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receptor (c-Mpl) gene, respectively, as a growth-signal
ZEnerator.

In vitro effects of the EPO-driven SAG
on Ba/F3

Bicistronic retroviral vectors were generated which
express the EPO-driven SAG or wild-type EPOR (EPORwt)
gene as the first cistron and the EYFP gene as the second
cistron. The vectors were infected into Ba/F3 cells. Ba/F3
is a mouse pro-B cell line and the cells require IL-
3 for growth. YFP-positive cells were isolated (>98%
purity) and stimulated by thEPQ at various concentrations
(Figure 2A). All the cells acquired the ability of EPO-
dependent growth and were able to proliferate even
in the absence of IL-3. Ba/F3 cells expressing either
EPORwt, EPORGCR, or EPORMp! reached the maximum
growth levels by adding 1-100 ng/ml EPO {Figure 2A).
Endogenous EPO will not induce a significant proliferative
response of the cells, since the physiological range of
serum EPO concentrations is below 0.1 ng/ml.

We compared the EPO- and steroid-driven SAGs in
terms of their ability to expand Ba/F3 cells. The Ba/F3
cells expressing either of the two EPO-driven SAGs
proliferated in the presence of EPO to the same extent
as the parental Ba/F3 cells in the presence of IL-3.
Of note, the EPO-driven SAG (EPORGCR) expanded
Ba/F3 cells by around 10*-fold more than the steroid-
driven counterpart (AGCRTmR) after 2 weeks of culture
(Figure 2B), indicating that the molecular switch using
the EPOR is more efficient than that using the tamoxifen

= h N w0 s
TR N YR S W

o
th

Cell Proliferation {Day 2 : Day0) »

(=
-

EPQ (ng/ml)

Cell Number
)
t

T. Nagashima et al.

receptor despite the inclusion of the same signal generator
(GCR) in the SAGs. Thus, we used EPO-driven SAGs for
subsequent experiments.

In vitro effects of the EPO-driven SAGs
on human CD34* cells

To examine whether GCR or ¢-Mpl is the more suitable
signal generator of the EPO-driven SAG, human cord
blood CD34% cells were used as targets. CD347% cells
were transduced with bicistronic retroviral vectors which
express the EPO-driven SAG as the first cistron and the
EYFP gene as the second cistron. After transduction,
27.3 4 4.7% of the cells fluoresced (YFP-positive). The
transduced CD34* cells were then cultured in liquid
medium in the presence of EPQO. The fraction of YFP-
positive cells increased over time, and virtually all (>95%)
of the cells became YFP-positive during a 2-week culture
with EPOQ. This suggests that the EPQO-driven SAGs are
able to confer a growth advantage on human CD34%
cells. As shown in Figure 3, although the cells transduced
with EPORwt proliferated most quickly, the cell number
already began to decrease within 2 weeks after the culture
initiation. The cells transduced with EPORGCR grew
slowly compared with the others, but began to decrease in
number by week 3. On the other hand, the cells transduced
with EPORMpl! proliferated the Jongest (1 month) in the
presence of EPQ and the cell number increased by 10*-fold
over this period.
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Figure 2. The EPO-driven SAG efficiently stimulates Ba/F3 cell growth. (A) EPO-dependent growth of Ba/F3 cells by introduction
of the EPO-driven SAG. BaF3 cells were transduced with the EPORwt (solid triangles), EPORGCR (solid squares) or EPORMpl gene
(solid circles) each along with the EYFP gene by bicistronic retroviral vectors. YFP-positive cells were sorted (>98%) and treated
with EPO at various concentrations. The proliferation assay (see Materials and Methods) was performed on days 0 and 2, and the
ratio of day 2 A4gp-Agso to day 0 Asgo-Asso (means + SD of triplicate) is shown. The arrow indicates the physiological range of
EPO.concentrations in human plasma. (B) The EPO-driven SAG triggers higher levels of cell proliferation than the steroid-driven
SAG. The parental Ba/F3 cells (open diamonds) were cultured in the presence of IL-3 (10 ng/ml). Ba/F3 cells transduced with
the EPORwt (solid triangles), EPORGCR (solid squares), or EPORMpl gene (solid circles) were cultured in the presence of thEPO
(10 ng/ml). Ba/F3 cells transduced with the AGCRTmR gene (open triangles) were cultured in the presence of tamoxifen (10-7 M).
Accumulative data were calculated by means of a triplicate experiment. Experiments were repeated three times and a representative

one is shown
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Figure 3. The EPORMpI is the most potent amplifier for human
cord blood CD34*% cells. Human cord blood CD34* cells were
transduced with the EPOwt (solid triangles), EPORGCR (solid
squares), or EPORMpi gene (solid circles} each along with
the EYFP gene by bicistronic retroviral vectors. Untransduced
cells are also shown (open diamonds). The cells were then
cultured in IMDM supplemented with 10% FBS and 10 ng/ml
EPQ. Virtually all the cells (>95%) became YFP-positive by
week 2. Accumulative data were calculated by means of a
triplicate experiment. Experiments were repeated three times
and a representative one is shown

Characterization of the c-Mpl signal of
SAG

cells were then examined for
a primitive hematopoietic cell

The transduced CD34%
the expression of ¢-Kit,
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marker, by flow cytometry (Figure 4). The c-Kit™* fraction
decreased over time, implying that the cells were
differentiated during culture. The ¢-Kit* fraction in the
cells transduced with EPORMpl, however, was relatively
high (33%) at week 3 in liquid culture, whereas the
c-Kitt fraction decreased to 10% or lower in the cells
transduced with EPORwt or EPORGCR at the same time
point. These results demonstrate that the c-Mpl signal
preserved more c-Kit* immature hematopoietic cells than
the other signals.

To examine the EPO-driven SAGs for their ability
to expand hematopoietic progenitor cells, CD34+ cells
transduced with the EPQO-driven SAGs were cultured in
semisolid {methylcellulose) media in the presence of mul-
tiple cytokines (IL-3, IL-6 and SCF) or EPO alone. Table 1
summarizes the results. The cells transduced with the
EPO-driven SAGs formed many colonies in the presence
of EPO and almost all of them (94-100%) contained
the provirus as assessed by individual colony PCR. In
contrast, 25-38% of the colonies formed by cells in the
presence of multiple cytokines contained the provirus.
This result shows that the EPQ-driven SAGs are able to
confer an EPO-dependent growth advantage at the level of
clonogenic progenitor cells. The cells transduced with the
EPO-driven SAGs before (day 0} and after (day 7) liquid
culture with EPO were placed in semisolid media in the
presence of EPO without other cytokines, and the resultant
myeloid and erythroid colonies were counted. As shown in
Figure 5, during the liquid culture with EPQ, the transduc-
tion by EPORMpl resulted in the highest levels of clono-
genic progenitor cell expansion by more than 10-fold.

We then examined whether cells transduced with
the EPO-driven SAGs would show any specific lineage
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Figure 4, The EPOR-Mpl preserves c-Kitt cells most efficiently. Human cord blood CD34* cells were transduced with the EPOwt
(black), EPORGCR (gray), or EPORMpl gene (white) by the same retroviral vectors as in Figure 3. The cells were then cultured
in IMDM supplemented with 10% FBS and 10 ng/ml EPO. On the indicated days, aliquots of the cells were examined for ¢-Kit
expression by flow cytometry. The percentage of c-Kit* cells is shown. Experiments were repeated four times and a representative

profile is shown
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Table 1. Colony formation by human cord blood CD34% cells
transduced with the EPO-driven SAGs

IL-3 (100 ng/ml)

IL-6 (100 ng/ml} EPQ (20 ng/ml}
SCF {100 ng/ml)
Number Provirus-  Number  Provirus-
of positive of positive
Transgene colonies* colonies”  colonies*  coloniest
5/16 15/16
EPORwt-YFP 62+ 11 15+3
(31%) (94%)
6/16 16/16
EPORGCR-YFP 5448 241
(38%) {100%)
4/16 15/16
EPORMpl-YFP 5449 31£6
{25%) (94%)
816 9/16
YFP 4914 1241
(50%} (56%}
Untransduced 53+4 ND 17 +1 ND

*Colony number out of 200 cells is shown. Each value represents
mean £ SD of triplicate culture.

Tindividual colony DNA was subjected to PCR for the proviral YFP and
genomic g-actin sequences and the ratio of the provirus-positive colony
number to the g-actin-positive colony number is shown.

preference after liquid culture with EPO. The trans-
duced CD34% cells were cultured in liquid medium
containing EPO. During the culture, the expression of
various differentiation markers was examined by flow
cytometry (Figure 6). As expected, the erythroid marker
(glycophorin A) was expressed in almost all (93%) cells
transduced with EPORwt at day 14. The myeloid marker
(CD15) was expressed in 24% of cells transduced with
EPORGCR at day 7 (data not shown), but fell to 1% by
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day 14. Thus, EPORGCR induced very few cells to differ-
entiate toward the myeloid lineage despite the inclusion
of the GCR moiety as a signal generator. One reason may
be that a point mutation (Y703F) was introduced into the
GCR cDNA to attenuate the granulocytic differentiation
signal (Figure 1) [3]. On the other hand, cells transduced
with EPORMpl expressed all of these markers at relatively
high levels at day 14; the megakaryocytic marker (CD41)
(46%), glycophorin A (58%) and CD15 (11%). Thus,
the cells expanded by the ¢-Mpl signal showed the most
balanced expression of myeloid, erythroid, and megakary-
ocyte markers. We therefore decided to utilize EPORMpl
as an SAG for subsequent in vivo experiments in mice.

In vivo expansion of gene-modified
cells

Finally, we examined the efficacy of the EPOMpl-
type SAG invivo in mice. Murine bone marrow cells
were harvested from 5-fluorouracil-treated mice and
transduced with the MSCV-based vector expressing both
EPORMpl and YFP, or expressing YFP alone as a
control. The transduced cells were transplanted into
irradiated mice and, after hematopoietic reconstitution,
YFP expression was examined in the peripheral blood by
flow cytometry to see whether the EPOMpl-transduced
cells would increase in response to EPO administration.
In mice, however, even drawing a small volume of
blood will result in the elevation of endogenous EPO
concentrations [23,24]. We also confirmed that sequential
blood drawing caused an elevation of endogenous serum
EPO concentrations in mice (data not shown). Therefore,
drawing blood from the transplanted mice may result
in the expansion of transduced hematopoietic cells. To
avoid development of anemia due to blood drawing, we
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Figure 5. The EPOR-Mpl expands clonogenic progenitor cells most efficiently. Human cord blood CD34+% cells were transduced
with the EPOwt, EPORGCR or EPORMpl gene by the same retroviral vectors as in Figure 3. The untransduced and transduced cells
were then cultured in IMDM supplemented with 10% FBS and 10 ng/m! EPO for 7 days. The cells before (day 0} and after (day 7)
the liquid culture were plated in methylcetlulose medium in the presence of EPO alone and the resultant colonies were counted.
(A) Total myeloid clonogenic progenitor cell (colony-forming units, CFU) numbers per culture. (B) Total erythroid CFU numbers
per culture. Means + SD of a triplicate experiment are shown. Experiments were repeated three times and a representative one

is shown
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Figure 6. The CD34* cells expanded by the EPOR-Mpl show the most balanced expression of multilineage surface markers. Human
cord blood CD34% cells were transduced with the EPOwt, EPORGCR, or EPORMpl gene by the same retroviral vectors as in
Figure 3. After 14-day liquid culture with 10% FBS and 10 ng/ml EPO, the transduced cells were examined for the expression of
glycophorin A {(erythroid marker), CD15 (myeloid marker), and CD41 {megakaryocyte marker) by flow cytometry. The percentages
of marker-positive cells are shown. Experiments were repeated four times and a representative profile is shown

transfused mice at the time of blood drawing. As a result,
the mice did not develop anemia, and thus the elevation
of endogenous EPO concentration was prevented.

In the group receiving EPORMpl, YFP-positive cells
increased in response to the EPC administration (n = 6),
although YFP-positive cells remained unchanged without
EPO administration {n =4) (Figure 7A). A significant
increase (paired t-test, p < 0.05) in YFP-positive cells
was cbserved 4 weeks after the initation of EPO
administration. The increase was attributable to that in
granulocytes and monocytes {data not shown). We could
not detect any significant change in other lineages. The
increase seemed transient, as a significant increase was
no longer observed at further time points. On the other
hand, in the control group receiving YFP alone without
EPORMp], YFP-positive cells remained unchanged at
around 10% in the peripheral blood regardless of EPO
administration (n = 6 for a subgroup with EPO, n = 6 for
a subgroup without EPQ; Figure 7B).

Discussion

Although a few HSC gene therapy trials have proven
successful [25,26], most attempts have been hampered
by the low efficiency of gene transfer into HSCs. To
overcome the problem, we have previously developed a
method of selective in vivo amplification of transduced
hematopoietic cells using a ‘selective amplifier gene’
(SAG) which encodes a fusion protein consisting of a
growth-signal generator and its molecular switch. The
prototype SAG encodes a fusion protein between the

Copyright @ 2003 John Wiley & Sons, Ltd.

GCR and the estrogen or tamoxifen receptor, and confers
a growth advantage on gene-modified hematopoietic
cells in an estrogen- or tamoxifen-inducible fashion
invive [6,7]. In the present study, we developed a
new generation SAG which utilizes the EPOR as a
molecular switch instead of the steroid receptor. The
EPQO-driven SAG encodes a fusion protein between the
extracellular plus transmembrane domain of the EPOR
and the cytoplasmic domain of the GCR or ¢-Mpl. The
results reported here indicated that the SAG utilizing
the EPOR as a molecular switch is more efficient for
hematopoietic cell proliferation than that utilizing the
steroid (or tamoxifen) receptor despite the inclusion of
the same signal generator in the SAGs.

Cytokine receptors generate the growth signal through
ligand-induced dimerization. Dimerization is necessary
but not sufficient for optimal signal generation [27,28].
The EPO-driven SAG might have allowed more effective
ligand-induced conformation change than the steroid-
driven SAG. Similar to our chimeric receptors, Blau
et al. developed a cell growth switch that is a cytokine
receptor-FK506 binding protein (FKBP) fusion gene to
confer inducible proliferation to ransduced cells [29,30].
In their system, cytokine receptor signal is turned on
by treatment with a synthetic dimerizer FK1012 or its
derivatives. However, it remains unclear whether their
chimeric protein would allow effective ligand-induced
conformation change to the same extent as the EPO-
driven SAG.

We also showed that the c-Mpl signal expanded
clonogenic progenitor cells (CFU) far more efficiently than
the EPOR. or GCR signal. In addition, the cells expanded

J Gene Med 2004; 6; 22-31.
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Figure 7. The gene-modified hematopoietic cells can be expanded by treatment with EPO in vivo in mice. Murine bone marrow
cells were harvested from 5-fluorouracil-treated mice and transduced with the retroviral vector expressing both EPORMpl and YFP,
or expressing YFP alone as a control. The transduced cells were transplanted into irradiated mice. The percentages of YFP-positive
cells in the peripheral blood are shown for the EPOR-Mpl group (A) or the YFP control group (B). In each group, mice were divided
into two subgroups: EPQ-treated subgroup (solid bars, 200 IU/kg, three times a week, n = 6 each for A and B) and EPO-untreated
subgroup {open bars, n = 4 for A and n = 6 for B). The gray arrows in A and B indicate the week of EPO administration. Means + SD
of each subgroup are shown. The increase in YFP-positive cells in the EPO-treated mice was statistically significant at week 10

(4 weeks after the initiation of EPO administration) (*p < 0.05)

by the ¢-Mpl signal showed the most balanced expression
of myeloid, erythroid, and megakaryocyte markers. Other
investigators have also shown that the ¢-Mpl signal is able
to efficiently support the growth of transduced murine
bone marrow cells [31]. Taken together, the intracellular
signal from c-Mpl may be suitable for reliable expansion
of immature hematopoietic cells.

We have demonstrated that EPORMpl can confer an
EPO-dependent growth advantage on the transduced
hematopoietic cells in vivo in a mouse transplantation
model. It should be noted that EPORMpl contains the
human c-Mpl and may not have worked well in mouse
cells. It would be more predictive to examine the efficacy
of the EPORMpl in nonhuman primates. We are evaluating
the efficacy of EPOMpl-type SAGs in the setting of a
nonhuman primate transplantation protocol. In mice,
the increase of transduced cells with EPORMpl seemed
transient, as was the case with chimeric genes reported
by other investigators [32,33]. The method may not
result in the selection of transduced cells at the HSC
level. The long terminal repeat (LTR} promoter may not
express the transgene in HSCs. Alternatively, the ¢-Mpl
signal may not induce proliferation of HSCs. Thus, the
selection of transduced cells may occur only within the
differentiated progeny of transduced HSCs, not at the
level of transduced HSCs themselves. In order to obtain
clinically relevant effects, repeated EPO administration
would be required. Polycythemia may take place, but it
can be treated by occasional phlebotomy safely. Given
that our earlier version of SAG utilized estrogen receptor
as a molecular switch, we believe that EPO is much safer
than estrogen to turn on a molecular switch, since side
effects induced by estrogen may not be well treated or
controlled.

With the EPO-driven SAG, therapeutic effects may
result from continuously elevated levels of endogenous
EPO in patients with chronic anemia such as thalassemia.
When anemia is ameliorated and endogenous EPO levels

Copyright © 2003 John Wiley & Sons, Ltd.

return to physiological levels, the positive selection system
is then ‘automatically’ turned off. This leave it to patients’
system would be convenient. However, a safety concern
may be raised regarding leukemogenesis, as the SAG
proliferation signal is persistently turned on in vivo by
endogenous EPQO, although physiological levels of EPO
will not induce a significant proliferative response. Since
a set of EPO-mimetic peptides or a modified EPO such as
the erythropoiesis stimulating protein (NESP) has been
developed [34,35], it may be possible to develop an EPQ-
driven SAG containing a mutant EPOR which does not
bind to endogenous EPO but binds to the EPO-mimetic
peptides or modified EPO.
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Abstract Purpese: To evaluate the efficacy and safety of
combination chemotherapy with cisplatin and vinorel-
bine for the treatment of previously untreated patients
with advanced non-small-cell lung cancer (NSCLC).
Patients and methods: Eligible patients were those with
measurable NSCLC. They were treated with two or
maore cycles of a regimen consisting of vmorelbme
25 mg/m? on days 1 and 8 and cisplatin 80 mg/m? on
day 1 every 3 weeks. Results: A total of 45 patients were
enrolled. The response rate was 51.1% (23/45; 95% C1
35.8% to 66.3%). The median survival was 286 days
with a I-year survival rate of 40%. The median number
of treatment cycles was 2. The major toxic effect was
neutropenia of grade 3 or higher (84%). Nonhemato-
logical toxicities, including vomiting (62%), were mild
(grade 2 or less). There were no treatment-related
deaths. Conclusion: The high response rate and good
tolerability proved this combination therapy to be a safe
and effective treatment for advanced NSCLC.

Keywords Non-small-cell lung cancer - Vinorelbine -
Cisplatin - Phase II study

Introduction

Vinorelbine ditartrate [1], a vinca alkaloid derivative,
shows antitumor activity mainly by inhibiting microtu-
bule polymerization in tumor cells just as other vinca
alkaloid drugs do [2, 9]. Clinical studies of vinorelbine
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(VNR) have shown a good therapeutic outcome in non-
small-cell lung cancer (NSCLC) and breast cancer, and a
reduction in peripheral neuropathy that occurs frequently
with vinca alkaloids [5, 7, 10, 12]. The combination of
VNR and cisplatin (CDDP) (VP therapy) has shown a
synergistic effect in vitro, while the main side effects are
different between the drugs [4]. A phase I-II study has
demonstrated efficacy of this combination in NSCLC [3].
VP therapy is considered a promising combination regi-
men for NSCLC on account of its higher response rate
and longer survival compared with VINR or CDDP alone,
or CDDP combined with vindesine [8, 17].

In clinical studies performed in Europe and the US,
patient compliance rate was as low as 50% or less w1th
regard to VNR when VP therapy, as VNR 25 mg/m?
weekly and CDDP 80 mg/m? on day 1, was repeated
every 4 weeks. This indicates the need to reconsider the
dosing schedule of VNR [17]. Another dosing schedule
for VP therapy (VNR 20 to 30 mg/m* on days 1 and 8
and CDDP 80 mg/m® on day 1 every 3 weeks) showed
almost complete compliance and was found to be ben-
eficial since the response rate was 28.3% to 56.7% and
the survival 9.2 to 10.6 months [6, 13, 15, 17].

VP therapy is an effective regimen against advanced
NSCLC. A multicenter joint phase III study is being
planned in Japan to compare four regimens for
advanced NSCLC: CDDP plus irinotecan used as a
reference arm, CDDP plus VNR every 3 weeks, CDDP
plus gemcitabine and carboplatin plus paclitaxel. A
phase IT study of VP therapy has not been conducted in
Japan. We therefore carried out a phase II study of
VNR 25 mg/m on days 1 and 8 plus CDDP 80 mg/m?
on day | given every 3 weeks in advanced NSCLC to
evaluate the efficacy and safety of VP therapy.

Patients and methods

Patient selection

Patients eligible for the study were those admitted to our hospital
between August 1999 and October 2001 who were histologically or
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cytologically diagnosed as having NSCLC and who were in clinical
stage III or IV with unresectable disease, or in whom radiotherapy
with curative intent was not possible, including those who had
pleural effusion and dissemination, those with intrapulmonary
metastasis within the ipsilateral lobe, those in whom the irradiation
field exceeded one-half of one lung, those with metastasis to the
contralateral hilar lymph nodes, and those with reduced lung
function. None of the patients had received prior therapy. Other
eligibility criteria included expected survival of 12 weeks, age
£ 75 years, Eastern Cooperative Oncology Group performance
score (PS) of (-2, measurable lesions, adequate hcmatolog1c:a]
function (WBC 24000/mm?, platelet count 2100,000/mm?, hemo-
globin 210 g/dl}, renal functton (serum creatinine £ 1. 5 mg/dl,
creatinine clearance >60 ml/min), and hepatic function (total serum
bilirubin £ 1.5 mg/dl, serurn GOT and serum GPT less than twice
the upper limit of normal). Written informed consent was obtained
from every patient with the statement that the patient was aware of
the investigational nature of this treatment regimen. Pretreatment
evaluation included medical history, physical examination, com-
plete blood count, serum biochemical analyses, chest roentgeno-
gram, electrocardiogram and urinalysis. All patients underwent
radionuclide bone scan and computerized tomography of the brain,
thorax, and abdomen.

Treatment

The anticancer drugs were administered via the intravenous route,
VNR 25 mg/m? (Navelbme Kyowa Hakko Kogyo) on days 1 and
8 and CDDP 80 mg/m? (Randa, Nippon Kayaku) on day 1. This
combination therapy repeated every 3 weeks constituted a cycle of
treatment. The minimal number of cycles to be evaluated was two.
On day 8, the physician examined the patient and evaluated the
development of adverse events, and if leukocytes had decreased to
below 2000/mm?, platelets had decreased to below 75,000/mm? or
fever with infection had occurred, administration of VNR on that
day was withheld at the discretion of the physician. To proceed
with the second and subsequent cgcles patients were required to
have a neutrophil count 21500/mm° and a platelet count 2100,000/
mm®. Those patients receiving granulocyte colony-stimulating
factor (G-CSF) were observed for 3 days after the final dose of
G-CSF to ensure that their neutrophil count was 1500/mm? or
more. Serum creatinine levels were required to be below the upper
limit of norma! and serum GOT/GPT levels below twice the upper
limit of normal. In the presence of liver dysfunction due to
apparent liver metastasis, however, serum GOT and GPT levels
were required to be below three times the upper limit of normal. If
fever occurred or if the PS advanced to grade 3 or worse, the
subsequent cycle was postponed until the temperature fell below
33°C or until the PS returned to 2 or less. In the presence of grade 2
peripheral neuropathy dosing was temporarily postponed; with
improvement to grade 1 or less treatment was cautiously resumed,
but medication was discontinued if 6 weeks passed without any
improvement. Peripheral neuropathy (including transient) grade 3
or higher required discontinuation of treatment. For the third and
subsequent cycles, VNR or CDDP was decreased by 25% in
accordance with the treatment-related adverse events observed
during the preceding cycle. Steroid and HTs-antagonist were
administered to prevent nausea and vomiting.

Target population size and interim analysis

Simon’s two-stage minimax design [16] was used to estimate the
number of patients required for interim and final analyses at a
threshold response rate (Pg) of 0.20, an expected response rate (P;)
of 0.40, ®=0.05 and $=0.10. If the interim analysis revealed 6
responding patients out of 24, recruitment would be continued
until the target population size was achieved. The combination
therapy was considered effective if 14 or more of 45 patients
showed response in the final analysis.

Since an interim response rate of 48.1% (13/27) [11] was ob-
tained, it was necessary to enroll up to 45 patients for the final
analysis.

Evaluation of response and toxicity

Response and toxicity were evaluated on the basis of tumor images
obtained by CT and other techniques, laboratory data and sub-
Jective/objective symptoms before, during and after administration
of the study drugs and during the period from completion of
treatment to the final analysis. Measurable disease parameters were
determined every 4 weeks by various means such as computerized
tomography. Evaluation was made in compliance with Response
Evaluation Criteria in Solid Tumors (RECIST) guidelines [14] for
antitumor activity and with NCI Common Toxicity Criteria ver-
sion 2 for safety. The Institutional Ethical Review Committee gave
approval to the study.

Results
Patient characteristics

Table 1 gives characteristics of the patients included.
Their median age was 59.5 years (range 35 to 75 years).
Male, PS 1 and adenocarcinoma predominated. There
were 26 patients (58%) with stage IV disease and 19
(42%) with stage IIIB disease.

Treatments administered

The total number of cycles administered was 126 with a
median of two per patient (ranging from one to four
cycles; Table 2) and 43 patients received two cycles or
more. In the two patients who received fewer than two
cycles, treatment was discontinued because of CDDP-
induced renal dysfunction in one and patient refusal in
the other. Patients who completed two cycles or more
accounted for 96% of patients (43/45). Except the two
patients who received only one cycle, the every-3-week

Table 1 Patient characteristics

Eligible patients (n) 45
Age (years)

Median 39.5

Range 35-75
Sex (n)

Male 34

Female 11
Performance status (n)

0 11

1 32

2 -2
Histology (n)

Adenocarcinoma 30

Squamous cell carcinoma 9

Other 6
Stage (n)

IIIB - 19

v 26
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Table 2 Efficacy of treatment (n=45)

No. of cycles

Median 2.0

Range 14
Response

Partial response 23

No change 21

Not evaluable 1
Response Rate (%) 51.1
95% CI (%) 35.8-66.3
1-year survival rate (%) 40

dosing schedule was adhered to by 88% of patients
(38/43) in the second cycle, 68% (17/25) in the third and
92% (12/13) in the fourth, with a total of 83% (67/81).
Only in two cycles was VNR withheld on day 8. The
dose of VNR was reduced in 9% of dose administrations
(22/250) and the does of CDDP was reduced in 8%
(10/126). The planned dose mtensxtles were 16.7 mg/m®
per week for VNR and 26.7 mg/m? per week for CDDP
while the actual dose intensities were 164 and
24.7 mg/m? per week, respectively. The median delivered
dose intensity for CDDP (day 1) and VNR (days | and
8) of each course together was 90% or more (Table 3).

Efficacy of treatment
Of the 45 patients, 23 showed a partial response, 21

showed no change and 1 was not evaluable (Table 2).
The response rate was 51.1% (23/45; 95% CI 335.8% to

Table 3 Median delivered dose intensity

Median dose intensity (%)
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66.3%; Table 2). The nonevaluable patient died of
sudden hemoptysis on the 22nd day after the start of the
second cycle (43rd day after the start of treatment) and
could not be evaluated. Ten patients were alive at the
time of this report. The time to progressive disease was
172 days and the median survival was 286 days (95% C1
248 to 404 days; Table 2). The 1-year survival rate was
40%.

Toxicities

Table 4 lists toxicities observed during the study.
Hematological and blood biochemical reactions in-
cluded a high incidence of leukopenia and neutropenia,
i.e. leukopenia and neutropenia of grade 3 or higher
occurred in 73% of patients (33/45) and 84% (38/45),
respectively. Neutropenia-associated fever was limited to
two patients. All neutropenic patients recovered upon
treatment with G-CSF. Platelets decreased in 4% of
patients (2/45). Creatinine was temporarily elevated in
15.6% (7/45).

Subjective and objective symptoms observed were of
grade 2 or less and included vomiting in 77.8% of pa-
tients (35/45), hiccough in 33.3% (15/45), constipation
in 40% (18/45), diarrhea in 22% (10/45), rash in 31.1%
(14/45) and injection site reaction in 26.7% (12/45). All
of these toxicities disappeared or improved with symp-
tomatic treatment. There were no toxic deaths.

Discussion

As for the VP regimen for advanced NSCLC, the every-
3-week dosing schedule has been tried in several medical
facilities [6, 13, 15, 17]. Table 5 summarizes the clinical

Course 1 Course 2 Course 3 Course 4 gutcomes of every-3-week VP therapy reported in the
CDDP 100 03,8 96 923 htirature anod in this stu('iy. Response rates range from
28% to 57% and median survival is approximately
VgR { 100 086 95.5 93.8 10 months. The results are similar among the studies.
2y : ) ’ In 96% of patients (43/45), two or more cycles of VP
Day § 978 98.6 95.5 93.8 Lo R
therapy were administered. The every-3-week dosing
Table 4 Toxiciti =45
able 4 Toxicities (=43) Toxicity Grade (Common Toxicity Criteria) Grade 3/4 (%)
1 2 3 4
Leukopenia 4 3 25 8 33 (73%)
Neutropenia 2 2 13 25 38 (84%)
Anemia 12 3 | 4 5(11%)
Thrombocytopenia 5 1 2 0 2 (4%)
Creatinine 5 2 0 0 -
Vomiting 29 6 0 0 -
Hiccough 15 0 0 0 -
Constipation 13 5 0 0 -
Diarrhea 9 1 ¢ 0 -
Rash 10 4 0 0 -
Neuropathy 4 0 0 0 -
Injection site reaction 4 8§ 0 0 -
Alopecia 3 0 0 -0 -
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Table 5 Outcomes of studies

CDDP (mg/m® Response

Median survival time (months)

of VP therapy (VNR days 1 Reference VNR (mg/m?)
and 8, CDDP day 1, every
3 weeks) 4 25

10 25

11 20-25

1 30

Present study 25

80
80
80
80
80

28.3% (28/99) 9.2
56.7% (42/74) 10
46.7% (14/30) 106
36,2% (47/130) -
51.1% (23/45) 9.6

schedule was adhered to in 85% of all cycles adminis-
tered. In cycles in which noncompliance was seen,
medication was postponed to the 4th to 5th week be-
cause, In most cases, the neutrophil count in the 3rd
week failed to meet the criterion for going on to sub-
sequent cycles. The planned dose intensity was almost
attained since the actual dose intensity was 16.4 mg/m”
per week for VNR and 24.7 mg/m? per week for CDDP,
accounting for 98% and 93% of the planned values,
respectively [13].

Most adverse reactions were hematological. In par-
ticular, leukopenia and neutropenia of grade 3 or worse
occurred in 73% and 84% of 45 patients, respectively.
Others have reported the incidence of leukopenia of
grade 3 or worse to be 8% to 33% [6, 13, 17]. Although
the difference in patient characteristics hinders simple
comparison and analysis of these data, it can be said that
leukopenia was more frequent in our study. The leuk-
ocyte count improved rapidly upon treatment with
G-CSF. Nonhematological toxicities were mild and
adverse reactions of grade 3 or higher were not noted.

The combination of VNR 25 mg/m? on days 1 and 8
and CDDP 80 mg/m? on day 1 was administered every
3 weeks to 45 patients with advanced NSCLC in this
phase II study. The response rate was 51.1%; the main
adverse effect was neutropenia. The high response rate
and good tolerability indicate that this combination
therapy is a safe and effective treatment for advanced
NSCLC. Its usefulness will be further verified in phase
I11 studies.
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Abstract

Ber-Abl tyrosine kinase inhibitor induces apoptosis and erythroid differentiation of K562 cells. During this erythroid differentiation,
¢-Myc and cyclin D1 transcripts are transiently downregulated. Accordingly, we siudied the effect of cyclin D1 overexpression on erythroid
differentiation. After treatment with 250nM STI571, 90% of K562 and 25% of K562/D1 cells underwent erythroid differentiation. The
basal expression of glycophorin A in K562/D1 cells was markedly diminished compared with that by parental cells. STI571 treatment
failed to induce glycophorin A expression in K562/T1 cells. During STI571 treatment, ERK activity was downregulated in parental cells,
while it was constantly activated in K562/D1 cells. These results suggest that ectopic expression of eyclin D1 causes the resistance of K562

cells to erythroid differentiation by modulating ERK regulation,
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Cyclin D1; STIS71; CML; K562; Erythroid differentiation; MAPK

1. Introduction

Cellular differentiation and cell cycle progression are
closely interrelated. Under normal circumstances, termi-
nally differentiated cells lose the capacity to proliferate,
while stem cells or progenitor cells retain this capability.
The cell cycle regulatory mechanism was intensively stud-
ied during 1990s [1], and it was found that most of the cell
cycle-related genes are tightly regulated during the process
of hematopoietic cell differentiation {2,3]. Cyclin D1 is one
of the regulators of Gy to Gy and G to S progression [4],
and cyclin D1 overexpression has been reported in several
cancers and hematopoietic malignancies [5-7]. Cyclin D1
binds with Cdk4 and Cdk6 to promote their kinase activity,
which leads to the phosphorylation of various target pro-

Abbreviations: Cdk, cyclin-dependent kinase; ERK, extracellular
signal-regulated protein kinase; K562/D1, cyclin Dl-transfected K562,
K562/Mye, c-Myc-transfected K562; MAPK, mitogen-activated protein

. kinase; MEK, mitogen-activated protein kinase kinase; PI3-K, phos-
phatidylinositol 3-kinase
* Cormresponding author. Fax: +81-3-3435-1922.
E-mail address: hyamad @jikei.ac.jp (H. Yamada).

0145-2126/3 - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi; 10.1016/j.Jeukres.2003.10.022

teins, including retinoblastoma protein [8]. Phosphorylated
retinoblastoma protein loses its repressor activity against the
E2F1 transcription family [9]. Since E2Fs regulate genes
that are necessary for progression into S phase, overexpres-
sion of cyclin D1 may cause acceleration of the cell cycle.
Interestingly, cyclin D1 has been demonstrated to bind with
several transcription factors and modulate their transcrip-
tional activity. Such direct binding by cyclin DI may also
contribute to the control of cell proliferation and differentia-
tion [10-14]. c-Myc is also known to be a cell cycle acceler-
ator, and it has been demonstrated to interfere with cellular
differentiation by ectopic overexpression [15]. Recently,
c-Myc has been demonstrated to modulate the transcription
of cell cycle inhibitor, p21°P1/WAFI yot by binding to the
E-box, but by directly binding to another transcription fac-
tor [16-19]. This suggests that cell cycle-regulating genes
are also involved in the regulation of cell differentiation.
We previously demonstrated that a benzaquinoid
ansamycin antibiotic, herbimycin A, transiently downregu-
lated the transcription of c-Myc and cyclin D1 during the
erythroid differentiation of K562 cells [20]. Herbimycin A
is a potent inhibitor of Ber-Abl kinase. Recently, 2 more
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specific Ber-Abl tyrosine kinase inhibitor, STIS71 (ima-
tinib mesylate), has been developed [21] and its clinical
usefulness has been demonstrated [22,23]. Like herbimycin
A, STI571 induces the erythroid differentiation of K562
cells, and this is modulated by the MEK-ERK activity [24].
Accordingly, we studied the effect of ectopic cyclin D1 ex-
pression on STI571-induced erythroid differentiation, and
found that cyclin D1 could impair differentiation of K562
cells to the same extent as observed in cells with c-Myc
overexpression. Consistent activation of ERK by cyclin
D1-overexpressing cells during STI571 treatment may lead
to the inhibition of erythroid differentiation.

2. Materials and methods
2.1. Cells and culture conditions

K562 cells, derived from the leukemic cells of a chronic
myeloid leukemia (CML) patient in blastic crisis, were
obtained from the Riken cell bank (Tsukuba, Japan). The
cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT, USA)
containing 100 U/ml penicillin and 100 pg/ml streptomycin
{Gibco BRL, Gaithersburg, MD, USA} in a 5% CO; in-
cubator with 100% humidity. For the present experiments,
exponentially growing cells (2 x 10° ml~!1) were suspended
in 20ml of culture medium containing either 800nM her-
bimycin A (Sigma, St. Louis, MO, USA) or 250nM of
STI571 (a gift from Novartis, Basel, Switzerland). Creation
of c-Myc-transfected K562 cells (K562/Myc) and cyclin
D1-transfected K562 cells (K562/D1) was described else-
where [25]. Briefly, pcDNA3 (Invitrogen, Carlbad, CA,
USA) containing human cyclin D1 ¢DNA was transfected
by electropolation. Two cloned cell lines (#18 and #24)
were used for the experiments. The expression levels of cy-
clins D2 and D3 in parental and transfected cells were equal
by RT-PCR (data not shown). Viable cells were counted by
the erythrosine B dye exclusion assay (Nacalai Tesque Inc.,
Kyoto, Japan).

2.2. Detection of erythroid differentiation

2.2.1. Cytochemical assays

Erythroid differentiation of K562 cells was assessed by
detecting heme or hemoglobin via a specific reaction us-
ing benzidine/hydrogen peroxide solution. Benzidine dihy-
drochloride (2mg/m! in 0.5% acetic acid) was mixed with
30% hydrogen peroxide (5 pl/ml) and added directly to an
equal volume (10 ul) of cell suspension in a centrifuge tube.
After incubation at room temperature for 5 min, the percent-
age of benzidine-positive cells was calculated after counting
at least 600 cells under a phase-contrast microscope.

2.2.2. Glycophorin A expression
Glycophorin A expression on the cell surface was de-
tected by the direct immunofluorescence method. An

FITC-conjugated monoclonal antibody for glycophorin A
and control IgG-x were purchased from DAKO (Carpinte-
ria, CA, USA). Cells (106) were harvested, washed once
with PBS containing 2% fetal calf serum, and incubated in
the dark with the antibodies for 45 min at 4 °C. After wash-
ing three times with PBS containing 2% fetal calf serum,
the cells were analyzed by flow cytometry (FACs Caliber;
Becton Dickinson, San Jose, CA, USA).

2.3. Immunoblot analysis

Cells were washed with ice-cold TBS buffer (25 mM
Tris—HCI (pH 8.0), 150 mM NaCl), and lysed in the lysis
buffer (Cell Signaling Technology Inc., MA, USA). Cell
lysates were subjected to 10% SDS-polyacrylamide gel
electrophoresis and size-separated proteins were transferred
to polyvinylidene fluoride membranes (Bio-Rad Laborato-
ries, Hercules, CA, USA) using a submerged electroblotting
chamber. Membranes were blocked in TBS buffer containing
0.1% Tween 20 and 5% skin milk for L h at room tempera-
ture, ERK and phosphorylated ERK, and MEK and phospho-
rylated MEX were studied using the each detection kit (Cell
Signaling Technology Inc.). Anti-cyclin D1 and anti-c-Myc
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)
were used for each blotting. Briefly, incubation with the pri-
mary antibodies was performed overnight at 4 °C using the
dilutions recommended by the manufacturer. Then incuba-
tion was done for 1h at room temperature with anti-rabbit
Iz conjugated with horseradish peroxidase, after which
proteins were detected by an enhanced chemiluminescence
system (Amersham Biosciences, Piscataway, NJ, USA).

3. Results
3.1. Growth of K562/cyclin DI cells

Parental K562, K562/D1(clones 18 and 24), K562/Myc,
and K562/mock cells were incubated with 800nM her-
bimycin A or 250nM STI571 for 48h, and viable cells
were counted by the erythrosine B dye exclusion assay. The
growth of K562/D1(#18) cells with no treatment was equal
to that of K562 cells (Fig. 1). As shown in Fig. 1A, the
growth of herbimycin A-treated cells was severely inhib-
ited, especially during the latter half of treatment from 24
to 48 h. The growth of each cell line was equally inhibited.
But, the growth of all cell lines was scarcely affected by
STI571 treatment (Fig. 1B).

3.2. Changes of cyclin DI expression during treatment
with inhibitors

We previously demonstrated that cyclin D1 transcrip-
tion was transiently suppressed during treatment with her-
bimycin A [20]. So we assessed the cyclin DI protein by
immunoblotting in this study. Basal cyclin D1 expression
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Fig. 1. Growth inhibition of each cell line by herbimycin A and STI571. (A) Herbimycin A (800nM) tnhibited the proliferation of cells. (B) STI571
(250nM) slightly reduced cell proliferation, but the inhibition was weak compared with that due to 800nM herbimycin A. K562, K562/D1(#18),
K562/D1(#24), K562/Myc and K562/mock cells were studied. Proliferations of these cells under the each treatment were shown by lines in the blanketed

area.

in K562/D1(#18) cells was markedly higher than K562
cells (Fig. 2A), and cyclin D1 expression in herbimycin
A-treated K562 cells was decreased at 3h and no product
was observed at 6h (Fig. 2A). Unlike cyclin D1 mRNA,
reappearance of cyclin D1 was not observed in the parental
cells. In K562/D1 cells, however, high expression of cyclin
D1 lasted throughout the treatment period. The changes of
cyclin D1 expression during STIS71 treatment were similar
to the changes caused by herbimycin A treatment, although
the downregulation of cyclin D1 occurred earlier and was
more marked than with herbimycin A.

Next, we studied the c-Myc protein (Fig. 2B). Unlike our
previous finding about c-Myc mRNA during herbimycin A
treatment, transient downregulation of c-Myc protein was
not observed in herbimycin A-treated parental K562 cells.

There was also no transient change of c-Myc expression
in herbimycin A-treated K562/D1 and K562/mock cells. In
contrast, treatment with STI571 induced the transient down-
regulation of ¢-Myc from 3 to 12h, and c-Myc expression
subsequently returned to the initial level by 48 h. There were
no differences of the c-Myc expression pattern between each
cell line during STIS71 treatment.

3.3. K562/cyclin DI cells showed resistance to erythroid
differentiation

The effect of Ber-Abl inhibitors on erythroid differen-
tiation was studied by detecting benzidine-positive cells.
As demonstrated in Fig, 3, herbimycin A and STI571 in-
duced erythroid differentiation in 60 and 90% of K562

A Ks62 K562/D1(#18) K562/mock
— sianiaibeil ~— HA
] e STI571
0 3 612 24 43 0 3 6 12 24 48 0 3 6 12 24 48 (hr)
(B} K562 K562/D1(#18) K562/mock
e TSI p — 1] HA
e e e — STI571

0 3 612 24 43 0 3 6 12 24 48 0 3 6 12 24 48 (hy)

Fig. 2. Changes of cyclin D1 and ¢-Myc on immunoblotting during the induction of differentiation. (A) Immunoblot of cyclim D1. Cyclin D1 was
downregulated in K562 cells and K562/mock cells at 3—6h of herbimycin A and STI571 treatment, but herbimycin A and STI571 failed to downregulate
cyclin D1 in K562/D1 cells. (B) Immunoblot of c-Myc. There were no marked changes in the expression of c-Myc by each cell line during herbimycin A
treatment, but STIS71 transiently downregulated c-Myc from 6 to 24 h. Recovery of c-Myc was observed at 48 h in each cell line. K562 and K562/D1(#18)
were studied on the same blot. Detection of cyelin D1 and c-Myc were studied using same protein samples. HA: herbimycin A.
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differentiation was reduced in K562/D1 and K562/Myc cells compared with parental K562 cells and K562/mock cells. (B) Inhibition of erythroid
differentiztion induced by STI571. Up to 90% of K562 cells underwent erythroid differentiation, while less than 30% of KS62/Di and K562/Myc cells

showed differentiation.

cells, respectively, but K562/D1 cells only showed 30%
erythroid differentiation after culture with herbimycin A.
STI571 also failed to cause the differentiation of K562/D1
cells, since only 20% of cells were benzidine-positive.
The inhibition of differentiation was comparable between
K562/D1 and K562/Myc cells. These results clearly demon-
strated that K562/D1 cells were resistant to the induction
of erythroid differentiation by Ber-Abl tyrosine kinase
inhibitors,

To confirm the resistance of K562/D1 cells to erythroid
differentiation, surface glycophorin A expression was stud-
ied (Fig. 4). K562 cells and K562/mock cells without
any treatment showed weak expression of glycophorin A
(Fig. 4A), but glycophorin A expression on K562/D1 cells
was compietely suppressed (Fig. 4A). This suggested that
ectopic expression of cyclin D1 in K562 cells was able to
reverse erythroid differentiation partly. Both herbimycin
A (Fig. 4B) and STI571 (Fig. 4C) induced the erythroid

2 2
5 control HerbimycinA £ STI571
[=]
© 10.3 8
160 f
1734 160 3924
120 39.6 4o 5 & 120 25, 257 &
125 ! 273.8 - !
so| [ ) 4 80
f: J:ﬂ\ ‘IL‘\ . »f ‘ -'“‘5 ’ i .
40 : gf' .\"\ \\ / k;hh . f'l; ‘s 40 ; yt"’r‘)\"'k l'L g
LA e N o bt AN
10° 10" 10 103 10° 10" 102 10° FITC  10° 10' 102 103FITC
®) 2 FITC ) | ©)
{1 K562/D1(#18) & K562/mock €= K562

Fig. 4. Expression of glycophorin A. Cells were treated with 800nM herbimycin A or 250nM STI71 for 48h. (A) Expression of glycophotin A in
K562/D1 cells was markedly reduced compared with that in K562 and K562/mock cells. (B) Expression of glycophorin A after herbimycin A treatment.
K562 and K562/mock cells strongly expressed glycophorin A, but its expression was inhibited in K562/D1 cells. (C) Expression of glycophorin A after
STIS7I treatment. STI57] induced stronger glycophorin A expression than herbimyein A. Although the expression of glycophorin A was strongly induced

in K562 and K562/mock cells, its expression was blocked in K562/D1 cells,
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Fig. 5. Changes of MEK1 and ERK activity during erythroid differentiation. Each cell line was treated with 250 nM STI 571, and MEK and ERK activity
were stedied by detecting phosphorylated MEK and ERK. In all three cell lines, MEK activity was transiently downregulated in a similar manner. ERK
activity was immediately downregulated in K562 and K562/mock cells, but the ERK activity of K562/D1 cells was not affected but slight reduction at 48 h.

differentiation of K562 cells, and the mean intensity of
glycophorin A expression after exposure to these agents
was 273.8 and 3924, respectively. These results coin-
cided with the detection of erythroid differentiation by
benzidine-positive cells. Glycophorin A expression was also
suppressed in K562/D1 cells. The mean peak expression of
glycophorin A in K562/D1 cells exposed to herbimycin A
and STI571 was 12.5 and 25.0, respectively.

3.4. K562/D1 cells show resistance to inactivation
-of ERK

The MAPK pathway is one of the important pathways
controlled by the Ber-Abl fusion gene, so we studied whether
the MEK-to-ERK pathway was altered during STI1571 treat-
ment. Exposure to STI571 downregulated MEK activity in
K562, K562/D1 and K562/mock cells from 3 to 12h, and
MEKXK activity recovered from 24 to 48 h (Fig. 5). Next, we
studied the changes of ERK activity. Phosphorylated ERKs
were largely downregulated in K562 and K562/mock cells,
and no subsequent change was observed. In conirast, no
downregulation of phosphorylated ERKs was observed in
K562/D1 cells (Fig. 5). These data indicate that the signal
transduction from Ber-Abl to MEK-ERK was blocked by
STIS71 in K562 cells, while ERK was activated indepen-
dently from MEK in cyclin D1-overexpressing cells.

4, Discussion

In this study, we demonstrated that the overexpres-
sion of cyclin D1 by K562 cells confers resistance to
STi571-induced erythroid differentiation, and this inhibi-
tion of differentiation was comparable to that seen in cells
overexpressing ¢-Myc. In general, the differentiation of
hematopoietic cells coincides with the loss of proliferative

activity, but the growth rate of each cell line during STI571
treatment was mostly similar to that of parental K562 cells
(Fig. 1B). Unlike herbimycin A treatment, 250 nM STI571
caused almost no inhibition of proliferation, but STI571
induced erythroid differentiation more strongly than her-
bimycin A. Therefore, erythroid differentiation was actively
induced by STIS71 treatment, rather than occurring as a
consequence of cytotoxicity. Moreover, differentiation was
actually suppressed by cyclin D1 overexpression, while the
growth of STI571-treated K562/D1 cells was similar to that
of parental cells.

Expression of cyclin D1 following stimulation by growth
factors is mainly regulated by the MAPK and PI3-K path-
ways [26-28]. Since the MAPK and PI3-K pathways are the
two main routes stimulated by Ber-Abl chimeric genes [29],
the downregulation of cyclin D1 by STI571 treatment of
parental K562 cells seems to be rational. In fact, we demon-
strated that MEK 1 activity was downregulated by STI571 in
both K562 cells and K562/D1 cells. The changes in the activ-
ity of ERK, the downstream target of MEK1, were interest-
ing. In K562 cells, ERK :ictivity was downregulated from the
early stage of STI571 treatment, but its activity in K562/D1
cells was constantly kept in high level and reduced slightly
at 48 h, This persistence of ERK activity in K562/D1 cells
may have contributed to interfering with STI571-induced
differentiation, Qur previous data also support this possibil-
ity because constant MEKI activation renders K562 cells
resistant to STI571-induced erythroid differentiation, while
the induction of ERK-specific phosphatase potentiates the
differentiation-inducing activity of STI571 [24]. Thus, ec-
topic expression of cyclin D1 may alter this MEK-ERK and
cyclin D1 circuit, leading to the repression of differentiation.

Recently, it has demonstrated that the overexpression of
cyclin D1 alters differentiation [14], and this action may
be closely related not only to its effect on Cdk4 but also
to the regulation of transcription factors. In skeletal muscle
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cells, differentiation-associated genes (regulated by MEF2
transcription factor) are repressed by Cdk4—cyclin D1 ki-
nase [14]. The proliferating cells in small intestinal crypts
express cyclin D1, while the BETA2/NeuroD-dependent
differentiation-related genes are repressed through the bind-
ing of cyclin D1 to a transcriptional co-factor {(p300) [12].
Cyclin D! has been demonstrated to bind to thyroxine and
estrogen receptors [10,11,13], and it modulates the transcrip-
ticnal activity of these receptors in both a ligand-dependent
and -independent manner. These findings show that cyclin
D1 has a potential to modulate the transcription of gene
expression, so the overexpression of cyclin D1 in K562
cells may interfere with the transcription of genes that are
required for the induction of erythroid differentiation.

In conclusion, we demonstrated that cells overexpress-
ing cyclin D1 show resistance to STI571-induced erythroid
differentiation. STI571 is expected to bring several benefits
by its clinical application. Since our study suggested one
of mechanisms of resistance to STI571, we are now study-
ing the effects of concomitant treatment with other drugs to
overcome the resistance [30].
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Abstract

K562 cells contain a Ber-Abl chimeric gene and differentiate into various lineages in response to different inducers. We stud-
ied the role of the mitogen-activated protein kinase (MAPK) kinase 1 (MEK1)/extracellular signal-regulated kinase (ERK)
pathway during the erythroid differentiation of K562 cells induced by tyrosine kinase inhibitors (herbimycin A or STIS71),
using genetically modified cells (constitutively MEK I-activated K562: K562/MEK], and inducible ERK-inactivated K562:
K562/CL100). Basal expression of glycophorin A was markedly reduced in K562/MEK1 cells compared with that in parental
cells, while it was augmented in K562/CL100 cells. Herbimycin A and STI571 differentiated K562 cells accompanying with
the transient down-regulated ERK. Moreover, the erythroid differentiation was markedly suppressed in K562/MEK1 cells, and
early down-regulation of ERK activity was not observed in these cells. In contrast, the induction of ERK-specific phosphatase
in K562/CL100 cells potentiated erythroid differentiation. Once the phosphatase was induced, the initial ERK activity became
repressed and its early down-regulation by the inhibition of Ber-Abl was marked and prolonged. These results demonstrate
that the erythroid differentiation of K562 cells induced by herbimycin A or STI571 requires the down-regulation of MEK1/
ERK pathway. (Mol Cell Biochem 258: 25-33, 2004)

Key words: STIST1, herbimycin A, MEK, ERK, erythroid differentiation, K562

Introduction

Differentiation therapy is one of the promising strategies for
the treatment of leukemia, especially in elderly patients who
cannot tolerate intensive chemotherapy or bone marrow
transplantation. Great success has been achieved with all-
trans retinoic acid therapy for promyelocytic leukemia [1],
but the available drugs are not effective enough for clinical
application against other types of leukemia. This is partly be-

cause of our poor understanding regarding the differentiation
of leukemic cells.

K562 cells are a human erythroleukemia cell line that was
derived from a patient with chronic myelogenous leukemia
in blastic crisis. This pluripotent cell line is useful for study-
ing the molecular mechanisms that regulate the lineage com-
mitment of leukemic cells. Various compounds are known to
induce the differentiation of K562 cells into different line-
ages [2]. For example, K562 cells are differentiated into the
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megakaryocytic lineage by phorbol 12-myristate 13-acetate
(PMA) [3], while herbimycin A [4], hemin, Ara C [5], and
butyrate [6] all induce erythroid differentiation. K562 cells
have a Ber-Abl chimeric gene. This chimeric protein pro-
motes tyrosine kinase activity, and mediates various growth
signals that lie down-stream [7]. Through the association of
Grb2 and SOS with the Ber-Abl fusion protein, Ras proto-
oncogene is activated and this leads to the activation of sev-
eral signal transduction systems [7]. The Raf/MAPK pathway
is one of the major signaling pathways from Ber-Abl and is
critical for the growth of CML cells, because an inhibitor of

the association between Ber-Abl with Grb2 strongly inhibits

the proliferation of CML cells [8]. Modulation of the Ber-Abl
Raf/MEK1/ERK system seems to be an important regulator
for the differentiation of CML cells as well as for control of
proliferation. PMA, which activates the MEK1/ERK path-
way and induces the expression of cyclin D1 and p21%9!, Ieads
K562 cells into differentiation towards megakaryocytic lin-
eage [9], while the MEK1 inhibitor PD098059 has been dem-
onstrated to enhance erythroid differentiation (10). However,
these relationships may differ depending on either the inducer
or the signal modulator. In activation of Grb2 by a specific
peptide could inhibit proliferation of K562 cells, but failed
to induce erythroid differentiation [8], K562 cells transfected
with an active mutant of MEK1 or MEK2 demonstrated a
" differentiated phenotype compatible with megakaryocytes
after PMA treatment by adhering to the culture flask with a
spreading morphology [11]. Moreover, their proliferation was
slightly down-regulated and o-globin gene expression was
markedly suppressed [11]. On the other hand, activated Ras-
transfected K562 cells were unexpectedly showed a benzi-
dine positive phenotype, although the MEK/ERK pathway
was activated [12]. Moreover, Woessmann et al. showed the
requirement of ERK activation in hemin-induced erythroid
differentiation [13].

Herbimycin A, a benzoquinoid ansamycin antibiotic, was
originally isolated as a tyrosine kinase inhibitor. Honma et
al. demonstrated that it caused K562 cells to differentiate
into erythroid cells {4]. We previously demonstrated that
herbimycin A transiently down-regulated c-myc and cyclin
D1 during erythroid differentiation of K562 cells [14] and that
this was also associated with the partial down-regulation of
telomerase activity [15]. Recently, a more specific Ber-Abl
kinase inhibitor (STI571) has been developed [16], and it has
been demonstrated to suppress the growth of CML cells both
in vivo and in vitro [17]. Here we studied the relationships
between inactivation of Ber-Abl and the MEK1I/ERK path-
way during erythroid differentiation using genetically modu-
lated cell lines and these Ber-Abl specific inhibitors, We found
that inactivation of ERK was critical for determining the
erythroid differentiation of K562 cells induced by inhibition
of Ber-Abl activity.

Materials and methods

Cells and culture conditions

K562 cells were obtained from the Riken cell bank (Tsukuba,
Japan). The cells were cultured in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (Hyclone, Logan,
UT, USA) containing 100 U/m! penicillin and 100 pg/ml
streptomycin (Gibco BRL, Gaithersburg, MD, USA)ina 5%
CO, incubator with 100% humidity. For the experiments,
exponentially growing cells (2 x 10°/ml) were suspended in
20 ml of culture medium containing 800 nM herbimycin A
(Sigma, St. Louis, MO, USA} and 250 nM of STI571 (a gift
from Novartis; Basel, Switzerland).

!

Construction of expression vectors and establishment of
cell lines

A constitutive active MEKI1 expression vector was purchased
from Upstate biotechnology (Lake Placid, NY, USA}. It con-
tains the activated rat MEK1cDNA (5218D/5222D) under
the control of CMV promoter [18], and it is demonstrated to
function properly in human cells elsewhere [19]. The plas-
mid was transfected into K562 cells by electroporation, as
previously reported [15]. After transfection, cells were se-
lected using neomycin and single-cell colonies were isolated
in semi-solid methyl cellulose medium.

For experiments on ERK-specific phosphatase [20], the
LacSwitch™ II Inducible Mammalian Expression System
(purchased from STRATAGENE, La Jolla, CA, USA) was
used. ERK specific-phosphatase cDNA was constructed us-
ing the RT-PCR method. Briefly, total RNA was isolated
from parental K562 cells, and an oligo-dT primed first-
strand cDNA was made using MMTV-reverse transcriptase
(Gibco BRL). The primers for PCR amplification were as
follows; Forword primer: 5-TGAGGCCGGCCATGGTCA- -
TGGAAG-3, Reverse primer: 5-CCTTTCAGCAGCTGG-
GAGAGG-3. PCR products were ligated into the TA cloning
vector (Invitrogen, Carlsbad, CA, USA). After isolation of a
clone, the insert was confirmed by sequencing using an ABI
sequencing kit (Applied Biosystems, Foster City, CA, USA).
The isolated CL100-cDNA was transferred into the pOPRSV/
MCS operator vector at the Spel and EcoRYV sites and then
transfected into K562 cells, which had been pretransfected
with the pCMVLacI repressor vector. Double vector-trans-
fected K562 cells were selected in 800 pg/ml G413 (Gibeo)
and 1200 pg/ml hygromycin (Gibco) selection medium. For
induction of CL100-cDNA, the cells were treated with 2 mM
IPTG at 3 h before the experiments.
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Detection of erythroid differentiation

Cytochemical assays

K562 cells with erythroid differentiation that contained heme
or hemoglobin were detected by a specific reaction using a
benzidine/hydrogen peroxide solution. Benzidine dihydro-
chloride (2 mg/ml in 0.5% acetic acid) was mixed with 30%
hydrogen peroxide (5 pul/ml) and added directly to an equal
volume (10 pl) of cell suspension in a centrifuge tube. The
mixture was incubated at room temperature for 5 min and the
percentage of benzidine-positive cells was calculated under
microscopy after counting at least 600 cells.

Glycophorin A analysis

Glycophorin A on the cell surface was examined by a direct
immunofluorescence method. An FITC-conjugated mono-
clonal antibody for glycophorin A and control IgG-k were
purchased from DAKO (Carpinteria, CA, USA). Then 10°
cells were harvested, washed once with 2% fetal calf serum
containing PBS, and incubated in the dark with the antibod-
ies for 45 min at 4°C. After washing three times with 2% fetal
calf serum containing PBS, the cells were analyzed by flow
cytometry (FACS caliber; Beeton Dickinson, Franklin Lakes,
NI, USA).

Immunoblot gnalysis

Cells were washed with ice-cold TBS buffer (25 mM Tris-HCI
(pH 8.0}, 150 mM NaCl), and lysed in the lysis buffer supplied
with p38MAK kinase assay kit (Cell Signaling Technology,
Inc. MA, USA). Cell lysates were subjected to 10% SDS-poly-
acrylamide gel electrophoresis and size-separated proteins
were transferred to polyvinylidene fluoride membranes (Bio-
Rad Laboratories, Hercules, CA, USA) using a submerge
electroblotting chamber. Membranes were blocked in TBS
buffer containing 0.1% Tween-20 and 5% skim milk for 1 hat
room temperature. Detection of ERK and phosphorylated-ERK
was done using the phosphorylated ERK detection kit {pur-
chased from Cell Signaling Technology, Inc.). Briefly, incu-
bation with the primary antibodies was done overnight at 4°C
using dilutions recommended by the manufacturer. And after
incubation for one hour at room temperature with anti-rabbit
Ig conjugated with horseradish peroxidase, proteins were de-
tected by an enhanced chemiluminescence system.

Results

Herbimycin A and STI571 induce erythroid differentiation
of K562 cells

We previously demonstrated that 800 oM herbimycin A in-
duced the erythroid differentiation of K562 cells [14].
Therefore, we investigated whether STI571 could also in-

27

duce erythroid differentiation. K562 cells were treated with
either 800 nM herbimycin A or 250 1M STI571 for 48 h, after
which the percentage of benzidine-positive cells and the in-
tensity of glycophorin A expression on the cell surface were
studied. As demonstrated in Fig. 1, 56.7 and 93.5% of K562
cells were stained with benzidine (Figs 1A and 1B) after
herbimycin A or STES71 treatment, respectively, FACS analy-
sis also showed marked induction of glycophorin A on the
cell surface by herbimycin A and STI571 (Fig. 1C).

Herbimycin A and STI571 transiently down-regulate the
ERK signaling pathway in the early phase of treatment

One of the signals from Ber-Abl is transduced through the
Raf/MAPK pathways, and such signaling is considered to
play a critical role in leukemogenesis. When we studied the
changes of ERK activation during differentiation, herbimycin
A suppressed ERK activation from 3-6 h. ERK activity be-
gan to return from 12 h and became completely normal at 24—
48 h (Fig. 2). STI571 (250 nM) also changed ERK activity
in the same manner as herbimycin A, but inactivation oc-
curred earlier than with herbimycin A treatment and weak
reactivation only occurred at 12 h (Fig. 2). No phosphorylated
ERK was observed at 2448 h.

Characterization of K562/MEKI and K562/CL100 cells

Because the ERK signaling pathway was altered during eryth-
roid differentiation induced by herbimycin A and STE571, we
established cell lines in which ERK was either genetically
activated (K562/MEK 1) or suppressed (K562/CL100) with-
out the need to using chemical inhibitors. The cellular growth
rate and the expression of glycophorin A were studied, Prolif-
eration of K562/MEK1 cells was similar to that of parental
K562 cells (Fig. 3A), while the basal expression of glycophorin
A was markedly suppressed (Fig. 3C). The mean level of
glycophorin A expression by parental K562 cells was 37.9,
but that of K562/MEK1 cells was 8.6. In contrast, the growth
rate of K562/CL100 cells was slightly, but significantly, in-
hibited at 72 h after the induction of phosphatase by IPTG
(Fig. 3B). Moreover, basal glycophorin A expression on
K562/CL100 cells was stronger than that by parental K562
cells (Fig. 3C). The mean level of glycophorin A expression
on K562/CL100 cells without exposure to IPTG was 98.2,
while that after induction with IPTG was 118.6.

K362/MEK] cells are resistant to induction of erythroid
differentiation by herbimycin A or STI571

Because the basal expression of glycophorin A was reduced
in KS62/MEKI cells, we studied the erythroid differentiation
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