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membranous expression, E-cadherin membranous expres-
sion, age, preoperative PSA concentration, Gleason score, pT
stage, and surgical margin. P values less than .05 were
considered statistically significant.

3. Results

3.1. NDRG1/Cap43 expression in the membrane,
cytoplasm, and nucleus of prostate cancer cells
in tumor tissue

NDRG1/Cap43 was predominantly expressed in the
membrane of normal prostatic epithelium (Fig. 1A).
Membranous expression of NDRG1/Cap43 was preserved
in Gleason pattemn 3 prostate cancer (Fig. 1B) and decreased
in Gleason pattern 5 (Fig. 1C) compared to that in adjacent
normal prostatic epithelium. NDRG1/Cap43 was not
expressed in the cytoplasm in Gleason pattern 3 prostate
cancer (Fig. 1B), but it was strongly expressed in Gleason
pattern 5 (Fig. 1C). The median percentage of NDRGI/
Cap43 membrane positive tumor cells was 60%. Decreased
staining of membranous NDRG1/Cap43 was defined as less
than 60% staining of the population of tumor cells. High
cytoplasmic expression of NDRG1/Cap43 was defined as the
intensity level 2 or 3. When individual tumors were analyzed
for the expression of NDRG1/Cap43, a significant inverse
correlation was revealed between its expression in the
membrane and that in the cytoplasm (r = —0.5033; P <
.0001, by Spearman rank correlation analysis; Fig. 2A).
Furthermore, the nuclear expression of NDRG1/cap43 was
observed in 11 cases (Fig. 1D).

3.2. Close association of NDRG1/Cap43 with
E-cadherin expression

Expression of E-cadherin was predominantly expressed in
the membrane of normal prostatic epithelium (Fig. 1E) and
preserved in Gleason pattern 3 prostate cancer (Fig. 1F).
Membranous expression of E-cadherin was decreased in
Gleason pattern 5 (Fig. 1G). The median percentage of E-
cadherin membranous positive tumor cells was 63.5%.
Decreased staining of membranous E-cadherin was defined
as less than 63.5% staining of the population of tumor cells.
E-cadherin was not expressed in the cytoplasm in Gleason
pattern 3 prostate cancer (Fig. 1F), but it was expressed in
Gleason pattern 5 (Fig. 1G). When individual tumors were
analyzed for the membranous expression of NDRG1/Cap43
and E-cadherin, a strong correlation was found (» = 0. 7130;
P <.0001, by Pearson correlation coefficient analysis; Fig.
2B). When individual tumors were analyzed for the NDRG1/
Cap43 cytoplasmic expression and E-cadherin cytoplasmic
expression, the.number of patients with same cytoplasmic
expression level was 25 (17%), 27 (18%), and 17 (11%)
patients in intensity level 0, 1, and 2, respectively. NDRG1/
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Fig. 2 (A) Inverted correlation was observed between the
percentage of NDRG1/Cap43 membranous positive cells and the
intensity of NDRG1/Cap43 cytoplasmic expression in tumor tissue
(r =-0.5033; P < .0001, by Spearman rank correlation analysis).
(B) There was significant correlation between NDRGI/Cap43

pression and E-cadherin in
tumor tissue (» = 0.7130; P < .0001, by Pearson cormlatxon
coefficient analysis).

Cap43 cytoplasmic expression have a significant correlation
with E-cadherin cytoplasmic expression (r = 0.5847; P <
.0001, by Spearman rank correlation analysis).

3.3. Clinicopathologic parameters and disease-free
survival analysis

In Table 2, we have summarized the correlations between
NDRG1/Cap43 expression and clinicopathologic para-
meters. NDRG1/Cap43 membranous expression was signif-
icantly decreased in higher Gleason score compared to lower
Gleason score cancer (P < .0001). Higher NDRG1/Cap43
cytop ic expression was iated with higher Gleason
score (P = 003) NDRG1/Cap43 membranous expression
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Table 2  Relationship between the expression of NDRG1/Caqp43 and various clinicopathologic characteristic

Variable Membranous expression P Cytoplasmic P
expression
n Preserved Decreased Low High
Age
<70 99 48 51 4483 62 37 .8687
=70 49 27 22 30 19
PSA
<10 89 49 40 .3094 56 33 .996
=10 54 25 29 34 20
Gleason score
<6 47 35 12 <.0001* 38 9 .003°
7 89 39 50 49 40
>8 12 . 11 5 7
Stage
pT2 101 56 45 .0882 65 36 4214
pT34 47 19 28 27 20
Surgical margin
Negative 81 43 38 5188 50 31 .9048
Positive 67 32 35 42 25
“ Statistically significant (Fisher extract test).
® Statistically significant (i test).
seemed to be decreased in pT3 or more advanced cancer, A
compared to pT2 cancer, but the difference was not _ 10— PEeT— e L
statistically significant (P = .0882). Nuclear expression of S09- “wm.,.. p Cap43 memb
NDRG1/Cap43 was not associated with preoperative PSA g 08 \
concentration (P = .5941), Gleason score (P = .9448), or 207
stage (P = .7358). .E 06—
Patients with decreased NDRG1/Cap43 membranous §05—
expression had lower disease-free survival rates, compared g 04|
with the preserved expression group (log-rank test, P = So03-
.0002; Fig. 3A). The patients with high NDRG1/Cap43 ,302_
cytoplasmic expression seemed to have lower disease-free So1
survival rates than those of patients in the low expression a 00— P=.0002
group, but the difference was not statistically significant T T T T L]
(log-rank test, P = .2584; Fig. 3B). Table 3 summarized the 0 10 20 30 40 50 60 70 80 90 100 110
result of PSA recurrence-free survival analyzed by univariate Time after surgery (months)
and multivariate analysis. The Cox proportional hazards B, 0]
model revealed that decreased NDRG1/Cap43 membranous S 09| . Jow Cap43 cytoplasmic expression (n=82)
expression (P = .0175), high PSA level (P = .001), and E 08— ey e ere co w3
higher Gleason score (P = .0455) were independent @0s] I Ny T
prognostic factors (Table 3). E-cadherin membranous 06| high Cap43 cytoplasmic expression (n = 46)
expression was proved to be prognostic factor by univariate ‘e
analysis (P = .0086); however, it could not be predictive ggf:
independent prognostic factor by multivariate analysis (P = 3
9178; Table 3). 3 g:‘
Yo2-]
Bo1-
00- P=.2584

4. Discussion

To our knowledge, this is the first comprehensive
immunohistochemical analysis to reveal the novel knowl-
edge that the NDRG1/Cap43 expression in either the
membrane or cytoplasm contributes to Gleason grade and

T T T T T T T T T T T T

0 10 20 30 40 SO 60 70 80 90 100 110
Time after surgery (months)

Fig. 3  Disease-free survival curves of patients in (A) NDRG!/

Cap43 preserved and d d t ion groups and

(B) NDRG1/Cap43 low and high cytoplasmic expression groups.
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Table 3  PSA recurrence-free survival in Cox regression analysis

PSA recurrence-free survival
univariate analysis

PSA recurrence-free survival P
multivariate analysis

Hazard ratio 95%CI Hazard ratio 95%CI

Cap43/NDRG1 memhnmous expression

Preserved 1

Decreased 6.052 2.316-20.69 <.0001* 4.008 1.263-15.37 .0175*
E-cadherin memb p

Preserved 1 1

Decreased 2.981 1.308-7.638 .0086* 1.058 0.367-3.230 9178
Age

<70 1 1

270 1.191 0.522-2.588 667 0.9384 0.380-2.182 .885
Preoperative PSA (ng/mL)

<10.0 1

>10.0 4.645 2.084-11.33 .0001* 4.185 1.769-10.73 .001*
Gleason score

<6 1 1

7 3.096 1.044-178.6 1.684 0.270-56.80

>8 13.13 14.30-3617 .0003* 5.057 1.620-668.2 0455
Pathologic stage

pT2 1 1

pT3-4 345 1.590-7.603 .002° 1.462 0.571-3.816 .4289
Surgical margin

Negative 1 1

Positive 2.486 1.130-5.851 0232 1356 0.509-3.772 .5459

“ Statistically significant.

E-cadherin expression in prostate cancer tissue. Membranous
NDRG1/Cap43 expression was significantly decreased in
higher Gleason score prostate cancer. By contrast, cytoplas-
mic NDRG1/Cap43 expression was significantly higher in
high Gleason score prostate cancer, suggesting that de-
creased membranous expression and high cytoplasmic
expression of NDRG1/Cap43 might be related to the
progression of prostate cancer. Membranous NDRG1/
Cap43 expression had a significant impact on disease-free
survival in multivariate analysis. There is clear evidence that
NDRG1/Cap43 has a role in the development of prostate
cancer and may be useful as a prognostic marker.

Seventy percent [23,28] and 40% [29] were used as cutoff
value for E-cadherin in the previous studies of prostate
cancer. It is reasonable that the cutoff value for E-cadherin is
63.5%. Thirty percent was used as cutoff value for Cap43/
NDRG1 in pancreatic cancer [16]. This number is lower than
60%, which is our cutoff value for Cap43/NDRGI1. The
cutoff value of Cap43/NDRG1 has been not clearly defined
in prostate cancer. Therefore, the justification for the cutoff
value for Cap43/NDRG1 remains unclear at present. In the
present study, the median percentage of NDRG1/Cap43
membranous positive tumor cells was used as cutoff value.

Lachat et al [24] had prevnously reported that NDRG1/
Cap43 expression is pred ly localized in the
of prostate ep|thc1mm. However, others have reported that
Cap43 is localized in both the cytoplasm and membrane

[9,30]. In our study, NDRG1/Cap43 was localized predom-
inantly in both the cytoplasm and membrane of normal
epithelial cells and cancer cells. The nuclear expression of
NDRG1/Cap43 was observed in only 11 cases, and nuclear
NDRG1/Cap43 expression was found to be not associated
with Gleason score, stage, or preoperative PSA concentra-
tion. Further analysis with more nuclear-positive samples
will clarify the specific function of the nuclear localization of
NDRG1/Cap43.

Bandyopadhyay et al [9] have reported that the NDRG1/
Cap43 expression was significantly decreased in cases of
higher Gleason score prostate cancer and also that NDRG1/
Cap43 expression was correlated with the overall survival
rate of patients. Furthermore, NDRG1/Cap43 inhibited lung
colonization of metastatic prostate cancer cells, indicating
that NDRG1/Cap43 is a metastasis suppressor gene [9].
Caruso et al [30] have demonstrated 3 different expression
patterns for NDRG1/Cap43 in the membrane, cytoplasm,
and nucleus in prostate cancer samples, but there was no
conclusive NDRG1/Cap43 up-regulation or do gulati
in malignant progression in prostate cancer. On the other
hand, our present study demonstrated that decreased
membranous NDRG1/Cap43 expression is correlated with
higher Gleason score and disease-free survival rates, and
high cytoplasmic NDRG1/Cap43 expression is correlated
with higher Gleason score. NDRG1/Cap43 membranous
expression seemed to be decreased in pT3 or more advanced
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cancer, compared to pT2 cancer. However, the difference
was not statistically significant (P = .0882). The difference
might be significant in further analysis with more samples.
One might ask why NDRG1/Cap43 expression differentially
affected progression states and survival in the studies by
Bandyopadhyay et al [9], Caruso et al [30], and us. Although
the reasons for this discrepancy remain unclear at present, the
most likely places to search for the causes of critical
differences will be how tumor specimens were obtained and
how immunohistochemical expressions were analyzed. In
the study by Bandyopadhyay et al [9], the prostate tissue
specimens from patients were obtained from 3 different
procedures, including needle biopsy, transurethral resection,
and radical prostatectomy, whereas we evaluated the
prognosis by using a cohort study in which radical
prostatectomy was the only therapeutic procedure. Further-
more, Bandyopadhyay et al [9] did not elucidate whether the
NDRG1/Cap43 expression was in the membrane or in the
cytoplasm of the tumor cells, and Caruso et al [30] have
demonstrated 3 different expression pattems whereas we

more, our data show that the NDRG1/Cap43 expression is
involved with E-cadherin expression.
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ABSTRACT

The ansamycins are a diverse and often physiologically active group of compounds that include geldanamycin and rifamycin,

inhibitors of heat shock protein 90 and prokaryotic DNA-dep

RNA synthesis, respectively. Cytotrienin A is an ansamycin-

type small molecule with potent antiproliferative and proapoptotic properties. Here, we report that this compound inhibits
eukaryotic protein synthesis by targeting translation elongation and interfering with eukaryotic elongation factor 1A function.

We also find that cytotrienin A prevents HUVEC tube formation and diminishes mici

in the chorioal

membrane assay. These results provide a molecular understanding into cytotrienin A’s previously reported properties as an

anticancer apoptosis-inducing drug.
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INTRODUCTION

There is much interest in identifying and characterizing
novel inhibitors of eukaryotic protein synthesis, both as
tools to characterize the translation machinery and as drugs
that can curtail malignant cell proliferation (Pelletier and
Peltz 2007). There are several observations that suggest a
high therapeutic index can be achieved by inhibiting trans-
lation in cancers. One vulnerability of cancer cells is at the
level of ribosome recruitment, where mRNAs must com-
pete with each other for limiting amounts of translation ini-
tiation factors (Duncan et al. 1987). Translation of mRNAs
that are “weak” competitors for eukaryotic initiation
factors (elFs) are therefore more sensitive to small changes
in the levels of these factors. Since several of the “weak”
mRNAs characterized to date encode for antiapoptotic or
prosurvival factors, their selective down-regulation prefer-

Reprint requests to: Jerry Pelletier, McIntyre Medical Sciences Building,
Room 810, 3655 Promenade Sir William Osler, McGill University,
Montreal, Quebec H3G 1Y6, Canada; e-mail: jerry.pelletier@mcgill.ca;
fax: (514) 398-7384.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.2307710.

2404

protein sy

entially curtails growth of tumor cells in preclinical cancer
models (Graff et al. 2007; Cencic et al. 2009; Lucas et al.
2009). In addition, translation initiation inhibitors have
been shown to exert antiangiogenic activities, a property
that may contribute to their anti-cancer activity (Graff et al.
2007; Cencic et al. 2009). Additionally, the rapid reduction
in levels of pro-oncogenic and pro-survival proteins having
short half-lives (Chao et al. 1998; Nijhawan et al. 2003)
occurs upon translation inhibition, and this can impair
the growth of transformed cells. Higher translation rates
also occur in human tumors and appear to be required to
maintain their oncogenic state (Heys et al. 1991; Wendel
et al. 2004). These latter two points may explain why some
inhibitors of translation elongation show efficacy in pre-
clinical cancer models as well as in the clinic (Quintas-
Cardama et al. 2009; Robert et al. 2009).

The first step of translation elongation is catalyzed by
eukaryotic elongation factor (eEF) 1A, which delivers the
aminoacyl-tRNA (aa-tRNA) to the ribosomal A site, fol-
lowed by GTP hydrolysis (provided that the proper codon—
anticodon interaction occurs). There are two isoforms of
€eEF1A, eEF1A1 and eEF1A2, which are encoded by separate
genes and show 95% identity. Both isoforms are thought to

RNA (2010), 16:2404-2413. Published by Cold Spring Harbor Laboratory Press. Copyright © 2010 RNA Society.
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be functionally redundant for translation, although they are
differentially expressed (Kahns et al. 1998) and both have
been shown capable of acting as oncogenes in the appro-
priate setting (Thornton et al. 2003).

Here, we describe the characterization of a novel mod-
ulator of eEF1A from the ansamycin family. Cytotrienin A
(Cyt A) is a natural product produced by Streptomyces sp.,
which has been previously reported to induce apoptosis in

(Fig. 1B,C) and in rabbit reticulocyte lysate (RRL) (data not
shown). Cyt A was also active in wheat-germ extracts, but
did not significantly inhibit prokaryotic translation in E.
coli S30 extracts at 50 uM (data not shown). These results
indicate that Cyt A inhibits both cap-dependent and IRES-
dependent translation. To determine whether the initiation
phase of translation was affected by Cyt A, we performed

leukemia cell lines by activating c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (MAPK), and
p36 myelin basic protein (MBP) kinase (Kakeya et al. 1998;
Watabe et al. 2000). Here, we report that Cyt A inhibits
translation elongation by interfering with eEF1A function.
Our results provide molecular insight into Cyt A’s previously
reported properties as an anti-cancer compound.

RESULTS

Cytotrienin A inhibits tr

5*

During the course of a high-throughput screen to identify
translation inhibitors (Novac et al. 2004), Cyt A (Fig. 1A)
was identified as a “hit” that inhibited both cap-depend

(Firefly [FF] luciferase) and hepatitis C virus (HCV)-driven
(Renilla [Ren] luciferase) translation in Krebs-2 extracts

£
H
3
S
2

10
CytA mM)

FIGURE 1. Cyt A inhibits eukaryotic translation. (A) Chemical
structure of Cyt A. (B) Cyt A inhibits both cap-dependent and
HCV IRES-driven translation in Krebs-2 extracts. In vitro translations
were performed in the presence of [**S]methionine and programmed
with FF/HCV/Ren. DMSO, anisomycin (aniso), or Cyt A (lanes 3-9)
were added to Krebs-2 extracts at the indicated concentrations.
Proteins were separated by SDS-PAGE and visualized by autoradiog-
raphy. The arrow and arrowhead denote Firefly and Renilla luciferase,
respectively. (C) Luciferase activity from translations performed in
Krebs-2 extracts programmed with FF/HCV/Ren shown in B. Light
units were set relative to the values obtained in the presence of vehicle
(DMSO). The average of three measurements is shown with the SEM
represented by error bars.

binding experiments to assess the effects of Cyt
A on 808 complex formation (Fig. 2A). Cyt A was able to
stabilize 80S complexes to a similar degree as cycloheximide
(CHX) (Fig. 2A, left and right panels, respectively). As well,
addition of the initiation inhibitor hippuristanol, followed
by addition of Cyt A to the binding reactions, caused a
decrease in 80S complex formation (Fig. 2A, left), similar to
if Hipp alone was present in the binding reactions (Fig. 2A,
right). However, if Cyt A was present in the extract prior to
the addition of Hipp, 80S complexes were trapped to the
same efficiency as observed for Cyt A (Fig. 2A, left). Con-
sistent with these results, Cyt A inhibited the translation
of poly(Phe) from poly(U) RNA (Fig. 2B). Taken together,
these experiments strongly suggest that Cyt A targets trans-
lation elongation.

The elongation (HHT)
and bruceantin (Bru) inhibit only newly initiated ribo-
somes during the first step of elongation and allow trans-
lating ribosomes to run-off mRNA templates (Pelletier and
Peltz 2007; Robert et al. 2009). To determine whether Cyt
A showed similar properties, we performed in vitro trans-
lation reactions in the presence of [*°S]methionine, where
compound was added 5 min after the start of translation
(Fig. 2C). A kinetic analysis was performed to quantitate
the amount of product synthesized. Inhibition of trans-
lation by HHT is delayed by several minutes following its
addition to a translating extract as polysomes run-off
mRNA templates due to the reduced affinity of HHT for
actively translating ribosomes (Fig. 2C; Chan et al. 2004).
Addition of Cyt A immediately inhibited protein synthesis
in a manner similar to CHX. These results indicate that Cyt
A affects translating ribosomes and does not allow poly-
some run-off.

inhibitors homoharri

Cyt A modulates eEF1A-depend
binding to the ribosome

t aa-tRNA

To better understand the mechanism by which Cyt A
inhibits elongation, we analyzed its effects on tRNA bind-
ing to the ribosome, peptide bond formation, and translo-
cation. We first tested whether Cyt A could inhibit the
peptidyl transferase activity of the ribosome by monitoring
the formation of [**S]methionyl-puromycin. Cyt A did
not inhibit peptidyl transferase activity under these condi-
tions, unlike the known peptdyl transferase inhibitor HHT
(Fig. 3A).

We next assessed whether Cyt A could affect binding of
aa-tRNA to rib in eEF1A-independent [high poly(U)
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FIGURE 2. Cyt A inhibits translation elongation. (A) Cyt A does not inhibit translation
initiation. Ribosome bindings were performed in RRL using **P-labeled CAT RNA. Rcamons

increased significantly (Fig. 3C). Under
this condition, both Cyt A and CHX
decreased ['“C|Phe-tRNA™* binding by
~40%, while Did B had no significant
effect. The low amount of ['*C]Phe-
tRNAP" binding to ribosomes observed
in the presence of GMPPNP was in-
creased when either Cyt A or Did B was
present in the reactions (Fig. 3C). One
interpretation of this result is that Cyt A
stabilizes the ternary complex on the
ribosome (see Discussion).

eEF2-dependent translocation

is inhibited by Cyt A only when
aa-tRNA is delivered in an
eEF1A-dependent manner

The ability of Cyt A to affect eEF2-
dependent translocation was also inves-
tigated. After either nonenzymatic (as in
Fig. 3B) or eEF1A-dependent aa-tRNA
binding to the ribosome (with GTP, as
in Fig. 3C), translocation was initiated
by the addition of puromycin and eEF2.
Under these conditions, CHX inhibited
translocation regardless of whether
["C]Phe-tRNAP"™ bmdmg was eEF1A
dependent or eEF1A i dent, whereas

were separated by centrifugation on 10%-30% glycerol g and i

scintillation counung (Left) Ribosome bindings were p:rfurmed in the presence of 50 wM Cyt
A alone, preincubated with 50 .M hippuri | (Hipp), followed by addition of 50 wM Cyt
A, or preincubated with 50 pM Cyt A, followed by the addition of 50 uM Hipp. (Right)
Ribosome bindings were performed in the presence of 0.6 mM CHX or 50 uM Hipp. Both
panels are pan of the same experiment, but were separated for clanly (B) Cyt A mhlblts

i In vitro t i in RRL supp d h[H“ lal
and programmed with poly(U) RNA. Polypeptides were TCA precipitated and quantitated
by scintillation counting. Counts were set relative to DMSO levels. The average of four
measurements is shown with the SEM. (C) Cyt A does not permit ribosome run-off. In vitro
translation reactions of Krebs-2 extracts were allowed to proceed in the absence of compound
for 5 min, after which time DMSO, HHT (200 pM), CHX (50 p,M), or Cyt A (20 p.M) were
and

Cyt A inhibited translocation only when
charged tRNA was loaded in an eEF1A-
dependent manner (Fig. 3D). Did B
served as a positive control in the eEF1A-
dependent translocation assay and was
found to inhibit this reaction (Fig. 3D).

Cyt A inhibits neither ternary

C lex formation nor the

added. Aliquots were taken at the indicated times, TCA p
scintillation counting. The average of three measurements is shown wnh the SEM. The
downward arrow indicates the point of addition of compound or vehicle.

L

GTPase activity of eEF1A

The inhibitory effect in the presence of
GTP and stimulatory effect in the pres-

RNA concentration] or eEF1A-dependent [low poly(U) RNA
concentration] reconstituted systems. The ability of [*C]Phe-
tRNA™ to bind ribosomes was not affected by Cyt A when
binding was eEF1A independent (Fxg 3B), indicating that
Cyt A does not compete with ["*C|Phe- tRNAP™ for the
ribosome. Under eEF1A-dependent conditions, the levels of
ribosome-bound [*C]Phe-tRNA™™ in the presence of GDP
or GMPPNP were similar to those binding reactions lacking
eEF1A in DMSO controls (Fig. 3C). [Also note that tRNA
binding without eEF1A in this experiment is much lower
than in the experiment presented in Fig. 3B, due to a 1000-
fold decrease in poly(U) RNA template.] In the presence of
GTP, the amount of [**C]Phe-tRNA™™ bound to ribosomes

2406 RNA, Vol. 16, No. 12

ence of GMPPNP of Cyt A on tRNA binding could result
from improper ternary complex formation (eEF1A:GTP:aa-
tRNA). To determine whether Cyt A affects the ability of
eEF1A to bind to GTP, we performed a UV cross-linking
experiment with [0->*P]GTP in the presence or absence of
Phe-tRNA®™ (Fig. 4A). We observed no significant change
in the efficiency of GTP cross-linking to eEFIA in the
presence of Cyt A (Fig. 4A, cf. lanes 2 and 5 with 1 and 4,
respectively). Excess GTP competed for the radiolabeled
[a-*?P]GTP in this assay (cf. lane 3 and 6 with 1 and 4,
respectively). As well, Cyt A did not prevent eEF1A:['*C]-
Phe-tRNA"™ complex formation, as assessed by electropho-
retic mobility shift assay (EMSA) (Fig. 4B). We investigated
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tRNA loading: non-enzymatic
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activity. [*S]Methi

d in the presence of purified 40S and 60S ribosomes using [*°S]Met-tRNA; and ribosomal high-salt wash from

p was

RRL. (Left) Aliquots of samples were taken at the indicated time points and separated by TLC. The position of migration of [**S]Met-puro, [*°S]Met,
and [*S]Met-tRNA, is indicated to the left. The addition of 50 LM Cyt A, 40 uM HHT, or the absence of puromycin (—Puro) or ribosomes (~Rib)
is indicated at top. (Right) Quantitation of [**S]Met-puro production. The average of four experiments relative to the DMSO control at 30 min is
shown. Note that values obtained from the reaction in the absence of puromycin were d as background. The SEM is d using error
bars. (B) Cyt A does not inhibit eEF1A-independent ['C]Phe-tRNA™* binding to 80S ribosomes. Filter binding of ['*C]Phe-tRNA™™ was
performed with purified 80S ribosomes, 0.4 mg/mL poly(U) RNA, and either DMSO, 50 uM Cyt A, or 50 uM CHX. The average of four
experiments is shown with the SEM indicated by error bars. (C) Cyt A modulates eEF1A-dependent ['*C)Phe-tRNA™™ binding to 80 ribosomes.
Filter binding of ['*C]Phe-tRNA™ with purified 80S ribosomes, and 0.4 pg/mL poly(U) RNA in the presence of either DMSO, 50 uM Cyt A, 50
1M DidB, or 50 pM CHX. The presence of eEFIA and nucleotide is indicated. The average of three to six measurements is shown with SEM
indicated by error bars. (D) eEF2-dependent translocation of ['‘C]Phe-tRNA™* is inhibited by Cyt A only when aminoacyl-tRNA is loaded in an
eEF1A-dependent manner. Following ic or eEF1A-dependent tRNA binding (as described in B and C with GTP, respectively), eEF2 was
added to the reaction with puromycin. The amount of puromycin-active ["*C]Phe-tRNA™™ was extracted with ethyl aceteate and quantitated by
scintillation counting. tRNA already bound to the P-site was subtracted from these values (see Materials and Methods) and set relative to the DMSO
control. The average of two to four experiments is shown with the SD.

whether Cyt A affects the GTPase activity of eEF1A and
found no evidence to this effect (Fig. 4C). We conclude
that Cyt A does not interfere with ternary complex
formation.

Cellular protein synthesis is inhibited by Cyt A

[3551 Methi /cysteine labeli 3 of HeLa cells was inhib-
ited by Cyt A, whereas DNA and RNA synthesis was not
dramatically affected (Fig. 5A). Inhibition of translation
was reversible and showed almost complete recovery by 6 h
after removal of the compound (Fig. 5B). The polysome
profile of cells exposed to Cyt A for 1 h showed a similar to
slight increase in polysomes compared with those isolated
from cells exposed to vehicle (DMSO) (Fig. 5C). When
hippuristanol was added during the last 30 min of Cyt A
treatment, polysomes were still present, unlike what was
observed when cells were exposed to only hippuristanol

(Fig. 5C, left). Cells treated with HHT, which is known to
allow ribosome run-off, showed an absence of polysomes
(Fig. 5C, right). This data is consistent with Cyt A causing
stalling of translating ribosomes and allowing their accu-
mulation on mRNA templates.

Antiangiogenic properties of Cyt A

Inhibition of translation has been shown to impair angio-
genesis and has been suggested as a mechanism by which
they function as anti-cancer therapeutics (Taraboletti et al.
2004; Graff et al. 2007; Cencic et al. 2009). We therefore
tested whether Cyt A might have similar properties. To
examine this, we utilized a HUVEC tube formation assay,
which has been previously used to mimic some aspects of
angiogenesis (Kubota et al. 1988; Graff et al. 2007; Cencic
et al. 2009). The inhibition of tube formation with Cyt A
was dose dependent (Fig. 6A,B) at concentrations where
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FIGURE 4. Cyt A does not affect ternary formation. (4) Cyt A does not inhibit GTP binding to eEF1A. Purified éEFIA (1 pg) was UV cross-linked
to [a*?P)GTP in the presence (lanes 4-7) or absence (lanes 1-3) of Phe-tRNA™ and 50 .M Cyt A or 1 mM unlabeled GTP. Reactions were treated
with RNase A, separated by SDS-PAGE, and visualized by antoradiugraphy. (B) Cyt A does not affect ["C]Phe-tRNA™* binding to eEF1A.
Increasing amounts of eEFIA were incubated with ['C]Phe-tRNA™™ in the presence of DMSO, 50 M Cyt A, or unlabeled Phe-tRNA™™
competitor. EMSAs were performed on 6% polyacrylamide gels and visualized by autoradiography. The position of migran‘on of free ['*C]Phe-
tRNAP™ and complexes are indicated to the left. (C) Cyt A does not affect the GTPase activity of eEF1A. eEF1A and [y->*P)GTP were incubated
with 40S and 60S ribosomes and Phe-tRNA™™ in the presence of 50 M Cyt A or DMSO. GTPase activity was also measured in the absence of

¢EF1A or without ribosomes or Phe-tRNA™™, The average of three to four measurements is shown with the SEM represented as error bars.

general translation was inhibited by >90%, (Fig. 6C, open
circles) similar to effects observed with silvestrol (Silv),
a previously reported translation initiation inhibitor with
antiangiogenic properties (Fig. 6A; data not shown) (Cencic
et al. 2009). Importantly, cells remained viable under these
conditions (Fig. 6C, squares). We also tested the ability of Cyt
A to inhibit angiogenesis in the more physiological chorioal-
lantoic membrane (CAM) assay. Cyt A inhibited new vessel
growth in a dose-dependent manner (Fig. 6D), similar to the
inhibitor of VEGF receptor tyrosine kinase Semaxanib
(SU5416) (Riboldi et al. 2005).

DISCUSSION

Ansamycins form a diverse family of compounds exerting
a number of physiological effects on mammalian and viral
systems (Isaacs et al. 2003; Floss and Yu 2005). In this study,
we identified a member of this family as an inhibitor of
eukaryotic translation elongation. Other ansamycins such as
rifabutin and 17-AAG did not inhibit protein synthesis in vitro
in Krebs-2 extracts at 50 .M (data not shown), indicating that
this is not a general property of this group of compounds.
Increasing evidence links deregulated protein synthesis
and cancer growth (Lindqvist and Pelletier 2009). Indeed,
two inhibitors of elongation (HHT and a derivative of Did
B) have advanced to clinical trials (Le Tourneau et al. 2007;
Quintas-Cardama et al. 2007). In addition, we have pre-
viously shown that inhibitors of elongation can sensitize
select tumors to the pro-apoptotic properties of the clini-
cal agent doxorubicin (Robert et al. 2009). Inhibition of
translation could, in principle, suppress drug resistance
by curtailing the synthesis of antiapoptotic proteins and/or
drug transporters. Leukemic cell lines have been previously
shown to be more sensitive to Cyt A-induced apoptosis
compared with other tumor cell lines, supporting a poten-
tial therapeutic use of Cyt A in blood cancer treatment

2408  RNA, Vol. 16, No. 12

(Watabe et al. 2000). Here, we show that Cyt A inhibits
protein synthesis in cell lines that were previously shown to
be resistant to Cyt A-induced apoptosis (Fig. 5A) as well as
in nontransformed HUVECs (Fig. 6C). Indeed Hela,
HUVEC, and Jurkat (a leukemia cell line previously shown
to undergo apoptosis after a 24-h exposure to Cyt A [ICsp =
13.87 nM]; Watabe et al. 2000) cells all had very similar ICsqs
with respect to translation inhibition (data not shown).
These results suggest that the differential sensitivity of
different cell lines to the apoptotic response is not due to
a difference in sensitivity to Cyt A-induced protein synthesis
inhibition but may depend on intrinsic factors that link the
apoptotic response to the translation apparatus. We dem-
onstrate that translation inhibition occurs well before
apoptosis can be detected and, therefore, must precede the
apoptotic response (Fig. 6C). The fact that Cyt A induces
apoptosis more readily in leukemia is consistent with reports
that B-cell and leukemia-cell lines also are more sensitive to
the translation initiation inhibitor silvestrol compared with
other cell types (Monks et al. 1991; Lucas et al. 2009).

Translation elongation can be inhibited in an eEF1A-
dependent manner also by interfering with ternary com-
plex formation (eEF1A:GTP:aminoacyl-tRNA). Indeed,
several antibiotics target this step, including GE2770A and
pulvomycin (Heffron and Jurnak 2000; Andersen et al.
2003). This mechanism is in contrast to that of Cyt A (Fig.
4A,B). Pulvomycin is known to increase the GTPase activity
of EF-Tu, the bacterial homolog of eEFIA (Andersen et al.
2003), while both Did B and Cyt A do not alter GTPase
activity of eEFIA to any significant extent (Fig. 4C; Crews
et al. 1994; Ahuja et al. 2000). Therefore, the mechanism of
action of Cyt A does not seem to be reminiscent of these
EF-Tu-targeting inhibitors.

Cyt A stalled polyribosomes on mRNA templates and
inhibited translating ribosomes, similar to what has been
reported for the translation elongation inhibitors CHX and
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FIGURE 5. Cyt A reversibly inhibits translation in cell culture, (A) Consequences of Cyt A
exposure on DNA, RNA, and ptotem synthesis in HeLa cells. Cyt A was added to cell medium
for 1 h and [6-’H]thy'm|dme, [5-’H]uridine, or [**S]methionine/cysteine was present during
the last 20 min of incubation. Counts from TCA-precipitated material were normalized to total
protein content and set relative to the DMSO control. The average of four data points is shown
with the SEM indicated by error bars. (B) Inhibition of ion by Cyt A is ible. HeLa
cells were incubated in 2 pM Cyt A far 1 h, after which fresh medmm lacking Cyt A was added.
Twenty minutes before lysis, [**S]methionine/cysteine was added. Normalization was
performed to total protein concentration and set relative to the DMSO control. The average
of four measurements is shown with the SEM represented by error bars. (C) Cyt A does not
allow ribosome run-off in cell culture. Polysome formation in HeLa cells exposed to 2 pM Cyt
A for 1 h and/or 5 pM Hipp for 30 min or 0.5 uM HHT for 1 h. Panels are from the same
experiment and were separated for clarity.

(Fig. 3C), suggesting that these com-
pounds stabilize the aa-tRNA:ribosome
interaction, perhaps by blocking release
of eEF1A. Both Cyt A and Did B inhib-
ited translocation when aa-tRNA was
loaded in an eEF1A-dependent manner
(Fig. 3D; SirDeshpande and Toogood
1995), which would be consistent with
this model, since eEF2 and the ternary
complex share binding sites on the ri-
bosome (Marco et al. 2004). Indeed, this
mode of action has been suggested for
Did B previously and is the mechanism
of action of the antibiotic kirromycin
(Wolf et al. 1977; Ahuja et al. 2000;
Andersen et al. 2003; Schmeing et al.
2009). It remains to be determined
whether Cyt A binds directly to the ri-
bosome and/or to eEF1A.

It has recently been suggested that
tumor reduction caused by eIF4F inhibi-
tion may partially be caused by inhibiting
angiogenesis (Graff et al. 2007; Cencic
et al. 2009). Here, we show that Cyt A
can also inhibit angiogenesis as Cyt
A-inhibited HUVEC tube formation (Fig.
6A,B) as well as microvessel development
in the CAM assay (Fig. 6D) in a manner
similar to Did B (Taraboletti et al. 2004).
These results suggest that Cyt A merits
further study, not only for hematological
cancers, but also for solid tumors re-
quiring angiogenesis for optimal growth.

MATERIALS AND METHODS

Materials

Cyt A was prepared as previously described
and stored in 100% DMSO (Kakeya et al. 1997).
Dldemmn B (Did B) (NCI- Developmental

1

Program), h T

Did B (Fig. 5C; Urdiales et al. 1996; Schneider-Poetsch et al.
2010). In the eEF1A-dependent aa-tRNA-binding experi-
ment (Fig. 3C), the amount of ['“C]Phe-tRNAP" bound to
ribosomes was significantly reduced in the presence of
GMPPNP compared with GTP (Fig. 3C). We believe this may
be due to the large dilution (~100-fold) that occurs during
processing of the samples for filter binding, allowing dis-
sociation of the ternary complex from the ribosome. This is
consistent with the finding that only after GTP hydrolysis is the
charged tRNA locked in the A site (Rodnina and Wintermeyer
2001). Hence, one interpretation of our results is that in the

(HHT) (Slgma-Aldnch), and cycloheximide (CHX) (Bioshop)
were stored in 100% DMSO, whereas anisomycin (Sigma) was

ded in H,O. Hi | was purified as previously
dCSCl’lbtd (Bordeleau et al 2006). All compounds were stored
at —80°C.

Cell culture experiments

Hela cells were grown in DMEM containing 10% fetal bovine
serum and 100 U/mL penicillin/streptomycin. HUVEC cells
(Lonza Walkersville, Inc.) were grown in EMB-2 medium supple-
mented with EGM-2.

presence of GMPPNP, the aa-tRNA is lost from the rib
However, this is not observed if Did B or Cyt A are present

For thymidine labeling of DNA, cells were serum starved for
48 h, followed by the addition of serum for 7 h, at which point
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To monitor protein synthesis, cells were
seeded into a 24-well dish and exposed to
compound for 1 h with labeling performed
during the last 20 min using [*°S]Easy Tag
Express Protein Labeling mix (1175 Ci/
mmol) (Perkin Elmer). Cells were lysed in
RIPA buffer and an aliquot processed for
TCA precipitation as described above.

HUVEC tube formation assays were
performed as published previously (Cencic
et al. 2009). HUVECs were seeded at
100,000 cell/well in the presence of com-
pound on top of 300 pL of solidified BD
Matrigel Matrix (BD Biosciences) in a 24-
well dish. After 24 h, pictures were taken
using a Nikon Eclipse TE300 microscope.

0.2 M Silv

In vitro translation assays

5.0uMCrA

20 UM CrtA

0.5 UM CytA

In vitro translations were performed as
previously reported (Novac et al. 2004).
Translations were performed using a cap-
ped bicistronic mRNA reporter FF/HCV/
Ren transcribed from pSP/(CAG);s/FF/
HCV/Ren.pAs;, in which firefly (FF)
luciferase protein is produced by cap-
dependent translation and Renilla (Ren)
luciferase protein is generated by Hepa-
titis C virus (HCV) IRES-mediated initi-
ation. Translation extracts were pro-
grammed with 8 pg/mL mRNA.
Experiments analyzing the conse-
quences of Cyt A on actively translating

FIGURE 6. Cyt A inhibits angiogenesis. (4) Photomicrographs of HUVEC tube formation at different
concentrations of Cyt A or silvestrol (Silv). Scale bar, 0.1 mm. (B) Quantitation of tube formation in
HUVECs. Each well was photographed in seven fields, and the average number of tubes formed was
counted. The average of four experiments is shown. Error bars represent the SEM. (C) Cyt A inhibits
protein synthesis without inducing apoptasu in HUVECs Folluwmg a24-h exposure to Cyt A or
DMSO, HUVECs were labeled for 20 min with [** hionine/cysteine or d for

For the translation assays, TCA-precipitable material was normalized to total protein content and set
relative to the DMSO control. The average of four measurements is shown with the SEM
represented by error bars. Cell viability was judged by the relative percent of Annexin-FITC or
propidium iodide staining compared with DMSO controls. The average of five data points is
shown with the SEM represented by error bars. (D) Cyt A Inhlblts angiogenesis in the CAM assay.
Values presented represent the average number of vessels per cm” area for three samples with the

ribosomes were performed in Krebs-2
extracts in the absence of in vitro-
transcribed RNA, but in the presence of
[**S)methionine (Perkin Elmer), with
compound being added 5 min after trans-
lation had been initiated. Aliquots (10 L)
were taken at the indicated times and
added to 1.1 pL of 0.5 mM cycloheximide
(CHX) and placed on dry ice to stop the
reaction. Reactions were spotted onto 3
MM Whatman paper that had been

SEM; **P < 0.01 (vs. vehicle); ***P < 0.001 (vs. vehicle).

compound was added for 1 h. [6-3H]!hymidin= (10 Ci/mmol)
(Perkin Elmer) was present for the last 20 min of the reaction. For
RNA labeling, cells were not serum starved and [5-’H]uridine
(26.3 Ci/mmol) (Perkin Elmer) was present during the last 20
min of a 1-h compound treatment. Cells were washed in PBS and
lysed in RIPA buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS). Radioactive
incorporation was measured by TCA precipitation (5% TCA)
onto GF/C filters (preblocked with 5% TCA and 0.1 M inorganic
pyrophosphate). Filters were washed with 5 mL of cold 1% TCA,
followed by 5 mL 100% ethanol, and quantified by scintillation
counting. Counts were standardized to total protein content that
had been determined using the D, protein assay (Bio-Rad).

2410 RNA, Vol. 16, No. 12

preblocked with 50X amino acid mix
(GIBCO). Filters were incubated in 10%
TCA + 0.1% methionine on ice for 20
min, boiled in 5% TCA for 15 min, washed with 100% ethanol,
dried, and the radioactivity quantitated by scintillation counting.
In vitro translation of poly(Phe) was performed in RRL using
50% RRL (Promega), 40 juM amino acid mix lacking phenylalanine,
40 uM methionine, 0.1 pg/wL poly(U) RNA, 4 pM magnesium
acetate, 50 WM potassium acetate, and 50 pCi/mL [*H]phenylala-
nine (Perkin Elmer). Following a 1-h incubation at 30°C, reactions
were processed for TCA precipitation as described above.

Ribosome-binding assays and polysome profiling

Ri d s

N bindi s

assays were p as described
previously (Robert et al. 2006). Briefly, compound was preincubated
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with RRL at a final KCI concentration of 150 mM for 5 min, after
which *?P-labeled CAT mRNA was included. When a second
compound was added, it was delivered 3 min after addition of
RNA and reactions allowed to proceed at 30°C for 10 min. Re-
actions were centrifuged through a 10%-30% glycerol gradient at
39,000 rpm for 3.5 h in a SW40 rotor. Fracuons (0.5 mL) were
collected and d by Cherenk

Polysome proﬁles of Hela cells where vnsuahud by treanng
cells with DMSO, 2 pM Cyt A, or 0.5 uM HHT for 1 hin a 10-cm’
dish. Hippuristanol (5 wM) was added during the remaining
30 min. Cells were then washed in PBS containing 0.1 mg/mL
CHX, scraped, and lysed in hypotonic lysis buffer (5 mM Tris-HCl
at pH 7.5, 2.5 mM MgCl,, 1.5 mM KCl, 0.1 mg/mL CHX, 2 mM
DTT). The lysate was supplemented with 0.5% Triton X-100 and
0.5% sodium deoxycholate, centrifuged briefly (12,000g for 2 min),
and the supernatant loaded onto 10%-50% sucrose gradients
(20 mM HEPES-KOH at pH 7.5, 100 mM KCl, 5 mM MgCl,,
1 mM DTT). Samples were centrifuged at 35,000 rpm for 2 h in
a SWA40 rotor at 4°C. The OD,¢y was monitored with a UA-6 UV
detector (ISCO) using a Brandel tube piercer. Data was recorded
using InstaCal Version 5.70 and TracerDaq Version 1.9.0.0 (Mea-

C ing Ce ion).

Peptidyl transferase assays

The peptidyl transferase assay was performed as previously
described (Lorsch and Herschlag 1999). Briefly, [**S]methionyl-
tRNA; was generated by incubating 0.25 mg/mL total calf liver
tRNA (Novogen) with 10 mM ATP, 10 mM CTP, 0.25 mg/mL
leucovorin, 1 mCi/mL [**S]methionine, and 0.875 wg/mL E. coli
aminoacyl-tRNA synthetases (Sigma) in 50 mM sodium caco-
dylate (pH 7.4), 15 mM MgCl,, and 7 mM 2-mercaptoethanol at
37°C for 30 min (Stanley 1974). Charggd !RNA was purified by
phenol/chloroform extraction, excl hy on a

and 0.2 pM ["*C]Phe-tRNA™ with 4.65 g of eEFIA. Either
0.15 mM GMP-PMP, GDP, or GTP was added in HEPES buffer
(20 mM HEPES at pH 7.5, 10 mM MgCl,, 100 mM KCl, 1 mM
DTT) and reactions (100 L) were incubated at 37°C for 30 min.
Aliquots (6% of the total reaction) were taken, diluted in 0.8 mL
of HEPES buffer and filtered through Type HA nitrocellulose
filters (Millipore). Amino acyl-tRNA binding was quantitated by
scintillation counting and values obtained without ribosomes
were subtracted to remove background. The remaining reaction
volume (of samples containing GTP) was used to perform
translocation assays. Additional GTP (1 mM) was added to 15%
of the samples in the presence or absence of 0.5 mM puromycin
and/or 0.05 pg/pL eEF2 and incubated at 37°C for 30 min. The
reaction was quenched with 1 M NH,HCO; and extracted with
ethyl acetate. Ninety percent of the organic layer was used for
quantitation by scintillation counting. A puromycin assay was
performed on 10% of the original reaction to determine the amount
of aminoacyl-tRNA already bound to the P-site (Wurmbach and
Nierhaus 1979), which was normalized and deducted from the
values obtained above to determine the total amount of tRNA
translocated.

Nonenzymatic tRNA-binding reactions were performed essen-
tially as described for eIF1A, except higher amounts of poly(U)
RNA (0.4 mg/mL) were used, and the reaction was performed in
the absence of both GTP (or its analogs) and eEF1A. Reactions
were carried out in Tris reaction buffer (50 mM Tris-HCl at pH
7.5, 60 mM KCI, 20 mM MgCl,) 50 WM of compound
Transl, assays were perft d as described above, except
that they were carried out in Tris reaction buffer.

eEF1A enzymatic assays

GTP cross-linking to eEF1A was performed in 20-pL reactions
containing 1 pg of eEFIA and 2.5 pCi of [a-**P]GTP (3000 Ci/

Sephadex G-50 spin-column, and ethanol preclpnauon.

Purified 40S and 60S ribosomes (0.06 M) (Fraser et al. 2007),
0.5 mM GTP, 1 uM model RNA (GGAA[UC],UAUG|CU],,C),
2 nM labeled [**S]methionyl-tRNA;, and a high-salt wash of ribo-
somes (Lorsch and Herschlag 1999) were incubated with 50 pM
Cyt A. Reactions were subsequently started by the addition of
0.4 mM puromycin at 26°C. Aliquots were stopped in 0.4 M sodium

mmol) (Perkin Elmer) with or without 0.8 pg of Phe-tRNA™™
(Sigma) in GTPase buffer (25 mM HEPES at pH 7.5, 125 mM
KCl, 8.5 mM MgCl,, | mM DTT). Reactions were incubated at
37°C for 15 min in the presence of 50 wM Cyt A, 1 mM cold GTP
competitor, or DMSO, and cross-linked using a 254-nm germi-
cidal UV lamp at 4°C for 15 min. Reactions were digested with 0.5
pg/pL RNase A for 10 min al 37°C, separated by SDS- PAGE, and

acetate, spotted on cation-exchange IONEX-25 SA-Na TLC plates lized by Negative controls d 1 pg
(Macherey-Nagel) (prerun in distilled water and dried), and of BSA instead of eEPlA

loped in 2 M acetate and 10% ac itrile. Electrophoretic mobility shift assays were performed in 10-pL
Experiments were lized by phosphorimaging (Typhoon  reactions in GTPase buffer using 0.5-2 pg of eEFIA and 1 mM
Trio, Amersham). GTP. Reactions were preincubated at room temperature for 10 min,
after which time 20,000 cpm of ['*C]Phe-tRNA™™ was added, and

{RNA-binding and translocation assays the incubation inued for an additional 15 min. Equival
hd molar amounts of unlabeled Phe-tRNA™ were used as competitor.
tRNA-binding and translocation assays were performed iall were analyzed on 6% native polyacrylamxde (29:1
as described (SirDeshpande and Toogood 1995; Robert et al.  acrylamide:bisacrylamide) gels and el h performed in

2006). [**C]Phe-tRNA™* was prepared by charging 0.2 mg/mL
yeast tRNA™* (Sigma) with 3.75 mM ATP, 0.06 mM ["*C]phe-
nylalanine in 50 mM Tris-HCl at pH 7.5, 20 mM Mg(OAc),, and
120 mM KCl using 10% (v/v) yeast S100 as the source of tRNA
synthetase. Charged tRNA was purified via phenol/chloroform
extraction, passed through a Sephadex G-50 spin-column, fol-
lowed by ethanol precipitation (Odom et al. 1990).

For eEF1A-dependent assays, reactions were performed with
1.77 M salt-washed 808 ribosomes, (0.4 p.g/mL) poly(U) RNA,

1X TBE (90 mM Tris, 90 mM boric acid, 2 mM EDTA). Gels
were then treated with En*Hance (Perkin Elmer), washed in
water, dried, and visualized by autoradiography.

GTPase assays (20 pL) were performed in GTPase buffer con-
taining 0.5 pg of éEF1A and 1 pCi of [y-**P]GTP (6000 Ci/mmol)
(Perkin El.mer) incubated with or without 0.8 p.g of unlabeled Phe-
tRNA™*, 16.8 pmol 405, and 60S ribosomal subunits, and 31.4 pmol
poly(U) RNA at 25°C. Control reactions were also performed
without eEF1A or using only eEF1A (without tRNA, ribosomes or
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RNA). Aliquots (2 pL) were taken and reactions stopped in 2 p.L of
25 mM EDTA on ice. PEI Cellulose F TLC plates (EMD Chemicals,
Inc.) were spotted with a 1.5-pL sample and developed using 0.3 M
NaH,PO,/1 M LiCl,. TLCs were qu d using p
on a Typhoon Trio (Amcrsham)

imaging

Viability assays

Viability assays were performed using Annexin-FITC and pro-
pidium iodide (PI) staining. HUVECs were treated with com-
pound for 24 h in a 24-well plate. Cells were washed in PBS and
trypsinized. Cells, PBS washes, and cell culture medium were
collected together and centrifuged at 610g for 5 min. Cell pellets
were washed in PBS and resuspended in 35 pL Annexin V binding
buffer (10 mM HEPES-NaOH at pH 7.5, 140 mM NaCl, 2.5 mM
CaCl,). PI (Sigma) to a final concentration of 5 pg/mL and 1.75 wL
FITC Annexin V (BD Biosciences Pharmingen) were added to re-
actions and incubated at RT for 20 min in the dark. Samples were
diluted by the addition of 200 pL of Annexin V binding buffer and
analyzed on a Guava Easy Cyte Plus (Millipore). Each experiment
included unstained, PI-only, and Annexin V-only controls.

Chorioallantoic membrane (CAM) assay

The CAM assay was performed by Links Biosciences, LLC. Fer-
tilized eggs were placed in an egg incubator at 37°C and 50% hu-
midity. After 6 d, the egg shell was cracked and gently opened. A
5 X 5-mm sterile filter paper square saturated with either 25 p.L of
compound (50, 125, 250, 625 pmol), 4.2 nmol SU5416 (Sugen,
Inc.), or vehicle (2% DMSO in PBS) was placed in areas between
vessels. After 48 h, the CAMs were isolated and fixed in methanol/
acetone. Representative images were collected by photography to
permit quantitative analysis of vessel density.
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Marine antifungal theonellamides target
3B-hydroxysterol to activate Rho1 signaling
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Linking bioactive compounds to their cellular targets is a central challenge in chemical blology Here we report the mode of
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Theonellamides thus represent a new class of sterol-binding molecules that induce membrane damage and activate Rho1-

mediated 1,3-B-p-glucan synthesis.

ral products with a rich diversity of both structure and activ-
ity. They often contain unusual amino acids in the peptide
backbone and sometimes possess characteristic modifications in
the side chains. Cyclic peptides show a broad range of biological
activities including antibacterial, antifungal, immunosuppressive
and anticancer activities. Daptomycin, for example, binds bacterial
cell membrane and is used as an antibiotic to treat infections caused
by Gram-positive bacteria'. Antifungal echinocandins including
caspofungin and micafungin (FK463) impair cell wall synthesis by
inhibiting 1,3-B-p-glucan synthase?. Cyclosporin A, which inhibits
calcineurin after binding its cellular targets cyclophilins, possesses
immunosuppressive activity and is used clinically in organ trans-
plantation’. In addition, echinomycin'® and didemnin B, which
bind DNA and the EF-lo-ribosome complex, exert anticancer
activity by inhibiting hypoxia-inducible factor-1 binding to DNA
and inhibiting protein synthesis, respectively. Most of these cyclic
peptides are synthesized by nonribosomal peptide synthetases,
which are widespread among microorganisms. Marine sponges are
also an abundant source of this class of bioactive peptides’.
Theonellamides (TNMs) are members of a unique family of bicy-
clic dodecapeptides isolated from a marine sponge, Theonella sp.
These compounds show broad antifungal activity as well as moder-
ate cytotoxicity to mammalian cells*®. Theonegramide', theopalau-
amide and isotheopalauamide'" are related compounds with minor
modifications at specific amino acid side chains. These compounds
have a characteristic bicyclic structure bridged by a histidinoalanine
residue. A subfamily of compounds contains a sugar group on the
imidazole ring at the center of the molecule. The reported biologi-
cal activities of these compounds were comparable regardless of
the presence of the sugar group, suggesting that the characteristic

C yclic and branched cyclic peptides are a large family of natu-

bicyclic peptide framework is responsible for their specific bio-
logical actions. Despite screens for binding proteins using TNM-A
(1) affinity beads'?, their target molecules—that is, those that bind
directly to TNMs—remain unknown.

In this study, we screened for genes that confer altered sensitiv-
ity to TNM-F (2, Fig. 1a) in fission yeast cells to gain insight into
the mode of action of TNMs. Our screen design took advantage
of the fission yeast ORFeome overexpression strain collections'*'.
Comparison of the chemical-genomic profiles, functional analy-
ses of products of the identified genes and binding assays using a
fluorescently labeled theonellamide derivative revealed that TNM-F
is a sterol-binding molecule that causes membrane damage and
increases cell wall synthesis in a Rhol-dependent manner.

RESULTS

Characterization of TNM-F by chemical-genomic profiling
Screens for binding proteins have already been carried out using
TNM-A affinity beads'. Thus far, none of the proteins identified
appear to be the target responsible for the cytotoxicity. Our group
also made TNM affinity beads by a photo-affinity immobiliza-
tion method" and tried to identify the binding proteins from fis-
sion yeast cells, but we could not detect any proteins specifically
bound to TNM-F (Supplementary Fig. 1). We therefore decided
to search for chemical-genetic interactions using a set of strains
expressing all ~5,000 protein-coding ORFs—the ‘ORFeome’—of
the fission yeast Schizosaccharomyces pombe'', which might
provide insights into the genes and pathways targeted by bio-
active metabolites. In this collection, each ORF is inserted into the
chromosomal leu! locus and is expressed as a C-terminally fused
protein with two Flag epitopes and one hexahistidine tag under
the control of the nmt1 inducible promoter, which generally leads

'Chemical Genomics Research Group, RIKEN Advanced Science Institute, Saitama, Japan. ?Division of Bioinformatics and Chemical Genomics, Graduate
School of Pharmaceutical Sciences, Kyoto University, Kyoto, Japan. *Chemical Genetics Laboratory, RIKEN Advanced Science Institute, Saitama, Japan.
“Graduate School of Science and Engineering, Saitama University, Saitama, Japan. *Department of Green and Sustainable Chemistry, Tokyo Denki University,
Tokyo, Japan. “Lipid Biology Laboratory, RIKEN Advanced Science Institute, Saitama, Japan. ’CREST Research Project, Japan Science and Technology
Corporation, Saitama, Japan. ®Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan. *e-mail: yoshidam@riken.jp
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Figure 1| Generation of chemical-genomic profiles. (a) Chemical structure of TNM-F. (b) Chemical-genomic profile of TNM-F. Ten ORFs conferring
resistance (yellow) and 22 conferring hypersensitivity (blue) were identified (see Supplementary Table 2 for detail). The y axis indicates the log, of
normalized AUC values, which were obtained from the growth curve of the corresponding transformant in the presence of various concentrations of
TNM-F. Arrows indicate representative interactions: SPCC23B6.04c and SPBC23G7.06¢ are the top two resistance-conferring ORFs, whereas SPAC26A3.09
(also known as rga2) and SPACT7G8.14c (also known as pck1) are the top two ORFs conferring hypersensitivity (see Supplementary Fig. 2). (¢) Two-
dimensional hierarchical clustering analysis of the 20 compound profiles. Compounds showing similar chemical-genomic profiles were clustered on the
vertical axis; 575 ORFs are plotted on the horizontal axis on the basis the degree of hypersensitivity (blue) and resistance (yellow). Compounds possessing

same target molecules are labeled with Roman numerals.

to overexpression of the gene product (Supplementary Fig. 2).
Only a small subset, consisting of 169 strains that showed severe
growth retardation upon overexpression, was excluded from our
analysis (Supplementary Data Set 1). The overexpression strains
were exposed individually to TNM-F and a compendium of ten
reference compounds with known targets at various concentra-
tions (Suppl ary Fig. 2 and Suppl ary Table 1). Cell
viability in liquid culture was measured using a colorimetric

sensitive overexpressed pckl, which encodes a protein kinase C
homolog that regulates 1,3-B-p-glucan synthesis'”.

We next determined GO terms with statistically significant
enrichment (P < 0.02) in the hit genes for the initially tested 11 com-
pounds and ranked them on the basis their extent of enrichment
(Supplementary Data Set 6). This analysis showed that the hit genes
for TNM-F were most enriched for GO terms related to cell polarity
and signal transduction. However, none of these hit gene products

assay (XTT kit) and ranked quantitatively (Suppl y Data
Set 2). Strains showing a significantly altered sensitivity compared
to the control strain were selected and tested two more times.
ORFs corresponding to the strains that were positive in all three
rounds of screens were subjected to functional analysis (Fig. 1b,
Supplementary Data Set 3).

We analyzed the chemical-genomic profiles by two-dimensional
hierarchical clustering analysis'® and compared the results with
those obtained with TNM-E The dendrogram suggested that
these 11 compounds each function via distinct mechanisms (data
not shown). To increase the profiles of target-known compounds,
we selected approximately 600 strains that showed significant
interactions with at least one of the 11 compounds and generated
chemical-genetic profiles of nine other compounds using the
selected strains (Suppl y Table 1 and Suppl y Data
Set 4). Thus, a total of 20 profiles were obtained, which we analyzed
by two-dimensional hierarchical clustering analysis (Fig. I,
Supplementary Fig. 3 and Supplementary Data Set 5). We found
a weak correlation with polyene antifungals amphotericin B (AMB)
and nystatin (correlation coefficient = 0.18), implying that the mode
of action of TNM-F is partially shared with these sterol binders.

In addition to pattern-matching analysis, information about
the function of genes that alter sensitivity to the query compound
(in other words, the hit genes) should be useful in predicting the
target or its pathway. In the case of TNM-F, the gene conferring
the strongest resistance was SPCC23B6.04c, which is predicted to
encode a Sec14 homolog (Supplementary Table 2). The most sensi-
tive strain overexpressed SPAC26A3.09, which encodes a homolog
of Rho-type GTPase activating protein Rga2. The second most

520

pp d to be the primary target of TNM, because no physical
interaction with immobilized TNM was detected (Supplementary
Fig. 1). Furthermore, we carried out two-dimensional hierarchical
clustering analysis of the enriched GO terms to compare with
target-known compounds and found a modest linkage (correlation
coefficient = 0.35) between TNM-F and FK463, a frontline clinical
antifungal drug that inhibits the synthesis of 1,3-B-p-glucan'®
(Supplementary Fig. 4).

Counteraction of TNM-F with FK463

Of 32 TNM-F hit genes, 12 genes were in common with FK463, sug-
gesting that modes of action of TNM-F and FK463 are functionally
related (Fig. 2a). In contrast, TNM-F shared only two hit genes with
nystatin. To see whether TNM-F also affects 1,3--p-glucan syn-
thesis, we compared morphology of the cells after drug exposure.
FK463 induced cell lysis at the growing ends in fungi by disrupting
cell wall integrity (Fig. 2b), whereas TNM-F cells did not show any
signs of cell lysis (Fig. 2¢,d). Unexpectedly, however, calcofluor white
(Cfw) staining showed strong signals at the growing ends and/or the
medial region of the cells treated with TNM-F (Fig. 2c,d). Because
TNM-F failed to increase the fluorescence in the bgs! mutant", in
which the activity of the encoded 1,3-B-p-glucan synthase is greatly
reduced (Fig. 2e,f), we suspected that the strong Cfw staining was
due to increased 1,3-B-p-glucan synthesis. Similar images were also
obtained using another fluorescent dye, aniline blue, which binds
specifically to 1,3-B-p-glucans (Supplementary Fig. 5)*. AMB
and nystatin did not increase the Cfw signal (Fig. 2g). Notably, the
addition of TNM-F following FK463 treatment rescued the cells
from FK463-induced cell lysis (Fig. 2h). Thus, TNM-F appears to

NATURE CHEMICAL BIOLOGY | VOL 6 | JULY 2010 | www.nature.com/naturechemicalbiology
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Figure 2 | Cell wall abnormality predicted by GO term analysis.

(a) Chemical genetic interactions between TNM-F and FK463 or nystatin.
Genes whose overexpression conferred resistance are shown in yellow,
whereas those whose overexpression conferred hypersensitivity are

shown in blue. Green boxes represent genes having opposite effects on
TNM-F and FK463. (b) Cell lysis caused by FK463. Wild-type cells were
treated with (lower) or without Cupper) FK463 (20 ug ml™) for 2.5 h in the
presence of 1.2 M sorbitol. FK463-treated cells showed the lysis phenotype
(arrows). (¢,d) Abnormal cell wall morphology induced by TNM-F. Yeast
cells (HM123) were exposed to DMSO (¢, 0.5% (v/v), solvent for TNM-F)
or TNM-F (d, 5 pg ml™) for 2 h. (e,f) Bgs1 s required for aberrant Cfw
staining by TNM-F. The strong Cfw signals were not observed in bgs7
temperature-sensitive mutant cells incubated with DMSO (e, 0.5% (v/v))
or TNM-F (f, 5 ug ml™) at 27 °C for 2 h. (g) Effect of polyene antifungals
on cell wall synthesis. Wild-type cells were treated with AMB (0.25 pg ml~,
upper) or nystatin (1.6 ug ml™, lower) for 3 h. (h) Counteraction of
FK463-induced cell lysis by TNM-F. (i-k) Involvement of Rholin the
TNM-F-induced cell wall abnormality. Cells transformed with empty vector
(i, upper), pREP41-Rho1 (i, lower) or pREP81-Rho1T20N (j k) were grown at
30 °C for 15 h in MM liquid medium and then challenged with TNM-F (i,k)
or DMSO (j) for an additional 2 h. Scale bars, 10 um. In ¢-k, compound-
treated cells were fixed and stained with Cfw. In c-f, h, j and k, differential
interference contrast (DIC; upper) and Cfw (lower) images are shown.

counteract FK463 action by enhancing 1,3-B-p-glucan synthesis.
Indeed, five genes identified as the hit genes of TNM-F and FK463
oppositely altered sensitivity to these compounds (Fig. 2a).
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1,3-B-p-Glucan is synthesized by transmembrane catalytic subunits
in the presence of a regulatory subunit, a prenylated Rhol (ref. 21).
Rhol is a small GTPase that plays a pivotal role in the signaling path-
way involved in the regulation of cell polarity and in 1,3-B-p-glucan
synthesis in fission yeast'*. To test whether the TNM-induced 1,3-
fB-p-glucan synthesis is mediated by the activated Rhol protein, we
expressed a wild-type Rhol in some cells and a dominant-negative
Rhol (RholT20N)* in others, using an inducible promoter. The
overexpression of wild-type Rhol greatly enhanced the Cfw stain-
ing induced by TNM-F (Fig. 2i). On the other hand, overexpression
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of RholT20N clearly inhibited the TNM-induced 1,3-B-p-glucan
synthesis (Fig. 2j,k). Thus, the action of TNM-F appears to require
Rhol. Rhol’s effects are mediated by its interaction with at least three
targets: 1,3-B-p-glucan synthase” and the protein kinases Pck1 and Pck2
(ref. 17,24), all of which are involved in 1,3-B-p-glucan synthesis.
Deletion of neither pckI nor pck2 abolished the increased Cfw stain-
ing induced by TNM-F (Supplementary Fig. 6). These results suggest
that the major pathway to 1,3-B-b-glucan synthesis upon TNM-F treat-
ment s the direct activation of Bgs1 by Rhol. However, Rho1T20N did
not suppress the binding and cytotoxicity of TNM (Supplementary
Figs. 7 and 8), suggesting that aberrant 1,3-B-p-glucan synthesis is not
the primary reason for the TNM’s cytotoxicity.

TNM:s bind to 3p-hydroxysterols

To determine the subcellular localization of the TNM-binding mole-
cule, we synthesized a fluorescently labeled TNM derivative (3, 4,
TNM-BF) by conjugating a 4,4-difluoro-5,7-dimethyl-4-bora-3a,
4a-diaza-s-indacene-3-propionic acid moiety (BODIPY-FL) to the
B-p-galactose moiety of TNM-A (Supplementary Fig. 9). TNM-BF
was as active as TNM-F in inhibiting cell growth of wild-type
S. pombe (Supplementary Fig. 10). Fluorescence microscopy clearly
showed that TNM-BF is distributed at cell tips and in the septation
region of cells undergoing cytokinesis (Fig. 3a). According to our
Localizome dataset (available here: http://www.riken.jp/SPD/index.
html), which assigned each of the 4,429 proteins to one of 17 pos-
sible subcellular localizations", approximately 80 proteins showed
similar localization to TNM-BF (Supplementary Data Set 7). GO
analysis revealed that transmembrane transporters were signi-
ficantly enriched among these proteins (Supplementary Table 3).
Transporters and lipid molecules have a close functional relation-
ship (for example, Pmal (Fig. 3b) is a marker for the lipid raft®, a
characteristic membrane microdomain rich in ergosterol and sphin-
golipids™). The proper localization of Pmal depends on ergosterol
biosynthesis*”. On the basis of these observations, we theorized that
the target of TNM could be a lipid molecule distributed in a polar-
ized manner, rather than a protein. A binding assay using plasma
membrane lipid components revealed that TNM-BF selectively
recognizes ergosterol but not other lipids tested (Fig. 3¢c). In addi-
tion to ergosterol, TNM-BF bound to cholesterol, cholestanol and
50i-cholest-7-en-3B-ol (Fig. 3d.e). In contrast, a ketone group, an
o-hydroxyl group or an esterification of the hydroxyl group at C3
position abolished the binding, indicating that TNM recognizes
3pB-hydroxysterols (Fig. 3e).

Filipin, a fluorescent compound that forms a specific complex
with 3B-hydroxysterols in the cell membrane®, stained the cell
periphery and medial region of cells undergoing cytokinesis® in a
pattern very similar to that of TNM-BE, suggesting that the target
of TNM-F in wild-type S. pombe is ergosterol, the major sterol in
fungi. Double staining showed a clear overlap of the signals for the
two compounds, but the region stained with TNM-BF was slightly
more confined (Fig. 3f).

In vivo ergosterol distribution is regulated in a cell cycle-
dependent manner in fission yeast®, probably as a result of some
function of actin®*. Indeed, we also observed that latrunculin A
treatment disrupted the polarity of filipin staining (Supplementary
Fig. 11). Notably, latrunculin A reduced the fluorescent signal of
TNM-BF to an almost undetectable level. Similarly, in a strain pos-
sessing an actl (also known as cps8) temperature-sensitive allele®!
both filipin and TNM-BF stained the cell tips and around the sep-
tum, as observed in wild-type cells at the permissive temperature,
but their polarized localization was lost after temperature shift
(Supplementary Fig. 11). It should be noted that the decrease in
TNM-BF fluorescence was again observed in the act! mutant cells
at 30 °C. It seems possible that proper organization of the sterol-
rich membrane domain is required for TNM binding of the cell
membrane. Indeed, overexpression of hit genes scdl and rga2, both
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as the target of TNM-F. (a) The fluorescent image of cells stained by TNM-BF. (b) An example of protein

localization similar to TNM-BF localization. The fluorescent image of the YFP-fused Pmal is shown. (¢) Binding of TNM-BF to ergosterol in vitro.
(d) Binding of TNM-BF to various sterols in vitro. (e) Structure-affinity relationships of sterols. Functionalities colored in blue are not necessary for

recognition by TNM-BF, whereas the red-colored structures hamper binding to TNM-BF. (f) Co-localization of TNM-BF with filipin. TNM-BF (upper right
panels and red in merged images) and filipin (lower left panels and green in merged images) signals were observed in the similar region. Images of cells

at different cell cycle stages are shown. (g) Effects of ergosterol extraction on the TNM-F-induced cell wall abnormality. Cells were preincubated in the
presence (+) or absence (=) of methyl-B-cyclodextrin (MBCD) and then treated with TNM-F. After Cfw staining, cells with abnormally strong signals were
counted. Asterisk indicates statistically significant difference (P < 0.02). See Supplementary Figure 13 for details. (h) Effects of ergosterol-containing
vesicles on TNM-F-induced cell wall abnormalities. Cells were treated with TNM-F (5 pug ml~) that had been preincubated with POPC vesicles or POPC-
based vesicles containing PE (PC + PE), PS (PC + PS), SM (PC + SM) or ergosterol (PC + Erg) for 30 min. After 3 h incubation with TNM-F, cells were fixed
and stained with Cfw. Scale bars are 10 um except that in f, which is 5 pm. Data represent means of three (¢,d) or four (g, n > 110 for each experiment)

independent experiments. In ¢,d and g, error bars indicate s.d. RFU: Relative fluorescence units.

of which are involved in regulation of the actin cytoskeleton®-,
caused a drastic decrease and increase, respectively, in TNM-BF
staining (Supplementary Fig. 12).

Sterol binding is required for action of TNM-F

We next determined whether 3B-hydroxysterols are also required
for TNM-induced 1,3-B-p-glucan synthesis. First, pretreatment of
cells with methyl-3-cyclodextrin, which could extract a substantial
amount of ergosterol (Supplementary Fig. 13), significantly reduced
the number of cells showing an enhanced Cfw signal (Fig. 3g).
Second, preincubation of TNM-F with 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)-based multilamellar vesicles
did not affect TNM-enhanced Cfw staining, but preincubation with
vesicles containing ergosterol abolished it (Fig. 3h). These results
suggest that pre-absorption of TNM-F with the ergosterol-rich
membrane alleviates the action of TNM-E Furthermore, latrunculin
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A treatment, which inhibits TNM-BF binding of cells, also ham-
pered the TNM-F-induced abnormal Cfw staining (Supplementary
Fig. 14). Thus, we conclude that a structured membrane domain
rich in ergosterol and related sterols is required for the binding of
TNM-F to exert its effects on the cell wall.

Effects of erg mutations on TNM-F sensitivity

Genetic mutations in the ergosterol biosynthetic pathway (Fig. 4a)
have been shown to modulate sensitivity to polyene antibiotics
in yeast”’-". In S. pombe erg mutants, ergosterol production is not
detectable; | , filipin staining is not abolished, implying
that sterols with filipin-binding activity other than ergosterol can
still be produced and that they compensate for the roles of ergo-
sterol””. Lack of Erg2, the putative enzyme that converts fecosterol
to episterol, or simultaneous deletion of two erg3* homologs, erg31
and erg32, both of which encode putative enzymes catalyzing the
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