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ABSTRACT 22 

Metastases are initiated by disseminated tumor cells (DTCs) that depart from the primary tumor 23 

and colonize target organs. Growing evidence suggests that the microenvironment of the primary tumor 24 

lesion primes DTCs to display dormant or proliferative fates in target organs. However, the manner in 25 

which events taking place in the primary tumor influence DTC fate, sometimes long after dissemination, 26 

remains poorly understood. With the advent of a novel intravital imaging technique called the Window for 27 

High-Resolution Intravital Imaging of the Lung (WHRIL), we have, for the first time, been able to study 28 

the live lung longitudinally and follow the fate of individual DTCs that spontaneously disseminate from 29 

orthotopic breast tumors. We find, across several models, a high rate of success for tumor cells to 30 

complete the initial steps of the metastatic cascade in the secondary site, including retention of DTCs in 31 

the lung vasculature, speed of extravasation, and survival after extravasation. Importantly, initiation of 32 

metastatic growth was controlled primarily by a rate-limiting step that occurred post-extravasation and at 33 

the stage of the conversion of single DTCs from a dormant to a proliferative state. Detailed analysis of 34 

these events revealed that, even before dissemination, a subset of macrophages within the primary tumor 35 

induces, in tumor cells that are about to disseminate, the expression of proteins that regulate a pro-36 

dissemination (MenaINV) and pro-dormancy (NR2F1) phenotype. Surprisingly, if cancer cells are 37 

intravenously injected, the rate limiting stages of MenaINV-associated extravasation, dormancy, and other 38 

parameters, are lost or altered in a way that impacts how DTCs progress through the metastatic cascade. 39 

Our work provides novel insight into how specific primary tumor microenvironments prime a 40 

subpopulation of cells for dissemination and dormancy. We also propose that dissecting mechanisms of 41 

metastasis, or testing anti-metastatic therapies, may yield results of limited application if derived from 42 

models that do not follow spontaneous dissemination.  43 

 44 

SIGNIFICANCE 45 

This study provides important insight into the contribution of primary tumor microenvironmental 46 

niches to cancer metastasis by identifying the manner in which these niches spawn subpopulations of 47 

DTCs that are primed for dissemination and dormancy in the secondary site. This study may provide 48 

novel targets that could be inhibited to prevent successful colonization of the secondary site and, hence, 49 

metastasis.  50 
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INTRODUCTION 51 

Metastasis causes approximately 90% of cancer-related mortality (1). It is the endpoint of a 52 

complex and dynamic cascade of steps in which tumor cells migrate within the primary tumor, intravasate, 53 

disseminate via the circulatory system, arrest at a secondary site, extravasate, survive, and finally re-54 

initiate growth to form secondary tumors (2). Most therapeutic interventions targeting metastasis are 55 

designed only to attack actively dividing tumor cells (i.e. those in the last step of this cascade; active 56 

growth) and do not block any of the intermediate steps. Understanding the mechanisms that regulate the 57 

ability of disseminated tumor cells (DTCs) to complete all steps of metastasis will reveal additional targets 58 

for novel anti-metastatic therapeutics (3). 59 

Since 1900, a number of studies have attempted to measure the fate of DTCs during the 60 

metastatic cascade using a variety of techniques. These include: histopathology of secondary sites such 61 

as the lung (4,5); radioactive labeling and fate-mapping of DTCs in mice (6,7); ex vivo visualization of 62 

DTCs in tissue explants (8); and in vivo visualization of DTCs in the Chick Chorioallantoic Membrane 63 

(CAM) (9,10) and in secondary sites in mice such as the liver (11), brain (12), and lung (13). However, 64 

the results of these studies remain contradictory, alternatively identifying tumor cell survival in the 65 

circulation (7,14), extravasation (15), and re-initiation of growth/initiation of dormancy (16,17) as rate 66 

limiting steps.  67 

Furthermore, the vast majority of these studies have relied on a technique called “experimental 68 

metastasis” (EM). EM is a process in which tumor cells are injected directly into the vasculature of mice 69 

(4) and is used in place of spontaneous metastasis (SM), where tumor cells in an orthotopic primary 70 

tumor stochastically progress through all of the steps of the metastatic cascade (4). EM assays assume 71 

that tumor cells injected as a bolus directly into the vasculature will have the same fate (and provide the 72 

same information on metastasis initiation) as do tumor cells which originate from within a primary tumor.  73 

However, a growing literature shows that the presence of a primary tumor can have a profound 74 

influence on metastatic outcome. For example, it has been determined that gene expression signatures 75 

in the primary tumor can provide information on the potential for metastatic relapse years after the primary 76 

tumor has been removed (18-20). Furthermore, specific primary tumor microenvironments, such as 77 

hypoxia, can prime those primary tumor cells that are destined to become DTCs to have divergent fates 78 

in target organs (21). Despite these advances, it is not known what influence the primary tumor has on 79 

the intermediate steps of the metastatic cascade in the secondary site.  80 

In the past, we, and others, have used high-resolution intravital imaging (IVI) to investigate the 81 

process of intravasation and dissemination in the primary tumor (22,23). To understand the influence the 82 

primary tumor has on spontaneously disseminating DTCs in the secondary site, we recently developed 83 

the implantable Window for High-Resolution Imaging of the Lung (WHRIL) (24). The WHRIL is the first 84 

method capable of providing a longitudinal view of the living lung at sub-cellular resolution over days to 85 

weeks. Here, we employed this tool to, for the first time, directly and longitudinally visualize the secondary 86 
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site with single-cell resolution IVI throughout the process of spontaneous metastasis in order to directly 87 

measure the primary tumor’s influence on the initial steps of the metastatic cascade in the secondary 88 

site.  89 
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RESULTS 90 

Real Time Observation of Tumor Cell Arrival to the Lung 91 

We began our investigation by generating models of spontaneous metastasis. For these studies, 92 

we specifically chose to use orthotopic injections of cancer cell lines, and not transgenic animal models 93 

of cancer, so as to be able adhere closely to earlier studies of metastasis which all used cancer cell lines 94 

(7,15-17,25,26). Specifically, we developed orthotopic primary breast tumors in mice using E0771 cells 95 

labeled with green fluorescent protein (E0771-GFP) and grown in syngeneic C57/B6 mice (Figure 1A, 96 

top) or, to ensure that the observed biological findings were generalizable, using human tumor cells 97 

(MDA-MB-231) labeled with GFP (231-GFP) grown in nude immunocompromised mice. To observe 98 

DTCs in the lung, we implanted WHRILs into tumor-bearing mice, and 24 hrs later, imaged them with 99 

intravital imaging (IVI) using multiphoton microscopy (Supplemental Movies 1 & 2), as previously 100 

described (24). Using this method, we were able to visualize both intravascular and extravascular tumor 101 

cells (Supplemental Figures 1A & B) and to observe the arrival of new DTCs to the lung vasculature in 102 

real time (Figure 1B, “Arrival”, top and bottom).  103 

Similar to observations made with vacuum-based imaging windows for the lung (13), we observed 104 

that tumor cells arriving to the lung vasculature completely fill the capillary lumen and exclude all blood 105 

serum (as indicated by IV-injected fluorescent dextran), suggesting that these cells are arrested due to 106 

physical restraint rather than active attachment. We did not find that tumor cells roll along the vasculature 107 

or otherwise migrate from their place of lodgment, as was previously observed in lung explants (8) or in 108 

zebrafish (27,28). We never observed tumor cells to proliferate intravascularly, as reported by Al-Mehdi 109 

et al. (8). We also never observed CTC clusters traversing capillaries as was observed in vitro by Au et 110 

al. (29). 111 

Since the progression of tumor cells through the metastatic cascade takes much longer than 8 112 

hrs, we posited that the fate of disseminated tumor cells could be followed by imaging the vasculature 113 

once every 8 hrs, using in vivo microcartography (24) to relocate the same cells and microvasculature 114 

during each imaging session. To rule out the possibility that tumor cells may migrate in or out of the field 115 

of view between imaging sessions, we analyzed our time-lapse images to assess the motility of 116 

spontaneously metastasizing tumor cells before and after extravasation. As can be seen in 117 

Supplemental Figures 1C Left & 1D Left, we never observed tumor cells migrating beyond a single 118 

field of view. In fact, tumor cells were largely immobile. Based on our measurements, we projected that 119 

the fastest cells would take, at a minimum, 69 hrs to move from the center of the field of view to its 120 

boundary (256 µm). Thus, we next undertook evaluations of the long-term fate of disseminated tumor 121 

cells by capturing a single image of the vasculature once every eight hours. 122 

 123 

Spontaneously Metastasizing Tumor Cells are Retained in the Lung Significantly Longer and in 124 

Higher Numbers Compared to Intravenously Injected Tumor Cells 125 
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To track the fate of each newly arriving DTC as it progresses through the metastatic cascade, we 126 

prepared mice using the same procedure described above and then directly visualized the lung 127 

vasculature to record the presence of any previously disseminated tumor cells (Figure 1A, Time Point 128 

“Pre”), or the empty vasculature (Figure 1B, Before Arrival). The location of each preexisting tumor 129 

cell was recorded and these locations excluded from further analysis, as their precise arrival time was 130 

unknown. After 8 hrs, we again imaged the vasculature using the WHRIL, and recorded the locations of 131 

all newly arrived DTCs. These images constitute t=0 (Figure 1A, Time Point 0 hrs) with cells arriving 132 

sometime between 0 and 8 hrs after the start of the experiment.  133 

We then imaged the lung vasculature every 8 hrs thereafter (Figure 1A, Time Points 8 through 134 

64 hrs), using microcartography to predict to the same location for each time point. This location was 135 

verified by visual inspection of the unique architecture of the microvasculature. The fate of each tumor 136 

cell was determined as described in Figure 1B, which depicts the lung vasculature before the arrival of 137 

a tumor cell (Figure 1B, “Before Arrival”, top and bottom), the lodged tumor cell upon arrival (Figure 138 

1B, “Arrival”, top and bottom), and finally the fate of the tumor cell as either death or recirculation within 139 

the vasculature (Figure 1B, “Fate”, top), or extravasation (Figure 1B, “Fate”, bottom).  140 

With this methodology, we determined the arrival and subsequent disappearance or extravasation 141 

of tumor cells within 8 hr time frames. Unexpectedly, we found that, after an initial modest decline, most 142 

E0771-GFP tumor cells (>70%) were retained in the lung for the entire experimental period (Figure 1C, 143 

blue curve). Though, we observed a greater initial decline in the 231-GFP model, the number of tumor 144 

cells retained in the lung also persisted in this model, so that more than 35% remained after 64 hrs 145 

(Supplemental Figure 2A, blue curve). This was in stark contrast to previous reports where it was 146 

observed that DTCs would die off and be rapidly cleared from the tissue (7,25,30-32). To eliminate the 147 

use of the WHRIL as a contributing variable, we sought to repeat these experiments with the same 148 

experimental metastasis model used in the prior publications.  149 

After repeating our time lapse imaging validation experiments to ensure that EM cells cannot 150 

migrate out of a field of view within 8 hours (Supplemental Figures 1C Right & 1D Right), we 151 

established a comparable method for tracking DTCs within the experimental metastasis model. We 152 

implanted WHRILs into mice and then 24 hrs later, we injected the same tumor cells into their tail veins 153 

(E0771-GFP in syngeneic C57/B6 or 231-GFP in nude mice). We then immediately began imaging the 154 

vasculature under the WHRIL. These images thus constitute t=0 for the EM model (Figure 1A, bottom, 155 

Time Point 0 hrs). We found that, as we had initially expected, E0771-GFP EM tumor cells were rapidly 156 

cleared from the lung, with a 50% drop within the first 16 hrs, and a steady decline thereafter, leaving 157 

only ~4% after 64 hrs (Figure 1C, red curve). This represents a 10-fold increase in tumor cell retention 158 

of SM compared to EM tumor cells.  159 

Consistently, we observed that the number of 231-GFP EM tumor cells also rapidly declined to 160 

40% within the first 16 hrs, and then continued to decline steadily until less than 2% remained at 64 hrs 161 
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post-injection (Supplemental Figure 2A, red curve). Although, the difference between EM and SM in 162 

this model was not as large as in the syngeneic model, the difference between the two models persisted 163 

and remained significant, confirming that disseminating tumor cells that originate in a primary tumor are 164 

retained longer and in higher numbers within the secondary site of the lung. 165 

 166 

Spontaneously Metastasizing Tumor Cells Extravasate More Quickly than Intravenously Injected 167 

Tumor Cells 168 

It has been hypothesized that extravasation is a major rate-limiting step in metastasis because 169 

tumor cells are killed by the mechanical trauma that they are subjected to in the circulatory system 170 

(33,34), and when tumor cells are able to extravasate quickly, they metastasize more efficiently (5). We 171 

therefore posited that the increased rate of retention of SM cells is due to a better ability to extravasate. 172 

To test this, we used the WHRIL to analyze the number of tumor cells that extravasated within the 173 

experimental time period (between 0 and 64 hrs). While only 19% of EM cells were able to extravasate, 174 

a significantly greater proportion of SM cells (64%) was able to extravasate during the same time period 175 

after arrival to the lung (Figure 1D). Interestingly, while we did observe a slight increase in the ability of 176 

SM cells to extravasate in the 231-GFP model, this was not statistically different from EM cells 177 

(Supplemental Figure 2B). 178 

The observation that syngeneic SM cells extravasate more efficiently prompted us to evaluate 179 

how long individual tumor cells arriving in the lung take to cross the vascular endothelium. We therefore 180 

imaged SM and EM cells every 8 hrs after their arrival under the WHRIL and observed no EM cells to 181 

extravasate between 0 and 8 hrs after intravenous (iv) injection. The distribution of extravasation times 182 

was wide with many cells taking as long as 40-48 hrs to cross the endothelium (Figure 1E, red bars) 183 

with the average time of extravasation being 28 ± 4 hrs. In contrast, we found that a much larger 184 

proportion of SM cells was able to cross the endothelium quickly, with ~50% doing so within 0-8 hrs from 185 

the time of first arrival to the lung vasculature (Figure 1E, blue bars). By 24 hrs, the vast majority of SM 186 

tumor cells had extravasated. Moreover, the average time of extravasation for SM cells was nearly half 187 

that for EM cells (12 ± 1.9 hrs, Figure 1E). Similar observations were made with 231-GFP cells, where 188 

only ~30% of EM tumor cells extravasated within the 0-8 hr period while ~80% of the SM cells 189 

extravasated in the same period (Supplemental Figure 2C). While the distribution of extravasation times 190 

was not as wide for the EM 231-GFP cells as was observed for the EM E0771-GFP cells, the difference 191 

in means persisted with EM cells extravasating on average at 11±1.0 hrs vs. 6±0.8 hrs for SM cells. 192 

These data demonstrate that disseminating tumor cells that originate in a primary tumor extravasate 193 

much more quickly than intravenously injected tumor cells. 194 

 195 

Expression of MenaINV Confers Early Extravasation Competency to Disseminated Tumor Cells 196 
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Our previous studies (35-37) showed that expression of alternative splice variants of the actin 197 

regulatory protein, Mena, confer dramatically different metastatic phenotypes to tumor cells (38). 198 

Expression of the isoform, Mena11a, is associated with an epithelial, non-metastatic phenotype. 199 

Meanwhile MenaINV, an isoform not expressed in tumor cells cultured in vitro, but induced upon contact 200 

with macrophages, enhances tumor cell migration and transendothelial migration during intravasation 201 

within the primary tumor (35-37).  202 

Therefore, we hypothesized that MenaINV expression could play a similar role during extravasation 203 

at the secondary site by conferring to tumor cells the ability to cross the endothelium quickly. As a 204 

preliminary test, we took tissue sections from the lungs of the EM and SM models and stained them for 205 

GFP (to identify tumor cells), MenaINV, endomucin (to identify the vasculature), and DAPI (to identify all 206 

nuclei) (Figure 1F). We found a ~25-fold increase (49% vs. 2%) in the percentage of SM tumor cells 207 

expressing MenaINV, compared to EM cells (Figure 1G). In the 231-GFP model, the percent of cells 208 

expressing MenaINV was ~4 times higher (48% vs. 13%) for SM compared to EM cells (Supplemental 209 

Figure 2D&E). This shows that Mena isoform expression in tumor cells retained in the lungs is 210 

significantly different between SM and EM cells. 211 

To determine whether the expression of MenaINV directly confers the ability to extravasate early 212 

(within 8 hr of arrival in the lung vasculature), we performed gain- and loss-of-function experiments using 213 

two genetically modified 231-GFP cell lines: one that overexpresses MenaINV (231-GFP-MenaINV) and 214 

one that overexpresses Mena11a but does not express MenaINV at all (231-GFP-Mena11a) (39) (Figure 215 

1H). Using these two cell lines, we performed the experimental metastasis assay and tracked the number 216 

of tumor cells that had extravasated after 8 hr (Figure 1I). Over 50% of the 231-GFP-MenaINV cells that 217 

arrived under the WHRIL extravasated within the first 8 hr post-injection while, lack of MenaINV expression 218 

almost completely abrogated tumor cell extravasation within this time-period (Figure 1J). This resulted 219 

in a nearly 30-fold increase in early extravasation of MenaINV (54%) compared to Mena 11a (2%) 220 

expressing cells. These data show that the selective expression of MenaINV is a requirement for early 221 

extravasation of DTCs into secondary sites. 222 

 223 

Spontaneously Metastasizing Tumor Cells Survive Significantly Longer at the Secondary Site 224 

Compared to Intravenously Injected Tumor Cells 225 

It is generally accepted that after extravasation into the lungs, only a very small percentage of 226 

tumor cells survives (40). Given the differences between SM and EM observed thus far, we aimed to test 227 

whether the presence of the primary tumor influences tumor cell survival after extravasation in the lung. 228 

Thus, we imaged the lung vasculature in the SM and EM models, as described in Figure 1A, every eight 229 

hours for five days (120 hrs total) to track each individual tumor cell longitudinally. There were three 230 

possible outcomes for disseminated tumor cells: they died (Figure 2A, left), evidenced by the presence 231 

of GFP+ cellular debris in the parenchyma, as was previously observed by Kienast et al. (12) (Figure 232 
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2A, left, yellow arrow); they survived in the lung parenchyma as single cells (Figure 2A, middle); or 233 

they grew into micro-metastases (Figure 2A, right). 234 

We found that a large majority (72%) of EM cells died shortly after extravasation, with a 28% 235 

survival rate at 64 hrs. Of these, 20% remained as single cells at 64 hrs post-injection and 8% began to 236 

form micro-metastasis (Figure 2B left, red bars). When followed out to five days, the number of EM cells 237 

that died grew slightly to 80% while the number that remained as single cells nearly halved (12%) (Figure 238 

2B right, red bars). The 8% of cells that had started to grow remained constant over this longer period. 239 

In contrast, by 64 hrs after extravasation, the vast majority of SM cells (90%) survived as single and 240 

solitary tumor cells and only a small percentage (6%) died. Of the surviving cells, only a small subset 241 

formed micro-metastasis (4%) during this time period (Figure 2B left, blue bars). The number of SM 242 

cells that died increased only slightly (from 6 to 8%) by five days, due solely to the death of single, non-243 

dividing cells (going from 90 to 88%). The number of growing SM cells was unchanged between the two 244 

time points (Figure 2B right, blue bars). Similar observations were made with 231-GFP cells 245 

(Supplemental Figure 2F). These data demonstrate that disseminated tumor cells originating in a 246 

primary tumor have a drastically increased ability to extravasate, then seed and successfully survive in 247 

the lung parenchyma compared to intravenously injected tumor cells. 248 

 249 

Spontaneously Metastasizing Tumor Cells Enter Dormancy More Frequently Than Intravenously 250 

Injected Tumor Cells 251 

The observation that the vast majority of SM cells survive as single and solitary cells, without 252 

dying or proliferating during the first five days of their residency in the lung, suggested that they may have 253 

become dormant. This is consistent with earlier studies using EM to disseminate tumor cells in the CAM 254 

(41,42), liver (42), and lung (17). However, in these studies, the dormant state of the tumor cells was only 255 

determined using rudimentary assessments (absence of division, Ki-67 expression). This prompted us to 256 

assess if the solitary DTCs we found in the SM model are also in a dormant state using more recently 257 

discovered markers. One of the best molecular markers of dormancy is the orphan nuclear receptor 258 

NR2F1 (41,42), a member of the of the retinoic acid receptor family (42) that has been shown to be a 259 

marker for cancer dormancy in pre-clinical models and cancer patients, as well to be an independent 260 

prognostic indicator for time-to-distant-recurrence in breast cancer patients (41). Furthermore, NR2F1 261 

has been shown to regulate tumor dormancy in different mouse models, including breast cancer 262 

(20,21,42,43).  263 

In tissue and blood samples from both metastasis models, we could find single tumor cells (GFP+) 264 

that expressed nuclear NR2F1 (Figure 3A). We found that in lung tissues, the frequency of disseminated 265 

tumor cells expressing nuclear NR2F1 was upregulated ~3-fold in SM cells when compared to EM cells 266 

(53% vs. 18%) (Figure 3B, “Lung” columns), suggesting that a significantly greater proportion of 267 

spontaneously disseminated tumor cells enter dormancy. We also observed numerous instances of 268 
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NR2F1-positive tumor cells located inside the lung vasculature (Supplemental Figure 3). This raised 269 

the question of whether SM tumor cell dormancy was initiated after arrival to the lung vasculature, or if it 270 

occurred within the primary tumor, as we previously showed happens under hypoxic conditions (21). We 271 

therefore quantified NRF21+ cells in primary tumor tissues and circulating tumor cells (CTCs) from the 272 

SM model (Figure 3A, Supplemental Figure 4A). Only a very small percentage (~3%) of primary tumor 273 

cells were positive for NR2F1 (Figure 3B, “Primary Tumor” bar), consistent with data from head and 274 

neck squamous cell carcinoma (HNSCC) PDX models (21) and the mouse mammary tumor virus-275 

polyoma virus middle T antigen (MMTV-PyMT) model (21). Despite there being only a small number of 276 

NR2F1-positive primary tumor cells, we observed that ~50% of CTCs were NR2F1-positive (Figure 3B, 277 

“CTCs” bar), suggesting that tumor cells are programmed for dormancy either before they intravasate 278 

(since acquisition can occur in hypoxic microenvironments (21)) or during intravasation. This represents 279 

a very significant enrichment (~17-fold) upon intravasation. Given the short residence time of the cells in 280 

the vasculature as CTCs, it is unlikely this enrichment is due to the death of non-dormant cells within 281 

circulation. This high level of NR2F1 DTC positivity was also found inside of the lung tissue (Figure 3B, 282 

left “Lung” bar). Importantly, we did not observe a difference between the percentage of NR2F1-positive 283 

cells present in vitro, before injection, and the fraction of EM cells observed in the lung three days post 284 

injection (Figure 3B, right, “in vitro” & “Lung” bars), suggesting that expression of NR2F1 is not 285 

influenced by passage through the blood. Similar observations were made with 231-GFP cells 286 

(Supplemental Figure 4B), though the percentage of NR2F1 cells within the SM lung was significantly 287 

lower than in the CTCs. Overall, these data show that a larger proportion of tumor cells that originate in 288 

a primary tumor and arrive to the lungs are dormant compared to intravenously injected tumor cells. 289 

  290 

Spontaneously Metastasizing Tumor Cells Are More Frequently Positive for Both Dormancy and 291 

Stem-like Markers Compared to Intravenously Injected Tumor Cells 292 

Recently, it was shown that NR2F1 in tumor cells coordinates the expression of other genes (e.g. 293 

SOX9, SOX2, and NANOG (44)) that are found in self-renewing embryonic stem cells and that can 294 

themselves coordinate quiescence (42). In particular, it was discovered that NR2F1 binds directly to the 295 

promoter of SOX9 to regulate SOX9 expression in tumor cells, resulting in dormancy and growth arrest 296 

(45). Furthermore, it was observed that SOX2 mRNA is significantly upregulated in dormant tumor cells 297 

(42). Based on these observations, we hypothesized that tumor cells originating in a primary tumor may 298 

take on a more stem-like phenotype compared to intravenously injected tumor cells as part of the 299 

dormancy program that is induced in the primary tumor. 300 

To address this, lung tissue sections from EM and SM models, primary tumor tissues, and CTCs 301 

from the SM model, were stained for SOX9 (Figure 3C). The expression of SOX9 in SM cells in the lung 302 

was ~4-fold higher when compared to EM cells (40% vs. 11%, Figure 3D). As with NR2F1, we found 303 

only a small population (~4%) of SOX9High cells in the primary tumor (Figure 3D, “Primary Tumor" bar), 304 
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but a dramatic enrichment of SOX9High CTCs (~40%, a 10-fold increase, Figure 3D, “CTCs" bar), 305 

suggesting that tumor cells are programmed for stemness in the primary tumor, before, or during 306 

intravasation. Again, we did not observe a difference between the percentage of SOX9High cells in vitro 307 

and the fraction of EM cells in the lung (Figure 3B, right, “in vitro” & “Lung” bars), suggesting that 308 

induction of a stem-like program does not occur in the blood. Similar observations were made with 231-309 

GFP cells (Supplemental Figure 4C&D). 310 

Given the mechanistic link between NR2F1 and SOX9 expression (42), we determined whether 311 

disseminated tumor cells co-express NR2F1 and SOX9, which would result in both quiescence and self-312 

renewal (a stem-like program such as exists in adult quiescent stem cells). Lung tissue from EM and SM 313 

models, primary tumor tissues, and CTCs from the SM model were stained for GFP, NR2F1, SOX9, and 314 

DAPI (Figure 3E & Supplemental Figure 4E). In the primary tumor, we observed only a small population 315 

(~4%) that co-expressed NR2F1 and SOX9. However, SM cells were enriched for double positive CTCs 316 

and DTCs in the lung compared EM cells (37% vs. 1%, Figure 3F). Similar observations were made with 317 

231-GFP cells (Supplemental Figure 4F). Overall, these data show that SM tumor cells become 318 

progressively more enriched in dormancy and stem-like phenotypes as they disseminate from the primary 319 

tumor to the lung. 320 

 321 

Dormant Tumor Cells Are Preferentially Associated with TMEM Doorways in the Primary Tumor 322 

Given the dramatic increase in dormancy markers as tumor cells move from the primary tumor 323 

into the vasculature, we hypothesized that the dormancy program may be activated near to, or at, 324 

intravasation sites. Our prior work (46-50) has shown that tumor cells intravasate through cellular 325 

doorways in the vasculature called tumor microenvironment of metastasis (TMEM) doorways. This stable 326 

triple cell complex is composed of a MenaHigh tumor cell, a Tie2High macrophage, and a blood vessel 327 

endothelial cell, all in direct physical contact. We have shown that TMEM are the sole sites of breast 328 

cancer cell intravasation (51) and we have clinically validated the density of TMEM doorways as a 329 

prognostic marker for metastatic recurrence in breast cancer patients (50). Thus, programming for 330 

dormancy might be induced as migratory tumor cells approach, interact with, or reside in the vicinity of 331 

TMEM doorways. 332 

Serial sections of primary breast tumor tissues were stained for TMEM doorways using a triple 333 

immunohistochemical stain (48,50) (Figure 4A, left and insets) or for GFP (to identify tumor cells), 334 

NR2F1, and DAPI. Using digital whole slide scanning and tissue alignment software (see Methods), we 335 

were able to co-register the two slides down to the single-cell level and measure the relative distance 336 

from each NR2F1-positive tumor cell to the nearest TMEM doorway. Analysis of these distances revealed 337 

an ~2.5-fold enrichment of NR2F1-positive tumor cells near TMEM doorways (0-80 µm), compared to 338 

tumor cells farther away (160-200 µm) (Figure 4B). Interestingly, NR2F1-positive tumor cell enrichment 339 

was specifically associated with TMEM doorways, as we did not find any enrichment around blood 340 
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vessels lacking these structures (Figure 4C). These data indicate that tumor cells within the primary 341 

tumor, and in close proximity to TMEM doorways, upregulate dormancy.  342 

 343 

Macrophages Regulate Dormancy in Disseminating Tumor Cells 344 

To determine if tumor cell-macrophage interactions around TMEM induce tumor cell NR2F1-345 

positivity, we fixed primary tumor tissues and studied the spatial distribution of dormant tumor cells 346 

relative to macrophages (Figure 5A). We observed an ~2-fold enrichment of NR2F1-positive tumor cells 347 

in close proximity (0-40 µm) to macrophages in primary tumors. We also showed that NR2F1 expression 348 

is significantly increased in tumor cells co-cultured with macrophages compared to tumor cells cultured 349 

alone (48% vs. 11%), or co-cultured with endothelial cells (16% vs. 11%) (Figure 5C&D). When co-350 

cultured cells were separated by a porous membrane, we observed a similar increase in tumor cell 351 

NR2F1 expression in the presence of macrophages, indicating that soluble factors are responsible for 352 

the induction of NR2F1 (Supplemental Figure 5A&B). 353 

Finally, we treated tumor-bearing mice (SM model) with control liposomes or clodronate 354 

liposomes to systematically deplete them of macrophages (52). Clodronate treatment led to significant 355 

macrophage depletion (~40%) in primary tumor tissues (Figure 5E&F, Supplemental Figure 5C&D). 356 

We then determined the percentage of NR2F1-positive tumor cells in CTCs and lung tissues from an 357 

E0771-GFP SM model (Figure 5G). We found that, while the overall number of disseminated tumor cells 358 

is reduced in clodronate liposome treated animals (36,47,53), of the cells that do disseminate, there is a 359 

significant reduction in the fraction that are positive for NR2F1 in CTCs and in disseminated tumor cells 360 

found in the lungs, as well as in the primary tumor, compared to control animals (Figure 5H). Similar 361 

observations were made with 231-GFP cells (Supplemental Figure 5E&F). We therefore conclude that 362 

tumor associated macrophages play an important role in activating dormancy in disseminating tumor 363 

cells. 364 

DISCUSSION 365 

Over the past decades, several studies have attempted to measure the fate of DTCs in secondary 366 

sites. These studies have inconsistently identified which steps are rate limiting in the metastatic cascade. 367 

In fact, almost all steps of metastasis have been identified, including intravasation, tumor cell survival in 368 

the circulation (7,14), extravasation (15), and re-initiation of growth/initiation of dormancy (16,17).  369 

Studying the fate of individual DTCs in an intact organ such as the lung has been a major 370 

challenge for metastasis research because, until recently, it has not been possible to follow individual 371 

DTCs in the lung over time. Imaging techniques capable of viewing live lung tissue more than once (e.g. 372 

MRI, PET, CT) suffer from low resolution and are unable to visualize individual cells, while high resolution 373 

techniques only work on excised tissues and are thus limited to single time-point snapshots.  374 
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The result of these limitations is that it has been impossible to determine when spontaneously 375 

disseminated tumor cells had arrived to the organ, and for how long they had resided there. To overcome 376 

this limitation many studies have relied on the experimental metastasis (EM) assay where tumor cells are 377 

injected directly into the vasculature.  378 

As revealed in our work, a major caveat of the EM assay is the implicit assumption that the 379 

processes of education that disseminating tumor cells undergo within the primary lesion are of marginal 380 

importance for DTC fate, and that cancer cells injected as a bolus directly into the vasculature are 381 

identical in their ability to progress through the metastatic cascade. 382 

However, it is becoming increasingly clear that the primary tumor plays an important role in 383 

determining DTC fate. For example, it is possible to find gene signatures within the primary tumor that 384 

indicate whether tumor cells are likely to disseminate (54), and if they are likely to grow into metastases 385 

(55), even long after dissemination (19,20). The primary tumor can also create systemic effects, preparing 386 

pre-metastatic niches in secondary sites (56) or influencing the reaction of the immune system to 387 

disseminated tumor cells (57). In addition to these effects, we recently determined that intratumoral 388 

microenvironments can activate programs of dormancy in DTCs (21) which may be the mechanism for 389 

therapy evasion and late recurrence in patients.  390 

This is in accord with our observation that tumor cells that spontaneously disseminate from 391 

primary tumors remain in the lung for extended periods of time compared to those that are injected directly 392 

into the vasculature, suggesting that the primary tumor plays a protective role for these cells.  393 

It was previously proposed that the harsh conditions of the circulatory system lead to tumor cell 394 

destruction (33), and that metastatic seeding is more likely to occur in areas with low perfusion (27). 395 

Consistent with this, we found that the survival advantage of spontaneously metastasizing (SM) cells 396 

over injected cells may be connected to their ability to extravasate into the lung parenchyma faster, 397 

resulting in a decreased time-from-arrival-to-extravasation and a shorter exposure to the circulatory 398 

system. Furthermore, our observation that a greater percentage of SM cells was able to extravasate in a 399 

syngeneic mouse model compared to an immunocompromised mouse model could be due to the immune 400 

system. While it not been shown that B and T cells influence DTC clearance from the lung vasculature, 401 

it has been shown that NK cells play a critical role in preventing tumor cell retention in the lung (58) (59) 402 

(5). Several studies demonstrated that the activity of NK cells is higher in nude mice compared to C57B6 403 

mice (60) (61). It was furthermore shown that there is a difference in NK cell reactivity between nude and 404 

C57B6 mice with nude mice having much higher levels (60,62,63). Therefore, we argue that the observed 405 

increased clearance in the MD-MBA-231-eGFP SM model is likely due to a higher activity of NK cells in 406 

nude mice compared to C57B6 mice. This is an avenue that requires further investigation. Additionally, 407 

clearance of EM tumor cells from the vasculature was not a result of an immune reaction to GFP because 408 

an immune reaction would be expected to affect both EM and SM models equally, and it has been 409 

previously shown that GFP produces no detectable in vivo immune responses in C57B6 mice (64). Taken 410 
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together, these observations indicate that neither destruction in the circulation nor extravasation are 411 

major limiting steps for disseminating tumor cells originating in a primary tumor.  412 

Through gain- and loss-of-function experiments, we showed that MenaINV, an isoform of the actin 413 

regulatory protein Mena involved in cell motility and chemotaxis (38), is one important factor in the 414 

decreased time-to-extravasation of SM cells compared to EM cells. We previously showed that 415 

expression of MenaINV drives invadopodium assembly and function (35), and is required for trans-416 

endothelial migration within the primary tumor (65), and that the expression of MenaINV persists in the 417 

primary tumor, CTCs, and DTCs in the lung (66). Our current work thus indicates that MenaINV is a 418 

common molecular pathway, important for many of the steps of metastasis including invasion, 419 

intravasation, and now extravasation (Figure 6). While further studies will be required to elucidate the 420 

exact mechanism of MenaINV induction, our prior work indicates that induction involves Notch mediated 421 

signaling resulting from macrophage-tumor cell contact in the primary tumor (35,67). 422 

After extravasation, a tumor cell must survive at a secondary site in order to form metastases. In 423 

agreement with other real-time imaging studies (12), we found that a minority of EM injected tumor cells 424 

survive in the lung, and only a small fraction of these give rise to micro-metastases within the time frame 425 

of our experiments. Though we did not observe a statistically significant difference in the number of cells 426 

that eventually progressed to micro-metastases in the EM and SM models, we found that the vast majority 427 

of SM cells do survive in the lung as solitary tumor cells, suggesting that they may be in a dormant state. 428 

We confirmed this by staining DTCs for NR2F1, a well-established marker for dormancy used in different 429 

pre-clinical models (20,21,42,43) as well as in the clinic for breast and prostate cancer patients (41). The 430 

co-expression of NR2F1 (a dormancy marker) and SOX9 (a dormancy and cancer stem cell marker) in 431 

SM tumor cells suggests that these dormant cancer cells also adopt cancer stem cell properties. 432 

We previously showed that hypoxia in the primary tumor induces NR2F1 expression in a 433 

subpopulation of tumor cells (21). Here, we extend this work to find that the primary tumor induces, in 434 

disseminating tumor cells, programs of dormancy and stemness (Figure 6). Though NR2F1-positive and 435 

SOX9High cancer cells constitute a very small percentage of the primary tumor, they become enriched as 436 

tumor cells approach TMEM doorways, enter the blood stream, and finally arrest in the lung. Our data 437 

indicate that induction of NR2F1, similar to our previous finding for MenaINV (35), is caused by interaction 438 

with tumor associated macrophages in a niche surrounding TMEM, and that this programming is carried 439 

to the secondary site. This increase in NR2F1-positive cells around TMEM doorways is consistent with 440 

previous findings showing that macrophages accumulate in close proximity to the vasculature as tumors 441 

progress (68). The increase is also supported by high-resolution intravital imaging studies, which showed 442 

that, prior to intravasation, disseminating tumor cells and macrophages rapidly co-migrate (streaming 443 

migration) (36) and chemotax towards primary tumor blood vessels along an HGF gradient (69). This 444 

mechanism increases the likelihood of interactions between macrophages and tumor cells as they 445 
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approach TMEM doorways. Taken together, our current work indicates that the NR2F1 expression in 446 

tumor cells is induced by contact with macrophages at TMEM doorways. 447 

We have previously shown that depletion of macrophages dramatically reduces the number of 448 

tumor cells disseminating to the lung (36,53). Here, we demonstrated that, within this reduced 449 

disseminating population, depletion of macrophages results in a lower level of NR2F1-positivity in both 450 

CTCs in the blood, and DTCs in the lung. However, since clodronate treatment depletes macrophages 451 

systemically, we cannot definitively rule out a contribution from lung macrophages to conclude that this 452 

effect is solely from primary tumor macrophages. Still, two observations indicate that induction of the 453 

dormancy program does not occur in the circulation. The first is that a reduction of NR2F1 upon 454 

macrophage depletion occurred in both DTCs and CTCs, and the second is that there was no difference 455 

between the percentage of NR2F1-positive tumor cells in vitro (pre-injection) and in the lungs in the days 456 

following injection. Even with this evidence, we cannot rule out that tumor cells could eventually (>3 days) 457 

acquire and then maintain a dormancy program at the secondary site via other mechanisms (as we 458 

previously demonstrated with TGF-2 signaling (70)). An important question that remains to be elucidated 459 

is the molecular mechanism by which macrophages induce the expression of NR2F1 in tumor cells, but 460 

this investigation is beyond the scope of our current study. Finally, we cannot rule out that some 461 

programming (e.g. dormancy) may occur via exosomes, as was recently observed in breast cancer 462 

metastasis to the bone (71). Nor can we rule out the possibility that the tumor cells we tracked were 463 

influenced by the presence of DTCs that had previously arrived in the lung. However, the fact that we 464 

observed significant differences in the CTC population indicates that our observations are likely 465 

independent of these possible additional influences. 466 

Together, these data indicate that spontaneously disseminating tumor cells acquire programs of 467 

dissemination, dormancy, and stemness by interacting with macrophages in the vicinity of TMEM 468 

doorways within the primary tumor, and that TMEM doorways are not only sites of tumor cell intravasation 469 

(46,51), but are also microenvironmental niches that program a potentially lethal tumor cell population. 470 

This programming imparts to tumor cells the ability to intravasate and extravasate efficiently (via MenaINV 471 

expression), to survive long-term, resist anti-proliferative chemotherapy (via dormancy), and to acquire 472 

tumor initiation competency (via stemness) that can result in the formation of metastases. 473 

Furthermore, our data reveal a link between dissemination and dormancy. This is an important 474 

link because it may explain the observation in patients and in mouse models that early DTCs are dormant 475 

and serve as founders of metastasis years after dissemination (72-75).  476 

Finally, the recent identification of TMEM doorways in metastatic sites (24,76) suggests that the 477 

same mechanism of tumor cell programming and dissemination may impact dissemination from 478 

secondary on to tertiary sites, even after the removal of the primary tumor. It may therefore be clinically 479 

beneficial to inhibit TMEM function systemically even after removal of the primary tumor to prevent this 480 

continued systemic spread.   481 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2021. ; https://doi.org/10.1101/2021.02.04.429798doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.04.429798
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

MATERIALS AND METHODS 482 

 483 

Cell Culture 484 

E0771-GFP medullary breast adenocarcinoma cells, originally isolated from a spontaneous 485 

mammary tumor in C57BL/6 mice, were obtained from Dr. Wakefield’s lab at the NIH, who in turn obtained 486 

them from Dr. Fengzhi Li in Dr. Enrico Mihich’s lab at Roswell Park Cancer Institute, Buffalo, NY. The 487 

MDA-MB-231 human breast cancer cell line was purchased from ATCC. The MDA-MB-231 stably 488 

expressing -GFP were generated using retroviral vectors with retroviral packaging, infection and were 489 

FACS sorted for the over-expression of each fusion protein, as described elsewhere (77). MDA-MB-231-490 

GFP cells over-expressing MenaINV or Mena11a were generated as previously described (36). The 491 

E0771-GFP cell line was cultured in RPMI medium 1640 (ThermoFisher, cat #12633012), media 492 

supplemented with 10% (v/v) heat inactivated fetal bovine serum (Atlanta Biologicals, FBS-Premium 493 

Select, cat# S11550) and 1% penicillin/streptomycin (Gibco, cat #15-140-122). The MDA-MB-231-GFP, 494 

MDA-MB-231-GFP-MenaINV and MDA-MB-231-GFP-Mena11a cell lines were cultured in DMEM 495 

(ThermoFisher, cat #12320032) media supplemented with 10% (v/v) FBS and 1% 496 

penicillin/streptomycin. Tumor cell lines were used between passage 10-25. The BAC1.2F5 497 

macrophages were cultured in a-MEM supplemented with 10% FBS, and 3000U/mL of purified human 498 

recombinant CSF-1 (generously provided by Dr. Richard Stanley, Einstein College of Medicine), and, 499 

used at passage 2-15. Human Umbilical Vein Endothelial Cells (HUVECs) were obtained from Lonza and 500 

were cultured in EGM-2 SingleQuot Kit media (Lonza, cat #CC-3162) and used at passage 2-10. All cell 501 

lines were authenticated at the beginning of the planned experiments, and were routinely tested for 502 

mycoplasma and resulted negative (Sigma LookOut Mycoplasma PCR detection kit, cat #MO0035-1KT). 503 

 504 

Animals 505 

All procedures were conducted in accordance with the National Institutes of Health regulation 506 

concerning the care and use of experimental animals and with the approval of the with the approval of 507 

the Einstein College of Medicine Animal Care and Use Committee (IACUC). Two different animal models 508 

were used: an immunocompetent C57BL/6 mouse model and an immunodeficient NUDE mouse model 509 

(Foxn1nu/Foxn1nu, Jackson Labs, cat #007850). Two transgenic variants of the C57BL/6 strain of mice 510 

were used for intravital imaging: (i) a VeCad-tdTomato mouse expressing the fluorescent protein 511 

tdTomato on all endothelial cells, generated by crossing B6.FVB-Tg(Cdh5-cre)7Mlia/J (Jackson Labs, 512 

cat#006137) with B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (Jackson Labs, cat #007914) and (ii) 513 

a wild type C57B6 mouse (Jackson Labs, cat #000664). All mice were bred in house. Only female mice 514 

between 12 and 24 weeks of age were used for experiments. 515 

 516 

Metastasis Models  517 
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Experimental Metastasis Model (EM). E0771-GFP, MDA-MB-231-GFP, MDA-MB-231-GFP-518 

MenaINV or MDA-MB-231-GFP-Mena11a cells were prepared by trypsinizing a 10 cm confluent culture 519 

dish of tumor cells and passing them through a 40 μm cell strainer (Falcon, cat #352340) to avoid clumps. 520 

A total of 2 × 105 cells was resuspended in 50 μL of sterile PBS and intravenously (iv)-injected via lateral 521 

tail vein into a WHRIL-bearing mouse. 522 

 523 

Spontaneous Metastasis Model (SM). E0771-GFP or MDA-MB-231-GFP cells were prepared 524 

as described above. E0771-GFP cells (1 × 106) were resuspended in 100 μL of sterile PBS, MDA-MB-525 

231-GFP cells (1 × 106) were resuspended in 100 μL of 20% of collagen I (BD Biosciences, cat #354234). 526 

Cells were injected in the 4th lower left mammary fat pad of the mouse. Tumor size was measured once 527 

per week using a Vernier caliper and tumor volume was calculated using the ellipsoid formula: tumor 528 

volume (mm3) = (width in mm)2 x (length in mm)/6. When tumor reached a size around 1,500 mm3, a 529 

WHRIL was placed 24 hours before imaging. 530 

 531 

Surgery for Implantation of the Window for High Resolution Imaging of the Lung (WHRIL) 532 

The surgery for the WHRIL implantation and the Window passivation method were performed as 533 

described previously (24,78).  534 

 535 

Intravital Imaging  536 

Procedure. Mice were anesthetized using 2% isofluorane and injected with 50 µL of 155 kDa 537 

Tetramethylrhodamine-labeled dextran (200 µg/mL) retro-orbitally for visualization of blood flow, as 538 

previously described(24,79). Mice were inverted, placed on the microscope stage, and a fixturing plate 539 

was taped to the stage using paper tape. The animal was placed in a heated chamber maintained at 540 

physiological temperatures by a forced air heater (WPI Inc., AirTherm ATX), during the course of imaging. 541 

Imaging was performed on a previously described, custom-built, two-laser multiphoton microscope (80). 542 

All images were captured in 16 bit using a 25x 1.05 NA objective lens and acquired with two frame 543 

averages. 544 

Retention of tumor cells analysis. As summarized in Figure 1A, for the EM model, the WHRIL 545 

was implanted in a naïve mouse and 24-hour post-operation, 2 x 105 E0771-GFP or MDA-MB-231-GFP 546 

tumor cells were iv-injected. Tumor cells observed trapped in the lung vasculature under the (WHRIL) 547 

were immediately recorded at the time zero (t = 0). Subsequently, every 8 hours the lung was imaged (t 548 

= 8, 16, 24, 32, 40, 48, 56, and 64 hours post-injection) and, using the micro-cartography technique to 549 

return to the same imaging field(24), the same fields of view were re-localized to observe and track the 550 

same tumor cells longitudinally. For the SM model in which E0771-GFP or MDA-MB-231-GFP tumor cells 551 

spontaneously disseminated from the primary tumor to the lung, the WHRIL was implanted in a 552 

mouse bearing a tumor of ~1,500 mm3 in size. 24-hours post-operation, the lung was imaged to identify 553 
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DTCs already present in the lung (Figure 1A, Time Point = Pre). These cells were then excluded from 554 

further analysis. 8 hours later, the lung was again imaged and any newly arrived DTCs were recorded 555 

(Figure 1A, Time Point = 0 hr). Then, similar to the EM model, the lung was imaged every 8 hours (at 556 

8, 16, 24, 32, 40, 48, 56, 64 hours from the time that DTCs arrive in the lung vasculature) to track 557 

longitudinally the fate of spontaneously DTCs over a period of 64 hours. 558 

For the retention analysis, we defined a tumor cell at each time point as “retained” in the lung 559 

when we were able to observe the same cell during each imaging session, independent of whether the 560 

cell was intra- or extravascular. If the tumor cell was not observed at a time point, then we defined this 561 

cell as “disappeared”. Kaplan-Meier survival curves showing the retention of tumor cells in the lung over 562 

time were generated with the GraphPad Prism software. 563 

Extravasation of Tumor Cells Analysis. Tumor cells were divided into two subclasses: 564 

intravascular or extravascular, based on their location relative to the vasculature. To determine the 565 

location of a cell relative to the vasculature, the images of the vasculature at each time point (t = 8, 16, 566 

24, 32, 40, 48, 56, 64 hours) were analyzed and registered with the corresponding prior time point using 567 

Adobe Photoshop CC 2015. The tumor cells overlapping with vasculature were considered to be 568 

intravascular. Cells not overlapping with the vasculature were considered as having extravasated. Tumor 569 

cells were excluded if their localization could not be accurately resolved. For extravascular tumor cells, 570 

we were also able to identify three different fates over time: 1) tumor cell death, 2) survival as a single 571 

and solitary tumor cell, or 3) formation micro-metastases. We identified tumor cell death when cellular 572 

debris (apoptotic bodies) was observed the field of view. We determined a tumor cell to have survived as 573 

a single tumor cell when we observed it in the same field of view over time. Finally, we determined a 574 

tumor cell to have formed micro-metastases when we observed a cell to become a cluster of more than 575 

5 tumor cells together.  576 

Migration of Tumor Cells Analysis. To track the migration of tumor cells, and to confirm that we 577 

were able to observe the same tumor cell at each imaging session, continuous time lapse imaging of a 578 

minimum 8 hours was performed to record the motility path of tumor cells in the lung vasculature. For the 579 

time-lapse imaging sessions, a tail-vein catheter was inserted to periodically provide hydration (PBS) and 580 

to allow re-administration of dextran (79). Cell motility was manually tracked from one frame to the next 581 

using the ROI_Tracker plugin (80). These traces were plotted in Excel (Microsoft) and used to calculate 582 

the migration paths of each cell.  583 

Image Processing and Analysis. Image analysis was performed in ImageJ (81). All images 584 

presented are the raw data acquired from the microscope with minimal adjustment of brightness and 585 

contrast. Time lapse movies were assembled into Hyperstacks and any slight, residual x-y drift not 586 

eliminated by the fixturing window was removed using the HyperStackReg plugin (82) 587 

(https://github.com/ved-sharma/HyperStackReg), which is based upon the StackReg plugin for ImageJ 588 

(83). 589 
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 590 

In Vitro Co-Culture Assay  591 

For the co-culture assay, E0771-GFP tumor cells were plated either in direct contact, or in a 6-592 

well Transwell system with BAC1.2F5 macrophages or HUVEC cells at a 1:4 ratio (20,000 tumor cells 593 

and 80,000 macrophages or HUVEC cells) for 24 hours in DMEM supplemented with 10% FBS. The 594 

following day, tumor cells were stained for NR2F1 expression as described in the “Immunofluorescence 595 

of Tumor Cells Cultured in Vitro” section.  596 

 597 

Immunocytochemistry Staining of Tumor Cells in vitro 598 

To test the baseline expression of NR2F1 or SOX9High in tumor cells cultured in vitro, E0771-GFP 599 

or MDA-MB-231-GFP cells were plated with a confluence of 70-80% in a 35 mm glass-bottom dish (Ibidi, 600 

cat #81156) for 24 hours in DMEM 10% FBS. The following day, tumor cells were washed with PBS three 601 

times, fixed in 4% (w/v) paraformaldehyde at room temperature for 15 minutes, permeabilized with 0.15% 602 

(v/v) Triton X-100 for 10 minutes, and blocked with a blocking buffer solution (10% FBS, 1% BSA, 603 

0.0025% fish skin gelatin in PBS) at room temperature for 1 hour. Then, tumor cells were incubated 604 

overnight at 4 C in the presence of primary antibodies against chicken anti-GFP (Novus, cat #NB100-605 

1614, concentration 100 μg/mL) and rabbit anti-NR2F1 (Abcam, cat #ab181137, concentration 5 μg/mL), 606 

or rabbit anti-SOX9 (Millipore, cat #AB5535, concentration 1 μg/mL). The day after, cells were washed 607 

with PBS containing 0.05% Tween-20, and incubated for 1 hour at room temperature with secondary 608 

antibodies conjugated with Alexa Fluor 488 for GFP (Invitrogen, cat #A11039, concentration 1 μg/mL) 609 

and Alexa Fluor 546 for NR2F1 or for SOX9 (Invitrogen, cat #A11034, concentration 1 μg/mL). Following 610 

three washes in PBS containing 0.05% Tween-20, cells were incubated with spectral DAPI (Akoya 611 

Biosciences, cat #SKU FP1490), for 5 minutes. Negative controls included incubation with PBS solution 612 

instead of the primary antibody. Fluorescence images were captured using an epi-fluorescence 613 

microscope (GE, DeltaVision) with a 60x objective, and CoolSNAP HQ2 CCD camera. For image 614 

analysis, the NR2F1 channel was thresholded to just above background based upon the negative control. 615 

For SOX9High the channel was thresholded so that the number of SOX9High tumor cells was ~5% of the 616 

total number of tumor cells in the primary tumor. The same threshold was applied to the lung tissue 617 

analysis.  618 

 619 

Immunofluorescence (IF) Staining of Fixed Tissues 620 

In SM mice, primary tumors and lungs were collected when the tumor reached a size around 621 

1.500 mm3. In EM mice, lungs were collected after 3 days post tumor cells injection. After extraction, 622 

primary tumors and lungs were fixed in 10 mL of 10% of formalin (v/v) for 48 hours. After 48 hours, tissues 623 

were embedded in paraffin and then processed for immunofluorescence staining. 624 

 625 
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IF Staining for a single marker: NR2F1, SOX9, or MenaINV. Primary tumor or lung paraffin-626 

embedded sections (4 μm) were first melted at 60 C for 1 hour, deparaffinized in xylene, and rehydrated 627 

in a graded series of ethanol solutions. Antigen unmasking was performed 1 mM EDTA (pH 8.0) or 1x 628 

citrate buffer (pH 6.0) (Diagnostic BioSystems, cat # 99990-096) at 97 C for 20 minutes in a conventional 629 

steamer. Slides were rinsed with PBS, permeabilized with 0.5% Triton X-100 in PBS for 5 min at room 630 

temperature and incubated with the blocking buffer solution (10% FBS, 1% BSA, 0.0025% fish skin 631 

gelatin in PBS) for 1 hour at room temperature. Slides were then incubated overnight at 4 C with primary 632 

antibodies against chicken anti-GFP (Novus, cat #NB100-1614, concentration 100 μg/mL) and rabbit 633 

anti-NR2F1 (Abcam, cat #ab181137, concentration 5 μg/mL), rabbit anti-SOX9 (Millipore, cat #AB5535, 634 

concentration 1 μg/mL), chicken-MenaINV (generated in the Condeelis Laboratory, concentration 0.25 635 

µg/mL), or rat-Endomucin (Santa Cruz, cat #sc-65495, concentration 2 μg/mL). For the MenaINV staining, 636 

goat anti-GFP (Novus, cat #NB100-1770, concentration 10 μg/mL) was used. Slides were washed three 637 

times in PBS containing 0.05% Tween-20 and incubated with a secondary fluorescent antibody (all 638 

Invitrogen, concentration 1 μg/mL) for 1 hour in the dark at room temperature. After washing, slides were 639 

incubated with spectral DAPI for 5 minutes and mounted with ProLong Gold antifade reagent (Life 640 

Technologies, cat #P36980). Negative controls included incubation with PBS solution instead of the 641 

primary antibody. The slides were imaged on the Pannoramic 250 Flash II digital whole slide scanner 642 

(3DHistech) using a 20x 0.75NA objective lens. Fluorescence images were captured using an epi-643 

fluorescence microscope (GE, DeltaVision) with a 100x objective, and CoolSNAP HQ2 CCD camera. 644 

Total cell numbers per high-power field (65x65 µm2, see legend) were counted and the percentages of 645 

positive or negative cells were calculated. For image analysis, the NR2F1, MenaINV, and Endomucin 646 

channels were thresholded to just above background based upon the negative control.  647 

 648 

IF co-staining for double markers: NR2F1 and SOX9, or NF2F1 and IBA1. For the NR2F1 649 

and SOX9, or NR2F1 and IBA-1 co-staining, a multiplex immunofluorescence Perkin Elmer Opal 4-color 650 

Fluorescent IHC kit was used according to the manufacturer’s directions. After standard slide preparation 651 

as described above, slides were stained with different combinations of primary antibodies. For the NR2F1 652 

and SOX9 co-staining, chicken anti-GFP (Novus, cat #NB100-1614, concentration 10 μg/mL) and rabbit 653 

anti-NR2F1 (Abcam, cat #ab181137, concentration 0.5 μg/mL), rabbit anti-SOX9 (Millipore, cat #AB5535, 654 

concentration 0.1 μg/mL), were mixed. For IBA-1 staining, rabbit anti-IBA-1 (Wako, cat #019-19741, 655 

concentration 0.05 μg/mL) was used. The slides were imaged on the Pannoramic 250 Flash II digital 656 

whole slide scanner using a 20x 0.75NA objective lens. Negative controls included incubation with PBS 657 

solution instead of the primary antibody. Fluorescence images were captured using an epi-fluorescence 658 

microscope (GE, DeltaVision) with a 100x objective and CoolSNAP HQ2 CCD camera. Total cell 659 

numbers per high-power field (100×) were counted and the percentages of positive or negative cells were 660 

calculated. For image analysis, the NR2F1 and SOX9 were analyzed as above described. IBAI-1 661 
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channels were thresholded to just above background based upon intensity. A custom-written ImageJ 662 

macro was used to count the number of macrophages in each field of view.  663 

 664 

TMEM Immunohistochemistry Staining 665 

Tumor sections were deparaffinized, as described above, and stained for TMEM. TMEM stain is 666 

a triple immunostaining in which 3 antibodies are applied sequentially and developed separately with 667 

different chromogens on a Dako Autostainer. TMEM staining was performed as previously described 668 

(48). Briefly, we used an anti-pan-Mena antibody (BD, cat. #610693, concertation 5 µg/mL) to detect 669 

invasive tumor cells, and anti-IBA1 antibody (Wako, cat. #019-19741, concentration 0.167 µg/mL) to 670 

detect macrophages, and an anti-endomucin (Santa Cruz, cat #sc-65495, concentration 0.67 µg/mL) to 671 

detect the blood vasculature. TMEM sites in the E0771-primary tumor were identified manually by a 672 

pathologist.  673 

 674 

TMEM vs. NR2F1 Positive Tumor Cells Distance Analysis  675 

Sequential sections from primary E0771-GFP tumors were stained for TMEM IHC, as described 676 

above, and with IF for both GFP (to detect tumor cells) and NR2F1 (as described in the 677 

“Immunofluorescent Staining” section). TMEM IHC and IF images were aligned in ImageJ using the 678 

Landmark Correspondences plugin. A series of custom-written ImageJ macros were used to calculate 679 

the distance of each NR2F1 positive tumor cell in the field to its nearest TMEM or nearest blood 680 

vasculature lacking TMEM. Distance histograms were analyzed and plotted in GraphPad Prism. 681 

 682 

Macrophage Depletion using Clodronate  683 

Tumor bearing mice were treated for 7 days with either 200 µL of PBS liposomes (injected 684 

intraperitoneally, or with 200 µL Clodronate liposomes intraperitoneally (Encapsula Nano Sciences, cat. 685 

#CLD-8901). Primary tumors or lungs were collected, fixed as described above and paraffin-embedded 686 

sections were stained for macrophages or NR2F1 expression as previously described in the 687 

“Immunofluorescent Staining - NR2F1 and IBA-1 IF co-staining” section.  688 

 689 

Circulating Tumor Cells Staining  690 

Mice bearing a primary tumor of ~1000 mm3 size were anesthetized with isoflurane and about 1 691 

mL of blood was drawn from the right heart ventricle using 25 G needles coated with heparin. Erythrocytes 692 

were lysed using 10 mL of 1x RBC lysis buffer (eBioscience, cat #00-4333-57) for 10 min a room 693 

temperature. The samples were centrifuged at 1,000 rpm for 5 min, cells were reconstituted in 10 mL of 694 

DMEM supplemented with 10% FBS, plated in a 35 mm glass-bottom dish, and allowed them to adhere 695 

overnight. The following day, tumor cells were stained using antibodies against chicken anti-GFP (Novus, 696 

cat #NB100-1614, concentration 10 μg/mL) and rabbit anti-NR2F1 (Abcam, cat #ab181137, 697 
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concentration 5 μg/mL), goat anti-SOX9 (RD, cat #AF3075, concentration 1 µg/mL), as described in the 698 

“Immunocytochemistry Staining of Tumor Cells in Vitro” section. Fluorescence images were captured 699 

using an epi-fluorescence microscope (GE, DeltaVision) with a 60x objective and CoolSNAP HQ2 CCD 700 

camera. For image analysis, the NR2F1 and SOX9High were analyzed as above described. 701 

 702 

Western Blot 703 

Western blot analysis was performed using standard protocols as previously described (84). 704 

 705 

Statistical Analysis  706 

All statistical analysis was carried out using the GraphPad Prism software version 7. Data are expressed 707 

as mean ± standard error of the mean (S.E.M). Unless otherwise specified in the figure legends, statistical 708 

significances between two groups were determined using unpaired, two-tailed Student's t-tests. 709 

Differences were considered significant for p<0.05. All in vivo and in vitro experiments were 710 

independently repeated and included at the least three biologically independent samples, as indicated in 711 

the legends. For two-group comparisons between experimental and spontaneous metastasis (EM vs SM) 712 

models, statistical power calculation was performed using the following parameters: significance level 713 

(adjusted for sidedness) of 0.025, total number of mice used in the analysis 6 (i.e. 3 mice per experimental 714 

group), and expected difference in means equal to 3 SD units based on the assumption that the SD of 715 

the response variable was 1 unit. The probability of type II error in the analyses was calculated to be 0.22 716 

(i.e. statistical power of 78%). For clodronate experiments, statistical power calculation was performed 717 

using the following parameters: significance level (adjusted for sidedness) of 0.025, total number of mice 718 

used in the analysis 16 (i.e. 8 mice per experimental group), and expected difference in means equal to 719 

1.6 SD units based on the assumption that the SD of the response variable was 1 unit. The probability of 720 

type II error in the analyses was calculated to be 0.16 (i.e. statistical power of 84%).   721 
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FIGURES & LEGENDS 722 

Figure 1: Tumor Cells that Spontaneously Disseminate from the Primary Tumor to the Lung have 723 

a Drastically Increased Metastatic Efficiency Compared to Intravenously Injected Tumor Cells 724 

A: Outline of experimental design to track the fate of individual disseminated tumor cells using an 725 

Experimental Metastasis (EM) model (top) and a Spontaneous Metastasis (SM) model (bottom). In EM, 726 

the Window for High Resolution Intravital Imaging of the Lung (WHRIL) was surgically implanted in a 727 

tumor free mouse, and, 24 hrs after recovery from surgery, GFP labeled tumor cells were intravenously 728 

(iv) injected. In SM, GFP labeled tumor cells were injected into the mammary gland and tumors allowed 729 

to develop for ~ 4 weeks after which the WHRIL was surgically implanted and the mouse allowed to 730 

recover for 24 hrs. For both models, intravital imaging consisted either of the acquisition of time-lapse 731 

images over an 8 hr period, or of the acquisition of single snap shot images every 8 hours using 732 

microcartography to return to the same field of view each time. In the case of snapshot imaging, an 733 

additional “Pre” time point is acquired before the others to visualize any preexisting tumor cells whose 734 

arrival time cannot be determined (SM model) or to visualize the empty lung vasculature just before iv 735 

injection (EM model). 736 

B: Serial imaging through the WHRIL allows tracking the fate of disseminated tumor cells. This is 737 

accomplished by imaging the lung to visualize the vasculature before the arrival of a tumor cell (left), and 738 

then again periodically to determine when a tumor cell first arrives (middle, yellow arrow). Continued 739 

periodic imaging then determines the fate of the tumor cell. This fate could be either recirculation or 740 

apoptosis (right, top, yellow arrow) or extravasation into the lung parenchyma (right, bottom, yellow 741 

arrow). Red = tdTomato labeled endothelial cells and 155 kDa Tetramethylrhodamine dextran labeled 742 

blood serum, Green = GFP labeled tumor cells, Blue = second harmonic generation. Scale bar = 15 μm. 743 

C: Kaplan-Meier curves showing the percentage of E0771-GFP tumor cells observed under the WHRIL 744 

at each 8 hr time point over a period of 64 hrs. EM: n = 62 tumor cells analyzed in 3 mice. SM: n = 29 745 

tumor cells analyzed in 3 mice.  746 

D: Percentage of E0771-GFP EM and SM tumor cells observed under the WHRIL that extravasated 747 

between 0 and 64 hrs after arrival. EM: n = 11 tumor cells in 3 mice. SM: n = 22 tumor cells in 3 mice. 748 

Bar = mean. Error bars = ±SEM. * = p<0.05. 749 

E: Quantification of the time from arrival under the WHRIL to extravasation into the lung parenchyma for 750 

each E0771-GFP EM and SM tumor cell. Left: EM: n = 11 tumor cells in 4 mice. Right: SM: n = 22 tumor 751 

cells in 3 mice.  752 

F: Left: Representative immunofluorescence images of MenaINV expression in extravascular E0771-GFP 753 

tumor cells in the lung of an EM model (top) and an SM model (bottom). Green arrow: MenaINV negative 754 

tumor cell. Red arrows: MenaINV positive tumor cells. Scale bar = 50 μm. Right: Zoomed in view of a 755 
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disseminated tumor cell (yellow box) in both models. Green = GFP, Red = MenaINV, White = endomucin, 756 

Blue = DAPI. Scale bar = 15 μm.  757 

G: Quantification of extravascular MenaINV positive disseminated tumor cells in the lung of each group 758 

from F. EM: n = 41 cells in 5 animals. SM: n = 89 cells in 7 animals. Bar = mean. Error bars = ±SEM. ** 759 

= p<0.01. 760 

H: Western blot of 231-GFP-Mena11a and 231-GFP-MenaINV cells. β-Actin was used as a loading control. 761 

I: Outline of experimental design to determine the percentage of 231-GFP-Mena11a and 231-GFP-762 

MenaINV tumor cells able to extravasate between 0 and 8 hrs after iv-injection into nude mice. Intravital 763 

imaging of the lung vasculature through the WHRIL was performed before tumor cell injection (Time 764 

point = “Pre”), immediately after injection (Time point = 0 hrs), and then finally 8 hrs after injection 765 

(Time point = 8 hrs).  766 

J: Percentage of 231-GFP-Mena11a and 231-GFP-MenaINV that extravasated between 0 and 8 hrs after 767 

iv injection. 231-GFP-Mena11a: n = 90 cells in 3 mice. 231-GFP-MenaINV: n = 88 tumor cells in 3 mice. 768 

Bar = mean. Error bars = ±SEM. ** = p<0.01.  769 

 770 

Figure 2: Spontaneously Metastasizing Tumor Cells Survive Significantly Longer at the 771 

Secondary Site Compared to Intravenously Injected Tumor Cells 772 

A: Representative intravital microscopy images showing the possible fates of extravascular disseminated 773 

tumor cells in the lung parenchyma. Top: Images of disseminated tumor cells just after extravasation. 774 

Bottom left: Example of an extravascular tumor cell which has died, as evidenced by small extravascular 775 

apoptotic bodies (yellow arrow). Bottom middle: Example of an extravascular tumor cell that survived 776 

as a single and solitary tumor cell over time. Bottom right: Example of an extravascular tumor cell that 777 

began to divide and grow into a micro-metastasis. Red = tdTomato labeled endothelial cells and 155 kDa 778 

Tetramethylrhodamine dextran labeled blood serum, Green = GFP labeled tumor cells. Yellow dashed 779 

lines delineate blood vessel boundaries. Scale bar = 15 μm. 780 

B: Percentage of extravascular E0771-GFP disseminated tumor cells that died, survived, or grew after 781 

extravasation in EM and SM models 64 hrs (Left) and 120 hrs (Right) after arrival to the lung vasculature. 782 

EM: n = 11 tumor cells in 4 mice. SM: n = 22 tumor cells in 3 mice. Bar = mean. Error bars = ±SEM. * = 783 

p<0.05. ** = p<0.01. ns = not significant.  784 

 785 

Figure 3: Spontaneously Metastasizing Tumor Cells Are More Frequently Positive for Dormancy 786 

and Stem-like Markers Compared to Intravenously Injected Tumor Cells 787 

A: Representative immunofluorescence images of NR2F1 expression in primary tumors, circulating 788 

tumor cells (CTCs), and disseminated tumor cells (Lung) from an E0771-GFP SM model (Left) and in 789 

disseminated tumor cells (Lung) from an EM model (right). Green = GFP, Red = NR2F1, Blue = DAPI. 790 

Scale bar for Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 791 
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B: Percentage of NR2F1-positive and negative tumor cells in each group in A. Primary Tumor: n = 113 792 

fields of view (65x65 µm2) in 8 animals; CTCs: n = 528 cells in 8 animals; SM Lung: n = 237 cells in 12 793 

animals; EM Lung: n = 199 cells in 8 animals. In vitro: n= 463 cells in 5 independent experiments. Bar = 794 

mean. Error bars = ±SEM. **** = p<0.0001. ns = not significant. 795 

C: Representative immunofluorescence images of SOX9 expression in primary tumors, circulating tumor 796 

cells (CTCs), and disseminated tumor cells (Lung) from an E0771-GFP SM model (Left) and in 797 

disseminated tumor cells (Lung) from an EM model (right). Green = GFP, Red = SOX9, Blue = DAPI. 798 

Scale bar for Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 799 

D: Percentage of SOX9High tumor cells from each group in C. Primary Tumor: n = 150 fields of view (65x65 800 

µm2) in 8 animals; CTCs: n = 558 cells in 5 animals, SM Lung: n = 341 cells in 11 animals; EM Lung: n = 801 

182 cells in 8 animals. In vitro: n = 298 cells in 3 independent experiments. Bar = mean. Error bars = 802 

±SEM. **** = p<0.0001. ns = not significant. 803 

E: Representative images of triple immunofluorescence staining for GFP, NR2F1, and SOX9 expression 804 

in primary tumors, circulating tumor cells (CTCs), and disseminated tumor cells (Lung) from an E0771-805 

GFP SM model (Left) and in disseminated tumor cells (Lung) from an EM model (Right). 806 

Green = GFP; Red = NR2F1; Orange = SOX9; Blue = DAPI. Scale bar for Primary Tumor = 50 μm. Scale 807 

bar for CTCs and Lung = 15 μm. 808 

F: Percentage of double positive tumor cells NR2F1-positive SOX9High from each group in E. Primary 809 

Tumor: n = 93 fields of view (65x65 µm2) in 7 animals; CTCs: n = 265 cells in 6 animals; SM Lung: n = 810 

104 cells in 9 animals; EM Lung: n = 75 cells in 7 animals. Bar = mean. Error bars = ±SEM. * = p<0.05. 811 

** = p<0.01. *** = p<0.001. ns = not significant. 812 

 813 

Figure 4: Dormant Tumor Cells Are Preferentially Associated with TMEM Doorways in the Primary 814 

Tumor 815 

A: Left: Representative image of triple immunohistochemical stain in E0771-GFP primary tumor for the 816 

cells composing TMEM positioned at vertices of yellow triangle: Mena expressing tumor cells = pink; IBA-817 

1 expressing macrophages = brown; endomucin expressing endothelial cells = blue. Red dashed circle 818 

encompasses the perimeter of TMEM doorway. Scale bar = 60 µm. Insets are zoom-in of boxed region 819 

(first panel on left). Other insets show color deconvolutions for each of the stains (Mena, Endomucin, 820 

IBA-1). TTC = TMEM Tumor Cell. EC = Endothelial Cell. Mϕ = Macrophage. Right: Sequential slide of 821 

tissue in A immunofluorescently stained for NR2F1 expressing tumor cells: GFP = green; NR2F1 = red; 822 

DAPI = blue. Red dashed circle encompasses the perimeter of TMEM doorway. Vertices of the orange 823 

triangles point to each constitutive cell. Red arrow points to NR2F1-positive cells. 824 

B: Quantification showing frequency of distances between NR2F1+ tumor cells to the nearest TMEM in 825 

the primary tumor. Data is normalized to the frequency of distances between all DAPI+ nuclei to the 826 

nearest TMEM. Bar = mean. Error bars = ±SEM. n = ten 1-3 mm2 regions of interest area in 4 mice.  827 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2021. ; https://doi.org/10.1101/2021.02.04.429798doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.04.429798
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

C: Quantification showing frequency of distances between NR2F1+ tumor cells to the nearest blood 828 

vessel lacking TMEM in the primary tumor. Data is normalized to the frequency of distances between all 829 

DAPI+ nuclei to the nearest blood vessel lacking TMEM. Bar = mean. Error bars = ±SEM. n = nine 1-3 830 

mm2 regions of interest area in 4 mice.  831 

 832 

Figure 5: Macrophages Regulate Dormancy in Disseminating Tumor cells 833 

A: Representative image of triple immunofluorescently stained in E0771-GFP primary tumor tissue for 834 

tumor cells, macrophages and NR2F1. Tumor cell GFP = green; NR2F1 = red; IBA-1 = white; DAPI = 835 

blue. Yellow arrow shows the contact between an NR2F1-positive tumor cell and a macrophage. Mϕ = 836 

Macrophage. Scale bar = 50 μm.  837 

B: Quantification showing frequency of distances between NR2F1+ tumor cells to the nearest 838 

macrophage in the primary tumor. Data is normalized to the frequency of distances between all DAPI+ 839 

nuclei to the nearest TMEM. Bar = mean. Error bars = ±SEM. n = 34 fields of view (551x316 µm2) in 4 840 

animals. 841 

C: Representative immunofluorescence images of NR2F1 expression in E0771-GFP tumor cells cultured 842 

alone, in direct contact with BAC1.2F5 macrophages, or in direct contact with HUVEC endothelial cells. 843 

White arrows show macrophages or endothelial cells in direct contact with a tumor cell. GFP = green; 844 

NR2F1 = red; DAPI = blue. TC = Tumor Cell. Mϕ = Macrophage. EC = Endothelial Cell. Scale bar = 15 845 

μm. 846 

D: Percentage of NR2F1-positive tumor cells from each group in C. TC alone: n = 637 cells in 9 847 

independent experiments; TC + Mϕ; n = 195 cells in 6 independent experiments, TC + EC = n = 359 cells 848 

in 4 independent experiments. Bar = mean. Error bars = ±SEM. * = p<0.05. ** = p<0.01; ns = not 849 

significant. TC = Tumor Cell. Mϕ = macrophage. EC = Endothelial Cell. 850 

E: Representative immunofluorescence images of E0771-GFP primary tumor tissues treated for 6 days 851 

with either control liposomes or clodronate liposomes and stained for macrophages: IBA-1 = White; DAPI 852 

= Blue. Scale bar for Primary Tumor =100 μm. Mϕ = Macrophage. 853 

F: Percentage of IBA1 positive macrophages in 10 fields of view (1088x629 μm) in each group from E. 854 

Control Liposomes: n = 60 HPFs in 6 animals. Clodronate liposomes: n = 50 HPFs in 5 animals. ** = 855 

p<0.01. Bar = mean. Error bars = ±SEM. 856 

G: Representative immunofluorescence images of NR2F1 expression in primary tumors, circulating 857 

tumor cells (CTCs), and disseminated tumor cells (Lung) from an E0771-GFP SM model treated with 858 

control liposomes (Left) or with clodronate liposomes (Right). Green = GFP, Red = NR2F1, Blue = DAPI. 859 

Scale bar for Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 860 

H: Percentage of NR2F1-positive tumor cells in each group from G. Control Liposomes: Primary Tumor: 861 

119 fields of view (65x65 µm2) in 8 animals; CTCs: n = 139 cells in 5 animals; Lung: n = 166 cells in 7 862 
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animals. Clodronate Liposomes: Primary Tumor: n = 79 fields of view (65x65 µm2) in 6 animals, CTCs: n 863 

= 293 cells in 6 animals; Lung: n = 190 cells in 7 animals. * = p<0.05. ** = p<0.01. 864 

 865 

Figure 6: Model illustrating how the presence of a primary tumor programs disseminated tumor 866 

cells for stemness and dormancy at the secondary site. Left Panel: Within the primary tumor, 867 

migrating tumor cells are attracted to blood vessels. As they approach TMEM doorways (red triangle) on 868 

the vasculature, these tumor cells interact with macrophages and programs of dormancy (NR2F1) and 869 

invasion (MenaINV) are activated. Dormant cells also adopt cancer stem cell properties (SOX9). These 870 

cells then intravasate through TMEM doorways into the vasculature and become circulating tumor cells 871 

(CTCs). Right Panel: CTCs retain these programs at the secondary site where the invasion program 872 

(MenaINV) facilitates extravasation. The dormancy program expressed by these disseminated tumor cells 873 

(DTCs) keeps them as single cells.   874 
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SUPPLEMENTARY FIGURES & LEGENDS  875 

 876 

Supplementary Figure 1: Disseminated Tumor Cells Remain within an Imaging Field of View 877 

throughout an 8 hr Period.  878 

A: Representative intravital microscopy images showing intravascular disseminated tumor cells at 879 

different time points spanning 8 hrs. Red = tdTomato labeled endothelial cells and 155 kDa 880 

Tetramethylrhodamine dextran labeled blood serum, Green = GFP labeled tumor cells. Rightmost 881 

Panel: Outlines of the tumor cell at t=0 (green) and t=8 hr (red) showing net displacement. Scale bar = 882 

15 µm. 883 

B: Representative intravital microscopy images showing extravascular disseminated tumor cells at 884 

different time points spanning 8 hrs. Red = tdTomato labeled endothelial cells and 155 kDa 885 

Tetramethylrhodamine dextran labeled blood serum, Green = GFP labeled tumor cells. Rightmost 886 

Panel: Outlines of the tumor cell at t=0 (green) and t=8 hr (red) showing net displacement. 887 

C: Traces tracking the migration of intravascular E0771-GFP cells within SM (left) and EM (right) models 888 

over an 8 hr period of time. Each tracked tumor cell is represented in a plot with the initial position (t = 0 889 

hrs) translated to the origin so as to provide an overview of the migration path of each cell. Red dashed 890 

box indicates a full field of view in the microscope (512 µm. Insets are zoom-ins of the central 150 µm. 891 

Average cell velocities: SM = 1.2 ± 0.3 μm/hr; EM = 1.7 ± 0.3 μm/hr; mean ± SEM. SM: n = 11 tumor 892 

cells in 4 mice. EM: n = 22 tumor cells in 2 mice. 893 

D: Traces tracking the migration of extravascular E0771-GFP cells within SM (left) and EM (right) models 894 

over an 8 hr period of time. Each tracked tumor cell is represented in a plot with the initial position (t = 0 895 

hrs) translated to the origin so as to provide an overview of the migration path of each cell. Red dashed 896 

box indicates a full field of view in the microscope (512x512 µm2). Insets are zoom-in of the central 150 897 

µm. Average cell velocities: SM = 2 ± 0.6 μm/hr; EM =1.8 ± 0.6 μm/hr mean ± SEM. SM: n = 7 tumor 898 

cells in 4 mice. EM: n = 11 tumor cells in 3 mice. 899 

 900 

Supplementary Figure 2: Tumor Cells that Spontaneously Disseminate from the Primary Tumor 901 
to the Lung have a Drastically Increased Metastatic Efficiency Compared to Intravenously 902 
Injected Tumor Cells 903 

A: Kaplan-Meier curves showing the percentage of 231-GFP disseminated tumor cells observed under 904 

the WHRIL at each 8 hr time point over a period of 64 hours. EM: n = 92 tumor cells analyzed in 4 mice. 905 

SM: n = 67 tumor cells analyzed in 3 mice. 906 

B: Percentage of 231-GFP EM and SM tumor cells observed under the WHRIL that extravasated 907 

between 0 and 64 hrs after arrival. EM: n = 37 tumor cells in 4 mice. SM: n = 33 tumor cells in 3 mice. 908 

Bar = mean. Error bars = ±SEM. 909 
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C: Quantification of the time from arrival under the WHRIL to extravasation into the lung parenchyma for 910 

each 231-GFP EM and SM tumor cell. Left: EM: n = 35 tumor cells in 4 mice. Right: SM: n = 33 tumor 911 

cells in 3 mice.  912 

D: Left: Representative immunofluorescence images of MenaINV expression in extravascular 231-GFP 913 

tumor cells in the lung of an EM model (top) and an SM model (bottom). Green arrow: MenaINV negative 914 

tumor cell. Red arrow: MenaINV positive tumor cell. Scale bar = 50 μm. Right: Zoomed in view of yellow 915 

boxed area of a disseminated tumor cell in both models. Green = GFP, Red = MenaINV, White = 916 

endomucin, Blue = DAPI. Scale bar = 15 μm. 917 

E: Quantification of extravascular MenaINV positive disseminated tumor cells in the lung of each group 918 

from D. EM: n = 58 cells in 6 animals. SM: n = 85 cells in 6 animals. Bar = mean. Error bars = ±SEM. * = 919 

p<0.05. 920 

F: Percentage of extravascular 231-GFP disseminated tumor cells that died, survived, or grew after 921 

extravasation in EM and SM models 64 hrs (Left) and 120 hrs (Right) after arrival to the lung vasculature. 922 

Bar = mean. Error bars = ±SEM. EM: n = 35 tumor cells in 4 mice. SM: n = 33 tumor cells in 3 mice. * = 923 

p<0.05; ns = not significant.  924 

 925 

Supplementary Figure 3: Spontaneously Circulating Tumor Cells Are Positive for NR2F1 When 926 

Arriving in the Lung Vasculature 927 

A: Representative immunofluorescence image of NR2F1 expression in circulating tumor cells in lung 928 

vasculature from a E0771-GFP SM model. Left: GFP channel. Right: NR2F1 channel. Green = GFP, 929 

Red = NR2F1, Blue = DAPI. Dotted line indicates the boundary of the vasculature. CTC = Circulating 930 

Tumor Cell. Scale bar = 10 μm. 931 

 932 

Supplementary Figure 4: Spontaneously Metastasizing Tumor Cells Are More Frequently Positive 933 

for Dormancy and Stem-like Markers Compared to Intravenously Injected Tumor Cells 934 

A: Representative immunofluorescence images of NR2F1 expression in primary tumors, circulating 935 

tumor cells (CTCs), and disseminated tumor cells (Lung) from a 231-GFP SM model (Left) and in 936 

disseminated tumor cells (Lung) from an EM model (right). Green = GFP, Red = NR2F1, Blue = DAPI. 937 

Scale bar for Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 938 

B: Percentage of NR2F1-positive and negative tumor cells in each group in A. Primary Tumor: n = 96 939 

fields of view (65x65 µm2) in 6 animals; CTCs: n = 166 cells in 5 animals; SM Lung: n = 113 cells in 6 940 

animals; EM Lung: n = 133 cells in 7 animals. Bar = mean. Error bars = ±SEM. * = p<0.05. ** = p<0.01. 941 

*** = p<0.001. **** = p<0.0001. ns = not significant. 942 

C: Representative immunofluorescence images of SOX9 expression in primary tumors, circulating tumor 943 

cells (CTCs), and disseminated tumor cells (Lung) from a 231-GFP SM model (Left) and in disseminated 944 
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tumor cells (Lung) from an EM model (right). Green = GFP, Red = SOX9, Blue = DAPI. Scale bar for 945 

Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 946 

D: Percentage of SOX9High tumor cells from each group in C. Primary Tumor: n = 100 fields of view (65x65 947 

µm2) n = 2643 cells in 5 animals; CTCs: n = 83 cells 2 animals, SM Lung: n = 93 cells in 5 animals; EM 948 

Lung: n = 99 cells in 6 animals. In vitro: n = 576 cells in 2 independent experiments. Bar = mean. Error 949 

bars = ±SEM. *** = p<0.001. **** = p<0.0001. ns = not significant. 950 

E: Representative images of triple immunofluorescence staining for GFP, NR2F1, and SOX9High 951 

expression in primary tumors, circulating tumor cells (CTCs), and disseminated tumor cells (Lung) from 952 

a 231-GFP SM model (Left) and in disseminated tumor cells (Lung) from an EM model (right). 953 

Green = GFP; Red = NR2F1; Orange = SOX9; Blue = DAPI. Scale bar for Primary Tumor = 50 μm. Scale 954 

bar for CTCs and Lung = 15 μm. 955 

F: Percentage of double positive (NR2F1-positive and SOX9High) tumor cells from each group in E. 956 

Primary Tumor: n = 97 fields of view (65x65 µm2) in 5 animals; CTCs: n = 118 cells in 5 animals; SM 957 

Lung: n = 136 cells in 6 animals; EM Lung: n = 90 cells in 4 animals. Bar = mean. Error bars = ±SEM. * 958 

= p<0.05; *** = p<0.001; ns = not significant. 959 

 960 

Supplementary Figure 5: Macrophages Regulate Dormancy in Disseminating Tumor cells 961 

A: Representative immunofluorescence images of NR2F1 expression in E0771-GFP tumor cells cultured 962 

in a transwell system either alone (Left), together with macrophages (Middle), or together with 963 

endothelial cells (Right). GFP = green; NR2F1 = red; DAPI = blue. Scale bar = 15 μm. 964 

B: Percentage of NR2F1-positive tumor cells from each group in A. TC alone: n = 612 cells in 6 965 

independent experiments; TC + Mϕ; n = 680 cells in 5 independent experiments. TC + EC; n = 1370 cells 966 

in independent experiments. Bar = mean. Error bars = ±SEM ** = p<0.01; ns = not significant. TC = 967 

Tumor Cell. Mϕ = macrophage. EC = Endothelial Cell.  968 

C: Representative immunofluorescence images of 231-GFP primary tumor tissues treated for 5 days with 969 

either control liposomes or clodronate liposomes and stained for macrophages: IBA-1 = White; DAPI = 970 

Blue. Scale bar for Tumor = 100 μm. Mϕ = Macrophage. 971 

D: Number of IBA-1 positive macrophages in 10 fields of view (1102x633 μm) in each group from A. 972 

Control Liposomes: n = 50 HPFs in 5 animals. Clodronate liposomes: n = 60 HPFs in 6 animals. * = 973 

p<0.05. Bar = mean. Error bars = ±SEM. 974 

E: Representative immunofluorescence images of NR2F1 expression in primary tumors, circulating tumor 975 

cells (CTCs), and disseminated tumor cells (Lung) from a 231-GFP SM model treated with control 976 

liposomes (Left) or with clodronate liposomes (Right). Green = GFP, Red = NR2F1, Blue = DAPI. Scale 977 

bar for Primary Tumor = 50 μm. Scale bar for CTCs and Lung = 15 μm. 978 

F: Percentage of NR2F1-positive tumor cells in each group from G. Control Liposomes: Primary Tumor: 979 

n = 88 fields of view (65x65 µm2) in 5 animals; CTCs: n = 130 cells in 5 animals; Lung: n = 98 cells in 4 980 
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animals. Clodronate Liposomes: Primary Tumor: n = 109 fields of view (65x65 µm2) in 6 animals; CTCs: 981 

n = 337 cells in 6 animals; Lung: n = 126 cells in 6 animals. Bar = mean. Error bars = ±SEM. * = p<0.05. 982 

** = p<0.01. ns = not significant. 983 

 984 

Supplemental Figure 6: Uncropped blot for Figure 1H.   985 

 986 

Movie 1.  987 

Time Lapse movie showing the movement of an intravascular disseminated tumor cells. Red (blood) 988 

channel was averaged to improve definition of the vascular boundaries. Red = 155kD TMR-dextran 989 

labeled vasculature. Green = GFP tumor cell.  990 

 991 

Movie 2. 992 

Time Lapse movie showing the movement of an extravascular disseminated tumor cells. Red (blood) 993 

channel was averaged to improve definition of the vascular boundaries. Red = 155kD TMR-dextran 994 

labeled vasculature. Green = GFP tumor cell.  995 
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