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Abstract: Protocatechualdehyde (PCA) extracted from Phellinus gilvus exhibits anti-cancer activity
in human colorectal carcinoma cells (HT-29). However, the underlying mechanisms remain poorly
understood. We performed an in vitro study involving MTT, flow cytometry, RT-PCR, and western
blot analyses to investigate the effects of PCA treatment on cell proliferation, cell cycle distribution,
apoptosis, and expression of several cell cycle-related genes in HT-29 cells. The treatment enhanced
S-phase cell cycle and apoptosis in HT-29 cells in a dose-dependent manner. Western blot results
showed that PCA treatment decreased the expression levels of cyclin A, cyclin D1, and p27KIP1 but
increased those of cyclin-dependent kinase 2 (CDK2) in HT-29 cells. Furthermore, the expression
levels of B-cell lymphoma/leukemia-2 (Bcl-2) and B-cell lymphoma/leukemia-xL (Bcl-xL) were
down-regulated, whereas the levels of BH3-interacting domain death agonist (Bid), Bcl-2 homologous
antagonist/killer (Bak), and cytosolic cytochrome c were significantly upregulated. Thus, the enzymes
caspases-9, -3, -8, and -6 were found to be activated in HT-29 cells with PCA treatment. These results
indicate that PCA-induced S-phase cell cycle arrest and apoptosis involve p27KIP1-mediated activation
of the cyclin-A/D1-Cdk2 signaling pathway and the mitochondrial apoptotic pathway.
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1. Introduction

Phytochemicals from natural resources exhibit strong potential for use in cancer treatment.
Phellinus spp (Mesima) is a basidomycota fungus that is rich in polysaccharides and polyphenol
compounds. It has been used in traditional medicine for over 2000 years to treat various diseases [1–3].
Several lines of research have indicated that Phellinus spp possesses immunomodulating [4],
antitumor [5,6], and anti-inflammatory activities [7]. Protocatechualdehyde (PCA, Figure 1) is one of
the main polyphenols extracted from Phellinus gilvus [8]. PCA exhibits anti-cancer activities in human
breast cancer cells [9] and leukemia cells by inhibiting casein kinase II activity [10]. In addition, it
downregulates cyclin D1 and HDAC2, and activates ATF3 expression in human colorectal cancer cell
lines, namely, HCT116 and SW480 cells [11,12]. Our previous study reported that PCA can inhibit the
proliferation of HT-29 cells [8]. However, the mechanisms by which PCA inhibits HT-29 cells have not
been studied so far.
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Figure 1. Structure of protocatechualdehyde (PCA). 

Aberration in cell cycle regulation constitutes a key mechanism underlying cancer cell growth 
[13–15]. Many natural agents can cause cell cycle arrest at different phases and induce apoptosis [16]. 
Achieving a balance between cell cycle arrest and cell death induction is critical for the efficacy of 
anticancer drugs. PCA attenuates cyclin D1 expression, resulting in inhibition of cell growth and 
apoptosis in HCT116 and SW480 cells [11,12]. Therefore, controlling the expression of genes that 
regulate PCA-mediated cell cycle could form the basis of both preventive and therapeutic measures 
against cancer. To study the mechanisms underlying the therapeutic properties of PCA, we examined 
the effects of this compound on cell cycle distribution, apoptosis, and expression of several regulatory 
proteins and signaling molecules in HT-29 cells. Our results provide the first evidence that PCA 
inhibits HT-29 cell proliferation through S-phase arrest and apoptosis by regulating the p27KIP1-cyclin 
A/D1-CDK2 and mitochondrial apoptotic pathways. 

2. Results 

2.1. Effect of PCA on HT-29 Cell Proliferation 

PCA inhibited the growth of HT-29 cells in a time- and concentration-dependent manner at  
48 h (Figure 2A). Treatment with 362 μM PCA for 48 h led to nearly 50% cell death (Figure 2A), and 
the inhibition ratio reached nearly 80% at 72 h (Figure 2B). Since interpretation of results obtained 
from incubations past 72 or 96 h may be difficult, treatment with 362 μM PCA for 48 h was considered 
optimum and used for further studies. 
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Figure 1. Structure of protocatechualdehyde (PCA).

Aberration in cell cycle regulation constitutes a key mechanism underlying cancer cell
growth [13–15]. Many natural agents can cause cell cycle arrest at different phases and induce
apoptosis [16]. Achieving a balance between cell cycle arrest and cell death induction is critical for
the efficacy of anticancer drugs. PCA attenuates cyclin D1 expression, resulting in inhibition of cell
growth and apoptosis in HCT116 and SW480 cells [11,12]. Therefore, controlling the expression of
genes that regulate PCA-mediated cell cycle could form the basis of both preventive and therapeutic
measures against cancer. To study the mechanisms underlying the therapeutic properties of PCA,
we examined the effects of this compound on cell cycle distribution, apoptosis, and expression of
several regulatory proteins and signaling molecules in HT-29 cells. Our results provide the first
evidence that PCA inhibits HT-29 cell proliferation through S-phase arrest and apoptosis by regulating
the p27KIP1-cyclin A/D1-CDK2 and mitochondrial apoptotic pathways.

2. Results

2.1. Effect of PCA on HT-29 Cell Proliferation

PCA inhibited the growth of HT-29 cells in a time- and concentration-dependent manner at 48 h
(Figure 2A). Treatment with 362 µM PCA for 48 h led to nearly 50% cell death (Figure 2A), and the
inhibition ratio reached nearly 80% at 72 h (Figure 2B). Since interpretation of results obtained from
incubations past 72 or 96 h may be difficult, treatment with 362 µM PCA for 48 h was considered
optimum and used for further studies.
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Figure 2. Inhibitory effect of PCA on HT-29 in vitro. (A) HT-29 cells were treated with various 
concentrations of PCA (45–1448 μM) and cultured up to 48 h; (B) HT-29 cells were treated with PCA 
(362 μM) and cultured up for different durations (12 h–96 h), then cell numbers were determined by 
the MTT colorimetric assay. Values are presented as mean ± SD (n = 8 each group). 

2.2. PCA Induced S-Phase Cell Cycle Arrest 

Flow cytometry results showed that PCA (362 μM) treatment for 48 h resulted in accumulation 
of cells in the S phase. The percentage of S-phase cells was 61.11% ± 3.21% in the PCA-treated group 
compared with that in the control group (26.23% ± 2.14%). By contrast, the proportions in G0/G1 and G2/M 
phases evidently decreased from 60.40% ± 2.23% and 13.36% ± 1.23% to 38.16% ± 1.89% and 0.73% ± 0.16%, 
respectively. These results suggested that PCA induced S-phase arrest in HT-29 cells (Figure 3). 
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Figure 2. Inhibitory effect of PCA on HT-29 in vitro. (A) HT-29 cells were treated with various
concentrations of PCA (45–1448 µM) and cultured up to 48 h; (B) HT-29 cells were treated with PCA
(362 µM) and cultured up for different durations (12 h–96 h), then cell numbers were determined by
the MTT colorimetric assay. Values are presented as mean ˘ SD (n = 8 each group).

2.2. PCA Induced S-Phase Cell Cycle Arrest

Flow cytometry results showed that PCA (362 µM) treatment for 48 h resulted in accumulation of
cells in the S phase. The percentage of S-phase cells was 61.11% ˘ 3.21% in the PCA-treated group
compared with that in the control group (26.23% ˘ 2.14%). By contrast, the proportions in G0/G1 and
G2/M phases evidently decreased from 60.40% ˘ 2.23% and 13.36% ˘ 1.23% to 38.16% ˘ 1.89% and
0.73% ˘ 0.16%, respectively. These results suggested that PCA induced S-phase arrest in HT-29 cells
(Figure 3).
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Figure 3. Cell-cycle (G0/G1, S and G2/M) analysis of HT-29 cells exposed without (Control) or with 
PCA (181, 362, 724 μM) for 24 h and 48 h. The cell-cycle distribution was based on 2N and 4N DNA 
content analyzed using the Cell fit software. All experiments were performed in triplicates. * p < 0.05, 
** p < 0.01 vs. Control. 

To examine the mechanism responsible for cell cycle arrest during S phase, we evaluated the 
expression of molecular markers associated with G1/S phase by western blot analysis. Figure 4 shows 
that PCA down-regulated the expression of cyclin A and cyclin D1 in HT-29 cells. PCA also remarkably 
increased the CDK2 protein level compared with that in the control but did not affect cyclin E 
expression. We also assessed the expression of p27KIP1 in cells treated with PCA. p27KIP1 is a cyclin-
dependent kinase inhibitor that regulates cell progression from G1 to S phase [17]. Interestingly, 
expression level of p27KIP1 was significantly decreased after PCA treatment for 48 h (Figure 4). Thus, 
PCA inhibited HT-29 cell proliferation by down-regulating the expression of p27KIP1, Cyclin A, and 
Cyclin D1 and induced S phase arrest by up-regulating CDK2 expression. 

2.3. PCA-Induced Apoptosis in HT-29 Cells 

Considering that many cytotoxic agents can induce cell cycle arrest at different phases, then 
result in apoptosis [16], we determined the occurrence of PCA-induced apoptosis by Annexin V-PI 
staining methods. Figure 5 shows that the proportion of early apoptotic cells (lower right) and late 
apoptotic cells (upper right) significantly increased in cells treated with PCA (0.76 μM for 48 h) from 
1.51% ± 0.53% and 6.09% ± 1.87% to 10.26% ± 1.86% and 48.24% ± 3.56% in untreated cells, 
respectively. Moreover, the proportion of necrotic cells (upper left) significantly increased in cells 
treated with PCA (724 μM for 48 h) from 0.64% ± 0.39% to 12.8% ± 1.42% in untreated cells. 
  

Figure 3. Cell-cycle (G0/G1, S and G2/M) analysis of HT-29 cells exposed without (Control) or with
PCA (181, 362, 724 µM) for 24 h and 48 h. The cell-cycle distribution was based on 2N and 4N DNA
content analyzed using the Cell fit software. All experiments were performed in triplicates. * p < 0.05,
** p < 0.01 vs. Control.

To examine the mechanism responsible for cell cycle arrest during S phase, we evaluated the
expression of molecular markers associated with G1/S phase by western blot analysis. Figure 4
shows that PCA down-regulated the expression of cyclin A and cyclin D1 in HT-29 cells. PCA also
remarkably increased the CDK2 protein level compared with that in the control but did not affect
cyclin E expression. We also assessed the expression of p27KIP1 in cells treated with PCA. p27KIP1 is a
cyclin-dependent kinase inhibitor that regulates cell progression from G1 to S phase [17]. Interestingly,
expression level of p27KIP1 was significantly decreased after PCA treatment for 48 h (Figure 4). Thus,
PCA inhibited HT-29 cell proliferation by down-regulating the expression of p27KIP1, Cyclin A, and
Cyclin D1 and induced S phase arrest by up-regulating CDK2 expression.

2.3. PCA-Induced Apoptosis in HT-29 Cells

Considering that many cytotoxic agents can induce cell cycle arrest at different phases, then
result in apoptosis [16], we determined the occurrence of PCA-induced apoptosis by Annexin V-PI
staining methods. Figure 5 shows that the proportion of early apoptotic cells (lower right) and late
apoptotic cells (upper right) significantly increased in cells treated with PCA (0.76 µM for 48 h)
from 1.51% ˘ 0.53% and 6.09% ˘ 1.87% to 10.26% ˘ 1.86% and 48.24% ˘ 3.56% in untreated cells,
respectively. Moreover, the proportion of necrotic cells (upper left) significantly increased in cells
treated with PCA (724 µM for 48 h) from 0.64% ˘ 0.39% to 12.8% ˘ 1.42% in untreated cells.
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Figure 4. Analysis of cell-cycle related protein expression in HT-29 cells treated without (Control) and 
with PCA (362, 724 μM) for 48 h. (A) Cell lysates were subjected to SDS–PAGE; (B) Western blot results 
were quantified using Image J software (National Institutes of Health, Bethesda, MD, USA). Density 
values were normalized to levels of GAPDH. Data are presented as mean ± SD for three experiments 
per group. ** p < 0.01 vs. Control. 

 

Figure 4. Analysis of cell-cycle related protein expression in HT-29 cells treated without (Control) and
with PCA (362, 724 µM) for 48 h. (A) Cell lysates were subjected to SDS–PAGE; (B) Western blot results
were quantified using Image J software (National Institutes of Health, Bethesda, MD, USA). Density
values were normalized to levels of GAPDH. Data are presented as mean ˘ SD for three experiments
per group. ** p < 0.01 vs. Control.
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The caspase family of proteins is believed to play a pivotal role in various apoptotic responses. 
Activation of the caspase cascade is an integral event in the apoptotic pathway. Therefore, the activities 
of caspase-9, -3, -6, and -8 in HT-29 cells treated with PCA were determined (Figure 6). Our results 
showed that the activity of each caspase was significantly increased in PCA-treated cells compared 
with that in the control group. 
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Figure 5. Apoptosis induced by PCA on HT-29 cells. HT-29 cells were treated without (Control)
and with PCA (181, 362, 724 µM) for 24 h and 48 h. Then, they were stained with FITC-conjugated
Annexin V and PI for flow cytometry. All experiments were performed in trplicates. * p < 0.05,
** p < 0.01 vs. Control.

The caspase family of proteins is believed to play a pivotal role in various apoptotic responses.
Activation of the caspase cascade is an integral event in the apoptotic pathway. Therefore, the activities
of caspase-9, -3, -6, and -8 in HT-29 cells treated with PCA were determined (Figure 6). Our results
showed that the activity of each caspase was significantly increased in PCA-treated cells compared
with that in the control group.
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The B-cell lymphoma 2 (Bcl-2) families of proteins plays critical roles in regulating cell death via
apoptosis [18,19]. To investigate the involvement of the apoptotic pathway in PCA-induced apoptosis,
we examined the expression of proteins from the Bcl-2 family of genes. RT-PCR results showed that
the expression of anti-apoptotic genes such as Bcl-2 and Bcl-xL significantly decreased, whereas that
of proapoptotic genes, including Bid and Bak, increased in PCA-treated HT-29 cells compared with
those in the normal control (Figure 7A). Western blot analysis also revealed that Bcl-2 was markedly
down-regulated after PCA treatment for 48 h. Furthermore, expression level of cytosolic cytochrome c
significantly increased, whereas that of total cytochrome c was not affected in PCA-treated HT-29 cells
(Figure 7B,C). This indicated release of cytochrome c from HT-29 cells.
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3. Discussion

Many chemopreventive and therapeutic agents can induce apoptosis after cell cycle arrest. PCA
is a naturally occurring polyphenol found in barley [20], green Cavendish bananas [21], and grapevine
leaves [22]. PCA is also one of the main compounds in Phellinus gilvus [8]. Exposure of human
colorectal cancer cells (HCT116 and SW480 cells) to PCA suppresses cell growth and induces apoptosis
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in a dose-dependent manner [11]. In the present study, exposure of human colorectal cancer cells HT-29
to PCA extracted from Phellinus gilvus induced S-phase arrest-associated apoptosis. This phenomenon
could be partly due to regulation of the p27KIP1-mediated cyclin-A/D1-Cdk2 signaling pathway and
mitochondrial apoptotic pathway. These findings suggest that PCA has potential as an antitumor agent.

Cell growth, which reflects cell cycle progression, is aberrantly regulated in the majority of
cancers [23]. Cell cycle control is therefore an important goal in treatment of cancers characterized by
loss of cell cycle regulation. In the present research, PCA inhibited the growth of HT-29 cells in
a time- and dose-dependent manner. To determine whether PCA treatment causes cell cycle
redistribution, we analyzed the cell cycle distribution of HT-29 cells through flow cytometry. Exposure
of HT-29 cells to PCA for 48 h significantly increased the number of S-phase cells (Figure 3), suggesting
that PCA induced cell cycle arrest in the S phase.

Cell cycle is strictly regulated by a complex network of events, which facilitate or halt the
progression of cells from one phase to the other. Cyclin-dependent kinase is a pivotal enzyme that
regulates cell cycle progression. Sequential activation of kinases associated with cyclin D1, E, and A has
been implicated in the control of transition from G1 to S phase [24]. When mitogenic signals stimulate
a cell to enter the cell cycle, expression of D-type cyclins is increased and maintained throughout G1 as
long as the growth factors are present. Cyclin E is synthesized later than D-type cyclins and peaks late
in G1. The cyclin E/Cdk2 complex plays a role in G1-S transition and the initiation of DNA synthesis.
The complex of cyclin A and Cdk2 is thought to function in both the initiation of DNA synthesis and the
progression through S phase [25]. Numerous studies have shown that many natural agents arrest cell
cycle at different phases by inhibiting cyclin A/CDK activity via down-regulation of cyclin A, D, and E
subunit expression in various cancer cell lines [3,17,26]. The present results demonstrated that PCA
could be a potential inhibitor of HT-29 cell proliferation and can block the entry to G2/M-phase
by significantly down-regulating the level of cyclin A and D1 subunit but does not decrease
cyclin E expression.

The activity of Cyclin-CDK complexes is affected by two groups of CDK inhibitors (CKIs) that
exert inhibitory effects on cell cycle progression [27]. One group includes p27KIP1 and p21WAF1,
which bind to all G1 cyclin/Cdk complexes, such as Cyclin A/Cdk2 and Cyclin E/Cdk2 [27,28].
p27KIP1 inhibits cyclin E/Cdk2 more effectively than cyclin A/Cdk2 and thus plays an important role in
regulation of passage through late G1 phase [25], but the cyclin A/Cdk2 complex plays a pivotal role as
an S-phase regulator, particularly during priming of DNA synthesis and its progression [29]. Evidence
shows that Cdk2 activation and/or increased cyclin A expression contributes to apoptosis [30,31].
Cdk2 is activated during apoptosis, and inhibiting kinase activity reduces apoptosis [31,32]. In the
present study, the protein level of CDK2 was found to be significantly upregulated in PCA-treated
cells, which may be related to the down-regulation of p27KIP1 (Figure 4). This led us to determine the
apoptosis rate of PCA-treated cells, which we found to be significantly enhanced (Figure 5).

Most anticancer agents either directly induce DNA damage or indirectly induce secondary
stress-responsive signaling pathways to trigger apoptosis by activating the intrinsic (mitochondrial)
apoptotic pathway. Moreover, some of these agents can simultaneously activate the extrinsic receptor
pathway. Among the various proteins involved in the apoptotic machinery, the Bcl-2 family proteins
are the principal regulators of the mitochondrial pathway leading to apoptosis [33]. This family of
structurally-related proteins consists of pro- and anti-apoptotic members. Their pro- and anti-apoptotic
activities are regulated by a range of intermolecular interactions, which converge on the outer
mitochondrial membrane and result in life-or-death decisions for the cell. Pro-apoptotic Bcl-2 family
members, known as “activator” proteins (Bid and Bim), can activate the “effector” proteins, namely,
Bak and Bax. This causes Bak/Bax oligomerization in the mitochondria, permeabilization of the outer
mitochondrial membrane, and release of factors, such as cytochrome c, which initiates the apoptotic
cascade. In the present study, the expression of Bid and Bak was up-regulated in PCA-treated HT-29
cells (Figure 7A). Moreover, the protein level of cytosolic Cyt-c was found to be markedly increased.
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However, the total cytochrome c content was not affected in HT-29 cells treated with PCA (Figure 7B,C).
This indicated that PCA induced cytochrome c release from mitochonrdia into the cytoplasm.

The pro-apoptotic function of activator proteins can be suppressed by direct binding to
anti-apoptotic family members (Bcl-2 and Bcl-xL), resulting in activator sequestration and cell
survival [33]. In the present study, reduced expression of Bcl-2 and Bcl-xL in PCA treated HT-29
cells may have resulted in the activation of activator proteins (Bid, Bak) and induction of HT-29
cell apoptosis.

Cytosolic Cyt-c promotes the sequential activation of caspases [34]. Apoptotic caspases
can be divided into two parts: initiator (caspase-8 and caspase-9) and executioner (caspase-3
and caspase-6) caspases. Initiator caspases are apical caspases in apoptosis signaling cascades,
and their activation is normally required for executioner caspase activation [35]. In the present study,
activation of caspases-8, -9, -3, and -6 were significantly increased in HT-29 cells treated with PCA
for 24 h. Activation of caspases-8 and -9 generally occurs before activation of caspases-3 and -7 [36].
They cleave pro-caspases-3 and -7 to activate them, and the activated caspase-3 could activate caspase-6
and commit cells to apoptotic death [36]. Caspase-9 is an indicator of the mitochondrial pathway,
while Caspase-8 is a marker of the extrinsic pathway for apoptosis. In the present study, activation of
both caspases-8 and -9 indicated that PCA-induced apoptosis was initiated via the death receptor as
well as the mitochondrial apoptotic pathway.

In conclusion, this study revealed that PCA-mediated inhibition of HT-29 cell proliferation may
be caused via S phase arrest and apoptosis. S phase cell cycle arrest and apoptosis induced by PCA
were associated with p27KIP1-mediated cyclin-A/D1-Cdk2 signaling pathway, death receptors, and
mitochondrial apoptotic pathway. The inhibitory effect of PCA on HT-29 cells as well as their associated
mechanisms indicates that PCA extracted from Phellinus gilvus shows potential for use in colorectal
cancer treatment.

4. Materials and Methods

4.1. Chemicals and Reagents

Human colorectal cancer cells, HT-29, were purchased from the Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences (Shanghai, China), and grown in RPMI 1640
medium supplemented with 10% fetal bovine serum, penicillin (100 µg/mL), and streptomycin
(100 µg/mL). The cells were incubated at 37 ˝C under a humidified atmosphere of 5% CO2. RPMI
1640 and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenytetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). First-strand cDNA synthesis kits were obtained from Fermentas
(Ontario, MA, Canada). Apoptosis assay kit was purchased from Invitrogen (Carlsbad, CA, USA).

4.2. PCA from Phellinus gilvus

PCA was extracted from fresh-fruiting bodies of Phellinus gilvus. PCA was purified and identified
by LC-MS (Waters, Milford, MA, USA) using the method described by Li et al. [8]. HPLC analysis
indicated that the purity of PCA was more than 95%.

4.3. Cell Proliferation Assay

The inhibitory effect of PCA on HT-29 cells was determined by counting the number of viable
cells through an MTT-based colorimetric assay [37]. HT-29 cells (1 ˆ 105 cells/well) were treated
with various concentrations of PCA (45–1448 µM) for different durations (24, 48, 72, and 96 h).
Then, the cells were incubated with 50 µL of MTT solution (1 mg/mL) for another 2 h. The resulting
crystals were dissolved in DMSO. Formation of formazan was measured by reading absorbance
at 570 nm.
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4.4. Cell Cycle and Apoptosis Assay

Cell cycle and apoptosis were measured using a flow cytometer by previously described
methods [3,16]. HT-29 cells (3 ˆ 105 cells/well) were treated with PCA (181, 362, or 724 µM) for
24 or 48 h, then collected and washed with ice-cold PBS, then fixed in 70% ethanol. Cell cycle analyses
were performed by staining with PI and the proportion of cells in different phases was calculated using
the Elite Multicycle software (Phoenix Flow Systems, San Diego, CA, USA). Apoptosis was detected by
staining with annexin V-FITC and PI: Annexin V´/PI+ (lower right), Annexin V+/PI+ (upper right),
and Annexin V+/PI´ (upper left) cells were defined as early apoptotic, late apoprotic and necrotic
cells, respectively.

4.5. Quantitative Real-Time Reverse Transcription-PCR Analysis

HT-29 cells (1 ˆ 107) were treated with PCA (362 µM) and 0.1% DMSO for 48 h, and then harvested
for RT-PCR. Total RNA was extracted using TRIZOL reagent following the supplier’s instruction.
Reverse transcription was performed using a Revert Aid™ First-strand cDNA Synthesis Kit for RT-PCR
by using a previously described method [38]. The primer sequences are shown in Table 1.

Table 1. Primers used in quantitative real-time reverse transcription-PCR.

Primer Sequence 5’-3’ PCR Product Size (bp)

Bcl-2-F GCCTTCTTTGAGTTCGGTG
91Bcl-2-R AGTCATCCACAGGGCGAT

Bcl-xL-F CCAGAAGGGACTGAATCGGA
117Bcl-xL-R GCATCCAAACTGCTGCTGT

Bid-F ATCCGTGCTGTCTCCTTTG
91Bid-R AAACTTCCGATGGGACCAA

Bak-F AACCGACGCTATGACTCAGA
111Bak-R GCCACTCTCAAACAGGCTG

Bax-F ATGGGCTGGACATTGGACTT
124Bax-R GCCACAAAGATGGTCACGGT

GAPDH-F GGTGGTCTCCTCTGACTTCAACA
135GAPDH-R GTTGCTGTAGCCAAATTCGTTGT

F: Forward primer; R: Reverse primer; bp: base pairs (length of nucleic acid sequence).

4.6. Protein Expression and Western Blot Analyses

HT-29 cells (1 ˆ 107) were treated with PCA (362 and 724 µM) for 48 h, and then collected
for western blot analysis by a previously described method [38]. Total protein was measured by the
bicinchoninic acid assay method. Primary antibodies (CDK2-ab6538, Cyclin A-ab7956, Cyclin E-ab7959,
Cyclin D1-ab16663, p27KIP1-ab7961, Blc-2-ab32124, and cytochrome C-ab133504) were purchased from
Abcam (Cambridge, UK).

4.7. Caspase Activity Assay

After treatment with 0.1% DMSO and PCA (362 µM) for 24 h, HT-29 cells (1 ˆ 107) were collected
for caspase activity assay. Casapse-9, -8, -3, and -6 activities were measured using the appropriate
assay kits (Beyotime Biotechnology, Shanghai, China).

4.8. Statistical Analysis

Data are presented as mean ˘ S.D. Statistical differences between control and treated groups were
evaluated by Duncan’s multiple range tests. p < 0.05 was considered statistically significant.



Molecules 2016, 21, 934 11 of 12

Acknowledgments: This work was supported by the earmarked fund from Modern Agro-Industry Technology
Research System of China (CARS-22-ZJ0105), Zhejiang Academy of Agricultural Science (Phellinus linteus),
and Zhejiang Sericultural Sci-Tech Innovation Team (2011R50028).

Author Contributions: The experiments were designed by Y.-G.L., S.Z. and were performed by S.Z., T.-B.L.,
and Z.-Q.L. The data were analyzed by Y.-G.L. and S.Z. S.Z. wrote the paper. Y.-G.L and D.-F.J. contributed to the
discussion section and edited the manuscript. All authors discussed the results and commented on the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Li, G.; Kim, D.H.; Kim, T.D.; Park, B.J.; Park, H.D.; Park, J.I.; Na, M.K.; Kim, H.C.; Hong, N.D.; Lim, K.; et al.
Protein-bound polysaccharide from Phellinus linteus induces G2/M phase arrest and apoptosis in SW480
human colon cancer cells. Cancer Lett. 2004, 216, 175–181. [CrossRef] [PubMed]

2. Li, Y.G.; Ji, D.F.; Zhong, S.; Zhu, J.X.; Chen, S.; Hu, G.Y. Anti-tumor Effects of Proteoglycan from
Phellinus linteus by Immunomodulating and Inhibiting Reg IV/EGFR/Akt Signaling Pathway in Colorectal
Carcinoma. Int. J. Biol. Macromol. 2011, 48, 511–517. [CrossRef] [PubMed]

3. Li, Y.G.; Ji, D.F.; Zhong, S.; Liu, P.G.; Lv, Z.Q.; Zhu, J.X.; Chen, J.E.; Chen, H.P. Polysaccharide from
Phellinus linteus induces S-phase arrest in HepG2 cells by decreasing calreticulin expression and activating
the p27KIP1-cyclin A/D1/E-CDK2 pathway. J. Ethnopharmacol. 2013, 150, 187–195. [CrossRef] [PubMed]

4. Wu, S.J.; Liaw, C.C.; Pan, S.Z.; Yang, H.C.; Ng, L.T. Phellinus linteus polysaccharides and their
immunomodulatory properties in human monocytic cells. J. Funct. Foods 2013, 5, 679–688. [CrossRef]

5. Guo, J.; Zhu, T.; Collins, L.; Xiao, Z.X.; Kim, S.H. Modulation of Lung cancer growth arrest and apoptosis by
Phellinus linteus. Mol. Carcinog. 2007, 46, 144–154. [CrossRef] [PubMed]

6. Zhu, T.; Guo, J.; Collins, L.; Kelly, J.; Xiao, Z.J.; Kim, S.H. Phellinus linteus activates different pathways to
induce apoptosis in prostate cancer cells. Br. J. Cancer 2007, 96, 583–590. [CrossRef] [PubMed]

7. Kim, S.H.; Song, Y.S.; Kim, S.K.; Kim, B.C.; Lim, C.J.; Park, E.H. Anti-inflammatory and related
pharmacological activities of the n-BuOH subfraction of mushroom Phellinus linteus. J. Ethnopharmacol.
2004, 93, 141–146. [CrossRef] [PubMed]

8. Li, Y.G.; Zhong, S.; Ji, D.F. Comparison of bioactive substances between wild and cultivated fresh-fruiting
bodies of Phellinus linteus. Acta Sericol. Sin. 2016, in press.

9. Kim, K.J.; Kim, M.A.; Jung, J.H. Antitumor and antioxidant activity of protocatechualdehyde produced from
Streptomyces lincolnensis M-20. Arch. Pharm. Res. 2008, 31, 1572–1577. [CrossRef] [PubMed]

10. Lee, B.H.; Yoon, S.H.; Kim, Y.S.; Kim, S.K.; Moon, B.J.; Bae, Y.S. Apoptotic cell death through inhibition
of protein kinase CKII activity by 3,4-dihydroxybenzaldehyde purified from Xanthium strumarium.
Nat. Prod. Res. 2008, 22, 1441–1450. [CrossRef] [PubMed]

11. Jeong, J.B.; Lee, S.H. Protocatechualdehyde possesses anti-cancer activity through downregulating cyclin D1
and HDAC2 in human colorectal cancer cells. Biochem. Biophys. Res. Commun. 2013, 430, 381–386. [CrossRef]
[PubMed]

12. Lee, J.R.; Lee, M.H.; Eo, H.J.; Park, G.H.; Song, H.M.; Kim, M.K.; Lee, J.W.; Jeong, J.B. The contribution of
activating transcription factor 3 to apoptosis of human colorectal cancer cells by protocatechualdehyde, a
naturally occurring phenolic compound. Arch. Biochem. Biophys. 2014, 564, 203–210. [CrossRef] [PubMed]

13. Takai, N.; Ueda, T.; Nasu, K.; Yamashita, S.; Toyofuku, M. Targeting calcium/calmodulin-dependence kinase
I and II as a potential anti-proliferation remedy for endometrial carcinomas. Cancer Lett. 2009, 277, 235–243.
[CrossRef] [PubMed]

14. Murray, A.W. Recycling the cell cycle: Cyclins revisited. Cell 2004, 116, 221–234. [CrossRef]
15. Zhang, M.; Wang, A.G.; Xia, T.; He, P. Effects of fluoride on DNA damage, S-phase cell-cycle arrest and

the expression of NF-κB in primary cultured rat hippocampal neurons. Toxicol. Lett. 2008, 179. [CrossRef]
[PubMed]

16. Gamet-Payrastre, L.; Li, P.; Lumeau, S.; Cassar, G.; Dupont, M.-A.; Chevolleau, S.; Gasc, N.; Tulliez, J.; Tercé, F.
Sulforaphane, a naturally occurring isothiocyanate, induces cell cycle arrest and apoptosis in HT29 human
colon cancer cells. Cancer Res. 2000, 60, 1426–1433. [PubMed]

17. Supriatno, K.H.; Mohammad, O.H.; Takashi, B.; Hideo, Y.; Mitsunobu, S. Overexpression of p27KIP1 induces
growth arrest and apoptosis in an oral cancer cell line. Oral Oncol. 2002, 38, 730–736. [CrossRef]

http://dx.doi.org/10.1016/j.canlet.2004.07.014
http://www.ncbi.nlm.nih.gov/pubmed/15533593
http://dx.doi.org/10.1016/j.ijbiomac.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21262260
http://dx.doi.org/10.1016/j.jep.2013.08.028
http://www.ncbi.nlm.nih.gov/pubmed/24001891
http://dx.doi.org/10.1016/j.jff.2013.01.011
http://dx.doi.org/10.1002/mc.20275
http://www.ncbi.nlm.nih.gov/pubmed/17131292
http://dx.doi.org/10.1038/sj.bjc.6603595
http://www.ncbi.nlm.nih.gov/pubmed/17262078
http://dx.doi.org/10.1016/j.jep.2004.03.048
http://www.ncbi.nlm.nih.gov/pubmed/15182919
http://dx.doi.org/10.1007/s12272-001-2153-7
http://www.ncbi.nlm.nih.gov/pubmed/19099226
http://dx.doi.org/10.1080/14786410802076333
http://www.ncbi.nlm.nih.gov/pubmed/19023807
http://dx.doi.org/10.1016/j.bbrc.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23159608
http://dx.doi.org/10.1016/j.abb.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25447816
http://dx.doi.org/10.1016/j.canlet.2008.12.018
http://www.ncbi.nlm.nih.gov/pubmed/19168280
http://dx.doi.org/10.1016/S0092-8674(03)01080-8
http://dx.doi.org/10.1016/j.toxlet.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18485627
http://www.ncbi.nlm.nih.gov/pubmed/10728709
http://dx.doi.org/10.1016/S1368-8375(02)00011-8


Molecules 2016, 21, 934 12 of 12

18. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
19. Renault, T.T.; Chipuk, J.E. Getting away with murder: How does the BCL-2 family of proteins kill with

immunity? Ann. N. Y. Acad. Sci. 2013, 1285, 59–79. [CrossRef] [PubMed]
20. Etoh, H.; Murakami, K.; Yogoh, T.; Ishikawa, H.; Fukuyama, Y.; Tanaka, H. Antioxidative compounds in

barley tea. Biosci. Biotechnol. Biochem. 2004, 68, 2616–2618. [CrossRef] [PubMed]
21. Mulvena, D.; Webb, E.C.; Zerner, B. 3,4-Dihydroxybenzaldehyde a fungistatic substance from green

Cavendish bananas. Phytochemistry 1969, 8, 393–395. [CrossRef]
22. Weber, B.; Hoesch, L.; Rast, D.M. Protocatechualdehyde and other phenols as cell-wall components of

grapevine leaves. Phytochemistry 1995, 40, 433–437. [CrossRef]
23. OuYang, F.U.; Wang, G.B.; Guo, W.; Zhang, Y.Y.; Xiang, W.H.; Zhao, M. AKT signalling and mitochondrial

pathways are involved in mushroom polysaccharide-induced apoptosis and G1 or S phase arrest in human
hepatoma cells. Food Chem. 2013, 138, 2130–2139. [CrossRef] [PubMed]

24. Draetta, G.F. Cell cycle: Will the real Cdk-activating kinase please stand up. Curr. Biol. 1997, 7, 50–52. [CrossRef]
25. Moon, J.; Yu, S.J.; Kim, H.S.; Sohn, J. Induction of G1 Cell Cycle Arrest and p27KIP1 Increase by Panaxydol

Isolated from Panax ginseng. Biochem. Pharmacol. 2000, 59, 1109–1116. [CrossRef]
26. Tu, Y.S.; Kang, X.L.; Zhou, J.G.; Lv, X.F.; Tang, Y.B.; Guan, Y.Y. Involvement of Chk1-Cdc25A-cyclin

A/CDk2 pathway in simvastatin induced S-phase cell cycle arrest and apoptosis in multiple myeloma
cells. Eur. J. Pharmacol. 2011, 670, 356–364. [CrossRef] [PubMed]

27. Adams, J.M.; Cory, S. The Bcl-2 apoptotic switch in cancer development and therapy. Oncogene 2007, 26,
1324–1337. [CrossRef] [PubMed]

28. Polyak, K.; Lee, M.H.; Erdjument-Bromage, H.; Koff, A.; Roberts, J.M.; Tempst, P.; Massagué, J. Cloning of
p27KIP1, a cyclin-dependent kinase inhibitor and a potential mediator of extracellular antimitogenic signals.
Cell 1994, 78, 59–66. [CrossRef]

29. Krude, T.; Jackman, M.; Pinesm, J.; Laskey, R.A. Cyclin/Cdk-dependent initiation of DNA replication in a
human cell-free system. Cell 1997, 188, 109–119. [CrossRef]

30. Ding, H.; Han, C.; Guo, D.; Wang, D.; Chen, C.S.; Ambrosio, S.M.D. OSU03012 activates Erk1/2 and Cdks
leading to the accumulation of cells in the S-phase and apoptosis. Int. J. Cancer 2008, 123, 2923–2930.
[CrossRef] [PubMed]

31. Yang, T.Y.; Chang, G.C.; Chen, K.C.; Hung, H.W.; Hsu, K.H.; Sheu, G.T.; Hsu, S.L. Sustained activation
of ERK and Cdk2/cyclin-A signaling pathway by pemetrexed leading to S-phase arrest and apoptosis in
human non-small cell lung cancer A549 cells. Eur. J. Pharmacol. 2011, 663, 17–26. [CrossRef] [PubMed]

32. Adachi, S.; Ito, H.; Tamamori-Adachi, M.; Ono, Y.; Nozato, T.; Abe, S. Cyclin A/cdk2 activation is involved
in hypoxia-induced apoptosis in cardiomyocytes. Circ. Res. 2001, 88, 408–414. [CrossRef] [PubMed]

33. Hennessy, E.J. Selective inhibitors of Bcl-2 and Bcl-xL: Balancing antitumor activity with on-target toxicity,
Bioorg. Med. Chem. Lett. 2016, 9, 2105–2114. [CrossRef] [PubMed]

34. Woodhouse, E.C.; Chuaqui, R.F.; Liotta, L.A. General mechanisms of metastasis. Cancer 1997, 80, 1529–1537.
[CrossRef]

35. Lamkanfi, M.; Festjens, N.; Declercq, W.; Vanden Berghe, T.; Vandenabeele, P. Caspases in cell survival,
proliferation and differentiation. Cell Death Differ. 2007, 1, 44–55. [CrossRef] [PubMed]

36. Hajiaghaalipour, F.; Kanthimathi, M.S.; Sanusi, J.; Rajarajeswaran, J. White tea (Camellia sinensis) inhibits
proliferation of the colon cancer cell line, HT-29, activates caspases and protects DNA of normal cells against
oxidative damage. Food Chem. 2015, 169, 401–410. [CrossRef] [PubMed]

37. Zhong, S.; Ji, D.F.; Li, Y.G.; Lin, T.B.; Lv, Z.Q.; Chen, H.P. Activation of p27KIP1-cyclin D1/E-CDK2 pathway
by polysaccharide from Phellinus linteus leads to S-phase arrest in HT-29 cells. Chem. Biol. Interact. 2013, 206,
222–229. [CrossRef] [PubMed]

38. Li, Y.G.; Ji, D.F.; Zhong, S.; Lin, T.B.; Lv, Z.Q.; Hu, G.Y.; Wang, X. 1-deoxynojirimycin inhibits glucose absorption
and accelerates glucose metabolism in streptozotocin-induced diabetic mice. Sci. Rep. 2013, 3. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://dx.doi.org/10.1111/nyas.12045
http://www.ncbi.nlm.nih.gov/pubmed/23527542
http://dx.doi.org/10.1271/bbb.68.2616
http://www.ncbi.nlm.nih.gov/pubmed/15618635
http://dx.doi.org/10.1016/S0031-9422(00)85436-9
http://dx.doi.org/10.1016/0031-9422(95)00314-W
http://dx.doi.org/10.1016/j.foodchem.2012.10.047
http://www.ncbi.nlm.nih.gov/pubmed/23497867
http://dx.doi.org/10.1016/S0960-9822(06)00020-0
http://dx.doi.org/10.1016/S0006-2952(00)00235-5
http://dx.doi.org/10.1016/j.ejphar.2011.09.031
http://www.ncbi.nlm.nih.gov/pubmed/21958871
http://dx.doi.org/10.1038/sj.onc.1210220
http://www.ncbi.nlm.nih.gov/pubmed/17322918
http://dx.doi.org/10.1016/0092-8674(94)90572-X
http://dx.doi.org/10.1016/S0092-8674(00)81863-2
http://dx.doi.org/10.1002/ijc.23896
http://www.ncbi.nlm.nih.gov/pubmed/18798257
http://dx.doi.org/10.1016/j.ejphar.2011.04.057
http://www.ncbi.nlm.nih.gov/pubmed/21575631
http://dx.doi.org/10.1161/01.RES.88.4.408
http://www.ncbi.nlm.nih.gov/pubmed/11230108
http://dx.doi.org/10.1016/j.bmcl.2016.03.032
http://www.ncbi.nlm.nih.gov/pubmed/26988306
http://dx.doi.org/10.1002/(SICI)1097-0142(19971015)80:8+&lt;1529::AID-CNCR2&gt;3.0.CO;2-F
http://dx.doi.org/10.1038/sj.cdd.4402047
http://www.ncbi.nlm.nih.gov/pubmed/17053807
http://dx.doi.org/10.1016/j.foodchem.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25236244
http://dx.doi.org/10.1016/j.cbi.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24060681
http://dx.doi.org/10.1038/srep01377
http://www.ncbi.nlm.nih.gov/pubmed/23536174
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Effect of PCA on HT-29 Cell Proliferation 
	PCA Induced S-Phase Cell Cycle Arrest 
	PCA-Induced Apoptosis in HT-29 Cells 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	PCA from Phellinus gilvus 
	Cell Proliferation Assay 
	Cell Cycle and Apoptosis Assay 
	Quantitative Real-Time Reverse Transcription-PCR Analysis 
	Protein Expression and Western Blot Analyses 
	Caspase Activity Assay 
	Statistical Analysis 


