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Abstract Caloric restriction (CR) has been shown to

cause tumor regression in models of triple-negative breast

cancer (TNBC), and the regression is augmented when

coupled with ionizing radiation (IR). In this study, we

sought to determine if the molecular interaction between

CR and IR could be mediated by microRNA (miR). miR

arrays revealed 3 miRs in the miR-17*92 cluster as most

significantly down regulated when CR is combined with

IR. In vivo, CR and IR down regulated miR-17/20 in 2

TNBC models. To elucidate the mechanism by which this

cluster regulates the response to CR, cDNA arrays were

performed and the top 5 statistically significant gene

ontology terms with high fold changes were all associated

with extracellular matrix (ECM) and metastases. In silico

analysis revealed 4 potential targets of the miR-17*92

cluster related to ECM: collagen 4 alpha 3, laminin alpha 3,

and metallopeptidase inhibitors 2 and 3, which were con-

firmed by luciferase assays. The overexpression or

silencing of miR-17/20a demonstrated that those miRs

directly affected the ECM proteins. Furthermore, we found

that CR-mediated inhibition of miR-17/20a can regulate

the expression of ECM proteins. Functionally, we dem-

onstrate that CR decreases the metastatic potential of cells

which further demonstrates the importance of the ECM. In

conclusion, CR can be used as a potential treatment for

cancer because it may alter many molecular targets con-

currently and decrease metastatic potential for TNBC.
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Abbreviations

TNBC Triple-negative breast cancer

CR Caloric restriction

IR Radiation

ECM Extracellular matrix

miR microRNA

COL4A3 Collagen 4 alpha 3

LAMA3 Laminin alpha 3

TIMP2 and 3 Metallopeptidase inhibitors 2 and 3

Introduction

Triple-negative breast cancers (TNBC) account for almost

20 % of breast malignancies and are defined by a lack of

hormone receptors, an aggressive nature, and poor progno-

sis, including high recurrence rates with short intervals to

recurrence [1, 2]. Several anticancer agents including ion-

izing radiation (IR) are routinely used to treat TNBC

patients, but the reported benefits from this therapeutic

modality are inconsistent and incompletely defined [3].
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Although many of these patients respond well to the standard

therapies, the subset that do not respond have early recur-

rences or may not respond to initial treatment at all [4, 5].

Therefore, the molecular underpinnings of TNBC are cur-

rently being evaluated to identify novel therapeutic targets

that may increase response to treatment to ultimately

improve the tumor response and the overall outcomes of our

current standard treatments [6, 7]. Increasing and improving

the treatment response in TNBC might be achieved by

augmenting the standard treatment protocols with novel

therapies [8–10]. In this context, several recent studies have

shown that combining two inhibitors against the same

molecular target may be beneficial [11, 12]. However, fur-

ther studies may be limited by overlapping toxicity profiles

of the agents. Hence, employing a more global process that

may significantly decrease the activity of multiple parts of

critical signaling pathways might be an alternative approach.

Caloric restriction (CR) in the form of reducing food intake

by nearly 20–30 % is one such method to achieve this. CR

has already been shown to induce changes in multiple parts

of molecular pathways without toxicity, making it an

attractive modality to explore [13–16].

We have previously demonstrated that CR in combina-

tion with IR causes an additive tumor regression in two

in vivo models of TNBC [17]. In the current work, we

sought to determine if the molecular interaction between

CR and IR could be mediated by microRNAs (miRs).

Using miR profiling, we found the miR-17*92 cluster to

be decreased with CR and IR, and it was even further down

regulated by the combination. In turn, extracellular matrix

(ECM) proteins were noted to be upregulated; and func-

tionally we observed decreased metastatic potential when

the miR-17*92 cluster was down regulated. Taken toge-

ther, this suggests that the miR-17*92 cluster could be

used as a target for the treatment of TNBC.

Materials and methods

Cell culture and ionizing radiation

Human TNBC MDA-MB-231 cells and mouse TNBC 4T1

cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10 % fetal bovine

serum and penicillin/streptomycin (Invitrogen, CA) at

37 �C under 5 % CO2 in humidified air. To mimic CR,

DMEM with 4.5 g/L glucose, L-glutamine, and sodium

pyruvate was mixed with either 35 % or 70 % of DMEM

without glucose, L-glutamine, and sodium pyruvate (cata-

log#10-013 and 17-027-cv, Corning, NY). A PanTak 320

kVp X-RAD (Pantak, CT) was used for IR treatment. We

used a 6 Gy dose to irradiate cancer cells in vitro and an

8 Gy dose for mouse tumors.

Orthotopic mammary transplant and tumorigenesis

assays

Forty female Balb/c mice (ages 11–13 weeks) were

obtained according to our protocol approved by the Tho-

mas Jefferson University IACUC. To evaluate the effect of

caloric restriction on metastatic growth, we randomized

mice into 4 treatment groups: (1) controls with an ad libi-

tum diet (AL), (2) radiation to the primary tumor (8 Gy

dose IR), (3) 30 % reduction in caloric intake (CR), or (4) a

combination of CR and IR. Before randomization, all mice

were injected with 50,000 4T1 cells into the #4 mammary

fat pad [17]. Once the tumor was palpable (5–7 mm), 10

mice were treated in each group. Ad libitum fed (AL)

animals were given unrestricted access to standard NIH-31

mouse diet throughout the duration of the experiment.

Average daily food intake per animal was determined for

all groups by weighing food 2–3 times per week. Intake

baseline was established at least 2 weeks prior to implan-

tation and/or altering feeding protocol. A 30 % reduction in

calories from their baseline intake was chosen because CR

is defined as a reduction in overall calories between 20 and

40 % [17]. Each mouse in the CR groups received a 30 %

reduction of their total NIH-31 diet which was supple-

mented with a soluble multivitamin (Trixie Vitamin Drops

for Rabbits and Small Rodents, Trixie Pet Products, Inc.

Fort Worth, TX) that was placed in their daily drinking

water. Tumor volume was measured with calipers every

3 days. Mice were sacrificed when the tumors reached

1.8 cm3 or for humane endpoints. Tissue was collected and

stored in RNAlater (Ambion, CA) or was snap frozen for

future use.

miRNA microarray analysis

MicroRNAs microarray profiling was performed using

total RNA extracted from three tumors from each of the

four treatment groups: AL, CR, AL?IR, and CR?IR. miR

microarray analysis was then done by LC Sciences

(Houston, TX) as described by the manufacturer. Data were

corrected by subtracting the background and normalized to

the statistical median of all detectable transcripts. All dif-

ferentially expressed transcripts with p value \0.05, were

presented in log2 scale with a positive log2 value indicating

an upregulation and a negative log2 indicating a down

regulation.

Target analysis

An in silico search for potential miRNA targets was per-

formed using targets that were evident in both of the fol-

lowing miRNA target prediction algorithms: TargetScan
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(release 6.2, http://www.targetscan.org) and miRNADA

(http://www.mirorna.org).

30UTR constructs, transfection, and Luciferase assay

As targets for miRs, we focused on the 30 untranslated regions

of mRNAs. Specifically, for 30 untranslated region wild-type

reporters for the ECM target proteins, we PCR-amplified the

conserved DNA sequences of the predominant ECM genes

from human genomic DNA and cloned into a destabilized

firefly luciferase p-MIR-report vector (Ambion, CA) to gen-

erate reporter constructs. The following PCR primer sets to

test the ECM targets were used: COL4A1 WT sense 50-GC

ACTAGTTCAATAGTGGCATACCAAATG-30, COL4A1

WT antisense 50-GCAAGCTTACCTTGATCTGCCTAATT

GCTGAC-30; collagen 4 alpha 3 (COL4A3) WT sense 50-G
CACTAGTGTCAGTTCTGTGATCTGGGTCT-30, COL4A

3-2 WT antisense 50-GCAAGCTTTAGTACAGTGCCTGG

GACATGCTT-30; LAMA3 WT sense 50-GCACTAGTCCC

AAGCCTATTTCACAG-30, LAMA3 WT antisense 50-GCA

AGCTTAAGGACTACACTGCA-30; and TIMP2-3 WT

sense 50-GCACTAGTAATGCTTCCAAAGCCACCTTA

GCC-30, TIMP2 WT antisense 50-GCAAGCTTTAAAGGCC

ACACCTTTCAGACCGA-30. For ECM-3’UTR MUT

reporters, the 55-bp conserved elements with different seed

sequences to simulate mutants, such as TIMP2 MUT sense 50-
CTAGTCCTTGGTAGGTATTAGACTTGCGCGTGTTTA

AAAAAAGGTTTCTA-30 and TIMP2 MUT antisense 50-A
GCTTAGAAACCTTTTTTTAAACACGCGCAAGTCTA-

ATA CCTACCAAGGA-30, were cloned into a destabilized

firefly luciferase p-MIR-report vector. The mutated nucleo-

tides were underlined. For all sense and antisense primers, the

Spe restriction site (ACTAGT) and HindIII restriction site

(AAGCTT) were added, respectively. We transfected

HEK293 cells with 20 ng of each of the reporter constructs,

and 10 ng of Renilla luciferase internal control vector, along

with pre-miR-17, pre-miR-20a, or negative control (NC)

oligomers using Lipofectamine 2000 (Invitrogen, CA) in

96-well plates. After 48 h, Dual-Glo reporter assays were

performed as per the manufacturer’s instructions (Promega,

CA). To generate ectopic expression or silencing of miR-17 or

miR-20a, 50 nM of precursor miRNA or antisense oligomers

(Ambion, CA) were transiently transfected into 4T1 or MDA-

MB-231 cells using Lipofectamine 2000. After 48 h, total

RNA and protein lysates were collected for use, respectively,

in qPCR or Western blotting assays.

Western blot analysis

Total protein lysates were generated from TNBC cells

using RIPA buffer (50 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 1 % NP40, 0.25 % sodium deoxycholate, 1 mM

PMSF), 1 tablet of mini protease inhibitor (Roche,

Indianapolis, IN), and 1x phosphatase inhibitor cocktail

(Thermo Scientific, Rockford, IL). The protein concentra-

tions were determined by BCA protein assay (Bio-Rad,

Richmond, CA). Proteins (30 lg/lane) were separated on

4–12 % Bis–Tris precast gels (Invitrogen, CA) and trans-

ferred to polyvinylidene difluoride (PVDF) membranes

(GE Heathcare, Piscataway, NJ). Membranes were blocked

using 5 % nonfat dry milk, probed with the appropriate

primary antibody and either rabbit anti-mouse or goat anti-

rabbit secondary antibody (Santa Cruz, CA). Protein

detection was done using ECL solution (Amersham,

Arlington Heights, IL). Antibodies were purchased from

Abcam (Cambridge, MA) (TIMP2; ab1828, TIMP3;

ab39184) and Sigma (St. Louis, MO) (Tubulin; T8328).

The ImageJ software (http://imagej.nih.gov) was used to

quantify the western blot data.

Scratch wound healing assay and transwell cell

invasion assay

4T1 cells were cultured as monolayers in either full

DMEM or CR medium (70 and 35 %) or transfected with

NC or anti-sense-miR-17/20a oligomers using 6-well

plates. A single stripe (150 lm wide) was scraped on a

cell-coated surface with a 200-lL disposable plastic pipette

tip. The scrape wound was allowed to heal for 24 h at

37 �C. The average extent of wound closure was evaluated

by measuring the width of the wound. Cell migration and

cell invasion assays were done using transwell plates with

or without Matrigel (BD Scientific, CA) pre-coating. 4T1

cells were either pre-incubated in CR medium or trans-

fected with NC or miR-17 anti-oligomers for 24 h. Prior to

plating cells in the upper chamber, the underside of each

transwell was coated with fibronectin. 50,000 cells were

resuspended in serum-free medium and plated onto the

upper chamber of the transwell; 10 % serum-containing

medium was added to the lower chamber. In cell invasion

assays, the upper surface was also coated with Matrigel. At

48 h after incubation, cells that had migrated through the

membrane were counted by 0.1 % crystal violet staining.

The ratio of migrated cells to total cells was plotted.

RNA Purification and qRT-PCR

Total RNA, including small RNAs, was isolated with

TRIzol reagent (Applied Biosystems, CA). RNA was

evaluated for quality and quantified by absorbance spectra

on a NanoDrop spectrophotometer.

qRT-PCR analysis of mature miRs was performed using

the TaqMan kits with 10 ng total RNA to evaluate miR-17,

18a, 19a, 19b, and miR-20a according to the manufac-

turer’s instructions (Applied Biosystems, CA). The reverse

transcriptase reaction was done by incubating samples at
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16 �C for 30 min, 42 �C for 50 min, and 85 �C for 5 min.

The PCR reaction (20 lL) contained 1.3 lL of reverse

transcriptase product, 10 lL of TaqMan 2X Universal PCR

Master Mix, and 1 lL of the appropriate TaqMan Micr-

oRNA Assay (920) containing primers and probes for the

miR of interest. The PCR mixtures were incubated at 95 �C

for 10 min and then put through 40 cycles of 95 �C for 15 s

and 60 �C for 60 s. PCR was done in triplicate using an

ABI 7500 Fast real-time PCR system.

To detect the level of ECM mRNAs, cDNA was pre-

pared from 500 ng of total RNA using the High Capacity

Synthesis System (Applied Biosystems, CA). The PCR

reaction contained 1.3 lL of reverse transcriptase product,

10 lL of SYBR green 29 Universal PCR Master Mix, and

1 lL of the appropriate sense and antisense primers of

interest. The following primer sequences were used for

ECM and Actin amplification: Human LAMA3 sense 50-
AGC ACT TGC TGT GGA AAT CTG-30, antisense 50-
ACA CCG TCC GGT ATA CAA GCC-30; human

COL4A1 sense 50-TCG CCG GGT TCT GTA GGA TTG-

30, antisense 50-GCC TGC TTG TCC TTT GTC ACC-30;
human COL4A3 sense 50-CTG CAG CGA TTT ACC ACA

ATG C-30, antisense 50-AGC TGG TGT TGA CAG CCA

GTA T-30; human TIMP2 sense 50-AGG CTT AGT GTT

CCC TCC CTC-30, antisense 50-TGA GTG TGT CAC

CAA AGC CAC-30; and human TIMP3 sense 50-TCC TGC

TAC TAC CTG CCT TGC-30, antisense 50-AGC CAG

GGT AAC CGA AAT TGG-30. The expression of miR-

17–92 or ECM mRNA was based on the DDCT method,

using U6, sno202, or GAPDH as an internal control.

The relative expression was generated using the equation

2-DDCT.

Statistical analyses

The ANOVA analysis was used to compare 4 groups: AL,

AL?IR, CR, and CR?IR in miR array data. The cDNA

array data were analyzed by GO-Elite [18]. The GO-Elite

ranked each analyzed term according to a Z score. The z

score was calculated using the expected value and standard

deviation of the number of genes meeting the criterion on a

pathway under a hypergeometric distribution along with

2,000 permutation. False discovery rate (FDR)-adjusted P

values are calculated using a Benjamini–Hochberg cor-

rection [19]. Fold change calculated by pairwise compari-

sons of the average of mean array value between AL and

AL?IR, and CR and CR?IR. Results of RT-PCR, Lucif-

erase assays, and scratch test are expressed as the

mean ± SEM of biological replicates performed in three

independent experiments. For comparisons between two

groups, the two-tailed paired or unpaired t test was used.

Differences with p \ 0.05 were considered significant.

Results

CR alters the expression of miR-17*92 cluster

In two in vivo models of TNBC, we have previously shown

[17] that CR, administered concurrently with radiation,

represses tumor growth in a more than additive manner. To

determine if microRNAs (miRs) might be involved as

regulators of this physiologic response, we assayed tissue

from the different test conditions for expression of various

microRNAs.

Results from this study revealed significantly decreased

expression levels of both miR-17 and miR-20a when CR

was combined with IR (Table 1 and Supplementary Fig. 1)

compared with the control. The miR array mean values of

all miRs in the miR-17*92 cluster are shown in Fig. 1a.

Since this oncomiR cluster is noted to play an important

role in defining TNBC [20], we sought to further charac-

terize this cluster in the setting of CR. By modifying cell

culture media with reduced glucose to mimic CR, cells

were treated with four different conditions (control, IR,

CR, and CR?IR) and revealed that CR caused a significant

decrease in both miR-17 and miR-20a expression in 2

TNBC cell lines using qRT-PCR; 4T1 (Fig. 1b) and MDA-

MB-231 (Fig. 1c). This was even further reduced with the

combination of CR and IR, which was consistent with our

in vivo results. Since MYC is noted to regulate the

expression of the miR-17*92 cluster [21], we sought to

confirm this in our model; and western blots revealed that

Table 1 Microarray analysis of differentially expressed miRNAs in

TNBC in vivo model with different treatments

IR/

Control

CR/

Control

CR ? IR/

Control

P valuea

mmu-miR-100 0.975657 0.522801 0.208314 0.0005

mmu-miR-125b-5p 0.946517 0.630466 0.436416 0.0146

mmu-let-7i 0.885899 0.522112 0.352236 0.0034

mmu-miR-151-5p 0.870721 0.431653 0.644348 0.0322

mmu-miR-24 0.838282 0.634438 0.464685 0.0222

mmu-miR-25 0.681604 0.544782 0.478387 0.03

mmu-miR-20a 0.666345 0.468864 0.277192 0.0063

mmu-miR-17 0.644952 0.53243 0.350263 0.0034

mmu-miR-99b 0.601461 0.415815 0.606936 0.0293

mmu-miR-709 0.588638 0.593461 0.513855 0.001

mmu-miR-191 0.544377 0.365457 0.386146 0.0181

mmu-miR-222 0.48094 0.542626 0.719579 0.0154

mmu-miR-132 0.31291 0.260862 0.151206 0.0109

mmu-miR-133b-3p 0.166999 0.196337 0.21391 0.002

mmu-miR-341-3p 0.157701 0.193672 0.19551 0.0085

a The ANOVA analysis was used to compare 4 groups; AL, AL?IR,

CR, and CR?IR
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CR was able to decrease MYC expression as shown in

Fig. 1d.

miR-17–92 targets ECM molecules

To determine the possible mechanisms by which the

combination of CR and IR might be working in concert to

induce tumor regression, cDNA arrays were per-

formed. Gene ontology (GO) terms that were signifi-

cantly over represented (permuted p value \0.01) were

associated with ECM and metastases. Adjusted FDR P

value of Collagen (GO: 0005581), Extracellular matrix

structural constituent (GO: 0005201), and Basement

membrane (GO: 0005604) are less than 0.25 (Table 2).

Therefore, an in silico analysis was performed to find

potential targets of the miR-17 family that could explain

altered expression of ECM components. These were noted

to include collagen 4 alpha 1 (COL4A1), COL4A3, lami-

nin alpha 3 (LAMA3), and metallopeptidase inhibitors 2

and 3 (TIMP2 and TIMP3). Computer algorithms predicted

that the 30UTR of COL4A3, LAMA3, TIMP2, and TIMP3

contained regions matching the seed sequences of miR-17

and miR-20a, which were conserved across many species

including humans, mice, rats, rabbits, and dogs (Fig. 2a).

To verify that mRNAs for these ECM proteins were

targets of the miR-17 cluster, we generated the 30UTR

wild-type or mutant luciferase reporter constructs and

analyzed their luciferase activity when tested against miR-

17 and miR-20a. The 30UTR luciferase reporter activities

of LAMA3, COL4A3, TIMP2, and TIMP3 were each

inhibited by miR-17 and miR-20a, but COL4A1 did not

have this relationship (Fig. 2b) revealing that all the

mRNAs except COL4A1 were indeed targets of miR-17

and miR-20a. The mutation of the miR-17 binding site in

ECM 3’UTR abrogated this repression, supporting the idea

that the effect of miR-17 or miR-20a is exerted through

direct binding with the mRNA targets.

miR-17 or 20a suppresses the expression of ECM

proteins

To further evaluate the relationship between miR-17 or

miR-20a and the endogenous expression of ECM
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Fig. 1 CR reduces the expression of the miR-17*92 cluster in

TNBC cell lines. a Tumors were generated in vivo using 4T1 cells

and were treated with 4 different conditions: ad libitum feeding (AL),

radiation (IR), caloric restriction (CR), and IR?CR. Three tumors

from each condition were sent for miR arrays and mean array values

for members of the miR-17*92 cluster are plotted with miR-17 and

miR-20a having significantly changed values. To confirm the down

regulation seen in vivo, in vitro studies were done with b 4T1 cells

and c MDA-MB231 cells, which were cultured using four different

conditions: (1) control (normal glucose), (2) IR, (3) CR (glucose

reduced to 70 %), and (4) CR?IR. After 24 h, total RNA was

extracted and qPCR revealed significantly decreased expression of

miR-17 and miR-20a, which is consistent with array results from the

in vivo tumor samples. d Since this cluster is known to be regulated

by c-Myc protein, Western blots for c-Myc protein were done for all

in vitro conditions. The results showed that c-Myc levels were

reduced in CR?IR compared to the other conditions, just as the miR-

17*92 cluster levels were. Data represent the mean ± SD of at least

three independent experiments *p B 0.05, **p B 0.01
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proteins, we evaluated the ECM protein levels after

inducing ectopic expression of miR-17/20a with pre-

cursor oligomers and after inhibition with antisense

oligomers. To evaluate the transfection efficiency of the

precursor and antisense, the expression of miR-17 or

miR-20a was evaluated (data not shown). As shown in

Fig. 3a, silencing miR-17/20a enhanced endogenous

LAMA3, COL4A3, TIMP2, and TIMP3 expression,

while miR-17/20a overexpression inhibited their

expression (Fig. 3b, c).

Table 2 Gene MAP pathway profile analyzed by GO-Elite

AL vs CR?IR GO name (GOID) Z scorea AVG-log fold

changeb
Permuted

P value

Adjusted

permuted

P value

Collagen (GO:0005581) 5.3 1.92 \ 0.001 0.114

Extracellular matrix structural constituent (GO:0005201) 5.2 1.84 \ 0.001 0.114

Collagen biosynthetic process (GO:0032964) 3.2 1.66 0.0095 0.724

Basement membrane (GO:0005604) 3.3 1.64 0.0015 0.241

a The Z score compares related Ontology terms based on their relative over representation Z score, which is an indicator of degree of over

representation
b Fold change calculated by pairwise comparisons of the average of mean array value between AL and CR ? IR
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Fig. 2 miR-17 and miR-20a target ECM proteins. In silico analysis

a of the miR-17 target sites revealed that LAMA3, COL4A3, TIMP2,

and TIMP3 3’-UTRs are highly conserved among many species. To

confirm that these proteins were in fact targets, b part of their 30 UTRs

containing the putative binding sites for miR-17 and 20a were cloned

into luciferase reporters. Co-transfection assays with pTL-Renilla into

HEK293 cells show that miR-17 and 20a can inhibit translation of a

reporter gene containing a partial 30 UTR of LAMA3, COL4A3,

TIMP2; and miR-17 can regulate TIMP3. Mutants with altered

binding sites were also used and did not show the same regulation,

supporting the idea that miR-17 and 20a directly inhibit translation

through interaction with elements in the 30 UTRs of LAMA3,

COL4A3, TIMP2; and miR-17 of TIMP3. Data represent the

mean ± SD of at least three independent experiments *p B 0.05,

**p B 0.01
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CR reduces migration and invasion by regulating

TIMP2 and TIMP3

To determine if CR-mediated inhibition of miR-17/20a

could decrease tumor metastases by restoring the expres-

sion of ECM proteins, transwell and scratch wound healing

assays were employed. In both assays, migration was sig-

nificantly reduced in CR treatment conditions compared

with the full media (Fig. 4a, b, top panel). Transient

transfection of the cells with an anti-sense-miR-17 or anti-

sense-miR-20a oligomer demonstrated a decrease in

migration and invasion potential that is similar to that of

the CR condition (Fig. 4a, b, bottom panel). Since miR-17/

20a regulates the expression of TIMP2 and TIMP3, we

sought to determine if CR-mediated inhibition of miR-17/

20a could regulate the expression of ECM proteins. TIMP2

and TIMP3 were in fact upregulated by CR with an even

further increase with CR and IR (Fig. 4c). Taken together,

these finding are consistent with the idea that CR can

impact on the metastatic process.

Discussion

Our prior in vivo study demonstrated that radiation, com-

bined with the dietary modification of caloric restriction,

can induce tumor regression and increase survival in

models of TNBC [17]. Therefore, we sought to determine

if miRs were responsible for the augmented response noted

when CR is combined with radiation.

Arrays that looked at the relative abundance of different

miRs demonstrated three miRs in the miR-17*92 cluster

to be in the top ten of miRs that were significantly down

regulated with the combination treatment: miR-17, 20a,

and 92. This finding is consistent with the finding that the

upregulation of the miR-17*92 oncomir cluster, including

miR-17, miR-18a, miR-20a, and miR-92a, plays an

important role in breast tumorigenesis and cell invasion

[20, 22–24]. The oncogenic nature of this cluster is sup-

ported by the identification of miR-17–92 targets such as

E2F1, p21, and BCL2L11/Bim, which have key roles in

cell-cycle control and cell death [25–27]. Patients who

develop metastasis are noted to have increased expression

of miR-17*92 [20]. In addition, deep sequencing has

demonstrated that increased expression of this cluster may

in fact be characteristic of triple-negative breast cancer

[22]. Since TNBC is the most aggressive breast cancer

subtype with the shortest time to metastases and the worst

prognosis, novel treatments and therapeutics are needed

and might involve targeting of this cluster [28]. This cluster

might also be useful in cancer treatment, given the finding

that down regulation of miR-17*92 cluster occurred after

both single-dose and fractionated radiation in prostate

cancer cells [29].

Interestingly, in contrast to our findings about other miR

members of this cluster, our dataset did not reveal a sig-

nificant change in abundance of miR-19 with our treat-

ments of CR or IR. This is consistent with a prior finding

that relative abundance of miR-19 tends to vary indepen-

dent of the rest of the cluster [30].

cDNA array analysis of our samples using GO-Elite

revealed that the five most markedly changed GO terms

with high fold increases were all associated with ECM.

Consistent with this observation, other groups have repor-

ted that upregulation of the miR-17*92 cluster contributes

to the promotion of metastases by targeting TGF-b sig-

naling [31]. The TGF-b signaling pathway regulates the

ECM and modulates cell invasion via the primary tumor

microenvironment [32]. The invasiveness of cancer cells

depends on the balance between deposition and proteolytic

degradation of tumor ECM and the basement membrane
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Fig. 3 miR-17 regulates endogenous expression of ECM proteins.

Inhibition of miR-17 and 20a using transient transfection of a anti-

sense oligomers, and b overexpression with miR precursors and

negative controls (NC) were measured. The results demonstrated the

control of the miRs on TIMP expression at the protein level. In

addition, c qPCR revealed decreased expression of the ECM genes in

RNA extracted from transfected cells. Data represent the mean ± SD

of at least three independent experiments *p B 0.05, **p B 0.01
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[33]. We were able to demonstrate that CR increased the

expression of important components of the ECM including

TIMP2 and TIMP3, with an even further increase when CR

was combined with IR. The upregulation of ECM by

reduction of miR-17/20a could maintain the tissue

homeostasis to prevent metastasis in TNBC with CR and

IR. Our finding indicated that CR-mediated reduction of

miR-17*92 cluster may play a key role in the inhibition of

metastasis by regulating TGF-b signaling and remodeling

ECM. In addition, at the functional level, we were able to

demonstrate that CR decreases the metastatic potential of

cells with both transwell and scratch wound healing assays.

Therefore, CR could be an excellent adjuvant therapy for

TNBC.

Therapeutic options for patients with TNBC have been

limited, in part, due to the heterogeneity of molecular

alterations in TNBC. This is particularly concerning for

patients who are resistant to the conventional therapies

[34]. However, one recent study reported successful inhi-

bition of tumor growth and metastasis in TNBC xenograft

models using a triple-combination therapy involving an

EGFR inhibitor, a PARP inhibitor, and chemotherapy [12].

While this approach is promising, combination therapy

may lead to increased toxicity for patients due to the

overlapping toxicity profiles of some of these therapies.

Instead of targeting a few selected molecules, we have

shown that CR can decrease the expression of many pro-

teins simultaneously to inhibit cancer growth in an in vivo

model of TNBC. Furthermore, our results now suggest that

CR-mediated reduction of the miR-17*92 cluster may

prevent metastasis by controlling the expression of ECM

through a Myc-related pathway.

Our study has limitations, however, that should be con-

sidered. First, components of diet alone could impact miR

expression. Although we believe that most changes are due

to the overall stress of reducing calories, it could be that the
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After exposing 4T1 cells to media with decreasing concentrations of

glucose or transfection with anti-sense-miR-17/20a or NC oligomers,

scratch wound tests were performed (a), which revealed fewer cells

migrating into the wound at 24 h with dose-dependent CR condi-

tioned media compared with control media, suggesting that CR

decreases the migratory potential of TNBC cells. The same result was

noted in anti-sense-miR-17/20a. To assess properties of invasion after

exposure to CR and IR. b Matrigel-precoated transwells were used.

Representative images demonstrated fewer invasive cells upon

exposure to decreasing levels of glucose. Transient transfection of

the cells with an anti-sense-miR-17 oligomer caused a decrease in

invasion potential that is similar to that seen upon CR. By contrast,

treatment with a negative control (NC) antisense oligomer had no

effect. Representative images are shown. The graph illustrates

comparable results by cell number. ** P B 0.01. c After the cells

had 24 h of exposure to (1) normal glucose medium, (2) 6 Gy IR, (3)

CR, and (4) CR?IR, Western blots were performed, displaying the

greatest increase in expression of TIMP2 and TIMP3 with the CR?IR

condition
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nutrient density of the diet was not completely accounted for.

Mice in the CR groups were supplemented with a soluble

multivitamin but this would not be a complete match to

account for the total nutrient density. Second, implementing

a caloric restriction diet in cancer patients may be difficult

due to the overall health status of the patient. Although we

would expect early stage patients to be able to tolerate a

continual 30 % reduction in calories during their radiation

treatment, patients with advanced or metastatic disease may

find this difficult to tolerate. One solution may be to achieve

the same dietary-induced molecular changes with short-term

fasting. Some reports have shown that exposure to a short-

term starvation or fasting can protect normal cells from toxic

effect of oxidative and chemotherapy drugs without causing

chronic weight loss and can sensitize cancer cells by

increasing DNA damage and apoptosis [35–38]. This sug-

gests that short-term starvation or diet modification has the

potential to enhance standard cancer therapies and may be

implemented in the clinic as an overnight fast before

receiving radiation therapy in the morning. Also, given that

we were able to observe similar inhibition of an in vitro

model of metastases with an anti-miR-17 oligomer, our

results suggest that anti-miR-17 oligomers may prove useful

in TNBC therapy.

Findings from this study suggest that the miR-17*92

cluster contributes to the response of TNBC to caloric

restriction used in combination with radiation. Conse-

quently, this cluster is worth investigating as a target or the

basis of a therapeutic strategy for decreasing the metastatic

potential of TNBC.
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