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Necrosis in the tumor interior is a common feature of aggressive cancers that is 

associated with poor clinical prognosis and the development of metastasis. However, how 

the necrotic core promotes tumor cell dissemination and metastasis remains unclear. 

Foundational models for cancer metastasis research include mouse, zebrafish, and chick 

embryo, but identifying tumor cells in transit is painstaking.  

In my thesis work, I used a rat model of breast cancer metastasis to increase 

detection of dissemination events. Owing to the large size and higher blood volume of 

rats, I collected 10 times more circulating tumor cells (CTCs) than from mice. In this 

model, tumor dissemination was temporally correlated with the emergence of necrosis in 

the tumor interior. These findings were corroborated by longitudinal study of CTC 



 

abundance and tissue necrosis markers in blood plasma from patients with metastatic 

breast cancer. Further, I observed that dilated blood vessels were located next to necrotic 

regions of the tumor and that their increase was concurrent with the initiation of 

intratumoral necrosis and increase in CTC abundance.  

Bulk RNA sequencing of mouse-to-rat xenograft tumor necrotic core compared to 

the non-necrotic rim revealed distinct tumor-specific and host-specific transcripts in the 

necrotic interior. We identified angiopoietin-like 7 (Angptl7) as a tumor-specific factor 

localized to the peri-necrotic zone. Functional studies showed that Angptl7 loss 

normalizes central necrosis, decreases peri-necrotic dilated vessels, reduces metastasis, 

and reduces circulating tumor cell counts to nearly zero.  

Taken together, these findings show that breast tumors actively produce factors 

controlling central necrosis formation and metastatic dissemination from the tumor core. 

Tumor dissemination events are localized spatially to dilated peri-necrotic vessels in the 

tumor interior, and tumor dissemination is dependent functionally on the expression of a 

factor, Angptl7, produced by peri-necrotic tumor cells. These findings provide strong 

evidence that the factors in the peri-necrotic zone in the center of the tumor regulate tumor 

cell dissemination and suggest that tumor dissemination originates from the tumor core. 

My thesis work informs a new perspective on the mechanism of tumor dissemination and 

reveal a potential therapeutic target to directly disrupt it.   
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Chapter 1. INTRODUCTION: COLLECTIVE METASTASIS BY TUMOR CELL 

CLUSTERS 

Metastatic dissemination has lethal consequences for cancer patients. Accruing evidence 

supports the hypothesis that tumor cells can metastasize as clusters of cells while 

maintaining contacts with one another1–3. Collective metastasis enables tumor cells to 

colonize secondary sites more efficiently, resist cell death, and evade the immune 

system. On the other hand, tumor cell clusters face unique challenges for dissemination 

particularly during systemic dissemination. Here, we review recent progress toward 

understanding how tumor cell clusters overcome these disadvantages as well as 

mechanisms they utilize to gain advantages throughout the metastatic process. We 

consider useful models for studying collective metastasis and reflect on how the study of 

collective metastasis suggests new opportunities for eradicating and preventing 

metastatic disease. 

1.1 INTRODUCTION 

Metastasis, the process by which cancer cells disseminate and colonize distant organs, 

is responsible for the majority of the estimated 9.9 million cancer-associated deaths 

occurring worldwide every year4,5. This complex process involves the orchestration of 

sequential steps that must all be completed successfully for metastasis to emerge. Tumor 

cells must detach from the primary tumor and disseminate to a secondary site, in many 

cases far from the initial site of cancer. Thereafter, disseminated tumor cells (DTCs) must 

rapidly adapt to a newfound, often hostile, environment. Perhaps most difficult of all, upon 

arrival, tumor cells must construct a more favorable metastatic niche to survive and 
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ultimately proliferate. Partly due to heterogeneity in timeline, mechanism, and pattern of 

spread, metastasis remains a challenge to treat clinically and to study biologically.  

Metastatic dissemination has often been thought to be primarily completed by cells 

traveling alone1–3. This is premised on observations that tumor cells become more 

migratory when they lose cell–cell attachment, that tumor cells in circulation are mostly 

single cells, and that single DTCs can be found throughout a cancer patient’s organs. 

However, there is evidence that tumor cells can metastasize cohesively as a clump, 

embolus, or cluster of tumor cells rather than as single cells. In the 1970s, studies 

independently demonstrated that tumor cell clumps have greater metastatic seeding 

potential compared with single tumor cells6,7. Meanwhile, observations in a host of 

developmental and cancerous states have firmly established that cells can capably 

migrate while maintaining cell contacts during morphogenesis and cancer invasion8. It 

has become increasingly clear that tumor cell clusters are found in cancer patients’ 

bloodstreams (and bone marrow) in multiple cancer types and that the presence of 

circulating tumor cell (CTC) clusters is associated with worse prognosis9–14. These 

studies and others have provided clues to a mode of collective metastasis in which groups 

of tumor cells execute the metastatic process as clusters of cells. 

In this review, we discuss the recent progress toward understanding the molecular 

mechanisms of collective metastasis and its consequences. We first highlight the weight 

of clinical and experimental evidence supporting collective metastatic seeding. We 

discuss the emerging evidence for diverse intercellular interactions within tumor cell 

clusters, endowing cancer cells with enhanced metastatic aggression. At the same time, 

clusters may also face unique disadvantages at early steps in metastasis, particularly 
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while navigating systemic circulation. We highlight how different models have supported 

collective metastasis research and identify avenues for future technological development. 

While collective metastasis remains a field in its early stages, we propose that 

understanding how collectivity arises and how it changes tumor cell behavior during 

metastasis is essential in the quest to prevent and eradicate metastatic disease. 

 

1.2 EVIDENCE FOR COLLECTIVE METASTASIS 

For the purposes of this review, we define collective metastatic seeding as the completion 

of dissemination, seeding, and outgrowth phases of metastasis by a cluster of at least 

two tumor cells. As discussed below, there is strong evidence that tumor cell clusters can 

be found in cancer patient blood and that their presence is associated with worse 

prognosis. These clusters, despite their low frequency compared with single tumor cells, 

make large contributions to productive metastases. 

1.2.1 Circulating tumor cell clusters are detected in many cancers, and their 

presence is associated with poorer patient outcomes 

The ability to isolate and characterize circulating tumor cells provides a window into the 

properties of disseminating tumor cells in transit. Because blood draws are relatively 

noninvasive and frequently obtained from cancer patients, CTCs are promising for 

monitoring therapy response and disease evolution, as reviewed extensively elsewhere15. 

Although studies of CTC abundance vary by tumor type, tumor stage, blood collection 

site, and isolation strategy, a common conclusion is that the presence of CTCs correlates 
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with worse progression-free survival (PFS) and overall survival (OS) in most common 

human cancers16,17.  

Table 1. Percentage of Patients with Single CTCs and CTC Clusters 

Citation Cancer type % Patients 
with single 
CTCs 

% Patients 
with CTC 
clusters 

Number of 
patients 

Jansson et al. 
201618  

Breast** NR 27% 52 

Wang et al. 
201711  

Breast** 60.2% 16.4% 128 

Larsson et al. 
201813  

Breast* 52% 20% 156 

Paoletti et al. 
201919  

Breast* 52% 19% 266 

Costa et al. 
202020  

Breast* 57.4 25.9 54 

Divella et al. 
201421  

Colorectal 67% 32% 103 

Zheng et al. 
201722  

Gastric* 43% 26% 81 

Hou et al. 
20129  

Lung (SCLC)* 85% 32% 97 

Long et al. 
201610  

Melanoma* 51% 34% 128 

Lee et al. 
201723  

Ovarian 98.1% 59.2% 54 

Chang et al. 
201624  

PDAC* 81% 81% 19 

Okegawa et al. 
201825  

Prostate* NR 50% 98 

Mu et al. 
201512  

Breast** 
31.30% 17.40% 

115 

Carlsson 
201714  

Prostate* 
Blood: 33% NR 

141 

    
Bone Marrow: 
23% NR   

*Baseline analysis of CTC cluster presence 

**Longitudinal time-dependent analysis of CTC cluster presence 
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Beyond individual CTCs, newer technologies and analytical methods have 

identified CTC clusters in many metastatic cancer types26–29. These assays have defined 

CTC clusters as a group of two or more cohesive cells. Such CTC clusters are 

consistently rarer than single CTCs. Among studies investigating both single CTCs and 

CTC clusters, between 1% and 10% of CTC events are clusters14. Between 43% and 

98% of patients with metastatic disease have detectable single CTCs in their 

bloodstream, with detection most commonly defined as >5 CTCs per blood draw (see 

Table 1). In comparison, the same studies found one or more CTC clusters per blood 

draw in 16–59% of patients (see Table 1). While most of these studies have focused on 

patients with advanced-stage disease, there is also clinical evidence that CTC clusters 

can be detected in early-stage cancers, prior to or during definitive surgical resection30–

32.  

Patients with CTC clusters detected in their bloodstream have significantly poorer 

PFS and OS compared with patients with only single CTCs9–13. Hazard ratio (HR) is a 

common way to quantify the difference in risk between groups. For example, if the HR of 

death is 2.0, this means the rate of death is twice as high in one group than the other. In 

available studies, the HR for OS for patients with CTC clusters compared with patients 

with only single CTCs ranged from 2.9–15.19,11–13. However, two limitations should be 

acknowledged when interpreting these studies. First, CTC clusters tend to occur in 

patients with the most CTCs, as reflected in one large reanalysis of prospectively 

collected CTCs using CellSearch in metastatic breast cancer patients19. In comparisons 

between patients with high single CTC counts, the presence of CTC clusters is no longer 
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independently prognostic. This could indicate that CTC clusters may simply be an 

indicator of high CTC abundance. Whether underlying cellular biological processes 

driving CTC and CTC cluster dissemination are shared remains to be tested. Second, the 

entry point of enrollment for many studies is not uniform. The frequency of CTC clusters 

varies with disease progression and is most abundant in patients with treatment-resistant 

and refractory cancers11,12,19,33. Whether CTC clusters are a cause or consequence of 

therapy resistance is incompletely understood, though one recent study has suggested 

that resistance to endocrine therapy shifts metastatic breast cancer cells toward a 

clustered phenotype34. Despite our incomplete understanding of why CTCs correlate with 

poor patient outcomes, the presence of CTC clusters can be confidently interpreted as a 

poor prognostic factor.  

At present, the true frequency of CTC clusters remains uncertain, and the optimal 

approach toward identifying CTC clusters is not yet understood (discussed in the next 

section). For now, we point out that relying on different qualifications and cell surface 

markers to define CTCs inherently means that the definitions of CTC clusters vary by 

study. In addition, it is difficult to tell if CTC clusters are being undersampled because 

they are breaking apart or becoming trapped during the CTC isolation process. CTC 

clusters could also be rendered invisible to detection through filtration in a more proximal 

capillary bed. CTC abundance also varies dynamically and can vary on a circadian level35. 

The ability of CTC clusters to remain intact during isolation is dependent on many factors 

including the shear stress experienced by CTC clusters during the isolation process. In 

recent years, various technologies have been designed specifically to maintain and 

recover clusters from the blood27,36. The importance of CTC cluster size (how many cells 
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are in a CTC cluster) also remains understudied. One label-free technology designed to 

isolate CTC clusters found that 30–40% of patients with metastatic breast cancer, 

prostate cancer, or melanoma had CTC clusters and that CTC cluster size ranged from 

2 to 19 cells. CTC cluster cell count trended toward exponential distribution, with many 

more 2-cell clusters than larger clusters27. A few studies have suggested that larger CTC 

cluster sizes could provide advantages beyond 2-cell clusters11. In one study of metastatic 

breast cancer patients, authors found that the OS HR is 14.5 for patients with clusters 

containing at least 3 cells compared with patients with no CTCs, whereas the OS HR is 

7.96 for patients with clusters with 2-cell clusters. Whether larger CTC clusters correlate 

with worse prognosis will require larger well-powered studies using technologies 

designed to capture clusters. 

1.2.2 Challenges in circulating tumor cell cluster detection and isolation 

CTCs are rare, dynamic, short-lived entities that occur at frequencies of <1 CTC per 10 

million leukocytes and 100 million red blood cells37. This makes the enrichment, isolation, 

and detection of CTCs extremely challenging. At present, only one CTC detection 

method, CellSearch, is FDA-approved to detect CTCs in breast, prostate, 

and colorectal cancer patients to help determine prognosis15. CellSearch is one of many 

surface marker–based methods that relies on the expression of EpCAM to detect CTCs. 

A known limitation of EpCAM-based detection is its inability to detect CTCs that do not 

express EpCAM. An extension of this problem germane to CTC clusters is that tumor 

cells show heterogeneous expression for different markers10,38. Further, CTC clusters can 

occur in complexes with immune cells such as neutrophils39, which can interfere with CTC 

cluster isolation by affinity-based methods such as negative depletion of CD45+ immune 



 

 

15 

cells. One approach that may overcome these challenges is use of label-free methods 

that select for CTCs and clusters based on size and deformability. Microfluidic devices 

enable the recovery of heterogeneous CTC populations including clusters and do not rely 

on surface markers such as EpCAM27,36,40,41. The fact that most CTC clusters are 

doublets and therefore may have size characteristics not much different from single CTCs 

is a challenge in these methods. Further, microfluidic devices that enforce certain channel 

size dimensions or impose critical flow rates may induce shearing that disaggregates CTC 

clusters. Perhaps the simplest approach is red blood cell lysis followed by affixing residual 

cellular fraction to slides and staining these slides for markers such as cytokeratin and 

CD45 that can be analyzed by microscopy. This method, however, makes it more difficult 

to process CTCs for downstream analyses or cultivation42. At present, it remains a 

fundamental challenge that CTC technologies are developed and optimized using 

simulated CTCs generated via spike-ins of human cancer cells into blood samples. These 

technologies are then tested in human patient populations where the true properties of 

CTCs are unknown and depend on tumor type, disease stage, and follow-up time. Such 

complications make it difficult to determine the most efficient, catchall, unbiased CTC 

detection and isolation methods. Mouse and other patient-derived xenograft animal 

models that spontaneously and reproducibly generate CTCs could be valuable for these 

efforts, but CTCs in these models are even more rare and short-lived due to their small 

circulating blood volume. Better models that allow for sampling and analysis of large 

numbers of CTCs collected in an unbiased manner could be pivotal to gain a deeper 

understanding of CTC and CTC cluster characteristics and variations. 
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1.2.3 The outsized potential of tumor cell clusters for metastatic seeding  

Early CTC cluster studies in the 1970s reported that when tumor cells were separated 

into clusters or single tumor cells and injected intravenously into mice, tumor cell clusters 

produced between 3- and 25-fold greater lung metastases7,43.More recent studies have 

shown similar effects with between a 2- and 500-fold increase in metastasis formation 

using a variety of cancer models (breast, melanoma, and colon) and delivery routes 

(intravenous, intracardiac, intraperitoneal, and retroorbital) 2,28,44–49.  

These experimental metastasis models support the notion that tumor cell clusters 

have robust metastatic potential. However, because CTC clusters are rare in patients and 

in mouse models, it is possible that individual CTCs nonetheless contribute to the majority 

of metastatic seeding. How then, can we determine the contribution of multicellular 

seeding? One experimental approach that has proven useful is lineage tracing with 

multicolor fluorescent labeling of tumor cells in animal models of metastasis including 

mice, zebrafish, and fruit flies28,48,50–59. In these experiments, multicolor primary tumors 

are generated by transplanting tumor cells into a tissue of origin or through genetic models 

of metastatic cancer. These primary tumors are composed of two or more tumor clones 

expressing different fluorescent reporters that are maintained through division. 

Metastases develop over time and are then examined by microscopy. If metastases arise 

exclusively from individual clones, then only single-color metastases would be expected. 

If metastases are multicolored, then at some point in their development they arose from 

two or more distinct clones. Using this approach, multiple groups have reported that the 

majority, in some cases more than 90%, of metastatic seeding events are polyclonal. The 

multicolor labeling approach can be further extended by increasing the number of colors 
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or by using genomic barcoding44,53–55,57. A limitation of these methods at present is the 

unequal proportion of different clones in primary tumors, a factor that tends to decrease 

overall clonal diversity and hence the power to detect multicolor metastases. 

Nonetheless, these studies suggest that only a small number of clones, most commonly 

two, contribute to polyclonal seeds. Another limitation of using a color mixing approach to 

lineage tracing is that it cannot rule out the cross-seeding of metastases. For example, it 

cannot rule out cells traveling between different metastases after each metastasis is 

seeded by a single cell. However, new barcode lineage tracing and CRISPR-based 

methods can overcome these limitations and have already started to shed light on new 

information regarding the lineage of metastases60,61. For example, ClonTracer studies 

have shown most therapy resistant clones are part of small, pre-existing subpopulations 

which selectively escaped under therapy60.  

 

1.3 MECHANISMS BY WHICH TUMOR CELL CLUSTERING PROMOTES METASTATIC SEEDING  

1.3.1 Benefits of clustering during metastatic seeding and outgrowth 

Tumor cells in circulation are bombarded by multiple insults that act as barriers to survival 

and metastasis formation62,63. These include mechanical insults such as fluid shear stress 

(FSS), which can shred tumor cells in high-flow vessels. During circulation, some tumor 

cell clusters experience loss of cell–cell and cell–matrix attachments necessary for tumor 

cell survival, leading to anoikis and metabolic rewiring64,65. Clusters in circulation are also 

exposed to oxidative stress, which can lead to ferroptosis and other death pathways66,67. 

Further, clusters are vulnerable to immune attack in circulation or immediately thereafter 

when lodged in the distant organ54,68,69. A tumor cell that is able to complete all these 
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steps is therefore highly unlikely. Emerging studies indicate that tumor cell clusters 

potently change these odds. 

 

Resisting fluid shear stress.  

FSS, induced by liquid flow, is defined as the internal frictional force between moving 

layers in laminar flow62. CTCs experience FSS in transit, of which the magnitude and 

duration of exposure can affect the chances of CTC survival. CTCs subjected 

to high FSS can induce mechanical stress, cell fragmentation, and death, while CTC 

clusters are more resilient to mechanical forces70–72. This resilience occurs not only as a 

function of superior physical integrity through cell–cell adhesion but also because 

traveling as clusters increases drag force, decreases the speed of CTCs traveling as 

clusters, and promotes their intravascular arrest62,70. 

Resisting cell–cell and cell–matrix detachment–induced cell death.  

Attachment to the extracellular matrix (ECM) is important for cell survival, and upon loss 

of anchorage to the ECM, cells undergo a form of programmed cell death called anoikis63. 

The formation of tumor cell clusters rescues tumor cells from anoikis through 

maintenance of cell–cell attachment. Cell– cell attachment can protect cells from 

additional stressors encountered in circulation via signaling pathways. These include 

nectin-1/nectin-4 binding in adjacent tumor cells, which drives integrin β4/SHP-2/c-Src 

activation67, E-cadherin-dependent reactive oxygen species protection73, and DNA 

methylation to induce stemness transcription factors74. These studies support a potential 

for development of therapies that break apart tumor cell clusters to mitigate their 

metastatic advantages. 
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Avoiding immune attack.  

There is still much that is unknown about CTC avoidance of immune modulation, 

especially whether there are differences between single cells and clusters. However, 

there is evidence of CTC cluster-specific mechanisms to avoid immune surveillance from 

natural killer (NK) cells. Infiltration of NK cells into tumors and high expression of NK cell 

receptor genes are correlated with better patient prognosis, indicating that NK cells can 

target tumor cells75. Lo et al.54 recently found that selectively depleting NK cells increased 

monoclonal but not polyclonal metastases, suggesting that NK cells can effectively kill 

single tumor cells but not clusters. Tumor cell clusters were revealed to have increased 

expression of cell–cell adhesion and epithelial genes and decreased expression of 

NKcell–activating ligand. These studies hint at an existence of cluster-specific immune 

evasion mechanisms, potentially conferring tumor cell clusters an advantage throughout 

the metastatic process. There is also increased interest in NK cell 

therapy for cancer patients with advanced disease, in which NK cells’ ability to kill CTCs 

and DTCs is exploited for therapy69,76. Gaining a deeper understanding of cluster-specific 

avoidance of NK cell killing could be key to developing such therapies to target tumor 

cells while in circulation.  

 

Increased metastatic outgrowth.  

As stated above, there is a wealth of evidence that circulating clusters are more likely 

than single cells to seed metastatic lesions that grow out quickly2. This concept is mirrored 

in some 3Dculture models, where PyMT tumor cell clusters survive longer and proliferate 
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up to five times more quickly than single cells, an effect that increases with the number 

of cells in the cluster49. Several studies have revealed that clusters have several 

advantages over single cells that have arrived in the distant organ, including increased 

stemness and 

intercellular signaling that stimulates tumor outgrowth, and cooperative polyclonal 

interactions.  

One such signaling mechanism has been described in which minor subclones of 

breast cancer cells expressing IL11 and FIGF signal to one another as well as stromal 

and immune cells to promote metastasis77. In another case, integrin–ECM adhesion 

mechanisms were utilized by subclones to increase proliferation. MCF10A PIK3CA 

mutant subclones upregulate fibronectin, promoting growth of Her2 mutant subclones. 

Inhibition of integrin–fibronectin binding reduces the proliferative benefits of growing the 

two clones together78. 

Recently, our lab has found that when breast cancer cells travel throughout the 

body together as clusters of cells, instead of as individual cells, they are >100 times more 

likely to form metastases. In this work, we found that one reason tumor cells metastasize 

better together is because breast cancer cells adhere to one another and form 

intercellular spaces between their cell–cell adhesions, which we termed nanolumina. We 

found that these nanolumina act as shared reservoirs for the growth factor epigen. 

Blocking tumor cell clusters from expressing and sharing epigen greatly reduced their 

growth in vitro and in vivo, suggesting that nanolumina and the cell–cell signaling they 

generate play a key role during metastatic outgrowth49. In addition, a recent study showed 

that a single clone isolated from an ovarian tumor sample was the primary population in 
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metastases. However, when injected alone, this clone was incapable of forming 

metastatic lesions. It was uncovered that this clone expressed high levels of Her2 and 

was only able to seed metastases in the presence of a clone expressing high levels of 

AREG or when exposed to exogenous AREG79. Together these studies implicate a role 

for collective family signaling in tumor seeding and metastatic outgrowth. 

Consistent with the model of cooperation between tumor cell clones, other studies 

also have found scenarios where less-fit subclones can metastasize with more-fit 

metastatic clusters to form distant polyclonal metastases. For example, in colorectal 

carcinoma cells, more aggressive metastatic cells traveled with and enabled the seeding 

of less-fit metastatic cells by priming the niche via fibrosis59. Similarly, a melanoma cell 

line clone that is highly invasive and capable of metastasis can adhere to a more 

proliferative clone, delivering it to the metastatic site and increasing growth potential56. 

 

1.3.2 Composition of tumor cell clusters during metastasis 

There has been significant interest in defining various cell adhesion complexes coupling 

tumor cells together, enabling cluster-driven metastasis. In addition, there is growing 

recognition that clusters are composed of phenotypically, and in some cases 

genotypically, distinct cell types (Figure 1). Understanding how these cells each 

contribute to collective metastases can uncover mechanisms behind metastatic survival 

and outgrowth. 

 

Cell-cell adhesion.  
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The types of cell adhesion complexes present in tumor cell clusters vary by tumor type. 

The most common cancers are epithelial in origin and accordingly contain adherens 

junctions, desmosomes, and tight junctions, all vital for maintaining cell–cell contact8. In 

some cases, tumor types such as melanoma can be reliant on adhesion complexes of 

other types such as neural cell adhesion molecules. Given the rarity of CTC clusters, a 

systematic understanding of the adhesion complexes most important for CTC cluster 

integrity and metastasis is necessary. 

Nonetheless, a number of studies suggests several common themes important to 

highlight. The first is that multiple studies in epithelial tumors have implicated the 

metastasis-promoting role of various components of desmosomes, which strongly anchor 

cell–cell contacts. Loss of junction plakoglobin, a key intracellular component of the 

desmosome, reduces CTC clustering and metastatic potential (17). Likewise, expression 

of desmogleins, desmocollins, and plakophilins (such as DSG1, DSC2, and PKP1) has 

been shown to support clustering and metastasis formation72,80. It therefore stands to 

reason that desmosomal targeting could have profound effects on CTC cluster integrity 

and likely on the integrity of micrometastases in distant organs. In addition, disruption of 

desmosome adhesion could alter the frequency and type of tumor dissemination. For 

example, in one breast cancer mouse model, loss of DSG2 enhanced single-cell 

CTC dissemination while its reexpression induced more CTC clusters80. 

The expression of various cell adhesion molecules not only supports clustering but 

also induces downstream signaling that can affect the survival and outgrowth of tumor 

cells. E-cadherin contacts are critical for adherens junction formation and play important 

structural and signaling roles in migrating tumor collectives. Accordingly, constitutive loss 
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of E-cadherin is accompanied by marked reductions in metastasis formation73,81. Nectin-

1 (PVRL-1) and nectin-4 (PVRL-4) binding between adjacent tumor cells is a potent 

inducer of anchorage-independent survival and growth, driving ECM-independent integrin 

β4/SHP-2/c-Src activation to prevent apoptosis82. There is further evidence that α6β4 

integrin signaling activation and subsequent GPX4 expression prevents lipid peroxidation 

and ferroptosis67.  

Cell adhesion confers an additional advantage to tumor cells by reducing the 

distance needed for productive intercellular communication. Tumor cells can 

communicate by passing signaling molecules to neighboring cells via gap junctions at 

cell–cell contacts. Connexins, a major component of gap junctions, have been implicated 

in many aspects of metastasis, although the specifics of intercellular signaling via gap 

junctions during collective metastasis need further investigation83. In addition, the 

physical binding of tumor cells to one another can induce intercellular spaces that act as 

sites of collective intercellular signaling49. As described above, breast tumor cell clusters 

secrete and concentrate growth factor into the spaces, such that, regardless of the 

microenvironment these clusters find themselves in, collective signaling can be 

maintained, encouraging survival and growth at the metastatic site49. In some cases, the 

signaling molecules between cells are packaged into exosomes84 or passed between 

cells via cytoplasmic transfer85. 

There is evidence that cell adhesion gene expression can be modified under 

selective pressure. For example, in vitro selection of tumor cells resistant to FSS in a 

microfluidic system led to a highly metastatic population with increased clustering and 

expression of desmosomal genes72. Likewise, isolation of DTCs in a mouse model of 
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head and neck squamous cell carcinoma identified clones with enhanced fitness that 

preferentially generated clusters resistant to anoikis when placed under FSS86. In another 

example, estrogen receptor–positive breast cancers can develop resistance to endocrine 

therapy via genomic alterations in the estrogen receptor gene ESR1. ESR1-mutant breast 

cancer cells show increased expression of adhesion genes as well as enhanced 

clustering and metastasis34. More work is needed to understand whether selective 

pressure during metastatic seeding or during cancer treatment drives the selection for 

tumor cells with clustering behavior. 

 

Heterogeneous tumor cell populations.  

Tumor dissemination is a critical bottleneck that acutely restricts the diversity of tumor cell 

populations. In the collective cell metastasis, cells maintain the advantage of 

heterogeneity during invasion, in circulation, and in the metastatic niche. Once growing 

in the metastatic niche, these cells often give rise to diverse lineages to ensure 

survival55,87. Identification of polyclonal metastases in a variety of experimental models 

and clinical genomic studies supports the theory that tumor cell clusters are a vehicle for 

metastasis. Such phenotypic and genotypic heterogeneity is an undoubted contributor to 

tumor growth and therapy resistance, posing a significant challenge in the clinic (85). 

 Supportive of this concept, circulating clusters of melanoma tumor cells have 

variable expression profiles that mark INV (invasive) and PRO (proliferative) clones, 

which, as described in detail below, exhibit high metastatic behavior in a multiclonal 

fashion56. In another example, metastatic breast cancer CTCs have been shown to 

express both epithelial and mesenchymal RNAs in situ, indicating that clusters could be 
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composed of tumor cells varying along the epithelial-to-mesenchymal transition (EMT) 

spectrum88. In these cases, cells within clusters need not commit to a single state and 

may benefit from all stages of the EMT spectrum. Despite the presence of heterogeneous 

populations, many cells in CTC clusters show evidence of methylation patterns consistent 

with increased stem cell factors74. In different tumor models, metastasis-initiating cells 

give rise to metastatic tumors that may share properties with more stem-like or 

regenerative cell populations5. It remains unresolved whether tumor cells in clusters rely 

more on hybrid EMT or cooperation between epithelial and mesenchymal cells for 

successful metastasis. 

 In a more complex example, two breast cancer tumor cell clones expressing either 

IL11 or FIGF (VEGFD) cooperate with neutrophils to drive polyclonal metastasis. When 

IL11- and FIGF-expressing cells make up 10% of a primary tumor, metastases increase 

significantly. These cells signal to stromal cells and neutrophils to increase metastasis, 

an effect that is lost when neutrophils are depleted77. As mentioned above, ovarian tumor 

cell clones expressing high levels of Her2 (ERBB2) cooperate with another clone that 

expresses high levels of AREG during metastasis79. These reports suggest that 

heterotypic tumor cell clusters are poised to take advantage of intercellular cooperation 

to promote seeding and metastasis. 

 

Nontumor cells.  

Beyond tumor–tumor cell interactions, tumor cell clusters can be found in association with 

various stromal cells, immune cells, and blood cell components. When in concert with 

tumor cells, neutrophils instigate metastasis in a variety of contexts. In one report, 
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Szczerba et al.39 showed that while 88% of breast cancer patient CTCs were single cells, 

8.5% were homotypic clusters and 3.4% were heterotypic white blood cell (WBC)–CTC 

clusters. Within the WBC–CTC clusters, roughly 85–91% of WBCs were neutrophils. 

Neutrophil-associated CTC clusters exhibited high expression of cell-cycle genes and 

efficient metastasis formation. Detection of neutrophil–CTC clusters was also associated 

with poor prognosis in metastatic breast cancer patients when compared with patients 

without these clusters39,89. Functional screens identified that VCAM1 mediates 

neutrophil–CTC interactions and that VCAM1 inhibition prevents neutrophil–CTC cluster 

formation. This discovery suggests a potential therapy to prevent metastatically efficient 

neutrophil–CTC cluster formation without depleting non-CTC-associated neutrophils. 

Other myeloid-derived immune cells such as myeloid-derived suppressor cells (MDSCs) 

are known to promote neoplastic growth by inhibiting T cell activity and to form clusters 

with tumor cells in circulation90. Like neutrophils, MDSCs 

can directly interact with CTCs and promote their dissemination and metastatic potential. 

Tumor cell clusters can also be found in association with stromal elements from 

the primary tumor. There is evidence that the viability of CTCs is higher when they 

cotravel with cancer-associated fibroblasts (CAFs) as heterotypic clusters91,92. Tumor cell 

clusters in association with CAFs promote early metastatic outgrowth at the secondary 

site91. These findings indicate that tumor cells can bring their own “soil” from the primary 

tumor with them to secondary sites of metastasis. More work is needed to determine the 

comparative frequency of this mechanism in tumor cell clusters compared with other 

modes such as reprogramming the distant tissue microenvironment. 
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Finally, CTC–platelet clusters promote metastasis in several ways63,93,94. Labelle 

et al.93 determined that platelets protect CTCs from FSS during circulation by using a 

viscometer to subject CTCs to prolonged periods of shear stress, modeling in vivo 

circulation. Egan et al.95 similarly determined that platelets can provide protection against 

FSS in experiments using A2780 cells with lactate dehydrogenase release as a proxy to 

measure membrane damage. Platelets also grant CTCs resistance to anoikis94. Ovarian 

and colorectal cancer cells cultured under anoikis conditions exhibited reduced anoikis 

when cocultured with platelets in a YAP1-dependent manner, and treatment of tumor-

harboring mice with antiplatelet antibody increased tumor cell death94. Similar to other 

immune and stromal cells, platelets can induce epithelial-mesenchymal-like transition in 

tumor cells93. Platelet-tumor contact and transforming growth factor beta (TGFβ) signaling 

from platelets activate TGFβ/Smad and NF-κB pathways in colon and breast cancer cells. 

Platelet activation in turn can induce signaling changes by releasing TGFβ93, ATP96, or 

chemokines to induce EMT, transendothelial migration, and recruitment of 

granulocytes,monocytes, and macrophages (96). This results in an EMT-like transition to 

an invasive and mesenchymal-like phenotype, increasing metastatic efficiency93. A 

challenge to studying the specifics of CTC–platelet cluster function in circulation, such as 

the adhesion mechanism, is that platelets cover CTCs so well that they mask these stealth 

CTCs from being detected by many traditional methods97. Despite these limitations, in 

totality these studies suggest that coagulation activation of platelets generates a 

protective barrier against FSS and immune surveillance, inducingmetastatic spread and 

outgrowth through tumor cell signaling and plasticity. 
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1.4 MECHANISMS OF COLLECTIVE TUMOR CELL DISSEMINATION 

Many central questions in collective metastasis revolve around how tumor cell clusters 

migrate and disseminate into the blood and lymphatic vasculature. Intuitively, this process 

involves the loss of cell–cell adhesion contacts and gain of cellular motility, as commonly 

observed in single cell metastasis. Here, however, some cell–cell adhesions are 

maintained. The migration of clusters introduces new behavioral capabilities but also 

introduces new challenges faced by tumor cells when orchestrating multicellular motility. 

As discussed below, a variety of modes have been identified by which tumor cell clusters 

accomplish intravasation into blood vessels.  

1.4.1 How does a tumor cell cluster dissemination into the vasculature?  

Although both single CTCs and CTC clusters have been found in circulation, it is not yet 

well understood where, when, and how tumor cells enter blood or lymphatic vessels98. In 

the traditional linear cascade model of metastasis, intravasation is depicted as a step in 

the metastatic cascade that occurs after local invasion at tumor–stromal borders4. 

However, tumor vessels vary in diameter and permeability, which are both features that 

could contribute to the success rate of tumor cell dissemination. Corrosion casting of 

tumor vasculature has shown that blood vessels become more aberrant and less 

organized as they get close to the core of the tumor99. This lack of organization may arise 

due to rapidly and irregularly formed vessels, resulting in leaky tumor vasculature with 

impaired barrier function and little lymphatic drainage98. Tumor cells may take advantage 

of vessels with compromised integrity to gain access to circulation100. In the mouse 

mammary tumor MCH66 model, blood vessels have been theorized to engulf nests of 

tumor cells, instigating metastasis without invasion101. Alternatively, gaps in the 
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endothelial lining, called mosaic vessels, may directly expose tumor cells to vessel flow98. 

One study showed that tumor vasculature may be up to 15% mosaic102. Recently, Silvestri 

and colleagues103 developed a microvessel coculture model, which demonstrated that 

breast tumor organoids integrate into the endothelial cell lining and can intravasate as 

clusters. These findings suggest parallel processes and mechanisms that extend beyond 

the linear cascade sequence of metastasis. For example, in a chick chorioallantoic 

membrane mesoderm model, Deryugina & Kiosses104 showed that intravasation can 

begin early in tumor progression and proceed in parallel with local stromal invasion. 

Interestingly, they also showed that most intravasation events occur in the interior region 

of the primary tumor, not the tumor–stromal border. Likewise, breast tumor xenograft 

models demonstrate the existence of hypoxic cores that induce intravasation of CTC 

clusters that were largely hypoxic, whereas individual CTCs were largely normoxic105. 

The development of more realistic and robust models to study tumor cell cluster 

intravasation events, which are very rare, is needed to better define the mechanisms by 

which tumor cell clusters into the circulation. 

Another possibility is that tumor cells disseminate individually and then aggregate 

within the local circulation before being detected as CTC clusters. Consistent with this 

possibility, different breast cancer models have supported early dissemination of 

individual cancer cells of the Her2+ subtype and implicated involvement of TEK receptor 

tyrosine kinase (Tie2+) macrophages106,107. In these cases, Tie2-high, vascular 

endothelial growth factor A (VEGFA)-high macrophages induce transient vascular 

permeability, invadopodia formation, and intravasation of actin-regulatory protein 

mammalian-enabled (MENA)-high tumor cells into adjacent endothelial cells108,109. 
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Furthermore, recent studies have suggested that tumor cells that have undergone 

intravasation subsequently aggregate in blood vessels via CD44-dependent homophilic 

adhesion to seed metastasis as polyclonal clusters48. It seems likely that the relative 

proportion of seeding events that are cohesive versus due to aggregation will depend on 

the local density and spatial proximity of tumor cells, which in turn will depend on the 

abundance of tumor cell dissemination or the number of tumor cells injected intravenously 

in the case of experimental metastasis assays. At present, our understanding of the 

extent to which tumor cell clusters intravasate through a different mechanism or a similar 

mechanism to single tumor cells remains poorly characterized and will benefit from new 

experimental models and clinical samples focused on capturing tumor intravasation 

events. However, as discussed in the next section titled Maneuvering Through Small 

Vessels, work has been done to show that bulky tumor cell clusters can travel through 

small vessels together. 

1.4.2 Maneuvering through small vessels  

The time spent in circulation by CTC clusters is shorter than that of individual tumor 

cells28, presumably because CTC clusters become trapped in proximal vessels. However, 

microfluidic demonstrations show that tumor cell clusters display remarkable flexibility. 

Tumor cell clusters up to 20 cells in number can reversibly reorganize into single-file 

chains in capillary-sized vessels in microfluidic devices and in zebrafish models110. 

Weakening intercellular adhesions resulted in dissociation of clusters into single cells, 

while strengthening of intercellular adhesion resulted in occlusion of clusters in the 

constrictions, indicating that adhesion composition could dictate circulatory arrest. More 
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work is needed to establish how the interplay of mechanical stress and cell–cell adhesion 

in CTC clusters impacts their metastatic potential in vivo and in cancer patients.  

 

1.5 CANCER TREATMENT FROM A COLLECTIVE METASTASIS PERSPECTIVE & FUTURE 

OUTLOOK 

The ultimate goal of cancer research is to develop therapies and diagnostic tools that will 

eradicate and prevent cancer. While the collective metastasis of tumor cell clusters to 

distant sites remains a field in relative infancy, several major principles emerge, as 

discussed below.  

For multiple phases of metastasis, tumor cells undergo a major boost when they 

are in physically cohesive clusters. These properties are apparent not only during 

dissemination (in transit) where tumor cell clusters are better shielded from physical and 

immunologic insults but also after arrival in the distant organ, supporting advantages for 

multicellular cohesion in survival, proliferation, and outgrowth into overt metastases. 

These robust effects are mediated in turn by adhesion systems, signaling molecules, and 

the spatial architecture of clusters that facilitate cooperation between tumor cells and are 

further supported by the actions of different assemblies of phenotypically distinct tumor 

cells and host cells. Despite the revolution in immunologic targeting and targeting of the 

tumor microenvironment, the core armamentarium of cancer therapy (cytotoxic 

chemotherapy, biologics, and small molecules) remains directed toward targeting cell-

autonomous intracellular processes. Beyond these approaches, collective metastasis 

suggests the general principle of targeting intercellular tumor interactions as a strategy 

for anticancer therapy. 
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1.5.1 Targeting adhesion 

Targeting tumor cell cluster adhesion has been proposed as a means of antimetastatic 

therapy. However, targeting adhesions could also be problematic; for example, epithelial 

cells in the major organs also harbor adhesion complexes including adherens junctions 

and desmosomes, and therefore greater specificity for tumor cell cluster adhesion will be 

needed for an adequate therapeutic index. In addition, disrupting cell–cell cohesion could 

induce counterproductive increases in tumor dissemination or disrupt clusters into smaller 

aggregates, which could increase rather than decrease metastatic seeding. Thus, the 

consequences of wholesale targeting of cell adhesion remains unclear. Another approach 

is to target adhesion and adhesion signaling between tumor cells and nontumor cells in 

clusters such as neutrophils and platelets. For example, integrin adhesion-targeted 

therapy against platelets is highly effective for the treatment of acute myocardial 

infarction. Tumor cell clusters show methylation patterns consistent with greater 

stemness factor expression39. Targeting of stemness factors such as CD44 could reduce 

tumor cell cluster adhesion as well as impair stem cell–associated signaling involved in 

early metastasis formation48. 

1.5.2 Targeting collective signaling 

Another approach is to focus on the collective intercellular signals induced in tumor cell 

clusters. For example, some clusters utilize intercellular EGFR family receptor signaling 

in homotypic and heterotypic clusters and blocking these signaling mechanisms can 

markedly reduce metastasis in animal models49,79. Thus, blockade of collective 

intercellular signaling, and the specific receptor repertoires at intercellular contacts of 

tumor cell clusters, could offer a means to target micrometastatic disease and therapy-
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resistant tumor cells. It is unclear whether cluster-induced signaling is a property only of 

small clusters, but the evidence of intercellular signaling in macrometastases suggests 

that these collective intercellular signals persist through development 

of overt metastasis. In this case, targeting collective signaling could have benefits for both 

micrometastatic and macroscopic metastasis. 

1.5.3 Targeting heterogeneity 

A third approach is to target the interacting tumor cells within clusters themselves, which 

take on distinct cellular roles such as migration and proliferation and express distinct 

surface repertoires. Heterogeneity of marker expression will reduce the efficacy of cell-

specific, cell-targeted antibodies. For example, HER2+ breast cancers that are 

heterogeneous for HER2 expression show worse responses to HER2-targeted antibody 

therapy111, while HER2-antibody drug conjugates that release their cargo both on the 

target cell as well as neighboring cells have been proposed to more effectively target 

HER2-low or heterogeneous breast cancers. A challenge is the significant plasticity 

shown by many tumor cells, leading to interconversion events between different states. 

Inhibition of plasticity or, alternatively, combinatorial targeting of multiple cell populations 

could, in principle, yield more durable responses to therapy. 

1.5.4 Summary 

Whether it is targeting clusters for destruction, preventing them from forming, preventing 

them from entering circulation, or inhibiting their augmented growth, a key challenge is 

determining which cancer patients would stand to gain from therapies targeting collective 

interactions between cells. One possibility is that these intercellular interactions are most 
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important for dissemination and outgrowth but become dispensable beyond a certain 

point. In this case, anti-cluster therapy will need to be paired with other cytotoxic therapies 

that do have efficacy in macroscopic disease in the metastatic setting. However, another 

possibility that we think is likely is that at least some of these intercellular collective 

interactions persist from the microscopic cluster to the overt metastasis stage. Indeed, 

therapeutic targeting of cell adhesion molecules expressed on metastases such as Trop2 

and nectin-4 has had robust effects in clinical trials in patients with advanced metastatic 

disease112,113. In this case, the study of tumor cell clusters provides a clue for the core 

dependencies that emerge early in metastasis formation. The prediction here is that 

collective-metastasis-targeted therapy should shrink macroscopic and microscopic 

tumors. 

An additional consideration while targeting collective metastasis is the importance 

of host factors that may predispose cancers toward clustered dissemination and collective 

metastasis. For example, inflammatory breast cancers are prone to forming tumor emboli 

highly expressing E-cadherin with aggressive metastatic trajectories. Clinical studies 

collected from larger patient populations will be necessary to design informed therapies 

targeting collectivity. We know that the presence of CTC clusters in patients’ blood is an 

indicator of poor prognosis compared with patients with only single CTCs. However, there 

is not much known about predictive markers that anticipate CTC cluster dissemination 

and collective metastasis. Are there some patients who are more prone to developing 

collective metastases based on factors such as genetics, environmental factors, and 

therapy exposure? This is an important area of study that is highly understudied but could 



 

 

35 

improve therapeutic strategies and outcomes, and there is virtually no information about 

how patient demographics relate to collective metastasis.  

 

1.6 OUTLOOK 

Through recent studies, the salient features of collective metastasis are emerging. Key 

observations include that CTCs occur both as single cells and as aggregated clusters, 

that these CTC clusters are potent seeds for new metastases, and that these CTC 

clusters generate polyclonal metastases in animal models. An attractive hypothesis is 

that CTC clusters deliver genetically and phenotypically heterogeneous tumor cell (and 

in some cases stromal) populations that promote metastasis and therapy resistance. At 

the same time, CTC clusters have now been shown to encompass a variety of 

properties considered useful for metastasis—including enhanced survival, anoikis 

resistance, immunoevasion, collective signaling, and outgrowth. We anticipate that as 

the field grows, a clearer picture may emerge for the major molecular components 

involved in collective metastatic seeding, providing a road map for cancer therapeutics. 

There continues to be debate about what instigates the collective migration of 

tumor cell clusters and how these clusters disseminate into circulation. At present, there 

is strong evidence for collective invasion of tumor cells, cooperative interactions 

between different cell types, social-level behaviors such as resource sharing, and 

division of roles within the cluster; there is also robust evidence that heterotypic cell 

populations play important roles in supporting different stages of metastasis. There is 

significant work showing that partial or hybrid phenotypic EMT states may contribute to 

tumor dissemination and, because these cells do not lose their epithelial character 
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completely, show preference for collective migration. Whether cooperative cell 

populations or cell plasticity toward intermediate states are most important for the 

initiation of collective migratory behavior is not resolved, and indeed both processes 

could be operative simultaneously.  

Most importantly, the timing and site of dissemination, and whether there are 

differences between the dissemination of single cells and clusters, are presently 

unknown. On the one hand, there is a tendency for CTC clusters to co-occur with a high 

abundance of CTCs. On the other hand, single tumor cells and collectively migrating 

cells would seem to require distinct cellular programs given their physical constraints. It 

remains to be tested whether there is a common driver of CTC and CTC cluster 

dissemination or whether there are favored mechanisms for the aggregation or 

disaggregation of CTCs into either form. We expect that improvements in technology to 

identify these rare events and models for collective dissemination will help to answer 

these questions. Finally, a key challenge is to bridge the gap between these basic 

studies of collective metastasis and clinical application for therapeutic targeting of 

metastasis. We suggest that collective interactions between cells, whether of the same 

or different phenotype and therefore the same or different surface repertoire, are likely 

to be important at all stages of metastasis. We expect that a concerted effort to define 

the intercellular interactions driving the collective migration and dissemination of 

clusters of cells will therefore be highly promising to unveil new paradigms for 

metastasis research and cancer treatment.  
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1.7 CHAPTER 1 FIGURES 

Figure 1 
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Chapter 1 Figure 1: Homotypic and heterotypic tumor cell clusters  

Circulating tumor cells (CTCs) adhere to each other, to neutrophils, to platelets, and/or 

CAFs to form homotypic or heterotypic clusters through various adhesion mechanisms. 

Once at the secondary metastatic seeding site, tumor cell clusters can have outgrowth 

advantages over single cells through increased stemness, intercellular signaling, and 

cooperative polyclonal interactions. Nanolumina, sealed intercellular cavities between 

tumor cells, can concentrate soluble signaling molecules for intercellular signaling. 
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Chapter 2. BREAST CANCER-DERIVED ANGIOPOIETIN-LIKE 7 REGULATES 

NECROTIC CORE FORMATION AND METASTASIS FROM 

THE TUMOR INTERIOR 

2.1 ABSTRACT 

Necrosis in the tumor interior is a common feature of aggressive cancers that is 

associated with poor clinical prognosis and the development of metastasis. How the 

necrotic core promotes metastasis remains unclear. Here we report that emergence of 

necrosis inside the tumor is temporally correlated with increased tumor dissemination in 

a rat breast cancer model and in human breast cancer patients. By performing spatially 

focused transcriptional profiling, we identified angiopoietin-like 7 (Angptl7) as a tumor-

specific factor localized to the peri-necrotic zone. Functional studies showed that Angptl7 

loss normalizes central necrosis, reduces peri-necrotic dilated vessels and metastasis, 

and reduces circulating tumor cell counts to nearly zero. Mechanistically, Angptl7 

promotes vascular permeability and supports vascular remodeling in the peri-necrotic 

zone. Taken together, these findings show that breast tumors actively produce factors 

controlling central necrosis formation and metastatic dissemination from the tumor core. 

 

2.2 SIGNIFICANCE STATEMENT 

Aggressive tumors often die from the inside out, a process called necrotic cell death. 

Necrosis is associated with dissemination of cancer cells but how necrosis promotes 

tumor dissemination is not understood. Here we used rats as a model organism to 

increase detection of dissemination events compared to mouse models. This uncovered 

an acute spike in circulating tumor cell (CTC) abundance associated with necrosis and 
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changes in blood vessels. Spatial dissection of gene expression revealed a tumor-derived 

gene program involved in shaping the tumor core ecosystem. We demonstrate that 

necrosis, vascular remodeling and metastatic dissemination are dependent on a tumor-

secreted factor Angiopoietin-like 7 (Angptl7). Understanding the molecular factors 

regulating metastatic dissemination from the necrotic core could unveil new therapeutic 

strategies to treat and prevent metastatic cancers.  

 

2.3 INTRODUCTION 

The development of metastasis is the pivotal determinant of long-term survival in most 

human cancers114. A key step in this process is the dissemination of tumor cells into the 

systemic circulation115,116. A long-standing question is where tumor cells disseminate 

from. A major focal point of investigation is the tumor-stromal border where cancer cells 

are directly observed to invade singly or collectively into surrounding tissues and 

disseminate into local blood vessels117,118. Aiding this process are local conditions in the 

tumor microenvironment, such as hypoxia, acidity and nutrient deficiency, in partnership 

with immune cells, that promote tumor dissemination119–122 . Counterintuitively, many of 

these microenvironmental influences are most prevalent in the tumor core, in regions of 

disordered tissue and blood vessel microarchitecture, where nutrient and oxygen 

availability are most limited123,124. One way to reconcile these competing observations is 

that tumor dissemination can also occur in the tumor core. Consistent with this 

hypothesis, the tumor core harbors abnormal biomechanics, increased interstitial 

pressure, and vascular leakiness which could be conducive to dissemination124–126. 

Further, tumor cells in the interior are actively migratory and spatially coordinated127 and 
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tumor cell intravasation was determined to occur almost exclusively in the tumor core in 

an avian model system128. These observations suggest mechanisms for metastatic 

dissemination from the tumor core. However, owing to the spatial heterogeneity and 

cellular complexity of the tumor core ecosystem, the molecular factors regulating 

dissemination from within and the role of tumor cells, as active drivers or passive 

participants in this process, are not understood. 

 In the setting of extreme nutrient limitation and vascular compromise, tumor cells 

undergo necrotic cell death. Necrosis is a pervasive feature of many aggressive fast-

growing tumors, associated with poor prognosis and markedly increased risk of 

metastasis129–133. A challenge of between-tumor/between-patient association studies is 

that it is not possible to disentangle if necrosis is a regulator of metastasis or a byproduct 

of other more aggressive features such as tumor grade or tumor subtype134,135. In this 

regard, spatial analyses within regions of the same tumor are suggestive. Spatial 

analyses of blood vessel invasion in lung cancers, sarcomas, hepatocellular carcinoma 

and breast cancers have observed that between 25 to 50% of all blood vessel invasion 

events occur intratumorally in the tumor core136–139. Likewise, spatial and temporal 

multiregional sequencing of primary and metastatic renal cell carcinomas reveal that 

metastatic subclones preferentially originate from the tumor interior where necrosis and 

increased copy number alterations predominate140. Tumor cells that are dead cannot 

themselves give rise to metastasis. However, these clinical observations indicate that 

tumor cells neighboring the most intense regions of necrosis make productive 

contributions to metastatic dissemination. How the necrotic core promotes metastatic 

dissemination remains unclear. 
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In this study, we leveraged a rat transplantation model to uncover a temporal 

correlation between tumor dissemination and the formation of large contiguous zones of 

necrosis within the tumor core. These necrotic zones harbored dilated blood vessels and 

intravascular tumor cells. Importantly, our studies revealed a tumor-cell secreted factor 

Angiopoietin like-7 (Angptl7) that regulates formation of necrosis. Our studies define a 

targetable axis of the necrosis ecosystem to suppress metastatic dissemination from the 

tumor interior.  

 

2.4 RESULTS 

2.4.1 A low to high CTC transition occurs in a rat transplantation model of breast 

cancer 

Identifying tumor cells in transit is painstaking in foundational models for cancer 

metastasis research including mouse, zebrafish, and chick embryo128,141–146. We 

hypothesized the use of rats, a larger animal model, would enable more robust detection 

of dissemination events locally and systemically in the circulation. In this study, we 

employed SCID rats on the Sprague-Dawley background with a double knockout for the 

Rag2 and Il2rgamma genes (denoted SRG147). SRG rats are deficient in T-cells, B-cells, 

and NK-cells similar to NOD scid gamma (NSG) mice. To compare the performance of 

these two transplantation models, we transplanted 4T1 tumor cells, a mouse mammary 

tumor model of triple-negative breast cancer, transduced with a GFP reporter, into the 

mammary fat pad of SRG rats or NSG mice and collected all tumors synchronously once 

maximum tumor size was reached for mice, which was 2cm in our animal facility (Fig. 

S1A). Altogether, SRG rats produced 3 times larger tumors by weight and by estimated 
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tumor volume (Fig. S1B-C). 10 times more blood was collected with SRG rats, which in 

turn yielded 10 times more single CTCs and CTC clusters per animal (Fig. S1D-G). For 

both CTCs and CTC clusters, morphologic appearance and relative proportions in blood 

were identical between SRG rats and NSG mice (Fig. S1E, H). Consistent with the 

increased CTC abundance, lung metastases counted by stereomicroscopy were 4 times 

more abundant in SRG rats (Fig. S1I-J). Because the same number of 4T1 cells were 

transplanted in both SRG rats and NSG mice and because tumors were harvested at the 

same time, our direct comparison showed that the rat transplantation model increases 

the efficiency of detecting rare tumor dissemination events by 10-fold. 

Having identified the rat xenograft model as an efficient system to study CTC 

dissemination, we next applied this model to determine CTC abundance temporally. 

We transplanted GFP-labeled 4T1 cells into the mammary fat pad of SRG rats and 

sacrificed the animals at four time points after rats developed palpable tumors (Fig. 1A). 

Blood, lungs and tumors were harvested at days 13, 17, 22, and 27 post-transplantation. 

In this model, tumor size increased significantly between days 13 and 17 with evidence 

of growth plateau and significant variance in tumor size between SRG rats by both 

estimated tumor volume and by tumor weight (Fig. S2A-B). Surprisingly in the same time 

frame, we observed a pronounced non-linear increase in CTC abundance. Specifically, 

between days 22 and 27, we identified a ~50-fold increase in CTCs and ~10-fold increase 

in CTC clusters (Fig. 1B-C and Fig. S2C-D). 
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2.4.2 The low to high CTC transition is associated with a necrotic tumor core, dilated 

vessels, and peri-necrotic tumor cell vascular invasion 

 Given the very robust increase in CTC abundance that was uncorrelated with 

primary tumor burden, we next asked how primary tumors were changing on a cellular 

level. Hematoxylin and eosin (H&E) staining of tumors revealed tumors that were 

histologically indistinguishable at the tumor-invasive border over time (Fig. S2E). Instead, 

H&E revealed robust changes in the tumor core with appearance of confluent zones of 

central necrosis. Total necrotic area in the primary tumor increased over time with marked 

elevation between days 22 and 27, whereas total viable area increased early and 

subsequently plateaued (Fig 1D-F). As a second method, tetrazolium chloride assay, a 

colorimetric method for determining cell viability, confirmed that total necrotic area, but 

not total viable area, increased markedly in the late time point (Fig. S2F-H). Likewise, the 

number of lung metastases per animal was highly correlated with necrotic area, but not 

tumor volume (Fig. S2I-K). 

 Extending these results further, we stained tumors for VE-cadherin to mark blood 

vessels. VE-cadherin staining demonstrated abnormal dilated blood vessels, penetrating 

the necrotic core, that markedly increased in abundance and density between days 22 

and 27 (Fig 1G-H, S3A-B). In contrast, neither total microvascular abundance nor density 

increased over the same time points (Fig. S3C-D). The number of lung metastases per 

animal and CTCs per animal were highly correlated with the number of dilated vessels 

but not nondilated vessels (Fig. S3E-H). Functionally, dilated vessels were less often 

labeled by fluorescent lectin compared with non-dilated vessels, indicative of differences 

in blood flow between vessel types (Fig. S3I-J). Strikingly, dilated vessels contained 
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GFP+ multicellular tumor cell clusters, consistent with vascular invasion (Fig. 1I-J). 

Together, these data reveal an acute low to high CTC transition that coincides with robust 

changes in the tumor core, not rim. These tumor core alterations included confluent zones 

of necrosis and necrosis-adjacent dilated blood vessels containing intravascular tumor 

cells. 

2.4.3 Transcriptome profiling comparing tumor core and rim reveal that Angptl7 is a 

tumor-specific, core-enriched factor localized to the peri-necrotic zone. 

We next sought to define the molecular changes defining the necrotic core. To this end, 

we dissected out tumor core from the rim, and interrogated gene expression originating 

from tumor or from host cells (Fig. 2A, Supplementary Table 1). In this regard, the 

properties of the rat transplant model and the use of a mouse-in-rat xenograft were 

advantageous. At time of harvest, rat tumors were 3 cm diameter or larger and had distinct 

tissue morphology between the firmer tumor rim and softer, pinker tumor core, that was 

in some cases also obviously liquified (Fig. S4A), enabling us to reliably macrodissect 

the necrotic core from the non-necrotic rim. Following RNA-sequencing of 

macrodissected regions, sequence reads were further aligned to a concatenated rat-

mouse combined genome, and deconvoluted to obtain tumor-derived gene expression 

(originating from mouse) vs. host-derived gene expression (originating from rat). This 

deconvolution algorithm robustly separated mouse and rat RNA transcriptomes and 

revealed that 76% of reads were mouse-in-origin in tumor rim, and 84% of reads were 

mouse-in-origin in tumor core (Fig. S4B), indicating the majority of reads were tumor-

derived.  
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Gene-ontology analysis further revealed distinct patterns of ontology enrichment 

between tumor and host, and between rim and core (Fig. S4C, Supplementary Table 

2). In the host transcriptome, gene sets typically associated with the invasive border were 

upregulated in the rim (including extracellular matrix, vascular morphogenesis, and 

locomotion), while gene sets associated with tissue necrosis were upregulated in the core 

(including cellular stress response, RNA metabolism, and neutrophil degranulation). 

Likewise, in the tumor transcriptome, gene sets associated with replicating cells were 

upregulated in the rim (cell cycle, DNA replication), while gene sets involved in vascular 

remodeling appeared upregulated in the core (vasculature development/morphogenesis, 

matrisome, and regulation of cell adhesion).  

These gene expression patterns revealed that tumor cells in the interior actively 

express genes associated with vascular tube morphogenesis. However, these core genes 

could be expressed in both tumor and host compartments. To illustrate, the top 

differentially expressed tumor-derived gene was Camk1d. However, host-derived 

Camk1d was also expressed in both core and rim; therefore, Camk1d is not tumor-

specific (Fig. S4D). To identify top core-enriched tumor-specific genes, we performed 

interspecies analysis to discover genes that were specifically mouse tumor-derived and 

not expressed in the rat host (Fig. 2B). The top enriched factor from this analysis was 

Angiopoietin-like 7 (Angptl7), enriched 32-fold in tumor versus host, and over 16-fold in 

tumor core versus tumor rim (Fig. 2C). The enrichment for Angptl7 in the tumor core was 

further confirmed by qPCR, western blot, and ELISA specific for mouse Angptl7 (Fig. 2D, 

Fig S4E-G). In addition, we performed RNA in situ hybridization (ISH) for mouse Angptl7 

(Fig. 2E, Fig. S4H). To quantify spatial enrichment, we calculated the distance of every 
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spot relative to the nearest tumor-stromal border or tumor-necrotic interface. Angptl7 was 

markedly enriched in a peri-necrotic distribution in the tumor core and with close to no 

expression in the tumor rim. These findings show that Angptl7 is a tumor-derived factor 

enriched in the core of high-CTC tumors, and spatially localized to the peri-necrotic zone. 

 

2.4.4 Angptl7 suppression markedly normalizes histologic necrosis in the tumor core 

and reduces the number of CTCs and metastases. 

ANGPTL7 belongs to a family of secreted proteins structurally related to the angiopoietins 

and that have been implicated in lipid metabolism, cardiovascular disease, stem cell 

renewal, and cancer148–155. Compared with other ANGPTL proteins, ANGPTL7 is among 

the least characterized, being predominantly expressed in the human cornea, and 

elevated in the aqueous humor of the eye in patients with glaucoma, a disease of 

increased intraocular pressure156–160. In the rat model, we observed that the number of 

Angptl7 RNA detections increased markedly over time and was highly correlated with 

total necrotic area, dilated vessels, CTCs, and lung metastases (Fig. S5A-E). Given that 

we observed strong spatial and temporal association between Angptl7 expression and 

the necrotic core, we next asked whether Angptl7 is required for necrotic core formation 

and metastatic dissemination. To answer this question, we transduced 4T1 tumor cells 

with a puromycin selectable membrane-GFP lentiviral vector and a second blasticidin 

selectable lentivirus encoding for shRNA hairpin and expressing cytoplasmic mCherry to 

generate stably transduced non-targeting control and Angptl7 knockdown (KD) lines 

expressing both fluorescent reporters (Fig. 3A). No differences in survival, proliferation, 

or ability to form clusters were observed between conditions during in vitro culture. Non-

targeting control knockdown lines and Angptl7-knockdown (KD1-3) were each 
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transplanted orthotopically into SRG rats. Because Angptl7 expression was undetectable 

in vitro (Fig. S4E), but highly induced in vivo, knockdown efficiency was confirmed in 

harvested tumor. By qPCR, Angptl7 RNA expression was markedly reduced with all three 

knockdowns KDs (Fig. 3B). Because Angptl7 expression is low in whole tumor lysates, 

knockdown was confirmed on a protein level by ELISA of tumor interior, and Angptl7 

protein expression was significantly reduced in KD1 and KD3 in the tumor interior, where 

Angptl7 expression is higher than in whole tumor lysates (Fig. 3C and Fig S6A).  

 Having confirmed knockdown, we next evaluated tumor histology by H&E staining. 

Strikingly, knockdown of Angptl7 induced between 53 to 77% reduction in area of necrotic 

cores (Fig. 3D-E). One possibility is that decreasing necrosis could promote tumor 

growth, a tradeoff observed in prior studies with perturbations improving 

vascularization121,161. However, suppression of Angptl7 did not increase either total viable 

area, tumor weight, or tumor volume, indicating that Angptl7 suppression does not 

promote tumor growth (Fig. 3F-G and Fig. S6B).  

 Given these effects on the histology of the tumor core, we next evaluated the effect 

of Angptl7 knockdown on CTC abundance and metastasis. Remarkably, we observed 

drastic reductions in both mCherry+ single CTC and CTC cluster abundance, which 

reduced from an average of 181 single CTCs down to 1 single CTC, and from 36 CTC 

clusters down to 0 CTC clusters for the best knockdowns (Fig. 4A-C and Fig. S6C). 

Likewise, the number of mCherry+ lung metastases was also markedly reduced in 

Angptl7 knockdown conditions (Fig. 4D-E). For the different knockdowns, the degree of 

necrosis suppression correlated with degree of CTC dissemination and metastasis 

suppression. Likewise, we observed reductions in GFP+ CTC, CTC cluster, and lung 
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metastasis abundance (Fig. S6D-F). Taken together, these data establish that Angptl7, 

a tumor-specific factor that is specifically expressed in the tumor interior, is necessary for 

necrosis formation in the tumor core, dissemination of both single and clustered CTCs, 

and lung metastasis.  

 

2.4.5 Angptl7 suppression normalizes a subset of tumor core gene expression and 

regulates blood vessel morphology and vascular permeability. 

Given the marked decrease in intratumoral necrosis, CTC abundance, and metastasis 

when Angptl7 was suppressed, we next transcriptionally characterized Angptl7 

knockdown tumors. Bulk RNA-seq was performed, tumor core and rim were compared, 

and tumor and host derived transcripts were deconvoluted. We applied tumor core and 

rim gene sets from our initial xenograft deconvolution experiment (Fig. 2A), evaluated 

gene set enrichment between conditions, and observed marked depletion of tumor-

derived core and host-derived core gene expression in both core and rim of Angptl7 

knockdowns (Fig. S7A, Supplementary Table 3). Likewise, we observed marked 

enrichment for tumor-derived rim and host-derived rim gene expression in both core and 

rim of Angptl7 knockdowns. 

While depletion of core gene expression was in line with the significant reduction 

in necrosis observed by H&E, this depletion was not complete, with 23% of tumor derived 

core genes and 35% of host derived core genes increased in Angptl7-knockdowns (Fig. 

S7B). Gene ontology analysis was performed to stratify the tumor core program into 

normalized and non-normalized components. Tumor-derived blood vessel 

morphogenesis genes and host-derived neutrophil degranulation gene sets were 

depleted in Angptl7-knockdown conditions, while core matrisome (tumor), RNA 
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translation (host) and TCA transport (host) persisted or increased in Angptl7-knockdown 

condition compared with non-targeting control (Fig. S7C). Taken together, these 

transcriptional studies reveal that Angptl7 regulates large-scale remodeling of the tumor 

core. Angptl7 supports expression of a subprogram of genes expressed in the tumor core 

that are involved in blood vessel morphogenesis and neutrophil degranulation. However, 

Angptl7-knockdown does not correct tumor core defects in RNA and nutrient metabolism, 

indicative of persistent cellular stress in the tumor interior. 

Having identified vascular morphogenesis genes as potentially Angptl7 regulated, 

we next characterized the spatial distribution and expression of blood vessels in the 

Angptl7 knockdown tumors (Fig. 5A). Total VE-cadherin-positive vessel number and 

density were similar between Angptl7 knockdown and non-targeting control tumors (Fig. 

5B, S8A-B). In contrast, the number and density of VE-cadherin-positive dilated vessels 

were markedly reduced in Angptl7 knockdown tumors (Fig. 5C, S8C). Further, smooth 

muscle actin staining, indicative of smooth muscle cell or contractile pericyte coverage, 

was uncommon around dilated vessels in both control and Angptl7 knockdown tumors, 

and not altered by Angptl7 suppression (Fig. S8C-G). Because Angptl7 is also reported 

to regulate lymphangiogenesis151, we also stained lymphatics for podoplanin. In contrast 

to VE-cadherin, we observed no significant difference in lymphatic vessel density, 

morphology, or peri-necrotic localization (Fig. S9A-D). Lymphatic vessels were more 

prominent in viable regions of the tumor, closer to the tumor edge (Fig. S9C-D). Taken 

together, these data show that Angptl7 is necessary for the peri-necrotic dilated vessel 

phenotype. 
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Given the effect of Angptl7 suppression on dilated vessel morphology, we next 

examined the effect of ANGPTL7 on vascular permeability.  Human umbilical endothelial 

vein cells (HUVECs) plated on 2D were incubated with recombinant human ANGPTL7 

from 1ng/mL to 100 μg/mL and measured for changes in vascular permeability using a 

live-cell impedance assay.  Strikingly, HUVECs showed a dose dependent response to 

ANGPTL7 addition that was most pronounced by 1 hr of treatment which persisted out to 

24 hrs at 10 ng/mL and higher recombinant ANGPTL7 concentrations (Fig. 5D-F).To 

define gene pathways associated with ANGPTL7 induced changes, HUVEC cells were 

treated with 10 μg/mL ANGPTL7 for 24 hrs and then harvested for RNA-seq. Gene 

ontology analysis revealed dominant enrichment for cytoplasmic ribosome-encoding 

genes, weaker enrichment for genes involved in Parkinson disease, neuron projection 

development, and mitochondrial organization (Fig. 5F, Supplementary Table 4). 

Further, signaling pathway enrichment was observed for genes involved in SLIT and 

ROBO signaling (log Q-value -32), previously implicated in endothelial-tumoral crosstalk 

during metastatic dissemination162. Taken together, these data indicate that Angptl7 

supports vascular remodeling in vivo, increases vascular permeability, and induces gene 

expression changes in endothelial cells in vitro. 

 

2.4.6 ANGPTL7 is highly expressed in high-necrosis triple-negative human breast 

cancer patient-derived xenografts 

Clinically, necrotic zones are generally avoided during diagnostic tissue sampling due to 

lower abundance of viable tissue in these regions. To extend the human disease 

relevance of our findings in rat models, we evaluated ANGPTL7 mRNA by RNA-ISH from 



 

 

52 

7 tumor sections from 6 different human breast cancer patient-derived xenografts (PDXs) 

each derived from high-grade invasive ductal carcinomas, and each triple-negative (ER 

negative, PR negative, HER2 negative receptor status) by PDX tumor histology (Fig. 6A). 

Even amongst these high-grade tumors, the percentage of necrosis varied markedly 

between models. Likewise, ANGPTL7 expression varied between models and was 

markedly higher in high necrosis models. For comparison, model J000106527, which had 

very low necrosis and ANGPTL7 expression was derived from a patient with T4bN0 high-

grade TNBC. This patient developed a second primary breast cancer 4 years later that 

was resected and then treated with adjuvant endocrine therapy. In contrast, model 

J000106528, which had the highest necrosis and ANGPTL7 expression of all models 

tested, was derived from a patient with T3N2 high-grade TNBC. This patient developed 

metastatic breast cancer within 2 years from initial diagnosis and tumor resection and 

progressed rapidly on therapy. Taken together, these clinical observations and 

experimental studies in PDX models demonstrate that ANGPTL7 is associated with 

necrotic zones in human TNBC. 

 

2.4.7 Necrosis markers are associated with CTC dissemination and metastasis in 

breast cancer patients 

Given the association between necrosis and CTC abundance in our rat model, we 

hypothesized that necrosis markers are associated with CTC dissemination in human 

breast cancer patients. To test this hypothesis, we interrogated longitudinal CTC 

abundance from patients with metastatic breast cancer recruited to an IRB-approved 

study at the Fred Hutchinson Cancer Center and the University of Washington (FH 8649). 
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Over a 3-year period, a total of 102 blood samples from 40 patients were longitudinally 

collected including 35 women with estrogen receptor-positive metastatic tumors and 5 

with estrogen receptor status that was negative or unknown (See Supplementary Table 

5 for demographic information). For each blood sample, the cellular fraction was 

separated by density, deposited to slides, and CTCs enumerated for by computer-

assisted image analysis using the Rarecyte platform. 29 patients (73%) had at least one 

CTC at any timepoint, 5 patients (13%) had at least one CTC cluster at any timepoint, 

and 11 patients (27%) had no CTCs at any timepoints. As expected based on prior 

studies, patients with CTCs detected at first blood draw had significantly worse overall 

survival and early death (Fig. 6B,C). Likewise, patients with CTC clusters at first or 

second blood draw had markedly worse overall survival and early death (Fig. 6B,D). 

 Among patients with CTCs at any time point, substantial differences in CTC 

dynamics were observed, and in a subset of cases, extreme elevations in CTC 

abundance between time points (Fig. 6E and Fig. S10A-B for case vignette). 16 blood 

samples were selected from 8 patients, made up of matched early and late time-points 

(Supplementary Table 6). Blood plasma from all 16 samples were depleted of high-

abundance proteins, labeled with tandem-mass-tags, and interrogated by LC-ESI mass 

spectrometry. Comparison of high CTC samples with all low CTC samples yielded 46 

proteins highly associated with high CTC state and passing q-values of 0.1 or less (Fig. 

6F). ANGPTL7 was not detected by LC-ESI mass spectrometry precluding its comparison 

between CTC states. Metascape gene set analysis demonstrated the top enrichment 

being for gene-sets linked to necrosis (Fig. 6G) including: 1) Cori cycle, the major pathway 

for lactate metabolism, 2) the 20S proteosome which has been associated with 
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necrosis163,164,  and 3) neutrophil degranulation, which we also identified as a top gene 

set in our core/rim RNA-seq analyses. To control for inter-patient variation, we further 

conducted a pair-wise comparison of late versus early time points from 3 patients with 

low to high CTC transitions. Of the 17 proteins increased 2-fold or more between late and 

early time points, 13 (76%) were necrosis-associated (Fig. S10C). To validate our 

proteomic observations, we further measured levels of the necrosis associated marker 

lactate dehydrogenase (LDH) from plasma for 93 blood samples and 39 patients. 

Consistent with our proteomic enrichments, marked elevations in LDH were associated 

with a 10 or more increase in CTC abundance between time points, with blood samples 

with 20 or more CTCs, and with blood samples with CTC clusters (Fig. S10D-F). Taken 

together, these clinical, biochemical and proteomic studies show that as seen in our rat 

model experiments, low to high CTC transitions are associated with increasing CTCs and 

markers of necrosis in patients with metastatic breast cancer. 

 

2.5 DISCUSSION 

A key challenge in metastasis research is to discern where and how tumor cells 

disseminate to distant organs. However, understanding where metastatic dissemination 

originates from is a formidable challenge. Tumor dissemination is a dynamic process that 

is difficult to capture128,141–146 occurring in the context of spatially heterogeneous 

ecosystems varying in their nutrient availability, perfusion, oxygenation, and host 

contributions123,165,166. Here we developed a rat transplantation model of breast cancer 

that increases CTC detection 10-fold compared to mouse models and leveraged this 

model to identify cellular and molecular changes in tumor dissemination. Importantly, we 
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observed that tumor dissemination was strongly correlated temporally with necrosis in 

animal models and in human cancer patients, that tumor dissemination was localized 

spatially to dilated peri-necrotic vessels in the tumor interior, and that tumor dissemination 

was dependent functionally on the expression of a factor, Angptl7, produced by peri-

necrotic tumor cells. Our findings in breast cancer models, in conjunction with recent 

clinical observations136,140, provide strong evidence for tumor dissemination from the 

tumor interior.  

 Decoding the molecular regulation of dissemination in the tumor interior is a 

particularly challenging chicken-and-egg problem because the tumor core is composed 

of regions that are hypoxic, deficient in nutrients, and abnormally perfused123,165,166, each 

of which could influence and in turn be influenced by adaptive responses from tumor cells 

in the core123. The very large tumors produced in our rat model enabled us to spatially 

dissect tumor core from tumor rim for transcriptional profiling and the use of xenograft 

deconvolution methods further enabled us to discern which genes were expressed 

specifically in tumor and host. In this regard, the use of a mouse-in-rat xenograft was 

serendipitous and essential. The limitation of this mouse-in-rat transplantation model is 

that it requires an immunodeficient host animal model, meaning that there is information 

lost regarding missing immune cells and their role in the metastatic process. Nonetheless, 

We suggest that rats are a valuable model organism with unique attributes supporting 

their use in metastasis research alongside more commonly used in vivo models such as 

mouse and zebrafish. These studies unmasked a tumor-derived program in the core and 

identified Angptl7 as the top-ranked secreted factor. Strikingly, Angptl7 suppression 

normalizes histologic findings of central necrosis and dilated peri-necrotic vasculature. 
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On a molecular level, Angptl7 depletion resolves vascular morphogenetic, hypoxic, and 

inflammatory changes associated with the tumor core but not gene programs associated 

with stress, RNA metabolism and nutrient depletion. These findings suggest that tumor 

necrosis arises from the sequential activation of stress programs in the core that induce 

a tumor-cell driven transcriptional response including Angptl7. Thus, Angptl7 is both 

regulated by the local microenvironment in the tumor interior and a regulator of further 

central necrosis and metastatic dissemination. Future studies are needed to define the 

signals and regulatory programs driving the tumor core adaptive response program.  

 Previous studies have shown that tumor dissemination can depend on 

macrophage-led migration, vascular mimicry, EMT, and collective migration167–175. Our 

data establish the importance of the necrotic zone in supporting metastatic dissemination 

and highlight the presence of intravascular tumor emboli within dilated peri-necrotic 

vessels. We note that both dilated vessels and Angptl7 were on average 2mm away from 

the nearest tumor border. Given the great distance of the central necrotic zone to the 

tumor-stromal interface, advances in intravital imaging in deep tissues176,177 will be 

essential to evaluate which of these cellular dissemination mechanisms predominates in 

the necrotic zone. In addition, organotypic culture models have proven useful in modeling 

invasion in vitro that have morphologic correlates in vivo172,173,178,179. Our transcriptional 

dissection provides a reference point in which to develop organotypic models that more 

faithfully mimic the necrotic core-associated dissemination program. In particular, the 

formation of dilated vessels is strongly associated with tumor dissemination and 

metastasis. At present, how vessels become dilated is unclear. Whether dilated vessels 

arise from extrinsic compression from proliferating tumor cells, influence of the 
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extracellular matrix, or reflects occlusion by tumor cell emboli is unclear and could benefit 

from better organotypic models incorporating vasculature. Finally, previous clinical and 

experimental studies have shown that tumors can disseminate early preceding the 

detection of frank invasive cancer180,181, while at the same time, that very large tumors 

are more likely to develop metastatic cancer182,183. Our data are compatible with these 

clinical observations. Because tumor necrosis can arise independently of tumor invasion, 

small fast-growing tumors could undergo necrosis early, while large tumors could undergo 

necrosis late. Consistent with our experimental observations, comedonecrosis is 

associated with increased risk of death from in situ, pre-invasive cancers184. 

From a therapeutic standpoint, our data indicate that ANGPTL7 is a fulcrum for 

eliciting central necrosis and metastatic dissemination. ANGPTL proteins have  

three conserved domains including an N-terminal coiled-coil domain that mediates homo-

oligomerization, a linker peptide, and a C-terminal fibrinogen-like domain185. 

More studies are needed to investigate the functional domains of ANGPTL7 necessary 

for necrosis and metastatic dissemination. Therapeutic blocking antibodies and anti-

sense oligonucleotides targeting ANGPTL3 reduce atherogenic lipoprotein levels and 

decrease the odds of developing cardiovascular disease in humans149,150, supporting 

ANGPTL family of proteins as druggable targets. Necrosis is associated with aggressive 

tumors and is a common tumor response to many cancer treatments. Given the 

pronounced effects of Angptl7 depletion in our rat model, we suggest that ANGPTL7 is a 

target for future drug development for necrosis and metastasis suppression.  
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2.6 MATERIALS AND METHODS 

2.6.1 Methods 

Experimental Model and Subject Details 

Animal models 

All mice were maintained under specific-pathogen-free conditions, and experiments 

conformed to the guidelines as approved by the Institutional Animal Care and Use 

Committee of Fred Hutchinson Cancer Research Center (FHCC). The SRG OncoRats, 

SCID rats on the Sprague-Dawley background that harbors a double knockout for the 

Rag2 and Il2rgamma genes (SRG), were purchased from Hera Biolabs. Similar to NSG 

mice, SRG rats are a double knockout for the Rag2 and Il2rgamma genes (SD-

Rag2tm2hera Il2rgtm1hera) and lack B-cells, T-cells, and NK-cells. For mouse 

experiments, NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) were used. 8-13 week old 

female mice and rats were used for all experiments.  

Human breast cancer patient samples 

Blood from patients were obtained from consenting patients under a Fred Hutch IRB 

approved study (FH8649) for longitudinal monitoring of circulating tumor cells in 

metastatic breast cancer patients. CTCs and CTC clusters were enumerated in these fluid 

samples using a RareCyte assay186. For details on the receptor status and pathology of 

each deidentified human sample used, see Supplementary Table 1. 

Cell lines 

293FT (ThermoFisher Scientific R70007) cell line was grown at 37°C, 5% CO2 in DMEM 

high glucose, GlutaMAX supplement, pyruvate (GIBCO 10569-010) supplemented with 

10% fetal bovine serum (Sigma-Aldrich F0926-500ML) and 1% penicillin/streptomycin 



 

 

59 

(Sigma-Aldrich P4333). 4T1 (ATCC CRL-2539™) and HCC70 (ATCC CRL2315) cell line 

was grown at 37°C, 5% CO2 in RPMI, GlutaMAX supplement (GIBCO 61870-127) 

supplemented with 10% fetal bovine serum (Sigma-Aldrich F0926-500ML) and 1% 

penicillin/streptomycin (Sigma-Aldrich P4333). For non-adherent culture, cell lines were 

cultured in complete media + 2% (v/v) Matrigel. All cell lines used were from human 

females. 4T1 Cells were purchased from American Type Culture Collection (ATCC). 4T1-

cyto-eGFP cells were a gift from the Cyrus Ghajar at Fred Hutchinson Cancer Center. 

4T1-AcGFP1-mem-9 cells were generated by transducing 4T1 cells from ATCC with the 

rLV.EF1.AcGFP1-Mem-9 lentiviral particle (MOI=5) (Takara Bio). 4T1-AcGFP1-mem-9 

cells were selected with 10ug/ml puromycin for at least 2 weeks.  

 

Methods:  

2D Cell Culture:  

4T1 cells were cultured 2D on adherent plates in RPMI +10% FBS + 1% Penicillin-

Streptomycin solution. 4T1-AcGFP1-mem-9 were cultured with RPMI complete + 10ug/ml 

puromycin. Angptl7 knockdowns and non-targeting control 4T1 cells were cultured with 

RPMI complete + 10ug/ml puromycin + 10ug/ml blasticidin.  

 

3D Cell Culture:  

2D cultured cells were trypsinized with 0.25% trypsin, then quenched with complete 

RPMI. Cell suspension was centrifuged at 400g for 5mins, then resuspended in Accumax. 

Accumax suspension was place in 37°C water bath for 30mins, pipetting up and down 

every 10 minutes. After centrifuging for 5min at 400g, pellet was resuspended in complete 
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RPMI + 2% Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane 

Matrix (354230) (Corning). Cells were plated in non-adherent 6 well plates at 150,000 

cells/mL with 4mL media per well.  

 

Generating knockdown 4T1 cell lines:  

4T1-AcGFP1-mem-9 cells were transduced with lentiviral particles generated with 

shERWOOD UltramiR Lentiviral Inducible shRNA (TransOMIC) for Angptl7 and selected 

with 10ug/ml puromycin + 10ug/ml blasticidin for at least 2 weeks.  

 

SRG rats:  

The SRG OncoRats, SCID rats on the Sprague-Dawley background that harbors a double 

knockout for the Rag2 and Il2rgamma genes, were purchased from Hera Biolabs. SRG 

rats are a double knockout for the Rag2 and Il2rgamma genes (SD-Rag2tm2hera 

Il2rgtm1hera) and lack B-cells, T-cells, and NK-cells.  

 

Orthotopic transplantation into mammary fat pad of rats and mice:  

Cells to be transplanted were cultured 3D for 2 passages before being transplanted. After 

the second passage, cells were plated in non-adherent 6 well plates at 150k cells/mL with 

4mL media per well for the cells to aggregate over 24 hours before being transplanted. 

Spheroids formed this way were resuspended in 1:1 Matrigel:DMEM/F12 mix, kept on 

ice. 600,000 cells in 20µl Matrigel DMEM/F12 mix were transplanted into the right T4 

mammary fat pad of rats or mice. Estimated tumor volume was calculated based on 

caliper measurements with the formula: V = (W2 × L)/2.  
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Blood collection from rats and mice:  

For rats, peripheral blood was collected terminally though the left ventricle of the heart, 

into CellSearch CellSave tubes (Menarini-Silicon Biosystems) with heparin-coated 

syringe attached to an 18g needle. Rats were put under deep anesthesia with isoflurane 

to do this, and rats were euthanized immediately after blood collection. Blood tube was 

inverted at least 10 times immediately after blood collection, and blood was processed 

within 4 hours of collection. For mouse blood, peripheral blood of 8 mice were collected 

into one CellSave tube using a new heparin coated syringe for every mouse.  

 

Density separation of buffy coat (nucleated cells) from blood: 

Peripheral blood was diluted 1:1 with D-PBS then layered on top of 8mL of Ficoll (GE 

Ficoll Paque Plus GE17-1440-02 for human blood and Ficoll Paque Premium GE17-

5442-02 for mouse and rat blood) in a 2.5% BSA-coated 50mL conical tube. Tube with 

Ficoll and diluted blood were centrifuged at 400g for 35mins with 0 acceleration and 

deceleration. The cloudy, white layer (“buffy coat”) between the clear Ficoll layer and the 

top plasma layer and the plasma layer were collected into a separate BSA-coated tube. 

Buffy coat and plasma layer mix were centrifuged at 4°C at 3500g for 30mins to pellet 

nucleated cells, then resuspended with D-PBS. To visualize Buffy Coat containing CTCs, 

cell suspension was spun onto slides using a Cytospin (800g for 5mins). After drying 

slides completely, slides were fixed with 4% PFA for 5 mins, washed with D-PBS 5mins 

3 times. Slides were dried completely again before being stored in -80°C. For plasma 

collection, plasma layer was collected from the plasma layer from the Ficoll density 
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separation or from a separate blood tube in an AccuCyte Blood collection tube processed 

by Rarecyte with a 3000g 25 minutes spin at 25°C.  

 

Immunofluorescence staining:  

Slides were thawed at room temp for 5 minutes. For OCT tissue sections, slides were 

washed 5 mins 3x to wash OCT off. Slides were block for 1 hour with blocking solution 

(2.5% BSA, 5% normal goat serum or normal donkey serum, 0.3% triton in D-PBS). 

Primary antibody in blocking solution was placed on slides and incubated at room temp 

for 2 hours. We then washed the slides 5mins 3x with D-PBS before placing the 

secondary antibody in 5% normal goat serum or normal donkey serum in D-PBS on the 

slide to incubate for 1 hour. Slide was washed again 5mins 3x with D-PBS. Excess 

moisture was removed from the slide, and slide was mounted with 30-50µl Prolong 

Diamond Antifade Mountant and glass coverslip. Slide was cured overnight room temp, 

then stored at 4°C.  

 

Bulk RNA-seq:  

4T1 cells were transplanted into the right #4 mammary fat pad of SRG rats. At day 27 

post-transplantation, primary tumors were harvested. Tumor was cut in half to expose the 

cross section. The inner, necrotic region and the outer, non-necrotic region were 

separated and snap frozen for RNA-seq and sent to Genewiz-Azenta for RNA extraction, 

library prep, and sequencing. Qiagen RNeasy kit (Qiagen, Inc 74104) was used for in-

house RNA extraction before samples were sent to Genewiz.  
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Azenta Genewiz RNA-seq:  

Sample QC, library preparations, sequencing reactions, and initial bioinformatic analysis 

were conducted at GENEWIZ, LLC./Azenta US, Inc (South Plainfield, NJ, USA) as 

follows: 

 

Sample QC: 

Total RNA samples were quantified using Qubit 2.0 Fluorometer (Life Technologies, 

Carlsbad, CA, USA) and RNA integrity was checked with 4200 TapeStation (Agilent 

Technologies, Palo Alto, CA, USA). 

 

Library Preparation and Sequencing: 

Samples were initially treated with TURBO DNase (Thermo Fisher Scientific, Waltham, 

MA, USA) to remove DNA contaminants. The next steps included performing rRNA 

depletion using QIAseq® FastSelect™−rRNA HMR kit (Qiagen, Germantown, MD, USA), 

which was conducted following the manufacturer’s protocol. RNA sequencing libraries 

were constructed with the NEBNext Ultra II RNA Library Preparation Kit for Illumina by 

following the manufacturer’s recommendations. Briefly, enriched RNAs are fragmented 

for 15 minutes at 94°C. First strand and second strand cDNA are subsequently 

synthesized. cDNA fragments are end repaired and adenylated at 3’ends, and universal 

adapters are ligated to cDNA fragments, followed by index addition and library enrichment 

with limited cycle PCR. Sequencing libraries were validated using the Agilent Tapestation 

4200 (Agilent Technologies, Palo Alto, CA, USA), and quantified using Qubit 2.0 

Fluorometer (ThermoFisher Scientific, Waltham, MA, USA) as well as by quantitative 
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PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing libraries were 

multiplexed and clustered on one lane of a flowcell. After 

clustering, the flowcell was loaded on the Illumina HiSeq 4000 instrument according to 

manufacturer’s instructions. The samples were sequenced using a 2x150 Pair-End (PE) 

configuration. 

 

Initial Bioinformatics analysis: 

Image analysis and base calling were conducted by the HiSeq Control Software (HCS). 

Raw sequence data (.bcl files) generated from Illumina HiSeq was converted into FASTQ 

files and de-multiplexed using Illumina's bcl2fastq 2.17 software. One mismatch was 

allowed for index sequence identification. 

 

RNA-seq computational deconvolution of mouse and rat genomes:  

RNA-seq reads in xenograft samples were deconvolved for identification of the species 

of origin following a method similar to that described by Wingrove et al.187. A catenated 

genome was formed by catenating the Rat (Rnor_6.0) and mouse (GRCmm28) genomes 

and gene annotations. Prior to alignment, reads were trimmed using Trim Galore and 

read quality was confirmed using fastQC. Trimmed reads were identified as originating 

from either rat or mouse by aligning reads against the catenated genome using STAR. 

Paired reads with both mates aligning uniquely to either the rat or mouse genome were 

separated by species and counted to gene annotations using featureCounts188 for 

downstream differential expression analysis. 
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Within-species normalization of mapped reads and differential expression analysis were 

performed using the limma (version 3.50.0)189 and edgeR (version 3.36.0)190 packages in 

R following the procedure described in detail by Law et al.191.  Prior to differential 

expression analysis, very low abundance genes were filtered using the filterByExpr 

function in edgeR using default parameters. Effective library sizes were normalized 

across conditions using the trimmed mean of M-values (TMM) normalization procedure. 

Differential expression analysis was performed on the filtered and normalized counts 

using the limma-voom linear modeling pipeline192. For experiments in which samples 

were paired by animal, animal ID was treated as an additional random effect in the linear 

model. Empirical Bayes smoothing was applied on both the linear model and fitted 

contrast coefficients using edgeR. False-discovery rates for differential expression at the 

gene-level were calculated using the Benjamini-Hochberg correction procedure with the 

toptable function in limma. Normalized transcript abundances are reported as the TMM-

normalized counts-per-million obtained from the voom function in limma. 

Gene set enrichment analysis was performed using GSEA software (Broad 

Institute, v 4.2.3)193. Genes were ranked by log-fold change and collapsed to human 

orthologs using the MDSig ensembl gene id orthologs chip platform (v 7.3).  GSEA was 

performed using a pre-ranked analysis weighted by log-fold change against the C5 gene 

ontology collection (v 7.5). False-discovery rates were determined using 100,000 

permutations.  

For differential expression analysis between species (tumor and host), a modified 

normalization scheme was applied to account for differences in gene lengths and 

annotation depth between species, in addition to the standard normalization by effective 
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library size. Our method resembles that described by Oziolor, et al194. First, using reads 

that mapped uniquely to one species of the catenated genome, an intra-species TMM 

normalization was performed separately for host- and tumor-mapped reads. Length-

corrected transcript abundances were calculated as reads per kilobase million (RPKM) in 

edgeR, and then converted to transcripts per million (TPM). Homolog pairs were obtained 

by querying the Ensembl database for linked rat (rattus norvegicus Ensembl release 100) 

and mouse (mus musculus Ensembl release 100) datasets using the getLDS function in 

biomaRt (v 2.50.3). Next, both gene sets were filtered to only those with rat/mouse 

homolog pairs, and the rat genes were mapped onto their corresponding mouse 

homologs. TPM abundances originating from both species were combined into a single 

data set, treating species of origin as a sample identifier, for all further analysis. To correct 

for differences in genome annotation depth between species, TPM values were 

normalized using the TMM method in edgeR. Homolog-wise differential expression 

analysis was performed between species using TMM-normalized, homolog-mapped TPM 

values as input into the limma-voom analysis pipeline (as above) in place of library-

normalized counts. Prior to identifying top genes that were differentially expressed in the 

mouse tumor over the rat host, homolog pairs that exhibited zero read counts in the rat 

homolog for all of the samples were discarded, since these may reflect a limitation of the 

homolog mapping. Then, genes from mouse-core-mouse-rim were cross referenced with 

mouse-core-rat-core. Genes that were mouse-core vs. mouse-rim Log Fold Change ≥ 1 

and FDR ≤ 0.01 and with detectable rat expression are shown in Fig 4C.  

 

Real Time qPCR:  
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RNA from tumors and cell pellets were extracted using Qiagen RNeasy kit. RNA was 

reverse transcribed into cDNA using Superscript™ III First-Strand Synthesis System 

(Thermo Fisher Scientific Catalog number: 18080051) with equivalent amounts of RNA 

(1µg). cDNAs were mixed with indicated gene-specific primers listed and PowerUp SYBR 

Green Master Mix (Thermo Fisher Scientific Catalog number: A25741) and qRT-PCR was 

performed using an Applied Biosystems QuantStudio5 System.  

 

Immunohistochemistry (IHC):  

Tumors were sliced into ~5mm sections immediately after harvest, placed into histology 

cassettes(#15181701A), and fixed with 10% neutral buffered formalin solution 

(#HT501128) at room temperature for 5 days. Cassetted tumor sections were paraffin 

processed, embedded, and cut by Experimental Histopathology Core at Fred Hutchinson 

Cancer Research Center. Paraffin-embedded tumor slides were warmed in 56°C 

incubator for 20min in slide holder. Tissue was deparaffinized with Histo-Clear solution 

(#64111-04) twice for 5min each. Rehydration was performed by immersing the slides 

through the following solutions twice for 3min each: 100% ethanol, 95% ethanol, 70% 

ethanol, and deionized water. Heat-induced antigen retrieval was completed by 

incubating slides in pressure cooker at 6psi (~105°C) for 10-15min with Tris-EDTA (10mM 

Tris Base, 1mM EDTA, 0.05% Tween20, pH9.0) or sodium citrate (10mM sodium citrate, 

0.05% Tween20, pH6.0) buffers. Endogenous peroxidase activity was blocked by 3% 

H2O2 in PBS for 20min. Fc receptor was blocked by Fc Receptor Blocker (#NB309) for 

30min. Primary antibodies were diluted with blocking solution (2.5% host 

serum/1.25%BSA in PBS) and incubated on the slides at room temperature for 1hour. 
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Species specific ImmPRESS™ secondary antibodies [HRP polymer] from Vector 

Laboratories were applied directly onto the slides and incubated for 30min at room 

temperature. Substrate was developed using ImmPACT™ NovaREDTM HRP Substrate 

Kit (#SK-4805). Mayer’s Hematoxylin (#26043-05) was used for counterstaining. 

Dehydration was performed by dipping the slides 10 times through the following solutions 

twice: 95% Ethanol and 100% Ethanol, followed by immersing the slides in Histo-clear 

solution twice for 2min each. CytoSeal 60 (#18006) was used to mount slides, then slides 

were scanned by Ventana DP 200 slide scanner. 

 

Western Blotting:  

Snap frozen tumors were milled into powder and 0.1g was dispensed to make lysate. 

Lysis buffer was prepared by diluting protease (#87785) and phosphatase (#78420) 

cocktail inhibitors 1:100 in 1X RIPA buffer (#9806S) and added into tumor powder (1mL 

of lysis buffer/0.1g of powder). The suspension was sonicated for 6 pulses with a probe 

sonicator (20%duty cycle, 30% amplitude), incubated at 4°C for 1 hour, and centrifuged 

at 14,000g for 10min to clear out insoluble substance. Protein concentration was 

quantified using Pierce BCA Assay Kit (#PI23225). Sample loading solution was prepared 

by combining tumor lysates (volume for 50ug of protein), 3.3uL of 10X Bolt reducing agent 

(#B0009), 8.25uL of 4X Bolt LDS buffer (#B0007), and MiliQ water to a final volume of 

33uL. A BoltTM 4-12%, Bis-Tris, 12-well, 1.0 mm Mini Protein Gel, (#NW04122BOX) was 

loaded with 30uL of sample loading solution per well and run at 100V for 20min and then 

at 170V for 40min using 1X Bolt MES SDS running buffer (#B0002). The protein transfer 

sandwich was assembled using Immobilon-FL PVDF Membrane (#IPFL07810) and run 
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at 15V for 1 hour with 1X Bolt transfer buffer (#BT00061) containing 10% methanol. The 

PVDF membrane was blocked with 3% BSA in TBS for 1 hour. Primary antibodies were 

diluted with 0.2% TBST and incubated overnight at 4°C. Species specific LI-COR 680 

and 800 secondary antibodies were diluted 1:10,000 with 0.2% TBST plus 0.01% SDS 

and incubated for 1 hour at room temperature. The PVDF membrane was imaged with 

LiCor Odyssey CLx. 

 

Angptl7 ELISA:  

Sample loading solution was prepared by combining tumor lysate (volume for 300ug of 

protein) and sample diluent from the Mouse Angptl7 ELISA Kit ((#MBS612413) to a final 

volume of 400uL. 100uL of sample loading solution was loaded in each well for three 

replicates. Each well was incubated with biotinylated Anti-Mouse Angptl7 antibody, 

followed by Avidin-Biotin-Peroxidase Complex, and then Color Developing Reagent 

followed by Stop Solution per manufacturer instructions. O.D. absorbance was measured 

using a microplate reader at 450nm. 

 

Angptl7 RNA ISH:  

For in situ hybridization (ISH), formalin-fixed paraffin-embedded tissues were sectioned 

at 4 microns onto positively-charged slides and baked for 1 hour at 60°C. The slides were 

then dewaxed and stained on a Leica BOND Rx stainer (Leica, Buffalo Grove, IL) using 

Leica Bond reagents for dewaxing (Dewax Solution), antigen retrieval with Epitope 

Retrieval Solution 2 for 15 minutes at 95°C, protease digestion at 40C for 15 minutes and 

rinsing after each step (Bond Wash Solution). All other steps were performed at ambient 
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temperature. Staining was performed with RNAscope 2.5 LS Reagent Kit – BROWN (Cat. 

No. 322100) or RNAscope 2.5 LS Reagent Kit – RED (Cat. No. 322150).  Species-specific 

probes were applied and incubated at 42C for 120 minutes.  Probes used were as follows:  

RNAscope 2.5 LS Positive Control Probe Human PPIB (Cat. No. 313908), RNAscope 2.5 

LS Positive Control Probe Mouse PPIB (Cat. No. 313918), RNAscope 2.5 LS Negative 

Control Probe dapB (Cat. No. 312038), RNAscope 2.5 LS Human Angptl7 (Cat. No. 

552818), RNAscope 2.5 LS Mouse Angotl7 (Cat. No. 552528).  Chromogenic staining 

was performed using BOND Polymer Refine Detection (Cat. No. DS9800) or BOND 

Polymer Refine Red Detection (Cat. No. DS9390).  After staining, slides were removed 

from the stainer, dehydrated and coverslipped.  Slides stained with the Brown kit were 

coverslipped with Epredia Cytoseal XYL (Cat. No. 8312-4) and slides stained wit the Red 

kit were coverslipped with Axell Crystal Mount (Cat. No. BMDM02). 

 

QuPath quantification of RNA ISH:  

RNAscope images were opened in QuPath195. Thresholds were created to identify tumor 

area and necrotic area by eye, verified to be accurate in test images, and applied to 

demarcate necrotic zones. Angptl7-expressing cells were identified using positive cell 

detection. The distance to annotation 2d feature was used to determine the distance 

between cells and the nearest necrotic border and cells and nearest tumor border. This 

process was automated in QuPath for consistent analysis across images. 
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Necrosis measurements:  

Tumor necrosis measurements were determined based on Hematoxylin & Eosin (H&E) 

or 2,3,5-triphenyltetrazolium chloride (TTC) assay. For H&E staining, tumors were sliced 

into 2-3 ~5mm slices by scalpel, fixed for 5 days in 10% formalin at 4°C, rocking before 

being sectioned and stained with hematoxylin and eosin. For the TTC assay, tumors were 

sliced into 2-3 ~5mm slices and stained with 1g/100ml tetrazolium salt in a 7.4pH buffer 

with 77.4% NaH2PO4 (0.1 M) and 22.6% Na2HPO4 (0.1M) mix, at 37°C for 20 mins, 

rocking. Tumor slices were then fixed with 10% formalin for 20 mins before being 

visualized. In the TTC assay, the TTC compound is reduced to a red TPF (1,3,5-

triphenylformazan) compound in live tissues due to dehydrogenase activity. White areas 

therefore indicate necrotic tissue, and red areas are viable regions.  

 

Spatial enrichment localization score: 

For each spot x, the spatial enrichment score (SES) was computed as Dt/(Dn+Dt) where 

Dn equals the distance between spot x and the nearest necrotic border and Dt equals the 

distance between spot x and the nearest tumor border (Dt). Accordingly, SES(x) varies 

from 0 to 1: equal to 0 for perfect localization to the tumor border, and 1 for perfect 

localization to the necrotic border. Distances calculated from QuPath were exported to R 

and analyzed using a custom script. A non-parametric Kruskal-Wallis test was applied to 

evaluate statistical significance between different SES distributions. 

LC/MS plasma proteomics 

Sample Preparation: Each plasma sample was depleted of high-abundance proteins by 

injecting 80 µL of the sample onto a Michrom Bioresources Paradigm HPLC equipped 
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with an Agilent human MARS-6 depletion column.  Unbound material eluting from the 

column, as observed on a UV detector, was collected and the protein concentration was 

determined.  The volume corresponding to 100 µg of protein was subjected to the 

reduction of disulfide bonds by adding TCEP (tris(2-carboxyethyl)phosphine to a final 

concentration of 5 mM and incubating at room temperature with vortexing for 15 min.  

Protein alkylation was carried out by adding 2-chloroacetamide to a final concentration of 

10 mM and incubating at room temperature for 30 min.  The volume of each sample was 

reduced to approximately 100 µL by vacuum centrifugation and methanol/chloroform 

precipitation was carried out.  Protein pellets were washed with methanol and 

resuspended in 50 mM HEPES pH 8.7.  Proteolytic digestion was initiated with the 

addition of 1 µg of Lys-C and incubating at room temperature with low vortexing for 2 

hours, followed by the addition of 1 µg of trypsin and incubating overnight at 37 °C on an 

orbital shaker set at 700 rpm. 

TMT Labeling: ThermoScientific TMTpro-16plex reagent was brought to room 

temperature and resuspended in 20 µL of anhydrous acetonitrile and vortexed for 15 min.  

Labeling was carried out by adding 20 µL of each TMT reagent to its assigned sample 

and vortexing the samples occasionally at room temperature for 1 hour.  A “label check” 

was performed by combining 2 µL from each labeled sample into one tube, removing the 

acetonitrile by vacuum centrifugation, desalting the sample on a Harvard Apparatus C18 

ultra-micro spin column, and analyzing the desalted TMT-labeled peptides by LC-ESI-

MS/MS.  After data analysis (see below), the peptide to spectrum match (PSM) results 

were analyzed and labeling efficiency was determined to be greater than 98%.  After this 

labeling check, hydroxlyamine was added to each labeled sample to a concentration of 
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0.5% in order to fully quench the labeling reaction.  All samples were combined equally 

by correcting for the total protein abundances measured for each sample in the labeling 

check analysis.  The equalized pool was subjected to vacuum centrifugation to remove 

acetonitrile and then desalted on a Waters SepPack C18 (3cc, 200 mg) cartridge.  The 

desalted elution was split into equal fractions and taken to dryness.  One of the fractions 

was injected onto a ThermoScientific Vanquish HPLC equipped with an Agilent 2.1 mm x 

150 mm C18 Extend column and fractionated into a 96-well plate using basic reverse-

phase conditions.  The 96 fractions were concatenated into 24 pools (pool 1: fractions 1, 

25, 49, 73; pool 2: fractions 2, 26, 50, 74; etc.) that were taken to dryness and each pool 

was analyzed by LC-ESI-MS/MS. 

LC-ESI-MS/MS: The generated basic reverse phase fractions were brought up in 20 µL 

of 2% acetonitrile in 0.1% formic acid and 5 μL was analyzed by LC/ESI MS/MS with a 

Thermo Scientific Easy1200 nLC (Thermo Scientific, Waltham, MA) coupled to a tribrid 

Orbitrap Eclipse with FAIMS (field asymmetric ion mobility spectrometry) mass 

spectrometer (Thermo Scientific, Waltham, MA).  In-line de-salting was accomplished 

using a reversed-phase trap column (100 μm × 20 mm) packed with Magic C18AQ (5-μm, 

200 Å resin; Michrom Bioresources, Auburn, CA) followed by peptide separations on a 

reversed-phase column (75 μm × 270 mm) packed with ReproSil-Pur C18AQ (3-μm, 120 

Å resin; Dr. Maisch, Baden-Würtemburg, Germany) directly mounted on the electrospray 

ion source. A 120-minute gradient from 4% to 44% B (80% acetonitrile in 0.1% formic 

acid) at a flow rate of 300 nL/minute was used for chromatographic separations. A spray 

voltage of 2300 V was applied to the electrospray tip and the FAIMS source used varied 

compensation voltages of -40, -60, -80 while the Orbitrap Eclipse instrument was 
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operated in the data-dependent mode.  MS survey scans were in the Orbitrap 

(Normalized AGC target value 300%, resolution 120,000, and max injection time 50 ms) 

with a 3 sec cycle time and MS/MS spectra acquisition were detected in the Orbitrap 

(Normalized AGC target value of 250%, resolution 50,000 and max injection time 100 ms) 

using HCD activation with a normalized collision energy of 35%. Selected ions were 

dynamically excluded for 60 seconds after a repeat count of 1. 

Data Analysis: Data analysis was performed using Proteome Discoverer 2.4 (Thermo 

Scientific, San Jose, CA). The data were searched against a Uniprot Human database 

(UP000005640, Dec 1, 2019) that included common contaminants (cRAPome 2015).  

Searches were performed with settings for the proteolytic enzyme trypsin. Maximum 

missed cleavages were set to 2. The precursor ion tolerance was set to 10 ppm and the 

fragment ion tolerance was set to 0.6 Da. Dynamic peptide modifications included 

oxidation (+15.995 Da on M).  Dynamic modifications on the protein terminus included 

acetyl (+42.-11 Da on N-terminus), Met-loss (-131.040 Da on M) and Met-loss+Acetyl (-

89.030 Da on M) and static modifications TMTpro (+304.207 on N-terminus and K), 

carbamidomethyl (+57.021 on C).  Sequest HT was used for database searching.  All 

search results were run through Percolator for peptide validation and results were filter to 

a 1% false discovery rate.  To delineate differential expression proteins, both pairwise 

two-sample t tests and Wilcoxon rank-sum test were conducted (R package).  

 

Quantification and Statistical Analysis 

Bars are presented as mean ± standard deviation. Graphs were created and statistical 

tests conducted in GraphPad Prism 8. Non-parametric tests were used when data were 
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not normally distributed or when the median was a better representation of the sample 

than the mean. For animal experiments, each animal was considered a biological 

replicate. For in vitro experiments, experiments using cell lines on different days were 

considered biological replicates. P-values denoted as follows: * < 0.05, ** < 0.01, *** < 

0.001, **** < 0.0001. 

2.6.2 Key resource table 

Regent or 
Resource 

Source Identifier 

Antibodies 

Goat 
Angiopoietin-
like 7 (Mouse) 

R&D 
Systems 

AF4960 

Rabbit VE-
Cadherin 

Abcam ab205336 

Mouse α-
Smooth 
Muscle Actin 

Sigma A5228 

Syrian 
hamster 
Podoplanin 

ThermoFis
her 

14-5381-82 

Mouse Pan-
Keratin (C11) 
(Mouse)  
(Alexa Fluor® 
647 
Conjugate) 

Cell 
Signaling 
Technology  4528S 

Mouse 
GAPDH  

ProteinTec
h 

60004 

Mouse Beta 
Actin 

Abcam ab6276 

Chemicals, Peptides, and Recombinant Proteins 

RNAscope® 
2.5 LS Probe - 
Mm-Angptl7 

ACD Bio-
Techne 

552828 

RNAscope 2.5 
LS Probe - Hs-
ANGPTL7 

ACD Bio-
Techne 

552818 

Critical Commercial Assays 
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Mouse 
ANGPTL7 
ELISA Kit 

MyBioSour
ce 

MBS1752641 

Experimental Models: Cell lines 

Human: 
293FT 

ThermoFis
her 
Scientific 

R70007 

Mouse: 4T1 ATCC CRL-2539 

Mouse: 4T1-
cyto-GFP 

Gift from 
Cyrus 
Ghajar 

N/A 

Experimental Models: Organisms/Strains 

Mouse: 
FVB/NJ 

The 
Jackson 
Laboratory 

001800 

Mouse: 
NOD.Cg-
Prkdcscid 
Il2rgtm1Wjl/Sz
J 

The 
Jackson 
Laboratory 

005557 

Rat: SRG 
Oncorat  

Charles 
River 

SRG Strain 007 

Oligonucleotides 

PsPax2 A gift from 
Didier 
Trono 

Addgene #12260 

MD2.G A gift from 
Didier 
Trono 

Addgene #12259 

shCtrl Non-
targeting #4 
pZIP-mCMV-
mCherry-Blast 
(non-targeting 
control) 

transOMIC TLMSU1451 

pZIP-mCMV-
mCherry-
Blasticidin-
Mouse-
shAngptl7 
(Angptl7 
knockdown 1)  

transOMIC Ultra-3367559 

pZIP-mCMV-
mCherry-
Blasticidin-
Mouse-

transOMIC Ultra-3367561 
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shAngptl7 
(Angptl7 
knockdown 2)  

pZIP-mCMV-
mCherry-
Blasticidin-
Mouse-
shAngptl7 
(Angptl7 
knockdown 3)  

transOMIC Ultra-344221 

rLV.EF1.AcGF
P1-Mem-9 

Takara BIO 
INC.  

0019VCT 

Software 

GraphPad 
Prism 9 

Graphpad 
Software 

https://www.graphpad.com/scientific-software/prism/  

FIJI v2.0.0-rc-
69/1.52p 

Schindelin 
et al., 
2012196  

https://fiji.sc/  

R v3.6.1 R Core 
Team 

https://www.r-project.org/  

Metascape  Zhou et al., 
2019197 

https://metascape.org/  

R v 4.1.1 R Core 
Team 

https://www.r-project.org/  

STAR v. 2.7.3 Dobin, et 
al., 2013198 

https://github.com/alexdobin/STAR  

limma v. 3.5 Ritchie, et 
al., 2015189 

https://bioconductor.org/packages/release/bioc/html/lim
ma.html  

edgeR v 
3.36.0 

Robinson, 
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2.7 CHAPTER 2 FIGURES 

Figure 1 
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Figure 1: CTC transition is temporally associated with tumor necrosis, dilated 

vessels, and peri-necrotic intravascular emboli.  

1A) Experimental schema. 4T1 mouse mammary tumor cells labeled with cytoplasmic 

GFP (4T1-GFP) were orthotopically transplanted into a single #4 mammary fat pad of 

SRG rats. Animals were sacrificed at day 13 (n=7), 17 (n=7), 22 (n=8), and 27 (n=8) 

post-transplantation.  

1B-C) Single CTC and CTC clusters per animal. Box plots shown with mean values 

labeled. 

1D) Representative hematoxylin and eosin (H&E) stains of day 13 to 27 rat tumors. Left: 

Necrotic region indicated with yellow border. Right: Insets of necrotic and non-necrotic 

regions from a day 27 tumor.  

1E-F) Total necrotic area and total viable area were determined by H&E. Mean ±SD.  

1G) Representative day 13 to day 27 rat tumors stained for VE-cadherin (DAB) and 

counterstained with hematoxylin. Left: low power views. Necrotic regions shown in 

turquoise, dilated vessels in red, and tumor border in magenta. Right: example of a 

dilated and non-dilated vessel. Dv= dilated vessel. Nz= necrotic zone. 

1H) Number of VE-cadherin+ dilated blood vessels. Mean ±SD.  

1I-J) Representative immunofluorescent images of GFP+ tumor emboli inside VE-

cadherin+ blood vessel from thin (10µm) and thick (30µm) tumor sections. I) Left: low 

power image of peri-necrotic zone. i and ii: insets showing higher magnification of tumor 

cell cluster (tcc) within a dilated vessel (dv). J) Confocal images from z-stack showing 

tumor cell cluster (tcc) within dilated vessel (dv). Xy, xz, and yz cross-sections shown. 
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Magenta: VE-cadherin; Red: 594 conjugated lectin; Blue: DAPI; Green: tumor cells 

expressing GFP (membrane GFP in I & cytoplasmic GFP in J). nz = necrosis. 

 

P-values for B-C, E-F, and H determined by one-way ANOVA.  
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Figure 2 
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Figure 2: Angptl7 is a tumor-derived, necrotic core-enriched transcript localized 

to the peri-necrotic region of breast tumor.  

2A) Experimental schema. 4T1-GFP tumor cells were orthotopically transplanted into a 

single fat pad of SRG rats and collected between day 27 to day 30 (n=5 animals). The 

harvested tumors were cut in half, and macrodissected to separate the necrotic core 

region from the non-necrotic rim of the primary tumors. RNA was extracted and 

subjected to next-generation sequencing. Sequences were aligned to concatenated rat-

mouse combined genome, and mouse and rat genes were deconvoluted from each 

other.  

2B) Mouse orthologs were identified for all rat genes and the relative RNA abundance 

per gene between tumor and host compartments was determined. The plot shows all 

genes with both differential enrichment for core:rim and for tumor:host with FDR ≤ 0.01. 

2C) Relative RNA abundance of Angptl7 based on RNA-seq. Average expression and 

q-value (FDR) from multiple comparisons indicated on the graph. 

2D) ELISA quantification of Angptl7 protein abundance of the necrotic core and non-

necrotic rim regions of 4T1 tumors. Student t-test. Mean ±SD.  

2E) Representative image of Angptl7 RNA in situ hybridization (ISH) of day 27 4T1 

tumors. Left: raw Angptl7 RNA ISH (brown). Right: Detection by QuPath. Red: positive 

detection of Angptl7+ cells, turquoise: necrotic region, pink: tumor border.  
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Figure 3 
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Figure 3: Suppression of Angptl7 normalizes tumor necrosis. 

3A) Experimental schema. 4T1 tumor cells labeled with membrane GFP and 

transduced with Angplt7 shRNA or non-targeting control were orthotopically 

transplanted into a single mammary fat pad of SRG rats. shRNA contained an mCherry 

tag, so cells expressing shRNA have cytoplasmic mCherry label. Blood, tumor, and 

lungs were collected. Non-targeting control (n=11), Angptl7 knockdown KD1 (n=7), 

Angptl7 KD2 (n=6), Angptl7 KD3 (n=7).  

3B) In vivo knockdown confirmation by qPCR based on tumor core. 

3C) ELISA confirmation by in vivo knockdown. Lysates were made from tumor necrotic 

core from Angptl7 knockdown and non-targeting control tumor cell transplantation 

experiments.  

3D) Representative hematoxylin and eosin (H&E) staining of primary tumors for Angptl7 

knock down tumors and non-targeting control. Yellow borders indicate the necrotic 

regions.  

3E-F) Total necrotic area and total viable area based on H&E staining of Angptl7 KD 

and non-targeting control tumor. 

3G) Tumor weight of Angptl7 KD and non-targeting control tumor. 

 

All graphs shown display mean ±SD. Mean values shown on graphs. P-values for B-C 

determined by Mann-Whitney test; for E-G determined by ANOVA. 
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Figure 4 
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Figure 4: Suppression of Angptl7 reduces CTC abundance and distant lung 

metastases.  

4A) Representative images of single CTCs and CTC clusters from non-targeting control. 

Cells are mCherry-positive if they express shRNAs. 4T1 cells are labeled by membrane 

GFP. DAPI marks nuclei. 

4B-C) mCherry-positive single CTC and CTC cluster abundance in Angptl7 knockdown 

and non-targeting control. 

4D) Representative images of lung metastases from Angptl7 knockdown or non-

targeting control transplantation (4T1 cells). Cells expressing the shRNAs express 

mCherry.  

4E) mCherry-positive lung metastasis count for Angptl7 knockdown and non-targeting 

control. Mean ±SD. 

 

All graphs shown display mean ±SD. Mean values shown on graphs. P-values for B-C, 

E determined by ANOVA. 
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Figure 5 
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Figure 5: Angptl7 regulates blood vessel morphology and vascular permeability.  

5A) Representative images of dilated VE-cadherin+ blood vessels Angptl7 knockdown 

and non-targeting control tumors. Immunohistochemistry for VE-cadherin (DAB) (brown) 

counterstained with hematoxylin. Red: dilated vessels, turquoise: necrotic region, pink: 

tumor border. Insets: vessel morphology in non-targeting control and Angptl7 

knockdown. 

5B) Number of total VE-cadherin+ blood vessels in the Angptl7 knockdown and non-

targeting control tumors. Mean ±S D. 

5C) Number of dilated VE-cadherin+ blood vessels in the Angptl7 knockdown and non-

targeting control tumors. Mean ±S D. 

5D-E) Human endothelial cell (HUVEC) vascular permeability in response to ANGPTL7 

recombinant protein (rhANGPTL7). Vascular permeability was measured as normalized 

impedance over time. n=4 biological replicates. Shown is mean temporal response (D) 

and normalized cell index at 1 hr (E).  

5F) Metascape analysis of gene enrichment. HUVEC cells were treated with 

rhANGPTL7 for 24 hrs. RNA-seq identified 741 upregulated genes and 500 genes 

downregulated with rhANGPTL7 treatment with p-value cutoff  0.01. Enrichments 

reported as -log Q-values.  

 

All P-values determined by one-way ANOVA. 
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Figure 6 

 

 
 
 
 
 
 
 



 

 

90 

Figure 6: ANGPTL7 is expressed in high necrosis human triple-negative breast 

cancers and necrosis markers correlate with CTC dissemination in breast cancer 

patients.  

6A) ANGPTL7 RNA ISH performed on tumor sections from human breast PDX tumors 

transplanted into NSG mice. All tumor models were invasive ductal carcinomas and 

confirmed triple-negative for ER, PR and HER2 on PDX tumor sections. Qupath 

detections shown. Turquoise: necrotic region, red: positive ANGPTL7 positive 

detections, pink: tumor border. Insets show raw ANGPTL7 RNA ISH in red. Right: bar 

graph comparing tumors with low necrosis (5 sections from 4 models) and high necrosis 

(2 sections from 2 models). High necrosis defined as >15% necrosis by area. P-value 

determined by unpaired t-test. 

6B) Representative single CTC and CTC cluster from clinical vignette in Fig. S6. 

EpCAM/pan-CK, epithelial cells; CD45, immune cells; SYTOX Orange, nucleic acid 

stain. 

6C) Overall survival according to CTC enumeration at baseline. Median overall survival 

reported in parentheses. NR = not reached. P-value determined by Mantel-Cox log-rank 

test. 

6D) Overall survival according to presence or absence of CTC clusters. Landmark 

analysis from 2nd blood draw was performed. Median overall survival reported in 

parentheses. P-value determined by Mantel-Cox log-rank test. 

6E) Waterfall plot showing changes in CTC abundance between time points, sorted by 

magnitude. 
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6F) Tandem-mass tag mass spectrometry of high vs. low CTC samples. Volcano plot 

shows the 46 plasma proteins enriched in 3 high CTC samples compared with 13 low 

CTC samples. Proteins with Q-values less than 10%. False discovery rate determined 

by two-stage set-up method by Benjamini, Krieger, and Yekutieli. 

6G) Metascape analysis of CTC-associated proteins reported by -log Q-value. Right: 

Proteins with fold-enrichment that make up core enrichments for Cori Cycle and 20S 

proteasome. 
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Supplementary Figure 1 
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Supplemental Figure S1: Orthotopic transplantation into rats produce 3x larger 

tumors, 10x more CTCs, and 4x more lung metastases than into mice.  

S1A) Experimental schema. 4T1 mouse mammary tumor cells labeled with membrane 

GFP (4T1-GFP) were orthotopically transplanted into a single #4 mammary fat pad of 

SRG rats (n=6) or NSG mice (n=24). Animals were sacrificed at 24 days post-

transplantation.  

S1B-C) Final tumor weight and estimated final tumor volume per animal. 

S1D) Blood volume collected per animal. 

S1E) Representative micrographs of single CTCs and CTCs clusters from 4T1-GFP 

transplanted SRG rats. GFP denoted in green. DAPI in blue. 

S1F-G) Single CTC and CTC cluster abundance per animal. Individual blood samples 

from 8 mice were pooled into one tube for a total of n=3 samples. Events per individual 

animal are reported. 

S1H) Percentage of CTC events that were single CTCs or CTC clusters. Mean ± SD.  

S1I) Representative stereomicroscope images of lung metastases from NSG mice and 

SRG rats. 

S1J) The number of lung metastases determined by stereomicroscopy in transplanted 

SRG rats and NSG mice. 

 

Mean values shown on graphs. All P-values determined by Welch’s t-test. 

 

 

 



 

 

94 

Supplementary Figure 2 
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Supplemental Figure S2: Additional morphometric parameters and their 

correlation with low to high CTC transition  

S2A-B) Estimated tumor volume and final tumor weight determined from animals 

collected as in Fig. 1A. Mean ± SD.  

S2C-D) Single CTC and CTC clusters per animal plotted on log scale. Mean ± SD. 

S2E) Representative H&E images of the invasive tumor border. 

S2F) Representative images of TTC stained tumors. Red areas are viable tissue while 

white areas are necrotic tissue. Unstained control is provided. Yellow borders indicate 

necrotic region.  

S2G-H) Total area of necrosis and viable area determined from the TTC assay. n=4 

animals per time point; 2 to 3 slices per tumor. Mean ± SD.  

S2I) Lung metastases per animal. Mean ± SD. 

S2J-K) Correlation between lung metastases and necrotic area (J) and lung metastases 

and tumor size (K). Pearson R. Linear trend lines shown with 95% confidence intervals. 

 

P-values for A-D and I determined by one-way ANOVA. P-Values for G-H determined 

by Welch’s t-test.  
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Supplementary Figure 3 
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Supplemental Figure S3: Additional information on characteristics of blood 

vessels.  

S3A) Dilated blood vessel spatial localization. Distance of VE-cadherin-positive dilated 

vessels to necrosis or tumor border was measured then normalized to a spatial 

proximity score of 0 to 1, where 0 means a spot is on the tumor border, and 1 means a 

spot is in a necrotic region. Spatial localization of all cells were plotted as a control. P-

value determined by Kruskal-wallis test. 

S3B) Dilated VE-cadherin vessel density per mm2 viable tumor area determined per 

animal. Mean ± SD. 

S3C) Total VE-cadherin abundance determined per animal. Mean ± SD. 

S3D) Total VE-cadherin vessel density per mm2 viable tumor area determined per 

animal. Mean ± SD. 

S3E-H) Correlation between lung metastasis or CTC events with dilated vessels (E) and 

total vessels (F). Correlation between CTC events and dilated vessels (G) and total 

vessels (H). Pearson R. Linear trend lines shown with 95% confidence intervals. 

S3I) Representative immunofluorescence images of dilated and non-dilated blood 

vessels in 4T1 tumors perfused with lectin-594 and stained for VE-cadherin. 

S3J) Percent lectin-positive VE-cadherin-positive blood vessels in 4T1 transplant 

tumors. Mean ± SD. 

 

P-values for B-D determined by one-way ANOVA; J by paired t-test. 
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Supplementary Figure 4 
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Supplemental Figure S4: Additional information on tumor core transcriptional 

profiling.  

S4A) Representative images of necrotic cores of primary tumors used for bulk RNA-

seq. 

S4B) Percent of transcripts which mapped to the mouse or rat genome. 4T1 cell pellets 

served as control for mouse-only samples, and rat mammary tissue was used as rat-

only samples. Average percentage and standard deviations are shown in the table. 

S4C) Top tumor or host-derived gene sets enriched in the tumor core and rim, based on 

Metascape analysis. Q-value (FDR- False discovery rate) ≤ 0.01 was used as the cut-

off for the gene list. R= reactome, W= WikiPathways, G= GO ontology, K= KEGG C= 

Canonical Pathways. 

S4D) Relative RNA abundance of tumor or host-derived Camk1d expression in the 

tumor core or rim. Camk1d is the #1 most enriched tumor-derived gene in the tumor 

core. Camk1d is also expressed by the host and is not tumor specific. Average 

expression and q-value (FDR) from multiple comparisons indicated on the graph.  

S4E) Angptl7 expression in 4T1 tumor core, 4T1 tumor rim, and 2D culture 4T1 cells 

based on qPCR. Mann-Whitney. Average values shown.  

S4F) Western blot of necrotic core and non-necrotic rim regions of 4T1 tumors to 

assess protein-level differential expression of Angptl7. Angptl7 is highly expressed in 

necrotic region of the tumor but not the non-necrotic region. GAPDH was used as 

loading control. 4T1 cells in vitro do not express Angptl7 and was used as the negative 

control. N=3 rat tumors. 
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S4G) Quantification of protein-level expression of Angptl7 from S3F. P-value 

determined by paired t-test. 

S4H) Angptl7 spatial localization. Distance of Angptl7+ spots to either necrosis or tumor 

border was measured then normalized to a spatial proximity score of 0 to 1, where 0 

means a spot is on the tumor border, and 1 means a spot is in a necrotic region. Spatial 

localization of all cells are plotted as a control. P-value determined by Kruskal-wallis 

test. 
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Supplementary Figure 5 

 

Supplemental Figure S5: Angptl7 expression increase with day post-

transplantation, correlates with necrotic area, lung metastases, and dilated 

vessels.  

S5A) Angptl7 detections from day 13 to day 27 post-transplantation based on RNA ISH. 

P-values determined by one-way ANOVA.  

S5B-E) Correlation between Angptl7 detections per tumor and necrotic area, lung 

metastases, dilated blood vessels, or CTC events. Pearson R. Linear trend lines shown 

with 95% confidence intervals. 
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Supplementary Figure 6 
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Supplemental Figure S6: Additional information on in vivo effects of Angptl7 

suppression.  

S6A) Quantification of ELISA of necrotic core and whole 4T1 tumors for Angptl7. 

Angptl7 is highly expressed in necrotic region of the tumor. Non-targeting control (n=7), 

KD1 (n=7), KD2 (n=3), and KD3 (n=4). Paired t-test. 

S6B) Estimated final tumor volume of non-targeting and Angptl7 KD tumors. 

S6C) Representative images of single CTCs and CTC clusters from Angptl7 knockdown 

or non-targeting control transplantation into SRG rats. Cells are mCherry-positive if they 

express shRNAs. 4T1 cells are labeled by membrane GFP. DAPI marks nuclei.  

S6D-E) GFP-positive single CTC and CTC cluster abundance in Angptl7 knockdown 

and non-targeting control 

S6F) GFP+ lung metastases.  

 

All graphs reported as mean ± SD and p-values determined by one-way ANOVA. 
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Supplementary Figure 7 
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Supplemental Figure S7: Additional information on in vivo effect of Angptl7 

suppression on gene expression.  

S7A) Gene sets were generated composed of tumor-derived and host-derived core and 

rim genes with fold change ≥ 2 and FDR ≤ 0.001. The relative enrichment of these 4 

gene sets was determined for tumor core or rim from Angptl7 knockdown and non-

targeting control.  

S7B) Genes within tumor-derived and host-derived necrotic core gene sets with FDR ≤ 

0.01 were stratified by t-statistic and divided into genes up or down in Angptl7-kd 

conditions. 

S7C) Metascape analysis of tumor and host-derived tumor core gene program stratified 

by their change in expression with Angptl7 suppression. Gene set enrichment reported 

as log Q-value. 
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Supplementary Figure 8 
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Supplemental Figure S8: Additional information on in vivo effect of Angptl7 

suppression on blood vessels.   

S8A) Total VE-cad+ blood vessel density per mm2 viable tumor area per animal for 

Angptl7 KD and non-targeting control tumors.  

S8B) Total VE-cad+ blood vessel count per tumor for Angptl7 KD and non-targeting 

control tumors. 

S8C) Dilated VE-cad+ blood vessel density per mm2 viable tumor area per animal for 

Angptl7 KD and non-targeting control tumors.  

S8D) Representative imaged of alpha smooth actin immunohistochemistry. VE-cadherin 

in vector red (pink), alpha smooth actin in NOVA Red (brown), counterstained with 

hematoxylin (purple). 

S8E) Alpha smooth actin-positive (aSMA) coverage on VE-cadherin positive dilated 

vessels in non-targeting control and Angptl7 KD tumors.  

S8F) Number of VE-cadherin positive blood vessels with no aSMA coverage in non-

targeting control and Angptl7 KD tumors.  

S8G) Number of VE-cadherin positive blood vessels with aSMA coverage in non-

targeting control and Angptl7 KD tumors.  

 

All graphs shown as mean ± SD. P-values determined by one-way ANOVA.  
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Supplementary Figure 9 
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Supplemental Figure S9: In vivo effect of Angptl7 suppression on lymphatic 

vessels.  

S9A) Representative images podoplanin+ lymphatic vessels in Angptl7 knockdown and 

non-targeting control tumors. Immunohistochemistry for podoplanin (DAB) (brown) 

counterstained with hematoxylin. Turquoise: necrotic region, pink: tumor border. Navy 

border inset is an example of the tumor edge. Magenta border inset is an example of a 

peri-necrotic region.  

S9B) Number of podoplanin+ lymphatic vessels in the Angptl7 knockdown and non-

targeting control tumors. Mean ±SD. One-way ANOVA. 

S9C) Spatial enrichment of non-targeting control tumors comparing all cells (control 

distribution) with all podoplanin+ lymphatic vessels. P-value determined by Kruskal-

wallis test. 

S9D) Spatial enrichment of podoplanin+ lymphatic vessels in Angptl7 KD and non-

targeting control tumors. Mean ±SD. One-way ANOVA. 
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Supplementary Figure 10 
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Supplemental Figure S10: Supplementary information on correlation of CTC and 

necrosis in breast cancer patients with metastatic disease.  

S10A) Clinical vignette of patient with metastatic breast cancer and acute CTC 

elevation.This was a patient with de novo stage IV ER+PR+HER2- metastatic breast 

cancer involving the right breast, lymph node, bones, liver and lung. Despite initial 

response to endocrine therapy in combination with the CDK4/6 inhibitor palbociclib, the 

patient progressed and was switched to capecitabine monotherapy. Over a 30-week 

period, the patient demonstrated increasing blood levels of tumor marker CA15-3, 

indicating progressive resistance to therapy. At week 4, an initial CTC determination 

yielded a CTC count of 8 per 7.5 mL and no CTC clusters. At week 24, a repeat CTC 

determination showed a CTC count of 1456 per 7.5 mL and 26 CTC clusters per 7.5 

mL. Strikingly, lactate dehydrogenase (LDH), a marker of tissue necrosis, also 

increased over the same period: 309 at week 4 to 963 at week 24 and 3727 U/L at week 

26, during inpatient admission for workup of abdominal pain, liver injury, and tumor 

lysis. Treatment course: (1) capecitabine, (2) in patient admission for liver injury and 

tumor lysis, (3) death. CA15.3, cancer antigen 15-3; LDH, serum lactate 

dehydrogenase. 

S10B) Dual energy scanning contrast tomography. Baseline scan obtained 1 month 

prior to first draw (CTC=8 per 7.5 mL). Follow-up scan obtained 1 week after second 

draw (CTC=1456 per 7.5 mL) during in hospital admission. Upper panels: contrast 

enhanced CT. Lower panels: iodine distribution. The right lobe liver metastasis (yellow 

outline) measured 3.1 cm at baseline with a maximum iodine concentration of 38 

µg/cm3 and an average of 19.2 µg/cm3 which grew to 4.7 cm on follow up 3 months 
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later and the maximum iodine concentration decreased to 32 µg/cm3 and the average 

to 14.2 µg/cm3. Lower iodine concentration is indicative of decreased perfusion and 

increased necrosis. 

S10C) Tandem-mass tag mass spectrometry of late versus early time points for low-to-

high CTC transitions (n=3 patient sample pairs). Volcano plot shows the plasma 

proteins enriched in high CTC samples with P-values less than 0.1. Metascape analysis 

of proteins reported by -log Q-value. Listed are proteins with 2-or-more fold-enrichment 

in high CTC samples. Necrosis-associated proteins highlighted in blue. 

S10D) Change in LDH between time points according to change in CTC abundance 

between time points. P-values determined by one-way ANOVA comparing against 10+ 

or more CTCs. 

S10E) Serum LDH in relation to CTCs per sample. N=39 patients, 93 blood samples. P-

values determined by one-way ANOVA comparing against 20+ CTCs.  

S10F) Serum LDH in relation to presence or absence of CTC clusters. N=39 patients, 

93 blood samples. P-values determined by Mann-Whitney test. 
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Chapter 3. RAT MODEL PROTOCOLS FOR BREAST CANCER METASTASIS 

RESEARCH 

3.1 ABSTRACT 

In vivo modeling using rodents is critical to study cancer metastasis. Although mice are a 

common tool to use to this end, when there is a need for large amount of blood or tissue, 

a larger rodent such as rats may be better suited. Rats can generate ten times more blood 

and three times more tumor tissue than mice. In addition, transplanting mouse tumor cells 

into rat host enables RNA-seq deconvolution to identify which transcripts were derived by 

tumor and which were derived by host. However, due to the large size of rats and the 

tumors they generate, there are considerations that need to be made when working with 

rats as model organisms. Here, we detail the orthotopic mammary fat pad transplantation 

method in rats as well as well as downstream tissue processing for RNA, DNA, and 

protein level analysis of these tissues. The orthotopic transplantation protocol in rats is 

adapted from the protocol for mice. Modifications include need of larger anesthesia 

chamber and nose cone, longer anesthesia time and isoflurane flow rate, larger incision, 

larger surgical site closer with a combination of staples and skin glue. In addition, handling 

of rats for tumor measurements and other post-surgery procedures may require two 

handlers. We also detail how to fix or snap freeze tissues for downstream applications 

such as immunohistochemistry, immunofluorescence, protein lysate (for western blots, 

ELISAs, or proteomics), and RNA extraction (for RT-qPCR or RNA-seq). Rat husbandry 

and care is a requirement to use this protocol. 
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3.2 INTRODUCTION 

Rodent models are a key tool to study breast cancer metastasis and identify potential 

therapeutics. Mouse models including genetically engineered mouse models (GEMMs) 

and transplantation models are common and essential tools to understand how breast 

tumors metastasize in live animals202–205. There are many advantages to using mouse 

models such as ease of handling, abundant resources, well-characterized GEMMs and 

breast tumor cell lines, and many research institutions having facilities and equipment for 

mouse care and procedures. However, there are certain disadvantages to mice as 

models for cancer metastasis including their small size. Some steps in the metastatic 

process such as intravasation and dissemination are rare, dynamic events which are 

difficult to capture206–211. One barrier to study circulating tumor cell (CTC) dissemination 

is the rarity of CTCs in model organisms which can be experimentally perturbed. For this 

reason, in Yamamoto et al. 2023, we used rats as a model system to study CTCs and 

cancer metastasis212. We found that about ten times more blood and over three times 

more tissue can be collected terminally from rats compared to mice212. In addition, 

transplanting mouse tumor cells into rats allows for xenograft deconvolution in which 

tumor derived transcripts can be differentiated from host derived transcripts, making it 

possible to understand which genes and being transcribed in the tumor or host stroma. 

For our purposes, these were major advantages to using rats to study breast cancer 

metastasis.  

However, mice and rats have key differences which are important for the context 

of studying breast cancer and mammary gland biology. For example, mice have 

mammary chains with five pairs of glands (three pairs in the cervicothoracic region and 
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two pairs in the inguinoabdominal regions) whereas rats have six (three in each region)213. 

In addition, the mammary ductal tree in adult non-lactating mice ends in blunt ductules 

and develops into terminal ductal lobular units (TDLUs) only during pregnancy. In rats, 

the ductal tree ends in TLDUs with alveolar development without pregnancy213,214. 

Further, the mammary stroma is mostly made up of adipose tissue with very little 

connective tissue in mice. In rats, there is an abundance of connective tissue along with 

adipose tissue around the TDLUs214. It is also worth mentioning that in these ways, rat 

mammary glands are more similar to human mammary glands. In humans, female ductal 

trees terminate in TLDUs with alveolar development at sexual maturity, not only during 

pregnancy and lactation. Humans also have mammary stroma containing both 

collagenous connective tissue and adipose tissue, similar to rats.  

Therefore, rats should not be thought of simply as larger mice; they are, after all, 

completely different species. However, this is not to say that the larger size of rats 

compared to mice does not play a significant role in experimental methods. Because of 

the larger size of the rat and the tissues generated in rat models, there are some 

alterations that should be made to mammary fat pad transplantations into rats as well as 

downstream blood and tissue processing. These differences should be carefully 

considered when adapting protocols to use rat models. Here, we detail important 

considerations and tips for using rats as transplantation models for breast cancer 

metastasis.  
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3.3 MAMMARY FAT PAD TRANSPLANTATION OF CELLS INTO RATS 

All rodent procedures and experiments must be approved by and performed in 

accordance to the institution-approved IACUC protocols and AAALAC guidelines and 

ethical regulations.  

 

Animals:  

For transplantation of mouse breast tumor cells into rats, we used the Sprague–Dawley 

Rag2/Il2rg double knockout (SRG) immunodeficient rat model developed by Hera Biolabs 

and available from Charles River (Strain #707). Like NSG mice, these rats lack T-cells, 

B-cells, and functional NK-cells. SRG rats have been demonstrated to have good take 

rates for patient derived xenograft (PDX) models as well as cancer cell lines including 

Vcap prostate cancer cell line215,216. In Yamamoto et al. 2023, we used the SRG rat model 

to transplant fluorescently labeled 4T1 mouse triple negative breast caner cell line with 

shRNA knockdowns212.  

 

Materials: 

Equipment:  

- Isoflurane chamber (larger size for rats)  

- Nose cone for rats  

- Bead sterilizer to sterilize surgical tools between animals 

- Heating pad for animal recovery 

Supplies & Reagents: 
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- Surgical tools: both small and larger tweezers + surgical scissors (small for mice, 

larger for rats)  

- PBS (-Ca2+, -Mg2+) in 50 mL conical  

- 70% Ethanol in 50 mL conical  

- Empty 50 mL conical for waste  

- Rack for holding 50 ml size tubes 

- Bupivicaine (or other analgesic on protocol) 

- 1mL syringes and needles (to withdraw bupivicaine) 

- Isoflurane  

- Surgical anesthesia forms (one per animal) 

- Ear tagger and tags 

- P200 Pipet to mix sample periodically 

- P200 pipet tips  

- 2.5% BSA to coat pipet before pipetting up and down  

- Lots of sterile cotton swabs 

- Hamilton syringe 702RN (7636-01), with custom needles 1” long and 26 gauge 

- Electric shaver and/or Nair (hair removal cream) 

- 3M wound tape  

- Wax surgery pads + pins  

- Sterile disposable surgery pads (1 per animal)  

- Triple antibiotic cream  

- Surgical stapler and surgical staples  

- 3M Vetbond skin glue (3M 1469c)  
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Procedure:  

Reference Figure 1 for this protocol.  

Adapted from Cheung et al. Cell 2013; Cheung et al. PNAS 201644,217 

1. Animal should be anesthetized by isoflurane inhalation (2.5% for mice) (up to 3.5% 

for rats) 

2. Place the mouse in the induction chamber for several minutes until it stops moving. 

To check for responsiveness, shake the chamber slightly. If the mouse moves, 

then wait longer. 

3. Transfer the animal to a surgical board with the snout in a nose cone connected to 

the isoflurane. Pinch the animal’s foot; if it doesn’t flinch, proceed. 

4. First tape (use 3M wound tape) the animal’s arms vertically upward rather than out 

to the side in order to maximize airflow. Tape the legs down. Be careful not to 

overextend limbs. Continue to monitor breathing to ensure it is steady but not 

forced.  

5. Shave the fur on the abdomen to remove excess fur.  

6. Clean surgical field 

2a. Clean surgical area with 70% ethanol using a sterile swab in a circular motion, 

starting in the center. Do not go over the same area twice with the same swab.  

2b. Repeat 2a but with 2% chlorhexidine.  

2c. Repeat 2a-b twice more for a total of three times. 

7. Make 5-10mm vertical incision with sterile surgical scissors (blunt side down) at 

the midline between T4 and T5 nipple. Do NOT penetrate into the abdominal 

cavity. You should be in the subcutaneous space. 
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8. Insert sterile cotton swab into incision to separate skin from the peritoneum. Do 

this only on the side if you are transplanting on one side. Repeat on the other side 

if transplanting both sides.   

9. Extend incision upward along the midline 2cm and at a 120-degree angle from the 

midline, between the T4 and T5 nipple (1cm). 

10. Pull skin back to expose T4 mammary gland and use a curved pin to pin skin back. 

Take care to pin away from the gland and to not puncture the peritoneum. Use 

sterile cotton swab to further separate skin from peritoneum if necessary. 

11. Use sterile tweezers to pull up on mammary fat pad and use a 20ul Hamilton 

Syringe (702RN) with 3 inch 26 gauge needle to inject 20ul cell suspension (in 1:1 

matrigel : DMEM/F12) into T4 mammary fat pad, bevel side up. Do not puncture 

through the mammary fat pad (tip of syringe should be inside fat pad during 

injection), and you should see a small dome of fluid you injected in the fat pad. 

12. Drop 2-3 drops (50-100μl) of 0.25% bupivacaine at injection site before closing. 

13. Close incision 

9a. Use surgical staples to close incision.  

9b. Use skin glue in areas that are difficult to staple. Take care not to glue the 

staples, as this will make it difficult to remove later. Wait at least 30 seconds for 

skin glue to dry.  

9c. Apply triple antibiotic ointment at incision using sterile cotton swab.  

14. Allow animals to recover in recovery cage on heating pad.  

15. Monitor animals according to your IACUC protocol.  
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Timing:  

This protocol will take about 20-30 minutes to set up, 10-20 minutes per rat for surgical 

procedure, and 20-30 mins for animal monitoring and cleanup.  

 

3.4 HARVEST INCLUDING TERMINAL CARDIAC BLOOD DRAW: 

As with cardiac blood draws in mice, terminal cardiac blood draws can be performed 

immediately after the animal has been euthanized or while the animal is under terminal, 

deep anesthesia, depending on your IACUC protocol and institution policies. We will note 

though that it is much easier and consistent to draw blood using deep anesthesia.  

 

The only big differences between cardiac blood draws in rats compared to mice are 1) 

the volume of blood that can be collected and 2) the needle and syringe to use.  

 

1. Whereas only 200 to 500μl of blood can be collected on a typical terminal cardiac 

puncture blood draw in mice, 3 to 10ml of blood can be collected from rats.  

2. Because of the larger blood volume, we recommend using a 10ml syringe to collect 

blood. We typically use a 20G needle on the 10ml syringe. Then, we transfer the blood to 

an appropriate blood collection tube (eg: EDTA tube, CellSave tubes, etc).  

 

Also note that although this harvest can be performed with one handler, it is much easier 

and efficient with an assistant.  

 

Timing:  
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End point of the transplantation experiment varies depending on cells transplanted, host 

rat strain, and the experiment. For transplanting 4T1 cells as small clusters of cells into 

immunocompromised SRG rats, the end point is around 24-27 days post-transplantation. 

For slower growing cell lines, it may take longer for tumors to grow and for metastases to 

seed and grow out.   

 

Procedure:  

All rodent procedures and experiments must be approved by and performed in 

accordance to the institution-approved IACUC protocols and AAALAS guidelines and 

ethical regulations.  

 

Equipment:  

- Isoflurane chamber (larger size for rats)   

- Nose cone for rats   

Supplies & Reagents:  

- 1000 U/mL Heparin 

- 10mL syringe with removable 20G 1in needle (BD 309644)  

- Surgical tools (scissors and two forceps) (bring extra forceps for assistant)  

- Blood collection tubes (Cellsave tubes for CTC collection (Menarini Silicon 

Biosystems 84000016)) or EDTA tubes for ctDNA 

- Wax dissection tray and pins  

- Disposable surgical pads  

- 3M wound tape  
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- Container with 10% NBF (neutralized formalin buffer) (Must fix in 10-20x tissue 

volume)  

- Container with 4% PFA (paraformaldehyde) (made fresh)  

- Cassettes (you need 1-5 per half tumor) for NBF fixation 

- Pencil to label cassettes  

- 1.5 ml tubes if snap freezing samples  

- Liquid nitrogen if snap freezing samples  

- Calipers  

- Scalpels  

- Isoflurane  

- Conical tubes for lungs  

- PBS for lungs  

- Sharpie  

- Stands for blood tubes, conical tubes, etc.  

- Paper and pen 

 

Protocol:  

1. Set up:  

a. Blue absorbent pad, wax dissection tray, and disposable surgical pad/sheet 

per animal.  

b. Surgical tools (does not need to be sterile) but cleaned with 70% ethanol 

then dried.  
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c. Heparin coated 10ml syringes. To coat, draw up 10ml of heparin from glass 

vial, allow heparin to coat syringe, and eject heparin back into vial. When 

you do this, if there is no pressure and the syringe is not drawing liquid up 

even though needle is firmly attached to the syringe, dispose of the syringe. 

It is rare, but about 1 in 50 or 1 in 100 syringes is bad and does not draw up 

fluid well. This means the syringe will not be good for blood draw either.  

d. Blood collection tubes with caps opened once and lid ajar (to make it easier 

to remove cap one-handed). Label blood tubes with rat IDs.  

2. Set up isoflurane chamber the same way from transplantation. Isoflurane should 

be around 3.5% for rats. Make sure rats are under deep anesthesia and that they 

never wake up from the anesthesia if performing a terminal blood draw using this 

method.  

3. Move rat to surgical board. Pinch toes to make sure they are asleep. Tape limbs 

down with 3M wound tape. Rat’s breathing should be slow, indicating rat is under 

deep anesthesia.  

a. Move precisely but quickly once rat is down so that rat is complete under 

deep anesthesia but is not under anesthesia for too long before blood draw 

as being under anesthesia for far too long may decrease yield of blood.  

4. Spray 70% ethanol on rat upper abdomen and rub into fur so fur stays down.  

5. Make an incision with surgical scissors right below the rib cage.  

6. Cut into the abdominal cavity.  
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7. Extend the incision 1.5cm or so (end to end) to the left and right of the initial 

incision. You will either see the diaphragm or the liver at this point. If you see liver, 

gently move it down so you see the diaphragm.  

8. Cut into the diaphragm and expose the lungs.  

a. MOVE VERY QUICKY BUT PRECISELY FROM THIS POINT ON.  

9. Carefully but quickly cut out rib cage, enough to expose the lungs and heart.  

10. Take a heparin coated 10ml syringe with 20G needle attached.  

11. With plunger almost all the way in, insert needle into the left ventricle of the heart. 

a. Be very careful not to puncture all the way through the heart.  

12. Draw up SLOWLY on the syringe to collect blood.  

13. If desired, you can take the needle out and put blood into the collection tube. Invert 

blood tube several times immediately after capping.  

a. If desired, go back into the heart to try to draw more blood  

b. If desired, puncture the right ventricle of the heart and repeat.  

c. Act quickly. As the animal’s blood pressure drops, it will be more difficult to 

draw blood.  

d. DO NOT puncture through the heart, and especially DO NOT allow needle 

to touch the lungs as the needle brushing up against metastasis can collect 

tumor cells into the blood (which are not circulating tumor cells).  

e. Invert blood tube several times after adding more blood to tube (have 

assistant invert tube)  

14. While rat is still under deep anesthesia, flip rat over to have back side up.  
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15. Swiftly but firmly perform cervical dislocation using sturdy forceps or scissors 

against the neck with one hand and pulling at the base of the tail with the other 

hand.   

16. After euthanasia by cervical dislocation is complete, you can turn the isoflurane 

open for the chamber and off for the nose cone.  

17. If collecting lungs and tumor, follow step 17.  

a. For lung, cut out and place in conical with PBS to image with stereoscope, 

or collect into fixative if there is no need for imaging before fixation.  

i. Fix Lungs with 10% NBF for 5 days at room temp, changing fixative 

out every day (for FFPE) OR fix in 4% PFA at 4°C for 24 hours (for 

OCT frozen blocks).  

b. For tumor, measure tumor with caliper before cutting it out, if desired.  

c. Cut tumor out using scissors and forceps.  

i. Measure weight of tumor (assistant can do)  

ii. Slice tumor in half if using for two different applications.  

iii. For FFPE: Slide into 5mm slices with scalpel along cross section 

from cutting in half, place in cassettes labeled with PENCIL, close, 

and place into container with 10% NBF. (Assistant can do this step)  

iv. For OCT, slice tumor if desired, place in cassettes labeled with 

pencil, close, and place into container with 4% PFA. You can put in 

PBS instead if you want to image tumors with stereoscope first, but 

you need to be FAST. If you have a lot of samples, we don’t 

recommend trying to image tumors with stereoscope. If you don’t 
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want to slice the tumors, place tissue directly into 50ml conical tubes 

with 4% PFA.  

v. Separating core and rim and snap freezing: scoop out inside mushy 

part with scissors, cut up into pieces and place into 2-3 separate 

1.5ml tubes (labeled) and put in liquid nitrogen. Repeat with rim after 

cleaning scissors with 70% ethanol. Try to cut into as small of pieces 

as possible while being quick so it’s easier to take out and take 

smaller pieces later.  Place small chunks of tumor into 1.5mL tube, 

cap the tube, and snap freeze with liquid nitrogen.  

18. Place animal carcass into carcass disposal bag.   

19. Repeat with other animals if needed.  

20. Clean up.  

 

Recommendations for blood draw:  

- We also highly recommend CellSave tubes for CTC visualization; however, 

CellSave tubes include a fixative which is not ideal for downstream RNA 

applications.  

- If using Ficoll separation for CTC enrichment, we recommend using Ficoll-Paque 

PLUS (density 1.077 g/mL) (Cytiva 17144003) for rat blood.  

 

3.5 LYSATES FOR DOWNSTREAM APPLICATION 

Because of intra-tumor heterogeneity, especially in large rat tumors, taking small portions 

of the tumor from one area for downstream analysis (sequencing, western blotting, etc.) 
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could lead to vastly different result every time. Therefore, it is important to homogenize 

the tumor samples before extracting RNA, DNA, or protein for downstream application. 

For snap frozen samples, this can be achieved by pulverizing tissues while maintaining 

samples in contact with liquid nitrogen.  

 

Method 1: 1.5mL tube as the mortar 

We used the SP Bel-Art Scienceware® Liquid Nitrogen Cooled Mini Mortar & Pestle Set 

(Thomas Scientific: 1220W95). The apparatus has a groove to fit a 1.5mL tube into 

(containing your snap frozen tissue) and space to pour liquid nitrogen into beneath it. It 

also includes a stainless-steel pestle which fits into 1.5mL tubes to pulverize the tissue.  

 

Materials:  

Equipment:  

- SP Bel-Art Scienceware® Liquid Nitrogen Cooled Mini Mortar & Pestle Set 

(Thomas Scientific: 1220W95) 

Supplies & Reagents: 

- Liquid nitrogen 

- Standard 1.5mL tubes (NOT round bottom)  

- 70% ethanol for cleaning  

- Forceps for picking up tissue  

- Scissors or scalpel  

- Dry ice  
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Protocol: 

1. Keep all samples on dry ice or liquid nitrogen at all times.  

2. Pour liquid nitrogen into the bottom, part of the Liquid Nitrogen Cooled Mini Mortar 

Pestle apparatus to the fill line.  

3. Place labeled 1.5mL tube into the slot for the 1.5mL tube in the center of the top 

part of the apparatus.   

4. Allow top part of the apparatus and 1.5mL tube to cool down with liquid nitrogen 

5. Take out a small piece (50-100mg) of tissue to pulverize (still frozen) and into the 

1.5mL tube cooling in the apparatus.  

6. Place 1.5mL tube with sample into the liquid nitrogen for at least a few seconds to 

cool it down as much as possible.  

7. In the meantime, also dip the pestle into the liquid nitrogen for at least a few 

seconds to cool it down, take it out of liquid nitrogen, spray 70% ethanol, and wipe 

down with clean Kim wipe to clean pestle quickly (before it warms back up).  

8. Fit pestle into the 1.5mL tube with sample. Push and twist the pestle to grind the 

sample up. The sample is small, so there may not be very much resistance. Be 

careful not to exert too much force, as this could result in the 1.5mL tube cracking.  

a. If sample was snap frozen in too big of pieces when initially frozen, cut the 

sample into smaller pieces before pulverizing. If tissue is too hard to cut, 

allow sample to slightly thaw on ice until soft enough to cut with scalpel or 

scissors.  

9. Cap the 1.5mL tube and put in liquid nitrogen again.  

10. Repeat if necessary.  
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a. If wanted, cool down in liquid nitrogen then invert one tube and tap in 

powdered tissue into another tube to combine tubes. Make sure pulverized 

tissue is very cold in liquid nitrogen (not just dry ice), as if tissue is too warm, 

it will not come out of the inverted tube.   

b. When repeating, make sure everything is chilled in liquid nitrogen.  

c. Make sure to refill the bottom of the apparatus with liquid nitrogen to 

maintain temperature.  

11. Clean pestle with 70% ethanol before moving onto next sample.  

 

Recommendations when using this method:  

- Pulverize small amounts of tissue that only fills the tip of the 1.5mL tube 

(approximately 50-100mg). Over filling the tube will make it difficult to pulverize the 

tissue. Over exerting pressure will crack the tube, resulting in losing tissue.  

- Make sure the liquid nitrogen compartment is filled to keep tissues cold at all times.  

- Dip pestle into liquid nitrogen to cool it to prevent tissue from melting and sticking 

to the pestle.  

- Keep all tissue in liquid nitrogen or dry ice while on queue.  

 

 

Alternative method:  

The advantage of using a system in which tissue can be pulverized directly inside a 1.5mL 

tube is that it reduced tissue loss in the grinding process. However, it is possible to use a 

traditional mortar and pestle by pouring a small amount of liquid nitrogen into the mortar, 
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adding the tissue, grinding, then pouring the ground up tissue in liquid nitrogen into a 

tube.  

 

Recommendations when using this method:  

- If using a traditional mortar and pestle method, be careful not to cap the tube before 

the liquid nitrogen evaporates.  

3.6 FORMALIN FIXATION FOR FORMALIN-FIXED PARAFFIN-EMBEDDED (FFPE) BLOCKS 

Because tumors generated with a rat host can get up to 4cm in diameter, extra 

precautions need to be taken when fixing tissue to embed in paraffin to not under-fix the 

tissue. Under-fixing tissue before embedding can cause tissue to fall apart when 

sectioning.  

 

Materials:  

Supplies & Reagents:  

- 10% Neutral Buffered Formalin (NBF) 

- Embedding cassette (Fisherbrand™ Histosette™ II Tissue Processing/Embedding 

Cassettes with Combination Lid and Base 15-182-701A)  

- Plastic or glass container  

Protocol:  

1. Slice tumors into 5-8mm thick sections with a scalpel before placing into an 

embedding cassette.  

2. Place sliced tissue into embedding cassette, close cassette, and place into 10% 

Neutral Buffered Formalin (NBF).  
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a. It is recommended that you use 10-20 times the volume of 10% NBF as the 

volume of tissue you are trying to fix.  

b. When fixing many samples at once, we place NBF in a large plastic or glass 

container and place FFPE embedding cassettes with tissue inside.  

c. Remember to label your cassettes with pencil or ethanol resistant label as 

you will be putting these tissues in 70% ethanol after fixation.  

3. For a rat or mouse mammary tumor 2-4cm in diameter sliced to 5-8mm thick, we 

recommend fixing for a total of 5 days in 4°C while rocking gently.  

4. We highly recommend changing out the NBF to fresh 10% NBF after 6 hours after 

start of fixation, again in ~18 hours, then every 24 hours after that.  

a. This gives the most consistent fixation for large tumor slices.  

b. Fixation conditions are different for different tissue/organs, so this may need 

to be adjusted depending on the tissue you are working with. 

5.  After fixation, wash with 70% ethanol twice and leave in ethanol for up to 48 hours 

before proceeding with paraffin embedding.  

3.7 BONUS PROTOCOL- ULTRASOUND-GUIDED INTRACARDIAC INJECTION IN RATS 

Intracardiac injections of tumor cells into the left ventricle of the heart can be a useful 

way to determine whether tumor cells are capable of seeding and growing out in organs 

other than lungs. While intracardiac injections of tumor cells into mice have been used 

for this reason, mice are small rodents. When studying tumor cell clusters, using small 

rodent model organisms like mice may risk health risks for the animals if clusters of cells 

clog capillaries. For this reason, a larger rodents model like rats are safer. Here, we 

describe an intracardiac injection method adapted for rats.  



 

 

132 

Materials:  

Equipment:  

- FUJIFILM Vevo 2100 Ultrasound machine & MX250S probe 

- Heating pad for animal recovery 

Reagents &Supplies 

- Isoflurane 

- Nair (or other hair removal product)  

- Applicator swab  

- Gauze  

- EasyTouch 27 gauge insulin syringe (Health Warehouse: EasyTouch Insulin 

Syringe 27 Gauge, .5cc, 1/2" - 100ct; MH827555) 

- Ultrasound gel in room  

- Tape  

- Cells for injection, on ice 

- Pipet and tips  

- Water 

- Extra cage for recovery 

 

Procedure:  

1. Turn on the computer and heating pad.  

2. Set Image Depth to 13, focus depth to the default setting, B-mode. If necessary, 

press invert.  



 

 

133 

3. Angle the machine and stages so that there is room to move up, down, left, right, 

forward, and backwards. Probe should be fixed above the stage.  

4. Touch the stage to make sure it is warming. The stage should be at around 40°C 

from the table, leaning towards you. This angle can/should be adjusted, but the 

angle is crucial to success.  

5. Place animal in the isoflurane chamber wait until animal is fully anesthetized. 

Pipet/mix cells during this time.  

6. Take animal and place on stage with the nose in the nose cone (with isoflurane). 

Tape animal’s limbs gently to the metal pads on the stage. Do not overextend 

limbs as this causes the position of the heart to change; in addition, over 

extension of limbs can lead to nerve damage in mice.  

7. Massage Nair onto mouse’s chest. Wait 1 min. Wipe off with gauze, then again 

with gauze with water. Make sure mouse is shaven and dry before next step.  

8. Apply ultrasound gel (about ¼ cup) to the animal’s chest, as it will melt down 

quickly. Apply continuously to avoid bubbles.  

9. Lower the probe onto animal’s chest area. Make sure that the probe is in the right 

place.  

Mistake #1: probe is too close to the animal and is compressing the 

ribcage and heart area. Pull back. 

Mistake #2: probe must be midline. 

10. Load syringe (usually for cell line, 100,000 cells in 100μl of PBS). Make sure 

there are no bubbles.  

11. From left to right, you should see the ribcage → left ventricle → right ventricle.  
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12. Steady your hand by resting wrist on stage. Needle will not show up on 

ultrasound unless lined up exactly. Move very slightly until you can see the 

needle on the ultrasound.  

13. Penetrate skin and heart with needle. You should see the needle in the left 

ventricle on the ultrasound. Inject. You can see some white “sparkles” when you 

are injecting into the heart.  

a. Then pull back up on the needle very slightly; if you draw back and get a 

little bit of blood, it probably means you were in the right place. If using 

Evans blue dye to practice, the mouse will become blue.  

b. If you entered the heart, you have one shot. Repeated attempts could lead 

to tumor in heart. 

c. If successful, mice recover quickly. If there is air embolus, mouse will die 

immediately.  

14. Keep your needle steady after penetrating heart, until you have fully injected the 

cells and have pulled out.  

15. Make sure you inject at a proper depth; even if the angle and location is correct, 

if the needle is at the incorrect depth, you may end up injecting into the heart wall 

rather than the left ventricle.  

16. Clean off ultrasound gel from animal and allow animal to recovery in heated 

recovery cage.  

17. Monitor animals according to your protocol.  
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3.8 DISCUSSION 

Here, we describe detailed protocols for using rats to model breast cancer metastasis 

with a transplantation system. There are a number of advantages to using rat hosts rather 

than mouse hosts to model breast cancer dissemination. These include similarities 

between rat and human mammary development as well as the large amount of blood and 

tissues that can be collected from rats compared to mice. For example, mice are too small 

and have too little blood volume to efficiently study circulating tumor cells (CTCs). 

However, there are few rat breast cancer models, and existing models are less well 

characterized. For this reason, in Yamamoto et al. 2023, we xeno-transplanted mouse 

mammary tumor cells into the mammary fat pad of immunocompromised rat hosts and 

collected 10 times more CTCs than from mice212.  

 

However, there are many considerations necessary to adapt a mouse protocol to rat 

protocols. Thus, we have described detailed protocols here for using rats to model breast 

cancer metastasis.  

 

We also recommend considering the following questions before switching to a rat 

transplantation model to study breast cancer metastasis: 

1. Will it be beneficial for you to use rats for your project?  

As mentioned above, using a rat model will generate more tissue, blood, and CTCs 

than with a mouse model. However, since rats cost more than mice, especially for 

immunocompromised strains, it should be carefully considered whether using a rat 

model will save effort and cost. If the project requires large amount of tissue, blood, 
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CTCs or requires serial bleeds, it may be beneficial to use rats. However, if the project 

requires immunocompetent hosts or genetic models, rats may not be the best choice. 

Since rats are larger and therefore requires higher drug dose, they also may not be 

the best choice when performing experiments with expensive drugs.  

2. Do you have the necessary housing and equipment?  

It is essential to make sure that the vivarium you have access to can appropriately 

house rats. In addition to larger cages and other housing needs, you may also need 

larger isoflurane chambers and nose cones.  

3. Will you have the skills necessary for the type of rat handling you need?  

Handling mice and rats are not the same. Rats are significantly larger and stronger. 

Therefore, scruffing a rat for tumor measurements or IP injections requires two hands; 

this means you will need two handlers in order to measure tumors or perform 

injections. There is also an option to use rodent restraint cones (Braintree Scientific 

DC200), but mammary tumor measurements are difficult with this method. Larger 

restraints are needed for tail vein injections or the rat can be put under anesthesia as 

long as rats are not put under anesthesia too frequently.  

4. Is your IACUC protocol approved for this?  

All rodent procedures and experiments must be approved by and performed in 

accordance to the institution-approved IACUC protocols and AAALAS guidelines and 

ethical regulations.  

 

In summary, the transplantation method detailed here provides step-by-step instructions 

on how to perform transplantation of cells into the mammary fat pad of rats and 
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intracardiac injection rats. In addition, the methods here describe collection and 

downstream processing methods for blood and tissue. These methods are valuable to 

efficiently study rare events in the process of breast cancer metastasis such as tumor cell 

dissemination.  
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3.9 CHAPTER 3 FIGURES 

Figure 1 
 

 
Figure 1: Orthotopic transplant protocol for rats 
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Figure 2 

 

Figure 2: Intracardiac injection protocol for rats 
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Chapter 4. CONCLUSIONS & FUTURE DIRECTIONS 

4.1 SUMMARY OF DOCTORAL WORK 

Metastasis, spreading of tumor cells to other tissues, is a major cause of death for cancer 

patients. A key step in metastasis is the dissemination of tumor cells into systemic 

circulation. Therefore, a long-standing question in the field is where tumor cells 

disseminate from. There is abundant research on tumor cell dissemination from the 

tumor-stromal border, or the edges of the tumor, where tumor cells can singly or 

collectively invade into local tissues and blood vessels. Counterintuitively, many tumor 

microenvironment conditions such as hypoxia, nutrient deficiency, recruitment of immune 

cells, and leaky blood vessels correlated with increased metastasis and poor patient 

prognosis are most prevalent in the tumor core. One hypothesis that reconcile these 

observations is that tumor dissemination can also occur from the tumor core.  

 

To study tumor dissemination in the context of breast cancer, I set out to collect and study 

circulating tumor cells (CTCs), in vivo. I soon realized that mouse models are far too small 

and have too little blood volume to study CTCs efficiently. However, there are very few 

rat breast cancer models, and existing models are less well characterized. For this 

reason, I developed a xenograft model where I transplanted mouse mammary tumor cells 

into the mammary fat pad of immunocompromised rat hosts and collected 10 times more 

single CTCs and CTC clusters than from mice. This new model created an unprecedented 

opportunity to interrogate the mechanism and dynamics of tumor cell dissemination.  
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The first question I asked with this model was “what is the temporal dynamics of CTC 

dissemination?” I discovered that tumor dissemination was temporally correlated with the 

emergence of necrosis in the tumor interior. These findings were corroborated by 

longitudinal study of CTC abundance and tissue necrosis markers in blood plasma from 

patients with metastatic breast cancer. Further, I observed that large, dilated blood 

vessels were located in the peri-necrotic regions (next to necrosis) of the tumor and that 

their increase was concurrent with the initiation of intratumoral necrosis and increase in 

CTC abundance.  

 

Due to the large tumor size in this rat model, I was able to macrodissect the necrotic core 

of the tumor and separate it from the viable tumor rim. As an additional advantage of this 

mouse-to-rat xenograft model, we were able to computationally deconvolute mouse 

(tumor)-derived transcripts from rat (host stroma) derived transcripts in a bulk RNA-seq 

experiment. We identified angiopoietin-like 7 (Angptl7) as a tumor-specific factor localized 

to the peri-necrotic zone. Functional in vivo studies knocking down Angptl7 showed that 

Angptl7 loss normalizes central necrosis, peri-necrotic dilated vessels, metastasis, and 

reduces circulating tumor cell counts to nearly zero. Mechanistically, Angptl7 promotes 

vascular permeability and supports vascular remodeling in the peri-necrotic zone. 

 

Taken together, I found that breast tumors actively produce factors controlling central 

necrosis formation and metastatic dissemination from the tumor core (Figure 1, 

Graphical Abstract). Tumor dissemination events are localized spatially to dilated peri-

necrotic vessels in the tumor interior and is functionally dependent on the expression of 
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a factor, Angptl7, produced by peri-necrotic tumor cells. These findings from my thesis 

work in breast cancer models provide strong evidence that the factors in the peri-necrotic 

zone in the center of the tumor regulate tumor cell dissemination and suggest that tumor 

dissemination originates from the tumor core. My results inform a new perspective on the 

mechanism of tumor dissemination and reveal a potential therapeutic target to disrupt it.   

 

 

 

 



 

 

143 

4.2 GRAPHICAL RESEARCH ABSTRACT 

 
 
Chapter 4 Figure 1: Graphical Research Abstract 

In a triple negative breast cancer model, in during normal tumor progression, circulating 

tumor cell (CTC) abundance increases acutely, late in disease progression. Concurrent 

with the increase in single CTCs and CTC clusters, central tumor necrosis, dilated blood 

vessels, and angiopoietin-like 7 (Angptl7) expression increases. When Angptl7 is 

suppressed, single CTCs, CTC clusters, lung metastases, tumor necrosis, and dilated 

blood vessels all dramatically decrease.  
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4.3 REMAINING QUESTIONS AND FUTURE DIRECTIONS 

What induces Angptl7 expression?  

In my dissertation work, I have shown that expression of a tumor-derived peri-necrotic 

secreted protein, Angptl7, regulates intratumoral necrosis, CTC dissemination, and 

metastasis. However, it is not known what induces Angptl7 expression in the first place. 

It is curious that Angptl7 is not highly expressed in 4T1 cells, a mouse triple negative 

breast cancer cell line, in vitro. In fact, Angptl7 is largely indetectable in vitro. This is true 

whether the cells are cultured 2D or 3D. However, when transplanted into mice or rats 

and tumors are allowed to grow out in vivo, peri-necrotic regions of 4T1 tumors have very 

high expression of Angptl7 which increases concurrently with tumor necrosis and 

circulating tumor cell (CTC) abundance. Therefore, it is likely that there are some features 

of in vivo tumors not present in in vitro culture that induce Angptl7 expression. Whether 

these features that induce Angptl7 expression in vivo is hypoxia, metabolic changes, 

tumor size, or a combination of several of these is unclear. Even outside of the context of 

breast cancer metastasis, what induces Angptl7 is not known. Understanding what 

induces and regulates the expression of Angptl7 is a critical step for using anti-Angptl7 

therapy to prevent or stop breast cancer metastasis.  

 

What is the mechanism of action of Angptl7?  

Although my dissertation work has shown that Angptl7 regulates tumor necrosis and 

leakiness of blood vessels, there is still a need to understand a more specific mechanism 

of action in the context of breast cancer metastasis. Determining cognate receptors for 
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Angptl7 in this context and downstream mechanism of action is an important future 

direction of my thesis work.  

 

Are there targetable features of metabolism in the tumor necrotic core?  

Altered metabolism is one possibility of what could induce Angptl7 expression and central 

tumor necrosis. In addition, there could be directly targetable features of metabolism in 

the tumor necrotic core for treating metastatic breast cancer. Analysis of difference in 

metabolites in the tumor necrotic core compared to the viable rim as well as changes in 

metabolites over tumor progression could shed light on novel targets to treat breast 

cancer with large regions of necrosis.  

 

Where do tumor cells disseminate from?  

In my thesis work, I have shown that the emergence of intratumoral necrosis temporally 

coincides with the increase in circulating tumor cell (CTC) dissemination, peri-necrotic 

expression of Angptl7, and dilated blood vessels in the peri-necrotic region. I have also 

shown that Angptl7, a tumor-derived, peri-necrotic secreted factor regulates tumor 

necrosis, CTC dissemination, metastasis, and blood vessel morphology and leakiness. 

These data show that the tumor interior contributes to and regulates tumor cell 

dissemination. I have also shown that there are intravasated emboli in dilated blood 

vessels in the peri-necrotic region of breast tumors. However, these data are only 

suggestive of tumor cells disseminating from the tumor interior. Intravital imaging with 

mice or rats with endogenously labeled blood vessels and whole tumor imaging using 
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light sheet microscopy of optically cleared tumors would add great value in identifying 

where tumor cells disseminate from.  

 

Do single CTCs and CTC clusters disseminate with the same mechanism?  

Furthermore, our lab has always been interested in collective metastasis and the 

differences between collective metastasis and single cell metastasis. It remains a future 

direction to determine whether the mechanism and route of tumor emboli and single 

tumors are similar.  

 

Can we develop a therapeutic antibody against Angptl7?  

I have shown that Angptl7 is therapeutic target for patients with metastatic breast cancer. 

It is a major future direction of the lab to develop therapeutics antibodies against 

ANGPTL7. In order to do this, we have generated Angptl7 antibody candidates using 

hybridomas. The next step is to develop a high throughput functional screening method 

to identify function-blocking antibody candidates to proceed with in vivo validation. 

 

Will combining anti-Angptl7 therapy and chemotherapy prevent metastasis?  

There are many traditional chemotherapy agents such as taxol which shrink tumor size 

but induce tumor necrosis and metastasis. It is possible that combining anti-Angptl7 

therapy with chemotherapies could shrink tumor size while preventing or reducing 

metastasis. A future direction is to first combine paclitaxel or other chemotherapy with 

shRNA suppression of Angptl7 in mice. When we identify promising anti-Angptl7 

antibodies, we can them combine antibody suppression of Angptl7 with chemotherapies.  
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How do we stratify patients who may benefit from anti-Angptl7 therapy?  

As seen in my thesis work, there are some metastatic breast cancer patient-derived 

xenograft (PDX) models that express high amounts of Angptl7, but many do not. In my 

studies, I found that triple negative breast cancer PDX models with high percentage of 

necrosis in the tumor tended to have high Angptl7 expression. However, this data needs 

to be expanded further with more PDX models as well as primary patient samples. 

Identifying trends in Angptl7 expression in patient tumor samples and PDX models could 

help to identify patients who may benefit from anti-Angptl7 therapy.  
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Hutch United Co-chair & Outreach Chair (Fred Hutchinson Cancer Center) (2018-

Current) 

- Planned and executed 20+ networking, mentoring, career panel, panel discussion, 

social, and informational events to promote the success and well-being of 

historically excluded or underrepresented scientists at Fred Hutch.  

- Liaison for the Seattle Central College Math, Engineering, Science Achievement 

(MESA) Program 

- Lead organizer for annual STEM Paths Innovation Network (SPIN) Girls (King 

County program for girls of color 8-10th grade to explore STEM careers) visit to 

Fred Hutch 

 

Lead lab-wide Diversity, Equity & Inclusion (DEI) Journal club (2020-current)  

- Initiated, planned, facilitated, and championed DEI journal club for the Cheung Lab 

every 2 months during lab meeting.  

 

Cellular & Molecular Biology Training Grant Retreat Planning Committee Lead 

(2019-2020) 

- Organized the annual retreat including student presentations, keynote, and alumni 

career panel. Coordinated the shift from in-person to virtual retreat in light of the 

pandemic, taking advantage of the virtual format to invite non-local alumni for the 

career panel.   

 

MCB Steering Committee Elected Student Representative (2018-2020) 

- Elected student representative in the MCB steering committee attended by MCB 

directors, former directors, department heads of affiliated programs, and MCB 

staff. 

 

MCB recruitment leader (2018-2021)  
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- Organize MCB recruitment. Significant organization, delegation, leadership, and 

communication skills are required. 

 

MCB Crosslinker co-founder & co-director (2017-2019) 

- Student-led, professional networking opportunity for graduate students, post-

docs, and faculty. Organized opportunities for trainees to receive mentorship 

from faculty outside of their field. 
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2020) 

 

 
Selected Technical Skills 
 
Preclinical/in vivo models (mouse & rat) • 2D cell culture • 3D organoid culture • Tumor 
organoid systems • Immunofluorescence • Immunohistochemistry • Confocal 
microscopy • Western blotting • qPCR • Image analysis (IMARIS, ImageJ, QuPath) • 
Basic histology • Assay development 
 

 
Other Skills & Competencies 

 

Excellent communication skills • Attention to detail • Project management • Scientific 

communication • Leadership • Team player • Strong time management skills • Ability to 

learn skills quickly • Mentorship • Public Speaking • Scientific presentations • Scientific 

communication (with non-scientists) • Educational outreach • Multitasking • Problem 

solving • Translational research • Breast cancer • Cancer metastasis • Facilitation of 

diversity, equity, and inclusion conversations • Native-level Japanese 


