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Interferon-y enhances promyelocytic leukemia protein expression
in acute promyelocytic cells and cooperates with all-trans-retinoic
acid to induce maturation of NB4 and NB4-R1 cells
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Abstract. In order to investigate the effect and mechanisms of
interferon (IFN)-y in combination with all-trans-retinoic acid
(ATRA) on NB4 cells [ATR A-sensitive acute promyelocytic
leukemia (APL) cell line] and NB4-R1 cells (ATR A-resistant
APL cell line) and to search for a novel approach to solve the
problem of ATRA resistance in APL, we initially treated NB4
and NB4-R1 cells with IFN-y, ATR A and IFN-vy in combination
with ATR A, respectively. The cell proliferation was then tested
by MTT assay, and the cell differentiation was tested through
light microscopy, by NBT test and flow cytometry (FCM).
The expression of promyelocytic leukemia (PML) protein was
observed by indirect immune fluorescent test. Results showed
that ATRA inhibited the growth of NB4 cells, however, it
could not inhibit the growth of NB4-R1 cells. IFN-y inhibited
the growth of both NB4 and NB4-R1 cells. Meanwhile, the
growth inhibition effect of IFN-y in combination with ATRA
on both NB4 and NB4-R1 cells was significantly stronger
than that of any single drug treatment. The results of the NBT
reduction test and CDI11b antigen detection by FCM indicated
that IFN-y induces the differentiation of NB4 and NB4-R1
cells to some extent. Moreover, the maturation degree of both
NB4 and NB4-R1 cells induced by IFN-y in combination
with ATRA was more significant than that of IFN-y or ATRA
alone. After treatment with IFN-vy, the number of fluorescent
particles in NB4 and NB4-R1 cell nuclei was higher than those
in the control group, which indicated that IFN-y may induce
the expression of PML protein. Together, IFN-y augments the
proliferation inhibition effect of ATRA on NB4 and NB4-R1
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cells through enhancing the expression of PML protein. IFN-y
in combination with ATRA not only strengthens the induc-
tion differentiation effect of ATRA on NB4 cells, but also can
partially induce the maturation of NB4-R1 cells with ATRA
resistance.

Introduction

More than 90% of patients with acute promyelocytic leukemia
(APL) achieve complete remission clinically using all-trans-
retinoic acid (ATRA), a strong differentiation inducer (1).
However, the rapid development of ATRA resistance brings
a new problem to the treatment of APL. The relapse and
refractoriness of APL remains one of the most difficult problems
clinically (2). How to treat APL with ATRA resistance has
become one of the hot spots of APL research.

Interferon (IFN), as an important cytokine, has broad
biological activities. It not only inhibits the growth of tumor
cells, but also reverses the drug resistance of chemotherapy.
As proven by several studies, the mechanisms of ATRA
resistance are probably related to the lack of certain impor-
tant proteins which are synthesized by IFN (3-5). In order to
solve the problem of ATRA resistance in APL, we studied the
effect and mechanisms of IFN-y in combination with ATRA
on the proliferation/differentiation of NB4 cells (APL cell line
with ATRA sensitivity) and NB4-R1 cells (APL cell line with
ATRA resistance), respectively.

Materials and methods

Reagents. ATRA (Sigma Co.) was dissolved in absolute ethanol
to a concentration of 10 mol/l and was stored at -20°C. IFN-y
(Shanghai Clone Biology Technical Co.) was dissolved in
normal saline, diluted to 4x10® U/1 and stored at -20°C. The
rabbit anti-human polyclonal antibody was purchased from
Chemicon Co. The goat anti-rabbit FITC-IgG antibody was
purchased from KPL Co. The CD11b antibody for flow cytom-
etry (FCM) was purchased from Immunotech Co.

Cell culture. NB4 is an APL cell line established from a patient
with APL by Lanotte. NB4-R1 is an ATRA-resistant APL
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cell line. They were all donated by the Hematology Research
Institute of Ruijin Hospital, Shanghai. NB4 and NB4-R1 cells
were inoculated at a density of 1x10%1 in RPMI-1640 medium,
respectively, and cultured at 37°C in a humidified 5% CO,
incubator.

Detection of proliferation by MTT assay (6,7). NB4 or
NB4-R1 cells were inoculated to each well of 96-well culture
plates with a concentration of 5x10%1 and 100 pl for each well,
respectively. ATRA, IFN-y and IFN-y + ATRA were added
respectively to each experimental group. The final concentra-
tion of ATRA was 1x10°° mol/l and the final concentration of
IFN-y was 1x10° U/I. RPMI-1640 medium (100 1) was added
to the control group. Each well volume was kept at 200 ul and
made up the residual volume with RPMI-1640 medium. Cell
proliferation was detected by MTT assay on days 1, 3, 5 and
8, respectively. The results were expressed as the mean absor-
bance (A490 nm) value of triplicates.

Observation of cell morphology. NB4 or NB4-R1 cells were
cultured in 25-ml culture flasks at a concentration of 5x10%/1
and 5 ml for each flask, respectively. The subgroups and
treatment methods were in accordance with the MTT assay.
The cells were harvested on days 1, 3, 5 and 8, respectively.
The cell sediments were made into smears and stained with
Wright's solution, and then observed by light microscopy.

NBT reduction assay (8,9). Cell culture and treatment were
the same as for observation of cell morphology. Cells were
harvested by centrifugation and removal of supernatant, and
the samples were blended with 0.5 ml NBT reaction solution
(1 mg/ml NBT and 100 ng/ml TPA), incubated at 37°C for 1 h
and centrifuged for 5 min. The cell sediments were made into
smears and stained with Wright's solution, and then detected
under immersion objective. NBT-positive cell rates were
calculated in every 200 cells. The test was performed three
times and the results were expressed as a mean of triplicates:
NBT-positive cell rates = NBT-positive cell counts/total cell
counts x 100%.

Detection of CDIIb antigen. Cell culture and treatment were
the same as for observation of cell morphology. Mouse anti-
human antibody FITC-CDI11b (10 ul) was added to a 100-ul
cell suspension (total cell counts were ~5x10°) and blended
completely. The samples were stained for 15-30 min at 25°C
and protected from light. After washing with PBS twice,
centrifugation and removal of the supernatant, the samples
were fixed with 500 ul 2% paraform solution. The expression
of the CD11b antigen was detected by FCM.

Detection of the promyelocytic leukemia (PML) protein. Cell
culture and treatment were the same as for observation of cell
morphology. The cells were harvested by centrifugation and
removal of supernatant. The cell suspension was diluted to a
concentration of 1x10%/1 with PBS. The cell suspension (0.1 ml)
was extracted to collect specimens and the indirect immune
fluorescence test was carried out. After being fixed with 4%
paraform solution for 20 min, the slides were washed with PBS
and BSA-PBS twice. Then, the slides were treated with 0.1%
Triton X-100 for 10 min and incubated with anti-PML anti-
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Figure 1. Effect of IFN-y and/or ATRA on the proliferation of NB4 cells.
Cellular growth curves showed that the growth of NB4 cells in the IFN-v,
ATRA and IFN-y + ATRA treatment groups was significantly inhibited, as
compared to the control group (P<0.05). Meanwhile, the growth inhibition
effect in the IFN-y + ATRA treatment group was the strongest among the
three experimental groups (P<0.05).

body (1:200) for 1 h at 37°C in a waterbath. After washing with
BSA-PBS and PBS twice, 1:10 diluted fluorescence-labeled
goat anti-rabbit IgG was added to the slides for 1 h at 37°C
in a waterbath. After being washed with BSA-PBS and PBS,
the slides were investigated using a fluorescent microscope
(wavelength 488 nm) and images were captured.

Statistical analysis. All data are expressed as the means +
standard deviation (SD). Statistical analysis of data was carried
out using the Student's t-test. P<0.05 was considered to denote
statistical significance.

Results

Effect of IFN-y and/or ATRA on the proliferation of NB4 and
NB4-R1 cells. The growth of NB4 cells in the IFN-y, ATRA
and IFN-y + ATRA treatment groups was significantly inhib-
ited after day 5 compared to that in the control group (P<0.05).
Meanwhile, the growth inhibition effect of IFN-y + ATRA
treatment on the NB4 cells was the strongest among the three
experimental groups. The growth inhibition effect of ATRA
was next and last was the IFN-y treatment (P<0.05) (Fig. 1).

The growth of NB4-R1 cells in the IFN-y and IFN-y +
ATRA treatment groups was significantly inhibited after day 5
compared to that in the control group (P<0.05). However,
there were no significant differences in growth inhibition rates
between the ATRA treatment group and the control group
(P>0.05). Meanwhile, the growth inhibition effect of the
IFN-y + ATRA treatment on NB4-R1 cells was stronger than
that of the IFN-y treatment (P<0.05) (Fig. 2).

Effect of IFN-y and/or ATRA on the differentiation of NB4
and NB4-R] cells

Morphological observation. Morphological differentiation
of NB4 cells was not observed in the IFN-vy treatment group on
day 3. However, it was observed in both the ATRA and IFN-y +
ATRA treatment groups. Moreover, the differentiation degree
of NB4 cells in the IFN-y + ATRA treatment group was higher
than that in the ATRA treatment group. Morphological differ-
entiation of NB4-R1 cells was not observed in both the IFN-y
and ATRA treatment groups on day 3, but it was observed
in the IFN-y + ATRA treatment group. Morphological
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Figure 2. Effect of IFN-y and/or ATRA on the proliferation of NB4-R1
cells. Cellular growth curves showed that the growth of NB4-R1 cells in
the IFN-y and IFN-y + ATRA treatment groups was significantly inhibited,
as compared to the control group (P<0.05). However, there were no signifi-
cant differences in the growth rates between the ATRA and control groups
(P>0.05). Meanwhile, the growth inhibition effect in the IFN-y + ATRA
treatment group was stronger compared to the IFN-y group (P<0.05).

differentiation of NB4 and NB4-R1 cells was manifested as
the reduction in nuclear size, the increase in cytoplasm and
the disappearance of nucleoli under Wright's staining (data not
shown, refer to Fig. 3).

NBT reduction assay. NBT-positive rates of NB4 cells in
the ATRA, IFN-y and IFN-y + ATRA treatment groups were
significantly higher than those in the control group (P<0.05).
NBT-positive rates of NB4-R1 cells in the three experimental
groups were significantly higher than those in the control
group (P<0.05). Meanwhile, in both the NB4 and NB4-R1
cells, the NBT-positive rates in the IFN-y + ATRA treatment
group were the highest among the three experimental groups,
respectively (P<0.05) (Table I, Fig. 3).

Detection of the CD11b antigen. Expression of the CD11b
antigen on the NB4 cell surface in the ATRA, IFN-y and IFN-y
+ ATRA treatment groups on day 3 was markedly higher than
that in the control group (P<0.05). Moreover, the expression of
the CD11b antigen on the NB4-R1 cell surface in the IFN-y
and IFN-y + ATRA treatment groups was significantly higher
than that in the control group (P<0.05). However, there was no
significant difference in the expression of CD11b antigen on
the NB4-R1 cell surface between the ATRA treatment group
and the control group (P<0.05). Meanwhile, both on the cell
surfaces of the NB4 and NB4-R1 cells, the expression of the
CDl11b antigen in the IFN-y + ATRA treatment group was the
highest among the four groups, respectively (P<0.05; Table II).

Effect of IFN-y and/or ATRA on the expression of PML
protein in NB4 and NB4-R1 cells. After the NB4 and NB4-R1
cell control groups were stained with the rabbit anti-human
PML multiple antibody and goat anti-rabbit FITC-IgG, many
diffuse, fine fluorescent particles were noted in the nuclei of
both the NB4 and NB4-R1 cells. These were called ‘swollen
furuncle’ structures and implied that the nuclear body (NB)
structures were destroyed (Fig. 4A and E). After treatment
with ATRA for 3 days, the swollen furuncle structures in
the NB4 cell nuclei disappeared and bulky fused fluores-
cent particles (NB structures) appeared, which implied that
the NB structures in the NB4 cells were restored (Fig. 4B).
However, the swollen furuncle structures in the NB4-R1 cell
nuclei remained, which implied that the NB structures in the
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Table I. Results of NBT reduction assay of NB4 and NB4-R1
cells in the four treatment groups.

Treatment group NB4 NB4-R1
Control 1.1+0.1 1.0+0.1
ATRA 74.7£1.5° 5.2+0.1*
IFN-y 19.3+0.5* 16.8+0.3*°
IFN-y + ATRA 93.3+£2.1*¢ 30.4+0.8*¢

Results are expressed as the means + SD (n=3). “P<0.05 vs. the control
group; °P<0.05 vs. the ATRA treatment group; “P<0.05 vs. the IFN-y
treatment group.

NB4-R1 cells were not restored (Fig. 4F). After treatment
with IFN-v, the size and number of the fluorescent particles in
the NB4 and NB4-R1 cell nuclei were significantly increased
compared to the control group, which implied that the expres-
sion of PML protein in both the NB4 and NB4-R1 cells was
increased. Nevertheless, no bulky fused fluorescent particles
(NB structures) appeared in both the NB4 and NB4-R1
cell nuclei, which implied that NB structures in both NB4
and NB4-R1 cells were not restored (Fig. 4C and G). After
treatment with IFN-y + ATRA, the size and number of the
fluorescent particles were increased and bulky fused fluores-
cent particles (NB structures) appeared in the NB4 cell nuclei,
implying that the expression of PML protein was increased
and NB structures were restored (Fig. 4D). Although the size
and number of the fluorescent particles were increased, still no
bulky fused fluorescent particles were noted in the NB4-R1
cell nuclei, which was similar to the IFN-y group (Fig. 4H).

Discussion

As a negative regulating factor of cell growth, IFN inhibits
the growth of many tumor cells (10). IFN has traditionally
been applied to the treatment of many malignant hematologic
diseases, such as chronic myelocytic leukemia (CML), multiple
myeloma (MM) and hairy cell leukemia (HCL) (11-13). ATRA,
as a strong differentiation inductor, also inhibits the proliferation
of APL cells (14). In our study, MTT assay showed that IFN-y
in combination with ATRA significantly enhanced the growth
inhibition effect of ATRA on both NB4 and NB4-R1 cells.

Buonamici et al (15) found that both type I and II IFN
induced the expression of the PML protein. The PML gene
promoter has an IFN-stimulated response element (ISRE)
-GAGAATCGAAACT- and an IFN-y-activated site (GAS)
-TTTACCGTAAG-. IFN combines with ISRE or GAS of the
PML gene to induce transcription and expression of the PML
gene directly (16-19). In our study, the results of the indirect
immune fluorescent test showed that the size and the number
of the fluorescent particles in the NB4 and NB4-R1 cells
were significantly increased compared to the control group
after they were treated with IFN-y, which implied that IFN-vy
induces the expression of the PML protein. Our findings are
consistent with the reports of Buonamici et al.

As a type of tumor growth inhibitor, the PML protein
inhibits the growth of many types of tumor cells (20,21). In
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Figure 3. Photomicrographs of the NBT reduction assay of NB4 cells in
(A) the control group, (B) the ATRA treatment group, (C) the IFN-v treat-
ment group, (D) the IFN-y + ATRA treatment group, and of NB4-R1 cells
in (E) the control group, (F) the ATRA treatment group, (G) the IFN-y
treatment group and (H) the IFN-y + ATRA treatment group (Wright's
stain; magnification, x1,000). (A and E) There were no black particles
(formazan) in the control group of NB4 and NB4-R1 cells. (B) There were
many black particles (formazan) in the ATRA group of NB4 cells, so-called
NBT-positive cells, which indicated that the NB4 cells had differentiated.
(F) However, almost no black particles (formazan) appeared in the ATRA
group of the NB4-R1 cells. (C and G) There were a few black particles
(formazan) in the IFN-y group of the NB4 and NB4-R1 cells. (D and H)
Notably, in both the NB4 and NB4-R1 cells, the NBT-positive rates in the
IFN-vy + ATRA treatment group were the highest among the four groups,
respectively.

APL cells, chromosome translocation of t(15,17) leads to the
formation of the PML-RARa fusion gene and the expression
of PML-RARa protein. The latter sequestrates the PML
protein by forming a heterodimer with the PML protein, which
results in the inactivity of PML protein and the occurrence
of APL (22-24). Accordingly, we hypothesized that there are
close relationships between the up-regulation of expression of
the PML protein induced by IFN-y and the growth inhibitory
effect of IFN-y on NB4 and NB4-R1 cells.

The NBT reduction assay is an index which is often used
to reflect the differentiation of APL cells functionally. The
CDl11b antigen is usually expressed on the surface of mature
myeloid cells, which is also used to represent the maturation
degree of APL cells. In our study, the results of the NBT test
and CDI11b antigen detection by FCM suggested that IFN-y
enhances the induction differentiation effects of ATRA on
NB4 cells. Most importantly, it induces the differentiation of
NB4-R1 cells with ATRA resistance when it cooperates with
ATRA. The same results were drawn from the cell morpho-
logical observation (Fig. 3).
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Table II. Expression of the CDI11b antigen on the NB4 and
NB4-R1 cell surface in the four treatment groups.

Subgroup NB4 NB4-R1
Control 2.91+0.06 1.58+0.04
ATRA 61.67+1.12* 2.19+0.07
IFN-y 22.58+0.372° 9.30+0.16°
IFN-y + ATRA 77.14x1.61%¢ 18.45+0.31*¢

Results are expressed as the means + SD (n=3). “P<0.05 vs. the control
group; "P<0.05 vs. the ATRA treatment group; °P<0.05 vs. the IFN-y

treatment group.

Figure 4. Photomicrographs of indirect immune fluorescent test of NB4
cells in (A) the control group, (B) the ATRA treatment group, (C) the IFN-y
treatment group, (D) the IFN-y + ATRA treatment group, and of NB4-R1
cells in (E) the control group, (F) the ATRA treatment group, (G) the IFN-y
treatment group and (H) the IFN-y + ATRA treatment group (magnification,
x1,000). (A and E) Many diffused, fine fluorescent particles are noted in the
nuclei of the NB4 and NB4-R1 cells, which implies that nuclear body (NB)
structures were destroyed. (B) Some bulky fused fluorescent particles (NB
structures) appear in the NB4 cell nuclei, which implies that NB structures
were restored. (F) However, the fluorescent particles in the NB4-R1 cell
nuclei remained diffused and fine, which implies that NB structures were not
restored. (C and G) The size and number of the fluorescent particles in the
NB4 and NB4-R1 cell nuclei were increased compared to those in the control
group, but there were no bulky fused fluorescent particles, which implies that
the expression of PML protein was increased, but NB structures were not
restored. (D) The size and number of the fluorescent particles were increased
and bulky fused fluorescent particles (NB structures) are noted in the NB4
cell nuclei, which implies that the expression of PML protein was increased
and NB structures were restored. (H) Although the size and number of the
fluorescent particles were increased, no bulky fused fluorescent particles
(NB structures) are noted in the NB4-R1 cell nuclei, which is similar to the
IFN-vy treatment group.
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Wang et al (25) found that the differentiation of
hematopoietic progenitor cells which was induced by retinoic
acid (RA) required the participation of the PML protein.
In PML** bone marrow cells, RA induced the terminal
differentiation of hematopoietic progenitor cells. On the
contrary, in PML™ bone marrow cells, RA did not induce
the terminal differentiation of hematopoietic progenitor cells,
even at an extremely high concentration.

Nuclear body (NB) structures are nuclear protein compounds,
which exist in the nucleus of normal cells (26). The breakage of
NB structures in APL cells suggested that the APL cells had lost
the abilities of differentiation or maturation (27). We found that
although IFN-vy could not restore the NB structures in NB4 and
NB4-R1 cells, it did augment the expression of the PML protein
and enhance the induction differentiation effect of ATRA in
both NB4 and NB4-R1 cells (Fig. 4). Therefore, we considered
that IFN-v in combination with ATRA enhanced the differentia-
tion effects of ATRA on NB4 cells and induced the maturation
of NB4-R1 cells with ATRA-resistant, and this may be related
to the up-regulation of PML protein expression induced by
IFN-y. Many studies have shown that IFN and ATRA have a
synergistic effect on modulating proliferation and differentiation
in many cell lines, which may be related to the fact that IFN
and ATRA can induce expression of certain genes, such as
RIG-G, ISGs and P21WAF1/CIP1, synergistically (28-31).

Taken together, IFN-y enhances the growth inhibition
effect of ATRA in both NB4 and NB4-R1 cells. Most impor-
tantly, IFN-y cooperates with ATRA to induce the maturation
of NB4 and NB4-R1 cells with ATRA resistance, which may
relate to the up-regulation of PML protein expression.
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