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Innate immune cells in the tumor microenvironment have been proposed to control the
transition from benign to malignant stages. In many cancers, increased infiltration of
natural killer (NK) cells associates with good prognosis. Although the mechanisms that
enable NK cells to restrain colorectal cancer (CRC) are unclear, the current study suggests
the involvement of Smad4. We found suppressed Smad4 expression in circulating NK
cells of untreated metastatic CRC patients. Moreover, NK cell-specific Smad4 deletion
promoted colon adenomas in DSS-treated ApcMin/+ mice and adenocarcinomas in AOM/
DSS-treated mice. Other studies have shown that Smad4 loss or weak expression in
colonic epithelium associates with poor survival in CRC patients. Therefore, targeting
Smad4 in both colonic epithelium and NK cells could provide an excellent opportunity to
manage CRC. Toward this end, we showed that dietary intervention with black
raspberries (BRBs) increased Smad4 expression in colonic epithelium in patients with
FAP or CRC and in the two CRC mouse models. Also, benzoate metabolites of BRBs,
such as hippurate, upregulated Smad4 and Gzmb expression that might enhance the
cytotoxicity of primary human NK cells. Of note, increased levels of hippurate is a
metabolomic marker of a healthy gut microbiota in humans, and hippurate also has
antitumor effects. In conclusion, our study suggests a new mechanism for the action of
benzoate metabolites derived from plant-based foods. This mechanism could be
org December 2020 | Volume 11 | Article 5706831
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exploited clinically to upregulate Smad4 in colonic epithelium and NK cells, thereby
delaying CRC progression.
Keywords: black raspberries, Smad4, natural killer cells, colorectal (colon) cancer, human clinical trials
INTRODUCTION

Understanding the progression of benign adenoma and high-
grade dysplasia to colorectal cancer (CRC) is critical for
developing therapeutics that prevent or treat the disease. As
reported for a variety of cancers, a greater number of tumor-
infiltrating natural killer (NK) cells associates with good
prognosis of CRC (1, 2). NK cells, a subset of innate lymphoid
cells (3), are the first line of defense against tumor cells and
viruses (4). They can directly lyse tumor cells, including those
from adenocarcinoma and its precursors, without prior
activation (3). In patients with acute myeloid leukemia (AML),
killer immunoglobulin-like receptor-mismatched donor NK cells
were shown to efficiently eradicate AML cells, enhance patient
survival, and prevent relapse in the haplotype-mismatched
transplant setting (5). NK cell immunosuppression in CRC
includes phenomena such as low NKG2D ligands (6), low
perforin/granzymes (7), low IFN-gamma production (8), low
degranulation capabilities (8), a decrease of CD16+CD56+ NK
cells (9), and NK cell polarization toward a pro-inflammatory
(10) and pro-angiogenic (11, 12) phenotype. However, targeting
NK cells in CRC is only just emerging as a treatment strategy. In
2018, the first clinical trial reported that a combination of
adoptive transfer of expanded NK cells combined with
standard chemotherapy had anti-tumor potential in advanced
CRC patients (13).

Smad4, is a known tumor suppressor in human CRC in
epithelium (14, 15). However, its role in innate immune cells is
unclear, though loss or weak expression of Smad4 is known to
associate with poor survival in CRC patients (14, 15).
Furthermore, Smad4 loss is also seen in adenomas of patients
with familial adenomatous polyposis (FAP) (16), suggesting that
it contributes to the progression of CRC in populations at high
risk for that disease. Why Smad4 is downregulated during cancer
is unclear, but it is not likely due to mutation, as only 8.6% of
cases in a cohort of 744 primary sporadic CRC patients had
Smad4 mutations (17). Other factors that regulate Smad4
expression are not well understood, though Smad4 drives the
development of activated T cells that participate in immune
surveillance to protect the host from cancers, including CRC
(18). Interestingly, Smad4 was shown to promote TGF-beta-
independent NK cell homeostasis and maturation and antitumor
immunity in a murine metastatic melanoma model (19, 20).
However, the role of Smad4 in NK cells during CRC progression
remains to be elucidated.

Metabolites derived from plant-based foods can boost the
anti-CRC functions of NK cells (21). Thus, several lines of
evidence suggest that nutrients or phytochemicals can
modulate NK cell function (21–23), though exploration of
mechanisms is lagging. However, inositol derived from food
org 2
can modulate PI3K signaling in NK cells (24). In addition, food-
derived nutrients and bioactive components are metabolized in
the gut, where they are transformed into compounds whose
biological activities differ from those of the parental compounds
(25–33).

Freeze-dried black raspberries (BRBs) at 5%–10% of the diet
have been reported to suppress tumors in multiple organ sites in
animal models and humans (34–39). Our previous study showed
that depleting NK cells significantly promoted CRC development
(40). Moreover, BRBs significantly suppressed CRC progression
and increased the number of tissue-infiltrating NK cells in
ApcMin/+ mice treated overnight with DSS, in mice treated with
AOM, and in DSS models (40). BRB intervention also enhanced
the number and functionality of NK cells in CRC patients (40).
In the current study, we determined how Smad4 affects CRC
progression and whether dietary BRBs increase Smad4
expression in mouse models of CRC. We also determined
whether BRBs and their metabolites modulate Smad4
expression in human CRC and FAP and in human NK cells.
Our results suggest that Smad4 could play tumor suppressor
roles in both colonic epithelium and NK cells as CRC progresses,
thus representing a novel molecular therapeutic target for
preventing and/or treating this disease. Also, metabolites.
These new mechanisms might suggest that use of those
metabolites to upregulate Smad4 in both colonic epithelium
and NK cells could delay the progression of CRC.
MATERIALS AND METHODS

Human Specimens
For Figure 1A, frozen PBMC samples from healthy human
subjects (n=10, 1x106 cells per patient) were obtained from
Cooperative Human Tissue Network and those from colon
cancer patients (n=24, 1x106 cells per patient) were collected
from the Tissue Bank at Department of Surgery, Medical College
of Wisconsin. For Figure 1B, immunohistochemical staining of
paraffined-embedded colorectal samples from CRC patients
(n=9) and FAP patients (n=6) were collected from Cooperative
Human Tissue Network. A table listing the available clinical
information (age and gender) was provided in Supplementary
Table 1. For Figures 3E, F, about 40 ml of blood from each
healthy human individual (n=5) was obtained from the blood
bank at Wisconsin Diagnostic Laboratory from American Red
Cross, Milwaukee, Wisconsin and no clinical information is
available because of the intent of protecting the privacy of
blood donors.

For Figures 3C, D, procurement of human blood from CRC
and FAP patients in black raspberry intervention clinical trials
was approved by the institutional review boards of The Ohio
December 2020 | Volume 11 | Article 570683
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State University, University of Texas at San Antonio, Cleveland
Clinics and Medical College of Wisconsin, as described in details
in our previous publications (41, 42). All the patients enrolled in
our study provided written informed consent. Colon specimens
were histopathologically confirmed and paraffin-embedded
tissues were used for molecular studies.

Human NK Cell Isolation and Treatments
Human NK cells were isolated from fresh peripheral blood from
healthy subjects and PBMC from healthy subjects and colon
cancer patients using the NK Cell Isolation Kit (Miltenyi Biotec,
Auburn, CA, USA) according to the manufacturer’s protocol but
with minor modifications, as described previously (43). For
Figures 3E, F, freshly isolated NK cells from peripheral blood
from healthy subjects were cultured in RPMI1640+10% FBS+1%
Frontiers in Immunology | www.frontiersin.org 3
P/S and immediately treated with hippurate, 3-hydroxyphenyl-
acetic acid, 2,4,6-trihydroxybenzoic acid monohydrate at 100 nM
and 1 µM, or DMSO (Millipore Sigma, St. Louis, MO, USA) for
16 h. The cells were collected for real-time PCR and western blot
as stated below.

Animal Bioassay
All animal protocols followed the institutional guidelines for
animal care and were approved by the Medical College of
Wisconsin Animal Care and Use Committee as stated
previously (40). The ApcMin/+ and Smad4fl/fl mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). The
NKp46-iCre mice were provided by Dr. Eric Vivier (Centre
d’Immunologie de Marseille-Luminy, Marseille, France). All
the mice were on a C57BL/6 background. The Smad4DNK mice
A B

D

C

FIGURE 1 | Smad4 expression is decreased in human colorectal cancer (CRC) and during the CRC progression in ApcMin/+ mice treated overnight with dextran
sulfate sodium (DSS). It also decreases during the progression of CRC in wild-type mice treated with azoxymethane (AOM) and then overnight with DSS. (A) Smad4
mRNA expression in circulating NK cells from healthy donors (n=10) and untreated metastatic CRC patients (n=24) by RT-qPCR. (B) Representative
immunohistochemistry (IHC) staining of Smad4 in colorectal tissues from familial adenomatous polyposis (FAP) (n=6) and CRC (n=9) patients. Quantification of
Smad4 staining intensity. (C) Representative IHC images and quantitative staining of Smad4 on colon adenoma in the ApcMin/+/DSS mouse model (n=3–4 for each
time points). (D) Representative IHC images and quantitative staining of Smad4 on colon adenocarcinoma in the AOM/DSS mouse model (n=3 for each time points).
SAC: mouse euthanized. The circles and squares on the bar graphs denote data from individual specimens. **P < 0.01; ***p < 0.001; ****P < 0.0001.
December 2020 | Volume 11 | Article 570683
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were bred by crossing Smad4fl/fl and NKp46-iCre mice to delete
both Smad4 alleles in NK cells.

The American Institute of Nutrition (AIN)-76A diet was
purchased from Dyets (Bethlehem, PA), and BRB powder
came from Berri Products (Corvallis, OR). Azoxymethane
(AOM) was obtained from Millipore Sigma and dextran sulfate
sodium (DSS, 36,000–50,000 M.W.) from MP Biochemicals
(Santa Ana, CA).

Four-to-five-week-old ApcMin/+ and Smad4DNKApcMin/+ mice
were given 5% DSS in their drinking water overnight. Five-to six-
week-old WT and Smad4DNK mice received an i.p. injection of
AOM (15 mg/kg, body weight). One week after the injection, the
mice received 5% DSS in their drinking water overnight. Two
and six weeks after the DSS treatment, all the mice were
euthanized by CO2 asphyxiation. Their colons were fixed in
formalin and embedded in paraffin (FFPE), and hematoxylin and
eosin (H&E) staining was performed. Certified pathologists
examined the entire colon under high-power magnification
(20×) in a blinded manner to determine the numbers and sizes
of the colonic polyps.

Immunohistochemistry
FFPE rectal and colon tissue blocks were cut into 4 mm sections,
and immunohistochemistry (IHC) was conducted as previously
described (40–42). A Dako Autostainer (Santa Clara, CA, USA)
was used to stain the slides with a primary antibody to Smad4
(1:50, ab40759) that we obtained from Abcam (Cambridge, MA,
USA). Stained slides were photographed at 20× magnification,
and only staining in the adenoma and adenocarcinoma areas was
quantified, as previously described (40–42).

RT-qPCR
Hippurate, 3-hydroxyphenyl-acetic acid, and 2,4,6-
trihydroxybenzoic acid monohydrate treated NK cells (2x105

cells per dose, duplicate) were isolated to determine Smad4 gene
expression, Total mRNA was reverse-transcribed using iScript
RT Supermix (Bio-Rad, Hercules, CA, USA). PCR was
performed as described previously (40–42) with iTaq Univer
SYBR Green Supermix (Bio-Rad). Human Smad4 primers were
purchased from Integrated DNA Technologies (IDT), Inc.
(Coralville, IA, USA). Relative expression of a gene in cells was
determined by comparing the threshold cycle (Ct) of the gene
against the Ct of a housekeeping gene, Gapdh.

Western Blotting
Western blot analysis was performed as described previously (19,
43). Anti-GZMB antibody (catalog 4275) was purchased from
Cell Signaling Technology (Danvers, MA, USA). Briefly, 15mg of
protein lysate from hippurate, 3-hydroxyphenyl-acetic acid, and
2,4,6-trihydroxybenzoic acid monohydrate treated NK cells
(1x106 cells per dose, duplicate) was loaded onto 10% Mini-
PROTEAN TGX Gel (Bio-Rad), and transferred to
polyvinylidene difluoride (PVDF) membranes. After blocking
the membranes with bovine serum albumin and incubating them
with primary (1:1000) and secondary antibodies, we exposed
them to ECL Plus (GE Healthcare) and visualized the protein
bands with the ChemiDoc imaging system (Bio-Rad).
Frontiers in Immunology | www.frontiersin.org 4
Statistical Analysis
We conducted normality test to show the validity of using t-tests
for our analysis. In order to have enough sample size to run the
normality test, we standardized and pulled the same
measurements from different experiments together (e.g., Smad4
intensity for Figures 1B–D and Figures 3A–D; Polyp number
and Polyp size for Figures 2A, B) to test the normality
assumption. Based on Shapiro-Wilk normality test, we
obtained p-value = 0.156 for Smad4 intensity, p-value = 0.057
for Polyp number, and p-value = 0.482 for Polyp size, which
suggest the normality assumption hold for these three
measurements given 0.05 significance level. Accordingly,
GraphPad Prism 8 (San Diego, CA) was used to perform
unpaired two-tailed Student’s t-tests to determine changes
between two groups. A P-value less than 0.05 was considered
statistically significant.
A

B

FIGURE 2 | Deletion of Smad4 in NK cells promoted colon adenoma in the
ApcMin/+/dextran sulfate sodium (DSS) mouse model, and promoted
adenocarcinoma in the azoxymethane (AOM)/DSS model. (A) Evaluation of
adenoma numbers and sizes in ApcMin/+ and Smad4DNKApcMin/+ mice treated
overnight with DSS (n=5–7). (B) Evaluation of adenocarcinoma numbers and
sizes in Smad4+/+ and Smad4DNK mice treated with AOM and then overnight
with DSS (n=4–7). SAC: mouse euthanized. The circles and squares on the
bar graphs denote data from individual mice. ***p < 0.001; ****p < 0.0001.
December 2020 | Volume 11 | Article 570683
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RESULTS

Smad4 Expression Is Dampened in
Circulating NK Cells and Colonic
Epithelium in CRC Patients
Wepreviously showed that levels of infiltratingNK cells were lower
in adenomas from FAP patients than in adenocarcinomas from
CRC patients (40). In the current study, we first measured
expression levels of Smad4 in CRC. NK cells were isolated from
peripheral blood mononuclear cells (PBMC) of healthy donors
(n=10) and untreated metastatic CRC patients (n=24). Our data
showed that Smad4mRNA expression (Smad4/Gapdh) inNK cells
from the CRC patients was significantly lower than that in the
healthy donors (Figure 1A). This suggests that the anti-tumor
effects of NK cells might be impaired in CRC patients because of
lower Smad4 levels. Because the role of Smad4 inNKcells inhuman
CRC has been unclear, our results support the hypothesis that
Smad4 might control the functions of NK cells in CRC
carcinogenesis. We also assessed levels of Smad4 protein in
colorectal tissues from FAP and CRC patients, using IHC (Figure
1B). Paraffin-embedded tissues of adenomas from FAP patients
(n=6) and adenocarcinomas fromCRCpatients (n=9) were stained
for Smad4. Stainingwas strong in colonic crypts fromFAPpatients,
and was dramatically lower in adenocarcinomas than in adenomas
(Figure 1B). As loss or weak expression of Smad4 associates with
poor survival in CRC patients (14, 15), our results support the
hypothesis that loss of Smad4 contributes to the progression of
CRC (16).
Smad4 Expression Decreases in CRC
Mouse Models
We then investigated Smad4 expression in CRC mouse models.
We found lower Smad4 expression with disease progression in
ApcMin/+ mice treated overnight with 5% DSS (Figure 1C).
Smad4 expression was also drastically lower with disease
progression in wild-type mice treated with a single dose of
AOM (15 mg/kg body weight) followed by overnight DSS
(Figure 1D). As shown in Figure 1, staining for Smad4 was
evident largely in crypts in both mouse (Figures 1C, D) and
human colons (Figure 1B). Accordingly, these mouse CRC
models induced by mild inflammation reasonably recapitulate
the progression of adenoma to adenocarcinoma in sporadic
human CRC that is accompanied by loss of Smad4.
Deletion of Smad4 Specifically in NK Cells
Promotes the Development of Colon
Adenomas in the ApcMin/+/DSS Mouse
Model and of Adenocarcinomas in the
AOM/DSS Model
To determine if NK cells are important guardians against CRC
progression, we previously used anti-NK1.1 antibody to deplete
NK cells (Note: NK1.1 is another marker for murine NK cells)
and the antibody-treated animals developed more and larger
lesions in the colon (40). In the current study, we investigated the
Frontiers in Immunology | www.frontiersin.org 5
contribution of Smad4 in NK cells to CRC progression. Mice
with iCre under the control of the NK-specific NKp46 promoter
(NKp46-iCre mice) were crossed with Smad4fl/fl mice to generate
NKp46iCre/+Smad4fl/fl mice in which Smad4 is deleted only in NK
cells (Smad4DNK mice). Western blotting demonstrated that NK
cells isolated from those mice did not express Smad4 (19).
ApcMin/+ mice were then crossed to Smad4DNK mice to
generate ApcMin/+ mice carrying the Smad4 deletion specifically
in NK cells (Smad4DNKApcMin/+ mice). The Smad4DNKApcMin/+

mice and the control ApcMin/+ (with wild-type Smad4) mice were
exposed overnight to 5% DSS in drinking water, and sacrificed 6
weeks later (Figure 2A). Our data showed that the
Smad4DNKApcMin/+ mice developed significantly more and
larger adenomas in the colon (Figure 2A). In another model,
Smad4DNK and wild-type mice were treated with one dose of
AOM and then 5% DSS in their drinking water overnight
(Figure 2B). Those mice were sacrificed 5 weeks later. The
Smad4DNK mice developed significantly more and larger
adenocarcinomas in the colon (Figure 2B). Our data suggest
that Smad4 in NK cells could play crucial roles in guarding
against CRC progression. More importantly, these data support
our findings (Figure 1A) that Smad4 mRNA expression in NK
cells from CRC patients is significantly lower than in healthy
individuals, which might lead to CRC progression (Figure 1A).
BRBs Increase Smad4 Expression in CRC
Mouse Models and Colonic Epithelium of
FAP and CRC Patients
We previously found that BRBs suppress the progression of
colonic microadenoma to adenoma in the ApcMin/+/DSS model
and of colonic adenoma to adenocarcinoma in the AOM/DSS
model (40). Also, administration of dietary BRBs correlated with
increased levels of tissue-infiltrating NK cells in both models
(40). BRB-fed ApcMin/+/DSS mice developed fewer and smaller
lesions, mostly low-grade dysplasia (40), suggesting that BRBs
suppress the progression of microadenoma to adenoma in this
model. We stained colon specimens from both ApcMin/+/DSS and
AOM/DSS mice fed BRBs, as described previously (40). In both
models, BRB administration significantly increased Smad4
staining in colon sections than control diet-fed mice (Figures
3A, B). Quantitative results indicated significantly increased
Smad4 protein expression in epithelium of colon sections from
BRB-fed mice (Figures 3A, B).

We previously completed two clinical trials that demonstrated
beneficial effects of BRBs for FAP and CRC patients (41, 44), as
BRBs increased the number and cytotoxicity of tumor-infiltrating
NK cells (40). In the current study, we examined Smad4 expression
in specimens from those two trials. In colorectal sections from
patients who had consumed BRBs, we observed increased Smad4
staining in the epithelium (Figures 3C, D). Quantitative results
indicated a significantly higher level of Smad4 staining in colorectal
tissue from the post-BRB group compared with the pre-BRB group
(Figures 3C, D). Taken together, these findings show that BRBs
enhance Smad4 expression in colonic epithelium in both mouse
CRC models and patients with CRC or FAP.
December 2020 | Volume 11 | Article 570683
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Benzoate Metabolites From BRBs
Upregulate Smad4 Expression in Primary
Human NK Cells
We studied three metabolites—hippurate, 3-hydroxyphenylacetic
acid, and 2,4,6-trihydroxybenzoic acid monohydrate—whose
levels increase significantly (>10-fold) after BRB intake and/or
are known to result from gut microbial metabolism (15, 27, 45,
46). To determine if these metabolites could regulate Smad4
mRNA expression in primary human NK cells (n=5 human
donors), we used concentrations 100 nM and 1 mM, as benzoate
metabolites are detected at 0.01–1 mM in plasma from humans
who consume berries (47, 48). Each of the three metabolites
significantly increased the expression of Smad4 (Figure 3E) and
Gzmb (Figure 3F). These data suggest that hippurate, 3-
hydroxyphenylacetic acid, and 2,4,6-trihydroxybenzoic acid
monohydrate might modulate Smad4 signaling in NK cells to
regulate maturation, homeostasis, and anti-tumor immunity. In
addition to the awareness that nutrients or phytochemicals might
modulate NK cell function (21), our studies provide new evidence
that gut bacterial metabolites could modulate NK cells through
Smad4 signaling to fight CRC.
Frontiers in Immunology | www.frontiersin.org 6
DISCUSSIONS

The ApcMin/+ mouse model is an imperfect approximation of
CRC because its tumors develop in the intestine rather than the
colon. We therefore used abbreviated DSS treatment to establish
a CRC model on the ApcMin/+ background. To avoid excessive
inflammation, we administered DSS only overnight to slightly
irritate the colon. Two and 4 days after the DSS treatment ended,
we saw only minor colonic mucosal epithelial injury and focal
erosion/ulceration (40). The incidence of colon tumors in both
the ApcMin/+ mice and AOM-treated mice on the C57/B6
background was 100% (40). These models therefore reasonably
mimic the mild inflammation that promotes sporadic human
CRC, and represent unique tools for studying CRC.

Our group previously reported that Smad4 regulates murine
NK cell homeostasis and maturation and anti-tumor Immunity
(19). Using a metastatic melanoma model (in which B16F10 cells
were injected i.v. with a melanoma cell line that could kill NK
cells and metastasize to the lungs), we showed that selective
deletion of Smad4 from murine NK cells dramatically reduced
the rejection of tumor cells, augmenting tumor cell metastasis
and impeding NK cell maturation and homeostasis (19). This
A B D

E F

C

FIGURE 3 | Black raspberries (BRBs) increased Smad4 expression in colorectal cancer (CRC) mouse models and primary colon specimens. Representative
immunohistochemistry (IHC) images and quantitative staining of Smad4 in colon sections from (A) ApcMin/+ mice treated overnight with dextran sulfate sodium (DSS)
and (B) mice treated with azoxymethane (AOM) followed by overnight DSS. The mice were fed control (Ctrl) or BRB diets. Representative IHC images and
quantitative staining of Smad4 in sections of (C) colon adenoma from FAP patients (n=6) and (D) colon adenocarcinoma from CRC patients (n=9). The circles and
squares on the bar graphs denote data from individual specimens. Benzoate metabolites from consumed BRBs upregulate Smad4 mRNA expression (E), Gzmb
protein expression (F) in primary human NK cells (n=5 human donors). NT, no treatment, L, low, 100 nM, H, high, 1 µM. *P < 0.05; **P < 0.01; ****P < 0.0001.
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associated with downregulation of granzyme B (Gzmb), Kit, and
Prdm1 in Smad4-deficient NK cells. We also determined how
Smad4 promotes Gzmb expression: Gzmb was identified as a
direct target of a transcriptional complex formed by Smad4 and
JunB. A JunB-binding site in the proximal Gzmb promoter—
which was distinct from the binding site for Smad4—was
required for transcriptional activation by the Smad4-JunB
complex. Accordingly, our study identified the pathways and
mechanisms that govern Smad4’s innate immune responses to
cancer as well as its role in NK cell development. Whether NK
cells use this same pathway to regulate their functions during
CRC progression warrants further investigation.

Dietary constituents are metabolized in the gut and
transformed into bioactive compounds by gut microbes (45).
We used a metabolomic approach to identify potential bioactive
metabolites of BRBs in urine of CRC patients (44). BRB
intervention significantly increased levels of several benzoate
metabolites (44), which others have identified as bacterial
metabolites of polyphenols in BRBs (49). In addition, BRBs
modulated levels of metabolites that associate with pathways
such as amino acid metabolism and the TCA cycle (44).
Collectively, our data suggest that BRBs are both a target of
gut metabolism and may also influence metabolism by
gut bacteria.

Previous research found that Smad4 loss is associated with
poor survival, resistance to chemotherapy and increased
metastasis (50–53). However, the mechanisms by which loss of
Smad4 contributes to tumor progression and metastasis are
poorly understood and they are likely complex, given the
tissue-specific roles of Smad4 signaling and the multiple
processes that it regulates. One possibility is that the loss of
Smad4 signaling in tumor epithelial cells results in tumor-
promoting activation of the tumor microenvironment through
mechanisms of intercellular crosstalk. To determine the specific
effects of BRBs on Smad4 signaling in both epithelium and NK
cells, single cell RNAseq experiments on both cell types collected
before and after BRB treatment are required to accurately answer
this question.
CONCLUSIONS

Our current study suggests that the tumor suppressive actions of
Smad4 in both colonic epithelium and NK cells could interfere
with the transformation of benign to malignant stages of CRC.
BRB components and their benzoate metabolites could
upregulate Smad4 to suppress preneoplastic colonic epithelium
and enhance NK cell function to delay CRC progression.
Accordingly, our findings could provide a foundation for
developing NK-focused therapeutics for CRC, with the bonus
Frontiers in Immunology | www.frontiersin.org 7
of targeting colonic epithelium at the same time. Most
encouragingly, we identified several benzoate metabolites from
an edible fruit that upregulates Smad4 in colonic epithelium and
NK cells. Importantly, these metabolites are also produced
during intestinal metabolism of many commonly consumed
plant-based foods such as fruits and vegetables and whole
grains. As such, the encouragement of consumption of locally
produced plant-based foods could be an affordable approach for
delaying the progression of CRC in humans around the world.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The institutional review boards of The Ohio State
University, University of Texas, San Antonio, and Medical
College of Wisconsin. The patients/participants provided their
written informed consent to participate in this study. The animal
study was reviewed and approved by The Medical College of
Wisconsin Animal Care and Use Committee.
AUTHOR CONTRIBUTIONS

JY and L-SW designed the research; Y-WH, C-WL, PP, TS, CE,
Y-YM, H-ZW, MA, ST, KO, and MY conducted the research and
analyzed the data; JX, HC, CS, MD, and WB discussed the concept;
JY, and L-SWwrote the paper. All authors contributed to the article
and approved the submitted version.
FUNDING

This work was supported by NIH grants CA148818 and USDA/
NIFA 2020-67017-30843 (to L-SW) and CA185301, AI129582,
and NS106170 (to JY).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
570683/full#supplementary-material
REFERENCES

1. Sconocchia G, Eppenberger S, Spagnoli GC, Tornillo L, Droeser R, Caratelli S,
et al. NK cells and T cells cooperate during the clinical course of colorectal cancer.
OncoImmunology (2014) 3(8):e952197. doi: 10.4161/21624011.2014.952197
2. Coppola A, Arriga R, Lauro D, Del Principe MI, Buccisano F, Maurillo L, et al.
NK Cell Inflammation in the Clinical Outcome of Colorectal Carcinoma.
Front Med (2015) 2:33. doi: 10.3389/fmed.2015.00033

3. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al.
Innate or adaptive immunity? The example of natural killer cells. Science
(2011) 331(6013):44–9. doi: 10.1126/science.1198687
December 2020 | Volume 11 | Article 570683

https://www.frontiersin.org/articles/10.3389/fimmu.2020.570683/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.570683/full#supplementary-material
https://doi.org/10.4161/21624011.2014.952197
https://doi.org/10.3389/fmed.2015.00033
https://doi.org/10.1126/science.1198687
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Berries Enhance Smad4 Expression in NK and Colon Epithelium
4. Spits H, Bernink JH, Lanier L. NK cells and type 1 innate lymphoid cells:
partners in host defense. Nat Immunol (2016) 17(7):758–64. doi: 10.1038/
ni.3482

5. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al.
Effectiveness of donor natural killer cell alloreactivity in mismatched
hematopoietic transplants. Science (2002) 295(5562):2097–100. doi:
10.1126/science.1068440

6. Sers C, Kuner R, Falk CS, Lund P, Sueltmann H, Braun M, et al. Down-
regulation of HLA Class I and NKG2D ligands through a concerted action of
MAPK and DNA methyltransferases in colorectal cancer cells. Int J Cancer
(2009) 125(7):1626–39. doi: 10.1002/ijc.24557

7. Roufas C, Chasiotis D, Makris A, Efstathiades C, Dimopoulos C, Zaravinos A.
The Expression and Prognostic Impact of Immune Cytolytic Activity-Related
Markers in Human Malignancies: A Comprehensive Meta-analysis. Front
Oncol (2018) 8:27. doi: 10.3389/fonc.2018.00027

8. Zhou P, L’Italien L, Hodges D, Schebye XM. Pivotal roles of CD4+ effector T
cells in mediating agonistic anti-GITR mAb-induced-immune activation and
tumor immunity in CT26 tumors. J Immunol (Baltimore Md 1950) (2007) 179
(11):7365–75. doi: 10.4049/jimmunol.179.11.7365

9. Spacek J, Vocka M, Netikova I, Skalova H, Dundr P, Konopasek B, et al.
Immunological examination of peripheral blood in patients with colorectal
cancer compared to healthy controls. Immunol Investigations (2018) 47
(7):643–53. doi: 10.1080/08820139.2018.1480030

10. Wang Y, Sedimbi SK, Löfbom L, Besra GS, Porcelli SA, Cardell SL. Promotion
or Suppression of Murine Intestinal Polyp Development by iNKT Cell
Directed Immunotherapy. Front Immunol (2019) 10:352. doi: 10.3389/
fimmu.2019.00352

11. Bruno A, Bassani B, D'Urso DG, Pitaku I, Cassinotti E, Pelosi G, et al.
Angiogenin and the MMP9-450 TIMP2 axis are up-regulated in
proangiogenic, decidual NK-like cells from patients with colorectal cancer.
FASEB journal : official publication of the Federation of American Societies for
Experimental Biology (2018) 32(10):5365–77.

12. Gotthardt D, Putz EM, Grundschober E, Prchal-Murphy M, Straka E,
Kudweis P, et al. STAT5 Is a Key Regulator in NK Cells and Acts as a
Molecular Switch from Tumor Surveillance to Tumor Promotion. Cancer
Discov (2016) 6(4):414–29.

13. Ishikawa T, Okayama T, Sakamoto N, Ideno M, Oka K, Enoki T, et al. Phase I
clinical trial of adoptive transfer of expanded natural killer cells in
combination with IgG1 antibody in patients with gastric or colorectal
cancer. Int J Cancer (2018) 142(12):2599–609. doi: 10.1002/ijc.31285

14. Yan P, Klingbiel D, Saridaki Z, Ceppa P, Curto M, McKee TA, et al. Reduced
Expression of SMAD4 Is Associated with Poor Survival in Colon Cancer. Clin
Cancer Res (2016) 22(12):3037–47. doi: 10.1158/1078-0432.CCR-15-0939

15. Maitra A, Molberg K, Albores-Saavedra J, Lindberg G. Loss of Dpc4
expression in colonic adenocarcinomas correlates with the presence of
metastatic disease. Am J Pathol (2000) 157(4):1105–11. doi: 10.1016/S0002-
9440(10)64625-1

16. Berkhout M, Gosens MJEM, Brouwer KM, Peters WHM, Nagengast FM, van
Krieken JHJM, et al. Loss of extracellular E-cadherin in the normal mucosa of
duodenum and colon of patients with familial adenomatous polyposis. Hum
Pathol (2006) 37(11):1389–99. doi: 10.1016/j.humpath.2006.05.018

17. Fleming NI, Jorissen RN, Mouradov D, Christie M, Sakthianandeswaren A,
Palmieri M, et al. SMAD2, SMAD3 and SMAD4 mutations in colorectal
cancer. Cancer Res (2013) 73(2):725–35. doi: 10.1158/0008-5472.CAN-12-
2706

18. Kim B-G, Li C, Qiao W, Mamura M, Kasperczak B, Anver M, et al. Smad4
signalling in T cells is required for suppression of gastrointestinal cancer.
Nature (2006) 441(7096):1015–19. doi: 10.1038/nature04846

19. Wang Y, Chu J, Yi P, DongW, Saultz J, Wang Y, et al. SMAD4 promotes TGF-
b-independent NK cell homeostasis and maturation and antitumor immunity.
J Clin Invest (2018) 128(11):5123–36. doi: 10.1172/JCI121227

20. Cortez VS, Ulland TK, Cervantes-Barragan L, Bando JK, Robinette ML, Wang
Q, et al. SMAD4 impedes the conversion of NK cells into ILC1-like cells by
curtailing non-canonical TGF-b signaling. Nat Immunol (2017) 18(9):995–
1003. doi: 10.1038/ni.3809

21. Kim YS, Sayers TJ, Colburn NH, Milner JA, Young HA. Impact of dietary
components on NK and Treg cell function for cancer prevention. Mol
Carcinog (2015) 54(9):669–78. doi: 10.1002/mc.22301
Frontiers in Immunology | www.frontiersin.org 8
22. PanP, ZhuZ,OshimaK,AldakkakM,Tsai S,HuangY-W, et al. Black raspberries
suppress pancreatic cancer throughmodulation ofNKp46+,CD8+, andCD11b+
immune cells. Food Front (2020) 1(1):70–82. doi: 10.1002/fft2.1

23. Catalkaya G, Venema K, Lucini L, Rocchetti G, Delmas D, Daglia M, et al.
Interaction of dietary polyphenols and gut microbiota: Microbial metabolism
of polyphenols, influence on the gut microbiota, and implications on host
health. Food Front (2020) 1(2):109–33. doi: 10.1002/fft2.25

24. Sauer K, Cooke MP. Regulation of immune cell development through soluble
inositol-1,3,4,5-tetrakisphosphate. Nat Rev Immunol (2010) 10(4):257–71.
doi: 10.1038/nri2745

25. Fang J. Bioavailability of anthocyanins. Drug Metab Rev (2014) 46(4):508–20.
doi: 10.3109/03602532.2014.978080

26. Tang Y, Nakashima S, Saiki S, Myoi Y, Abe N, Kuwazuru S, et al. 3,4-
Dihydroxyphenylacetic acid is a predominant biologically-active catabolite of
quercetin glycosides. Food Res Int (2016) 89(Pt 1):716–23. doi: 10.1016/
j.foodres.2016.09.034

27. Gross M, Pfeiffer M, Martini M, Campbell D, Slavin J, Potter J. The
quantitation of metabolites of quercetin flavonols in human urine. Cancer
Epidemiol Biomarkers Prev (1996) (9):711–20.

28. Wang L, Mo Y, Huang Y, Echeveste C, Wang H, Chen J, et al. Effects of
Dietary Interventions on Gut Microbiota in Humans and the Possible Impacts
of Foods on Patients’ Responses to Cancer Immunotherapy. eFood (2020) 1
(4):279–87. doi: 10.2991/efood.k.200824.002

29. Peiffer DS. Modulation of the host microbiome by black raspberries or their
components and the therapeutic implications in cancer. Food Front. 1:296–
304. doi: 10.1002/fft2.40

30. Huang Y-W, Pan P, Echeveste CE, Wang H-T, Oshima K, Lin C-W, et al.
Transplanting fecal material from wild-type mice fed black raspberries alters
the immune system of recipient mice. Food Front. 1:253–9. doi: 10.1002/fft2.34

31. May S, Parry C, Parry L. Berry chemoprevention: Do berries decrease the
window of opportunity for tumorigenesis. Food Front. 1:260–75. doi: 10.1002/
fft2.32

32. Zhang L, Shi M, Tian M, Wang X, Ji J, Liao X, et al. Guidelines for absolute
quantitative real-time PCR for microbial determination in in vitro
gastrointestinal digestion. Food Front (2020) 1(2):200–04. doi: 10.1002/fft2.31

33. Huang Y-W, Mo YY, Echeveste CE, Oshima K, Zhang J, Yearsley M, et al.
Black raspberries attenuate colonic adenoma development in ApcMin mice:
Relationship to hypomethylation of promoters and gene bodies. Food Front.
1:234–42. doi: 10.1002/fft2.45

34. Stoner GD, Wang LS. Chemoprevention of esophageal squamous cell
carcinoma with berries. Topics Curr Chem (2013) 329:1–20. doi: 10.1007/
128_2012_343

35. Wang LS, Kuo CT, Huang YW, Stoner GD, Lechner JF. Gene-Diet
Interactions on Colorectal Cancer Risk. Curr Nutr Rep (2012) 1(3):132–41.
doi: 10.1007/s13668-012-0023-1

36. Wang LS, Stoner GD. Anthocyanins and their role in cancer prevention.
Cancer Lett (2008) 269(2):281–90. doi: 10.1016/j.canlet.2008.05.020

37. Stoner GD, Wang LS, Zikri N, Chen T, Hecht SS, Huang C, et al. Cancer
prevention with freeze-dried berries and berry components. Semin Cancer
Biol (2007) 17(5):403–10. doi: 10.1016/j.semcancer.2007.05.001

38. Stoner GD, Wang LS, Casto BC. Laboratory and clinical studies of cancer
chemoprevention by antioxidants in berries. Carcinogenesis (2008) 29
(9):1665–74. doi: 10.1093/carcin/bgn142

39. Stoner GD, Wang LS, Chen T. Chemoprevention of esophageal squamous cell
carcinoma. Toxicol Appl Pharmacol (2007) 224(3):337–49. doi: 10.1016/
j.taap.2007.01.030

40. Pan P, Kang S, Wang Y, Liu K, Oshima K, Huang YW, et al. Black raspberries
enhance natural killer cell infiltration into the colon and suppress the
progression of colorectal cancer. Front Immunol (2017) 8:1–10. doi:
10.3389/fimmu.2017.00997

41. Wang LS, Arnold M, Huang YW, Sardo C, Seguin C, Martin E, et al.
Modulation of genetic and epigenetic biomarkers of colorectal cancer in
humans by black raspberries: a phase I pilot study. Clin Cancer Res (2011) 17
(3):598–610. doi: 10.1158/1078-0432.CCR-10-1260

42. Wang LS, Burke CA, Hasson H, Kuo CT, Molmenti CLS, Seguin C, et al. A
phase Ib study of the effects of black raspberries on rectal polyps in patients
with familial adenomatous polyposis. Cancer Prev Res (2014) 7(7):666–74.
doi: 10.1158/1940-6207.CAPR-14-0052
December 2020 | Volume 11 | Article 570683

https://doi.org/10.1038/ni.3482
https://doi.org/10.1038/ni.3482
https://doi.org/10.1126/science.1068440
https://doi.org/10.1002/ijc.24557
https://doi.org/10.3389/fonc.2018.00027
https://doi.org/10.4049/jimmunol.179.11.7365
https://doi.org/10.1080/08820139.2018.1480030
https://doi.org/10.3389/fimmu.2019.00352
https://doi.org/10.3389/fimmu.2019.00352
https://doi.org/10.1002/ijc.31285
https://doi.org/10.1158/1078-0432.CCR-15-0939
https://doi.org/10.1016/S0002-9440(10)64625-1
https://doi.org/10.1016/S0002-9440(10)64625-1
https://doi.org/10.1016/j.humpath.2006.05.018
https://doi.org/10.1158/0008-5472.CAN-12-2706
https://doi.org/10.1158/0008-5472.CAN-12-2706
https://doi.org/10.1038/nature04846
https://doi.org/10.1172/JCI121227
https://doi.org/10.1038/ni.3809
https://doi.org/10.1002/mc.22301
https://doi.org/10.1002/fft2.1
https://doi.org/10.1002/fft2.25
https://doi.org/10.1038/nri2745
https://doi.org/10.3109/03602532.2014.978080
https://doi.org/10.1016/j.foodres.2016.09.034 
https://doi.org/10.1016/j.foodres.2016.09.034 
https://doi.org/10.2991/efood.k.200824.002
https://doi.org/10.1002/fft2.40
https://doi.org/10.1002/fft2.34
https://doi.org/10.1002/fft2.32 
https://doi.org/10.1002/fft2.32 
https://doi.org/10.1002/fft2.31
https://doi.org/10.1002/fft2.45
https://doi.org/10.1007/128_2012_343
https://doi.org/10.1007/128_2012_343
https://doi.org/10.1007/s13668-012-0023-1
https://doi.org/10.1016/j.canlet.2008.05.020
https://doi.org/10.1016/j.semcancer.2007.05.001
https://doi.org/10.1093/carcin/bgn142
https://doi.org/10.1016/j.taap.2007.01.030
https://doi.org/10.1016/j.taap.2007.01.030
https://doi.org/10.3389/fimmu.2017.00997
https://doi.org/10.1158/1078-0432.CCR-10-1260
https://doi.org/10.1158/1940-6207.CAPR-14-0052
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. Berries Enhance Smad4 Expression in NK and Colon Epithelium
43. Yi L, Chen L, Guo X, Lu T, Wang H, Ji X, et al. A synthetic disaccharide
derivative of diphyllin, TAARD, activates human natural killer cells to secrete
interferon-gamma via toll-like receptor-mediated NF-kB and STAT3
signaling pathways. Front Immunol (2018) 9:1509. doi: 10.3389/
fimmu.2018.01509

44. Pan P, Skaer CW, Stirdivant SM, Young MR, Stoner GD, Lechner JF, et al.
Beneficial regulation of metabolic profiles by black raspberries in human
colorectal cancer patients. Cancer Prev Res (2015) 8(8):743–50. doi: 10.1158/
1940-6207.CAPR-15-0065

45. Jakobsdottir G, Nilsson U, Blanco N, Sterner O, Nyman M. Effects of soluble
and insoluble fractions from bilberries, black Currants, and raspberries on
short-chain fatty acid formation, anthocyanin excretion, and cholesterol in
rats. J Agric Food Chem (2014) 62(19):4359–68. doi: 10.1021/jf5007566

46. Lees HJ, Swann JR, Wilson ID, Nicholson JK, Holmes E. Hippurate: the
natural history of a mammalian-microbial cometabolite. J Proteome Res
(2013) 12(4):1527–46. doi: 10.1021/pr300900b

47. Rodriguez-Mateos A, Rendeiro C, Bergillos-Meca T, Tabatabaee S, George TW,
Heiss C, et al. Intake and time dependence of blueberry flavonoid–induced
improvements in vascular function: a randomized, controlled, double-blind,
crossover intervention study with mechanistic insights into biological activity.
Am J Clin Nutr (2013) 98(5):1179–91. doi: 10.3945/ajcn.113.066639

48. Bharat D, Cavalcanti RRM, Petersen C, Begaye N, Cutler BR, Costa MMA, et al.
Blueberry metabolites attenuate lipotoxicity-induced endothelial dysfunction.
Mol Nutr Food Res (2018) 62(2):1700601. doi: 10.1002/mnfr.201700601

49. O’Keefe SJD. Diet, microorganisms and their metabolites, and colon cancer.
Nat Rev Gastroenterol Hepatol (2016) 13(12):691–706. doi: 10.1038/
nrgastro.2016.165
Frontiers in Immunology | www.frontiersin.org 9
50. Xourafas D, Mizuno T, Cloyd JM. The impact of somatic SMAD4 mutations
in colorectal liver metastases. Chin Clin Oncol (2019) 8(5):52. doi: 10.21037/
cco.2019.08.04

51. Bacolod MD, Barany F. Molecular profiling of colon tumors: the search for
clinically relevant biomarkers of progression, prognosis, therapeutics, and
predisposition. Ann Surg Oncol (2011) 18(13):3694–700. doi: 10.1245/s10434-
011-1615-5

52. Cassidy RJ, Zhang X, Patel PR, Shelton JW, Escott CE, Sica GL, et al. Next-
generation sequencing and clinical outcomes of patients with lung
adenocarcinoma treated with stereotactic body radiotherapy. Cancer (2017)
123(19):3681–90. doi: 10.1002/cncr.30794

53. Kato K, Kamada H, Fujimori T, Aritomo Y, Ono M, Masaki T. Molecular
Biologic Approach to the Diagnosis of Pancreatic Carcinoma Using
Specimens Obtained by EUS-Guided Fine Needle Aspiration. Gastroenterol
Res Pract (2012) 2012:243524. doi: 10.1155/2012/243524

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Huang, Lin, Pan, Shan, Echeveste, Mo, Wang, Aldakkak, Tsai,
Oshima, Yearsley, Xiao, Cao, Sun, Du, Bai, Yu and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
December 2020 | Volume 11 | Article 570683

https://doi.org/10.3389/fimmu.2018.01509
https://doi.org/10.3389/fimmu.2018.01509
https://doi.org/10.1158/1940-6207.CAPR-15-0065
https://doi.org/10.1158/1940-6207.CAPR-15-0065
https://doi.org/10.1021/jf5007566
https://doi.org/10.1021/pr300900b
https://doi.org/10.3945/ajcn.113.066639
https://doi.org/10.1002/mnfr.201700601
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.21037/cco.2019.08.04
https://doi.org/10.21037/cco.2019.08.04
https://doi.org/10.1245/s10434-011-1615-5
https://doi.org/10.1245/s10434-011-1615-5
https://doi.org/10.1002/cncr.30794
https://doi.org/10.1155/2012/243524
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Black Raspberries Suppress Colorectal Cancer by Enhancing Smad4 Expression in Colonic Epithelium and Natural Killer Cells
	Introduction
	Materials and Methods
	Human Specimens
	Human NK Cell Isolation and Treatments
	Animal Bioassay
	Immunohistochemistry
	RT-qPCR
	Western Blotting
	Statistical Analysis

	Results
	Smad4 Expression Is Dampened in Circulating NK Cells and Colonic Epithelium in CRC Patients
	Smad4 Expression Decreases in CRC Mouse Models
	Deletion of Smad4 Specifically in NK Cells Promotes the Development of Colon Adenomas in the ApcMin/+/DSS Mouse Model and of Adenocarcinomas in the AOM/DSS Model
	BRBs Increase Smad4 Expression in CRC Mouse Models and Colonic Epithelium of FAP and CRC Patients
	Benzoate Metabolites From BRBs Upregulate Smad4 Expression in Primary Human NK Cells

	Discussions
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


