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ABSTRACT. We evaluated the effects of down-regulated heme
oxygenase (HO)-1 expression on the proliferation of the acute
myelocytic leukemia Kasumi-1 cell line by using the HO-1 inhibitor
zinc protoporphyrin IX (ZnPPIX) in combination with daunorubicin
(DNR), and evaluated the mechanism. The proliferation rates of cells
treated with 10 pg/mL DNR and 10 pM ZnPPIX individually or in
combination for different time periods were detected using the MTT
assay. The apoptotic outcomes of the blank control, ZnPPIX, DNR, and
ZnPPIX groups in combination with the DNR group were detected by
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flow cytometry. The expression of HO-1, activating transcription factor
4, CCAAT-enhancer-binding protein homologous protein, and inositol-
requiring enzyme-o. mRNA and proteins were detected by fluorescent
quantitative real-time polymerase chain reaction and western blotting,
respectively. Combined administration inhibited the cells most
potently and time-dependently, decreased the expression of HO-1, and
significantly increased the expression of activating transcription factor
4, CCAAT-enhancer-binding protein homologous protein, and inositol-
requiring enzyme-o expression levels. The cell apoptotic rates in the
blank control, DNR, ZnPPIX, and combined administration groups
were 8.32 + 0.53, 39.16 + 1.46, 10.46 + 0.88, and 56.26 + 2.24%,
respectively. Inhibiting HO-1 expression can enhance the damaging
effects of DNR on Kasumi-1 cells, providing experimental evidence for
the improvement of therapeutic effects on acute myelocytic leukemia
in clinical practice.
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INTRODUCTION

Acute myelocytic leukemia (AML) is a malignant, clonal disorder of myeloid pro-
genitor cells in the hematopoietic system (Rowe and Tallman, 2010) and accounts for ap-
proximately 1% of all cancer deaths. Currently, the standard induction treatment for patients
consists of the antimetabolite cytarabine plus the anthracycline antibiotic daunorubicin (DNR)
(Tallman et al., 2005). Despite these intensive treatment strategies, significant numbers of
patients may not be effectively treated because of toxicity, drug-resistance, and severe com-
plications related to the long-term use of chemotherapeutic agents. Therefore, it is of great
significance to identify potential targets for AML treatment.

Heme oxygenase-1 (HO-1) belongs to the heat shock protein family, and thus its
expression is triggered by a variety of stress-inducing stimuli, including ultraviolet irradia-
tion, hyperthermia, inflammatory cytokines, and heavy metals (Chi et al., 2007; Agarwal and
Bolisetty, 2013). HO-1 is the most interesting protein in terms of protecting different types
of tumor cells from apoptosis, promoting their proliferation, and enhancing their invasion
(Castilho et al., 2012; Kongpetch et al., 2012; Zhang et al., 2013; Furfaro et al., 2014). We
previously reported that induction of HO-1 expression facilitated the growth of chronic my-
elocytic leukemia cells, whereas inhibition promoted their apoptosis (Chen et al., 2012; Wang
et al., 2012). In addition, more HO-1 was expressed in AML patients than in normal donors
(Ma et al., 2014), suggesting that down-regulation of HO-1 expression is a novel target for
AML treatment. The regulation of HO-1 is under the control of signaling components (Shir-
ley and Micheau, 2010; Rushworth et al., 2011) and many transcription factors, including
nuclear factor-(erythroid-derived 2)-like 2-related factor 2, activating transcription factor 4
(ATF4), and activator protein-1 (He et al., 2001; Yu et al., 2014). Additionally, its expression is
closely related to the endoplasmic reticulum apoptotic pathway mediated by caspases and the
CCA AT-enhancer-binding protein homologous protein (CHOP) pathway (Wang et al., 2014b).
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In this study, the HO-1 inhibitor zinc protoporphyrin IX (ZnPPIX) was combined
with DNR to treat AML Kasumi-1 cells to provide experimental evidence for targeted AML
therapy by evaluating the effect of combined administration on cell growth; we also predicted
the underlying mechanism.

MATERIAL AND METHODS
Cell culture

Kasumi-1 cells (cryopreserved in the central laboratory of Hematopoietic Stem Cell
Transplantation Center of Guizhou Province, Guiyang, China) were cultured in RPMI-1640
medium (Hangzhou Tianhang Biological Technology Co., Hangzhou, China) containing 10%
fetal bovine serum (Hyclone Co., Logan, UT, USA), 100 U/mL penicillin, and 100 U/mL
streptomycin at 37°C in a 5% CO, humidified atmosphere. The cells were seeded on culture
plates or dishes at appropriate concentrations. This study was conducted in accordance with
the Declaration of Helsinki. This study was approved by the Ethics Committee of the Hospital
Affiliated to Guiyang Medical College (Guiyang, China).

Methyl thiazolyl tetrazolium (MTT) assay

After the pre-experiment, Kasumi-1 cells were dispensed at 200 uL on 96-well plates
at a density of 10 x 10* cells/mL at 37°C in a 5% CO, humidified atmosphere. Next, 10 ug/
mL DNR (Sigma Co., St. Louis, MO, USA), 10 uM ZnPPIX (Sigma), and 10 puM ZnPPIX +
10 pg/mL DNR were added to the cells for 24, 48, and 72 h. A blank control group was es-
tablished, and the experiment for each group was performed in triplicate. Next, 20 pL 5 mg/
mL MTT (Solarbio Science & Technology Co., Ltd., Beijing, China) was added to each well,
followed by incubation for 4 h at 37°C. Finally, 150 pL dimethyl sulfoxide was added to each
well, after which absorbance was read at 570 nm on a microplate reader. The survival rate was
calculated according to the equation: survival rate (%) = A /A x 100%.

drug group control group

Determination of apoptotic rate

The rate of cell apoptosis was determined by flow cytometry after the cells were
double-stained with annexin V-fluorescein isothiocyanate and 7-aminoactinomycin D. Briefly,
10 x 10* Kasumi-1 cells were seeded on 6-well plates and incubated for 48 h with different
treatments. Next, the cells were harvested and washed twice with ice-cold phosphate-buffered
saline (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl,, pH = 7.4). Cell pellets were resus-
pended in 500 pL 50 mg/mL 7-aminoactinomycin D and annexin-V containing RNase. After
staining at room temperature for 15 min in the dark, the samples were then analyzed by flow
cytometry using the BD FACSCalibur™ flow cytometer with BD CellQuest™ software (BD
Biosciences, Franklin Lakes, NJ, USA).

Real-time polymerase chain reaction (PCR) detection

After the different treatments, total RNA was extracted using TRIzol® reagent (Invit-
rogen Life Technologies, Carlsbad, CA, USA). RNA was reverse-transcribed into cDNA using
a reverse transcription kit (Promega Corp., Madison, WI, USA), which was stored at -20°C.
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Real-time PCR was performed using a real-time PCR thermocycler (Applied Biosystems, Fos-
ter City, CA, USA) and quantified using SYBR® Green PCR Master Mix (Applied Biosystems)
using 1 pL ¢cDNA in a final reaction volume of 20 pL. The PCRs were cycled 45 times after
initial denaturation (94°C, 1 min) with the following parameters: denaturation at 94°C, 10 s;
annealing at 58°C, 15 s (ATF4, glyceraldehyde 3-phosphate dehydrogenase) or at 60°C, 10 s
(HO-1, CHOP, Ire-10); and extension at 72°C, 10 s. After the PCR, the temperature was in-
creased from 60 to 95°C at a rate of 2°C/min, and fluorescence was measured every 15 s to plot
the melting curve. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control.
SDS 2.2.1 software (Applied Biosystems) was used to perform relative quantification of the
target genes using the AACt method. The primers (Takara Bio Inc., Shiga, Japan), which are
shown in Table 1, were designed using the Primer Express 3.0 Software (Applied Biosystems).

Table 1. Primer sequences of gene mRNA for real-time PCR.

Gene Forward primer Reverse primer Product (bp)
HO-1 5-ATGGCCTCCCTGTACCACATC-3' 5-TGTTGCGCTCAATCTCCTCCT-3' 55
ATF4 5-GTCAGTCCCTCCAACAACA-3' 5-GGTGTCTTCCTCCTTTATGC-3' 37
CHOP 5'-CAGAGCTGGAACCTGAGGAG-3' 5'-TGGATCAGTCTGGAAAAGCA-3' 88
Ire-1a 5'-GAGCAGTGGGCTCACTCTGAA-3' 5-GGAAATTAAAGCAACCAGGCATC-3' 76
GAPDH 5'-GAAGGTGAAGGTCGGATGC-3' 5-GAAGATGGTGATGGGATTTC-3' 126
Western blotting

Kasumi-1 cells after different treatments were washed 3 times with cold phosphate-
buffered saline and then lysed in Tris-buffered saline (TBS; 50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 100 pg/mL phenylmethylsulfonyl fluoride, and 1% Triton X-100) for 30 min on ice.
Protein (80 mg) was fractioned by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using 10% gels and was transferred electrophoretically to hydrophilic polyvinylidene fluoride
membranes (GE Healthcare Life Sciences, Piscataway, NJ, USA). The membrane was blocked
with 5% skim milk in TBS overnight and incubated with polyclonal antibodies (Cell Signaling
Technology, Beverly, MA, USA) of HO-1 (1:800), ATF4 (1:800), CHOP (1:800), Ire-1a
(1:800) for 2 h, washed with TBS-T (0.1% Tween 20 in TBS), and incubated with secondary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) [anti-rabbit IgG (1:1500) and
anti-mouse IgG (1:1500)] at room temperature for 1 h. The signals were visualized by exposing
the membrane to X-ray film (Carestream Health, Inc., Xiamen, China), and quantified using
Image J 1.44p (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Data are reported as means =+ standard deviation. Differences between groups were ana-
lyzed using the Student #-test. Data analysis was performed using the SPSS16.0 software (SPSS,
Inc., Chicago, IL, USA), and P < 0.05 was considered to indicate a statistically significant difference.
RESULTS
MTT assay

The survival rates of cells in the blank control group and the ZnPPIX group changed
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only minimally over an extended time, but cells in the other 2 groups (particularly the com-
bined administration group) decreased from 24 to 72 h (Figure 1). Thus, DNR in combination
with ZnPPIX inhibited the growth of Kasumi-1 cells in a time-dependent manner.
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Figure 1. Time-effect curves of drug-inhibiting Kasumi-1 cell proliferation assayed using MTT.
Apoptosis analysis

Annexin-V/7-aminoactinomycin D flow cytometric staining showed that after 48 h of
treatment, the cell apoptotic rates of the blank control, DNR, ZnPPIX, and combined adminis-
tration groups were 8.32 £ 0.53,39.16 = 1.46, 10.46 + 0.88, and 56.26 £ 2.24%, respectively.
Hence, DNR exerted inhibitory effects on Kasumi-1 cells, which were significantly enhanced
by the addition of ZnPPIX (P < 0.05, Figure 2).

Expression of HO-1, ATF4, CHOP, and Ire-1a mRNA

Real-time PCR showed that after 48 h of treatment, the expression of HO-/ and the
endoplasmic reticulum (ER) stress-related genes ATF4, CHOP, and Ire-1a increased in the
DNR group. In contrast, HO-1 expression was inhibited in the ZnPPIX group. Moreover, the
expression levels of ATF4, CHOP, and Ire-1o. mRNA were highest in the combined adminis-
tration group, showing statistically significant differences (P < 0.05, Figure 3).

Expression of HO-1, ATF4, CHOP, and Ire-1a proteins

Western blotting showed that the expression of HO-1 protein was also remarkably
inhibited in the ZnPPIX group after 48 h of treatment. However, DNR increased expression
of the ATF4, CHOP, and Ire-1a proteins. Similarly, expression levels of the ATF4, CHOP,
and Ire-1a proteins were highest in the combined administration group, showing statistically
significant differences (P < 0.05, Figure 4).
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Figure 2. Apoptosis of Kasumi-1 cells detected by flow cytometry with annexin-V/7-AAD double staining.
A. Control group; B. DNR group; C. ZnPPIX group; D. DNR in combination with ZnPPIX group.
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Figure 3. HO-1, ATF4, CHOP, and Ire-1ae mRNA expression detected using real-time PCR.
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Figure 4. Protein expression of HO-1, ATF4, CHOP, and Ire-1a detected by western blot. Lane 1 = control group;
lane 2 = DNR group; lane 3 = ZnPPIX group; lane 4 = DNR in combination with ZnPPIX group.

DISCUSSION

AML includes a group of hematopoietic malignancies arising from abnormalities
in the proliferation, differentiation, or survival of myeloid progenitors. Despite the develop-
ment of several seemingly effective chemotherapy protocols for AML, a recent study in China
showed that the 3-year disease-free survival rate was only 11% (Wang et al., 2005). Moreover,
high-dose chemotherapy is not suitable for all patients (Hamblin, 1995). Thus, developing a
safe and efficient protocol for targeted therapy has attracted global interest.

As a key enzyme for heme catabolism, HO-1 can be induced to be highly expressed
by several simulating factors such as heavy metals, endotoxin, shock, and inflammatory fac-
tors. Cells generate a defensive, protective response against external environmental stimuli by
inducing HO-1 expression (Wang et al., 2014a), making HO-1 a potential promoting factor
for the growth of lung cancer, liver cancer, malignant glioma, and other tumor cells (Zou et
al., 2011; Tertil et al., 2014). We previously reported that inducing HO-1 expression by hemin
elevated the survival rate of chronic myelocytic leukemia cells, indicating that HO-1 and the
survival of such cells were closely associated. The protoporphyrin derivative ZnPPIX can
specifically suppress the activity of HO-1 by inhibiting the production of biliverdin and by
interfering with that of CO. Protoporphyrins are prone to aggregation in a variety of malignant
tumor cells (Fang et al., 2012; Wang et al., 2013), and in vitro and in vivo administration of
ZnPP can boost the therapeutic effects of chemotherapeutic agents. The effects of inhibited
HO-1 expression on the growth of AML cells have not been widely reported. In particular, the
HO-1 inhibitor has never been combined with DNR to treat AML cells. In general, ZnPPIX
allows DNR to induce the apoptosis of AML cells more effectively by mitigating the simulta-
neous protective effects of HO-1.

In this study, the influence of inhibited HO-1 gene expression on the role of DNR in
Kasumi-1 cell death was evaluated. The MTT assay showed that DNR in combination with
ZnPPIX time-dependently suppressed the growth of Kasumi-1 cells, showing significantly lower
survival rates than cells in other groups. Annexin-V/aminoactinomycin D staining also showed
that combining DNR with HO-1 inhibitor ZnPPIX significantly increased the apoptosis rate of
Kasumi-1 cells compared with DNR alone. Therefore, HO-1 may be involved in the regulation
of AML cell survival, as demonstrated by the promotion of cell apoptosis when HO-1 expression
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was inhibited.

The ER apoptotic pathway depends on caspases, and the ER contains a crucial cellular
pool of Ca* ions, whose concentration changes can result in cellular stress. However, if over-
stressed, the failed recovery from ER stress eventually leads to cell apoptosis (Jeschke et al.,
2009). Because we previously demonstrated that silencing of HO-1 expression promoted the
caspase cascade activation and that intracellular Ca?>* accumulation facilitated cell apoptosis,
we examined whether down-regulation of HO-1 expression could promote AML cell apopto-
sis via the ER stress-related ATF4/CHOP/Ire-1a pathway. As detected by real-time PCR and
western blotting, DNR facilitated the expression of ATF4, CHOP, and Ire-1a in Kasumi-1
cells, which was augmented by combined treatment with ZnPPIX; this treatment dramatically
reduced HO-1 mRNA and protein expression. Thus, inhibiting HO-1 expression contributed
to Kasumi-1 cell apoptosis by activating ER stress.

In summary, HO-1 was related to the survival of AML cells, the down-regulation of
which effectively promoted the apoptosis of Kasumi-1 cells by inducing ER stress, which is
consistent with our previous study showing silenced HO-1 expression with HO-1 siRNA len-
tivirus. Our findings provide experimental support for improved therapeutic effects on AML
and for targeted AML therapy.
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