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Integrated analysis reveals
effects of bioactive ingredients
from Limonium Sinense (Girard)
Kuntze on hypoxia-inducible
factor (HIF) activation

Hualong Zhao™?, Siyuan Wang?, Yilu Zhou??, Ayse Ertay?,
Philip T. F. Williamson?®?, Rob M. Ewing??, Xinhui Tang?,
Jialian Wang™ and Yihua Wang?***

tSchool of Marine and Biological Engineering, Yancheng Teachers’ University, Yancheng, China,
2Biological Sciences, Faculty of Environmental and Life Sciences, University of Southampton,
Southampton, United Kingdom, ®Institute for Life Sciences, University of Southampton,
Southampton, United Kingdom

Limonium Sinense (Girard) Kuntze is a traditional Chinese medicinal herb,
showing blood replenishment, anti-tumour, anti-hepatitis, and
immunomodulation activities amongst others. However, the mechanism of
its pharmacological activities remains largely unknown. Here, we investigated
the effects of bioactive ingredients from Limonium Sinense using an integrated
approach. Water extracts from Limonium Sinense (LSW) showed a strong
growth inhibitory effect on multiple cells in both 2D and 3D cultures. Global
transcriptomic profiling and further connectivity map (CMap) analysis identified
several similarly acting therapeutic candidates, including Tubulin inhibitors and
hypoxia-inducible factor (HIF) modulators. The effect of LSW on the cell cycle
was verified with flow cytometry showing a G2/M phase arrest. Integrated
analysis suggested a role for gallic acid in mediating HIF activation. Taken
together, this study provides novel insights into the bioactive ingredients in
Limonium Sinense, highlighting the rich natural resource and therapeutic
values of herbal plants.

KEYWORDS

Limonium Sinense (Girard) Kuntze, cell viability, cell cycle, hypoxia-inducible factor,
gallic acid

Abbreviations: BP, biological process; CC, cellular component; CMap, connectivity map; DEG,
differentially expressed gene; EPO, erythropoietin; FDR, false discovery rate; GEO, gene expression
omnibus; GO, gene ontology; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis;
HIF, hypoxia-inducible factor; HPLC, high-performance liquid chromatography; HRE, hypoxia response
elements; KEGG, kyoto encyclopedia of genes and genomes; LSW, Limonium Sinense water extract; MF,
molecular function; NES, normalized enrichment score; PHD, prolyl hydroxylase domain; RNA-Seq, RNA
sequencing; tSNE, t-distributed stochastic neighbour embedding; VHL, von Hippel-Lindau.
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Introduction

Limonium Sinense (Girard) Kuntze is a traditional Chinese
medicinal plant belonging to the Plumbaginaceae family and is
mainly distributed along seashores and marshes in eastern and
southern China, western Taiwan, and Ryukyus Islands (Japan)
(Li, 1998; Chaung et al., 2003). Traditionally, the whole plant of
Limonium Sinense is used for the treatment of fever, hepatitis,
hemorrhage, menorrhagia, irregular menstruation, cancer, and
other disorders (Dong, 2005).

Multiple bioactive ingredients have been identified from
Limonium Sinense, including polysaccharides, tannins,
alkaloids, flavonoids, terpenes, aliphatic compounds, amino
acids, minerals, and vitamins (Xiao ZF et al,, 1991, Lin and
Chou, 20005 Liu, 2011). It is reported that the major active
constituents found in Limonium Sinense are flavonoids,
including flavanones, flavonols, flavonol glycosides, flavonol
glycoside gallates, and flavones (Lin and Chou, 2000; Lin et al,
2000), while polysaccharides are among the most abundant
constituents in the roots (Tang et al., 2011). Despite these
findings, the mechanism of its pharmacological activities
remains to be elucidated. Here we sought to investigate the
effects of bioactive ingredients from Limonium Sinense using an
integrated approach.

Materials and methods

Preparation of Limonium Sinense
water extract

Healthy whole plants of Limonium Sinense (Girard) Kuntze
were collected from the coastal region in Jiangsu, eastern China
(33°09733.0” N, 120°46°40.4” E). Details for the preparation of
LSW are provided in the Supplementary Methods.

Cell culture and reagents

Sources of cell lines and culture conditions were reported
earlier (Wang et al., 2014; Liu et al,, 2019; Ertay et al., 2020).
Details are provided in the Supplementary Methods. No
mycoplasma contamination was detected in the cell lines used.

Mammosphere assay and quantifications
Mammosphere assay and quantifications were performed as

previously described (Ertay et al., 2020). Details are provided in
the Supplementary Methods.
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Cell viability assay

Cell viability assay was performed as previously described (Ertay
et al,, 2020). Details are provided in the Supplementary Methods.

RNA-Seq and bioinformatic analysis

RNA isolation and mRNA sequencing of samples were
performed following the manufacturer’s instructions
(Novogene, UK) as previously described (Yao et al, 2021;
Brereton et al., 2022). Paired-end strategy (2x150) on the
Ilumina NovaSeq 6000 platform was adopted. The quality
control of raw reads, mapping, identification of DEGs, as well
as GO term enrichment analysis, KEGG pathway analysis,
GSEA, and CMap analysis were performed with details
provided in the Supplementary Methods and results in
Supplementary Tables S1-5.

Flow cytometry

Flow cytometry was performed as previously described (Ertay
et al,, 2020). Details are provided in the Supplementary Methods.

Western blot analysis

Western blot analysis was performed as previously described
(Hill et al., 2019; Wang et al., 2019; Yao et al., 2019; Ertay et al,,
2020). Details are provided in the Supplementary Methods.
qRT-PCR

qRT-PCR was performed as previously described (Hill et al.,

2019; Wang et al, 2019; Yao et al., 2019; Ertay et al., 2020).
Details are provided in the Supplementary Methods.

Immunofluorescence microscopy
Immunofluorescence microscopy was performed as
previously described (Ertay et al., 2020). Details are provided
in the Supplementary Methods.
Luciferase reporter assay
Luciferase reporter assay was performed as previously

described (Yao et al, 2019). Details are provided in the
Supplementary Methods.

frontiersin.org


https://doi.org/10.3389/fpls.2022.994036
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

Integrated data analysis and GSVA
score calculation

Gene Expression Omnibus (GEO) datasets on human cells
treated with herbal extracts/compounds were screened
(Supplementary Figure 3), with a summary of datasets in
Supplementary Table S6. A 15-gene expression signature
(ACOT7, ADM, ALDOA, CDKN3, ENOI, LDHA, MIF,
MRPS17, NDRGI1, P4HAI, PGAM]I, SLC2A1, TPI1, TUBBS,
and VEGFA), which enables classification of hypoxia-inducible
factor (HIF) activity (Buffa et al, 2010; Ye et al., 2019) was used
to calculate the HIF score. Details are provided in the
Supplementary Methods. The herbal extracts or natural
compounds that can significantly alter the HIF score are
provided in Supplementary Table S7.

High-performance liquid
chromatography assay

Details are provided in the Supplementary Methods. In brief,
chromatography analysis for the identification of gallic acid in
LSW was conducted on a Shimadzu® HPLC system (LC-20 AT,
SHIMADZU, Japan) equipped with a C18 column (Shim-pack
GIS: 5 um particle size; 4.6 x 250 mm2, P/N: 227-30106-08).
Peaks were detected at 271 nm using a UV-Vis detector (SPD-
20A), and the peak for gallic acid was identified by comparing
the retention time with its standard.

Statistical analysis

Statistical analyses were performed in GraphPad Prism v7.02
(GraphPad Software Inc, San Diego, CA) unless otherwise
indicated as described earlier (Yao et al., 2021; Brereton et al.,
2022). Details are provided in the Supplementary Methods.
Results were considered significant if P < 0.05, where
*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001.

Results

Bioactive extracts from Limonium
Sinense show a strong growth
inhibitory effect

To assess the biological effects of extracts from Limonium
Sinense, multiple cell lines, including an immortalized human
breast epithelial cell line MCF10A and 7 breast cancer cell lines
(BT20, MDA-MB-157, MDA-MB-231, MDA-MB-468,
HCC1395, HCC1806, and HCC1937), were treated with
Limonium Sinense water extracts (LSW) followed by a cell
viability assay. As shown in Figures 1A, B, compared to the
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control group, the addition of LSW led to a strong inhibition of
growth in all the cell lines tested in a dose-dependent manner at
24 (Figure 1A) or 48 hours (Figure 1B) post-treatment.

It is known that three-dimensional (3D) cell cultures represent
their in vivo counterparts better than two-dimensional (2D)
monolayer cell cultures (Chaicharoenaudomrung et al,, 2019). To
confirm the effects of LSW on cell viability, a 3D mammosphere
assay was performed. Images of spheres were analyzed for sphere
formation efficiency and sphere volume, and cell viability was
determined using a Cell-Titer Glo® assay. A significant decrease
in cell viability (P < 0.0001), sphere volume (P < 0.001), and sphere
formation efficiency (P < 0.001) was observed in LSW-treated
MDA-MB-468 cells (Figure 1C). These experiments showed that
bioactive extracts from Limonium Sinense exhibit a strong growth
inhibitory effect.

Global transcriptomic changes in MDA-
MB-468 cells exposed to bioactive
extracts from Limonium Sinense

To determine how cells respond to bioactive extracts from
Limonium Sinense, we characterized the global transcriptomic
changes in MDA-MB-468 cells exposed to LSW by performing
RNA sequencing (RNA-Seq). Genes with a false discovery rate
(FDR) - adjusted P value less than 0.05 and |Log,FoldChange|
above 1 were considered as differentially expressed genes
(DEGs). A total of 987 DEGs were identified, including 456
upregulated and 531 downregulated genes (Supplementary
Figure S1A; Supplementary Table S1). The hierarchical
clustering showed that DEGs were grouped into 2 major
clusters (Supplementary Figure S1B). t-distributed stochastic
neighbor embedding (tSNE) analysis showed a clear separation
between control and LSW-treated samples (Figure 2A).

We then performed pathway enrichment analysis using
Gene Set Enrichment Analysis (GSEA) (Figure 2B;
Supplementary Table S2), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis (Figure 2C; Supplementary
Table S3), and Gene Ontology (GO) enrichment analysis
(Figure 2C; Supplementary Table S4). The GO enrichment
analysis was further grouped into the molecular function
(MF), biological process (BP), and cellular component (CC)
(Figure 2C; Supplementary Table S4). Interestingly, several
disease-related pathological pathways were identified,
including G2M_checkpoint (normalized enrichment score,
NES = - 1.699; FDR = 0.011) and Hypoxia (NES = 2.558; FDR
< 0.0001) in GSEA, and hypoxia-inducible factor (HIF)-1
signaling pathway (P < 0.0001) in the KEGG pathway analysis.
“Positive regulation of angiogenesis” and “negative regulation of
growth” were among the top 10 ranked GO terms from the
biological process category (Figure 2C). In line with this, GSEA
showed enrichment of angiogenesis (Figure 2B; Supplementary
Figure S2A; NES = 1.171; FDR = 0.003). Further analysis showed

frontiersin.org


https://doi.org/10.3389/fpls.2022.994036
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al. 10.3389/fpls.2022.994036
A
LSW treatment for 24h
== 0 (ug/ml) == 125 (ug/ml) == 250 (ug/ml) w500 (ug/ml)
1.5 kK
s *kk *kk *k
2 - *k ko % *Ak *xx *
E 10457 ] V—| V_‘ |—| l_l
>
3
o
2
- II II II
&
Q
4
0.0 1 T T 1 1 U
MCF10A BT20 MDA-MB-157 MDA-MB-231 MDA-MB-468  HCC1395 HCC1806 HCC1937
B LSW treatment for 48h
— 0 (ug/ml) == 125 (ug/ml) === 250 (ug/ml) w500 (ug/ml)
15 Hkok *okk
=7 Kok ki *okk
*%k *rx Tokk *kk
Z *okk ** * il Sokk e Fokk kK
IR
g
©
5]
o
2 054 II
K
[}
4
0.0 1 1 1 1
MCF10A BT20 MDA-MB-157 MDA-MB-231 MDA-MB-468  HCC1395 HCC1806 HCC1937
= 1.5 S
> S 150 < 197
% ok %k k =
f 9 kS * Kok g KKk
3 S g
© O - 3]
S5 10 ® 100 g 107
Z = by b]
o 2 £ f=2]
o3 5 £
° | =
QE 05 S s0- g 0.5-
® & [ w
T = @ [
X n s ]
@ 0.0~ » - S 0.0-
> & > » >
o O N O N
$ $ $
&9 &8 &9
(&) [$) <
FIGURE 1

Effects of bioactive extracts from Limonium Sinense on cell viability. (A, B) Graphs showing relative cell viability in multiple cell lines treated with
Limonium Sinense water extracts (LSW) at the indicated concentration for 24 (A) or 48 hours (B) in 2D cultures. Cell-Titer Glo® assay was
performed to measure cell viability. Data are mean + SEM; n = 3 samples per group. ns, not significant; *P < 0.05; **P < 0.01 and ***P < 0.001
by the Two-way ANOVA. (C) Representative phase contrast microscopy images showing cell viability (Cell-Titer Glo® assay), sphere volume, and
sphere formation efficiency in MDA-MB-468 cells with the indicated treatment cultured in 3D. Scale bar: 50 uym. Data are mean + SEM. n=3
samples per group. ***P <0.001; ****P < 0.0001 by the Student's t-test.
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FIGURE 2

Global transcriptomic changes in MDA-MB-468 cells exposed to bioactive extracts from Limonium Sinense. MDA-MB-468 cells were treated
with or without Limonium Sinense water extracts (LSW, 500 pug/ml) for 48 hours followed by RNA-Seq. (A) t-distributed stochastic neighbor
embedding (tSNE) plot showing a clear sample separation for control vs. LSW-treated MDA-MB-468 cells (n = 3 samples per group). (B) Scatter
plot showing Gene Set Enrichment Analysis (GSEA) in MDA-MB-468 cells treated with LSW. The sizes of circles represent gene count, and the
colours of circles represent the -Logl0 of the false discovery rate (FDR) values. (C) Scatter plot showing enriched Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Gene Ontology (GO) terms from 3 categories (BP, biological process; CC, cellular component; and MF, molecular
function) in MDA-MB-468 cells treated with LSW. The sizes of circles represent gene counts, and the colours of circles represent the -Log;o of

the P-values
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several angiogenesis-related genes, including VEGF, were up-
regulated upon LSW treatment (Supplementary Figure S2B).
These results provide novel insights into the pharmacological
activities of bioactive ingredients in Limonium Sinense.

Connectivity Map analysis in MDA-MB-
468 cells exposed to bioactive extracts
from Limonium Sinense

We next employed CMap to explore the small molecular
compounds with similar activities to LSW. CMap is a systematic
approach that has been applied in pharmacological research to
define drug-disease connections (Lamb et al., 2006). CMap
analysis reports connectivity between top the 150 up- and
down-regulated genes from MDA-MB-468 cells exposed to
LSW and 2,837 compounds across 9 cell lines (Subramanian
et al, 2017). The connectivity score, which summarizes the
connectivity among signatures across cell lines using the
median, ranged from + 98.17 to - 96.59 in this analysis
(Supplementary Table S5). Compounds with connectivity
scores above 90 were defined as “positive connectivity”, while
compounds with connectivity scores less than -90 were “negative
connectivity” (Uva et al,, 2021). In total, we identified 8
compounds with positive connectivity and 7 with negative
connectivity (Figure 3A; Supplementary Figure S3A). Among
those with positive connectivity, two are Tubulin inhibitors
(vinorelbine and vincristine) and 1 HIF modulator (VU-
0418946-1). The compound-target network analysis showed
distinct clusters among the aforementioned compounds,
including Tubulin inhibitors (vinorelbine and vincristine)
targeting TUBB and HIF modulator (VU-0418946-1) targeting
HIFIA (Figure 3B; Supplementary Figure S3B). The CMap
analysis supports earlier findings in pathway enrichment
analysis showing effects of LSW on G2M_checkpoint in cell
cycle and HIF/hypoxia.

Bioactive extracts from Limonium
Sinense induce G2/M phase arrest in the
cell cycle and HIF activation

As described above, GSEA identified “Hallmark_G2M_
Checkpoint” negatively enriched upon LSW treatment in MDA-
MB-468 cells (Figure 4A; NES = - 1.699; FDR = 0.011). The effect of
LSW on the cell cycle was further verified with flow cytometry
analysis (Figure 4B), showing a G2/M phase arrest in the cell cycle
(Figure 4E; P < 0.05), with no significant changes in G0/G1 phase
(Figure 4C) and S phase (Figure 4D).

In addition, our analysis also strongly suggested a role of
LSW on HIF activation (Figures 2, 3), including GSEA showing
enrichment of “Hallmark_Hypoxia” (Figure 5A; NES = 2.558;
FDR < 0.0001). To assess the activity of a specific pathway, Gene
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Set Variation Analysis (GSVA) was used to calculate the score
(Hanzelmann et al, 2013). A 15-gene expression signature
(ACOT7, ADM, ALDOA, CDKN3, ENOI, LDHA, MIF,
MRPS17, NDRG1, P4HAI, PGAM]I, SLC2A1, TPI1, TUBBG,
and VEGFA), which enables classification of hypoxia-inducible
factor (HIF) activity was used to calculate the HIF score (Buffa
et al,, 2010; Ye et al,, 2019). The 15-gene expression signature
was derived by selecting genes that were consistently co-
expressed upon hypoxia in multiple cancers. A significant
increase in the HIF score was observed in LSW-treated
samples compared to controls (Figure 5B; P < 0.001). The
expression levels of the 15 genes were visualized in a heatmap
with upregulations observed in a majority upon LSW treatment
(Figure 5C). To validate this finding, the protein level of HIF-1o.
was measured in MDA-MB-468 cells upon LSW treatment. As
shown in Figures 5D-F, HIF-1a. levels were significantly induced
upon LSW treatment in MDA-MB-468 cells in a dose-
(Figure 5D) and time-dependent manner (Figure 5E) as
demonstrated by the results from the western blot
(Figures 5D, E), as well as immunofluorescence staining of
HIF-1o. (Figure 5F). Similar effects on the protein level of
HIF-10 were also observed in a human embryonic kidney cell
line HEK293T (Supplementary Figure S4). Interestingly, the
mRNA level of HIFIA was not changed, while prolyl
hydroxylase domain (PHD) proteins (encoded by EGLNs)
were not decreased following LSW treatment (Supplementary
Figure S5), suggesting that LSW treatment induces HIF-1o. at
the protein level and this is not mediated by down-
regulating PHDs.

We then measured the transcriptional activity of HIF using a
hypoxia response elements (HRE) reporter system (Masoud and
Li, 2015). Upon hypoxia, HIF-o is upregulated and complexed
with HIF-1B, binding to the HRE of the gene promoter for
transactivation (Kaelin and Ratcliffe, 2008). DMOG
(Dimethyloxalylglycine), a non-specific 2-OG analogue that
can stabilize and activate HIF (Chan et al., 2016), was used as
a positive control. Treatment with DMOG or LSW resulted in a
significant increase in the HRE luciferase activity (Figure 5G; P <
0.001 and P < 0.01, respectively). Furthermore, the mRNA levels
of HIF target genes, such as CA9 and VEGFA, were also
significantly upregulated upon LSW treatment (Figure 5H; P <
0.0001 and P < 0.05, respectively). Taken together, these findings
demonstrate that bioactive extracts from Limonium Sinense
induce G2/M phase arrest of the cell cycle as well as
HIF activation.

Integrated analysis suggests a role for
gallic acid within Limonium Sinense in
mediating HIF activation

In order to identify potential bioactive ingredient(s) within
Limonium Sinense that are responsible for HIF activation, an
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FIGURE 3

Connectivity Map (CMap) analysis in MDA-MB-468 cells exposed to bioactive extracts from Limonium Sinense. (A) Heatmap showing the
connectivity score for the most significant compounds in 9 cell lines. Cell ID, compound name (Perturbegan), connectivity score (and the colour
key), mechanism of action, and target genes for each compound are indicated. Compounds are considered significantly connected with the

reference signature when the connectivity score is above 90 (similar) or below -

90 (opposite). Compounds are sorted by the decreasing order

of their connectivity scores. (B) Graph showing the interaction network between compounds and their target genes. The colours and shapes
represent the indicated compounds and their target genes. The sizes of the nodes indicated the degrees that the nodes connect to others, and

the width of the lines represents the EdgeBetweenness of each gene.
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Effects of bioactive extracts from Limonium Sinense on cell cycle. (A) Gene Set Enrichment Analysis (GSEA) plot showing an enrichment of
Hallmark_G2/M_checkpoint in MDA-MB-468 cells treated with Limonium Sinense water extracts (LSW, 500 ug/ml). Normalized enrichment score
(NES) and false discovery rate (FDR) are indicated. (B) Representative flow cytometry histograms of the percentage of cells in G1, S and G2/M phases
of the cell cycle from MDA-MB-468 treated with or without LSW (500 pg/ml) for 24 hours. (C—E) Graphs showing the percentage of cells in GO/G1
(C), S (D), or G2/M (E) phases. Data are mean + SEM. n = 3 samples per group. ns, not significant; *P < 0.05 by the Student's t-test.

integrated approach was adopted. We screened Gene Expression
Omnibus (GEO) datasets on human cells treated with herbal
extracts or natural compounds (Supplementary Figure S6). A
total of 871 samples were collected from 36 GEO datasets
(Supplementary Table 6), including 218 control and 653
compound-treated samples in different cells. A HIF score for
each sample was calculated using Gene Set Variation Analysis
(GSVA) to determine the HIF activity. A total of 31 natural
compounds or herbal extracts showed the ability to activate HIF,
demonstrated by an increase in the value of the HIF score
(Figure 6A; Supplementary Table S7). Among them, 7 were
water soluble and 2 were reported to be present in Limonium
Sinense (Liu, 2011; Hsu et al., 2015). Five natural compounds or
herbal extracts showed an opposite effect on HIF activity
(Supplementary Figure S7; Supplementary Table S7).
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The analysis suggested a potential role for gallic acid with
Limonium Sinense in mediating HIF activation, given the fact
that it is water soluble and has been reported to be present in
Limonium Sinense (Hsu et al., 2015). The HIF score was
significantly increased in breast cancer cell line MCF7
(GSE85871; Figure 6B) or cervical cancer cell line Hela
(GSE158788; Figure 6C) upon gallic acid treatment. The
presence of gallic acid in LSW was further confirmed by using
the high-performance liquid chromatography (HPLC) analysis,
showing the peak of gallic acid in LSW and its standard with a
retention time of 2.95 min (Figure 6D). The concentration of
gallic acid in LSW is 2.24 ug/ml. To validate the effect of gallic
acid on HIF, the protein level of HIF-10 was measured in MDA-
MB-468 cells following gallic acid treatment. As shown in
Figure 6E, the HIF-1o protein level was induced upon
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FIGURE 6

Integrated analysis suggests a role for gallic acid within Limonium Sinense in mediating hypoxia-inducible factor (HIF) activation. (A) Scatter plot
showing natural compounds or herbal extracts that can up-regulate the HIF score. Compounds with red colour are water soluble, and those
framed are reported to be present in Limonium Sinense. The sizes of circles represent the -Log10 of the P, values, and the colours of circles
represent the HIF score mean difference of each compound compared with control samples. (B, C) Graphs showing the effect of gallic acid on
the HIF score from Gene Expression Omnibus (GEO) dataset GSE85871 (B) and GSE158788 (C). Data are mean + SEM. ns, not significant; *P <
0.05; **P < 0.01 by the Student's t-test (B) and one-way ANOVA (C), respectively. (D) Chromatograms (HPLC/UV) of Limonium Sinense water
extracts and gallic acid (insert) in 271 nm. The retention time (2.95 min) and structure for gallica acid are indicated. (E) Protein expressions of
HIF-1o in MDA-MB-468 cells treated with or without gallic acid (50 ug/ml) for the indicated time. B-Tubulin was used as a loading control.

treatment in MDA-MB-468 cells in a time-dependent manner.
Together, these results suggest a role for gallic acid within
Limonium Sinense in mediating HIF activation, at least partially.

Discussion and conclusions

Limonium Sinense used in traditional Chinese medicine is
often extracted with boiling water to make an aqueous extract for
oral uptake (Chaung et al., 2003). Water extracts from
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Limonium Sinense (LSW) show antiviral, antitumour, and
immunomodulatory activities in previous studies (Kuo et al,
2002; Tang et al., 2008; Tang et al., 2012; Tang et al., 2014; Hsu
et al., 2015). In this study, we were able to show that LSW
treatment leads to a strong inhibition of growth, potentially by
arresting the cell cycle at the G2/M phase. CMap analysis
identified Tubulin inhibitors as similarly acting therapeutic
candidates in LSW. Tubulin inhibitors are chemotherapy
drugs that interfere directly with the tubulin system that
enables a cell to undergo mitosis (Janke and Magiera, 2020).
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Among the various mechanisms of action of natural compounds
or herbal extracts, their ability to interact with Tubulin is one of
the most important (Kingston, 2009). Whether the effect of
Limonium Sinense on the cell cycle is via its interaction with
Tubulin merits further investigation.

The name of Limonium Sinense in Chinese means “an herb
that can increase blood count”. It is often used to replenish blood
in the body, and also for the treatment of hemostasis, anemia,
menorrhagia, irregular menstruation, and blood collapse.
However, the reason why Limonium Sinense possesses such an
outstanding blood-enriching function along with its mechanism
of action is largely unknown. The production of red blood cells
relies predominantly on the cytokine erythropoietin (EPO) and
its transcription factor HIF (Lee and Percy, 2011). Studies have
shown that regulating HIF levels provide novel therapeutic
strategies for a broad variety of diseases, including anemia (De
Bels et al., 2011; Semenza, 2012; Schodel and Ratcliffe, 2019). In
our analysis, GSEA showed enrichment of angiogenesis. In
addition, “positive regulation of angiogenesis” was the top-
ranked GO term in the biological process category. Further
analysis showed several angiogenesis-related genes, including
VEGF, were up-regulated upon LSW treatment. We found LSW
treatment induces a strong HIF activation. The integrated
analysis identified gallic acid as a potentially bioactive
ingredient within Limonium Sinense mediating this effect,
although further experiments are needed to investigate
whether the biological effect of LSW is mainly mediated by
gallic acid.

Hypoxia plays a crucial role at both cellular and physiological
levels in all animals (Wang et al, 2018) and is one of the
characteristic pathophysiological features of many common
disorders (Semenza, 2019). HIF-o is the most important
regulator of cellular responses to hypoxia (Darby and
Hewitson, 2016). Under normoxia, the protein level of HIF-ou
is low due to the oxygen-dependent hydroxylation by members of
the prolyl hydroxylase domain (PHD) family (Myllyharju, 2013).
This allows HIF-o to interact with tumor suppressor von Hippel-
Lindau (pVHL), thereby leading to polyubiquitylation and
degradation (Kaelin and Ratcliffe, 2008). When the oxygen
level is low/deprived (hypoxia), or cells lack a functional pVHL,
HIF-0. accumulates and dimerizes with HIF-1p, translocates to
the nucleus, and activates the transcription of multiple genes
involved in erythropoiesis, angiogenesis and energy metabolism
(Kaelin and Ratcliffe, 2008). The genes targeted by HIF make it an
appealing pharmacological target, especially for the treatment of
diseases including anaemia, ischaemic stroke, and wound healing
via PHD inhibition-mediated upregulation of HIF (Davis et al.,
2018). For example, PHD inhibitors FG4592 (Roxadustat,
FibroGen), GSK1278863 (Daprodustat, GlaxoSmithKline),
Bay85-3934 (Molidustat, Bayer), and AKB-6548 (Vadadustat,
Akebia) are currently in clinical use or trials for anaemia
treatment in patients with chronic kidney disease
(Chan et al., 2016; Yeh et al, 2017). In our analysis, we found
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the mRNA level of HIF1A was not changed, while PHDs were not
decreased by LSW treatment. These results suggest that LSW
treatment induces HIF-1ow at the protein level and this is not
mediated by down-regulating PHDs. In line with our findings,
Tsukiyama and colleagues reported that gallate can inhibit PHD
activity, thereby reducing the HIF degradation rate and
increasing the protein level of HIF-1cat (Tsukiyama et al., 2006).
The gallate binds to the active site of PHD with its phenolate
oxygen atoms chelating Fe** and the carboxyl group binding
to Arg383.

Taken together, this study provides novel insights into the
bioactive ingredients in Limonium Sinense, highlighting the rich
natural resource and therapeutic values of herbal plants.
However, given its potential to generate many other effects,
consideration is required when Limonium Sinense is
used clinically.

Data availability statement

The original contributions presented in the study are
publicly available. This data can be found here: Gene
Expression Omnibus (GEO)-NCBI, GSE205252.

Author contributions

YW and JW designed the study. HZ, SW, YZ, and AE
performed the experiments. YW, JW, HZ, SW, and YZ
analyzed the data and finalized the figures, and all other
authors contributed to the data interpretation. YW, JW, HZ,
PW, RE, and XT drafted the manuscript with input from other
authors. All authors read and approved the final manuscript.

Acknowledgments

This project was funded in part by Yancheng Teachers’
University and the University of Southampton. YW was
supported by the Medical Research Council [grant no: MR/
S025480/1] and an Academy of Medical Sciences/the Wellcome
Trust Springboard Award [grant no: SBF002\1038]. SW was
supported by China Scholarship Council. YZ was supported by
an Institute for Life Sciences Ph.D. Studentship. AE was supported
by the Wessex Medical Trust. The authors gratefully acknowledge
the Imaging and Microscopy Centre at the Biological Sciences
(The University of Southampton) for their support and assistance
in this work. We would also like to thank Prof Christopher
Schofield (The University of Oxford) and Dr. Matthias Baud
(The University of Southampton) for helpful discussions and
advice. For the purpose of open access, the authors have applied
a CC-BY public copyright license to any Author Accepted
Manuscript version arising from this submission.

frontiersin.org


https://doi.org/10.3389/fpls.2022.994036
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

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.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Brereton, C. J., Yao, L., Davies, E. R., Zhou, Y., Vukmirovic, M., Bell, J. A., et al.
(2022). Pseudohypoxic HIF pathway activation dysregulates collagen structure-
function in human lung fibrosis. Elife 11. doi: 10.7554/eLife.69348

Buffa, F. M., Harris, A. L., West, C. M., and Miller, C. J. (2010). Large meta-
analysis of multiple cancers reveals a common, compact and highly prognostic
hypoxia metagene. Br. J. Cancer 102 (2), 428-435. doi: 10.1038/sj.bjc.6605450

Chaicharoenaudomrung, N., Kunhorm, P., and Noisa, P. (2019). Three-
dimensional cell culture systems as an in vitro platform for cancer and stem cell
modeling. World J. Stem Cells 11 (12), 1065-1083. doi: 10.4252/wjsc.v11.i12.1065

Chan, M. C., Holt-Martyn, J. P., Schofield, C. J., and Ratcliffe, P. J. (2016).
Pharmacological targeting of the HIF hydroxylases-a new field in medicine
development. Mol. Aspects Med. 47-48, 54-75. doi: 10.1016/j.mam.2016.01.001

Chan, M. C,, Ilott, N. E., Schodel, J., Sims, D., Tumber, A., Lippl, K., et al. (2016).
Tuning the transcriptional response to hypoxia by inhibiting hypoxia-inducible
factor (HIF) prolyl and asparaginyl hydroxylases. J. Biol. Chem. 291 (39), 20661—
20673. doi: 10.1074/jbc.M116.749291

Chaung, S. S, Lin, C. C,, Lin, ], Yu, K. H,, Hsu, Y. F., and Yen, M. H. (2003). The
hepatoprotective effects of limonium sinense against carbon tetrachloride and beta-
d-galactosamine intoxication in rats. Phytother. Res. 17 (7), 784-791. doi: 10.1002/
ptr.1236

Darby, I. A., and Hewitson, T. D. (2016). Hypoxia in tissue repair and fibrosis.
Cell Tissue Res. 365 (3), 553-562. doi: 10.1007/s00441-016-2461-3

Davis, C. K,, Jain, S. A,, Bae, O. N, Majid, A., and Rajanikant, G. K. (2018).
Hypoxia mimetic agents for ischemic stroke. Front. Cell Dev. Biol. 6, 175. doi:
10.3389/fcell.2018.00175

De Bels, D., Corazza, F.,, and Balestra, C. (2011). The normo-baric oxygen
paradox: A novel way to administer oxygen as an adjuvant treatment for cancer? .
N Engl. ]. Med. 365 (19), 1845. doi: 10.1016/j.mehy.2010.11.022

Dong, B. (2005). Research on the conservation of limonium sinense in the coast
of jiangsu. Chin. Wild Plant Res. 24 (06), 28-30.

Ertay, A, Liu, H,, Liu, D,, Peng, P., Hill, C, Xiong, H,, et al. (2020). WDHDI is
essential for the survival of PTEN-inactive triple-negative breast cancer. Cell Death Dis.
11 (11), 1001. doi: 10.1038/s41419-020-03210-5

Hanzelmann, S., Castelo, R, and Guinney, J. (2013). GSVA: Gene set variation
analysis for microarray and RNA-seq data. BMC Bioinf. 14, 7. doi: 10.1186/1471-2105-
14-7

Hill, C., Li, J., Liu, D., Conforti, F., Brereton, C. J., Yao, L., et al. (2019).
Autophagy inhibition-mediated epithelial-mesenchymal transition augments local
myofibroblast differentiation in pulmonary fibrosis. Cell Death Dis. 10 (8), 591. doi:
10.1038/541419-019-1820-x

Hsu, W. C,, Chang, S. P,, Lin, L. C,, Li, C. L, Richardson, C. D,, Lin, C. C, et al. (2015).
Limonium sinense and gallic acid suppress hepatitis ¢ virus infection by blocking early
viral entry. Antiviral Res. 118, 139-147. doi: 10.1016/j.antiviral.2015.04.003

Janke, C., and Magiera, M. M. (2020). The tubulin code and its role in controlling
microtubule properties and functions. Nat. Rev. Mol. Cell Biol. 21 (6), 307-326. doi:
10.1038/541580-020-0214-3

Frontiers in Plant Science

12

10.3389/fpls.2022.994036

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.994036/full#supplementary-material

Kaelin, W. G. Jr., and Ratcliffe, P. J. (2008). Oxygen sensing by metazoans: The
central role of the HIF hydroxylase pathway. Mol. Cell 30 (4), 393-402. doi:
10.1016/j.molcel.2008.04.009

Kingston, D. G. (2009). Tubulin-interactive natural products as anticancer
agents. J. Nat. Prod. 72 (3), 507-515. doi: 10.1021/np800568j

Kuo, Y. C, Lin, L. C, Tsai, W. J,, Chou, C. J., Kung, S. H,, and Ho, Y. H. (2002).
Samarangenin b from limonium sinense suppresses herpes simplex virus type 1
replication in vero cells by regulation of viral macromolecular synthesis. Antimicrob.
Agents Chemother. 46 (9), 2854-2864. doi: 10.1128/AAC.46.9.2854-2864.2002

Lamb, J., Crawford, E. D., Peck, D., Modell, J. W., Blat, I. C., Wrobel, M. J., et al.
(2006). The connectivity map: Using gene-expression signatures to connect small
molecules, genes, and disease. Science 313 (5795), 1929-1935.(2021) 10:4559.
10.1126/science.1132939

Lee, F. S, and Percy, M. J. (2011). he HIF pathway and erythrocytosis. Annu.
Rev. Pathol. 6, 165-192. doi: 10.1146/annurev-pathol-011110-130321

Li, H. (1998). Plumbaginaceae. Flora. Taiwan 4, 79-82.

Lin, L. C,, and Chou, C. J. (2000). Flavonoids and phenolics from limonium
sinense. Planta Med. 66 (4), 382-383. doi: 10.1055/s-2000-8547

Lin, L. C,, Kuo, Y. C,, and Chou, C. J. (2000). Anti-herpes simplex virus type-1
flavonoids and a new flavanone from the root of limonium sinense. Planta Med. 66
(4), 333-336. doi: 10.1055/s-2000-8540

Liu, X. (2011). Chemical constituents of limonium sinense. Chin. Traditional
Herbal. Drugs 42 (02), 230-233.

Liu, H,, Ertay, A, Peng, P., Li, J., Liu, D, Xiong, H., et al. (2019). SGLTTI is
required for the survival of triple-negative breast cancer cells via potentiation of
EGFR activity. Mol. Oncol. 13 (9), 1874-1886. doi: 10.1002/1878-0261.12530

Masoud, G. N,, and Li, W. (2015). HIF-1lalpha pathway: Role, regulation and
intervention for cancer therapy. Acta Pharm. Sin. B 5 (5), 378-389. doi: 10.1016/
j.apsb.2015.05.007

Myllyharju, J. (2013). Prolyl 4-hydroxylases, master regulators of the hypoxia
response. Acta Physiol. (Oxf) 208 (2), 148-165. doi: 10.1111/apha.12096

Schodel, J., and Ratcliffe, P. J. (2019). Mechanisms of hypoxia signalling: New
implications for nephrology. Nat. Rev. Nephrol. 15 (10), 641-659. doi: 10.1038/
s41581-019-0182-z

Semenza, G. L. (2012). Hypoxia-inducible factors in physiology and medicine.
Cell 148 (3), 399-408. doi: 10.1016/j.cell.2012.01.021

Semenza, G. L. (2019). Pharmacologic targeting of hypoxia-inducible factors.
Annu. Rev. Pharmacol. Toxicol. 59, 379-403. doi: 10.1146/annurev-pharmtox-
010818-021637

Subramanian, A., Narayan, R., Corsello, S. M., Peck, D. D., Natoli, T. E., Lu, X,,
et al. (2017). A next generation connectivity map: L1000 platform and the first
1,000,000 profiles. Cell 171 (6), 1437-1452.e1417. doi: 10.1016/j.cell.2017.10.049

Tang, X. H,, Gao, J.,, Chen, J., Xu, L. Z,, Tang, Y. H., Zhao, X. N,, et al. (2008).
Mitochondrial modulation is involved in the hepatoprotection of limonium sinense

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.994036/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.994036/full#supplementary-material
https://doi.org/10.7554/eLife.69348
https://doi.org/10.1038/sj.bjc.6605450
https://doi.org/10.4252/wjsc.v11.i12.1065
https://doi.org/10.1016/j.mam.2016.01.001
https://doi.org/10.1074/jbc.M116.749291
https://doi.org/10.1002/ptr.1236
https://doi.org/10.1002/ptr.1236
https://doi.org/10.1007/s00441-016-2461-3
https://doi.org/10.3389/fcell.2018.00175
https://doi.org/10.1016/j.mehy.2010.11.022
https://doi.org/10.1038/s41419-020-03210-5
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/s41419-019-1820-x
https://doi.org/10.1016/j.antiviral.2015.04.003
https://doi.org/10.1038/s41580-020-0214-3
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1021/np800568j
https://doi.org/10.1128/AAC.46.9.2854-2864.2002
https://doi.org/10.1126/science.1132939
https://doi.org/10.1146/annurev-pathol-011110-130321
https://doi.org/10.1055/s-2000-8547
https://doi.org/10.1055/s-2000-8540
https://doi.org/10.1002/1878-0261.12530
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1111/apha.12096
https://doi.org/10.1038/s41581-019-0182-z
https://doi.org/10.1038/s41581-019-0182-z
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1146/annurev-pharmtox-010818-021637
https://doi.org/10.1146/annurev-pharmtox-010818-021637
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.3389/fpls.2022.994036
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhao et al.

extract against liver damage in mice. J. Ethnopharmacol. 120 (3), 427-431. doi:
10.1016/j.jep.2008.09.022

Tang, X, Yan, L., Gao, J., Ge, H.,, Yang, H., and Lin, N. (2011). Optimization of
extraction process and investigation of antioxidant effect of polysaccharides from
the root of limonium sinense kuntze. Pharmacogn. Mag. 7 (27), 186-192. doi:
10.4103/0973-1296.84225

Tang, X. H, Yan, L. F, Gao, ], Yang, X. L, Xu, Y. X, Ge, H. Y, et al. (2012).
Antitumor and immunomodulatory activity of polysaccharides from the root of
limonium sinense kuntze. Int. J. Biol. Macromol. 51 (5), 1134-1139. doi: 10.1016/
j.ijbiomac.2012.08.037

Tang, X. H,, Yu, F,, Liu, ], Gao, J., Yan, L. F,, and Dong, M. M. (2014). Isolation
and identification of anti-tumor polysaccharide LSP21 from limonium sinense
(Girard) kuntze. Int. ]J. Biol. Macromol. 70, 138-142. doi: 10.1016/
j.ijbiomac.2014.06.042

Tsukiyama, F., Nakai, Y., Yoshida, M., Tokuhara, T., Hirota, K., Sakai, A., et al.
(2006). Gallate, the component of HIF-inducing catechins, inhibits HIF prolyl
hydroxylase. Biochem. Biophys. Res. Commun. 351 (1), 234-239. doi: 10.1016/
j.bbrc.2006.10.025

Uva, P., Bosco, M. C,, Eva, A,, Conte, M., Garaventa, A., Amoroso, L., et al.
(2021). Connectivity map analysis indicates PI3K/Akt/mTOR inhibitors as
potential anti-hypoxia drugs in neuroblastoma. Cancers (Basel) 13 (11). doi:
10.3390/cancers13112809

Wang, Y., Bu, F,, Royer, C,, Serres, S., Larkin, J. R., Soto, M. S,, et al. (2014).
ASPP2 controls epithelial plasticity and inhibits metastasis through beta-catenin-
dependent regulation of ZEB1. Nat. Cell Biol. 16 (11), 1092-1104. doi: 10.1038/
ncb3050

Frontiers in Plant Science

13

10.3389/fpls.2022.994036

Wang, Y., Xiong, H.,, Liu, D., Hill, C,, Ertay, A., Li, J., et al. (2019). Autophagy
inhibition specifically promotes epithelial-mesenchymal transition and invasion in
RAS-mutated cancer cells. Autophagy 15 (5), 886-899. doi: 10.1080/
15548627.2019.1569912

Wang, Y., Zhong, S., Schofield, C. J., Ratcliffe, P. J., and Lu, X. (2018). Nuclear
entry and export of FIH are mediated by HIFlalpha and exportinl, respectively. J.
Cell Sci. 131 (22). doi: 10.1242/jcs.219782

Xiao ZF, Z. L., Cai, X. F,, and Zhang, J. B. (1991). Effect of limonium sinense
(Girard) o. kuntze on hemorrhagic anaemia-an analysis of the principal
consituents of limonium sinense o. kuntze. J. Shantou Univ. (Natural Science)
01), 78-83.

Yao, L., Conforti, F., Hill, C., Bell, J., Drawater, L., Li, J., et al. (2019). Paracrine
signalling during ZEB1-mediated epithelial-mesenchymal transition augments
local myofibroblast differentiation in lung fibrosis. Cell Death Differ. 26 (5), 943—
957. doi: 10.1038/s41418-018-0175-7

Yao, L., Zhou, Y., Li, J., Wickens, L., Conforti, F., Rattu, A., et al. (2021).
Bidirectional epithelial-mesenchymal crosstalk provides self-sustaining profibrotic
signals in pulmonary fibrosis. J. Biol. Chem. 297 (3), 101096. doi: 10.1016/
j.jbe.2021.101096

Yeh, T. L., Leissing, T. M., Abboud, M. L, Thinnes, C. C., Atasoylu, O., Holt-
Martyn, J. P., et al. (2017). Molecular and cellular mechanisms of HIF prolyl
hydroxylase inhibitors in clinical trials. Chem. Sci. 8 (11), 7651-7668. doi: 10.1039/
C75C02103H

Ye, Y., Hu, Q., Chen, H., Liang, K., Yuan, Y., Xiang, Y., et al. (2019).
Characterization of hypoxia-associated molecular features to aid hypoxia-
targeted therapy. Nat. Metab. 1 (4), 431-444. doi: 10.1038/s42255-019-0045-8

frontiersin.org


https://doi.org/10.1016/j.jep.2008.09.022
https://doi.org/10.4103/0973-1296.84225
https://doi.org/10.1016/j.ijbiomac.2012.08.037
https://doi.org/10.1016/j.ijbiomac.2012.08.037
https://doi.org/10.1016/j.ijbiomac.2014.06.042
https://doi.org/10.1016/j.ijbiomac.2014.06.042
https://doi.org/10.1016/j.bbrc.2006.10.025
https://doi.org/10.1016/j.bbrc.2006.10.025
https://doi.org/10.3390/cancers13112809
https://doi.org/10.1038/ncb3050
https://doi.org/10.1038/ncb3050
https://doi.org/10.1080/15548627.2019.1569912
https://doi.org/10.1080/15548627.2019.1569912
https://doi.org/10.1242/jcs.219782
https://doi.org/10.1038/s41418-018-0175-7
https://doi.org/10.1016/j.jbc.2021.101096
https://doi.org/10.1016/j.jbc.2021.101096
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1039/C7SC02103H
https://doi.org/10.1038/s42255-019-0045-8
https://doi.org/10.3389/fpls.2022.994036
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Integrated analysis reveals effects of bioactive ingredients from Limonium Sinense (Girard) Kuntze on hypoxia-inducible factor (HIF) activation
	Introduction
	Materials and methods
	Preparation of Limonium Sinense water extract
	Cell culture and reagents
	Mammosphere assay and quantifications
	Cell viability assay
	RNA-Seq and bioinformatic analysis
	Flow cytometry
	Western blot analysis
	qRT-PCR
	Immunofluorescence microscopy
	Luciferase reporter assay
	Integrated data analysis and GSVA score calculation
	High-performance liquid chromatography assay
	Statistical analysis

	Results
	Bioactive extracts from Limonium Sinense show a strong growth inhibitory effect
	Global transcriptomic changes in MDA-MB-468 cells exposed to bioactive extracts from Limonium Sinense
	Connectivity Map analysis in MDA-MB-468 cells exposed to bioactive extracts from Limonium Sinense
	Bioactive extracts from Limonium Sinense induce G2/M phase arrest in the cell cycle and HIF activation
	Integrated analysis suggests a role for gallic acid within Limonium Sinense in mediating HIF activation

	Discussion and conclusions
	Data availability statement
	Author contributions
	Acknowledgments
	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 false
  /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 false
  /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 false
  /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


