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N-propionyl polysialic acid precursor enhances the 
susceptibility of multiple myeloma to antitumor 
effect of anti-NprpSA monoclonal antibody
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Aim: To study the antitumor effect of anti-NprPSA monoclonal antibody (mAb) in combination with ManNPr, a precursor of N-propionyl 
PSA, in multiple myeloma (MM), and to explore the mechanisms of the action.
Methods: Human multiple myeloma cell line RPMI-8226 was tested.  The cells were pre-treated with ManNPr (1, 2, and 4 mg/mL), and 
then incubated with anti-NprPSA mAb (1 mg/mL).  Cell apoptosis in vitro was detected using MTT assay and flow cytometry.  BALB/c 
nude mice were inoculated sc with RPC5.4 cells.  On 5 d after the injection, the mice were administered sc with anti-NprPSA mAb 
(200 μg/d) and ManNPr (5 mg/d) for 8 d.  The tumor size and body weight were monitored twice per week.  TUNEL assay was used for 
detecting apoptosis in vivo.  The apoptotic pathway involved was examined using Western blot analysis and caspase inhibitor.
Results: Treatment of RPMI-8226 cells with anti-NprPSA mAb alone failed to inhibit cell growth in vitro.  In RPMI-8226 cells pretreated 
with ManNPr, however, the mAb significantly inhibited the cell proliferation, decreased the viability, and induced apoptosis, which 
was associated with cleavage of caspase-3, caspase-8, caspase-9, and poly(ADP-ribose) polymerase.  In the mouse xenograft model, 
treatment with the mAb in combination with ManNPr significantly inhibited the tumor growth, and induced significant apoptosis as 
compared to treatment with the mAb alone.  Moreover, apoptosis induced by the mAb in vivo resulted from the activation of the 
caspases and poly(ADP-ribose) polymerase.
Conclusion: The anti-NprPSA mAb in combination with ManNPr is an effective treatment for in vitro and in vivo induction of apoptosis in 
multiple myeloma.
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Introduction
Sialic acids are the most ubiquitous sugars found in eukaryotic 
cells.  They reside primarily in terminal positions of cell sur-
face glycoconjugates, where they play critical roles in biologi-
cal events such as cell-cell recognition, migration and homing, 
and protein stability.  Sialic acids can also serve as substrates 
for infectious agents[1].  Polysialic acid (PSA), a linear homopo-
lymer composed of α-(2-8)-linked N-acetyl-neuraminic acid 
(NeuAc) residues, is a unique biological form of sialic acid that 
is an important cancer-associated antigen[2].  Several studies 
have taken advantage of the permissiveness of the sialic acid  
and PSA biosynthetic pathways to remodel the cell-surface 
landscape of tumors both in vitro and in vivo[3–5].  This remod-
eling can be performed by replacing N-acetyl-mannosamine 

(ManAc), the physiological precursor of sialic acid, with an 
exogenous source of unnatural N-acyl mannosamines, which 
results in the introduction of these unnatural sialosides into 
surface glycoconjugates[6].  This biochemical engineering, 
when applied to different cell systems, has so far revealed 
several important biological functions of the N-acyl side chain 
of sialic acid.  The treatment of lymphoma cells with ManNPr 
reduced their infectibility by several sialic acid-dependent 
viruses, eg, influenza A virus[1].  Human diploid lung fibro-
blasts displayed a loss of density-dependent growth control 
after biochemical engineering[7].  Liu et al[3] have reported that 
poorly immunogenic PSA on the surface of RMA leukemia 
cells can be biochemically engineered to express N-propionyl 
PSA by using ManNPr as a precursor and that the resultant 
cells became susceptible to treatment with an N-propionyl 
PSA-specific monoclonal antibody in vitro and in vivo.  In this 
study, we have extended the same strategy to human multiple 
myeloma (MM) cells.

MM accounts for approximately 10% of malignant hema-

* To whom correspondence should be addressed. 
E-mail xiongh@tongji.edu.cn (Hong XIONG);
           lab7182@tongji.edu.cn (Ai-bin LIANG)
Received 2012-04-22     Accepted 2012-06-08  



1558

www.nature.com/aps
Xiong H et al

Acta Pharmacologica Sinica

npg

tologic neoplasms and is resistant to conventional chemo-
therapy, high-dose radiotherapy, autologous stem cell trans-
plantation, and allogeneic transplantation[8, 9].  A promising 
alternative strategy is the development of specific immuno-
therapies selectively targeting myeloma cells[10–13].  However, 
a major problem in this area is the immune tolerance to tumor 
cells and tumor-associated antigens[14, 15].  To overcome this 
problem, this study examined the potential of improving the 
antigenicity of myeloma through metabolic engineering of its 
cell surface carbohydrate antigens.  N-acetyl-poly sialic acid 
(NAcPSA), the most prominent sialic acid in eukaryotes, is 
overexpressed on multiple myeloma (MM) cells and is closely 
related to the poor prognosis of MM patients[16].  Therefore, we 
speculated that N-propionyl PSA expressed on the surface of 
MM cells by using ManNPr as a precursor may be a potential 
target for the treatment of multiple myeloma.  In this study, 
the anticancer effects of an N-propionyl PSA-specific monoclo-
nal antibody in MM have been extensively investigated in vitro 
and in a mouse xenograft model.

Materials and methods
Chemicals and reagents
ManNPr and NprPSA-keyhole limpet hemocyanin (NprPSA-
KLH) were obtained from the Second Military Medical Uni-
versity (Shanghai, China).  Anti-human β-actin was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  Anti-
human poly(ADP-ribose) polymerase (PARP), anti-human 
caspase-3, anti-human caspase-8, anti-human caspase-9, and 
all secondary antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA).

Cell culture
The human multiple myeloma cell line RPMI-8226 was 
obtained from the Shanghai Cancer Institute (Shanghai, 
China).  The cell lines were maintained in suspension culture 
using RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St 
Louis, MO, USA), 100 units/mL penicillin (Invitrogen), and 
100 μg/mL streptomycin (Invitrogen) at 37 °C in a humidified 
atmosphere of 5% CO2.

Monoclonal antibody production
Murine mAbs to NprPSA-KLH were prepared by standard 
methods according to Plested et al[17].  Briefly, BALB/c mice 
were immunized four times intraperitoneally, followed by 
one intravenous injection without adjuvant.  Hybridomas 
were prepared by the fusion of spleen cells with SP 2/0 as 
described.  Putative hybridomas secreting NprPSA-specific 
antibodies were selected by ELISA using NprPSA-KLH as 
a coating antigen.  The immunoglobulin class and subclass 
were also determined as IgG1 by ELISA.  The mAb used in 
this study was purified by protein G affinity chromatogra-
phy (Pierce, Rockford, USA).  The potency of the antibody in 
ascites was 5×104.  

Analysis of cell growth inhibition
The effect of the anti-NprPSA mAb on cell proliferation was 
measured using an MTT-based assay.  Briefly, 1×106 cells were 
pretreated with ManNPr (0, 1, 2, and 4 mg/mL) in 24-well 
plates.  Tumor cells (1×104–2×104), after treatment with Man-
NPr, were harvested, washed with PBS, and incubated with 
anti-NprPSA mAb (1 mg/mL) on ice for 1 h.  The cells were 
washed and incubated with 10% rabbit complement (Cedar-
lane Laboratories, Ontario, Canada) at 37 °C for 2 h.  There-
after, 10 μL of MTT solution (5 mg/mL in PBS) was added to 
each well and then incubated for 4 h.  After centrifugation, the 
supernatant was removed from each well.  The colored forma-
zan crystal produced from MTT was dissolved in 0.15 mL of 
DMSO, and then the optical density (OD) value was measured 
at 570 nm by a microplate reader.  The following formula was 
used: cell proliferation inhibited (%)=[1–(OD of the experi-
mental samples/OD of the control)×100%].

Flow cytometry analysis of apoptotic cell population 
To determine the level of apoptosis, anti-NprPSA mAb and 
rabbit complement-treated cells, after incubation with Man-
NPr, were washed in PBS and resuspended in binding buffer 
at a concentration of 1×106 cells/L.  A total of 195 μL of the 
solution was transferred to a 5 mL culture tube with 5 μL 
annexin V-FITC (BD, USA) added.  The tube was then incu-
bated for 30 min at room temperature in the dark.  The cells 
were washed with binding buffer and resuspended in 190 μL 
binding buffer with 10 μL PI added.  Finally, the tube was 
gently vortexed and incubated for another 30 min in the dark.  
The cells were analyzed by a flow cytometer.

Western blot analysis
RIPA buffer in the presence of a protease inhibitor cocktail 
(Roche) was used to extract total protein.  The lysate was 
centrifuged at 50 000×g for 10 min at 4 °C to remove insoluble 
material.  Cytosolic protein without mitochondrial protein 
was extracted using the Proteo Extract Cytosol/Mitochondria 
Fractionation kit (Calbiochem) according to the manufactur-
er’s instructions.  The protein content was determined using 
a protein assay kit (Bio-Rad).  The supernatant (30 μg protein) 
was subjected to 8%–15% SDS-PAGE electrophoresis.  Proteins 
were electroblotted onto nitrocellulose membranes.  After 
blocking with 5% nonfat milk for 1 h, the blots were probed 
with primary antibodies overnight at 4 °C.  The blots were 
then incubated with HRP-conjugated anti-IgG for 2 h.  After 
washing, the blots were developed using an enhanced chemi-
luminescence reagent (Amersham Pharmacia Biotech).  

Antitumor effect of anti-NprPSA mAb to mouse MM model
Four-week-old BALB/c nude mice were purchased from 
the Shanghai Animal Center (Shanghai, China).  The mice 
were inoculated subcutaneously (sc) with RPC5.4 cells (106 
cells/mouse) obtained from the Shanghai Cancer Institute, 
and 5 d after injection, they were inoculated sc daily with 
anti-NprPSA mAb (200 μg/mouse) and precursor ManNPr 
(5 mg/mouse) for a period of 8 d.  The tumor size and body 
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weight of the mice were monitored twice per week.  The mice 
were weighed, and tumor volumes were assessed by measur-
ing the two perpendicular dimensions using calipers and the 
formula (a×b2)/2, where a is the larger and b is the smaller 
dimension of the tumor.  When treatment was finished, the 
mice were sacrificed, and the tumors were excised.  Tumor 
tissues were trimmed of extraneous fat or connective tissue, 
homogenized in RIPA buffer (100 mg tumor tissue/1 mL 
RIPA) and prepared for Western blot analysis.

TUNEL analysis
Cell apoptosis in vivo was investigated using a terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) assay according to the manufacturer’s instructions 
(Promega, USA).  Three tumor nodules per group in the sc 
tumor model were analyzed after the last treatment.

Statistical analysis
Statistical analysis was performed using the unpaired Stu-
dent’s t-test and an analysis of variance (one-way ANOVA).  
The data were presented as mean±SD of at least three inde-
pendent experiments. The accepted level of significance was 
P<0.05.

Results
Anti-NprPSA mAb inhibited myeloma cell proliferation
We first determined the effect of the anti-NprPSA mAb on the 
growth of MM cell lines using the MTT assay, and the results 
are shown in Figure 1A and 1B.  Following pre-treatment with 
the precursor (ManNPr) , RPMI-8226 cells were further treated 
with anti-NprPSA mAb and rabbit complement at 37 °C.  The 
resultant cell counts demonstrated that the inhibition of tumor 
cell proliferation was dependent only on the time and dose of 
their exposure to ManNPr because anti-NprPSA mAb alone 
failed to inhibit cell growth.  Thus, an increase in NPr poly-
sialic acid expression on the cell surface led to an increase in 
the inhibition of cell proliferation (Figure 1A).  The inhibition 
of tumor cell proliferation by rabbit complement alone was 
not significant, thus indicating that the proliferation of these 
cells is controlled by the specificity of the antibody used (Fig-
ure 1B).

Anti-NprPSA mAb induced apoptosis of myeloma cells
A decrease in myeloma cell proliferation may also result 
from the induction of apoptosis, so we determined whether 
anti-NprPSA mAb induced apoptosis using flow cytometry 
analysis.  As shown in Figure 2A, flow cytometry indicated 
that anti-NprPSA mAb treatment significantly increased the 
number of apoptotic cells compared with the control treat-
ments.  Following pre-treatment with 4 mg/mL ManNPr, the 
proportion of apoptotic cells treated with rabbit complement 
alone and treated with complement and anti-NprPSA mAb for 
40 h were 7.3% and 60.7%, respectively (Figure 2B).

To confirm that anti-NprPSA mAb induced apoptosis of 
myeloma cells, we examined the protein expression levels of 
the apoptosis-related proteins caspase-3, caspase-8, caspase-9, 

and PARP.  As shown in Figure 2C, treatment with anti-
NprPSA mAb led to decreased expression levels of pro-
caspases and the precursor of PARP, and both proteins were 
cleaved to their active forms.  In addition, the broad-spectrum 
caspase inhibitor z-VAD-fmk inhibited mAb-induced RPMI-
8226 cell apoptosis (Figure 2D), confirming that caspases are 
activated following anti-NprPSA mAb treatment and are nec-
essary for apoptosis in MM cells.  

Anti-NprPSA mAb inhibited tumor growth in an animal model of 
myeloma
To determine whether anti-NprPSA mAb could control tumor 
growth in vivo, we established a subcutaneous mouse xeno-
graft model.  Tumor growth was routinely monitored by 
measurement of tumor size.  The data showed that in combi-
nation with ManNPr, anti-NprPSA mAb had a greater effect 
on tumor size than anti-NprPSA mAb alone, and the group 
treated with ManNPr and mAb resulted in a significantly 
increased regression of established tumours compared with 

Figure 1.  Antibody-mediated inhibition is dependent on the expression of 
NPr polysialic acid in tumor cells.  (A) RPMI-8226 cells were incubated with 
increasing concentrations of ManNPr for 3 d.  At daily intervals, the cells 
were harvested, washed with PBS, and incubated with the anti-NprPSA 
mAb, as described previously.  The cells were then subjected to an MTT 
assay. Data were representative of values from at least three independent 
experiments. (B) RPMI-8226 cells were incubated with ManNPr (4 
mg/mL), and aliquots were harvested at different time intervals.  They 
were then washed with PBS and incubated with or without the anti-NprPSA 
mAb and subjected to the MTT assay, as described previously. Data were 
representative of values from at least three independent experiments.
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the group treated with mAb alone or the control group (Figure 
3A).  At the end of the experiment, mice were sacrificed and 
the tumors were excised from the body.  The average tumor 
weights in ManNPr and anti-NprPSA mAb treated group 
were 0.18±0.07 g, which were significantly lower compared 
to the 0.74±0.12 g tumor weight average in the control group 
(P<0.05; Figure 3B).

Anti-NprPSA mAb can induce myeloma cells apoptosis in vivo
To test whether apoptosis was the mechanism by which anti-
NprPSA mAb produced anti-tumor effects in vivo, we per-
formed a TUNEL assay on histological sections.  As shown in 
Figure 4, there were more apoptotic cells (with green nuclei) 
in tumor tissues from the ManNPr and anti-NprPSA mAb 
treated mice than from the control treated mice (P<0.05).

To validate the mechanism by which ManNPr and anti-
NprPSA mAb exert their antitumor effect, we investigated 
the in vivo expression of some key apoptosis-related proteins 
examined in the in vitro assay.  The expression trends of pro-
caspases and the precursor of PARP were all in agreement 

with the in vitro studies (Figure 5).

Discussion
Targeting cell-surface antigens using monoclonal antibod-
ies represents a very attractive approach to cure multiple 
myeloma[18–21].  However, a major problem that has hindered 
further progress in the area is immune tolerance.  Recently, 
cell glycoengineering has been established as a very useful 
technique for the modification of carbohydrate antigens on 
the cell surface[22].  By biochemically engineering cell surface 
antigens, we are able to temporarily remodel the cell surface 
and render it susceptible to targeted antibody responses.  In 
this study, we found that multiple myeloma cells pre-treated 
with the precursor ManNPr exhibit a significant reduction in 
cell viability and proliferation using the mAb specific for NPr 
polysialic acid.  Furthermore, an increase in NPr polysialic 
acid expression on the cell surface led to an increase in the 
inhibition of cell proliferation.  As mentioned in a previous 
study, Liu et al[3] found that a precursor (ManNPr), when incu-
bated with leukemic cell lines RBL-2H3 and RMA, resulted in 

Figure 2.  Anti-NprPSA mAb induces apoptosis in myeloma cells.  (A) Representative dot-plots illustrating the apoptotic status in RPMI-8226 cells pre-
treated with 4 mg/mL ManNPr.  Flow cytometric detection of apoptosis was conducted via Annexin V-FITC/PI staining in tumor cells treated with saline, 
rabbit complement alone or complement and anti-NprPSA mAb for 20 and 40 h.  (B) Data summary and analysis of apoptotic index in RPMI-8226 cells 
pre-treated with 4 mg/mL ManNPr.  Data are representative of values from at least three independent experiments.  The total percentage of cellular 
apoptosis is represented by Q2+Q4.  (C) Western blot analysis of apoptosis-related factors in myeloma cells.  RPMI-8226 cells pre-treated with 4 mg/
mL ManNPr were treated with saline, rabbit complement alone or complement and anti-NprPSA mAb for 40 h.  (D) Myeloma cells were pre-treated with 
the caspase inhibitor z-VAD-fmk at 100 μmol/L for 1 h before treatment with mAb for 40 h.  Cell viability was assessed by an MTT assay. Data were 
representative of values from at least three independent experiments. bP<0.05 vs control.
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expression of the altered α2-8 N-propionylpolysialic acid on 
the surface of tumor cells and induced their susceptibility to 
cell death mediated by monoclonal antibody 13D9, which spe-
cifically recognizes α2-8 N-propionylated polysialic acid.  

We investigated whether the apoptotic pathway is involved 
in the inhibition of cell proliferation caused by the anti-
NprPSA mAb.  Flow cytometric analysis showed that the 
anti-NprPSA mAb and complement treatment significantly 
increased the number of apoptotic cells compared to treat-

ment with complement alone.  Exposure to the mAb and 
complement decreased expression of the PARP precursor 
and increased caspase-3, caspase-8, and caspase-9 activities 
in RPMI-8226 cells, which suggested that the mechanism of 
apoptosis was involved the caspase-dependent apoptotic 
pathway.  This result was supported by other data showing 
that pre-treatment with the pan-caspase inhibitor z-VAD-
fmk decreased the apoptosis induced by anti-NprPSA mAb.  
Although the mAb’s mechanism of action that initiates and 
induces tumor cell death is not entirely known so far, it has 
been proposed that mAbs are able to bind and cross-link tar-
get molecules, subsequently eliciting antibody-dependent cell-
mediated cytotoxicity (ADCC), activating complement-depen-
dent cytotoxicity (CDC), and/or directly inducing tumor cell 
apoptosis[23, 24].  For the induction of mAb-mediated ADCC, the 
binding of the Fc portion of mAbs to Fcγ receptors on immune 
cells is necessary.  To induce antibody-mediated CDC, the 
cross-linking of mAbs activates complement cascades, which 
trigger the assembly of the membrane attack complex and sub-
sequent osmotic cell lysis.  Moreover, a few mAbs can directly 
induce tumor cell apoptosis through transduction of an apop-

Figure 4.  Anti-NprPSA mAb-induced apoptosis in vivo as shown by a 
TUNEL assay.  (A–C) Sections from the tumor-bearing mice treated with 
ManNPr (A), anti-NprPSA mAb alone (B) or anti-NprPSA mAb and ManNPr 
(C) were stained with FITC-dUTP as described in the Materials and 
methods section (×200). The control group mice received an equal volume 
of ManNPr alone. (D) An apparent increase in the number of apoptotic 
cells and apoptotic index was observed in the tumor tissue of mice 
treated with the anti-NprPSA mAb and ManNPr compared to mice injected 
subcutaneously with ManNPr or the anti-NprPSA mAb alone. Data were 
representative of values from at least three independent experiments. 
bP<0.05 vs the control group.

Figure 3.  Anti-NprPSA mAb antitumor activity in nude mice bearing human multiple myeloma cells.  (A) Tumor growth curve for mice with subcutaneous 
tumors treated with ManNPr, anti-NprPSA mAb alone or anti-NprPSA mAb and ManNPr.  The mice (6/group) bearing tumors received daily sc injections 
of 5 mg/mouse ManNPr and 200 μg/mouse anti-NprPSA mAb for 8 d (the control group mice received an equal volume of ManNPr alone).  Data 
represent the mean tumor size for each group.  (B) Tumor tissue was excised from the mice and its weight was measured.  Data represent the mean 
tumor weight for each group.  bP<0.05 vs the control group.

Figure 5.  Western blot analysis of related proteins involved in the 
caspase-dependent apoptotic pathway expressed in excised tumors.
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totic signal to cells, which triggers intracellular apoptotic sig-
naling pathways and cleaves caspases and poly(ADP-ribose) 
polymerase (PARP), leading to tumor cell apoptosis.

Having observed that apoptosis occurs in RPMI-8226 cells 
incorporating ManNPr into the cell surface treated with the 
anti-NprPSA mAb, we wanted to determine whether the anti-
NprPSA mAb induces multiple myeloma cell apoptosis in an 
in vivo system.  Following pre-treatment with ManNPr, the 
mAb inhibited tumor growth.  Histology of TUNEL-stained 
tumor sections showed that ManNPr and mAb treatment was 
able to induce statistically significant apoptosis (P<0.05) com-
pared to control treatments.  In the in vivo assay, the expres-
sion trend of the caspases and PARP were all in agreement 
with the in vitro studies.  These results indicated that apoptosis 
is the main mode of death of multiple myeloma cells treated 
with the ManNPr precursor and the anti-NprPSA mAb.

In summary, our results indicate that the anti-NprPSA mAb 
can decrease tumor growth by binding modified surface anti-
gens on myeloma cells and promoting apoptosis in vitro and 
in a multiple myeloma mouse xenograft model.  Evidence pre-
sented in our study suggests that the anti-NprPSA mAb may 
have utility as a component of a clinical regimen for myeloma 
malignancies.
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