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Docetaxel suppressed cell proliferation 
through Smad3/HIF‑1α‑mediated glycolysis 
in prostate cancer cells
Junming Peng1†, Zhijun He2, Yeqing Yuan1,3†, Jing Xie1, Yu Zhou1, Baochun Guo3,4,5* and Jinan Guo1,3,6* 

Abstract 

Background:  Tumor glycolysis is a critical event for tumor progression. Docetaxel is widely used as a first-line drug 
for chemotherapy and shown to have a survival advantage. However, the role of docetaxel in tumor glycolysis 
remained poorly understood.

Methods:  The effect of Docetaxel in tumor glycolysis and proliferation were performed by CCK-8, Western blotting, 
real-time PCR, glucose, and lactate detection and IHC. ChIP and luciferase assay were used to analyze the mechanism 
of Docetaxel on Smad3-mediated HIF-1α transactivity.

Results:  In this study, we showed that docetaxel treatment led to a significant inhibition of cell proliferation in pros-
tate cancer cells through PFKP-mediated glycolysis. Addition of lactate, a production of glycolysis, could reverse the 
inhibitory effect of docetaxel on cell proliferation. Further analysis has demonstrated that phosphorylation of Smad3 
(Ser213) was drastically decreased in response to docetaxel stimulation, leading to reduce Smad3 nuclear transloca-
tion. Luciferase and Chromatin immunoprecipitation (ChIP) analysis revealed that docetaxel treatment inhibited the 
binding of Smad3 to the promoter of the HIF-1α gene, suppressing transcriptional activation of HIF-1α. Moreover, 
ectopic expression of Smad3 in prostate cancer cells could overcome the decreased HIF-1α expression and its target 
gene PFKP caused by docetaxel treatment. Most importantly, endogenous Smad3 regulated and interacted with 
HIF-1α, and this interaction was destroyed in response to docetaxel treatment. What’s more, both HIF-1α and PFKP 
expression were significantly reduced in prostate cancer received docetaxel treatment in vivo.

Conclusion:  These findings extended the essential role of docetaxel and revealed that docetaxel inhibited cell prolif-
eration by targeting Smad3/HIF-1α signaling-mediated tumor Warburg in prostate cancer cells.
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Background
Dysfunction of glycolysis facilitated many advantages of 
tumor cells, which has been characterized as a hallmark 
of cancer [1, 2]. Tumor glycolysis, also named Warburg 
effect, has been demonstrated to play an critical role 
in development of cancer, such as tumor growth [3], 
immune evasion [4], metastasis [5], recurrence [6], sen-
sitivity [7] and angiogenesis [8]. In addition to tumor 
glycolysis, metabolic reprogramming, including De novo 
lipogenesis (DNL) and polyol pathway, has linked the 
interaction between tumor cell and other component cell 
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in tumor microenvironment to tumor progression, such 
as immune cells, inflammatory cells, stomal cells [2]. The 
evidence suggested that the Warburg effect is becoming 
a promising target for diagnosis and therapy. A further 
better understanding of the tumor glycolysis underlying 
tumor biological process is essential to develop effective 
therapeutic.

Tumor glycolysis, a characteristic tumor cell pheno-
type, can expedite tumor progression by enhancement of 
lactate production and glucose uptake. The dysregulation 
of glycolysis not only provided tumor cells with nutri-
ents and ATP to meet tumor proliferation and growth, 
but also remodeled an acidic environment that results in 
demolition of extracellular matrix and expedites growth 
and metastasis [9, 10], which was attributed to increased 
critical glycolytic enzymes expression, including glucose 
transporter isoform 1 (GLUT1), hexokinase 2 (HK2), 
Phosphofructokinase, platelet (PFKP), Pyruvate kinase 
isozymes (PKM), Lactate dehydrogenase A (LDHA), in a 
serial of human tumors. What’s more, hypoxia-inducible 
factor-1α (HIF-1α) is a key transcriptional regulatory 
protein that regulates an arrangement of hypoxia-sensi-
tive proteins expression, such as PKM2, HK2, PFKP, to 
preserve the survival of tissue in tumor microenviron-
ment. What’s more, Smad3 also has been reported to play 
a critical role in metabolic reprogramme in tumor pro-
gression, including tumor glycolysis [11], glutaminolysis 
[12], lipid metabolism [13]. Interestingly, the work from 
Xu et al. study showed that endogenous Smad3 regulated 
and interacted with HIF-1α in colorectal cancer cells. 
These findings implied the crosstalk between Smad3 and 
HIF-1α played a critical role in tumor progression.

Docetaxel, the first-line chemotherapeutic agent for 
advanced stage prostate cancer [14], is gradually gained 
widespread attention due to its novel function has been 
identified [15, 16], However, the toxic side effects and 
drug resistance limited clinical success of Docetaxel. 
Early staged and localized PCa can be well controlled by 
prostatectomy or radiotherapy. For locally advanced and 
metastatic PCa, androgen deprivation therapy (ADT) is 
currently considered as the most effective treatment, giv-
ing a 70% initial effective rate. The most studied factor 
responsible for these effects is hypoxia-inducible factor-1 
(HIF-1) that significantly contributes to the aggressive-
ness and chemoresistance of different tumors [17]. In 
addition to HIF-1, Smad3 also has been reported to 
induce chemoresistance in various of cancer [18, 19]. In 
this study, we further showed that docetaxel treatment 
significantly inhibited cell proliferation in prostate cancer 
cells by inhibition of Smad3-mediated tumor glycolysis, 
leading to decrease glucose uptake and lactate produc-
tion, which illustrated a novel function of docetaxel in 
prostate cancer cells. Docetaxel stimulation led to a 

significant downregulated the expression of HIF-1α and 
PFKP, but not PKM2, resulting in suppression of lactate 
production, glucose uptake, and cell proliferation. These 
findings revealed that docetaxel-Smad3/HIF-1α axis reg-
ulated tumor glycolysis in prostate cancer cells, establish-
ing the central role Samd3/HIF-1α in docetaxel-mediated 
tumor Warburg effect and tumor progression.

Methods
Chemical reagents and antibodies
Docetaxel (ID0400) and lactate (L8601) obtained from 
Solarbio life science (Beijing, China). Lactate assay kits 
(KA0833) was purchased from Abnova. The SimpleChIP® 
Enzymatic Chromatin IP Kit (Magnetic Beads) (9003) 
was from Cell Signaling Technology (Danvers, MA, 
USA). Glucose uptake fluorometric assay kit (MAK084) 
was purchased from Sigma Aldrich (St. Louis, MO, USA). 
Antibodies targeting PKM2 (Abcam, ab137852,1:2000 
for WB), HIF-1α (Abcam, ab114977,1:2000 for WB), 
PFKP (Abcam, ab119796,1:2000 for WB), α-tubulin 
(Abcam, ab7291,1:4000 for WB) and β-actin (Abcam, 
ab8226,1:4000 for WB) were purchased from Abcam 
Company (MA, USA); Fetal boive serum (FBS), Alexa-
488- and 594-conjugated secondary antibodies were 
from Invitrogen (Thermo Fisher Scientific). The trizol 
was purchased from Invitrogen and All-in-One First-
Strand cDNA Synthesis Kit and All-in-One qPCR Mix 
were obtained from GeneCopoeia (Guangzhou, China). 
Subcellular fractionation was conducted using NE-PER™ 
Nuclear and Cytoplasmic Extraction Reagents (thermo 
fisher) following the manufacturer’s recommendations. 
All ultrapure reagents were from Promega (Madison, WI, 
USA).

Cell culture and treatment
PC-3M, PC-3M IE8 cells and DU145 were purchased 
from American Type Culture Collection (ATCC, Manas-
sas, VA) and cultured according to the manufacturer’s 
recommendations. For treatment, the prostate cancer 
cells were treated with Docetaxel at concertation of 5 uM 
or lactate (5  uM), respectively. While plasmids were 
transfected into cells with lipofectamine3000 (L‐3000) 
following the manufacturer’s instructions.

RNA extraction and real‑time PCR
As described in Xu et al. study [20], the whole RNA was 
extracted with Trizol reagents according to the instruc-
tion. Reverse transcription and quantitative PCR (qPCR) 
were performed using the All-in-One First-Strand cDNA 
Synthesis Kit and All-in-One qPCR Mix (GeneCopoeia) 
according to the manufacturer’s protocol. The primers 
used in this study as followed: HIF-1α forward, 5′-GAA​
CGT​CGA​AAA​GAA​AAG​TCTCG-3’ and 5′-CCT​TAT​
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CAA​GAT​GCG​AAC​TCACA-3′; PFKP forward, 5′-CGC​
CTA​CCT​CAA​CGT​GGT​G-3′, and reverse, 5’- ACC​TCC​
AGA​ACG​AAG​GTC​CTC-3’; HK2 forward, 5’- TGC​CAC​
CAG​ACT​AAA​CTA​GACG-3’ and reverse, 5’- CCC​GTG​
CCC​ACA​ATG​AGA​C-3’; β-actin forward, 5’-CGC​GAG​
AAG​ATG​CCC​AGA​TC-3’ and reverse, 5’-TCA​CCG​GAG​
TCC​ATC​ACG​A-3’.

Subcellular fractionation and western blotting
Subcellular fractionation was performed using Subcellu-
lar fractionation was conducted using NE-PER™ Nuclear 
and Cytoplasmic Extraction Reagents according the man-
ufacturer’s recommendations. Western blotting was per-
formed. Briefly, the protein was separated by SDS-PAGE 
and transferred into nitrocellulose transfer membrane to 
further incubation with 5% (w/v) milk in PBS/0.05% (v/v) 
Tween‐20 for 1 h, the incubation for the membrane with 
the indicated antibody overnight at 4  °C, subsequently 
followed by incubation with a horseradish peroxidase 
secondary antibody for another 1 h at room temperature. 
Proteins were showed using an enhanced chemilumines-
cence (Perkin Elmer).

Lactate production and glucose composition
PC-3M and PC-3M IE8 cells were stimulated with or 
without docetaxel for 48  h. The condition medium was 
directly assayed using the lactate and glucose detec-
tion Kit according to the manufacturer’s protocol, 
respectively.

CCK‑8 assay
The cell viability of PC-3M and PC-3M IE8 cells were 
determined by a Cell Counting Kit-8 (CCK-8) (Dojindo, 
Japan). Briefly, cells were reseeded into a 96-well plate at 
a density of 6 × 104 cells/well followed by docetaxel stim-
ulation for a time course. At post-treatment, the medium 
was replaced with 100ul medium contained 10 μl CCK-8 
to incubate for 1 h at 37 °C, and absorbance were meas-
ured at 450 nm. The assays were performed in triplicate.

Chromatin immunoprecipitation (ChIP) assay
ChIP was conducted as described in Zhang et  al. study 
[21]. Briefly, ChIP was performed using an anti-Smad3 
antibody or rabbit IgG (Millipore, Billerica, MA, USA) to 
pulldown chromatin extracts equivalent to 5 × 105 cells. 
ChIP samples were quantified by qPCR (SYBR Green 
Master Mix; Applied Biosystems) and the ChIP qPCR 
data were normalized using the percent input method. 
The ChIP primer used in the study for HIF-1α: forward: 
GGT​CAC​TTC​CTC​CCA​CCT​AAT; Reverse: CAG​GCT​
CAC​GCT​ACG​GAA​TC.

Luciferase assay
Cells were reseeded in 12-well plates at a density of 
1 × 105 cells /well, and co-transfected with pcDNA3.1 
or pcDNA-Smad3 and plasmid containing HIF-1α pro-
moter regions. At 24  h post-transfection, cells were 
treated with or without 5  uM docetaxel for another 
48 h. The dual-luciferase reporter assay was performed 
using the Dual-luciferase Reporter Assay System (Pro-
mega). Renilla luciferase was used as the internal refer-
ence to verify the transfection efficiency and calculate 
the relative luciferase activity. i.e., the ratio of Firefly 
luciferase activity to renilla luciferase activity.

Immunohistochemistry (IHC)
IHC was performed as described in their work [21, 
22]. The deparaffinized and rehydrated sections were 
blocked, and then incubated with the indicated anti-
body at 4 °C overnight, the bound antibodies were then 
visualized using diaminobenzidine. The slides were also 
counterstained with hematoxylin. The positive staining 
area was taken at 400 × magnification on each slide and 
quantified using ImagePro Plus 6.0 software (Media 
Cybernetics, Rockville, MD, USA).

Hematoxylin and eosin
Tissues were fixed in 4% paraformaldehyde for 24  h, 
dehydrated, embedded in paraffin, and sliced into 
4-μm-thick sections. HE staining were performed using 
specific kits from Solarbio Life Sciences Co. Ltd. (Bei-
jing, China) as per the manufacturer’s instructions.

In vivo mice experiments
The animal was performed according to animal ethical 
committee instruction. Briefly, 1 × 105 PC-3M pros-
tate cancer cells were injected into null mouse. Once 
tumors were palpable, mice were randomized into the 
following groups (5 mice per group): (A) control (vehi-
cle; 5% dextrose); (B) 10 nM (dissolved in 5% dextrose) 
administered by intraperitoneal injection once daily. 
Tumor volumes were monitored for the next 2  weeks. 
After tumors were excised, tumor weight was measured 
and tumor volume was calculated according to the for-
mula (W2 × L)/2, where W is width and L is length of 
the tumor.

Statistical analysis
Data analysis was performed using the GraphPad Prism 
V software (La Jolla, CA, USA). A difference in com-
parison with a p less than 0.05 was considered statis-
tically significant. Statistical differences among groups 
were determined by Student’s t-test, one-way analysis 



Page 4 of 12Peng et al. Cell Communication and Signaling          (2022) 20:194 

of variance (ANOVA) was used to determine the sig-
nificance for mRNA and intensity quantified.

Results
Docetaxel suppressed cell proliferation and aerobic 
glycolysis
Docetaxel is a first-line chemotherapy for the treatment 
of patients with castration-resistant prostate cancer 
(CRPC) and has been demonstrated to be play a sup-
pressive function in cell proliferation and apoptosis [23]. 
Consisted with this, our results showed that PC-3M, 
PC-3M IE8 and DU145 cells treated with docetaxel led to 
a significant inhibition of cell proliferation in a time- and 
dose-dependent manner (Fig.  1A–B, Additional file  1: 
Fig. S1). In line with the study from Niu et al. [24], 5 uM 
was choose in the whole study, the western blotting anal-
ysis also showed that both PCNA and Ki-67, a cell pro-
liferation indicator, were drastically decreased in PC-3M 
and PC-3M IE8 cells in response to docetaxel stimulation 
(Fig. 1C–D).

Docetaxel regulated tumor glycolysis in prostate cancer 
cells in HIF‑1a dependent manner.
Reprogrammed glucose metabolism of enhanced War-
burg effect (or aerobic glycolysis) is considered as a 
hallmark of cancer [25], which is important in tumor pro-
gression. To explore whether tumor glycolysis involved in 
docetaxel regulated cell proliferation. We found that doc-
etaxel treatment (10 nM) led to a significant reduction of 
the level of lactate production and glucose consumption 
(Fig.  2A–B). Real-time PCR and western blotting were 
performed to further determine the effect of docetaxel 
on glycolytic gene expression in prostate cancer cells. As 
shown in Fig. 2C–D, compared to the control group, doc-
etaxel stimulation in PC-3M and PC-3M IE8 cells led to 
a downregulation of glycolytic genes, such as HIF-1α and 
PFKP, no significance difference was observed in PKM2 
expression. In line with this, the protein level of HIF-1α, 
HK2, and PFKP were decreased in PC-3M and PC-3M 
IE8 cells with docetaxel stimulation for 48 h (Fig. 2E), the 
similar results were obtained in DU145 cells (Additional 
file  1: Fig. S1). These findings suggested that docetaxel 
inhibited tumor glycolysis.

HIF-1α has been demonstrated to play an critical 
role in tumor angiogenesis [26, 27], cell proliferation 
and growth [3], and energy metabolism [28, 29]. To 
test whether docetaxel-mediated glycolysis in HIF-1α 
dependent manner. CoCl2-induced HIF-1α expression 
could reverse the inhibitory effect of docetaxel in tumor 
glycolysis, including glycolytic genes expression, lactate 
production and glucose uptake (Fig.  2F). These results 
imply that docetaxel regulated aerobic glycolysis through 

HIF-1α-mediated activation of glycolytic genes in pros-
tate cancer cells.

Docetaxel regulated glycolysis through Smad3
The pervious study has demonstrated that Smad3, a 
center mediator of TGFβ [11, 13, 30–32], is critical player 
in modulating energy metabolism. Phosphorylation of 
Smad3 linker domain (pSmad3L) indirectly inhibited 
its COOH-terminal phosphorylation, and the prolifera-
tive effect mediated by RTK-dependent pSmad3L path-
way antagonized TGF-β signaling through the cytostatic 
pSmad3C pathway in normal epithelial cells [33]. Based 
on these, we tried to identify the effect of docetaxel in the 
phosphorylation of Smad3 linker. As shown in Fig.  3A, 
the immunoblotting results showed that Smad3 nuclear 
translocation was decreased in response to docetaxel 
stimulation for 1 h, which was attributed to the phospho-
rylation of Smad3 (Ser213) at the linker region was sig-
nificantly reduced in PC-3M and PC-3M IE8 cells with 
docetaxel stimulation (Fig. 3B).

To further confirm Smad3 served a critical role in 
docetaxel-mediated glycolysis, we transfected plasmid 
Smad3 into PC-3M IE8 cells by transient transfection. 
We found that ectopic expression of Smad3 reversed the 
inhibitory effect of docetaxel on tumor glycolysis and 
cell proliferation (Fig.  3C–E). Further analysis showed 
that Smad3 overexpression in prostate cancer cells could 
overcome the decreased HIF-1α and PFKP caused by 
docetaxel (Fig. 3F). These findings implied that docetaxel 
treatment suppressed HIF-1α-mediated glycolysis and 
proliferation in Smad3-dependent manner.

Smad3 is required for docetaxel‑mediated HIF‑1α 
transactivation
The study from Xu et al. showed that Smad3 might have 
a central role in the transactivation of HIF-1α [11]. The 
above result showed that Smad3 nuclear translocation 
is regulated by docetaxel stimulation, leading to inhibi-
tion of direct DNA binding to target genes. Interest-
ingly, the interaction between Smad3 and HIF-1α was 
disrupted in PC-3M cells in response to docetaxel stimu-
lation (Fig. 4A). We further explored whether docetaxel-
dependent expression of HIF-1α could be attributed to 
upregulation of Smad3 signaling. As shown in Fig.  4B, 
luciferase analysis showed that overexpression of Smad3 
in PC-3M and PC-3M IE8 cells led to a significant upreg-
ulation of HIF-1α-specific promoter sequence (HIF-1α-
luc), which was declined dramatically in PC-3M cells 
in response to docetaxel stimulation. Moreover, chro-
matin Immunoprecipitation (ChIP) followed by qPCR 
assay revealed that docetaxel treatment in PC-3M cells 
significantly decreased Smad3 binding to the promoter 
of HIF-1α (Fig.  4C), However, as a negative control, no 
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Fig. 1  Docetaxel suppressed cell proliferation. A PC-3M and PC-3M IEC8 cells were digested and reseeded in a 96-well plate, respectively, and 
treated with docetaxel (5 uM) in a time course. The cell viability of PC-3M and PC-3M IE8 cells was determined by CCK-8 assay. Data represented the 
mean ± s.d. of three independent experiments and were analyzed by the one sample t test for significance versus the control group. ***P < 0.001. 
B After digestion, PC-3M IE8 and PC-3M cells were reseeded in a density of 105 in 96-well plate overnight, the cells were treated with docetaxel 
in a various of concentration for 48 h. The cell viability was measured by CCK-8 assay. Data represented the mean ± s.d. of three independent 
experiments and were analyzed by the one sample t test for significance versus the control group. *P < 0.05, **P < 0.01, ***P < 0.001. C Western 
blotting was performed to analyze cell proliferation characterized by PCNA and Ki-67 expression in PC-3M IE8 and PC-3M cells treated with or 
without docetaxel (5 uM) for 48 h, α-tubulin served as internal control and the intensity of bands was quantified and analyzed by by t test for 
significance versus the control group, Data represented the mean ± s.d. of three independent experiments, **P < 0.01, ***P < 0.001
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binding of GAPDH, which has been shown to not bind 
Smad3, was observed, indicating that the IP and real-
time PCR-based amplification of the HIF-1α promoter 
sequence was specific.

Docetaxel/Smad3 axis suppressed tumor glycolysis 
and tumor growth in vivo.
To provide evidence into the effect of docetaxel on the 
tumor glycolysis and tumor growth in prostate cancer 
model in  vivo. PC-3M cells were injected subcutane-
ously into nude mice as indicated group at a density of 
1.0  ×  106 cells. Mice bearded with tumors were rand-
omized to two groups and treated with or without doc-
etaxel as described as shown in Fig.  5A–B. The body 
weight and tumor volume were recorded during the 
following 2  weeks. The tumor volume was significantly 
inhibited in docetaxel treatment group compared with 
that in control group (5% dextrose). Tumor size was also 
significantly decreased by docetaxel treatment (Fig. 5C).

Furthermore, tumor issues were processed for hema-
toxylin–eosin (HE) staining. Histopathological changes 
in the docetaxel treatment group were clearly observed 
(Fig.  5D). Moreover, pathologic analysis showed that 
cell proliferation labelled with Ki-67 was significant 
decreased in docetaxel-treated group compared with that 
in the control group by immunohistochemistry, which 
is attributed to decreased HIF-1α caused by docetaxel 
treatment (Fig.  5E). Most importantly, phosphorylation 
of Smad3 was reduced in docetaxel-treated group com-
pared with that in control group (Fig. 5F). Taken together, 
these data provide in vivo evidence that docetaxel could 
inhibit prostate cancer progression through Smad3-
mediated glycolysis.

Discussion
Prostate cancer (PCa) is the second leading cause of 
cancer death worldwide [34], and docetaxel is the main-
stay of treatment in high-volume hormone-sensitive 
prostate cancer and castration-resistant prostate cancer 
[35]. However, in this study, we have demonstrated that 
docetaxel repressed tumor progression through Smad3-
mediated tumor glycolysis in  vivo and in  vitro through 

HIF-1α, thereby inhibiting cell proliferation. Enhanced 
PFKP was correlated with tumor proliferation in prostate 
tumor tissues compared with the normal tissues. Target-
ing to inhibit glycolysis could be an improvement therapy 
strategy in treatment of clinical prostate cancer.

Tumor glycolysis, characterized by an adaptive switch 
from oxidative respiration to glycolysis, even in the pres-
ence of oxygen, confers a survival advantage to cancerous 
cells [36, 37], which has demonstrated to be regulated by 
HIF-1α [20, 38, 39]. Docetaxel treatment induced redox 
imbalance, resulting in a specific modulation of the anti-
oxidant response in SH-SY5Y cells, including a signifi-
cant reduction of total glutathione, ascorbic acid, and an 
increase in both total F2-Isoprostanes and catalase activ-
ity, as compared to untreated cells [40]. What’s more, 
docetaxel treatment could lead to inhibit cell prolifera-
tion by targeting IGF-1 and miR-129-3p-induced-chem-
oresistance [24, 41]. Interestingly, In the present study we 
found that docetaxel treatment resulted in attenuation 
of HIF-1α expression, leading to decrease glycolysis and 
cell proliferation. Docetaxel inhibited cell proliferation by 
decreased tumor glycolysis due to tumor glycolysis could 
provide several advantages for tumor cells, such as cell 
proliferation, lower production of reactive oxygen spe-
cies, protection from apoptosis and exertion of tumor 
drug resistance [42]. Interestingly, the further work 
revealed that, compared with vehicle, there is no signifi-
cant difference of glycolysis-related gene expression at 
mRNA and protein level in docetaxel-resistant prostate 
cancer cells in response to Docetaxel treatment, which 
could be helpful to identify the mechanism of docetaxel-
resistance in next work (Data unpublished). In addition 
to HIF-1α, the further work is required to explore the 
possible key point through which mediated glycolysis 
involved in docetaxel-mediated tumor glycolysis.

Smad3, a central regulator of energy reprogramming, 
has been reported to regulate HIF-1α expression to pro-
mote tumor glycolysis in prostate cancer cells [20], and 
phosphorylation of Smad3 linker domain, including 
Ser213, Ser204, Ser208 and Thr179, indirectly inhibits 
its COOH– terminal phosphorylation and subsequently 
suppresses tumor-suppressive pSmad3C signaling, 

(See figure on next page.)
Fig. 2  Docetaxel inhibited HIF-1α-mediated tumor glycolysis. A–B PC-3M IE8 or PC-3M cells were treated with or without docetaxel (5 uM) for 
48 h, the level of lactate and glucose in the supernatant were measured according to the instruction. Data represented the mean ± s.d. of three 
independent experiments and were analyzed by t test for significance versus the control group. **P < 0.01, ***P < 0.001. The total RNA was extracted 
using trizol reagents, and Real-time PCR was performed to analyze the glycolytic genes expression in PC-3M IE8 (C) and PC-3M cells (D), Data 
represented the mean ± s.d. of three independent experiments and were analyzed by the one sample t test for significance versus the control 
group. ***P < 0.001. E Western blotting was employed to detect indicated proteins in PC-3M IE8 and PC-3M cells treated with or without docetaxel 
for 48 h, α-tubulin served as internal control and the bands intensity were quantified and analyzed by t test for significance versus the control 
group. Data represented the mean ± s.d. of three independent experiments, **P < 0.01, ***P < 0.001. F PC-3M IE8 cells were treated with docetaxel 
(5 uM) for 1 h, following by CoCl2 stimulation for further 48 h. The total protein was harvested and detected indicated proteins by SDS-PAGE. A 
quantification of each blot is indicated. α-tubulin served as internal control, data represented the mean ± s.d. of three independent experiments 
and analyzed by One-way ANOVA with multiple comparisons, followed by Bonferroni post hoc test for significance. ***P < 0.001
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Fig. 2  (See legend on previous page.)



Page 8 of 12Peng et al. Cell Communication and Signaling          (2022) 20:194 

generating resistance to the growth-inhibitory effect of 
TGF-β [33, 43–45]. In this study, we found that decreased 
Smad3 phosphorylation in PC-3M and PC-3M IE8 cells 
in response to docetaxel treatment, leading to inhibit 
Smad3 nuclear translocation and HIF-1α transactivation 

due to the binding of Smad3 to HIF-1α promoter was 
significantly reduced in PC-3M and PC-3M IE8 cell 
treated with docetaxel for 1 h, leading to suppress HIF-1α 
transactivation. Most importantly, the in  vivo results 
showed that HIF-1α expression was also decreased in 

Fig. 3  Docetaxel regulated tumor glycolysis and growth in Smad3-dependnet way. A PC-3M cells were serum starved for 24 h and then left 
untreated or treated with docetaxel for an additional 1 h. Levels of cytosolic and nuclear Smad3 were determined by western blotting. α-tubulin 
and histone 3 were used as internal controls for the cytosolic and nuclear fractions. B The total protein was collected from PC-3M cells treated 
with shikonin for 1 h and separated by SDS-PAGE to detect the phosphorylation level of Smad3 (Ser213). PC-3M cells were treated with or without 
docetaxel for 24 h, and following by transfection with or without Smad3 plasmid for further 48 h, the level of lactate production (C), glucose 
consumption (D), and cell viability (E) were measured according to instruction, F the total protein was collected and subject by SDS-PAGE to 
detect indicated proteins, the band intensity was quantified, data represented the mean ± s.d. of three independent experiments and analyzed by 
One-way ANOVA with multiple comparisons, followed by Bonferroni post hoc test for significance. **P < 0.01, ***P < 0.001
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Fig. 4  Docetaxel is crucial for binding of Smad3 to the HIF-1α promoter and subsequent HIF-1α transactivation. A PC-3M cells were grown to 
70–80% confluence, serum starved for 24 h, then stimulated with or without 5 uM docetaxel for 1 h, whole cell lysates were immunoprecipitated 
(IP) with antibodies targeting endogenous Smad3 and co-precipitates with HIF-1α were detected by immunoblotting. B PC-3M IE8 (left panel) 
and PC-3M (right panel) cells were transfected with plasmid, including pCDNA3.1 and pCDNA3.1-Smad3, combined with a vector containing the 
HIF-1α promoter sequence driving the firefly luciferase reporter (HIF-1α -luc) in conjunction with a control Renilla luciferase expression vector. 
At 24 h after transfection, cells were serum starved for an additional 12 h, followed by 5 uM docetaxel treatment for 16 h. Luciferase reporter 
activity is presented as the fold activation relative to Renilla luciferase activity. Data represented the mean ± s.d. of three independent experiments 
and analyzed by two-way ANOVA with multiple comparisons, followed by Bonferroni post hoc test for significance. **P < 0.01, ***P < 0.001. C 
PC-3M cells were serum starved, and treated as indicated for 1 h, the whole cell lysates were immunoprecipitated with an anti-Smad3 antibody, 
co-precipitating chromosome fragments binding to Smad3 in vivo were amplified and quantified by real-time PCR. Results are presented as a ratio 
of the immunoprecipitated product to the input product. Left panel: real-time PCR of the Smad3-enriched HIF-1α promoter region. Right panel: 
real-time PCR of a nonspecific region corresponding to the exon of the HIF-1α gene enriched by Smad3 (negative control). Data represented the 
mean ± s.d. of three independent experiments and analyzed by two-way ANOVA with multiple comparisons, followed by Bonferroni post hoc test 
for significance.

Fig. 5  Docetaxel suppressed glycolysis and tumor growth in vivo. Null mice bearing PC-3M cell tumors were administered a daily vehicle [control 
group; 5% (w/v) dextrose] or Docetaxle at 10 nM for 2 weeks (4 mice per group). A The body weight of indicated group was measured 3 day 
per time, B tumor volume was represented at indicated time, C the excised tumor images were presented. D HE staining was used to show the 
tumor morphological alterations. E Immunohistochemistry staining for Ki-67, HIF-1α and PFKP. Magnification 400 ×, the mean density of Ki-67, 
HIF-1α and PFKP were quantified and analyzed by two sample t test. Data represented the mean ± s.d. **P < 0.01, ***P < 0.001. F Western blotting 
was performed to detect the phosphorylation of Smad3 (Ser213) in indicated group, β-actin served as internal control. The intensity of band was 
quantified, data represented the mean ± s.d. of three independent experiments and analyzed by t test, **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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docetaxel-treated group, leading to suppress cell prolif-
eration in animal model. These findings suggested that 
Smad3-HIF-1α axis plays an important role in the inhibi-
tory effect of docetaxel in prostate cancer cells. The fur-
ther work is required to address the possible mechanism 
of docetaxel regulated HIF-1α expression, such as ubiqui-
tination and degradation.

Conclusion
In summary, our study is the first to reveal the role of 
docetaxel-mediated tumor glycolysis in prostate cancer 
cell proliferation. Further studies are needed to elucidate 
the changes of other metabolic reprogramming, such as 
fatty acids metabolism, ketogenesis, polyol pathway, in 
docetaxel-mediated suppressive role in prostate cancer 
cells. However, this study highlighted the interactions 
between docetaxel with glucose metabolism, which may 
shed light on new therapeutic strategies for tumor meta-
bolic therapy.
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