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Tylophorine, a phenanthroindolizidine alkaloid, is the major 
medicinal constituent of herb Tylophora indica. Tylophorine 
treatment increased the accumulation of c-Jun protein, a compo-
nent of activator protein 1 (AP1), in carcinoma cells. An in vitro 
kinase assay revealed that the resultant c-Jun phosphorylation 
was primarily mediated via activated c-Jun N-terminal protein 
kinase (JNK). Moreover, flow cytometry indicated that ectopically 
overexpressed c-Jun in conjunction with tylophorine significantly 
increased the number of carcinoma cells that were arrested at the 
G1 phase. The tylophorine-mediated downregulation of cyclin A2 
protein levels is known to be involved in the primary G1 arrest. 
Chromatin immunoprecipitation and reporter assays revealed 
that tylophorine enhanced the c-Jun downregulation of the cyc-
lin A2 promoter activity upon increased binding of c-Jun to the 
deregulation AP1 site and decreased binding to the upregulation 
activating transcription factor (ATF) site in the cyclin A2 pro-
moter, thereby reducing cyclin A2 expression. Further, biochemi-
cal studies using pharmacological inhibitors and RNA silencing 
approaches demonstrated that tylophorine-mediated elevation 
of the c-Jun protein level occurs primarily via two discrete pro-
longed signaling pathways: (i) the NF-κB/PKCδ_(MKK4)_JNK 
cascade, which phosphorylates c-Jun and increases its stability by 
slowing its ubiquitination, and (ii) the PI3K_PDK1_PP2A_eEF2 
cascade, which sustains eukaryotic elongation factor 2 (eEF2) 
activity and thus c-Jun protein translation. To the best of our 
knowledge, this report is the first to demonstrate the involvement 
of c-Jun in the anticancer activity of tylophorine and the release 
of c-Jun translation from a global translational blockade via the 
PI3K_PDK1_eEF2 signaling cascade.

Introduction

Phenanthroindolizidines and phenanthroquinolizidines, represented 
by tylophorine and cryptopleurine, are a family of plant-derived alka-
loids with a variety of biological activities. Although their direct tar-
gets have not been identified (1), numerous studies have shown that 
these compounds exert anticancer activity primarily by affecting cell 
cycle progression, with the resultant cell phase arrest varying by the 
cell type and phenanthroindolizidines or phenanthroquinolizidines 
involved (2–5). Therefore, determining the mechanism by which 
these alkaloids induce cell cycle arrest will provide insight into how 

their pharmacological properties enable their biological anticancer 
activity.

 We previously reported that tylophorine arrests carcinoma cells at 
the G1 phase by downregulating cyclin A2 expression at the transcrip-
tional level (6) and that the c-Jun protein level was elevated in tylo-
phorine-treated carcinoma cells (7). We continued to investigate the 
role of the elevated c-Jun levels in the anticancer activity of tylopho-
rine and its precise regulation of cyclin A2 transcription. Furthermore, 
the signaling pathways resulting in the tylophorine-induced accumu-
lation of c-Jun were dissected to illustrate the anticancer molecular 
mechanisms of the action of tylophorine.

c-Jun is a central component of activator protein 1 (AP1), which 
consists of homodimers and heterodimers of the Jun, Fos and ATF 
gene family members. These proteins bind DNA at specific AP1 sites 
and regulate the transcription of AP1-dependent genes (8,9). The regu-
lation of AP1 activity in conjunction with the related cyclin expression 
plays a critical role in cell growth. For instance, the induced expression 
of cyclin A2 via Jun-D was responsible for the tetrachlorodibenzo-
p-dioxin-mediated release from contact inhibition (G1 arrest) in rat 
liver oval cells, whereby ectopically expressed cyclin A2 overcame 
the G1 arrest (10). Transfection of an AP1 oligodeoxynucleotide decoy 
inhibited cyclin E expression, reducing transforming growth factor β1-
induced cell growth in scleroderma fibroblasts (11).

The protein level and activity of c-Jun are regulated at three lev-
els: transcriptional activity, translational control and protein stabil-
ity. The transcriptional activation of c-Jun is a two-step process. The 
pre-existing c-Jun protein is activated by post-translational modifica-
tions, primarily via phosphorylation in the N-terminal portion, result-
ing in the activation of c-Jun. The resultant modified c-Jun activates 
its own transcription and expression of AP1-dependent genes (12). 
c-Jun translation can be mediated by the untranslated regions (UTRs) 
of the c-Jun transcript (13). The cytoskeletal control of c-Jun trans-
lation facilitates a substantial accumulation of c-Jun during cellular 
events in which c-Jun plays a critical role, independent of activated 
mitogen-activated protein kinases (MAPKs) (14). Finally, two other 
post-translational modifications, ubiquitination and sumoylation, are 
also involved in the regulation of c-Jun. For instance, activated c-Jun 
N-terminal protein kinase (JNK) phosphorylates Ser 63 and Ser 73 of 
c-Jun and forms a complex with the N-terminus of c-Jun, thereby pro-
tecting the phosphorylated c-Jun from ubiquitination and subsequent 
degradation (15,16). Thus, interplay among the transcriptional induc-
tion, translational stabilization and post-translational modification of 
c-Jun directs the transient induction or prolonged accumulation of 
c-Jun, thereby leading to transient upregulation or chronic mainte-
nance of its activity depending on the specific biological need being 
addressed.

JNKs and stress-activated protein kinases are strongly induced 
by numerous stimuli (17). In addition to the well-known immedi-
ate activation of JNK, JNK can also be chronically activated via 
nuclear transcription factor kappa B (NF-κB) or protein kinase C 
delta (PKCδ) in response to endoplasmic reticulum (ER) stress or 
tumor necrosis factor α stimulation (18). Protein biosynthesis in 
carcinoma cells is mediated by Ras-, PI3K- and PDK1-dependent 
cascades, which alter protein translation for cell growth and pro-
liferation (19). These pathways of altered translation in carcinoma 
cells could be used to develop new pharmacological tools to achieve 
cell growth inhibition or survival. The upstream pathways involved 
in the transient induction or accumulation of c-Jun are thus depend-
ent on the cell culture method, stimuli and cell type. It is conceivable 
that multiple cascades or signaling-pathway networks act in concert 
to activate c-Jun.

Herein, we report c-Jun-mediated anticancer mechanisms of 
tylophorine including (i) how c-Jun directly regulated the cyclin A2 
promoter activity, a c-Jun target gene; and (ii) two prolonged signaling 
cascades responsible for the elevated c-Jun accumulation.

Abbreviations:  AP1, activator protein 1; ATF, activating transcription fac-
tor; ChIP, chromatin immunoprecipitation; DMSO, dimethylsulfoxide; eEF2, 
eukaryotic elongation factor 2; ERK, extracellular signal-regulated kinase; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GST, glutathione 
S-transferase; JNK, c-Jun N-terminal protein kinase; MAPKs, mitogen-
activated protein kinases; MKK4, mitogen-activated protein kinase kinase 
4; MKP1, MAPK phosphatase 1; mTOR, mammalian target of rapamycin; 
NF-κB, nuclear transcription factor kappa B; PBS, phosphate-buffered saline; 
PKCδ, protein kinase C delta; PP2A, phosphatase 2A; shRNA, small hairpin 
RNA; UTRs, untranslated regions.
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Materials and methods

Cell culture and reagents
HepG2, HONE-1 and NUGC-3 cells were maintained, and tylophorine and 
dehydro-tylophorine were prepared as described previously (6). A  concen-
tration of 2  μM was used for tylophorine and dehydro-tylophorine in all 
experiments unless otherwise indicated. Dimethylsulfoxide (DMSO) was 
used as a vehicle control for drug treatments. Chemicals and reagents were 
purchased from the following sources: high-performance liquid chromatog-
raphy-grade DMSO, nocodazole, thymidine and propidium iodide were from 
Sigma–Aldrich (St Louis, MO); anisomycin, phorbol 12-myristate 13-ace-
tate, SP600125, PD98095, SB203580 and LY294002 were from BioSource, 
Invitrogen (Carlsbad, CA); GF1092004X, cycloheximide, rottlerin, IMD-
0354, BX795, rapamycin, triciribine and okadaic acid were from Merck 
Millipore Calbiochem (Billerica, MA); FuGENE 6 transfection reagent was 
from Roche Diagnostics GmbH, (Mannheim, Germany) and pNF-κB-Luc and 
pAP1-Luc were from Stratagene (La Jolla, CA).

Western blot analysis
Western blotting was performed as described previously (6,20) with antibodies 
targeted against β-actin (Millipore Merck Chemicon, Pittsburgh, PA); cyclin 
A2, ATF2, MAPK phosphatase 1 (MKP1); PKCδ, Jun-D, Jun-B and c-Fos 
(Santa Cruz Biotechnology, Santa Cruz, CA); p-Akt (S473), p-Akt (T308), 
Akt, p-p70S6K1 (T389), p70S6K1, p-S6 ribosomal protein (S235/236), 
S6 ribosomal protein, p-c-Jun (S73), p-c-Jun (S63), c-Jun, glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), p-PKCδ (T505), p-p65 (S536), IκBα, 
p-MKP1 (S359),  p-eIF4B (S422), eIF4B, p-mammalian target of rapamycin 
(mTOR) (S2448), mTOR, p-eEF2K (S366), eEF2K, p-eEF2 (T56), eukaryotic 
elongation factor 2 (eEF2), p-SEK1/mitogen-activated protein kinase kinase 
4 (MKK4) (S257/T261), SEK1/MKK4, p-ATF2 (T71), HA-tag, JNK, p-JNK 
(T183/Y185), p38, p-p38 (T180/Y182), extracellular signal-regulated kinase 
(ERK) and p-ERK (T202/Y204) (Cell Signaling Technology, Beverly, MA); 
p-Jun-D (S255) (Abcam, Cambridge, UK) and horseradish peroxidase-conju-
gated secondary antibodies (PerkinElmer, Waltham, MA). Enhanced chemi-
luminescence detection reagents (Western Blot Chemiluminescence Reagent 
Plus; PerkinElmer) were used according to the manufacturers’ instructions to 
detect antigen–antibody complexes.

Immunofluorescence microscopy
Cells were washed using phosphate-buffered saline (PBS) and fixed in 1.5% 
paraformaldehyde in PBS for 10 min. The cells were then subject to permea-
bilization using 0.1% Triton X-100 in PBS for 10 min at room temperature. 
The cells were incubated for 1 h in 2% bovine serum albumin in PBS prior 
to incubation with a rabbit polyclonal c-Jun primary antibody (H-79X; Santa 
Cruz Biotechnology) overnight at 4°C. The cells were washed three times 
with PBS and then incubated with a goat antirabbit fluorescein-conjugated 
secondary antibody (Millipore Merck Chemicon, Pittsburgh, PA) for 1 h. The 
cells were washed three times with PBS and stained with phalloidin-TRITC 
(P1951; Sigma–Aldrich) for 30 min. Next, the cells were washed and stained 
with 4′,6-diamidino-2-phenylindole; coverslips were then mounted using 
VECTASHIELD® Mounting Medium (Vector Laboratories, Burlingame, CA). 
A Leica TCS SP5 confocal microscope system (Leica Microsystems GmbH, 
Wetzlar, Germany) was used to visualize the cells and obtain fluorescent 
images.

Chromatin immunoprecipitation assay
Cell lysates were collected from HONE-1 cells treated with tylophorine or 
DMSO. Following the manufacturer’s instructions, the cells lysates were incu-
bated with 6 µg of H-79X for c-Jun, sc-1694X; 6 µg of C-79 for ATF2, sc-187 
or 1 µg of normal mouse IgG (Santa Cruz Biotechnology) and protein G mag-
netic beads (Millipore/Upstate, Billerica, MA) for the chromatin immunopre-
cipitation (ChIP) assay using EZ-Magna ChIP G (#17–409; Millipore Merck 
Chemicon, Pittsburgh, PA). The following primer sets were used: CCNA2_AP1 
(−442 to −420) 5′-CACATAAGAAAACGGAGAATCGG-3′ and CCNA2_
AP1 (−146 to −167) 5′-AGGAGGGAGAAACAAACTGGCT-3′ for the AP1 
site and CCNA2 (−241 to −222) 5′-GCTTAAAATAATCGGAAGCG-3′ and 
CCNA2 (+170 to +151) 5′-GGCCAAAGAATAGTCGTAGC-3′ for the ATF 
site. PCR products were electrophoresed on 2% agarose gels. The fold enrich-
ment was expressed as the ratio of tylophorine-treated signal to DMSO-treated 
signal, which were normalized to input DNA. Each experiment was performed 
at least three times.

Plasmid construction, transfection and luciferase assay
Transfections and luciferase assays were performed as described previously 
(6). To avoid any bias derived from drug effects on plasmid replication after 
transfection, we transfected cells in suspension with FuGENE 6, seeded an 
equal number of cells into culture plates and incubated them for the indicated 

times prior to the luciferase activity analysis. Luciferase activity was normal-
ized to the protein concentration of cell lysates. Additional details are provided 
in the Supplementary Data, available at Carcinogenesis Online.

Glutathione S-transferase-fused c-Jun recombinant protein and in vitro 
kinase assays
A plasmid encoding the glutathione S-transferase (GST)-c-Jun fusion protein, 
hcjun-pGEX-6P-2, was constructed by inserting a human c-Jun coding region 
into the GST-expressing vector pGEX-6P-2 (GE Healthcare, Buckinghamshire, 
UK). Escherichia coli transformed with hcjun-pGEX-6P-2 were induced using 
1 mM isopropyl-thio-β-d-galactoside for 4 h. The bacterial pellets were sub-
jected to GST-c-Jun protein purification using glutathione–sepharose beads 
(Sigma–Aldrich), and the amount of purified protein obtained was measured. 
Cells were cultured to 70% confluence in six-well plates, treated with tylo-
phorine for 24 h and then lysed. In vitro kinase assays were performed by add-
ing 100 ng of GST-c-Jun fusion protein to 20  μg of total cell extract in 1× 
kinase buffer containing 1% DMSO, 100 μM PD98059, 100 μM SP600125 
or 100 μM SB203580 and incubated at 30°C for 30 min. The phosphorylation 
state of GST-c-Jun was detected using antibodies as indicated above.

Cell cycle analysis
HONE-1 cells were transfected with c-Jun-pCMV-myc expression vectors the 
day before being synchronized using double-thymidine. The exponentially 
growing cells were incubated with 2 mM thymidine-containing Dulbecco's 
modified Eagle's complete medium for two sequential 18 h periods separated 
by a 10 h recovery period without thymidine. Cells released from the double-
thymidine block were treated with DMSO or tylophorine for 24 h. The cells 
were then harvested and subjected to cell cycle analysis, as described previ-
ously (6).

RNA isolation and northern blot analysis
Total RNA was extracted from cells using TRIzol reagent (Invitrogen). DIG-
labeled human c-Jun and GAPDH complementary DNA probes were ampli-
fied using a PCR DIG Probe Synthesis kit (Roche Applied Science, Basel, 
Switzerland). Additional details are provided in the Supplementary Data, 
available at Carcinogenesis Online.

Small interfering RNA transfections and small hairpin RNA stable clones
The human eIF4B small hairpin RNA (shRNA; sc-77253), eEF2 shRNA (sc-
43541) and control shRNA (sc-108060) were purchased from Santa Cruz 
Biotechnology. These plasmids were transfected into HONE-1 cells using 
FuGENE 6. The infected cells were then selected using puromycin (1 μg/ml). 
The cells showing knockdown expression of eIF4B or eEF2 were validated 
using western blot analysis prior to drug treatments.

Results

Tylophorine induces the accumulation of c-Jun protein
The c-Jun protein level in HONE-1 cells was consistently elevated 
by a factor of approximately two after 6–10 h tylophorine treatments. 
The protein levels declined moderately after treatment but remained 
significantly higher than those in DMSO-treated cells (Figure  1A, 
upper panel). Tylophorine treatment for 24 h without a DMSO vehicle 
or a dehydro-tylophorine inactive control (6) increased c-Jun protein 
levels and its phosphorylation at Ser 73 and Ser 63 (Figure 1A, lower 
panel and data not shown). However, Jun-D and Jun-B protein levels 
were not affected after tylophorine treatment for 24 h (Supplementary 
Figure S1, available at Carcinogenesis Online). In addition, most of 
the resultant phosphorylated c-Jun was translocated into nuclei, as 
detected using fluorescent microscopy in HONE-1, NUGC-3 and 
HepG2 carcinoma cells (Figure  1B). Therefore, the accumulated 
c-Jun in tylophorine-treated carcinoma cells is likely to retain its 
functionality.

Ectopically expressed c-Jun in conjunction with tylophorine pro-
motes G1 arrest in carcinoma cells
Previous reports have demonstrated that AP1 located at the promoter 
regions of human or murine cyclin A2 deregulated their promoter 
activity (21,22) and that tylophorine downregulated cyclin A2 
expression at the transcriptional level, which resulted in the primary 
G1 arrest and S-retardation of HONE-1, NUGC-3 and HepG2 cells 
(6). Therefore, we investigated the effects of c-Jun on cell cycle 
progression in the presence of tylophorine by ectopically expressing 
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Fig.  1.  The effects of tylophorine on c-Jun accumulation and its cellular activities. (A) Tylophorine induced c-Jun protein accumulation (upper panel) 
and its phosphorylation in carcinoma cells (lower panel). HONE-1 cells were treated with tylophorine (2  μM) or vehicle (DMSO) for various durations, as 
indicated (upper panel). Cell lysates were subjected to western blotting with the antibodies indicated in the upper panel. The relative levels of c-Jun following 
tylophorine or vehicle treatment were normalized to GAPDH, as shown in the bottom of upper panel. The relative c-Jun levels were expressed as: 100% x 
([c-Jun /GADPH]tylophorine treated/[c-Jun/GADPH]DMSO treated)t  =  x/([c-Jun /GADPH]tylophorine treated/[c-Jun/GADPH]DMSO treated)t  =  0. x  =  0.5, 1, 2, 4, 6, 8, 12 or 
24 h, respectively. Cells were treated with anisomycin (100 ng/ml) and phorbol 12-myristate 13-acetate (1 μg/ml) for 1 h or tylophorine (2 μM) and dehydro-
tylophorine (2 μM) for 24 h (lower panel). The resultant cell lysates were subjected to western blotting with the indicated antibodies. (B) Tylophorine treatment 
induced nuclear translocation of the accumulated c-Jun. Cells were treated with tylophorine (2 μM) or nocodazole (50 ng/ml) for 24 h. Following fixation, the 
cells were stained with 4′,6-diamidino-2-phenylindole (blue) to visualize nuclei, phalloidin-TRITC (red) to visualize actin cytoskeleton or immunostained 
with anti-c-Jun (green). The stained cells were analyzed using fluorescence microscopy at ×20 magnification. Bar: 25 μm. Representative results or values of 
three independent experiments are shown (A and B). (C) Ectopically expressed c-Jun and the presence of tylophorine act in conjunction to promote G1 arrest 
(upper panel). Representation of the synchronization method and time point (6) chosen for the experiment (lower panel). HONE-1 cells were transfected with
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c-Jun. We opted to evaluate the effect of ectopically expressed c-Jun 
on G1 arrest 24 h after tylophorine treatment in HONE-1 cells based 
on previous results showing that the G1 population of cells was low at 
24 h, increasing quickly thereafter, whereas S-phase retardation was 
evident at 24 h and declined with time (6) (Figure 1C, upper panel). 
HONE-1 cells were synchronized using double-thymidine treatments 
and then released for cell cycle progression in the presence of 
tylophorine or DMSO vehicle for 24 h, and the cell populations were 
then compared using flow cytometry. The ectopically expressed c-Jun 
promoted G1 arrest only in the presence of tylophorine (61 ± 6%) 
when compared with DMSO vehicle control (45 ± 1%). Moreover, in 
the presence of tylophorine, the ectopically expressed c-Jun promoted 
greater arrest at G1 when compared with basal levels of c-Jun (61 ± 6% 
versus 23 ± 3%; Figure 1C, lower panel).

Therefore, the accumulated c-Jun could be involved in the enhanced 
G1 arrest by tylophorine in carcinoma cells; thus, it may contribute to 
the underlying anticancer mechanisms of tylophorine. Accordingly, 
the above results merited further investigation to understand the 
detailed regulation of the induced c-Jun accumulation and how c-Jun 
downregulates cyclin A2 expression in the presence of tylophorine.

The accumulated c-Jun downregulates cyclin A2 expression via dif-
ferentially targeted sites on the cyclin A2 promoter
Two regulatory elements located in the human cyclin A2 promoter 
region are associated with c-Jun via AP1 and activating transcription 
factor (ATF) binding sites (21) (Figure 2A). Tylophorine treatment 
increased c-Jun and c-Fos protein levels, whereas ATF2 decreased 
substantially and exhibited augmented phosphorylation levels 
(Figure 2B). Human or murine cyclin-A2-promoter-region AP1 sites 
have been reported to play a deregulatory role (21,22). Therefore, 
we generated AP1-deleted and AP1-mutated cyclin A2 promoter-
Luc plasmids to compare their activity with that of wild-type cyclin 
A2-promoter-Luc plasmid. The results revealed that both deletions 
and mutations in the AP1 site increased cyclin A2 promoter activ-
ity (143 ± 8% and 132 ± 8%, respectively) (Figures 2C, left panel 
and Supplementary Figure S2, available at Carcinogenesis Online). 
Using an AP1 luciferase reporter assay increased the AP1 activity 
by 196 ± 18% compared with vehicle control in tylophorine-treated 
HONE-1 lysates (Figure 2C, middle panel). These results were con-
sistent with the 3.3 ± 0.9-fold increase in the binding of c-Jun to this 
AP1 site revealed by a ChIP assay (Figure 2C right panel).

Another potential c-Jun-associated site is the ATF consensus 
sequence in the cyclin A2 promoter. The role of ATF in cyclin A2 
promoter activity was examined by mutating the ATF consensus 
sequence from the AP1-deleted cyclin A2 promoter-Luc plasmid, and 
the result showed a complete loss in activity (Figure 2D, left panel) 
when the ATF binding sequence was mutated. Thus, the ATF site 
plays a vital role in cyclin A2 promoter activity. Subsequently, an ATF 
binding sequence was used in a luciferase reporter assay to examine 
the effect of tylophorine on ATF activity, revealing that 35 ± 6% of 
the ATF activity remained in the presence of tylophorine (Figure 2D, 
middle panel). The binding of ATF to this region was also determined 
using ChIP; the results showed no significant change in the presence 
of tylophorine treatment but a decrease in c-Jun association with 
this region to 25 ± 15% (Figure 2D, right panel). These results sug-
gest that tylophorine treatment decreased the association of c-Jun to 
ATF, thereby diminishing the binding of the c-Jun/ATF2 complex to 
the ATF site. The above results demonstrate that the c-Jun-mediated 
downregulation of transcription of human cyclin A2 occurs via dif-
ferent associations of c-Jun with the AP1 and ATF sites in the cyclin 
A2 promoter.

Tylophorine downregulates c-Jun gene expression, whereas the 
tylophorine-mediated elevation in c-Jun protein accumulation is 
dependent upon de novo protein synthesis and is associated with 
tylophorine-activated JNK
The detailed regulation of the elevated c-Jun accumulation mediated 
by tylophorine was investigated at the transcriptional, translational 
and post-translational levels. First, the transcriptional activity of c-Jun 
expression was examined using northern analysis with a c-Jun-spe-
cific probe. The results indicated that c-Jun messenger RNA expres-
sion was suppressed in the three examined cell lines after treatment 
with tylophorine for 24 h (Figure 3A, upper panel). Moreover, tylo-
phorine inhibited c-Jun promoter activity profoundly, as demonstrated 
using a c-Jun-promoter luciferase reporter assay (Figure  3A, lower 
panel). Furthermore, when cycloheximide, a translation inhibitor, was 
co-administered with tylophorine, c-Jun protein decreased over time 
(Figure 3B), and no maintenance or c-Jun accumulation, which occurs 
following tylophorine treatment alone (Figure 1A, upper panel), was 
observed. These results demonstrated that the tylophorine-mediated 
c-Jun accumulation is due at least in part to de novo protein synthesis 
and does not occur via transcriptional regulation.

In contrast, tylophorine treatment increased the phosphorylation 
of JNK, p38 and ERK1/2 in carcinoma cells (Figure 3C). To dissect 
whether tylophorine-mediated c-Jun phosphorylation was associated 
with activated JNK, ERK1/2 or p38, we constructed, expressed and 
purified a fusion protein of c-Jun with GST (GST-c-Jun) to perform an 
in vitro kinase assay (Figure 3D). The lysates from HepG2, HONE-1 
and NUGC-3 cells treated with tylophorine for 24 h were prepared 
for the kinase assay following the addition of GST-c-Jun and MAPK 
inhibitors. The results showed that GST-c-Jun was phosphorylated at 
Ser 63 and Ser 73 in the presence of DMSO vehicle, PD98059 and 
SB203580. However, in the presence of SP600125, c-Jun phospho-
rylation was significantly inhibited. Thus, c-Jun phosphorylation in 
tylophorine-treated carcinoma cells was primarily associated with 
activated JNK but not activated p38 or ERK1/2.

The effects of MAPK on the accumulation of c-Jun were also inves-
tigated. The results showed that PD98059, SP600125 and SB203580 
did not reverse the trend for enhanced c-Jun accumulation following 
tylophorine treatment, although the levels of accumulated c-Jun var-
ied (Figure 3E). It is worth noting that in the presence of tylophorine, 
the level of c-Jun accumulation was much less in cells co-adminis-
tered with SP600125 than in those co-administered with PD98095 
or SB203580 or that subjected to tylophorine treatment alone, but 
still greater than those subjected to DMSO or dehydro-tylophorine 
treatment alone. Therefore, tylophorine-activated JNK affected the 
magnitude but not the sign of c-Jun accumulation. Furthermore, 
HA-ubiquitin and cMyc-c-Jun were ectopically expressed in carci-
noma cells, after which cMyc-c-Jun was immunoprecipitated using an 
antibody targeted against cMyc and the resultant immunoprecipitates 
were immunoblotted using an antibody targeted against the HA-tag. 
The results showed that the ubiquitination of cMyc-c-Jun was signifi-
cantly lower after tylophorine treatment (Figure 3F). Moreover, when 
JNK was inhibited by SP600125 treatment, the accumulation of c-Jun 
was reduced in tylophorine-treated carcinoma cells (Figure 3G) com-
pared with c-Jun accumulation following tylophorine treatment alone 
(Figure 1A, upper panel). These results were consistent with reports 
showing that activated JNK phosphorylates Ser 63 and Ser 73 of c-Jun 
and forms a complex with the N-terminus of c-Jun that protects the 
phosphorylated c-Jun from ubiquitination and subsequent proteolysis 
(15,16,23,24). The upstream pathways underlying JNK activation and 
the de novo protein synthesis that results in the elevated c-Jun accu-
mulation were further investigated.

c-Jun-pCMV-myc expression vectors, synchronized by double-thymidine blocking, released into fresh medium containing 0.1% DMSO or 2 µM tylophorine for 
24 h and then stained with propidium iodide to detect chromosomal DNA and anti-myc tag antibody with fluorescein isothiocyanate-conjugated IgG. Cells were 
subsequently sorted into two groups, ectopically overexpressed and basal levels of c-Jun-myc, and then analyzed by flow cytometry. Representative histograms 
and the means ± SD of three independent experiments of the proportions of cells in G1, S and G2/M phases are shown. #P < 0.05.

←
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Tylophorine activates JNK via NF-κB and PKCδ to phosphorylate 
c-Jun
To elucidate the pathways involved in tylophorine-activated JNK, 
the direct regulators of JNK, MKP1 and MKK4 were examined. The 
tylophorine treatment did not cause a significant decrease in the pro-
tein levels or an increase in the phosphorylation of the JNK phos-
phatase MKP1 (Figure 4A). MKP1 is presumably phosphorylated by 
ERK1/2, which would lead to its own degradation thereby activat-
ing JNK (25). In contrast, the phosphorylation of MKK4, the JNK 
kinase, was increased upon tylophorine treatment (Figure 4A), and 
the MKK4/JNK inhibitor, SP600125, inhibited JNK phosphorylation 
by tylophorine (Figure 4B).

We subsequently surveyed various reported upstream pathways 
involved in the phosphorylation of JNK and tylophorine-induced 
accumulation of c-Jun. We found that upon tylophorine treatment, 
IMD-0354 (an IKK2 inhibitor) and rottlerin (a PKCδ inhibitor 
at low concentration of 10  μM) attenuated JNK phosphoryla-
tion and c-Jun protein accumulation. Higher concentrations of 
rottlerin (20 and 30  μM) acted as a non-specific PKC inhibitor 
(26) and behaved differently to profoundly activate JNK phospho-
rylation but nevertheless attenuated c-Jun accumulation, whereas 
another pan-PKC inhibitor, GF109203X, greatly activated JNK 
and exerted no effects on tylophorine-induced c-Jun accumulation 
(Figure 4B).

Fig. 2.  The effects of tylophorine-induced c-Jun on the regulation of cyclin A2 expression. (A) Schematic representation of cyclin A2 promoter constructs and 
the primer pairs used for the ChIP assays. (B) The effects of tylophorine on the protein expression of the AP1 family. HONE-1 cells were treated with tylophorine 
(2 μM) for 24 h, and the resultant lysates were analyzed by western blotting with the indicated antibodies. (C) The effects of tylophorine-induced c-Jun on cyclin 
A2 promoter activity via its AP1 site (left panel). Deletion of the AP1 site on the cyclin A2 promoter deregulated cyclin A2 promoter activity (middle panel). 
Tylophorine enhanced AP1 element activity (right panel). Tylophorine-induced c-Jun preferentially bound to the AP1 site on the cyclin A2 promoter, as analyzed 
using ChIP assays. (D) The effects of tylophorine-induced c-Jun on cyclin A2 promoter activity via its ATF site (left panel). Mutation of the ATF site on the 
cyclin A2 promoter eliminated cyclin A2 promoter activity (middle panel). Tylophorine significantly attenuated ATF element activity (right panel). Tylophorine-
induced c-Jun disfavored the association with the ATF site on the cyclin A2 promoter, as analyzed using ChIP assays. HONE-1 cells were transiently transfected 
with the luciferase reporter indicated for 20 h before treatment for 24 h. The luciferase activity of the resultant lysates was measured and normalized to protein 
concentration. The luciferase reporters used were (i) human cyclin A2 promoters, that is, wild-type, pCCNA2 (−516 to +245)-pLuc (wild-type); AP1 deletion 
mutant, pCCNA2 (−215 to +245)-pLuc (AP1_DEL); ATF mutant, pATF_Mut_CCNA2 (−215 to +245)-pGL3basic (ATF_Mut) and (ii) element reporters, that is, 
pAP1-Luc and pATF2-Luc. ChIP assays were performed using anti-c-Jun, anti-ATF2 or normal mouse IgG antibody (as a negative control). PCR primers were 
designed to yield a 297 bp product (ChIP_PCR1) for the AP1 site (−275) or a 412 bp product (ChIP_PCR2) for the ATF site (−74) on the cyclin A2 promoter. The 
input lane represents 0.02% of the total chromatin used in the ChIP assays. Each PCR product immunoprecipitated with the c-Jun antibody was normalized to its 
respective input, and the relative levels were then calculated. The reported values are the means ± SD of three to six independent experiments, each performed in 
duplicate. *P < 0.005.
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Fig. 3.  The effects of tylophorine on the regulation of c-Jun expression. (A) Tylophorine suppressed the transcription of c-Jun. Northern blot analysis of the 
effects of tylophorine on c-Jun messenger RNA levels (upper panel). The effects of tylophorine on c-Jun promoter activity (lower panel). Cells were transfected 
with a human c-Jun promoter-driven luciferase reporter, p-jun-wt-luc-290/+170, for 20 h before treatment with 0.1% DMSO (vehicle), or tylophorine (2 μM). 
Following a 24 h treatment, the resultant lysates were analyzed for luciferase activity, which was normalized to protein concentration. The reported values are 
the means ± SD of three independent experiments, each performed in duplicate. (B) The tylophorine-induced c-Jun level was dependent on de novo protein 
synthesis. HONE-1 cells were treated with cyclohexamide (100 ng/ml) alone or in combination with tylophorine (2  μM) and harvested at various times for 
western blot analysis, shown in the upper panel. The relative levels of c-Jun in tylophorine- or cyclohexamide-treated cells were normalized to GAPDH as 
described in Figure 1A, shown in the upper panel. (C and D) Tylophorine activated JNK to phosphorylate c-Jun and increase its protein stability. (C) The effects 
of tylophorine on the activation of MAPK. HONE-1 cells were treated with tylophorine (2 μM) for 24 h, and the lysates were subjected to western blotting with 
the indicated antibodies. (D) JNK was responsible for the phosphorylation of tylophorine-induced c-Jun. An in vitro kinase assay using agent-treated lysates and 
a recombinant GST-c-Jun protein was performed. Cells were treated with tylophorine (2 μM) for 24 h, and the resultant lysates were incubated with recombinant 
GST-c-Jun protein in the presence of vehicle (DMSO), PD98095 (100  μM), SP600125 (100  μM) or SB203580 (100  μM) at 30°C for 30 min before being 
subjected to western blotting with the indicated antibodies. (E) JNK inhibition suppressed tylophorine-induced c-Jun phosphorylation but not the trend toward 
c-Jun accumulation. HONE-1 cells were treated with 0.1% DMSO (vehicle), dehydro-tylophorine (2 μM) or tylophorine (2 μM) in the absence or presence of 
PD98095 (20 μM), SP600125 (20 μM) or SB203580 (20 μM) for 24 h, and the lysates were subjected to western blotting with the indicated antibodies. (F) 
Tylophorine decreased c-Jun ubiquitination. HONE-1 cells were transfected with vectors encoding HA-tagged ubiquitin and Myc-tagged c-Jun for 24 h and then 
treated with tylophorine (2 μM), dehydro-tylophorine (2 μM) or DMSO (vehicle) for 24 h. Cells were then lysed and subjected to immunoprecipitation of cMyc-
c-Jun using anti-cMyc antibody and western blotting of the resultant immunoprecipitate using anti-HA-tag or anti-cMyc antibody. (G) JNK inhibition decreased
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Tylophorine treatment increased and prolonged NF-κB activation 
and PKCδ phosphorylation, as evidenced by a time-course experi-
ment. The results obtained showed that although the cells treated 
with vehicle (DMSO) exhibited a decrease in PKCδ phosphoryla-
tion and no increase in phosphorylated p65 at up to 24 h of treatment, 
the cells treated with tylophorine showed sustained PKCδ phospho-
rylation, increased p65 phosphorylation and decreased IκBα protein 
level over time (Figure 4C). The increased NF-κB activity was also 
demonstrated using a NF-κB luciferase reporter assay (pLuc-NFκB; 
Stratagene). The NFκB activity increased to 371 ± 60% in tylopho-
rine-treated HONE-1 lysates when compared with vehicle-treated cell 
lysates (Figure 4D). Moreover, both IMD-0354 and rottlerin reversed 
the tylophorine-mediated decrease in IκBα protein level and attenu-
ated the tylophorine-mediated increase in PKCδ phosphorylation, at 
6 h after treatment. Thus, tylophorine activated JNK via activation of 
NF-κB and PKCδ, which may have acted co-operatively.

Tylophorine activates the PI3K/PDK1/phosphatase 2A pathway 
that leads to a decrease in eEF2 phosphorylation and an increase 
in eEF2 activity, resulting in c-Jun translation by releasing it from 
global translational blockade
In addition to the JNK contribution to the elevation in c-Jun accu-
mulation by tylophorine, the pathway involved in the de novo pro-
tein synthesis for elevating c-Jun accumulation was investigated. 
The downstream of PI3Ks, RSK1, p70S6K, S6 rp and eIF4B were 
activated by tylophorine, and a PI3K inhibitor LY294002 attenu-
ated these activations and the tylophorine-induced c-Jun accumu-
lation (Figure  5A). Tylophorine treatment significantly enhanced 
Akt phosphorylation and slightly decreased mTOR phosphoryla-
tion. The AKT-specific inhibitor triciribine significantly or moder-
ately inhibited the phosphorylation of Akt, GSK3β, TSC2, RSK1 
or p70S6K but failed to influence the phosphorylation of eIF4B or 
S6 rp or the tylophorine-induced elevation in c-Jun accumulation. 

Fig. 4.  Tylophorine activates JNK via prolonged activation of NF-κB and PKCδ, thereby contributing to c-Jun accumulation. (A) MKK4, but not MKP1, was 
phosphorylated upon tylophorine treatment. (B) Tylophorine-activated JNK and tylophorine-induced c-Jun accumulation were attenuated by inhibiting NF-κB or 
PKCδ. (C and D) Tylophorine sustained the phosphorylation of PKCδ and enhanced NF-κB activity. (C) Tylophorine prolonged the phosphorylation of p65 and 
PKCδ. (D) Tylophorine significantly increased NF-κB activity, as shown by a NF-κB element reporter assay. For western blotting, HONE-1 cells were treated 
with tylophorine (2 μM) for 24 h or in combination with the indicated inhibitors. The resultant lysates were subjected to western blotting with the indicated 
antibodies. The inhibitors used were as follows: (i) pre-treatment for 1 h with LY294002 (40 μM), SP600125 (30 μM), rottlerin (10, 30 and 50 μM), IMD-0354 
(2 and 5 μM), SU6656 (10 μM), staurosporine (10 nM) or GF109203X (20 μM) in B; and (ii) co-treatment with IMD-0354 (5 μM) or rottlerin (10 μM) in 
C. Representative results or values of three independent experiments are shown. For the reporter assay, HONE-1 cells were transiently transfected with a pNF-
κB-Luc luciferase reporter. At 20 h post-transfection, cells were treated with tylophorine (2 μM). Luciferase activity was analyzed 24 h later and normalized to 
protein concentration. The reported values are the means ± SD of six independent experiments, each performed in duplicate.

the tylophorine-induced c-Jun accumulation. HONE-1 cells were treated with tylophorine (2 μM) or SP600125 (20 μM) for various durations, as indicated and 
subjected to western blotting, as shown in the upper panel. The relative levels of c-Jun were normalized to GAPDH described in Figure 1A, shown in the upper 
panel. Representative results of three independent experiments are shown.

←
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Rapamycin, an mTOR inhibitor, exhibited similar effects to tricir-
ibine including having no effect on c-Jun accumulation, although 
it inhibited the phosphorylation of eIF4B and S6 rp dramatically. 
Therefore, although PI3K was involved in tylophorine-induced 
c-Jun accumulation, it did not act via downstream Akt or mTOR 
(Figure 5A).

Another PI3K downstream cascade of PDK1 was further dissected. 
BX795 (a PDK1 inhibitor) was capable of attenuating c-Jun accu-
mulation and inhibited PI3K/PDK1 downstream phosphorylation of 

RSK1/p70S6K and S6 rp/eIF4B induced by tylophorine (Figure 5B). 
The increased phosphorylation of S6 rp and eIF4B by tylophorine was 
excluded as the source of c-Jun accumulation because this increased 
phosphorylation of S6 rp and eIF4B was also inhibited by rapamycin, 
but not coincident with the attenuation of c-Jun accumulation, as evi-
denced above (Figure 5A). The aforementioned conclusion was also 
supported by the fact that the enhanced tylophorine-induced c-Jun 
accumulation was not affected when eIF4B protein was knocked 
down using eIF4B shRNA (Figure 5C).

Fig. 5.  Tylophorine activates PI3K/PDK1/PP2A pathway that leads to an increase in eEF2 activity and contributes to c-Jun accumulation. (A) Tylophorine 
activated PI3K pathways to contribute to the elevated c-Jun accumulation, which was not mediated through Akt activation. (B) Inhibition of the activated PI3K/
PDK1/eEF2 cascade attenuated tylophorine-induced c-Jun accumulation. (C) Knockdown of eIF4B expression did not attenuate tylophorine-induced c-Jun 
accumulation. (D) Inhibition of PP2A reversed the downregulated phosphorylation of eEF2 by tylophorine. (E) Knockdown of eEF2 expression attenuated 
the tylophorine-induced c-Jun accumulation. (A, B and D) HONE-1 cells were treated with tylophorine (2 μM) for 24 h or in combination with the indicated 
inhibitor, which was administered as a pre-treatment for 1 h. The resultant lysates were subjected to western blotting with the indicated antibodies. The inhibitors 
used were LY294002 (50 μM), SP600125 (30 μM), rapamycin (200 ng/ml), triciribine (40 μM), BX795 (10 μM) and okadaic acid (50 nM). (C and E) eIF4B or 
eEF2 expression was knocked down by gene-specific shRNAs in HONE-1 cells and confirmed by protein expression. The resultant silenced cells were treated 
with tylophorine (2 μM) for 24 h, and the effects on elevated c-Jun accumulation were analyzed by western blotting. The expression of each protein following 
tylophorine treatment was expressed relative to that of vehicle DMSO-treated cells and was calculated after normalization to the loading control, GAPDH (C) or 
ERK1/2(E). Representative results or values of three independent experiments are shown.
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Finally, okadaic acid was capable of inhibiting phosphatase 2A 
(PP2A) and enhancing eEF2 (human elongation factor 2) phospho-
rylation, thereby antagonizing tylophorine’s effect of increasing the 
active, dephosphorylated form of eEF2 (Figure 5D). Similar results of 
increased phosphorylated eEF2 were obtained using LY294002 and 
BX795 (PI3K and PDK1 inhibitors) (Figure 5B). However, phospho-
rylation and protein expression of eEF2K were profoundly decreased 
in the presence of tylophorine alone or in combination with LY294002 
and BX795, respectively, thus could not be a key molecule account 
for activation of eEF2 (Figure  5B). The role of active eEF2 in the 
tylophorine-induced accumulation of c-Jun was further investigated. 
In the presence of tylophorine, when eEF2 protein expression was 
knocked down using eEF2-targeted shRNA, the enhanced accumula-
tion of c-Jun was significantly attenuated to 30% when compared with 
scrambled control shRNA (Figure 5E). In addition, the relative eleva-
tion in c-Jun accumulation induced by tylophorine versus DMSO was 
also attenuated in eEF2-silenced cells (22–41-fold) compared with 
scrambled-treated cells (75-fold) (Figure 5E). Therefore, the activated 
PI3K_PDK1_PP2A_eEF2 cascade was concluded to be involved in 
the tylophorine-induced elevation of c-Jun accumulation via de novo 
protein synthesis.

Pharmacological blockade of tylophorine-activated PI3K and JNK 
abolishes the elevation in c-Jun accumulation
The nocodazole-induced cytoskeleton network mediates the transla-
tional control of c-Jun via its UTRs and results in increased c-Jun 
accumulation in HeLa cells (14). The human c-Jun gene contains long 
5′ and 3′ UTRs that are 974 and 1389 nucleotides long, respectively. 
The 5′ UTR of c-Jun is also internal ribosome entry site-like and exe-
cutes an alternative translation under some cellular conditions (27). To 
examine the potential involvement of human c-Jun UTRs in the tylo-
phorine-induced c-Jun protein accumulation, we generated a series 
of gene constructs that contain the HA-tagged c-Jun coding region 
flanked by the c-Jun 5′ UTR or the 3′ UTR or neither (HA-Jun_3′, 
5′_HA-Jun, 5′_HA-Jun_3′ and HA-Jun). The HA-Jun and endoge-
nous c-Jun protein levels were examined in the absence or presence of 
the JNK inhibitor SP600125 that was used to remove the effect of the 
reduced ubiquitin-dependent degradation of phosphorylated c-Jun by 
JNK. The results revealed that the ectopically expressed HA-Jun was 
increased following tylophorine treatment in HONE-1 cells express-
ing any of the HA-c-Jun constructs transfected even when JNK activa-
tion was abolished with the co-treatment of SP600125 (Figure 6A).

Lastly, the combination treatment of LY294002 and SP600125 was 
capable of completely reversing the tylophorine-induced elevation in 
c-Jun accumulation to basal levels similar to DMSO vehicle treatment 
detected in cells expressing ectopically or endogenously expressed 
c-Jun (Figure  6B and C). Collectively, tylophorine-induced c-Jun 
accumulation was induced primarily via the two independent PI3K_
PDK1_PP2A_eEF2 and NF-κB/PKCδ_(MKK4)_JNK pathways, as 
illustrated in Figure 6D, independently of its 5′ or 3′ UTRs.

Discussion

Phenanthroindolizidine and phenanthroquinolizidine alkaloids exert 
anticancer activity by arresting cell cycle progression and thereby cell 
growth. However, no significant apoptosis occurs ((4) and our unpub-
lished data). In this study, we decipher a molecular pharmacology 
accounting for the anticancer activity of tylophorine via a major arrest 
in G1. The elevated c-Jun and consequently downregulated cyclin 
A2 were demonstrated to play a vital role in the tylophorine-induced 
arrest in G1 in carcinoma cells with the idea that multiple effects con-
tributed to the overall G1 arrest by tylophorine.

Our results illustrated that differential associations of c-Jun with 
the AP1 and ATF sites resulted in the finely balanced downregula-
tion of cyclin A2 promoter activity where one site increases and the 
other decreases the binding of c-Jun (Figure 2). This balance could 
result from the different association affinity with each site. The bal-
ance could also be associated with the DNA structure of the cyclin A2 

promoter, which could be modified differently depending upon the 
presence of tylophorine (e.g. epigenetically). The latter explanation is 
more likely because ectopically overexpressed c-Jun exerted oppos-
ing effects on the regulation of promoter activities of cyclin A2, which 
was dependent upon the presence of tylophorine for downregulation 
and absence for upregulation (Supplementary Figure S3, available at 
Carcinogenesis Online). This property also explains why the G1 arrest 
facilitated by ectopically expressed c-Jun occurs only in the presence 
of tylophorine (Figure 1C). In addition, c-Jun is also its own target 
gene. Two c-Jun-associated sites are found in the c-Jun promoter 
region, and they are preferentially occupied by c-Jun/ATF2 heterodi-
mers or c-Jun/c-Jun homodimers (28,29) (Supplementary Figure S4, 
available at Carcinogenesis Online). Moreover, ATF activation was 
significantly decreased upon tylophorine treatment, as shown by the 
ATF-luciferase-element reporter assay (Figure 2C). Thus, similar to 
the effects on cyclin A2 promoter described above, ectopically over-
expressed c-Jun increased its own promoter activity, as expected. In 
the presence of tylophorine, c-Jun did not show a preference for or 
could not associate with the ATF site on the c-Jun promoter, and thus, 
the activity of the c-Jun promoter decreased (Supplementary Figure 
S5, available at Carcinogenesis Online).

Although global protein synthesis is inhibited in tylophorine-
treated cells, which are arrested at G1 (6,30), a subset of subtlety regu-
lated protein synthesis pathways should occur to support the activities 
demanded (e.g. G1 arrest and cell survival). Transient induction of 
c-Jun by an array of extracellular stimuli typically immediately upreg-
ulates gene and protein expression of c-Jun via MAPK signaling path-
ways for subsequent activation of the target pathways or effects (31). 
Although transcriptional control is the primary mechanism for c-Jun 
regulation, the phosphorylation of c-Jun by JNK also reduces the 
ubiquitin-dependent degradation of c-Jun (15), ultraviolet irradiation 
enhances transcript stability of c-Jun (32) and the cytoskeletal net-
work controls c-Jun translation and leads to the accumulation of c-Jun 
in a UTR-dependent manner (14). In conjunction with the deficiency 
or presence of NF-κB activation, JNK has pro- or anti-apoptotic func-
tions, which depend on the cell type, the nature of the death stimulus, 
the duration of JNK activation and the activity of other signaling path-
ways (18,33). Herein, prolonged JNK activation, mediated via NF-κB 
and PKCδ, likely occurred via tylophorine-induced ribosomal or ER 
stress. When a cell’s global protein synthesis is arrested at the level 
of ribosomal elongation by phenanthroindolizidines (30), the release 
from elongation via eEF2 regulation for a subset of proteins should 
regulate or determine the cell fate. This elongation-release is likely 
regulated specifically by a molecular complex that merits further 
investigation. For chronic arrest of cell cycle progression by tylopho-
rine, the prolonged activation of c-Jun likely involves c-Jun protein 
stabilization via reduced ubiquitination and increased c-Jun transla-
tion by release from global translational blockade.

We conclude that tylophorine activated two prolonged pathways 
to induce c-Jun accumulation: (i) the NF-κB/PKCδ_(MKK4)_JNK 
cascade to phosphorylate c-Jun and increase its stability and (ii) 
the PI3K_PDK1_PP2A_eEF2 cascade to sustain eEF2 activity and 
thus increase c-Jun translation by releasing the cell from global 
translational blockade. The latter pathway plays a fundamental role 
in tylophorine-induced c-Jun protein accumulation, and the for-
mer pathway additively culminates in the accumulation of signifi-
cant levels of c-Jun for exerting biological function. The elevated 
c-Jun then downregulates cyclin A2 expression and consequently 
exerts an overriding G1 arrest in carcinoma cells. The above effects 
are the main pharmacological effects underlying the anticancer 
activity of tylophorine via c-Jun. This elevated c-Jun-mediated 
anticancer mechanisms are completely distinct from that for the sup-
pression of c-Jun expression by tylophorine in lipopolysaccharide-/
interferon-γ–stimulated RAW264.7 cells for anti-inflammation. In 
lipopolysaccharide-/interferon-γ–stimulated RAW264.7 cells, c-Jun 
is immediately and transiently induced through transcriptional regu-
lation. Tylophorine treatment enhances Akt activation in lipopolysac-
charide-/interferon-γ–stimulated RAW264.7 cells thereby inhibiting 
the induction of c-Jun protein expression (20).
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Fig. 6.  Pharmacological blockade of tylophorine-activated PI3K and JNK completely abolishes the c-Jun accumulation. (A) The effects of UTRs of the c-Jun 
transcript on the tylophorine-induced c-Jun accumulation. A schematic representation of the HA-Jun constructs with the flanking c-Jun UTRs. The number of 
base pairs in each region is indicated (upper panel). Neither the 5′ UTR nor the 3′ UTR of c-Jun contributed to its elevated accumulation mediated by tylophorine 
(lower panel). HONE-1 cells were transfected with the HA-Jun expression vectors for 20 h and cells were then cultured with either tylophorine (2 μM) or 
nocodazole (50 ng/ml) in the absence or presence of SP600125 (20 or 30 μM) for 24 h. The resultant lysates were analyzed by western blotting with the indicated 
antibodies. Protein bands were scanned for densitometry analysis, and the relative amounts of HA-Jun or c-Jun protein were determined by normalizing to the 
respective internal loading control, GAPDH. The fold increase was calculated by dividing the amount of HA-Jun or c-Jun in tylophorine- or nocodazole-treated 
cells by that of vehicle-treated (DMSO) cells. (B and C) Blockade of both PI3K and JNK activation by tylophorine completely abolished the tylophorine-
induced ectopic or endogenous c-Jun accumulation. HONE-1 cells, with (B) or without (C) the transfection of the 5′_HA-Jun_3′ plasmid for 20 h, were treated 
with either tylophorine (2 μM) or nocodazole (50 ng/ml) in the absence or presence of SP600125 (30 μM) or LY294002 (50 μM) for 24 h. The resultant lysates 
were analyzed by western blotting with the indicated antibodies. Representative results or values of three independent experiments are shown. (D) A diagram 
illustrating the pathways of tylophorine-induced c-Jun accumulation and tylophorine anticancer activity. Tylophorine-induced c-Jun accumulation was mediated 
by prolonged activation of PI3K/PDK1/PP2A/eEF2 cascades for translation and NF-κB_PKCδ/JNK cascades for phosphorylation and protein stability but not 
transcriptional control. Tylophorine-induced c-Jun regulates its targeted genes (e.g. cyclin A2) to exert G1 arrest and anticancer activity. Highlights in red are the 
effective points evidenced by pharmacological inhibition or RNA silencing in this study.
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To the best of our knowledge, this is the first report showing that 
c-Jun is involved in the anticancer activity of tylophorine and that 
c-Jun translation is released from global translational blockade via the 
PI3K_PDK1_PP2A_eEF2 signaling cascade. This report is also the 
first to detail the underlying molecular mechanisms of cell cycle arrest 
by the phenanthroindolizidines or phenanthroquinolizidines.

Supplementary material

Supplementary Figures S1–S5 and Supplementary Materials and 
Methods can be found at http://carcin.oxfordjournals.org/
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