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JC-1: a very sensitive fluorescent probe to test Pgp activity
in adult acute myeloid leukemia

Ollivier Legrand, Jean-Yves Perrot, Ghislaine Simonin, Marion Baudard, and Jean-Pierre Marie

One of the best-characterized resistance
mechanisms in acute myeloid leukemia
(AML) is the drug extrusion mediated by
P-glycoprotein (Pgp). Recently the re-
sults of workshops organized by several
groups concluded that accurate measure-
ment of low activity of Pgp is a difficult
goal in clinical samples. Therefore, highly
sensitive and specific assays were devel-
oped to assess the functionality of Pgp

shown that JC-1 (green and red bands)
may define 3 groups of patients: resistant

(R) (29% of patients), intermediate (l)
(36%), and sensitive (S) (35%). In con-
trast, rhodamine 123 assay detected only
the R group defined by JC-1. Neverthe-
less, the | group has an intermediate
expression of Pgp (0.39, 0.29, and 0.19 for
the R, I, and S groups, respectively,
P = .002), an intermediate biologic profile

mediate prognosis (achievement of com-
plete remission, 55%, 65%, and 87%,
P = .006; 3-year disease-free survival,

11%, 16%, and 36%, respectively, P = .005;

and 3-year overall survival, 0%, 20%, and
51%, respectively, P < .0001). Therefore,
JC-1 appeared to be a more convenient
and simple way to detect a functional Pgp

in clinical AML samples than rhodamine
123. (Blood. 2001;97:502-508)

using JC-1, a fluorescent molecule with
the different emission wavelength (green
and red fluorescence) according to its
concentration in 129 AML samples. It was

(percentage of CD34, 95%, 67%, and 44%,
respectively, P < .0001; in vitro resis-
tance to daunorubicin, 94 M, 20 pM, and

12 pM, respectively, P = .02), and an inter- © 2001 by The American Society of Hematology
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Despite improvements accomplished in the 30 last years with tbentered at 597 nm (red band), in addition to the cytoplasmic gréen
use of a combination of cytarabine (Ara-C) and intercalatingand. We have shown in cell lifethat sensitive cells display bothg
agents, the overall prognosis of adult acute myeloid leukemigeen and red fluorescence. In resistant cells, when Pgp acti_§/ity
(AML) remains poor: the 5-year survival rate is only 35% usingncreased, green fluorescence of JC-1 decreased and red fluéres-
aggressive therapy, and most patients achieving complete rentsishace was lost. In intermediate-resistant cells, green fluorescénce
sion (CR) relapse with resistant disease within 12 to 18 mdnth#tensity was often identical to the fluorescence intensity %f
One of the best-characterized resistance mechanisms in AML is #emsitive cells, but red fluorescence was already lost. We have
drug extrusion mediated by P-glycoprotein (Pgp), the product obncluded in this study that the red emission band of JC-1 appe&red
the multidrug resistance-1 (MDR1) gene, which has been shownttobe more convenient for detection of low-level resistance &‘:Eld
be associated with a poor outcoméecently, the results of more sensitive than rhodamine 123 (Rh123).
workshops organized by several groups were publiSiigdne of Here, we report a functional assay using JC-1 in 129 A
the main conclusions was that accurate measurement of low levedgnples.
of Pgp is a difficult goal in clinical samples. Nevertheless, even a
weak activity of Pgp may lead to an MDR phenotype. Therefore,
we need to develop highly sensitive and specific assays to assess .
the functionality of Pgp. Patients, materials, and methods
JC-1 is a carbocyanine liquid crystal-forming probe. Thi?atients
cationic dye was initially used for analysis of mitochondrial
potential” JC-1 is a reliable probe for analyzindy changes Between January 1995 and December 1998, 129 samples from de IFOVO
occurring very early in apoptosis. Recently, we have shown thagult AML pa_tients were successfully tested. The diagnosi's was base%on
JC-1, a fluorescent molecule, is also a probe of Pspecific French-American-British (FAB) criterig:*Immunophenotyping was per-

] . P - : ormed using flow cytometry. Acute promyelocytic leukemia patients were
property of JC-1, due to its stacking in a liquid crystal form, is théxcluded from the study (because of retinoic acid treatment). Patients with

dependence of its fluorescence emission wavelength on its Conct?@,'ZZ) were also excluded from the study. For each patient, several clinical

tration? O.n excitation at 490_ n_m' JC-1 monomers display and biologic characteristics were analyzed (age, white blood count [WBC]
cytoplasmic fluorescence emission centered at 537 nm (gregiiagnosis, WHO performance status, lactate dehydrogenase [LDH] level,
band). Beyond a critical concentration, JC-1 aggregates in mitoch@p34 and CD65 expression, cytogenetics, Pgp expression, and in vitro
drium, thus leading to the emergence of an intense emission baeslstance to daunorubicin [DNR], etoposide, and Ara-C). Unfavorable
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karyotypes were defined Esabnormalities of chromosomes 5 or 7,Functional assay JC-1
abnormalities of 11g2.3 band, or complex abnormalities. Inversion in . ) ) .
chromosome 16 (inv 16) or (8;21) indicated good prognosis, and the ot staining, cells were washed twice and‘resuspended in PBS containing
karyotypes, including normal, indicated intermediate prognosis. _0'1 uM JC-1 r:qonom,er_at a con_centratlon oPSLG> cells/mL. and

No patient had a history of prior therapies with anticancer drugs or"&CUba‘tEd_at 37°C for I5without or Wlth mo_dulator (CsA, M) to assess
diagnosis of myelodysplasic syndrome. All patients in this study were givgrgp function. Cells were washed twice in C?'d PBS, and samples were
a combination of Ara-C+ anthracycline+ etoposide. Antileukemic analyzed._Ce_II quorescgnce was recorded using a FACSort flow cytometer
treatments were differentiated according to age but were similar. (Becton Dickinson) equipped with a 438-nm argon laser and 3 quoresc;ence

Patients younger than 60 years received Ara-C (100 fidjrfor 10 detectors: FL1 (530-nm band-pass filter), FL2 (585-nm band-pass filter),

days, either DNR (45 mg/#d) or idarubicin (10 mg/id) or mitoxantrone and FL3 (650 nm band-pass filter). JC-1 fluorescences were analyzed on the
7 m’g/mg_/d) for 3 days, and etoposide (100 md/d) for 5 days. The FL1 and FL2 channels for detection of the fluorescence of the dye monomer

patients who achieved CR after 1 or 2 cycles of therapy received 1 cycleacg}?1 ISUid cr)lllstal flo rm,Je;; p((e:cti\?/’ely. T,T)e (fjunctiog orf] Pap I\{vas %sléablished
consolidation therapy (with the same induction anthracycline). patierfdlh blast cells selected by CD34 antibody (FL3 channel; HpClane,

achieving CR were subsequently scheduled to proceed to allogeneic pEESton Dickinson) or with physical characteristics only if blast cells did not
marrow transplantation if a matched sibling donor was available (f press characteristic markers. Results of 2 fluorescences were expressed as

patients); patients older than 45 years or lacking a suitable donor receiveWn N “Results.”
an autograft.

Patients older than 60 years were given a combination of Ara-C (100TT cytotoxicity test
mg/n?/d) for 10 days, mitoxantrone (7 mg#d) for 3 days or DNR (45
mg/n?/d) for 3 days,+ etoposide (100 mg/#fd) for 3 days. The patients
who achieved CR after 1 or 2 cycles of therapy received 1 cycle

In vitro cytotoxicity was measured as described previotslprevious §

&tudies using MTT assay for the prediction of chemoresistance in adult

consolidation therapy (with the same induction anthracycline). Patiedtd!- suggested that it may be helpful for risk-group stratification in adut

younger than 70 years achieving CR were subsequently scheduled,AMLls-Uand that it has a strong value in the prediction of clinical resporise

. . 19 Q
proceed to autograft; patients older than 70 years received a second comgg'ldhmd leukemia?19Therefore, we used MTT assay to assess thean

of consolidation therapy and maintenance therapy with low-dose Ara-C. V'_tro resistance to drugs. I_n our previous study, Patiems who exhibite§ a
There was not a difference in clinical response (achievement of CH,gh LCso (lethal concentration 50%) of DNR or a high k4of Ara-C had a

disease-free survival [DFS], or overall survival [OS]) with differingpoorer prognosis than the other patietfts.

induction regimens. In addition, the distribution of variables analyzed was In y|tro sen3|t|v_|ty of cells to_ DNR, Ara-C, and e_top05|_de was
determined by planting X 1P cells in a 20Q.L growth medium, without £

ndyse//:

ne:

not different between treatment regimens. - o o S
any specific growth factor, containing several dilutions of the drug &n
96-well microtiter plates. Each concentration of drugs was repeated i 6
Level of Pgp expression wells. After incubation for 3 days at 37°C with 5% G@ell viability was g
) ) ) ) determined using the MTT assay as described by Kasperg%&sagfly, 20 2
Pgp expression was measured by labeling fresh viable cells with the Ulﬁg MTT (5 mg/mL in PBS) was added to each well and incubated ford

(129 samples) and MRK16 (99 samples) monoclonal antibodies and W{Brs. The medium and MTT were then removed from the wells By
phycoerythrin-labeled second antibody as previously desctibdthe centrifugation, and formazan crystals were dissolved in 20@imethy!
expression of Pgp was established with blast cells selected by CDg4foxide. The absorbance was recorded in a microplate reader (M&lel
; i ) %
antibody (HPCA clone, Becton Dickinson, Le Pont de Claix, France)\irs000, Dynatech Laboratories, Issy-Leo-Moulineaux, France) at fhe
(2-color assays) or other markers (eg, CD33/CD7, CD33/CD2, CD3g/yelength of 550 nm. The effect of drug on growth inhibition could K8
CD19, or CD33/CD22 by 3-color assays) whenever possible or Willssessed as follows: percent of growth inhibitieri—[(absorbance of &
physical characteristics only if blast cells did not express characterlsapug treated cells/absorbance of untreated cefl)00]. The LG, was
markers. Fluorescence was analyzed on a FACSort flow cytometer (Becl{lermined as the drug concentration that resulted in a 50% growth
Dickinson). Protein staining of gated leukemic blasts was compared Wiflhipition, Samples were considered evaluable if the drug-free control wells
the one of control cells by the means of the Kolmorogov-Smirnov test. Thig ntained more than 80% of leukemic cells before and more than 709 of
- . A e
statistic, denoted D, measures the difference between 2 distributigiemic cells after 3 days of culture. The MTT assay gave reliable reséits
functions and generates a value ranging from 0 to 1.0. A higher D valygger this condition& Percentage of blast cells was determined by tig

indicates a wider difference between the 2 functions, thus a Stro%y-Gr'mwald-Giemsa stain and by immunophenotyping, which Wgs
expression of Pgp. As in another stifdyhen MRK16 was compared with performed by flow cytometry. 3

UIC2 antibody, a good correlation was observed=(0.9, P < .0001,
n = 99). In addition, the results with UIC2 and MRK16 were similar.
Therefore, only the results with UIC2 were presented.
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Statistical analysis

The association between variables was analyzed by the Fisher exact test for
categorical variables and by the Mann-Whitrigytest or Kruskal-Wallis

test for continuous variables. Clinical and biologic factors were investigated
As described previoush? cells (5x 10°) were stained with 200 ng/mL for their influence on remission rate by the Fisher exact test for binary
Rh123 for 20 minutes at 37°C in RPMI medium. The cells were washe@riables and by the Mann-Whitney or Krushkal-Wallis tests for
twice in phosphate-buffered saline (PBS) and resuspended in Rh123-fceatinuous variables. The rates of (1) DFS were measured from establish-
medium and allowed to efflux for 60 minutes at 37°C, either with or withounent of CR until relapse or death from any cause, with observation
modulators of Pgp (cyclosporin A [CsA], 2M). At the indicated times, censored for patients last known alive without report of relapse, and (2) OS
1 X 10* cells were taken for flow cytometry analysis. Samples wereere measured from diagnosis until death from any cause, with observation
analyzed on a FACSort flow cytometer (Becton Dickinson). As for Pgpensored for patients last known alive. Rates were estimated by the method
expression, the function of this protein was established with blast ceti$ Kaplan and Meie® and compared by the log-rank test. Analyses of
selected by antibodies or physical characteristics. Intensity of Rh1pBognostic factors for treatment outcomes were based on proportional
fluorescence in presence or absence of CsA was compared using ltheards regression models for DFS and?®Significance was defined as a
Kolmorogov-Smirnov test. A higher D value indicates a wider differenc@-tailed P value of =< .05. The Cox proportional model was used for the
between the 2 functions, thus a more resistant group of cells. A total of Gdultivariate analyses on DFS and &SThe median follow-up time for
samples were analyzed with this assay. In accordance with previous studéesisored patients was 810 days. The time point used for the proportion of
a threshold of positivity of 0.2 (D value) was used to assess a positii#=S and OS was December 31, 1999. Patients were included in the study
activity of Pgp13.14 from January 1995 to December 1998.

Functional assay using rhodamine 123
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Figure 1. Expression of results of both green and red
JC-1 fluorescence intensities.  The function of Pgp was
established with blast cells selected by CD34 antibody or
by physical characteristics. Because delta psi changes
that occur during apoptosis are manifested by a loss of red
fluorescence and because CsA can modify delta psi
changes, we initially analyzed the red fluorescence inten-
sity without CsA. The results are very similar if the results
of red fluorescence intensity are presented as (1) a
percentage of positive cells with CsA or without CsA, (2)
absolute red fluorescence intensity, or (3) ratio of red
fluorescence with or without CsA.

Red fluorescence

* Kolmogorov-Smirnov
test D (0-1).
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changes that occur during apoptosis are manifested also by a logs of
red fluorescence and CsA can modifly change£3-26we initially §_
have analyzed the results of red fluorescence intensity with§ut
CsA. But the results are very similar if the results of regl

fluorescence intensity are presented as (1) percentage of pos}tive

The expression of the results of both green and red JC-1 fluor&€llS With CsA or percentage of positive cells, (2) absolute @d
cence intensities is summarized in Figure 1. The correlatidiyorescence intensity, or (3) the ratio of red fluorescence W|th:0r
between functional tests using Rh123 and JC-1 (green fluorddthout CsA. Astrong correlation was observed between them. %
cence) was weak {r= 0.52) (Figure 2 We and other&4 in Therefore, using both green and red fluorescence intensitiesgwe
previous studies, have used the threshold for positivity of 0.2 in th@ve defined 3 groups of patients: resistant (R), intermediate ‘:’(')
Pgp activity detection assay using Rh123. The threshold fand sensitive (S) (Figure 3). One example of R, I, and S patient§ is
positivity for JC-1 assay (green fluorescence) was 0.62 (Figurestown in Figure 4. These 3 groups of patients represented 38 pat%nts
when compared with the threshold for positivity of Rh123 funcf29%), 46 patients (36%), and 45 patients (35%), respectively.
tional assay. With these thresholds for positivity, all patients Correlations among different functional tests and Pgp exprés-
positive with Rh123 were positive with JC-1 (green fluorescencgjon are summarized in Table 1. Pgp expression, as measured &ith
(Figure 2). In a previous stulysing JC-1 in cell lines, all samples UIC2 staining, was more highly correlated with red fluorescence%f
positive in green fluorescence were positive in red fluorescengg-1 (¢ = 0.8) than with CsA-inhibited uptake of green f|ume§
and there were no samples positive in red fluorescence and negat¥gce of JC-1 (= 0.55) or efflux of Rh123 (= 0.5). CsA-
in green fluorescence. Therefore, the threshold of positivity in reghipited efflux of Rh123 was strongly correlated with Cs
fluorescence was determined at 50% (Figure 3). Because iphipjted efflux of green fluorescence intensity of JC<1=(10.88).
In contrast, both JC-1 (green fluorescence) uptake and R

Results

Functional tests of Pgp using Rh123 and JC-1 probes in
AML samples
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S -2 0 2 4 5 k= 1 Figure 3. Comparison between green and red fluorescences of JC-1 probe. Ina

previous study® using JC-1 in cell lines, all samples positive in green fluorescence
were positive in red fluorescence and no patients were positive in red fluorescence

CsA effect on JC-1 uptake

(green fluorescence)
(D value)

Figure 2. Comparison between 2 Pgp functional assays (Rh123 and JC-1 [green
fluorescence] with and without CsA).  We and others, in precedent studies, have
used the threshold of positivity of 0.2 in the Pgp activity detection assay using Rh123.
The threshold of positivity for JC-1 assay (green fluorescence) was 0.62 when
compared with the threshold of positivity of Rh123 functional assay.

and negative in green fluorescence. Therefore, the threshold of positivity in red
fluorescence was determined at 50%. Because &} changes that occur during
apoptosis are manifested also by a loss of red fluorescence and CsA can modify s
changes, we initially analyzed the results of red fluorescence intensity without CsA.
But the results are very similar if the results of red fluorescence intensity are
presented as (1) percentage of positive cells with CsA or percentage of positive cells,
(2) absolute red fluorescence intensity, or (3) the ratio of red fluorescence with or
without CsA.
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" Resistant patient between the 3 groups (Table 2). Interestingly, S and | patients have
[R] the same CsA effect on Rh123 efflux (0.400.11 vs 0.10+ 0.08,

not significant) (Table 2). Therefore, this functional test (Rh123
st E,:E:’M"ﬂm) assay) did not detect this subgroup of | patients. In contrast, there
: I'( I was a difference between R patients and both | and S patients
1 ; (0.41+0.17 vs 0.10+ 0.11, P < .0001, and 0.4% 0.17 vs
i 0.10+ 0.08,P < .0001, respectively).
= f \ | The achievement of CR was, for the R group, 55%; | group,
| 5| 65%; and S group, 87%F(= .006) (Table 2). The 3-year DFS was,
for the R group, 11%, median 180 days; | group, 16%, median
371 days; and S group, 36%, median580 days P = 0.005)
(Figure 5). The 3-year OS was, for the R group, 0%, median 189
days; | group, 20%, median 300 days; and S group, 51%
FL2 =24 % + cells D = 0.0 3 (green fluorescence) (P < 0001) (Figure 5)
— ' P pL 1 When we pooled R and | patients, the achievement of CR was
’ 61% in positive patients (RI) versus 87% in negative patients (S),
(P =.002); the 3-year DFS was 12% versus 36%6<(.01), and
the 3-year OS was 11% versus 51P6<€ .0006) (Figure 5). g
When we pooled | and S patients, the achievement of CR \gas
55% in R patients versus 76% int$patients P = .02); the 3-year g
DFS was 19% versus 25%, respectivaly= .01); and the 3-year$§
OS was 0% versus 32% (< .0001) (Figure 5).
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Table 3 shows other clinical and biologic characteristics aéd
treatment outcome. DFS decreased significantly with increasghg
age P = .02). Cytogenetics and level of Pgp also influenced DES
(P =.01 andP = .02, respectively). OS decreased significan@
with increasing ageR < .0001), with increasing level of Pgpg
Figure 4. One example of R, I, and S patients. expression R = .0007), and with increasing WHO performancg
status P = .01). Achievement of CR, cytogenetics, and differe%t
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efflux were weakly correlated with the percentage of red fluoregsspectively). g

cence cells using JC-1(# 0.4 and ¢ = 0.45, respectively). §

S

Multivariate analysis 2

o

<

Functional test of Pgp using both red and green fluorescences, In the multivariable model (Table 3), we have included all tige
biologic characteristics, and treatment outcome of 129 significant variables. In one model we have included, for DFS, a§e,

AML samples cytogenetics, JC-1 (R vsHS), and Pgp expression. All of thesé

[

The 3 groups of patients defined above have a different biolo vaﬂables, exce_pt Pap expression, were independert 03, 3
) . : : : = .04, andP = .03, respectively). In another model, we haug
profile and a different prognosis (Table 2). The biologic character- - ]
- ; included age, cytogenetic, JC-1{Rvs S), and Pgp expression=
istics for the 3 groups (R, |, and S) were Pgp expression (meg\ﬂ of these variables, except Pgp expression, were also indepen
value), 0.39+ 0.24, 0.29+ 0.22, and 0.19= 0.20, respectively, » EXCepLap eXp ’ P

2' dent P = .02,P = .04, andP = .01, respectively).

= . 0, 0 0

:Z - 8851 C;IrjlgiDC:‘SSiZ’seis fj{(ymﬁ’o/ ar;(:]d4540€o/, :nggt:xg:y’ For OS, the models included achievement of CR, age, cytogenet-
' ' ' o . 0. resp ¥ts, WHO performance status, consolidation treatment, Pgp expres-

= i 0, i
P =.01. In R patients, 3% have a good prognostic cytogenetlézl,?n’ and either JC-1 (R vs+S) or JC-1 (RS vs S). In both

o . . . o .
63% an intermediate cytogenetic, and 34% a poor cytogenetic. In bdels, either achievement of CR (0001) and JC-1 (R vsHS)

patients, 19% have a good cytogenetic, 69% an intermedigie .
: . . =, <. -
cytogenetic, and 12% a poor cytogenetic. In S patients, 24% havE gﬂj 2082 ;)Vre ?é:r;'ltz\t/ies?cear?lty 0; ;:nﬂiﬁii an(t)OOl) and JC-1 (Rl vs

good cytogenetic, 57% an intermediate cytogenetic, and 19%
poor cytogeneticR = .03) (Table 2). These 3 groups also have a
different in vitro resistance to DNR (inhibitory concentration Ofraple 1. Spearman rank correlation coefficients of expression and functional
50% =94+ 145X 108 M, 20+ 25X 1078 M, and 12+ 13 assaysofPgp

X 1078 M, respectivelyP = .02), etoposide (2131 2858x 108 JC-1 (green JC-1 (red
M, 1731+ 2109 108 M, and 839+ 887 X% 108 M, respee Rhodamine fluorescence) fluorescence)
tively, P =.04), and Ara-C (178% 3333x 108 M, 572+ 123 R R*I
472 1078 M, and 444+ 543X 108 M, respectively,P = .02) Pgp expression =05 s =055 =08

dg—l (green fluorescence), R rs = 0.88 — rs = 0.45

(Table 2). The other characteristics—age, WHO performan
1 (red fluorescence), R + | rs =04 — —

status, WBC count at diagnosis, and LDH level—were not differedt”
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Table 2. Clinical and biologic profile of R, I, and S patients

BLOOD, 15 JANUARY 2001 - VOLUME 97, NUMBER 2

Resistant Intermediate Sensitive Pvalue Pvalue Pvalue
Characteristics patients (R)* patients (1)1 patients (S)t Pvalue Ruvs| lvs S RvsS
Patients, No. (%) 38 (29) 46 (36) 45 (35) — — — —
Age, y 58 + 16 56 + 17 54 + 19 NS§ NS|| NS|| NS||
WBC count at diagnosis (10°/L) 58 + 16 56 + 17 54 + 19 NS§ NS|| NS|| NS||
LDH level (U/L) 1766 + 1831 1680 + 1696 1910 + 2118 NS§ NS|| NS|| NS||
WHO performance status (No.) NSY NSY NSY NS
Oorl 28 34 32
=2 10 12 13
Cytogenetic (No.) .03 019 NSY .029
Good 1/19 8/19 10/19
Intermediate 22/75 29/75 24/75
Poor 12/25 5/25 8/25
Failure or not done 3/10 4/10 3/10
CD34 no. (%) 36/38 (95) 31/46 (67) 20/45 (44) <.00017 0021 049 <.0001%
CD65 no. (%) 4/28 (14) 15/37 (41) 18/36 (50) 019 .03 NS .0031
Pgp expression (D value) 0.39 £ 0.24 0.29 = 0.22 0.19 = 0.20 .0028 .05| .03 .0008||
LCso DNR (108 M) 94 + 145 20 + 25 12 =13 02§ .03 NS|| .009]
LCsp etoposide (108 M) 2131 + 2858 1731 + 2109 839 = 887 048 NS|| .05 01
LCso aracytine (10-8 M) 1781 * 3333 572 + 472 444 + 543 .028 .04 NS| .008||
Rhodamine 123 (D value) 0.41 +0.17 0.10 + 0.11 0.10 + 0.08 <.0001§ <.0001|| NS|| <.0001|
Achievement of CR, no. (%) 21 (55) 30 (65) 39 (87) .006 NS 011 0019

NS indicates not significant.
*Samples with functional Pgp in both green and red fluorescences.
tSamples with functional Pgp in red fluorescence and samples with no functional Pgp in green fluorescence.
FSamples with no functional Pgp in both green and red fluorescences.
§Using the Kruskal-Wallis test.
[|lUsing the Mann-Whitney U test.
flUsing the Fisher exact test.

11y, Overall survival P-<.0001

Svl: P=05
5t P=0008

800 1200 1800
Days
Sol:P=i2
SvR: P<0001
IvR:P=01

"1 Ve Overall survival P=.0006

a 51%

o 400 200 1200 1600
Days Days
" DFS P=01 11 Overall survival  p=.0001
a4 8 [1]+[5] patients (- in green
[11+13] patients (- in fluorescence, similar to
5 green fluorescence, & Rh123 - patients)
similar to Rh123 - s
44 patients} e
% %
21 2 = [R] patients (+ green
[R] patients (+ green Auoreseence, 09, ﬂuores(fnce. similar|
a1 similar to Rh123 + patients) L | /%! to Rh123 + patients)
e L T T T T T T T T T
a 400 800 1200 1e0n o 400 800 1200 1600
Days Days

Figure 5. Survival. DFS and OS of S, |, and R patients (A,B), R+ patients versus S
patients (C,D); and S+ patients (correspond to negative patients with Rh123 assay)
versus R patients (correspond to positive patients with Rh123 assay) (E,F).

Discussion

Twenty-five years after the first description of Pgp by L#g%the
role of this protein is controversial in AME A novel sensitive
functional assay may help us have a better understanding of thegole
of Pgp in AML, because the fluorochromes most frequently usgd
for clinical diagnosis are generally not sensitive enough for
detection of low-level resistant cells, frequently isolated in cIinic%l
samples. According to our previous experience in cell lfhes g
first described the advantage of JC-1, and we have studied lE’gp
activity using JC-1 probe in 129 AML samples. g

In our study, using this functional test, two thirds of our de n0\83
AML expressed an active Pgp. One third of the patients W(§re
classified as R and correspond to the percentage of patients ®ith
dye efflux using Rh123 assay. One third of patients were classified
as | with JC-1 uptake. These patients could not be recognized by
Rh123 assay. However, these | patients have an expression of Pgp
and biologic characteristics (CD34; CD65; in vitro resistance to
DNR, etoposide, and Ara-C; and cytogenetics) between the R and S
groups of patients. These biologic parameters (CD34, CD65, in
vitro resistance to DNR and etoposide, and cytogenetics) have been
reported to be correlated with Pgp activity#1530-33n addition, the
proportion of treatment failures after conventional induction treat-
ment in this | group fall also between the S and the R groups.
Therefore, we are able to detect Pgp activity in the two thirds of the
patients with our assay {IR patients), a percentage higher than
that observed with classical dye efflux assays. In the large studies
of Leith et al, 41% of young patieritsand 58% of elderly pa-
tients® were efflux-positive using Di(OC)2 and Rh123. In our
previous study, 32% of patients were positive using calcein-AM
with or without CsAl® In other recent studies, the percentage of
positive patients ranged from 26% to 50% (Table®¥#p These
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Table 3. Univariate and multivariate analysis of DFS and OS

Disease-free survival Overall survival
Univariate Univariate

analysis Multivariate analysis analysis Multivariate analysis

Pvalue Pvalue* Pvaluet Pvalue Pvaluet Pvalue§
Achievement of CR (CR vs no CR) — — — <.0001 <.0001 <.0001
Age .02 .03 .02 <.0001 NS NS
Cytogenetics (good vs intermediate + poor) .01 .04 .04 .005 NS NS
WHO performance status (0-1 vs 2-4) NS —_ —_ .01 NS NS
WBC count at diagnosis NS — — NS — —
LDH level NS — — NS — —
Pgp expression .02 NS NS .0007 NS NS
JC-1 (green fluorescence) + versus — (Rvs | + S) .02 .03 — .0002 .0002 —
JC-1 (both green and red fluorescence) + versus — (R + 1 vs S) .01 — .01 .001 — .02
Treatment (graft vs chemotherapy alone) NS — — .001 NS NS

NS indicates not significant.

*In this model, we have included age, cytogenetics, Pgp expression, and JC-1 (Rvs | + S).

TIn this model, we have included age, cytogenetics, Pgp expression, and JC-1 (R + | vs S).

FIn this model, we have included achievement of CR, age, cytogenetics, WHO performance status, consolidation treatment, Pgp expression, and JC-1 (Rvs | + S).
8§In this model, we have included achievement of CR, age, cytogenetics, WHO performance status, consolidation treatment, Pgp expression, and JC-1 (R + I vs S).

) papeojumoq

agree with the percentage of our R patients (30%). Therefore, withaddition, the correlation between Pgp expression and JC-1 §ed
a more sensitive functional test than Rh123, we have definedl@orescence) is higher than between Pgp expression and Rh23.
subgroup of patients with an intermediate prognosis, biologyherefore, the specificity of JC-1 for Pgp is also probably higter
and Pgp expression not recognized with the Di(©©G) cal- than Rh123.
cein-AM assays. In AML, MDR-reversing agents such as valspodar can incregse
As in cell lines, Rh123 has a good fluorescence quantum yiele intracellular efficacy concentrations of anticancer drugsSin
but a non-negligible fraction of the dye binds to cell membréﬁesvlvo4o this does not necessarily lead to improved treatmant
leading to high fluorescence background, which could partialjgsyitst142|n in vitro systems, increased anticancer drug concent%a
explain why there is some difficulty in distinguishing cells with lowjgon in Pgp" tumor cells generally results in increased cell death. Sn
levels of resistance from sensitive ones. With this dye better resyfts, jinical situation, the problem is more complex. Tumor cegs
are obtained from a fluorescent assay based on efflux rather t develop additional mechanisms for resistance, such as alt8red
uptake!® Su_ch efflux procedures are more tlme-consqmlng ar}ggulation of apoptosi¥ If this occurs, increasing the intraceIIuIaE
more complicated to analyze. In the case of JC-1, we did not h ncentration of the anticancer drug may not be sufficient &\10

to deal with fluorescence background because filtration a||OW% Jercome resistance. This is more likely at advanced stages ofathe

J-aggregates to be eliminated from the buffer prior to mcubatlodqseaséz and the major benefit of MDR-reversing agents might @e

with the cells. Under these conditions, all the red fluorescence . )
IN patient groups with low levels of markers for resistance or ea@y

detected resulted from the liquid crystals formed within mitochor)- tient t heavily treated. Theref i d
dria® This unique property allows a sensitive functional assay to pa Patents not heavily treate erefore, a very sensitive a&n

performed based on monitoring J-aggregate formation from thet,ﬁ)emflc Pgp functional test such as JC-1 can help to select patLents

specific red fluorescence. This assay does not require any was may benefit from MDR-reversing agents. 5
step or additional efflux monitoring. In the same way, usin n recent publications, the role of Pgp as a regulator 0fapopt05|s
calcein-AM uptake assay (another probe of Pgp), we have sHowR2s been emphasizét*® The authors have shown that cells

that the ratio of fluorescence with or without CsA, to assess Pjluced to express Pgp either by drug selection or by retrovﬁral
activity, was weak between “positive” and “negative” sample§ene transduction with MDR1 cDNA are resistant to cell deﬁh

(from 1 to 3). Therefore, with this probe there is also som@duced by a wide range of death stimuli that activate the casp‘ése
difficulty in distinguishing cells with low levels of resistance fromapoptotic cascade. However, Pgp-expressing cells were not resis-
sensitive ones. tant to caspase-independent cell death mediated by pore-forming
Other alternative MDR-associated proteins such as MRP1 pioteins and granzyme B:%JC-1 is both a substrate of Pgp and is
Mvp/LRP may also contribute to drug resistance in AMB? In  reported to provide more accurate estimates of mitochondrial
cell lines, we have found that JC-1 was not a substrate nsmembrane potential (decrease in mitochondrial transmem-
MRP1 (unpublished data, 2000), as were Rh123 and calcein-Abtane potential is one of the early events of apoptosis) than Rh123

qndy

Table 4. Overview of percentage of positive functional Pgp in AML

No. of Median age, y Positive
Authors patients (range) Type of AML Probe(s)/modulator patients, %
Lamy et al (1995)33 60 52 (18-75) De novo AML Rhodamine 123/verapamil 50
Leith et al (1997)3 175 68 (56-88) De novo and secondary AML Di(OC)2/CsA 58
Borg et al (1998)34 91 53 (16-75) 70 de novo AML, 21 secondary AML Rhodamine 123/PSC 833 26
Pallis et al (1999)3° 47 55 (16-77) AML Rhodamine 123/CsA 40
Legrand et al (1999)% 80 54 (17-80) 60 de novo AML, 20 relapse AML Calcein-AM/CsA 32
Leith et al (1999)4 318 44 (17-69) De novo AML Di(OC)2 and Rho123/CsA 41

Legrand et al (current study) 129 58 (16-75) De novo AML JC-1/CsA 65
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or DIOGs (3).25 It could be used to test both of these cellulamay help us reach a better understanding of the role of Pgp. As in
functions. Evaluation of the JC-1 assay, as a probe of Pgp activagll lines, the red emission band of JC-1 appeared to be more
and drug-induced apoptosis together, is underway in our laboratargnvenient for detection of low-level resistance in AML than other
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