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Abstract

Given that the transition from ductal carcinoma in situ (DCIS) to invasive breast
cancer (BC) is crucial during the BC progression, the mechanism involved in the inva-
sion transition behind triple-negative breast cancer (TNBC) and estrogen receptor-
positive (ER-positive) subtype has remained elusive. This article detected distinct
invasion patterns of BC cells between the ER-positive and TNBC using intraductal
murine models with intraductal administration of carbon nanoparticles (CNPs). First,
the feasibility of the utility of CNPs as a tracer was proved. The area ratio of CNPs
and tumor cells invading the stroma at the late stage was found significantly higher
than that in the early stage in MNU-induced ER-positive BC. However, opposite
results were obtained in the triple-negative model. Consequently, we proposed that
the ER-positive phenotype cells behave differently between different stages during
tumor progression while there is no such difference in the invasion process of TNBC
cells. The analysis regarding the duct integrity along with immunohistochemical char-
acteristics further explained the distinct invasion features between the ER-positive
and triple-negative subtypes. Last, the relationship between the duct thickness and
the duct integrity suggested that ER-positive tumors gradually increased in size within
the lumen before the invasion. Overall, this study suggested the different invasion

characteristics of ER-positive BC and TNBC in vivo.

Abbreviations: 4T1-Luc, luciferase transgenic 4T1; BC, breast cancer; CNPs suspension, carbon nanoparticles suspension; CNPs, carbon nanoparticles; DCIS, ductal carcinoma in situ; DPI, days
post inoculation; ECM, extracellular matrix; ER-positive, estrogen receptor-positive; H&E staining, hematoxylin and eosin staining; HER2, epidermal growth factor receptor 2; IHC,
immunohistochemistry; IVIS, in vivo imaging system; MIND, mouse intraductal; MMP9, matrix metallopeptidase 9; MNU, N-methyl-N-nitrosourea; PBS, phosphate-buffered saline; PR,
progesterone receptor; SD rats, Sprague-Dawley rats; TEM, transmission electron microscopy; TILs, tumor-infiltrating lymphocytes; TNBC, triple-negative breast cancer; WPI, weeks post

inoculation.
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1 | INTRODUCTION

Breast cancer (BC) which grows to be one of the most common can-
cers as well as the leading cause of death among women worldwide,
is highly heterogeneous.>™ Molecular classification of BC based on
gene expression subdivides breast tumors into distinct prognostic
groups using ER, progesterone receptor (PR) and epidermal growth
factor receptor 2 (HER2) status.> ER-positive BC with a relatively low
proliferative nature and better prognosis express the ER.6 TNBC is a
highly metastatic form of breast cancer, accounting for 10% to 20% of
all BC.2*° This subtype tends to occur distant metastasis in the early
stage.1¥12 Previous investigations have been conducted to identify
the mechanism that drives the higher invasiveness of TNBC compared
to ER-positive or HER2-positive BC. The utility of proteomic analysis
comparing the triple-negative tumors and other phenotypes of BC has
identified molecular mechanisms which are exclusively activated in
the TNBC.*1” Similarly, comprehensive genomic profiling has
revealed specific gene amplification, which contributes to the inva-
siveness of TNBC.1822

We combined the ER-positive BC model previously estab-
lished by our lab and a mouse intraductal (MIND) model represent-
ing the TNBC with intraductal administration of specific
nanomaterials as a tracer to understand the distinct invasion pat-
tern.2® Rats administrated with N-methyl-N-nitrosourea (MNU)
have been widely used to study breast carcinogenesis due to the
ability to replicate the occurrence of human breast cancer.?4?” In
previous work, we developed the rat model by intraductal injection
of MNU with a fully predictable tumor location.?® By gene expres-
sion profiles, tumors in this model cluster with the ER-positive
subtype of human BC. Likewise, the MIND model based on 4T1
cells has the advantage of presenting disease progression from
DCIS to invasive carcinoma compared to the traditional fat pad
model.?834 In combination, these intraductal models allow us to
observe how breast tumor cells migrate and invade.

CNPs are harmless nanomaterials consisting of nanoscale carbon
particles with an average particle size of 150 nm.>*? Complete
removal from the body via a combination of hepatic and renal clear-
ance allows CNPs to be widely used, such as drug and gene delivery,
lymph node tracing and biosensors.***? In these two models, CNPs
are inoculated intraductally into the rodents to track the motion of

breast neoplasm, carbon nanomaterial, intraductal injection, invasion

Compared to triple-negative breast cancer, estrogen receptor-positive breast cancer presents a
lower risk of metastatic disease. The specific mechanisms behind the distinct prognoses remain
to be explored. Here, the authors tracked the invasion of breast cancer cells in vivo models using
intraductal injection of carbon nanoparticles as a minimally invasive technique. The results sug-
gested that estrogen receptor-positive breast cancer cells invade and migrate within the duct
until the tumor is large enough to break through the duct lining in the late phase, while triple-

negative tumor cells begin the migration and invasion in the early stage.

tumor cells (Figure 1A,B). This study first demonstrated the feasibility
of using CNPs to track cancer cells and revealed the distinct invasive
mode between the ER-positive type and TNBC. We verified that
ER-positive BC cells invade and migrate until the tumor within the
ducts is large enough to break through the duct lining in the late
phase. In contrast, triple-negative tumor cells begin the migration and
invasion in the early stage (Figure 1B). This is the first study to present
and track the invasion of BC cells in vivo models, which helps under-
stand the invasive transition of ER-positive and triple-negative mam-

mary tumors.

2 | MATERIALS AND METHODS

21 | Animals

Female Sprague-Dawley (SD) rats aged 3 to 4 weeks and female
BALB/c mice (after twice gestation) used in this study were acquired
from Hunan Silaike Jingda Laboratory Animal Co, Ltd (Changsha,
China). All the animals were maintained in a 12-hours light-dark cycle
and acclimated for at least 5 days before the experiments. All the
rodents were provided with a standard laboratory diet and distilled
water in specific pathogen-free rooms. Animals were euthanized by
carbon dioxide inhalation.

2.2 | Cellculture

Luciferase transgenic 4T1 (4T1-Luc, RRID: CVCL_J239) breast can-
cer cells (Shanghai Yaji Biological Technology, Shanghai, China)
were developed with vectors carrying luciferase and puromycin
resistance genes. The 4T1-Luc cells and 67NR cells (RRID:
CVCL_9723; Shanghai Yaji Biological Technology, Shanghai,
China) represent an aggressive phenotype of human triple-
negative BC with expression loss of ER, PR and a nonmetastatic
phenotype of human ER-positive BC, respectively. Before trans-
plantation, the cells were confirmed mycoplasma-free and then
trypsinized, washed through centrifugation, resuspended in
phosphate-buffered saline (PBS) and counted by a Biircker cham-
ber. All experiments were performed with mycoplasma-free cells.
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FIGURE 1 The distribution of CNPs tracks the invasion of BC cells of ER-positive and triple-negative subtypes after intraductal
administration. (A) The intraductal administration of CNPs suspension in both the normal mammary (Top) and the cancerous breast (Bottom)
offered the chance to observe the mammary ducts with the naked eye. The red circle shows the breast tumor. (B) The intraductal route implanted
4T1-Luc cells in female BALB/c mice, and whole-body imaging of BALB/c mice was performed at different times to observe the luciferase-
expressing 4T1 cells and ensure the establishment of tumors. (C) Correlation plot of the ratio of the ductal breakthrough CNPs area and cancer
cells for the 4T1, 67NR and MNU-induced models. (D) The H&E staining (Left) of the 4T1, 67NR and MNU-induced models exhibited the ductal
breakthrough of CNPs. The quantification (Right) of the percentage of the area of CNPs that penetrated the ductal epithelial layer of the total
area in the 4T1, 67NR and MNU-induced models. Data are mean + SD. Statistical analysis was performed using the Kruskal-Wallis test, Spearman
correlation and one-way ANOVA when appropriate. Scale bars, 100 um and 50 pm, respectively. [Color figure can be viewed at
wileyonlinelibrary.com]
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2.3 | The4T1 and 67NR MIND model

To establish the 4T1 and 67NR models, female BALB/c mice (after
twice gestation) were intraductally injected into the duct opening of
the bilateral fourth mammary glands with 20 L, 2 x 10°> BALB/c-
derived 4T1-Luc mammary tumor cells or 67NR tumor cells (107/mL).
The CNPs suspension (0.5 mL: 25 mg; carbon nanoparticles, LUMMY
Pharmaceutical Co, Ltd, Chongging, China) was diluted with normal
saline. After the modeling process, the animals were inoculated with a
10-fold dilution of the carbon nanoparticles suspension (CNPs sus-
pension; 5 g/L, 20 uL/teat) at 2, 6 and 9 days postinoculation (DPI),
respectively. Of note, the intraductal injection of CNPs suspension
allowed us to observe the distribution of the CNPs in the animals.
Exactly 24 hours after the injection of CNPs suspension, the mice
were sacrificed and dissected to collect tumor tissues. In vivo small
animal imaging was conducted before the CNP administration to
ensure the successful establishment of 4T1 breast tumors. The inocu-
lation was performed using a 100 pL Hamilton syringe with a
33-gauge blunt needle under anesthesia. The mice were tagged and

grouped randomly three to five animals in each group.

24 |
in rats

Intraductal MNU mammary tumor model

Based on our previous study, 3- to 4-week-old female SD rats
received intraductal administration of freshly prepared MNU (50 g/L,
20 pL/teat; M325815, TRC Chemicals, Ontario, Canada) once in the
bilateral fourth mammary glands. The rodents were sacrificed to col-
lect tissue at 2, 5 and 7 weeks postinoculation (WPI). Exactly 24 hours
before the sacrifice, the rats in the experiment group were inoculated
intraductally with the 10-fold dilution of the CNPs suspension (5 g/L,
20 plL/teat). During the injection, animals were maintained under
anesthesia using continuous 2% isoflurane inhalation (1% oxygen).
Carcinoma in situ with positive expression of ER, and negative expres-
sion of Her-2 developed 28 to 42 days after the first intraductal injec-
tion of MNU and eventually progressed to invasive ductal
carcinoma.?®>*2 The animals were randomized to three groups of three

to five rats each.

2.5 | Histopathology and immunohistochemistry

The rodent mammary tissues were isolated, fixed overnight in
phosphate-buffered 10% formalin and embedded in paraffin. Then tissue
sections were deparaffinized at 5 um. Paraffin sections were rehydrated
with decreasing ethanol concentrations, inferior to hematoxylin and
eosin (H&E) staining. For further analysis, tissue sections were dehy-
drated and mounted with cover glass. Immunohistochemistry (IHC) was
utilized to detect the level of E-cadherin, a-SMA and CD31 in the breast
samples. After standard dewaxing and rehydration, tumor samples were
incubated in citric acid buffer (pH 6.0) for 15 minutes for antigen

retrieval, followed by treatment with 3% H,O, for 10 minutes to

inactivate endogenous peroxidase activity. Then, the sections were
blocked using 5% goat serum (Beyotime Institute of Biotechnology,
Shanghai, China) for 10 minutes and incubated with primary antibody.
Next, sections were washed and incubated with secondary antibodies at
37°C for 1 hour. For Masson's staining in breast tumor tissue, the fixed
tumor tissue was stained with Masson's trichrome according to standard
protocols. H&E, IHC and Masson's staining were imaged with a Pannora-
mic MIDI system (3DHISTECH, Budapest, Hungary).

For the morphometric assessment, the area of the lesion of CNPs
and tumor cells that penetrated the ductal epithelial layer and the total
area of the tumor section was measured using the CaseViewer software
from 3DHISTECH. For quantifying, three x20 representatives randomly
selected, nonadjacent, nonoverlapping images were taken per sample.
The intensity of CD31+ lumens was quantified (n = 3). For E-cadherin,
a-SMA and Masson's staining, images were analyzed and quantified by
Image-Pro Plus 6 software and ImageJ software. Researchers blinded to
experimental data counted and calculated the cell density independently,
and their mean values were adopted as a result.

Using a standard immunofluorescence protocol, the expression of
the fibroblast marker, Vimentin and matrix metallopeptidase
9 (MMP9) was evaluated. Nuclei were counterstained by DAPI. Tissue
sections were processed with primary antibodies at 4°C overnight and
secondary antibodies at RT for 1 hour. Specific primary antibody to
MMP9 was obtained from Abcam, OH (AF5105, 1:500), to Vimentin
from SanYing Biotechnology, Wuhan, China (10366-1-AP, 1:1000), to
CD31 from Abcam, OH (ab182981, 1:200), to E-cadherin from Pro-
teintech, Wuhan, China (20874-1-AP, 1:500), to a-SMA from Boster,
Wuhan, China (BM0002, 1:200). Images were captured with a Pan-
noramic MIDI slide scanner (3DHISTECH) and quantified by Image)
software.

2.6 | Flow cytometry analysis

To obtain single-cell suspensions, 4T1 and 67NR tumors were harvested
on day 10 post-tumor inoculation. According to the manufacturer's
instructions, single-cell suspensions of tumors were prepared using gen-
tleMACS dissociator and digestive enzyme (Miltenyi Biotec). The immune
subsets in breast tumors were analyzed and quantified by flow cytometry
and the data were acquired using a CytoFLEX flow cytometer (Beckman
Coulter, Fullerton, CA). The following mouse antibodies were used: anti-
CD8a (APC, clone 53-6.7, #100711, BioLegend), anti-CD4 (FITC, clone
RM4-5, #100510, BioLegend), anti-CD4%b (PE, clone DX5, #108907,
BioLegend), anti-CD11b (FITC, clone M1/70, #101216, BioLegend), anti-
Ly6G (PE, clone 1A8, #127607, BioLegend) and, anti-F4/80 (APC, clone
BMS, #123115, BioLegend).

2.7 | Transmission electron microscopy
Transmission electron microscopy (TEM) was utilized to verify the
morphology of the breast tumor tissue and CNPs. Breast tissues were

dissected, cut into 1 mm?®, and fixed in 2.5% glutaraldehyde in PBS

85UB017 SUOWILLIOD BRI 3|qeol|dde aus Aq pausenob aJe saolie VO ‘@8N JO S3|nJ 10} Afeiq|78U1|UO AB]IM UO (SUORIPUOD-PUB-SLLBIALIOY A8 | IMAReAq) U1 IUO//STIY) SUORIPUOD PUe swie L 8u} 83S *[€202/90/8T] Uo ArigiTauluo A|im ‘Aiseaun Buo ) cerr rybueys Ag TT9vE 2 (1/200T 0T/I0pAL0Y AB (1M Aleiqfeul [UO//SHNY WOl papeolumoq ‘0 ‘STZ0260T



KUANG ET AL.

(0.1 M, pH 7.4). After washing three times with PBS, the tissue sec-
tions were fixed in 1% osmic acid for 1 hour. Then the samples were
dehydrated using graded alcohol and anhydrous acetone. After being
buried with epoxy resin, samples were then kept in an electric oven at
37°C overnight. After embedding, the ultrathin sections (60-70 nm)
were cut using an ultramicrotome (Leica EM UC7, Leica, Wetzlar,
Germany), coated with celloidin membrane, stained with uranyl ace-
tate and lead citrate and then dried overnight. Last, the sample was
observed using a Model HT-7800 transmission electron microscope
(HITACHI, Tokyo, Japan).

2.8 | Invivo bioluminescence imaging

To ensure the successful establishment of triple-negative breast
tumors, in vivo small animal imaging was conducted before the CNP
administration. The mice bearing 4T1-Luc tumors were anesthetized
and then injected intraperitoneally with 300 pL D-luciferin potassium
salt buffer solution (15 mg/mL, Shanghai Maokang Biotechnology,
Shanghai, China). Following the standard instructions, the biolumines-
cence images were assessed using in vivo imaging system (IVIS)

Lumina Series Il (Perkin Elmer, Waltham).

2.9 | Statistical analysis

The data were represented as mean + SE of the mean (SEM). The
appropriate statistical analysis was completed with the software R
(version 3.6.3). Statistical analysis was performed using nonparametric
tests, chi-square tests or ANOVA tests when appropriate. Spearman
correlation coefficients were used to assess correlations. Probability
values (P) <.05 were considered statistically significant. *P < .05;
**P <.01; ***P < .001.

3 | RESULTS

3.1 | The distinct invasion modes between BC cells
of ER-positive and triple-negative subtypes are
tracked by the distribution of CNPs after intraductal
administration

We detected the distribution of CNPs in the mammary ducts after intra-
ductal injection in rodents. This black nanomaterial allowed us to observe
the mammary ducts with the naked eye (Figure 1A). The in vivo half-life
of CNPs was longer than other nanomaterials such as Fe304 nanoparti-
cles and showed stronger color contrast (Figure S1A). Furthermore, CNPs
suspension is easy to access and easy to use at a low cost. Hence, we
chose CNPs as the tracer to reveal the motion of BC cells of ER-positive
and triple-negative subtypes.

To demonstrate the invasion of these two BC subtypes, corre-
sponding animal models were established. As shown in Figure 1B,

in vivo imaging validated the invasive primary tumor growth of 4T1
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tumor cells. It showed that 4T1 cells spread throughout the mammary
gland and surrounding tissues. The quantification of the lesion of
CNPs and tumor cells that penetrated the ductal epithelial layer as a
proportion of the total area was measured at each time point. The
ductal breakthrough CNPs area ratio and that of cancer cells had a
strong positive correlation in the MNU-induced tumor samples
(Spearman correlation, r = .651; P < .001; Figure 1C). A similar corre-
lation was observed in the 4T1 samples (Spearman correlation,
r=.833; P =.008; Spearman correlation, r=.700; P =.043;
Figure 1C). These results suggested that CNPs can track the migration
and invasion of cancer cells in both ER-positive and TNBC models.
Statistical analysis was performed to explore the invasion of breast
tumor cells in these models. Notably, the percentage of the area of both
ductal breakthrough CNPs and tumor cells was significantly increased at
the late phase than that at the early phase in the MNU-induced model.
However, no similar disparities were highlighted in the 4T1 model. At
7 WP, the ratio of the ductal breakthrough CNPs area was much
climbed (P < .05) in contrast to it at 2 WPI in the MNU-induced tumors
(Figure 1D). Likewise, the percentage of tumor cells penetrating the duct
at 7 WPI was statistically higher (Figure S1B) than it was at 5 WPI (P <
.05). But for TNBC, none of the differences among the tumor cell area at
3 DPI, 7 DPI and 10 DPI were statistically significant (Figure S1B). The
opposite results between the MNU-induced and 4T1 tumors led us to
the speculation about the distinct invasive pattern in these two subtypes.
For TNBC tumors, migration and invasion behavior did not differ signifi-
cantly between different stages, while for the ER-positive phenotype,
invasiveness at the early stage was reduced compared to advanced

tumors.

3.2 | The differences in histology and
immunohistochemical characteristics between
ER-positive and triple-negative BC models may explain
their distinct invasive pattern

To figure out the mechanics behind the opposite invasion modes, we
evaluated the entire pathological sections of each rat group (2 WPI,
5 WPI and 7 WPI) and mouse group (3 DPI, 7 DPI and 10 DPI).
Whether the duct contains CNPs categorized mammary ducts as no
distribution of CNPs and distribution of CNPs (Figure 2A). In the
MNU-induced tumors, 47.1% of ducts at 2 WPI contained no CNPs,
while CNPs were distributed in the rest ducts. At 7 WPI, CNPs were
distributed in significantly fewer ducts (41.5%, P < .001) compared to
the 2 WPI group (Figure 2B). A possible explanation is as follows. The
first part of this article revealed that the area ratio of CNPs that broke
through the basement membrane at 7 WPI was higher than it was at
2 WPI. Consequently, the amount of CNPs in the lumen at 7 WPI was
relatively less. This could explain the observed decrease in ducts with
CNP distribution at 7 WPI. As for the 4T1 tumors, statistical tests
revealed that at 3 DPI, 489 ducts (38.2%) contained no CNPs while
CNPs assembled in the rest, 792 ducts (61.8%). Surprisingly, CNPs
were distributed in significantly fewer ducts (Figure 2B) at 7 DPI
(26.1%, P < .001) and 10 DPI (49.0%, P < .001). One possible reason is
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FIGURE 2 The morphological evaluation of pathological sections of each rat group and mouse group. (A) The H&E staining for histological
clarification in the 4T1, 67NR and MNU-induced models. (B) The statistical analysis of breast tumors regarding the distribution of CNPs in the
ER-positive subtype mammary tumors and for the triple-negative tumors. (C) The histological evaluation and statistical analysis of breast tumors
regarding the ductal integrity in the ER-positive subtype mammary tumors and triple-negative tumors. Comparison of the percentage of ducts
with CNP distribution in normal, mild defected and severe defected ducts between different stages for the 4T1 (D) and 67NR tumors (E). Data
are mean * SEM. Pearson's x? test was used to compare proportions and evaluate the P-value. Scale bars, 50 pm. [Color figure can be viewed at
wileyonlinelibrary.com]

that the palpable tumors were established in BALB/c mice before the In the MNU-induced model, segregation according to the integ-
intraductal administration of CNPs at 6 DPI and 9 DPI. Therefore, rity of the mammary duct classified 33.5% of ducts of the group at an
CNPs failed to enter the solid tumors by intraductal injection in the early stage into normal ducts, 63.6% into ducts with moderate loss of
4T1 model. luminal architecture and 2.9% into severe loss group. Compared to
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the 2 WPI group, significantly more ducts (P < .001) at 5 WPI and
7 WPI in the MNU-induced tumor sections were found with moderate
and severe loss of luminal architecture (Figure 2C). The gradual loss of
ductal integrity suggested that the invasiveness of MNU-induced
tumor cells increases with tumor progression. For the TNBC model,
we categorized 28 (2.2%) ducts as normal, 1029 (80.3%) ducts as
moderate defected and 224 (17.5%) ducts as severely defected at
3 DPL. Similarly, 8 ducts (1.4%) at 7 DPI and 24 (2.5%) at 10 DPI were
classified as normal ducts (Figure 2C). Unlike the MNU-induced
tumors, the proportion of the seriously defected ducts at 3 DPI was
comparable and even higher than that of the tumors at 7 DPI and
10 DPIL. This result indicated that 4T1 cells exhibit strong invasiveness
and penetrate the ductal epithelial layer in the early phase. The dis-
tinct invasive pattern between the MNU-induced and 4T1 models
could be interpreted based on these morphological differences. Fur-
thermore, these findings above coincided with the relatively lower risk
of distant metastasis for the ER-positive subtype than TNBC.

Interestingly, differences in the distribution of CNPs within the
ducts were observed between groups with varying loss of luminal
architecture in both the chemically induced model and grafting
models. For the 4T1 model, at 3 DPI, the percentage of ducts with
CNP distribution in normal ducts was significantly decreased than in
moderate (P < .001) and ducts with severe loss of luminal architecture
(P < .001). The outcomes observed at 7 DPI and at 10 DPI were com-
parable except that no significant differences (P = .241) were found
between normal ducts and moderately defected ducts at 7 DPI
(Figure 2D). The results for the MNU-induced model (Figure S1C)
were similar to the results for the 4T1 model. Together, these results
indicated that CNPs followed tumor cells which penetrated the epi-
thelial layer. Therefore, CNPs assembled in ducts with loss of luminal
architecture rather than the normal ducts. The findings further
explained the correlation between the breakthrough of CNPs and
tumor cells and confirmed the validity of CNPs tracing the tumor
motion.

To further elucidate the distinction between different stages in-
depth, we performed E-cadherin, CD31 and MMP9 staining. Compared
to the discontinuous E-cadherin staining at 7 WPI, strong continuous
linear membranous retention of E-cadherin was seen at 2 WPI with
CNPs limited within the ducts (Figure 3A). Quantitative analysis of
E-cadherin staining also confirmed this result (Figure 3B). This further
proved the hypothesis that ER-positive tumor cells prefer local prolifer-
ation at an early stage, and they penetrate the epithelial layer in late
tumors. Furthermore, CD31 staining (Figure 3C,D) demonstrated signifi-
cantly increased (P < .05) CD31+ vessel formation at 7 WPI than at
2 WPI and at 5 WPI in the MNU-induced model. IHC staining of
E-cadherin and CD31 in the TNBC model was similar to the principal
analysis. Unlike the distinct immunoreactivity for E-cadherin between
early-stage and late-stage tumors for ER-positive models, both
E-cadherin staining at 3 DPI and 10 DPI in the TNBC subtype was dis-
continuous and incomplete (Figure 3A). Similarly, quantitative analysis
of CD31 staining indicated no significant difference among early, mid
and late phases (Figure 3C,D). The opposite results further
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demonstrated that the invasion pattern of the ER-positive phenotype is
different from that of the triple-negative subtype.

3.3 | The modeling process affected the ductal
breakthrough behavior but not the
immunohistochemical performance of tumors

We established an intraductal allograft model with an ER-positive
breast cancer cell line (67NR) to determine whether the modeling
method contributes to the different invasion patterns between the
MNU-induced and 4T1 models. First, a strong positive correlation
between the ductal breakthrough CNPs area ratio and that of cancer
cells in 67NR tumors was proved (Spearman correlation, r = .700;
P = .043; Figure 1C). However, as shown in Figure 1D, the ratio of
the ductal breakthrough CNPs area at the early stages of 67NR was
significantly higher than at the late stages, which contradicts the
MNU-induced model. The result indicated more frequent ductal
breakthroughs at early stages in the 67NR model, similar to the 4T1
model. As for the evaluation of CNP distribution, mammary duct
integrity and their relationship (Figure 2B,C,E), the results for the
67NR model were also identical to the 4T1 model.

To elucidate the distinction between different stages and different
models in-depth, we performed the E-cadherin, a-SMA, CD31 and
MMP9 staining for the 67NR model. Interestingly, the immunohistochem-
ical expression pattern change for the 67NR model was similar to the
MNU-induced model. Discontinuous staining of E-cadherin and a-SMA
was observed in the early and late stages of the 67NR model
(Figure 3AE). However, compared to the early stages, the intensity of
E-cadherin and a-SMA was significantly reduced in the late stages for the
67NR model (Figure 3B,F). For CD31 staining, in both the 67NR and the
MNU-induced models, a significant increase in microvessel density was
observed in the late stages (Figure 3C,D). Oppositely, there were no sig-
nificant differences between the early-stage and late-stage 4T1 tumors
with respect to E-cadherin, a-SMA and CD31 expression (Figure 3B,D,F).
These results indicated that the immunohistochemical expression pattern
for 67NR is similar to MNU-induced ER-positive tumors. However, 67NR
tumor cells exhibited similar ductal breakthrough behavior to the 4T1
model even though the 4T1 model served as metastatic TNBC and 67NR
served as nonmetastatic ER-positive breast cancer. This led us to hypoth-
esize that the manner in which 67NR breast tumors are established can
greatly impact the biological behavior of tumor cells without affecting
their immunohistochemical characteristics. Consequently, the invasive
behavior 67NR tumors showed in early stages was similar to that of 4T1
tumors due to the same modeling process.

Researchers found that TNBC has a higher level of tumor-
infiltrating lymphocytes (TILs) than other breast cancer subtypes, sug-

4445 |1t may have a direct

gesting a higher degree of immunogenicity.
correlation with the invasion and metastatic potential of tumors.
Therefore, we collected tumors on day 10 after tumor establishment
and used flow cytometry to understand the immune cell subset differ-

ences between ER-positive and triple-negative breast tumors. Gating
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FIGURE 3 The differences in immunohistochemical characteristics between ER-positive and triple-negative BC tumors may explain their distinct
invasive pattern. (A) Expression of E-cadherin in the early-stage and late-stage tumors by immunohistochemical staining in the 4T1, 67NR and MNU-
induced models. For the MNU-induced ER-positive subtype, red arrows show an interrupted E-cadherin staining, and yellow arrows show CNPs
invading the stroma. In the 4T1 model, red arrows show an interrupted E-cadherin staining, and yellow arrows show CNPs invading into the stroma.
The pictures of immunohistochemical staining of CD31 (C), and a-SMA (E). Quantification of E-cadherin (B), CD31 (D) and a-SMA expression (F) in the
4T1, 67NR and MNU-induced models. Data are mean + SEM. P values were determined using Welch one-way ANOVA test and the one-way ANOVA
test. Scale bars, 100 um. E, early stage; L, late stage. [Color figure can be viewed at wileyonlinelibrary.com]

strategies for flow cytometry analyses are shown (Figure S2D-G). Figure 4A). However, immunophenotyping did not reveal obvious dif-
Mice bearing 4T1 tumors exhibited significantly higher frequencies of ferences in the subsets of NK cells, macrophages and neutrophils
CD4+ and CD8+ T cells than the 67NR model (P < .01; P < .01; between the 4T1 and 67NR models.
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FIGURE 4 Morphological changes during tumor progression imply that ER-positive tumors gradually increased in size within the lumen before the
invasion. (A) Tumor infiltration of immune cell subsets by flow cytometry. (B) The TEM images reveal the subcellular localization of CNPs (yellow circle).
Scale bars, 2 um. (C) The immunohistochemical staining and quantification of Masson's staining in the 4T1 and 67NR models. Scale bars, 100 pum.

(D) The histological evaluation and statistical analysis of breast tumors regarding the ductal thickening. Scale bars, 50 um. (E) Comparison of the ratio of
ducts with a distinct loss of integrity in normal, mild thickening and severe thickening ducts between different stages. Data are mean + SEM. Pearson's
xz test was used to compare proportions and evaluate the P-value. E, early stage; L, late stage. [Color figure can be viewed at wileyonlinelibrary.com]
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Additionally, we observed CNPs under TEM to obtain their
cellular localization. CNPs were revealed to be phagocytosed by the
fibroblasts rather than the tumor cells in both the 67NR model and
MNU-induced model (Figure 4B). The vimentin immunostaining
revealed fibroblasts in positions where CNPs were arranged in the
MNU-induced mammary tumors (Figure S1D). However, in the 4T1
model, CNPs were not found to be taken by fibroblasts or macrophages
(Figure 4B).

34 | Morphological changes during tumor
progression imply that ER-positive tumors gradually
increased in size within the lumen before the invasion

The effect of the allograft modeling method on tumor invasion behav-
ior is discussed in the third part of this study. However, the MNU-
induced model used here has further advantages over allograft models
such as the 4T1 and 67NR models. In the MNU-induced model by
intraductal route, carcinogens induce oncogenic mutations and tumor
promoters lead to the expansion of a cell population affected by the
carcinogen orthotopically.>? It suggests that chemically induced carci-
nogenesis is a better mimic of naturally occurring carcinogenesis.
Therefore, in the allograft models, the thickness of the duct lining was
no longer evaluated and a deeper understanding of invasion was not
performed.

Based on the thickness of the duct lining and cellularity of the
inner margins of the ducts, MNU-induced tumors were evaluated
(Figure 4D). Exactly 3 (0.1%) out of 3293 ducts were classified as
normal ducts, 1320 (40.1%) were classified as ducts with mild
thickening, and 1970 (59.8%) were classified to be severely thick-
ened at 2 WPI. This classification divided all ducts in the 5 WPI
group into ducts with mild thickening or severe thickening. Similar
conditions were found at 7 WPI. Combined with the luminal archi-
tecture analysis above, these results confirmed the increases in the
thickness of the duct lining and the loss of luminal architecture
over tumor progression in the rats.

Next, we investigated the relationship between these patho-
logical features to understand the invasion of MNU-induced
tumors in detail. Statistical tests revealed significant variance in
the rate of different degrees of ductal integrity loss among varying
thickening groups in the MNU-induced model (Figure 4E). At
2 WPI, the rate of ducts with no loss of luminal architecture in the
severe thickening group was significantly less than the no thicken-
ing group (P = .023) and the moderate thickening group (P < .001).
Similar results were shown at 5 WPI and 7 WPI, except for the
ratio of ducts with no defects between the severe thickening
group and the no thickening group. One probable reason is that
there were fewer ducts with loss of integrity in the no thickening
group. Overall, these results suggested that ducts with increased
thickening of the breast duct lining are less likely to retain their
integrity. It indicated that for MNU-induced ER-positive BC, late-
stage tumors gradually increase in size and are then able to pene-

trate the epithelial layer.

4 | DISCUSSION

Compared to other phenotypes such as TNBC, patients with
ER-positive subtype BC have a lower risk of metastatic disease.*® The
specific mechanism behind their distinct prognosis remains to be
explored, especially in view of invasive behavior. To explore the inva-
sive mode of these two subtypes, we managed to monitor the inva-
sion behavior of BC cells by tracking the movement of nanomaterials
post intraductal inoculation. We developed three intraductal BC
models representing the ER-positive subtype and triple-negative sub-
type. Specifically, the MNU-induced model and 67NR allograft model
serve as animal models for ER-positive BC, whereas the 4T1 mouse
allograft model serves as the TNBC model.

This study first proved that post intraductal administration, the
distribution of CNPs is able to reflect the motion of mammary cancer
cells. Next, the quantification of the lesion of CNPs and tumor cells
invading neighboring tissue as a proportion of the total area was eval-
uated. Both the area percentage of CNPs and tumor cells penetrating
the epithelium of the mammary duct in late-stage tumors was
found significantly higher than that in early-stage tumors in the
MNU-induced model, while the TNBC model gave the opposite result.
Consequently, we conjectured that the invasiveness of MNU-induced
cancer cells increases with tumor progression while early triple-
negative tumors exhibit high invasiveness closely analogous to that
of the late tumors.

Then histological evaluation was conducted to explain the distinct
invasion modes of the MNU-induced and 4T1 models. Regarding duct
integrity, there were significant differences between the early tumors
and the late tumors in the ER-positive phenotype. Conversely, there
were no such disparities found in the TNBC mouse model. Therefore,
the distinct invasive pattern between these two models could be
interpreted based on these morphological differences. Furthermore,
similar results were detected in these two models when comparing
the distribution of CNPs within the ducts between groups with vary-
ing loss of luminal architecture. It turned out that CNPs prefer to
aggregate in the broken ducts, further demonstrating that the distri-
bution of CNPs can predict the invasion pattern of tumor cells.

The relationship between the duct thickness and the duct integ-
rity provided a detailed characterization of the invasive pattern of ER-
positive BC. The statistical analysis revealed that ducts with increased
thickening of the breast duct lining are less likely to retain their integ-
rity. This result suggested that ER-positive tumors gradually increase
in size during the progression and then can penetrate the epithelial
layer. Together, these results indicated that the ER-positive BC cells
behave differently in different stages. This finding is consistent with
the low proliferation and good prognosis of ER-positive BCs.””? Our
studies also demonstrated the distinct change mode between the ER-
positive subtype and the TNBC regarding the retention of E-cadherin
and a-SMA staining and vessel formation. However, we did not iden-
tify any difference in the MMP9 staining between different stages
across all the models (Figure S2A,B). This discrepancy could be attrib-
uted to the way MMP9 promotes tumor invasion and angiogenesis.

MMP9 regulates tumor migration and invasion by binding to CD44, a
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known receptor for hyaluronic acid.*”**° Previous studies revealed
that the function of CD44-MMP9 complexes is increased with local-
ized MMP activity rather than with continuously high activity.>®
Therefore, there may be no linear relationship between the invasive-
ness of tumor cells and MMP9 expression. Further, using flow cyto-
metry, we found that there were significant differences in TIL subset
distribution between ER-positive and TNBC grafting models, with 4T1
tumors exhibiting higher frequencies of CD4+ and CD8+ T cells. The
results may be explained by a recent study on bone metastases in
TNBC. Using the 4T1 model, Monteiro and Bonomo demonstrated
that CD4+ T cells prepared the pre-metastasis niche for the further
establishment of tumor cells, thus enhancing distant metastasis.>*
Thus, the increasing recruitment of CD4+ and CD8+ T cells in the
4T1 model may be the result of this preparation for the pre-metastasis
niche. Further research, though, would be required to elucidate possi-
ble interpretations. Using the intraductal route and nanomaterials, we
evaluated, perhaps for the first time, the invasion pattern of two BC
subtypes in vivo and analyzed the detailed invasion mode of ER-
positive BC.

The observed discrepancies could be due to different genotypic
and phenotypic characteristics or intrinsic biochemical differences.
Previous studies revealed that extracellular matrix (ECM) degradation
and remodeling, cell-cell signaling, cell-ECM interactions and mechani-
cal interactions could contribute to tumor progression.>>>* In a TNBC
microfluidic invasion, the pre-invaded macrophages were found to
affect both the vascular endothelium and ECM, consequently altering
the microenvironment favoring cancer invasion.>®> The collagen analy-
sis in Maller's study highlighted that triple-negative tumors exhibited
a higher level of fibrosis and collagen crosslinks than the ER-positive
subtype.>® Thus, the distinct pre-metastatic niche formation and colla-
gen architectures may reflect differences in tissue histology and con-
tribute to our findings, which will need further study. Furthermore,
we failed to track the exact time and underlying mechanism that
switches the local lesion to invasive carcinoma in vivo. To address this
issue, there is a need to develop a novel technique or model that
allows the real-time monitoring of biochemical signals and mechanical
properties and replicates normal tumor progression in the immuno-
competent tissue setting.

Given the role of CNPs as a tracer, we observed CNPs under
TEM to obtain their cellular localization of them. CNPs in the two
ER-positive models were phagocytosed by the fibroblasts rather
than the tumor cells. Surprisingly, we did not observe any CNP
taken by the fibroblasts or macrophages in the mouse BC model
under TEM. Although it is unclear why the CNPs assembled in the
ECM (Figure S2C) in the TNBC model, there may be two possible
explanations. The possibility relates to the recent hypothesis by
Sun et al that collagen fiber alignment in TNBC may dampen and
obstruct immune infiltration.>” The enhanced collagen fiber align-
ment in the triple-negative tumors may hinder the motility of fibro-
blasts. To confirm this possibility, Masson's staining was
performed to identify collagen deposition. It turned out that
denser collagen deposition was identified (Figure 4C) in the 4T1
models than in the 67NR tumors, which proves our conjecture.
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Further, the data add to the evidence of a possible effect by the
level of fibrosis on the differences between ER-positive and TNBC
indirectly. Second, previous studies demonstrated a correlation
between subtypes of BC and the density of macrophages infiltrat-
ing the tumor.>®¢° Therefore, compared to ER-positive tumors,
the stroma of triple-negative tumors may harbor different densi-
ties of fibroblasts, affecting the intake of CNPs. Vimentin immu-
nostaining also revealed low-density fibroblasts within triple-
negative tumors (Figure S1D).

Last, we are aware that our research may have two disadvan-
tages. First, part of the histologic evaluation is subjective, affecting
the statistical analysis. Second, in the allograft ER-positive model, we
failed to verify our conjecture about the unique invasion mode of the
ER-positive model. After morphological evaluation, 67NR tumors
were found to exhibit similar ductal breakthrough behavior to the 4T1
model. Through immunohistochemical assessment, we demonstrated
that the changing pattern of the expression level of E-cadherin,
a-SMA and CD31 for the 67NR model is consistent with the MNU-
induced model rather than the 4T1 model. Considering the distinct
molecular phenotyping between 67NR and 4T1 cell lines, these find-
ings led us to surmise that the process of the allograft model affected
the ductal breakthrough behavior of tumors. Therefore, the 67NR
tumor cells exhibited a similar ductal breakthrough pattern as the 4T1
model. But another important perspective can be derived from our
work. The common invasion behavior mode between the 4T1 and
67NR models suggested that the invasion behavior of tumor cells in
allograft models is affected by the modeling method.

In conclusion, this study suggested the invasion patterns of ER-
positive BC in vivo. The ER-positive BC cells prefer local colonization
and proliferation and tumor cells invade and migrate until the tumor
within the ducts is large enough to break through the duct lining. In
contrast, triple-negative breast tumor cells exhibit strong invasiveness

earlier.
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