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Angiogenesis in acute promyelocytic leukemia: induction by vascular endothelial
growth factor and inhibition by aikansretinoic acid

Ameet R. Kini, LoAnn C. Peterson, Martin S. Tallman, and Mark W. Lingen

Recent studies indicate that angiogen-
esis is important in the pathogenesis of
leukemias, apart from its well-established
role in solid tumors. In this study, the
possible role of angiogenesis in acute
promyelocytic leukemia (APL) was ex-
plored. Bone marrow trephine biopsies
from patients with APL showed signifi-
cantly increased microvessel density and
hot spot density compared with normal
control bone marrow biopsies. To identify
the mediators of angiogenesis in APL,
guantitative and functional assays were
performed using the NB4 APL cell line as
a model system. Conditioned media (CM)

from the NB4 cells strongly stimulated
endothelial cell migration. CM from the
NB4 cells contained high levels of vascu-
lar endothelial growth factor (VEGF) but
not basic fibroblast growth factor (b0FGF).
Most important, the addition of neutraliz-
ing VEGF antibodies completely inhibited
the ability of NB4 CM to stimulate endothe-
lial cell migration, suggesting that APL
angiogenesis is mediated by VEGF. The
effect of all- trans retinoic acid (ATRA) on
APL angiogenesis was then studied. ATRA
therapy resulted in a decrease in bone
marrow microvessel density and hot spot
density. CM from ATRA-treated APL cells

did not stimulate endothelial cell migra-
tion. Finally, quantitative assays showed
that ATRA treatment resulted in the abro-
gation of VEGF production by the NB4
cells. These results show that there is
increased angiogenesis and VEGF pro-
duction in APL and that ATRA therapy
inhibits VEGF production and suppresses
angiogenesis. The addition of specific
antiangiogenic agents to differentiation
therapy or chemotherapy should be
explored. (Blood. 2001;97:3919-3924)
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Introduction

Angiogenesis is an essential phenotype in growth and develggtients with APE®30and is effective, at least in part, by inducing
ment! wound healing,and reproductiod> An inadequate amount differentiation of the abnormal promyelocytes. We had previously
of blood vessel growth contributes to ulcer formatfowhereas shown that ATRA is antiangiogenic in oral squamous cell carci-
excessive angiogenesis contributes to a number of pathologimma3!-32and we wanted to assess whether ATRA therapy also has
conditions including arthritis, psoriasis, and neopldsia. an antiangiogenic effect in APL.

In a series of now classical experiments, Folkman and col- Our results demonstrate that angiogenesis is increased in APL
league& demonstrated that solid tumors cannot grow any largend is mediated by vascular endothelial growth factor (VEGF). In
than 2 to 3 mm in diameter without being able to induce their owaddition, we report that ATRA therapy inhibits VEGF production
blood supply. Recent evidence suggests that angiogenesis is critarad is accompanied by a decrease in microvessel density.
in the pathogenesis of numerous different hematologic malignan-
cies, including acute lymphoblastic leukefi& acute myelog-
enous leukemi&ll3 chronic lymphocytic leukemi# chronic Patients, materials, and methods
myeloid leukemid? and multiple myelomag-18 .

The purpose of this study was to examine the role of amgioge'?la-‘t'ents
esis in acute promyelocytic leukemia (APL). APL is distinct fronEach patient included in this study ¢112; 8 women, 4 men) had a
other forms of acute myelogenous leukemia on clinical, morphoenfirmed diagnosis of APL by either conventional cytogenetics showing
logic, and molecular bases. The molecular hallmark of this disedbe t(15;17) translocation or by polymerase chain reaction for the PML-

is the presence of a balanced reciprocal translocation involving tRé@R fusion protein. The mean age was 47.3 years. Of the 12 original
retinoic acid receptorr (RARx) gene on chromosome 17 in al| Patients, bone marrow biopsy specimens were available for 7 patients after
éTRA treatment. All 7 patients were in morphologic remission. Of these 7

. 19-23 T . . .
paggnts. TE:S ttype IOf lﬁUKeml? h_asbbeen ethetnhSIVely.ftgql.lt?/)aﬂents, 4 also underwent concurrent induction chemotherapy. Post-ATRA
andis amenable to molecular analysis because of the avanabliityghe maprow biopsies were taken 23 to 93 days after diagnostic biopsies.

excellent model systems that rgcapltulate th_e diseeSe. Control bone marrow biopsy specimens=rl2) were obtained from

We also wanted to determine the possible effect oftralfts  patients undergoing staging biopsy for breast carcinoma and lymphoma and
retinoic acid (ATRA) on angiogenesis in APL. ATRA therapy hasom patients evaluated for anemia and thrombocytopenia. The mean age of
brought about significant improvement in the remission rates tiie control patients was 52.8 years (8 women, 4 men).

From the Departments of Pathology and Medicine, Northwestern University  Orleans, LA, December 1999.
Medical School, Chicago, IL; and the Department of Pathology, Cardinal

’ . . ) Reprints: A t R. Kini, Department of Pathology, Bldg 110, 2nd FI, Loyol
Bernardin Cancer Center, Loyola University Medical Center, Maywood, IL. eprints: Amee ini, Department ol athology, 9 n oyoa

University Medical Center, 2160 South First Ave, Maywood, IL 60153; e-mail:

Submitted October 13, 2000; accepted February 23, 2001. akinio00@md.northwestern.edu.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

Supported in part by grants from the National Institutes of Health (CDE 12322)
and the Cardinal Bernardin Cancer Center (P20 CA79403).

Presented in part at the American Society of Hematology meeting, New  © 2001 by The American Society of Hematology

BLOOD, 15 JUNE 2001 - VOLUME 97, NUMBER 12 3919

20z aunf 80 uo 3sanb Aq 4pd'616€010Z18U/ESZSL9L/616€/Z1L/L6/4Pd-Bl01IE/PO0Iq/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumo]


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V97.12.3919&domain=pdf&date_stamp=2001-06-15

3920 KiINletal BLOOD, 15 JUNE 2001 - VOLUME 97, NUMBER 12

Measurement of microvessel density

The degree of angiogenesis in the APL specimens was quantified RESU":S

measuring microvessel density in bone marrow trephine sections of patients . o

with newly diagnosed disease £n12). Vessel presence in tissue sectionér_":re""s":"'j angiogenesis in APL bone marrow
was highlighted by the use of standard immunohistochemistry tech@fquelioPsy specimens

using antibodies to CD34 (Immunotech, Westbrook, ME). Any endothelirié. ticb bi . f tients with APL
cell cluster distinct from other endothelial cells, nonendothelial cells, al lagnostic bone marrow blopsy Sspecimens from patients wi

connective tissue was counted as a microvessel. It was unnecessary f3d Significantly higher microvessel density than normal control
lumen to be present to define a microvessel. The entire bone marrow cB¥@fows (Figure 1). Mean microvessel density in APL marrows
section was examined, and microvessel density was quantified as W4@s 7.0/high-power field (hpf), whereas in normal control marrow
average number of microvessels per high-power field (6ROHot spot it was 2.4/hpf P = .0001, Figure 2A). In addition, we examined
density was measured by examining the bone marrow core section at lnet spot density in the APL and control biopsies. Hot spot is defined
power (100x) and identifying the area with the highest microvessehs the high-power field with the highest microvessel density. An
density. Microvessel density in this area was then measured at highag of high microvessel density, such as a hot spot, may represent
magnification (600x). In addition, expression of the angiogenic peptidqhe emergence of an angiogenic clone and may be responsible for

Ziﬁﬁsﬁeésv?g;aasi,reuszse%Oljzatz:]ngtlgggéria}nmt?nuirc;‘tfi’stggzexisgg,ngcn,;;réﬁ‘ggread of the disease. Hot spot density was also significantly higher
"= .0007; Figure 2B) in APL marrows (15.5/hot spot) than in

Cell culture, ATRA treatment, and collection of normal marrows (7.4/hot spot)

ditioned medi
conditioned media Angiogenesis in APL is mediated by VEGF

The NB4 APL cells (obtained as a kind gift from Dr Peter Domer, ) ) ) ) )
University of Chicago) were cultured in RPMI 1640 with 10% heatYWhether angiogenesis occurs in a particular tissue depends on
inactivated fetal calf serum and 1% penicillin-streptomycin and maintainéfie balance between the relative amounts of molecules that
at 37°C and 5% C® ATRA (Sigma Pharmaceuticals, St Louis, MO) was
prepared in dimethyl sulfoxide and stored as stock solution of M at

—80°C. ATRA was then added directly to the culture medium of the NB4 | A'
cells, with a final concentration of 16 M. NB4 cells were cultured in '
ATRA for 3 days before conditioned media (CM) were generated.|
Serum-free CM was generated from ATRA-treated and untreated cells b'
rinsing the cells in RPMI 3 times, incubating the cells in RPMI for 4 hours,
refeeding the cells with RPMI, and collecting the CM after 24 hours. Levels;
of the angiogenic peptides basic fibroblast growth factor (bFGF) and VEGF
in the CM were quantified using the Quantikine bFGF and VEGF assay:
(R&D Systems, Minneapolis, MN), according to the manufacturer’s
protocols. For endothelial cell migration assays, CM were concentratet
using Centriprep-3 concentrators (Amicon, Beverly, MA), and protein

23200 (Pierce Biochemical, St Louis, MO).

Endothelial cell migration assays

Endothelial cell migration assay was performed as previously desciibed. |
Briefly, human dermal microvascular endothelial cells (Cell Systems,
Kirkland, WA) were starved overnight in endothelial basal media (Clonet-"
ics, San Diego, CA) containing 0.1% bovine serum albumin (BSA), §
harvested, resuspended into endothelial basal media with 0.1% BSA, platé
on the bottom side of a modified Boyden chamber (Neuro Probe
Gaithersburg, MD), and allowed to attach in an inverted chamber at 37°

added to the wells of the upper chambeid protein/well in a volume of
50 pL). After 4 hours the membranes were stained, and the number o
endothelial cells that migrated to the upper chamber were counted per 1s*
high-power fields. Background migration was detected by using BSA alone

and purified growth factors (VEGF, 100 pg/mL; bFGF, 15 ng/mL) were
used a positive controls. Neutralizing antibodies were used at concentre
tions previously optimized by dose-response experiments (anti-VEGF, 2 %
rg/mL; anti-bFGF, 20ng/mL). All growth factors and antibodies were

alone did not affect endothelial cell migration. Neutralizing antibodies
completely inhibited the ability of the purified growth factors to stimu-
late migration.

Statistical analyses

Statistical analyses were performed using the Stutléest. Differences F9u'e 1. Microvessels in APL and control bone marrow biopsy specimens. —  (A)
Many microvessels were evident in this diagnostic bone marrow trephine biopsy

were considered statistically significant wher< .05. Statistical analyses specimen from a patient with APL. (B) In contrast, this normal control bone marrow

were performed using the Prophet 5.0 program (BBN Systems ap@psy sample had few microvessels. Microvessels were highlighted by immunohisto-
Technologies, Cambridge, MA). chemistry with the use of antibodies to CD34 (brown). Original magnification, 600 X.
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Figure 2. Microvessel density and hot spot density in APL and control bone
marrow biopsy specimens.  Microvessel density in diagnostic APL bone marrow
biopsy specimens (M, n = 12) was 7.0/hpf, whereas microvessel density in normal
control bone marrow biopsy samples ((J, n = 12) was 2.4/hpf (P = .0001). Hot spot
density in APL bone marrow biopsy specimens (15.5/hot spot) was significantly
(P = .0007) higher than in control bone marrow biopsy specimens (7.4/hot spot)

induce and molecules that inhibit angiogenédig/e used the F
NB4 cell line as a model system to study the possible inducers o

suppressors of APL angiogenesis. The NB4 cell line was
established from a patient with APL and has all the characteristic
features of APL including the t(15;17) translocati®o assess :
the angiogenic potential of the NB4 cells, the conditioned medizs

(CM) from these cells were tested in the endothelial cell
migration assay. CM from NB4 cells strongly stimulated
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Figure 3. VEGF-mediated stimulation of endothelial cell migration by NB4 CM.

(A) Conditioned media from NB4 cells strongly stimulated endothelial cell migration.
Migration was completely inhibited by the addition of antibodies to VEGF. The
addition of anti-bFGF antibodies had no effect on endothelial cell migration. The
upper horizontal line is a positive control using purified VEGF. The lower horizontal
line is a negative control using bovine serum albumin. (B) In contrast to CM from
untreated NB4 cells, CM from NB4 cells treated with ATRA did not stimulate
endothelial cell migration. The addition of CM from NB4 cells treated with ATRAto CM
from untreated NB4 cells did not result in the inhibition of endothelial cell migration.
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Table 1. Production of angiogenic peptides by NB4 cells

VEGF (pg/mL) bFGF (pg/mL)
NB4 243.4 = 28.9 1.2+05
NB4 + ATRA <5 0.8 +0.7

VEGF indicates vascular endothelial growth factor; bFGF, basic fibroblast growth
factor; ATRA, all-trans retinoic acid; CM, conditioned media.

CM obtained from NB4 cells contained high concentrations of VEGF but not of
bFGF. Treatment of NB4 cells with ATRA resulted in abrogation of VEGF production.
Levels of angiogenic peptides in the CM are expressed in terms of pg/mL = SEM.

endothelial cell migration (Figure 3A). To identify the possible
mediators of angiogenesis within the NB4 CM, we performed
guantitative assays for the angiogenic peptides basic fibroblast
growth factor (bFGF) and VEGF. The CM from the NB4 cells
contained high levels of VEGF but not bFGF (Table 1). These
data suggested that NB4 cells induced endothelial cell migration
through the production of VEGF. However, there are at least 18
known inducers of angiogenesis,and it is possible that
substances other than VEGF are involved in stimulating migra-
tion. To test this possibility, we used neutralizing antibodies to
VEGF and bFGF in the endothelial cell migration assays. The
addition of anti-VEGF neutralizing antibodies completely inhib-
ited endothelial cell migration, indicating that VEGF is a major

Figure 4. Microvessels in APL bone marrows at diagnosis and remission. Bone
marrow trephine section from an APL patient in ATRA-induced remission (A) had
fewer microvessels than a diagnostic bone marrow biopsy specimen from the same
patient (B). Microvessels were highlighted immunohistochemically with the use of
antibodies to CD34 (brown). Original magnification, 600 X.
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mediator of angiogenesis (Figure 3A). As was expected, the g
addition of anti-bFGF antibodies had no effect on endothelial
cell migration (Figure 3A).

ATRA therapy inhibits VEGF production and angiogenesis
in vitro and in vivo

We then examined angiogenesis in bone marrow biopsy samplé
from patients in morphologic remission after ATRA therapy.
ATRA-treated bone marrows had fewer microvessels than the
diagnostic bone marrow samples (Figure 4). Quantification (Figure
5A) revealed a significant decreade € .0063) in microvessel
density in bone marrow samples from APL patients treated wit :
ATRA (4.2/hpf) in comparison to their corresponding diagnostic |
bone marrow biopsy samples (8.1/hpf). Hot spot density (10.4/ho &
spot) was also lower in the ATRA-treated bone marrow samples
than in the corresponding diagnostic bone marrow samples (17.
hot spot;P = .0159).

To study the possible role of ATRA on APL angiogenesis in
our in vitro system, we then treated the NB4 cells with ATRA =
and assayed its ability to stimulate endothelial cell migration. . o \ ‘ ‘. -
CM from ATRA-treated APL cells did not stimulate endothelial . t
cell migration (Figure 3B). In addition, mixing CM from NB4 ’ wis.

cells and ATRA-treated NB4 cells did not inhibit migration | - . 9
(Figure 3B), indicating that the loss of angiogenic potential by‘ ““. '

NB4 cells resulted from the loss of production of an inducer of

angiogenesis rather than from the production of an inhibitor of
angiogenesis. Quantitative assays showed that ATRA treatmel
resulted in the abrogation of VEGF production by the NB4 cells

(Table 1).

Finally, to confirm the relevance of our results in vivo, we
performed VEGF immunostaining in the APL bone marrow biopsy
samples. Figure 6 shows that the tumor cells of the diagnostic bon

-
t& o3

BN S
o .97’53'33-"

| Bea ¥
marrow biopsy specimens were positive for VEGF and that ATRA ‘- - ‘J" .‘

treatment resulted in a marked decrease in VEGF staining.
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Figure 5. Microvessel density and hot spot density in APL bone marrows at
diagnosis and remission.  Microvessel density in bone marrow biopsy specimens
obtained from patients (n = 7) in ATRA-induced remission ([J, 4.2/hpf) was signifi-
cantly decreased (P = .0063) compared with microvessel density (8.1/hpf) in
diagnostic bone marrow biopsy samples from the same patients (H). Hot spot density
in bone marrow biopsy specimens from APL patients in ATRA-induced remission
(10.4/hot spot) was also significantly (P = .0159) lower than hot spot density
(17.3/hot spot) in their corresponding diagnostic bone marrow biopsy specimens.

Figure 6. VEGF staining in APL bone marrows at diagnosis and remission.

(A) Diagnostic bone marrow biopsy sample from a patient with APL showed strong
VEGF staining in the tumor cells. (B) Bone marrow biopsy sample from the same
patient obtained after remission induced by ATRA therapy showed decreased VEGF
staining intensity.

Discussion

We have demonstrated increased angiogenesis in the bone marrow
of patients with APL. Both microvessel density and hot spot
density were higher in diagnostic bone marrow biopsy specimens
from patients with APL than in normal control bone marrow. These
findings are consistent with increased bone marrow angiogenesis
observed in numerous types of acute and chronic leukemia and in
multiple myeloma. In APL, abnormal promyelocytes proliferate in
the bone marrow, and increased angiogenesis may support this
proliferation. Bone marrow angiogenesis may also facilitate the
spread of leukemic cells beyond the bone marrow. The experiments
presented here suggest that VEGF is a major mediator of angiogen-
esis in APL. Cultured NB4 APL cells produced VEGF, and APL
cells in bone marrow biopsy samples were positive for VEGF.
Conditioned media from NB4 cells stimulated endothelial cell
migration; this migration was completely inhibited by anti-
VEGF antibodies.

In addition to stimulating the production of new blood vessels,
VEGF may be involved in complex autocrine and paracrine
interactions in the bone marrow microenvironment. One possibility
is that there may be paracrine interactions in which VEGF
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produced by APL cells promotes endothelial cell migration anehechanisms, including degradation of the PML-RARrotein,
proliferation and that the endothelial cells produce factors thaanscriptional activation of the wild-tyd®ARx gene, and nuclear
promote tumor cell growth. This paracrine interaction would resulelocalization of PML and other proteifThe reduction of VEGF
in a positive feedback loop that may enhance both angiogenesis anaduction on ATRA treatment could be part of the differentiation
tumor cell proliferation. Other examples of this type of paracrinprocess that results in the conversion of the abnormal promyelo-
loop occur in leukemias. Paracrine pathways involving leukemaytes into mature neutrophils. An alternative explanation is that
cells have been described for tumor necrosis fagfrand ATRA directly down-regulates APL tumor cell expression of
interleukin (IL)-138 In addition, Fiedler et & found that VEGF VEGF, independent of the differentiation pathway. Direct down-
stimulated the production of granulocyte macrophage colomggulation of VEGF production after retinoic acid treatment has
stimulating factor (GM-CSF), and Bellamy et3%keported that been observed in human keratinocytesnd is dependent on the
VEGF can stimulate M-CSF, G-CSF, IL-6, and stem cell factanti—AP-1 activity of retinoic acid®
production in human umbilical vein endothelial cells. Each of these Recentimprovements in the treatment of APL have led to 4-year
cytokines could potentially elicit growth-stimulatory signals ortisease-free survival rates greater than 7098.However, toxic
leukemic cells. Alternatively, it is possible that VEGF may act in aeffects of induction therapy (including retinoic acid syndrome) and
autocrine fashiot#4% and have some positive biologic effects orrelapse remain the major obstacles to (@A possible strategy
the leukemic cells themselves. In APL, there may also be a link improve outcomes would be to use retinoids for their differenti-
between angiogenesis and the severe coagulopathies that acating and antiangiogenic activities in conjunction with specific
pany the disease. An important mediator of the coagulati@mtiangiogenic agents such as anti-VEGF antibodies. The use of
abnormalities in APL is tissue facttrVEGF has been shown to multiple inhibitors of angiogenesis to decrease toxicity while
increase tissue factor express#tfand may, therefore, be respon maintaining efficacy has been demonstrated in a number of
sible, at least in part, for the disordered coagulation by acting in different setting$!->* Because VEGF stimulates tissue factor
autocrine fashion on the APL cells. production, anti-VEGF therapy may also aid in ameliorating the
ATRA therapy results in a decrease in microvessel density, hahagulopathies seen in APL. Although our results suggest that the
spot density, and VEGF reactivity in the bone marrow of patienengiogenesis paradigm may be extended to APL, they do not show
with APL. NB4 cells treated with ATRA do not stimulate endothethat angiogenesis is essential in APL. Prospective clinical trials
lial cell migration because of suppression of VEGF productiomsing specific antiangiogenic drugs, alone or in combination with
Previously, we had demonstrated that retinoic acid can modula&sisting therapeutic modalities, are necessary to assess the impor-
expression of the angiogenic phenotype through 2 different patiance of angiogenesis in APL and other types of leukemia.
ways. ATRA induces squamous cell carcinoma tumor cells to
produce a retinoic acid-inducible inhibitor of angiogené&sim
addition, it can cause endothelial cells to become refractory focknowledgments
inducers of angiogenesis.The inhibition of VEGF secretion by
ATRA represents a third possible mechanism by which retinoid®e thank Drs William J. Karpus and James Bartles and members of
modulate tumor-induced angiogenesis. their laboratories for the use of facilities and assistance with some
ATRA induces the differentiation of abnormal promyelocytesf the experiments, and we thank Dr Charles Goolsby for helpful
into neutrophils. This differentiation takes place through multipldiscussions.
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