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Abstract

Purpose: We evaluated the role of everolimus in the prevention of ductal carcinoma in situ 

(DCIS) to invasive ductal carcinoma (IDC) progression.

Experimental Design: The effects of everolimus on breast cancer cell invasion, DCIS 

formation, and DCIS progression to IDC were investigated in a 3D cell culturing model, 

intraductal DCIS xenograft model, and spontaneous MMTV-Her2/neu mouse model. The effect 

of everolimus on matrix metalloproteinase 9 (MMP9) expression was determined with Western 

blotting and immunohistochemistry in these models and in DCIS patients before and after a 

window trial with rapamycin. Whether MMP9 mediates the inhibition of DCIS progression to 
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IDC by everolimus was investigated with knockdown or overexpression of MMP9 in breast cancer 

cells.

Results: Everolimus significantly inhibited the invasion of human breast cancer cells in vitro. 

Daily intragastric treatment with everolimus for 7 days significantly reduced the number of 

invasive lesions from intraductal DCIS foci and inhibited DCIS progression to IDC in the MMTV-

Her2/neu mouse mammary tumor model. Mechanistically, everolimus treatment decreased the 

expression of MMP9 in the in vitro and in vivo models, and in breast tissues from DCIS patients 

treated with rapamycin for one week. Moreover, overexpression of MMP9 stimulated the invasion 

whereas knockdown of MMP9 inhibited the invasion of breast cancer cell-formed spheroids in 
vitro and DCIS in vivo. Knockdown of MMP9 also nullified the invasion inhibition by everolimus 

in vitro and in vivo.

Conclusions: Targeting mTORC1 can inhibit DCIS progression to IDC via MMP9 and may be 

a potential strategy for DCIS or Early-Stage IDC therapy.
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Introduction

Breast cancer is the most common cancer in women and is the second cause of 

cancer-related mortality in the world (www.breastcancer.org). Early detection and timely 

intervention are main strategies to prevent invasive breast cancer. Ductal carcinoma in 

situ (DCIS) is the most common type of early-stage breast cancer. DCIS is a nonobligate 

precursor of invasive breast cancer, and it has been estimated that 14~53% of DCIS cases 

will progress to invasive breast cancer within 30 years (1). In addition, almost 50% of the 

DCIS patients who developed invasive breast cancer died of metastatic disease 1–7 years 

after diagnosis (2,3). DCIS is rarely palpable, and almost all cases are diagnosed with 

screening mammography (4). Following the implementation of mammography screening 

in the United States in the early 1980s, the number of DCIS cases increased more than 

5-fold in the ensuing 20-year period (5). Consequently, prevention of DCIS progression has 

become a major topic of interest in the field of breast cancer research and treatment.

Currently, standard therapy for DCIS involves breast conserving surgery with or without 

radiation and adjuvant hormonal therapy (6), which, however, only reduces the risk of death 

from invasive breast cancer 10 years later by 0.9% to 0.8%. As such, low efficacy and over-

treatment of DCIS are the main concerns with the current practice (7–10). The strategies to 

address these challenges and to enhance our understanding of DCIS include (3,11–13): (a) 

identification of which DCIS will develop into invasive breast cancer, (b) optimal treatment 

for potentially hazardous DCIS, and (c) identification of candidate markers for intervention 

with optimal treatments.

Mutational activation of PI3K pathway is a major driver of DCIS invasive progression 

(14). The mammalian target of rapamycin (mTOR) sits in the center of PI3K signal 

pathway and has been validated as an important anticancer target (15,16). The mTOR 
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inhibitor everolimus is approved by FDA for the treatment of patients with hormone 

receptor and HER2 positive breast cancer in combination with exemestane after failure 

of treatment with letrozole or anastrozole (https://www.pharma.us.novartis.com/product-list/

products?title=AFINITOR). Although PI3K pathway activation has been reported in high 

grade DCIS (17), whether everolimus is efficacious in preventing DCIS to invasive breast 

cancer remains to be elucidated. Namba et al (18). showed that intraperitoneal injection 

with rapamycin inhibited the growth of premalignant and malignant tumors formed by 

transplanted preneoplastic and malignant outgrowth in MMTV-PyV-mT transgenic mice 

providing the preliminary evidence implicating the roles of mTORC1 pathway in DCIS 

progression.

In this study, we investigated the effect of the rapalog everolimus with improved 

pharmacokinetics and reduced immunosuppressive effects compared to rapamycin (19) on 

DCIS progression in 3-D spheroid invasion assays in vitro and in two different mouse DCIS 

models in vivo. Our data show that everolimus can abrogate DCIS progression by inhibiting 

MMP9 expression, which was also observed in breast tissues from DCIS patients enrolled in 

a neoadjavant trial with rapamycin.

Materials and methods

Cell culture and reagents

MCF-10DCIS.COM cell line was purchased from Wayne State University and maintained 

in DMEM/F-12 (1:1) culture medium (Gibco) supplemented with 5% horse serum, 1.05 

mM CaCl2 and 10 mM HEPES. SUM225 cell line was obtained from Dr. Fariba Behbod 

(Department of Pathology and Laboratory Medicine. University of Kansas Medical Center) 

and maintained in DMEM/F-12 (1:1) culture medium (Gibco) supplemented with 5% fetal 

bovine serum (FBS), 10 mM HEPES (10 mM), hydrocortisone (1 μg/mL) and insulin (5 

μg/mL). Cells were cultured in a humidified atmosphere of 95% air plus 5% CO2 at 37°C. 

The cell line authentication and Mycoplasma testing were performed annually.

For cell line authentication, DNA from a specific cell line was extracted using 

QIAamp® DNA Mini Kit (QIAGEN Sciences, Germantown, MD) and used for the 

profiles of the 10 standard short tandem repeat (STR) markers, D13S317, TH01, 

D5S818, D16S539, Amelogenin (AMEL), TPOX, D7S820, CSF1PO, vWA, D21S11. 

The obtained STR profile data of our samples were compared with the standard 

STR profile through the following website, http://www.sigmaaldrich.com/life-science/cell-

culture/cell-culture-products.html?TablePage=15874949, https://www.atcc.org/ and https://

www.phe-culturecollections.org.uk/products/index.aspx. Mycoplasma Contamination was 

detected using MycoAlert™ Mycoplasma Detection Kit (Cat# LT07–118) from Lonza 

America, Inc. & Arch Chemicals, Inc. (Alpharetta, GA). All cell lines used in this study 

were mycoplasma-free.

Everolimus was obtained from Selleckchem (Houston, TX). Matrigel™ Basement 

Membrane Matrix was obtained from BD Biosciences (San Jose, CA).
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Expression Vectors

pLenti3 MMP9 and empty vector were obtained from Applied Biological Materials (abm) 

Inc. (Richmond, BC, CANADA). pLKO.1-MMP9-shRNA (TRCN0000051438) and empty 

vector were obtained from Sigma (Burlington, MA). The lentivector pLV411G effLuc-flag-

IRES-hrGFP containing a luciferase and green fluorescence protein (Luc-GFP) expression 

cassette was kindly provided by Dr. Brian Rabinovich (UT MD Anderson Cancer Center).

3D assessment of cell invasion

MCF-10DCIS.COM or SUM225 cells (1,000 cells) were gently mixed with 30 μL Matrigel 

and plated as a droplet containing single cell-Matrigel mixture onto pre-warmed (in a 

37°C incubator) 24-well ultra-low attachment plate for invasion assay. After the droplet 

solidified inside a 37°C incubator for 15 minutes, it was covered with 500 μl complete 

cell culture medium, and incubated at 37°C for 15 days. Images were acquired and the 

3D-spheroids that invaded the matrix and the total number of 3D-spheroids were counted for 

the calculation of percent invasive organoids.

Mouse Intraductal xenograft model

All animal experiments were conducted following appropriate guidelines. They were 

approved by the Institutional Animal Care and Use Committee and monitored by the 

Department of Laboratory Animal Resources at the University of Texas Health Science 

Center at San Antonio. Intraductal injections of single-cell suspensions were performed as 

described by Behbod et al (20). Briefly, Luc-GFP expressing SUM225 or SUM225-MMP9 

KD cells were suspended in ice cooled PBS at 500 cells/μl with 0.04% trypan blue. A 

30-gauge Hamilton syringe, 50-μl capacity, with a blunt-ended 1/2-inch needle was used to 

deliver the cells. Ten-week-old virgin female nude mice were anesthetized, and a Y-incision 

was made on the abdomen to allow the skin covering the inguinal mammary fat pads to be 

peeled back to expose the inguinal glands. The nipple of both inguinal glands was snipped 

so that the needle can be directly inserted into the mammary duct. Twenty microliters of 

the cell suspensions were injected. The injection was judged successful when the blue cell 

solution flew into secondary and tertiary mammary ducts. The skin flap was returned to the 

original position and closed with wound clips. Ketoprofen cream was applied to the wound 

and the mouse was laid on a heat pad set for recovery from anesthesia. The wound clips 

were removed after 7–10 days. The growth of tumor cells in the mammary glands were 

detected with bioluminescence imaging with a Xenogen IVIS-Spectrum imaging system 

(Xenogen Corporation) once a week.

The experimental scheme for short-term everolimus treatment is shown in Figure 2J. Briefly, 

3 weeks after injection of mammary epithelial cells, mice were ranked based on tumor 

burden as reflected by total photon flux values from bioluminescence imaging of the injected 

mammary gland and divided into three groups with matched tumor burden for the treatment 

with vehicle, low everolimus at 0.5 mg/kg, or high everolimus at 2.5 mg/kg once daily via 

intragastric gavage for seven days. Everolimus was dissolved in 4% ethanol, 5% PEG400 

and 5% Tween 80 at 4 mg/mL. The mammary glands were harvested 10 weeks after 

intraductal injection and fixed in ethanol.
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Whole-mount Carmine staining

Mammary tissues were dissected, spread onto glass slides, and fixed overnight in 100% 

ethanol at room temperature. Following fixation, the glands were washed with 70% ethanol 

for 15 min, then rinsed in water and stained overnight in carmine alum staining solution (0.2 

% Carmine (Sigma) and 0.5% Aluminum potassium sulphate (Sigma)). Stained glands were 

soaked sequentially in 70%, 95%, and 100% ethanol each for 15 min. Slides were cleared in 

100% xylene for 30 min before mounting.

Immunoblot

After different types of treatment, cells were resuspended in lysis buffer (50 mmol/L 

Tris-HCl, 150 mmol/L NaCl, 0.5% NP40, 1mmol/L Na3VO4, 5 mmol/L NaF, 80 mmol/L 

B-glycerophosphate). The Thermo Scientific T-PER Tissue Protein Extraction Reagent was 

used for total protein extraction from mouse mammary gland tissue. About 100 mg tissue 

was added in a mortar with 10 mL liquid nitrogen, ground into powder. T-PER Reagent 

(1 mL) was then added and ground with tissue powder. The mixture was transferred to 

a 1.5 mL Centrifuge tube and centrifuged at 10,000 × g for 5 minutes at 4 °C to pellet 

cell/tissue debris and collect supernatant protein extracts. Equivalent amounts of proteins 

(50 μg) were analyzed by SDS-PAGE. Appropriate antibodies to GAPDH (Santa Cruz 

Biotechnology, Santa Cruz, CA), MMP9 (Invitrogen, Carlsbad, CA), p-P70S6K1 (Cell 

Signaling Technology, Beverly, MA), and P70S6K1 (Cell Signaling Technology, Beverly, 

MA) were used. Proteins were visualized with peroxidase-coupled secondary antibody 

from Sigma-Aldrich (Louis, MO), using Electrochemiluminescence (ECL, ThermoFisher 

Scientific,Grand Island, NY) solution for detection.

Immunohistochemistry

Tissue sections were rehydrated through xylene and graded concentrations of ethanol (100% 

ethanol for 5 min for three times, 95% ethanol for 5 min once, 80% ethanol for 5 min once), 

incubated in sodium citrate (10 mM, pH 6.0) at 95°C for 10 min and then cool down at room 

temperature, followed with blocking for endogenous peroxidase with 3% hydrogen peroxide 

(Thermo Fisher Scientific, Waltham, MA, USA) for 30 min in room temperature. Sections 

were permeabilized with 0.1 % Triton and blocked in 10% goat serum for 30 min. Rabbit 

anti-MMP9 antibody (Invitrogen, Carlsbad, CA) was diluted at 1:400 in PBS and added to 

the tissue sections for incubation at 4°C overnight. The tissue sections were then incubated 

with a biotinylated goat anti-rabbit antibody (1:200, BD Pharmingen, San Diego, CA, USA), 

followed with color staining using streptavidin-horseradish peroxidase and DAB Substrate 

Kit (BD Pharmingen, San Diego, CA, USA). The counterstain was done with hematoxylin.

DCIS tissues from patients

We obtained paraffin sections of the biopsy (pre-treatment) and surgical (post-treatment) 

samples from DCIS patients in The University of Texas Health Science Center at San 

Antonio, who participated in a clinical study (ClinicalTrials.gov ID: NCT02642094). We 

obtained written informed consent from every patient who participated in the clinical study. 

The study was approved by our institutional review board and was carried out in accordance 

with the Declaration of Helsinki and Good Clinical Practice guidelines.
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Statistics

The data were analyzed using the 7th version of Prism (La Jolla, CA). The quantitative data 

were expressed as mean ± SEM and compared using one-way ANOVA. The tumor incidence 

data were compared using Chi-square test. P<0.05 was considered statistically significant.

Results

Everolimus inhibits invasion of DCIS cells in vitro

Because DCIS progression to invasive breast cancer involves overt invasion of tumor cells 

across basement membrane surrounding mammary ducts, we investigated the potential of 

targeting mTOR as a strategy of anti-DCIS invasion. We first tested whether everolimus, 

one of the classic mTOR inhibitors, could inhibit the invasion of DCIS cells in vitro. 

When MCF-10DCIS.COM or SUM225 cells, which are known to form DCIS inside mouse 

mammary ducts (20), formed 3D spheroids inside Matrigel, they also formed invasive 

extensions as shown in Figure 1A. In contrast, treatment with everolimus significantly 

reduced the number of 3D-spheroids with the invasive extensions (Figure 1A and 1B). More 

interestingly, while the 100 nM everolimus treatment appeared to inhibit both spheroid 

growth and invasion, the 10 nM everolimus treatment was apparently more effective in 

inhibiting spheroid invasion than its growth (Figure 1A and 1B) indicating that the inhibition 

of invasion by 10 nM everolimus was not dependent on growth inhibition. Consequently, we 

used the 10 nM everolimus treatment in our subsequent in vitro experiments.

Everolimus inhibits growth and progression of DCIS cells in mouse intraductal xenograft 
model

Because everolimus significantly inhibited the invasive ability of DCIS cell lines in vitro, 

we further examined its inhibitory activity in an intraductal human-in-mouse transplantation 

model. We injected SUM225 cells into the mammary ducts of female nude mice (Figure 

2A, 2D, 2G). SUM225 cells formed DCIS-like structures as early as 3 weeks after injection 

(Figure 2B, 2E, 2H) and invasive lesions 10 weeks after injection (Figure 2C, 2F, 2I). 

Therefore, we treated the mice 3 weeks after cell injection with everolimus once daily for 

7 days via intragastric gavage, and then harvested the mammary glands 6 weeks later as 

illustrated in Figure 2J. Currently, the recommended dosage of everolimus (Afinitor) for 

breast cancer is 10 mg orally once daily. Therefore, we used a clinical equivalent dose 

of 2.0 mg/kg and a lower dose of 0.5 mg/kg in the animal experiments. The treatment 

with 2.0 mg/kg everolimus significantly inhibited DCIS progression as measured by the 

percent of DCIS with invasive cells outside of the mammary duct (Figure 3A). In the 

vehicle control group, 41.29% ± 8.58% DCIS had invasive foci. Everolimus treatment at 2.0 

mg/kg decreased the percentage to 13.22% ± 5.22%, while the percentage for the everolimus 

treatment group at 0.5 mg/kg was 42.65% ± 6.24%, similar to the control group (Figure 3B), 

which indicates that everolimus decreased SUM225-MIND invasion in a dose dependent 

way.

The one-week everolimus treatment also decreased SUM225-MIND growth to some extent 

as measured by in vivo luminescence (Figure 4A), but the difference between the vehicle 

control and the everolimus treatment groups was not significant due to the large variation 
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of the data. Interestingly, the response rate as indicated by decreases of photo flux with a 

one-week everolimus treatment at 2.0 mg/kg/day was about 60% (Figure 4B–4E). In the 

vehicle control group, the luminescence signal in each mouse kept increasing after injection 

(Figure D), while in the 2.0 mg/kg everolimus group, the luminescence signal showed 

time-dependent decrease in 4 of the 7 mice (Figure E). There was a significant difference 

between the vehicle control and the 2.0 mg/kg everolimus group in the response rate based 

on Chi-squared test (Figure C).

Everolimus causes tumor regression and inhibits progression of mammary DCIS in 
MMTV/neu mouse

To confirm the inhibitory effects of everolimus on DCIS progression, we next tested it 

in the MMTV-Her2/neu transgenic mice (FVB/N-Tg(MMTVneu)202Mul/J; The Jackson 

Laboratory), which express a wild-type HER2/neu allele and develop mammary hyperplasia 

and tumorigenesis (21). The female mice develop DCIS with a latency of about 13 weeks 

and most mice form palpable mammary tumors at 17 weeks of age based on our preliminary 

observation. In the present study, we started a one-week everolimus treatment at 2.0 mg/kg 

once daily via intragastric gavage in 13-week-old female mice and harvested the mammary 

glands 4 weeks later (Figure 5A). As shown in Figure 5B and 5C, all control mice had 

mammary tumors at 17 weeks of age, while the everolimus group only had 50% mammary 

tumor incidence rate based on whole mount staining (Figure 5C) indicating that short-term 

everolimus treatment caused tumor regression in this mouse mammary tumor model. In 

addition, everolimus significantly inhibited DCIS progression. In the vehicle control group, 

58.86% ± 18.37% in situ lesions had extensive microinvasion, while one-week everolimus 

treatment decreased the percentage to 25.42% ± 22.18% (Figure 5D and 5E), which 

indicates that everolimus inhibited MMTV/neu DCIS invasion.

mTOR inhibition decreases MMP9 protein levels in DCIS cell line and DCIS tissues from 
SUM225-MIND, MMTV/neu and DCIS patients.

To reveal the underlying mechanism of blocking DCIS invasion by mTOR inhibition, we 

investigated the effects of mTOR inhibitor on MMP9, a classic invasion-driver protein 

(22). As shown in Figure 6A, everolimus treatment not only inhibited the phosphorylation 

of P70S6K1 (p-P70S6K1), an mTOR substrate, but also decreased MMP9 protein levels 

in SUM225 cells. Similarly, the one-week everolimus treatment also reduced p-P70S6K1 

and MMP9 levels in the mammary tumors from the MMTV/neu mice in vivo (Figure 

6B). In addition, IHC assays also revealed reduction of MMP9 expression in both SUM225-

MIND and MMTV/neu mouse mammary tissues after the treatment with everolimus in vivo 
(Figure 6C and 6D). Finally, we extended our investigation in biopsy (pre-treatment) and 

surgical (post-treatment) samples from DCIS patients, who participated in a clinical study 

(ClinicalTrials.gov ID: NCT02642094) and were treated with rapamycin at 2 mg/day for one 

week before surgery. As shown in Figure 6E, the one-week treatment with rapamycin also 

reduced MMP9 levels in paired samples from three patients. IHC image quantification data 

is provided in supplementary Figure 1B to 1D. We quantified MMP-9 staining by measuring 

the average optical density using ImageJ (d 1.47) software and analyzed all MMP9 IHC 

data, which showed that everolimus or rapamycin decreased MMP9 protein levels in these 

models.
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MMP9 mediates mTOR-induced DCIS cell invasion

To determine the role of MMP9 in promoting DCIS invasion, we stably transduced an 

MMP9 cDNA expression lentivector or the empty lentivector into SUM225 cells to study 

the effects of MMP9 overexpression on DCIS invasion. MMP9 overexpression (Figure 

7A) significantly enhanced invasive ability of the SUM225 cells in Matrigel (Figure 7B 

and 7C). Treatment with everolimus appeared to reduce both endogenous and exogenous 

MMP9 as shown in Figure 7A and consequently not only reduced the invasion rate of 

control SUM225 3D-spheroids from 15.85% to 7.61% but also reduced the invasion rate of 

MMP9-overexpressed SUM225 3D-spheroids from 27.04% to 8.88% (Figure 7B and 7C). 

Thus, overexpression of MMP9 made SUM225 3D-spheroids more sensitive to everolimus.

Next, we used a specific MMP9 shRNA to knock down MMP9 in SUM225 cell line via 

lentiviral transduction of a control or a specific MMP9 shRNA vector. As shown in the 

Figure 8A, MMP9 level was clearly reduced in SUM225 cells transfected with MMP9 

shRNA. Knockdown of MMP9 reduced the invasion of SUM225 3D-spheroids through 

Matrigel, which was not further reduced by everolimus treatment (Figure 8B and 8C). Taken 

together, these data provide biochemical and biological evidences that everolimus inhibits 

SUM225 3D-spheroid invasion at least in part through the reduction of MMP9 expression 

and function.

To validate the above in vitro observations in vivo, we injected SUM225 control and 

SUM225 MMP9 knockdown cells into the mammary ducts of female nude mice. Three 

weeks later, each group was further divided into vehicle control and everolimus treatment 

groups such that the mean luminescence intensity is matched between the two groups. 

The mice were treated for one week with vehicle or everolimus at 2.0 mg/kg and their 

mammary glands were harvested 9 weeks after cell injection. As shown in Figure 8D 

and 8E, everolimus again significantly reduced the mean invasion rate of SUM225 control 

MIND from 36.95% to 17.95%. Knockdown of MMP9 resulted in a similar reduction of 

mean invasion rate of the SUM225 MIND such that everolimus treatment showed no further 

inhibition of the invasion rate of SUM225-MMP9 knockdown MIND (Figure 8D and 8E). 

These data are consistent with the in vitro data above indicating that everolimus decreased 

SUM225 invasion largely via the inhibition of MMP9.

Discussion

The activation of the mTOR pathway is involved in breast cancer development and 

progression (23) and rapalogue everolimus (RAD-001/Afinitor) was approved for the 

treatment of advanced hormone receptor-positive, HER2-negative breast cancer along with 

exemestane in postmenopausal women who have already received certain other medicines 

for their cancer (https://www.us.afinitor.com). mTOR pathway activation could also predict 

the DCIS invasive progression. The upstream molecule PIK3CA mutations were observed in 

about 50% of DCIS and act as the mutational driver of invasive breast cancer (14,24). 

Consequently, phosphorylated AKT and pS6 or 4E-BP1 increased progressively from 

normal breast epithelium to hyperplasia, abnormal hyperplasia and DCIS to invasive 

tumor (25,26). Inhibition of the mTOR was also postulated to be a therapeutic strategy 

for preventing DCIS progression. Here, we showed that everolimus, one of the first 
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generation of mTORC1 inhibitors, inhibited the invasion of human mammary tumor cell 

line MCF-10DCIS.COM and SUM225 in a 3-D spheroid invasion assay in vitro. This is 

consistent with the previous report that rapamycin treatment reduced invasion of MCF-7 

cells by single cell invasion assay using polycarbonate membrane invasion chambers coated 

with Matrigel. We further showed that intragastric administration of everolimus inhibited 

the invasion of SUM225 cell-formed DCIS in mouse intraductal (MIND) xenograft model. 

Namba et al (18) have previously showed that intraperitoneal administration of rapamycin 

inhibited the growth of transplanted premalignant and malignant mammary lesions in 
vivo, which were derived from MMTV-Py-mT mice. In the current study, we used both 

spontaneous DCIS to IDC mouse mammary tumor progression model and MIND model of 

human breast tumor cells by intraductal transplantation, which closely mimics clinical DCIS 

as DCIS initiates inside the ducts and follow to invasive progression (20,27). Our study was 

also more focused on tumor invasion rather than growth by treating mice via gavage with 

everolimus, which is taken orally by patients.

More importantly, our study also revealed a mechanism by which everolimus inhibits the 

invasive property of DCIS cells. Matrix metalloproteinase (MMP) is a class of enzymes 

that belong to the zinc-metalloproteinases family involved in the degradation of the 

extracellular matrix in normal physiological processes, such as embryonic development, 

angiogenesis, cell migration, as well as in pathological processes, such as arthritis, 

intracerebral hemorrhage, and metastasis (28). MMP2 and MMP9 are well known MMPs 

related to both breast cancer metastasis and mTOR signaling (29,30). In this study, we 

tested whether everolimus decreased those MMPs protein levels and found MMP9, but not 

MMP2 (supplementary Figure 1A), level was reduced upon everolimus treatment. MMP9 

has been found to be associated with breast cancer progression. Rha et al showed sequential 

production and activation of MMP-9 from early stage breast cancer (DCIS and T1 stage) to 

T2-T4 stage or with lymphovascular permeation progression tumors (31). Although mTOR 

pathway is involved in DCIS progression (17,25), the role of MMP9 in mTORC1-mediated 

DCIS invasive progression has not been reported. Our study showed that everolimus 

decreased MMP9 expression both in SUM225 cells in vitro and SUM225cell-formed DCIS 

and IDC as well as in MMTV/new mouse mammary glands in vivo. More interestingly, 

a short-term of one-week treatment with rapamycin at 2 mg/day also decreased MMP9 

expression in mammary tissues from DCIS patients. These findings are consistent with 

earlier studies reporting that mTORC1 inhibitors can decrease MMP9 expression (32,33). 

Our study further showed that SUM225 cells with MMP9 knockdown were less invasive and 

no longer sensitive to everolimus-induced inhibition of invasion demonstrating that MMP9 

plays a major role in DCIS invasion in our models.

Everolimus was approved for cancers treatment and other various conditions including 

prevention of organ rejection after organ transplant based on its immunosuppressive activity. 

However, it can cause serious side effects although it is a tumor-targeted agent instead of a 

cytotoxic drug. For the prevention of early malignant progression such as DCIS progression 

to IDC, drug safety is a more important issue. Our current study shows that a short-term 

of seven-day treatment with everolimus appears effective in inhibiting DCIS to IDC and 

reducing tumor incidence in the mouse models. Currently, DCIS is treated with surgery, 

radiotherapy, and adjuvant hormonal therapy (for ER positive DCIS). While the approach 
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is mostly effective, it is invasive. Furthermore, not all cases of DCIS progress to IDC, and 

many patients who are diagnosed with DCIS are therefore over-treated. For many patients, 

the potential risks of treatment may therefore outweigh the benefits (34). Thus, there is 

an urgent need to identify therapeutic regimens that are less invasive and carry fewer side 

effects than the current standard therapies, yet can prevent DCIS to IBC progression. When 

compared to the current standard treatments for DCIS, a short course of everolimus alone 

or in combination with one of the current treatment modalities may ultimately prove to be 

as efficacious, better tolerated, and have fewer adverse effects on quality of life. Thus, our 

data supports further clinical testing whether short-term everolimus treatment is efficacious 

in reducing the incidence of progression from DCIS to IDC.

In conclusion, we have shown that the mTORC1 inhibitor everolimus can inhibit DCIS 

invasion both in vitro and in vivo by inhibiting MMP9 expression. This is supported by 

the fact that MMP9-knockdown cells were more insensitive to everolimus in its inhibition 

of DCIS invasion. Currently, DCIS is treated with surgery, radiotherapy, and 5-years of 

endocrine therapy. If short-term everolimus proves to be an effective treatment for DCIS, 

it may become an attractive alternative to the current standard regimen, which is invasive, 

prolonged, and carries a very substantial risk of morbidity. We propose that drugs targeting 

the mTORC1 pathway should be further tested for potential treatment of DCIS or early stage 

breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Everolimus was approved for breast cancer treatment. However, whether it is efficacious 

in preventing ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) 

progression remains to be elucidated. Moreover, long-term use of everolimus can cause 

serious side effects although it is a tumor-targeting agent instead of a cytotoxic drug. 

For the prevention of early malignant progression such as DCIS progression to IBC, 

drug safety is of paramount importance, particularly given than DCIS is a nonobligate 

precursor of IBC. Here, we show a short-term of seven-day treatment with everolimus 

is effective in inhibiting DCIS progression to IDC and reducing tumor incidence and 

MMP9 levels in mouse models. The reduction of MMP9 was also observed in breast 

samples from DCIS patients after a short-term rapamycin treatment (ClinicalTrials.gov 

ID: NCT02642094). Our data support further clinical testing of whether short-term 

everolimus treatment is efficacious in blocking the progression from DCIS to IDC.
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Figure 1. 
Everolimus inhibited invasion of 3D-spheroids formed by DCIS cells, MCF-10DCIS.COM 

or SUM225, through Matrigel. A. Representative Images were acquired with a 20× objective 

showing invasive extensions from the 3D-spheroids in the control group, but not in the 

everolimus treatment groups. B. The invasive percentage was calculated by No. of invasive 

3D-organoid / No. of total 3D-organoid X 100. Data are shown as means ± SEM, n=3. 

**p<0.01 vs Vehicle control group with one-way ANOVA.
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Figure 2. 
Experimental scheme for invasive assay in MIND model. (A-C), Tumor growth images 

of SUM225-MINDs assessed by bioluminescence imaging at one day, 3 weeks and 10 

weeks, respectively, after intraductal injection of Luc-GFP expressing SUM225 cells. (D-F), 

Whole-mount stereo micrographs of representative mammary glands at one day, 3 weeks 

and 10 weeks, respectively, after intraductal injection of the SUM225 cells. Two images with 

scale bars of 500 μm or 250 μm for each whole mount are presented. (G-I), H&E staining 

of representative mammary glands at one day, 3 weeks and 10 weeks, respectively, after 
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intraductal injection of the SUM225 cells. The scale bar of 25 μm is at the bottom right 

corner. J, Experimental scheme for short-term everolimus treatment.
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Figure 3. 
Everolimus inhibited invasion of SUM225-MIND. A, H&E staining of representative 

mammary glands 6 weeks after one-week-everolimus treatment. The DCIS lesions with 

invasive foci are indicated with blue squares. Scale bars: 25 μm or 100 μm. B, The invasive 

percentage was calculated by No. of DCIS with invasive lesions / No. of total DCIS X 100. 

Data are shown as means ± SEM. Each data point was obtained from one tissue section 

from one mouse. P values were obtained from one-way ANOVA between the control and an 

everolimus group.
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Figure 4. 
Everolimus inhibited the growth of SUM225-MIND. A, Tumor growth graph of SUM225-

MINDs assessed each week by bioluminescence imaging after intraductal injection of Luc-

GFP expressing SUM225 cells. Data are shown as means ± SEM, n=7. B, Percent of mice 

responded to the one-week everolimus treatment as indicated by bioluminescence signal 

decrease shown in Panel E. C, Chi-squared test of the response rate. D and E, Representative 

tumor growth image of SUM225-MINDs assessed by bioluminescence imaging at the 
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depicted time points after intraductal injection of the SUM225 cells treated with vehicle 

control (Panel D) or one-week everolimus at 2.0 mg/kg (Panel E) in Week 4.
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Figure 5. 
Everolimus causes tumor regression and inhibits progression of mammary DCIS in 

MMTV/neu mouse. A, Experimental scheme for short-term everolimus treatment: 13-weeks 

old female MMTV/neu mice were treated with vehicle control or everolimus for one week. 

The mice were terminated 4 weeks later. B, Tumor images were captured at the termination 

of the experiment. C, Whole-mount stereo micrographs of representative mammary glands 

were acquired with a 0.75X or 5X objective. Scale bars: 250 μm or 1000 μm. D, H&E 

staining of representative mammary glands at the termination. Scale bars: 25 μm for 20X 
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magnification or 500 μm for 4X magnification. E, The invasive percentage was calculated 

by No. IDC / No. of (DCIS and IDC) X 100. Data are shown as means ± SEM. **p<0.01 

represents the comparison between control vehicle and everolimus treatment groups, t-test.
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Figure 6. 
mTOR inhibition decreases MMP9 expression. A, Everolimus treatment for 24 hours 

reduced MMP9 protein levels and the phosphorylation of P70S6K1 (p-P70S6K1) in 

SUM225 cells. B and C, one-week Everolimus treatments at 2 mg/kg/day decreased MMP9 

protein levels in the mammary gland of MMTV/neu mice (n=6), detected by WB (B) and 

IHC (C), Scale bars: 100 μm (4X objective) or 50 μm (20X objective). Each lane represents 

one mouse mammary tissue in Panel B. D, one-week-Everolimus treatments at 2 mg/kg 

decreased MMP9 protein levels in the mammary gland of SUM225-MIND mouse mammary 
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tissues detected by IHC (n=4), Scale bars: 100 μm (4X objective) or 25 μm (20X objective). 

E, one-week-rapamycin treatments at 2 mg/day reduced MMP9 protein levels in mammary 

glands of DCIS patients detected by IHC, Scale bars: 100 μm (4X objective) or 50 μm (20X 

objective).
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Figure 7. 
MMP9 overexpression increased invasion of SUM225 cells and made the cells more 

sensitive to everolimus inhibition of invasion. A, MMP9 and p-P70S6K1 levels in control 

vector or MMP9 expression vector transfected SUM225 cells, which were treated wtih 

10 nM everolimus for 24 hours. GAPDH is loading control. B, Everolimus inhibited 

invasion of 3D-spheroids of SUM225 control and MMP9 overexpressing cells through 

Matrigel. The representative images were acquired with a 20× objective. Scale bars: 50 

μm. C, The invasive percentage was calculated by No. of invasive 3D-organoid / No. of 

total 3D-organoid X 100. Data are presented as means ± SEM, n=3, *p<0.05 and ## 

p<0.01 represents the comparison between SUM225 cells transfected with empty vector and 

everolimus treatment or MMP9 overexpression, or both by one-way ANOVA.
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Figure 8. 
MMP9 knockdown nullified everolimus activity in blocking the invasion of SUM225 cells 

both in vitro and in vivo. A, MMP9 and p-P70S6K1 levels in control or MMP9 shRNA 

expression vector, which were treated with 10 nM everolimus for 24 hours. GAPDH is 

loading control. B, Effects of everolimus on invasion of 3D-spheroids of SUM225 control 

and MMP9 knockdown cells through Matrigel. The representative images were acquired 

with a 20× objective. Scale bars: 50 μm. C, The invasive percentage was calculated by No. 

of invasive 3D-organoid / No. of total 3D-organoid X 100. Data are presented as means 
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± SEM, n=3. *p<0.05 represents the comparison between SUM225 cells transfected with 

empty vector and everolimus treatment or MMP9 knockdown, respectively, by one-way 

ANOVA. D, H&E staining of representative mammary glands six weeks after one-week-

everolimus treatment. Scale bars: 25 μm (20X magnification) or 100 μm (4X magnification). 

E, The invasive percentage was calculated by No. of DCIS with invasive lesions / No. of 

total DCIS X 100, Data are shown as means ± SEM. Each data point represents one mouse. 

The P values were obtained with one-way ANOVA.
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