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Antitumor effects and mechanisms of 1,25(OH),D,
in the Pfeiffer diffuse large B lymphoma cell line
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Abstract. Diffuse large B cell lymphoma (DLBCL) repre-
sents the most common subtype of non-Hodgkin lymphoma
in China. 1,25-Dihydroxyvitamin D; [1,25(0OH),D;] has
been shown to possess significant antitumor potential
and is degraded by 25-hydroxyvitamin D-24-hydroxylase
(CYP24A1). In the present study, the role of CYP24A1 and
autophagy, and their underlying mechanisms in the anticancer
effects of 1,25(0OH),D; in DLBCL cells, were investigated. It
was found that the levels of CYP24A1 in DLBCL lymph node
tissues were higher than in hyperplasia lymphadenitis tissue.
Moreover, the expression of CYP24A1 was positively associ-
ated with the Ann Arbor stage and the International Prognostic
Index in patients with DLBCL, and negatively associated with
the clinical response to treatment. Patients >60 years of age
were found to have a higher level of CYP24A1. 1,25(0OH),D,
inhibited the proliferation of the Pfeiffer DLBCL cell line and
increased the G1 phase population of Pfeiffer cells. Rapamycin
(RAPA) in combination with 1,25(0OH),D; increased the G1
phase distribution of Pfeiffer cells. Furthermore, R APA blocked
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the increase of CYP24A1 and vitamin D receptor (VDR)
expression induced by 1,25(0OH),D;. 1,25(0OH),D; induced
the formation of autophagosomes, increased the expression
of autophagy related protein light chain (LC)3II/LC3I and
reduced the expression of the ubiquitin binding protein P62. In
addition, 1,25(0OH),D; decreased the phosphorylation of AKT
and mammalian target of RAPA (mTOR), and downstream
targets eukaryotic translation imitation factor 4E-binding
protein 1 and ribosomal protein S6 kinase -1 in Pfeiffer cells.
The results from the present study suggested that CYP24A1
may be a novel prognostic indicator for DLBCL. 1,25(0OH),D;
inhibited proliferation and induced autophagy of Pfeiffer cells.
In addition, 1,25(0OH),D; increased the G1 phase population
of Pfeiffer cells. These effects may be mediated by inhibition
of the AKT/mTOR/PI3K signaling pathway. RAPA increased
the cell cycle arrest induced by 1,25(0OH),D; by blocking the
upregulated expression of CYP24A1 and VDR.

Introduction

Diffuse large B cell lymphoma (DLBCL) represents the
most common subtype of non-Hodgkin lymphoma (1) and
accounts for ~40% of newly diagnosed cases of non-Hodgkin
lymphoma annually in China (2). DLBCL is an aggressive
form of lymphoma, with a highly variable clinical manifesta-
tion, histology, outcome and prognosis (1). Despite the fact that
patients with DLBCL who receive comprehensive treatment,
including radiotherapy, chemotherapy and combined therapy
withmolecular targeted therapy, have ahigh chance of achieving
partial or complete remission, some patients are resistant to
first line therapy or relapse, leading to reduced survival rates,
psychological and physical pain (1). Furthermore, the medical
cost of DLBCL is high (1). Therefore, identifying new strate-
gies for the treatment of DLBCL is needed.

B lymphocyte receptor (BCR) signaling is important for B
cell lymphoma proliferation (3). BCR signaling can activate the
PI3K signaling pathway, leading to the production of phospha-
tidylinositol 3.4,5-triphosphate, which initiates a large number
of signaling cascades, including those involving serine/threo-
nine kinase AKT (4). This can lead to uncontrolled growth
by inhibiting the function of the cell cycle inhibitors p21 and
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p27 (5-7). AKT can indirectly activate mammalian target of
rapamycin (mTOR), a serine/threonine kinase downstream
of the PI3K/AKT pathway (8). Activated mTOR can increase
the phosphorylation levels of the translational repressor
eukaryotic translation initiation factor 4E-binding protein 1
(4EBP1) and ribosomal protein S6 kinase -1 (p70S6K),
which increases mRNA translation, protein synthesis and cell
proliferation (9,10). Therefore, mTOR is able to influence cell
cycle progression and the homeostasis of metabolism, and
enhance cell growth. The PI3K/AKT-mTOR axis also plays
an important role in the negative regulation of autophagy (11).
Previous studies have reported the aberrant activation of the
PIBK/AKT/mTOR pathway, and its role in controlling tumor
cell proliferation and survival in DLBCL (4,8). Moreover,
patients with DLBCL with active PI3K/AKT/mTOR signaling
experience a more rapid deterioration, with poor treatment
response and shortened survival times (12). The suppression
of active PI3K/AKT/mTOR signaling has been studied, and
several inhibitors have been discovered; mTOR inhibitors
have been shown to be effective in preclinical and clinical
settings for the treatment of autoimmune diseases, cancer and
infectious diseases, such as HIV (13-24). Furthermore, dual
inhibitors of PI3K and mTOR, including GSK2126458A and
NVP-BEZ235, are being developed for cancer that show prom-
ising chemotherapeutic profiles in different settings (25-27).
However, the mTOR inhibitor rapamycin (RAPA) and other
analogues, such as everolimus, exhibit various side effects,
including stomatitis, rashes, myelosuppression and metabolic
complications, such as hyperglycemia, hypertriglyceridemia,
hypercholesterolemia and fatigue (28,29). In the case of
serious side effects, dose adjustment, interruption or perma-
nent discontinuation are required to reduce the toxicity of
these medications (28). The combination of RAPA or other
analogues with additional medications to reduce toxicity may
be an effective way to treat cancer.

1,25-Dihydroxyvitamin D; [1,25(OH),D;] has an
important role in bone homeostasis and calcium metabo-
lism (30,31). Furthermore, 1,25(OH),D; has been shown to
have antiproliferative and proapoptotic effects, and promote
differentiation in cancer cells, including pancreatic, breast
and prostate cancer (32-38). 1,25(0OH),D; inhibits the mTOR
signaling pathway by stimulating the expression of DNA
damage-inducible transcript 4 (DDIT4), a potent suppressor
of mTOR activity (39). This may a novel strategy for the treat-
ment of cancer. 1,25(OH),D; induces autophagy in SH-SY5Y
cells to attenuate rotenone-induced neurotoxicity (40) and
inhibits the proliferation of keratinocytes by suppressing the
mTOR signaling pathway (41). However, whether 1,25(0OH),D,
inhibits the progression of DLBCL by suppressing the mTOR
signaling pathway is unclear.

The concentration of 1,25(0OH),D; available in tissues
depends on the balance between its synthesis and degradation,
carried out by 25-hydroxyvitamin D-1 o hydroxylase and
25-hydroxyvitamin D-24-hydroxylase (CYP24A1), respec-
tively. A previous study found that the basal expression of
CYP24A1 was higher in several tumor types, including
colon, breast, lung, ovarian and cervical tumors (42). The high
expression of CYP24A1 was found to be associated with the
increased expression of replication licensing factors and tumor
progression (43-47). However, little is known concerning the
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relationship between the clinical features of patients with
DLBCL and the expression of CYP24Al1, or how the anti-
tumor effect of 1,25(0OH),D; in DLBCL is influenced by the
expression of CYP24A1.

The present study aimed to investigate the relationship
between the clinical features of patients with DLBCL and
the expression of CYP24Al. In addition, the roles of the
PI3K/AKT/mTOR signaling pathway and autophagy in the
anticancer effects of 1,25(OH),D; in DLBCL cells were inves-
tigated.

Materials and methods

Reagents. 1,25(0OH),D; and RAPA were purchased from
Sigma-Aldrich; Merck KGaA. 3-Methyladenine was
purchased from Selleck Chemicals. The FITC Annexin V
Apoptosis Detection kit, propidium iodide (PI) and ribo-
nuclease A (RNase A) were purchased from BD Biosciences.
The Cell Counting Kit-8 (CCK-8) was purchased from 7Sea
Biotech. The ECL Western kit was purchased from Advansta,
Inc. The following primary antibodies were purchased from
Cell Signaling Technology, Inc.: mTOR (cat. no. 2972), phos-
phorylated (p)-mTOR (Ser2448; cat. no. 2971), AKT (cat.
no. 4691), p-AKT (Serd73; cat. no. 4060), p-4EBP1 (Thr37/46;
cat. no. 2855), 4E-BP1 (cat. no. 9452), p-p70S6K (Thr389; cat.
no. 9234), p70S6K (cat. no. 2708), ubiquitin binding protein
P62 (P62; cat. no. 8025), LC3I/II (cat. no. 4108). The goat
monoclonal antibody against CYP24A1 was purchased from
Abcam (cat. no. ab189322). A rabbit monoclonal antibody
against the vitamin D receptor (VDR) was purchased from
Santa Cruz Biotechnology (cat. no. sc-13133), Inc. a-Tubulin
was purchased from ProteinTech Group (cat. no. 11224-1-AP),
Inc. Horseradish peroxidase (HRP)-conjugated
goat-anti-mouse IgG (cat. no. A-11001) and HRP-conjugated
goat-anti-rabbit IgG (cat. no. A-11034) were obtained from
Thermo Fisher Scientific, Inc. 1,25(0OH),D, was dissolved
and stored in ethanol and RAPA was dissolved and stored in
DMSO at -20°C. A biotinylated goat-anti-mouse antibody (cat.
no. PV-9003) was purchased from Origene Technologies, Inc.
A fluorescein-conjugated goat anti-rabbit secondary antibody
(cat. no. Andy Fluor™ 594) was purchased from GeneCopoeia,
Inc. Fetal calf serum was purchased from Biological Industries.

Clinical specimens. In total, 57 formalin-fixed (overnight
at 4°C), paraffin-embedded (FFPE) DLBCL lymph node
tissues from diagnostic biopsies (age, 31-70 years; male:female,
30:27) and 21 FFPE lymphnoditis lymph node tissues from
diagnostic biopsies (age, 35-66 years; male:female, 12:9) were
collected. All the samples were obtained between January
2010 to June 2013 from Xiangya Hospital. The Institutional
Ethical Review Board of Xiangya Hospital approved the
present study and written informed consent was obtained from
all patients for the use of their biopsy samples. No patient had
received any antitumor treatments before the biopsy sample
was collected. The Ann Arbor staging system was used to
assess the stage of the patient and the International Prognostic
Index (IPI) was used to assess the risk of the patient (48). The
serum lactate dehydrogenase (LDH) level was measured by
clinical laboratory staff using the Hitachi 7170 biochemical
analyzer (Hitachi, Ltd.).
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Cell culture. The human Pfeiffer DLBCL cell line was
purchased from the American Type Culture Collection
(cat. no. ATCC® CRL-2632™) and cultured in RPMI-1640
(HyClone; GE Healthcare Life Sciences) supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml
penicillin and streptomycin (HyClone; GE Healthcare Life
Sciences) at 37°C in a humidified 5% CO, incubator. Cells
were passaged every 2-3 days to maintain a density between
1-2x10° cells/ml.

Immunohistochemistry. Sections (thickness, 4 mm) obtained
from the 57 FFPE DLBCL specimens were deparaffinized,
rehydrated and the endogenous peroxidase activity was
blocked using 3% H,0, in methanol for 15 min at room
temperature. The sections were microwaved for 4 min with
trisodium citrate dihydrate solution (0.125%, pH 6.0) and then
soaked with PBS three times for 5 min for citrate-mediated
high-temperature antigen retrieval. Non-specific binding was
blocked by pre-incubating with 5% BSA for 30 min at room
temperature. Sections were incubated with anti-CYP24A1
(1:300) at 4°C overnight and then incubated with a biotinylated
secondary antibody (1:5,000) for 30 min at room temperature.
Sections were incubated with a streptavidin-HRP complex
(Origene Technologies, Inc.) at room temperature for 5 min
and 3,3'-diaminobenzidine (Origene Technologies, Inc.) at
room temperature for 5 min, sections were then counterstained
with hematoxylin at room temperature for 20. Positive cells
were counted in 10 randomly selected fields with a x40 objec-
tive (Olympus CX23; Olympus Corporation). All sections
were scored by two pathologists. The staining index was
calculated as the product of staining intensity (Score: 0, no
staining; 1, weak/light yellow; 2, moderate/yellow-brown; 3,
strong/brown). The number of stained cells was scored as 0
(0-5%), 1 (6-25%), 2 (26-50%), 3 (51-75%) or 4 (76-100%). The
sum of the intensity and number scores was used as the final
staining score (0-7). Low expression was defined as a final
staining score of <3. High expression was defined as a final
staining score >3.

Cell viability assay. Pfeiffer cells in exponential phase growth
were plated at a density of 1x10* cells/well in 96-well plates.
The wells were divided into three groups (five wells/group):
Control group (0.1% ethanol); 10 nM 1,25(0OH),D; group;
100 nM 1,25(0OH),D; group. The concentrations of 1,25(0OH),D,
used were similar to previous studies (49,50). Cytotoxicity
was determined using the CCK-8 assay, according to the
manufacturer's instructions. After 48 h of treatment, cells
were incubated with 10 ul CCK-8 reagent for a further 3 h.
The optical density of the samples was determined using a
microplate reader at 450 nm. Each experiment was performed
in triplicate.

Cell cycle analysis. Pfeiffer cells were plated into 6-well plates
at a density of 3x10° cells/well and divided into six groups:
Control group (0.1% ethanol); 10 nM 1,25(0OH),D5; 100 nM
1,25(0OH),D5; 10 nM RAPA; combination group (10 nM or
100 nM 1,25(0OH),D; + 10 nM RAPA). After incubation for
48 h, the cells were washed twice with PBS and fixed with
ice-cold 70% ethanol at -20°C overnight. Subsequently, the
cells were centrifuged at 111.8 x g for 5 min at 4°C, washed once
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with PBS and the DNA was labeled with 0.5 ml cold PI solu-
tion (0.1% Triton X-100, 0.1 mM EDTA, 50 ug/ml RNase A,
50 ug/ml PI in PBS) on ice for 30 min in the dark. The cell
cycle distribution was determined using a FACSCalibur flow
cytometer (BD Biosciences) using ModFit LT software version
3.0 (Verity Software House).

LC3II immunofluorescence staining. Cells were fixed for
15 min with 4% paraformaldehyde at 4°C and permeabi-
lization with 0.25% Triton X-100 in PBS for 5 min at room
temperature. After blocking with fetal calf serum for 1 h at
room temperature, the slides were incubated with an LC3I/11
primary antibody (1:200) overnight at 4°C. The slides were
then incubated with a fluorescein-conjugated goat anti-rabbit
secondary antibodies (1:1,000) for 1 h at 37°C. The nuclei of
cells were stained using DAPI (1 pg/ml) at room temperature.
The fluorescent staining was imaged using a confocal micro-
scope (IX71; Olympus Corporation). In total, 10 random fields
were selected for analyzed (magnification, x400 and x600).

Transmission electron microscopy. To morphologically
observe the induction of autophagy in 1,25(0OH),D; treated
Pfeiffer cells, ultrastructural analysis was performed. After
treatment with 100 nM 1,25(0OH),D; for 48 h, cells were
washed twice with PBS and fixed with ice-cold glutaraldehyde
(3% in 0.1 M cacodylate buffer, pH 7.4) for 30 min. Cells
were post-fixed in 1% osmium tetroxide at room temperature
for 2 h and embedded in Epon812 (SERVA Electrophoresis
GmbH) before being cut (60 nm) and stained with 2% uranyl
acetate/2.5% lead citrate and incubated for 15 min at room
temperature. The formation of autophagosomes was assessed
using the Tecnai electron microscope (FEI; Thermo Fisher
Scientific, Inc.) at a magnification of x1,700 and x5,000.

Western blot analysis. Proteins were extracted using a
nuclear and cytoplasmic protein extraction kit (Beyotime
Institute of Biotechnology). Protein concentrations were
determined using the bicinchoninic acid method. Proteins
(30 pug) were separated using 6% SDS-PAGE under reducing
conditions and then transferred onto PVDF membranes.
The membranes were blocked in 5 mg/ml BSA for 2 h at
room temperature. The following primary antibodies were
used: VDR (1:1,000), CYP24A1 (1:1,000), AKT (1:1,000),
p-AKT (1:1,000), mTOR (1:1,000), p-mTOR (1:1,000), LC3II
(1:1,000) and P62 (1:1,000), P70S6K (1:1,000), p-p70S6K
(1:1,000), 4EBP1 (1:1,000) and p-4EBP1 (1:1,000). a-Tubulin
(1:5,000) was used as a loading control. The primary anti-
bodies were incubated with the membranes overnight at 4°C.
HRP-conjugated secondary antibodies (1:5,000) were incu-
bated with the membranes at room temperature for 1-2 h.
Protein bands were visualized using ECL and the Chemi
Doc™ MP Imaging System (Bio-Rad Laboratories, Inc.).
Band densitometry was assessed using ImagelJ software 1.8.0
(National Institutes of Health).

Statistical analysis. All statistical analysis was performed
using SPSS 22.0 software (IBM Corp.). Data are present as
the mean + SD. Data were analyzed using the % test, Student's
t-test, or one- or two-way ANOVA and the Tukey's test when
applicable. Data were representative of three independent
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experiments. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of CYP24Al is different in patients with DLBCL
and lymphnoditis. To examine whether the expression of
CYP24A1 protein in DLBCL and lymphnoditis tissues, immu-
nohistochemistry was performed on the 57 paraffin-embedded
DLBCL lymph node tissue sections and 21 lymphnoditis
Ilymph node tissue sections to evaluate the expression of
CYP24A1 (Fig. 1A-D). High levels of CYP24A1 expression
were detected in 9.5% of patients with lymphnoditis (n=21),
whereas high levels of CYP24A1 expression were detected in
35.1% of patients with DLBCL (n=57). Low CYP24A1 expres-
sion was detected in 90.5% of patients with lymphnoditis,
while low CYP24A1 expression was detected in 74.9% of
patients with DLBCL. The expression levels of CYP24A1
between patients with lymphnoditis and DLBCL was signifi-
cantly different (P<0.001). The patients with DLBCL were
stratified into different groups, using factors such as age
and sex, to investigate associations with the expression of
CYP24A1 (Table I). There was no significant different in the
expression of CYP24A1 between the Ann Arbor stage I/I1
patients and the Ann Arbor stage III/IV patients (P=0.28),
however, the expression of CYP24A1 was significantly higher
in patients with a higher IPI (P<0.05). Serum LDH levels were
also significantly associated with CYP24A1 expression. The
patient whose clinical treatment response was stable or showed
complete remission had a lower level of CYP24A1 (P<0.05).
The expression of CYP24A1 was significantly higher in
patients over the age of 60 (P<0.05).

1,25(OH),D; inhibits the proliferation of Pfeiffer cells. To
investigate the growth inhibitory properties of 1,25(0OH),D;,
CCK-8 assays were performed, which is based on the ability of
viable cells to reduce CCK-8 to formazan crystals. As shown
in Fig. 1E, Pfeiffer cell proliferation was significantly inhibited
by 10 nM (P<0.01) and 100 nM 1,25(0OH),D; (P<0.001). The
rate of inhibition was calculated as 16.8+3.4% for cells treated
with 10 nM 1,25(0OH),D; and 28.2+2.9% for cells treated with
100 nM 1,25(0OH),D; for 48 h.

1,25(0OH),D; induces cell cycle arrest in Pfeiffer cells. To
determine whether 1,25(OH),D; induces cell cycle arrest in
Pfeiffer cells, the effect of 1,25(OH),D; on the cell cycle
distribution was analyzed using PI staining. Pfeiffer cells
were treated with different concentrations of 1,25(OH),D,
for 48 h and then subjected to cell cycle analysis. As shown
in Fig. 2A and B, 22.70+0.40% of cells in the control group
were in the G1 phase, while the cells treated with 100 nM
1,25(0OH),D; showed a significant increase in the proportion
of cells in the G1 phase (26.11+0.64%; P<0.05). In addi-
tion, whether 1,25(0OH),D; increased the G1 phase arrest
induced by RAPA was investigated. It was found the addi-
tion of RAPA increased the number of cells in the G1 phase
compared with 1,25(0OH),D; treatment alone (Table II;
Fig. 2A and B).

1,25(0OH),D; induced the expression of CYP24A1 medi-
ated by VDR, which is the receptor of 1,25(OH),D;, and
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Table I. Clinical features and CYP24A1 expression of patients
with diffuse large B cell lymphoma.

CYP24A1
expression
Parameter Low High P-value
Age, years
<60 32 11 0.008*
=60 5 9
Sex
Male 18 12 0.37
Female 19 8
Ann Arbor stage
il 10 3 0.28
v 27 17
LDH
Normal 32 11 0.015*
Elevated 5
IPI
0-2 18 8 0.008*
3-5 19 20
Clinical treatment response
CR/PR 26 8 0.028*
SD/PD 11 12

The ¥ test was used to compare the distribution of clinical features
between low- and high-level CYP24A1 expression. *P<0.05.
CYP24A1, 25-hydroxyvitamin D-24-hydroxylase; LDH, serum
lactate dehydrogenase; IPI, International Prognostic Index; CR,
complete remission; PR, partial remission; SD, stable disease;
PD, progressive disease.

Table II. Cell cycle distribution of Pfeiffer cells treated with
1,25(0OH),D;and RAPA.

Group G1 phase (%)
Control 22.70+0 .40
10 nM 1,25(0OH),D, 22.92+0.93
100 nM 1,25(0OH),D, 26.11+0.64*
10 nM RAPA 35.74+0.55°
10 nM RAPA + 10 nM 1,25(0OH),D, 37.13+0.75%°
10 nM RAPA + 100 nM 1,25(0OH),D, 42.75+0.61**

The differences between G1 phase populations were analyzed
using the Tukey's post hoc test. “P<0.05 vs. control; *P<0.05 vs.
100 nM 1,25(0OH),D;; °P<0.05 vs. 10 nM RAPA. RAPA, rapamycin;
1,25(0OH),D;, 1,25-dihydroxyvitamin D;.

CYP24A1 causes the degradation of 1,25(OH),D;. This is
an important regulatory mechanism to control the level of
1,25(0OH),D; (30,31). In order to investigate whether RAPA
increases the cell cycle arrest induced by 1,25(OH),D;
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Figure 1. CYP24Al is differently expressed in patients with DLBCL and lymphnoditis, and 1,25(OH),D; inhibits the proliferation of Pfeiffer cells. Sections
of paraffin-embedded lymph node tissues from the diagnostic biopsies of 20 patients with lymphnoditis and 57 patients with DLBCL were processed for
immunohistochemical staining with an antibody against CYP24A1. Representative images of CYP24A1 immunohistochemical staining in lymphnoditis
samples at (A) x200 and (C) x400 magnification. Representative images of CYP24A1 immunohistochemical staining in DLBCL lymph node tissue at (B) x200
and (D) x400 magnification. Scale bar, 100 ym. (E) Pfeiffer cells were cultured with 1,25(0OH),D; (10-100 nM) for 48 h. After treatment, cell viability was
determined using a Cell Counting Kit-8. Pfeiffer cell proliferation was significantly inhibited by 10 and 100 nM 1,25(OH),D;. The rate of inhibition was
calculated to be 16.8+3.4% for cells treated with 10 nM 1,25(0OH),D; and 28.2+2.9% for cells treated with 100 nM 1,25(0OH),D; for 48 h. Each experiment
was performed in triplicate. “P<0.01, "“P<0.001 vs. control. CYP24Al1, 25-hydroxyvitamin D-24-hydroxylase; 1,25(OH),D;, 1,25-dihydroxyvitamin D,; OD,

optical density; DLBCL, diffuse large B cell lymphoma.

by reducing the degradation of 1,25(0OH),D;, the levels of
CYP24A1 and VDR were determined in Pfeiffer cells after
exposure to either 1,25(0OH),D; or RAPA using western blot
analysis. It was found that RAPA suppressed the expression of
CYP24A1 and VDR induced by 1,25(0OH),D; (Fig. 2C and D).
This suggested that RAPA increased the cell cycle arrest in

Pfeiffer cells induced by 1,25(0OH),D; by suppressing the
expression of CYP24A1 and VDR.

1,25(0OH),D; induces autophagy in Pfeiffer cells. In order
to investigate whether 1,25(0OH),D; regulates autophagy in
Pfeiffer cells, the induction of autophagy was analyzed. The
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Figure 2. Cell cycle distribution of Pfeiffer cells after treatment with 1,25(OH),D; and RAPA, and the expression of CYP24A1 and VDR in Pfeiffer cells.
(A) Pfeiffer cells were cultured with 10 or 100 nM 1,25(0OH),D; and RAPA (10 nM). After 48 h, the cell cycle distribution was analyzed. The figure shows
representative examples of three independent experiments. (B) Quantification of the G1 population of Pfeiffer cells. (C) After treatment with 1,25(0OH),D;
and/or RAPA for 48 h, cells were harvested and the protein levels of CYP24A1 and VDR were analyzed via western blotting. A representative of three inde-
pendent experiments is shown. (D) Quantification of western blotting results. “P<0.05 vs. control; “P<0.05 vs. 100 nM 1,25(0OH),D5; ¥P<0.05 vs. 10 nM RAPA.
VDR, vitamin D receptor; CYP24Al, 25-hydroxyvitamin D-24-hydroxylase; 1,25(0OH),D;, 1,25-dihydroxyvitamin D;; RAPA, rapamycin.

induction of autophagy in Pfeiffer cells after treatment with or
without 1,25(OH),D; (10 nM, 100 nM) for 48 h was analyzed.
The extent of autophagosome formation is associated with
the modification of LC3I to LC3II and the degradation of
P62. A significant increase in LC3II/LC3I and a reduction
in P62 was induced by 100 nM 1,25(0OH),D;, as assessed
using western blot analysis (Fig. 3C and D). Furthermore,
the aggregation and localization of LC3 plays an important
role in the maturation and transport of the autophagosome;
therefore, immunofluorescence experiments were performed
to observe changes in LC3 aggregation. A notable increase in
green LC3 puncta was observed in the 100 nM 1,25(0OH),D,
treatment group compared with the control group (Fig. 3B). In
addition, it was found that 100 nM 1,25(OH),D; enhanced the
formation of autophagosomes, as observed using transmission
electron microscopy (Fig. 3A). These findings indicated that
1,25(0OH),D; activates autophagy in Pfeiffer cells.

1,25(0H),D; inhibits the AKT/mTOR signaling pathway.
Having established that 1,25(OH),D; inhibited proliferation
and induced autophagy in Pfeiffer cells, the molecular mecha-
nisms underlying these biological effects were investigated.
Activation of the AKT/mTOR signaling pathway increases
the proliferation of Pfeiffer cells and is one of the major
targets in the process of autophagy (51). Western blot analysis
showed that p-AKT and p-mTOR were downregulated after

1,25(0OH),D; exposure. The activation of downstream targets
of mTOR, including p70S6K and 4EBP1, were also decreased
following 1,25(0OH),D; treatment (Fig. 3E and F).

Discussion

In the present study, it was found that the levels of CYP24Al1 in
DLBCL lymph node tissues were higher than in lymphnoditis
tissues. There was no significant difference in the expression
of CYP24A1 between Ann Arbor stage I/II patients and Ann
Arbor stage III/IV patients (P=0.28), however, the expression
of CYP24A1 was significantly higher in patients with a higher
IPI. Moreover, CYP24A1 expression was negatively associ-
ated with clinical treatment response. Patients over the age of
60 had a higher level of CYP24A1 expression. Furthermore, it
was found 1,25(0OH),D; inhibited proliferation and increased
the G1 phase population of Pfeiffer cells. RAPA led to a further
increase in the G1 population and decreased the expression of
CYP24A1 and VDR induced by 1,25(0H),D;. 1,25(0OH),D;
induced the formation of autophagosomes and increased the
levels of the autophagy related protein LC3II/LC3I and reduced
the expression of P62. In addition, 1,25(0OH),D; decreased the
phosphorylation of AKT, mTOR, and its downstream targets
4EBP and p70S6K in Pfeiffer cells.

To the best of our knowledge, the present study was the
first to show higher levels of the vitamin D-degrading enzyme
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Figure 3. Analysis of autophagy and the AKT/mTOR signaling pathway in Pfeiffer cells after treatment with 1,25(OH),D;. (A) Representative transmission
electron microscope images [magnification, x1,700 (left) and x5,000 (right)] of the ultrastructure of Pfeiffer cells after treatment with or without 100 nM
1,25(0OH),D; for 48 h. (B) Changes in the level and localization of LC3 examined by confocal microscopy after treatment with or without 100 nM 1,25(0OH),D,
for 48 h. Scale bar =100 pym. (C) Western blot analysis of the expression of the autophagy related proteins LC3 and P62 after treatment with 100 nM 1,25-D,
for 48 h and (D) the quantification. (E) Pfeiffer cells were cultured without or with 1,25(OH),D; for 1 h. The phosphorylation levels of AKT/mTOR signaling
proteins were evaluated using western blotting. A representative example of three independent experiments is shown. (F) Quantification of western blotting.
"P<0.05 vs. control. LC3, protein light chain 3; 1,25(0OH),D;, 1,25-dihydroxyvitamin D;; mTOR, target of rapamycin; p-, phosphorylated; 4EBP, eukaryotic
translation imitation factor 4E-binding protein 1; p70SK6, ribosomal protein S6 kinase -1; P62, ubiquitin binding protein P62.
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CYP24A1 in DLBCL tissues compared with lymphnoditis
tissues, which was used as a normal control for the lymphoma
tissues. CYP24A1 degrades 1,25(0OH),D and 25(OH)D,
which is a substrate required for the synthesis of 1,25(0OH),D.
Therefore, CYP24A1 is an important factor in determining the
local concentration of 1,25(0OH),D and regulates the antipro-
liferative effect of 1,25(0OH),D (52). The higher expression of
CYP24A1 may be one explanation for the significantly lower
serum concentration of 25(OH)D in patients with DLBCL (53).
In addition, previous studies have described the moderate
impact of 1,25(0OH),D on the proliferation of certain DLBCL
cell lines, including DOHH?2 and K442 (50,49). The present
study found higher levels of CYP24A1 expression in DLBCL
lymph node tissues, suggesting that the actual concentration
of vitamin D available and the concentration of 1,25(OH),D
in these tissues may be low, and that this may attenuate the
antitumor effects of 1,25(0OH),D in vivo. The increased
expression of CYP24A1 was also found in some solid tumors,
including colon, lung, prostate, thyroid, breast and ovarian
cancer cells (43-47). However, little is known regarding the
mechanism underlying the increased expression of CYP24A1
in these cancer cells. Understanding the mechanism that
leads to the upregulation of CYP24A1 in tumors may provide
strategies for targeting CYP24A1 in the future. A combina-
tion of CYP24A1 inhibitors, such as liarozole, genistein
[a soy isoflavone that directly inhibits CYP24A1 activity and
increases the sensitivity of cells to 1,25(OH),D] or ritonavir
(which inhibits the expression of CYP24A1), may increase the
level and calcemic activity of 1,25(0OH),D, increasing the risk
of hypercalcemic side effects (54,55). Structural non-calcemic
action analogs of calcitriol that resist CYP24A1 may be more
biologically active and more useful in cancer therapy and
for the treatment of DLBCL, which expresses a high level of
CYP24Al.

In the present study, it was found that 1,25(OH),Dj; inhibits
the proliferation of DLBCL Pfeiffer cell line. In a previous
study into the antiproliferative effect of 1,25(0OH),D; in other
DLBCL cell lines, 1,25(0OH),D; was found to have an antipro-
liferative effect on the Pfeiffer cell line (50).

CYP24A1, which degrades 1,25(0OH),D; and 25(OH)D, is
important for lowering the levels of 1,25(OH),D; and 25(OH)D.
Vitamin D deficiency is a risk factor for autoimmune diseases,
such as rheumatoid arthritis and system lupus erythematosus
(SLE) (56,57). A recent study reported that vitamin D defi-
ciency and the upregulation of CYP24A1 have a combined
role in the transition to SLE (58). Patients with autoimmune
diseases, in particular those mediated by B lymphocytes,
have a higher risk of developing DLBCL, with a more aggres-
sive nature, possibly due to the misregulated production of
several cytokines, including interleukin (IL)-6, IL-10 and
tumor necrosis factor-a, that contribute to the pathogenesis of
DLBCL (59-62). 1,25(0H),D; also plays an important role in
the regulation of immune function by inhibiting the production
of cytokines (63,64). In future research, whether the increased
production of cytokines contribute to the pathogenesis of
DLBCL, and whether this is associated with the upregulation
of CYP24A1, should be investigated. Furthermore, whether
inhibiting the production of cytokines using 1,25(0OH),D; is
beneficial for the treatment of some cases of DLBCL should be
investigated in in vivo studies.
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Autophagic cell death is a survival mechanism to deal
with metabolic stress and is a caspase-independent mecha-
nism of cell death (65). Nevertheless, previous studies have
indicated that autophagy and apoptosis may be interconnected
process (66,67). The present study found that 1,25(0OH),D,
induced autophagy in Pfeiffer cells. These results suggested
that 1,25(OH),D; induced cell killing in a caspase-independent
autophagy-mediated manner in Pfeiffer cells.

Activation of the PI3K/AKT/mTOR signaling pathway
suppresses autophagy (68,69). The data from the present
study showed that 1,25(OH),D; decreased the phosphoryla-
tion levels of AKT and mTOR in Pfeiffer cells, consistent
with a previous study that found that 1,25(OH),D; is involved
in mTOR signaling (70). These results suggested that
1,25(0OH),D; induces autophagy in Pfeiffer cells by inhibiting
the PI3K/AKT/mTOR signaling pathway. In addition, the
PI3K/AKT/mTOR signaling pathway also increases mRNA
translation, protein synthesis and cellular proliferation (9,10).
The aberrant activation of mTOR is frequently associated with
poorer prognosis and has been well described in non-Hodgkin
lymphoma (4,71-73). Suppressing mTOR in Pfeiffer cells
may extend the therapeutic applications of 1,25(OH),D to
the treatment of DLBCL. A previous study reported that
1,25(0OH),D; inhibits the mTOR signaling pathway by stimu-
lating the expression of DDIT4, a potent suppressor of mTOR
activity (39). The present study showed that 1,25(OH),D;
decreased the phosphorylation of downstream factors in
the PI3K/AKT/mTOR signaling pathway in Pfeiffer cells,
including 4EBP and p70S6K. p70S6K is an important regu-
lator of protein synthesis; blocking the activation of p70S6K,
for example using Saquinavir-NO, interrupts protein synthesis,
leading to decreased cancer cell proliferation (74-77). The
inhibition of Pfeiffer cell proliferation by 1,25(OH),D; may
be due to the decreased phosphorylation of p70S6K. In future
studies, the anticancer effects of other p70S6K inhibitors
should be investigated in DLBCL, and their potential syner-
gism with 1,25(0OH),D; should be tested.

A previous study reported that the mTOR signaling
inhibitor RAPA and its analogs increase the antitumor effects
of 1,25(0OH),D in breast cancer cells and acute myelogenous
leukemia (78,79). This effect of RAPA and its analogs may
be due to the increased expression, or nuclear translocation,
of VDR (79). Consistent with these previous studies, the data
from the present study showed that 1,25(OH),D; increased
the G1 phase population of Pfeiffer cells and that this was
potentiated by RAPA. However, it was found that RAPA
blocked the increase in VDR and CYP24A1 expression
induced by 1,25(0OH),D;. 1,25(0OH),D; induced the expres-
sion of CYP24A1, mediated by VDR, which is the receptor
of 1,25(0OH)2D3, and CYP24A1 causes the degradation of
1,25(0OH),D;. This is an important autoregulatory mecha-
nism of 1,25(OH),D;. RAPA may potentiate the effect of
1,25(0OH),D; by reducing its degradation.

In conclusion, the results of the present study suggested
that the expression of CYP24A1 may be a novel prognostic
indicator for DLBCL. 1,25(OH),D; inhibited the prolifera-
tion, and induced the autophagy, of Pfeiffer cells. In addition,
1,25(OH),D; increased the G1 phase population of Pfeiffer
cells. These effects may be mediated by inhibiting the
PI3K/AKT/mTOR signaling pathway. RAPA may potentiate
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the cell cycle arrest caused by 1,25(0OH),D; by inhibiting the
expression of CYP24A1 and VDR.
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