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Summary
The importance of non-coding RNA transcripts in regulating microRNA (miRNA) functions, especially the 39-untranslated region (39

UTR), has been revealed in recent years. Genes encoding the extracellular matrix normally produce large mRNA transcripts including
the 39 UTR. How these large transcripts affect miRNA functions and how miRNAs modulate extracellular matrix protein expression are
largely unknown. Here, we demonstrate that the overexpression of the CD44 39 UTR results in enhanced cell motility, invasion and cell

adhesion in human breast carcinoma cell line MDA-MB-231. Furthermore, we found that expression of the CD44 39 UTR enhances
metastasis in vivo. We hypothesize that increased expression of the CD44 39 UTR affects miRNA binding and modulates synthesis of
the extracellular matrix. Computational analysis indicated that miRNAs that interact with the CD44 39 UTR also have binding sites in
other matrix-encoding mRNA 39 UTRs, including collagen type 1a1 (Col1a1) repressed by miR-328 and fibronectin type 1 (FN1)

repressed by miR-512-3p, miR-491 and miR-671. Protein analysis demonstrated that expression of CD44, Col1a1 and FN1 were
synergistically upregulated in vitro and in vivo upon transfection of the CD44 39 UTR. The non-coding 39 UTR of CD44 interacts with
multiple miRNAs that target extracellular matrix properties and thus can be used to antagonize miRNA activities.
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Introduction
In recent years, the importance of non-coding RNA transcripts

and their connection with microRNAs has been revealed. This

significance was demonstrated initially in our laboratory (Lee

et al., 2009) by the finding that expression of the 39-untranslated

region (39 UTR) of the protein versican resulted in altered cell

and tissue adhesion. The non-coding transcript of versican 39

UTR was able to antagonize the function of the microRNA miR-

199a-3p in regulating the expression of versican and fibronectin.

Further study showed that expression of versican 39 UTR also

lowers the steady-state expression of miR-199a-3p (Lee et al.,

2010). Another class of non-coding RNA transcripts is the

pseudogenes. The human genome contains a large number of

pseudogenes, which have been discovered to be as abundant as

functional genes and therefore represent a large component of the

genome. It has been estimated that there are approximately

20,000 putative pseudogenes in the human genome (Torrents

et al., 2003). Previously, pseudogenes were classified as ‘junk

DNA’ based on the fact that they do not code for proteins.

However, it has been recently shown that certain pseudogenes

play important roles in maintaining homeostasis, specifically as

modulators of miRNAs. Poliseno and colleagues recently

described a PTEN pseudogene, PTENP1, that regulates PTEN

cellular levels and suppresses cell growth (Poliseno et al., 2010).

Furthermore, Chin and colleagues found that variation due to

single nucleotide polymorphisms located in miRNA binding sites

of the 39 UTR can affect miRNA target expression and function

(Chin et al., 2008). The 39 UTR of KRAS contains a single

nucleotide polymorphism correlated with an increased risk of

non-small cell lung cancer (Chin et al., 2008). This single

nucleotide polymorphism prevents let-7 from binding, which

results in the overexpression of KRAS in lung cancer.

The widespread role of miRNAs in disease makes them ideal

targets for therapeutic intervention (Mayr and Bartel, 2009;

Negrini et al., 2007; Shimono et al., 2009). Because the base-pair

interaction between the seed regions of miRNAs and mRNAs is

essential for repressing mRNA function (Hua et al., 2006; Ye

et al., 2008), a logical inhibitor is a nucleic acid that is antisense

to the miRNA, which can compete with mRNAs. This has been

demonstrated directly in cultured cells by transiently transfecting

29-O-methyl-modified antisense RNAs into several independent

miRNAs (Meister et al., 2004). Long-term research using

antisense techniques has been performed and has led to the

development of siRNA and miRNA therapeutics in vivo

(Krützfeldt et al., 2005; Soutschek et al., 2004). Krützfeldt and

colleagues recently performed the in vivo inhibition of four

miRNAs using modified antisense RNAs, which they term

‘antagomirs’ (Krützfeldt et al., 2005). To date, the use of

different non-coding oligonucleotides to regulate miRNA activity

have been extensively investigated including decoys, sponges,

locked nucleic acids, non-coding RNAs and antagomirs (Ebert

et al., 2007; Haraguchi et al., 2009; Kahai et al., 2009; Krützfeldt

et al., 2005; Lee et al., 2011; Ørom et al., 2006). These

chemically modified antisense oligonucleotides are meant to

antagonize specific miRNAs and are effective against a specific

miRNA or members of a miRNA family. However, because

multiple miRNAs can target one gene, and antagonizing one

miRNA might not relieve enough translational repression exerted
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by other miRNAs targeting the same gene, the ideal approach is

to develop strategy to regulate multiple miRNAs.

Use of the 39 UTR serves this purpose because one 39 UTR can

bind many miRNAs. The hypothesis is that a 39 UTR can interact

with an miRNA that also has many binding sites on other 39 UTRs,

with similar effects. Thus, the 39 UTR can be used to antagonize

miRNAs of interest and modulate the functions of genes with

similar 39 UTRs. In addition, miRNAs can be degraded through

binding with the 39 UTR, which will protect target mRNAs from

translational inhibition. Previously, we demonstrated that a non-

coding transcript, CD44 39 UTR, was able to antagonize miRNAs

involved in cell cycle regulation, which resulted in an increase in

CDC42, a cell cycle regulator, to result in decreased tumorigenesis

in the breast cancer cell line MT1 (Jeyapalan et al., 2011).

Additionally, the CD44 39 UTR was found to increase endothelial

cell activities and angiogenesis in vivo. Analysis of these cells

revealed significant differences in extracellular matrix (ECM)

activities. Using this system, we applied the CD44 39 UTR to the

human metastatic cell line MDA-MB-231 in order to antagonize

miRNAs involved in ECM activities and characterized the

consequences in tumor metastasis.

Results
CD44 39 UTR affects migration, invasion and adhesion of
breast carcinoma cells

MDA-MB-231 cells were stably transfected with the CD44 39

UTR and CD44E expression constructs and a control vector

pcDNA3.1. To test expression of the CD44 39 UTR, total RNA

was extracted and subjected to real-time PCR analysis. MDA-

MB-231 cells stably transfected with the CD44 39 UTR construct

(referred to hereafter as CD44 39 UTR cells) produced a fivefold

increase in the amount of CD44 39 UTR compared with the

control cells (Fig. 1A). Cell migration was measured in MDA-

MB-231 cells transfected with CD44 39 UTR, CD44E or

pcDNA3.1, following creation of a scratch on the cultures. It

was found that the CD44 39 UTR cells had a faster rate of

migration than the control and CD44-coding cells (Fig. 1B;

supplementary material Fig. S1a). Cell invasion was examined

using Matrigel-coated transwell chambers. When cells were

placed in the chambers, the CD44 39 UTR cells invaded through

the Matrigel and membrane pores and spread out on the surface

of the underside membrane significantly more than the CD44E-

transfected and control cells (Fig. 1C; supplementary material

Fig. S1b). Cell detachment was monitored and counted after cells

were briefly treated with EDTA. The CD44 39 UTR cells

detached slower than the CD44E-transfected and control

cells (Fig. 1D; supplementary material Fig. S1d).

CD44 39 UTR enhances metastasis in vivo

The metastatic potential of the CD44 39 UTR was investigated in

vivo with the intravenous tail-vein injection of MDA-MB-231

cells transfected with CD44 39 UTR and the control. The

mortality rate for mice injected with the CD44 39 UTR cells was

increased because these mice developed edema and appeared

Fig. 1. CD44 39 UTR affects migration, invasion and adhesion of breast carcinoma cells. (A) Total RNA isolated from CD44 39 UTR- and vector-transfected

cells were subjected to real-time PCR analysis. CD44 39 UTR stable cells produced higher levels of CD44 39 UTR than the control cells (n53). (B) Cell migration

was monitored using a scratch method. It was found that the MDA-MB-231 cells transfected with CD44 39 UTR migrated faster than cells transfected with

CD44E or control vector (n510). (C) Cell invasion was examined using Matrigel-coated transwell chambers. Significantly more CD44 39 UTR cells than CD44E

and control cells travelled through the Matrigel and membrane pores and spread out on the underside of the membrane (n55). (D) Cell detachment was monitored

and counted after cells were treated with EDTA. The CD44 39 UTR cells detached more slowly than did the CD44E and control cells (n55). **P,0.01.
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frail and hunched and needed to be sacrificed based on the

Animal Use Protocol starting at 8 weeks after the injection as

compared with the control mice (Fig. 2A,B). Lung tissues were

excised from these mice and stained with hematoxylin and eosin

(H&E) and antibodies against CD44 and Ki67 (Fig. 2C). Lungs

from mice injected with CD44 39 UTR cells exhibited metastatic

nodules that were not found in the control mice. These nodules

were confirmed to be expressing an increased amount of CD44

because they stained for this molecule darker than the

surrounding tissue. Additionally, these nodules had increased

expression of Ki67, which is a common proliferating marker.

siRNAs against the CD44 39 UTR affect adhesion of MDA-

MB-231 cells

Four siRNAs against CD44 39 UTR were transfected into the

CD44 39 UTR-transfected MDA-MB-231 cells and cell migration

monitored. The siRNA sequences that bind to the CD44 39 UTR

are shown in Fig. 3A. We found that transfection with the

siRNAs produced a decreased rate of migration compared with

the control siRNA (Fig. 3B; supplementary material Fig. S2a). In

cell invasion assays, we detected a lower number of cells

invading through the Matrigel in the siRNA-treated cells than in

the control cells treated with a non-related siRNA sequence

(Fig. 3C; supplementary material Fig. S2b). In the detachment

assays, the cells transfected with the siRNAs against CD44 39

UTR were also monitored and we found that the siRNA-treated

CD44 39 UTR cells detached faster than the control cells

(Fig. 3D; supplementary material Fig. S2c). To examine the

effects of endogenous CD44 39 UTR on binding miRNAs and

mediating cell activities, we transfected the parental MDA-MB-

231 cells with these siRNAs against the CD44 39 UTR. We

detected decreased rates of migration, invasion and adhesion

in the siRNA-transfected cells compared with the controls

(supplementary material Fig. S3a–c).

CD44 39 UTR-interaction miRNAs target both FN1 and

Col1a1 39 UTRs

The increased migration and invasion and decreased detachment

of the CD44 39 UTR-transfected MDA-MB-231 cells led us to

focus on investigating ECM proteins. Even though CD44 is a cell

surface molecule involved in cell–cell interactions, adhesion and

migration, the limited functional changes observed in the MDA-

MB-231 cells suggested that the effect of the CD44 39 UTR on

cell activities was not the consequence of upregulation of CD44

protein alone; there must be other adhesion molecules involved in

these actions. Analysis with computational algorithms showed

that the 39 UTRs of CD44, fibronectin type 1 (FN1) and collagen

type 1 a1 (Col1a1) could have multiple miRNAs in common.

FN1 is involved in cell adhesion, growth and migration and its

39 UTR was predicted to bind miR-512-3p, miR-491 and miR-

671, in common with the CD44 39 UTR (Fig. 4A). Col1a1 is a

major ECM component that plays an important role in mediating

Fig. 2. Increased metastasis of CD44 39 UTR cells in vivo. (A) Mice injected with CD44 39 UTR-transfected MDA-MB-231 cells had a higher rate of mortality

than mice injected with control cells. Survival rate is shown (n510). (B) Mice injected with the CD44 39 UTR cells exhibited characteristics of edema, which

included enlarged body size and excess fluid in the peritoneal cavity. (C) Nodules were found in the lungs of CD44 39 UTR group with H&E staining.

These nodules expressed higher levels of CD44 and Ki67 than the control group. No nodules were found in the lungs of the control group. Tumor nodules are

outlined with dotted lines and positive cells are labeled with arrows.
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cell behavior and maintaining tissue architecture. Col1a1 is

predicted to be a target of miR-328, which is also predicted to

bind to CD44 39 UTR (Fig. 4A).

We hypothesized that when the miRNAs in common were

being absorbed by the CD44 39 UTR, there would be an increased

production of the adhesion molecules, FN1 and Col1a1 along

with CD44 (Fig. 4B). The CD44 protein levels were upregulated

in the CD44E and CD44 39 UTR stable cells but not in the control

MDA-MB-231 cells (Fig. 4C). This is because the binding of

miRNAs to the overexpressed CD44 39 UTR causes a decreased

availability of miRNAs for binding to the endogenous CD44 39

UTRs. This also resulted in increased production of FN1 protein,

which was confirmed by western blot analysis (Fig. 4C). Because

FN1 protein levels in the CD44E cells were similar to those in the

control cells, the increase in FN1 was not due to downstream

activation through the CD44 protein. The binding of miRNA-328

to the CD44 39 UTR appeared to allow for an increased

production of Col1a1 protein in the CD44 39 UTR cells

(Fig. 4C). Similarly, because there was no increase in Col1a1

in the CD44E cells, the increase in Col1a1 might also be due to

the increase in CD44 39 UTR and not due to downstream

activation through the CD44 protein.

We confirmed the targeting of the four miRNAs to CD44 39 UTR

using luciferase assays. The 39 UTR of CD44 was cloned into pMir-

report vector. There was a decrease in luciferase activities when the

construct was co-transfected along with miR-512-3p, miR-328,

miR-491 and miR-671 into MDA-MB-231 cells (Fig. 4D).

Furthermore, we examined the effect of siRNAs against the

CD44 39 UTR on FN1 and Col1a1 expression. CD44 39 UTR

cells transfected with the four siRNAs binding to the CD44 39

UTR were analyzed by western blot probed with anti-FN1 and

anti-Col1a1 antibodies. FN1 and Col1a1 levels decreased in the

siRNA-treated samples as compared with the control (Fig. 4E).

This decrease in FN1 and Col1a1 was also seen when the

parental MDA-MB-231 cells were transfected with the four

siRNAs (supplementary material Fig. S3d).

Similar results were seen in tumors formed in mice injected

with control and CD44 39 UTR-transfected MT-1 cells when they

were examined for FN1 and Col1a1 protein levels. Protein

lystates from tumor tissue from CD44 39 UTR and control tumors

were subjected to western blot analysis with anti-FN1 and anti-

Col1a1 antibodies (supplementary material Fig. S4a). FN1 and

Col1a1 were upregulated in the CD44 39 UTR tumors compared

with the control tumors. Immunohistochemistry was also

performed on the tumor sections probed with anti-FN1 and

anti-Col1a1 antibodies (supplementary material Fig. S4b). There

was an increase in FN1 and Col1a1 in CD44 39 UTR tumor

sections compared with the control sections.

The binding of miR-491, miR-671 and miR-512-3p to FN1

was confirmed using luciferase assays. The fragment of each

binding site of FN1 39 UTR was cloned into pMir-report vector to

create three constructs, Luc-FN-491, Luc-FN-671 and Luc-FN-

512-3p (supplementary material Fig. S5). There was a decrease

in luciferase activities when each construct was co-transfected

Fig. 3. siRNA against the CD44 39 UTR affects adhesion of MDA-MB-231 cells. (A) siRNA sequences used to inhibit CD44 39 UTR expression are shown.

(B) CD44 39 UTR-transfected MDA-MB-231 cells were co-transfected with siRNA sequences against CD44 39 UTR. Cell migration was monitored and found to

be decreased compared with the siRNA control (n510). (C) The siRNA-treated CD44 39 UTR cells showed reduced invasion through Matrigel and transwell

inserts compared with the control (n53). (D) The detachment of cells transfected with the siRNAs was also monitored and the siRNA-treated CD44 39 UTR cells

detached faster than the control siRNA-treated cells (n53). **P,0.01.
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Fig. 4. CD44 39 UTR modulates expression of FN1 and Col1a1 by binding miRNAs. (A) Computational analysis of the CD44 39 UTR has shown that miR-512-

3p, miR-491 and miR-671 interact with both CD44 and FN1 39 UTRs and that miR-328 can interact with both CD44 and Col1a1. Predicted binding sequences of

miR-512-3p, miR-491, miR-671 and miR-328 to CD44 (upper) and targeting of FN1 and Col1a1 39 UTR by these miRNAs (lower) are shown. (B) The strategy

employed in our study is shown. Overexpression of CD44 39 UTR would attract endogenous miR-512-3p, miR-491 and miR-671, thus freeing mRNAs encoding

CD44 and FN1 to be available for translation. This is also occurs with endogenous miR-328, which binds to the CD44 39 UTR and allows increased amounts of

mRNAs for CD44 and Col1a1 to undergo translation. (C) Protein lysates prepared from cells transfected with CD44 39 UTR, CD44E or vector were subjected to

western blot analysis with anti-CD44, anti-FN1 and anti-Col1a1 antibodies. Detection of b-actin on the same membranes served as a loading control. Increased

expression of CD44, FN1 and Col1a1 was detected in the CD44 39 UTR-transfected cells. Although transfection with CD44E increased CD44 expression, it did not

increase FN1 and Col1a1 levels. (D) MDA-MB-231 cells were co-transfected with the four miRNAs and the luciferase reporter construct harboring the CD44 39 UTR

fragment. A non-related fragment of cDNA was used as a control. Luciferase activity assays indicated that all four miRNAs (miR-512-3p, miR-328, miR-491 and

miR-671) repressed luciferase activity (n53, **P,0.01). (E) Cell lysates from siRNA-treated cells were subjected to western blot analysis with anti-FN1 and anti-

Col1a1 antibodies. Both FN1 and Col1a1 levels decreased as a result of treatment with siRNA targeting CD44 39 UTR.
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along with its respective miRNA into MDA-MB-231 cells

(Fig. 5B). The potential binding sites were also mutated to

produce three mutation constructs, Luc-FN-mut-491, Luc-FN-

mut-671 and Luc-FN-mut-512-3p (Fig. 5A). When the binding

sites were mutated, there was a restoration of luciferase

expression (Fig. 5B). The luciferase activities were also

restored when pcDNA3.1-CD44 39 UTR was co-transfected

with each miRNA and Luc-FN construct because the miRNAs

were bound by the CD44 39 UTR (Fig. 5C). These activities were

lower than for the control vector, because it is possible for other

miRNAs to be working in the system, but higher than for the

wild-type Luc-FN construct with miRNA alone.

Fig. 5. Confirmation of miRNA targeting using luciferase activity assays. (A) FN1 and Col1a1 39 UTR fragments were cloned into the luciferase reporter

vector pMir-Report construct. Mutated sequences in the seed regions of FN1 and Col1a1 are shown in red. (B) MDA-MB-231 cells were co-transfected with

different miRNAs and the luciferase reporter construct harboring the FN1 or mutant FN1 39 UTR fragment. A non-related fragment of cDNA was used as a

control. Luciferase activity assays indicated that all three miRNAs (miR-491, miR-671 and miR-512-3p) repressed luciferase activity when it harbored the

corresponding FN1 39 UTR; the effect was reversed when the potential miRNA target site was mutated (n53). (C) The luciferase reporter plasmids were co-

transfected into MDA-MB-231 cells with the corresponding miRNAs and pcDNA3.1–CD44 39 UTR. The inhibitory effects of miRNAs could be recovered in the

presence of pcDNA3.1-CD44 39 UTR (n53). (D) MDA-MB-231 cells were co-transfected with miR-328 and the luciferase reporter construct harboring the

Col1a1 or mutant Col1a1 39 UTR fragment. Luciferase activity assays indicated that miR-328 repressed luciferase activity of the Col1a1 39 UTR, which was

reversed when the miR-328 target site was mutated (n53). (E) The luciferase reporter plasmid for Col1a1 was co-transfected with miR-328 and pcDNA3.1–CD44

39 UTR into MDA-MB-231 cells. The inhibitory effects of the miRNA could be recovered in the presence of pcDNA3.1-CD44 39 UTR (n53).

*P,0.05, **P,0.01.
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Furthermore, luciferase activity assays were also performed

with the miR-328 binding site on Col1a1 39 UTR. This fragment

was cloned into pMir-report vector generating a luciferase

construct Luc-Col1a1 (supplementary material Fig. S5). There

was a decrease in luciferase activity when the Luc-Col1a1 and

miR-328 were co-transfected into MDA-MB-231 cells (Fig. 5D).

When this binding site was mutated (Luc-Col1a1-mut),

luciferase activities were restored. A restoration of luciferase

activities also occurred when the pcDNA3.1-CD44 39 UTR was

co-transfected along with the Luc-Col1a1 and miR-328,

compared with Luc-Col1a1 and miR-328 transfection alone

(Fig. 5E). This demonstrated that the miR-328 could be bound by

the CD44 39 UTR, thus allowing for increased luciferase

expression; however, these levels were lower than those for the

control vector suggesting that other miRNAs play a role in this

system.

Corroboration of miRNA function in MDA-MB-231 cells

The functions of miR-328, miR-491, miR-671 and miR-512-3p

were confirmed by transfecting these miRNAs into MDA-MB-

231 cells stably transfected with the CD44 39 UTR. Migration

assays showed that there was a decrease in cell migration in the

miRNA-transfected CD44 39 UTR cells compared with the

control CD44 39 UTR cells (Fig. 6A; supplementary material

Fig. S6a). The functions of these miRNAs were further

confirmed by invasion assays. There was a decrease in the

number of miRNA-transfected cells that invaded through

the Matrigel and the transwell membrane pores as compared

Fig. 6. Corroboration of miRNA function in MDA-MB-231 cells. (A) Stable CD44 39 UTR-transfected MDA-MB-231 cells were co-transfected with miR-328,

miR-491, miR-671, miR-512-3p or control oligonucleotide. There was a decrease in cell migration for all the miRNA-transfected cells compared with the control

(n510). (B) Invasion of the miRNA-transfected cells was examined. There was a decrease in the number of cells that invaded through the Matrigel and transwell

membrane pores for miRNA-transfected cells as compared with the control cells (n53). (C) In cell adhesion assays, there was an increase in detachment

of the miRNA-transfected CD44 39 UTR cells compared with the control (n55). (D) Western blot was used to confirm the downregulation of Col1a1 and FN1 by

the overexpression of the corresponding miRNAs. When CD44 39 UTR cells were transfected with the miRNAs, there was a decrease in levels of collagen

(miR-328) and FN1 (miR-491, miR-671 and miR-512-3p). CD44 protein levels also decreased when the CD44 39 UTR cells were transfected with miR-328,

miR-491, miR-671 and miR-512-3p. **P,0.01.
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with the control cells (Fig. 6B; supplementary material Fig. S6b).

Also, there was an increase in detachment of the miRNA-
transfected CD44 39 UTR cells compared with the control cells
(Fig. 6C; supplementary material Fig. S6c). Western blot

analysis confirmed that there was a downregulation of Col1a1
and FN1 by the overexpression of these miRNAs (Fig. 6D).
When the CD44 39 UTR cells were transfected with the miRNAs,
there was a decrease in Col1a1 (due to miR-328) and FN1 (due

to miR-491, miR-671 and miR-512-3p). Furthermore, these
miRNAs targeted CD44, as shown by the decrease in expression
of CD44 in the CD44 39 UTR cells when they were transfected

with miR-328, miR-491, miR-671 and miR-512-3p (Fig. 6D).
These results demonstrated that miR-328, miR-491, miR-671 and
miR-512-3p are involved in migration, invasion and detachment

and confirmed CD44 39 UTR function in MDA-MB-231 cells.
However, some miRNAs have a stronger effect on the cell matrix
properties than others. For example, in vitro, miR-328 had a

stronger effect on the inhibition of cell migration than the other
microRNAs but miR-671 had a stronger effect on the inhibition
of invasion and cell adhesion.

Discussion
We have previously demonstrated that expression of the CD44 39

UTR inhibited tumor growth and angiogenesis, which
upregulated CD44 and CDC42 expression by binding to the

miRNAs miR-216a, miR-330 and miR-608 (Jeyapalan et al.,
2011). We hypothesize that the CD44 39 UTR can also regulate
the expression of many other proteins because a 39 UTR has the

capacity to bind many miRNAs, which can affect other mRNAs
downstream. This study was initiated by our observation that the
breast cancer cell line MDA-MB-231 transfected with CD44 39

UTR displayed an increase in metastasis. As a result of CD44 39

UTR expression, cells and tumors had a lower rate of migration
and invasion than control samples.

Initially, the invasion and migration observations were

surprising because we reported previously that the elevated
expression of CD44 inhibits tumor growth (Jeyapalan et al.,
2011). However, the dual nature of CD44 (as a tumor suppressor

and activator) in breast cancer progression has been reported in
many studies (Hill et al., 2006; Lopez et al., 2005; Marangoni
et al., 2009). Because CD44 can express a great number of
isoforms and miRNAs can function in different cellular

environments, the key point to this variation in CD44 effects
appears to be dependent on the isoforms of CD44 expressed, the
type of cellular environment it is involved in and the type of

cancer involved. Our results show that the CD44 39 UTR is
important in metastasis because MDA-MB-231 cells transfected
with CD44 39 UTR have increased migration and invasion

characteristics (they are able to migrate faster than the control
cells in scratch assays and invade through Matrigel-coated trans-
membrane pores). This suggests that these cells have the

increased ability to pass through epithelial tissues and invade
surrounding tissues. This has been reported to occur due to the
capability that CD44 has to promote the attachment of matrix
metalloproteinase 9 to the leading edge of migrating cells (Yu

and Stamenkovic, 1999).

Because the ECM plays crucial roles in cancer metastasis, we
investigated whether CD44 39 UTR could upregulate expression of

the ECM molecules by modulating miRNA function. After
extensive examination, we found that the CD44 39 UTR had
several miRNAs in common with the 39 UTRs of FN1 (miR-512-3p,

miR-491 and miR-671) and Col1a1 (miR-328). Due to binding of
endogenous miRNAs to the exogenously overexpressed CD44 39

UTR, we found not only an increased expression of CD44, but also
an increased expression of FN1 and Col1a1. FN1 is an important
ECM molecule and is known to be involved in matrix remodeling,
cell adhesion and migration processes, which affect cell motility

by regulating actin polymerization. Recently, Howe and co-
workers reported that the inhibition of FN1 by miR-200c resulted
in the suppression of cell migration (Howe et al., 2011). The

involvement of FN1 in cancer cell migration and metastasis has
also been well documented (Hanamura et al., 1997; Waalkes et al.,
2010). Additionally, Col1a1 is a major ECM component that plays

a significant role in influencing cell behavior and maintaining
tissue architecture. The upregulation of collagen genes in primary
tumors with metastatic potential has been widely reported
(O’Carroll et al., 2007; Oneyama et al., 2011; Ramaswamy et al.,

2003). Furthermore, high levels of type 1 collagen have also been
found in metastatic lesions (Brown et al., 1999; Jensen et al.,
2002). Recently, Soikkeli and co-workers reported that both FN1

and Col1a1 are involved in promoting cell migration, invasion and
metastasis due to their increased expression and interaction with
other matrix network proteins (Soikkeli et al., 2010). However,

similar to reports on the dual nature of CD44, there have also been
reports of a decreased synthesis of collagen by cells in culture upon
oncogenic transformation through treatment with viruses or

chemical carcinogens (Adams et al., 1977; Smith and Niles, 1980).

MDA-MB-231 cells stably transfected with CD44 39 UTR
were co-transfected with siRNAs and miRNAs targeting the 39

UTR to corroborate the function of CD44 39 UTR. The siRNAs

and miRNAs were found to decrease CD44, FN1 and Col1a1
levels in the stable CD44 39 UTR cells and in the parental MDA-
MB-231 cells. Furthermore, they were able to reverse the cell

activities, resulting in decreased migration and invasion of the
MDA-MB-231 cells. This shows that the phenotypic changes
associated with the CD44 39 UTR in the MDA-MB-231 cells is

due to the direct effects of the 39 UTR of CD44. Admittedly,
because there are many miRNAs that are capable of binding to
the 39 UTR of CD44, there might be other miRNAs and other
ECM molecules that contribute to the enhanced cell migration

and metastatic phenotype seen here, along with miR-328, miR-
491, miR-671 and miR-512-3p and CD44, FN1 and Col1a1.
Further investigations could reveal that these other miRNAs and

matrix molecules also play a significant role in the development
of metastasis when the CD44 39 UTR is overexpressed.

The 39 UTR has been shown to be involved in multiple roles

in addition to translational regulation. A study by Nagasaki and
co-workers has shown that potentially 3% of all genes are
alternatively spliced within their 39 UTR to escape miRNA

regulation in various biological activities (Nagasaki et al., 2005).
Furthermore, a 39 UTR mutation located within the binding site
of miR-189 has been reported to result in Tourette’s syndrome
(Abelson et al., 2005). The importance of the interplay between

39 UTR and miRNA during translational regulation is gradually
being revealed.

Our study demonstrates that, as usual, the 39 UTR of CD44

allows translational regulation by miRNAs. Conversely, the 39

UTR can regulate miRNA activities by binding to them. A study
by Gentner and co-workers revealed that imperfect miRNA

binding sites are better targets and are more efficient in
repressing gene expression than perfect binding sites (Gentner
et al., 2009). The 39 UTR non-coding transcript is a naturally
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evolved decoy because it contains imperfect binding sites for

many miRNAs. Our experiments indicate that the similar

functions of miRNAs can be regulated by a fragment of the

non-coding transcript of a 39 UTR. This might represent the more

natural way of regulation of gene expression, allowing co-

regulation of genes with related functions to CD44 to occur in a

finely tuned manner. In the 39 UTR overexpression system we

investigate here, we tried to artificially simulate a naturally

occurring non-coding RNA. The 39 UTR can act as a pseudogene

to regulate miRNA and other mRNAs similarly to the

pseudogene of PTEN recently discovered (Poliseno et al., 2010).

Non-coding and mutant transcripts have been found to exist

after genomic deletion and truncation experiments in which

translational silencing produced mutant phenotypes (Bala et al.,

2007; van Rooij et al., 2006). However, in knockout experiments

when the protein of interest is no longer expressed but no

detectable phenotypes are seen, it is believed that the mutated or

deleted proteins are compensated by other proteins. With the

knowledge of miRNA functions regulated by non-coding RNAs,

we might also need to consider that, in some cases, the knockout

mice can express a mutated or truncated mRNA that can

modulate miRNA function. Thus, even though other related

proteins can compensate for function, the non-coding transcript

might play an important role in the compensation. In other words,

a gene can execute its function via the protein or its transcript to

regulate miRNA activities.

Our results demonstrate a functional alteration in cellular

activities induced by expression of the non-coding transcript of

CD44. Expression of the 39 UTR altered the translation of other

mRNAs such as FN1 and Col1a1, which were targeted by the

same miRNAs. Thus, it is possible that the 39 UTR can play

diverse roles in the fine tuning of gene expression in a very

effective way. Future therapeutic strategies might be developed

by such approach.

Materials and Methods
Construct generation

To study the effect of CD44 39 UTR on cell activities, we used the CD44 39 UTR
construct described previously (Jeyapalan et al., 2011). The protein expression
construct CD44E has been successfully used in our laboratory (Wang et al., 2008)
and was originally generated and kindly donated by Warren Knudson’s group
(Rush Medical College, Chicago, IL) (Jiang et al., 2002).

A luciferase reporter vector (pMir-Report; Ambion) was used to generate the
luciferase constructs. The Col1a1 39 UTR and different lengths of the FN1 39 UTR
were cloned using RT-PCR. The PCR products were digested with SacI and MluI
and the fragment inserted into a SacI- and MluI-digested pMir-Report Luciferase
plasmid (Ambion) to obtain different luciferase constructs. A mutant construct
for each luciferase–39 UTR construct was generated using a similar approach.
Similarly, the PCR products were digested with SacI and MluI and the fragment
was inserted into a SacI- and MluI-digested pMir-Report Luciferase plasmid to
obtain different mutant luciferase constructs. A non-related sequence amplified
from the coding sequence of the chicken versican G3 domain and inserted into the
luciferase construct was used as a control, as previously described (Lee et al.,
2009). It was expected that there would be no endogenous miRNAs targeting this
fragment because it is in the coding region. The CD44 39 UTR luciferase plasmid
used was previously constructed in this laboratory (Wang et al., 2008).

Cell migration

Cell migration was measured using a culture scratching assay as described
previously (Shatseva et al., 2011). In brief, 36105 cells were seeded in each well
of a six-well plate. The cell cultures were scratched using a 200-ml pipette tip. The
cultures were washed with PBS to remove cell debris and then the culture medium
was replaced with serum-free medium. Cell migration was monitored and
photographed after 20 hours. Distance traveled from the initial scratch site was
measured and the migration distance quantified. For the parental cells transfected
with siRNA targeting CD44 39 UTR, cells were photographed and the migration
distance measured after 30 hours.

Cell invasion
Cell transwell membrane inserts were placed in a 24-well plate and coated with
100 ml of Matrigel (diluted 1:10). 16103 cells were placed in serum-free medium
inside the inserts. Medium supplemented with 10% FBS was placed at the bottom
of the inserts and in the wells of the plates. Cells were incubated at 37 C̊ and were
allowed to invade and migrate through the Matrigel and the membrane pores in the
inserts. After 20 hours, the upper Matrigel layer and cells were removed, and the
cells on the surface of the lower side of the membrane were fixed and stained.
Cells that migrated onto the lower surface were counted from representative areas
for quantification. For the parental cells transfected with siRNA targeting CD44 39

UTR, cells were photographed and quantified after 48 hours.

Cell detachment
Cells were plated at 16105 cells per well in a six-well plate and treated with
5 mM EDTA. Cell detachment was monitored, photographed and quantified
10 minutes after the addition of EDTA. For the parental cells transfected with
siRNA targeting CD44 39 UTR, cells were photographed and quantified after
5 minutes.

RNA analysis
Expression of the CD44 39 UTR was confirmed by real-time PCR. In brief, total
RNA was extracted from cell cultures using the mirVana miRNA Isolation Kit
(Ambion) according to the manufacturer’s instructions. Real-time PCR was
performed as previously described (Fang et al., 2011). The primers for CD44 39

UTR were previously used in our laboratory (Wang et al., 2008). The primers used
as the real-time PCR controls were human-U6RNAf and human-U6RNAr (Shan
et al., 2009).

Tail injection protocol
Eight-week old CD1 strain nude mice were injected in a tail vein with 16106

cells. Mice were monitored weekly for changes in appearance and behavior.
Protocols established with the Animal Care Facility at Sunnybrook Research
Institute dictated when mice were to be sacrificed for humane reasons. All animal
experiments were performed according to the relevant regulatory standards.

siRNA assays
Four different siRNA sequences complementary to CD44 39 UTR were used as
previously described (Jeyapalan et al., 2011). The CD44 39 UTR-transfected
MDA-MB-231 cells were seeded at a density of 26105 cells per well in six-well
plates in 2 ml culture medium containing 10% FBS. Cells were washed twice with
serum-free medium 24 hours after the inoculation, followed by transfection with
the four different siRNAs using Lipofectamine 2000 (Invitrogen). The cells were
harvested by exposure to trypsin 48 hours after the transfection and then subjected
to various assays.

Tumor formation assay
The tumor formation assay was performed as described (LaPierre et al., 2007).
Briefly, 6-week-old CD1 strain nude mice (Jackson Laboratories) were
subcutaneously injected with CD44 39 UTR-transfected MT1 cells and control
cells (16106 cells). Tumors were retrieved by the end of the fourth week and
fixed in 10% formalin, processed, embedded in paraffin and sectioned for
immunohistochemistry.

Immunohistochemistry
Immunohistochemistry was performed on the paraffin-embedded tissue sections.
The tumor sections were processed for antigen retrieval, blocked with 10% goat
serum and incubated overnight with primary antibodies against CD44, Ki67,
Col1a1 and FN1 in TBS containing 10% goat serum. The sections were then
washed and labeled with biotinylated secondary antibody, followed by avidin-
conjugated horseradish peroxidase provided by the Vectastain ABC kit (Vector,
PK-4000). The staining was developed according to the manufacturer’s
instructions. The slides were subsequently stained with Mayer’s hematoxylin for
counterstaining, followed by slide mounting.

Western blotting
Western blot was performed on cell and tissue lysates. Briefly, cells were seeded
onto a six-well plate at 26105 cells per well and left overnight. They were then
transfected with 1 mg of CD44 39 UTR or the control vector to create stable cell
lines. In addition, the CD44 39 UTR cells were transfected with siRNA against
CD44 39 UTR or different miRNA mimics. The control was a scramble RNA
provided in the kit. Proteins were extracted 48 hours after transfection by lysing in
60 ml lysis buffer containing protease inhibitors (150 mM NaCl, 25 mM Tris-HCl,
pH 8.0, 0.5 M EDTA, 20% Triton X-100, 8 M urea, and 16 protease inhibitor
cocktail).

Tissues were weighed and ground in a quantity of lysis buffer according to
weight. All samples were subjected to SDS-PAGE and then transferred to
nitrocellulose membranes. They were then incubated overnight at 4 C̊ with
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antibodies against CD44, FN1 or Col1a1 at a dilution of 1:500. Appropriate
secondary antibodies at 1:2000 dilution were incubated with the membranes at

room temperature for 2 hours. After detection of the protein bands, the blots were
stripped and re-probed with mouse monoclonal antibody against b-actin (A5316,

Sigma) to confirm equal sample loading. After secondary antibody incubation, the
blot was washed and detected using an ECL kit (Millipore) and autoradiography.

Band quantification was performed using Syntools. Band values took into account
each corresponding b-actin band and were compared with the controls, which were

set at baseline 1.0. The calculation formula used was band value 5 (sample band
intensity/sample b-actin intensity) 4 (control band intensity/control b-actin

intensity).

Luciferase activity assays

Luciferase activity assays were performed using a dual-luciferase reporter system
developed by Promega (E1960). In brief, MDA-MB-231 cells were seeded onto

24-well tissue culture plates at a density of 36104 cells per well in medium
containing 10% FBS and incubated overnight. The cells were co-transfected with

the luciferase reporter constructs, corresponding miRNA mimics and Renilla
luciferase construct using Lipofectamine 2000. The cells were then lysed using

100 ml of passive lysis buffer per well, placed on a shaker for 30 minutes and
centrifuged for supernatant collection. Supernatent (20 ml) was then mixed with

100 ml of LAR II, and firefly luciferase activities measured using a luminometer.
For the internal control, 100 ml of Stop & Go reagent was added to the samples.

Renilla luciferase activities were then measured in the same tube. Luciferase
activities after different treatments were compared after normalization with Renilla

luciferase activities. The miRNAs were used at a concentration of 100 nM.

For the CD44 39 UTR competition experiments, the same luciferase system was

used. Cell were transfected with 10 mg of luciferase construct containing FN1 or
Col1a1 39 UTR in each well. The cells were also transfected with CD44 39 UTR or

the control vector at a concentration of 10 mg plasmid per well.

Statistical analysis

The results (mean6s.d.) of all experiments were subjected to statistical analysis
using the Student’s t-test; P,0.05 was considered significant.
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