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Transforming growth factor b1 (TGF-b1) plays a promoting
role in tumor growth via a mechanism associated with hyperac-
tive Smad3 and suppressed Smad7 signaling in the tumor
microenvironment. We report that retrieving the balance be-
tween Smad3 and Smad7 signaling with asiatic acid (AA, a
Smad7 inducer) and naringenin (NG, a Smad3 inhibitor) effec-
tively inhibited tumor progression in mouse models of invasive
melanoma (B16F10) and lung carcinoma (LLC) by promoting
natural killer (NK) cell development and cytotoxicity against
cancer. Mechanistically, we found that Smad3 physically bound
Id2 and IRF2 to suppress NK cell production and NK cell-
mediated cytotoxicity against cancer. Treatment with AA and
NG greatly inhibited Smad3 translation and phosphorylation
while it restored Smad7 expression, and, therefore, it largely
promoted NK cell differentiation, maturation, and cytotoxicity
against cancer via Id2/IRF2-associated mechanisms. In
contrast, silencing Id2 or IRF2 blunted the protective effects
of AA and NG on NK cell-dependent anti-cancer activities.
Thus, treatment with AA and NG produced an additive effect
on inactivating TGF-b1/Smad3 signaling, and, therefore, it
suppressed melanoma and lung carcinoma growth by promot-
ing NK cell immunity against cancer via a mechanism associ-
ated with Id2 and IRF2.
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INTRODUCTION
Due to the genetic heterogeneity of cancer and the lesser specificity of
cytotoxic drugs against cancer cells, immunotherapy by targeting the
tumor microenvironment, rather than targeting tumor cells, may be a
promising approach for anti-cancer therapy.1 Among the signaling
molecules in the tumor microenvironment, transforming growth fac-
tor b1 (TGF-b1) signaling has been proven to be a promoter in tumor
growth, invasion, metastasis, and immunosuppression.2–5 Therefore,
altering from a supportive to inhibitory tumor microenvironment by
targeting TGF-b1 signaling may represent a prospective therapeutic
target.

As a vital transcription factor in TGF-b1 downstream signaling,
Smad3 is essential for tumor progression.6 Previous studies have
confirmed that TGF-b1 promotes melanoma progression and immu-
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nosuppression via Smad3-dependent pathways,7 while mice lacking
Smad3 are resistant to chemical-induced skin carcinogenesis.8,9 Our
recent study also revealed that TGF-b1/Smad3 signaling is essential
for cancer growth and invasion via a mechanism associated with sup-
pressing natural killer (NK) cell immunity against cancer in the tumor
microenvironment.10 On the contrary, as an inhibitory Smad protein,
Smad7 inhibits the phosphorylation of Smad2 and Smad3 via mech-
anisms associated with Smurfs-dependent ALK5 degradation, phos-
phatase GADD34-PP1c-mediated dephosphorylation of ALK5, and
competitive inhibition of Smad3 interaction with ALK5.11–13 A low
expression level of Smad7 has been reported to correlate with poor
prognosis and lymph node metastasis in pancreatic cancer.14 Mean-
while, overexpression of Smad7 inhibits tumor growth in several can-
cer models, including hepatocellular carcinoma, melanoma, and lung
metastasis in osteosarcoma.15–18 A high expression of TGF-b1 is re-
ported in many types of cancer, including melanomas and lung car-
cinoma.19 Accordingly, we hypothesized that retrieving the balancing
between Smad3 and Smad7 in a TGF-b1-rich tumor microenviron-
ment may be a novel therapeutic strategy for TGF-b1-induced cancer
progression.

Except for the direct effects on tumor growth and metastasis, TGF-b1
also acts as a potent immunosuppressor in the tumor microenviron-
ment, which enables tumor evasion of immunosurveillance.5,20 As a
type of effector cells critical for innate immunity against cancer,
NK cells rapidly respond to tumor formation and inhibit tumor pro-
gression independently from antigen presentation and T cell immu-
nity.21–23 However, NK cell-mediated cytotoxicity on tumor cells is
blunted by TGF-b1 in the tumor microenvironment.24–26 TGF-b1
is responsible for NK cell immaturity during mouse infancy through
inhibiting the expression of E4BP4, T-bet, and GATA-3, which are
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Figure 1. A Combination of AA and NG Rebalances

Smad3 and Smad7 Signaling in Bone Marrow-

Derived NK Cells In Vitro

(A) Pre-incubation of NG attenuates 15-min stimulation of

TGF-b1 (5 ng/mL)-induced phosphorylation of Smad3 on

bone marrow-derived NK cells in a dose-dependent

manner. (B) Pre-incubation of AA restores Smad7

expression on bone marrow-derived NK cells in a dose-

dependent manner with TGF-b1 (5 ng/mL) stimulation for

24 hr. (C) Western blot analysis shows the capability of AA

(10 mM) and NG (100 mM) treatment on inhibiting Smad3

signaling while enhancing Smad7 signaling under a

5 ng/mL TGF-b1 condition on bone marrow-derived NK

cells. Each bar represents the mean ± SEM for groups of

three independent experiments; *p < 0.05, **p < 0.01, and

***p < 0.001 compared to TGF-b1; #p < 0.05, ##p < 0.01,

and ###p < 0.001 as indicated.
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crucial transcription factors for NK cell differentiation and terminal
maturation.10,27 Furthermore, TGF-b1 can markedly impair the NK
cell-mediated cytotoxicity by suppressing granzymes and interferon
(IFN)-g productions and inhibiting NK cell activation.24,28–31 As
overactive Smad3 and/or loss of Smad7 are responsible for TGF-
b1-induced immunosuppression of NK cells,31 we postulated that re-
balancing Smad3/Smad7 signaling may restore NK cell-mediated
anti-tumor immunity in a TGF-b1-rich tumor microenvironment.

Asiatic acid (AA), a triterpene from Centella asiatica, functions as a
Smad7 inducer, which is capable of inducing Smad7 in a dose-depen-
dent manner to alleviate TGF-b1-induced liver fibrosis.32 Naringenin
(NG), a natural predominant flavanone isolated from citrus, func-
tions as an effective inhibitor of Smad3 in liver and pulmonary
fibrosis.33,34 As a holistic approach, the principle of Traditional
Chinese Medicine is to regain the balance and maintain the homeo-
stasis of our body through the interactions within herbs or natural
products. Our previous study identified that the combination of AA
and NG can effectively alleviate TGF-b/Smad3-mediated renal
fibrosis in the unilateral ureteral obstruction (UUO) model.35 In the
present study, we hypothesized that retrieving the balance between
Smad3 and Smad7 signaling with AA and NG may enhance NK
cell-mediated innate immune response against cancer in the tumor
microenvironment.
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RESULTS
AA and NG Effectively Restore the Balance

of Smad3/Smad7 Signaling in NK Cells in a

TGF-b1 Environment In Vitro

We first examined the efficacy of AA and NG
on retrieving the balance of Smad3/Smad7
signaling in response to TGF-b1 in bone
marrow-derived NK cells. As shown in Figures
1A and 1B, 5 ng/mL TGF-b1 enhanced the level
of phosphorylated Smad3 at 15 min but sup-
pressed Smad7 level at 24 hr, which was attenu-
ated by pre-treatment with an optimal dosage of
100 mM NG or 10 mM AA. These inhibitory effects were further
enhanced by treating NK cells with the combination of 10 mM AA
and 100 mM NG (Figure 1C). Moreover, the combined treatment
with AA and NG also produced an additive effect on inhibiting the
phosphorylation of TbRI (p-ALK5) and expression of Smad3 under
a TGF-b1 environment (Figure S1). Thus, the combination of AA
and NG effectively rebalanced the TGF-b1/Smad signaling in NK
cells.

The Combination of AA and NG Additively Inhibits Melanoma

and Lung Carcinoma Growth in Syngeneic Mouse Models

We next determined the effective dosages of AA or NG on inhibiting
B16F10 melanoma growth in a mouse model. As shown in Figures
2A–2D, treatment with either 10 mg/kg AA or 50 mg/kg NG effec-
tively inhibited melanoma progression, although no further signifi-
cant improvement in tumor growth was found with higher dosages
of AA or NG. Therefore, AA at 10 mg/kg and NG at 50 mg/kg
were selected as optimal dosages for evaluating the anti-tumor effect
of rebalancing TGF-b1/Smad signaling on syngeneic mouse tumor
models in the present study. Results shown in Figures 2E and 2F
clearly demonstrated that the combined treatment with AA and
NG additively restrained melanoma volume since day 10 after tumor
inoculation when compared with the monotherapy of AA or NG. The
anti-tumor efficacy of combination therapy was further validated



Figure 2. A Combination of AA and NG Produces a

Better Inhibitory Effect on Tumor Growth Compared

to Monotherapy

(A–D) Dose-dependent inhibitory effect of AA (A and B) or

NG (C and D) on B16F10 melanoma volume and weight.

(E and F) A combination therapy with an optimal AA

(10 mg/kg/day) and NG (50 mg/kg/day) produces a better

inhibitory effect on B16F10 melanoma growth compared

to monotherapy as measured by tumor volume (E) and

tumor weight (F). (G–J) Combination therapy with an

optimal AA (10 mg/kg/day) and NG (50 mg/kg/day) pro-

duces a better inhibitory effect on LLC lung carcinoma

compared to monotherapy, as determined by tumor vol-

ume (G), tumor weight (H), and bioluminescence imaging

(I and J). Each bar represents the mean ± SEM for groups

of six to eight mice; *p < 0.05, **p < 0.01, and ***p < 0.001

compared to control; #p < 0.05 and ##p < 0.01 as

indicated.
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with the Lewis lung cancer (LLC) mouse model, where a better anti-
tumor effect on tumor growth, as determined by live bioluminescence
reporter activities, tumor volumes, and tumor weights, over the
monotherapy was achieved (Figures 2G–2J).

We also examined the potential side effects of AA and NG in vivo, and
we found that treatment with AA (10 mg/kg), NG (50 mg/kg), and
their combination neither alters the white blood cell counts nor causes
toxicity to the kidney, heart, and liver of LLC-bearing mice, as serum
levels of creatinine, lactate dehydrogenase (LDH), aspartate transam-
inase (AST), and alanine aminotransaminase (ALT) were not altered
(Figure S2).

Rebalancing TGF-b1/Smad Signaling with AA and NG Enhances

NK Cell Immune Response in a Tumor Microenvironment

We recently found that the number of tumor-infiltrating NK cells
markedly decreased in the TGF-b1-rich tumor microenvironment of
the LLCmousemodel.10We thus examined whether restoring the bal-
ance of TGF-b1/Smad signaling with AA and NG promoted NK cell
immune response in tumor microenvironments. As shown in Fig-
ure 3A, treatment with AA or NG increased the accumulation of tu-
Molecula
mor-infiltrating cytotoxic NK cells labeled with
NK1.1 and NKp46, which was further enhanced
in those receiving the combination treatment
with AA and NG. Similarly, the combination of
AA andNG also significantly promoted systemic
NK cell response in peripheral blood, as deter-
mined by two-color flow cytometry (Figure 3B).

We then examined the potential mechanisms of
AA and NG treatment on promoting tumor-
infiltrating NK cells. As shown in Figures S3
and S4, AA and NG therapy did not influence
the proliferative activity, apoptosis, and expres-
sion of CXCR3, a prerequisite for mouse NK cell
infiltration.36 These findings indicated that the therapeutic effects of
AA and NG on tumor growth might be associated with promoting
NK cell production in tumor-bearing mice. Furthermore, we also
found that treatment with AA or NG not only increased the number
of tumor-infiltrating CD4+ and CD8+ T cells but also decreased the
number of CD4+Foxp3+ regulatory T cells without affecting CD68+

macrophages (Figures S5 and S6). Nonetheless, treatment with AA,
NG, or their combination did not influence serum levels of TGF-b1
in LLC-bearing mice (Figure S7) or major histocompatibility complex
(MHC)-I expression on B16F10 and LLC cells (Figure S8).

It is well established that TGF-b1 impairs NK cell-mediated cytotox-
icity via inhibiting the productions of various cytotoxic effectors,
including IFN-g, granzyme B (GB), and perforin.24 We thus exam-
ined if treatment with AA or/and NG has an impact on NK cell cyto-
toxicity. As shown in Figures 4A and 4B, monotherapy with either AA
or NG increased GB-secreting NK cells (GB+NK1.1+ cells) and
IFN-g-producing NK cells (IFN-g+NK1.1+ cells) in the tumor micro-
environment, which were further enhanced in LLC tumor-bearing
mice that were treated with combined AA and NG. ELISA also de-
tected a marked increase in IFN-g and GB productions in the tumor
r Therapy Vol. 26 No 9 September 2018 2257
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Figure 3. A Combination of AA and NG Largely

Enhances Cytotoxic NK Cells Infiltrating the LLC

Tumor Microenvironment

(A) Two-color immunofluorescence shows that numbers

of cytotoxic NK cells (NK1.1+NKp46+ cells) in the LLC

tumormicroenvironment are largely increased inmice with

the combination of AA and NG when compared to indi-

vidual treatment. NK1.1, green; NKp46, red; DAPI, blue.

(B) Two-color flow cytometry detects that numbers of

cytotoxic NK cells (NK1.1+NKp46+ cells) in peripheral

blood of LLC tumor-bearing mice are largely increased in

mice with the combination of AA and NG when compared

to individual treatment. Each bar represents the mean ±

SEM for groups of three mice; *p < 0.05, **p < 0.01,

and ***p < 0.001 compared to control; ##p < 0.01 and

###p < 0.001 as indicated. Scale bars, 100 mm.
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tissue of mice treated with AA and NG when compared with those
treated with control solvent or monotherapy (Figures 4C and 4D).
This observation was further verified on cultured splenic NK cells
treated with AA or NG, or combination therapy under TGF-b1 con-
ditions (Figures 4E and 4F). Apart from promoting IFN-g and GB
productions by NK cells, combined treatment with AA and NG
also resulted in severe tumor tissue necrosis in B16F10-bearing
mice (Figure S9A), and it significantly attenuated TGF-b1-induced
suppression of perforin, Fas ligand, and NKp46 expression but
slightly elevated NKG2D expression in splenic NK cells (Figures
S9B–S9E). However, expression of NKG2A by splenic NK cells was
not altered by treatment with TGF-b1 or AA and NG (Figure S9F).

To examine whether rebalancing Smad3/Smad7 signaling with AA
and NG can enhance the tumor-killing capacity of NK cells, we co-
cultured AA- and NG-pretreated splenic NK cells with LLC cells at
ratios of 5:1, 10:1, and 20:1 under 5 ng/mL TGF-b1 conditions. Re-
sults shown in Figure 4G clearly demonstrated that treatment with
AA or NG increased NK cell-mediated cytotoxicity against LLC cells
in a dose-dependent manner, which was further enhanced by the
combination of AA and NG.
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This in vitro observation was further supported
in tumor tissues treated with AA and/or NG. As
shown in Figure 5, combination treatment with
AA and NG greatly blocked phosphorylation of
Smad3 (p-Smad3) while it largely upregulated
Smad7 expression in tumor-infiltrated NK cells
when compared with the monotherapy in LLC-
bearing mice.

Rebalancing TGF-b1/Smad Signaling with

AA andNGPromotesNKCell Production via

Id2 and IRF2-Associated Mechanisms

We then examined the potential mechanisms by
which treatment with AA and NG promotes NK
cell response in vitro. As shown in Figure 6A,
the addition of TGF-b1 significantly suppressed
NK cell production in a dose-dependent manner. Numerically, TGF-
b1 at a dose of 5 ng/mL largely reduced NK1.1+CD122+ cell (imma-
ture NK cell) proportion from 80% to 11%. Treatment with AA or NG
partially reversed the inhibitory effect of TGF-b1 on NK1.1+CD122+

cells, which was largely increased by the combined treatment with AA
and NG (Figure 6B).

It is known that NK cell differentiation and maturation are strictly
regulated by various transcription factors, including Id2 and
IRF2.37,38 We then examined whether enhancing NK cell matura-
tion by AA and NG is transcriptionally regulated by Id2 and
IRF2. Real-time PCR detected that, compared to control or
monotherapy with AA or NG, the combination of AA and NG
largely enhanced the expression of Id2 and IRF2 in peripheral
blood NK cells of LLC tumor-bearing mice (Figures 7A and 7B).
This in vivo observation was further confirmed in vitro with bone
marrow-derived NK cells: TGF-b1-induced suppression of Id2
and IRF2 in NK cells was attenuated by monotherapy with AA or
NG, and it was further blunted by AA and NG combination therapy
(Figures 7C–7E). Therefore, rebalancing Smad3/Smad7 signaling
with AA and NG treatment may enhance NK cell maturation in



Figure 4. Rebalancing Smad3/Smad7 Signaling with

AA and NG Enhances the Production of IFN-g and

Granzyme B by NK Cells

(A and B) Two-color immunofluorescence detects NK1.1+

granzyme B+ (A) and NK1.1+ IFN-g+ (B) NK cells infiltrating

the LLC tumor microenvironment. NK1.1, green; IFN-g or

granzyme B, red; DAPI, blue. Each bar represents the

mean ± SEM for groups of three to four mice. Scale bar,

100 mm. (C and D) ELISA shows IFN-g (C) and granzymeB

(D) levels in homogenized LLC tissue. *p < 0.05, **p <

0.01, and ***p < 0.001 compared to control; #p < 0.05,

##p < 0.01, and ###p < 0.001 as indicated. (E and F)

Effect of AA (10 mM), NG (100 mM), and their combination

on the productions of IFN-g (E) and granzyme B (F) in

splenic NK cells (sp-NK) with TGF-b1 (5 ng/mL) stimula-

tion detected by ELISA. (G) NK cell cytotoxicity assay with

AA or/and NG pre-treated bone marrow-derived NK cells

as effector cells and LLC as target cells at E:T ratios of 5:1,

10:1, and 20:1 in the TGF-b1 (5 ng/mL) condition. Each

bar represents the mean ± SEM for groups of three in-

dependent experiments; *p < 0.05 and ***p < 0.001

compared to TGF-b1; ##p < 0.01 and ###p < 0.001 as

indicated.
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the TGF-b1-rich tumor microenvironment through restoring the
expression of Id2 and IRF2, two essential transcription factors
respectively responsible for NK cell lineage commitment and NK
cell terminal maturation.39,40 As shown in Figures 8A and S10,
silencing Id2 on NK cells significantly impaired the protective
effect of AA and NG on the production of immature NK
cells (NK1.1+DX5� cells) and terminal mature NK cells (NK1.1+

DX5+CD11b+ cells) under TGF-b1 conditions, whereas silencing
IRF2 had no significant influence on immature NK cells (NK1.1+

DX5� cells) in response to AA and NG treatment, but it inhibited
terminal maturation of NK cells as demonstrated by reducing
the proportion of NK1.1+DX5+CD11b+ cells. This was consistent
with a previous report that IRF2 is a checkpoint regulator during
the process of NK cell terminal maturation.40 Interestingly, knock-
down of Id2 and IRF2 on mature NK cells was able to block AA-
and NG-induced GB expression under TGF-b1 conditions, but it
did not alter the expression of IFN-g, perforin, and Fas ligand
(Figure S11).
Molecula
We next examined the regulatory mechanism of
TGF-b1/Smad signaling in Id2/IRF2-dependent
NK cell differentiation and maturation, and we
found predicted Smad3-binding sites (SBSs) in
the proximity of IRF2 30 UTR and 50 UTR and
another two within Id2 30 UTR with ECR
browser (rVista 2.0, https://rvista.dcode.org/).41

Chromatin immunoprecipitation (ChIP) assay
confirmed that the addition of TGF-b1 mark-
edly enhanced the physical binding of Smad3
protein on the genomic sequences of Id2
30 UTR and IRF2 near 30 UTR (Figures 8B and
8C), thereby suppressing the transcription of
Id2 and IRF2 in NK cells. This finding demonstrated a direct tran-
scriptional inhibitory mechanism of TGF-b1/Smad3 on Id2/IRF2-
dependent NK cell development.

DISCUSSION
Accumulating evidence demonstrates that over-activation of Smad3
and reduction of Smad7 signaling play vital roles in a variety of
TGF-b1-induced pathological conditions, including tissue fibrosis
and tumor progression.10,35 In the present study, we provided the first
evidence for rebalancing the TGF-b1/Smad3/Smad7 signaling in a tu-
mor microenvironment by a combination therapy with AA and NG
to inhibit tumor progression in mouse models of melanoma and
lung carcinoma. Mechanistically, we revealed that AA exerted as a
Smad7 inducer to suppress Smad3 activation through an ALK5-
dependent mechanism, whereas NG functioned as a Smad3 inhibitor
to block Smad3 signaling translationally and post-translationally
without altering Smad7 expression. Accordingly, retrieving the
balance between Smad3 and Smad7 signaling may account for the
r Therapy Vol. 26 No 9 September 2018 2259
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Figure 5. A Combination of AA and NG Effectively Rebalances TGF-b1/Smad Signaling in Tumor-Infiltrating NK Cells by Additively Repressing Smad3

Phosphorylation while Enhancing Smad7 Expression

(A and B) Two-color immunofluorescence detecting NK1.1+p-Smad3+ (A) and NK1.1+Smad7+ (B) NK cells in the LLC tumor microenvironment. NK1.1, green; p-Smad3 or

Smad7, red; DAPI, blue. Each bar represents the mean ± SEM for groups of three to four mice; *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control; ##p < 0.01 and

###p < 0.001 as indicated. Scale bar, 100 mm.
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synergic effect of the combination of AA and NG therapy on sup-
pressing B16F10 melanoma and LLC lung carcinoma progression.

Importantly, we identified that enhanced NK cell immunity may be a
key mechanism through which AA and NG therapy suppressed
B16F10 and LLC tumor progression. As an indispensable component
in tumor immunosurveillance, NK cells exert a rapid innate immune
response to tumorigenesis and cancer progression by directly trig-
gering tumor cell death.21,23 However, NK cell immune response
has been severely suppressed by hyperactive TGF-b1/Smad signaling
in a tumor microenvironment characterized by markedly decreased
NK cell development and loss of cytotoxicity against cancer.27,42

We previously found that the disruption of Smad3 or pharmacolog-
ical inhibition of Smad3 protects against melanoma and lung carci-
noma progression in mice by promoting NK cell immunity.10 In
the present study, we found that rebalancing TGF-b/Smad signaling
2260 Molecular Therapy Vol. 26 No 9 September 2018
by AA and NG was capable of restoring the NK cell immunity against
cancer in the TGF-b1-abundant tumor microenvironment by largely
increasing both NK cell number (NK1.1+NKp46+ cells) and anti-can-
cer activities, such as productions of IFN-g, GB, perforin, FasL, and
the expression of activation receptor NKp46.

Mechanistically, here we also identified that the inhibition of Smad3-
mediated immunosuppression on Id2/IRF2-dependent NK cell devel-
opment and function may be an important mechanism by which
rebalancing Smad3/Smad7 signaling with AA and NG effectively
inhibited melanoma and lung carcinoma progression. It is well
established that NK cell development is strictly programmed by a
number of transcription factors and TGF-b1 inhibits CD11bhigh

CD43high NK cells via suppressing both T-bet and GATA3.27

Our recent study also demonstrated that TGF-b1 via Smad3 pro-
motes cancer progression by inhibiting E4BP4-mediated NK cell



Figure 6. Retrieving the Balance of Smad3/Smad7

Signaling with AA and NG Attenuates TGF-b1-

Induced Inhibition on NK Cell Differentiation

(A) Flow cytometry shows the inhibitory effect of TGF-b1

on NK cell differentiation as determined by NK1.1+

CD122+ population in bone marrow-derived NK cells

(day 9). ***p < 0.001 compared to control; #p < 0.05 as

indicated. (B) Flow cytometry detects the effects of AA,

NG, and their combination on bone marrow-derived NK

differentiation in response to TGF-b1 (5 ng/mL). Each bar

represents the mean ± SEM for groups of three inde-

pendent experiments; ***p < 0.001 compared to TGF-b1;

###p < 0.001 as indicated.
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development.10 In the present study, we further identified that the
combined AA and NG treatment promoted Id2/IRF2-associated
NK cell differentiation and maturation via rebalancing the TGF-b1/
Smad signaling. Id2, as the antagonist of E proteins, is indispensable
for the development of NK cell precursor to immature NK cells, and it
is also involved in NK maturation;39,43,44 meanwhile, IRF2 protects
premature NK cells from apoptosis to ensure NK cells complete
GATA3-induced terminal maturation as well as maintain NK cell
proliferation.40,45 Here we identified that Smad3 directly interacted
with the 30 UTR of Id2 and IRF2 to suppress their transcription.
This may well explain the therapeutic effects of AA and NG on
TGF-b1-induced suppression of Id2-dependent NK cell lineage
commitment (NK1.1+CD122+ cells) and IRF2-dependent NK cell ter-
minal maturation (NK1.1+DX5+CD11b+ cells). Silencing Id2 or IRF2
respectively impaired the rescuing effect of AA and NG on the
production of immature (NK1.1+DX5�) or mature (NK1.1+DX5+

CD11b+) NK cells in the TGF-b1-rich environment, further confirm-
Molecula
ing the therapeutic mechanisms of AA and NG
onNK cell differentiation. Taken together, these
results suggested that rebalancing Smad3/
Smad7 signaling with AA and NG increased
NK cell production in tumor-bearing mice via
alleviating the inhibition of TGF-b1 on Id2-
and IRF2-dependent NK cell differentiation
and maturation.

In addition to promoting NK cell production
in the TGF-b1-rich tumor microenvironment,
rebalancing Smad3/Smad7 signaling also
strengthened NK cell-mediated cytotoxicity
against tumor by elevating IFN-g and GB
productions. Massagué et al. identified that
TGF-b1 activates Smad2/3 together with
ATF1 transcription factors to directly bind to
the promoter region of both IFNG and GZMB
to induce a significant reduction in IFN-g and
GB productions.46,47 Consistently, rebalancing
Smad3 and Smad7 signaling with AA and NG
debilitated the inhibition of TGF-b1 on IFN-g
and GB productions by NK cells and effectively
elevated NK cell cytotoxicity against tumor cells, as noted in this
study.

It should be pointed out that, as natural herb-derived compounds, AA
and NGmay not exert their anti-cancer effects thoroughly via the NK
cell-dependent mechanism. It is well documented that TGF-b1 pro-
motes cancer progression by altering T cell immunity in a tumor
microenvironment.48–50 In the present study, we also found the com-
bined treatment with AA and NG increased both CD4+ and CD8+

T cells while suppressing CD4+Foxp3+ regulatory T cells, suggesting
that enhanced T cell immunity against cancer may be another mech-
anism whereby combined AA and NG therapy additively suppressed
cancer growth in mouse models of melanoma and lung carcinoma. In
addition, AA may work via other mechanisms to inhibit cancer
growth, such as inhibiting angiogenesis in glioma and inducing
apoptosis and cell-cycle arrest of tumor cells.51–54 The anti-cancer ef-
fect of NG is also associated with reducing regulatory T cells while
r Therapy Vol. 26 No 9 September 2018 2261
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Figure 7. Rebalancing TGF-b1/Smad Signaling with

AA and NG Reverses the Suppressive Effect of TGF-

b1 on Id2 and IRF2 Expression

(A and B) mRNA levels of Id2 (A) and IRF2 (B) in peripheral

blood NK cells (pB-NK) isolated from LLC-bearing mice

detected by real-time PCR. **p < 0.01 compared to

control; ##p < 0.01 as indicated. (C and D) mRNA levels of

Id2 (C) and IRF2 (D) in AA and NG pre-treated bone

marrow-derived NK cells (BM-NK) with TGF-b1 (5 ng/mL)

stimulation detected by real-time PCR. (E) Id2 and IRF2

expression in AA and NG pre-treated bone marrow-

derived NK cells with TGF-b1 (5 ng/mL) stimulation

measured by western blot. Each bar represents the

mean ± SEM for groups of three to four mice or groups of

three independent experiments; **p < 0.01 and ***p <

0.001 compared to TGF-b1; ##p < 0.01 and ###p < 0.001

as indicated.
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suppressing epithelial-mesenchymal transition (EMT)-dependent tu-
mor metastasis and inhibiting tumor growth by TRAIL-induced
apoptosis as well as inducing cell-cycle arrest.34,55–57

Notably, treatment with AA and NG was relatively safe. This is
because the combined use of AA and NG rebalanced, rather than
terminated, TGF-b/Smad signaling, and thus it did not cause severe
side effects such as autoimmune diseases, as seen in TGF-b-deficient
mice.58,59 In addition, no detectable side effects were noted, including
bone marrow suppression and toxicity to kidney, heart, and liver in
tumor-bearing mice treated with AA and NG. However, the potential
toxicity of AA and NG in human subjects remains unknown and re-
quires further investigation.

In summary, the combined use of AA and NG produced an additive
effect on suppressing experimental melanoma and lung carcinoma
growth. Rebalancing Smad3/Smad7 signaling in a tumor microenvi-
ronment and thus promoting NK cell immunity against tumor by
debilitating TGF-b1-mediated inhibition of Id2/IRF2-associated NK
cell production and anti-tumor activities may be the mechanisms
through which AA and NG effectively suppressed melanoma and
lung carcinoma progression. Results from this study suggested that
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AA and NG may be promising immunotherapy
for melanoma and lung carcinoma clinically.

MATERIALS AND METHODS
NK Cell Culture In Vitro

After euthanasia, bone marrow cells were iso-
lated from C57BL/6 mice, and then they were
seeded at the density of 1 � 106 cells/mL in
MEMamedium (Gibco, Thermo Fisher Scienti-
fic, MA, USA), containing 10% fetal bovine
serum (FBS) supplemented with 1 ng/mL inter-
leukin-7 (IL-7), 10 ng/mL Flt3L, 30 ng/mL stem
cell factor (SCF), 50 ng/mL IL-15 (PeproTech,
NJ, USA), and 50 mM b-mercaptoethanol
(Gibco, Thermo Fisher Scientific, MA, USA), and cultured for
4 days. Then we transferred cells to MEMa medium containing
10% FBS supplemented with 50 ng/mL IL-15, 20 ng/mL IL-2, and
50 mM b-mercaptoethanol to induce NK cell maturation for another
5 days.

To isolate splenic NK cells, spleen tissues were gently mashed through
a 40-mm cell strainer into a 50-mm2 dish, and then splenic NK cells
were isolated with the NK Cell Isolation Kit II (Miltenyi Biotec,
CA, USA). Splenic NK cells were cultured in MEMa medium con-
taining 10% FBS supplemented with 50 ng/mL IL-15, 20 ng/mL
IL-2, and 50 mM b-mercaptoethanol.

Western Blot

Tumor tissues and cultured NK cells were lysed with ice-cold radio-
immunoprecipitation assay (RIPA) buffer; then subjected to western
blot analysis with primary antibodies against Smad7, Id2, b-actin
(Santa Cruz Biotechnology, CA, USA), p-Smad3, IRF2 (Cell Signaling
Technology, MA, USA), p-ALK5 (Abcam, MA, USA), and Smad3
(Invitrogen, Thermo Fisher Scientific, MA, USA) overnight at 4�C;
and subsequently incubated with IRDye 800-conjugated secondary
antibody (Rockland Immunochemicals, PA, USA). Target protein



Figure 8. Smad3 Inhibits NK Differentiation and

Maturation as a Transcriptional Repressor for Id2

and IRF2

(A) NK1.1+DX5+CD11b+ cells detected by three-color flow

cytometry. Bone marrow-derived NK cells were trans-

fected with scramble sequence (sc), si-Id2, or si-IRF2;

then cultured with AA (10 mM) and NG (100 mM) under

TGF-b1 (5 ng/mL) conditions for 9 days; and collected for

flow cytometry analysis. (B and C) ChIP assay shows that

the addition of TGF-b1 (5 ng/mL) induces Smad3 directly

binding to the predicted Smad-binding site on the 30 UTR
of both Id2 (B) and IRF2 (C) gene on bone marrow-derived

NK cells. Each bar represents the mean ± SEM for three

independent experiments; **p < 0.01 and ***p < 0.001

compared to TGF-b1-treated group; ##p < 0.01 and

###p < 0.001 as indicated.
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expression was detected by Li-Cor/Odyssey infrared image system
(LI-COR Biosciences, NE, USA) and analyzed with ImageJ software
(NIH, Bethesda, MD, USA).

Syngeneic Mouse Tumor Models and Treatments

B16F10 melanoma syngeneic tumor model was generated in C57BL/6
male mice (at 8 weeks of age and 25 g body weight) via subcutaneous
injection of 1 � 106 B16F10 cells (CRL-6475, ATCC). The LLC
syngeneic tumor model was also generated in C57BL/6 male mice
via subcutaneous injection of 2 � 106 luciferase-labeled LLC cells
(CRL-1642, ATCC). When average tumor size reached 50 mm3,
mice were randomly divided into four groups with six to eight in
each group, respectively receiving drug administration as described
below. Tumor progression was monitored by calculating tumor vol-
ume with vernier calipers as well as by bioluminescence imaging
with IVIS Spectrum system (Xenogen, PerkinElmer, MA, USA).
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,

Changes in tumor pathology were determined
by periodic acid Schiff (PAS) staining. All ani-
mal experiments were carried out by a protocol
approved by the Animal Ethics Experimental
Committee at the Chinese University of Hong
Kong.

Two Traditional Chinese Medicine (TCM)-
based drugs were used in this study, including
AA (95% high performance liquid chromatog-
raphy [HPLC] purified, Nanning, China) and
NG (98% HPLC purified, Xian, China). Both
drugs were dissolved in the mixture of DMSO
and Tween-80 (at the ratio of 1:4) as a solvent,
which was further diluted 20 times with saline
as a working solution. Tumor-bearing mice
were randomly divided into groups for various
treatment with AA at a dose of 10 mg/kg body
weight, NG at a dose of 50 mg/kg body weight,
or combination therapy with AA (10 mg/kg)
and NG (50 mg/kg) every day via intraperito-
neal injection. Studies were carried out by a protocol approved by
the Animal Ethics Experimental Committee at the Chinese University
of Hong Kong.

Determination of Potential Side Effects in Mice

The number of white blood cells was counted with peripheral blood
collected from LLC-bearing mice 27 days after tumor inoculation
Serum creatinine, AST, ALT, and LDH were measured with Creati-
nine LiquiColor Test, ALT/SGPT Liqui-UV Test, and AST/SGOT
Liqui-UV Test from Stanbio Laboratory and QuantiChrom Lactate
Dehydrogenase Kit (DLDH-100) from BioAssay.

Immunofluorescence Staining

Immunofluorescence staining was performed with 5 mm PLP-
fixed frozen sections. Primary antibodies used for immunofluores-
cence staining included Alexa488-conjugated anti-mouse NK-1.1
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Alexa594-conjugated anti-mouse CD68 (BioLegend, CA, USA),
phycoerythrin (PE)-conjugated anti-mouse NKp46, fluorescein iso-
thiocyanate (FITC)-conjugated anti-mouse CD8a, FITC-conjugated
anti-mouse CD4, PE-conjugated anti-mouse Foxp3 (eBioscience,
CA, USA), anti-p-Smad2/3 (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-Smad7, anti-interferon gamma, and anti-GB (Abcam,
MA, USA), followed by PE- or Alexa 594-conjugated anti-rabbit sec-
ondary antibodies. All slides were mounted with DAPI-containing
mounting medium and then analyzed with a fluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

Flow Cytometry Analyses

Peripheral blood NK cells and cultured NK cells were harvested,
blocked with rat anti-mouse CD16/CD32 antibody (BD Pharmingen,
CA, USA), and then analyzed with various antibodies, including
antigen-presenting cell (APC)-conjugated anti-mouse NK1.1, PE-
conjugated anti-mouse NKp46, PE-conjugated anti-mouse CD122,
PE-conjugated anti-mouse DX5 (eBioscience, CA, USA), and Alexa
488-conjugated anti-mouse/human CD11b antibody (BioLegend,
CA, USA). After immunostaining, cells were resuspended with
500 mL PBS and analyzed with BD AccuriTM C6 Cytometer (BD Bio-
sciences, CA, USA).

MTT Assay

Bone marrow-derived NK cells were seeded on a 96-well plate
at the density of 1 � 104/well and treated with solvent (DMSO)
and AA and NG individually or in combination for 44 hr.
Methyl-thiazoldiphenyl tetrazolium (MTT, 5 mg/mL) was added
to each well and incubated for another 4 hr at 37�C. Super-
natant was removed and 100 mL DMSO was added to each well,
then absorbance at 490 nm was measured using a plate reading
spectrophotometer. All data were calculated as a ratio against
control.

Detection of Apoptosis Using Annexin V/Propidium Iodide

Staining

Bone marrow-derived NK cells pre-incubated with solvent (DMSO)
and AA and NG individually or in combination for 24 hr were
stimulated with 5 ng/mL TGF-b1 for another 24 hr. Cells were
collected by centrifuging at 3,000 rpm for 5 min at 4�C, and then
they were stained with Annexin-V-FLUOS Staining Kit (Sigma-
Aldrich, MO, USA) and immediately analyzed using a flow
cytometer.

RNA Extraction and Real-Time PCR

Total RNA was isolated from tumor tissue or cultured cells with
PureLink RNA Mini Kit (Life Technologies, NY, USA). RNA
concentration was measured with Spectrophotometers Nanodrop
(ND-2000, Thermo Fisher Scientific, MA, USA). The real-time
PCR program was performed with Bio-Rad iQ SYBR Green super-
mix with Opticon2 (Bio-Rad, Hercules, CA, USA) on CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).
GAPDH was used as the internal control, and the ratio of target
to GAPDH was calculated as DCt = Ct (target) � Ct (GAPDH),
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ratio (target) = 2(�DCt). Primers used for real-time PCR are listed
in Table S1.

ELISA

Mouse serum was collected by centrifuging peripheral blood at
3,000 rpm for 15 min a 4�C. For preparing tumor homogenates,
100 mg tumor tissue was homogenized with 1 mL chilled PBS and
then centrifuged at 12,000 rpm for 10 min at 4�C to collect superna-
tant for ELISA.

Serum and tumor homogenates from LLC-bearing mice and superna-
tants from cultured NK cells were measured for TGF-b1 (R&D
Systems, MN, USA), IFN-g (R&D Systems, MN, USA), and GB
(eBioscience, CA, USA) levels by ELISA.

Cytotoxicity Assay

LLC cells were harvested as target cells, and bone marrow-derived NK
cells treated with AA or NG for 24 hr were harvested as effector cells.
Cells were thoroughly washed and seeded in 96-well plates at the
effector:target (E:T) ratios of 5:1, 10:1, and 20:1. They were incubated
in a 5%CO2 incubator at 37�C for 6 hr, and then we detected the LDH
release of each well with CytoTox 96 Non-Radioactive Cytotoxicity
Assay kit (Promega, WI, USA). Read absorbance was at 490 nm,
and we calculated the percentage of NK cell-mediated cytotoxicity
with the following formula.

cytotoxicity =

experimental--effector spontaneous--target spontaneous
target maximum--target spontaneous

siRNA Transfection

Id2 and IRF2 were knocked down on freshly isolated mouse bone
marrow cells, via transfecting small interfering RNA (siRNA) specific
for IRF2 (50-GCAAGCAGUACCUCAGCAATT-30), siRNA specific
for Id2 (50-GCACGTCATCGATTACATC-30), and nonsense control
(50-UUCUCCGAACGUGUCACGUTT-30), respectively, on day 0
and day 4 with Lipofectamine RNAiMAX transfection system (Life
Technologies, NY, USA) and Opti-MEM medium (Gibco, Thermo
Fisher Scientific, MA, USA). Cells were collected on day 9 for flow
cytometry analysis.

ChIP Assay

Bone marrow-derived NK cells were stimulated with 5 ng/mL TGF-
b1 for 1 hr and collected by centrifuging at 3,000 rpm for 5 min. After
fixing by cross-linking with 37% formaldehyde, total chromatin was
isolated with SimpleChIP Enzymatic Chromatin IP Kit (Cell
Signaling Technology, MA, USA). Cross-linked Smad3-DNA com-
plexes were precipitated with Smad3 (C67H9) antibody (Cell
Signaling Technology, MA, USA) and normal anti-rabbit immuno-
globulin G (IgG) (Cell Signaling Technology, MA, USA). Targeted
genomic regions were subsequently detected by PCR with specific
primers for the predicted conserved Smad-binding site listed in Table
S2 and analyzed with gel electrophoresis.
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Statistical Analyses

Data are presented as mean ± SEM. All data were analyzed with
GraphPad Prism 6.0 software (San Diego, CA, USA) by one-way
ANOVA for single-variable analysis or two-way ANOVA for two in-
dependent variables analysis, followed by Tukey’s multiple compari-
sons test.
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