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this problem, we attempted an inhibition analysis of HR-B
peptides. Wild HVJ infectivity was significantly decreased
by HR-B peptides, but no significant differences were
observed in cholesterol-depleted HVJ with or without
addition of cholesterol or HR-B peptides (Fig. 5g).
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Fig. 5 Effects of envelope cholesterol depletion and restoration
on HV] infectivity. Infectivity of LLC-MK2 cells with control HVJ,
directly cholesterol-depleted HVJ, and HVJ to which cholesterol was
restored after methyl-beta cyclodextrin (MBCD) treatment was
measured. (a-c) Each HVJ type was added to culture cells, and F
protein expression on LLC-MK2 cells was visualized under 200-fold
magnification by immunofluorescence microscopy. Blue dots are
nuclei stained with DAPI, and red dots are F protein stained with
Alexa 546. Immunofluorescence micrographs of LLC-MK2 cells
infected with control HVJ (a), MBCD-treated HVJ (b), and (c) HVI to
which cholesterol was restored after MBCD treatment. (d) Infectivity
of each HVJ type was determined by the ratio of F-protein-positive

@ Springer

E

Discussion
In the present study, we demonstrated for the first time that

cholesterol depletion from the plasma membrane of HVJ-
infected cells increases subsequent HVJ production,
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cells to all cells in a microscopic field. The data represent the
mean =+ standard deviation (n=5). A significant difference was
obtained at *P < 0.01, **P < 0.05. (e¢) The amount of cholesterol
in each HVJ type was measured by cholesterol oxidase and resorufin
spectrophotometry. (f) Western blotting analysis of F and HN proteins
of control HVJ, cholesterol-depleted HVJ, and HVJ to which
cholesterol was restored after cholesterol depletion. (g) HVJ, choles-
terol-depleted HVJ, and HVJ to which cholesterol was restored after
depletion were applied to LLC-MK2 cells with or without HA-HR-B
peptide. Infected cells were detected by immunostaining of the F
protein. Stained cells were counted using the Image] program. A
significant difference was obtained at *P < 0.05
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presumably by accelerating the process of budding of viral
particles.

A previous study of the effect of cellular cholesterol
depletion on HVJ production showed that cellular choles-
terol depletion does not increase HVJ production but
results in a corresponding increase in the M protein
composition following MBCD treatment [7]. Here, we
attempted to determine the effect of various MSCD treat-
ment conditions on cellular cholesterol depletion and cell
viability. Under the conditions of a 6-h incubation of cells
with 1% MPCD, we succeeded in approximately 90%
depletion of cellular cholesterol without affecting cell
viability. Our conditions were more drastic than those used
in the previous study described above, which caused
approximately 60% depletion of cellular cholesterol [7].
Under our optimized conditions of MBCD treatment, HV]
production from LLC-MK2 cells was significantly
increased. We also found that the HVJ that was produced
had different properties. By sucrose gradient analysis, we
first isolated HVJ that had different densities and diame-
ters. In addition, the HN protein level of HVJ-CD was
greater than that of F protein, unlike in wild-type HVI
(Fig. 4a, b). HVI-CD infectivity was lower than that of
wild-type HVI, Although the previous study [7] also
reported that the infectivity of HVI-CD was lowered
overall, we further examined the infectivity of each frac-
tion of HVI-CD separated by sucrose gradient centrifuga-
tion and demonstrated that none of the fractions showed
significant infectivity. These results resemble those
obtained in cholesterol depletion experiments with New-
castle disease virus (NDV) [16). Lee et al {18]. also showed
that infectious Japanese encephalitis virus and dengue virus
serotype 2 production are decreased markedly in cells
treated with MBCD.

Cholesterol in the cellular membrane is well known to
influence the lipid fluidity of the cell membrane [5]. A
higher content of cholesterol in liposomes is also known to
make their membranes more rigid, resulting in a reduction
in lipid fluidity [31]. Because M protein functions to
assemble HN and F proteins at the HVI budding site of the
cell membrane, cholesterol depletion from the cell mem-
brane may affect M-protein-mediated assembly of HN and
F proteins when cell membrane fluidity is increased. Our
results also support this hypothesis by showing an increase
in M-protein-mediated VLP production from MBCD-trea-
ted cells. Previous studies have demonstrated the influence
of cholesterol-rich microdomain disruption by MBCD. In a
study with HIV, cells were treated with MFCD, and the
release of virion-associated p24 was reduced by 70-80%
[27]. However, in a study with influenza virus, lipid raft
disruption by MBCD-mediated cholesterol depletion of
virus-infected cells increased the release of virus particles
and adversely affected virus infectivity [3]. The previous

NDV study indicated that when cells were treated with
MfCD, the amount of virion-derived NP released
increased but the amount of M and F did not change, and
HN was reduced, which suggested that particles released
from cholesterol-extracted cells may be structurally
abnormal [16]. The previous study of HVJ mentioned
above also showed that M protein suppression did not
provoke an alteration in the cholesterol-rich microdomain
composition, although under these conditions, assembly
leading to budding was significantly perturbed, as seen by a
significant decrease in virus particle production. Taken
together, these observations strongly suggest that the cho-
lesterol-rich microdomain fractions do not constitute sites
of viral component assembly directly related to virus par-
ticle production [7].

The reason why the infectivity of HVJ-CD was mark-
edly impaired compared to that of wild-type HVJ is cur-
rently unknown. The data shown in Fig. 4b and e suggest
that HVJ-CD envelope proteins in fractions 3-12 were
presumably present on the viral envelope. However, we
could not identify both F and HN proteins on any particle.
Therefore, the first possibility is that cholesterol depletion
of host cells reflects increased release of multiple vesicle
populations, each harboring only a subset of the viral
proteins. The second possibility is that HVI-CD may lose
the optimal HN/F protein composition required for suffi-
cient infectivity [24], even though each particle retains
both F and HN proteins. Because the amounts of intracel-
lular F and HN proteins did not differ between the control
and cholesterol-depleted LLC-MK2 cells, membrane cho-
lesterol may directly affect the HN/F protein composition
at the time of HVJ budding from the cellular membrane. A
third possibility is that the cholesterol composition in the
viral envelope may directly affect infectivity. To examine
these possibilities, we directly treated HVJ with MBCD and
found that the infectivity of wild-type HVJ was markedly
disrupted by MBCD treatment (Fig. 5a-d). Because the
amount of each protein was not altered before or after
MPBCD treatment (Fig. 5f), envelope cholesterol depletion
appears to directly affect HVJ infectivity without altering
the HN/F protein ratio. These results may exclude the first
and the second possibility raised above and support the
third possibility. This suggests that a significant reduction
in envelope cholesterol in HVJ-CD has a more direct effect
on such impaired infectivity. However, replenishment of
cholesterol in the MBCD-treated HVJ, which returned the
membrane cholesterol level to that of untreated HVI, did
not recover the lost infectivity (Fig. 5d, e). Our results
demonstrate that cholesterol depletion causes an irrevers-
ible change in the function of the HVI F protein on the
envelope, which is not fully recoverable after cholesterol
reconditioning. These results suggest that reconstruction of
cholesterol and viral proteins on the viral envelope may be
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necessary for the infectivity of HVJ. Thus, membrane
cholesterol may play an essential role in controlling the HN
and F protein properties in the budding process on the cell
membrane and in maintaining the infectivity of HVJ. This
conclusion is also supported by the HR-B peptide experi-
ments; however, we cannot exclude the possibility that the
low level of infection by cholesterol-depleted particles
represents experimental background rather than “specific”
infection. Nevertheless, the mechanism of cholesterol-
dependent infectivity may not be commonly applied to
other viruses, such as NDV, since cholestero! depletion
does not affect the infectivity of NDV [16].

MBCD is well known to deplete mainly membrane
cholesterol, although MBCD has also been shown to par-
tially reduce phospholipids in the cell membrane [26].
Since HVJ also contains phospholipids in its envelope, a
decrease in phospholipids by MSCD may also have
affected infectivity. Further investigation to elucidate the
precise role of these lipids on the infectivity of HVJ and
other viruses may provide new perspectives for developing
novel strategies to treat virus infections.
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MADAM, Epidermolytic palmoplantar keratoderma, Vorner type (EPPK,
OMIM 144200) is an autosomal dominantly inherited skin disease caused by
mutations in the keratin 9 gene (KE79 and rarely in the keratin 1 gene.
This condition is characterized by diffuse yellow thickening of the skin of the
palms and soles, sharply offset by erythematous margins.
Histopathologically, EPPK presents the characteristic features of
epidermolytic hyperkeratosis. This report concerns two Japanese EPPK
families associated with characteristic cutaneous manifestations: knuckle

pad-like lesions associated with a novel nonsense AX79 mutation and digital

mutilation caused by a recurrent AR79 mutation.

The proband of Family 1 was a 12-year-old Japanese girl presenting
with hyperkeratosis of palms and soles since soon after birth (Figure 1a).
Hypertrophic plaques with erythema were noted on the dorsal aspects of the
distal phalanges of the hands (Figure 1a, lower panel). Similar lesions, but to
a lesser extent, were seen on the toes (not shown). No other family members
were affected. Histopathology showed epidermolytic hyperkeratosis with
large irregular keratohyaline granules and vacuolization of keratinocytes in

the upper spinous and granular layers (not shown).
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The proband of Family 2 was a 58-year-old Japanese woman
presenting with hyperkeratosis of palms and soles developed soon after birth.
Her father and elder sister had similar hyperkeratotic skin changes. In the
second decade of her life, the proband first noted that the fifth toes felt
mildly constricted. Since then, the constriction gradually progressed with
accompanying numbness of the fifth toes. When she was 50 years old, the
constricted fifth toes became detached spontaneously and one by one with no
traumatic etiology (Figure 1b, arrows). Slight constriction of the finger joints
of the proband was observed, especially of the middle interphalangeal joints
(Figure 1b, arrowheads). The other affected individuals did not show any
constrictive changes in their fingers or toes nor any knuckle pad-like lesions.
Histopathology indicated epidermolytic hyperkeratosis with vacuolization of
the granular layers (not shown).

The genomic DNA samples extracted from the probands and their
family members were subjected to mutation analyses. In the probands, all
the KRT9 exons and their flanking exon/intron junctions were amplified by

PCR and the PCR products were directly sequenced. Mutational analysis
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revealed a C-to-T transition at the nucleotide position 1282 (c.1282C>T) in
exon 6 of ARTY in the proband of Family 1 (Fig. 2a), but not in the healthy
parents, suggesting that this nucleotide change is a de novo mutation. This
nucleotide substitution is expected to transform the corresponding amino
acid glutamine into a stop codon (p.Q428X) within the 2B rod domain of the
keratin 9 protein. Restriction fragment length polymorphism analyses
(RFLP) using the restriction enzyme ZABsaWl demonstrated that this
nucleotide change was not present in 102 controls. In the proband of
Family 2, direct sequencing demonstrated a C-to-T transition at nucleotide
position 487 (c.487C>T). The proband’s elder sister, also affected by EPPK,
had the same mutation (not shown). This nucleotide substitution is thought
to transform the corresponding amino acid arginine into tryptophan
(p. R163W) within the 1A rod domain of the keratin 9 protein (Figure 2b).

To date, six EPPK families associated with knuckle pad-like lesions
have been confirmed to have ART9 mutations.!® All these mutations are
missense mutations and reside in the 1A rod domain, while the mutation
identified in Family 1 reported here is a nonsense mutation, resulting in

deletion of one-third of the 2B rod domain in addition to the tail domain. To
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the best of our knowledge, no nonsense AR79mutation has been reported in
cases with EPPK. In Family 2, we identified the R163W mutation in exon 1
of KRT9 1t is well known that position 163 of the keratin 9 protein
represents a mutational “hot spot’, since this amino acid position has been
reported as mutated in 32 out of 78 cases with EPPK (Human Intermediate
Filament Database, www.interfil.org). In the previous cases with EPPK,
however, no digital mutilation has been reported. It should be noted that a
Japanese EPPK case with slight constriction of the fifth toes has been
recently reported and the proband of that study had the same mutation as
that of our case.” The distinct phenotypical heterogeneity in Family 2 may be
explained by additional genetic and/or epigenetic factors in the proband.
Pseudoainhum can be seen in other palmoplantar keratodermas (PPK) such
as Vohwinkel syndrome, Olmsted syndrome and Papillon-Lefévre syndrome,
as well as in non-PPK states including psoriasis, morphea and erythropoietic
protoporphyria.®8 Although the pathogenetic mechanism of pseudoainhum
has not yet been elucidated, therapeutic intervention using oral acitretin
reportedly provides relief for comstriction of the fingers.8 Therefore,

monitoring early signs of digital constriction and performing prompt
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therapeutic intervention may be necessary for preventing digital mutilation

in PPK patients.
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Figure legends

Figure 1. (a) Hyperkeratosis of palms of the proband of Family 1. Knuckle
pad-like lesions were noted on the dorsal aspects of the distal
phalangeal joints and to a lesser extent, on the middle
interphalangeal joints. (b) Hyperkeratosis of palms and soles of the
proband of Family 2. Mutilation of bilateral fifth toes (arrow).

Figure 2. Direct sequence analyses. (a) In the proband of Family 1, a
heterozygous nonsense mutation ¢.1282C>T (p.Q428X) was
identified (upper panel). Lower panel; sequence of the father. (b) In
the proband of Family 2, a heterozygous missense mutation
c.487C>T (p.R163W) was detected (upper panel). Lower panel;
sequence of the asymptomatic sister.
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Figure 1b
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Figure 2
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It would be of great value to predict the efficacy of tyrosine kinase inhibitors (TKIs) in the treatment
of individual CML patients. We propose an immunoblot system for detecting the phosphorylation of
Crkl, a major target of Ber-Abl, in blood samples after in vitro incubation with TKIs. When the remaining
phosphorylated Crkl after treatment with imatinib was evaluated as the “residual index (RI)", high values
were found in accordance with imatinib resistance. Moreover, Rl reflected the outcome of imatinib- as
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useful in the selection of TKIs.
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1. Introduction

The introduction of tyrosine kinase inhibitors (TKIs) targeting
Ber-Abl have dramatically improved the treatment of CML. Ima-
tinib mesylate (Gleevec; Novartis Pharmaceuticals, East Hanover,
NJ) was shown to induce high rates of cytogenetic and molecular
responses, resulting in greatly prolonged survival in CML patients
[1,2]. However, despite the remarkable improvement in survival
and responsiveness with imatinib-treatment, a considerable pro-
portion of the patients treated with imatinib have been reported
to exhibit either primary or secondary resistance or intolerance
[3-5]. Clinical resistance to imatinib can result from mutations
in the Abl kinase domain at residues that directly contact ima-
tinib or that influence imatinib binding [6]. As resistance can also
arise in the absence of Bcr-Abl mutations, other mechanisms of
resistance and disease progression may exist, including Bcr-Abl-
independent signaling in CML cells [7]. To overcome the resistance
and intolerance to imatinib, efforts have been made to develop
second- and third-generation TKIs. Examples of such inhibitors
include nilotinib (Tasigna, Novartis) [8], dasatinib (Sprycel, Bristol-

* Corresponding author. Tel.: +81 6 6879 3871; fax: +81 6 6879 3879.
E-mail address: sezoe@bldon.med.osaka-u.ac.jp (S. Ezoe).

0145-2126/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2011.01.012

Myers Squibb) [9] and other TKIs under clinical investigation such
as bosutinib [10] and INNO-406 [11]. These TKIs are significantly
more potent than imatinib and have exhibited efficacy against
many types of imatinib-resistant Bcr-Abl mutants. Furthermore,
they are also candidates for first-line therapy, as there is a need
to improve the results achieved with imatinib [12-14]. In parallel
with the entrance of new therapeutic compounds, an important
question is which TKI is the most appropriate to each CML patient.

To establish a system with which we can predict the response
of each patient to TKIs, we investigated in this study the phospho-
rylation of Crkl, a major target of Bcr-Abl, after in vitro incubation
with or without TKIs in peripheral blood (PB) samples from patients
either newly diagnosed or resistant to imatinib. It is demonstrated
that this in vitro analysis system is highly reflective of the clini-
cal response to TKIs of CML patients, and these data should prove
useful in selecting TKIs in individual cases.

2. Patients, materials and methods
2.1. Patient blood samples

Thirty-one patients with CML in the chronic phase (CP) were included in
this study (Table 1). The optimal response, response and resistance were defined
in accordance with the European Leukemia Net (ELN) recommendations [15,16].
Briefly, an “optimal response” to imatinib means achieving a complete hemato-
logical response (CHR) at 3 months or complete cytogenetic response (CCyR) at
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6 months after the induction of imatinib, and resistance means failure to achieve
such a response. On the other hand, in nilotinib- or dasatinib-treated patients, a
“response” means a minor cytogenetic response (mCyR) at 3 months or partial cyto-
genetic response (PCyR) at 6 months after the induction of the second generation
TKI, and resistance means failure to achieve this response.

Ten microliters of the PB samples were obtained from patients with informed
consent at the beginning or before the initiation of imatinib, nilotinib or dasatinib.
Half of each sample was used for examination of the Bcr-Abl sequence, which was
performed by the SRL Co. (Tokyo, Japan), and the other half was used for immunoblot
analysis.

Approvals for the study were obtained from the institutional review boards of
all the participating facilities.

2.2. Reagents

Imatinib, methanesulfonate salt was kindly provided by Novartis Pharmaceu-
ticals (Basel, Switzerland), and nilotinib and dasatinib were purchased from LC
laboratories (Boston, MA). The antibodies used in this study were as follows:
anti-Lyn, anti-phospho-Crkl, anti-phospho-c-Abl from Cell Signaling Technology
(Beverly, MA), anti-phospho-Lyn(Y396) from Epitomics (Burlingame, CA), anti-Crkl,
anti-B-actin from Santa Cruz Biotechnology (Santa Cruz, CA), and the secondary anti-
bodies, anti-Rabbit IgG HRP and anti-Goat IgG HRP were from Promega (Madison,
WI). Pervanadate was purchased from Sigma-Aldrich (St. Louis, MO).

2.3. Cell line

A Ber-Abl positive human cell line, K562, was used in the preliminary experi-
ments in this study. K562 cells were maintained in RPMI1640 (nacalai tesque, Kyoto,
Japan) supplemented with 10% fetus bovine serum (FBS) (EQUITECH-BIO, Kerrville,
TX).

2.4. Immunoblot assays of patients’ samples

Whole blood cell samples from patients were used within 3 h after blood had
been drawn. Red cells were lysed with Whole Blood Lysing Reagents (Beckman Coul-
ter, Brea, CA), and white blood cells were cultured with or withoutimatinib, nilotinib
or dasatinib. After 5-h incubation, the cell lysates were collected and subjected to
immunoblot assays. Gel electrophoresis and immunoblot assays were performed
according to methods described previously [17,18]. Inmunoreactive proteins were
visualized with an enhanced chemiluminescence detection system (PerkinElmer
Life Sciences, Boston, MA).
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2.5, Evaluation of phosphorylation intensity and determination of the “residual
index (RI)"

The intensity of each blot of immunoreactive protein was quantified using
ChemiDoc XRS+ with Image Lab Software (Bio Rad, Tokyo Japan). The RI values of
each patient to TKIs were determined in accordance with the numerical expression,
as indicated in Fig. 2A.

2.6. Statistical analysis

Analysis of variance was used to assess data reproducibility. The Mann-Whitney
rank sum was used to define differences between groups.

3. Results
3.1. Immunoblot analysis of phosphorylated Crklin CML patients

To assess the drug response of the CML patients, we performed
immunoblot assays detecting phosphorylated Crkl, a direct target of
Bcr-Abl kinase. To establish the experimental procedures, prelim-
inary experiments were performed with K562, a CML blast crisis
cell line, or blood sample from a newly diagnosed CML patient
(Patient A), 98% of whose PB cells were Bcr-Abl-positive on fluores-
cence in situ hybridization (FISH). First, to determine the optimum
incubation period for the TKIs, PB cells were incubated with or with-
out TKIs for varying time periods. A two-hour incubation was not
sufficient because imatinib did not completely suppress the phos-
phorylation of Crkl, while 24-h incubation was too long because the
PB neutrophils appeared to die (Fig. 1A, left panel). A five-hour incu-
bation completely eliminated the phosphorylation of Crkl without
cell death. On the other hand, simultaneous treatment with a phos-
phatase inhibitor sustained the phosphorylation of Crkl even after
treatment for 24 h (Fig. 1A, right panel). Thus, we decided to incu-
bate cells for 5 h without phosphatase inhibitors. Next, to build an
in vitro simulation model for the estimation of the activities of TKIs
in the body, we fixed the concentrations of TKIs at the peak value
of plasma concentrations in patients (Cmax) after administration
of the recommended dose of TKIs. The Cmax of imatinib in CML
patients after taking orally 400 mg of the drug is 3.0-4.8 uM, and
that of nilotinib after taking 400 mg is 2.9-4.0 wM. In the case of
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Fig. 1. Optimization of western blot after TKI-incubation. (A and B) Blood sample from Patient A was incubated with or without 5 WM imatinib supplemented with (right
panel) or without (left panel) 10 wM of pervanadate for the indicated periods (A) or incubated with imatinib at the indicated concentrations for 5 h (B). The treated cells were
lysed and subjective to immunoblot analysis using the indicated antibodies. (C) K562 cells were mixed into normal human PB cells at the indicated ratios. Then the samples
were subjective to immunoblot analysis.
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dasatinib, the Cmax after the ingestion of 100mg dasatinib was
100nM [19-21]. In terms of pharmacokinetics, we fixed the con-
centrations of these TKIs (imatinib, nilotinib and dasatinib) at 5 pM,
5uM, and 0.1 wM, respectively. As shown in Fig. 1B, 1 uM of ima-
tinib did not eliminate the phosphorylation of Crkl in the examined
sample of patient A who are newly diagnosed and well responded
to imatinib, but 5uM and 10 uM of imatinib did, indicating that
1 uM is too low concentration for estimation of clinical outcome.
Finally, to estimate the sensitivity of this system, K562 cells were
mixed with normal PB cells at variable ratios, as indicated. Fig. 1C
shows that the phosphorylated Crkl at the lowest 1% was detectable
in K562 cells. Thus, we analyzed patients having more than 10%
Bcr-Abl-positive cells in PB by FISH.

3.2. limmunoblot analysis

To quantify the in vitro responsiveness to TKls, we measured
the density of each blot using a densitometric method. We then
defined “residual index (RI)” for each TKI by the numerical expres-
sion as shown in Fig. 2A. Triplicate measurements were performed
on 3 individual patients (Patient B, C and D). There were no signif-
icant variations among the RIs in each patient. Standard error for
each sample set was less than 5% (4.6%, 1.2% and 3.4%, respectively)
(Fig. 2B).

3.3. Responses to the TKIs in patients with various stages of CML
Fig. 3A represents typical results of the immunoblot analyses
in 2 patients with newly diagnosed CML (Patient 1 and 2), and 2

patients who were receiving imatinib but were displaying resis-
tance (Patient 16 and 17). Although all of these samples exhibited
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apparent phosphorylation of Crkl without TKIs, the phosphorylated
Crkl disappeared from the samples of Patients 1 and 2 when incu-
bated with imatinib, nilotinib or dasatinib. In the case of Patients
16 and 17, on the other hand, weak bands remained in the ima-
tinib and/or nilotinib-incubated samples, but disappeared in the
dasatinib-treated ones. Thus, this immunoblot analysis appeared
to be useful in evaluating Crkl phosphorylation after in vitro
TKI-incubation. All patients were divided into two groups: one
being newly diagnosed and another receiving imatinib-therapy
but showing resistance. The imatinib-RIs of the samples from the
imatinib-resistant group (median RI: 34.2%) were much higher than
those of the samples from newly diagnosed patients (median RI:
4.2%) (Fig. 3B).

3.4. Sequential examinations using the residual index

Rl values were analyzed sequentially in the course of the differ-
ent TKI-treatments in 2 imatinib-resistant patients (Patient 23 and
27).

Patient 23 (Fig. 4A): after six months of treatment with ima-
tinib, the drug was changed to dasatinib because of a failure to
achieve an optimal response (72% Ph1* in FISH). Six months after
the start of dasatinib, Ph1* cells were disappeared. The samples
were obtained twice: prior to the treatment with imatinib, and at
the time of change to dasatinib. Immunoblot analysis showed that
neither imatinib nor nilotinib eliminated the phosphorylation of
Crkl at the initiation of treatment, but dasatinib did. Furthermore
the RI values were under 10% only in the sample incubated with
dasatinib.

Patient 27 (Fig. 4B): when the first sample was obtained, the per-
centage of Ph1* cells was 93% after 7-year treatment with imatinib.
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Fig. 2. “Residual index (R1)". (A) The numerical expression of Rl. “Measured value” means the density of each blot measured by densitometric method. (B) The reproducibility
of Rls for imatinib treatment. Means and standard errors, representing triplicate assays in 3 patients, are shown.
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Fig. 3. Different RI values against imatinib between patients at diagnosis and patients showing imatinib-resistance. (A) Four typical data of immunoblots were represented.
PB cells from newly diagnosed patients (Patient 1 and 2) or patients (Patient 16 and 17) who had been receiving imatinib-therapy but showed its resistance were incubated
for 5h in vitro with or without indicated TKIs. The concentration of imatinib, nilotinib, and dasatinib are 5 uM, 5 M, and 0.1 uM, respectively. The incubated cells were
lysed and subjected to immunoblot analysis using the indicated antibodies. (B) Rls against imatinib were calculated in 15 patients at diagnosis and 14 patients who had
been receiving imatinib-therapy and showed its resistance. The distribution of Rls in each group was plotted. Representative box plots show values within the 25th to 75th
percentile. Medians are indicated in crossbar. Fifth and 95th percentiles are shown by error bars. The statistical difference was p <0.05.

Then the treatment was changed to dasatinib, which was stopped
because of a strong pancytopenia. The patient was then treated with
nilotinib, but the percentage of Ph1* cells again increased. The sec-
ond sample was obtained at the time of the change from dasatinib
to nilotinib. In both samples, the incubation with the three TKIs
did not eliminate the phosphorylation of Crkl. Although the second
sample exhibited a strong sensitivity only to dasatinib (RI=4.1%),
the remaining CML cells additionally displayed continuous Lyn-
phosphorylation (Fig. 4B).

3.5. RIs in patients with Bcr-Abl point mutations

The most important issue in TKIs resistance is the acquisition of
point mutations in Bcr-Abl. Ber-Abl mutations were detected in 4
samples (Table 2). The RI values of Patient 28, with a threonine-
to-isoleucine mutation at codon 315 (T315I), were higher than
10% in all the TKI-treated samples. In accordance with the in vitro
results, the disease was refractory to both imatinib and dasatinib.
A phenylalanine-to-leucine mutation at codon 317 (F317L) and a
methionine-to-threonine at codon 351 (M351T) were detected in
Patient 27. F317L is reported to confer high responsiveness to nilo-
tinib, while M351T does the same to dasatinib. The Rl values of this
patient were over 10% in all of the samples treated with TKIs, which
conformed the outcome of failing to achieve CHR after nilotinib
or dasatinib treatment. Next, the RI value in the sample with the
phenylalanine-to-valine mutation at codon 359 (F359V) (Patient
23) was less than 10% only in the dasatinib-treated sample, which
does not conflict with the reported IC50 data. Finally, although the
F317L mutation is reported to be highly sensitive to nilotinib, the
Rl value for nilotinib in Patient 19, who later proved to be resistant
to nilotinib but responded to dasatinib, was higher than 10%, and
lower than 10% for dasatinib. Therefore, Rls are likely to be highly
correled with the favorability of Bcr-Abl mutations to TKIs, and in

some cases, to predict the responsiveness with higher sensitivity
than mutations.

3.6. Correlation of RI with patient outcome

To analyze whether the Rls correlate with the clinical response
to TKIs, newly diagnosed patients (n=15) were separated into two
groups in accordance with the most recent outcome, imatinib-
sensitive (n=13), who achieved an optimal response after the
sample collection, and imatinib-resistant (n=2), who did not. The
median RI of the patients in the sensitive group was 4.2% and
that in the resistant group was 43.2% (p <0.05) (Fig. 5, left panel).
We also assessed the predictability of the response to nilotinib.
Eight patients imatinib resistant had undergone nilotinib-therapy.
Among them, 4 achieved optimal responses and the others failed.
The median Rl in the nilotinib-sensitive group was 3.5% in contrast
to 31.2% in the resistant group (Fig. 5, middle panel). Although the
sample size was too small to conduct statistical analysis, the RIs
were clearly separated between dasatinib-sensitive and -resistant
groups (Fig. 5, right panel).

When the cut-off value of RI was set at 10%, the specificities,
sensitivities and predicted values were all 100% in terms of nilo-
tinib and dasatinib responsiveness (Table 3). Also, in the evaluation
of imatinib-treatment, the specificity and sensitiveness were more
than 77%. Therefore, it is suggested that the RIs (cut-off value: 10%)
are useful as a novel predictor for clinical utility of TKIs, especially
in imatinib-resistant cases.

4. Discussion

Imatinib, the first approved TKI for CML, frequently induces
durable cytogenetic remission and thus occupies an important
position as the current standard of care. Now, second-generation
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Fig. 4. Sequential examinations of RI values during clinical treatments in two patients. Immunoblots were sequentially analyzed during CML-treatment in two patients
who showed resistance to TKIs. Data of immunoblots using the indicated antibodies are shown with their clinical course. FISH analyses are indicated by open triangles, and

immunoblot analysis by closed triangles.

Table 1

Patient characteristics.
Characteristic
No. of patients 31
Median age, y (range) 55 (20-89)
Sex (male/female) 14/17
Treatment before sample collection
No 13
IFN 3
TKI 18
Bcr-Abl mutation 4
Median follow-up, months (range) 6(3-14)

TKIs, such as nilotinib and dasatinib, have now been made
available [12,13]. Although these TKIs are significantly more
potent and show higher sensitivity against some imatinib-
resistant mutations, there are no useful guidelines for the proper
choice of second-generation TKIs in imatinib-resistant patients.

Table 2
Patients with BCR-ABL mutations, and their RI values.

Furthermore, second-generation TKIs have recently been recom-
mended as first-line therapies based on the evidence that an earlier
achievement of remission may provide a better clinical outcome
or less disease progression. There is still a need for indicators
pointing to the proper drug choice for individual patients. The
in vitro responsiveness to TKIs in terms of cell proliferation has
been demonstrated to be a predictor of clinical response. The IC50,a
cell based screen for resistance determining the drug concentration
that can induce 50% of growth suppression, is a potent predictor
of the responsiveness to drugs. In patients with de novo CML, the
Ic50imatinib was reported to possess a high predictive value [22].
However, determination of the IC50 for each TKI requires so much
effort and time that an application suitable for all patients may be
quite a distant prospect. Furthermore, as the optimal concentration
varies for each TKI, comparing the efficacy between different TKIs
is difficult. Although the cellular IC50s for the effect of TKls on Bcr-
Abl point mutations have been reported [23-26], this information

Patient Mutation Rls Clinical outcome

Imatinib Nilotinib Dasatinib
Patient 19 F317L 40.0 30.8 39 Imatinib and nilotinib resistant, and dasatinib respond
Patient 23 F359v 15.8 119 14 Imatinib resistant, and nilotinib and dasatinib intolerant
Patient 27 M351T/F317L 74.0 76.9 51.6 imatinib resistant, and nilotinib and dasatinib intolerant
Patient 28 T3151 104.2 88.0 93.0 Imatinib and dasatinib resistant
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Fig. 5. Rl values in patients grouped by clinical response to each TKI-therapy. Fifteen patients were newly diagnosed as CML, and their PB cells were obtained just before the
beginning of imatinib-therapy. The patients were divided into two groups: “optimal response” in imatinib-treated patients means de novo CML patients who later proved
to achieve optimal response, and “Resistance” means patients who later failed to achieve optimal response. Among 12 patients who had showed imatinib-resistance, 8
patients received nilotinib-therapy and 4 patients received dasatinib-therapy at a stretch of imatinib-therapy. Their PB cells were obtained just before the change of therapy.
The patients were divided into two groups: that of responsive patients and of resistant patients to each TKI. Dot plots demonstrate the Rl values of patients to each TKI.
Representative box plots show values within the 25th to 75th percentile. Medians are indicated in crossbar. Fifth and 95th percentiles are shown by error bars.

Table 3
Sensitivity and specificity.

Optimal response Resistance Predicted value
Newly diagnosed and Imatinib-treated patients (n=15)
RI<10 10 0 100%
RI> 10 3 2 40%
Specificity/sensitivity 77% 100%
Imatinib-resistant and Nilotinib-treated patient (n=8)
RI<10 4 0 100%
RI=10 0 4 100%
Specificity/sensitivity 100% 100%
Imatinib-resistant and Dasatinib-treated patients (n=4)
RI<10 0 100%
RI=10 0 1 100%
Specificity/sensitivity 100% 100%

Newly diagnosed and later achieved
optimal response

Imatinib-treated and showed Predicted value

resistance to Imatinib

All included and evaluable patients (n=27)

RI<10 10
RI=10 3
Specificity/sensitivity 77%

1 91%
13 81%
93%

is only useful when the mutated subclone is the predominant cell
population.

In this study, we evaluated the effect of TKIs on Crkl phospho-
rylation as a “residual index”. It is noteworthy that the samples
from patients who had shown resistance to imatinib had much
higher RIs than the samples from newly diagnosed patients. In the
case of newly diagnosed patients, most samples responsive to ima-
tinib in vitro, but two patients whose samples displayed markedly
high Rls in vitro proved not to achieve an optimal response to
the drug. Although substantial accordance was later detected in
the immunoblot data between the responsiveness and resistance

to imatinib, a few samples had markedly high Rls in patients
who later achieved optimal responses to imatinib. These excep-
tional cases will have to be followed for a longer period. The data
showed 100% of sensitivity and 77% of specificity when the RIs
were separated at 10%. On the other hand, in imatinib-resistant
patients, the results of the tests did reflect the patient outcome.
Although the sample size was small, the immunoblot analysis was
able to predict the clinical responsiveness to nilotinib or dasa-
tinib treatment with 100% sensitivity and specificity. Thus, this
system can be a useful tool for selecting TKIs, especially in imatinib-
resistant patients. It may be inferred that the lower confidence in
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