, was added to each well to estimate proliferation approximately 2 h prior to measuring fluorescence in-

tensity via FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at an excitation and emission wavelength of

540 nm and 590 nm, respectively. Results were analyzed using Omega analysis software.

Dose-response assays were conducted using the same protocol apart from drugs being plated using 2-fold serial dilutions

(20 mM - 39 nM) as previously described.66 The half maximal inhibitory concentration (IC50) is determined by plotting percent cell

viability by the logarithmic concentration of drug. IC80 concentrations will be used for subsequent functional assays (cell proliferation,

sphere formation), as determined by the following formula:

ICF =
100 � F

F

1
H

3 IC50

where F = fraction of maximal response and H = hill slope.

Cell proliferation assays were conducted using the same protocol, except for drugs being plated at their IC80 for a four-day incu-

bation period. All results were illustrated and analyzed for significance using GraphPad Prism 8 software.

Clonogenic sphere formation assays
To assess tumor sphere forming capacity under clonogenic conditions, neurospheres were dissociated into single cells and plated

at a low density of 200 cells/well in low-binding tissue culture-treated 96-well plates in serum-free media as previously

described.14,66–69 Cells were incubated with drug (IC80) or DMSO control, in triplicate, and incubated at 37�C with a humidified at-

mosphere of 5% CO2. The number of spheres per well were manually counted seven days later. The results were illustrated and

analyzed for significance using GraphPad Prism 8 software.

Limiting dilution assays
In the limiting dilution assay, cells were plated at a range of different cell concentrations (200 cells/well- 1 cell/well) in a low-binding

96-well plate in triplicates. The plate was incubated at 37�C with a humidified atmosphere of 5% CO2. Seven days later, the number

of wells per condition that contained sphere-colonies under 103magnification were counted. The frequency of BMICs within a given

cell population was determined by linear regression analysis. Data was displayed as a scatterplot graph and the corresponding trend

line; on the Y axis the percentage of wells without detectable spheres and on the X axis the number of seeded cells per well. Based on

the Poisson distribution, the frequency of BMICs in the sample is the value corresponding to 37% of wells without detectable

spheres.23,70
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Migration assay
Cells were plated at a density of 15,000 to 25,000 cells (depending upon the cell line) per 70 mL media supplemented with 10% FBS

into two separate wells of a bi-silicon structure within a 48-well plate. The cells were allowed to adhere for 24 h at 37C within a hu-

midified atmosphere of 5%CO2 to form amonolayer of cells. After 24 h the silicon inserts were detached from the 48-well plate, leav-

ing behind twomonolayers of cells that are separated by an empty ‘wound’ and enabling of cell migration into the exclusion zone. The

media was then removed from the well and the cells were washed with pre-warmed PBS and replenished with 1 mL of media con-

taining 250 nm SYTOX green, 2.5% FBS and MPA (IC80) or vehicle control. The plate was inserted into the Incucyte in vitro imaging

system where the ‘wound’ was imaged periodically over time. The Incucyte scan type chosen was 300ms adherent cell-by-cell

alongside phase and green imaging channels within a 103 objective. The images were uploaded to ImageJ where the wound

area was calculated to determine the wound coverage percentage.

Compounds
Chemical shifts in 1H NMR and 13C NMR spectra are reported in parts per million (ppm) relative to tetramethylsilane (TMS), with

calibration to TMS (dH, dC 0.0) or the residual solvent peaks according to values reported by Gottlieb et al. (chloroform: dH 7.26,

dC 77.16).71 When peak multiplicities are given, the72 following abbreviations are used: s, singlet; d, doublet; t, triplet; q, quartet;

sept., septet; dd, doublet of doublets; m, multiplet; br, broad; app., apparent; gem, geminal. 1H NMR spectra were acquired at

400 or 700 MHz with a default digital resolution (Br€uker parameter: FIDRES) of 0.22 and 0.15 Hz/point, respectively. Coupling con-

stants reported herein therefore have uncertainties of ±0.4 Hz and ±0.3 Hz, respectively. All assignments of protons and carbons

relied on data from 2-dimensional NMR experiments including COSY, HMQC, and HMBC. The 13C NMR spectra provided herein

(13C{1H} DEPTQ-135; Br€uker pulse program deptqgpsp) show CH and CH3 carbon signals below the baseline and C and CH2 car-

bons above the baseline. Melting points (mp) are uncorrected. Reactions were carried out at room temperature (rt) if temperature is

not specified. Compounds purified by normal-phase flash chromatography73 used Teledyne CombiFlash Rf+ and NextGen 300+ pu-

rification systems (www.teledyneisco.com) with pre-packed silica cartridges (either 40–63 mM or 20–40 mM particle size). High-res-

olution mass spectrometry (HRMS) data was obtained using a Br€uker micrOTOF II system with electrospray ionization (ESI) and

paired with an Agilent HPLC and UV detector.

Mycophenolic acid (MPA, [24280-93-1]) was purchased from AmBeed (Arlington Heights, Illinois, www.ambeed.com). Myco-

phenolate mofetil (MMF, [128794-94-5]) and 2-aminoethylpyrrolidine were purchased from Aaron Chemicals (San Diego, Califor-

nia, www.aaronchem.com). tert-Butyldimethylchlorosilane (TBS-Cl) and N-methylpiperazine were purchased from Oakwood

Chemical (Estill, South Carolina, www.oakwoodchemical.com). 1-Boc-4-(2-hydroxyethyl)piperazine, N-(2-hydroxyethyl)pyrroli-

dine, 4-dimethylaminopyridine (DMAP), and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC$HCl) were pur-

chased from AK Scientific (Union City, California, www.aksci.com). N-(3-Aminopropyl)azetidine was purchased from Enamine

(Kyiv, Ukraine, www.enaminestore.com). Tetrabutylammonium fluoride (TBAF) was purchased as a solution in THF from

Sigma-Aldrich (www.sigmaaldrich.com). Imidazole was purchased from Fisher Scientific (www.fishersci.ca). Chemical syntheses

are outlined in the supplementary information.

PAMPA assay
The permeability of the compounds was evaluated using the parallel artificial membrane permeability (PAMPA) assay, as previously

described.35 The PAMPA assembly was consisted of the acceptor plate (MultiScreen IP Filter Plate,Millipore Sigma, Canada) and the

donor plate (96 well Collection Plate, Millipore Sigma, Canada). The artificial membrane solution was prepared as 15 mg/mL of polar

brain lipid from porcine (Sigma Aldrich, Oakville, Canada) in a solution of 60% chloroform/40% dodecane. Seven mL of the mixture

was pipetted into each acceptor plate well (top compartment). Thereafter, 300 mL of PBS (13 PBS, pH 7.4, 5% DMSO) solution was

added to each well of the acceptor plate and 300 mL of drug-containing donor solutions (50 mM compounds in 13 PBS, pH 7.4, 5%

DMSO) to each well of the donor plate (bottom compartment) in triplicate. The acceptor plate was placed into the donor plate and the

assembly was incubated at room temperature for 16 h. After incubation, aliquots of 10 mL from each well of acceptor and donor plate

were transferred into a 96-well plate and 190 mL of acetonitrile (containing IS: 300 nM Dexamethasone, 100 nM Phenacetin), was

added into each well. The plate was vortexed at 750 rpm for 2 min and was centrifuged at 7,000 g for 10 min. The concentration

of the compounds was determined by LC/MS/MS. The effective permeability (Pe), in units of centimeter per second, was calculated

using the following equation:

Log Pe = Log

(
C 3

"
� Ln

 
1 � ½drug�acceptor

½drug�equilibrium

!#)

Where: C = VD 3 VA/[(VD + VA) 3 t 3 A]; VD = volume of donor compartment (0.30 mL); VA = volume of acceptor compartment

(0.30 mL); A = filter area (0.24 cm2 for Multi-Screen Permeability Filter plate); and t = incubation time (in seconds).

MDR1-MDCKII assays
MDR1-MDCKII permeability assays were performed by Wuxi AppTec Co. Briefly, MDR1-MDCK1 cells were seeded onto polycar-

bonate membranes in 96-well insert system plates and allowed to develop into monolayers. MPA and Compound 3 (2 mM in
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10mMHEPES pH 7.4, 1%DMSO) were applied to either the apical or basolateral side of the monolayer. The plate was incubated for

2.5 h (37�C, 5% CO2) and the media was sampled on either side and the compound present was quantified by LC-MS/MS and the

concentrations were used to calculate the efflux ratio. Digoxin (10 mM), nadolol (2 mM), and metoprolol (2 mM) were used as controls.

Brain tissue binding assay
Brain homogenate binding assays were performed by Wuxi AppTec Co. Briefly, CD-1 pooled mouse brain homogenate (Cat:

MSE00BRAINYZA) was obtained and treated with MPA or Compound 3 at a final concentration of 2 mM. The samples were applied

to a dialysis well plate and sealed with dialysis membrane. Dialysis buffer (100 mM sodium phosphate pH 7.4, 150 mM NaCl) was

applied to opposite side of the membrane (receiver well of the plate), and samples were incubated at 37�C with 5% CO2 for 4 h.

Following completion of incubation period, samples were recovered from each side of the dialysis membrane and processed by pro-

tein precipitation, and analysis by LC-MS/MS for compound concentration. A corresponding set of samples was also prepared and

stop solution (acetonitrile containing 200 ng/mL tolbutamide and 200 ng/mL labetalol) was immediately added, and samples were

obtained from each side of the dialysis plate for mass spectrometric analysis.

Western Blot
Protein lysates were loaded and resolved on sodium dodecyl sulfate (SDS) polyacrylamide gel followed by electro-transfer onto a

polyvinylidene difluoride (PVDF) membrane. Protein concentrations were quantified using the Bradford Assay (BioRad). Membranes

were blockedwith 100%methanol for 30 s, allowed to dry at room temperature, and incubatedwith the respective antibody overnight

at 4�C. Mouse monoclonal anti-IMPDH (Santa Cruz Biotechnology; catalog # sc:166551) and mouse monoclonal anti-GAPDH

(Abcam; cataologue #ab8245) were used at a 1:1000 dilution. For development, the anti-IMPDH antibody was used with

ThermoFisher SuperSignal West FemtoMaximumSensitivity Substrate while the anti-GAPDH antibody was usedwith RioRad Clarify

ECL reagents. Immunoblots were visualized with ImageLab software.

Firefly-luciferase lentivirus generation
A lentiviral vector expressing Firefly Luciferase (Addgene, RRID:Addgene_118017) was used for this study. Replication-incompetent

lentivirus was produced by co-transfection of the Firefly Luciferase vector and packing vectors pMD2Gand psPAX2 in HEK293T cells

at�80%confluency using Lipofectamine 3000 reagent (ThermoFisher) as permanufacturer’s instructions. Viral supernatant was har-

vested every 24 h for a total of three days and concentrated by PEGit (System Biosciences) as per manufacturer’s instructions. The

viral pellet was resuspended in 1.0 mL of DMEM, aliquoted, and stored at�80�C. BMIC lines were transduced with lentiviral vectors

and treated with puromycin after 48 h of transduction as a selection marker to develop stable cell lines.

In vivo imaging
Bioluminescent imaging was performed using an IVIS Spectrum In Vivo Imaging System (PerkinElmer) as per the manufacturer’s in-

structions. Imaging and quantification of signals is controlled by the analysis software Living Image (Xenogen). Mice were weighed

and injected intraperitoneally with 10mL/g of 15 mg/mL solution of D-Luciferin firefly solution (PerkinElmer) in phosphate buffered sa-

line (Invitrogen) 10 min before being imaged, and anesthetized (4% induction, 2.5%maintenance isoflurane). Mice were then placed

onto awarmed stage inside the instrument and imaged for amaximumof 3min depending on the tumor size. Regions of interest were

quantified by bioluminescent signal (photons per second) using Living Image software for a standardized comparison between

images.

Fluorescence-activated cell sorting
BMICs were dissociated into single cell suspensions and resuspended in phosphate buffered saline (PBS, Wisent Bio) with 2 mM

EDTA. Cells were stained with APC-conjugated anti-human TRA-1-85 (CD147; Cat # 130-128-900, Miltenyi Biotec) and incubated

for 15 min at room temperature. The viability dye 7-Aminoactinomycin D (7-AAD; Cat # 00-6993-50, eBioscience) was used to

exclude dead cells; incubation with 7-AAD allows for penetration of compromised membranes and binding to DNA.74 Live cells

were analyzed using Summit 5.4 software on MoFlo XDP cell sorter (Beckman Coulter) to confirm human BMIC metastasis to the

brain.

Metabolomics mass spectrometry
For metabolomics profiling, 106 cells (BT478, BT530, NHAs) were cultured in the presence of MPA, Compound 3 (IC80) or vehicle

control, for 6 h, and then collected, washed with PBS, and flash frozen in liquid nitrogen. Metabolites were extracted with a solution

of cold acetonitrile/methanol/water (2:2:1) from the cell pellets and protein precipitation was performed by three cycles of freeze/

thawing and sonication. The LC-MS metabolomics analysis was performed as previously described.75 Briefly, a UHPLC-MS system

consisting of an Agilent 6550 qToF coupled to an Agilent 1290 binary pump UHPLC system was used. The source parameters were

as follows: Gas temperature, 150 �C at 14 L/min and 45 psig; Sheath gas temperature, 325 �C at 12 L/min; Capillary and nozzle volt-

ageswere set to�2.0 kV iFunnel conditions were changed from default to-30 VDC, High pressure funnel drop�100 V andRF voltage

of 110 V, low pressure funnel drop �50 V and RF voltage of 60 V. Chromatographic separation was achieved by ion-paired chroma-

tography. In brief, 2 mL of each sample was injected onto Agilent ZORBAX Extend-C18 (150mm 3 2.1mm i.d.; 1.8mm) column using
Cell Reports Medicine 5, 101755, October 15, 2024 e5
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tributylamine (TBA) as an ion paring agent (solvent A: 3% methanol, 97% water 10 mM TBA, 15 mM Acetic acid, solvent B: 100%

methanol). The linear gradient employed was as follows: 0–2.5 min 99% A, 2.5–7.5 min decrease to 80% A, 7.5–13 min to 55% B

and finally 13–15 min to 99% B and held for 1 min. The column was re-generated for 2 min at 1% B. The flow rate was set to

250 mL/min. The column temperature was maintained at 25�C. Skyline was used for data processing of metabolites in our library

of standards using known retention times and MS/MS spectra. Integrated peak areas for the metabolites was exported for further

statistical and metabolite enrichment analysis by using online MetaboAnalyst (https://www.metaboanalyst.ca/).

Generation of IMPDH knockout lines
Guide RNAs (gRNAs) targeting AAVS1 (50-GGGGCCACTAGGGACAGGAT-30) and IMPDH1 (50- ACCGCGGTGTGTAACTCACAGC

CA-30) and IMPDH2 (50-aCCGTCCATGGGAGAGGAAACCAG-30) were obtained from TKOv376 and cloned into a single-gRNA lenti-

CRISPRv2 construct (Addgene 52961). Sequences were verified using Sanger sequencing. Each plasmid was packaged indepen-

dently into lentivirus using second-generation packaging constructs as described previously.77 BMICs were infected with lentivirus

containing single-gRNA lentiCRISPRv2 constructs targeting AAVS1 or IMPDH1 or IMPDH2 (three gRNAs). Twenty-four hours post-

infection, virus-containing media was replaced with fresh media containing puromycin (1–2 mg/mL) (ThermoFisher, Cat#A1113803)

for 48–72 h. The knockout efficiency was validated by Western Blotting for evaluation of IMPDH protein expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Replicates from at minimum three samples are used for all applicable experiments for mean comparisons. Data collected from

respective in vitro experiments are represented using GraphPad Prism 8 software. Student t tests and two-way ANOVA analyses

are conducted using the same software, with a p-value <0.05 deemed as statistically significant. For in vivo studies, medium survival

differences were measured using Kaplan-Meier survival curves and significance determined by the Log-rank test.
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