
 

 

Introduction 
 
Prostate cancer is the second leading cause of 
cancer death in men in the US [1]. Despite pro-
gress over the last two decades, the only cura-
tive treatments for localized prostate cancer are 
surgery and radiotherapy (RT). Although most 
patients can be cured, several large scale stud-
ies suggest that 10% of patients with low-risk 
prostate cancer and up to 30-60% of patients 
with high-risk prostate cancer experience bio-
chemical recurrence within 5 years after RT. 

Among patients with recurrent disease, 20-30% 
die within 10 years [2-6]. Given that only 2.4% 
of prostate cancer patients in the US initially 
present with metastatic disease, the majority of 
prostate cancer deaths occur in patients who 
underwent the primary treatment of localized 
cancer, local recurrence, salvage therapy, and 
eventually distant recurrence, hormonal ther-
apy, and death. Because RT is: 1) one of the 
primary treatments for low-risk localized pros-
tate cancer, 2) a major treatment for high-risk 
prostate cancer when combined with hormonal 
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Abstract: Prostate cancer remains the most common noncutaneous cancer among American men. Although most 
patients can be cured by surgery and radiotherapy, 32,050 patients still died of the disease in 2010. Many patients 
receive radiotherapy either as a primary therapy, salvage therapy, or in combination with surgery or hormonal ther-
apy. Despite initial treatment, several studies suggest that approximately 10% of low-risk prostate cancer patients 
and up to 30-60% with more advanced cancer patients experience biochemical recurrence within five years after 
radiotherapy. Thus, elucidating the molecular mechanisms underlying radioresistance and tumor recurrence has the 
potential to significantly reduce prostate cancer mortality. We previously demonstrated that fractionated ionizing ra-
diation (IR) can induce the prostate cancer cell line LNCaP to undergo neuroendocrine differentiation (NED) by activa-
tion of cAMP response element binding protein (CREB) and cytoplasmic sequestration of ATF2, two CRE-binding tran-
scription factors that oppose each other to regulate NED. Importantly, IR-induced NED is reversible and de-
differentiated cells are cross-resistant to IR, androgen depletion and docetaxel treatments. These findings suggest 
that radiation-induced NED may allow prostate cancer cells to survive treatment and contribute to tumor recurrence. 
In the present study, we further demonstrated that IR also induces NED in a subset of DU-145 and PC-3 cells. In addi-
tion, we confirmed that IR induces NED in LNCaP xenograft tumors in nude mice, and observed that the plasma chro-
mogranin A (CgA) level, a biomarker for NED, is increased by 2- to 5-fold in tumor-bearing mice after fractionated ra-
diation doses of 20 and 40 Gy, respectively. Consistent with these in vivo findings, a pilot study in prostate cancer 
patients showed that the serum CgA level is elevated in 4 out of 9 patients after radiotherapy. Taken together, these 
findings provide evidence that radiation-induced NED is a general therapeutic response in a subset of prostate can-
cer patients. Thus, a large scale analysis of radiotherapy-induced NED in prostate cancer patients and its correlation 
to clinical outcomes will likely provide new insight into the role of NED in prostate cancer radiotherapy and prognosis.  
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therapy, 3) a major salvage therapy for local 
recurrence, and 4) a recommended adjuvant 
therapy for patients undergoing surgery [7-13], 
enhancing the sensitivity of prostate cancer 
cells to RT will likely reduce, or even prevent, 
tumor recurrence and impact the management 
of advanced prostate cancer. 
 
The prostate gland contains three types of 
epithelial cells including luminal, basal and neu-
roendocrine cells. While luminal and basal cells 
are the majority of the prostatic epithelial cells, 
NE cells are less than 1% of total epithelial 
cells. Although the physiological role of NE cells 
remains ill-defined, increased number of NE-like 
cells is observed in advanced prostate cancer 
patients [14, 15]. NE-like cells are androgen 
receptor (AR) negative and they do not prolifer-
ate [16]. However, NE-like cells secrete a num-
ber of peptide hormones and growth factors to 
support the growth of surrounding tumor cells 
[17]. In addition, NE-like cells are reversible and 
can de-differentiate back to a proliferating 
state, which may contribute to tumor recurrence 
[18, 19]. Further, NE-like cells express high lev-
els of Bcl-2 and are highly apoptosis resistant 
[7, 20, 21]. Because the quantification of NED 
by identifying chromogranin A (CgA) or neuron 
specific enolase (NSE) positive cells from pros-
tate cancer tissues is affected by several factors 
such as location of sampling and tumor volume, 
controversial results regarding the clinical corre-
lation of NED to disease progression have been 
reported [15, 17, 22-25]. To overcome this chal-
lenge, several studies measured serum bio-
markers of NED and demonstrated that the se-
rum CgA level is the best biomarker to reflect 
the extent of NED in prostate cancer tissues [26
-28]. Importantly, an increase in the serum CgA 
level correlates with disease progression and 
the acquisition of castration-resistant prostate 
cancer [25, 27, 29-32], suggesting that NED 
may represent a novel mechanism by which 
prostate cancer cells survive treatment and con-
tribute to recurrence. Thus, targeting NE-like 
cells has recently been proposed and developed 
as a treatment for prostate cancer [7, 8, 14, 17, 
22, 33]. 
 
A number of stimuli, such as cAMP [18, 34-36], 
IL-6 [23, 36-42], androgen ablation therapy [43-
48], and EGF [21], have been reported to in-
duce prostate cancer cells to undergo NED. We 
recently observed that the prostate cancer 
LNCaP cells also underwent NED after receiving 

a clinically relevant dose of fractionated ionizing 
radiation (IR) [19]. Upon IR doses spanning four 
weeks, the remaining viable cells (~20%) all 
differentiated into NE-like cells and expressed 
higher levels of CgA and NSE [19]. Furthermore, 
we observed that two transcription factors, 
cAMP response element binding protein (CREB) 
and activating transcription factor 2 (ATF2), op-
pose each other to regulate NED. Consistent 
with this notion, IR induced cytoplasmic seques-
tration of ATF2 and increased phosphorylation 
of nuclear CREB. In the present study, we ex-
tend these findings to two other prostate cancer 
cell lines, and provide evidence that radiation 
also induces NED in LNCaP xenograft tumors in 
nude mice and in human prostate cancer pa-
tients.  
 
Materials and methods 
 
Cell culture and analysis of NED 
 
Cell culture and NED analysis were exactly the 
same as previously reported [19] except that 
LNCaP cells were cultured in RPMI1640, DU-
145 in MEM, and PC-3 cells in F-12K media. 
The irradiation protocol (2 Gy/day, 5 days/
week), VP16-bCREB, and an ATF2 short-hairpin 
RNA (shRNA) plasmid used in the present work 
to determine the effect of IR, VP16-bCREB and 
ATF2 knockdown on NED in DU-145 and PC-3 
cells were also described before [19]. Likewise, 
immunofluorescence and subcellular fractiona-
tion methods were similarly used to determine 
the effect of IR on the phosphorylation of CREB 
and subcellular localization of ATF2. 
 
IR-induced NED in xenograft tumors in nude 
mice 
 
The LNCaP human prostate cancer cells were 
implanted subcutaneously by injecting 5x106 
cells 1:1 in Matrigel into the thighs of 6-week 
old male athymic nude mice (BALB/c strain). 
Implanted tumors were allowed to grow to a 
volume of 300-500 mm3, prior to irradiation. All 
tumors were irradiated to a total dose of 40 Gy 
given in 8 twice weekly fractions of 5 Gy using 6
-MV x-rays from a clinical linear accelerator in 
the Linda and William Fleischhauer Radiation 
Therapy Facility at the Purdue University School 
of Veterinary Medicine. Tumors were treated 
using parallel opposed beams with dose com-
puted manually. Tumor volumes were measured 
twice a week or during blood sample collec-
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tions. For immunohistochemical (IHC) analysis 
of NED in xenograft tumors, the mice were sacri-
ficed one day after the last treatment (40 Gy 
total dose), and the resected tumors were fixed 
in formalin and embedded in paraffin. Tissue 
slides were prepared at 5 m thickness, and 
CgA was stained by the anti-CgA antibody 
(Abcam). To determine the effect of x-ray irradia-
tion on plasma CgA and PSA levels, veinous 
blood samples were drawn prior to treatment (0 
Gy), after 2 weeks (20 Gy) and after 4 weeks 
(40 Gy). The plasma CgA and PSA were meas-
ured using the CgA EIA kit (Cosmo Bio) and the 
PSA ELISA Kit (Calbiotech) according to the 
manufacturer’s instructions. Plasma CgA levels 
were normalized to plasma PSA levels, and fold 
change compared with the 0 Gy time point was 
determined. For control mice, the 0 Gy time 
point was designated when xenograft tumors 
reached 300-500 mm3, and blood was drawn 
for pre-treatment time point. Blood was col-
lected again after 2 weeks and 4 weeks, corre-
sponding with samples collected after 20 Gy 
and 40 Gy in the irradiated groups. All animal 
experiments were approved by the Purdue Ani-
mal Care and Use Committee (PACUC No. 08-
127), and all animal use followed the Assurance 
of Compliance with Public Health Services Policy 
on Human Care and Use of Laboratory Animals 
(Welfare Assurance #A3231-01).  
 
Serum CgA and PSA measurement in human 
prostate cancer patients 
 
Nine patients diagnosed with localized prostate 
cancer (six T1c and one of each pT2b, pT2c, 
and pT3a) were enrolled at Indiana University 
School of Medicine. All patients signed the con-
sent form and agreed to participate in the pilot 
study according to the approved Institutional 
Review Board protocol (0805-43). The average 
age of patients was 54.6 years old. Five pa-
tients were Gleason score 7, one patient was 
Gleason score 9, and three patients were Glea-
son score 6. All patients were treated at either 
the Indiana University Hospital or the Midwest 
Proton Radiotherapy Institute with the total 
dose of 70.2-79.2 Gy delivered (2 Gy/day). To 
determine the effect of RT on serum CgA levels, 
three blood samples were drawn before the 
start of RT treatment, in the middle of the treat-
ment (week 4-5), and after the treatment (end 
of week 7 or 8), designated pre-treatment, mid-
treatment and post-treatment, respectively. Se-
rum CgA and PSA levels were measured using 

the CgA EIA kit (Cosmo Bio) and the PSA ELISA 
Kit (Calbiotech) according to the manufacturer’s 
instructions. Because some prostate cancer 
patients maintain a high level of serum CgA, 
which is likely determined by the number of pre-
existing NE-like cells and cancer cells that se-
crete CgA, serum CgA levels were normalized to 
serum PSA levels for the calculation of fold 
change. 
 
Results 
 
IR induces morphological changes and expres-
sion of NED markers to various extents in pros-
tate cancer cells 
 
To determine whether our findings with LNCaP 
cells can be extended to other prostate cancer 
cells, we performed similar experiments on DU-
145 and PC-3 cells as we did with LNCaP cells 
[19]. In LNCaP cells, cell bodies became smaller 
and the majority of cells were connected via 
longer neurites (Figure 1A) [19]. In contrast, 
enlarged and flat cell bodies were observed for 
both DU-145 and PC-3 cells. Unlike LNCaP cells 
in which almost all surviving cells showed ex-
tended neurites, only a subset of irradiated DU-
145 cells (32%) showed neurite outgrowth 
whereas non-irradiated DU-145 cells did not 
show any neurite outgrowth (Figure 1A). Inter-
estingly, approximately 6% of non-irradiated PC-
3 cells already displayed neurite outgrowth 
whereas IR increased the number of cells with 
neurite outgrowth to 35%. Consistent with the 
morphological changes, NSE was also induced 
in DU-145 and PC-3, albeit to a lesser extent 
(Figure 1B). However, no significant induction of 
CgA in DU-145 and PC-3 was observed when 
compared with LNCaP cells. While these results 
confirm that IR can induce DU-145 and PC-3 
cells to differentiate into NE-like cells, they also 
suggest that a subset of DU-145 and PC-3 cells 
is refractory to IR. This is also consistent with 
the differential responses of prostate cancer 
cell lines to androgen depletion, IL-6, cAMP and 
EGF treatments [21, 23].  
 
Effect of IR on CREB activation and ATF2 
subcellar localization 
 
In LNCaP cells, we observed that IR-induced 
NED is associated with increased nuclear phos-
pho-CREB and cytoplasmic-localized ATF2. To 
know whether IR also activates CREB and in-
duces cytoplasmic localization of ATF2 in these 
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cell lines, we performed immunofluorescence 
analysis and subcellular fraction. We observed 
that CREB was highly phosphorylated in irradi-
ated DU-145, but to a lesser extent in PC-3 
(Figure 2A). Interestingly, increased cytoplasmic 
localization of ATF2 was observed in both DU-
145 and PC-3 cells (Figure 2B). However, only a 
subset of cells (~50%) showed cytoplasmic lo-
calization of ATF2 in these two cell lines, 
whereas increased cytoplasmic localization was 
observed in almost all irradiated LNCaP cells. 
Consistent with immunofluorescence analysis, 
subcellular fractionation also showed only a 
slight increase of ATF2 in the cytosolic fraction 

in irradiated DU-145 and PC-3 cells, which is 
likely due to increased cytoplasmic localization 
of ATF2 in a subset of cells (data not shown).  
Thus, we conclude that IR can similarly induce 
CREB activation and impair ATF2 nuclear local-
ization in a subset of DU-145 and PC-3 cells.  
 
Overexpression of VP16-bCREB or ATF2 knock-
down induces NED in DU-145 and PC-3 cells 
 
The above results suggest that DU-145 and PC-
3 cell may have intrinsic defects in activating 
CREB or sequestering ATF2 in the cytoplasm in 
some cells. To know whether these cells can 
still be induced by VP16-bCREB, a constitutively 
activated CREB, we performed similar experi-
ments in these two cell lines as we did in LNCaP 
cells [19]. We observed that overexpression of 
VP16-bCREB also induced neurite extension in 
a subset of DU-145 (14%) and PC-3 cells (21%) 
(Figure 3A). Consistent with the morphological 
changes, a slight induction of both CgA and NSE 
was observed in DU-145 transfected with the 
VP16-bCREB plasmid (Figure 3C). However, only 
a slight induction of NSE, but not CgA, was ob-
served in PC-3 cells transfected with the VP16-
CREB plasmid (Figure 3B). Because the trans-
fection efficiency is relatively low in these two 
cell lines, these results suggest that expression 
of VP16-bCREB also induced NED in a subset of 
DU-145 and PC-3 cells.  
 
Similar results were obtained when ATF2 was 
knocked down in both DU-145 and PC-3 cells 
(Figure 4). While no extended neurites were 
observed in DU-145 cells transfected with 
scrambled control, approximately 25% of DU-
145 transfected with the ATF2 shRNA plasmid 
for five days showed neurite outgrowth. Simi-
larly, 26% of PC-3 cells transfected with the 
ATF2 shRNA plasmid for five days showed neu-
rite outgrowth whereas 4.5% of cells trans-
fected with the scrambled control plasmid 
showed neurite outgrowth.  
 
Radiation induces NED in LNCaP xenograft 
tumors in nude mice 
 
To determine whether IR can induce NED in 
vivo, we employed nude mouse xenograft mod-
els. For this purpose, we used LNCaP cells as 
they can be better induced by IR to undergo 
NED. We performed x-ray irradiation to xeno-
graft tumors at 10 Gy/week (5 Gy/fraction). Our 
preliminary results with this irradiation protocol 

Figure 1. IR induces NED in prostate cancer cells. A). 
Representative images acquired from the indicated 
prostate cancer cells that were treated with 40 Gy of 
fractionated IR (IR+) or without IR treatment (IR-) 
(microscopy at 200x for LNCaP and 100x for PC-3 
and DU-145). Note that enlarged and flat cell bodies 
were observed for irradiated PC-3 when compared 
with non-irradiated PC-3. B). Approximately 40 g of 
total lysate from non-irradiated (IR-) and irradiated 
(40 Gy, IR+) cells was used for immunoblot analysis 
of CgA, NSE and β-actin. Similar results were repro-
duced from at least three independent experiments. 
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also induced NED in vitro (unpublished observa-
tion). At the end of four weeks, mice were sacri-
ficed and residual tumor nodules were resected 
for IHC analysis of CgA expression. Compared to 
non-irradiated tumors (n=3), some cells in all 
irradiated tumors (n=10) showed higher expres-
sion of CgA, suggesting that radiation indeed 
induces NED in xenograft tumors (Figure 5A). 
 
Because serum/plasma CgA levels can be used 
to quantify the extent of NED in prostate cancer 

tissues in human patients, we next 
performed similar fractionated IR to 
xenograft tumors and measured the 
plasma CgA level. We collected blood 
samples from tumor-bearing mice 
(n=10) before irradiation, and at 2 
and 4 weeks of irradiation. As con-
trols, blood samples from non-
irradiated tumor-bearing mice (n=10) 
were also collected at corresponding 
time points (equivalent to 0, 20 and 
40 Gy). Higher plasma CgA levels were 
observed in all mice bearing large 
tumors regardless of irradiation, likely 
due to the increased number of 
LNCaP cells that express basal levels 
of CgA. Since LNCaP cells secrete 
PSA, we normalized plasma CgA levels 
to plasma PSA levels to control for 
differing amounts of cells present in 
each tumor. Three out of 10 mice 
showed elevated plasma CgA levels 
after 20 Gy of irradiation, and 7 mice 
showed elevated plasma CgA levels 
after 40 Gy of irradiation. In contrast, 
none of the non-irradiated tumor-
bearing mice showed any elevation of 
plasma CgA levels at the correspond-
ing time points. Instead, their normal-
ized CgA levels were lower after 2-4 
weeks of observation. Because these 
non-irradiated xenograft tumors con-
tinued to grow and reached 1300 
mm3 to 2300 mm3 at the end of the 
corresponding 4-week time point, the 
lower normalized CgA levels in non-
irradiated mice are likely due to in-
creased PSA production by LNCaP 
cells under hypoxic conditions in 
these large tumors [49]. When 
plasma CgA levels in all 10 irradiated 
mice were considered, the average 
plasma CgA levels increased by 2- and 
5-fold at the end of 2- and 4-week 

irradiation, respectively, whereas the average 
plasma CgA levels for the control group de-
creased by 2-4 fold at the end of 2- to 4- weeks’ 
observation, respectively (Figure 5B). Thus, we 
conclude that x-ray irradiation can induce NED 
in xenograft tumors.  
 
Prostate cancer patients show elevated levels 
of serum CgA after radiotherapy 
 
Because serum CgA has been used as a bio-

Figure 2. IR induces CREB activation and cytoplasmic sequestra-
tion of ATF2 in prostate cancer cells. A). A representative im-
munoblot analysis of phosphorylated CREB (pCREB) from non-
irradiated cells (IR-) or from cells that received 10 Gy of fraction-
ated IR (IR+). B). Shown are DIC and fluorescent images for ATF2 
and DNA (DAPI) acquired from the indicated non-irradiated pros-
tate cancer cells (IR-) or from cells that received 10 Gy of fraction-
ated IR (IR+) (microscopy at 600x). These experiments were repro-
duced at least three times and similar results were obtained.  
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marker to monitor hormonal therapy-induced 
NED in prostate cancer patients [25, 27, 29-
32], the above observations that x-ray irradia-
tion to xenograft tumors increased plasma CgA 
levels in nude mice prompted us to test if RT 
also induces serum CgA elevation in human 
prostate cancer patients. To this end, we col-
lected blood samples before RT, in the middle 
of RT, and immediately after RT from prostate 
cancer patients enrolled at Indiana University 
School of Medicine, and measured serum CgA 
and PSA levels. Except for one patient from 
whom we missed the collection of his blood 
sample at the middle time point, we collected 
blood samples at all three time points from the 
other 8 patients. Among these 8 patients, 2 
showed an increase in the serum CgA level at 
the middle of the RT treatment, and interest-
ingly, 6 patients showed a decrease in the se-

rum CgA level. However, the CgA level at the 
end of the RT treatment in these 6 patients re-
bounded to the pre-treatment level or higher 
(Figure 6). When compared with the pre-
treatment CgA level, 4 out of 9 patients showed 
1.5-2.2 fold increase in serum CgA levels, 2 
were unchanged, and 2 had a slight decrease 
(less than 2 fold) after RT treatment. Thus, ap-
proximately 44% (4 out of 9) of patients showed 
serum CgA elevation after RT.  
 
Discussion 
 
Based on our recent findings that IR can induce 
NED in LNCaP cells, we provide evidence here 
that IR also induces NED in DU-145 and PC-3 
cells, albeit to a lesser extent. Consistent with 
this, IR treatment induced cytoplasmic localiza-
tion of ATF2 and CREB phosphorylation in a sub-

Figure 3. Activated CREB induces neurite outgrowth 
and the expression of CgA and NSE in PC-3 and DU-
145 cells. A). Prostate cancer cells PC-3 and DU-145 
were transfected with a pHA-CMV plasmid encoding a 
constitutively activated CREB, VP16-bCREB (bCREB), 
or the pHA-CMV empty vector (Vec). Shown are phase 
contrast images acquired five days after the transfec-
tion (microscopy at 200x). The number indicates the 
percentage of cells showing neurite outgrowth. B) 
and C). Expression of HA-VP16-bCREB (HA), CgA, NSE 
and β-actin in PC-3 cells (B) or DU-145 cells (C) from 
the experiments in A. Note that CgA was not detect-
able in PC-3 cells transfected with the vector control 
pHA-CMV or pHA-VP16-bCREB. 

Figure 4. ATF2 knockdown induces neurite out-
growth and the expression of CgA and NSE in pros-
tate cancer cells. A). Prostate cancer cells PC-3 and 
DU-145 were transfected with the ATF2 shRNA plas-
mid (ATF2 KD) or the scrambled control (SC). Shown 
are phase contrast images acquired five days after 
the transfection (Microscopy at 200x). The number 
indicates the percentage of cells showing neurite 
outgrowth. B) and C). Expression of ATF2, CgA, NSE 
and β-actin in PC-3 cells (B) or DU-145 cells (C) from 
the experiments in A. Note that CgA was not detect-
able in PC-3 cells transfected with either SC or ATF2 
shRNA plasmids. 
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set of cells. Likewise, expression of a constitu-
tively activated CREB or ATF2 knockdown also 
induced the expression of NSE and/or CgA, and 
neurite extension in these two cell lines. Thus, it 
is likely that radiation-induced NED is a general 
phenomenon. Furthermore, we showed that IR 
also induced NED in LNCaP xenograft tumors in 
nude mice and that RT also induced elevation of 
serum CgA levels in 4 out of 9 prostate cancer 
patients. Our findings here together suggest 
that radiation-induced NED may represent a 
therapeutic response in a subset of prostate 
cancer patients undergoing radiotherapy.  
 
Difference between LNCaP, DU-145 and PC-3 
cells 
 
The LNCaP cell line was established from a local 
metastasized lymph node whereas DU-145 and 
PC-3 were established from metastasized tu-
mors in brain and bone, respectively [50]. Al-

though the treatment history of these patients is 
not clear, it is possible that DU1-45 and PC-3 
cells were established after extensive exposures 
to treatments. In addition, DU-145 and PC-3 
cells do not express detectable levels of AR and 
other genetic, or possibly epigenetic, changes 
may be involved. These intrinsic differences 
may be responsible for the differential induction 
of NED by other stimuli as well [23, 34]. Consis-
tent with these observations, three clones iso-
lated from regrowing cells after IR-induced NED 
are poorly responsive to IR and ADT [19]. Inter-
estingly, we observed that CREB activation and 
ATF2 cytoplasmic sequestration only occurred in 
a subset of DU-145 and PC-3 cells after frac-
tionated IR whereas almost all LNCaP cells after 
10 Gy showed increased pCREB in the nucleus 
and an increase of cytoplasmic localized ATF2. 
These observations suggest that while DU-145 
and PC-3 cells do contain a subset of cells that 
are inducible by IR to undergo NED, there are 
also some cells that are refractory to NED. Fur-
ther analysis of these intrinsic differences 
among these three cell lines may shed new light 
on the molecular mechanisms underlying IR-
induced NED. 
 
CgA as a biomarker to monitor RT-induced NED 
 
IHC staining of CgA and NSE has been widely 
used to identify NE-like cells in prostate cancer 

Figure 5. Ionizing radiation induces CgA expression in 
LNCaP xenograft tumors and an increase of plasma 
CgA levels in nude mice. A). IHC analysis of CgA ex-
pression in irradiated LNCaP xenograft tumors after 
40 Gy (IR+) or in non-irradiated xenograft tumors (IR-) 
(microscopy at 400x). Scale bar represents 10 m. 
B). Average fold change of plasma CgA levels normal-
ized to plasma PSA at the end of week 2 (20 Gy) and 
week 4 (40 Gy) when compared with pre-irradiation 
(0 Gy). Similar time points were followed for blood 
collection from non-irradiated tumor-bearing mice. 
The average fold change presented is from all 10 
mice for each group.  

Figure 6. Radiotherapy increases serum CgA levels in 
prostate cancer patients. All 9 prostate cancer pa-
tients were diagnosed with localized tumors and 
treated at the Indiana University Hospital or the Mid-
west Proton Radiotherapy Institute with 70.2-79.2 Gy 
(2 Gy/fraction). Blood samples were collected for pre
-treatment, mid-treatment, and post-treatment. The 
serum CgA levels were normalized to the serum PSA 
levels, and the fold change at mid- and post-
treatment time points is presented for each patient.   



IR induces neuroendocrine differentiation of prostate cancer cells 

 
 
841                                                                                                            Am J Cancer Res 2011;1(7):834-844 

tissues. Because of the difficulty in quantifying 
NED using the IHC method, controversial results 
have been reported [15, 17, 22-25]. To resolve 
these controversies, several groups examined 
serum NED biomarkers and demonstrated that 
serum CgA is the best biomarker that can re-
flect NED in tissues [26-28]. In our xenograft 
nude mouse model, we not only observed in-
creased numbers of tumor cells expressing 
higher levels of CgA in irradiated xenograft tu-
mors, but we also observed an increase in the 
plasma CgA level in a dose-dependent manner 
in the majority of mice bearing irradiated xeno-
graft tumors. In contrast, no increase in plasma 
CgA levels was observed in any of the non-
irradiated tumor-bearing mice. Our results sug-
gest that plasma or serum CgA levels can be 
used to monitor NED during treatment. In fact, 
results from a preliminary test with 9 prostate 
cancer patients suggest that RT increases se-
rum CgA levels in 4 out of 9 patients after RT. It 
is worth noting that a previous study measured 
serum CgA levels in 100 prostate cancer pa-
tients before RT and three months after RT, and 
observed that 10 patients also showed elevated 
serum CgA levels three months after RT [51]. 
Since the number of prostate cancer cells has 
an impact on serum CgA levels, it is possible 
that many patients who underwent NED during 
treatment may eventually show lower CgA levels 
due to the decrease in tumor cells. Because 
prostate cancer patients also often have pre-
existing NE-like cells, it is therefore important to 
monitor patient’s responses during RT by meas-
uring serum CgA at multiple time points and 
compare with the serum CgA level before treat-
ment. Indeed, we observed that 6 patients 
showed an initial decrease in serum CgA levels 
by the middle of RT, but rebound to levels com-
parable to or higher than before RT. Because 
tumors start to shrink once treatment begins, 
an initial decrease in serum CgA levels and sub-
sequent rebound after completion of the treat-
ment may provide an interesting pattern to 
monitor RT-induced NED. Though one limitation 
of this pilot study is the small sample size, the 
preliminary finding warrants a detailed analysis 
of RT-induced NED and its correlation to clinical 
outcomes.  
 
Can targeting NED be explored as a novel radio-
sensitization approach?  
 
The extent of pre-existing NE-like cells and hor-
monal therapy-induced NED appear to contrib-

ute to disease progression and poor prognosis 
[25, 27, 29-32]. It is therefore proposed that 
targeting NED can be explored as a novel thera-
peutic approach [7, 8, 14, 17, 22, 33]. We have 
observed that CREB activation can be induced 
by radiation doses as low as 10 Gy in prostate 
cancer cells. In the case of LNCaP cells, approxi-
mately 80% of cells are killed by IR during the 
second week, after a total dose of 20 Gy, and 
the remaining 20% of cells surviving the treat-
ment undergo NED by the end of 4 weeks after 
a total dose of 40 Gy [19]. After that, no cell 
death occurs after total doses of up to 72 Gy. 
These observations suggest an interesting 
model that radiation-induced NED likely in-
cludes at least two important phases. The first 
phase is the selection and enrichment of radio-
resistant cells during the first two weeks, and 
the second phase is the NED phase during the 
second two weeks. Since increased CREB 
phoshphorylation was observed in a dose-
dependent manner during the course of treat-
ment, it is likely that CREB activation is not only 
involved in radioresistance but also involved in 
IR-induced NED. Thus, targeting CREB signaling, 
in principle, may sensitize prostate cancer cells 
to IR. In fact, targeting of CREB upstream signal-
ing molecules such as PKA and CaMKII in pros-
tate cancer cells can induce cell death or sensi-
tize cells to RT or ADT [52-57]. Because CREB 
can be phosphorylated and activated by more 
than 15 different protein kinases such as 
MAPKs, AKT, PKA, CaMKII, ATM [58] and be-
cause many of these protein kinases can be 
activated by IR [59, 60], future identification of 
upstream protein kinases involved in radiation-
induced CREB activation and NED may enable 
development of effective radiosensitizers for 
prostate cancer treatment.  
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