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ABSTRACT
We established an in vitro cell culture system to determine novel activities of 

the retinoblastoma (Rb) protein during tumor progression. Rb depletion in p53-null 
mouse-derived soft tissue sarcoma cells induced a spherogenic phenotype. Cells 
retrieved from Rb-depleted spheres exhibited slower proliferation and less efficient 
BrdU incorporation, however, much higher spherogenic activity and aggressive 
behavior. We discovered six miRNAs, including mmu-miR-18a, -25, -29b, -140, 
-337, and -1839, whose expression levels correlated tightly with the Rb status 
and spherogenic activity. Among these, mmu-miR-140 appeared to be positively 
controlled by Rb and to antagonize the effect of Rb depletion on spherogenesis and 
tumorigenesis. Furthermore, among genes potentially targeted by mmu-miR-140, Il-6 
was upregulated by Rb depletion and downregulated by mmu-mir-140 overexpression. 
Altogether, we demonstrate the possibility that mmu-mir-140 mediates the Rb 
function to downregulate Il-6 by targeting its 3′-untranslated region. Finally, we 
detected the same relationship among RB, hsa-miR-140 and IL-6 in a human breast 
cancer cell line MCF-7. Because IL-6 is a critical modulator of malignant features of 
cancer cells and the RB pathway is impaired in the majority of cancers, hsa-miR-140 
might be a promising therapeutic tool that disrupts linkage between tumor suppressor 
inactivation and pro-inflammatory cytokine response.
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INTRODUCTION

MicroRNAs (miRNAs) are non-coding 18 to 25 
base pair ribonucleotides that post-transcriptionally 
downregulate proteins by binding to a complementary 
sequence in the 3′-untranslated region (3′UTR) of target 
gene mRNA [1, 2]. Recently, miRNAs have emerged 
as critical modifiers of malignant phenotypes in several 
cancers [3–5]. Extensive downregulation of miRNAs 
was observed in human tumor cells relative to normal 
tissues [6, 7]. Lower expression of components mediating 
miRNA biosynthesis such as DROSHA and DICER1 was 
correlated with poor prognosis in ovarian cancers and 
neuroblastomas [8, 9].  These findings indicate tumor-
suppressive functions that are shared by a wide variety of 
miRNAs. Indeed, Dicer1 knockout mice, in which miRNA 
expression is globally repressed, exhibit a tumor-prone 
phenotype [10, 11], even though some miRNAs such as 
miR-21 have oncogenic functions [12]. 

The tumor-suppressive functions of miRNAs are 
attained primarily by their ability to interfere with the 
translation of oncogenic mRNAs. For example, the 
miR-200 family antagonizes the epithelial-mesenchymal 
transition (EMT) associated with cancer metastasis by 
downregulating transcriptional suppressors of E-cadherin, 
such as ZEB1 and ZEB2 [13]. Furthermore, let-7, miR-15a, 
miR-31, miR-34, miR-205 and others were demonstrated 
to suppress Ras, Myc, Bcl2, Notch, E2F1 or CyclinD1 
[14], suggesting a tumor-suppressive activity for these 
miRNAs. However, exactly how these tumor-suppressive 
miRNAs are regulated during tumor progression remains 
poorly defined.

The tumor suppressor protein retinoblastoma (RB) 
is genetically or functionally inactivated in many human 
cancers, and exerts its tumor-suppressive functions 
through physical interactions with various effector 
molecules including E2F transcription factors, tissue-
specific transcription factors, LxCxE motif-containing 
chromatin modifiers, and the E3 ubiquitin protein ligase 
SKP2. Due to the large variation in its binding partners, 
the RB transcriptional complex can either promote or 
repress expression of its target genes [15]. 

In this study, we employed an in vitro model of 
cancer progression wherein Rb inactivation enhances 
stem cell-like activities. We identified miRNAs 
whose levels differ in close association with the RB 
status and stem cell-like activities. This unveiled a 
relationship between RB and miR-140; depletion 
of RB downregulates miR-140. The mir-140 has 
been implicated in the suppression of hepatocellular 
carcinoma, non-small cell lung cancer, colon cancer, 
breast cancer and ovarian cancer through the inhibition 
of growth factor signaling [16–20]. We further identified 
IL-6 gene as a possible direct target of mir-140. Rb 
depletion indeed upregulated IL-6 expression, which was 

antagonized by overexpression of mir-140. Therefore, 
this study proposes that Rb downregulates IL-6 through 
upregulation of mir-140.

RESULTS

Il-6 mRNA upregulation is associated with an 
undifferentiated state following Rb inactivation

Previously, we demonstrated that a p53-null 
background facilitates cells to acquire undifferentiated 
phenotypes including increased self-renewal upon RB 
inactivation [21, 22]. To determine the RB-inactivation 
signature in the context of gaining self-renewal activity in 
a p53-null genetic background, we employed a soft tissue 
sarcoma model. p53−/− mice in a C57BL/6 background 
developed soft tissue-derived sarcoma with a frequency 
of approximately 20%. Cells derived from these tumors 
were readily adaptable to 2-dimensional (2D) culture, 
and appeared to be poorly spherogenic when cultivated 
in serum-free medium supplemented with EGF, bFGF 
and B-27 in a non-adherent dish type. However, upon Rb 
depletion, these cells efficiently formed small spheres up 
to day 14 in sphere culture (Figure 1A–1E), suggesting 
enhanced self-renewal activity in Rb depleted cells.

Next we recovered viable cells from the spheres 
derived from Rb-depleted cells. Spheres with surface areas 
> 5,000 μm2 and ratios of the longest/shortest diameter 
(L/S ratio) < 1.5 were manually picked, disaggregated 
with a cell strainer, and plated onto a 2D culture dish 
(Figure 1A and Supplementary Figure 1A). We referred 
to these cells as “Rb-depleted secondary cells” and 
conducted all analysis of these cells before they reached 
passage 4. “Control secondary cells” were derived from 
cells surviving 3D culture conditions for sphere formation, 
although these cells did not form visible spheres.

Both control and Rb-depleted secondary cells 
re-adapted well to 2D culture conditions. However, as 
compared to control and other primary cells, Rb-depleted 
secondary cells exhibited flattened cell shapes and slower 
growth (Figure 1D). In agreement, Rb-depleted secondary 
cells showed decreased cyclin D1 expression (Figure 1C) 
and less efficient BrdU incorporation (Supplementary 
Figure 1B). However, Rb-depleted, sphere-derived 
secondary cells exhibited the highest spherogenic activity, 
resistance to doxorubicin treatment and metastatic activity 
in mice when compared to the three other types of cells 
(Figure 1E and 1F, and Supplementary Figure 1C).

We analyzed all four types of cells by RNA 
sequencing. We found that the well-established cancer 
stem cell marker Aldh1a3 was highly expressed in 
Rb-depleted secondary cells, strongly implicating the 
enrichment of stem cell-like cells in this cell population 
(Figure 1G). In addition to Aldh1a3, we found that 
Hgf, Vegfa, Il-6, Cxcl1 and Kit were highly expressed 
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in Rb-depleted secondary cells (Figure 1G). Of note, 
except for Kit, all these genes were upregulated in Rb-
depleted primary cells as well, implicating a genetic 
interaction between Rb and these genes. Additionally, 
we observed that Rb depletion suppressed smooth muscle 
actin 2 (Acta2) expression (Figure 1G). Subcutaneous 
tumors derived from Rb-depleted cells transplanted into 
C57BL/6 mice also showed increased Hgf, Il-6, and Cxcl1 
expression and decreased Acta2 expression (Figure 1H). 
Collectively, these findings indicate that Rb depletion 
induces upregulation of specific growth factors and 

cytokines, and dedifferentiation in p53-null soft tissue 
sarcoma cells.

miRNA expression profiling identifies mmu-
miR-140 downregulation in conjunction with this 
Rb-inactivated undifferentiated state 

We next determined the Rb-inactivation signature of 
miRNA in addition to mRNA. To this end, we performed 
a miRNA array assay with control primary cells and Rb-
depleted primary and secondary cells. We conducted 

Figure 1: Analysis of Rb depletion-induced spherogenic cells. (A) Protocol for the preparation of Rb depletion-induced 
spherogenic cells (Rb-depleted secondary cells) from p53-null soft tissue sarcoma cells. (B) RT-qPCR of Rb in p53-null sarcoma cells 
transduced with the indicated vector. N = 3. Columns represent the mean and standard deviation (S.D.) unless otherwise indicated.  
(C) Immunoblot (IB) of the indicated proteins in p53-null soft tissue sarcoma cells transduced with the indicated vector. (D) Phase-
contrast images of p53-null soft tissue sarcoma cells grown in monolayer culture transduced with the indicated vector. Scale bar: 200 μm.  
(E) Spheres (arrowheads) derived from p53-null soft tissue sarcoma cells transduced with the indicated vector (upper). Scale bar: 200 μm. 
Sphere numbers per field (lower). N = 3. (F) Cell survival rates for p53-null soft tissue sarcoma cells transduced with the indicated vector 
after treatment with 250 nM doxorubicin for 72 hours. N = 3. (G) Heat map of rpkm values of the indicated genes in p53-null soft tissue 
sarcoma cells transduced with the indicated vector. (H) 1 × 105 cells transduced with the indicated vector were injected into C57BL/6 mice. 
RT-qPCR results of the indicated genes in tumors derived from implanted p53-null soft tissue sarcoma cells transduced with the indicated 
shRNA are shown (day 24). N = 3. 
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principal component analysis (PCA) using a variance-
covariance matrix. The cumulative contribution rate of 
the first (PC1) and second principal components (PC2) 
was 77%. The samples were divided into primary and 
secondary cells by the axis of the PC1 score, and control 
and Rb-depleted cells by the axis of the PC2 score  
(Figure 2A). Then we conducted an unsupervised 
hierarchical clustering analysis using Ward’s method. The 
samples were successfully divided into clusters of primary 
and secondary cells. The primary cell clusters were also 
subdivided into clusters of control and Rb-depleted cells 
(Figure 2B). Based on these results, we concluded that the 
obtained miRNA expression profiles were well organized 
and specific in each cell type.

Using these miRNA expression profiles, we 
identified miRNAs whose expression level correlate with 
Rb status and stem cell-like features simultaneously. 
At first, we conducted one-way analysis of variance 
(ANOVA) with 252 miRNAs. The resultant 37 miRNAs 
with adjusted p values < 0.1 were subjected to Dunnett’s 
test using non-target cells as control, and we then identified 
six miRNAs (mmu-miR-18a, -25, -29b, -140, -337, and 
-1839) with adjusted p values < 0.05 (Figure 2C). Among 
these six miRNAs, mmu-miR-140 and -337 appeared to 
be downregulated by Rb deletion in both 2D-cultured 
and sphere-derived cells. Of these two miRNAs, mmu-
miR-140 exhibited more robust fold change. In addition, 
mmu-miR-140 sequence was conserved between mouse 
and human (Figure 2C). For these reasons, our subsequent 
studies focused on mmu-miR-140.

We validated the expression of mmu-miR- 
140-5p (miR-140) and mmu-miR-140-3p (miR-140*) in 
the three cell types by reverse transcription-quantitative 
PCR (RT-qPCR) (Figure 2D and Supplementary  
Figure 2A). These results indicated that both forms of 
mmu-mir-140 are downregulated by Rb depletion in 
primary cells; this downregulation was more robust in 
Rb-depleted secondary cells (Figure 2D). In addition, we 
demonstrated that mmu-miR-140 downregulation induced 
by Rb depletion was antagonized by RB overexpression 
(Figure 2E), suggesting that Rb upregulates mmu-miR-140 
expression.

mmu-mir-140 antagonizes malignant features 
induced by Rb depletion

Since hsa-mir-140, the human orthologue of mmu-
mir-140, has been implicated in tumor suppression [16–20], 
we investigated whether mmu-mir-140 mediates Rb function 
to suppress tumor development in the soft tissue sarcoma 
model. We transduced a lentiviral vector expressing mmu-
mir-140 (a precursor of mmu-miR-140 and mmu-miR-140*) 
or scrambled sequence into control or Rb-depleted cells. 
We verified mmu-miR-140 expression in transduced cells 
by RT-qPCR (Figure 3A). We found that mmu-mir-140 
overexpression did not induce apoptosis but attenuated the 

cell growth of both control and Rb depleted cells in 2D 
culture (Figure 3B and Supplementary Figure 3A and 3B). 
The degree of growth suppression was modest; however, 
mmu-mir-140 overexpression significantly antagonized 
sphere formation induced by Rb depletion (Figure 3C). In 
addition, mmu-mir-140 overexpression antagonized in vivo 
tumorigenicity enhanced by Rb depletion (Figure 3D). These 
findings indicate the possibility that mmu-mir-140 mediates 
the function of Rb to suppress tumor development.

Identification of genes regulated by Rb in a 
mmu-mir-140-dependent manner

To further explore the possibility that mir-140 
may mediate the tumor-suppressive function of RB, we 
investigated genes regulated by Rb in a mir-140-dependent 
manner. To this end, we surveyed genes potentially targeted 
by mmu-mir-140 among genes that were upregulated by 
Rb depletion. We searched for genes those predicted to be 
targeted by mmu-mir-140 at microRNA.org. This search 
was made in the list of candidate genes identified by RNA-
sequence as upregulated upon Rb depletion. We identified 
genes that had less than 0.5 mirSVR score to mmu-mir-140 
as candidate genes regulated by Rb in a mir-140 dependent 
manner (Table 1). In addition, we performed transcriptome 
and gene ontology (GO)-enrichment analysis in  
Rb-depleted and/or mmu-mir-140-overexpressed soft tissue 
sarcoma cells by cap analysis gene expression (CAGE). The 
gene set induced by Rb depletion in a mir-140-dependent 
manner (induced by Rb depletion and suppressed by  
mir-140 overexpression) was enriched by genes encoding 
soluble factors mediating immune responses and growth 
stimuli (Figure 4A, Supplementary Tables 1 and 2), such 
as Il-6, Il-11, Hgf, Vegfa, Wnt5a, Fgf10 and Serping1  
(Figure 4B). The 3′UTR regions in these genes appeared to 
have highly possible mir-140 target sequence (Figure 4C).

mmu-mir-140 mediates Rb function to control 
Il-6 expression

We then focused on Il-6 because it was the most 
upregulated gene following Rb depletion (Table 1). Il-6 
upregulation induced by Rb depletion was significantly 
antagonized by RB reconstitution (Figure 5A). In 
addition, Il-6 has a mir-140 target sequence in the 3′UTR 
of both the human and mouse gene. Indeed, mmu-mir-140 
overexpression significantly antagonized upregulation 
of Il-6 abundance induced by Rb depletion (Figure 5B). 
On the other hand, mmu-mir-140 depletion in Rb intact 
sarcoma cells was not sufficient to induce robust Il-6 
upregulation or increased sphere forming activity (data 
not shown), suggesting that mmu-mir-140 mediates Rb 
function to suppress Il-6 and sphere formation in a limited 
degree.

To determine whether the Il-6 mRNA translation 
is directly suppressed by mmu-mir-140, we constructed 
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luciferase reporter vectors carrying either a wild-type 
mouse Il-6-3′UTR (mIl-6-3′UTR-WT) or a mutated target 
sequence (mIl-6-3′UTR-Mut) (Figure 5C). We found that 
mmu-mir-140 overexpression significantly repressed 
the activity of mIl-6-3′UTR-WT but not mIl-6-3′UTR-
Mut (Figure 5D). Moreover, addition of recombinant 
mouse Il-6 significantly blocked the inhibition of 
spherogenesis caused by mmu-mir-140 overexpression in 
a concentration-dependent manner (Figure 5E). These data 
implicate that mmu-mir-140 suppresses IL-6 translation by 

binding to 3′UTR of IL-6 mRNA, therefore may mediate 
Rb function to suppress tumor progression.

hsa-mir-140 suppressed IL-6 upregulation 
following RB depletion in human breast cancer 
cells

To examine whether the hsa-mir-140-IL-6 axis are 
involved in malignant phenotype induced by RB inactivation 
in human cancers, we employed MCF-7, a luminal-type 

Figure 2: Rb depletion downregulates mir-140 expression. (A) Principal components analysis of normalized array data for 252 
microRNAs. The scores of the first two principal components are shown. The proportions of variance for PC1 and PC2 were 54.4% and 
23.0% respectively. (Cumulative proportion of PC1 and PC2 is 77.4%). (B) Unsupervised hierarchical clustering of miRNA data for the 252 
normalized miRNAs. Each column represents a sample, and each row represents the expression level of a miRNA. (C) The list of miRNAs 
differentially expressed depending on the Rb depletion status and the culture condition. The expression data of miRNA were analyzed by 
one-way ANOVA, and then by Dunnett’s post-hoc test, and compared to control cells. Homology denotes the presence of homologous 
sequence in Homo sapiens and Mus musculus. (See Materials and Methods). (D) RT-qPCR of miR-140 (left) and miR-140* (right) in  
p53-null soft tissue sarcoma cells transduced with the indicated vector. N = 3. (E) RT-qPCR of miR-140 in p53-null soft tissue sarcoma cells 
transduced with the indicated vector. N = 3.
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breast cancer cell line. Since both RB and hsa-mir-140 are 
frequently downregulated in basal-like breast cancer cells 
[20, 23], which typically show elevated cytokine secretion 
[24], we focused on human breast cancers. As mentioned 
above, the human IL-6 gene has a hsa-mir-140 target 
sequence in its 3′UTR (Figure 6A). We observed that the 
upregulation of IL-6 abundance following RB-depletion in 
MCF-7 cells was significantly antagonized by hsa-mir-140 
overexpression (Figure 6B and 6C); this finding was 
confirmed by ELISA technique (Figure 6D). In addition,  
hsa-mir-140 antagonized enhancement of sphere-forming 
activity induced by RB depletion (Figure 6E). Moreover, 
the addition of recombinant human IL-6 antagonized 
the inhibition of spherogenesis caused by hsa-mir-140 
overexpression in a concentration-dependent manner  
(Figure 6F). 

On the other hand, while RB depletion in MCF-7 cells 
downregulated hsa-miR-140 expression, overexpression of 
a constitutively active form RB (RB7LP) [25] significantly 
upregulated hsa-miR-140 expression (Figure 6G and 6H). 
Furthermore, we constructed luciferase reporter vectors 
carrying either a wild-type human IL-6-3′UTR (hIL-6-
3′UTR-WT) or a mutated target sequence (hIL-6-3′UTR-Mut) 
(Supplementary Figure 4A). We found that hsa-mir-140 
overexpression significantly suppressed the activity of hIL-
6-3′UTR-WT but not hIL-6-3′UTR-Mut (Figure 6I). These 
results indicate that RB upregulates hsa-miR-140 expression, 

and that the hsa-mir-140-IL6 axis mediates RB function to 
suppress the self-renewal of human breast cancer cells.

DISCUSSION

The data presented here demonstrate that Rb 
inactivation dysregulates an miRNA signature, causing 
significant changes in mRNA expression. These signatures 
were determined in the context of acquiring self-renewal 
activity in p53-null mouse soft tissue sarcoma cells. We 
focused on mir-140 in particular because of the significant 
expression change and conservation between human and 
mouse. Moreover, hsa-mir-140 has been implicated in 
the suppression of a variety of human cancers, including 
breast cancer [16–20]. Combined with the information 
indicating the pivotal role of RB in the malignant 
progression of breast cancer [26–28], we anticipated 
a functional interaction between RB and hsa-mir-140. 
Previously, it was reported that p53, another well-known 
tumor suppressor, upregulates the transcription of tumor-
suppressor miRNAs such as miR-34a/b/c/, miR-107, 
miR-145, miR-192, and miR-215, which regulate cell 
proliferation, apoptosis, and angiogenesis [29].

The induction of IL-6 secretion and subsequent 
autocrine/paracrine activation of STAT3 signaling 
supports the self-renewal activity of not only cancer cells 
[24, 30, 31] but also embryonic stem cells or induced 

Figure 3: mmu-mir-140 antagonizes the malignant features induced by Rb depletion. (A) RT-qPCR of mmu-miR-140 in 
p53-null sarcoma cells transduced with the indicated vector. N = 3. (B) Total cell numbers of p53-null sarcoma cells transduced with 
the indicated vector after 72 hours culture. N = 3. (C) The number of spheres derived from 5 × 104 of p53-null soft tissue sarcoma cells 
transduced with the indicated vector. N = 3. (D) Tumor initiation by 1 × 105 cells transduced with the indicated vector in C57BL/6 mice (left; 
day 24). Scale bar: 10 mm. Tumors were weighed (right). N = 5. 
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Table 1: Identification of the mir-140-target gene that contributes to Rb depletion-induced 
malignant phenotype

Gene a value m value q value rank
mirSVR score

miR140 miR140*

Il6 10.4 2.6 9.83E-26 1 −0.15 −0.64 

Itgb3 10.5 1.6 1.60E-10 10 N/A −0.91 

Igfbp5 8.3 1.6 6.53E-03 191 −0.65 N/A

Erlin2 10.8 0.7 1.19E-02 232 −0.15 −0.90 

Vegfa 13.0 0.6 1.52E-02 258 −0.82 N/A

Lats2 11.2 0.6 1.83E-02 281 −0.75 N/A

Cd40 2.3 3.1 2.60E-02 313 N/A −0.63 

Serpind1 7.4 1.5 2.65E-02 315 N/A −0.99 

Slc2a1 11.0 0.6 2.91E-02 330 −0.61 N/A

The genes listed here were upregulated by Rb depletion and possibly targeted by mmu-mir-140. These genes exhibited high 
mirSVR scores to miR-140 and/or miR-140*, and were sorted according to the p value of their rpkm values. mirSVR scores 
were obtained from microRNA.org [51, 52]. The q value represents adjusted p value by using the BH method, the a value 
represents the average expression level of triplicate samples, and the m value represents fold change on log2 scale. 

Figure 4: Identification of genes induced by Rb depletion in a mir-140-dependent manner. (A) The ontology of the top 3 
gene sets influenced by Rb depletion possibly in an mir-140-dependent manner was determined by GO Biological Process provided by 
DAVID. (B) A heat map illustrating the expression levels of the indicated genes in p53-null soft tissue sarcoma cells transduced with the 
indicated vector. (C) The sequences of mouse Il-6, Vegfa, Wnt5a and Serping1 3′UTR corresponding to the seed sequence of mmu-mir-140 
(underline) are presented with their mirSVR and PhastCons scores.
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pluripotent stem cells [32, 33]. The inactivation of RB 
functions is known to enhance stem cell-like activities 
[21, 34, 35]. This work proposes that the RB-miR-140-
IL-6 axis may play a critical role in cancer stem cells. 
Our findings coincide with the recent finding that hsa-
mir-140 downregulation promotes cancer stem cell 
formation in breast cancer cells [20]. We however point 
out that miR-140 is not solely a mechanism that links 
RB to IL-6, since as compared to the mild effect of RB 
depletion on hsa-miR-140 expression in MCF-7 cells, 
IL-6 induction was more robust (Figure 6H and 6B). This 
suggests that multiple mechanisms are involved in RB-
IL-6 linkage, which we are currently investing (Kitajima 
et al., unpublished). 

A limitation of this study is that we did not 
determine how RB upregulates miR-140 expression. 
Compared to the negative regulation of target genes 
by RB, the mechanism of positive regulation by RB 
remains poorly understood. Both mmu-mir-140 and hsa-
mir-140 are encoded in an intronic region of WWP2 gene 
encoding an E3 ubiquitin ligase. The transcription of these  
mir-140s is positively regulated by SOX family members 
including SOX5, 6 and 9; these SOX genes are negatively 
regulated through DNA methylation in their transcriptional 
regulatory regions [20, 36–38]. We are currently testing 

the possibility that RB depletion promotes demethylation 
in their promoter regions. 

In addition to Il-6, the genes induced by Rb depletion 
possibly in a mir-140-dependent manner included those 
encoding various secreted proteins such as proteases, 
growth factors, cytokines, and chemokines (Table 1). GO 
analysis identified an enrichment of genes that are typically 
involved in immune responses and extracellular activities 
(Figure 4A). Among secreted protein genes, the 3′UTR 
of VEGF gene can be targeted by hsa-miR-140 [21], and 
reportedly VEGF gene is induced by RB inactivation [39]. 
These facts may increase the authenticity of the genes 
listed in Figure 4B, which includes genes such as Il-11, 
Hgf, Vegfa, and Wnt5a, all of which are implicated in the 
malignant behavior of tumor cells [40–43]. Moreover, 
reportedly mir-140 expression is implicated in inflammatory 
disease. Inflammatory cytokines, including IL-1β and 
TNF-α, downregulate mir-140 expression leading to the 
development of osteoarthritis, most likely due to accelerated 
inflammation and/or ADAMTS5 activation [44]. Because 
RB is prevalently inactivated by various oncogenic signals 
during the malignant progression of many types of cancers, 
mir-140 can potentially serve as a therapeutic tool for 
disrupting linkages of oncogenic signals to inflammatory 
responses, cell proliferation, or pro-angiogenic responses.

Figure 5: mmu-mir-140 mediates Rb function to control Il-6 expression. (A) RT-qPCR of Il-6 in p53-null soft tissue sarcoma 
cells transduced with the indicated shRNA and retroviral vectors. N = 3. (B) RT-qPCR of Il-6 in p53-null soft tissue sarcoma cells transduced 
with the indicated vectors. N = 3. (C) The sequence of the mouse Il-6 3’UTR containing seed sequence of mmu-mir-140 (underlined). The 
seed sequence of the mouse Il-6 3′UTR was mutated as shown (mIl-6-3’UTR Mut). (D) mIl-6-3Times New RomanUTR WT or mIl-6-3′UTR 
Mut was transduced into NIH3T3 cells together with the mmu-mir-140 expression vector or control (scramble). After 48 hours, luciferase 
activity was measured. (E) Number of spheres derived from 5 × 104 of p53-null soft tissue sarcoma cells transduced with the indicated 
vector in the presence of indicated concentration of recombinant mouse Il-6 (#406-ML-005, R&D Systems). N = 3. 
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MATERIALS AND METHODS

Mice

p53-knockout mice [45] were obtained from RIKEN 
BioResource Center (Ibaragi, Japan; #CDB0001K). 
C57BL/6 mice were purchased from Japan SLC. Animals 
were handled in accordance with the animal welfare 
guidelines of the Kanazawa University.

Primary cell culture 

Minced pieces of soft tissue sarcoma samples 
derived from p53-knockout mice were digested with 
300 U/ml collagenase, 100 U/ml hyaluronidase and  
100 μg/ml DNase I in α-modified Eagle’s medium 
(αMEM) supplemented with 10% fetal bovine serum 

(FBS). The resulting cells were maintained in αMEM 
supplemented with 10% FBS.

Sphere formation assay

Cells cultured under monolayer conditions were 
detached with trypsin-EDTA, and filtered through a 
40 μm cell strainer. The cells were then inoculated into 
1% methylcellulose-containing serum-free αMEM 
supplemented with B27 (Life Technologies, Carlsbad, 
USA), 10 ng/ml human EGF (PeproTech, Rocky Hill, 
USA) and 10 ng/ml human bFGF (PeproTech), at a 
density of 5 × 103 cells per well on 6-well-type ultra-low 
attachment plate (EZ-BindShut II, AGC Techno Glass, 
Shizuoka, Japan). After 10–14 days incubation, spheres 
were observed with the assistance of an inverted phase 
contrast microscopy, and analyzed by BZ analysis software 

Figure 6: hsa-mir-140 suppresses IL-6 expression induced by RB depletion in human breast cancer cells. (A) The 
sequence of the human Il-6 3′UTR and the seed sequence of hsa-mir-140 (underlined) are indicated. mirSVR and Phantcons scores are 
indicated. (B) RT-qPCR of the indicated genes in MCF7 cells transduced with the indicated vector. N = 3. (C) IB of the indicated proteins 
in MCF-7 cells transduced with the indicated vector. (D) ELISA of human IL-6 levels in MCF-7 cells transduced with the indicated vector 
following 8 hours culture. (E) Number of spheres derived from 1.25 × 103 of MCF-7 cells transduced with the indicated vectors. N = 3.  
(F) Number of spheres derived from 1.25 × 103 of MCF-7 cells transduced with the indicated vector in the presence of indicated concentration 
of recombinant human IL-6 (#206-IL-010, R&D Systems). N = 3. (G) RT-qPCR of RB7LP in MCF-7 cells transduced with the indicated 
vector. N = 3. (H) RT-qPCR of hsa-miR-140 in MCF-7 cells transduced with the indicated vector. N = 3. (I) hIL-6-3′UTR WT or hIL-
6-3′UTR Mut was transduced into MCF-7 cells together with the hsa-mir-140 expression vector or control (scramble). After 48 hours, 
luciferase activity was measured.
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on a BZ-9000 fluorescence microscope (Keyence, Osaka, 
Japan) using the Hybrid Cell Counting module. Sphere-
forming units were determined at a given day by counting 
cell aggregates with larger than 3,000 μm2 surface area 
and with the ratio of the longest diameter and the shortest 
diameter (L/S ratio) less than 1.5 (spherical figure). 
The whole area in a dish was scanned by automated 
microscope, and sphere number per dish was calculated 
from tiled image data.

Establishment of secondary cells

More than 10 spheres induced by Rb depletion 
were manually picked up by micropippette under the 
microscope, collected into a 15 ml centrifuge tube, 
resuspended in 2 ml of 10% FBS-containing αMEM, 
disaggregated with cell a 40-μm strainer, and plated onto 
a 2D culture dish. To establish control secondary cells, 
all tumor cells in the sphere culture were collected into a  
15 ml centrifuge tube after 2 weeks of culture, washed 
twice with 5 ml of serum-free αMEM, resuspended in  
2 ml 10% FBS-containing αMEM, and then plated onto a 
2D culture dish. 

Cell lines

NIH3T3 cells (gifted from Dr. Makoto Noda, Kyoto 
University) and MCF-7 cells (RIKEN BRC, RCB1904) 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% FBS. 

Generation of lentivirus

MISSION TRC validated shRNA target sets for 
mouse Rb (#1:TRCN0000042543, #2: TRCN0000042544), 
human RB (#1TRCN0000040163, #2: TRCN0000010419) 
and negative control (SHC002) were purchased from 
Sigma-Aldrich (Missouri, USA). Murine microRNA 
precursor constructs for mmu-mir-140 (MMIR-140-PA-1) 
and mouse precursor scramble negative control (MMIR-
000-PA-1) were purchased from System Biosciences 
(Mountain View, USA). Generation and infection of 
lentivirus were performed according to the manufacturer’s 
instruction. pQCXIH-PSM-RB7LP was purchased from 
Addgene (#37106). RB7LP lacking stop codon was 
amplified by PCR using primers attB1-7LP (GGGGAC
AAGTTTGTACAAAAAAGCAGGCTTCGCCACCAT
GAACACTATCCAACA) and attB2-7LP (GGGGACCAC
TTTGTACAAGAAAGCTGGGTTTTTCTCTTCCTTG
TTTGAGGTATCCA). PCR products was cloned into 
pDONR223, sequenced by ABI 3130 sequencer, and then 
subcloned into pLenti6.3/V5-DEST.

Quantitative RT-PCR (RT-qPCR)

Total RNA was extracted by using a miRNeasy 
Mini Kit (Qiagen). Reverse transcription was performed 

by using TaqMan MicroRNA Reverse Transcription 
Kit (Applied Biosystems, Foster City, USA), and real-
time PCR quantitation was performed by using TaqMan 
Universal Master Mix II (Applied Biosystems) with 
LightCycler 480 System II (Roche, Basel, Switzerland), 
according to the manufacturer’s instructions. To measure 
mRNA, total RNA was extracted by using TRIzol 
(#15596018, Life Technologies), reverse-transcribed 
using High Capacity RNA-to-cDNA Kit (Applied 
Biosystems), and quantitated using TaqMan Gene 
Expression Master Mix (Applied Biosystems), according 
to the manufacturer’s instructions. The TaqMan probes 
used were mmu-miR-140, hsa-miR-140-3p, snoRNA202, 
RNU48, Il6, IL6, Rb1, RB1, Actb and ACTB (Applied 
Biosystems, assay ID 001187, 002234, 001232, 001006, 
Mm00446190_m1, Hs00985639_m1, Mm00485586_m1, 
Hs01078066_m1, Mm00607939_s1 and Hs99999903_
m1). snoRNA202, RNU48, Actb and ACTB were used as 
internal controls.

Immunoblotting (IB) 

Whole-cell and nuclear fractions were prepared as 
described previously [46]. IB was conducted as described 
previously [46] using the following antibodies to: 
Phospho-Rb (#9308, Cell Signaling Technology), Total 
RB (#554136, BD Biosciences), Cyclin D1 (#2926, Cell 
Signaling Technology), α-Tubulin (#CP06, Calbiochem) 
and β-Actin (#3700, Cell Signaling Technology).

RNA sequencing

The total RNA was extracted using the TRIzol 
reagent (#15596018, Life Technologies). From 15 μg of 
total RNA, a RNA-sequence library was constructed using 
the mRNA-sequence Sample Preparation Kit, according 
to the manufacturer’s instructions (Illumina, California, 
USA). A HiSeq 2000 sequencer was used to generate 36-
bp single-end-read RNA sequence tags according to the 
manufacturer›s protocol. The RNA-sequence tags were 
mapped to the mouse genomic sequence (mm 9 from the 
UCSC Genome Browser) using the ELAND program 
(Illumina). Unmapped or redundantly mapped sequences 
were removed from the dataset, and only uniquely mapped 
sequences without any mismatches were used for analyses 
[47]. The raw data of RNA sequence are available in 
DNA Data Bank of Japan (DDBJ) (DRA002910 and 
DRA002911).

In vivo tumor formation assay

Cells were suspended (1 × 105 cells/sample) in 
50 μl αMEM with 10% FBS and 50 μl Matrigel (BD 
Biosciences), and then they were injected subcutaneously 
into C57BL/6 male mice. After 24 days, the mice were 
sacrificed for separating tumors, and tumors were 
separated and weighed.
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miRNA microarray

Total RNA was extracted by using the miRNeasy 
Mini Kit (Qiagen, Tokyo, Japan). The quality of the RNA 
samples was assessed using the Agilent 2100 Bioanalyzer 
2100 (Agilent, Santa Clara, USA). The microRNA 
microarray analysis was performed with a Mouse miRNA 
microarray 8 × 15K Rel. 15.0 (Agilent, #29152). The 
fluorescence intensity was measured with a G2505B Micro 
Array Scanner (Agilent) in the Institute for Gene Research, 
Kanazawa University (Ishikawa, Japan). The data were 
normalized using the quantile method with GeneSpring 
12.6.1 GX software (Agilent). The raw data are available 
in the Gene Expression Omnibus (GEO) (GSE77222).

Determination of miRNAs regulated by Rb 

miRNA microarray data were analyzed using one-
way ANOVA of the three groups regarding 252 miRNAs, 
in which the false discovery rate (FDR) was controlled 
with the Benjamini-Hochberg (BH) procedure. The 37 
miRNAs with an adjusted p value < 0.1 were subjected 
in succession to Dunnett’s test using the control sample 
group as a control. Those miRNAs that had less than 0.05 
of the adjusted p value in both comparisons of Rb shRNA 
vs. Non-target and Rb shRNA secondary vs. non-target, 
and where both comparisons of altered expression with 
in agreement (up- or down-regulation), were regarded as 
candidate miRNAs regulated by Rb.

Generation of retroviruses

Retroviruses were recovered from the Platinum-E 
retroviral packaging cell line gifted from Dr. Toshio 
Kitamura (The Institute of Medical Science, The 
University of Tokyo). Platinum-E cells were maintained in 
DMEM supplemented with 10% FBS, and transfected with 
pMXs or pMXs- human RB. For retrovirus production, 
6 × 106 Platinum-E cells were transfected with 10 µg of 
each pMXs vector in 46 mg/ml polyethyleneimine. After 
48 hours, the medium containing retrovirus particles 
was collected, passed through a 0.45 µm filter, and 
concentrated using polyethylene glycol.

Determination of genes regulated by Rb

The tag count data from the RNA sequencing 
analysis were normalized by the iDEGES/edgeR method. 
Differentially Expressed Genes (DEGs) were estimated 
using the edgeR method to determine the genes that had 
an FDR threshold of 5% as DEGs. These analyses were 
computed in the ‘TCC’ package by using R 3.1.0 [48]. 

Reporter assay

For the 3′UTR reporter assay, the 3′ UTR of mouse Il-6 
and human IL-6 were amplified by PCR from mouse cDNA. 

The resulting fragment was inserted into the pmirGLO 
vector (Promega Corporation, Madison, USA), to generate 
a luciferase reporter construct IL-6-3′UTR according to the 
manufacturer’s instructions. We also mutated complementary 
seed sequences in the miR-140-binding region (See Figure 
4B and Supplementary Figure 4A), and generated the reporter 
construct Il-6-3′UTR Mut. NIH3T3 cells were transfected 
with 0.5 μg reporter construct, either 3.0 μg mmu-miR-140 
construct or 3.0 μg scramble control construct, and 0.25 μg 
β-galactosidase using 100 μl Opti-MEM (Life Technologies) 
and 11.25 μl FuGENE6 (Promega Corporation, Cat. #E2691) 
in 6-well-type plates according to the recommended protocol. 
At 48 hours post transfection, luciferase activity was assessed 
using 1 mM D-luciferin potassium salt. Luciferase activity 
was normalized using β-galactosidase. MCF-7 cells were 
transfected with 0.05 μg reporter construct and either 0.3 μg 
hsa-miR-140 construct or 0.3 μg scramble control construct 
using 10 μl Opti-MEM (Life Technologies, Cat. #31985-
700) and 1.2 μl FuGENE6 in 96-well-type plates according 
to the recommended protocol. At 24 hours post transfection, 
luciferase activity was assessed using Dual-Glo Luciferase 
assay system (Promega Corporation, Cat. #E2920).

Cap analysis gene expression (CAGE) sequencing 

RNA was extracted using a miRNeasy Mini Kit 
(Qiagen). RNA quality was assessed by Bioanalyzer 
(Agilent) and standardized with an RNA integrity number 
(RIN) > 7.0. RNA purity was analyzed by Nano Drop and 
considered good-quality when A260/280 and A260/230 
ratios were > 1.7. First strand cDNAs were transcribed to 
the 5ʹ end of capped RNAs, attached to CAGE “bar code” 
tags (Supplementary Table 2) and the sequenced CAGE 
tags were mapped to the mouse mm9 genomes using BWA 
software (v0.5.9) after discarding ribosomal or non-A/C/
G/T base-containing RNAs. For tag clustering, CAGE-
tag 5′ coordinates were input for Reclu clustering, with a 
maxmum irreproducible discovery rate of (IDR) 0.1 and 
minimum tags per million  (TPM) value of 0.1 [49, 50]

Determination of mir-140-dependent Rb 
inactivation signature

Genes were filtered into the Rb inactivation 
signature if their TPM were: 1) > 1.0 in scramble miRNA-
overexpressed and Rb-depleted cells, and 2) > 1.5 times 
higher in either miRNA-overexpressed or Rb-depleted 
cells than in control cells. From that subset genes, genes 
with decreased expression in mir-140-overexpressed and 
RB-depleted cells compared with scramble miRNA-
overexpressed and Rb-depleted cells were identified, 412 
genes total.

Statistical analysis

Statistical significance was assessed using unpaired 
two-tailed Student’s t-test (indicated by horizontal and 
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vertical bars) or one-way ANOVA followed by Tukey’s 
post-hoc test (indicated by horizontal bars). p values less 
than 0.05 were considered significant as denoted by an 
asterisk (*). Data were presented as mean ± standard 
deviation (S.D.). In one-way ANOVA followed by Tukey’s 
post-hoc tests, only pairs of our interest to the study were 
indicated.
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