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Abstract
Background. The dearth of relevant tumor models reflecting the heterogeneity of human central nervous system 
metastasis (CM) has hindered development of novel therapies.
Methods. We established 39 CM patient-derived xenograft (PDX) models representing the histological spectrum, 
and performed phenotypic and multi-omic characterization of PDXs and their original patient tumors. PDX clonal 
evolution was also reconstructed using allele-specific copy number and somatic variants.
Results.  PDXs retained their metastatic potential, with flank-implanted PDXs forming spontaneous metastases in 
multiple organs, including brain, and CM subsequent to intracardiac injection. PDXs also retained the histological 
and molecular profiles of the original patient tumors, including retention of genomic aberrations and signaling 
pathways. Novel modes of clonal evolution involving rapid expansion by a minor clone were identified in 2 PDXs, 
including CM13, which was highly aggressive in vivo forming multiple spontaneous metastases, including to brain. 
These PDXs had little molecular resemblance to the patient donor tumor, including reversion to a copy number 
neutral genome, no shared nonsynonymous mutations, and no correlation by gene expression.
Conclusions. We generated a diverse and novel repertoire of PDXs that provides a new set of tools to enhance our 
knowledge of CM biology and improve preclinical testing. Furthermore, our study suggests that minor clone suc-
cession may confer tumor aggressiveness and potentiate brain metastasis.

Key Point

1. � Generation of novel CM PDX models identified a mode of PDX clonal evolution by minor 
clone expansion.
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Despite progress made in the treatment of many cancers, 
metastasis to the central nervous system (CNS) has re-
mained a major source of mortality. CNS metastasis (CM) 

has become more common due to greater systemic control 
of the primary cancer.1–5 Improved surgical and radiation 
treatment techniques have led to modest improvements in 
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survival. However, treatment for CM remains largely palli-
ative and rarely curative, highlighting the fact that novel 
therapies and associated predictive biomarkers remain a 
critically unmet need for CM.1,3

Progress in treating CM has been hampered by a lack 
of translationally relevant models, access and availability 
to human tissue samples, and comprehensive molecular 
profiles reflecting the underlying heterogeneous biology. 
Current animal models of metastasis are principally de-
rived from cell lines and do not represent the biological 
underpinnings of the human disease.6,7 Studies suggest 
that patient-derived xenograft (PDX) models more faith-
fully preserve the genetic features of patient tumors and 
are more predictive of clinical outcomes than are their 
predecessor cell line xenograft models.8–10

Herein we report the successful establishment and char-
acterization of 39 PDXs derived from 8 different CM his-
tological subtypes. Multi-omic analysis of the PDX and 
original patient tumor showed that most models accurately 
recapitulated the histological and molecular properties of 
their parent tumors. However, some PDX tumors diverged 
through the expansion of minor tumor clones, which were 
associated with spontaneous CM after flank implantation. 
Overall, this study has led to the identification of novel mo-
lecular profiles of CM and illustrated unique features of 
clonal evolution when using PDX models.

Materials and Methods

Sample Acquisition

Forty-five patients with brain metastases were consented 
for tissue collection under an institutional review board–ap-
proved protocol at Geisinger Health System, the University 
Health Network, the Mayo Clinic, or US Oncology between 
2013 and 2016 (Supplementary Tables 1–3). Tumors excised 
during craniotomy were used for PDX generation, snap 
frozen for genomic profiling, and formalin fixed for his-
tology where available.

Animal Studies

All animal experiments were conducted in accordance with 
Institutional Animal Care and Use Committee guidelines. 
Tumors for engraftment were minced and mixed with 1 part 
of Matrigel (Corning, #356231). Injected into the right flank 

of 4- to 6-week-old female NOG (Taconic) or nude (Narlan) 
mice were 0.3  mL tumor slurry. Tumors were measured 
using a digital caliper, and tumor volume was determined 
by the following formula: Length  ×  Width  ×  Width  ×  0.5. 
Tumors reaching 1.5 cm3 were harvested and passaged into 
new mice using the above protocol. Tumors were also snap 
frozen for sequencing, formalin fixed for histology, and cryo-
preserved according to standard protocol for future use.

Intracranial injections were performed using a stereo-
taxic frame (Stoelting). A 5–7 mm skin incision was made 
and a burr hole drilled 1–2 mm lateral to the midline and 
2–3 mm vertical from the bregma suture. The automated 
injection system was used to slowly inject 2–3  µL of 104 
cells into the brain parenchyma. For intracardiac injections, 
1 × 105 cells in 50 µL of cells were injected into the left car-
diac ventricle of anesthetized mice.

Histological Assessment

Tumor and/or organ tissues obtained at necropsy were 
formalin fixed and paraffin embedded (FFPE), and 5  µm 
sections were stained with hematoxylin and eosin (H&E). 
Metastatic tumors were identified by study pathologists 
at Mayo Clinic and TGEN/USC. Immunohistochemistry 
and immunofluorescence were performed using standard 
protocols. See Supplementary Material for details.

Next-Generation Sequencing and Microarrays

Whole exome sequencing and RNA sequencing (RNA-seq) 
were performed as previously described.11 Briefly, tissues 
were homogenized by the Bullet Blender (Next Advance) 
and DNA/RNA extracted with the AllPrep DNA/RNA Mini 
Kit (Qiagen). Whole blood was extracted with the QIAamp 
DNA Blood Maxi kit (Qiagen), and FFPE tissues were 
macrodissected and extracted with the QIAamp DNA FFPE 
Tissue Kit (Qiagen).

Libraries for whole-exome sequencing were pre-
pared using the SureSelectXT Target Enrichment System 
(Agilent), and hybridization was accomplished with 
Human All Exon v5 (Agilent) baits. RNA-seq libraries were 
prepared using the TruSeq RNA Sample Preparation v2 
(Illumina). For all libraries, paired end sequencing was per-
formed on the Illumina HiSeq 2500 platform using TruSeq 
SBS v3 kits. DNA Methylation analysis was performed 
using the Infinium HumanMethylation450 BeadChip Kit 
(Illumina) as described previously.12 Reverse phase protein 

Importance of the Study

A lack of tumor models reflecting the heterogeneity 
and complexity of human CM has presented a barrier 
to understanding the underlying biology and devel-
oping better therapies. The 39 novel CNS metastasis 
PDX models generated and comprehensively charac-
terized in this study provide a new set of tools that will 
help further our understanding of the mechanisms of 

CNS metastasis and enable novel and relevant pre-
clinical testing to help enable clinical trials. Our data 
also identify novel modes of clonal evolution in PDXs, 
involving explosive or rapid minor clone takeover, 
which could be related to aggressive tumor behav-
iors in both PDX models and the human cancers from 
which they derive.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
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array (RPPA) was performed as previously described13 on 
a custom array (Supplementary Table 4). Sequencing and 
array data were analyzed as previously described.11 For fur-
ther details on next-generation sequencing preparation, 
and analysis, see Supplementary Methods.

Results

Generation of a CM PDX Bank Representing 
Multiple Histological Subtypes

Forty-six fresh CM tumors were collected in the Salhia 
(n = 18) and Sarkaria (n = 28) labs immediately following 
craniotomy and transplanted into the right flanks of mice. 
Two independent metastatic lesions (T1 and T2) were re-
sected from patient CM13, and both were collected and im-
planted. Thirty-nine tumor lines, between the 2 labs, were 
successfully maintained through multiple rounds of serial 
transplantation (Supplementary Tables 1–3). Tumor latency 
ranged from 7 to 183 days in the models from the Salhia lab 
and from 120 to 180 days in the models from the Sarkaria 
lab (Supplementary Fig. 1A, Supplementary Table 5). 
Tumor latency correlated significantly with patient survival 
(Supplementary Fig. 1B), demonstrating potential prog-
nostic value of CM-derived PDXs. Lung CM tumors had a 
shorter average latency (43 days) compared with breast tu-
mors (79 days). Tumors that did not grow included 4 CM 
tumors (CM03, CM05, CM10, CM13-T2) from the Salhia lab, 
and 3 CMs from the Sarkaria lab. All CM tumors from the 
Salhia lab were from patients without therapy prior to their 
CM surgical resection, while tumors from the Sarkaria lab 
came from patients with or without prior therapy for their 
CM tumors.

Histological assessment of patient tumors and corre-
sponding PDXs by H&E staining demonstrated conserva-
tion in morphology (Fig. 1A, B). In both the patient and the 
PDX mouse model, the lung cancer squamous cell carci-
noma shows areas with tumor cells infiltrating the dense 
fibrotic stroma in strings (Fig. 1A). In other parts the tumor 
is more solid and keratinization can be seen (Fig. 1A inset). 
However, the PDX model showed significantly less keratin-
ization compared with the patient’s tumor, which might be 
an indication of it being less differentiated, but a sampling 
bias cannot be completely excluded. Both tumors are ple-
omorphic with nuclei showing sometimes serval nucleoli. 
The adenocarcinoma in the patient and in the PDX tumors 
are highly pleomorphic, with nuclei showing prominent 
nucleoli and tumor cells with abundant eosinophilic cyto-
plasm and distinct cell borders. Some gland-like growth 
patterns can also be observed in both tumors. The small 
cell carcinoma in the patient as well as in the PDX model 
shows a classic small cell morphology with dense packed 
tumor cells with scant cytoplasm, fine nuclear chromatin, 
and absence of nucleoli. The morphology can be espe-
cially well appreciated in the PDX models, since fixation is 
optimal. All breast tumors (CM1, CM13, and CM16) show 
tumor cell nest formation of variable size and tumor cells 
are pleomorphic. Interestingly, one breast tumor (CM01) 
shows morphologically 2 distinctive cell populations. In the 
background of eosinophilic tumor cells some tumor cells 

with a more clear cytoplasm could be appreciated (data not 
shown). The corresponding PDX model, however, shows 
only the eosinophilic cell population. The breast cancer 
cells from the flank tumor of CM07 grow in small cell nests 
that are intersected by thin fibrous stroma, while the tumor 
cells in the brain show a solid growth pattern. Perhaps this 
is due to the different tumor microenvironments. Still, both 
tumors are very pleomorphic; mitotic figures can be easily 
found; the cells have eosinophilic cytoplasm; and the tu-
mors show large necrotic areas. The lung cancers (CM04) 
grown in the flank and in the brain both show classic small 
cell carcinoma morphology as described above.

The ability of CM tumors to grow in the brain of immu-
nocompromised mice was tested by intracranial injec-
tion. Intracranial growth was successful in 5/6 PDX lines 
from the Salhia lab, and 7/7 PDX lines tested from the 
Sarkaria lab. The one tumor that did not grow successfully 
in the brain was CM02; it was derived from a spinal cord 
metastasis, and not a brain metastasis. Intracranial tu-
mors retained the morphology of the PDX flank (Fig. 1C), 
indicating that the site of implantation does not impact 
tumor morphology.

The metastatic and brain-tropic potential of PDX tumors 
was examined first by left ventricle cardiac injections. Five 
of 12 PDXs resulted in multifocal brain metastases, along 
with metastasis to the lung, liver, and other organs (Fig. 
1D). Interestingly, necropsies revealed that spontaneous 
distant metastasis also occurred in flank-implanted PDXs. 
Three PDXs had evidence of metastasis to multiple tissues, 
including lung and liver (Fig. 1E, Supplementary Table 6). 
CM13-T1 was one of the most aggressive PDXs with a 
short latency period (40.5 days), and metastasized to 7 dif-
ferent locations: lung, liver, spleen, kidney, gastrointestinal 
(GI) tract, forearm and brain (Fig. 1F).

Maintenance of Molecular Profiles Between 
Patient Samples and Tumor Grafts

In order to compare the molecular profile of PDX tissue 
with its patient donor CM tissue, whole exome and RNA-
seq was performed on 14 PDXs from the Salhia lab, which 
had patient matched tumor and germline tissue. The 3 CM 
tumors without corresponding PDXs were also sequenced. 
The F0 generation was analyzed for all PDXs, while ad-
ditional passages (up to F4) were sequenced for 7 of the 
PDXs: CM04, CM06, CM09 (F0, F1); CM02 (F0, F1, F3); CM16 
(F0-F2); CM07 (F0-F3); and CM01 (F0–F4). Both patient le-
sions in CM13 were sequenced, although only T1 formed 
a PDX. DNA methylation profiling used the 450K Infinium 
array, and RPPA was also performed on a subset of patient 
tumors and PDXs.

Copy number

The patterns of DNA copy number variations (CNVs), deter-
mined by whole exome sequencing, in the original tumors 
were typically maintained in PDXs (Fig. 2A). On average, 
PDXs retained 73% of CNVs from patients, with similar re-
tention rates in breast (75%) and lung CMs (73%). The only 
PDX to deviate dramatically from this trend was CM13, 
where the PDX appeared copy number neutral, unlike its 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz137#supplementary-data
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Fig. 1  Histological assessment by H&E staining of CM PDXs. (A–B) Representative images of PDX flank tumors with their patient-matched tumors 
from lung (A) or breast (B) CM. Inset in (A) show areas of keratinization patterns: clear visible eosinophilic keratinization and single cell keratin-
ization (black arrow). (C–D) Evidence of brain tumor formation after intracranial injections (C) or intracardiac injections, which shows multifocal 
lesions (D). (E) Examples of extracranial macrometastasis formation from flank-implanted CM13 PDX in lung and liver. (F) Brain micrometastases 
were identified in flank-implanted CM13 PDX as evidenced by immunohistochemical staining for human-specific human leukocyte antigen A. Scale 
bars represent 200 μm (A–C) or 100 μm (E–F).
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Fig. 2  Comparison of genomic landscape between PDXs and their corresponding human patient tumors (HPTs). (A) Heatmap displaying identified 
in HPTs and the F0 generation of PDXs. The percentage of retained (%Ret) copy number alterations was high for most PDX–tumor pairs. (B) IVA 
analysis from PDXs and HPTs displaying the most significant pathways (left) and gene complexes (right) in HPTs and PDXs. The lines on the graph 
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patient tumor, which had numerous CNVs. This was con-
firmed in a second independent PDX tumor from CM13-T1. 
Most CNVs were also preserved over multiple generations 
in 6/7 PDXs sequenced (Supplementary Fig. 2A). The only 
PDX to deviate from this was CM06 in the F1 generation, 
which also reverted to a copy number neutral genome.

Numerous homozygous deletions in tumor suppressor 
genes found in PDX tumors were either absent or present 
as single copy losses in the patient tumor (Supplementary 
Fig. 2B), suggesting expansion of a prominent clone after 
PDX establishment. Examples of this include loss of NF1, 
an inhibitor of RAS signaling, in CM01 and PTEN and FAS 
in CM06. The average number of CNVs increased from 
1086 in the patient tumor to 2710 in the PDXs, a 2.5-fold 
enrichment. CM07 had the largest CNV enrichment, from 
29 to 1027, representing a 35-fold increase. However, CNVs 
in the patient tumor of CM07 were largely preserved, in-
cluding the retention of aberrations in phenotypically im-
portant loci, such as the 17q amplification bearing human 
epidermal growth factor receptor 2 (HER2) amplicon, 
which originated from a HER2+ breast cancer tumor.

Mutations

A broad range of nonsynonymous somatic mutations, in-
cluding missense, nonsense, insertion/deletion, as well 
as splice site variants, were identified from whole exome 
sequencing results. Similar to the CNVs, the mutational 
landscape of PDXs resembled their original tumors, re-
taining on average 84% of mutations (Supplementary Fig. 
2C). Lung CMs had higher mutation retention (92%) than 
breast CMs (73%, or 88% if outlier CM13 was excluded). 
This was despite the higher frequency of mutations in lung 
patient tumors, which averaged 371 per patient, compared 
with 99 in breast (Supplementary Fig. 2C). Mutation pro-
files in PDXs were largely similar, with an average of 375 
and 121 mutations per patient in lung and breast PDXs, 
respectively. Of the 7 PDXs tracked over multiple genera-
tions, excluding outlier CM06-F1, 83% of the variants were 
preserved (Supplementary Fig. 3). Unlike CNVs, however, 
there was no dramatic enrichment in mutations in PDXs, 
though CM07, which saw a large enrichment in CNVs, also 
had a 1.7-fold enrichment in mutations. CM13 and CM06-F1 
were also outliers, retaining none of the called mutations 
of the patient tumor.

We next performed Ingenuity Variant Analysis (IVA) to de-
termine if the overall mutational landscape was consistent 
between matched patient tumors and PDX (Fig. 2B). The 
top mutated pathways and gene groups identified in the 
patient tumors were also present in PDXs, including path-
ways related to cancer and neuronal signaling. In almost 
all cases, the important driver mutations were maintained 
in the PDXs (Fig. 2C). The most frequently occurring mu-
tations were found in TP53, PIK3CA, RYR2, RYR3, ABCA8, 
DISP1, SYNE1, ZFHX4, and FSIP2.

Gene expression

Gene expressions from RNA-seq of patient tumors and 
PDXs were compared using a Pearson correlation ma-
trix (Fig. 3A). Most tumors and PDX pairs were strongly 

correlated, with a mean of 0.86. Even CM07, with enrich-
ments for CNV, had a high correlation (0.89). Notable ex-
ceptions included the PDXs of CM13 and CM06-F1, which 
bore no resemblance to their parent tumors (Fig. 3A).

Pathway analyses by gene set enrichment analysis 
(GSEA) and Ingenuity Pathway Analysis (IPA) resulted in 
similar pathways identified between the tumors and PDXs 
(Fig. 3B, C). Additionally, intrinsic molecular subtype anal-
ysis by the PAM50 classifier14 demonstrated that PDXs re-
tained the molecular subtype of the parent tumor even in 
the case of CM13 (Supplementary Fig. 4A). These data fur-
ther indicate that PDXs, even ones established in the flank, 
generally retained human tumor characteristics at the gene 
expression level. Enrichment of genomic aberrations in 
PDXs, which has been previously reported,15,16 had min-
imal effects on observed expression profiles.

However, to better understand the differences between 
the parent tissue and the PDX, we performed differential 
gene expression analysis. This analysis revealed signifi-
cant downregulation of immunity related genes in the PDX 
(Fig. 3D, E). Among the top downregulated genes were 
immune cell markers, such as the CD4 T-cell marker, CD33 
myeloid cell marker, and CSF1R (CD115) monocyte marker. 
This suggests that the biggest difference in gene expres-
sion between PDX and patient tumor is the lack of tumor-
infiltrating immune cells in the immunocompromised PDX 
host, rather than those pertaining to the non-immune com-
ponent of the tumor microenvironment.

DNA methylation and RPPA

Unsupervised hierarchical clustering for DNA methyla-
tion and RPPA data also showed that the methylome and 
proteome of patient and PDX tumors were maintained 
(Supplementary Fig. 4B, C). In both analyses the lung tu-
mors (CM02, CM04, CM06) clustered separately from the 
breast tumors (CM01, CM07).

Taken together, the DNA copy number, somatic muta-
tion, gene expression, DNA methylation, and RPPA provide 
evidence that tumor grafts generally maintain the promi-
nent molecular characteristics of the original tumors, even 
when implanted in the flank (Fig. 3F). However, in some 
instances, unique clonal expansion events can occur and 
lead to differing molecular phenotypes.

Integrated Analysis of Patient CM Tumors with 
Relevance to PDX Models

Multiple analyses revealed that pathways related to tu-
morigenesis were significantly altered in both the patient 
tumors and PDXs (Figs. 2B, 3B). GSEA revealed enrich-
ment of gene sets related to enhanced proliferative po-
tential, including G2/M, E2F, and mammalian target of 
rapamycin complex 1 (Fig. 3B, Supplementary Fig. 5A). 
The Aurora kinases (AURKA, AURKB), which we have 
previously shown to be associated with CM3, were also 
overexpressed. An upregulation of DNA damage repair 
genes was also observed, including DNA damage sensing 
components (RAD51, ATM, ATR) and DNA repair enzymes 
(BRCA1, BRCA2, POLD1, POLD4) (Supplementary Fig. 5B). 
Increased DNA repair activity is often associated with an 
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increase in replication stress caused by increased prolifer-
ation of tumor cells.17

In the top 10 enriched pathways, 4 IVA and 5 IPA 
pathways were related to neuronal signaling. Multiple 
studies have reported a tendency of brain metastasis 
tumors to adapt neuronal features.18,19 These features 
were shown to assist the metastasizing tumor cells in 
adapting to the CNS microenvironment. For example, 
we found increased expression of gamma-aminobutyric 
acid (GABA) receptors, such as GABRA1 and GABRA2, 
and associated proteins, such as GAD1, which were 
shown to enable brain metastasis tumors to utilize 
GABA present in the brain environment to promote cell 
proliferation.18

Calcium signaling was also altered in CM tumors. 
There were 20 genetic variants in 12 calcium channel 
genes in 56% of cases. Of these, the ryanodine receptors 
(RYR2, RYR3), both intracellular calcium channels, were 
found to be most frequently mutated (33% and 28%, re-
spectively) (Supplementary Fig. 5C). Furthermore, muta-
tion of RYR2 or RYR3 was associated with poorer patient 
survival, albeit not statistically significant due to small 
sample size (Supplementary Fig. 6A). Other intracellular 
calcium channels (RYR1, ITPR1) were also mutated at a 
lower frequency. Deregulation of calcium signaling is 
known to promote proliferation and migration of tumor 
cells,20 suggesting that deregulation of calcium signaling 
may potentiate CM. Interestingly, mutation of RYR3 ap-
peared to be mutually exclusive with PIK3CA (Fig. 2C). 
Two samples had PIK3CA C2 domain mutations, which 
is known to facilitate phosphatidylinositol-3 kinase 
targeting to membrane surfaces as a consequence of 
calcium-binding, again implicating the importance of 
calcium regulation in CM.

Changes in calcium signaling were also apparent at 
the gene expression level, where calcium signaling was 
predicted to be downregulated by both IPA and GSEA 
(Supplementary Fig. 6B). Top downregulated genes point 
to a downregulation of phospholipase C (PLC)–mediated 
calcium signaling, where upstream signaling mediators 
GNAQ and PLCD1, along with calcium channels such as 
ITPR, were all downregulated. PLCD1 has been reported 
to be a tumor suppressor that is frequently silenced by 
promoter methylation in breast cancer.21 Its ability to in-
duce cell cycle arrest could suggest that the shutdown 
of calcium signaling may be important for CM tumor 
survival.

Downregulation of inflammation response was ob-
served in tumors through changes in the acute phase 
response signaling in IPA, and inflammatory response 
and tumor necrosis factor alpha (TNF-α) signaling in 
GSEA (Supplementary Fig. 6C). The brain environment 
is thought to have limited capacity for inflammation. The 
downregulation of inflammation response could be a re-
flection of this vastly different immune landscape of the 
CNS microenvironment compared with peripheral tissue 
where the tumor originated. However, high expres-
sion of TNF-α was associated with poor patient survival 
(Supplementary Fig. 6D). This suggests that the presence 
of pro-inflammatory cytokines such as TNF-α could be an 
indicator of increased tumor aggressiveness.

Subtypes of CM PDX Revealed Discrete Gene 
Expression Differences

Given our rich resource of CM PDXs representing a wide 
spectrum of histological subtypes, we performed multi-
dimensional scaling (MDS) of the RNA-seq data from all 
39 PDXs to study how CMs differ across the 8 histological 
subtypes represented. MDS identified 6 distinct subgroups 
of PDXs (Fig. 4A), based in large part on the histological 
subtype of the PDX. Intermixing of samples illustrated 
no bias between PDX samples generated in different labs 
(Supplementary Fig. 7). Subgroups 1 and 4 were most 
homogeneous and consisted of melanoma and upper GI 
PDXs, respectively. Subgroups 2, 3, and 5 were heteroge-
neous and consisted of a mix of breast and lung PDXs. Still, 
most non–small cell lung cancer (NSCLC) PDXs clustered in 
subgroup 3, while small cell lung cancer tumor PDXs were 
found in subgroups 2 and 5. HER2+/estrogen receptor and 
triple-negative basal-like breast PDXs were found in sub-
group 3, while luminal B tumors were the most diverse of 
all the PDXs. Group 6 consisted solely of CM13.

Unsupervised clustering followed by IPA was used to 
understand underlying molecular differences between the 
subgroups (Fig. 4B). Subgroup 1 was associated with loss 
of cell-cell adhesion, such as claudins 3 and 7, which have 
been linked to epithelial mesenchymal transition22 and in-
creased invasiveness. Subgroups 2, 3, and 5 were highly 
similar, and were associated with gene expression signa-
tures related to p53 loss, consistent with its high mutation 
rate. Subgroup 3 has a more secretory phenotype, possibly 
implicating aggressive modulation of its tumor microenvi-
ronment. Subgroup 4 was associated with hallmarks of GI 
tumors, including deregulation of the hepatocyte nuclear 
factor (HNF) gene family, most notably HNF4A and FOXA2, 
which are important in proliferation and metastasis in GI 
cancers.23,24

Clonal Evolution from Patient to PDX and Minor 
Clone Expansion

Although most PDXs retained molecular features of their 
parent tumor, CM13-F0 and CM06-F1 PDXs emerged as 
outliers. They reverted to a copy number neutral pro-
file, had no shared nonsynonymous mutations or driver 
mutations, and were not correlated by gene expres-
sion (Figs. 2A, 3A). We ruled out erroneous results by 
sequencing a second PDX from CM13-F0 (Fig. 3A), and 
confirmed that >95% of reads aligned to the human ge-
nome (Supplementary Fig. 8). The most prevalent mouse 
reads, when analyzed by IPA, were related to inflammation 
and immune cell motility. The mouse models, though im-
munocompromised, still have functional monocytes and 
neutrophils, and other nonfunction immune cells. Indeed, 
many mouse immune cell markers were found to be en-
riched in PDX tumors (Supplementary Fig. 9A). CM13-F0 
PDX, a HER2+ inflammatory breast cancer CM, also had a 
short tumor latency (40.5 days) and was highly metastatic 
when grown in the flank (Fig. 1E). CM13-F0 flank tumors 
displayed spontaneous metastasis to lung, liver, spleen, 
kidney, GI tract, and forearm but most notably to brain 
(Fig. 1F). CM06-F1, which originated from a squamous cell 
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carcinoma of the lung, bore little resemblance to its pre-
vious generation CM06-F0. Instead, it appeared more like 
CM13-F0 (Supplementary Fig. 9B), albeit with no evidence 
of spontaneous brain metastasis (which could be due to 
timing of when mice were euthanized).

These data suggest that a clonal expansion by a minor 
clone may have occurred in CM13-F0 and CM06-F1 which 
led to the apparent deviation from its donor tumor. To as-
sess tumor clonality and evolution, we traced the phylogeny 
of PDX tumors from their originating patient tumor. Allele-
specific copy number and somatic variants were used to 

reconstruct the phylogenetic history of each PDX lineage 
(Fig. 5, Supplementary Fig. 10). We found that all PDX and 
originating tumors displayed evidence of tumor clonal heter-
ogeneity. Twelve of the 14 PDXs examined evolved neutrally 
or by expansion of a major clone (defined by an increase in 
the prevalence of a clone that was already present at a high 
[>10%] frequency in the tumor) (Fig. 5A–C, Supplementary 
Fig. 10). That is, at least one major clone was conserved in F0 
and subsequent passages where tested.

On the other hand, CM13-F0 and CM06-F1 displayed 
strong evidence of clonal succession by a minor clone 
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(CM06) or several minor clones (CM13), where a clone that 
was previously present at low frequencies in the original 
patient tumor—1% and 7%, respectively—is now the dom-
inant clone in the tumor (Fig. 5D, E). Clonal succession was 
explosive in the case of CM13, because it occurred in the 
F0 generation and rapid in the case of CM06-F1, as it oc-
curred after the first passage. This was certainly unlike all 
the other tumors that had either neutral clones or major 
clone expansion (Fig. 5). Three distinct modes of evolu-
tion in PDXs were observed: rapid (CM06) and explosive 
(CM13) clonal succession and neutral evolution (all other 
PDXs). These data suggest that minor clone expansion 
might confer tumor aggressiveness and potentiate metas-
tasis in some patients.

Next, we wanted to determine the set of genetic alter-
ations that differentiate CM13-F0 and CM06-F1 from other 
PDXs. The dramatic genetic changes in the clonally ex-
panded CM13-F0 and CM06-F1 were reflected in their 
gene expression signatures, which did not resemble that 
of other CM PDXs (Supplementary Fig. 11A). As previously 

described, pathways such as E2F signaling and G2M check-
point were upregulated in PDXs. However, these were 
downregulated in CM13-F0 and CM06-F1. Other pathways 
downregulated in most PDXs were instead upregulated 
in CM13-F0 and CM06-F1, including the immunity-related 
pathways (Supplementary Fig. 11B). IPA analysis of sig-
nificantly differentially expressed genes revealed an en-
richment of pathways related to immunity and neuronal 
signaling (Fig. 6A). Differentially expressed genes in these 
pathways included glia maturation factor gamma (GMFG), 
a growth factor important for both neuronal and immune 
cell development,25,26 and interferon regulatory factor 4 
(IRF4), a transcriptional activator important in microglia ac-
tivation27 (Fig. 6B). Immunofluorescent staining confirmed 
that GMFG and IRF4 were highly expressed in flank tu-
mors and brain metastases of CM13-F0 and CM06-F1 (Fig. 
6C, D) compared with the other PDXs, suggesting that the 
upregulation of immunity- and neuronal-related pathways 
may be associated with minor clone expansion and meta-
static behavior.
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Discussion

A lack of tumor models reflecting the heterogeneity and 
complexity of human CM has presented a barrier to un-
derstanding the underlying biology and developing better 
therapies. Even though CM PDXs have been developed in 

the past, they have been developed from a limited number 
of cases and tumor types originating only from NSCLC,10 
HER2+ breast cancer,28 or melanoma29,30 and were not ex-
tensively characterized and/or focused mostly on PDXs 
from the primary tumor. In the current study, we developed 
39 CM PDXs from 8 different histological subtypes, and 
performed comprehensive multi-omic characterization. 
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Our study shows that in the CM tumors analyzed, mela-
noma and GI CM were genomically distinct histological 
subtypes, while breast and lung cancer–derived CM were 
relatively heterogeneous. Commonalities across CM in-
clude alterations leading to upregulation of neuronal 
signaling and downregulation of calcium signaling.

An important advantage of PDXs is their ability to pre-
serve the genomic and molecular properties of the original 
patient tumor. Here we show that ectopic engraftment of 
CM tumors in mice resulted in the retention of the molec-
ular genetic landscape of the original tumor in a process of 
neutral evolution. In addition, tracing of 7 PDXs over mul-
tiple generations (F0–F4) demonstrated that genomic and 
molecular changes were stable even after multiple pas-
sages in 6/7 PDX models.

Multiple studies have also shown that, although PDXs are 
genetically stable, they can undergo clonal evolution, re-
sulting in deviation from their original tumor over time.16,31 
Genomic drifting has been the mode of clonal evolution 
reported and involves gradual accumulation of genetic 
changes over many passages.15,32 This has been attributed 
to observed selection pressures in xenograft models.16 In 
this study, we identified a different mode of clonal evolu-
tion in both CM13-F0 and CM06-F1, which were character-
ized by explosive (F0) or rapid (F1) clonal succession where 
a minor clone preferentially expands in the mouse and be-
comes the major clone. While explosive minor clonal suc-
cession in orthotopically implanted PDXs has been shown 
previously,33 we found in our study that clonal succession 
can result in dramatic genomic and functional changes, in-
cluding reversion to a diploid genome and loss of driver 
mutations, as well as aggressive tumor behavior. In addi-
tion, we demonstrated that clonal succession could occur 
in subsequent passages, as seen in CM06-F1. Additionally, 
the observation that the PDX with the highest metastatic 
potential (CM13) evolved by explosive clonal succession 
suggests a potentially highly clinically relevant mode of 
tumor evolution whereby minor clones in primary tumors 
give rise to aggressive metastases.

It was notable that the PDXs with rapid or explosive 
minor clone succession did not harbor classical driver 
gene mutations such as TP53. It can therefore be argued 
that such classical driver genes could be required for tumor 
initiation and virulence but not tumor spread. Hence, 
genes upregulated in minor clones, including GMFG and 
IRF4 are known for their role in tumor metastasis. GMFG, 
a chemotaxic factor generally involved in immune cell 
migration, is associated with increased metastatic po-
tential of both colorectal and ovarian cancer.34,35 IRF4, a 
transcription factor involved in interferon regulation, has 
been associated with poor prognosis of multiple hemato-
logic cancers36 and was found to be tumor promoting in 
NSCLC by the activation of Notch signaling, independently 
of the immune system.37 Upregulation of IRF4 has also 
been shown to increase the proliferation and metastasis 
of cholangiocarcinoma.38 Further studies will be required 
to confirm whether these genes are indeed responsible for 
enhancing CM potential.

Studying metastasis in tumor xenograft models has 
often been a challenge. Injection of tumor cells directly 
into the circulation or orthotopically fails to recapitulate 
many processes of metastasis such as intravasation and 

extravasation.39 While subcutaneous xenografts in the 
flank have been viewed as less relevant compared with 
orthotopic xenografts due to the lack of anatomic micro-
environment, we showed that in addition to recapitulating 
the histological and molecular features of the original 
patient tumor, 3 out of 14 (21%) of Salhia lab models are 
capable of developing spontaneous metastasis to extra-
cranial sites when implanted into the flank, despite being 
derived from a CM tumor. This suggests that the concept 
of organ tropism may need to be revisited and introduces 
the possibility that CM may be the result of tertiary metas-
tases, especially in breast cancer, where CM is a late event. 
Interestingly, CM13 PDX formed numerous extracranial 
metastases and was the only PDX that also formed spon-
taneous metastases in the brain. While spontaneous dis-
tant metastasis from the flank to brain has been observed 
in CM cell lines,40,41 this is the first report demonstrating 
the ability of a CM PDX model to traverse multiple barriers 
and form spontaneous distant metastases, an event that 
would have been missed had we implanted the tissue di-
rectly into the brain.

Many studies have performed histological and genomic 
analyses of tumor xenografts. However, to our knowl-
edge, there are no studies that have characterized the pa-
tient germline, the patient tumor and corresponding PDX 
tumor, including tumors from multiple PDX passages in 
CM. Furthermore, our samples were characterized by mul-
tiple orthogonal approaches, where PDX/patient tumor and 
germline were analyzed by histology and whole exome 
sequencing, patient/PDX tumor pairs were analyzed by 
RNA-seq DNA methylation analysis, and proteomics 
comprehensively assessed the degree to which PDXs re-
capitulate the histological and molecular makeup of the 
originating patient tumor.

In summary, the models reported in this study alongside 
the accompanying dataset provide a new set of tools that 
will help further our understanding of the mechanics of dis-
ease spread, enable novel and relevant preclinical testing, 
and provide a population-scale reference model for the 
deadliest of metastatic cancers. Finally, our data suggest 
that inherent plasticity may favor accelerated clonal evo-
lution and predict aggressive tumor behavior in both PDX 
models and the human cancers from which they derive.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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