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Careful regulation of mRNA half-lives is a fundamental mechanism allowing cells to quickly respond to changing
environmental conditions. The mRNA-binding Hu proteins are important for stabilization of short-lived mRNAs. Here we
describe the identification and mechanistic characterization of the first low-molecular-weight inhibitors for Hu protein R (HuR)
from microbial broths (Actinomyces sp.): dehydromutactin (1), MS-444 (2) and okicenone (3). These compounds interfere with
HuR RNA binding, HuR trafficking, cytokine expression and T-cell activation. A mathematical and experimental analysis of the
compounds’ mode of action suggests that HuR homodimerizes before RNA binding and that the compounds interfere with the
formation of HuR dimers. Our results demonstrate the chemical drugability of HuR; to our knowledge HuR is the first example
of a drugable protein within the Hu family. MS-444, dehydromutactin and okicenone may become valuable tools for studying
HuR function. An assessment of HuR inhibition as a central node in malignant processes might open up new conceptual routes
toward combatting cancer.

The mRNA-binding Hu proteins are important for stabilization of
short-lived (A+U)-rich element (ARE)-controlled mRNAs. The ARE
gene family, which is currently estimated to contain 4,000 members1,
comprises functionally diverse, inducible proteins involved in pro-
cesses such as inflammatory responses, cell division, migration and
metabolism. Aberrant stabilization of mRNAs from proto-oncogenes,
antiapoptotic proteins, proangiogenic growth factors and proteins
essential for cell migration and invasion by HuR (also known as
ELAVL1 or HuA) is being increasingly discussed as a major node
toward development of cancer2–8. The recently emerging relation
between HuR and cancer is particularly notable considering the
chronology of the protein’s identification and functional characteriza-
tion. The mammalian Hu proteins (HuR, HuB, HuC and HuD) were
discovered as antigens in people with paraneoplastic neurological
disorders, systemic lupus erythomatosis or cerebrellar carcinomas,
which were later designated the anti-Hu syndromes9,10. The first anti-
Hu (or ANNA-1) antibody was identified in 1965 (ref. 11) and named
after a person with sensory carcinomatous neuropathy. The antibody
was found to specifically react with tumor antigens (the Hu proteins)
and has since been used as a biomarker for paraneoplastic disorders12.
In 1995, a functional role of the Hu proteins in antagonizing ARE-
controlled mRNA degradation was recognized13. Now, 10 years later,
experimental evidence for a causal relation between HuR and the
onset of malignant disease is accumulating2–6,14–16. Consequently,
there is increasing interest for HuR as a drug target in the recent

literature2,17. Nevertheless, HuR still remains a ‘virgin’ target,
unexploited in drug discovery. To assess the full spectrum of benefits
and side effects associated with HuR inhibition in a therapeutically
relevant in vivo situation, specific low-molecular-weight inhibitors will
be required. Here we describe the identification and functional
characterization of the first low-molecular-weight HuR inhibitors.
These compounds enabled us to unveil novel mechanistic aspects in
HuR RNA recognition by quantitative chemical biology.

RESULTS
Identification of low-molecular-weight HuR inhibitors
To search for HuR inhibitors, we performed a high-throughput screen
for compounds interfering with HuR-ARE interaction. Using a
confocal fluctuation spectroscopic assay with a shortened variant of
recombinant HuR (HuR12; Z ¢ ¼ 0.86 (refs. 18,19); Fig. 1a), 50,000
microbial, mycological and plant extracts were screened in homo-
geneous solution on an Evotec MarkII screening platform. Samples
with unlabeled RNA served as positive controls in the primary screen.
To discriminate true hits from false positives, primary hits were
confirmed at different concentrations in replicates with independent
compound samples. Out of 50 primary active extracts (Z40%
inhibition at 0.5% v/v), 13 extracts from 4 different microbial strains
(Actinomyces sp.) had a half-maximal inhibitory concentration (IC50)
below 0.5% (v/v extract concentration). To identify the active
substances, we fractionated the broths by reversed-phase HPLC

Received 9 January; accepted 15 June; published online 15 July 2007; doi:10.1038/nchembio.2007.14

1Novartis Institutes for Biomedical Research, Discovery Technologies, Brunnerstr. 59, A-1235 Vienna, Austria. 2Novartis Institutes for Biomedical Research, Discovery
Technologies, Lichtstrasse 35, CH-4056 Basel, Switzerland. 3Novartis Institutes for Biomedical Research, Autoimmunity/Transplantation, Brunnerstr. 59, A-1235
Vienna, Austria. 4These authors contributed equally to this work. Correspondence should be addressed to N.-C.M. (nicole-claudia.meisner@novartis.com) or M.A.
(manfred.auer@novartis.com).

50 8 VOLUME 3 NUMBER 8 AUGUST 2007 NATURE CHEMICAL BIOLOGY

ART ICL ES

http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html


(RP-HPLC) and retested the isolated peak fractions for HuR-RNA
binding inhibition. From the two most active fractions, the com-
pounds dehydromutactin, MS-444, okicenone, mutactin (4) and com-
pound 5 were isolated and identified by NMR, IR and MS (Fig. 1b;
for details see Supplementary Methods online). The pure substances
1, 2 and 3, but not 4 and 5, inhibited binding of HuR to different ARE
RNAs in vitro in a concentration-dependent manner (Fig. 2).

Mathematical deduction of HuR-RNA-compound mechanism
HuR consists of two tandem RNA recognition motif (RRM) domains
comprising the ARE binding activity; they are connected via a basic
hinge region to a third RRM domain. To confirm the compound
binding site, two variants of HuR were tested: HuR12, which is made
up of RRM1 and RRM2 (as used in the screen), versus the full-length
protein. As expected, 1, 2 and 3 inhibited binding of both HuR
variants to the RNA, thereby mapping compound binding within the
first two RRM domains. Given the compounds’ chemical similarity
and the shared activity, a common binding site within RRM1 and
RRM2 seems plausible. To quantify compound affinity, an appro-
priate equation for fitting of the competition data is needed. There are
numerous mechanistic possibilities for how 1, 2 and 3 might interfere
with HuR RNA binding. For understanding the compounds’ mode of
action, knowledge of the HuR-RNA interaction mechanism is a
prerequisite. However, neither the mechanism nor the stoichiometry
of the HuR-ARE interaction has been resolved so far. For example,
HuR might oligomerize on the RNA with or without cooperativity.
Alternatively, one, two or more HuR molecules might bind to
independent sites on the RNA. Also, the RNA might be complexed
by preformed HuR oligomers; and we cannot exclude the possibility
that the compounds bind to the RNA rather than to the protein. A
resolution of such mechanistic questions with biophysical methods is
feasible but not straightforward. To determine the compound

affinities, we used a mathematical analysis to narrow down the most
plausible models for the mechanism to those that explain the experi-
mental data best (Fig. 3). For each of the ten selected models, the
equilibrium binding and competition equations were derived from the
mass balances and mass equilibria using Mathematica 5.0. Next, the
data for HuR-RNA binding in the absence of the compound were
fitted by the binding equation. The determined Kd for the HuR-RNA
interaction, as well as the actual RNA, HuR and compound concen-
trations in the experiment, then served as boundary conditions for
simulating the inhibition curves. If the model was not qualitatively
excluded at that point (illustrated in Fig. 3), the inhibition data were
fitted to the competition equation to determine the Kd of the
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Figure 1 Identification of HuR inhibitors by confocal high-throughput screening.
(a) While molecules are diffusing in and out of the open confocal detection volume,

a fluctuating fluorescence signal is observed, which allows for derivation of molecular

parameters such as brightness and translational or rotational motion (for example,

FIDA40). Upon HuR complex formation, the rotational correlation time of the

fluorescently labeled ARE RNA rises, resulting in an increased fluorescence anisotropy

(low value ¼ free RNA; high value ¼ 81.3% saturation; error bars, s.d.). The Z ¢ factor

of 0.86 classifies the assay as ‘‘excellent’’ according to ref. 18. (b) In a nanoscreen

based on the FIDA assay, the hit compounds 1, 2 and 3 were isolated from microbial

extracts and identified as HuR inhibitors, whereas the closely related compounds

4 and 5 proved inactive. Notably, previously described chrysanthone and

anthraquinone (6) derivatives share a similar structural architecture; whether their

antitumoric and anti-inflammatory properties are associated with HuR inhibition

remains to be seen.
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Figure 2 HuR ARE binding inhibition by 1 and 2. HuR binds to the IL-2

ARE with a Kd of 6.67 ± 0.21 nM (white circles, compare Fig. 3).

(a,b) A concentration-dependent inhibition of the interaction is observed

for compounds 1 (a) and 2 (b). Compounds at 1 mM (diamonds), 5 mM
(triangles) or 20 mM (black circles). Data for inhibition of HuR12 and for

compounds 3, 4 and 5 are shown in Supplementary Figure 6 and

Supplementary Table 1 online. Data are representative of at least

three independent experiments and are averages from ten measurements

± s.d. each.
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compound. It is noteworthy to mention that any model that is more
complex than a ternary 1:1 competition results in a fourth (or higher)-
order polynomial, so that the analysis is only possible via a numerical
approach (the Mathematica algorithm generated for this purpose is
described in more detail in Supplementary Methods and Supple-
mentary Fig. 1 online). As a result, we were able to reject eight
models, whereas the following mechanistic hypotheses perfectly
explain the experimental data (Fig. 3): formation of HuR homodimers
(model 2b: Kd B90 pM; model 5: Kd B10 pM), binding of HuR
dimers to the RNA in 2:1 or 2:2 stoichiometry (model 2b: Kd ¼ 7 nM;
model 5: Kd ¼ 9 nM) and interference of the compounds with the
HuR homodimerization (model 2b: compound 1, Kd ¼ 190 ± 40 nM,
compound 2, Kd ¼ 40 ± 15 nM; model 5: compound 1, Kd ¼ 40 ±
10 nM, compound 2, Kd ¼ 7 ± 1 nM, compound 3, Kd ¼ 90 ± 10 nM).
We would like to note that in the picomolar affinity range the
significance of actual values obtained by curve fitting is not sufficient
to reliably discriminate between a 10-pM and a 100-pM binding event.
However, curve fits for both models clearly indicated a strong

homodimerization affinity in the Kd range of 10–100 pM. The
compound inhibition of full-length HuR and HuR12 implies that a
predicted homodimerization would be mediated by the first two
RRMs. In fact, a number of RRMs are known to mediate protein-
protein interactions. In most cases this involves the helical surface of
the fold, which allows concurrent binding of an RNA ligand to the
opposite b-sheet surface (for example, see ref. 20). Although the
analysis was certainly not comprehensive (owing to computational
restrictions) and involved several assumptions, its validity is supported
by experimental observations made by us and others. Indications for
Hu protein dimerization or oligomerization have been noted in
previous studies using electrophoretic mobility shift assays21 or a
yeast two-hybrid screen22.

As both models that are compatible with the experimental data are
based on HuR homodimerization, we experimentally addressed the
key elements of this mechanistic hypothesis (Figs. 4 and 5): (i) HuR
RNA binding stoichiometry, (ii) existence of HuR homodimers,
(iii) direct association of compounds with HuR (monomers) and
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compound; purple curve, 20 mM compound) are shown for three models. Model 1b describes a 1:1 competitive inhibition of the compound with the RNA for
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sigmoidal shape of the experimental data. Sigmoidal curves are obtained for Kd2 o Kd1. However, for the compound concentrations used in the experiment,

the deflection point would be at far higher HuR concentrations than experimentally observed (inset). Following an analogous argumentation, eight of the
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(iv) inhibition of HuR homodimerization by compounds 1 and 2,
which demonstrate the highest binding affinity. Using the method of
continuous variation23, a Job plot analysis revealed an equimolar
(HuR)n:(RNA)n stoichiometry, which rules out model 2b (2:1 stoi-
chiometry, Fig. 4a). Among the mechanisms involving an equimolar
stoichiometry, a 1:1 complex formation is excluded by the mathema-
tical analysis. In addition, the translational diffusion time of labeled
RNA in complex with HuR is in excellent agreement with the
molecular weight of a 2:2 (but not a 1:1) HuR–RNA complex
(Fig. 4b). Moreover, the molecular brightness of labeled RNA
increases by a factor of two upon HuR binding, whereas the total
fluorescence intensity in the sample remains unchanged (Fig. 4b). The
2:2 HuR-RNA interaction predicted by model 5 (Fig. 3) implies that
the number of diffusing RNA particles is halved upon HuR binding.
Indeed, a fluorescence fluctuation spectroscopic titration of RNA
labeled at the 5¢ terminus by N,N,N¢,N¢-(5¢-carboxy)tetramethylrho-
damine (TMR) with increasing amounts of HuR analyzed by two-
dimensional fluorescence intensity distribution analysis (2D-FIDA)
revealed that HuR binding is accompanied by a reduction in the RNA
particle numbers, approaching one half of the starting number at
saturation (Fig. 4d). Addition of compound 2 not only releases the
RNA but also restores the original particle number (Fig. 4d).

In further consistence with the HuR homodimerization model 5, a
western blotting analysis of recombinant full-length HuR (HuRfl)
revealed bands of both monomeric and dimeric HuR species
(Fig. 4c). Although the monomer formed the main fraction under
electrophoretic conditions, the presence of B25% dimers on a non-
reducing, denaturing gel reflects the strong interaction suggested by the
mathematical analysis (Kd B100 pM). HuR12 dimers were also detected
under identical conditions (Supplementary Fig. 2 online). This sup-
ports that the dimerization interface resides within RRM1 and RRM2.

Measuring direct binding of compounds 1, 2 and 3 to HuR is
complicated by the low solubility of the recombinant protein

(r3 mM) and the strong HuR homodimerization affinity. Under
experimentally feasible conditions, only a minor fraction of the
compound is complexed by HuR (Fig. 5a). In addition, the low UV
absorbance of the two stronger binding compounds 1 and 2 prevented
significant detection of the HuR-complexed compound with sufficient
experimental accuracy by methods such as microdialysis or size-
exclusion chromatography. However, after preincubation with com-
pounds 1 and 2, the fraction of HuR dimers detected by western
blotting was reduced in a concentration-dependent manner, whereas
compound 5 showed no effect (Fig. 4c).

In contrast to compounds 1 and 2, the weaker binding compound 3
and the control compound 5 showed autofluorescence in the ultravio-
let to visible range (Fig. 5b). The resulting low quantification limit
(B0.5 pmol for compound 3, as determined by RP-HPLC with
fluorescence detection at 370 nm excitation, 465 nm emission) allowed
us to reliably quantify concentration changes in the two compartments
of a microdialysis setup. We were thus able to reduce the experimental
compound concentrations below the HuRfl solubility limit to maximize
the fraction of HuR-complexed compound (Fig. 5a). In the presence of
either HuR variant, compound 3 showed a substantial retention in the
upper (HuR-containing) compartment, whereas the equilibrium ratio
of compound 5 was unaffected. Given the above-stated uncertainties
in the HuR homodimerization Kd, the retained compound 3 fractions
of 11% and 18% (HuRfl at 0.7 and 2 mM, respectively; Fig. 5c)
are consistent with the predicted range for these experimental condi-
tions (Fig. 5a). A molar excess (40-fold) of compound 2 but not
compound 5 reduced the fraction of retained compound 3 (Fig. 5d).
This provides indirect evidence for a specific interaction of okicenone
and MS-444 with HuR, and it further supports the hypothesis of a
shared binding site for the identified natural products.

Given the intrinsic problems with establishing high concentrations
of full-length HuR and the picomolar Kd of the HuR homodimer, the
microdialysis data corroborate the mechanism mathematically derived

Figure 4 Experimental evidence for inhibition of

HuR homodimerization by 1 and 2. (a) The HuR

RNA binding stoichiometry was determined using

the method of continuous variation23. The

resulting Job plot (shown for the ARE of IL-1b)

shows an equimolar (n:n) HuR:RNA

stoichiometry. (b) The translational diffusion

times (tdiff) and molecular brightnesses of

labeled RNA in the presence or absence of HuRfl

were determined by confocal fluctuation

spectroscopy. Upon addition of HuRfl, tdiff of the

TMR-labeled IL-1b ARE increased from 510

(±10) ms to 1,070 (±10) ms, which suggests a

9.3-fold molecular weight increase. The expected

molecular weight increase for a 2:2 HuR–RNA
complex is 9.2-fold; for a 1:1 complex it is only

4.5-fold. The molecular brightness of labeled

RNA (Cy3-labeled IL-1b 3¢ UTR) increased by a

factor of 2, while the total fluorescence intensity

in the sample remained unchanged. (c) A western

blot (nonreducing SDS-PAGE) of recombinant

HuRfl reveals bands at the size of HuR monomers

and dimers. With increasing concentrations of

1 and 2 (but not control compound 5), the

fraction of HuR dimer decreased. (d) A titration

of fluorescently labeled RNA (left panel,

IL-2 ARE, particle number in the confocal

volume normalized to 1) with HuRfl was accompanied by a decrease in the particle number, approaching 0.54. Addition of 2 to the complex (HuRfl at

100 nM) released the RNA from HuR and concomitantly reverted the relative particle number to B1 (right panel). Data are representative of at least three

independent experiments and are averages from ten measurements ± s.d. each.

a

b

c + MS-444 (2)

0 010 2020 50 100 20030 40 50 0 20 50 100 200 µM

0 0.2 0.4 0.6 0.8

C
om

pl
ex

 (
nM

)

0

1

2

3

4

5

6

7

� d
iff

 (
µs

)
200

400

600

800

1,000

1,200
d

0.12

0.16

0.2

0.24

0.12

0.16

0.2

0.24

0 20 40 60
0.4

0.6

0.8

1

1.2

0 20 40 60

0.6

0.8

1

mol fraction HuR
mol fraction RNA

1
Mol fraction

Mw =
527

Mw =
10,274

TMR RNA-
TMR

RNA-TMR
+

HuRfl

Calculated
�diff for

complex

Measured
Calculated

1:1

2:2

RNA RNA
+

HuRfl

Molecular
brightness

Total
brightness

B
rig

ht
ne

ss
 (

kH
z)

0
5

10
15
20
25

HuR
dimer

HuR

+ Dehydromutactin (1) + Control

F
lu

or
. a

ni
so

tr
op

y
P

ar
tic

le
 n

um
be

r

HuRfl (nM) Compound 2 (µM)

O

OH

OH

2

O

ART ICL ES

NATURE CHEMICAL BIOLOGY VOLUME 3 NUMBER 8 AUGUST 2007 5 1 1

http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP5.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP5.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP5.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP5.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP3.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP1.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP5.html
http://www.nature.com/nchembio/journal/v3/n8/compound/nchembio.2007.14_COMP2.html


from the HuR-RNA inhibition data. Obtaining a higher resolution
picture of HuR-compound binding versus HuR-RNA binding remains
a challenge to be tackled by structural biology and single-molecule
spectroscopic methods.

Effects of HuR inhibitors in primary cells
Having identified nanomolar inhibitors of HuR-RNA binding in vitro,
the next phenomenological question we investigated was what func-
tional effect they would have in a cellular system (Figs. 6 and 7). It is
well established that the activation of HuR mRNA stabilization is
followed by a redistribution of HuR from the nucleus into the
cytoplasm (for example, see ref. 24). We therefore tested the com-
pounds’ effect on the localization of endogenous HuR in activated
primary human T cells (primary blood mononuclear cells, PBMCs)
using confocal fluorescence imaging. Whereas in resting PBMCs HuR
was found to be predominantly nuclear (98% of all cells), activation
by anti-CD3 and anti-CD28 resulted in a redistribution of HuR to the
cytoplasm in 82% of all cells. In the presence of 1 we observed a
concentration-dependent reduction of cells with predominantly cyto-
plasmic HuR (Fig. 6a). Unfortunately, compounds 2 and 3 increased
cellular autofluorescence, which impaired the analysis in this assay.
The HuR localization remained unaffected by the in vitro–inactive but
chemically related control compound 5. Morphologically, both

compounds prevented the clustering of PBMCs (Fig. 6b) after T-cell
stimulation by soluble anti-CD3 and anti-CD28 antibodies. In con-
sistence with the in vitro data, compound 2 was more active than
compound 1, whereas the in vitro–inactive control compound 5 did
not affect PBMC clustering (Supplementary Fig. 3 online). The
viability of the activated PBMCs remained essentially unaffected
after 48 h of incubation with 1 (97% of DMSO control) or 2 (94%
of DMSO control) at 50 or 25 mM, respectively.

Based on the central role of HuR in the regulation of inducible
genes, one would expect that the identified compounds reverse the
stabilization of a set of cytokine mRNAs upon inflammatory triggers.
We therefore measured the steady state mRNA levels of the cytokines
IL-6, Cox-2 and IL-1b, as well as IL-6 and IL-1b protein secretion in
primary human monocytes stimulated by lipopolysaccharide plus
interferon-g (Fig. 7 and Supplementary Fig. 4 online). Though we
could not produce convincing data for an effect of compound 1 up to
a concentration of 30 mM in this assay, the more potent compound 2
showed a concentration-dependent decrease in both mRNA and
protein levels of these ARE cytokines, but not of CD14, which is
encoded by a non-ARE gene (Fig. 7a). A possible explanation for
the inactivity of compound 1 might be a conversion of 1 to the closely
related, inactive compound 4 in these cells (conversion of 1 into 4 was
also observed in vitro after long-term storage in aqueous solutions).

e

300 350 400 450 500 550 600

R
el

at
iv

e
flu

or
es

ce
nc

e 
in

te
ns

ity

0

0.2

0.4

0.6

0.8

1

1

P
 (

up
pe

r/
lo

w
er

 c
ha

m
be

r)

1.1

1.2

Control (5)

N
o

+ 
H

uR
12

 2
 µ

M

+H
uR

fl 
0.

7
µM

2 
µM N

o

+
 H

uR
12

 2
 µ

M

+
 H

uR
fl 

2 
µM

 

R
el

at
iv

e 
in

cr
ea

se
 o

f 3
 in

up
pe

r 
ch

am
be

r 
(%

)

0

10

20

No competitor 2

–

2 4 6 8 10

F
lu

or
 in

te
ns

ity
 (

38
0/

47
0 

nm
)

ar
bi

tr
ar

y 
un

its

0.4

0.6

0.8

2 4 6 8 10

0.4

0.6

0.8

1

0 500 1,000 1,500 2,000 2,500

C
om

po
un

d 
fr

ac
tio

n 
bo

un
d

0

0.2

0.4

0.6

0.8

1

0 1,000 2,000

M
on

om
er

ic
H

uR
 (

nM
)

0

5

10

15

20

HuRfl (nM)

HuRfl (nM)

Wavelength

3

5

+ HuR

Time (min) Time (min)

a

d

b c

Figure 5 Direct binding of 3 to HuR, monitored by microdialysis. (a) At a given total concentration of a small-molecule inhibitor, compared with a simple

1:1 interaction model (solid line), the amount of complex formed between an inhibitor and HuR is substantially smaller for a dimerization inhibition model

(simulation for 3, Kd ¼ 90 ± 10 nM; different picomolar HuR dimerization affinities: dashed line Kd ¼ 250 pM, dotted line Kd ¼ 100 pM, dashed-dotted

line Kd ¼ 10 pM). The concentration of monomeric HuR in samples of a given total protein concentration in the absence of inhibitor is also shown in the

inset for a dimerization Kd of 250 pM, 100 pM and 10 pM. (b) 3 shows fluorescence in the ultraviolet to visible range (dashed line, excitation spectrum at

465 nm emission; solid line, emission spectrum at 370 nm excitation). (c) Microdialysis of 3 and of control compound 5 with HuR12 and HuRfl. The ratio of

compound concentrations in the upper and lower compartments after 24 h dialysis, as quantified by RP-HPLC, is shown for compound only (white bars),

compound + HuR12 (2 mM, gray bars), and HuRfl (at 0.7 and 2 mM, black bars). Whereas 5 dialyzed to equal concentrations (ratio of 1) in the absence and

presence of both HuR variants, 3 showed a substantial retention in the upper (HuR-containing) compartment. (d) Competition of 3 with 2. Addition of 2 but

not 5 (both at 20 mM) reduced the fraction of 3 retained in the HuRfl compartment. (e) Illustration of 3 distribution between the two compartments as

quantified by RP-HPLC (left panel, compound only; right panel, with HuRfl; blue trace, upper compartment; black trace, lower compartment). Data are
representative of three independent experiments and are averages ± s.d. from four independent samples.
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As expected for an inhibition of early response regulation by HuR, the
effect was more pronounced at early time points (Fig. 7b).

Altogether, the cellular effects observed for compounds 1 and 2 are
consistent with consequences expected for HuR inhibition. However,
at this point we cannot exclude the possibility that in the complex
environment of the cell, the identified compounds also affect other
targets besides HuR.

DISCUSSION
We describe the identification of the first low-molecular-weight
compounds that inhibit HuR mRNA binding and their characteriza-
tion in HuR-associated functional assay systems of increasing com-
plexity. The availability of these compounds in combination with a
mathematical analysis of their inhibition data has unveiled a novel
aspect in the mechanism of HuR RNA recognition. These compounds
provide a set of tools for determining the molecular and phenotypic
consequences of HuR mRNA binding inhibition. As a direct implica-
tion, this development might open up a new perspective for cancer
treatment: as HuR stabilizes mRNAs from growth factors25,26 and
from antiapoptotic27, proangiogenic28,29 or prometastatic pro-
teins30,31, HuR inhibition should simultaneously hit all of these
essential malignant processes rather than inhibiting the involved
targets individually. In a more general context, this strategy could
prevent the production of pathological proteins such as vascular
endothelial growth factor (VEGF), hypoxia inducible factor-1a
(HIF-1a), matrix metalloproteinase 9 (MMP-9), urogenin plasmino-
gen activator (uPA) and B-cell lymphoma protein 2 (Bcl-2) rather
than interfering with their function. In fact, 2 has previously been
described by the Japanese pharmaceutical company Kyowa Hakko
Kogyo Ltd. as an anticancer agent (ref. 32). Also, compound 3 was
found to be antitumorigenic and antiangiogenic33. In the light of our
findings, the previous observations of the antineoplastic activity of
these compounds32,34,35 become explainable at the molecular level.
Until now, the effects of MS-444 were attributed to an inhibition of
myosin light chain kinase with an IC50 of 10 mM36. We propose that
the antitumorigenic, antiangiogenic and anti-inflammatory effects of
MS-444 and okicenone are due (at least in part) to the strong
inhibition of HuR with nanomolar affinity. Notably, 1 has also been
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Figure 7 2 decreases ARE cytokine expression in activated primary human monocytes. Cytokine expression

was induced in primary monocytes by stimulation with lipopolysaccharide and interferon-g. (a) 2 decreased

the steady state mRNA levels of ARE genes such as those encoding IL-1b (IC50 ¼ 3.7 ± 0.8 mM), Cox-2

(IC50 ¼ 2.1 ± 0.3 mM, Supplementary Fig. 3) and IL-6 (IC50 ¼ 2.4 ± 0.1 mM, Supplementary Fig. 3), but not

of CD14, a non-ARE gene (all data shown for 3 h post stimulation). (b) The protein levels of IL-1b and IL-6

were reduced by 2 (IL-1b, 3 h post stimulation: dashed line/diamonds, 24 h post stimulation, solid line/white

diamonds; IL-6: see Supplementary Methods). Compound 5 did not lead to any significant effects on mRNA or

protein levels of the observed cytokines at concentrations up to 30 mM (a and b). Data points represent relative

amounts normalized to the levels without induction. All data represent averages ± s.d. of at least three

independent samples and are representative for two independent experiments.

Figure 6 Effect of 1 and 2 on primary human T cells. (a) Upon T-cell

activation with anti-CD3 and anti-CD28 in a PBMC sample, endogenous

HuR (immunostained, orange) redistributes from the nucleus to the

cytoplasm in 82 % of all cells. HuR nucleocytoplasmic redistribution is

inhibited by 1 in a concentration-dependent manner. The chemically related

but in vitro–inactive control compound 5 did not show any effect on HuR

shuttling. Error bars, s.d. (b) 1 and 2 interfere with PBMC clustering upon

T-cell activation. The weaker activity of 1 is in accordance with the in vitro

data. Data represent averages ± s.d. of independent samples from three

individual donors.
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described previously37, but no biological activity data have been
reported for this substance so far. Finally, chemical intuition suggests
a possible link to another class of compounds (Fig. 1b). Chrysanthones,
which show a high structural similarity to 1, 2 and 3, were also
associated with antitumorigenic, antineoplastic, antiarthritic and
antiangiogenic effects38. A possible relation of these compounds to
HuR inhibition remains to be seen.

One may argue whether HuR inhibition is indeed desirable for
therapeutic intervention. Based on the literature so far, it is possible
that a knockdown of HuR will have fatal side effects on elementary
physiological processes. The gene name embryonic lethal, abnormal
vision (elav), which originates from the mutant phenotype of the
Drosophila melanogaster homolog, is self-explanatory. On the other
hand, previous studies with MS-444 report good pharmacokinetics
and low toxicity in mice (with a therapeutic window of at least five- to
ten-fold32,39), which suggests that HuR inhibition may not necessarily
affect essential processes in the adult organism. This finding is further
supported by the in vivo data for the chemically related chrysanthones
(Fig. 1b; ref. 38), should our assumption of a link to HuR hold true.

We conclude that the identified small-molecule inhibitors represent
a proof of concept for the chemical drugability of HuR. In addition,
the link to existing in vivo data provides a promising perspective for
both physiological tolerability and the conjectured benefits of HuR
inhibition in oncologic disease models. For an exploitation of HuR
inhibition in cancer treatment, however, a thorough study of all
associated in vivo effects will be essential. In the absence of viable
HuR knockout animals, the presented low-molecular-weight com-
pounds are valuable tools for developing HuR-targeting drugs.

METHODS
HuR-ARE assay and high-throughput screen. Recombinant human full-length

HuR (Swiss-Prot accession number Q15717), HuR12 (amino acids 2–189) and

5¢ terminally TMR-labeled RNA were prepared as described previously19.

Complex formation between HuRfl, HuR12 and ARE RNA from interleukin-2

(IL-2; 5¢-UAUUUAUUUAAAUAUUUAAAUUUUAUAUUUAUU-3¢), tumor

necrosis factor-a (TNFa; 5¢-AUUAUUUAUUAUUUAUUUAUUAUUU AUUUA

UUUA-3¢), cyclooxygenase 2 (Cox-2; 5¢-UAUUAAUUUAAUUAUUUA AUA

AUAUUUAUAUUAAA-3¢) or IL-1b (5¢-UAUUUAUUU AUUUAUUUGUUUG

UUUGUUUUAUU-3¢) was monitored under true equilibrium conditions by

determination of the fluorescence anisotropy with 2D-FIDA19,40. Competition

titrations were performed in presence of constant compound concentrations

(0, 1, 5 or 20 mM). The final DMSO concentration was 0.5% v/v in all ex-

periments. The HuR12 assay was miniaturized to the 1-ml format and run with

50,000 extracts (0.5% v/v) on an Evotec MarkII platform (Evotec Technologies)

in 2,080-well nanotiter plates (10 FIDA measurements of 1 s each per well). The

threshold for the selection of primary hits was set to an inhibition of the HuR-

induced anisotropy increase by at least 40% (that is, polarization P r 0.128 or

anisotropy r r 0.089). The Job plot was generated according to previous

descriptions23 by variation of molar RNA (TMR-labeled) and HuR fractions at

a constant RNA plus HuR concentration of 12 nM. The anisotropy of the

TMR-labeled RNA was measured with 2D-FIDA as described above and

converted into fraction bound as described in Supplementary Methods.

Translational diffusion times tdiff and molecular brightnesses of free or HuR-

complexed TMR or Cy3-labeled RNA were determined with fluorescence

correlation spectroscopy (FCS) or FIDA41. Data are representative of at least

three independent experiments and are averages from ten measurements each.

Isolation of compounds 1, 2, 3, 4 and 5 from microbial extracts. The active

extracts were fractionated into ten pools by RP-HPLC (LiChrospher RP-C18,

50 � 250 mm, 12 mm, Merck). The most active pools were further separated

into single substance peaks (Symmetry Shield RP-C8 column, 25 � 200 mm,

7 mm, Waters), yielding 1.2 mg of 1, 5.9 mg of 2, 1 mg of 3, 1 mg of 4 and

1.7 mg of 5. Structure elucidation was performed using standard spectroscopic

methods (IR, MS and NMR; Supplementary Methods).

Numerical simulations and curve fitting. Equations describing the equili-

brium fraction of HuR–RNA complexes (where y is the RNA fraction bound

and x is the total HuR concentration) were derived from the mass balances and

mass equilibria in the form F(y(x)) using Mathematica 5.0 (Wolfram Research).

The anisotropy data were translated into RNA fraction bound according to

y¼ (r – rmin)/(r – rmin + Qu(rmax – r)), where r is measured anisotropy, rmin and

rmax are anisotropies of free or HuR-complexed RNA, and Qu is quenching.

Numerical simulation and curve fitting was performed using a Mathematica

algorithm that is described in detail in Supplementary Methods and Supple-

mentary Figure 1. The following boundary conditions were defined by the

experimental conditions: Qu ¼ 0.88; RNA concentration ¼ 1.3 nM; HuR

concentration (x) ¼ 0, 0.8, 1.6, 2.4, 3.2, 6.4, 9.6, 16, 24, 40 or 80 nM (titration);

compound concentration ¼ constant at 1,000, 5,000 and 20,000 nM.

Microdialysis. To determine optimal spectral settings for RP-HPLC analysis, the

fluorescence excitation and emission spectra of compound 3 (500 nM in water)

were recorded on a Fluorolog-Tau-3 spectrofluorometer (Jobin Yvons) using the

manufacturer’s correction file for excitation correction and a photodiode in the

reference channel for correction of emission spectra for lamp fluctuations. Slide-

A-Lyzer mini dialysis units (Pierce) were filled with 50 ml of protein solution or

buffer (phosphate-buffered saline (PBS) supplemented with 0.1% w/v Pluronic

F-127, Molecular Probes) and mounted into wells of a 48-well cell culture plate

containing 400 ml of buffer. 1 ml of the compound solution in DMSO

(compound 3, 25 mM, compound 5, 125 mM; for competition experiment,

compound 3, 25 mM plus either compound 2 or compound 5, 1 mM) or DMSO

only were added to the upper compartment. After 24 h of dialysis, 45 ml from

each compartment was subjected to RP-HPLC quantification on a Symmetry

Shield RP-C8 column (3.5 mm, 4.6 � 50 mm, Waters) with a water/acetonitrile

gradient (5% to 80% in 15 min) with fluorescence detection at 370 nm

excitation, 465 nm emission. Data are representative of three independent

experiments and are averages from four independent samples.

SDS-PAGE and western blot. 50 ng of recombinant HuRfl or HuR12 were

preincubated with compounds 1, 2 or 4 for 60 min at room temperature

(circa 23 1C) in PBS, 0.2% Pluronic F-127 (DMSO constant at 2% v/v),

denatured in NuPAGE LDS sample buffer (Invitrogen) for 2 min at 70 1C and

run on a NuPAGE Bis-Tris gel (Invitrogen) under nonreducing conditions. The

bands were transferred onto a polyvinyldifluoride (PVDF) membrane by

standard semidry blotting. The membrane was blocked for 1 h with 5%

(w/v) skim milk (Beckton Dickinson) in PBS-T (PBS containing 0.02% (v/v)

Tween-20). HuR was detected with mouse monoclonal anti-human HuR

antibody raised against an N-terminal epitope unique to HuR (19F12, IgG1,

Molecular Probes) at 1 mg ml–1 in PBS-T (incubation overnight at 4 1C).

Polyclonal goat anti-mouse IgG, horseradish peroxidase-conjugated F(ab)2

(1 mg ml–1, 1:10,000 diluted in PBS-T, Pierce) was used as secondary antibody

(60 min incubation at room temperature). The presented data are representa-

tive of at least two independent experiments.

Cell culture. See Supplementary Methods.

Detection of endogenous HuR shuttling in PBMCs by confocal microscopy.

Freshly isolated PBMCs from three independent healthy donors were incubated

with the compounds for 4 h before stimulation. 24 h after activation, cells were

fixed with 0.4% v/v paraformaldehyde and preblocked for 1 h (PBS, 1% v/v

FCS, 1% v/v BSA, 1 mM EDTA). Endogenous HuR was stained with a

monoclonal antibody (rabbit IgG, 19F12, Molecular Probes) at 10 mg ml–1,

followed by incubation with an Alexa647-conjugated secondary antibody (goat

anti-rabbit IgG, Molecular Probes) at 2 mg ml–1 for detection. Cytospin

preparates were imaged on a noncommercial confocal multiparameter micro-

spectroscopy instrument. Briefly, the instrument is based on an Olympus IX70

inverted microscope and allows one to combine fluorescence imaging with

spectroscopy. Lasers are used for fluorescence excitation and are fiber-coupled

into the microscope via a laser-beam combiner (up to three lasers from seven

sources). A piezo-driven three-dimensional scanner (Physik Instrumente

GmbH) ensures high-resolution raster scanning. Fluorescence is detected on

two channels via fiber-coupled single-photon-sensitive avalanche photodiodes

(SPCM AQR13, Perkin Elmer). Instrumental control and data analysis are done
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via the Modular Imaging and Photon Statistics System (MIPSS, Evotec).

Experimental instrument settings used: HeNe laser at 633 nm for excitation,

90/10 excitation beamsplitter, 590 nm emission dichroic mirror, 690 ± 20 nm

emission bandpass filter. 60� objective (UApo, numerical aperture 1.2,

Olympus), 40 mm confocal pinhole, scan speed 1 ms per pixel, scan resolution

as specified. In each sample, at least 100 single cells were imaged and scored as

having either predominantly nuclear or predominantly cytoplasmic HuR

localization (characteristic cells illustrated in Fig. 4 and Supplementary

Fig. 5 online). The presented data represent averages of independent samples

from three individual donors.

Cytokine expression in activated human primary monocytes. See Supple-

mentary Methods.

Data statistics. Unless specified otherwise, all data show averages from at least

three independent samples (mean values ± s.d.) and are representative for at

least three independent experiments.

Accession codes. Swiss-Prot: Recombinant human full-length HuR was

deposited under accession number Q15717 as part of a previous study.

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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