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Abstract: MiR-15a/16 is a member of the miRNA cluster that exhibits tumor suppression and immune modulation
via targeting multiple genes. Decreased miR-15a/16 expression is involved in many cancer cells. Here, miR-16
had decreased expression in NK1.1CD4*NKG2D* T cells and bound with the 3’-UTR of NKG2D gene. MiR-15a/16-
deficient mice had many CD4*NKG2D* T cells, which produced TGF-1 and IL-10 and inhibited the IFN-y production
of CD8* T cells. Adoptive transfer of NK1.1 CD4*NKG2D* T cells from miR-15a/16-deficient mice promoted tumor
growth in vivo. However, no changes for NK1.1.CD4*NKG2D* T cells were found in the miR-15a/16-transgenic mice.
Although the miR-15a/16 transgenic mice transplanted with B16BL6 or MC38 cells exhibited rapid growth, these
tumor-bearing mice did not show changes in NK1.1CD4*NKG2D* T cell distributions in either spleens or tumors.
When NK1.1CD4* T cells were stimulated by a-CD3/sRAE-1 ex vivo, the NKG2D expression was difficult to induce
in the T cells of miR-15a/16-transgenic mice. Finally, increased frequencies of regulatory CD4*NKG2D* T cells with
low miR-16 levels were observed in patients with late-stage colorectal cancer (Duke’s C, D). Thus, miR-16 modu-
lates NK1.1.CD4*NKG2D* T cell functions via targeting NKG2D. Low miR-16 expression in CD4* T cells induces the
regulatory CD4*NKG2D* T subpopulation, which promotes tumor evasion via the secretion of immune-suppressive
molecules.
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Introduction trans retinoic acid (ATRA) [11] but repressed by
c-Myc [12], hypoxia-induced factor (HIF)-1 and
anaplastic lymphoma kinase [13], activating
protein 4 (AP4) [10], protein arginine deimina-
se [14], human epidermal growth factor recep-
tor-2 (HER2) [15], and histone deacetylase

(HDAC) 3 [16, 17].

Since the discovery of the correlation between
miR-15a/16 cluster and poor prognosis in ch-
ronic lymphocytic leukemia in 2002, the bio-
logic features of miR-15a/16 have been widely
investigated [1]. MiR-15a/16 is mostly regard-
ed as a tumor suppressor by targeting onco-

genic genes that regulate the cell cycle, surviv-
al, epithelial-mesenchymal transition, and an-
giogenesis [2, 3]. Decreased miR-15a/16 lev-
els are observed in colorectal cancer [4], hepa-
toma [5], bladder cancer [6], prostate cancer
[7], and different kinds of lymphoma [8] or
leukemia [9]. Bioinformatics analysis revealed
more than 1,000 target genes of miR-15a/16.
Its expression is promoted by p53 [10] and all-

Owing to their shared identical seed sequenc-
es, miR-15a and miR-16 are assigned to the
same miRNA family. The anti-inflammatory ac-
tivity of miR-15a/16 inhibits macrophage acti-
vation via targeting programmed cell death 4
(PDCD4) [18] and mitogen-activated protein
kinase (MAPK) [19] and NF-kB pathways [20].
MiR-16 also transforms macrophages from M2
to M1 [21]. MiR-15a/16 deficiency promotes B
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cell proliferation by accelerating the GO/G1-S
phase transition [22] and induces IL-10 pro-
duction by regulatory B cell due to STAT3 acti-
vation [23]. miR-15a/16 also modulates T cell
function via targeting mTOR/Rictor [24] or IKKa
[25] or regulates memory T cell generation by
targeting IL-7 receptor (CD127) and CD28 [26].

NK1.1CD4*NKG2D* T cells promote tumor
growth [27] and ameliorate DSS-induced coli-
tis [28] by downregulating effector T cells, NK
cells [29], and macrophages that are depen-
dent on TGF-B1, IL-10, and Fas ligand. The co-
ligation of CD3 and NKG2D stimulates NK1.1
CD4*NKG2D* T cells to secret TGF-B1 via the
activation of PI3K-p85a/Jnk, NF-kB, STAT3,
and Egr2/3 pathways [30, 31]. Bioinformatics
analysis indicated that miR-16 binds to the
3’-untranslated regions (3’-UTR) of the NKG2D
gene. Whether miR-16 could directly target
NKG2D and thus modulate the activities of
NK1.1CD4*NKG2D* cells was investigated in
this study. The relevance of regulatory
CD4*NKG2D* T cells modulated by miR-16 in
patients with colorectal cancer (CRC) was also
discussed.

Materials and methods
Mice and reagents

MiR-15a/167 mice (KO) were purchased from
the Jackson Laboratory (Bar Harbor, Maine,
USA). MiR-15a/16-transgenic mice (TG) were
provided by the Gem Pharmatech Company
(Nanjing, China). All mice were reared in the
Comparative Medical Center of Yangzhou
University. All animal experimental protocols
were approved by the Institutional Animal Care
and Ethics Committee of Yangzhou University,
Yangzhou, China (Approval ID: SYXK [Su] 2017-
0044). MC38, 293T, and B16BL6 cell lines
were obtained from the ATCC (Manassas, VA,
USA). Cells were cultured in DMEM or RPMI
1640 medium (supplemented with 10% fetal
bovine serum, streptomycin-penicillin).

The following reagents were used: soluble
RAE-1 (R&D, Minneapolis, MN, USA) and re-
combinant IL-2, IL-21, IL-15, IL-4, IL-6, and TGF-
B1 (Biolegend, San Diego, CA, USA). The fol-
lowing antibodies against mouse antigens we-
re purchased from Biolegend or eBioscience
(San Diego, CA, USA): CD3 (145-2C11), CD28
(37.51), CD4 (GK1.5), NKG2D (CX5), CD8 (53-
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6.7), NK1.1 (PK136), IL-10 (JES5-16E3), TGF-B1
(TW7-16B4), IFN-y (XMG1.2), CD107a (ID4B),
CD69 (H1.2F3), CD44 (IM7), CD25 (3C7), and
CD28 (E18). Antibodies against human CD3
(OKT3), CD4 (OKT4), NKG2D (1D11), IL-10
(JES3-19F1), and TGF-f1 (TW4-6H10) were
also employed.

Flow cytometry

For the detection of surface markers, the cells
were incubated with indicated antibodies and
analyzed by flow cytometry. For the measure-
ment of intracellular cytokines, the cells were
harvested, fixed, permeabilized with intracel-
lular fixation buffer and permeabilization buf-
fer, stained with the appropriate antibodies,
and analyzed by flow cytometry. For the mea-
surement of lymphocyte degranulation, anti-
CD107a mAb was added to mixed culture sys-
tems for 2 hours, and monensin (GolgiStop; BD
Biosciences) was then added for another 2
hours. The cells were collected and stained by
surface markers for flow cytometry.

Real-time PCR

TRIzol reagent (Invitrogen) was utilized to
extract the total RNA of mouse NK1.1
CD4*NKG2D* or human CD3*CD4*NKG2D*
cells. Reverse transcription was completed
using a PrimeScript RT reagent kit (TaKaRa,
Japan). Real-time polymerase chain reaction
(PCR) was performed routinely. U6 was used as
an internal reference for miR16, and 2-AACt
method was utilized to calculate the expression
values of miR-16 and NKG2D. The primer
sequences were as follows: NKG2D forward
(5’-CCACTGCCAGGAGCCATTT-3’) and NKG2D
reverse (5-ACTGTGGCCCATGCCCTAA-3’); GAP-
DH forward (5-CAAAATGGTGAAGGTCGGTG-
TG-3’) and GAPDH reverse (5-TGATGTTAGT-
GGGGTCTCGCTC-3’); miR-16 (mouse) sense
(5-TAGCAGCACGTAAATATTGGCG-3’) and miR-
16 (human) sense (5-GTCAGCAGTGCCTTAG-
CAG-3’); and U6 forward (5-TGGAACGCTTC-
ACGAATTTGC-3’) and reverse (5-GGAACGAT-
ACAGAGAAGATTAGC-3’).

Dual-luciferase assays

Gene sequences (wild type or mutated, Figure
S1) of NKG2D 3’-UTR were cloned into the
pGL3-basic vector with dual fluorescein report-
er. Sequences of miR-16 mimics (20 pmol)
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were synthesized by Sangon Biotech (Shang-
hai, China). The cells were cotransfected with
the cloned pGL3 vector and miR-16 mimics.
Transfection was performed using Lipofec-
tamine 3000 (Invitrogen) following the manu-
facturers’ instructions. After 48 hours, the
cells were collected and analyzed using the
Dual-luciferase Reporter Assay System (Pro-
mega). The cloning sequences of NKG2D-3'-
UTR were as follows: forward (5-ACACGAATT-
CTGGTGCTGGAAGGAGTTGT-3’) and reverse (5'-
ACACTCTAGAAGGTCATTGTGCAGGTTGTA-3’).

Tumor growth in mice

B16BL6 or MC38 (2 x 10°) cells were implant-
ed subcutaneously into the back of wild-type
mice and miR-15a/16-transgenic mice. Tumor
volume was determined by its dimensions and
width using the following formula: V = 1/2
length x width?. In the adoptive transfer experi-
ments, NK1.1.CD4*NKG2D* cells (1 x 10°) we-
re sorted out and then injected into tail veins
twice per week [27].

Patients and biopsies

Fifty-two patients with CRC (35 males and 17
females) with age ranging from 27 years to
82 years (mean, 65.6+10.2) and twenty-one
healthy controls (14 males and 7 females,
mean age 42.4+9.8 years) were recruited.
Before peripheral blood mononuclear cells
were collected, the patients did not get any
surgery, chemotherapy, or radiotherapy. Biopsy
collection was approved by the Institutional
Review Board of Yangzhou University. All pa-
tients signed informed consents. The clinical
characteristics of patients with CRC are shown
in Table S1.

Statistical analysis

Continuous variables were presented as
means * SD. Differences between the two
groups were analyzed in unpaired, two-tailed
Student’s t-tests. MiR-16 expression levels
were compared between CD4*NKG2D- and
CD4*NKG2D* cells of the same individual by
using paired Student’s t-tests. Data from more
than two groups were analyzed by one-way
ANOVA, followed by Dunnett’s test to compare
the control and multiple treatment groups.
Linear regression was used to analyze the cor-
relation of two variables. Statistical significan-
ce was indicated as *, P < 0.05; **, P < 0.01;
and *** P < 0.001.
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Results

MIiR-16 downregulation in NK1.1:CD4*NKG2D*
T cells

NKG2D expression was normally induced when
mouse NK1.1CD3*CD4* cells were stimulated
with a-CD3, or sRAE-1, or a-CD3/sRAE-1, or
a-CD3/a-CD28 ex vivo [30, 31]. Stimulation
with «-CD3/sRAE-1 could most efficiently
induce CD4*NKG2D* cells (Figure 1A and
1B). The highest reduction in miR-16 trans-
cription in CD4*NKG2D* cells was induced by
the treatment of a-CD3/sRAE-1 (Figure 1C).
The ability of IL-2, IL-241, or IL-15 to induce the
NKG2D expression of CD4* cells was lower
than that of o-CD3. IL-4 or IL-6/TGF-B1 could
not increase the NKG2D expression of CD4*
cells (Figure 1C). However, the NKG2D tran-
scriptional level was enhanced by all the treat-
ments of a-CD3, IL-2, IL-21, IL-15, IL-4, or IL-6/
TGF-B1 (Figure 1D). Meanwhile, the miR-16
levels were decreased after the CD4* cells
were activated by the above cytokines (Figure
1E). In summary, miR-16 was negatively as-
sociated with the NKG2D expression of CD4*
cells. Differences of NKG2D mRNA and protein
levels in CD4* cells induced by the treatment
of IL-4 or IL-6/TGF-B1 indicated that NKG2D
expression was regulated at the post-transcrip-
tional level.

MiR-16 targets the 3’-UTR of NKG2D

Given the miR16-complementary sequences
in the 3'-UTR of NKG2D (Figure 2A), whether
miR-16 could directly bind with target sequ-
ences was determined by dual-luciferase re-
porter assay. Native or mutated sequences of
NKG2D 3’-UTR were cloned into pGL3 vectors
(Figure 2B). As shown in Figure 3C and 3D, the
luciferase activity was substantially decreased
when miR-16 and pGL3-NKG2D-3’-UTR native
were co-transfected into 293 T cells but was
restored when miR-16 and pGL3-NKG2D-3-
UTR mutated were co-transfected into 293 T
cells. These results revealed that miR-16 binds
with the 3’-UTR of NKG2D.

Increased regulatory CD4*NKG2D* T cells in
miR-15a/167" mice

Variations of NK1.1CD3*CD4*NKG2D"* cells in
the miR-15a/167° mice were also examined.
The frequencies of CD4*NKG2D* T subsets
were increased in miR-15a/167 mice at the
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Figure 1. Decreased miR-16 expression in CD4*NKG2D* T cells induced by a-CD3/sRAE-1. A, B. NKG2D expression
of NK1.1.CD3*CD4" cells induced by different treatments. C. MiR-16 levels in CD4*NKG2D* T cells induced by vari-
ous stimulations as detected by real-time PCR. D. NKG2D expression on NK1.1°CD3*CD4" cells induced by various
cytokines. E. NKG2D transcriptions on NK1.1 CD3*CD4" cells treated by cytokines. F. Variations of miR-16 levels in
CD4*NKG2D* T cells. All experiments were repeated twice. *, P < 0.05; **, P < 0.01; ns, no significance.

age of 8-12 weeks or 12-15 months (Figure
3A). Considering that the aged miR-15a/16"
mice could develop chronic lymphocyte leuke-
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mia [9], whether the tumor microenvironment
induces CD4*NKG2D* T cells was analyzed.
MC38 cells (colon cancer) were transplanted
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and NKG2D 3’-UTR. B. Cloning of native and mutated 3’-UTR into the pGL3
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into the young miR-15a/167 mice and wild-
type mice. Compared with those in wild-type
mice, the CD4*NKG2D* T cell frequencies were
more remarkably enhanced in the tumor-bear-
ing miR-15a/167" mice (Figure 3B), thus con-
firming that the miR-15a/16 deletion induces
CD4*NKG2D* T cells.

The CD4*NKG2D* T cells of miR-15a/167" mice
produce TGF-B1 and IL-10. Differences in TGF-
B1 production were exhibited by CD4*NKG2D*
T cells (Figure 3C). When CD8" T cells were
incubated with the CD4*NKG2D* T cells of KO
mice, the IFN-y production of CD8" T cells was
decreased. However, when TGF-B1 antibody
was added into the co-culture system, the abil-
ity of CD8* T cells to secret IFN-y was almost
recovered (Figure 3D). Fast tumor growth was
observed when the CD4*NKG2D* T cells of miR-
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NKG2D* T cells induced by
miR-15a/16 deficiency.

NKG2D expression on NK1.1-
CD4* cells in miR-15a/16-TG
mice

The effect of miR-16 overex-
pression on the activities
of regulatory CD4*NKG2D* T
cells was investigated. In
consideration of the low effi-

Luciferase

s

ciency of transfection into
CD4* T cells using lentivirus,
miR-15a/16-transgenic mice
were established. The open
reading frame of miR-15a/16
linked with green fluorescent
protein (GFP) was introduced
into the germline of C57BL/6

& &

ﬁ@‘ mice (Figure 4A). Offspring
& with high expressions of GFP
3 in tail vein cells were selected

and backcrossed. Two trans-
genic lines (Lines 3 and 11)
were established for further
study. Increased miR-16 levels
were confirmed in the tissues
of gut, lung, liver, and sto-
mach (Figure 4B). The GFP*
cells of tail veins were detected and are shown
in Figure 4C.

The elevated miR-16 level in CD4* T cells of TG
mice and the low miR-16 expression in CD4* T
cells of KO mice were verified (Figure 4D).
The NKG2D mRNA level of CD4* T cells was
increased in KO mice but decreased in TG
mice (Figure 4E). Although CD4*NKG2D* T cell
frequencies were increased in KO mice, no
differences in CD4*NKG2D* T cell frequencies
were observed between TG and WT mice
(Figure 4F). CD69, CD44, CD25, and CD28
were also checked to determine other genes
in CD4* T cells being targeted by miR-16. The
expression levels CD69, CD44, and CD25
were upregulated in miR-15a/16-deficient
CD4* T cells but were not changed in CD4* T
cells with overexpressed miR-15a/16. No ch-
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anges in CD28 expression were found in the
CD4* T cells of TG, KO, and WT mice (Figure
4G). Given that NKG2D is almost not physiolo-
gically expressed in CD4* T cells, miR-16 over-
expression in CD4* T cells does not affect the
NKG2D protein level.

B16BL6 or MC38 cells were transplanted into
TG mice to evaluate the tumor sensitivity of
miR-15a/16™ mice. Compared with those in
WT mice, B16BL6 cells grew slightly faster in
TG mice particularly at the early phase (from
day 8 to 10) (Figure 4H). Also, the tumors
formed by MC38 cells in TG mice were slightly
bigger than those in WT mice (Figure 4l).
However, no remarkable changes of CD4*
NKG2D* T cell frequencies were found in the
spleens and tumors of both mice (Figures 4H
and 41, S2), indicating that CD4*NKG2D* T cells
are not involved in the tumor-promoting effects
in TG mice.

Inefficient induction of CD4*NKG2D* T cells
with miR-15a/16 overexpression

Whether miR-15a/16 overexpression affects
the induction of CD4*NKG2D* T cells through
o-CD3/sRAE-1 simulation was analyzed. Figure
5A shows that although the CD4* T cells of
wild-type mice showed substantially increased
NKG2D expression after the treatments of
a-CD3 or a-CD3/sRAE-1, the CD4* T cells of
miR-15a/16™ mice were hardly induced to
express NKG2D. TGF-B1 expression was also
low in miR-15a/16™-CD4* T cells after treat-
ment by a-CD3 or a-CD3/sRAE-1 (Figure 5B).
However, various treatments did not induce
any changes in the CD69, CD44, CD25, CD28,
and IL-10 expression of CD4* T cells between
TG and WT mice (Figures 5C, S3). This finding
indicated the target role of miR-16 on NKG2D
expression.

Low miR-16 level of CD4*NKG2D* T cells in-
volved in CRC progression

Our group previously identified that regulatory
CD4*NKG2D* T cells promote colon cancer
growth in mice [27]. Variations of human
peripheral blood CD4*NKG2D* T cells and
their miR-16 expression in patients with CRC
were then examined. Compared with healthy
individuals, patients with CRC had increased
frequencies of CD4*NKG2D* T cells (Figure
6A, 6B) and increased NKG2D expression in
their CD4* T cells. The patients with CRC were

1550

then classified into three groups based on
Duke’'s A-D stages. The CD4*NKG2D* T cell
frequencies in the patients from each stage
were higher than those in healthy controls
(Figure 6C), revealing that CDA*NKG2D* T cells
are involved in CRC progression.

The miR-16 level of CD4*NKG2D* T cells was
negatively correlated with the mean fluores-
cence intensity (MFI) of NKG2D (Figure 6D).
The miR-16 level was also compared be-
tween the CD4*NKG2D* T and CD4*NKG2D" T
cells of the same individual. CD4*NKG2D T
cells displayed higher miR-16 expression than
CD4*NKG2D* T cells (Figure 6E). Increased
IL-10 and TGF-B1 expression levels were also
confirmed in the CD4*NKG2D* T cells of pati-
ents with CRC, particularly those at Duke’s C
and D stages (Figure 6F and 6G). Besides, the
miR-16 level was negatively correlated with
IL-10 or TGF-B1 MFI in CD4*NKG2D* T cells,
confirming the role of miR-16 in the immune-
regulatory function of CD4*NKG2D* T cells in
CRC.

Discussion

MiR-16 downregulated NKG2D expression via
direct binding with its 3-UTR. MiR-15a/16-
deficient mice had many regulatory CD4*
NKG2D* T cells with tumor-promoting activi-
ties. Given that NKG2D is not expressed by
physiologic CD4* T cells, miR-15a/16™-mice
did not display changes in CD4*NKG2D* T cells.
Although fast tumor growth in miR-15a/16"-
mice, the tumor-promoting effects were not
involved with CD4*NKG2D* T cells. NKG2D
expression cannot be induced by miR-15a/16
overexpression in CD4* T cells from the treat-
ment of a-CD3 or a-CD3/sRAE-1 ex vivo. These
regulatory CD4*NKG2D" T cells with low miR-16
levels were positively correlated with Duke’s
CRC stages. The immuneregulatory role of miR-
15a/16 in CD4*NKG2D* T subpopulation was
involved in tumor progression.

MiR-15a/16 modulates the balance of regula-
tory T cells and effector T cells of umbilical
cord blood, and its deletion upregulates the
umbilical cord blood-derived regulatory T cells
via targeting Foxp3 [32]. MiR-16 deficiency
also increases the STAT3 expression level and
induces regulatory B cells [23]. Here, NKG2D
was discovered as a new target of miR-16.
Considering the modulation of STAT3 and NF-
kB on TGF-B1 transcription [31], the high TGF-
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B1 expression of miR-15a/167 CD4*NKG2D* T
cells could not cancel the roles of STAT3 and
NF-kB. The low miR-16 expression in tumor tis-
sues exhibits dual effects, one is to promote
cancer growth and metastasis [2, 3], and the
other is to mediate tumor evasion via promot-
ing regulatory CD4*NKG2D* T, conventional
regulatory T (Foxp3*) [32], and regulatory B
cells [23].

Given the abundance of regulatory CD4*
NKG2D* T cells at late-stage CRC, efficiently
depleting this T cell subpopulation will improve
the prognosis of patients with CRC. Although
miR-15a/16 deletion induced the CD4*NKG2D*
T cells, miR-16 overexpression did not physio-
logically affect the activities of these T cell sub-
sets. When tumor cells are transfected with
miR-16, tumor cell proliferation is suppressed,
but the CD4*NKG2D* T cells of patients with
tumor may not be modulated. Whether the
ectopic miR-16 expression decreases the num-
ber of regulatory CD4*NKG2D* T cells, regula-
tory CD4*Foxp3* T cells, and regulatory B cells
in patients with CRC needs further study. In
addition, the miR-16 expression is regulated by
multiple factors, such as p53, ¢c-Myc, HIF1, and
ATRA [2, 3]. Whether the decreased miR-16
expression of CD4A*NKG2D* T cells in patients
with CRC is a result of hypoxic microenviron-
ment or an intrinsic feature of CD4*NKG2D* T
cells requires further clarification.

In summary, miR-16 modulates the activities
of regulatory CD4A*"NKG2D* T cells, which are
positively associated with CRC development.
Given the low miR-16 level in multiple tumor
cells and regulatory immune cells, gene thera-
py based on miR-16 transfection will benefit
patients with tumor via inhibiting tumor growth
and reversing the immune-suppressive micro-
environment.
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Figure S1. Mutated nucleotides in 3'-UTR of the NKG2D gene.

Table S1. Clinical characteristics of colorectal cancer patients

L Dukes
Characteristics Number X2 P
A-B C D
Age
<60 9 3 4 2 0.9943 0.6083
>60 43 17 12 14
Gender
Male 35 14 11 10 0.2491 0.8829
Female 17 6 5 6
Site
Left 25 11 6 8 1.125 0.5699
Right 27 9 10 8
Invasion depth
< serosa 8 7 0 1 9.846 0.0073
> serosa 44 13 16 15
Lymph node metastasis
No 24 20 1 3 28.53 <0.0001
Yes 28 0 15 13
Distant metastasis
No 35 20 15 0 47.742 <0.0001
Yes 17 0 1 16
Differentiation
Well 13 1 6 6 7.7914 0.0995
Moderate 37 18 9 10
Poor 2 1 1 0
CEA 46.32+157.81 7.04+7.77 7.28+10.08 134.46+269.31 Pc = 0.2828
Pep=0.0411
P., = 0.0688
CA199 67.95+133.35 33+70.02 32.97+26.69 146.61+209.76 P =0.9985
Pep=0.0293
P., = 0.0397
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Figure S2. Representative results of NK1.1 CD4*NKG2D* cells in spleens and tumor stransplanted with B16BL6 or
MC38 cells.
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Figure S3. Representative results of in vitro activation of WT/TG-CD4* T cells with a-CD3, sRAE-1, or a-CD3 plus
SRAE-1.



