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Among primary brain cancers, gliomas are the most deadly
and most refractory to current treatment modalities. Previous
reports overwhelmingly support the role of the RNA-binding
protein Hu antigen R (HuR) as a positive regulator of glioma
disease progression. HuR expression is consistently elevated in
tumor tissues, and a cytoplasmic localization appears essential
for HuR-dependent oncogenic transformation. Here, we report
HuR aggregation (multimerization) in glioma and the analysis of
this tumor-specific HuR protein multimerization in clinical
brain tumor samples. Using a split luciferase assay, a biolumi-
nescence resonance energy transfer technique, and site-di-
rected mutagenesis, we examined the domains involved in HuR
multimerization. Results obtained with the combination of the
split HuR luciferase assay with the bioluminescence resonance
energy transfer technique suggested that multiple (at least
three) HuR molecules come together during HuR multimeriza-
tion in glioma cells. Using these data, we developed a model of
HuR multimerization in glioma cells. We also demonstrate that
exposing glioma cells to the HuR inhibitor tanshinone group
compound 15,16-dihydrotanshinone-I or to the newly identi-
fied compound 5 disrupts HuR multimerization modules and
reduces tumor cell survival and proliferation. In summary, our
findings provide new insights into HuR multimerization in
glioma and highlight possible pharmacological approaches
for targeting HuR domains involved in cancer cell-specific
multimerization.

Hu antigen R (HuR)? is an RNA-binding protein belonging to
the ELAV gene family that binds to AU-enriched motifs and
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regulates mRNA splicing, stabilization, and translation (1).
ELAV was initially discovered in Drosophila where it was found
to be essential for development (2—4). In the adult or mature
CNS, HuR is primarily localized in the nucleus of unstressed
and non-proliferating cells. HuR actively moves to the cyto-
plasm during cellular proliferation and stress where it is a major
regulator of selective protein expression through its capacity to
control targeted mRNA and miRNA behavior (5, 6). HuR is
overexpressed in several types of cancer including colorectal,
brain, lung, and breast (7-9). HuR promotes tumor progression
through regulation of mRNA and miRNA pools involved in
proliferation, differentiation, and survival of the transformed
cell (10-13). The cell-transforming capacity of HuR in cancer
cells may be the result of a number of mechanisms including
its overexpression, alterations in phosphorylation, subcellular
localization, and generation of HuR aggregates or multimers
that promote oncogenic transformation of mRNA and miRNA
content (14-22).

The mechanisms of HuR phosphorylation, subcellular traf-
ficking, and mRNA binding are well-established in cancer cells
(23-27). However, despite the influence on HuR function (sub-
cellular localization and mRNA binding), the mechanisms of
HuR aggregation (referred to as multimerization) observed in
numerous types of cancers remain unknown. HuR consists of
three mRNA-binding domains (RRM1, RRM2, and RRM3) and
a hinge region (between RRM2 and RRM3 domains), which has
been implicated in the control of HuR subcellular trafficking
and affinity for mRNA targets (28, 29). The tertiary structure of
HuR has been identified for truncated HuR oligomers com-
posed of RRM1-RRM2 domains; however, the structure of full-
length HuR is only available by computational simulation (30 —
32). Currently, there are three distinct HuR regions that could
be involved in the formation of multimers: the N-terminal
domain containing the cysteine (Cys'?) residue, the hinge
region with several phosphorylation sites, and the N-terminal
part of RRM3 containing Trp>®* and Trp*”* residues (30-33).
The Cys'? residue has been implicated in disulfide bond for-
mation in HuR RRM1-RRM2 oligomers, and the hinge and
RRM3 domains have been implicated in homo- and heteroge-
neous helical hydrophobic interactions between ELAV fam-
ily members.

C-terminal piece of firefly luciferase; dox, doxycycline; IDH1, isocitrate dehy-
drogenase-1; Rlug, Renilla luciferase; ELAV, embryonic lethal abnormal vision.
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HuR oligomerization has been reported in the cytoplasmic
fractions of the U87 cell line; HeLa cell line derived from cervi-
cal cancer; and LNCaP, PC3, and DU-145 prostate cancer cell
lines (18, 25, 34, 35). In our current study, we performed a
detailed analysis of HuR multimerization in samples of primary
brain tumor, primary patient-derived glioblastoma xenolines
(PDGx), and the established glioma U251 cell line. We found a
significant increase in HuR multimerization with advanced
tumor grade. We observed HuR multimer formation in tumor
samples predominantly in the cytoplasmic fraction. The multi-
mers can be reduced to dimers or disrupted by exposure to the
HuR-specific regulator MS-444, the tanshinone group com-
pound 15,16-dihydrotanshinone-I (DHTS), or the newly iden-
tified compound 5. We developed and utilized several novel
assays including split firefly luciferase assay (N- and C-terminal
parts of firefly luciferase were attached to the C-terminal end
of HuR) and bioluminescence energy transfer (BRET) assay
(between HuR-Renilla luciferase and EGFP-HuR or HuR-EGFP
constructs) to analyze HuR multimerization in U251 cells and
to map HuR domains that may be involved in multimerization.
By using the split luciferase assay and BRET technique in con-
junction with the mutagenesis of HuR, we were able to confirm
that the cysteine residue Cys'?, HuR hinge, and RRM3 domains
make significant contributions in HuR multimer formation.
The removal of the hinge and/or RRM3 domains from the HuR
molecule significantly decreases the chances of HuR multimer
formation. The C13R mutation, in addition to removing the
hinge and RRM3 domains, further impairs HuR multimeriza-
tion. In summary, we provide new insights into HuR multi-
merization in glioma and highlight possible pharmaceutical
pathways for its tumor cell-specific disruption based on
the differentiation of targeted domains involved in HuR
multimerization.

Results

HuR expression and subcellular localization in brain tumor
samples

In a recent report, we observed HuR overexpression in brain
tumor samples compared with control samples and noted a
significant reduction of survival length for patients with higher
HuR expression (16). In this report, we extend those results
with an analysis of HuR expression and subcellular distribution
in an array of brain tumor samples (World Health Organization
(WHO) grades I-1V) and control brain tissue. Fig. 14 illustrates
the low intensity of HuR staining in control brain samples and
the striking enhancement in HuR intensity and cytoplasmic
localization with increasing tumor grade. We observed weak
HuR cytoplasmic staining in three of seven samples from con-
trol brain, weak to moderate HuR cytoplasmic staining in 14 of
27 samples from low-grade astrocytoma (WHO grades II and
I1I), and moderate to strong HuR cytoplasmic staining in 13 of
15 high-grade astrocytoma (GBM, WHO grade IV) samples
(Fig. 1A). Fig. 1B presents the normalized weight of HuR inten-
sity detected in the tissue microarray from control, low-grade,
and high-grade (GBM) samples. Fig. 1C illustrates examples of
HuR protein distribution in nuclear and cytoplasmic fractions
of control and GBM samples detected by a Western blotting
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Figure 1. HuR protein expression in normal and brain tumor tissues. A,
immunohistochemical detection of HuR in tissue microarray of normal and
brain tumor samples. The images were taken at 40X magnification. B, graph
representing the averaged HuR intensity detected in tissue microarray for
normal, low- (WHO grades Il and Ill), and high-grade GBM (WHO grade V)
brain tumor samples. The HuR intensity was normalized to the HuR averaged
value in GBM samples. The difference is significant between normal and GBM
samples with p = 0.05 (*). C, example of the assessment of HuR subcellular
distribution (nuclear (nuc)/cytoplasmic (cyt) fractions) in control and brain
tumor samples by Western blotting. Lamin A/C and GAPDH antibodies were
used to confirm nuclear and cytoplasmic fractions, respectively. D, graph rep-
resenting the averaged HuR protein expression detected by Western blotting
(in nuclear and cytoplasmic fractions) in GBM samples compared with the
control (Contr). The HuR data were normalized to the GAPDH expression for
cytoplasmic fractions and to lamin A/C for nuclear fractions, then averaged
for each tissue group, and finally normalized to the averaged values of
nuclear control and cytoplasmic control, respectively. The difference
between groups is significant with p = 0.04 (*) for both nuclear and cytoplas-
mic fractions. The error bars represent S.D. calculated for each group.

technique. In the control samples, HuR was localized to the
nuclear fraction and was almost below detection in the cyto-
plasmic fraction. In high-grade (GBM) samples, HuR resided
in both nuclear and cytoplasmic fractions. On average, we
observed 1.7 = 0.26 (p = 0.04, n = 5)- and 1.6 = 0.19 (p = 0.04,
n = 5)-fold enhancement in the HuR protein in the nuclear and
cytoplasmic fractions, respectively, in tumor samples com-
pared with control brain (Fig. 1D). The HuR values were nor-
malized to GAPDH in the cytoplasmic fraction and to lamin
A/C in the nuclear fraction. In summary, these results demon-
strate increased HuR expression and increased redistribution
from the nuclear compartment to the cytoplasm with increas-
ing tumor grade.

HuR multimerization in clinical brain tumor samples

HuR has been reported in the cytoplasmic fraction of several
types of cancer, and dimer or multimer formation in vitro has
been implicated in HuR function (18, 25, 34, 35). To evaluate
the degree of HuR multimerization in brain tumor samples, we
analyzed HuR content under non-reducing/non-denaturing
conditions by Western blotting. Fig. 24 illustrates HuR content
in the cytoplasmic fraction of control and high-grade GBM
samples in non-reduced/non-denatured conditions versus
reduced/denatured conditions. The presence of HuR multim-
ers was observed in GBM samples compared with a predomi-
nantly monomeric HuR appearance in the control samples.
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Figure 2. Assessment of HuR protein multimerization in control and
brain tumor samples by Western blotting. A, examples of HuR protein
dimerization/multimerization detected in non-reducing and non-denaturing
conditions (N) versus reducing and denaturing conditions (R) in control and
tumor samples. Note that lanes 7 and 2, 3and 6,4 and 7,and 5 and 8 represent
proteins from the same samples at two different conditions. Each lane was
loaded with an equal amount of protein. The actin level served to confirm
equal loading. Note that the actin antibody has differing ability to recognize
actin in the non-denatured, non-reduced condition compared with the dena-
tured, reduced condition. The protein ladder is shown in lane M; the arrows
correspond to 30 (monomeric HuR; m), 50 (7), 60 (2), 90 (3), and 120 kDa (4)
molecular masses. B, examples of HUR protein multimerization in the non-
reduced and non-denatured condition in cytoplasmic (cyt) and nuclear (nuc)
fractions of the tumor sample. Lamin A/C and a-tubulin antibodies were used
to confirm nuclear and cytoplasmic fractions, respectively. C, examples of
HuR protein dimerization/multimerization from the same tumor sample in
four different conditions: non-denatured and non-reduced (lane 1), pre-
treated with RNase A/T (lane 2), pretreated with B-mercaptoethanol (lane 3),
and pretreated with both RNase A/T and 3-mercaptoethanol (lane 4).

Table 1 summarizes the analysis of HuR protein multimeriza-
tion in the cytoplasmic fraction of control samples (n = 4) and
brain tumors of different grades, low-grade astrocytoma (WHO
grade I; n = 3) and high-grade (GBM WHO grade IV; n = 5).
We conclude that there is an increase in HuR multimerization
with an increase in tumor grade: four of five GBM samples
exhibited HuR bands of high molecular weight (bands 3 and 4)
with strong intensity compared with no high-molecular-weight
HuR bands with strong intensity in control samples. The low-
grade tumors exhibited high-molecular-weight HuR bands
(bands 3 and 4) with low and medium intensity. HuR multim-
erization was observed predominantly in the cytoplasmic frac-
tion and to a limited extent in the nuclear fraction of tumor
samples (Fig. 2B). Similar results were detected in five of five
tumor samples. To evaluate the nature of HuR multimerization
in brain tumors, RNase treatment was used to exclude RNA as
a cofactor promoting HuR multimerization, and treatment
with B-mercaptoethanol was used to assess the role of disulfide
bond formation in HuR multimerization. In Fig. 2C, HuR mul-
timerization is illustrated in the cytoplasmic fraction of a GBM
sample in non-reduced/non-denatured conditions before
treatment (lane 1), after treatment with RNase A/T (lane 2),
after treatment with B-mercaptoethanol (lane 3), and after
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Table 1

HuR multimerization

The numbers in parentheses in the second, third, and fourth columns represent the
number of samples exhibiting the corresponding HuR band with the particular
molecular mass and intensity. The band molecular masses are indicated in the first
column: 30 kDa (monomer), 50 kDa (1), 60 kDa (2), 90 kDa (3), and 120 kDa (4). The
band intensity is indicated as weak (w), medium (m), and strong (str).

Control Low grade High grade

Band no. (n=4) (n=3) (n=25)
Monomer w (1) w (0) w (0)
Monomer m (2) m (3) m (3)
Monomer str (1) str (0) str (2)

1 w (1) w (2) w (1)

1 m (0) m (0) m (0)

1 str (0) str (1) str (4)

2 w (1) w (1) w(2)

2 m (0) m (0) m (1)

2 str (3) str (0) str (0)

3 w (2) w (0) w (1)

3 m (0) m (2) m (1)

3 str (0) str (0) str (3)

4 w (2) w (3) w (0)

4 m (0) m (0) m (1)

4 str (0) str (0) str (4)

treatment with RNase A/T plus B-mercaptoethanol (lane 4).
Four of four analyzed GBM samples exhibited a similar pattern
and reveal that HuR multimerization in GBM is not sensitive to
RNase treatment but is partially reduced by B-mercaptoetha-
nol. These results reveal an RNA-independent and tumor-spe-
cific HuR multimerization predominantly in the cytoplasmic
fraction of transformed cells.

HuR multimerization in glioma cell lines

In agreement with the data generated in brain tumor tissue
samples, we observed HuR multimerization in both established
(U251) (Fig. 3A) and primary PDGx cell lines (supplemental Fig. 1)
predominantly in the cytoplasmic fraction. We confirmed that
a HuR/HuR interaction occurred in the cytoplasmic fraction by
coimmunoprecipitation of endogenous HuR with a HuR-EGFP
construct transiently transfected into the U251 cell line (Fig.
3B). We did not detect HuR coimmunoprecipitation with EGFP
alone as a control. To identify HuR multimerization in living
cells, we developed a split luciferase assay based on the recon-
stitution of firefly luciferase enzymatic activity during HuR
protein multimerization resulting from the fusion of the N-ter-
minal (amino acids 2—416) and C-terminal (amino acids 398 —
550) parts of firefly luciferase attached to the HuR protein. The
system is detailed in Fig. 4A. As controls, the N-terminal piece
of firefly luciferase (Nluc), C-terminal piece of firefly luciferase
(Cluc), full-length firefly luciferase (Fluc), and HuR-Fluc con-
structs were created (Fig. 4B). We generated several doxycy-
cline (dox)-inducible stable cell lines: (@) cell lines coexpressing
HuR-Nluc and HuR-Cluc constructs to detect HuR multim-
erization, () cell lines coexpressing Nluc and Cluc constructs
as a control, (¢) cell lines expressing HuR-Fluc as a control, and
(d) cell lines expressing Fluc as a control (Fig. 54). Fig. 5B illus-
trates the averaged luminescence signal from the above cell
lines with similar levels of construct induction. Note that the
cell line coexpressing HuR-Nluc and HuR-Cluc constructs
exhibits strong luminescence signal in the presence of the lucif-
erase substrate luciferin, confirming HuR/HuR interaction in
the U251 cell line. The averaged ratio of luminescence signal
from HuR-Nluc+HuR-Cluc to background showed a 27 =
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Figure 3. Assessment of HuR protein multimerization in protein samples
from U251 glioma cell line. A, example of HuR protein multimerization in the
non-reduced and non-denatured condition in cytoplasmic (cyt) and nuclear
(nuc) fractions detected by Western blotting. Actin served to confirm equal
protein loading. The framed inset represents HUR distribution in nuclear and
cytoplasmic fractions in the reduced and denatured condition. Lamin A/C
and a-tubulin antibodies were used to confirm nuclear and cytoplasmic frac-
tions, respectively. B, example of coimmunoprecipitation of endogenous HUR
protein (30 kDa) with HuR-EGFP protein (50 kDa) transfected in the U251 cell
line and with EGFP (20 kDa) as a control. Immunoprecipitation (/P) of HuR-
EGFP protein or EGFP was performed using EGFP antibody; immunoblotting
(IB) was performed using HUR3A2 antibody. The lanes correspond to input
(lane 1), immunoprecipitation using rabbit IgG antibody (/ane 2), and immu-
noprecipitation using EGFP antibody (/ane 3).
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Figure 4. Schematic illustration of reporter constructs utilized in split
firefly luciferase assay to detect HuR dimerization. A, the HuR constructs
to detect HUR dimerization. Nluc corresponds to amino acids 1-398 of firefly
luciferase, and Cluc corresponds to amino acids 394 -550 of firefly luciferase.
Both were fused with HuR (see “Experimental procedures” for details). B, sets
of control constructs utilized in the split firefly luciferase assay (see “Experi-
mental procedures” for details).
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Figure 5. Confirmation of HuR protein dimerization in split firefly lucif-
erase assay. A, illustration of the expression of reporter proteins encoded by
dox-inducible reporter constructs utilizing denatured and reduced Western
blotting technique. There are no oligomer and multimer protein complexes
in these blots because of the denatured and reduced condition. Arrows a and
b mark HuR-Nluc and HuR-Cluc denatured and reduced monomeric proteins,
respectively, detected in the protein lysates from cells coexpressing HuR-Nluc
and HuR-Cluc constructs; arrows ¢ and d mark Nluc and Cluc, respectively,
detected in the protein lysate from cells coexpressing Nluc and Cluc con-
structs; arrow e marks HuR-Fluc detected in the protein lysate from cells
expressing the HuR-Fluc construct; and arrow f marks Fluc detected in the
protein lysate from cells expressing the Fluc construct. a-Tubulin was used to
confirm equal protein loading. The constructs were detected using luciferase
antibody (Promega), which recognizes epitopes on the N and C termini of
firefly luciferase (see “Experimental procedures”). At least two clones were
generated for each condition (A-H). B, the averaged luminescence signals
detected from the reporter stable cell lines with a similar level of construct
induction in the presence of the firefly luciferase substrate p-luciferin (see
“Experimental procedures” for details). The error bars represent S.D. for each
group.

6-fold (n = 8) increase. To reduce the chance of the reporter
forming multimers with endogenous HuR, we transfected the
HuR-Nluc+HuR-Cluc stable cell line with siRNA against the
3’-UTR of endogenous HuR to decrease endogenous HuR pro-
tein expression. In this setting, we measured an enhanced ratio
of luminescence signal from HuR-Nluc+HuR-Cluc to back-
ground of 71 £ 7 (n = 11)-fold, whereas the opposite condition
of transfection of the HuR-Nluc+HuR-Cluc stable cell line
with recombinant HuR (without Nluc or Cluc tags) decreased
the ratio of luminescence signal from HuR-Nluc+HuR-Cluc to
15 *= 2-fold relative to background (n = 4). Thus, our data
confirm HuR multimerization in the U251 cell line and validate
the use of the HuR-Nluc+HuR-Cluc system for the detection of
this process.

Cysteine 13, hinge, and RRM3 HuR domains regulate HUR
multimerization

Several HuR domains including the N-terminal disulfide
bond formed by cysteine 13, the hinge region between RRM2
and RRM3, and the RRM3 domain could be implicated in HuR
multimerization. To determine whether the hinge and RRM3
domains of HuR are involved in the multimerization process,
we generated dox-inducible stable cell lines expressing full-
length HuR or truncated HuR versions fused with N- and C-ter-
minal parts of firefly luciferase. The truncated constructs are
truncated before the hinge region (residue 198) or after the
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Figure 6. Assessment of HuR oligomerization domains in split firefly
luciferase assay using reporter constructs with truncated and mutated
HuR. A, schematic illustration of truncated and mutated HuR constructs used
in splitfirefly luciferase assays (see “Experimental procedures”). The inset illus-
trates subcellular distribution of HUR-EGFP, HuR/244-EGFP (without RRM3
(RM3)), and HuR/198-EGFP (without hinge and without RRM3) constructs.
Note that HuR proteins with deleted hinge regions lack the HuR nuclear local-
ization signal and reside in the cytoplasmic fraction. The HuR proteins with
only RRM3 domains deleted have nuclear/cytoplasmic distribution similar to
that of full-length HuR. The subcellular distribution of the above constructs is
in agreement with previous data (28). B, graph representing averaged relative
luminescence signals from cells coexpressing dox-inducible HuR/198-Nluc
and HuR/198-Cluc (i), HuR/244-Nluc and HuR/244-Cluc (ii), HuR/C13R/198-
Nluc and HuR/C13R/198-Cluc (iii), and HuRw-NIuc and HuRw-Cluc (iv) con-
structs. Note that averaged luminescence signals from HuR/198-Nluc and
HuR/198-Cluc (i), HuR/244-Nluc and HuR/244-Cluc (ji), and HuRw-Nluc and
HuRw-Cluc (iv) cell lines significantly exceed background luminescence sig-
nal (v). The error bars represent S.D. for each group.

hinge region (residue 244), and all are fused with the Nluc and
Cluc parts of firefly luciferase (Fig. 6A4). We were able to detect
luminescence signal in the split luciferase assay from HuR-Nluc
and HuR-Cluc constructs truncated before and after the hinge
region but at significantly reduced signal intensity relative to
the full-length constructs. The HuR construct without hinge,
without RRM3, and with the C13R mutation failed to generate
a luminescence signal above the background level in the split
luciferase assay. Fig. 6B illustrates relative luminescence signal
normalized to the protein expression of the above cell lines,
confirming that the residue Cys"'?, hinge, and RRM3 domain of
HuR are required for the HuR multimerization process.

Analysis of HuR multimerization by BRET technique

To confirm and validate the properties of HuR multimeriza-
tion, we used a BRET technique between HuR-Renilla lucifer-
ase and HuR-EGFP or EGFP-HuR constructs (Fig. 7A). By fus-
ing the EGFP protein either to the N terminus or C terminus of
HuR, we were able to evaluate the properties of HuR orienta-
tion in multimer formation. The HuR-Renilla luciferase alone
or together with HuR-EGFP or EGFP-HuR constructs were
transfected into U251 cells, and the BRET ratio was analyzed in
the presence of coelenterazine h or native coelenterazine (see
“Experimental procedures”). The PRKAR2A-EGFP construct
was used as a control and did not alter the HuR-Renilla lucifer-
ase spectrum. The averaged BRET ratio detected at 510 nm was
0.23 = 0.05 (n = 5) for HuR-Renilla luciferase plus HuR-EGFP
constructs and 0.21 = 0.06 (n = 5) for HuR-Renilla luciferase
plus EGFP-HuR constructs (Fig. 7B). The difference was not
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Figure 7. Confirmation of HuR dimerization by BRET technique. A, sche-
matic representation of HuR constructs (HuR fused with Renilla luciferase and
HuR fused with green fluorescent protein on N or C terminal end) utilized in
BRET assay. B, graph representing averaged BRET ratios of 0.23 = 0.05 (n = 5)
for HuR-Renilla luciferase plus HUR-EGFP and 0.21 = 0.06 (n = 5) for HuR-
Renilla luciferase plus EGFP-HUR constructs, respectively. The error bars rep-
resent S.D. for each group. The difference between the two groups is not
significant (p > 0.05). C, examples of superimposed emission spectra (from
410 to 570 nm; 10-nm individual measurement interval) for HuR-Renilla lucif-
erase plus scrambled vector (marked with black squares) and HuR-Renilla
luciferase plus HUR-EGFP constructs (marked with red squares) in the pres-
ence of Renilla luciferase substrate native coelenterazine. The luminescence
signals at wavelengths 480 = 10 and 520 * 10 nm were used to calculate the
BRET ratio (see “Experimental procedures” for details).

significant, suggesting that HuR molecules have equal probabil-
ity of converse and direct orientations in multimers. Fig. 7C
illustrates examples of spectra detected from U251 cells trans-
fected with HuR-Renilla luciferase alone or with HuR-Renilla
luciferase plus HuR-EGFP.

To confirm that at least three HuR molecules may come
together for multimerization, we developed a BRET assay
between the split luciferase assay constructs consisting of HuR-
Nluc and HuR-Cluc (which when reconstituted would generate
firefly luciferase activity) and a HuR-DsRed (red fluorescent
protein fused with HuR) construct (Fig. 8A4). The HuR-
Nluc+HuR-Cluc stable cell line was transfected with the HuR-
DsRed construct for BRET detection and cotransfected with
siHuR against the 3'-UTR of endogenous HuR to improve the
interaction among recombinant HuR-Nluc, HuR-Cluc, and
HuR-DsRed proteins in these experiments. The BRET was ini-
tiated by the addition of the firefly luciferase substrate luciferin.
The averaged BRET ratio between HuR-Nluc plus HuR-Cluc
constructs and HuR-DsRed construct detected at 590 nm was
0.41 £ 0.1 (n = 4) (Fig. 84), confirming that at least three HuR
molecules may coexist in multimers. Based on the above
results, we developed a model of HuR multimerization (pre-
sented in Fig. 8B). We propose that HuR multimerization is
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Figure 8. Confirmation of HuR multimerization by combined split firefly
luciferase and BRET assays. A, schematic representation demonstrating
detection of HUR multimerization in combined split firefly luciferase and BRET
assays (left). The graph provides averaged BRET ratio detected between firefly
luciferase reconstituted during HuR dimerization in split luciferase assay and
HuR-DsRed fluorescence construct coexpressed in the same cells (see “Exper-
imental procedures” for details). The error bars represent S.D. p-Luciferin was
used as a firefly luciferase substrate. The inset illustrates the difference
between the superimposed and normalized emission spectra of BRET condi-
tion (from cells coexpressing HuR-Nluc, HuR-Cluc, and HuR-DsRed constructs)
and the control condition (cells coexpressing HuR-Nluc, HuR-Cluc, and DsRed
constructs). The spectrum difference is presented from 540 to 610 nm with
10-nm individual measurement interval. The averaged ratio of the signal at
590 nm to the signal at 570 nm was 0.81 = 0.1 (n = 4) for control and 1.22 =
0.1 (n = 4) for BRET condition. The expression of endogenous HUR was
decreased by using siHUR against HUR 3'-UTR (see “Experimental procedures”
for details). B, potential models of HUR multimerization and dimerization. The
HuR tetramer and trimer models (left and center, respectively) include concur-
rent disulfide bond formation between HUR N termini and hydrophobic olig-
omerization of hinge and RRM3 domains. HuR dimerization models (right)
rely on formation of a disulfide bond between HuR N termini or oligomeriza-
tion of hinge and RRM3 domains.

influenced by disulfide bond formation between Cys'® residues
and oligomerization with the hinge and RRM3 domains of HuR
(see “Discussion”). This model is consistent with the congruent
BRET ratio between HuR-Renilla luciferase and HuR-EGFP or
EGFP-HuR constructs observed in the experiments above.

Disruption of HUR multimerization in tumor cells

Fig. 9 illustrates that HuR multimerization may be disrupted
by () the tanshinone group compound DHTS, which has been
implicated in HuR/RNA interaction (36), and (b) the new com-
pound 5, which has been identified as a regulator of hinge
region function (supplemental Fig. 2). We used the identified
HuR-specific inhibitor MS-444 (37) as a control (supplemental
Fig. 3). Note the specific and robust inhibition of HuR multimer
formation after short (6 —8-h) treatment with MS-444 that was
specific for the luminescence signal from HuR-Nluc+HuR-
Cluc-expressing cells compared with the luminescence signal
from control cells expressing the Fluc construct. Fig. 94, panel
a, illustrates the inhibitory dose response of DHTS on HuR
multimerization after 1.5 h of treatment. Fig. 94, panel b, illus-
trates the inhibitory dose response of compound 5 on HuR
multimerization (after 6—8 h of treatment). A specific and
robust inhibition of HuR multimer formation is noted. In Fig.
9B, we show the cytotoxicity curves for DHTS (panel a) and
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Figure 9. Disruption of HuR multimerization is toxic for tumor cells. A,
dose-response curves of inhibition of HUR multimerization detected in
reporter assay for compounds DHTS (1.5 h of treatment; panel a) and com-
pound 5 (6 -8 h of treatment; panel b). The red circles represent luminescence
signal from U251 cells coexpressing HuR-Nluc and HuR-Cluc constructs, the
blue circles represent luminescence signal from U251 cells expressing Fluc
construct. For each experiment, data were normalized to the value of lumi-
nescence signal before treatment. The error bars represent S.D.1C5, =20 = 6
um (n = 4) for DHTS, and IC;, = 21 £ 6 um (n = 5) for compound 5. B,
cytotoxicity dose responses for DHTS (24 h of treatment; panel a) and com-
pound 5 (24 h of treatment; panel b) on the U251 cell line. The error bars
represent S.D. C, cytoplasmic and nuclear HuR values detected by Western
blotting after short (panel a) and long (panel b) cell treatments with com-
pounds MS444 (50 um; lane 1), DHTS (25 um; lane 2), compound 5 (25 um; lane
3), and DMSO control (lane 4). The short treatment corresponds to 6 h for
MS444 and compound 5 and to 1.5 h for DHTS. The long treatment corre-
sponds to 24 h for all compounds. The HuR values were normalized to the
actin value in the cytoplasmic fraction and to lamin A/C in the nuclear frac-
tion. Note the decrease of the cytoplasmic HuR level by 84, 95, and 90% after
24 h of treatment with compounds MS444, DHTS, and compound 5, respec-
tively, compared with control (panel b). Lamin A/C antibody was used to con-
firm the separation of nuclear and cytoplasmic fractions.

compound 5 (panel b) on the U251 cell line; those for PDGx
lines are shown in supplemental Fig. 4. We did not detect a
significant alteration in total HuR cytoplasmic levels at the
1.5-h time point for DHTS (50 um) or at the 6-h time point for
MS-444 (up to 100 um) or compound 5 (50 um) (Fig. 9C, panel
a). However, we did observe a dramatic decrease in the cyto-
plasmic HuR level after 24 h of treatment with compounds
MS-444 (by 84%; lane 1), DHTS (by 95%; lane 2), and com-
pound 5 (by 90%; lane 3) compared with the cytoplasmic HuR
in untreated cells (lane 4) (Fig. 9C, panel b). Similar results were
observed in three experiments. Thus, we conclude that the dis-
ruption of HuR multimerization could be achieved through the
specific targeting of different HuR domains and leads to a
decrease in tumor progression.

Discussion

In our current work, we have developed several lines of evi-
dence confirming the formation of HuR multimers in the cyto-
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plasmic fraction of brain tumor cells. We confirmed HuR pro-
tein multimerization by Western blotting, split HuR-firefly
luciferase assay, and BRET in living cells. The combination of
split HuR-luciferase assay with BRET technique suggests that at
least three HuR molecules come together in glioma cells during
HuR multimerization. Based on our data, we have developed a
model of HuR multimerization in cancer cells. Our data sup-
port the role of HuR protein multimerization as a promoter of
the neoplastic process. By utilizing BRET and split luciferase
assays with truncated and full-length HuR constructs, we dem-
onstrated that the HuR hinge region and the RRM3 domain
play a significant role in HuR multimerization in living cells. We
found that a loss of the hinge region causes an accumulation of
the recombinant HuR protein in the cytoplasmic fraction but
with a significantly impaired ability for dimerization/multim-
erization. The HuR without RRM3 (but with hinge region)
exhibits less protein in the cytoplasmic compartment but has a
better chance for multimerization compared with the HuR that
loses RRM3 and hinge together. Our data are in agreement with
the RRM3 dimerization model proposed by using Brownian
dynamics, molecular dynamics, and computational data analy-
sis (29, 31, 32). The yeast two-hybrid system screening of HuR
oligomerization domains also confirmed that the hinge and
RRM3 regions of HuR are essential for HuR/HuR interaction
(33). In addition, the analyses of truncated and full-length HuR
protein binding with RNA indicate that the RRM3 domain is
required for cooperative assembly of HuR oligomers on RNA
(29). The comparison of primary sequences of ELAV family
members confirmed that the HuR RRM3 domain has strong
homology with HuC and HuD proteins; however, the hinge
regions are very diversified. Interestingly, the oligomerization
of full-length HuC and HuD proteins strongly relies on the
hinge and RRM3 domains (38, 39). Thus, there is a substantial
consensus that the RRM3 and hinge regions contribute to
ELAV protein oligomerization and the unique sequence of the
hinge region may serve as a novel molecular target for thera-
peutic development.

One of the intriguing and unique aspects of HuR multim-
erization noted in our work is the sensitivity of HuR multimers
to redox condition. The HuR C13R mutant without the hinge
and without RRM3 fails to generate a luminescence signal
above the background level in the split luciferase assay. The
sensitivity of HuR multimerization to redox changes could be
explained by disulfide bond formation between cysteine (Cys*?)
residues, which have been implicated in the process of RRM1
and RRM1-RRM2 HuR dimer formation (33). The exclusively
monomeric state has been reported for the HuR C13A (amino
acids 2—189) construct, confirming the stringent dependence
of the HUR RRM1-RRM2 dimerization on disulfide Cys'*—
Cys'? bond formation (30). The analysis of primary sequences
of ELAV family members revealed that HuR is the only protein
of the ELAV family members that has the Cys' residue on the
N terminus. The in situ S—S bond-dependent chemical cross-
linking of HuD proteins in multimer modules suggests that the
redox state-dependent multimerization of HuD proteins may
exist at the cellular level in certain pathological conditions and
may rely on cysteine residues probably located in the RRM3
domain of HuD (38). There are no reports of redox-sensitive
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HuD multimerization in normal physiological conditions.
Although HuR multimerization has been observed in several
cell lines, the functional role of HuR oligomerization and mul-
timerization remains uncertain. HuR multimerization may
occur prior to mRNA binding as well as allosterically during
HuR-mRNA complex formation (24, 29, 36). We believe
that HuR multimerization impacts HuR function such as affect-
ing HuR-mRNA binding, HuR ability to participate in splicing,
HuR subcellular localization, or HuR stability. The disruption
of HuR dimerization by low-molecular-weight compounds
through the interaction with RRM1-RRM2-hinge HuR core
or hinge-RRM3 domains in vitro significantly diminishes
HuR-mRNA binding and ultimately leads to the reduction in
cancer cell proliferation and survival (36, 37, 40, 41). However,
the modification of HuR function should be done with caution,
using cell-specific targeting, because of potential side effects on
normally proliferating cells.

In Fig. 8B, we propose a model of HuR multimerization in
cancer cells that combines the interactions of several HuR-oli-
gomerizing domains. This model includes disulfide bond for-
mation (Cys'®>~Cys'?) between N-terminal regions of HuR and
at the same time oligomerizations of hinge and RRM3 HuR
domains. Current HuR tertiary models are based on biochem-
ical data with limited sets of physiological variables and com-
putational analysis of truncated HuR constructs only designed
to simulate HuR dimerization (28 —33). Our HuR tertiary model
is built on quantitative data from living cells with truncated and
full-length HuR constructs. The cell-based environment and
native full-length HuR molecule allowed us to reveal complex
interactions between HuR-oligomerizing domains that may be
different in nature compared with biochemical assays. Impor-
tantly, this model of HuR multimerization is supported by the
congruent BRET ratio for HuR fused to either the N or C ter-
minus with fluorescent protein that was observed in our BRET
assay experiment between HuR-Renilla luciferase and HuR-
EGFP or EGFP-HuR constructs.

The formation of HuR multimers is most likely a complex
process, which could be influenced by intracellular conditions
(like redox state, pH, and ionic strength), cofactors (like mRNA
and protein partners), or post-translational modifications (like
phosphorylation/dephosphorylation, methylation, and acetyla-
tion). Primary brain tumors are characterized by oxidative
stress, abnormal patterns of protein phosphorylation, and
abnormal protein localization (12-14, 16, 21, 27, 42, 43). Par-
ticularly, the oxidative stress in brain tumors is well-established
and could be caused by known oncogenic or metabolic
alterations such as isocitrate dehydrogenase-1 (IDH1) Arg'*?
mutations, mitochondrial dysfunction, ATP withdrawal, or
inflammatory conditions related to viral infection (44.—48).
Supplemental Fig. 5 illustrates an induction of the HuR/HuR
multimerization in stress conditions evoked by coexpression of
endogenous IDH1 and recombinant IDH1 R132H mutant in
U251 cells, suggesting that HuR multimerization may be regu-
lated on the post-translational level. Indeed, cellular stress and
ATP depletion are significant factors involved in HuR cytoplas-
mic shuttling and induction of the antiapoptotic function in
normal and cancer cells (49 —52). The influence of HuR phos-
phorylation/dephosphorylation on HuR oligomerization and
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subcellular localization has been reported in cancer cells (18,
34, 35, 52). Alterations of HuR phosphorylation in the hinge
region affect HuR nuclear/cytoplasmic shuttling, assembly in
stress granules, and attachment to centrosomes (1, 26, 27, 52).
Thus, HuR multimerization influenced by the cellular environ-
ment could be considered as an adaptative survival mechanism
of cancer cells under stress conditions. Overall, our work pro-
vides an understanding of HuR multimerization in cancer cells
and highlights specific pathways for its disruption.

Experimental procedures
Cell culture and patient material

The XD459 and JX10 primary PDGx lines were previously
established from human brain tumor tissue (10). The U251 cell
line was purchased from the American Type Culture Collection
(ATCC, Manassas, VA). The U251 Tet-On cell line was previ-
ously developed from the U251 cell line by using pTet-On
plasmid (Clontech) (10). The stable cell lines U251 Tet-On-
(HuR-Nluc+HuR-Cluc), U251 Tet-On-(Nluc+Cluc), U251
Tet-On-(HuR-Fluc), U251 Tet-On-(Fluc), U251 Tet-On-
(HuR198-Nluc+HuR198Cluc), and U251 Tet-On-(HuR244-
Nluc+HuR244-Cluc) were established by using antibiotic
selection (hygromycin B and G418 sulfate, both purchased
from Mediatech, Inc., Manassas, VA). Cell lines were expanded
in DMEM/F-12 (Mediatech, Inc.) supplemented with 10% fetal
bovine serum (Mediatech, Inc.), 100 units/ml penicillin/strep-
tomycin (Mediatech, Inc.), and 400 mol/liter rL-glutamine
(Mediatech, Inc.). The identity of stable cell line clones was
maintained by supplementing cell medium with hygromycin B
(0.1 mg/ml final concentration) and G418 sulfate (0.4 mg/ml
final concentration). Cells were grown at 37 °C and 5% CO.,.
The tissue microarray of control and tumor samples was a gift
from Dr. Tom Mikkelsen of the Hermelin Brain Tumor Center,
Henry Ford Hospital, Detroit, MI. The GBM biopsy tissues
and control samples for protein extraction were obtained
from Dr. Y. Gillespie, Brain Tumor Tissue Core, University
of Alabama, Birmingham, AL. Patient materials were used
with the informed consent of the patients and with the
approval of the University of Alabama Institutional Review
Board. Compound 5 (N-[4-(1H-benzimidazol-2-yl)phenyl]-
2-chloro-5-nitrobenzamide) was purchased from Chem-
Bridge, San Diego, CA. DHTS was purchased from Sigma-
Aldrich. All compounds were solubilized with dimethyl
sulfoxide (DMSO) (Sigma-Aldrich).

Construct design and cloning

The firefly luciferase constructs Fluc, Nluc (amino acids
1-398), and Cluc (amino acids 394 -550) were a gift from Dr.
Stuart]. Frank in pcDNA3.1+ vector. Fluc, Nluc, and Cluc were
cut from pcDNA3.1+ vector using Notl and Xhol enzymes
(New England Biolabs) and subcloned in pTre2Hygro dox-in-
ducible vector using Notl and Sall sites. The full-length HuR
and truncated HuR (amino acids 1-198, 1-244, and 1-282)
constructs, all with FLAG tag at the N terminus and without a
stop codon, were amplified using Forw (5'-TGGAGACGCCA-
TCCACGCTG) and Rev-HuR-full-NotI (5'-AAAAAAAGCG-
GCCGCTTTGTGGGACTTGTTGGTTTTGAAGG), Rev-HuR-
198-Notl (5'-AAAAAAAGCGGCCGCCTGCGAGAGGAG-
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TGCCACGTTTTTGTTCTG), Rev-HuR-244-Notl (5'-AAA-
AAAAGCGGCCGCCCAGCCGGAGGAGGCGTTTCCTG-
GCACG), and Rev-HuR-282-Notl (5'-AAAAAAAGCGGCC-
GCGTTGGTGTTGAAGTCGCGGATCACTTTC) primers,
respectively by PCR from the previously made FLAG-HuR con-
struct, digested with Notl enzyme, and cloned in-frame in
pTre2Hygro vectors with firefly luciferase constructs using the
NotI site. All insert orientations, frame, and correct sequences
were verified by sequencing in the University of Alabama
Genomics core facility. The C13R mutation in HuR/198-Nluc,
HuR/198-Cluc, and HuR/198-Fluc constructs was generated by
site-directed mutagenesis with the following primers: Forw-
C13R, 5'-CCACATGGCCGAAGACCGCAGGGGTGACAT-
CGGGAG, and Rev-C13R, 5'-CTCCCGATGTCACCCCTG-
CGGTCTTCGGCCATGTGG. The Renilla luciferase was
amplified by PCR with Rluc-Forw-Notl (5'-GTGCTAGCGC-
GGCCGCGGGTGGTGGTGCTTCCAAGGTGTACGACC-
CCGAG) and Rluc-Rev-Sall (5'-GTGCTAGCGTCGACTTA-
CTGCTCGTTCTTCAGCACGCG) primers from pGL4.82
vector (Promega, Madison, WI) and cloned in pTre2Hygro vec-
tor using the Notl and Sall sites. The full-length HuR (with
FLAG tag and without stop codon) was amplified by PCR with
primers Forw (5'-TGGAGACGCCATCCACGCTG) and Rev-
HuR-full (5'-AAAAAAAGCGGCCGCTTTGTGGGACTTG-
TTGGTTTTGAAGG), digested with Notl, and fused with
Renilla luciferase using the NotI site. The EGFP-HuR construct
was previously made. Briefly, to make the HuR-EGFP con-
struct, EGFP (without ATG codon and with stop codon) was
amplified by PCR with primers Forw-EGFP-NotI (5'-GTGCT-
AGCGCGGCCGCGGGTTCTGGTGGT gtgagcaagggegaggag-
ctgttcaccggggtg) and Rev-EGFP-Sall (5'-GTGCTAGCGTCG-
ACTTACTTGTACAGCTCGTCCATGCCGAGAG), digested
with Notl and Sall enzymes, and cloned in pTre2Hygro vector
using the Notl and Sall sites. Full-length or truncated HuR
(without stop codon) constructs were fused in-frame with
EGEFP using the Notl site with the same strategy as described
above. To make the PRKAR2A-EGFP construct, PRKAR2A
(without stop codon) was amplified by PCR with primers Rev-
NotI-PRKAR2A (5'-GTGCTAAGGCGGCCGCCTGCCCGA-
GGTTGCCCAGATCCACGCT) and Forw-NotI-PRKAR2A
(5'-GTGCTAGCGCGGCCGCATGAGCCACATCCAGAT-
CCCGCCGGGGCTCACGQG) from LgBiT-PRKAR2A vector
(Promega), digested with Notl, and fused in-frame with EGFP
using the Notl site. To make the DsRed-HuR construct, red
fluorescent protein (without stop codon) was cut from the
DsRed2-C1 vector using Nhel and Sall enzymes and cloned in
pTre2Hygro vector using the Nhel and Sall sites. HuR was
amplified by PCR with primers Forw-HuR-Sall (5'-GCGGCC-
GCGTCGACCAAGACTACAAGGACGACGATGACAAG)
and Rev HuR-Sall (5'-GTGCTAGCGTCGACTTATTTGTG-
GGACTTGTTGG), digested with Sall enzyme, and fused with
red fluorescent protein using the Sall site. The firefly luciferase
HuR constructs were linearized with Fspl restriction enzyme
for stable cell line creation. The DNA constructs were trans-
fected using TransIT-293 (Mirus) transfection reagent or by an
electroporation technique using a 4D-Nucleofector™ core
unit and X kit (Lonza, Koln, Germany). To make IDH1con-
structs, the FLAG epitope was attached to the IDH1 gene using
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the following primers: Forwl-ATG-FLAG-Sall-IDH1, 5'-ACA-
TGGACTACAAGGACGACGATGACAAGTCCAAAAAA-
ATCAGTGGCGGTTCTGTGGTAGAG, and Rev-stop-Sall-
IDH1, 5'-AAGCAACAGTCGACTTAAAGTTTGGCCTGA-
GCTAGTTTGATC. The mutations were achieved by PCR
with the following primers: Forw-IDH1-R132H, 5'-GTAAAA-
CCTATCATCATAGGTCATCATGCTTATGGGGATC, and
Rev-IDH1-R132H, 5'-GATCCCCATAAGCATGATGACCT-
ATGATGATAGGTTTTAC; Forw-IDH1-R132C, 5'-GTAAA-
ACCTATCATCATAGGTTGTCATGCTTATGGGGATC,
and Rev-IDH1-R132C, 5'-GATCCCCATAAGCATGACAAC-
CTATGATGATAGGTTTTAC; and Forw-IDH1-R132S, 5'-
GTAAAACCTATCATCATAGGTAGTCATGCTTATGGG-
GATC, and Rev-IDH1-R132S, 5'-GATCCCCATAAGCATG-
ACTACCTATGATGATAGGTTTTAC. The constructs were
cloned in pTre2Hygro vector using the Sall restriction site. All
constructs were verified by sequencing.

Luciferase assay

96-well assay plates (white, clear bottom polystyrene plates
treated for tissue culture; Corning) were utilized for all lumi-
nescence detection assays. Cells from expanded cell lines were
detached by trypsinization, counted using a TC10 automated
cell counter (Bio-Rad), plated at 60,000/well, and induced for
48 h by dox (0.75 ng/ml) or non-induced (as control). After 48 h
of construct induction, beetle luciferin (p-luciferin) (Promega)
was used as a substrate of firefly luciferase constructs for biolu-
minescence imaging of luminescence signals in split luciferase
assays for HuR dimer detection and controls. The plates were
equilibrated at room temperature, fresh cell culture medium
containing freshly reconstituted p-luciferin (0.5—1 mg/ml) was
added at 1:1 ratio to the well medium using a multichannel
pipette (XL 30001™™, Denville Scientific), plates were gently
rocked for 5-10 min, and the accumulative luminescence sig-
nals were detected using an InfinitiM200 plate reader (Tecan).
To read luminescence spectra, a SynergyH1 microplate reader
(BioTek, Winooski, VT) was used. To ensure a stable signal, the
first-read well was reread after each series of reading. Each sam-
ple was at least triplicated in the plate, and four series of read-
ings were performed for each plate. Native coelenterazine or
coelenterazine h (1-10 uMm final concentration) (both from
NanoLight Technology, Pinetop, AZ) was used in experiments
with Renilla luciferase constructs. The plates were equilibrated
at room temperature, PBS medium containing freshly reconsti-
tuted coelenterazine was added to the wells using a multichan-
nel pipette (XL 3000I), plates were gently rocked for 2—5 min,
and the luminescence signals were detected using a SynergyH1
microplate reader. To ensure a stable signal, the first-read well
was reread after each series of reading. Each sample was at least
triplicated in the plate, and three series of readings were per-
formed for each plate.

BRET technique

To measure the BRET signal between Renilla luciferase and
EGFP constructs (HuR-Renilla luciferase and HuR-EGEFP,
EGFP-HuR, and PRKAR2A-EGEFP), the corresponding plas-
mids at a 1:1 ratio were cotransfected using a 4D-Nucleofector
core unit and X kit. The emission spectra were initiated by the
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Renillaluciferase substrate native coelenterazine or coelentera-
zine h (1-10 uM final concentration) and detected in a range
from 400 to 550 nm using a SynergyH1 microplate reader. The
detected signals at wavelengths 480 = 10 and 520 * 10 nm,
corresponding to the maxima of the emission spectra for Rluc
and EGFP, respectively, were chosen for BRET calculation.
Note that the 480 = 10 nm wavelength is the maximum of
EGFP excitation as well. The BRET ratio was calculated by
using the equation [(emission at 520 = 10 nm) — (emission at
480 = 10 nm X Cf)]/(emission at 480 * 10 nm) where Cf is
(emission at 520 * 10 nm)/(emission at 480 * 10 nm) mea-
sured in cells cotransfected with HuR-Renilla luciferase and
scrambled control plasmid. The expression of EGFP constructs
was confirmed by measuring fluorescence signals acquired by
excitation at 480 = 10 nm and emission at 520 = 10 and 560 =
10 nm (as a control) using a SynergyH1 microplate reader.

To measure BRET signal between reconstituted firefly lucif-
erase (firefly luciferase activity was achieved during HuR pro-
tein multimerization in the split firefly luciferase assay) and the
cotransfected HuR-DsRed fluorescence construct, p-luciferin
(0.5-1 mg/ml) was used as the initiation signal and as a sub-
strate for firefly luciferase. The luminescence signals, detected
using a SynergyH1 microplate reader at wavelengths of 570 *
10 and 590 = 10 nm, corresponding to the maxima of the emis-
sion spectra for Fluc and red fluorescent protein, respectively,
were chosen for BRET calculation. Note that the 570 = 10 nm
wavelength is the maximum of DsRed excitation. The BRET
ratio was calculated by using the equation [(emission at 590 *
10 nm) — (emission at 570 * 10 nm X Cf)]/(emission at 570 *
10 nm) where Cf is (emission at 590 = 10 nm)/(emission at
570 = 10 nm) measured in cells cotransfected with HuR-
Nluc+HuR-Cluc and scrambled control plasmid. The expres-
sion of DsRed constructs was confirmed by measuring the fluo-
rescence signal acquired by excitation at 570 * 10 nm and
emission at 590 = 10 and 620 * 10 nm (as a control) using a
SynergyH1 microplate reader. Note, in this experiment, cells
were cotransfected with siHuR against non-coding 3'-UTR of
endogenous HuR protein (HuR siRNA 1027417, Qiagen
GmbH, Hilden, Germany) to decrease expression of endoge-
nous HuR protein (16) and improve interaction among recom-
binant HuR-Nluc, HuR-Cluc, and DsRed-HuR proteins or an
equal amount of control siRNA (Cell Signaling Technology,
Danvers, MA).

Immunohistochemistry

A standard immunohistochemistry protocol for paraffin-
embedded tissue sections (University of Alabama core facility)
was used for the array of brain tumor samples (WHO grades
I-1V) and control brain tissue. Briefly, tissue sections under-
went deparaffinization/rehydration by a series of incubations in
xylene and 100 and 95% ethanol and a wash in distilled H,O
followed by antigen unmasking in 10 mm sodium citrate buffer
for 10 min at 95 °C. Tissue sections were then cooled at room
temperature for 30 min and stained with 3% hydrogen peroxide
for 10 min to quench endogenous peroxidase activity before the
staining procedure. To prevent nonspecific antibody binding to
the tissue, tissue sections were incubated with universal block-
ing buffer consisting of 1% BSA, 0.2% nonfat powdered skim
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milk, 0.3% Triton X-100, and 1X PBS for 1 h at room temper-
ature in a humidified chamber. The staining procedure utilized
the HuR3A2 (Santa Cruz Biotechnology, Inc., Dallas, TX) pri-
mary antibody at 1:200 dilution at 4 °C overnight. SignalStain
Boost Detection Reagent (HRP; mouse) was used at room tem-
perature for 30 min for signal detection, and for signal develop-
ment SignalStain diaminobenzidine chromogen concentrate
was mixed with diluent. Hematoxylin (Fisher Scientific) was
used for nuclear counterstaining. Washing buffer was Tris-
buffered Saline with Tween 20. 0.3% Triton was used for cell
permeabilization, and VectaMount mounting medium (Vec-
tor Laboratories, Burlingame, CA) was used for coverslip
mounting.

Immunoprecipitation and Western blotting

The immunoprecipitations were performed by using rabbit
immunoprecipitation matrix (Santa Cruz BioTechnology, Inc.)
coated with EGFP antibody (Santa Cruz Biotechnology, Inc.) or
anti-rabbit IgG antibodies as a control (Santa Cruz Biotechnol-
ogy, Inc.) overnight at 4 °C. The cells lysates were precleared for
2 h with immobilized A/G protein slurry (Life Technologies)
before immunoprecipitation. The immunoprecipitation was
achieved during a period of 6 h at 4 °C, the beads were washed
three to five times in appropriate buffers at 4 °C, and contents
were released using 5X SDS gel loading buffer and 95 °C heat
for 9 min. The cell lysis buffer (Cell Signaling Technology) sup-
plemented with protease inhibitor mixture (Thermo Fisher Sci-
entific, Waltham, MA), and sodium orthovanadate was utilized
for cells lysis and total protein extraction. For nuclear/cytoplas-
mic protein fractionation, the NE-PER™ nuclear and cytoplas-
mic extraction reagents (Thermo Fisher Scientific) were used
according to accompanying protocol. The lamin A/C antibody
(Cell Signaling Technology) and a-tubulin antibody (Sigma-
Aldrich) were used to confirm correct nuclear/cytoplasmic
fractionation, respectively. Samples were premixed with 5X gel
loading buffer supplemented with 3-mercaptoethanol and pre-
heated at 95 °C for 9 min before gel loading in reduced, dena-
tured conditions. For samples in non-reduced and non-dena-
tured conditions, 5X gelloading buffer without reducing agents
was used, and the preheating step was omitted. In some ex-
periments, protein samples were pretreated with RNase T1
(Ambion, Waltham, MA) and RNase A (Qiagen GmbH). 4 5%
blotting-grade blocker (Bio-Rad) in TBS with Triton X-100 was
used as a blocking solution for Western blotting. The Image]
program was used for Western blot data analysis. The following
antibodies were used for protein detection in Western blotting:
lamin A/C, GAPDH, cleaved poly(ADP-ribose) polymerase,
anti-rabbit HRP, anti-mouse HRP antibodies (Cell Signaling
Technology); HuR3A2, EGFP, actin, anti-rabbit, anti-mouse
IgG1-HRP, anti-rabbit HRP, anti-goat IgG-HRP antibodies
(Santa Cruz Biotechnology, Inc.); a-tubulin, anti-FLAG anti-
bodies (Sigma-Aldrich); and anti-luciferase goat polyclonal
antibody (Promega).

Viability assay

PrestoBlue cell viability reagent (Thermo Fisher Scientific)
was used for the cytotoxicity assay according to the manufactu-
rer’s protocol. Briefly, cell were plated in 48-well plates
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(Costar®, Corning) at 15,000-20,000/well to evaluate the
inhibitory dose response for the desired drug and from 2,000 to
60,000/well in the same plate to ensure linear working range of
PrestoBlue reagent. The drugs were freshly reconstituted in cell
medium and added to the wells using a multichannel pipette
(XL 3000I). Each drug concentration was at least triplicated in
the plate. After 24 or 48 h of cell exposure to various drug
concentrations, the PrestoBlue reagent (15-20 ul) was added to
each well using a multichannel pipette, and plates were incu-
bated at 37 °C and 5% CO, for 10-20 min. To avoid the influ-
ence of alterations of redox and alkylation states of the solution
on PrestoBlue performance, the cell medium was exchanged for
fresh medium before PrestoBlue addition. Following the incu-
bation period, the PrestoBlue fluorescence signal (560-nm exci-
tation/590-nm emission) was detected using an InfinitiM200
plate reader. At least three series of readings were performed
for each plate. The background signal (detected from wells with
medium without cells) was subtracted from the readings in
each plate during data analysis. The dose-response curves were
normalized to the corresponding cell signals without drug
treatment. The IC,, value was determined as the concentration
of an inhibitor at which the response is reduced by half.

p-2-Hydroxyglutarate evaluation

D-2-Hydroxyglutarate evaluation was performed using a b-2-
hydroxyglutarate assay kit (K213-100, BioVision) according to
the manufacturer’s protocol.

Statistical analysis

Statistical analysis and graphing were performed using Excel
and Origin Pro software. Statistical significance was deter-
mined by Student’s ¢ test (analysis of variance), and a p value
=0.05 was considered significant. Values are expressed as
mean * S.D. Statistically significant data are labeled by an
asterisk in the graphs.
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