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A b s t r a c t

Introduction: The aim of this study was to evaluate the potential biological 
activity of N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-(N,N-dimethylamino)ac-
etamide hydrochloride (PJ34) on the genotoxicity induced by melphalan in 
human multiple myeloma cells. 
Material and methods: The inhibitory effects of the drugs on the growth 
of RPMI8226 cells were determined by Cell Counting Kit-8 (CCK-8) assay. 
The expression of Fanconi anemia/breast cancer (FA/BRCA) pathway relat-
ed genes was determined by western blot analysis. Cell cycle phase and 
apoptosis were analyzed by flow cytometry. Coadministration of PJ34 and 
melphalan had additional effects on cell cycle distribution and enhanced 
apoptosis of RPMI8226 cells. PJ34 plus melphalan inhibited cell-cycle pro-
gression, as evidenced by the increased proportion of cells in the G2/M 
phase with the decreasing proportion of cells in the G0/1 and S phases. 
Results: However, no significant synergistic effect of PJ34 and melphalan 
on cell proliferation was observed. These effects were accompanied by inhi-
bition of the FA/BRCA pathway by downregulation of Fanconi D2 (FANCD2) 
protein expression. The results showed that treatment with 60  μmol/l of 
PJ34 previously to melphalan administration increased cell apoptosis. Pre-
treatment also caused cell cycle arrest. 
Conclusions: This study suggests that enhancement of melphalan efficacy 
may be best achieved by the poly(ADP-ribose) polymerase-1 (PARP-1) inhib-
itor PJ34. The effects of PJ34 are associated with inhibition of the FA/BRCA 
pathway, increased apoptosis percentage, and G2/M cell cycle arrest. Admin-
istration of PJ34 has been shown to protect DNA from damage induced by 
melphalan. This corroborates the biological activities of PJ34 and points to 
the need for further studies.

Key words: FA/BRCA (Fanconi anemia/BRCA) pathway, DNA damage, 
multiple myeloma.

Introduction

Some targeted drugs, such as thalidomide, lenalidomide and bortezo-
mib, can be effective in multiple myeloma (MM) treatment, but they do not 
always work. Some patients relapse after several courses of treatment or 
are even intrinsically drug resistant. Autologous hematopoietic stem cell 
transplantation (auto- HSCT) can improve survival rates of MM patients, 
but some patients cannot accept auto-HSCT due to old age, bad perfor-
mance status or renal failure. For those patients, combined chemothera-
py is indispensable. In this context it is important to pay more attention 
to conventional chemotherapy drugs, such as alkylating agents (namely 
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cross-linking agents). Alkylating agents include 
cyclophosphamide and melphalan, which affect 
DNA integrity either directly or indirectly. They act 
on DNA and form interstrand cross-link (ICL) dam-
age, resulting in single or double stranded breaks 
(DSBs) [1]. If these breaks cannot be repaired, the 
persistent DNA damage will give rise to mutations 
and genomic instability leading to cell death [2]. 

The FA/BRCA pathway may play an important 
role in the process of DNA damage repair [3–5]. The 
proteins encoded by various FA genes maintain cel-
lular genome stability through the FA/BRCA path-
way. At least eight FA proteins (A, B, C, E, F, G, L and 
M) interact with each other to form an FA core pro-
tein complex, which activates FANCD2 by promoting 
FANCD2 monoubiquitination. BRCA2 (also named 
FANCD1) and BRIP1 (also named FANCJ) play roles 
downstream independently or synergistically with 
FANCD2. Alkylating agents exert their genotoxic ef-
fects on tumor cells through the FA/BRCA pathway, 
so the suppression of this pathway can improve the 
sensitivity of tumor cells to alkylating agents [6–15]. 

Poly (ADP-ribose) polymerases (PARP) exhibit 
various functions ranging from DNA repair to cell 
death regulation; thus they have become interest-
ing targets in cancer treatment [16]. Indeed, PARP 
inhibitors appear to be important tools in cancer 
therapy. Various PARP-1 inhibitors, as monothera-
py or in combination with other compounds, are 
currently being investigated in clinical trials [17]. 
Several studies have confirmed that PARP-1 inhib-
itors can obviously improve the effects of alkylat-
ing agents including cisplatin, cyclophosphamide 
and oxaliplatin used for chemotherapy [18–21]. 
However, the molecular mechanisms of PARP-1 
inhibitors increasing tumor cell sensitivity to al-
kylating agents remain to be elucidated.

Most members of the FA/BRCA gene family 
participate in several DNA repair pathways, includ-
ing base excision repair (BER), homologous recom-
bination repair and non-homologous end joining 
[3–5]. Poly (ADP-ribose) polymerase-1 inhibitors 
can inhibit BER after ICLs caused by alkylating 
agents, and improve the efficacy of alkylating 
agents such as cisplatin and cyclophosphamide. 
So we speculated that the effects of PARP-1 inhib-
itors might be associated with FA/BRCA pathway 
inhibition. In this study, we compared the sensitiv-
ities of RPMI-8226 cells to melphalan before and 
after treatment with PJ34, a PARP-1 inhibitor. We 
attempted to demonstrate the influence of PJ34 
on DNA damage repair and the possible relation-
ship with the FA/BRCA pathway. 

Material and methods

Materials

Human multiple myeloma cell line RPMI8226 
was kindly gifted by Professor Zhou (Department 

of Hematology, Tongji Hospital of Huazhong Uni-
versity of Science and Technology). The original 
cell line was purchased from the American Type 
Culture Collection (ATCC, Manassas, VA). PJ34, 
melphalan and DMSO were purchased from Sig-
ma Chemical Company (St Louis, Missouri, USA). 
CCK-8 was purchased from Dojindo Laboratories, 
Japan. RPMI 1640 and fetal calf serum were pur-
chased from Invitrogen Life Technologies. The 
primary and secondary antibodies of FANCD2, 
BRCA2, RAD51, γH2AX and β-actin were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA). 

Cell culture

RPMI8226 was cultured in RPMI 1640, sup-
plemented with 10% heat-inactivated fetal calf 
serum. The environment of the culture flask was 
kept at 37°C, with saturated humidity and 5% CO

2. 

Cytotoxicity assay

The CCK-8 assay was chosen to detect the ef-
fect of PJ34 on cell growth. RPMI8226 cells in the 
exponential proliferation period were seeded to 
a 96-well plate at a density of 5 × 104 cells per 
well. Twenty-four hours later, PJ34, melphalan, 
and melphalan plus PJ34 were added to 3 test 
groups with concentrations ordinarily diluted. The 
reagent of the control group was replaced by RMPI 
1640. Every group included four parallel sam-
ples. The total medium volume of each well was  
100 μl. Three days after drug addition, 10 μl of 
CCK-8 solution was added 4 h before detection. 
Then the absorbency (A450 value) was measured, 
and the growth rates of cells were computed. 

Expression of FANCD2, BRCA2, RAD51  
and γH2AX

Cell lysates were prepared by suspending cell 
pellets in lysis buffer. After quantification, the pro-
tein samples were separated by SDS-PAGE. West-
ern blotting was used to detect the expression of 
FANCD2, BRCA2, RAD51 and γH2AX proteins. Each 
lane was loaded with 50 μg of protein from the 
cell lysates. β-actin was used for the loading con-
trol.

Cell cycle analysis

To determine the effect of PJ34 on the cell cy-
cle, the cells of five groups (control, PJ34 10 μM, 
PJ34 30 μM, PJ34 60 μM and PJ34 90 μM) were 
treated for 48 h, washed, and fixed with 70% eth-
anol. After incubation overnight at 4°C, cells were 
washed with PBS prior to staining with propidium 
iodide (PI), and then suspended in staining buf-
fer (10 μg/ml PI; 0.5% Tween-20; 0.1% RNase in 
PBS). The cells were analyzed by a FACScan flow 
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cytometer (Becton Dickinson, San Jose, CA) using 
CellQuest software version 3.1. 

Measurement of apoptosis

To determine the apoptosis, cells of seven 
groups (blank control, PJ34 60 μM, melphalan, 
PJ34 10 μM + melphalan, PJ34 30 μM + mel-
phalan, PJ34 60 μM + melphalan and PJ34 90 μM 
+ melphalan) were washed in PBS, resuspended in 
500 μl binding buffer containing Annexin V-FITC/
PI and analyzed by flow cytometry. 

Statistical analysis

SPSS 13.0 was used to perform the statistical 
analysis. Data were presented as mean ± SD, and 
analyzed by Student’s t test. Values of p below 
0.05 were considered statistically significant.

Results

Growth inhibition induced by PJ34

Concentration-dependent growth inhibition 
of PJ34 alone was detected in the RPMI8226 cell 
line (Figure 1 A). We also investigated the effect 
of a combination of PJ34 and melphalan on cell 
growth. We found that PJ34 at 60 μM concen-
tration enhanced the toxicity of melphalan in 
RPMI8226 cells (Figure 1 B, Table I), but there 
was no statistical significance (p > 0.05). After 
pretreatment with 60 μM PJ34 for 24 h, the sus-
ceptibility of RPMI8226 cells to melphalan was 
maximum.

Expression of FA/BRCA pathway related 
factors regulated by PJ34

The expression of FA/BRCA pathway related fac-
tors in RPMI8226 cells was detected by Western 
blotting (Figure 2). PJ34 inhibited FANCD2 expres-
sion significantly in a dose-dependent manner, 
whereas it worked oppositely on γH2AX expres-
sion. Representing DNA damage, the expression 
of γH2AX protein was increased. Meanwhile, the 
expression of BRCA2 and Rad51 proteins was sig-
nificantly decreased (Table II). The above results 
showed that the activity of the FA/BRCA pathway 
was suppressed in the RPMI8226 cell line by PJ34, 
which would result in reduced DNA repair of the 
damage induced by melphalan.

PJ34 enhanced cell cycle arrest induced  
by melphalan

Because FANCD2 activation mainly happens in 
the G1/S phase, BRCA2 and Rad51 play roles down-
stream partly depending on activated FANCD2. We 
investigated the effect of PJ34 on cell cycle distribu-
tion in the RPMI8226 cell line to explain the possible 
reason for the functional regulation of the FA/BRCA 
pathway. PJ34 plus melphalan inhibited cell-cycle 
progression, as evidenced by the increased propor-
tion of cells in the G2/M phase with the decreasing 
proportion of cells in the G0/1 and S phases. PJ34 
enhanced cell cycle arrest induced by melphalan 
in a dose-dependent manner. However, the differ-
ence was not significant when the concentration 
exceeded the IC50 value of 60 μM (Table III).

Figure 1. The effects of PJ34 on cell growth of RPMI8226. A – The effects of PJ34 alone on cell growth. B – The 
effects of PJ34 on cell growth inhibited by melphalan
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Table I. The effect of PJ34 on RPMI8226 cell growth inhibited by melphalan

Melphalan [μM] Cell growth (%)

PJ34 group Blank control group Value of p

4.8 48.56 ±1.10 50.08 ±1.33 0.28

9.6 28.65 ±2.30 34.41 ±2.05 0.053

12.8 21.57 ±2.02 26.12 ±2.50 0.061

16 14.24 ±1.40 14.84 ±0.75 0.094
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Table II. Relative expression levels of FA/BRCA pathway related factors in RPMI8226 cells

PJ34 FANCD2/β-actin BRCA2/β-actin Rad51/β-actin γH2AX/β-actin

0 μM 0.812 ±0.01 0.353 ±0.05 0.259 ±0.05 0.228 ±0.09

60 μM 0.472 ±0.01 0.158 ±0.02 0.162 ±0.12 0.314 ±0.04

Value of p 0.022 0.004 0.023 0.012

Table III. Effects of PJ34 on RPMI8226 cell cycle arrested by melphalan

Group G0/1 S G2/M

1) Control 39.70 ±0.28 50.52 ±0.33 9.80 ±0.60

2) PJ-34 10 μM 37.48 ±0.31 49.67 ±0.70 12.85 ±0.36

3) PJ-34 30 μM 34.30 ±0.52 46.56 ±0.55 17.14 ±0.34

4) PJ-34 60 μM 31.65 ±0.62 45.28 ±0.52 23.07 ±0.92

5) PJ-34 90 μM 30.31 ±0.48 43.55 ±0.48 26.14 ±0.41

P   1) vs. 2) 0.066 0.742 0.013

P   1) vs. 3) 0.002 0.043 0.001

P   1) vs. 4) 0.001 0.02 0.000

P   1) vs. 5) 0.000 0.000 0.000

P   2) vs. 3) 0.012 0.031 0.010

P   3) vs. 4) 0.014 0.026 0.000

P   4) vs. 5) 0.135 0.083 0.05

Figure 2. The effects of PJ34 treatment at different concentration on FA/BRCA pathway related factors expression 
in RPMI8226 cells
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Table IV. Effects of PJ34 on RPMI8226 cell apopto-
sis induced by melphalan 

Group Cell apoptosis (%)

1) Control 15.28 ±2.84

2) PJ-34 60 μM 22.70 ±2.16

3) Melphalan 31.08 ±0.47

4) PJ-34 10 μM + melphalan 32.73 ±0.60

5) PJ-34 30 μM + melphalan 37.58 ±0.73

6) PJ-34 60 μM + melphalan 45.38 ±4.53

7) PJ-34 90 μM + melphalan 48.30 ±0.91

1) vs. 2), p = 0.471; 1) vs. 3), p = 0.039; 2) vs. 3), p = 0.038; 1) vs. 
6), p = 0.004; 2) vs. 6), p = 0.009; 3) vs. 6), p = 0.045; 1) vs. 4), p = 
0.005; 2) vs. 4), p = 0.019; 3) vs. 4), p = 0.206; 1) vs. 5), p = 0.002; 
2) vs. 5), p = 0.004; 3) vs. 5), p = 0.007; 1) vs. 7), p = 0.000; 2) vs. 
7), p = 0.001; 3) vs. 7), p = 0.001; 4) vs. 5), p = 0.011; 5) vs. 6), p = 
0.009; 6) vs. 7), p = 0.144.

Apoptosis induced by PJ34

When RPMI8226 cells were treated with PJ34 
alone, there was no significant difference between 
the PJ34 group and the blank control group in the 
apoptosis percentage (p = 0.471) (Table IV). In con-
trast, the apoptosis percentage of the melphalan 
plus PJ34 group was significantly higher than that 
of the melphalan alone group in a dose-depen-
dent manner. With the increasing concentration of 
PJ34, the apoptosis percentage also increased. But 
the difference was not significant when the con-
centration exceeds the IC50 value of 60 μM either 
(Table IV). Therefore, PJ34 significantly improved 
the apoptosis of RPMI8226 cells with melphalan.

Discussion

Here, the effects of the PARP-1 inhibitor PJ34 
were investigated in the MM cell line RPMI8226. 
We demonstrated that PJ34 could induce negative 
regulation of the FA/BRCA pathway. This study 
showed that inhibition of PARP-1 had the poten-
tial to improve the efficacy of melphalan in com-
bination therapy by increasing chemosensitivity. 
Taking into account the responses observed in 
vitro, our results suggested that the enhancement 
of melphalan efficacy might be best achieved by 
the PARP-1 inhibitor PJ34. The effects of PJ34 were 
associated with inhibition of the FA/BRCA path-
way, increased apoptosis percentage, and G2/M 
cell cycle arrest. Elucidation of the basis for sen-
sitization after pretreatment with PJ34 may still 
allow for further refinement and be worthy of in-
vestigation. 

The FA/BRCA pathway plays an important role 
in the regulation of DNA damage repair. It can ad-
just intracellular reactions to cisplatin and other 
alkylating agents [6–15]. Our results showed that 
PJ34 could inhibit proliferation and induce apop-
tosis of RPMI8226 cells. The mechanism may be 
related to suppression of the FA/BRCA pathway 
through down-regulating the expression of related 
factors; thereby DNA damage repair is weakened, 
resulting in improved sensitivity to alkylating 
agents. Histone H2AX is a sensor of DNA damage. 
One of the early occurring events after DNA DSBs 
is the formation of phosphorylated histone H2AX 
(γH2AX), so γH2AX is a gold standard for detect-
ing DSBs [22]. Therefore, the level of γH2AX can 
reflect the DNA damage caused by chemotherapy 
drugs in tumor cells, and it can also be an index 
of chemotherapy sensitivity. This study also found 
that the expression level of γH2AX increased with 
increasing concentration of PJ34 in RPMI8226 
cells, which meant increasing DSBs and enhanced 
drug sensitivity. At the same time, PJ34 stimulated 
apoptosis of RPMI8226 cells and induced cell cycle 
arrest. The ability of PJ34 to regulate chemosen-
sitivity was dependent on the FA/BRCA pathway. 

DNA damage mediated by the FA/BRCA pathway 
enhanced the sensitivity of melphalan, suggesting 
that the reduced capacity to repair DSBs may be 
contributory. These data have clinical implications, 
which may influence the selection of chemothera-
py sensitizing agents based on DNA damage repair. 
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