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Abstract
Parathyroid hormone-related protein (PTHrP) is a polyhormone secretory protein that plays
fundamental roles in the development and function of various tissues. Transforming growth factor
(TGF)-β is an important tumor suppressor that induces cell cycle arrest and apoptosis. Increased
PTHrP expression has been implicated in TGF-β-induced growth inhibition in human
hepatocellular carcinoma cells. However, whether PTHrP is involved in TGF-β-induced apoptosis
remains unknown. Using Hep3B and HuH-7, two human hepatocellular carcinoma cell lines, the
current study examined the hypothesis that TGF-β-induced apoptosis is mediated by the induction
of PTHrP expression. We found that (1) TGF-β induces PTHrP mRNA expression, protein
expression and secretion in a time-dependent fashion; (2) knockdown of PTHrP gene expression
or neutralization of secreted PTHrP isoforms blocks TGF-β-induced apoptosis; and (3) TGF-β-
induced PTHrP expression is Smad3-dependent. Thus, we have identified PTHrP as a novel
mediator for TGF-β-induced apoptosis in Hep3B cells. Our findings provide further insights into
the mechanisms through which TGF-β conveys tumor suppression activity.
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1. Introduction
Transforming growth factor (TGF)-β is a multifunctional protein with a broad spectrum of
cellular activities ranging from regulation of target gene activity to the control of cell growth
and apoptosis [1,2]. TGF-β signals by binding to a cell surface receptor complex that
phosphorylates the intracellular signaling proteins, Smad2 and Smad3 [3]. The
phosphorylated Smad2 and Smad3 form a heteromeric complex with Smad4, translocate
into the nucleus, and regulate transcription of target genes [1,4]. TGF-β-induced apoptosis is
critical in development and tissue homeostasis, and is also important for its tumor
suppressor activity. Although the mechanisms of TGF-β-induced apoptosis vary among
different cell types, the intracellular signaling protein Smad3 functions as a key mediator in
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TGF-β-induced apoptosis. For example, TGF-β induces apoptosis in heptocytes through
Smad3-dependent cleavage of BAD [5], or through Smad2, Smad3 and Smad4-mediated
expression of DAP kinase [6]. TGF-β induces apoptosis in hepatocytes and B-lymphocytes
through Smad3-dependent transcription of the MAPK phosphatase MKP2, which enhances
the proapoptotic effect of the Bcl-2 family member Bim [7]. Our group has previously
reported that Smad3 plays an essential role in TGF-β-induced apoptosis in hepatocytes and
lung epithelial cells, and Akt interacts with Smad3 to inhibit Smad3-mediated transcription
and apoptosis [8].

Parathyroid hormone-related protein (PTHrP) is a polyhormone secretory protein that plays
a critical role in a number of biological processes by acting via paracrine, autocrine and
intracrine pathways [9]. PTHrP was identified as a tumor-derived humoral factor that causes
humoral hypercalcemia of malignancy [10–12]. There are three isoforms of human PTHrP
peptides ranging in length from 139 to 173 residues [13], all of which are subjected to
extensive post-translational processing to generate multiple secretory isoforms of mature
peptides representing the N-terminal, mid-region, and C-terminal portions of the protein.
The N-terminal 1–13 amino acids of PTHrP are highly homologous with parathyroid
hormone (PTH). The mid-region of PTHrP contains a bipartite nuclear/nucleolar localization
signal [14–17]. PTH and PTHrP act through a common receptor, the type I PTH receptor
(PTHR1), which is a class B G protein-coupled receptor. The N-terminal 1–34 amino acids
of PTH and PTHrP are sufficient for receptor activation. However, each region of PTHrP
exhibits unique biological activities, likely acting through its own receptors [17–19].
Although PTHrP circulates in some cancer patients and interacts with PTH/PTHrP receptors
in bones and kidneys to cause hypercalcemia, the peptide does not normally circulate in an
appreciable amount [13,17]. Therefore, PTHrP is considered a local regulatory factor near
its site of production rather than a classical circulating hormone [20]. The peptide and its
mRNA are ubiquitously expressed in many mature and developing tissues. The various
isoforms have been shown to regulate many cellular functions such as myorelaxation,
calcium transport, cell growth, and differentiation [14], indicating that PTHrP plays
fundamental roles in the development and function of many tissues [18].

PTHrP gene expression is induced rapidly and can be altered by a number of factors such as
TGF-β and serum. TGF-β stimulates the expression of PTHrP in hepatocytes and inhibits
cell proliferation through a PTHrP-dependent mechanism [21]. Overexpression of PTHrP
enhances apoptosis in intestinal epithelial cells following serum depletion; mutation of the
nuclear localization signal abolishes its ability to promote apoptosis by serum withdrawal
[20]. Functional linkage has been established between TGF-β and PTHrP during bone
formation and bone metastasis by certain cancers. For example, TGF-β stimulates PTHrP
expression in bone culture and inhibits endochondral bone formation including condrocyte
proliferation, hypertrophic differentiation, and matrix mineralization [22]. The majority of
breast cancers metastasizing to bone secrete PTHrP, which induces local osteolysis that
leads to activation of bone matrix-derived TGF-β. In turn, TGF-β stimulates PTHrP
expression, thereby accelerating bone destruction [23–25]. These data suggest that PTHrP
mediates certain biological effects of TGF-β.

In this study, we examined whether PTHrP is a downstream mediator for TGF-β-induced
apoptosis in human hepatocytes. We found that (1) TGF-β induces PTHrP mRNA
expression, protein expression and secretion; (2) TGF-β-induced apoptosis is blocked by
knockdown of PTHrP expression and by the antisera against PTHrP isoforms; (3) Smad3
mediates TGF-β-induced PTHrP expression. Thus we have identified PTHrP as a novel
mediator for TGF-β-induced apoptosis in human hepatocytes.
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2. Material and methods
2.1. Cell line

Human hepatocellular carcinoma cell lines, Hep3B and HuH-7, were cultured in Minimum
Essential Medium Eagle (MEM, Mediatech Inc., VA) supplemented with 10% fetal bovine
serum (FBS, Invitrogen, CA), 1× non-essential amino acid (NEAA, Sigma-Aldrich, Inc.,
MO), and 1× sodium pyruvate (Sigma-Aldrich, Inc., MO).

2.2. Real-time quantitative PCR
Total RNA was isolated from cells using RNAqueous (Ambion, TX) and converted into
cDNA using the RETROscript RT-PCR system (Ambion, TX) following the manufacturer’s
instruction. Real time quantitative PCR was performed as previously described [26]. For
detection of specific human mRNA transcripts, the following inventoried Taqman gene
expression assays (Applied Biosystems, Foster City, CA) were used: PTHrP
(Hs00174969_ml) and 18S rRNA (Hs00153153_m1). Duplicate CT (threshold cycle) values
of each sample were analyzed using the comparative CT method as described by the
manufacturer (Applied Biosystems, Foster City, CA), normalized to 18S, and expressed as
mean ± SD.

2.3. Immunoassay for secreted PTHrP
The amount of PTHrP secreted into the culture medium was measured using an
immunoradiometric sandwich assay kit (Diagnostics Systems Laboratories, Webster, TX).
The culture medium was collected and frozen at −80 °C for future use. The cell number was
determined using a Z1 Coulter Counter (Beckman Coulter, Inc., Miami, FL) for
normalization of PTHrP secretion. Prior to the assay, the aliquots of 1 ml culture medium
were concentrated to 0.2 ml using Centricon centrifugal filter devices Ultracel YM-10
(Millipore Co., Billerica, MA). The assay was carried out according to manufacturer’s
instruction [27].

2.4. Western blotting analysis
Cells were lysed in 1× cell lysis buffer (Cell Signaling Technology, Inc., MA). Protein
concentration of cell lysates was quantified using a protein assay dye (Bio-Rad, Hercules,
CA). Western blotting was performed as previously described [26]. Antibodies against
PTHrP from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), Smad2 and Smad3 were
purchased from Invitrogen (Carlsbad, CA), β-actin from Sigma-Aldrich Co. (St. Louis,
MO).

2.5. Specific gene silencing using siRNA
The siGENOME ON-TARGETplus SMARTpool reagents of human PTHrP siRNA
(L-003698-00), Smad2 siRNA (L-003561-00), and Smad3 siRNA (L-020067-00) were
purchased from Dharmacon Inc. (Lafayette, CO). Non-targeting siRNA (D-001206-13,
Dharmacon Inc.) was used as a nonspecific siRNA control. The siRNA was transfected
using the transfection reagent DharmaFECT 2 (Dharmacon Inc.) according to
manufacturer’s instruction as previously described [26].

2.6. Apoptosis assays
DNA fragmentation was quantified by cell death detection ELISA assay (Roche Molecular
Biochemicals, CA) according to manufacturer’s instruction as previously described [26].
The apoptotic cells were visualized by Hoechst 33258 staining. Digital images were
acquired using MetaMorph software (Molecular Devices Co., Downingtown, PA) under a
Nikon TE-2000 inverted microscope (Nikon Inc., Melville, NY).
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2.7. Growth study
Forty-eight hours after siRNA transfection, the cells were treated with TGF-β or vehicle
control for 48 h. The cells were trypsinized and counted as described before [26].

2.8. Statistical analysis
Data were expressed as means ± SEM. Differences between groups were analyzed by
ANOVA with Tukey-Kramer multiple comparisons test, a p value < 0.05 is considered
significant.

3. Results
3.1. TGF-β induces PTHrP gene expression and secretion

TGF-β has been shown to stimulate PTHrP expression in normal and malignant cells
[21,23,24], and PTHrP mediates TGF-β-induced growth inhibition [21]. In this study, we
used a human hepatocellular carcinoma cell line, Hep3B that is sensitive to TGF-β-induced
apoptosis, to examine the role of PTHrP in TGF-β-induced apoptosis. First we determined
whether TGF-β induced PTHrP mRNA expression in these cells. As shown in Fig. 1, TGF-β
induced PTHrP mRNA expression beginning at 12 h, increasing over 48 h time course, with
4.5-fold increase at 48 h, compared to the time-matched control (Fig. 1A). Consistent with
PTHrP mRNA level, TGF-β induced PTHrP protein expression with 1.6-fold increase at 24
h and 2.3-fold increase at 48 h (Fig. 1B), TGF-β also induced PTHrP peptide secretion with
2.4-fold increase at 24 h and 8.8-fold increase at 48 h (Fig. 1C).

3.2. PTHrP mediates TGF-β-induced apoptosis
PTHrP mediates the growth inhibitory effect of TGF-β in HepG2 cells, and overexpression
of PTHrP enhances apoptosis in intestinal epithelial cells following serum depletion [20,21].
Furthermore, TGF-β induces capspase-3 activity in Hep3B cells as reported [6] and PARP
cleavage in our study (Supplemental Fig. 1). Here, we asked whether PTHrP is involved in
TGF-β-induced apoptosis by knockdown of PTHrP gene expression using specific siRNA.
We report that transfection with the PTHrP siRNA blocked PTHrP mRNA expression in
both TGF-β-treated and -untreated Hep3B cells (Fig. 2A). These results were also reflected
in the PTHrP secretion pattern in that TGF-β induced PTHrP secretion in non-specific
siRNA group, while PTHrP siRNA transfection blocked TGF-β-induced PTHrP secretion
(Fig. 2B). In addition, Western blotting was performed for the validation of the siRNA
knockdown of PTHrP protein levels. PTHrP siRNA knocked down PTHrP protein in both
cell lines from 41 to 47% (Supplemental Fig. 2). Furthermore, TGF-β induced DNA
fragmentation by 5.3-fold in the nonspecific siRNA group, whereas TGF-β did not induce
DNA fragmentation in PTHrP siRNA-transfected group, compared to vehicle control (Fig.
2C). These findings in Hep3B cells were confirmed by using another human hepatocellular
carcinoma cell line HuH-7 (Fig. 2E and F). Similar results were obtained from both cell
lines. Consistent with the DNA fragmentation results in Hep3B cells, TGF-β increased the
number of apoptotic cells by 10.6% in the nonspecific siRNA group, whereas TGF-β did not
increase the number of apoptotic cells in PTHrP siRNA-transfected group (Fig. 2D). These
data demonstrate that knockdown of PTHrP gene expression by specific PTHrP siRNA
blocked TGF-β-induced apoptosis, suggesting that PTHrP mediates TGF-β-induced
apoptosis.

Furthermore, we determined whether antibodies against secreted PTHrP isoforms block
TGF-β-induced apoptosis. Two rabbit antisera were generated against PTHrP(1 to 34) and
PTHrP(−5 to 139) peptides (kindly provided by Dr. CW Cooper at The University of Texas
Medical Branch). The cells were treated with the antisera (5%) in the presence or absence of
TGF-β. The preimmune normal sera (5%) were used as a control of the antisera. As shown
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in Fig. 3, TGF-β induced apoptosis in the presence of normal sera as expected. However,
TGF-β did not induce apoptosis in the presence of the antisera against PTHrP (1 to 34) (Fig.
3A) or PTHrP(−5 to 139) (Fig. 3B). These results demonstrate that the antisera against
PTHrP isoforms blocked TGF-β-induced apoptosis, and further support our hypothesis that
PTHrP mediates TGF-β-induced apoptosis in Hep3B cells. In addition, PTHrP knockdown
attenuated TGF-β’s inhibitory effects on cell proliferation in both Hep3B and HuH-7 cells
(Fig. 4), indicating that PTHrP also mediates TGF-β’s growth inhibitory effects at least in
part.

3.3. Smad3 mediates TGF-β-induced PTHrP expression for apoptosis induction
Smad2 and Smad3 proteins are key intracellular mediators of TGF-β signaling pathway
[1,3]. Inhibition of TGF-β receptor signaling by a TGF-β RI kinase inhibitor (ALK5
inhibitor) abolished TGF-β-induced phosphorylation of Smad2, Smad3 and PTHrP protein
expression (Fig. 5), although ALK5 inhibitor alone induced PTHrP expression. To further
investigate the role of Smad2 and Smad3 in TGF-β-induced PTHrP expression, specific
siRNAs were used to knockdown Smad2 or Smad3 gene expression. In the nonspecific
siRNA transfection group, TGF-β induced Smad3 protein expression, but not Smad2 protein
expression. Transfection of Smad3 siRNA suppressed Smad3 expression, blocked TGF-β-
induced Smad3 expression, blocked PTHrP expression, but had no effect on Smad2
expression. Conversely transfection of Smad2 siRNA suppressed Smad2 expression, did not
block TGF-β-induced PTHrP expression, and had no effect on Smad3 expression (Fig. 6A,
B). Moreover, Smad3 siRNA transfection blocked TGF-β-induced apoptosis; in contrast,
Smad2 siRNA transfection had no effect on TGF-β-induced apoptosis (Fig. 6C). Similar
results were obtained using HuH-7 cells (Fig. 6D, E, F). Taken together, these results
support the specific role of Smad3 in mediating TGF-β-induced PTHrP expression for the
apoptosis induction.

4. Discussion
We have previously shown that Smad3 is the key mediator of TGF-β-induced apoptosis [8].
However, multiple steps along the apoptosis pathway of TGF-β signaling that link between
Smad3 to the apoptotic machinery remain to be explored. The main findings of this study
are that TGF-β induces apoptosis by increasing PTHrP expression and secretion; knockdown
of PTHrP gene expression using siRNA or blocking PTHrP action using antisera against
secreted PTHrP isoforms blocks TGF-β-induced apoptosis; knockdown of Smad3 blocks
TGF-β-induced PTHrP expression. These data suggest that PTHrP is a novel mediator in
TGF-β/Smad3 signaling pathway for apoptosis induction.

Hep3B cells are widely used human hepatocellular carcinoma cells for study of TGF-β-
induced cell cycle arrest and apoptosis, the major tumor suppressor functions of TGF-β
[6,28,29]. In our case, PTHrP-mediated apoptosis could be one means by which the
populations of the hepatocytes are regulated by TGF-β/Smad3. Similar effects of PTHrP on
apoptosis induction have also been noted in intestinal epithelial cells [20]. However, in the
other cell lines of non-gastrointestinal origin, PTHrP has been shown to protect against
induction of apoptosis. For example, PTHrP inhibits TNF-α-induced apoptosis in human
embryonic kidney cell line [30], and protects chondrocytes against apoptosis induced by
serum depletion [31]. These differences are most likely due to the different cell models used.

PTHrP carries out its physiological functions locally through paracrine, autocrine and
intracrine mechanisms [9]. In this study, we demonstrate that knockdown of PTHrP gene
blocked PTHrP mRNA expression as well as PTHrP protein secretion. Furthermore, the
antisera against PTHrP(1 to 34) and PTHrP(−5 to 139) isoforms blocked TGF-β-induced
apoptosis. These results imply that TGF-β induces apoptosis in Hep3B cells via induction of
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PTHrP secretion, which may function through autocrine or paracrine mechanisms for
mediating apoptosis. In addition, PTHrP also mediates TGF-β’s growth inhibitory effects in
part because knockdown of PTHrP attenuated TGF-β’s effects on cell proliferation.

As a key mediator in TGF-β signaling pathway, Smad3 plays an essential role in TGF-β-
induced apoptosis. To study the role of Smad3 in PTHrP expression, we used siRNAs to
specifically knockdown Smad3, or Smad2 gene expression. We found that knockdown of
Smad3 gene expression blocked TGF-β-induced PTHrP mRNA expression without affecting
basal level of PTHrP mRNA expression, indicating that TGF-β-induced PTHrP expression is
Smad3-dependent. Furthermore, knockdown of Smad3 blocked TGF-β-induced apoptosis.
However, knockdown of Smad2, a close member of Smad3 in TGF-β signaling pathway, did
not affect TGF-β-induced PTHrP expression or TGF-β-induced apoptosis. These findings
were consistently observed in two human hepatocellular carcinoma cell lines Hep3B and
HuH-7. Thus the differential effect of Smad3 and Smad2 on TGF-β-induced apoptosis once
again supports our previous finding that Smad3 is the key mediator for TGF-β-induced
apoptosis [8].

In conclusion, TGF-β/Smad3 induces apoptosis in human hepatocellular carcinoma cells
through increase of PTHrP expression and secretion. Thus, we have identified PTHrP as a
novel mediator for TGF-β-induced apoptosis, which further advances our understanding of
critical elements in the apoptotic pathway of TGF-β.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.regpep.
2013.03.024.
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Fig. 1.
TGF-β induces PTHrP expression and secretion. Hep3B cells were cultured in the presence
or absence of TGF-β1 (40 pmol/L) over a 48 h time course. A. Total RNA was prepared at
0, 5, 12, 24, and 48 h after TGF-β1 treatment, and converted to cDNA. PTHrP mRNA
expression was detected by real-time quantitative PCR. PTHrP mRNA level was expressed
as fold of the value at time 0 h. B. Cell lysates were prepared for Western blotting using
specific antibody against PTHrP. β-actin served as a protein loading control. Western
blotting images are presented on the top panel and PTHrP protein levels were normalized to
β-actin and presented as folds of time-matched controls without TGF-β1 on the bottom
panel. C. Cell culture supernatants were collected for measurement of PTHrP peptide
secretion. The concentration of PTHrP from triplicate wells is expressed as pg/ml and
normalized by cell number. Results from triplicate wells are expressed as mean ± SEM. *p <
0.05 compared to the group in the absence of TGF-β1.
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Fig. 2.
Silencing PTHrP gene expression blocks TGF-β-induced apoptosis. Hep3B and HuH-7 cells
were transfected with human PTHrP siRNA (100 nmol/L) using DharmaFECT2 and then
replated 24 h after siRNA transfection. The cells were then cultured in the presence or
absence of TGF-β1 (40 pmol/L) in MEM supplemented with 0.1% FBS for 48 h. Panels of
Hep3B cells: A. Total RNA was prepared and converted to cDNA for real-time quantitative
PCR analysis of PTHrP mRNA expression. B. The cell culture supernatants were collected
and concentrated for measurement of PTHrP peptide secretion. The concentration of PTHrP
from triplicate wells is expressed as pg/ml and normalized by cell number. Results from
triplicate wells are expressed as mean ± SEM. C. DNA fragmentation was quantified by cell
death detection assay. Results from triplicate wells are expressed as mean ± SEM. D.
Nuclear morphology of Hep3B cells was examined using Hoechst 33258 staining. Arrows
indicate apoptotic cells. Apoptotic cells are expressed as percentage of apoptotic cells versus
total cells. Panels of HuH-7 cells: E. Total RNA was prepared and converted to cDNA for
real-time quantitative PCR analysis of PTHrP mRNA expression. F. DNA fragmentation
was quantified by cell death detection assay. Results from triplicate wells are expressed as
mean ± SEM. *p < 0.05 compared to the group in the absence of TGF-β1.
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Fig. 3.
Antisera against PTHrP(1 to 34) and PTHrP(−5 to 139) blocks TGF-β-induced apoptosis.
Hep3B cells were treated with 5% of preimmune normal antisera, antisera against PTHrP(1
to 34) (A) or against PTHrP(−5 to 139) (B) in MEM in the presence or absence of TGF-β1 at
40 pmol/L. The cells were harvested at 48 h after treatment and DNA fragmentation was
quantified by cell death detection assay. Results from triplicate wells are expressed as mean
± SEM. *p < 0.05 compared to the group in the absence of TGF-β1.
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Fig. 4.
Silencing PTHrP gene expression attenuates TGF-β-induced growth inhibition. Hep3B and
HuH-7 cells were transfected with human PTHrP siRNA (100 nmol/L) using DharmaFECT2
and then replated 24 h after siRNA transfection. The cells were then cultured in the presence
or absence of TGF-β1 (40 pmol/L) in MEM supplemented with 0.1% FBS for 48 h. Cell
numbers were counted. Results from triplicate wells are expressed as mean ± SEM. *p <
0.05 compared to the group in the absence of TGF-β1. #p < 0.05 compared to the group in
the presence of TGF-β1 and NS.

Cao et al. Page 12

Regul Pept. Author manuscript; available in PMC 2014 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Blocking ALK5 abolishes TGF-β-induced Smad2 and Smad3 activation and PTHrP protein
expression. Hep3B cells were treated with ALK5 inhibitor (3 μM) for 45 m followed by
treatment with TGF-β1 (40 pmol/L) or vehicle control (0.1% BSA and 4 mM HCl). Cell
lysates were harvested at 30 m for Western blotting using antibodies against phospho-
Smad2 and -Smad3, Smad2 and Smad3. Cell lysates were harvested at 48 h for Western
blotting using antibody against PTHrP. β-actin served as a protein loading control.
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Fig. 6.
Silencing Smad3 gene expression blocks TGF-β-induced PTHrP expression and apoptosis
induction. Hep3B and HuH-7 cells were transfected with human Smad3 or Smad2 siRNA
(100 nmol/L) using DharmaFECT2 and then replated 24 h after siRNA transfection. Cells
were then cultured in the presence or absence of TGF-β1 (40 pmol/L) in MEM
supplemented with 0.1% FBS for 48 h. A, D. Whole cell lysates were prepared for Western
blotting of Smad3 and Smad2. B, E. Total RNAs were prepared and converted to cDNAs for
real-time quantitative PCR analysis of PTHrP mRNA expression. C, F. DNA fragmentation
was quantified by cell death detection assay. Results from triplicate wells are expressed as
mean ± SEM. *p < 0.05 compared to the group in the absence of TGF-β1.
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