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Camptothecin (CPT) is an anti-tumor natural product that forms a ternary complex with topoisomerase I
(top I) and DNA (CPT-top I-DNA). In this study, we identified the direct interaction between CPT and
human heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) using the T7 phage display technology.
On an avidin-agarose bead pull down assay, hnRNP A1 protein was selectively pulled down in the pres-
ence of C20-biotinylated CPT derivative (CPT-20-B) both in vitro and in vivo. The interaction was also

Keyw"rdsh" ) confirmed by an analysis on a quartz-crystal microbalance (QCM) device, yielding a Kp value of
gzrrgzz:n::;ge | 82.7 nM. A surface plasmon resonance (SPR) analysis revealed that CPT inhibits the binding of hnRNP
QCPI)\/I A1 to top I (Kp: 260 nM) in a non-competitive manner. Moreover, an in vivo drug evaluation assay using
SPR Drosophila melanogaster showed that the knockout of the hnRNP A1 homolog Hrb87F gene showed high
hnRNP A1l susceptibility against 5-50 uM of CPT as compared to a wild-type strain. Such susceptibility was specific

Hrb87F
Drosophila melanogaster

for CPT and not observed after treatment with other cytotoxic drugs. Collectively, our data suggests that
CPT directly binds to hnRNP A1 and non-competitively inhibits the hnRNP A1/top I interaction in vivo.
The knockout strain loses the hnRNP A1 homolog as a both CPT-binding partner and naive brakes of
top I, which enhances the formation of the CPT-top I-DNA ternary complexes and subsequently sensitizes
the growth inhibitory effect of CPT in D. melanogaster.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction of CPT both in vitro and in vivo.*"!® Discovery of unidentified bind-

ing partner of CPT would be of interest to understanding further

Camptothecin (CPT) is an anti-tumor natural product that was
isolated from Camptotheca acuminata by Wall et al.! CPT forms
ternary complex with topoisomerase I (top I) and DNA (CPT-top
[-DNA) and inhibits the DNA relaxation by top I in the submicrom-
olar concentration range,?> which result in apoptotic cell death or
delay of tumor growth in live animals. Whilst, there are the num-
bers of reports that assume the presence of alternative molecular
target(s) other than top I or factors that modulate the susceptibility

Abbreviations: CPT, camptothecin; CPT-20-B, C20-biotinylated camptothecin;
hnRNP, heterogeneous nuclear ribonucleoprotein; Hrb87F, heterogeneous nuclear
ribonucleoprotein 87F; QCM, quartz-crystal microbalance; RRM, RNA recognition
motif; SPR, surface plasmon resonance; top, topoisomerase.
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insights into the mode of action of CPT at the molecular level.
Previously, we reported the screening of a library of T7 phage-
displayed peptides that recognizes CPT.' In the experiment, we
identified a CPT-recognizing short peptide (15-mer; NSASRGG
SQRGRGEH) using a C20-biotinylated CPT (CPT-20-B, Fig. 1A).1415
This amino acid sequence displayed similarity to part of a region
in top I containing Arg364 where CPT binds directly and forms a ter-
nary complex with DNA.'*6 In our further analysis of sequence
similar to the 15-mer peptide, there were a large number of poten-
tial hits in the protein database, suggesting the presence of uniden-
tified CPT-binding protein. Among them, we focused on a splicing
factor human heterogeneous nuclear ribonucleoprotein A1 (hnRNP
A1). The hnRNP A1 is known to form pre-mRNA complex with other
subtype of hnRNPs and pre-mRNA-binding proteins and play a role
in pre-mRNA splicing and mRNA metabolisms in nucleus.!”"'® Inter-
estingly, it has been reported that a series of RRM proteins including
hnRNP A1, directly bind to the cap region (215-433) of human top |
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Figure 1. Structure of camptothecins (CPTs) and similarity between the CPT-recognizing 15-mer peptide and hnRNP A1 or Hrb87F. (A) Structure of CPT and CPT-20-B. (B)
Similarity of amino acid sequence between the 15-mer peptide and hnRNP A1 (S188-R196) or Hrb87F (202G-216Q). (C) Schematic representation of full length hnRNP A1
and Hrb87F and the similarity site (indicated by the red arrows). RRM; RNA recognition motif, M9; cellular distribution signal. (D) The supercolided DNA relaxation assay.
Plasmid (lane 1). Plasmid + top I (lane 2), + top I and CPT (lane 3), + top I and hnRNP A1-GST (lane 4), + top I and CPT and hnRNP A1-GST (lane 5).

via two tandem RRM domains and decrease CPT-induced DNA
cleavage, which could regulate the activity of top I.19-2!

In this study, we verified the interaction between CPT and
hnRNP A1 using an avidin-agarose bead pull down assay and a
quartz-crystal microbalance (QCM) biosensor-based interaction
analysis. We also assessed the effect of CPT for hnRNP Al/top I
interaction using a surface plasmon resonance (SPR) analysis and
fitting for binding model. Furthermore, we elucidated the change
of growth inhibitory effect of CPT in vivo by the use of a Drosoph-
ila-based drug evaluation system, focusing on the hnRNP Al/top I
interaction.

2. Materials and methods
2.1. Materials

HelLa cell was obtained from Cell Resource Center for Biomedi-
cal Research Institute of Development, Aging and Cancer (Tohoku
University, Sendai, Japan). DMEM was purchased from Nacalai Tes-
que Co. Ltd (Kyoto, Japan). The Hrb87F gene mutants (P-element
insertion) of Drosophila, Hrb87F<¢%2089 (stock ID 14414) and
Hrb87F8¢02743 (stock ID 12869) were obtained from Bloomington
Drosophila Stock Center (BDSC) [http://flystocks.bio.indiana.edu/].
Cloning System was obtained from Novagen (Madison, WI).
PGEX-6P-1 vector, GSTrap FF column and Glutathione Sepharose™
4B were purchased from GE Healthcare (Amersham, UK). RNA
extraction reagent (Sepasol-RNA Super G) was from nacalai tesque.
Restriction enzyme BamHI and Xhol were obtained from TOYOBO
(Osaka, Japan). T4 ligase was from Promega (Madison, WI). PCR re-
agent was obtained from TaKaRa (Tokyo, Japan). Avidin-agarose
beads was from Sigma-Aldrich (St Louis, MO). An anti-hnRNP A1
mouse monoclonal IgG,s antibody and goat anti-mouse IgG

antibody-AP conjugate was obtained from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA), Nacalai Tesque, respectively.

2.2. Drugs

Irinotecan was kindly provided from Yakult Co. Ltd (Tokyo,
Japan) and Dai-ichi Pharmaceutical Co. Ltd (Tokyo, Japan). Cam-
ptothecin and cysplatin were obtained from Tokyo Kasei Co. Ltd
(Tokyo, Japan). Paclitaxel was purchased from Hoechst Marion
Roussel Co. Ltd (Romainville, France). Doxorubicin was obtained
from Toronto Research Chemicals Inc. (North York, ON). Bleomycin
was obtained from Wako (Tokyo, Japan).

The synthesis of CPT-20-B (Fig. 1A) was described previously.!”

2.3. Expression of recombinant protein using an E. coli cloning
system

The hnRNP A1 gene was isolated from a cDNA library of HeLa
cells. Briefly, total RNA was extracted using Sepasol-RNA Super G
(Nacalai Tesque) and then reverse transcription was performed
using ReverTra Ace® qPCR RT Kit (TOYOBO) with a random primer
according to the manufacture’s instructions. The gene of hnRNP A1
was amplified by PCR using primers 5-GGATCCATGTCTAAGTCAG
AGTCTCCT-3’ (PM1) and 5-CTCGAGTTAAAATCTTCTGCCACTGC
CAT-3' (PM2), and then inserted into the multi-cloning site of
PGEX-6P-1 vector (GE Healthcare). Competent BL21 (DE3) pLysS
cells (Novagen) were then transformed with the plasmid.

The gene of cap region (215-433) of top I gene was amplified
from cDNA clones top I (TOYOBO) by PCR using primers
5-AAGGATCCATCAAGTGGAAATTCCTAGAACAT-3' (PM3) and
5'-AACTCGAGTTATGAACTAGGGTTAAGCATGATGTA-3' (PM4). The
PCR product was then inserted into pET-28a(+) vector (Novagen).
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Competent Rosetta 2 (DE3) pLysS Competent cells (TOYOBO) were
then transformed with the plasmid.

Single colonies were transferred into LB medium containing 1%
glucose, 50 pg/ml of ampicillin (Amp, for hnRNP A1) or 30 pg/ml of
kanamycin (Km, for cap region of top I) and 34 pg/ml of chloram-
phenicol (Cm), and cultured at 37 °C, overnight. The cells were then
transferred to large scale of LB medium containing 1% glucose,
antibiotics and cultured for 3 h at 37 °C. IPTG was added to the cul-
ture medium at a final concentration of 1 mM and the cells were
incubated for a day at 20 (hnRNP A1) or 25 (cap region of top I)
°C to induce protein expression. The cells were harvested by centri-
fugation at 5000g for 10 min at 4 °C.

2.4. Preparation of HeLa cell and E. coli soluble lysates

HelLa cells were cultured in DMEM supplemented with 10% fetal
calf serum in a humidified chamber at 37 °C containing 5% CO,. The
107 of cultured HeLa cells were washed with PBS twice and then
treated with a cell extraction buffer (25 mM Tris-HCl, pH 8.0,
100 mM NaCl, 2 mM EDTA, 0.5% Triton-X) for 1 min. The solution
was centrifuged at 14,000g for 15 min at 4 °C and the resulting
supernatant was subjected to a bead pull down assay.

One gram of cultured Escherichia coli cells expressing hnRNP A1-
GST were resuspended in 5 ml of binding buffer (50 mM Tris-HCl,
pH 8.0 containing 150 mM NaCl, 1 mM EDTA, 1 mM PMSF). Follow-
ing sonication and centrifugation at 14,000g for 10 min at 4 °C, the
supernatant was subjected to a bead pull down assay.

2.5. Pull down assay of hnRNP A1 protein from HeLa cell and
E. coli soluble lysates

To remove the non-specific binders in soluble lysates, 500 pl of
each soluble lysate was mixed with the 200 pl of avidin-agarose
beads (Sigma-Aldrich) that were washed beforehand. After centri-
fugation at 14000 g for 15 min at 4 °C, the 90 pl of supernatant was
mixed with 10 pl of 1 mM of CPT-20-B or DMSO (control) and incu-
bated for 16 h at 4 °C with rotation. An aliquot of 200 p of avidin-
agarose beads (Sigma-Aldrich) were then added and incubated for
1h at 4 °C to form avidin-biotin complex. After centrifugation at
14,000g for 10 min at 4 °C, the supernatant was removed and
PBS was added to wash the beads. After washing the beads five
times, the beads were mixed with SDS loading buffer (0.002% bro-
mophenol blue, 0.002% xylene cyanol FF, 5% glycerol, 0.1% SDS) and
incubated at 95 °C for 10 min. The resulting solution was subjected
to SDS-PAGE using 15% polyacrylamide gel. The separated proteins
were blotted onto PVDF membrane and hnRNP A1 protein was de-
tected by western blot analysis using hnRNP A1 mouse monoclonal
antibody (Santa Cruz Biotechnology Inc.) as a primary antibody
and goat anti-mouse IgG antibody-AP conjugate (Nacalai Tesque).
The chemiluminescence was performed using the CDP-Star Detec-
tion Reagent (GE Healthcare) to identify hnRNP Al.

2.6. Purification of recombinant protein

The recombinant hnRNP A1-GST was purified by an affinity
chromatography using an FPLC system (AKTA explorer 10s, GE
Healthcare) employing a GSTrap FF (1 ml) column. The soluble
fraction of recombinant E. coli (PBS) was charged to the column
and washed using PBS. The hnRNP A1-GST was then eluted using
an elution buffer (50 mM phosphate, 150 mM NacCl, 10 mM gluta-
thione, the reduced form, pH 8.0). The fractions were analyzed
by SDS-PAGE using 10% separation gel and CBB staining. The frac-
tion containing hnRNP A1-GST was desalted using PD-10 column
(GE Healthcare) and then subjected to the interaction analysis.

The recombinant His-tagged cap region (215-433) of top I was
purified by nickel affinity chromatography using Glutathione

Sepharose™ 4B (2 ml) with an open column. The soluble fraction
of recombinant E. coli (20 mM phosphate, 500 mM NacCl, 0.5 mM
EDTA, 5 mM 2-mercaptoethanol (2-ME), pH 7.3) with protease
inhibitor cocktail (Nacalai Tesque) was charged to the column
and washed with 50 ml of buffer 1 (20 mM phosphate, 500 mM
NacCl, 0.5 mM EDTA, 5 mM 2-ME, 5 mM MgCl,, 0.5 M ATP, pH 7.3)
and buffer 2 (20 mM phosphate, 2 M NaCl, 0.5 mM EDTA, 5 mM
2-ME, pH 7.3). The His-tagged protein was then eluted using
30ml of an elution buffer (50 mM phosphate, 500 mM NaCl,
500 mM imidazole, pH 7.3). The purified protein was analyzed by
SDS-PAGE using 12.5% separation gel and CBB staining. The frac-
tion containing hnRNP A1-GST was desalted using PD-10 column
(GE Healthcare) and then subjected to the interaction analysis.

2.7. Kinetic analysis using a QCM biosensor

Kinetic analysis was performed using a cuvette-type QCM de-
vice AffinixQ (Initium, Tokyo, Japan) and a ceramic sensor chip (Ini-
tium). The recombinant hnRNP A1-GST, which was purified by
affinity chromatography, was immobilized on the gold electrode
of a sensor chip. The sensor chip was then attached to the oscillator
and immersed into the cuvette containing 8 ml of PBS-10% DMSO
(25 °C). After stabilizing the QCM sensor, 8 pl of various concentra-
tions (12.5, 25, 50, 100 and 250 uM) of CPT were injected into cuv-
ette (final 12.5, 25, 50, 100 and 250 nM). The frequency change was
then monitored until the sensor reached equilibrium. In total, three
independent experiments were performed and kinetic parameters
were calculated using AQUA 2.0 software. The data were analyzed
as a Langumuir plot 1) (Fig. 2C) and a Scatchard plot 2) (Fig. 2D)
using the following equations:

_ Bnax - [CPT] )
™ Kp + [CPT]
Beq _Bmax 1
[CPT] ~ Kp *E'Beq )

where [CPT] is the concentration of CPT. B is the response (Hz) at
equilibrium between CPT and immobilized hnRNP A1-GST on a
ceramic sensor chip. By is the maximum response (Hz); Kp is
the dissociation constant between CPT and immobilized hnRNP
A1-GST.

2.8. Kinetic analysis using a SPR biosensor

Analysis of binding between hnRNP A1-GST and His-tagged cap
region (215-433) of top I, which were purified by FPLC, was per-
formed with a surface plasmon resonance (SPR) biosensor
(Biacore®3000, GE Healthcare). A surface of CM5 sensor chip was
activated by injecting a solution containing 200 mM EDC and
50 mM NHS at 10 pl/min for 14 min. The His-tagged cap region
protein (170 pl) in 10 mM acetate buffer (pH 5) was then injected
over the sensor chip and captured on the carboxymethyl dextran
matrix via an amine coupling reaction. The surface was then
blocked by injecting 1 M ethanolamine at pH 8.5 for 14 min. This
reaction immobilized about 10,000 resonance units (RU) of His-
tagged cap region (215-433) of top L. Binding analysis was per-
formed in HBS-EP buffer with 5% DMSO using a flow rate of
20 pl/min at 25 °C. Various concentrations of hnRNP A1-GST with
or without of CPT were successively injected upon the immobilized
His-tagged cap region to detect the SPR response generated by the
hnRNP A1-GST binding.

The effect of CPT on hnRNP Al-cap region (215-433) interaction
was elucidated by (3) Langmuir-plot and (4) Lineweaver-burk plot
(Double-reciprocal plot) for a non-competitive inhibition model
represented by the following equation:
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Figure 2. Direct interaction between CPT and hnRNP A1. (A, B) Extraction of CPT-
20-B binding protein from a soluble fraction of HeLa cell (A) or recombinant E. coli
(B). The 100 uM of CPT-20-B treated (+) or non-treated (—) avidin-agarose beads
were incubated with the soluble fraction of HeLa cells. The resulting bead complex
was centrifuged and treated with SDS sample buffer. After separation by SDS-PAGE,
the proteins were blotted onto PVDF membrane and immunoblotted using an anti-
hnRNP A1 monoclonal antibody. (C, D) Interaction analysis between CPT and
recombinant hnRNP A1-GST using the QCM device. (C) Langmuir plot. The hnRNP
A1-GST protein was immobilized onto the gold electrode of the sensor chip. After
equilibration, the QCM sensor chip was immersed in a buffer-filled cuvette and a
solution of CPT (12.5-250 pM) was injected (final concentration 12.5-250 nM). The
subsequent frequency changes (AF) were then monitored. The data are means + S.E.
of three independent experiments. (D) Scatchard plot. 1 Hz = 0.62 pg/mm?.
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where hnRNP Al is the concentration of protein; R.q is the apparent
response (RU) obtained from local fitting of SPR sensorgram
between hnRNP A1 protein and cap region (215-433) on a CM5
sensor chip; Req max is the maximum response (RU); K is the disso-
ciation constant between hnRNP A1 and immobilized cap region
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Figure 3. Effect of CPT for hnRNP A1/top I interaction on SPR analysis. (A) Langmuir
plot. His-tagged cap region (215-433) of top I was immobilized on CM5 censor chip
by an amine coupling reaction. The Req (RU) obtained local fitting for response upon
injection of various concentration of hnRNP A1-GST with (0, 0.1, 0.3, 1 and 3 uM)
CPT was plotted. (B) Lineweaver-burk (Double-reciprocal) plot. 1 RU = 1 pg/mm?.

(215-433); K; is the dissociation constant between hnRNP A1 and
CPT.

2.9. Drug evaluation using the D. melanogaster

Fly stocks were cultured at 25 °C on standard food. The Canton-
S fly was used as the wild-type (WT) strain. A schematic represen-
tation of the drug evaluation protocol is shown in Figure 3A.
Twenty adult Drosophila (10 males and 10 females) collected with-
in 48 h after eclosion were raised and then their eggs collected dur-
ing a 24 h period. The eggs were immersed in a 250 pl aliquot of
CPT (0, 5, 12.5, 25 and 50 uM) dissolved in a solvent (4% EtOH,
5% DMSO). The number of adult Drosophila in each treated group
[N (xuM)] that emerged within 15 days after administration of
CPT was counted and compared to that of WT [N (0 uM)]. The eclo-
sion rate [N (xpM)/N (0 uM) x 100%] was then calculated.

2.10. The supercoiled DNA relaxation assay

The supercoiled DNA relaxation by top I was detected according
to the manufacture’s instructions (TopoGEN Inc. Florida). Briefly,
topoisomerase I (2 U) from calf thymus (TaKaRa Bio) was mixed
with 1 pg of a supercoiled DNA pBR322 (TaKaRa Bio) in 20 pl of
a reaction buffer (35 mM Tris-HCl, pH 8, 72 mM KCI, 5 mM MgCl,,
5 mM DTT, 5 mM spermidine, 0.01% BSA) in the presence or ab-
sence of 100 pM CPT or 0.5 pM hnRNP A1-GST. The mixture was
then incubated at 37 °C for 30 min. After the reaction, 2 pl of 10%
SDS solution was added and incubated at 75 °C for 15 min to stop
the reaction. By adding 2 pl of 0.6 pg/ml of proteinase K and incu-
bating at 37 °C for 30 min, top I and hnRNP A1-GST were digested.
The samples were subjected to 1% agarose gel electrophoresis and
the gel was stained with 0.5 pg/ml ethidium bromide (EtBr).
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3. Results

3.1. Similarity between a CPT-recognizing peptide and hnRNP
Al

Previously, we identified a CPT-20-B (Fig. 1A) binding peptide,
NSASRGGSQRGRGEH.' Our sequence analysis using the BLAST
program also identified the S188-R196 region of hnRNP Al as
being quite similar to the peptide. As shown in Figure 1B and C, this
segment corresponds to unstructured flexible loop region to the
C-terminus of the RRM2 domain. This finding suggests that CPT
may bind to hnRNP A1 via this portion. Interestingly it has been
reported that hnRNP A1 directly bind to the cap region of human
top I via two RRM domains and decrease CPT-induced DNA cleav-
age.'®"2! As shown in Figure 1D, the recombinant hnRNP A1-GST
inhibited the DNA relaxation by top I regardless of the absence
(lane 4) or presence (lane 5) of CPT, supporting the previous
reports.!9-21

3.2. Interaction between CPT and hnRNP A1 both in vivo and
in vitro

A pull down assay using avidin-agarose beads and CPT-20-B
was performed to test the direct interaction between CPT-20-B
and hnRNP A1 in soluble fraction from the cells. As shown in Figure
2A and B, both native hnRNP A1 in HelLa cells and hnRNP A1-GST
exogenously expressed in E. coli were pulled down from each cell
lysate only in the presence of CPT-20-B.

Next, the dissociation constant between free CPT and the hnRNP
A1-GST was elucidated using a QCM biosensor (AffinixQ, Initium).??
The sensor chip, comprising a gold electrode onto which the recom-
binant hnRNP A1-GST protein was immobilized, was immersed in a
buffer-filled cuvette. After stabilizing the QCM sensor, various con-
centrations (12.5-250 puM) of non-biotinylated CPT was succes-
sively injected into the cuvette (final concentration: 12.5-250 nM)
and the frequency changes was monitored. As shown in Figure
2C, the change of QCM frequency increased in proportion to the in-
crease in the concentration of CPT, demonstrating an interaction
between immobilized hnRNP A1-GST and free CPT. From the Scat-
chard plot (Fig. 2D) using AQUA 2.0 software (Initium), the dissoci-
ation constant was calculated to be 82.7 nM, indicating a strong
interaction between hnRNP A1 and CPT (Table 1). In addition, it
was found that introduction of the biotin linker at position C20
of CPT does not interfere with its binding to hnRNP Al.

3.3. CPT non-competitively inhibits hnRNP A1/top I interaction

To ascertain the effect for binding of CPT to hnRNP A1, we elu-
cidated the hnRNP A1/top I association in the presence or absence
of CPT using a surface plasmon resonance (SPR) biosensor (Bia-
core®3000, GE Healthcare). RRM proteins including hnRNP A1 di-
rectly bind to top I via two tandem RRM domains.!®~2! To avoid
the binding of CPT to the DNA-binding domain in top I, we engi-
neered a deletion mutant that corresponds to the cap region
(215-433) of top I and used for analysis. As shown in Figure 3A,

Table 1
Kinetic parameters of the interaction between hnRNP A1 and CPT or cap region
of top |

Kp (nM) Bmax (pg/mm?)
hnRNP A1-CPT 82.7 67
hnRNP Al-top I 260 238

The data was obtained from QCM (hnRNP A1-CPT) or SPR (hnRNP A1-top I) analysis.
AQUA 2.0 software (Initium) or BlAevaluation 4.1 software (GE Healthcare) was
used to calculate the dissociation constant.

hnRNPA1-GST bound to the cap region (215-433) of top I immobi-
lized on CM5 sensor chip on a dose dependent manner, yielding
the Kp value of 260 nM (Table 1, Supplementary Fig. 1A). This re-
sponse reduced in proportion to the increase of CPT concentration
(Fig. 3A and Supplementary Fig. 1B-D), suggesting that CPT inhib-
its the binding of hnRNP A1 to top I. CPT itself did not show any re-
sponse against cap region (215-433) of top I up to 0.9 uM
(Supplementary Fig. 1E). The Lineweaver-burk plot (Fig. 3B) and
subsequent kinetic analysis revealed the reduction of Req max, but
not change the Kp value, which indicates that CPT non-competi-
tively interferes the formation of hnRNP A1/top I complex. Taken
together with the result of pull down assay and QCM analysis, it
is suggested that CPT directly binds to hnRNP A1 and non-compet-
itively inhibits the hnRNP A1/top I interaction.

3.4. Elucidation of the change of growth inhibitory effect of CPT
in vivo by the use of a Drosophila-based drug evaluation system

To elucidate the change of growth inhibitory effect of CPT by
knockout of the hnRNP A1 gene in vivo, we used a drug evaluation
system using Drosophila melanogaster (Fig. 4A) and assessed the ef-
fect of CPT in the presence or absence of Hrb87F (a homolog
of hnRNP A1) gene expression.?> Indeed, Hrb87F of D. melanogaster
displays homology with hnRNP A1 (data not shown). The 15-
mer CPT recognizing peptide also showed similarity with the
unstructured flexible loop on the C-terminal side of the RRM2 do-
main of Hrb87F (Fig. 1B and C). As shown in Figure 4B, administra-
tion of CPT revealed the sensitization of the growth inhibitory
effect of CPT against the Hrb87F mutants in a concentration-depen-
dent manner. This effect was similarly observed on two other dro-
sophila strain Hrb87F<C92989 and Hrb87F¢02743 (Fig. 4C). In
particular, administration of 25 or 50 uM of CPT was fatal to 7-
day-old pupa of both Hrb87F<¢02089 and Hrb87F2¢02743 (Fig. 4D).
By contrast, there was little difference of eclosion rates and pheno-
typic observations without treatment of CPT among the flies
tested. Taken together, these data suggest that knockout of the
Hrb87F gene sensitizes the growth inhibitory effect of CPT and is
fatal above 25 pM at pupa stage.

To further evaluate the susceptibility of CPT on Hrb87F mutants,
we tested several cytotoxic drugs (paclitaxel, irinotecan, doxorubi-
cin, bleomycin and cysplatin) in addition to CPT. Figure 4E shows
the eclosion rate of Hrb87F<¢02%89 mutant after administration of
each drug. Interestingly, the administration of 25 uM of each drug
other than CPT did not show any effect on eclosion of the Hrb87F
gene mutant strain. This result indicates that susceptibility of the
growth inhibitory effect by the knockout of Hrb87F is specific for
CPT.

4. Discussion

The drug-recognizing peptide sequence identified by the phage
display technology enables combinatorial discovery of drug-bind-
ing target.?* In particular, phage-displayed short peptide indicates
disordered loop within proteins,>>?® which has recently been
suggested to be an essential observation when considering the
drug/protein interactions.?’~2° Indeed, we have identified several
drug/protein interactions that point out such properties.>°34 As
for the CPT, the 15-mer peptide showed the similarity against
not only the CPT-binding site in top 1,'* but also the unstructured
flexible loop positioned to the C-terminus of the RRM2 domain in
hnRNP A1 (Fig. 1B and C). Indeed, binding assays demonstrated
that CPT binds to hnRNP A1 both in vitro and in vivo. Furthermore,
the direct interaction between tandem RRMs in hnRNP A1 and cap
region (215-433) of top I (Kp: 260 nM), which is approximately
three-fold weaker than that between CPT and hnRNP Al
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Figure 4. Drug evaluation using D. melanogaster. (A) Schematic representation of the procedure employed for the drug-sensitivity test using D. melanogaster. (B, C) CPT
susceptibility test using Hrb87F gene mutant and WT strains. The number of adults that emerged from a pupa after treatment with each concentration of CPT (x M) was
compared to that of 0 pM and shown as an eclosion rate [N (x tM)/N (0 uM) x 100%]. WT: blue bar or line [Nmeans = 179 (0 uM of CPT), 168 (5 pM), 118 (12.5 uM), 32 (25 uM),
21 (50 pM)], Hrb87F¢92743; red bar or line [Nmeans = 52 (0 pM), 37 (5 pM), 14 (12.5 pM), 0 (25 pM), 0 (50 pM)], Hrb87F<¢0299; green bar or line [Nmeans = 81 (0 pM), 52 (5 uM),
9 (12.5 uM), 0 (25 uM), 0 (50 uM)]. The data are means + S. E. of three independent experiments. *P <0.05, **P <0.01 versus WT. (D) The phenotypic change of WT and Hrb87F
mutant strains at 5, 7 and 14 days after administration of 25 uM of CPT. (E) Selective susceptibility of CPT against the Hrb87F mutant strain Hrb87F<“02089 The 25 uM of each
drug was administrated and the eclosion rate calculated [N (Hrb87FS92%89)/N (WT) x 100%]. WT: Npeans = 163 (DMSO), 80 (CPT), 125 (paclitaxel), 167 (irinotecan), 133
(doxorubicin), 103 (bleomycin), 135 (cisplatin), Hrb87F<¢02089; N ...c = 95 (DMSO), 0 (CPT), 97 (paclitaxel), 100 (irinotecan), 73 (doxorubicin), 58 (bleomycin), 93 (cisplatin).
The data are means * S.E. of three independent experiments.
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(Kp: 82.7 nM), was inhibited in the presence of CPT in a non-com-
petitive manner (Fig. 3). These data are consistent with the fact
that CPT binds to the unstructured portion but not to RRMs
(Fig. 1B and C), which might arise conformational change of RRMs
and allosterically inhibit the hnRNP A1/top I interaction. We tried
to detect the structural changes of hnRNP A1 in the presence or ab-
sence of CPT using the measurement of circular dichroism (CD).
However, it was somewhat challenging because CPT alone affected
the CD spectra.

By contrast, we assessed the biological effect of CPT targeting
the hnRNP A1/top I interaction using Drosophila-based drug eval-
uation system. The use of D. melanogaster is a potentially effective
means of evaluating a drug of interest and provides a higher
throughput rate than conventional approaches using mam-
mals.3>-38 In addition to the abundance of genomic information
and availability of a knockout library,® approximately 75% of the
genome is conserved between Drosophila and humans.3® In this
study, the Hrb87F gene (hnRNP A1 homolog) knockout strains
clearly showed the susceptibility for the growth inhibitory effect
specific for CPT (Fig. 4). As reported previously, RRM proteins
themselves could regulate the activity of top 1.7°-2! The knockout
strain of D. melanogaster loses the Hrb87F as a naive top I regulator
and subsequently enhances the relative DNA relaxation by top I. As
compared to wild-type strain (Fig. 5A), Hrb87F knockout strain
may easily form CPT-top I-DNA complexes under the same concen-
tration of CPT (Fig. 5B). Furthermore, because CPT itself shows
strong affinity with hnRNP A1 (Kp: 82.7 nM), which is approxi-
mately two order magnitudes higher than that for 50% of top I
inhibitory concentration (submicromolar), the knockout of Hrb87F
causes defect of CPT-binding site and probabilistically increases
the action of CPT toward to top I, resulting in enhancement of
the growth inhibitory effect in vivo.

Recently, spliceostatin, a methylated derivative of natural prod-
uct FR901464, has been reported as a first anti-tumor compound
that inhibits pre-mRNA splicing by targeting SF3b in spliceo-
some.*® We have not still elucidated the effect of CPT/hnRNP Al
interaction for pre-mRNA splicing or RNA metabolism. Nontheless,
it was reported that CPT treatment amplifies splicing factor signals

A Hrb87F _—
ﬂlmkh‘l’,\\ homolog) cPT \

Kpy: 260

‘ CPT-top I-DNA
terary complex

ARV

DNA

\ State A

WAV

= 10y, sub uM

Srate B State C j

Wild type strain

i d h

B —

%“i@‘;&w \\\t/, GRRY L\\E@‘@.W

Stare A State B State C
e Hrb87F (hnRNP A1 homolog) KO strain _/

Figure 5. Possible state of CPT in Drosophila. (A) Wild-type strain. State A; the
formation of hnRNP A1-Top I complex. Top I is not capable of binding to DNA during
the hnRNP A1 association.!®-2! States B and C; allosteric inhibition of hnRNP A1/top
I interaction by CPT. Top I can unwind the double-stranded DNA (State B) or form
CPT-top [-DNA ternary complex (State C) that causes growth inhibitory effect. (B)
The Hrb87F knockout strain. The absence of Hrb87F allows binding of top I to DNA
and increases the formation of CPT-top I-DNA ternary complexes.

by stalling nascent RNPs and giving the nascent RNA more time to
bind splicing factors, indicating the direct relevance of CPT for RNA
splicing.*! The binding of CPT to hnRNP A1, which has been iden-
tified in this study, should also become a sound platform to eluci-
date the mode of action of CPT for pre-mRNA splicing in the
nucleus.
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