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SUMMARY
Dissemination of cancer cells from primary tumors to the brain occurs in many cancer patients,
increasing morbidity and death. There is an unmet medical need to develop translational platforms to
evaluate therapeutic responses. Toward this goal, we established a library of 23 patient-derived xeno-
grafts (PDXs) of brain metastases (BMs) from eight distinct primary tumors. In vivo tumor formation cor-
relates with patients’ poor survival. Mouse subcutaneous xenografts develop spontaneous metastases
and intracardiac PDXs increase dissemination to the CNS, both models mimicking the dissemination
pattern of the donor patient. We test the FDA-approved drugs buparlisib (pan-PI3K inhibitor) and ever-
olimus (mTOR inhibitor) and show their efficacy in treating our models. Finally, we show by RNA
sequencing that human BMs and their matched PDXs have similar transcriptional profiles. Overall, these
models of BMs recapitulate the biology of human metastatic disease and can be valuable translational
platforms for precision medicine.
INTRODUCTION

Metastases are the main cause of cancer morbidity and

mortality. Metastatic cancer cells can arise within the brain

parenchyma (�40% of cancer patients)1,2 or spread to the lepto-

meninges to coat the brain and the spinal cord (�5%–8%of can-

cer patients).3 Both clinical conditions are associated with a

dismal outcome with a median survival rate of 4 to 6 weeks for

untreated patients and 8 to 16 weeks after standard of care ther-

apies (radiotherapy and chemotherapy).4,5 The primary tumors

with the highest predisposition to develop brain metastases

(BMs) include lung (40%–60%), breast (15%–30%), and mela-

noma (5%–15%). Despite the recent medical advances in the

treatment of primary tumors, the incidence of BMs has

increased. This augmented incidence is most likely due to

improved patient survival and thus time for dissemination, ineffi-

cacy of primary tumor therapies in treating BMs,6,7 lack of avail-

able drugs that penetrate the blood-brain barrier (BBB),8,9 and to

the selection of chemoresistant metastatic clones upon treat-

ment with DNA damaging agents.7,10,11

Although specific genes have been associated with BMs,12–14

the biological processes underlying the dissemination of cancer

cells into the brain are not fully understood, and there is an unmet

medical need for the development of targeted therapies. One of
Cell
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the main caveats in advancing the treatment of BMs is the lack

of appropriate biological models to study human disease. Con-

ventional preclinical models of BMs are abundant and well char-

acterized, but they fail to reproduce spontaneous dissemination

and are frequently used in treatment-naı̈ve situations, a feature

that is not commonly seen in cancer patients.15–18 Genetic mouse

models also fail to recapitulate the heterogeneity of primary hu-

man cancers and are limited by complex breeding schemes,

incomplete tumor penetrance, and variable tumor onset. The gen-

eration of patient-derived xenografts (PDXs), by transplantation of

patient tumor samples subcutaneously or orthotopically into im-

mune-deficientmice, emerged as a promising tool to bettermodel

human disease.19 Thesemodels recapitulate themain histological

and genomic features of the parental tumors at a relatively low

passage, increasing the interest in this strategy to study themech-

anisms of cancer progression and evaluate the therapeutic effi-

cacy of new drugs.20–22 The ability of PDXs tomaintain the pheno-

typic and molecular signature of human tumors has been

described for different types of primary cancers, namely breast

cancer,23,24 lung cancer,25,26 colon cancer,27 pancreatic can-

cer,28 melanoma,29 and ovarian carcinoma.30 On the contrary,

studies describing PDXs of BMs are scarce and mainly focused

on the most common cancer types.25,31,32 A recent multi-institu-

tional study generated PDXs fromBMs of different primary origins
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Figure 1. Subcutaneous xenografts derived from BM surgical samples

(A) Experimental workflow for patient-derived models. Samples were implanted in the flank of immuno-compromised NSG mice and serially expanded until

passage four. Flank tumors were dissociated into single cell suspensions that were used to establish PDCs up to passage seven, or to perform intracardiac

injection in the left cardiac ventricle of NSG mice (up to three serial injections).

(B) Take rate and latency time of subcutaneously implanted human BMs from diverse primary cancers.

(legend continued on next page)
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but the potential to use those models as platforms for drug

screening was not explored.33

Taking advantage of the privileged access to BM samples of

patients with detailed clinical annotation, we have developed a

library of 35 PDXs of BMs from eight distinct primary tumor ori-

gins. We have generated subcutaneous and intracardiac

models, performed a histopathological characterization of the

tumors, and thoroughly evaluated the pattern of cancer cell

dissemination with particular emphasis in the CNS. Also, we

have established patient-derived cultures (PDCs) and character-

ized their pattern of growth and dissemination in orthotopic xe-

nografts. To further validate our patient-derived models of BMs

as a tool for precision medicine, we demonstrated the efficacy

of Food and Drug Administration (FDA)-approved drugs (the

PI3K inhibitor, buparlisib, and the mTOR inhibitor, everolimus)

in treating PDCs and the correspondent mouse xenografts using

both subcutaneous and orthotopic models. Finally, we have

compared the transcriptomic signature of matched patient and

mice xenografts by RNA sequencing analysis. Our study demon-

strates that PDXs of BMs with a spontaneous metastatic pheno-

type that recapitulate human disease can effectively be used to

preclinically evaluate the response to targeted anticancer thera-

pies. We believe our patient-derived models of BMs constitute a

clinically relevant platform for drug discovery and a powerful tool

for personalized medicine.

RESULTS

Patient-derived tumor models reflect the clinical
spectrum of human brain metastatic disease
Thirty-five surgical specimens were consecutively collected

from patients with BMs from 10 different primary cancers (Fig-

ure 1 and Table S1), in the Department of Neurosurgery at Hos-

pital de Santa Maria - Centro Hospitalar Universitário Lisboa

Norte (CHULN, Lisbon, Portugal). Representation of different pri-

mary tumor types in our BM patient cohort reflects the neurosur-

gical series from our Department of Neurosurgery, having a

higher proportion of BMs derived from lung cancer patients. Tu-

mor fragments from each specimen were implanted in the flank

of NSGmice within 1 h after surgery. Subcutaneous tumors were

serially passaged in vivo until passage four. In parallel, cancer

cells were dissociated from subcutaneous tumors to generate

PDCs of BMs and intracardiac PDXs upon injection of cancer

cells into the heart (left ventricle) of mice (Figure 1A). Upon reach-

ing the humane endpoint, animals were euthanized, and all

organs were collected for histopathological analysis and to eval-

uate the presence of metastases. PDCs were successfully

generated from 61% (14 of 23) of the engrafted tumors

(Table S1).

The cohort of patients that generated the BM tumor models

had a median age of 64 years (25–81 years) (Figure S1A), with

amale predominance (n = 22; 63%) (Figure S1B). Themost com-

monprimary cancers were lung (48.5%), colon (14%), and breast
(C) Tumor latency time decreases upon in vivo serial passaging (n = 2 NSG mice

(D) The in vivo tumorigenic potential of BM surgical samples correlates with p

Differences were considered statistically significant for p values <0.05, accor

(Mantel-Cox) tests. See also Table S1, Figures S1 and S2.
cancer (11%) (Figure S1C), reflecting the human tumor types

with highest predisposition to originate BMs. Most BMs were

located in the supratentorial compartment, in the frontal or tem-

poral lobes (Figures S1D and S1E). Although all primary cancer

types disseminated to the supratentorial compartment, only a

few were found in the posterior fossa (Figures S1F and S1G).

The patients’ median survival after the diagnosis of BMs was

6.5 months (Figure S1H) and a trend toward a worse outcome

was seen in patients with BMs in the infratentorial compartment

(Figure S1I).

In vivo tumorigenicity and clinical aggressiveness of
subcutaneously implanted human BMs
Among multiple BMs from 10 different primary cancer origins im-

planted in the flank of NSG mice, we successfully grew tumors

from eight distinct histological types. In vivo tumorigenicity was

defined as tumor formation within 6 months after flank implanta-

tion, confirmed by histopathological analysis. The overall take

rate for establishing PDXs of BMs was 66% (Figure 1B). Latency

time, defined as the time between subcutaneous implantation of

the tumor fragment and the first tumor growth, decreased through

passaging (Figure 1C). Notably, the ability of transplants to form

tumors in vivocorrelatedwith the donor patient’s clinical outcome,

demonstrating the potential prognostic value of these models.

BMs with tumor formation capacity in vivo (n = 23) derived from

patients with an overall survival of 6.1 months, in contrast with

BMs unable to engraft inmice (n= 12) whosepatients had anover-

all survival of 10.8 months (Figure 1D; p = 0.0032). These differ-

ences were also observed in patients with lung cancer BMs (Fig-

ure S2A; p = 0.0286). The in vivo tumorigenic potential was

associated with older age (Figure S2B) and higher number of

extracranial metastatic sites (Figure S2C). Local treatment of

BMs (Figure S2D) and systemic therapy to the primary tumor (Fig-

ure S2E) with radiation therapy seemed to decrease the engraft-

ment ability in mice. Patient gender and tumor location were not

associated with tumor engraftment (Figures S2F–S2H).

Spontaneous dissemination of cancer cells in
subcutaneous xenografts
To elucidate the metastatic potential of the implanted human

BMs, we performed histopathological analysis of all the organs

in each mouse. These subcutaneous xenografts have some ad-

vantages compared with the orthotopic models, avoiding the

artificial implantation of cancer cells in the brain without the pos-

sibility to assess systemic dissemination, and preventing the

disruption of the BBB. Remarkably, of the 23 tumors engrafted

in the flank of NSG mice, 61% (n = 14) originated spontaneous

metastases to different sites, suggesting that cancer cells

derived from BMs maintain their original metastatic potential.

Moreover, we observed homing of cancer cells to the primary tu-

mor site in 78% (7 of 9) of lung cancer BMs (Figure 2A and

Figures S3A–S3D). The sites of metastases across serial in vivo

passaging varied with different human samples and occurred
/passage for each engrafted BM sample).

atient poor survival. Data are expressed as median with interquartile range.

ding to the Kruskal-Wallis with Dunn’s multiple comparisons and Log rank
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Figure 2. Spontaneous dissemination of subcutaneously implanted tumors

(A) Systemic location of metastases observed in mice subcutaneously implanted with human BMs throughout passages (n = 2 NSG mice/passage for each

engrafted BM sample).

(B) Pattern of dissemination of cancer cells across in vivo passages (n = 50).

(C–H) Representative clinical case of a 61-year-old male patient (MET-CF78) with metastatic lung carcinoma to the brain and to the liver, whose PDX mimicked

the donor patient disease. (C) Magnetic resonance imaging of the brain, coronal T1 contrast-enhanced, showing a right cerebellar hemisphere metastasis.

(D) H&E staining of themouse lumbar spinal cord with leptomeningeal dissemination (arrow). (E) Computed tomography (CT) scan of the patient’s thorax showing

a primary lung cancer on the right lung and (F) H&E staining of the matched mouse lung with a metastasis (arrow). (G) Patient abdominal CT scan showing a liver

metastasis (arrow) and (H) the matched liver metastasis in the xenograft. Scale bars, (D) 250 mm, (F) 100 mm, (H) 1 mm. See also Figures S3 and S4 and Table S2.
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both at early and late passages. Interestingly, the spontaneous

metastatic phenotype to the CNS (3 of 14; 21%) was observed

in early passages and presented as leptomeningeal dissemina-

tion. The number of metastatic sites decreased with in vivo

passaging (Figure 2B), possibly due to loss of heterogeneity

from selection of more proliferative clones.
4 Cell Reports Medicine 3, 100623, May 17, 2022
We have compared the pattern of dissemination of each PDX

with the patient from whom the sample derived. We found that

the pattern of spontaneous cancer dissemination in some sub-

cutaneous PDXs recapitulated the metastatic phenotype of the

patients’ disease (Table S2). Mouse xenografts andmatched pa-

tients mirrored the metastatic sites in seven samples (50%). For



Figure 3. Intracardiac xenografts derived from human BM samples

(A) Survival of mice submitted to intracardiac injections of cancer cells derived from human BMs of diverse primary tumors. Data are expressed as median with

interquartile range.

(B) Kaplan-Meier of mice survival curves in early (IC1) and late (IC3) intracardiac xenograft passages.

(C) Mice overall survival according to the primary tumor (n = 76). Differences were considered statistically significant for p values <0.05, according to the Log rank

(Mantel-Cox) test.
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example, the PDX derived from MET-CF78 exhibited metastatic

deposits in the same organs as the patient with stage IV lung

cancer from where it was originated (Figures 2C–2H). MET-

CF69 was derived from a patient with metastatic melanoma

and diffuse lung infiltration, a pattern also observed in the corre-

sponding xenograft (Figure S3E–S3H). Three lung cancer BMs

from patients with parenchymal disease gave origin to animal

models with spontaneous leptomeningeal dissemination to the

CNS (21%) (Figures 2C, 2D and S4).

Intracardiac PDXs increase the metastatic potential of
cancer cells to the CNS and mimic human disease
The injection of cancer cells in the left cardiac ventricle of mice

has been previously validated as a good animal model for the

study of BMs. We have generated PDCs from 14 BMs grown

in the flank of mouse xenografts (subcutaneous PDXs), which

were consecutively passaged by intracardiac injection (up to

passage 3) into NSG mice (Figure 3A). The most common pri-
mary tumors were lung cancer (40%) and colon cancer (27%).

Mouse survival decreased with passaging (Figures 3A and 3B),

likely reflecting the selection of more aggressive clones, and var-

ied according to the primary tumor type (Figure 3C). Interest-

ingly, intracardiac PDXs derived from infratentorial metastases

showed a trend toward a worse outcome, similar to the BMs pa-

tient cohort (Figure S1I).

All the intracardiac PDXs analyzed developed systemic me-

tastases. As expected from the delivery of cancer cells into the

blood stream, the number of metastatic sites increased when

compared with subcutaneous tumor implantation (Figure 4A).

The intracardiac model also increased the tropism of cancer

cells to the CNS (6 of 13; 46%), either focal metastases in the pa-

renchyma (4 of 6) or leptomeningeal dissemination (2 of 6),

particularly at later passages (Figure 4B).

When we compared the pattern of cancer cell dissemination in

the intracardiac xenograft models with the respective patient

staging of metastatic disease (Table S3), we observed that eight
Cell Reports Medicine 3, 100623, May 17, 2022 5
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PDXs (62%) recapitulated the donor metastatic sites and three

PDXs (23%) mirrored the intracranial location of the patient’s tu-

mor (Figure S5). Of notice, MET-CF29-derived PDX originated

from a patient with metastatic bladder carcinoma, exhibited me-

tastases exclusive to the CNS and the same pattern of immuno-

staining as the corresponding patients’ BM (Figures 4C–4G).

Altogether, our results demonstrate that intracardiac PDXs of

BMs recapitulate human metastatic disease and may constitute

good models to study CNS dissemination from diverse primary

cancers.

In vitro therapeutic response of PDCs to targeted
anticancer drugs
The lack of appropriate models of BMs that reproduce the

biology of patients’ disease, limited their use as platforms to

assess drug efficacy in vitro and in vivo. We have established

PDCs fromdifferent primary cancers in order to validate their util-

ity as in vitro models for drug testing. We selected two FDA-

approved drugs, buparlisib (pan-PI3K inhibitor) and everolimus

(mTOR inhibitor), already in use in the clinic, targeting two path-

ways relevant in metastatic cancer, and previously tested in or-

thotopic preclinical models of breast cancer BMs.32 We have

evaluated the effect of these compounds in PDCs from four

different types of primary tumors: MET-CF69 (melanoma-

derived BM), MET-CF78 (lung cancer-derived BM), MET-CF81

(endometrium cancer-derived BM), and MET-CF89 (colon can-

cer-derived BM), as shown in Figure 5. In vitro treatment with

two different concentrations of buparlisib (1 and 10 mM) and

everolimus (20 nM and 1 mM) induced variable responses

regarding pathway inhibition and cell proliferation. Buparlisib

effectively inhibited pAkt in all PDCs, while everolimus inhibited

the downstream target pS6, mainly in MET-CF81 and MET-

CF89 (Figures 5A, 5D, 5G, and 5J). The effect in cell proliferation

was higher for buparlisib, inhibiting proliferation in all PDCs

(Figures 5B, 5E, 5H, and 5K). Everolimus was effective inhibiting

proliferation in two PDCs from lung cancer and endometrium

cancer, but it only reached statistical significance in lung can-

cer-derived cells (Figures 5C, 5F, 5I, and 5L).

Effective therapeutic response of PDXs to targeted
anticancer drugs
To assess the potential of our PDXs in evaluating the response to

targeted therapies, we tested in vivo the same drugs, which have

already demonstrated efficacy in orthotopic mouse models of

BMs from breast cancer.32 As shown above, both compounds

effectively inhibited their expected targets at low concentrations

in our PDCs. Importantly, buparlisib and everolimus cross the

BBB, which is crucial in treating brain tumors. First, we tested
Figure 4. Metastatic phenotype in intracardiac xenograft models of hu

(A) Systemic location of metastases observed in mice after intracardiac injection

grafted BM sample, passages IC1–IC3).

(B) Pattern of dissemination of cancer cells across in vivo intracardiac injections

(C–G) Intracardiac mouse xenograft from a 70-year-old female patient with a b

resonance image sequence of a parietal skull metastasis with adjacent dural an

correspondent mouse xenograft revealing exclusive CNS metastases, (D) in the s

spinal cord. (G) Comparison of the immunohistochemical markers for bladder ca

Scale bars, (D) 1 mm, (E) 1 mm, (F) 250 mm, (G) 50 mm. See also Figure S5 and T
these compounds in a subcutaneous xenograft model using

MET-CF78 cells (from a lung cancer BM) (Figure 6A). Mice

were treated with three cycles of oral therapy with buparlisib or

everolimus. Both compounds effectively reduced tumor growth

(Figure 6B) and tumor size by the end of the treatment protocol

(Figures 6C, 6D, and 6E).

We have also generated orthotopic xenograft models upon

intracranial injection of two PDCs from lung cancer (MET-CF78)

and melanoma (MET-CF69) (Figure S6). In these aggressive

models of BMs, median mice survival is of approximately 1 to

1.5 months (Figures S6A, S6B, S6D and S6E) and cancer cells

show a highly invasive phenotype in the brain parenchyma

(Figures S6C, S6F and S6G). In addition, the lung cancer model

can disseminate within the CNS.Mice harboringMET-CF78 intra-

cranial tumors were treated with three cycles of oral therapy with

buparlisib or everolimus (Figure 6F). Both compounds were effec-

tive in reducing brain tumor size (Figure 6G) and everolimus was

also effective in decreasing brain leptomeningeal dissemination

(Figure 6H). No differences were found in spinal cord dissemina-

tion between untreated controls and treated mice (Figure 6I). We

repeated the experimental approach with an intracranial mela-

noma PDX (MET-CF69) (Figure S7A) and observed an effective

reduction in brain tumor size (Figure S7D). In bothmodels, no var-

iations in the bodyweight of micewere observed, as ameasure of

compound-induced toxicity (Figures S7B and S7C).

These observations are a proof-of-concept that our patient-

derived models provide a useful tool for preclinical testing of

anticancer therapies.

Human BMs and their matched xenografts have similar
gene expression profiles
To determine whether our patient-derived models recapitulate

the original patient BMs, at the transcriptional level, we have per-

formed RNA sequencing of patient BMs from diverse primary tu-

mors (lung cancer, colon cancer, prostate cancer, endometrium

cancer, and melanoma) and their matched subcutaneous PDX

tumors. Paired human BMs and their corresponding PDX tumors

have similar transcriptional profiles and cluster together in a prin-

cipal component analysis (PCA), confirming that these models

resemble human disease (Figures 7A and 7B).

DISCUSSION

PDX models have recently emerged as good preclinical plat-

forms for drug discovery in oncology.18,21,29 The development

of PDXs from BMs has been focused on the most common can-

cer types. Contreras-Zarate et al. successfully generated PDXs

of breast cancer BMs upon implantation in the mammary fat
man BMs

of human BMs throughout passages (n = 2 NSG mice/passage for each en-

(n = 48).

ladder carcinoma (MET-CF29). (C) Contrast-enhanced coronal T1 magnetic

d subcutaneous tissue invasion. Representative H&E-stained sections of the

upratentorial compartment, (E) in the infratentorial compartment, and (F) in the

rcinoma between human BM sample and corresponding xenografted tumor.

able S3.
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pad.31 Lee et al. established subcutaneous and orthotopic PDXs

from non-small cell lung cancer primary tumors and BMs, which

maintained the histopathological similarities and the molecular

profiling signatures of the parental tumors. The intracardiac in-

jection of primary cultured human cancer cells in mice originated

systemic tumors but failed to recapitulate the metastatic

phenotype of the patients’ disease.25 Another study described

spontaneous metastases in melanoma subcutaneous PDXs

but no correspondence with patients’ disease was reported.29

A multi-omic characterization comparing PDXs of central ner-

vous systemmetastases and the original patient tumors showed

maintained molecular profiles.33 However, the authors did not

explore the utility of these models for preclinical testing of anti-

cancer therapies. Our study describes patient-derived models

of BMs, with spontaneous dissemination to different organs,

recapitulating the patients’ disease. Moreover, we demonstrate

that these models can be used to assess the efficacy of anti-

cancer compounds.

We took the advantage of having privileged access to tumor

tissue from human BMs to develop a pipeline of patient-derived

models frommultiple cancers (Figure 7C). A collection of 23 well-

established PDXs of BMs from eight distinct primary cancers

was developed, phenotypically characterized over time, and

compared with the original patients’ metastatic disease. We sys-

tematically generated subcutaneous PDXs, intracardiac PDXs,

intracranial PDXs, and PDCs to comprehensively assess the

ability of these models to engraft and to disseminate. Each

model has its advantages and limitations. Subcutaneous PDX

models are easier to establish and to monitor drug efficacy

through measurement of tumor volume, and to evaluate sponta-

neous dissemination to different organs. However, they exhibit

low incidence of spontaneous dissemination, particularly to the

CNS. Intracardiac PDXs exhibit higher incidence of BMs, which

can be explained due to the injection of cancer cells in the arterial

blood stream. In our models, we observed a high incidence of

spontaneous metastases (100%), increased CNS dissemination

(46%), and a higher number of metastatic sites shared between

xenografts and donor patients (62%), which confirms that these

models better represent the patients’ disease. Intracranial PDXs

of BMs take into consideration the microenvironment of human

BMs and allow the assessment of the BBB crossing by small

molecule compounds.

Despite these advantages, the described models have impor-

tant limitations. Similar to BM in cancer patients, spontaneous

BMs occur late in subcutaneous PDXs, often requiring surgical

removal of the flank tumor to prevent premature endpoint due

to severe extracranial disease.34 Furthermore, the incidence of

BM is low, which increases variability and the demand for larger

cohorts of animals. In vivo drug screening in these models is

costly and time-consuming, dissociating from the limited survival
Figure 5. PDCs of BMs from diverse primary tumor origins were used

(A–L). PDCs were established from surgical BM samples derived from patients

and (J)–(L) colon cancer. (A, D, G, J) Representative western blots demonstrat

PDCs with buparlisib and everolimus, respectively. Inhibition of cell proliferatio

olimus (C, F, I, L) also show different levels of inhibition among BM-derived PD

median with interquartile range, with three technical replicates. Differences w

Mann-Whitney test.
time of the patients with BM and limiting the possibility to use

these PDXs as ‘‘avatars’’ of cancer patients.35 Intracranial inoc-

ulation of cancer cells induces artificial disruption of the BBB and

does not recapitulate the metastatic cascade, since cancer cells

do not require extravasation. Systemic inoculation of cancer

cells from BM induces significant extracranial metastatic

burden, which can be problematic to assess survival and to

test drug efficacy in brain metastatic disease.34 An alternative

would be to inject cancer cells into the carotid artery, but this

procedure is more invasive, technically more complex, and,

therefore, not as readily applicable as intracardiac inoculation.

Moreover, this model misses the early steps of the metastatic

cascade, including invasion and the formation of a premetastatic

niche. Finally, in all the above-mentioned PDX models, cancer

cells from BMs are implanted in mice without the primary tumor,

which does not resemble the clinical scenario.

The library of xenograft-matched PDCs we generated consti-

tutes an excellent tool for testing anticancer compounds. It has

been previously shown that orthotopic PDXs of HER2-positive

breast cancer BMs could be successfully treated with PI3K

and mTOR inhibitors (buparlisib and everolimus, respectively).36

The combination of these targeted therapies resulted in durable

tumor regressions and downstream pathway inhibition.32 These

compounds have the advantage of being in use in clinical trials

for several human cancers.37We have shown the effect of bupar-

lisib and everolimus in treating PDCs from different primary can-

cers. Interestingly, the inhibitory effects in downstream signaling

and the inhibition in cell proliferation varied according to specific

cancer cell types. Finally, we treated subcutaneous and intracra-

nial PDXs with weekly protocols of oral buparlisib and everoli-

mus, showing decrease in tumor size and in leptomeningeal

dissemination. Although we tested a limited number of com-

pounds, not taking into consideration possible targeted thera-

pies depending on cancer type, we have shown these models

are suitable for preclinical testing of novel compounds or repur-

posing drugs already in use in the clinic.

The analysis of primary tumors and metastases from different

organs and patients has identified a landscape of genomic het-

erogeneity.38 The transformation of a local tumor into a systemic

tumor is a highly complex multistep process, muchmore difficult

to treat. Recent studies using mouse models of cancer provided

evidence of polyclonal seeding of cancer cells, which often

disseminate in parallel to form metastases, and of cooperation

between subclones to enhance tumor progression.39–42 Phylo-

genetic analysis of matched samples from metastatic cancer

patients corroborated those findings and demonstrated that

metastasis-to-metastasis spread is a common event.43 These

mechanisms likely enhance tumor heterogeneity andmay poten-

tially contribute to drug resistance. We have performed RNA

sequencing analysis on human BMs and their matched PDXs
to assess the efficacy of PI3K and mTOR inhibitors

with (A)–(C) melanoma, (D)–(F) lung carcinoma, (G)–(I) endometrium cancer,

e different patterns of Pi3K and mTOR pathway inhibition after incubation of

n upon treatment with increasing doses of buparlisib (B, E, H, K) and ever-

Cs. Cell viability was measured using MTS assay. Data are represented as

ere considered statistically significant for p values <0.05, according to the
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Figure 6. PDXs of a lung cancer BM respond to PI3K and mTOR inhibition

(A) Representative scheme of the treatment protocol performed in a xenograft established after the subcutaneous injection of the PDC derived from a lung cancer

BM (MET-CF78). Animals were randomly divided in three groups: buparlisib (30 mg/kg/day; n = 4), everolimus (3 mg/kg/day; n = 4), and vehicle (5% DMSO/30%

PEG300/H2O; n = 4) used as control for comparison.

(B–D) Inhibition of flank tumor growth upon three cycles of therapy with buparlisib and everolimus (B). Significant reduction in (C) tumor size and (D) tumor weight

by the end of treatment.

(E) Representative photographs of flank tumors in each experimental group by the end of treatment.

(F–I) Representative scheme of the treatment protocol performed in an orthotopic xenograft established after intracranial injection of the same PDC (F). Animals

were randomly divided into three groups: buparlisib (30mg/kg/day; n = 7), everolimus (3mg/kg/day; n = 7), and vehicle (5%DMSO/30%PEG300/H2O; n = 7) used

as control for comparison. Treatment administration was also performed in three cycles of therapy with buparlisib and everolimus. Histological sections of the

CNS were evaluated to assess the (G) tumor area in the brain as well as (H) brain and (I) spinal cord dissemination. Data are represented as median with

interquartile range. Differences were considered statistically significant for p values <0.05, according to the Mann-Whitney test. See also Figures S6 and S7.
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Figure 7. Transcriptional profiling and pattern of dissemination of patient-derived xenografts of BMs

(A and B) RNA sequencing of human BMs (n = 9) from diverse primary tumors and their matched PDXs (n = 11) reveals similar gene expression profiles in the

(A) heatmap analysis and in the (B) PCA plot.

(C) Overview of the study design and main findings. Scheme illustrating our cohort of BMs samples from cancer patients with diverse primary tumor origins, and

their respective subcutaneous and intracardiac PDXs. This scheme depicts take rates, survival, and dissemination pattern in each established model.
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and found that they have similar transcriptional profiles. Howev-

er, future genomic studies need to confirm the clonal identity of

each metastatic site in our PDXs, since the observed pattern of

cancer dissemination over serial passaging in mice, particularly

with the intracardiac injection, might reflect the conservation of

inter- and intra-tumoral heterogeneity. Another limitation of our
study is the lack of comparison to the primary tumors, regarding

the transcriptomic profile and the response to anticancer drugs.

The translational models reported in this study (using BMs of

diverse primary cancer origins that recapitulate the dynamics

of cancer cell dissemination, mirror patient metastatic disease,

and respond to anticancer therapies) represent an outstanding
Cell Reports Medicine 3, 100623, May 17, 2022 11
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tool to the scientific community in advancing our understanding

of the mechanisms of tumor spread and fostering the rapid dis-

covery and repurposing of novel therapeutics.

Limitations of the study
A limitation of this study includes the resources, the time, and the

associated costs needed to develop the various PDX models of

BM. Each model has specific limitations related to the site of im-

plantation of cancer cells, limiting the possibility to study all the

steps of the metastatic cascade. Subcutaneous PDXs have

low incidence of BM due to the premature endpoint imposed

by the rapid growth of the flank tumor, increasing variability

and demanding a large sample size. Intracardiac PDXs induce

extensive extracranial metastatic burden preventing the use of

survival to assess drug efficacy in BM. Intracranial models artifi-

cially disrupt the BBB, bypassing the extravasation step of the

metastatic cascade. Further preclinical studies are needed to

assess the efficacy of combined anticancer therapies. Although

paired BM and subcutaneous PDXs have similar gene expres-

sion profiles, future genomic studies are important to investigate

the clonal identity of each metastatic site in our PDXs.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-human Cytokeratin 7 Thermo Fisher Scientific 180234; RRID:AB_86727

Mouse Anti-human Cytokeratin 20 Agilent M7019; RRID:AB_2133718

Mouse Cytokeratin Pan antibody Cocktail (AE1AE3) Thermo Fisher Scientific MA5-13203, RRID:AB_10942225

Phospho-Akt (Ser473) (D9E) XP� Rabbit mAb Cell Signaling Technology Cat#4060, RRID: AB_231504

Akt Antibody Cell Signaling Technology Cat#9272, RRID:AB_329827

Phospho-S6 Ribosomal Protein (Ser235/236) Antibody Cell Signaling Technology Cat#2211, RRID:AB_331679

S6 Ribosomal Protein (5G10) Rabbit mAb Cell Signaling Technology Cat#2217, RRID:AB_331355

Anti-b-Actin Antibody (C4) Santa Cruz sc-47778, RRID:AB_2714189

Anti-Rabbit IgG (H+L), HRP Conjugate Promega W4011

Anti-Mouse IgG (H+L), HRP Conjugate Promega W4021

Biological samples

35 Brain Metastases collected from patients This study N/A

PDX samples This study N/A

PDCs This study N/A

Chemicals, peptides, and recombinant proteins

Buparlisib (NVP-BKM120) Selleckchem S2247

Everolimus (RAD001) Selleckchem S1120

B-27TM Supplement (50X), serum free GibcoTM 17504044

DMEM/F-12 GibcoTM 11320074

HEPES (1 M) GibcoTM 15630080

L-Glutamine (200 mM) GibcoTM A2916801

rhEGF Merck Life Science E9644

Human Recombinant bFGF StemCell Technologies 78003

N-2 Supplement (100X) GibcoTM 17502048

Kynurenic Acid Sigma-Aldrich K3375

Trypsin from porcine pancreas Sigma-Aldrich T4799

Deoxyribonuclease I from bovine pancreas Sigma-Aldrich DN25

Hyaluronidase from sheep testes Sigma-Aldrich H6254

Trypsin inhibitor from chicken egg white Sigma-Aldrich T9253

Matrigel� Matrix Corning� 354324

Poly(ethylene glycol) average Mn 300 Sigma-Aldrich 202371-500G

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2650

Laminin from Engelbreth-Holm-Swarm

murine sarcoma basement membrane

Sigma-Aldrich L-2020

Poly-L-ornithine solution Sigma-Aldrich P4957

Accutase� solution Sigma-Aldrich A6964

Trizma-Base Sigma-Aldrich 93362

Sodium Cloride (NaCl) Sigma-Aldrich S3014

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich E6758

Fetal Bovine Serum Biowest S181B-500

Euthasol: Sodium Pentobarbital 400mg/ml Dechra N/A

Isovet: Isoflurane 1000mg/g 250ml B. Braun Medical N/A

Bupaq: Buprenorphine 0,3mg/ml Plurivet N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

CellTiter 96� Aqueous One Solution Cell

Proliferation Assay (MTS)

Promega G3580

6.5 mm Transwell� with 8.0 mm Pore

Polyester Membrane Insert

Corning 3464

PhosSTOPTM Roche 4906845001

cOmpleteTM, Mini Protease Inhibitor Cocktail Roche 11836153001

Nitrocellulose Membrane 0.2 mm Bio-Rad 1620112

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad 5000006

PierceTM ECL Western Blotting Substrate ThermoFisher Scientific 32106

EnVision+/HRP, Rabbit, HRP. Rabbit Agilent K4003

Deposited data

RNAseq of human brain metastases Sequence Read Archive (SRA) BioProject: PRJNA820633

Experimental models: Cell lines

MET-CF78 This Study N/A

MET-CF89 This Study N/A

MET-CF70 This Study N/A

MET-CF69 This Study N/A

MET-CF29 This Study N/A

MET-CF81 This Study N/A

Experimental models: Organisms/strains

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ Charles River Laboratories RRID: IMSR_JAX:005557

Software and algorithms

FIJI Schindelin J, et al. 2012 https://fiji.sc/

GraphPad Prism version 8.0.0 for Windows GraphPad Software https://www.graphpad.com/

G*Power 3.1 software Heinrich-Heine University of

Dusseldorf

http://www.gpower.hhu.de

RANDOM.ORG: True Random Number Service. Randomness and Integrity

Services Ltd.

https://www.random.org

STAR 2.7.4a Dobin et al, 2013 https://github.com/alexdobin/STAR

HTSeq (v.0.6.1p1) Anders et al, 2014 https://htseq.readthedocs.io/en/master/

index.html

DESeq2 Love et al, 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Other

Novosyn - Mid-term absorbable braided and

coated suture made of polyglactin 910

Braun G0068213

Medical X-Ray Film Blue Agfa CP-BU New

Corning� PrimariaTM 100 mm x 20 mm Standard

Cell Culture Dish

Corning 353803

FalconTM Cell Strainers 70mm Fisher Scientific 352350

EprediaTM Lab VisionTM PT Module Fisher Scientific A80400012
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Lead contact
Further information and resource requests should be directed to and will be fulfilled by the lead contact, Claudia C. Faria

(claudiafaria@medicina.ulisboa.pt).

Materials availability
PDXs and PDCs generated in this study are available from the lead contact with a completed materials transfer agreement.
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Data and code availability
d Original western blot images and microscopy data reported in this paper will be shared by the lead contact upon request.

d Sequencing data generated in this study have been deposited at the Sequence Read Archive (SRA) under accession number

PRJNA820633 and are publicly available as of the date of publication.

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

Ethics approval and consent to participate
Human samples used in this study were collected and stored at Biobanco-iMM CAML (Biobank of the Lisbon Academic Medical

Center, Lisbon, Portugal) in accordance with the Centro Hospitalar Universitário Lisboa Norte Ethics Board (Refa. Nº 367/18 and

Refa. Nº 346/20). A written informed consent was obtained from all patients prior to study participation.

Experiments involving the use of mice were carried out in accordance with Directive 2010/63/EU (transposed to Portuguese legis-

lation through Decreto-Lei No. 113/2013, of August 7th), and all animal procedures were approved by the institutional animal welfare

body (ORBEA-iMM) and licensed by the Portuguese competent authority (license number: 012,028\2016).

Human BM samples
BMsamples were resected during surgery from 35 patients with diverse types of tumors (see Table S1 and Figure S1 for patient char-

acterization) at the Department of Neurosurgery from Hospital de Santa Maria, from 2015 to 2017. Surgical BM samples, not needed

for diagnostic purposes, were divided into four portions within 1 h after surgery and used for: subcutaneous implantation into

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, RNA extraction, histological assessment, and storage (see Figure 1A). All samples

were included in our brain tumor collection and requested from Biobanco-iMM CAML.

Sample nomenclature
Each sample ID follows the structure MET-CFAA-BC, where:

AA: number of the sample

B: named as P for subcutaneous xenografts and IC for intracardiac xenografts

C: number of the subcutaneous passage or intracardiac round of injection

Patient-derived xenografts from BMs
All animal studies were approved by the institutional animal welfare body (ORBEA-iMM) and conducted in accordance with Directive

2010/63/EU (transposed to Portuguese legislation through Decreto-Lei No. 113/2013, of August 7th) to ensure that the use of animals

complies with all applicable legislation and following the 3R’s principle. The project was also licensed by the Portuguese competent

authority (Direcç~ao Geral Animal e Veterinária; license number: 012028\2016). All animals were kept in specific pathogen-free (SPF)

conditions, randomly housed per groups under standard laboratory conditions (at 20-22�Cunder 10-h light/14-h dark), and given free

access to food (RM3, SDS Diets, Witham, UK) and water (Ultrapure).

For this study, NSG mice (males and females) were used to establish in vivomodels of patient-derived BMs: subcutaneous, intra-

cardiac and orthotopic (intracranial) xenografts. Animals were purchased from Charles River Laboratories (Massachusetts, USA) or

obtained from an NSG colony established in-house. Humane endpoints were established for all patient-derived xenografts (PDXs),

including: 10% body weight loss, head-tilt, neurological disorders (such as paralysis and stereotypic behavior), or abdominal disten-

sion. Additionally, model-specific humane endpoints were applied: subcutaneous PDXs - 1000mm3 tumor volume; intracranial

PDXs - tumor outgrowth palpable in the skull. All surgical procedures were performed under volatile anesthesia (Isoflurane; B. Braun

Medical) and mice were given 100mL of 15 mg/mL buprenorphine (Plurivet), monitored for any signals of distress (such as cardiore-

spiratory arrest), and allowed to recover on a heating pad. Animals were monitored at least once a week. Once they reached the hu-

mane endpoint, animals were euthanized by intraperitoneal injection of 140mg/kg sodium pentobarbital (Euthasol). Unless otherwise

stated, CNS, femur and tibia, liver, lungs, spleen, pancreas, adrenal and reproductive systems, lymph nodes, and kidneys were

collected during necropsy of all animals and H&E histopathologic analysis was performed blindly by a pathologist.

In this study we used bothmale and female NSGmice to establish our PDXs, independently of patient gender (exceptionsmade for

breast, prostate, and endometrium cancers). However, no comparison between male and female animals was performed regarding

sample engraftment and dissemination, due to low number of animals per passage (n = 2) derived from our in-house colony and

respecting the 3Rs principle. Treatment studies with everolimus and buparlisib were performed exclusively in female mice, as in

previous publications.

Patient-derived cultures from BMs
Freshly harvested subcutaneous PDX tumors were minced using sterile scalpel blades and enzymatically dissociated using 4 mg/mL

trypsin, 2 mg/mL hyaluronidase, 500 ng/mL kynurenic acid, DNase (Sigma-Aldrich) in DMEM/F12 (Gibco), at 37�C with agitation for
Cell Reports Medicine 3, 100623, May 17, 2022 e3
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�30min. After digestion, 10mL of DMEM/F12 containing 700ng of trypsin inhibitor (Sigma-Aldrich) were added to the suspension and

incubated for 5 min at 37�C with agitation. The resulting cell suspensions were filtered through a 70mm cell strainer (Fisher Scientific)

and then centrifuged at 1000rpm for 5min. Supernatants were discarded, and pelleted cells were washed in DMEM/F12. Dissociated

cells were cultured in DMEM/F12 supplemented with 2% B-27 supplement, 1% HEPES, 1% L-Glutamine, 1x Antibiotic-Antimycotic

(Gibco), 0.02 mg/mL rhbFGF (StemCell Technologies) and 0.02 mg/mL rhEGF (Merck LifeScience), and seeded in poly-L-ornithine and

Laminin (Sigma-Aldrich) coated dishes (Corning) at 37�Cwith 5%CO2. Growth factors were supplemented every 2/3 days. Upon 80%

confluency, cells were dissociated using Accutase solution (Sigma-Aldrich) and reseeded onto new coated culture dishes.

METHOD DETAILS

Subcutaneous PDXs
To generate PDXs of human BMs, we subcutaneously implanted a small fragment (43 43 4mm) of the BMbiopsy in 10–20weeks old

NSGmice (1 fragment per mouse; n = 2 mice/sample/passage), not previously used in other experiments. Animals were sutured with

absorbable suture line (Novosyn), with nomore than 2 stitches. Once palpable, tumor size wasmeasured twice a week using a caliper,

and the volume was estimated using the formula (AxB2)/2 where A is the length and B is the width measurement. Upon reaching the

humane endpoint, subcutaneous tumors were collected and serially passaged in vivo by surgical implantation of a small tumor frag-

ment (43 43 4mm) in the subcutaneous area. Tumorswere serially passaged until passage (P) 4 (see Figure 1A). The remaining tissue

was collected for histopathological analysis, cryopreserved in FBS (Biowest) with 10% DMSO (Sigma-Aldrich) and stored in liquid ni-

trogen. Whenever there was enough tissue available, tumors were also dissociated into single cell suspension and used in the gen-

eration of intracardiac PDXs and patient-derived cultures. A total of 280 mice, both males and females, were used to generate these

subcutaneous PDXs. Mice were gender matched with patients for prostate (male), breast (female), and endometrial tumors (female).

Intracardiac PDXs
To further understand themetastatic potential of cancer cells, subcutaneous tumors obtained during necropsywere used to generate

intracardiac models, as mentioned above. A portion of the tumor was dissociated into single cell suspensions (using the same

method as described above for PDCs) and 50000 viable cells (counted using trypan blue exclusion) re-suspended in 80mL PBS

were injected in the left ventricle of 10–20 weeks old NSGmice (both males and females; n = 2 mice/sample/injection), not previously

used in other experiments. A total of 76 animals were used to generate these intracardiac PDXs. Mice were gender matched with

patients only for the BMs of endometrial tumor (female).

Orthotopic PDXs
To understand the growth pattern of cancer cells in the brain, we generated orthotopic PDXs of BMs by the intracranial injection of

100000 viable PDCs (MET-CF 69 and 78). Cells were re-suspended in 3mL of PBS and injected in the brain frontal region (bregma as

reference, x = 2mm, y = 0mm z =�2mm) of 10–20weeks NSGmice (male or females; n = 3mice/sample), not previously used in other

experiments. Upon necropsy only the CNS was collected. A total of 7 mice were used to generate these orthotopic PDX models.

Histological and immunohistochemical analysis
All histological human samples from BM patients were obtained in collaboration with the Laboratory of Neuropathology (Neurology

Department, Hospital de Santa Maria, Centro Hospitalar Universitário Lisboa Norte (CHULN), Lisboa, Portugal).

Tissue samples from our mouse PDXs were obtained at necropsy and fixed immediately in 10% neutral buffered formalin solution.

Samples containing bone were further decalcified in 10% formic acid. All samples were processed for paraffin embedding. For

morphological examination, serial 3mm sections were stained with hematoxylin and eosin (H&E) and immunohistochemistry (IHC)

was performed using the following antibodies: mouse anti-human Cytokeratin 7 (Thermo Fisher Scientific), mouse anti-human

Cytokeratin 20 (Agilent), mouse Cytokeratin Pan antibody Cocktail (AE1AE3; Thermo Fisher Scientific). The tissue sections were

pre-treated in a EprediaTM Lab VisionTM PT Module (Fisher Scientific) at low-Ph, followed by incubation with the primary antibodies.

EnVision Link horseradish peroxidase/DAB visualization system (Agilent) was used, and sections were then counterstained with

hematoxylin and mounted. Histopathological analysis of H&E and IHC slides was performed blindly by 2 pathologists, and represen-

tative photomicrographs were taken using Leica DM2500 brightfield microscope coupled to a LeicaMC170 HDmicroscope camera,

or NanoZoomer SQ system (acquisition at 20x digital magnification).

To better understand both cell growth and invasion patterns of PDCs in the CNS, we analyzed H&E-stained brain and spinal cord

tissue sections from orthotopic PDXs. Tumors were classified using a semi-quantitative score to evaluate tumor dimensions: 0 – no

tumor; 1 – minimal to mild; 2 – moderate; and 3 – marked. Leptomeningeal dissemination was assessed using 2 semi-quantitative

scoring systems: distribution score – 0: no tumor; 1: multifocal, minimal-mild; 2: multifocal moderate; and 3: diffuse dissemination;

and a cell density score – 0: no cells; 1: minimal to mild; 2: moderate; and 3: marked cellular density. Invasion pattern was evaluated

using an adaptation of the scoring system developed by Dankner et al.44 Minimally invasive (MI) tumors scored with 0 or 1 (0 – lesion

surrounded by lymphocytes; 1 – defined BM margin with brain parenchyma) and highly invasive (HI) tumors scored with 2 or 3

(2 – defined BMmargin with small pockets of invading cells in the parenchyma, but close to the border; and 3 – extensive single-cells

invasion or big cell clusters invading the surrounding parenchyma).
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Cell viability
To assess the impact of buparlisib and everolimus in cell proliferation, we have used the CellTiter 96 Aqueous One Solution Reagent

(MTS; Promega). PDCs were seeded in coated 96-well plates, 1000 cells per well, and incubated up to 72h with either 1mM or 10mM

buparlisib (PI3K inhibitor, Selleckchem), and with either 20nM or 1mM of everolimus (mTOR inhibitor, Selleckchem). Cells were then

incubated for 2h with MTS and the absorbance was measured at 490nm using Microplate Reader TECAN Infinite M200. Two inde-

pendent experiments were performed with 3 technical repetitions each.

Western blotting
For western blot analysis, cells were seeded in 6-well plates at 0.53 106 cells per well and incubated for 2h with the aforementioned

drug concentrations. Cell lysates used for immunoblotting were prepared by directly add to plated cells a lysis buffer (50mM Trizma-

Base; 150mMNaCl; 5mMEDTA; Sigma-Aldrich) supplementedwith 1x PhosStop phosphatase inhibitors (Roche) and 1x completeTM

protease inhibitor cocktail (Roche). After centrifugation at 10000g for 15 min, the supernatant was harvested. Protein concentration

was determined using the Bradford protein assay (Protein Assay Dye Reagent Concentrate; BioRad). Equal amounts of protein were

used for SDS-PAGE and transferred onto nitrocellulose membranes (BioRad), which were then blocked with 3% skim milk for 1 h at

room temperature, incubated with the primary antibodies overnight, and incubated with the appropriate secondary antibodies (anti-

rabbit and anti-mouse IgG, HRP Conjugate; Promega) for 1h at room temperature. After incubation, membranes were washed and

incubated with PierceTM ECL Western Blotting Substrate before film (Agfa) exposure. Exposed film was developed using an Agfa

Curix 60 automated film processor. Antibodies against p-S473-AKT (1:1000), AKT (1:1000), p-(S235/236)-S6 (1:2000) and S6

(1:2000) (Cell Signaling Technology) and actin (1:1000) (Santa Cruz Biotechnology) were used. Each band was analyzed with a con-

stant frame.

In vivo drug treatment using subcutaneous PDXs
To validate our patient-derived models of BMs as a tool to be used in the in vivo test of new drugs, we have assessed the efficacy of

FDA approved drugs in treating our subcutaneous PDXs. NSGmice (females, 10-20 weeks old), not previously used for other exper-

iments, were injected subcutaneously in the flank with 100mL of 1:1 mix containing 1.5 3 106 viable PDCs in PBS 1x and Matrigel

(Corning). In this experiment, we have used PDCs isolated from the MET-CF78 (lung cancer-derived BM). When all tumors were

measurable (tumor size range of 50-150mm3 by day 18 post injection), animals were randomized (using a random sequence gener-

ator; Random.org) into three groups of 4 mice each: vehicle control (N = 4; 5%DMSO +30% PEG300 + H2O; Sigma-Aldrich), bupar-

lisib (N = 4; 30mg/kg/day; PI3K inhibitor, Sellekchem) and everolimus (N = 4; 3mg/kg/day; mTOR inhibitor, Selleckchem). Drugswere

re-suspended in DMSO and freshly diluted in vehicle solution immediately prior administration, according to the manufacturers’

instructions. Mice received three cycles of therapy (four days on and two days off) by oral gavage. Mice were euthanized one day

after the final treatment (day 34 post injection). The optimal experimental group size was calculated based on a Power analysis sta-

tistical test using the G*Power 3.1 software (http://www.gpower.hhu.de). The test was based on an a priori analysis, comparing the

medians of the experimental groups using the Mann-Whitney test, with alpha (error probability) = 0.05, power = 0.95 and effect size =

4.0434 and actual power = 0.95 (calculated based on Bruna et al21); http://www.polyu.edu.hk/mm/effectsizefaqs/calculator/

calculator.html. Thus, the optimal size of the experimental groups was determined to be 3 animals per group. To ensure the power

of the experiment, 1 extra animal was added per group. A total of 12 animals were used in this experiment.

In vivo drug treatment using orthotopic PDX
To further validate our patient-derived models of BMs as a tool to be used in the in vivo test of new drugs, we have assessed the

efficacy of the same compounds in treating our orthotopic PDXs. In this experiment, we have used PDCs fromMET-CF78 (lung can-

cer-derived BM, 5 3 104 cells/mouse) and from MET-CF69 (melanoma-derived BM, 1 3 105 cells/mouse) to inject intracranially in

NSG mice (females, 10-20 weeks old, not previously used in other experiments). Animal randomization and treatment cycles

were the same as described for the treatment of the subcutaneous PDXs. Treatment of MET-CF78-injected mice started 7 days

post-injection, whereas treatment ofMET-CF69-injectedmice started 19 days post-injection. One day after the last treatment admin-

istration, animals were euthanized (see Figure S7). The optimal experimental group size was calculated based on Power analysis sta-

tistical test using the G*Power 3.1 software (http://www.gpower.hhu.de). The test was based on an a priori analysis, comparing the

medians of the experimental groups using the Mann-Whitney test, with alpha (error probability) = 0.05, power = 0.95 and effect size =

2.2766 and actual power = 0.95 (calculated based on our subcutaneous treatment experiment; http://www.polyu.edu.hk/mm/

effectsizefaqs/calculator/calculator.html). Thus, the optimal size of the experimental groups was determined to be 6 animals per

group. To ensure the power of the experiment, 1 extra animal was added per group. A total of 42 animals were used in these exper-

iments, 7 mice/group for each cell line.

mRNA sequencing
At least 1mg of purified total RNA with RINR5.0 were required. Library preparation was conducted using the Truseq strandedmRNA

Library Preparation kit (Illumina). Libraries were sequenced on an Illumina NovaSeq6000 in paired-end mode (2 x 150bp; Macrogen

Spain Inc.). Sequencing reads were mapped to the transcriptome using STAR (version 2.7.4a).45 Gene expression counts were

generated using HTSeq (v.0.6.1p1)46 and normalized to transcripts per kilobase million (TPM). GENCODE v22 was used as the
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gene annotation reference. Differential expression analysis was performed using DESeq247 using an adjusted p value of 0.01 as the

cut-off for statistical significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normality distribution was assessed by D’Agostino and Pearson test. Statistical differences were determined with non-parametric

Kruskal-Wallis (Dunn’s Multiple Comparison tests) and Mann-Whitney tests. Survival curves were analyzed using log rank tests

(Mantel-Cox). All statistical analyses were performed using the GraphPad Prism v6.0 (GraphPad, California, USA). Sample size

was represented as n. Differences were considered statistically significant for p < 0.05. Group size calculation was performed for

treatment assays as described in the method details section. Further relevant information can be found on each figure legend.
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