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Abstract

Background: Low success rates in oncology drug development are prompting re-evaluation of 

preclinical models, including orthotopic tumor engraftment. In breast cancer models, tumor cells 

are typically injected into mouse mammary fat pads (MFP). However, this approach bypasses the 

epithelial microenvironment, potentially altering tumor properties in ways that affect translational 

application.

Materials and Methods: Tumors were generated by mammary intraductal (MIND) engraftment 

of 4T1 carcinoma cells. Growth, histopathology, and molecular features were quantified.

Results: Despite growth similar to that of 4T1 MFP tumors, 4T1 MIND tumors exhibit distinct 

histopathology and increased metastasis. Furthermore, >6,000 transcripts were found to be 

uniquely up-regulated in 4T1 MIND tumor cells, including genes that drive several cancer 

hallmarks, in addition to two known therapeutic targets that were not up-regulated in 4T1 MFP 

tumor cells.
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Conclusion: Engraftment into the epithelial microenvironment generates tumors that more 

closely recapitulate the complexity of malignancy, suggesting that intraductal adaptation of 

orthotopic mammary models may be an important step towards improving outcomes in preclinical 

drug screening and development.
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A major challenge in oncology drug development is that more than 90% of new drugs fail to 

show efficacy in clinical trials (1). At the heart of this low success rate is the inability of 

conventional models, such as tumor cell lines and genetically engineered mice, to reliably 

predict patient response to drug candidates (2). To overcome these limitations, orthotopic 

tumor engraftment, including patient-derived xenograft, has gained traction as an alternative 

strategy for modeling solid tumor malignancies (3). Because orthotopic mouse models entail 

inoculating tumor cells into the same type of organ in which the cancer was initiated, the 

engrafted cells are exposed to microenvironmental conditions that simulate those which 

supported the original tumor. Given the powerful influence of the microenvironment in 

modulating cancer initiation, progression, and metastasis (4, 5), recapitulation of organ-

specific microenvironmental conditions is a highly advantageous feature of orthotopic tumor 

models.

For breast cancer models, the standard practice is to inject tumor cells into the mouse 

mammary fat pad (MFP) (6). While this approach ensures generation of tumors within the 

mammary gland, there are potential drawbacks. Firstly, MFP engraftment bypasses tumor 

cell interaction with the mammary ductal epithelium, an omission that may be significant 

because breast carcinomas arise within the ductal tissue rather than the stromal fat pad. 

Indeed, the mammary ductal epithelium has a well-established role in regulating not only 

normal mammary development (7–9), but also tumor cell behavior (10), suggesting that 

contact with the epithelial microenvironment may alter orthotopic tumor properties. 

Secondly, given the relatively large area and diverse histology of the fat pad, engrafted tumor 

cells can be exposed to different microenvironmental milieux accordingto injection site, e.g. 
variable proximity to blood vessels, lymph nodes, or gradients of extracellular matrix 

density (11, 12), which in turn, may lead to inconsistencies in tumor progression or 

therapeutic response.

One approach to circumvent these limitations is to inoculate tumor cells by injection into the 

teat, which enables standardized delivery and facilitates tumor cell interaction with the 

epithelial microenvironment (13). Initially developed for studies of ductal carcinoma in situ, 

an early-stage neoplasia that is confined within the ductal epithelial lumen (13), the 

mammary intraductal (MIND) injection technique has recently been adapted for metastatic 

tumor studies, including the syngeneic 4T1 triple-negative breast cancer (TNBC) mouse 

model (14–16). MIND delivery of 4T1 mammary carcinoma cells has shown that the 

epithelial microenvironment effectively supports tumors that progress from localized ductal 

lesions to lung metastases (17). However, detailed analysis of molecular, histopathological, 
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and other features of 4T1 MIND tumors has yet to be reported, leaving it unclear whether 

exposure to the ductal epithelial microenvironment produces tumors that differ from those 

generated via MFP engraftment. A recent study has made comparison between 4T1 MIND 

and MFP tumors generated in mice immediately following weaning (15), but changes in the 

ductal epithelial microenvironment that occur with pregnancy, lactation, and post-lactational 

involution confound interpretation and may be of limited translational relevance given that 

most drug development studies are conducted in non-lactating mice.

To determine the effects of the naive mammary epithelium on 4T1 tumor development, we 

examined growth, histopathology, and transcriptional signature of 4T1 MIND tumors 

generated in nulliparous BALB/c mice.

Materials and Methods

4T1-Luc2-RFP cell line.

The parental 4T1-Luc2 cell line was purchased from the American Type Culture Collection 

(Manassas, VA, USA). Red fluorescent protein (RFP) was inserted into the 4T1-Luc2 cell 

line using a PWPT-RFP lentiviral transduction. The PWPT-RFP vector was generated by 

replacing GFP sequence with RFP sequence in PWPT-GFP vector. 4T1-Luc2-RFP cells 

were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS), 

100 U/ml penicillin (Sigma-Aldrich St. Louis, MO, USA) and 100 μg/ml streptomycin 

(Sigma-Aldrich) at 37°C in a humidified CO2 incubator. The 4T1 cell line was authenticated 

in 2016 by IDEXX Laboratories (Case #7479–2016; IDEXX BioResearch. Westbrook, ME, 

USA) (18).

Mice.

Sixteen-week-old female BALB/c mice (22–25 g) were purchased from Jackson Laboratory 

(Bar Harbor, ME, USA). Mice were housed in the University of South Carolina Animal 

Research Facility. All experimental methods were conducted under a protocol 

(2267-101030-082615) approved by the Institutional Animal Care and Use Committee of 

the University of South Carolina according to National Institutes of Health guidelines.

4T1 MIND tumor engraftment. Before implantation, 4T1-Luc2-RFP cells were grown for 2 
days.

Cells from the second passage were collected, counted, and re-suspended in sterile 

phosphate-buffered saline (PBS) at 106 cells/ml. Mice were anesthetized using isoflurane 

and 5 μl of cell suspension (i.e. 5,000 4T1-Luc2-RFP cells) were injected intraductally with 

a 30-gauge blunt-ended 0.5-inch needle into the #8 right thoracic mammary gland (19) as 

previously described (13), but without surgically opening the mouse. Prior to injection, the 

tip of the teat was snipped and the needle was inserted directly into the mammary duct 

through the teat opening.

Tumor growth quantification.

After 4T1 MIND tumors become palpable, tumors were measured semi-weekly using digital 

calipers to calculate their volume [(length×width2)/2]. Tumors were also monitored by 
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weekly bioluminescence imaging using the IVIS Lumina system (PerkinElmer, Waltham, 

MA, USA) as described elsewhere (20). D-Luciferase (PerkinElmer) (10 μg/g of body 

weight) was injected intraperitoneally, and images were acquired within 10 min following 

D-Luciferase injection. Live imaging software (PerkinElmer) was used to quantify photons 

emitted by the tumor cells.

Histopathology.

Mice were sacrificed at day 35 post tumor cells injection. Tumors were fixed in 4% 

paraformaldehyde and processed for paraffin sectioning. Tumor sections of 7 μm were 

stained with trichrome staining and used for histological examination of regional invasion, 

necrosis, collagen deposition, and fibrosis of primary tumors. In order to quantify metastasis 

in lungs, liver, and spleen, organs were processed for paraffin sectioning of 7 μm followed 

by hematoxylin and eosin staining. A total of 25 sections per organ (spanning the full depth 

of the organ) were examined and photographed using a Nikon Eclipse Ni microscope 

(Melville, NY, USA).

Immunohistochemistry.

Tissue sections of 4 μm were deparaffinized in xylene and rehydrated through a graded 

ethanol series. Antigen retrieval was performed on slides heated in 10 mM citrate buffer 

(pH=6.0) for 30 min at 95°C. After blocking with 5% donkey serum, primary antibody to 

RFP (Novus Biologicals, Centennial, CO, USA) was added at a concentration of 3 μg/ml. 

Slides were incubated for 1 h at room temperature followed by overnight incubation at 4°C. 

After washing, slides were incubated with secondary antibody (1 μg/ml - Alexa Fluor 594) 

for 2 h at room temperature. 4’,6-Diamidino-2-phenylindole (DAPI) staining was added for 

nuclear labeling followed by mounting media and coverslips. Slides were photographed 

using a Nikon Eclipse Ni camera.

Tumor sphere assay.

Five weeks post tumor cell injection, 4T1 MIND tumors were mechanically dissociated into 

<1 mm3 pieces using sterile scalpels, then enzymatically dissociated in Leibovitz’s L-15 

medium without phenol red, 1.5 mg/ml trypsin, and 3 mg/ml collagenase I (all from 

Invitrogen Carlsbad, CA, USA) at 37°C for 60 min to generate a single-cell suspension as 

described (21) and plated on ultra-low-adherence 96-well plates (Corning Corning NY,USA) 

at 300 cells/well in 300 μl tumor sphere medium (serumfree and phenol red-free Eagle’s 

minimal essential medium (DMEM) (Gibco Gaithersburg, MD, USA) supplemented with 

1X B-27 (Gibco), 20 ng/ml basic fibroblast growth factor (Invitrogen), and 20 ng/ml 

epidermal growth factor (EGF; Invitrogen). Tumor spheres were counted and imaged 10 

days after plating. Sphere-forming efficiency (SFE) was calculated by dividing the number 

of spheres by the number of plated cells per well times 100.

Lapatinib (Santa Cruz Dallas, TX, USA) and SB-505124 (Sigma) were diluted in dimethyl 

sulfoxide (DMSO). Vehicle controls were treated with 0.1% DMSO. Cells were maintained 

in drug or vehicle for the duration of the experiment. Vehicle controls and drug treatments 

were run in technical and biological triplicates. The data are presented as the mean±standard 

error of the mean (SEM). One-way ANOVA followed by Tukey multiple comparison test 
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were used to test for significant differences among treatment groups. Statistical analyses 

were performed using GraphPad Prism software (San Diego, CA, USA).

4T1-Luc2-RFP cell isolation and RNA extraction.

Tumors were harvested at day 24 post tumor cell engraftment and dissociated into single-cell 

suspensions as described above. RFP-positive 4T1 cells were isolated by fluorescence-

activated cell sorting (FACS) (FACSAria San Francisco, CA, USA) and collected in tubes 

containing QIAzol lysis reagent (Qiagen Germantown, MD, USA). RNA was extracted 

using the RNeasy Mini Kit (Qiagen).

RNA-Seq analysis.

Three independent RNA preparations from cultured 4T1-Luc2-RFP cells and FACS-isolated 

4T1-Luc2-RFP cells were submitted for RNA sequencing analysis. The RNA-Seq libraries 

were created using TruSeq RNA Sample Prep kit (Illumina, San Diego, CA, USA) Libraries 

were sequenced on HiSeq 2500 (Illumina), following the manufacturer’s protocols. The 

mapping of the processed reads was performed using HISAT (22) with mm10 reference 

genome; reads were counted using HTSeq (23). Genes showing less than 10 counts on 

average across all samples were removed, resulting in 14,027 genes. The remaining values 

were normalized with trimmed mean of M values normalization method (24) and then 

transformed with voom transformation (25).

Statistical analysis.

Limma package (26) was used to examine differential expression between the groups of 

interest; obtained p-values were corrected with Benjamini-Hochberg correction for multiple 

testing (27), and genes exhibiting corrected p-values of less than 0.05 were considered to be 

significant and were used in further analysis. BINGO plugin (28) in Cytoscape environment 

(29) was used to examine Gene Ontology (GO) Biological processes. Hierarchical clustering 

was performed by using gplots package [https://cran.r-project.org/web/packages/gplots/

index.html]. The 395 genes reported by Tabaries et al. (30) were selected to compare 

between those found to be differentially expressed between the FACS-isolated 4T1 MIND 

tumor cells and non-injected 4T1-Luc2-RFP cells versus those differentially expressed 

between 4T1 MFP tumor cells and non-injected 4T1 cells (30). A total of 384 out of 395 

probes were annotated with Gene Symbols. These 384 probes represented 323 unique genes, 

which were used for the comparison.

Results

Following MIND engraftment of 4T1-Luc2-RFP cells into the #8 thoracic gland (19) of 

adult BALB/c mice, tumors formed with 100% tumor take and were palpable by day 10 

post-injection. In vivo monitoring of 4T1 MIND tumors by bioluminescent imaging showed 

steadily increased growth over a 4-week period (Figure 1A and B). Tumor volume was also 

quantified bi-weekly using a digital caliper, which showed that 4T1 MIND tumors had 

reached an average of 1.8 cm3 in volume (Figure 1C). By 5 weeks post-injection, tumors 

had reached an average mass of 1.9 g (Figure 1D). Altogether, these results are comparable 

to the reported growth characteristics of 4T1 MFP tumors (15).
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Upon the experimental end-point, histopathology of 4T1 MIND tumors was examined to 

determine if their features differed from what has been reported for 4T1 MFP tumors. 

Trichrome staining revealed adjacent muscle invasion (Figure 2A) and regions of necrosis 

with extensive immune cell infiltration (Figure 2B), features that have also been identified in 

4T1 MFP tumors (31, 32). In addition, 4T1 MIND tumors also showed abundant collagen 

deposition (Figure 2C) and regions of fibrosis (Figure 2C), two indicators of malignant 

progression that have not been reported for 4T1 MFP tumors as far as we are aware (33, 34).

To assess metastatic activity of 4T1 MIND tumors, lung sections were examined for the 

presence of macrometastatic nodules. At 3 weeks post-engraftment, 87% of mice had 

detectable lung lesions (Figure 3A and B). This high incidence is a striking difference from 

the metastatic activity of 4T1 MFP tumors which, despite similar growth rates, do not give 

rise to lung macrometastases at this early time point (35). By week 5, lung lesions were 

found in all 4T1 MIND tumor-bearing mice (Figure 3B), which is also higher compared to 

the 60–80% incidence reported for 4T1 MFP tumors at 5 weeks post-engraftment (35). 

Consistent with increased incidence at both time points, the metastatic burden in 4T1 MIND 

tumor-bearing mice also increased between weeks 3 and 5, as indicated by the greater 

number of lesions per lung (Figure 3C). Although the 4T1 line used in this study 

metastasizes only to the lungs when engrafted into the MFP (36), we nevertheless examined 

the liver, spleen, bones, and brain to determine if MIND delivery alters tropism. 

Macrometastatic lesions were not detected in these organs, although extensive 

extramedullary hematopoiesis was present in the liver (Figure 3D) and spleen (Figure 3E) at 

week 5 post engraftment.

The changes in tumor histopathology and metastatic activity in 4T1 MIND tumors prompted 

us to probe for accompanying changes in gene expression in 4T1 cells following MIND 

engraftment. In order to isolate 4T1 cells from stroma and other cell types within the 4T1 

MIND tumors, we utilized their RFP expression, which was first confirmed by 

immunofluorescent staining of tumor sections. As shown in Figure 4, approximately 28% of 

4T1 MIND tumor cells were RFP+.

Next, 4T1 MIND tumor cells were isolated by FACS for RFP+ cells. RNA was extracted 

from RFP+ 4T1 MIND tumor cells, as well as the cultured 4T1-Luc2-RFP cells used in 

inoculations, and samples were submitted for RNA sequencing. Differential expression 

analysis revealed 6,297 genes that were differentially expressed in the isolated 4T1-Luc2-

RFP cells compared to non-injected 4T1-Luc2-RFP cells (Figure 5A, GSE129106). This 

robust difference in gene expression significantly differs from what has been reported for the 

molecular analysis of 4T1 tumor cells isolated from MFP, which exhibit only 395 

differentially expressed genes compared to non-injected 4T1 cells (30). Of the 395 genes 

reported by Tabaries et al., 384 out of 395 probes had been annotated with Gene Symbols. 

These 384 probes represented 323 unique genes, which we compared with the differentially 

genes found in the present study (Figure 5B). Remarkably, some of the genes that become 

up-regulated in 4T1-Luc2-RFP cells after MIND implantation, but not MFP implantation, 

include known therapeutic targets such as cytotoxic T-lymphocyte antigen-4 (CTLA4) (37, 

38) and androgen receptor (AR) (39).
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We next selected genes that were up-regulated with a fold change of at least 2.0 in samples 

from the intraductal implantation relative to the non-injected cells. These 3,356 genes were 

subjected to GO analysis, focusing on the Biological Processes component, which showed 

significantly affected processes associated with intraductal engrafted 4T1-Luc2-RFP cells. 

When comparing our results to the pathways that are affected in MFP-engrafted cells, we 

found that many of the MIND-affected pathways were not reported to be affected by the 

MFP implantation of the 4T1 cells. Pathways affected only in MIND-implanted cells 

included angiogenesis, Wingless/Integrated signaling (Wnt), interleukin 10 (IL10) signaling, 

Janus kinases-signal transducer and activator of transcription proteins JAK-STAT signaling, 

and RAS signaling, all of which have been shown to be directly involved in supporting 

tumor progression and metastasis, and which represent putative targets for development of 

biologically-based therapies (40, 41). Pathway analysis also showed several regulators of the 

tumor immune microenvironment, including interferon gamma and toll-like receptor 

pathways, in addition to regulators of macrophage recruitment and polarization, i.e. IL10, 

IL4, and IL6 signaling.

Lastly, because tumor sphere assays are often used as an in vitro platform for high-

throughput drug screening (42), we also examined the ability of 4T1 MIND tumors to 

produce tumor spheres following dissociation and placement into non-adherent culture. 

Tumor spheres formed within 1 week of culture, and upon passage formed secondary 

spheres, indicative of self-renewal capacity (Figure 6A and B). Consistent with up-

regulation of EGF receptor expression in 4T1 MIND tumor cells, 4T1 MIND tumor sphere-

forming efficiency was attenuated by lapatinib, a small-molecule inhibitor of EGF receptor/

erb-b2 receptor tyrosine kinase (ERBB2) (43) (Figure 6C), but not by SB-505124, a small 

molecule inhibitor of activin-like kinase 4/5/7 receptor signaling (44) (Figure 6D).

Discussion

The growth, histopathological, metastatic, and molecular properties of 4T1 MFP tumors are 

well documented (30, 35, 45); however, very little characterization has been reported for 

4T1 MIND tumors. Our results demonstrate that when 4T1 cells are MIND-engrafted, 

tumors acquire a more aggressive malignant phenotype, as reflected by differences in 

histopathology, metastatic activity, and transcriptional signature. Quantification of 

macrometastatic lesions revealed increased metastatic activity of 4T1 MIND tumors, both in 

the number of mice with distant metastases and the number of nodules within lungs of mice 

with metastatic burden. Heightened metastatic activity was preceded by enhanced collagen 

deposition and fibrosis in primary tumors in addition to local invasion of tumor cells into 

adjacent muscle tissue, indicating that exposure to the ductal epithelial microenvironment 

promotes a more malignant phenotype.

The differences in 4T1 MIND tumor progression occurred despite similarity in tumor 

volume and endpoint mass compared with 4T1 MFP, indicating that the changes in gene 

expression and metastatic progression are unrelated to tumor size. The similarity in growth 

rate of 4T1 MIND and MFP tumors appears to be restricted to those generated in nulliparous 

mice; when engraftments are performed in lactating mice, 4T1 MIND tumor growth is 

delayed compared to MFP tumors (15). Although it remains to be determined how the 
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differential physiological status of mammary epithelium promotes differential tumor growth, 

one likely possibility, as suggested by Steenbrugge et al. (16), is that the immunological 

compartment of the mammary microenvironment plays a contributory role. Consistent with 

this idea, the stroma of the weaning gland undergoes a marked shift to a pro-inflammatory 

signature, resembling a wound-healing phenotype that would be expected to delay tumor 

growth (46, 47). By contrast, the transcriptional signature derived from 4T1 MIND tumors 

generated in the naive mammary epithelium reflects a mixed inflammatory/

immunosuppressive immune environment. Indeed, in recognition of the ability of the 

immune microenvironment to control tumor progression and metastasis in breast and other 

cancer types, we chose to inoculate 4T1 cells without surgical opening of the gland in order 

to mitigate inflammation induced by experimental manipulation (48). In addition to 

immunological influence, there may also be a hormonal contribution; differential MIND 

tumor growth has been reported for estrogen receptor positive (ER+) xenografts, which 

showed delayed growth compared to ER+ MFP tumors when engrafted into 

immunodeficient mice (14).

Results obtained from RNA sequencing offer insight into the molecular processes 

underlying the more aggressive metastatic progression of 4T1 MIND tumors. With respect 

to the parental 4T1 cell line, 4T1 tumor cells exhibit a striking differential expression of 

6,297 genes following intraductal engraftment, many of which represent pathways that are 

directly associated with progression and metastasis of TNBC, e.g. homobox (Hoxb) actin-

alpha 2 (Acta2), actin-gamma2 (Actg2), and Wnt (49, 50). Pathway analysis of differentially 

expressed genes yielded over 90 distinct pathways that were affected by intraductal 

implantation, uncovering those which are not affected by MFP implantation and that 

represent putative candidates for biologically based TNBC therapies, e.g. angiogenesis, 

WNT signaling, IL10 signaling, JAK-STAT signaling, EGF receptor signaling, and RAS 

signaling (30). Moreover, the 4T1 MIND transcriptional signature also includes two 

definitive drug targets, cytotoxic Ctla4, which was up-regulated 89-fold, and AR, up-

regulated 67-fold. Ctla4 encodes an immunosuppressive protein that transmits an inhibitory 

signal to T-cells (51). Tremelimumab, a monoclonal antibody to CTLA4, has recently been 

used in clinical trials alone or in combination with other therapeutics to successfully treat 

metastatic cancer, including TNBC (38). Yet despite this clinical advancement, preclinical 

studies using 4T1 MFP tumors failed to detect efficacy of this drug (52), presumably due to 

lack of CTL4 expression following fat pad engraftment.

A similar discrepancy also appears to be emerging for AR, a steroid hormone receptor 

whose expression is absent from 4T1 MFP tumors, yet robust in 4T1 MIND tumors. The 

lack of AR expression in 4T1 MFP tumors would predict inefficacy of targeting this 

pathway in TNBC. However, there is a subset of triple-negative breast tumors that express 

high levels of AR that are showing promising results in clinical trials with enzalutamide, an 

inhibitor of AR signaling (53). Given that patients with the TNBC subtype exhibit a 

particularly poor response to chemotherapy (54), utilization of appropriate preclinical animal 

models will accelerate progress in this new therapeutic direction. Along this line, it is 

notable that differences in AR expression have also been observed in ER+ MCF7 

xenografts: MCF7-MFP tumors lack AR expression, but intraductal engraftment causes 

markedly elevated AR expression (14), again providing evidence that tumor cell exposure to 

ATIYA et al. Page 8

Anticancer Res. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the ductal epithelial microenvironment alters tumor properties in ways that are 

translationally relevant. Thus, in light of these and the many other molecular differences that 

arise when 4T1 cells are intraductally engrafted, we propose that selection of the inoculation 

site is a parameter that warrants careful consideration when using orthotopic mammary 

tumor models, a decision that may significantly affect outcomes in preclinical drug 

development and testing.
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Figure 1. 
4T1 tumor growth. 4T1-RFP-luc cells were intraductally implanted into thoracic mammary 

glands of wild-type female BALB/C mice (n=6). A: Tumor growth was measured at the 

indicated time points by whole animal bioluminescence imaging as shown in a 

representative mouse. B: Bioluminescence expressed as photon flux per second (ph/s). C: 

Tumor growth was also measured semi-weekly using digital calipers. D: Tumor mass was 

quantified upon sacrifice. Data are presented as mean±standard error.
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Figure 2. 
4T1 tumor histopathology. A: Trichrome-stained 4T1 tumor sections showing chest wall 

muscle (M) invasion by tumor cells (T). B: Necrosis and leukocyte (arrows) infiltration. C: 

Fibrosis and collagen deposition (arrows) (scale bar=50 μm).
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Figure 3. 
4T1 tumor metastasis. A: Hematoxylin and eosin staining of tissue sections showing macro-

metastases in lung (asterisk). B: Incidence of lung metastasis. C: Number of lung lesions at 

3- and 5-week time points. Extramedullary hematopoiesis in liver (D) and spleen (E) as 

evidenced by the presence of megakaryocytes (scale bar=50 μm). Data are presented as the 

mean±standard error.

ATIYA et al. Page 15

Anticancer Res. Author manuscript; available in PMC 2020 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
RFP expression in 4T1-Luc2-RFP tumor cells. A: Immunofluorescence staining of a 4T1 

tumor section showing the RFP expression in tumor cells (arrows) (scale bar=25 μm). D: 

The percentage of RFP-positive cells in primary 4T1 tumors. Data are presented as the mean

±standard error. DAPI: 4’,6-Diamidino-2-phenylindole.
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Figure 5. 
Distinct gene-expression profiling associated with the intraductal implantation of 4T1-Luc2-

RFP cells. A: A heatmap displaying 6,375 genes that were differentially expressed after 

mammary intraductal (MIND) injection of 4T1-Luc2-RFP cells compared to non-injected 

4T1-Luc2-RFP cells. B: Identification of differentially expressed genes in 4T1-Luc2-RFP 

post MIND injection compared to data of Tabaries et al. (30) of differentially expressed 

genes in 4T1 cells post mammary fat pad (MFD) injection (Venn diagram). C: Pathway 

analysis showing the number of differentially expressed genes in 4T1-Luc2-RFP post MIND 

injection.
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Figure 6. 
Tumor sphere formation and drug sensitivity. A: Representative image of 4T1 tumor sphere 

(scale bar=100 μm). B: Numbers of primary and secondary 4T1 tumor spheres (n=3). C: 

Lapatinib reduced 4T1 tumor sphere formation. D: Inhibitor of activin-like kinase 4/5/7 

receptor signaling SB-505124 had no effect on 4T1 tumor sphere formation. Data are 

presented as the mean±standard error. DMSO: Dimethyl sulfoxide; SFE: Sphere-forming 

efficiency.
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