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MiR-21 is required for anti-tumor immune response in mice:
an implication for its bi-directional roles
W He1,4, C Wang2,4, R Mu1, P Liang1, Z Huang1, J Zhang1,3 and L Dong1

Here we show that miR-21, a microRNA known for its oncogenic activity, is also essential for mediating immune responses against
tumor. Knockout of miR-21 in mice slowed the proliferation of both CD4+ and CD8+ cells, reduced their cytokine production and
accelerated the grafted tumor growth. Further investigations indicated that miR-21 could activate CD4+ and CD8+ T cells via the
PTEN/Akt pathway in response to stimulations. Taken together, these data suggest the key functions of miR-21 in mediating anti-
tumor immune response and thereby uncover a bi-directional role of this traditionally known ‘oncomiR’ in tumorigenesis. Our study
may provide new insights for the design of cancer therapies targeting microRNAs, with an emphasis on the dynamic and possibly
unexpected role of these molecules.
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INTRODUCTION
T-cell-mediated immune responses play a central role in cancer
immunosurveillance.1–3 Harnessing the power of the patient’s
own T cells to suppress and eliminate tumor cells has become a
major strategy of cancer immunotherapy.4–6 T cells proliferate,
differentiate and exert specialized functions in response to
different signals. Interestingly, recent evidence reveals that T-cell
proliferation and cancer development may share certain key
signaling pathways. For example, the NF-κB and Akt pathways,
which trigger T-cell proliferation, are highly active in cancer cells
too.7,8 As a result, drugs deployed to inhibit cancer cell growth
often kill T cells and other lymphocytes.9 Reversely, immunother-
apeutic approaches aimed to activate T cells by design may
eventually turn out to facilitate cancer growth in practice. As
such, it is important to identify and dissect the signaling
pathways crossing both T-cell proliferation and cancer cell
growth, which will prove essential for the design of safer and
more effective strategies for T-cell-mediated cancer
immunotherapy.
MiR-21 is an established ‘oncomiR’, due to its elevated

expression in tumor and its activity to promote the growth of
many cancer cells.10,11 Studies that regard miR-21 as a potential
therapeutic target for the treatment of cancer have achieved
some success, by demonstrating that suppression of miR-21
inhibited cancer development.12,13 It is known that miR-21
enhances the proliferation and blocks the apoptosis of cancer
cells via signaling pathways of PTEN/PI3K/Akt, PDCD4/JNK and
SPRY-1/Erk/Mapk.14–16 But these pathways are universal and also
key regulators of the immune cell behavior, such as the priming,
proliferation and activation of T cells. Particularly, the PTEN/PI3K/
Akt axis negatively regulates the functionalization of Th1 response
and the cytolytic activity of CD8+ T cell.17 Downregulation of PTEN
is a key step to boost the proliferation of CD4+ T cells and
potentiate them to differentiate into Th1 cells and cytotoxic CD8+

T cells, both of which are crucial for immunosurveillance against
tumor.17,18 Meanwhile, miR-21 expression is upregulated during
CD4+ and CD8+ T-cell activation.19–21 These observations elicited
our hypothesis that miR-21 might contribute to the T-cell-
mediated anti-tumor responses and thus serve as an ‘anti-cancer’
microRNA.
To validate this, we set out to investigate the growth of allograft

tumor in miR-21-null mice. By developing two distinct allograft
subcutaneous tumor models in miR-21 kockout (KO) mice, we
assessed the tumor growth and the immune responses of the
mice to find that miR-21 deficiency in host mice markedly
enhanced the growth of the grafted tumors by dampening the
anti-tumor immune reactions of the body. Further study
suggested that miR-21 contributed to the quick responses of
the immune systems, including the proliferation and production
of cytokines of CD4+ and CD8+ T cells, via the PTEN/Akt pathway.
Our study identified miR-21 and its target PTEN as molecular
regulators of T-cell anti-tumor responses and, in doing so,
redefined the role of miR-21 in cancer development.

RESULTS
MiR-21 deficiency promotes allograft tumor growth
We employed a cre–loxp recombinant enzyme system to generate
miR-21−/− mice. The tail DNA PCR genotyping confirmed that mice
were homozygous for the miR-21 deletion (Supplementary
Figure S1a), and the loss of miR-21 expression in total spleen
cells isolated from miR-21−/− mice was determined by quantitative
real-time PCR (qRT–PCR; Supplementary Figure S1b).
To examine the influence of miR-21 deficiency on tumor

establishment, we grafted two tumor models to miR-21−/− mice: a
mouse hepatoma model by implanting Heps cells subcutaneously
and a mouse fibrosarcoma model by implanting S180 cells. In
the Heps model, miR-21−/− mice had a significantly accelerated
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tumor growth (Figures 1a and b) compared with the wild-type
(WT) littermates. Figure 1c shows the representative images of
tumors collected at different days after implantation. Similar to the
Heps model, MiR-21−/− mice had faster S180 tumor growth
(Figures 1d–f). These results demonstrated that miR-21 deletion in
the host markedly promoted the growth of the transplanted
tumors.

MiR-21 deficiency attenuates the responses of CD4+ and CD8+

T cells to the transplanted tumors
T cells are known to play a key role in cancer immunosurveillance
and tumor regression.22,23 CD4+ and CD8+ T cells expand
themselves in response to the stimulation of transplanted cancer
cells. On the day 0, 5, 10 and 15 after the injection of Heps cells,
we collected the peripheral blood and the spleen from tumor-
bearing mice to examine the population of T cells. We found that
the numbers of CD4+ and CD8+ T cells in miR-21−/− mice were
much lower than those of WT mice (Figures 2a–d). Consistent with
these findings, a similar trend was also observed in S180 tumor-
bearing miR-21−/− mice (Supplementary Figures S2a–d).
The ability of T cells to infiltrate tumors plays an important role

in suppressing tumor progression.24,25 We determined whether
T cells from miR-21−/− mice could also effectively infiltrate tumors.
Immunofluorescent staining of Heps and S180 mouse tumors
showed considerably lower infiltration by T lymphocytes in
miR-21−/− mice than in WT mice (Figure 2e; Supplementary
Figure S2e). Consistent with this, the expression of interferon-γ
(IFN-γ), a key cytotoxic mediator for Th1 immune response, was
significantly downregulated in tumor tissues from miR-21−/−mice
(Figure 2f; Supplementary Figure S2f). Taken together, these
results demonstrated that miR-21 deletion significantly weakened
the anti-tumor responses of the immune system, which might
explain why tumor growth in miR-21−/−mice was faster than in
WT mice.

WT T-cell administration rescued the anti-tumor immune
responses in miR-21−/− mice
To examine whether the pro-tumor effect in miR-21 deficiency
was the consequence of a T-cell defect, we transferred the mixture
of WT CD4+ and CD8+ T cells into WT or miR-21−/− mice every
4 days starting from 4 days in advance of Heps tumor inoculation
(Figure 3a). According to the normal ratio of CD4+ cells/CD8+ cells
in blood of mice (about 1.8:1–2.0:1; Supplementary Figure S6a),
the ration of CD4+/CD8+ cells in the mixture of WT CD4+ and CD8+

T cells was set at 1.9:1. MiR-21−/− mice receiving the mixture partly
restored their anti-tumor response compared to miR-21−/− mice
receiving phosphate-buffered saline, and demonstrated a sig-
nificant decrease in the tumor weight and size (Figures 3b–d).
T-lymphocyte infiltration (Figure 3e) and the expression of IFN-γ
(Figures 3e and f) in tumor were also strongly augmented. These
data demonstrated that miR-21-sufficient CD4+ and CD8+ T cells
from WT mice could restore the anti-tumor effect in miR-21−/−

mice, and confirmed the faster tumor growth in miR-21−/− mice as
a consequence of the T-cell deficiency.
We further evaluated the influence of miR-21 on the cytotoxic

activity of the T cells. A mixture of CD4+ and CD8+ T cells (the
ration of CD4+/CD8+ cells was set at 1.9:1), and CD8+ T cells from
miR-21−/− tumor-bearing mice showed weaker cytotoxic activities
than the control cells from WT animals (Figure 3g; Supplementary
Figure S3a). Meanwhile, IFN-γ was significantly downregulated in
miR-21−/− CD4+ and CD8+ T cells isolated from Heps and S180
tumor tissues (Figure 3h; Supplementary Figure S3b). In addition,
CD4+ T cells from miR-21−/− tumor-bearing mice did not show
significant change in the tumor-killing activity (Figure 3g;
Supplementary Figure S3a).
Consistent with previous reports that anti-miR-21 could

suppress tumor growth in the xenograft mouse model,10,26 we
found that knocking down miR-21 in tumor cells markedly
inhibited tumor growth (Supplementary Figures S4a–g). However,
systematic injection of anti-miR-21 oligonucleotides did not show
significant suppression of the anti-tumor capacity in the animals
(Supplementary Figures S5a–f), possibly because the miR-21

Figure 1. Accelerated growth of allograft tumors in miR-21−/− mice. WT and miR-21−/− mice were subcutaneously implanted with tumor
cells. (a, b) Mean tumor weights (a) on day 5 (d5), day 10 (d10) and day 15 (d15), and tumor growth curves (b) from WT and miR-21−/− mice
engrafted with Heps tumor cells. (c) Representative images of tumors on d5, d10 and d15 collected from Heps tumor-bearing WT and
miR-21−/− mice (scale bar, 1 cm). (d, e) Mean tumor weights (d) on d5, d10 and d15, and tumor growth curves (e) from WT and miR-21−/−

mice engrafted with S180 tumor cells. (f) Representative images of tumors on d5, d10 and d15 collected from S180 tumor-bearing WT and
miR-21 − / − mice (scale bar, 1cm). n= 10 mice per group, data from one out of three independent experiments (mean± s.e.m.; *Po0.05 and
**Po0.01).
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Figure 2. Weakened T-cell responses in tumor-bearing miR-21−/− mice. (a, b) Representative flow cytometry analysis of CD4+ and CD8+

T cells in blood (a) and spleen (b). (c) The frequency of CD4+ and CD8+ T cells in blood. (d) The frequency of CD4+ and CD8+ T cells in
spleen. (e) MiR-21−/− mice reduce CD4+ and CD8+ T cells infiltrate to tumors and the IFN-γ level in tumor tissues. Immunofluorescent
staining for CD4 (red), CD8 (red) and IFN-γ (green), counterstained with 4′, 6-diamidino-2-phenylindole (blue), in the Heps tumor tissues
(scale bar; 100 μm). (f) Quantification of the level of IFN-γ in the tumor tissues by ELISA. n= 10 mice per group, data from one of three
experiments performed and analyzed independently (mean± s.e.m.; * Po0.05 and **Po0.01).
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suppression in tumor cells (Supplementary Figure S5g) was
compensated by the down regulation of the activity of the
immune system by the anti-miR-21 oligonucleotides
(Supplementary Figure S5h).

Deficiency of miR-21 attenuated T-cell responses in vivo to the
exogenous stimulation
We explored the defect with the T cells in miR-21−/− mice. We first
determined whether miR-21 deficiency influenced the
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homeostasis of immune cells, such as T cells, B cells, dendritic cells
and myeloid-derived suppressor cell populations, and analyzed
5–7-week-old naive miR-21−/− mice in comparison with their WT
littermates. Intriguingly, the results demonstrated that, in the
blood, inguinal lymph nodes and thymus, the frequencies of CD4+

/CD8+ double-positive and CD4+/CD8+ single-positive T cells in
miR-21 KO and WT animals were not significantly altered
(Supplementary Figure S6a). In the spleen, the rates of lymphoid
and myeloid cell subsets were also comparable between miR-21−/−

and WT mice (Supplementary Figures S6a–d). In addition, there
were no significant differences in sizes, weight or total cell amount
in the spleen (Supplementary Figures S6e–g). Because the above
results evidenced that miR-21 deficiency did not lead to apparent
global immune abnormalities in miR-21−/− mice, we next
investigated whether miR-21 deletion influenced the proliferation
and function of T cell under stimulations. We conducted an assay
using a Con A-induced T-cell response model.27,28 After intrave-
nous injection of Con A, as showed in Figures 4a–c, the expansion
rate of CD4+ and CD8+ T cells in the spleen of miR-21−/− mice was
significantly lower than WT mice at 12, 24 and 48 h (Po0.05). In
addition, we also examined the change in the rate of apoptotic

CD4+ and CD8+ T cells in the spleen from miR-21−/− and WT mice
and found that miR-21 deficiency did not affect the apoptosis of
CD4+ and CD8+ T cells with or without Con A stimulation
(Supplementary Figures S7a and b). We further determined
whether miR-21 absence could affect the level of typical cytokines
expressed by T cells under the stimulation of Con A in vivo. The
enzyme-linked immunosorbent assay (ELISA) results showed that
the expression of IFN-γ and IL-2 was obviously decreased in
miR-21−/− mice upon Con A stimulation (Figures 4d and e).
Collectively, these results suggested that miR-21 played a key role
in T-cell responses under external stimulation in vivo, which is
consistent with the phenomenon that miR-21 deletion in host
mice weakened T-cell responses and promote grafted tumor
growth.

Deletion of miRNA-21 impaired T-cell response to stimulations
in vitro
We performed further experiments to confirm the influence of
miR-21 deletion on T-cell response to stimulations. First, we
examined the proliferation and function ofmiR-21−/− T cells in vitro

Figure 3. Administration of WT T cells re-activated anti-cancer immune responses in miR-21−/− mice. (a) Flow chart depicting the experimental
design. The mixture of isolated WT murine CD4+ and CD8+ T cells (total cells 3 × 107 per mouse) or a saline control was administered to WT
and miR-21−/− mice via tail vein injection, and Heps cells (1 × 106 cells per mouse) were implanted. (b) Representative images of tumors
collected from mice in each treatment cohort. (c) Mean tumor weights. (d) Tumor growth curves. (e) MiR-21−/− mice enhance CD4+ and CD8+

T cells infiltrate to tumors and the IFN-γ level in tumor tissues after injected intravenous with the mixture of WT CD4+ and WT CD8+ T cells.
Immunofluorescent staining for CD4 (red), CD8 (red) and IFN-γ (green), counterstained with 4′, 6-diamidino-2-phenylindole (blue), in the Heps
tumor tissues (scale bar; 100μm). (f) ELISA of IFN-γ in the tumor tissues. Combined results were from three independent experiments
(mean± s.e.m.). In each experiment, each group consisted of 10 mice. *Po0.05. (g) The cytotoxic activity mediated by T cells. Tumor-killing
activities were evaluated by measuring lactate dehydrogenase release. (h) The concentration of IFN-γ in the supernatant from T cells isolated
from Heps tumor tissues. Combined results were from three independent experiments (mean± s.e.m.). In each experiment, each group
consisted of five mice. NS, not significant; *Po0.05.

Figure 4. Knockout of miR-21 decreased the proliferative responses and cytokine expression of T cells upon Con A stimulation in vivo. (a–c)
Representative flow cytometry analysis of CD4+ and CD8+ T cell (a), and the frequency of CD4+ (b) and CD8+ T cells (c) in the spleen in
indicated time points following Con A injection. (d, e) Serum IFN-γ (d) and IL-2 (e) levels in 48 h after Con A injection were determined by
ELISA. n= 5 mice per group, data from three independent experiments (mean± s.e.m.; NS, not significant; *Po0.05 and **Po0.01).
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under Con A stimulation. Carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled allogeneic splenocytes were
stimulated in vitro with the T-cell mitogen Con A for 3 days, and
CFSE dye dilution after CD4 and CD8 staining were analyzed with
flow cytometry. We found no significant differences in the rate of
proliferation both CD4+ and CD8+ T cells from miR-21−/− and WT
mice without Con A stimulation (Figures 5a–c). However,
compared with WT cells, miR-21-deficient CD4+ and CD8+ T cells
showed an obviously proliferative defect under Con A stimulation
(Figures 5a–c). In addition, no differences in the apoptotic CD4+

and CD8+ T cells from miR-21−/− and WT mice were observed with
Con A stimulation or not (Supplementary Figures S8a and b).
Second, we investigated whether T cells from miR-21−/− mice
could produce sufficient levels of cytokines, such as IFN-γ and IL-2.
ELISA measurements and qRT–PCR showed that a significantly
decreased production of IFN-γ and IL-2 in miR-21−/− T cells than
that of WT mice upon Con A stimulation (Figures 5d and e). Third,
we also measured the impact of miR-21 depletion on the
functions of mouse T cells in a cell-autonomous manner. The

purified CD4+ and CD8+ T cells were stimulated in vitro with anti-
CD3 and anti-CD28 antibodies (Abs) for 3 days. As shown in
Figures 5f and g, and Supplementary Figure S8c, the frequencies
of proliferation were significantly lower in the miR-21−/− CD4+ and
CD8+ T cells. In addition, miR-21−/− cells also demonstrated an
obvious decrease in the production of IFN-γ and IL-2 (Figures 5h
and i). All these results confirmed that miR-21 was required for
T cells to acquire full functions in response to stimulations.

MiR-21 regulates CD4+ and CD8+ T-cell proliferation and functions
in a PTEN/Akt dependent manner
We sought to determine the mechanism by which miR-21
regulates CD4+ and CD8+ T-cell responses to stimulations. First,
we examined the expression of miR-21 in the process of CD4+ and
CD8+ T-cell activation. We stimulated naive WT CD4+ and CD8+

T cells in vitro for 3 days with anti-CD3 plus anti-CD28 Abs, and
found that miR-21 was markedly upregulated in these cells in
response to the anti-CD3/anti-CD28 Ab stimulation (Figure 6a).

Figure 5. MiR-21 knockout decreased CD4+ and CD8+ T-cell proliferation and cytokine expression in vitro in response to Con A or anti-CD3-
CD28 antibody stimulations. (a–c) Significantly reduced proliferation of miR-21 KO T cells determined by CFSE dilution assay via CD4 (a, b) and
CD8 (a, c) staining when the splenocytes were stimulated in vitro with Con A for 3 days. n= 5 mice per group, the results were representative
of three independent experiments (mean± s.e.m.). NS, not significant; *Po0.05. (d, e) ELISA measurements (d) and qRT–PCR (e) showed
markedly lower production of IFN-γ and IL-2 in miR-21 KO splenocytes using Con A treatment. n= 5 mice per group, the results were form
three independent experiments (mean± s.e.m.). NS, not significant; *Po0.05. (f, g) miR-21 KO CD4+ (f) and CD8+ T cells (g) exhibited a
proliferative defect when stimulated with anti-CD3 and anti-CD28 Abs. n= 5 mice per group, the results were collected from three
independent experiments (mean± s.e.m.). NS, not significant; *Po0.05. (h, i) Less IFN-γ and IL-2 production was significantly observed in
miR-21 KO CD4+ (h) and CD8+ T cells (i) compared with WT controls upon anti-CD3 and anti-CD28 Ab stimulation. n= 5 mice per group, the
results were combined from three independent experiments (mean± s.e.m.; NS, not significant; *Po0.05.
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However, we purified miR-21−/−splenic CD4+ and CD8+ T cells, and
found no miR-21 expression in these cells (Supplementary
Figure S9a). Second, we probed the expression of messenger
RNAs (mRNAs) of seven miR-21 target genes (BCL-2, BTG-2, PTDC4,
PTEN, SPY-1, SPY-2 and TIPE-2) in CD4+ and CD8+ T cells isolated
from miR-21-null and WT mice. We found no obvious differences
in the expression of mRNAs of these target genes between
miR-21−/−, and WT CD4+ and CD8+ T cells without anti-CD3 and
anti-CD28 Ab treatment (Supplementary Figures S9b and c). Once
stimulated with anti-CD3/anti-CD28 Abs, the mRNA levels of
BCL-2, PDCD4, PTEN and TIPE-2 were significantly upregulated in
miR-21−/− CD4+ T cells, in comparison with WT CD4+ T cells.
MiR-21−/− CD8+ T cells also expressed higher mRNA level of

PDCD4, PTEN, SPY-1 and SPY-2 than their WT counterparts.
Among these genes, in both cells, PDCD4 and PTEN were much
more upregulated compared with BCL-2 and TIPE-2 in CD4+ T cells
and SPY-1 and SPY-2 in CD8+ T cells (Figures 6b and c). We next
examined the PDCD4 and PTEN protein levels by western blotting
and found that only PTEN was significantly increased in miR-21−/−

CD4+ and CD8+ T cells, whereas that of PDCD4 remained
unchanged (Figures 6d and e; Supplementary Figures S9d–g).
These results indicated that, in T-cell activation process, miR-21
might have an impact on CD4+ and CD8+ T-cell responses mainly
via regulating the expression of PTEN. Third, because PTEN could
convert PIP3 to PIP2 to suppress the PI3K–Akt cascade,29 we
further examined the phosphorylation status of Akt in CD4+ and

Figure 6. MiR-21 deficiency upregulated PTEN expression and suppressed the phosphorylation of Akt during the activation of T cells. (a)
Naive WT CD4+ and CD8+ T cells were stimulated with anti-CD3/anti-CD28 Abs. Three days later, miR-21 expression was determined by
qRT–PCR. (b, c) miR-21 target genes BCL-2, BTG-2, PDCD4, PTEN, SPY-1, SPY-2 and TIPE-2 in WT and miR-21−/− CD4+ and CD8+ T cells were
analyzed by qRT–PCR when stimulated with anti-CD3/anti-CD28 Abs. (d, e) Purified splenic CD4+ and CD8+ T cells from WT and miR-21−/−

mice were analyzed for PTEN and PDCD4 expression by western blot when stimulated with anti-CD3 and anti-CD28 Abs or not. (f, g)
Representative immunoblots of phosphorylated and total Akt proteins in splenic CD4+ and CD8+ T cells from WT and miR-21−/− mice
stimulated with anti-CD3 and anti-CD28 Abs for 30 min. n= 5 mice per group, the results are representative of two to three independent
experiments (mean± s.e.m.; NS, not significant; *Po0.05 and **Po0.01).
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CD8+ T cells with anti-CD3/anti-CD28 Ab stimulation. Results
demonstrated that the phosphorylated Akt protein level in
miR-21−/− CD4+ and CD8+ T cells was significantly decreased
(Figures 6f and g; Supplementary Figures S9h and i). The above
data suggested that miR-21 contributed to the response of CD4+

and CD8+ T cells to stimulations via the PTEN/Akt signaling
pathway. To further confirm this mechanism, we investigated
whether overexpressing miR-21 or knock down PTEN expression

in miR-21−/− CD4+ and CD8+ T cells would restore CD4+ and CD8+

T-cell response to stimulations. The miR-21 expression level in
miR-21-null CD4+ and CD8+ T cells was re-established by using a
lentivirus-based approach (Supplementary Figure S10a). Recovery
of miR-21 expression could decrease the concentration of PTEN
and enhance the phosphorylation level of Akt (Figure 7a;
Supplementary Figures S10b and c) and the proliferation was
then examined by CFSE analyses that lentiviral-transfected miR-21

Figure 7. Re-established miR-21 expression or PTEN knockdown in miR-21 KO CD4+ and CD8+ T cells restores T-cell activities. (a) Western blot
analysis of P-Akt, T-Akt and PTEN in miR-21 KO CD4+ and CD8+ T cells treated with pre-miR-21 precursor or with its control. (b–e) Re-
established miR-21 expression in miR-21-deficient CD4+ and CD8+ T cells recovered the capacity of proliferation (b, c), and IFN-γ and IL-2
production (d, e). (f) PTEN knockdown could augment Akt phosphorylation, whereas downregulating PTEN levels in miR-21 KO CD4+ and
CD8+ T cells. (g–j) PTEN knockdown enhanced proliferation (g, h) and increased IFN-γ and IL-2 expression (i, j) in miR-21 KO CD4+ and CD8+

T cells. n= 5 mice per group, and data are representative of two to three independent experiments (mean± s.e.m.; *Po0.05 and **Po0.01).
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significantly increased the proliferation capacity of the miR-21−/−

CD4+ and CD8+ T cells (Figures 7b and c). Further study found that
miR-21 overexpression could also substantially increase the
secretion of IFN-γ and IL-2 in miR-21−/− CD4+ and CD8+ T cells
(Figures 7d and e; Supplementary Figures S10d and e). Consistent
with the above data, blocking PTEN expression by lentiviral-
mediated short hairpin RNA interference in miR-21−/− CD4+ and
CD8+ T cells could also restore Akt phosphorylation (Figure 7f;
Supplementary Figures S10f and g), increase the rate of
proliferation (Figures 7g and h) and the production of cytokines
(Figures 7i and j; Supplementary Figures S10h and i). Taken
together, all these results indicated that the absence of miR-21
may attenuate the CD4+ and CD8+ T-cell response via regulating
the PTEN/Akt signaling pathway.

DISCUSSION
MiR-21 was one of the earliest identified oncogenic miRNAs. Its
expression is also linked with the development of autoimmune
diseases30–32 and tissue fibrosis.33–35 Although miR-21 is abun-
dantly expressed in mammalian cells, mice deficient in this
microRNA were viable and fertile, showing no obvious physiolo-
gical defects. It is believed that the main function of miR-21 is to
promote pathological abnormalities. However, having systemically
analyzed the reports about the pro-disease effects of miR-21, we
notice that the main activity of miR-21 is to promote the
proliferation of the cells responsible for pathological changes,
such as tumoral cells (in cancer),10 inflammatory cells (in
autoimmune diseases)36 and fibroblasts (in tissue fibrosis).35,37

The ability of miR-21 to promote cell proliferation is particularly
useful in the immune system, where various immunocytes need to
proliferate quickly in response to pathogen invasion, and the lack
of sufficient miR-21 could slow immune response against
pathogens. This led us to assume that miR-21 play a role in the
activation of the immune system. In our present study, we show
compelling evidence that miRNA-21 ablation inhibits the activa-
tion of adaptive elements of the immune surveillance system—
CD4+ and CD8+ T cells—and promotes tumor growth.
We found that the absence of miR-21 impaired both the

proliferation and functionalization of T cells in response to specific
stimulations. These findings unveil the essential role of miR-21 in
maintaining immune surveillance in a healthy body, which could
partly explain why miR-21 is so abundantly expressed in the body.
It is also reasonable to associate this function of miR-21 with other
reactions of the body to disturbances in the physiological
homeostasis, such as trauma,38 acute tissue necrosis39 and
regenerations,40 because miR-21 is highly expressed in immune
cells. Furthermore, miR-21 might help cells quickly respond to
exogenous stimulus, such as in the process of differentiation. This
scenario is consistent with recent reports on the functions of
miR-21 to promote osteogenic and adipogenic differentiation,41,42

as well as the differentiation of hair-derived neural crest stem cells
into Schwann cells.43

Our finding of the ‘anti-tumor’ role of miR-21 does not conflict
with its reported ‘pro-tumor’ functions by previous studies.10 The
activation of miR-21 should be a general cellular mechanism in
response to external stimuli. It is reasonable that its level in cancer
cells is high, because cancer cells are facing constantly changing
external stimulus, such as proliferation signals (growth factors), the
attack from host immunity, the pressure of anoxia, nutrition
deficiency and therapeutic reagents.44 They must respond fast to
adapt to such a dynamic environment.
As miR-21 plays important, bi-directional roles in both cancer

cell survival and anti-cancer responses, we asked whether certain
signaling pathways oversee the function of this microRNA. Our
results and previous studies indicate that T cells and cancer cells
share the same signaling pathway (such as NF-κB and PI3K) for
proliferation, effector cell activation and survival. Deregulation of

NF-κB signaling or/and PI3K signaling is frequently involved in
cancer.45–47 However, these two signaling pathways are also
fundamental regulators of T-cell-mediated immune responses; for
example, NF-κB signaling in T cells was blunted in tumor-bearing
hosts48,49 and maintaining or enhancing this signaling in T cells
could facilitate the elimination of tumor by augmenting T-cell
effector function.50 Also, evidence suggests that anti-CTLA-4
treatment increases PI3K signaling to enhance T-bet expression
in Th1 effector CD4 T cells,51 and overexpressing Akt in T cells
promotes its proliferation, cytokine production and anti-tumor
effects.52 Several PI3K inhibitors (such as PX-866 and BKM120),
now under clinical investigations as anti-tumor therapeutics, are
also found to impair the functions of T cells, such as inhibiting the
expression of activation markers (CD25 and granzyme B) and
cytokine production (IFN-γ and IL-4); among these molecules,
BKM120 even blocks T-cell proliferation.9 The risk that a drug
deployed to activate T cells to attack tumor eventually turns out to
facilitate cancer growth must be carefully analyzed and avoided,
particularly for the use of small molecules that target T-cell co-
receptors.53,54 In addition, adoptive cell transfer-based immu-
notherapy is a promising means of complete and durable
regressions in patients with cancer.55,56 In this study, we
demonstrated that miR-21 could enhance the anti-tumor activa-
tion of T cells, whereas other microRNAs, including miR-17 ~ 92
families, miR-146a and miR-155, could also regulate T-cell
development and effector function to enhance T-cell sensitivity
against tumor.57–60 Thus, manipulation of miRNA levels in T cells
may be an attractive means to improve the therapeutic
performance of adoptive immunotherapies.
In summary, we demonstrate in this study that miR-21 has dual

roles in tumor progression. It has been demonstrated to promote
tumor development as an oncomiR, whereas our present study
unveils that it inhibits tumor growth by activating the host
immune surveillance against tumor. By targeting PTEN pathway,
miR-21 plays an essential part in activating CD4+ and cytotoxic
CD8+ T cells, highlighting its importance in optimal T-cell-
mediated immune responses. Our findings may provide fresh
insights for the design and clinical application of therapeutic
strategies that involve adoptive T-cell transfer or miRNA-targeting
therapies.

MATERIALS AND METHODS
Mice
MiR-21loxp/loxp and Cmv-Cre mice on the C57B6 background were
purchased from Biomodel Organism (Shanghai, China). MiR-21loxp/loxp

crossed with Cmv-Cre mice to generate miR-21−/− mice. Female institute of
Cancer Research mice and female C57B6 mice were purchased from the
Animal Centre of Yangzhou University (Yangzhou, China). The age of mice
used for experimental procedures ranged between 5 and 8 weeks.
Experimental mice were housed in a ventilated, temperature-controlled
room (23 °C) with a 12 h light/12 h dark cycle. All animals had free access
to rodent chow and filtered water, and were treated in strict accordance
with the institutional ethical regulation on animal experiments. Animal
protocols were reviewed and approved by the Animal Care and Use
Committee of Nanjing University, and conformed to the Guidelines for the
Care and Use of Laboratory Animals published by the National Institutes of
Health (Bethesda, MD, USA).

Genotype analysis
Mice were genotyped using PCR analysis of tail genomic DNA. Mice
sequence-specific primers for distinguishing between WT and miR-21
deficiency were below: forward 5′-CAGAATTGCCCAGGCTTTTA-3′ and
reverse 5′-AATCCATGAGGCAAGGTGAC-3′. The conditions for the PCR were
as follows: 94 °C for 5 min, 94 °C for 30 s, 60 °C for 45 s and 72 °C for 45 s,
for 30 cycles. A 758 bp amplicon defined WT and a 480 bp amplicon
reflected the miR-21 deficiency.
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Cell culture and in vivo studies
Mouse sarcoma cell line S180 were purchased from American Type Culture
Collection (Manassas, VA, USA) and mouse hepatoma solidity cell line Heps
were obtained from Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. Both cells were propagated by intraperitoneal
implantation in female Institute of Cancer Research mice. These two cell
lines represented two different types of tumors: sarcoma and epithelial
carcinoma.
Group size of 10 was determined in a power analysis, indicating that for

a two-sided test at α=0.05, there was 80% power to detect a significant
difference between the two groups. According to the literature,61,62 six
mice were determined to give sufficient power, and we increased this
number to 10. Meanwhile, mice were randomly divided into two groups
via random lottery. To generate the S180 and Heps tumor models, S180
cells (1 × 106 cells per mouse) and Heps cells (1 × 106 cells per mouse) were
subcutaneously injected into the left armpit of the animals. We measured
the tumor size with caliper and weighted the tumor samples upon harvest.
For an allograft tumor assay to evaluate whether inhibiting miR-21 alone in
tumor cells affect their growth. Recombinant lentiviruses carrying anti-
miR-21 inhibitor (anti-miR-21-LV) or anti-noncoding sequence (anti-NC-LV)
were obtained from GenePharma (Shanghai, China). Heps and S180 cells
were infected with anti-miR-21-LV or anti-NC-LV, and were subcutaneously
injected into the left armpit of mouse (1 × 106 cells per mouse). The tumor
diameters were examined every 2 days. All tumors were excised and
weighed to assess tumor growth upon harvest. For the therapeutic model,
anti-miR-21 oligonucleotide or negative control was obtained from
GenePharma. Mice bearing implanted tumor diameter ~ 0.5 cm were
administered intravenously anti-miR-21 or negative control at the dose of
25 mg/kg body weight every 2 days. Following anti-miR-21 or NC
administration, the tumor diameters were examined by the caliper every
2 days. All tumors were excised and weighed to assess tumor growth after
a 2-week treatment.

Cell sorting
CD4+ and CD8+ T cells were purified using BD IMag Anti-Mouse CD4
Magnetic Particles-DM and BD IMag Anti-Mouse CD8 Particles-DM (BD
Biosciences, San Jose, CA, USA) according to the manufacturer’s
instructions. We confirmed the purity of CD4+ and CD8+ T cells was
490% with flow cytometry.

The mixture of WT CD4+ and CD8+ T-cell transfer
CD4+ and CD8+ T cells were prepared from the spleens of WT mice.
After the mixture of WT CD4+ and CD8+ T cells at 1.90: 1 ratio (total cells
3 × 107 per mouse), the mixture was administered intravenous into WT or
miR-21−/− mice for three times every 4 days. When mice were the second
administered intravenous the mixture, the recipient mice were subjected
to subcutaneously inject Heps cells to establish the subcutaneous tumor
model, and killed at 8 days post tumor injection to evaluate the effects of
the mixture of WT CD4+ and CD8+ T-cell transfer.

Immunofluorescent staining
Immunostaining of Heps and S180 tumor tissues from WT and miR-21−/−

mice was sectioned and incubated with the following primary Abs: rat anti-
mouse CD4 (Biolegend, San Diego, CA, USA; 100415), rat anti-mouse CD8
(BioLegend, 100701) and hamster anti-mouse IFN-γ (BioLegend, 513202) at
4 °C overnight. The sections were washed with Tris-buffer saline three
times and subsequently stained with the following secondary Abs: Alexa
488-labeled donkey anti-hamster (Life Technologies, Carlsbad, CA, USA;
A-21110), Alexa 594-labeled donkey anti-rat (Life Technologies, A-21209) at
room temperature for 60 min and washed as above. At last, the sections
stained with the nuclei being counterstained with 4′, 6-diamidino-2-
phenylindole at room temperature for 5 min. Samples was imaged using a
Nikon confocal microscope (Tokyo, Japan). Each staining was performed
with three parallel samples and samples stained with secondary Abs alone
were set to determine the background threshold.

Cytotoxicity assays
Experiments to test cytotoxicity in the light of lactate dehydrogenase
release were set up in 96-well plates as shown in a final volume of 150 μl
assay medium. WT or KO CD4+ and CD8+ T cells from tumor in WT or
miR-21−/− mice were isolated, and the cytotoxic activities of CD4+ T cells,
CD8+ T cells or the mixture of T cells (the ration of CD4+ cells/CD8+ cells

was set at 1.9:1) were measured using CytoTox 96 non-radioactive
cytotoxicity assay (Promega, Madison, WI, USA). Briefly, CD4+ T cells, CD8+

T cells or the mixture of T cells co-incubated with tumor cells (target cells
such as Heps and S180 cells) at 2.5:1 and 5:1, which were experimental
wells. Meanwhile, control wells were set up with T cells alone, tumor cells
alone or medium alone. All conditions were assayed in quadruplicate.
Plates were incubated for 8 h at 37 °C, 5% CO2 and then processed
according to the manufacturer’s instructions. The % lysis was calculated as
(experimental well− T cells spontaneous− tumor cells spontaneous)/
(tumor cells max− tumor cells spontaneous) × 100. All data were analyzed
using prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).

Quantitative real-time PCR
Total RNA was extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instruction. RNA purity and concentra-
tion were determined using an Eppendorf Biophotometer Plus (Eppendorf
AG, Hamburg, Germany). qRT–PCR assays to examine differences in the
expression of miRNAs and mRNA of interest were performed on a 7300
Sequence Detection System (Applied Biosystems, Foster City, CA, USA)
using EvaGreen Dye (Biotium, Hayward, CA, USA). For miRNA detection,
1 μl of total RNA (1 μg/μl) was reverse-transcribed into complementary
DNA using avain myeloblastosis virus reverse transcriptase (Takara Bio,
Shiga, Japan) and a stem-loop RT primer (Invitrogen) under the following
conditions: 16 °C for 30 min, 42 °C for 30 min and 85 °C for 5 s, and the
conditions for the PCR were as follows: 95 °C for 5 min, 95 °C for 15 s and
60 °C for 1 min, for 40 cycles. For mRNA detection, 0.5 μl of total RNA (1 μg/
μl) was reverse-transcribed into complementary DNA using primescript RT
master mix (perfect real time; Takara Bio) and RT primer (Invitrogen) under
the following conditions: 37 °C for 15 min and 85 °C for 5 s. The conditions
for the PCR were as follows: 95 °C for 5 min, 95 °C for 15 s, 60 °C for 30 s
and 72 °C for 45 s, for 40 cycles. All reactions were performed in triplicate.
After the reactions were complete, the CT values were test using fixed
threshold settings. miRNA expression was normalized to U6 small nuclear
RNA expression and the expression of mRNA was normalized to β-actin
expression in this study. The amount of miRNA to relative to the internal
control U6 was calculated using the equation 2−ΔCT, in which ΔCT=CT,
miRNA−CT, U6, and the amount of mRNA to relative to the internal control β-
actin was calculated using the equation 2−ΔCT, in which ΔCT= CT, mRNA−CT,
β-actin. The primer sequences can be found in Supplementary Table S1.

Flow cytometry analysis
To prepare single-cell suspensions for flow cytometry, spleens, lymph
nodes and thymuses were dissected into fragments and gently dissociated
under 70 μm cell strainers for single-cell isolation. After red blood cell lysis
(Beyotime Biotechnology, Haimen, China), single-cell suspensions were
washed, and resuspended in 1 × phosphate-buffered saline without Ca
and Mg. Cells were blocked in 100 μl 1% bovine serum albumin on ice for
30 min and then incubated with FITC-CD4 (BioLegend, 100405), FITC-Gr-1
(BioLegend, 108405), PE-CD45R (BioLegend, 103207), APC-CD11c (BioLe-
gend, 117309), APC-CD11b (BioLegend, 101211) and/or APC-CD8 (BioLe-
gend, 100712) for another 30 min on ice. Flow cytometry was performed
using a FACSCalibur device (Becton Dickinson, Franklin Lakes, NJ, USA) and
assessed with FCS express V3 (DeNovo Software, Los Angeles, CA, USA).

Proliferation and apoptosis assay
For proliferation assay, total spleen cells were isolated from WT and miR-21
deficiency mice treated with 15 mg/kg Con A for 0, 12, 24 and 48 h
followed by red blood cell lysis. After co-stain with anti-CD4 and anti-CD8,
the splenocytes were analyzed by flow cytometry to determine the rate of
proliferation of CD4+ and CD8+ T cells. In some experiments, cells were
labeled with CFSE at a final concentration of 5 μmol/l following the
manufacturer’s instruction (Beyotime Biotechnology). The CFSE-labeled
splenocytes from WT or miR-21−/− mice were cultured in a 48-well plate
and stimulated with Con A (4 μg/ml; Sigma-Aldrich, St Louis, MO, USA) or
not for 72 h, then collected cells were gated for CD4+ or CD8+ and CFSE
dilution by analyzed with flow cytometry. In addition, purified CD4+ and
CD8+ T cells from WT or miR-21-null mice were labeled with CFSE, then co-
stimulated with anti-CD3 (eBioscience, San Diego, CA, USA; 16-0032-85 )
and anti-CD28 (eBioscience, 16-0289-85) or not for 3 days, and CFSE
dilution by test with flow cytometry.
For apoptosis assay, total spleen cells were isolated from WT and miR-21

deficiency mice untreated or treated with 15 mg/kg Con A for 48 h
followed by red blood cell lysis. The splenocytes were first stained with
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anti-CD4 (BioLegend, 100411) or anti-CD8 (BioLegend, 100712) for 30 min
on the ice, then double-stained with Annexin V and propidium iodide
using an Annexin V-PI apoptosis detection kit (Vazyme Biotech Co., Ltd,
Nanjing, China) according to the manufacturer’s instructions. The collected
cells were gated for CD4+ or CD8+ to analysis the percentage of the
apoptosis cells by flow cytometry.

Lentiviral siRNA and miR-21 transfection
For miRNA-21 overexpression experiments, recombinant lentiviruses
carrying pre-miR-21 precursor, pre-noncoding sequence were obtained
from GenePharma. For knockdown of PTEN experiments, lentivirus vector
expressing open reading frame or siRNA of PTEN were purchased from
Genomeditech (Shanghai, China). MiR-21−/− CD4+ and CD8+ T cells were
cultured in the presence of lentiviral particles and polybrene (5 μg/ml).
After centrifugation at 1000 g for 60 min at room temperature, cells were
incubated overnight, and then centrifuged to remove the viral particles
and cultured in fresh medium. After 3 days, cells were collected for qRT–
PCR, western blotting, proliferation assay or ELISA.

Western blotting
For western blotting, naive CD4+ and CD8+ T cells were stimulated for 72 h
with 2 μg/ml anti-CD3 and anti-CD28. In some experiments, naive CD4+

and CD8+ T cells were treated for 24 h with 2 μg/ml anti-CD3 plus anti-
CD28 and after a 12- h resting period, cells were stimulated with 2 μg/ml
anti-CD3 plus anti-CD28 for 30 min. Cells pellets were homogenized in
RIPA lysis buffer (Beyotime Biotechnology) containing 1 mM phenylmethyl-
sulfonyl fluoride on ice for 45 min, and the homogenate was centrifuged at
12 000 g at 4 °C for 20 min. After mixing with 2 × Laemmli buffer and
boiled for 5 min, equal amounts of protein (20 μl) were resolved by SDS–
polyacrylamide gelelectrophoresis, and transferred onto a polyvinylene
difluoride membrane (Millipore, Bedford, MA, USA). After incubation for
60 min with 5% nonfat dry milk, immunoblots were incubated with
indicated Abs at appropriate dilutions for overnight at 4 °C. After washing
with phosphate-buffered saline Tween, the immunoblots were then
incubated with horseradish peroxidase-conjugated anti-rabbit Immuno-
globulin G (Cell Signaling Technology, Danvers, MA, USA; 7074 S) for 1 h at
room temperature. The signals were visualized by fluorography using an
enhanced chemiluminescence system (Millipore). The intensity of each
protein band was quantified using the ImageJ (National Institutes of
Health). Rabbit monoclonal Abs against PTEN (5384 S), PDCD4 (9535 S),
p-Akt (4060 S) and GAPDH (5174 S) were purchased from Cell Signaling
Technology. Rabbit polyclonal Ab against Akt (10176-2-AP) was purchased
from Proteintech (Chicago, IL, USA).

ELISA analysis
The concentrations of IL-2 and IFN-γ in cell culture supernatant or serum
were quantified by using commercially available ELISA kits (all from
eBioscience). Assays were conducted according to the manufacturer’s
instructions and read at 450 nm by using a microplate reader (Thermo
Scientific, Waltham, MA, USA).

Statistical analysis
Results are expressed as the mean± s.e.m. Differences between groups
were compared using the Mann–Whitney U-test and, if appropriate, by
one-way analysis of variance (GraphPad Prism 5), besides differences
between two groups in Figure 7 and Supplementary Figure 4 were
analyzed by Student’s t-test. NS indicated not significant statistically. The
difference was considered significant when P⩽ 0.05.
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