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Although interferon-oL (IFN-oL) induces hematologic remissions in 70% to 80% of 
patients with chronic myelogenous leukemia (CML) and complete or near-com- 
plete cytogenetic remissions in 10% to 20% of patients, the exact mechanisms 
underlying these clinical results remain unclear. We have hypothesized that IFN-oL 
acts at least in part through restoration of I~I -integrin function on malignant hema- 
topoietic progenitors that can promote adhesion of malignant progenitors to the 
marrow microenvironment. This may then restore microenvironmental inhibition of 
progenitor proliferation and induce tumor dormancy. We demonstrate that IFN-oL 
administration to a patient suffering from a clinically severe bleeding diathesis 
reversed the defective collagen-mediated aggregation of platelets expressing 
normal numbers of functionally inactive collagen receptors. This is the first in vivo 
demonstration that IFN-e can up-regulate the function of adhesion receptors in CML 
and supports the premise that IFN-e induces remissions by restoring normal integrin- 
mediated interactions between progenitors and microenvironmental components. 
(J Lab Clin Med 1998;131:163-9) 
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A l though I F N - a  has been  shown to induce 
hematologic  remissions in 70% to 80% of 
patients with C M L  and to induce complete  

or  near-comple te  cytogenetic remissions in 10% to 
20% of  patients, the exact mechanisms underlying 
these clinical results remain  unclear. W e  have hy- 
pothesized that  IFN-ot acts at least in par t  th rough  
restorat ion of  [31-integrin funct ion on malignant  he- 
matopoie t ic  progeni tors  that  can p romote  adhesion 
of  malignant  progeni tors  to the mar row rnicroenvi- 
ronment .  This may then restore microenvi ronmen-  
tal inhibition of  progeni tor  prol iferat ion and induce 
tumor  dormancy.  

CASE REPORT 

P.C. is a 59-year old white woman who was diagnosed 
with Ph+, chronic-phase CML in 1987 (Fig. 1). She was 
treated with hydroxyurea with good control of peripheral 
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Case: Therapy 
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Fig. 1. Clinical course. Indicated are treatment with IFN-% need 
for red cell and platelet transfusions, and times (*) at which 
platelet aggregation studies were done. The x-axis units of time 
are months. 

counts and symptoms. Six years after the initial diagnosis, 
she experienced bruising, repeated episodes of epistaxis, 
and gastrointestinal bleeding necessitating transfusion of 
20 units of RBCs over the next year. Aside from some 
mild gastritis, which was treated with H2-blockers and 
later omeprazole, results of esophagogastroduodenos- 
copies, colonoscopies, and an abdominal arteriography 
did not reveal a localized source for her gastrointestinal 
bleeding• During that time she developed frank spleno- 
megaly, thrombocytopenia ranging between 50 and 120 x 
109/L, and significant leukocytosis ranging between 30 and 
120 x 109/L. She was referred to the University of Min- 
nesota for consideration of autologous stem cell trans- 
plantation. Her medical history is also significant for gran- 
ulosa cell carcinoma of the ovary 15 years earlier, which 
was treated with radical hysterectomy and cobalt radiation 
therapy from the umbilicus to the symphysis pubis for an 
estimated dose of 3200 cGy. She also previously under- 
went partial thyroidectomy for a benign thyroid cyst and 
cholecystectomy. 

When she was first seen at the University of Minnesota, 
we noted several large bruises diffusely over her extrem- 
ities and trunk and small petechiae but no telangiectasiae 
in the oral mucosa. The spleen was palpable 15 cm below 
the left costal margin. During the month of February, she 
continued to have frank melanotic stools requiring trans- 
fusion of 6 units of RBCs to keep her hemoglobin above 
8 gm/dl. Reticulocytosis was between 8% and 10%. The 
WBC count ranged between 100 and 145 × 109/L and the 
platelet count between 80 and 120 x 109/g. RBCs were 
morphologically hypochromic and microcytic, and there 
was significant polychromasia, anisopoikilocytosis, and 
rare tear drop cells• The WBC differential was 70% neu- 
trophils, 8% monocytes, 5% metamyelocytes, 7% myelo- 
cytes, 2% promyelocytes, 7% basophils, and <1% blasts• 
There was marked platelet anisocytosis, with the largest 
platelets seen being approximately 16 ~m across. Twenty 
percent of the platelets were agranular and 80% were 
hypogranular. A bone marrow aspirate and biopsy were 
performed that confirmed the diagnosis of CML in appar- 
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Fig. 2. Platelet aggregation studies. Platelet aggregation with 
4p~g collagen (A) and 5 × 10 -5 epinephrine (B) were done twice 
while the patient was receiving IFN-a (8 and 14 months after 
referral to the University of Minnesota) and twice while the 
patient was untreated (before starting IFN-a treatment and 11 
months after referral). Platelet aggregation with collagen and 
epinephrine was done in a normal control subject (C). 

ent chronic phase. Decreased iron stores were noted. 
Cytogenetic analysis demonstrated 20/20 metaphases with 
a single Ph chromosome. Serum iron level was < 10~gm/dl 
(normal range 35 to 180 ~g/dl) and serum transferrin level 
was 485 izgm/dl (normal range 210 to 360 ~g/dl). Plasma 
coagulation studies were essentially normal, with a pro- 
thrombin time of 10.6 seconds (international normalized 
ratio of 0.95), a partial thromboplastic time of 29.7 sec- 
onds, a thrombin time of 14.8 seconds, and a Clauss 
fibrinogen value of 0.54 gm/dl, yon Willebrand antigen as 
determined by enzyme-linked immunosorbent assay as 
well as the ristocetin cofactor activity were elevated. Dis- 
tribution of von Willebrand multimers as determined by 
crossed immunoelectrophoresis was normal. Bleeding 
time was prolonged (>20 minutes; normal <8 minutes), 
and platelet aggregation studies demonstrated normal ag- 
gregation with serotonin, adenosine diphosphate and ris- 
tocetin. A weak primary aggregation but no secondary 
aggregation with epinephrine was observed, a feature that 
is seen in 10% to 15% of normal individuals. More im- 
portantly, a complete absence of aggregation was noted 
with 2 and 4 p~g/ml collagen (Fig. 2). Further, these ag- 
gregation studies also indicate that no shape change oc- 
curred in the platelets after the addition of collagen. 
Repeat esophagogastroduodenoscopy, colonoscopy, arte- 
riography, and tagged red cell scan again failed to dem- 
onstrate a lesion responsible for the gastrointestinal 
bleeding. All patient blood samples obtained for experi- 
mental purposes were obtained according to guidelines 
from the Committee on the Use of Human Subjects in 
Research at the University of Minnesota. 

The patient was taken to the operating room for sple- 
nectomy, because the massive splenomegaly was thought 
to contribute to her RBC transfusion requirements and 
thrombocytopenia. An intra-operative ileoscopy revealed 
the presence of a bleeding lesion mid ileum and a second 
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lesion in the jejunum, which were resected. Pathologic 
examination of the spleen was compatible with CML. The 
ileal and jejunal lesions revealed acute mucosal/submuco- 
sal hemorrhage and granulation tissue. After surgery she 
was continued on hydroxyurea (1500 rag/day) with better 
control of her platelet count, which ranged between 400 
and 500 × 109/L, and her WBC count, which ranged 
between 13 and 25 × ]09/L. However, she continued to 
have episodes of melanotic diarrhea for which she was 
rehospitalized on three different occasions during the next 
3 months. Repeated upper and lower endoscopies, arte- 
riographies, and tagged red cell scans did not reveal a 
localized lesion. She required transfusion with 19 units of 
RBCs. She was given a trial of epsilon amino caproic acid 
that was discontinued because of intolerance. Subse- 
quently she was started on 4.5 MU/day IFN-c~, and hy- 
droxyurea was decreased to 500 rag/day. During the first 
month of IFN-c~ therapy, she also received twice-weekly 
6-packs of random donor platelets. During that period her 
bruises disappeared and she had no significant gastroin- 
testinal blood loss. Her peripheral counts stabilized with a 
hemoglobin value between 8.5 and 10 gm/dl, a WBC count 
between 10 and 20 × 109/L, and a platelet count between 
200 and 300 × 109/L. One month after IFN-a therapy was 
started, platelet transfusions were stopped and she was 
maintained on hydroxyurea and 4.5 MU/day IFN-c~ with- 
out significant change in her peripheral blood parameters. 
Platelet aggregation studies were repeated, which now 
demonstrated normal aggregation with collagen. Both the 
initial shape change seen after the addition of collagen 
and the ensuing aggregation were restored. However, ab- 
normal aggregation with epinephrine persisted (Fig. 2). 
Furthermore, platelet morphology continued to be abnor- 
mal. Four months later, IFN-a therapy was stopped in 
preparation for autologous transplantation. However, 10 
days later, she again developed bruising and melanotic 
diarrhea. Seven days after IFN-c~ treatment was stopped, 
her hemoglobin level was 9.6 gm/dl but dropped to 6.1 
gm/dl after a further 7 days. She required transfusion of 5 
units of RBCs over the next 2 weeks. Platelet aggregation 
studies performed 14 days after IFN-c~ treatment was 
stopped demonstrated again a complete absence of aggre- 
gation with collagen (Fig. 2). Immunophenotypic analysis 
of her platelets demonstrated the presence of normal 
numbers of the CD36, CD49b, and CD61 adhesion recep- 
tors. Fourteen days after IFN-c~ was restarted, no new 
bruises appeared and her melanotic diarrhea ceased. The 
bleeding time repeated 2 months after re-initiation of 
IFN-a was 5 and 6 minutes, platelet aggregation studies 
demonstrated aggregation with collagen (Fig. 2), and im- 
muno-phenotypic analysis of the platelets demonstrated 
again the expression of normal levels of CD36, CD49b, 
CD29, and CD61 receptors. 

Five months later, accelerated-phase CML developed 
in the patient, with thrombocytosis, leukocytosis, increas- 
ing basophilia, and anemia not as a result of bleeding, 
which required increasing amounts of hydroxyurea (up to 
4 gm/dl). The combination of IFN-c~ and hydroxyurea 
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Fig. 3. Platelet adhesion to collagen. Platelets were collected 
from 50 ml peripheral blood from a normal volunteer donor and 
from the patient after informed consent was obtained according 
to guidelines approved by the Committee on the Use of Human 
Subjects for Research at the University of Minnesota. Platelets 
were labeled with 50 IxCi SlCr (specific activity 200 to 500 
mCi/mg 51Cr) (DuPont, Wilmington, Del.) for 30 minutes; 
washed twice with Ca/Mg-free HBSS (Gibco, Grand Island, 
N.Y.), 0.5% BSA (Sigma Chemical Co., St. Louis, Mo., 10% 
citrate phosphate dextrose, and 1 U/ml heparin (pH 6.5)(Sigma); 
washed once with Ca/Mg-free HBSS and 0.5% BSA (pH 7.4); 
and resuspended. Platelets were then exposed to either mouse 
immunoglobulin G (1 Ixg/ml, Sigma) or anti-[31-integrin antihod- 
ies (1:400 dilution of the murine anti-[31-antibody P4C10, pur- 
chased from Sigma) for 15 minutes and allowed to adhere to 
wells coated with collagen type IV (50 ixg/ml, Gibco) in a 48-well 
plate for 1 hour in the presence or absence of 1 U/ml thrombin 
(Sigma). Nonadherent platelets were removed by three washes 
with Ca/Mg-free HBSS, 0.5% BSA, BSA at pH 7.4, and adherent 
platelets collected after lysis with 10 mot/L NaOH. Percent ad- 
hesion was determined by the following equation: (Mean cpm in 
adherent fraction) - (Spontaneous release of mean cpm) × 
100% = (Percent adhesion in mean cpm in [adherent + nonad- 
herent fraction]) - (Spontaneous release in mean cpm). 

abruptly induced thrombocytopenia (<20 × 109/L) and 
neutropenia (absolute neutrophil count < 1 × 109/L), 
necessitating interruption of treatment with both IFN-c~ 
and hydroxyurea. Interestingly, before interruption of the 
IFN-ct therapy she did not have clinical signs of bleeding, 
despite the finding that her platelet count was only 18 × 
109/L. Five days after therapy with IFN-c~ was stopped, her 
platelet count had rebounded to 55 × 109/L, at which time 
she again developed bruises and melena. Repeat platelet 
aggregation studies demonstrated complete absence of 
aggregation with collagen (Fig. 2), even though the ex- 
pression of CD29, CD49b, CD36, and CD61 adhesion 
receptors was unchanged. To further demonstrate the 
defect in adhesion to collagen, we assessed the adhesion 
of platelets to collagen with platelets obtained from a 
normal donor (after informed consent) and with platelets 
obtained from the patient while she was not being treated 
with IFN-a. In contrast to platelets from a normal indi- 
vidual, which adhered to collagen through a [31-integrin- 
dependent mechanism, no adhesion to collagen was seen 
for platelets from our patient, either spontaneously or 
after stimulation with thrombin (Fig. 3). Once her platelet 



166 Verfaillie et al. 

count had recovered to >100 × 109/L, IFN-c~ was re- 
started at 2 MU/day. Ten days later, platelet aggregation 
with collagen normalized and the bleeding subsided. 

DIscussION 

CML is an invariably lethal malignant disease of 
the hematopoietic stem cell a that is characterized by 
the Philadelphia chromosome 2 and the BCR/ABL 
gene rearrangement. 3 The resulting oncoprotein, 
P210 BcR/ABL, is required and sufficient 4'5 for the 
malignant transformation of hematopoietic cells. 
Over the last 10 to 15 years, IFN-oL has been widely 
used to treat patients with CML. Seventy percent to 
80% of patients treated with IFN-a obtain a hema- 
tologic remission, while IFN-e~ induces a complete 
or near-complete cytogenetic remission in 10% to 
20% of patients. 6-s The exact mechanism through 
which IFN-o~ induces remissions in CML is not 
understood. IFN-oL does not directly affect CML 
progenitor proliferation. 9 In isolated chromatin nu- 
cleoprotein complexes, IFN-oL decreases DNA-poly- 
merase activity, an observation that has been corre- 
lated with clinical responses to IFN-oc 1° Decreases 
in DNA-polymerase levels or p210 BcR/ABL may 
eliminate the growth/survival advantage of malig- 
nant Ph+ CML progenitors and lead to remission. 
IFN-c~ may also inhibit expression of the oncopro- 
tein p210BCR/ABL, 11 which is thought to provide an 
anti-apoptotic signal. 12'13 However, careful exami- 
nation of marrow from patients with CML treated to 
complete cytogenetic remission with IFN-a indi- 
cates that some Ph+ progenitors persist, because 
colonies plucked from methylcellulose progenitor 
cultures of marrow from patients in remission after 
IFN-a treatment demonstrate the continued pres- 
ence of the Ph. 14 This suggests persistence of the 
malignant clone, albeit in a dormant state, rather 
than elimination of the Ph+ population. 

An alternative explanation for the hematopoietic 
remissions seen with IFN-oL treatment is that IFN-(x 
reverses the abnormal circulation and unregulated 
proliferation of malignant progenitors by restoring 
defective adhesion mechanisms. Several studies 
demonstrate that Ph+ hematopoietic progenitors 
from CML marrow adhere significantly less well to 
marrow stromal feeders and to the extracellular ma- 
trix component fibronectin than do progenitors ob- 
tained from normal marrow. 15q8 This lack of adhe- 
sion contributes to the uncontrolled proliferation of 
the Ph+ clone. 17 However, CML Ph+ progenitors 
express normal numbers of the a4131 and o~5131 in- 
tegrins, 15'16 adhesion receptors responsible for the 
interaction of normal progenitors with stroma and 
fibronectin. TM Interestingly, preincubation of Ph+ 
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progenitors for at least 12 hours with >100 U IFN-a 
restores progenitor adhesion to stromal feeders or 
fibronectin and restores microenvironmental regu- 
lation of their proliferation. 16'~7 Because antibodies 
against the eL4, o~5, or [31 integrins 16 can inhibit the 
IFN-a-induced adhesion, these studies indicate that 
[31-integrins, although present, are functionally ab- 
normal in CML. 

Presence of adhesion receptors on the cell surface 
does not necessarily indicate that the receptor has 
functional significance. 2°-22 Certain integrins are in- 
deed constitutively expressed on the cell surface in a 
non-functional or low-affinity state, but they can be 
switched to a functional, high-affinity state by the 
adhesive ligand itself ("activating antibodies") or by 
signaling through other adhesion receptors or eyto- 
kines. We believe that IFN-oL-induced restoration of 
~l-integrin-mediated adhesive mechanisms may at 
least in part explain the abrogation of the abnormal 
trafficking and abnormal growth regulation of CML 
progenitors by IFN-m 

In our patient, we demonstrate that the bleeding 
diathesis is caused at least in part by defective plate- 
let aggregation with collagen. The interaction of 
platelets with collagen is considered to be of primary 
importance in the arrest of bleeding. After damage 
to the vessel wall, platelets coming in contact with 
exposed collagen fibrils in the subendothelium 
spread along it, which results in activation and se- 
cretion of intracellular effectors leading to aggrega- 
tion. 23'24 The principal receptors responsible for ag- 
gregation with collagen are the GPIa/IIa integrin 
(e~2131 or CD49b/CD29) 25 in association with the 
GPIV or CD36 receptor 26 and the GPIIb/IIIa inte- 
grin (GPIIb, [33 or CD61). 27 A selective platelet 
aggregation defect with collagen has been described 
in rare patients in whom the number of ~2f31 inte- 
grins expressed on platelets was significantly de- 
creased. 2s-3° In contrast to these reported cases, 
expression levels of the collagen receptor o~2[~1 as 
well as the CD36 and CD61 receptors on platelets in 
our patient were normal. Lack of aggregation with 
collagen must therefore be the result of either a 
functional defect in the collagen receptor or a down- 
stream component of platelet aggregation. Platelet 
aggregation studies demonstrated also a loss of the 
secondary phase of platelet aggregation with epi- 
nephrine. Various in vitro abnormalities of platelet 
function have been described in patients with CML 
and other myeloproliferative syndromes, including 
hypoaggregation in response to epinephrine, aden- 
sosine diphosphate, thrombin, and platelet-activat- 
ing factor. 3>33 Of these, impaired responsiveness to 
epinephrine--which has been attributed to de- 
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creased numbers of platelet a-adrenergic recep- 
t o r s - h a s  in most studies been the most commonly 
encountered abnormality. 34 Associated impairment, 
but not complete loss, of collagen aggregation has 
been described that has been attributed to an ac- 
quired nucleotide storage defect. 32 Because aggre- 
gation with collagen, but not epinephrine, was nor- 
malized on three separate occasions after IFN-~ 
treatment, we believe that a defect at the collagen 
receptor level itself is more likely than a defect in a 
downstream component of platelet aggregation. The 
initial interaction of platelets with an agonist, includ- 
ing collagen, results in a change in shape from discs to 
spheres, which translates to an initial increase in light 
transmission when examined in an aggregometer. The 
shape change after the addition of collagen was seen 
only for platelets obtained while the patient was 
treated with IFN-oL but not when obtained at the time 
the patient was not treated with IFN-oL, further indi- 
cating that the collagen aggregation defect in our pa- 
tient is at the receptor level. 

The clinical observation that both the bleeding 
diathesis and the collagen-dependent aggregation 
defect reoccurred when IFN-oL therapy was stopped 
but disappeared when IFN-oL therapy was resumed 
supports our in vitro observation that IFN-o~ up- 
regulates the affinity state of integrin adhesion re- 
ceptors in CML and also supports the hypothesis 
that IFN-a acts at least in part by restoring normal 
integrin-mediated interactions between progenitors 
and bone marrow microenvironmental components. 
Why integrins are present in a low-affinity state on 
CML cells is currently unknown. CML is character- 
ized by the BCR/ABL gene rearrangement encoding 
the novel tyrosine kinase P210 BcR/ABL, which is nec- 
essary and sufficient for the malignant transforma- 
tion of hematopoietic progenitors. 4'5 Introduction of 
BCR/ABL cDNA in fibroblasts has been associated 
with adhesion-independent fibroblast prolifera- 
tion, 35 strongly suggesting that P210 Bct~ABL inter- 
feres with integrin-mediated signaling. P210 BcR/ABL 
binds significantly more to F-actin. 36 Compared with 
p145ABL, P210 BcR/ABL has increased tyrosine ki- 
nase activity, which results in activation of the Ras 
pathway 37 and phosphorylation of a number of in- 
tracellular adaptor proteins such as FAK, ~s Paxil- 
lin, 39 and Crld ,  4° all of which may interfere with 
normal integrin-dependent signaling. Studies from 
our group suggest that elimination of P210 Bc~ABL 
in CML clonogenic cells by treating CD34+ cells 
with anti-BCR/ABL anti-sense oligodeoxynucleoti- 
des restores [31-integrin-dependent adhesion to 
stroma and fibronectin (manuscript submitted). 
This links the presence of the P210 BcR/ABL tyrosine 

kinase to the defect seen in [31-integrin function in 
hematopoietic progenitors. 

Although our patient had been diagnosed with 
Ph+ CML in 1987, the bleeding diathesis did not 
develop until 1993. Furthermore, a similar bleeding 
diathesis is not a common occurrence in Ph+ CML. 
This suggests that presence of the P210 BcP4ABL in 
the megakaryocytic lineage may not be sufficient to 
induce clinically relevant 52131 integrin dysfunction. 
Because clinical characteristics compatible with ac- 
celerated phase disease (splenomegaly, leukocyto- 
sis) 41 coincided with the occurrence of the bleeding 
diathesis, it is possible that activation of additional 
oncogenes 42 in combination with the p210 BcP'/aBL 
are responsible for the profound defect seen in 
platelet aggregation in this patient. 

The mechanisms underlying the restoration to 
"normal" phenotype after treatment of CML cells 
with IFN-oL remain to be elucidated. IFN-a in- 
creases adhesion receptor expression levels in other 
biologic systems, including L-selectin, 43 LFA-3, 44 
and L A M - 1 .  45 However, the expression of [31-inte- 
grins on clonogenic progenitors from CML mar- 
r o w  16'17 o r  platelets from this patient did not in- 
crease after IFN-a treatment. Alternatively, IFN-oL 
may act by down-regulating BCR/ABL gene expres- 
sion. 11 Because anti-BCR/ABL anti-sense oligonu- 
cleotides restore [31-integrin-dependent adhesion fi- 
bronectin, it is possible that down-regulation of 
p210 BcR/ABL in megakaryocytes by in vivo treatment 
with IFN-e~ results in functionally normal collagen 
receptors on platelet progeny. This would explain 
the 7- to M-day delay between initiation of IFN-a 
therapy and the disappearance of the bleeding dia- 
thesis. Finally, IFN-oL may act through BCR/ABL- 
independent mechanisms such as direct activation of 
cytoskeletal components 46 or activation of phospha- 
tases that may dephosphorylate crucial integrin-as- 
sociated signal and adaptor molecules. 47 

Although the mechanisms underlying the defect 
in collagen-mediated aggregation or [31-integrin-de- 
pendent adhesion and their restoration after IFN-a 
treatment remain elusive, this represents the first in 
vivo evidence that IFN-c~ may affect [31-integrin- 
mediated adhesion and signaling. This supports our 
hypothesis that IFN-a may induce hematologic and 
cytogenetic remissions in CML by restoring Ph+ 
progenitor adhesion to and subsequent regulation of 
their proliferation by the bone marrow microenvi- 
ronment. 

REFERENCES 

1. Fiatkow PJ, Jacobson RJ, Papayannopoulou TH. Chronic 
myelocytic leukemia: clonal origin in a stem cell common to 



J Lab Clin Med 
168 Verfaillie et al, February 1998 

the granulocyte, erythrocyte, platelet and monocyte/macro- 
phage. Am J Med 1977;63:125-30. 

2. Bartram CR, deKlein A, Hagemeijer A, et al. Translocation 
of the c-abl oncogene adjacent to a translocation break point 
in chronic myelocytie leukemia. Nature 1983;306:277-80. 

3. Rowley JD. The Philadelphia chromosome translocation: a 
paradigm for understanding leukemia. Cancer 1990;65:2178- 
84. 

4. Gishizky ML, Witte ON. Initiation of dysregulated growth of 
multipotent progenitor cells by BCR/ABL in vitro. Science 
1992;256:836-9. 

5. Daley GQ, Van Etten RA, Baltimore D. Induction of chronic 
myelogenous leukemia in mice by the P 2 1 0  bCr/abI gene of the 
Philadelphia chromosome. Science 1990;247:824-9. 

6. Hehlmann R, Heimpel H, Hasford J, Kolb HJ, Pralle H, 
Hossfeld DK, et al. Randomized comparison of interferon- 
alpha with busulfan and hydroxyurea in chronic myelogenous 
leukemia. The German CML Study Group. Blood 1994;84: 
4064-77. 

7. Treatment of Ph-positive chronic myeloid leukemia with al- 
pha-interferon (ROFERON-A). The Italian Cooperative 
Study Group experience. The Italian Cooperative Study 
Group on Chronic Myeloid Leukemia. Leuk Lymphoma 
1993;ll(suppl 1):153-7. 

8. Talpaz M, Kantarjian H, Kurzrock R, Trujilo JM, Gutterman 
JU. Interferon-alpha produces sustained cytogenetic re- 
sponse in chronic myelogenous leukemia. Philadelphia chro- 
mosome-positive patients. Ann Intern Med 1991;114:532-8. 

9. Gordon MY. Regulation of growth in chronic myeloid leu- 
kemia. Leuk Lymphoma 1993;11(suppl 2):75-9. 

10. Nicolson NL, Talpaz M, Nicolson GL. Interferon-alpha di- 
rectly inhibits DNA polymerase activity in isolated chromatin 
nucleoprotein complexes: correlation with IFN-alpha treat- 
ment outcome in patients with chronic myelogenous leuke- 
mia. Gene 1995;159:105-11. 

11. Keating A, Guinn BA, Laraya P, Wang XH. a-Interferon 
downregulates transcription of BCR-ABL in colonies arising 
from Ph+ early hematopoietic progenitors in patients with 
chronic myeloid leukemia [abstract]. Blood 1995;86(suppl 
1):2096. 

12. Bedi A, Zehnbaner BA, Barber JP, Sharkis S J, Jones RJ. In- 
hibition of apoptosis by BCR-ABL in chronic myeloid leu- 
kemia. Blood 1994;83:2048-58. 

13. McGahon A, Bissonnette R, Schmitt M, Cotter KM, Green 
DR, Cotter TG. BCR-ABL maintains resistance of chronic 
myelogenous leukemia cells to apoptotic cell death. Blood 
1994;83:1179-87. 

14. Talpaz M, Estrov Z, Kantarjian H, Ku S, Foteh A, Kurzrock 
R. Persistence of dormant leukemic progenitors during in- 
terferon-induced remission in chronic myelogenous leuke- 
mia. Analysis by polymerase chain reaction of individual 
colonies. J Clin Invest 1994;94:1383-9. 

15. Verfaillie CM, McCarthy JB, McGlave PB. Mechanisms un- 
derlying abnormal trafficking of malignant progenitors in 
chronic myelogenous leukemia. Decreased adhesion to 
stroma and fibronectin but increased adhesion to the base- 
ment membrane components laminin and collagen type IV. 
J Clin Invest 1992;90:1232-41. 

16. Bhatia R, Wayner E, McGlave P, Verfaillie CM. Interfer- 
on-a restores adhesion of malignant progenitors in CML 
by restoring [31 integrin function. J Clin Invest 1994;94: 
384-91. 

17. Bhatia R, McCarthy JB, Verfaillie CM. Interferon-a restores 
normal [31-integrin mediated negative regulation of chronic 

myelogenous leukemia progenitor proliferation. Blood 1996; 
87:3883-91. 

18. Gordon MY, Dowdling CR, Riley GP, Goldman JM, 
Greaves MF. Altered adhesive interactions with marrow 
stroma of hematopoietic progenitor cells in chronic myeloid 
leukaemia. Nature 1984;328:342-4. 

19. Teixid6 J, Hemler ME, Greenberger JS, Anklesaria P. Role 
of [31 and [32 integrins in the adhesion of human CD34 hi stem 
ceils to bone marrow stroma. J Clin Invest 1992;90:358-67. 

20. EA Clark, JS Brugge. Integrins and signal transduction path- 
ways: the road taken. Science 1995;268:233-9. 

21. Schwartz MA, Schaller MD, Ginsberg MH. Biol integrins: 
emerging paradigms of signal transduction. Annu Rev Cell 
Dev 1995;11:549-99. 

22. Craig SW, Johnson RP. Assembly of focal adhesions: 
progress, paradigms, and portents. Current Opinion Cell Biol 
1996;8:74-85. 

23. Kehrel B. Platelet-collagen interactions. Semin Thromb He- 
most 1995;21:123-9. 

24. Nurden AT, Nurden P. A review of the role of platelet 
membrane glycoproteins in the platelet-vessel wall interac- 
tion. Baillieres Clin Haematol 1993;6:653-90. 

25. van Pampus EC, Denkers IA, van Geel BJ, Huijgens PC, 
Zevenbergen A, Osseukoppele GJ, et al. Expression of ad- 
hesion antigens of human bone marrow megakaryocytes, cir- 
culating megakaryocytes and blood platelets. Eur J Haematol 
1992;49:122-7. 

26. Tandon NN, Kralisz U, Jamieson GA. Identification of gly- 
coprotein IV (CD36) as a primary receptor for platelet- 
collagen interaction. J Biol Chem 1989;264:7576-83. 

27. Beer JH, Rahaglio M, Berchtold P, von Felten A, Clemetson 
KJ, Tsakiris DA, et al. Autoantibodies against the platelet 
glycoproteins (GP) IIb/IIIa, Ia/IIa, and IV and partial defi- 
ciency in GPIV in a patient with a bleeding disorder and a 
defective platelet collagen interaction. Blood 1993;82:820-9. 

28. Niewenhuis HI(, Akkerman JW, Houdijk WP, Sixma JJ. 
Human blood platelets showing no response to collagen fail 
to express surface glyeoprotein Ia. Nature 1985;318:470-2. 

29. Handa M, Watanabe K, Kawai Y, Kamata T, Koyama T, 
Nagai H, et al. Platelet unresponsiveness to collagen: involve- 
ment of glycoprotein Ia-IIa (alpha 2 beta 1 integrin) defi- 
ciency associated with a myeloproliferative disorder. Thromb 
Haemost 1995;73:521-8. 

30. Niewenhuis HK, Sakariassen KS, Houdijk APM, Nievelstein 
PFEM, Sixma JJ. Deficiency of platelet membrane glycopro- 
tein Ia associated with a decreased platelet adhesion to sub- 
endothelium: a defect in platelet spreading. Blood 1986;68: 
692-5. 

31. Yamaoto K, Sekiguchi E, Takatani O. Abnormalities of epi- 
nephrine-induced platelet aggregation and adenine nueleo- 
tides in myeloproliferative disorders. Thromb Haemost 19"84; 
52:292-6. 

32. Gerrard JM, Stoddard SF, Shapiro RS, Coccia PF, Ramsay 
NKC, Nesbitt ME, et al. Platelet storage pool deficiency and 
prostaglandin synthesis in chronic myelogenous leukemia. 
Br J Haematol 1978;40:597-607. 

33. Raman BKS, van Slyck EJ, Riddle J, Sawdyk MA, Abraham 
JP, Saees SM. Platelet function and structure in myelopro- 
liferative disease, myelodysplastic syndrome, and secondary 
thrombocytosis. Am J Clin Pathol 1989;91:647-55. 

34. Kaywin P, McDonough M, Insel PA, Shattil SJ. Platelet 
function in essential thrombocythemia: decreased epineph- 
rine responsiveness associated with a deficiency of platelet 
a-adrenergic receptors. N Engl J Med 1978;299:505-9. 



J Lab Clin Med 
Volume 131, Number 2 

35. Renshaw MW, McWhirter JR, Wang JY. The human leuke- 
mia oncogene BCR/ABL abrogates the anchorage require- 
ment but not the growth factor requirement for proliferation. 
Mol Cell Biol 1995;15:1286-93. 

36. Van Etten RA, Jackson PK, Baltimore D, Sanders MC, 
Matsudaira PT, Janmey PA. The COOH-terminus of the 
c-abl tyrosine kinase contains distinct F-actin and G-actin 
binding domains with bundling activity. J Cell Biol 1994;124: 
325-40. 

37. Sawyers CL, McLaughlin J, Witte ON. Genetic requirement 
for RAS in the transformation of fibroblasts and hematopoi- 
etic cells by the Bcr-Abl oncogene. J Exp Med 1995;181:307- 
13. 

38. Gotoh A, Miyazawa K, Ohyashiki K, Tauchi T, Boswell HS, 
et al. Tyrosine phosphorylation and activation of focal adhe- 
sion kinase (pI25FAK) by BCR-ABL oncoprotein. Exp He- 
matol 1995;23:1153-9. 

39. Salgia R, Li JL, Lo SH, Brunkhorst B, Kansas GS, Sobhany 
ES, et al. Molecular cloning of human paxillin, a focal adhe- 
sion protein phosphorylated by P210 Bcp'/aBL. J Biol Chem 
1995;270:5039-47. 

40. Oda T, Heaney C, Hagopian JR, Okuda K, Griffin JD, 
Druker BJ. Crkl is the major tyrosine-phosphorylated protein 
in neutrophils from patients with chronic myelogenous leu- 
kemia. J Biol Chem 1994;269:22925-8. 

Verfaillie et al. 169 

41. Wetzler M, Talpaz M, Estrov Z, Kurzrock R. CML: mecha- 
nisms of disease initiation and progression. Leuk Lympho- 
cyte 1993;11(suppl 1):47-50. 

42. Lanza F, Bi S. Role of p53 in leukemogenesis of chronic 
myeloid leukemia. Stem Cells 1995;13:445-52. 

43. Evans SS, Collea RPI Appenheimer MM, Gollnick SO. In- 
terferon-alpha induces the expression of the L-selectin hom- 
ing receptor in human B lymphoid cells. J Cell Biol 1993;123: 
1889-98. 

44. Upadahaya G, Guba SC, Sih SA, Feinberg AP, Talpaz M, 
Kantarjian HM, et al. Interferon-alpha restores the deficient 
expression of the cytoadhesion molecule lymphocyte function 
antigen-3 by chronic myelogenous leukemia progenitor cells. 
J Clin Invest 1991;88:2131-6. 

45. Jewell AP, Yong KL, Worman CP, Giles FJ, Goldstone AH, 
Lydyard PM. Cytokine induction of leucocyte adhesion mol- 
ecule-1 (LAM-1) expression on chronic lymphocytic leukae- 
mia cells. Leukemia 1992;6:400-4. 

46. Evans SS, Wang WC, Gregorio CC, Han T, Repasky EA. 
Interferon-alpha alters spectrin organization in normal and 
leukemic human B lymphocytes. Blood 1993;81:759-66. 

47. David M, Romero G, Zhang ZY, Dixon JE, Lamer AC. In 
vitro activation of the transcription factor ISGF-3 by inter- 
feron alpha involves a membrane-associated tyrosine phos- 
phatase and tyrosine kinase. J Biol Chem 1993;268:6593-9. 


