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48| Perform chloroform extraction on the supernatant from Step 47, as described in Step 19, and ethanol precipitation by
adding 0.3 pl glycogen (20 mg ml™1) and 150 pl ethanol, keep it on dry ice for 5 min, centrifuge it at 18,000qg for 5 min at
4 °C, discard the supernatant and rinse the precipitate with 70% ethanol, before allowing it to air dry. Dissolve the DNA
precipitate in 2 pl water.

B PAUSE POINT The DNA solution can be stored at -20 °C for several months.

49| Add 2 pl ligation high to the sample.

50| Incubate the mixture at 16 °C for 4 h.
? PAUSE POINT The incubation can be extended up to 16 h.

Filling in and adding A nucleotide to concatamers & TIMING 2.5 h

51| Prepare the following mixture (Tag mix) 20 min before the end of the ligation reaction: 76 ul water, 10 pl of 10x
ammonium (NH,) buffer (supplied with BIOTAQ DNA polymerase), 3 ul of 50 mM magnesium chloride (MgCly) (supplied with
BIOTAQ DNA polymerase), 10 pl of 2 mM dNTPs and 1 pl BIOTAQ DNA polymerase.

52| Incubate the Tag mix at 95 °C for 10 min and then keep it at 72 °C.
53| Transfer the ligation mixture (from Step 50) to the Tag mix (from Step 52).
54| Incubate the resulting mixture at 72 °C for 30 min.

55| Perform ethanol precipitation by adding 15 pl of 10 M ammonium acetate and 250 ul ethanol, keep it on dry ice for 5 min,
centrifuge it at 18,000g for 5 min at 4 °C, discard the supernatant and rinse the precipitate with 70% ethanol, before allowing
it to air dry. Dissolve the DNA precipitate in 5 pl of 2 loading buffer.

PAUSE POINT The DNA solution can be stored at -20 °C for several months.

Casting the 10% polyacrylamide gel @ TIMING ~1.5h
56| Mix 2.5 ml of 40% acrylamide mix (acrylamide:bis-acrylamide ratio of 29:1), 1 ml of 10x TBE, 6.4 ml water, 100 ul of 10%
APS and 5 il TEMED for a gel with dimensions of 0.1 x 8.5 x 7 cm3. Leave the gel at room temperature for >1 h to

polymerize.
A CRITICAL STEP The freshly prepared 10% APS and TEMED should be added last, immediately before pouring the gel.

Size selection of concatamers @ TIMING 10 h
57| Subject the gel to a constant current of 20 mA for 10 min in 1x TBE.

58| Wash the wells of the gel with 1x TBE. Apply 5 pl sample prepared in Step 55 and a 1-kb DNA ladder to the gel. Perform
electrophoresis at a constant current of 20 mA until the bromophenol blue reaches the middle of the gel.
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59| Separate the marker and sample lanes and wrap the gel portion containing the sample in plastic film wrap.

60| Stain the marker lane with EtBr for 5-10 min, remove excess stain by incubation with 1x TBE, and wrap the gel portion in
plastic film wrap. Photograph the stained gel portion aligned with a ruler.

61| Mark the plastic film containing the sample lane at the position corresponding to 500 bp with a red pen.
62| Excise the piece of the gel containing DNA molecules of > 500 bp.

63| Stain the remaining piece of gel for confirmation of concatamer formation. If successful, a ladder should be observed in
the region corresponding to <500 bp (Fig. 4).
? TROUBLESHOOTING

64| Chop the excised piece of gel and transfer the fragments to a D-Tube moistened with water. Fill The D-Tube with 1x TBE.
65| Transfer the assembly to a submarine electrophoresis apparatus filled with 1x TBE.
66| Perform electrophoresis at a constant voltage of 100 V for 4 h.

67| Harvest the solution and subject it to ethanol precipitation by adding 0.3 pl glycogen (20 mg ml1), 25 pl of 3 M sodium
acetate (pH 5.2) and 500 pl ethanol, keep it on dry ice for 5 min, centrifuge it at 18,000g for 5 min at 4 °C, discard the super-
natant and rinse the precipitate with 70% ethanol, before allowing it to air dry. Dissolve the DNA precipitate in 2.4 ul water.
8 PAUSE POINT The DNA solution can be stored at -20 °C for several months.
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Cloning of the size-selected concatamers ® TIMING 4.5 h
68| Add 0.6 ul pGEM-T Easy and 3 ul ligation high to 2.4 pl of the size-selected concatamers (from Step 67).

69| Incubate the mixture at 16 °C for 4 h. The resulting product is the miRNA library.
PAUSE POINT The incubation can be extended up to 16 h.

Examination of the quality of the library ® TIMING Depends on the number of plasmids to be analyzed, 4 d for 96 plasmids
70| Transform DH5alpha with 0.5 pl library according to the manufacturer’s instructions.

71| Prepare plasmid DNA from the transformants, and check the insert size by digesting the DNA with NotI restriction endonu-
clease. Determine the sequence of the inserts to verify whether miRNA sequences are included in the library (quality check).
7 TROUBLESHODTING

72| If the quality of the library is sufficient, proceed with large-scale sequencing.

73| From the sequence reads, determine the sequences of the 20-25 bp regions (in red/green on Fig. 5) between the
sequences of the 5’- and 3'-PCR primers (adaptor sequences shown in black on Fig. 5), to obtain miRNA sequence and determine
expression profiles.

Steps 1-3, casting the denaturing 15% polyacrylamide gel and preparing RNA samples: ~2.5h
Steps 4-20, size selection of small RNAs: ~16 h

Steps 21-23, dephosphorylation of size-selected RNA molecules: 1 h

Steps 24-27, ligation of 3’ adaptor to RNA molecules: 1.5 h

Steps 28-31, RT and the SMART reaction: 1.5 h

Steps 32-35, PCR amplification of small RNA-derived cDNAs: 4.5 h

Step 36, casting the 10% polyacrylamide gel: ~1.5 h

Steps 37-43, purification of PCR amplification products: 10 h

Steps 44-50, concatamer formation: 8 h

Steps 51-55, filling in and adding A nucleotide to concatamers: 2.5 h

Step 56, casting the 10% polyacrylamide gel: ~1.5 h

Steps 57-67, size selection of concatamers: 10 h

Steps 68 and 69, cloning of the size-selected concatamers: 4.5 h

Steps 70-73, examination of the quality of the library: depends on the number of plasmids to be analyzed, 4 d for 96 plasmids

7 TROUBLESHOOTING
Troubleshooting advice can be found in Table 1.

TABLE 1 | Troubleshooting table

Step Problem Possible reasons Solution
12 Smear is observed between  RNA is damaged Begin with fresh tissue or cells
tRNA and 24-nt position Use fresh reagents to ensure they are RNase free

Treat electrophoresis apparatus with 0.4 N sodium hydroxide for 30 min to
remove RNase

39 Only two bands of ~70and  The amount of starting This is a common problem when the amount of RNA used as a starting
~120 bp and a smear material is small material is small or recovery rate of small RNA from a gel at Step 14 is
between them are observed low. Given that 90 to 95-bp products should exist within the smear,

excise the corresponding region based on the positions of the size
markers. This process may result in excision of a fraction of incorrect
size, but it is safe also to cut out portions of the gel above and below
this region. Treat the three pieces of gel in parallel in the subsequent
steps. Sequencing will reveal which region contains molecules of the
correct size

63 Ladder is not observed Region of the gel cut out at  Restart from Step 32 with care to excise the 90 to 95-bp region at Step 39
Step 39 is too broad
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TABLE 1 | Troubleshooting table (continued).

Step Problem Possible reasons

Solution

PCR by-products of ~70
and ~ 120 bp contaminate
the region of the gel
excised in Step 39

71 Only 5" and 3 adaptor
sequences are obtained
without any cDNA
sequence

Ligation of small RNAs and
3’ adaptor does not work

Small concatamer is recov-
ered at Step 62. Recovery
rate of PCR product at Step
41 or of the concatamer at
Step 66 is poor

Average length of the
inserts or percentage of
insert positive clones is
less than desired

Given that the abundance of the adaptor dimer ( ~ 70-bp band) and trimer
(~120-bp band) is much greater than that of the ~90-bp products,
excise only the region of the gel corresponding to the 90 to 95-bp
region, without inclusion of the dimer and trimer bands. Extending the
electrophoresis time or use of a larger gel may increase the separation
of the dimer and trimer from the ~ 90-bp products

To ensure that all reactions are working well, it is recommended to include
0.2 pg of 24-nt RNA oligomer at Step 5 in parallel with a sample. If the
reaction is working, discrete 94-bp band can be observed at Step 39
and multiple sequences of 24-nt RNA oligomer are read by sequencing
at Step 71

Restart from Step 32 using remaining sample of Step 31. To improve
average insert length, extend the electrophoresis time at Step 58 or use
of a larger gel may increase the separation of <500-bp concatamer. To
improve the percentage of insert positive clones, two times scale of
experiment can be performed from Step 32 to Step 43, then dissolve the
precipitate at Step 43 with 43 pl of water in total. After that, proceed
following steps as a single experiment scale

ANTICIPATED RESULTS

High-quality starting materials and successful handling result in recovery of 80-100% of plasmids containing inserts of > 500 bp.
Nucleotide sequencing typically reveals two to nine small-RNA sequences for each read. An example of such a sequence is shown
in Figure 5. The authors recommend scientists to start with a control experiment where mRAP is conducted directly on a synthetic
24-nt RNA oligomer RNA. In such experiment, PCR amplification of miRNA-derived cDNAs should yield only the cDNA-adaptor

complex at Step 39, but not other dimers or trimers in Figure 3.

Another appropriate control experiment is to perform mRAP

on a sequentially diluted small RNA samples isolated from the same cell line, as shown in our initial report for mRAP3.
A small-scale sequencing of mRAP products from 1,000, 100 or 10 ng of starting RNAs will clarify whether mRAP has been

acceptably performed.
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MicroRNA expression profiles of human leukemias

Leukemia advance online publication, 8 November 2007;
doi:10.1038/sj.leu.2405031

MicroRNAs (miRNAs) are small noncoding RNAs of 20-24
nucleotides (nt) that negatively regulate the translation of target
mRNAs through incomplete base-pairing with their 3/-untrans-
lated regions." Evidence indicates that miRNAs play an
important role in the development of human cancers including
leukemias, with one of the most well-characterized examples
being association of miR-15a and miR-16a with chronic
lymphocytic leukemia. Almost half of chronic lymphocytic
leukemia patients harbor a chromosome deletion that encom-
passes 13q14, a region that includes the genes for miR-15a and
miR-16a, and the abundance of these miRNAs is reduced in
chronic lymphocytic leukemia cells with the chromosome
deletion.? Several other miRNAs, such as miR-155 and miR-
17-92, have also been implicated in the pathogenesis of
lymphoma.® It is therefore important that the entire miRNA
repertoire of clinical specimens be characterized and compared
among various hematologic malignancies.

Reliable assessment of the global expression profiles of
miRNAs, especially for the small amounts of clinical specimens
available, is not straightforward, however. Microarray-based
detection of miRNAs is prone to the generation of false-positive
data that may result from mishybridization of probes, although
improvements have recently been developed for this techno-
logy.* A large-scale cloning strategy would be an ideal approach
to reliable estimation of the expression level of miRNAs,
provided that a sufficient number of clones were to be analyzed.
However, conventional methods for isolation of miRNAs require
>10ug of total RNA, which is not always obtainable from
clinical specimens.

We recently developed a sensitive method, mRAP (micro
RNA amplification profiling)® that readily allows the isolation of
miRNA clones from <1 x 10* cells. To examine the miRNA
expression profiles for leukemias with mRAP, we first purified
CD34* cells from individuals (n=12) with de novo acute
myeloid leukemia, acute myeloid leukemia secondary to
myelodysplastic syndrome, acute lymphoid leukemia or biphe-
notypic acute leukemia (Table 1). Column affinity-chromato-
graphy to isolate CD34 " cells yielded 10-50% of the input cells
with a purity of >290% as judged by flow cytometry (data not
shown). As a normal control, we also purified a CD347 cell
fraction from bone marrow mononuclear cells of a healthy
volunteer. Then mRAP procedure was applied to 1.1 x 10°-
1.0 x 108 of the purified CD34 ™" cells from each individual in
order to obtain short RNA clones.

Sequencing and computer filtering® of the mRAP amplicons
identified a total of 38858 qualified reads for the 13 study
subjects. BLAST analysis then isolated 32 867 reads that match
the human genome sequence (ncbi 36 assembly), among which
2054 reads were mapped to transfer RNA genes, 2720 to
ribosomal RNA genes and 9474 to repetitive sequences. From
the remaining sequences, we identified 7191 reads correspond-
ing to 143 independent known miRNAs (Supplementary
Table 1). We further searched for candidate sequences

corresponding to novel miRNAs whose surrounding genome
sequences (of ~100nt) potentially fold into a hairpin structure
with a single notch. In this analysis, we did not exclude miRNA
candidates that were not detected in the genomes of other
species, given that some miRNAs are species-specific or have
arisen recently during evolution.®

We isolated an unexpectedly large number (n=170) of
independent candidates for novel miRNAs among 296 sequence
reads (Supplementary Table 1, Supplementary Data). The
proportion of reads for such novel candidate miRNAs among
all miRNA reads ranged from 1.7 to 9.5% per sample (mean,
4.7%). Of the 170 candidates, 19 were identified in at least two
samples, supporting the notion that they are bona fide miRNAs.
The surrounding genome sequence for one such candidate
(designated Hsj_376) is conserved among human, cow and
hedgehog (Figure 1a). Hsj_376 was found in two acute myeloid
leukemia samples (corresponding to a total of 52 reads) in our
data set and folds into a single hairpin (Figure 1a). In contrast,
we obtained only one read for a candidate miRNA (Hsj_41)
whose surrounding genome sequence also folds into a single
hairpin structure (Figure 1b). However, this read was indepen-
dently identified in our experiments performed both in japan
and in the Netherlands. The nucleotide sequence of all the
miRNA candidates and their flanking sequences are presented in
Supplementary Data.

The genomic sequences for some of the candidate miRNAs
mapped in the vicinity (<20kbp) of those for other miRNAs in
the human genome. For example, the gene for one candidate
(Hsj_360) and hsa-miR-560 are present on the long arm of
chromosome 2 separated by a distance of ~ 1 kbp (Supplemen-
tary Figure 1). In this instance, the genome sequences for the
two miRNAs are not conserved in other species, indicative of
recent evolution.

Expression of some of the candidate miRNAs was confirmed
by northern blot analysis with small RNA fractions isolated from

Table 1 Clinical characteristics of the study subjects
D Age Sex Sample Disease Karyotype
(no.) (years) origin

3 64 M PB ALL 46,XY,1(9;22)
4 45 M BM AML (M4) 46,XY,inv(16)
7 78 F BM MDS-derived AML ~ 46,XX

10 21 F PB  AML (MO) 46,XX,19:15)
12 58 M BM  AML (M2) 46,XY

32 43 M BM  AML(M2) 46,XY,1(8;21)
33 M PB AML (M1) 46, XY

44 71 M PB MDS-derived AML. 46,XY,t(8:21)
46 6 M PB AML (M2) 46,XY

47 61 M BM  AML (M3 46, XY,{(15;17)
48 29 M PB BAL 46,XY

49 58 M PB MDS-derived AML ~ 46,XY

Abbreviations: ALL, acute myeloid leukemia; AML, acute lymphoid
leukemia; BAL, biphenotypic acute leukemia; MDS, myelodysplastic
syndrome; BM, bone marrow; F, female; M, male; PB, peripheral
blood.

- 462 —



Letter to the Editor
2
a
10 20 30 40 50
c . AC UC U cU  CUGC
5 ' -AUGAUGU CAUGGGY GCUG QGG UAUGAUG CGUCAUA  CUG |
3'~UACUGUA GUAUCUA CGAC GUC AUGCUAC GUAGUAU GGC U
- GCCAGU - uc U cu CAG
100 90 80 70 60
GATGTCCATGEOTSOTCACCGET #human_libHems_1995 23 28/0
GATETCCATGORTOCTEACCEET #human_libHemd 52 23 21/0
GATGTCUATGUETECTEACCEE #human_libHem8 555 22 1/0
GNTGTCCATGEHTECTGACCSE #human_libHemd 1666 22 1/0
ATSTCCATGSEIGOTGACCEET #human_libHem8_1605 22 0/1
humas ATGATGTCCATCEGTGOTEACCGETCTATGATGTCGTCATACTCTGCTGCTGACCEGTCTATGATGTCATCGTACTCTGCAGCTGACCEATCTATGATETCAT
cow ATGATGTCCATGEGTECTCACCCETCTATGATGTCATCGTACTCTGCTEC TGACCOGTCTATEATGTCATCEPACTCTGCAGCTGACCGATCTATGATGTCAT
hedgehog ATGATGTCCATGGETGCTGACCGGTCTATGATGTCATCGTATICTGCTGCTGACCGGTCTATGATGTICATCGTACTCTGCAGCTGACCGATCTATGATGTCAT
HEAREA IR E A A I RARAR I AR IR ARG T AL R AR T EZ N &1 *1‘:1’:‘&1{*k*ﬁ*ﬁ****‘k*?ﬂi3’::&'2(*’k'kﬁ"k*kx*ﬂ:&***ktﬁ**k%?{*k!‘:ﬁ'}:*kk**e\"ie'h*i:i:k
human (((((((.(((((((((((..(((..(((((((.‘(((((((..((( ----- S I RES R R R AR RE R DR DRED SRR D R R EERN [ RRDRDRRRRRARY]
cow R R T R R A TR N RN R R R A R A A TR IAREESRRSDDRSRRRDEREES DD DR EEEREN NN
hedgehog  ({(CLLE COOCOULLETG LU CECOUT THOCUUT Ll Lo e v n e s RS2 R ER R R DR RS DR R R R R RERFRR [RRRRRRDRDRERY
b 10 20 30 40
cu C -AGG A Cem= C - UGC
5'-GUU UUG CUCAGCAUG UA UCUCA AUUCAGU CU AUG A
3'-CAAR AAU GAGUUGUAC AU AGAGU UBAGUCA GA UAU /
uu - AARA A ACUT A G UuA
90 80 70 60 50
TGAGRACTCARTTTCATE #human_libHem3_2416 18 0/1
TGAGBACTGANTTTCATG #human_libCand Hsj_41 18 1/0
human  GTTCTTTGCCTCAGCATGAGETAATCTCACATTCAGTCCTATGTGCAAPTTATGAGAACTCAAT TTCATGAGAATARARACATGTTGAGTARTTAAC
**l‘c**********é*****fv****#**9?**i:********‘k******"‘***t**?;*****k*************************************
human R T T R Y S S A R N R R RS ES RN R R R RN R DR RN R R NU DR RDREDRDRRRRR DY
¢ oL 8
= o o et
SHga00¥aNg S
MmO a8xWSe ooy 5
O ITESELEZ-FZ3S
240l - hsa-miR-301b (= Hsj_3)
19 nt
24nt -§— Hsj_117
i9nt
< U6
Figure 1 Nucleotide sequence and expression of novel miRNA candidates. Nucleotide sequences (red) of genes for the predicted novel
miRNAs Hsj_376 (a) and Hsj_41 (b) are aligned with genomic sequences of human and other species. Asterisks indicate conserved nucleotides.
Possible base-pairing schemes for the respective miRNA precursors are shown in the upper insets. (c) Small-RNA fractions (800 ng per lane)
purified from the indicated cell lines with the use of a mirVana RNA isolation kit (Ambion, Austin, TX, USA) were subjected to northern blot
analysis with ‘locked’ nucleic acid probes for the candidate miRNAs Hsj_3 or Hsj_117 or for U6 small nuclear RNA (internal control). Hjs_3 has
been very recently deposited into the miRBase database as hsa-miR-301b. The positions of 24- and 19-nt size markers are indicated on the left.
miRNA, microRNA.
a variety of human cancer cell lines, including KCL22 (chronic The relative expression profile of miRNAs was then calculated
myeloid leukemia), HL60 (acute myeloid leukemia), MiaPaCa  for each sample as shown in Figure 2. Whereas some miRNAs,
{pancreatic carcinoma), RKO (colorectal carcinoma), MEC such as miR-124a, miR-142, miR-143 and miR-146a, were
(cholangiocarcinoma), TKKK (intrahepatic bile duct carcinoma), expressed in different types of leukemia, most miRNAs were
TGBC (gallbladder carcinoma), NOZ (gallbladder carcinoma), expressed in a sample-specific manner. For instance, miR-29b
LK2 (lung squamous cell carcinoma) and Jurkat (T-cell leukemia) was abundant in only two samples (ID nos. 46 and 47), with the
(Figure 1c). reads for this miRNA accounting for <1% of all miRNA reads in
Leukemia
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Figure 2 Expression profiles of miRNAs in CD34 ™ specimens. The
percentage contribution of each miRNA to the total miRNA population
was calculated for each study subject. Abundant miRNAs are
represented as color-coded, with candidates for novel miRNAs shown
in red. The disease type of each individual is also indicated on the
right. ALL, acute myeloid leukemia; AML, acute lymphoid leukemia;
MDS, myelodysplastic syndrome; miRNA, microRNA.

each of the other specimens. Similarly, the novel::miRNA
candidate Hsj_376 was abundant in the same two samples
but not in the others. Both hsa-miR-183 and hsa-miR-590
were detected in only single samples (ID nos. 4 10,
respectively).

To examine further the similarities and differences in the
miRNA profiles among the study subjects, we performed a
hierarchical clustering analysis for the subjects based on the
expression patterns of all known and novel miRNAs (Figure 3a):
Leukemia specimens with a normal karyotype were clustered in
the same branch, indicative of a relative homogeneity of these
samples, at least with regard to miRNA expression. Never-
theless, the healthy volunteer was placed in a different branch,
suggesting that leukemic blasts with a normal karyotype possess
a miRNA profile distinct from that of nonleukemic CD34™* cells
with a normal karyotype.

We further attempted to identify miRNAs whose expression
level was significantly linked to blast karyotype. Application of
Student’s t-test to the miRNA expression data with a Benjamini
and Hochberg false discovery rate 7 of <0.05 resulted in the
isolation of six miRNAs (hsa-miR-29¢, hsa-miR-124a, hsa-miR-
150, hsa-miR-183, hsa-miR-382 and hsa-miR-590). Hierarchical
clustering of the study subjects based on the expression profiles
of these ‘karyotype-associated miRNAs’ revealed that the
healthy volunteer was again placed apart from the leukemic
patients with a normal karyotype.

Letter to the Editor

In conclusion, application of the mRAP procedure to CD34
leukemic blasts yielded 7487 reads for potential miRNA
clones. We previously showed that mRAP readily allows
the isolation of >1 x 10° miRNA concatamers from <1 x 10*
cells and is thus suitable for miRNA profiling of clinical
specimens.” Indeed, mRAP functioned well with the small
number of purified specimens in the present study, with the
result that sequencing capacity, rather than specimen quantity,
is likely to be the limiting factor for the size of the final data set
in most studies.

Although, in the present study, the total number of sequence
reads per sample (average = 2989 reads) was not high, we were
able to discover a relatively large number (n=170) of novel
miRNA candidates from our sequence reads. Candidates for
novel miRNAs continue to be identified, making it likely that the
total number of human miRNAs has not yet reached saturation.®
Our results show that CD34 ™" leukemic blasts express a wider
range of miRNAs than previously appreciated and that overall
miRNA expression profiles generally reflect blast karyotype.
Such karyotype-specific miRNAs may play a role in the
malignant transformation of blasts of the corresponding kar-
yotype, a possibility that needs to be confirmed by analysis of a
large number of samples.

Itis possible that some of the miRNA candidates identified in
our study are not genuine miRNAs but rather degradation
products of RNA or DNA. We believe, however, that a
substantial proportion of the candidate miRNAs are indeed
novel miRNAs because (i) many of them were identified in
different samples in different laboratories (in Japan and in the
Netherlands), (ii) many of them (together with the surrounding
sequences in the genome) are conserved across various species
and (iii) the expression of some of them was confirmed by
northern blot analysis.

We have identified 170 novel miRNA candidates in, and
demonstrated a high level of diversity in miRNA profiles among,
leukemic blasts. Our data thus suggest that the miRNA
repertoire of human leukemias has not yet been exhausted,
and they should provide a framework for future studies in this
regard.

Note added in proof

Hsj. 117 and Hsj_360 have the miRBase accession numbers hsa-
miR-590 and hsa-miR-663b, respectively.
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Figure 3 Hierarchical clustering of the study subjects based on miRNA expression profiles. (a) Subject tree generated by two-way clustering analysis

with the expression profiles of all known and novel miRNAs. Each row corresponds to a separate sample, and each column to a miRNA whose

expression is color-coded according to the indicated scale. The disease type and karyotype of each subject are shown at the left. (b) Six karyotype-
associated miRNAs identified with Student's ttest and a false discovery rate of <0.05 were used for two-way clustering analysis as in (a). ALL, acute
myeloid leukemia; AML, acute lymphoid leukemia; BAL, biphenotypic acute leukemia; MDS, myelodysplastic syndrome; miRNA, microRNA.
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Abstract

Purpose We evaluated the tolerability and activity of
the combination of weekly paclitaxel (PTX) and gem-
citabine (GEM) in second-line treatment of advanced
non-small cell lung cancer (NSCLC) after treatment
with platinum-based chemotherapy.

Patients and methods PTX (100 mg/m?) and GEM
(1,000 mg/m?) were administered to patients with pre-
vious treated NSCLC on days 1 and 8 every 3 weeks.
Results A total of 40 patients (performance status
0/1/2, 7/27/6 pts) were enrolled. The response rate was
32.5% (95% confidence interval: 18.0-47.0%). The
median survival time was 41.7 weeks (95% confidence
interval: 28.5-54.7 weeks). The median time to disease
progression was 19 weeks. Hematological toxicities
(grade 3 or 4) observed included neutropenia in 60%,
anemia in 15%, and thrombocytopenia in 12.5% of
patients. Non-hematological toxicities were mild, with
the exception of grade 3 diarrhea, pneumonitis, and
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rash in one patient each. There were no deaths due to
toxicity.

Conclusion The combination of weekly PTX and
GEM is a feasible, well-tolerated, and active means of
second-line treatment of advanced NSCLC.

Keywords Non-small cell lung cancer -
Second-line chemotherapy - Weekly chemotherapy -
Gemcitabine - Paclitaxel

Introduction

The clinical usefulness of second-line chemotherapy
has been established for cases of advanced non-small
cell lung cancer (NSCLC) in which tumor has recurred
or exhibits resistance to treatment after first-line che-
motherapy. The effectiveness of docetaxel, pemetr-
exed, and elrotinib for second-line chemotherapy for
NSCLC has been demonstrated in phase III clinical
studies [13, 23, 24]. Furthermore, paclitaxel (PTX) and
gemcitabine (GEM) have been shown to be effective
against NSCLC resistant to platinum preparations
[5, 16, 20]. There appears to be partial non-cross-resis-
tance between these drugs and platinum preparations.

In previous attempts at second-line chemotherapy
for NSCLC, the response rate was 0-38% for patients
treated with PTX alone at intervals of 3 weeks [12, 21,
25] and 8-37.5% for patients treated with low-dose
weekly PTX therapy [5, 16, 26, 28]. On the other hand,
the rate of response to uncombined GEM therapy was
6-21% {7, 11,17, 20, 22].

In combined PTX and GEM therapy, the two drugs
exhibit interactions with each other but no overlap or
synergism of adverse reactions. When this combined
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regimen was applied to previously untreated patients
with NSCLC, the response rate was high, at 29-46% {1,
3,4, 8, 15, 18]. When a combination of PTX (adminis-
tered every 3 weeks) and GEM was used for second-
line chemotherapy, the response rate was either 18 or
39% [2, 14].

Weekly chemotherapy for lung cancer has recently
been attempted at several facilities [3, 9]. Favorable
results of weekly chemotherapy have also been
reported for recurrent NSCLC [5, 16, 26, 28]. Com-
pared to standard regimens of chemotherapy, with
administration of drugs at intervals of 3-4 weeks,
weekly chemotherapy has certain advantages. For
example, the single dose level of anti-cancer drugs can
be reduced with weekly chemotherapy, and the dose
level can be adjusted after the start of treatment
depending on signs of hematological toxicity of the
drugs or the general condition of individual patients. In
comparison with treatment at intervals of 3-4 weeks,
weekly chemotherapy was of equal efficacy but had
fewer side effects [3]. Weekly chemotherapy is thus a
promising means of treating cases of recurrent NSCLC
in which bone marrow function has been compromised
by first-line chemotherapy.

The present study was undertaken to evaluate the
effectiveness and safety of weekly chemotherapy using
a combination of PTX and GEM in cases of advanced
NSCLC in which tumor had recurred or relapsed after
platinum-based first-line chemotherapy or platinum-
based first-line chemotherapy had failed to exert
efficacy.

Patients and methods
Patient selection

Patients were required to have histologically or cyto-
logically confirmed non-resectable or metastatic
NSCLC that had progressed during or after one or
more chemotherapy regimens. The trial was initiated
after a rest period of at least 4 weeks following previ-
ous chemotherapy (2 weeks in the case of radiother-
apy). Patients were required to have recovered
completely from prior therapy, and to have no ongoing
toxicity greater than grade 1. Other eligibility criteria
were as follows: measurable lesions; life expectancy of
at least 12 weeks; Eastern Cooperative Oncology
Group (ECOG) performance status <?2; adequate
bone marrow reserve (defined as absolute granulocyte
count > 2,000/ml and platelet count > 100,000/ml);
adequate hepatic and renal function (defined as serum
creatinine level < 2 mg/dl, AST and ALT < 1.5 times
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the upper limit of normal, and bilirubin < 1.5 mg/dl).
Exclusion criteria included pre-existing motor or sen-
sory neurological signs or symptoms > grade 2 (Com-
mon Terminology Criteria for Adverse Events version
3.0) and active infections. Asymptomatic treated or
untreated patients with brain metastases were not
excluded from the study. The Ethics Committee of the
Tochigi Cancer Center approved the study protocols.
Written informed consent was obtained from every
patient stating that the patient was aware of the investi-
gational nature of this treatment regimen.

Treatment

Paclitaxel was administered at a dose of 100 mg/m?
intravenously during a 1-h infusion on days 1 and 8 of
the treatment cycle. Gemcitabine was administered at
a dose of 1,000 mg/m? intravenously during a 30-min
infusion on days 1 and 8 of the treatment cycle. Prior to
each treatment, patients were given diphenhydramine
50 mg orally, and an H2 blocker intravenously along
with dexamethasone 16 mg 30 min before PTX admin-
istration. Granisetron 3 mg was administered intrave-
nously as an antiemetic. The length of each
chemotherapy cycle was 21 days. Patients who experi-
enced grade 4 leukopenia or neutropenia that lasted
for 3 or more days, or who experienced grade 4 throm-
bocytopenia or reversible grade 2 neurotoxicity or liver
dysfunction, received reduced doses of both PTX and
GEM (PTX 80 mg/m?, GEM 800 mg/m?) for the next
cycle. If non-hematological toxicities of grade 3 or
higher occurred, treatment was stopped. Subsequent
courses of chemotherapy were started after 3 weeks
when the leukocyte count was 3,000/mm? or more, the
neutrophil count was 1,500/mm?> or more, the platelet
count was 75,000/mm? or more, serum creatinine were
less than 1.5 mg/dl, GOT and GPT were less than twice
the upper limit of the normal range, and neurotoxicity
was grade 1 or less. If these variables did not return to
adequate levels by the first day of the next course of
chemotherapy, treatment was withheld until full recov-
ery. If more than 6 weeks passed from the time of the
last treatment before these criteria were met or if
change in treatment more significant than reduction of
dose was indicated, the patient was removed from the
study at that time, but still included in the analysis of its
results.

Evaluation of responses and toxicity
Pretreatment evaluation included medical history,

physical examination, complete blood count, bone
marrow examination, serum biochemical analyses,
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chest roentgenogram, electrocardiogram, and urinaly-
sis. All patients underwent radionuclide bone scan,
magnetic resonance or computerized tomography (CT)
of the brain, and CT of the thorax and abdomen. Com-
plete blood count, biochemical tests, serum electro-
lytes, urinalysis, and chest roentgenograms were
obtained before patients received chemotherapy.

Responses and toxicity were evaluated on the basis
of tumor images obtained by CT and other techniques,
laboratory data, and subjective/objective symptoms
and signs before, during, and after administration of
the study drugs and during the period from comple-
tion of treatment to final analysis. Measurable disease
parameters were determined every 4 weeks by various
means such as computerized tomography. Evaluation
was performed in compliance with the Response Eval-
uation Criteria in Solid Tumors (RECIST) Guidelines
for antitumor activity and with Common Terminology
Criteria for Adverse Events version 3.0 for safety.
Patients were withdrawn from the study if evidence of
tumor progression was obtained. The Institutional
Ethical Review Committee gave approval to the
study.

The primary endpoint of the study was the response
rate. Simon’s two-stage optimum design was used to
determine sample size and decision criteria. It was
assumed that a response rate of 30% among eligible
patients would indicate potential usefulness while a
rate of 10% would be the lower limit of interest, with
o =0.05 and B =0.10. Using these design parameters,
the fist stage of the study was initially to enroll 18
patients, and this regimen was to be rejected if fewer
than two patients had an objective response. If two or
more patients responded, accrual was to be continued
to 36 patients. Considering the percentage of probable
dropout cases, 40 patients were required. Secondary
endpoints were toxicity and overall survival. Response
and survival rates were both calculated on an intent-to-
treat- basis. Overall survival and time to progression
were measured from the start of this treatment up to
the time of death or up to the date of the last follow-up
clinical assessment. Survival curves were constructed
using the Kaplan—-Meier method.

Results

Patient characteristics

Forty patients were enrolled in this study from October
2000 to July 2003. All patients were assessable for tox-

icity, response, and survival. Characteristics of the 40
patients are listed in Table 1. All 40 patients had

1‘_ Overall survival curve
(n=40)

8 MST=41.7 weeks
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T T T T ¥ T T
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Time (day)

Fig. 1 Kaplan-Meier estimated overall survival curves. Median
survival time, 41.7 weeks; 1-year survival rate, 38%

received a prior platinum-based chemotherapy regi-
men (Table 1). Two of these patients had received
more than one chemotherapy regimen. All 40 patients
were eligible for toxicity assessment. Four patients had
received prior chemotherapy in the neoadjuvant set-
ting. Of the 40 patients, 15 had initially responded to
platinum-based therapy, 24 patients had achieved sta-
ble disease (SD), and one had progressive disease
(PD).

Efficacy of treatment

The mean number of cycles administered per patient
was 4, and number of cycles ranged from one to twelve.
Three patients required reduction of dose due to neu-
tropenia and thrombocytopenia. Thirteen patients
exhibited partial response (PR). Overall response rate
was 32.5% (13/40) [95% confidence interval (CI): 18-
47%]. SD was achieved in 26 patients (65%), and one
(2%) achieved PD. All 40 patients were included in the
survival analysis, with a median follow-up time of
82.9 weeks (range 56-263 weeks). The overall median
survival time was 41.7 weeks (95% CI: 28.5-
54.7 weeks). The 1-year survival rate was 37.5% (15/
40) (Fig. 1). The median time to disease progression
was 19 weeks.

Toxicities (Table 2)

Table 2 lists toxicities observed during this study.
Hematological toxicities included high incidences of
leukopenia and neutropenia, with leukopenia and
neutropenia of grade 3 or higher occurring in 45 and
60% of patients, respectively. Anemia and thrombocy-
topenia of grade 3 or higher occurred in 15 and 12.5%
of patients, respectively. Non-hematological toxicities
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Table 1 Patient characteristics

Eligible patients 40
Gender

Male 27
Female 13
Age (years)

Median 59
Range 33-75
Performance status

0 7
1 27
2 6
Histology

Adenocarcinoma 30
Squamous cell 8
Large cell 2
Stage 111 10
Stage IV 30
Number of metastatic sites

Median 2
Range 0-3
Location of metastases

Bone 13
Lung nodules 12
Brain 10
Lymph nodes 7
Liver 5
Adrenals 3
Subcutaneous 1
Prior surgery 4
Prior irradiation 15
Lung only 9
Brain only 4
Lung and bone 2
Prior chemotherapy 40
Cisplatin/vinorelbine 32
Cisplatin/docetaxel 5
Cisplatin/irinotecan 3
Response to prior chemotherapy

Partial response 15
Stable disease 24

[y

Progressive disease

observed included grade 3 pneumonitis in one patient,
who exhibited rapid recovery following administration
of steroids, grade 3 diarrhea in one, and grade 3 rash in
one. Other non-hematological toxicities observed were
of grade 2 or less and included nausea in 47.5%, vomit-
ing in 20%, alopecia in 45%, sensory neuropathy in
35%, and fatigue in 32.5% of patients. All of these tox-
icities disappeared or were improved by symptomatic
treatment. There were no deaths due to toxicity.

Discussion
Although a standard regimen of chemotherapy for recur-

rent NSCLC is being established, it is still important to
determine how the outcome of treatment of this cancer
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can be improved [13, 23, 24]. At this point, the results
of large-scale phase III clinical trials indicate single-
agent chemotherapy with docetaxel, erlotinib, or
pemetrexed as the standard chemotherapy regimen for
recurrent NSCLC. In recent years, however, many
reports have been published investigating two-drug
combined therapy rather than single-agent therapy for
recurrent NSCLC, with the objective of further
improving therapeutic outcomes {2, 5, 7, 11-14, 20-26,
28].

A large number of reports have been published con-
cerning salvage chemotherapy for recurrent NSCLC.
Platinum-based chemotherapy is now used as the first-
line chemotherapy at most medical facilities. Reports
on second-line chemotherapy for NSCLC published to
date have principally concerned uncombined drug
therapy or two-drug combined therapy using non-plati-
num preparations [2, 5, 7, 11, 12, 14, 16, 17, 20-22, 25,
26, 28]. At several facilities, weekly administration che-
motherapy has been adopted [5, 16, 26, 28]. Weekly-
administration chemotherapy allows single dose levels
to be reduced, thus making it possible to adjust the
dose levels of anti-cancer agents after the start of treat-
ment depending on adverse reactions or the general
condition of individual patients.

Table 3 summarizes the results of two-drug com-
bined therapy for recurrent NSCLC using non-plati-
num preparations (2, 6, 9, 10, 14, 19, 27]. The studies
shown in this table were phase I-1I in the case of that
reported by laffaioli [14], phase III in that by Fossella
[9], and phase II in the other studies. The overall
response rate varied widely among studies, from 0.8 to
39%. The overall median survival time was 24—
47 weeks and the one-year survival rate was 19-46%.
Major adverse reactions observed in these studies were
signs of hematological toxicity (particularly neutrope-
nia), excluding the studies involving prophylactic G-
CSF treatment reported by Androulakis [2] and Wach-
ters [27]. Signs of non-hematological toxicity varied
depending on the drugs used, and symptoms and signs
unique to each drug were noted.

For combined PTX and GEM therapy for recurrent
NSCLC, Androulakis [2] reported an overall response
rate of 18%, an overall median survival time of
47 weeks, and a median time to disease progression of
34 weeks. Compared to the present study, the overall
response rate reported by Androulakis was lower,
while the overall median survival time and median
time to disease progression were more favorable in the
study by Androulakis. The dosing regimen used by
Androulakis involved administration of PTX (175 mg/
m?% day 8), GEM (900 mg/m?% days 1 and 8), and
granulocyte colony-stimulating factor (G-CSF; days
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Table 2 Maximum toxicity
over 152 cycles (40 patients)

CTCAE v 3.0 grade (number of patients)

Grade 3 < (%)

0 1 2 3 4
Leukopenia 7 4 11 15 3 18 (45)
Neutropenia 6 5 5 17 7 24 (60)
Febrile neutropenia - - - 2 - 2(5)
Anemia 4 8 22 5 1 6 (15)
Thrombocytopenia 9 21 5 3 2 5(12.5)
Pneumonitis 36 1 0 1 0 1(2.5)
Diarrhea 27 9 3 1 0 1(2.5)
Rash 22 15 2 1 0 12.5)
Nausea 21 19 0 0 0
Vomiting 32 3 5 0 0
Fatigue 27 11 2 0 0
Alopecia 22 17 1 0 0
CTCAE v 3.0 Common termi- Neuropathy-sensory 26 14 0 0 0
nology criteria for adverse Edema ) 32 8 0 0 0
events version 3.0 Arthralgia 33 7 0 0 0
Table 3 Non-platinum regimens used as second-line treatment of non-small cell lung cancer
First author No. of Regimen and schedule Response Survival
(Ref.) patients rate (%) -
Median (weeks) 1-year (%)
Androulakis [2] 49 P 175 mg/m? d8q3w 18 47 37
G 900 mg/m? d1,8q3w
G-CSF 150 ug/m® d9-15
Taffaioli [14] 37 P 90-240 mg/m>? d1q3w 39 40 46
G 1,000 mg/m? d1,8q3w
Fossella [9] 123 FO 2 gim%day d1-3q3w 0.8 24 19
v 30 mg/m? d1,8,15q3w
Kosmas [19] 43 D 100 mg/m? d8q3w 33 36 28
G 1,000 mg/m? d18q3w
Cao [6] 33 CPT11 300 mg/m? d1q4dw 9 25 23
\Y 30 mg/m? d1,14 q 4w
Georgoulias [10] 76 CPT11 300 mg/m>® d8q3w 18.4 38 245
G 1,000 mg/m? d1,8q3w
Wachters [27] 52 CPT11 200 mg/m? d1lq3w 10 27 30
D 60 mg/m? d1q3w
G-CSF 150 pg/m? d2-12
Present study 40 P 100 mg/m? d1,8q3w 32.5 42 38
G 1,000 mg/m? d1,8q3w

P paclitaxel, G gem citabine, F0 infostamide, V vinorebine, D docetaxel, CPT-11 irinotecan, G-CSF granulocyte colony-stimurating

factor, d day, g every

9-15), with each cycle of treatment lasting for 3 weeks.
Because their regimen involved prophylactic adminis-
tration of G-CSF, the incidence of grade 3 or worse
neutropenia was lower than that in the present study
(12 vs. 60%). However, the incidence of grade 2 or
worse fatigue (a sign of non-hematological toxicity)
was lower in the present study (4%) than in that
reported by Androulakis (51%).

Belani [19] reported the results obtained with com-
bined use of PTX and GEM as first-line chemotherapy

for NSCLC. In their study, PTX was administered using
two regimens and a comparison was made between
treatment with PTX on day 1 (200 mg/m?) and weekly
treatment with PTX on days 1 and 8 (100 mg/m?%/dose;
identical to the regimen used in the present study).
According to their report, the response rate was 45%
for the first regimen and 46% for the second regimen,
the median survival time was 42 and 39 weeks and the
1-year survival rate 46 and 41% for the first and second
regimens, respectively. Efficacy thus did not differ
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significantly between the two regimens. Signs of hema-
tological toxicity were the major adverse reactions
observed following treatment with both regimens. The
incidences of neutropenia and alopecia were lower with
the weekly regimen. On the basis of these results,
Belani concluded that weekly PTX treatment combined
with GEM is also useful as first-line chemotherapy for
NSCLC.

In conclusion, weekly chemotherapy with PTX
and GEM is a tolerable and active regimen for
patients with advanced NSCLC previously treated
with platinum-containing chemotherapy regimens. It
should be recommended as a candidate regimen in
planning a phase III clinical study of NSCLC previ-
ously treated with platinum-containing chemother-
apy, and will ultimately be evaluated in a phase IlI
clinical study.
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Summary FK228 is a novel antitumor depsipeptide that
inhibits histone deacetylases and restores the expression of
genes aberrantly suppressed in cancer cells. This agent was
shown to have broad antitumor activity in preclinical studies,
and is currently under phase I/II evaluations. Because of
its wide spectrum of actions, it is reasonable to consider
the combination with other anticancer drugs in clinical
application. We studied the cytotoxic interaction of FK228
in combination with conventional antileukemic agents
using human promyelocytic leukemia HL60, Philadelphia
chromosome-positive (Ph™) chronic myelogenous leukemia
KU-812, T-cell lymphoblastic leukemia MOLT3 and
Burkitt’s lymphoma Raji cell lines. For the combination
of FK228 and imatinib, Ph* leukemia KU812, K562 and
TCC-S cell lines were used. The cells were exposed simul-
taneously to FK228 and other agents for 4 days. Cell growth
inhibition was determined by using 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay. We
used the isobologram method of Steel and Peckham to eval-
uate the cytotoxic interaction at the concentration of drugs
that produced 80% cell growth inhibition (ICg). FK228
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showed an additive effect with cytarabine, carboplatin,
doxorubicin, etoposide, 4-hydroperoxy-cyclophosphamide,
6-mercaptopurine and SN-38 (active metabolite of irinote-
can) in all cell lines studied. FK228 with methotrexate
and vincristine showed an antagonistic effect in three
and one of the four cell lines, respectively. FK228 was
additive with imatinib in all three Ph* leukemia cells.
Our findings suggest that FK228 is a promising candidate
for combining with most anticancer agents except for
methotrexate and vincristine, which produce suboptimal
effects.

Keywords FK228 - Depsipeptide - Histone deacetylase
inhibitor - Antagonism - Synergism

Introduction

Histone acetylation and deacetylation play an important role
in the control of gene transcription by affecting the interac-
tion between DNA and histones [1]. Acetylation is linked
to activation of gene transcription, whereas deacetylation
is associated with transcriptional repression. Both processes
are catalyzed by specific enzymes, histone acetyltransferases
and histone deacetylases, respectively [2].

Recent advances in molecular oncology suggest that his-
tone deacetylation may play arole in the uncontrolled growth
of cancer cells [2]. Histone deacetylase inhibitors have been
observed to cause growth arrest, differentiation and apopto-
sis against a variety of cancer cell lines [3, 4]. Five structural
classes of histone deacetylase inhibitors have been identified,
including FK 228, trichostatin A, MS-27-275, oxamflatin and
SAHA [3, 4]. Several agents are currently under clinical in-
vestigations.
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FK228, formally named FR901228, is a novel antitumor
depsipeptide isolated from Chromobacterium violaceum [5].
FK?228 inhibits histone deacetylases and causes arrest of the
cell cycle in the G1 and/or G2-phase, cell differentiation
and apoptosis [6]. FK228 effectively suppresses the growth
of human tumor cells in vitro, i.e., the concentrations of
FK?228 required for 50% cell growth inhibition of clinical
samples of chronic lymphocytic leukemia and a variety of
lymphoid cell lines are much lower than those of normal
hematopoietic progenitor cells [7, 8]. Small cell lung cancer
cell lines resistant to etoposide, irinotecan or cisplatin are
not cross-resistant to FK228 [9]. In animal studies, FK228
prolongs the survival time of mice bearing murine and human
tumors {10, 11].

Phase I trials of FK228 in patients with refractory neo-
plasms, lymphomas and leukemias have been reported [12—
14]. Three patients with cutaneous T-cell lymphoma had a
partial response and one patient with peripheral T-cell Iym-
phoma, unspecified, had a complete response [12]. On the
other hand, FK228 shows limited antitumor activity in pa-
tients with chronic lymphocytic leukemia and acute myeloid
leukemia, while it effectively inhibits histone deacetylase in
vivo [14]. The dose-limiting toxicities were fatigue, nausea,
vomiting, and transient thrombocytopenia and neutropenia.
These results suggest that FK228 has some therapeutic ef-
fects in the treatment of cancer including lymphoma and
leukemias, but, for clinical development, it is important to
combine with other anticancer agents. However, cytotoxic
effects of FK228 combined with commonly used antitumor
agents have not been studied.

In the present study, we investigated the in vitro
cytotoxic interactions of FK228 in combination with
commonly-used anti-leukemia/lymphoma agents against hu-
man leukemia/lymphoma cell lines. The results underline the
importance of the design of the combination of FK228 with
other anticancer agents for clinical therapy.

Materials and methods
Cell lines

The experimental studies of FK228 in combination with
standard anti-leukemic agents were conducted with human
promyelocytic leukemia HL60, Ph* chronic myelogenous
leukemia KU-812, T-cell lymphoblastic leukemia MOLT3
and B-cell Burkitt’s lymphoma Raji cells. The combination
of FK228 with imatinib was studied using Ph* leukemia,
KU812, K562 and TCC-S cells. Cells were maintained in
75-cm? plastic tissue culture flasks containing RPMI1640
medium (Sigma Co., St. Louis, Mo., USA) supplemented
with 10% heat-inactivated fetal calf serum (Sigma Co.) and
antibiotics.

a Springer

Drugs

FK228, SN-38 and imatinib were kindly provided by Fuji-
sawa Pharmaceutical Co., Ltd. (Osaka, Japan), Yakult Co.,
Ltd. (Tokyo, Japan) and Novartis Inc. (Basel, Switzerland),
respectively. Other anticancer agents used and their sources
were: cytarabine (Nihon Shinyaku Co. Ltd., Tokyo), dox-
orubicin (Meiji Co., Ltd., Tokyo), etoposide (Nihon Kayaku
Co., Ltd., Tokyo), 4-hydroperoxy-cyclophosphamide and
vincristine (Shionogi Co., Ltd., Tokyo), methotrexate (Led-
erle Japan, Ltd., Tokyo) and 6-mercaptopurine (Sigma Co.).
FK?228 and Imatinib were dissolved in dimethyl sulfoxide.
SN-38 was dissolved in 0.1 N NaOH. All other drugs were
dissolved in RPMI1640. Appropriate concentrations of stock
solutions of all drugs were stored at — 80°C. The drugs were
diluted with RPMI1640 before use.

Cell cycle analysis by flow cytometry

Cell cycle analysis was performed using KU812 and MOLT3
cells. Cells were cultured in the presence of either no drug
or a variety of concentrations of FK228 for 24, 48 and 72 h.
The cells were then stained with propidium iodide in prepa-
ration for flow cytometry with the FACScan/CellFIT system
(Becton-Dickinson, San Jose, CA). A DNA histogram was
obtained by analyzing 25,000 cells with the ModFIT pro-
gram (Becton-Dickinson) [15].

Cell culture

HL60, KU812, MOLT3 and Raji cells were used for the
combination studies. These cells in the logarithmic phase
were harvested and resuspended in a final concentration of
0.5-2 x 10° cells/ml of fresh medium containing 10% fetal
calf serum. Cell suspensions (100 ul) were dispensed into
individual wells of a 96-well tissue culture plate with a lid
(Falcon, Oxnard, CA). Eight plates were prepared for the
testing of each drug combination. Each plate had one 8-
well control column containing medium alone and one 8-
well control column containing cells but no drugs. For each
drug or drug combination, 8 wells were used. Cells were
incubated in a humidified atmosphere of 95% air/5% CO? at
37°C overnight. Drug solutions of FK228 and other drugs at
different concentrations were then added (50 wl) to 8 wells
containing cell suspensions and the plates were incubated
under the same conditions for 4 days. The final concentration
of dimethyl sulfoxide in the media was less than 0.1%, and
it had no effect on cell growth inhibition in our study.

MTT assay

Viable cell growth was determined by using a modified MTT
assay as described previously [16].
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Fig. 1 Schematic representation of an isobologram. Envelope of ad-
ditivity, surrounded by Mode I (solid line) and Mode II (dotted line)
isobologram lines, is constructed from the dose-response curves of
FK228 and a combined drug. The concentrations that produce 80% cell
growth inhibition are expressed as 1.0 on the ordinate and the abscissa
of isobolograms. Combined data points Pa, Pb, Pc and Pd show supra-
additive, additive, sub-additive and protective effects, respectively

Isobologram method of Steel and Peckham

Cytotoxic interactions of FK228 with other agents at the
point of ICg were evaluated by the isobologram method of
Steel and Peckham [17]. The theoretical basis of the isobolo-
gram method and the procedure for making isobolograms
have been described in detail previously [18, 19].

Based upon the dose-response curves of FK228 and the
other agents, three isoeffect curves were constructed (Fig. 1).
If the agents were acting additively by independent mech-
anisms, the combined data points will lay near the Mode 1
line (hetero-addition). If the agents were acting additively by
similar mechanisms, the combined data points will lay near
the Mode II lines (iso-addition).

Since it is unknown in advance whether the combined ef-
fects of two agents will be hetero-additive, iso-additive or an
effect intermediate between these extremes, all possibilities
should be considered. Thus, when the data points of the drug
combination fell within the area surrounded by three lines
(envelope of additivity), the combination was regarded as
additive. When the data points fell to the left of the envelope,
i.e., the combined effect was caused by lower doses of the
two agents than was predicted, we regarded the drug combi-
nation as having a supra-additive effect (synergism). When
the points fell to the right of the envelope, i.e., the combined
effect was caused by higher doses of the two agents than was
predicted, but within the square or on the line of the square,
we regarded the combination as having a sub-additive effect,
i.e., the combination was superior or equal to a single agent
but was less than additive. When the data points were outside
the square, the combination was regarded as having a pro-
tective effect, i.e., the combination was inferior in cytotoxic

action to a single agent. Both sub-additive and protective
interactions were regarded as antagonism.

Data analysis

When the observed data points for the combination mainly
fell in the area of supra-additivity or in the areas of sub-
additivity and protection, i.e., the mean value of the ob-
served data was smaller than that of the predicted minimum
values or larger than that of the predicted maximum val-
ues, the combination was considered to have a synergistic or
antagonistic effect, respectively. To determine whether the
condition of synergism (or antagonism) truly existed, sta-
tistical analysis was performed. The Wilcoxon signed-ranks
test was used for comparing the observed data with the pre-
dicted minimum (or maximum) values for additive effects,
which were closest to the observed data (i.e. the data on the
boundary (Mode I or Mode II lines) between the additive
area and supra-additive area (or sub-additive and protective
areas) [20]. Probability (P) values < 0.05 were considered
significant. Combinations with P > 0.05 were regarded as
indicating additive/synergistic (or additive/antagonistic) ef-
fects. All statistical analyses were performed using the Stat
View 4.01 software program (Abacus Concepts, Berkeley,
CA).

Results

Cytotoxic effects of FK228 and conventional anticancer
agents on human leukemia/lymphoma cell lines

The dose-response curves of FK228 for the HL60, MOLT3,
Raji, KU812,K562, and TCC-S cells are shown in Fig. 2. The
1Cs values of a 96-h exposure to FK228 for these cells were

100
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Fig. 2 Dose-response curves for FK228 in HL60, MOLT 3, KU812,
Raji, K562 and TCC-S cells
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37402 nM, 3.6+0.3 nM, 3.24+0.2 oM, 3.6+=0.3 nM,
5.1+£0.2 nM, and 4.2+£0.4 nM, respectively (Fig. 2,
Table 1), all of which are clinically achievable in vivo ac-
cording to a recent clinical study [12]. The ICgo values of a
96-h exposure to other agents for these cells are also shown
in Table 1.

Cell cycle analysis of FK228-treated cells

We analyzed the effects of FK228 on the cell cycle profile
of leukemia cell lines. Cell cycle arrest at G1 to the early
S-phase was observed in KU812 cells at 24 h of culture with
FK228 at concentrations of more than 4.5 nM, followed
by the induction of apoptosis at 72 h (Fig. 3). FK228, at
concentrations of more than 4.5 nM, induced G1 arrest and
apoptosis simultaneously after 48 h of culture in MOLT3
cells (data not shown). In contrast, FK228 arrested HL60
and K562 cells in G2/M phase of the cell cycle (data not
shown, see Sutheesophon et al. [21] for detail).

Cytotoxic effects of FK228 in combination with other
agents

Figure 4 shows the dose-response curves for FK228 in com-
bination with either cytarabine or methotrexate in KU812
cells. Each isobologram was generated based on such dose-
response CuIves,

Cytotoxic effects of FK228 in combination with cytarabine:
Figure 5 shows the isobolograms of this combination in
HL60, KU812, MOLT3 and Raji cells. In HL60 cells, all
combined data points fell within the envelope of additivity
(Fig. 5a). The mean value of the data (0.63) was larger than
that of the predicted minimum values (0.12) and smaller
than that of the predicted maximum values (0.89), indicat-
ing that the simultaneous exposure to FK228 and cytarabine
produced an additive effect (Table 2). In MOLT3, KU812
and Raji cells, all data points also fell within the envelope

of additivity, indicating that the simultaneous exposure to
FK228 and cytarabine also produced an additive effect.

Cytotoxic effects of FK228 in combination with ei-
ther carboplatin, doxorubicin, etoposide, 4-hydroperoxy-
cyclophosphamide or SN-38: In all four cell lines, all or most
combined data points fell within the envelope of additivity
(isobolograms not shown), indicating that simultaneous ex-
posure to FK228 and these drugs produced an additive effect
(Table 2).

Cytotoxic effects of FK228 in combination with 6-
mercaptopurine: Because HL60 was resistant to 6-
mercaptopurine, we used other three cell lines to study this
combination. In MOLT3, KU812 and Raji cells, all or most
combined data points fell within the envelope of additivity
(isobolograms not shown), indicating that simultaneous
exposure to FK228 and 6-mercaptopurine produced an
additive effect (Table 2).

Cytotoxic effects of FK228 in combination with methotrex-
ate: Figure 6 shows the isobolograms of this combination
in HL60, KU812, MOLT3 and Raji cells. In HL60, KU812
and Raji cells, all or most data points fell in the areas of sub-
additivity and protection. The mean values of the observed
data (0.93, 1.13 and 0.98, respectively) were larger than
those of the predicted maximum additive values (0.87, 0.44
and 0.76, respectively) (Table 2). Statistical analysis showed
that the difference was significant (P <0.05, P <0.01 and
P <0.01, respectively), indicating an antagonistic effect
of simultaneous exposure to these two agents. In MOLT3
cells, data points fell within the envelope of additivity and
in the areas of sub-additivity and protection. The mean
value of the observed data (0.87) was larger than that of
the predicted maximum additive values (0.86), but the
difference was not statistically significant (P > 0.05),
indicating an additive/antagonistic effect of simultaneous
exposure to these two agents.

Tablel The ICg values of

FK228 and combined agents for HL60 MOLT3  Raji KU812 K562 TCC-S
leukemia cell lines® FK228 (nM) 37 36 32 3.6 5.1 42
Cytarabine (nM) 400 160 1400 8900 n.d. n.d.
Carboplatin (uM) 7.8 5.3 15 100 n.d. n.d.
Doxorubicin (nM) 92 15 220 25 n.d. n.d.
Etoposide (M) 0.44 0.25 1.3 4 n.d. n.d.
4-Hydroperoxy- 6.2 1.3 14 7.4 n.d. nd.
cyclophosphamide (M)
6-Mercaptopurine (uM) 10 1.7 4 1.7 nd. nd.
Methotrexate (nM) 25 25 70 18 n.d. n.d.
*Values represent the means of gy 38 () 83 0.94 2.1 27 nd. nd.
atleast three independent Vincristine (nM) 1 0.67 22 1.5 nd. n.d.
experiments. o
Imatinib (nM) n.d. n.d. n.d. 97 270 85

n.d. = not done.
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Fig.3 Cell cycle analysis of 24 h 48 h 72 h

KU812 cells treated with
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Fig. 4 Dose-response curves for FK228 in combination with cytara- are shown on the abscissa. Each point represents the mean value for at
bine (ara-C) and methotrexate (MTX) in KU812 cells. Cell growth was least 3 independent experiments; the SEs were less than 20% and thus
measured by the MTT assay after 4 days and was plotted as a percent- were omitted
age of the control (cells not exposed to drugs). FK228 concentrations
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