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Ionizing radiation (IR) triggers adaptive changes in gene

expression. Here, we show that survival after IR strongly

depends on the checkpoint kinase Chk2 acting upon its

substrate HuR, an RNA-binding protein that stabilizes

and/or modulates the translation of target mRNAs.

Microarray analysis showed that in human HCT116

colorectal carcinoma cells (WT), IR-activated Chk2 trig-

gered the dissociation of virtually all of HuR-bound

mRNAs, since IR did not dissociate HuR target mRNAs in

Chk2-null (CHK2�/�) HCT116 cells. Accordingly, several

HuR-interacting mRNAs encoding apoptosis- and prolif-

eration-related proteins (TJP1, Mdm2, TP53BP2, Bax,

K-Ras) dissociated from HuR in WT cells, but remained

bound and showed altered post-transcriptional regulation

in CHK2�/� cells. Use of HuR mutants that were not

phosphorylatable by Chk2 (HuR(3A)) and HuR mutants

mimicking constitutive phosphorylation by Chk2

(HuR(3D)) revealed that dissociation of HuR target tran-

scripts enhanced cell survival. We propose that the release

of HuR-bound mRNAs via an IR-Chk2-HuR regulatory axis

improves cell outcome following IR.
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Introduction

The cell’s DNA is exposed to damage arising endogenously

from normal cellular processes such as DNA replication, and

exogenously by exposure to genotoxic agents like chemother-

apeutic factors and ultraviolet light (UV) and ionizing

radiation (IR). Impairment of the DNA-damage response

(DDR) causes genomic instability and predisposes cells to

malignancy (Harper and Elledge, 2007; Jackson and Bartek,

2009). A key aspect of the DDR is altered transcription factor

activity leading to changes in the subsets of transcribed

mRNAs. In this regard, transcription factor activity is potently

controlled by the checkpoint pathways, which are conserved

signalling cascades activated during the DDR. A major com-

ponent of DDR checkpoints is the checkpoint kinase 2

(Chk2), originally identified in yeast as a kinase essential

for cell-cycle arrest following DNA replication blockage

(Murakami and Okayama, 1995). The kinase ataxia-

telangietasia mutated (ATM) phosphorylates Chk2 at T68,

which becomes fully activated by homodimerization and

trans-phosphorylation of the kinase domain (T383, T387).

In turn, activated Chk2 phosphorylates protein substrates

that implement many aspects of the cellular response to

genotoxic damage (Matsuoka et al, 1998; Kastan and Lim,

2000; Melchionna et al, 2000). Through the phosphorylation

of substrate proteins, including transcription factors BRCA1,

E2F-1, and p53, cell-cycle regulatory proteins Cdc25A and

Cdc25C, and the p53-regulatory protein Mdm2, Chk2 elicits

its actions on DNA repair, apoptosis, senescence, and growth

arrest (Bartek and Lukas, 2003; Ahn et al, 2004).

However, the DDR also affects gene expression potently

through post-transcriptional processes. RNA-binding proteins

(RBPs) and microRNAs (small non-coding RNAs) are strong

regulators of gene expression following genotoxic damage

(reviewed by Abdelmohsen et al, 2008; Gorospe and de Cabo,

2008; Pothof et al, 2009; Wagner-Ecker et al, 2010). The RBPs

involved in the DDR associate with specific subsets of

mRNAs and often regulate their post-transcriptional fate by

eliciting turnover and translation regulatory functions (hence

they are sometimes called TTR-RBPs (Abdelmohsen et al,

2008)). For example, the response to DNA-damaging agents

like oxidants and UV involves TTR-RBPs that promote mRNA

stability such as the Hu proteins (the ubiquitous HuR and the

primarily neuronal HuB, HuC, and HuD), TTR-RBPs that

enhance mRNA decay (including the AU-binding factor 1

(AUF1/hnRNP D) and tristetraprolin), and TTR-RBPs that

suppress translation, including the T-cell-restricted intracel-

lular antigen 1 (TIA-1) and the TIA-1-related protein TIAR

(Stoecklin et al, 2004; López de Silanes et al, 2004; Lal et al,

2006; Hinman and Lou, 2008).

One of the best-studied TTR-RBPs, HuR regulates gene

expression in cells responding to mitogenic, differentiation,

immune, and stress-causing agents (Hinman and Lou, 2008).

Following exposure to these stimuli, HuR influences the

expression of target mRNAs via two main mechanisms.

First, by translocation of the almost-exclusively nuclear

HuR to the cytoplasm, where it stabilizes and/or modulates the

translation rate of target mRNAs (Keene, 1999; Hinman and Lou,

2008). HuR nucleocytoplasmic movement is mediated by trans-
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port proteins like CRM1, transportins 1 and 2, and importin-a1

(Gallouzi and Steitz, 2001; Guttinger et al, 2004; Rebane et al,

2004; Wang et al, 2004), and is controlled via phosphoryla-

tion by protein kinase C (PKC), the mitogen-activated protein

kinase p38, and cyclin-dependent kinase 1 (cdk1) (Doller

et al, 2008a; Kim et al, 2008a, b; Lafarga et al, 2009). Second,

by increasing the association of HuR with target mRNAs,

many of which bear a U-rich signature motif (López de

Silanes et al, 2004); these interactions are also modulated

via phosphorylation of HuR by kinases PKC, p38, and Chk2

(Abdelmohsen et al, 2007; Doller et al, 2007, 2008b; Lafarga

et al, 2009). With dozens of HuR ligand mRNAs identified

thus far, HuR has been implicated in key cellular processes

(e.g. cell-cycle progression, apoptosis) and in processes

affecting tissues and organs, including muscle development,

epithelial integrity, immune function, and carcinogenesis

(Hinman and Lou, 2008; Ghosh et al, 2009; Abdelmohsen

and Gorospe, 2010).

Original screens of HuR activity revealed that many geno-

toxic agents promoted the translocation of HuR to the cyto-

plasm, but IR (g irradiation) did not affect HuR abundance in

the cytoplasm (Wang et al, 2000). Since HuR binding (not its

subcellular distribution) was recently shown to be controlled

by the prominent DDR kinase Chk2, we hypothesized that

HuR binding to mRNA, instead of HuR cytoplasmic levels,

might be influenced by IR. Moreover, since the influence of

Chk2 phosphorylation of HuR at S88, S100, and T118 appears

complex, with some phosphorylated residues promoting and

others inhibiting HuR binding to mRNA, and with individual

mRNA differences in these interactions (Abdelmohsen et al,

2007; Wilusz and Wilusz, 2007), we further anticipated a

complex pattern of Chk2 influence on HuR–mRNA binding

after IR. We examined these questions by comparing the

response of human colorectal carcinoma HCT116 cells (WT)

with that of isogenic HCT116 cells bearing somatic deletions

of both CHK2 alleles (CHK2�/� cells) (Jallepalli et al, 2003).

To our surprise, microarray analysis revealed that almost all

of HuR-interacting mRNAs dissociated following IR in WT

cells but remained associated in CHK2�/� cells. In turn, this

pattern of HuR–mRNA interactions caused alterations in

abundance of apoptotic and proliferative proteins. The en-

hanced IR toxicity encountered by CHK2�/� cells was linked

to the inability to dissociate HuR–mRNA complexes, since a

non-phosphorylatable HuR mutant retained mRNA binding

after IR and conferred reduced survival to WT cells. By

contrast, a phosphomimic HuR mutant displayed reduced

mRNA interactions and improved the survival of both WT

and CHK2�/� cells following IR. Our findings underscore a

central role for HuR in regulating gene expression patterns

and survival in response to IR, via a novel mechanism of

global dissociation of bound mRNA targets.

Results

Differential association of HuR with target mRNAs in

normal versus Chk2-null cells after IR

Western blot analysis indicated that IR triggered the phosphor-

ylation of Chk2 at T68 (an activating modification) in HCT116

cells with wild-type Chk2 (WT) by 30 and 60min after

treatment with 10Gy of IR; Chk2 and p-Chk2 were undetect-

able in Chk2-null HCT116 (CHK2�/�) cells (Figure 1A). The

levels of HuR protein were comparable in both populations

and were unaffected by IR treatment (Figure 1A). Increased

levels of g-H2AX, a marker of DNA double-strand (ds) breaks,

indicated comparable dsDNA damage in both cell lines

(Figure 1B). In keeping with earlier results (Abdelmohsen

et al, 2007), HuR phosphorylation increased by IR in WT

cells, but not in CHK2�/� cells (Figure 1C).

To study globally if IR changed the association of HuR with

target mRNAs in a Chk2-dependent manner, ribonucleopro-

tein (RNP) immunoprecipitation (IP) using an anti-HuR

antibody was followed by detection of HuR-associated

mRNAs by microarray analysis. The association of mRNAs

with HuR by 30min after IR (10Gy) was assessed by estimat-

ing the enrichment of mRNAs in HuR IP samples compared

with those in control immunoglobulin G (IgG) IP samples. As

shown in Figure 1D, IR triggered a broad reduction in the

association of HuR with target mRNAs in WT cells, but not

in CHK2�/� cells, where mRNAs remained bound (see

Supplementary Tables T1–T4 for a complete list of transcripts

and differences in abundance). As summarized using Venn

diagrams, in WT cells many mRNAs associated with HuR in

untreated WT cells (C), but most mRNAs dissociated from

HuR after IR: of 1263 mRNAs bound in untreated cells

(1017þ 246), only 246 mRNAs remained bound after IR and

only 8 mRNAs were bound exclusively after IR (Figure 1E,

top). By contrast, in CHK2�/� cells most HuR targets

remained associated: some 1199 mRNAs stayed bound after

IR out of a total of 1318 (Figure 1E, bottom). IR triggered the

dissociation of 119 mRNAs from HuR in CHK2�/� cells and

new association of HuR with 51 mRNAs, suggesting that

additional, Chk2-independent pathways regulate HuR–

mRNA interactions (Figure 1E, bottom). In untreated cells,

the subsets of HuR-associated mRNAs in WT and CHK2�/�

cells overlapped extensively (Supplementary Tables T1–T4).

These results suggested that a large subset of HuR-bound

mRNAs dissociated via IR-triggered activation of Chk2, linked

to the modification of HuR binding to target mRNAs follow-

ing phosphorylation by Chk2. Interestingly, among the top

mRNAs showing significant changes in association with HuR

after IR in WT cells, we found several that encoded proteins

with key functions in proliferation and apoptosis, which we

set out to study in detail.

IR-triggered changes in association of HuR with target

mRNAs

Among the transcripts that showed IR-triggered reduced

association with HuR in WT cells compared with CHK2�/�

cells (Figure 1D), we selected seven cancer-related targets for

detailed analysis: TJP1 (also known as zona occludens-1),

SOX4, SOX9, MDM2, KRAS, TP53BP2 (also known as apop-

tosis-stimulating protein of p53 (ASPP2)), and BAX mRNAs

(Ghosh et al, 2009; Supplementary Table T5). The encoded

proteins had important roles in tumour development by

modulating processes such as cell proliferation and apopto-

sis. TJP1 has a key role in the structural organization of tight

junctions at the plasma membrane, modulates cell growth

and differentiation, and is considered a tumour suppressor

(Tsukita et al, 1993; Fanning and Anderson, 2009). The

transcription factor Sox4 can trigger apoptosis and may act

as a tumour suppressor (Hur et al, 2004; Liu et al, 2006).

Sox9, also a transcription factor, has a key role in sex

determination and chondrogenesis during development

(Foster et al, 1994; Kwok et al, 1995); its overexpression in
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Figure 1 Global dissociation of HuR–mRNA complexes after IR (10Gy). (A, B) Wild-type (WT) and Chk2-null (CHK2�/�) human colorectal
carcinoma HCT116 cells were irradiated with 10Gy; at the times indicated, the levels of Chk2 phosphorylated at T68 ((p)CHK2), total Chk2,
HuR (A), the levels of DNA-damage marker g-H2AX (B), and loading control b-actin were assessed by western blot analysis. (C) After treatment
of HCT116 cells as explained in (A), whole-cell lysates were subjected to HuR IP (or control IgG IP) followed by western blot (WB) analysis
using anti-phospho-serine antibody; (Input) denotes western blot analysis of lysates before IP. (D) Heatmap image of the differential
association of HuR with mRNAs in untreated (C) relative to IR-treated (IR) cells, either WTor CHK2�/� (see Supplementary Tables T1–T4 for
complete array results). All of the transcripts showing enrichment in HuR IP in at least one of the groups are shown; differences in association
were calculated by Z-ratio analysis. (E) Venn diagrams to summarize the mRNAs which associated with HuR significantly (Z-ratio differences
X±1.5, P-valueo0.05) in HuR IP compared with IgG IP.

IR decreases HuR–mRNA complexes to enhance survival
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melanoma cells induced cell-cycle arrest by increasing p21

transcription and inhibited tumourigenicity (Passeron et al,

2009). Although elevated levels of Mdm2 can inhibit apop-

tosis by reducing p53 abundance, Mdm2 can also promote

apoptosis via p53-independent effects, which include

Mdm2’s action on the E2F-1, IGF-1R, and NF-kB pathways

(reviewed by Bouska and Eischen, 2009; Manfredi, 2010).

TP53BP2 binds the tumour suppressor p53 and induces

apoptosis (Samuels-Lev et al, 2001). Bax (BCL2-associated

protein X) is a pro-apoptotic member of the BCL2 family of

regulators of programmed cell death (Cory and Adams,

2002). KRAS, a Kirsten Ras oncogene homologue and mem-

ber of the mammalian Ras gene family of small GTPases,

bears a single amino-acid substitution that renders it strongly

transforming; K-Ras is implicated in various carcinomas

(Malumbres and Barbacid, 2003; Siddiqui and Piperdi, 2010).

The association of these HuR target transcripts was first

validated by RNP IP followed by reverse transcription (RT)

and real-time, quantitative (q)PCR analysis of each individual

target in WT and CHK2�/� cells. In agreement with the

microarray results (Supplementary Table T5), HuR binding to

TJP1, SOX4, SOX9, MDM2, KRAS, TP53BP2, and BAX mRNAs

in WT cells decreased by 30min and remained low for the

following 24 h at the IR doses tested (1, 2.5, 10Gy), while in

CHK2�/� cells HuR remained bound to these mRNAs (in

some instances increasing or decreasing up to Btwo-fold) for

up to 24 h after IR treatment at the three doses (Figure 2A).

Several stress agents, including oxidants and UV, triggered

the translocation of HuR to the cytoplasm, linked to enhanced

HuR binding to target mRNAs (Wang et al, 2000).

Interestingly, however, exposure of HCT116 cells to 10Gy IR

did not affect the cytoplasmic abundance of HuR (Figure 2B),

indicating that the levels of HuR–mRNA associations after IR

were unrelated to changes in the subcellular concentration of

HuR. The data further suggested that HuR phosphorylation

by p38, PKC, and Cdk1, previously shown to influence its

subcellular distribution (Doller et al, 2008a; Kim and

Gorospe, 2008; Lafarga et al, 2009), likely had little or no

influence on HuR during the IR response.

Minor influence of IR on steady-state levels of HuR

target mRNAs

To investigate the consequences of the differential HuR–

mRNA associations in WT relative to CHK2�/� cells, we

first studied whether IR influenced total mRNA levels. Total

RNA was prepared at 0.5 and 8 h after IR (10Gy) and the

levels of the seven mRNAs were tested by RT–qPCR analysis.

IR did not significantly influence the steady-state abundance

of most mRNAs in WT or CHK2�/� cells, although it did

increase moderately the levels of BAX and MDM2 mRNAs in

CHK2�/� cells (Figure 3A). The increase in BAX mRNAwas

due, at least in part, to increased stability of the BAX mRNA

in CHK2�/� cells. Treatment with actinomycin D to block

de novo gene transcription, followed by measurement of the

rate of clearance of BAX mRNA in each cell population

revealed that the half-life for BAX mRNA was the shortest

in WT-untreated cells (1.3 h), it was longer in WT IR cells

(3 h), and longer still in CHK2�/� untreated (4 h) and in

CHK2�/� cells after IR (44 h). These results indicate that

the presence of Chk2 and IR treatment stabilized the BAX

mRNA. MDM2 mRNA and the other mRNAs were relatively

more stable and their half-lives could not be compared due to

excessive toxicities observed beyond 4 h of IR and actinomy-

cin D treatment (not shown).

Next, the proteins encoded by these mRNAs were assessed

by western blot analysis (except for Sox4 and Sox9, which

gave poor protein western signals, not shown). Compared

with WT cells, CHK2�/� cells showed constitutively higher

levels of Mdm2 and Bax, and IR triggered more pronounced

increases in TJP1 and TP53BP2 (Figure 3C). Only the levels of

the proliferative protein K-Ras were reduced in CHK2�/�

relative to WTcells. Analysis of the control protein p21, a cdk

inhibitor whose levels increase by IR, showed elevated

abundance in WT cells but not CHK2�/� cells (Figure 3C).

IR modulates the translation status of HuR target

mRNAs

Since there were no dramatic changes in steady-state levels of

HuR targets TJP1, MDM2, KRAS, TP53BP2, and BAX mRNAs,

we examined if their translation status was affected by CHK2

status and/or IR. By 3 h following IR (10Gy) or no treatment,

lysates of WT and CHK2�/� cells were fractionated through

sucrose gradients (Figure 4A). The relative abundance of

each mRNA in fractions 1 and 2 (containing mRNAs not

bound to ribosome components), fractions 3–5 (mRNAs

bound to ribosome subunits or monosomes), fractions 6–8

(mRNAs forming low-molecular weight polysomes, LMWP),

and fractions 9–12 (mRNAs forming high-molecular weight

polysomes, HMWP) was calculated. This analysis revealed

moderately different distribution patterns for each mRNA,

but it was generally consistent with higher translation rates

(rightward shifts in distribution) in CHK2�/� cells. TJP1

mRNA was abundant in HMWP (peaking at fraction 11)

before IR, shifting leftward after IR (with peaks at fractions

3 and 8, consistent with lower translation rates) in WT cells;

in CHK2�/� cells, TJP1 mRNA increased in polysomes,

shifting polysome peaks at fractions 6 and 9 to 7 and 10

after IR. BAX mRNA showed peak abundance at fraction 6 in

WT cells; in CHK2�/� cells, besides being more stable, BAX

mRNA was more abundant in actively translating fractions

and after IR shifted to larger polysomes (fractions 6–7) and

had a larger polysome peak in fraction 9. In WT cells, the

polysome peaks for TP53BP2 and MDM2mRNAs (at fractions

8 and 10, respectively) were smaller after IR, while in

CHK2�/� cells, both mRNAs were more abundant in

HMWP and the peaks at fraction 7 shifted to fraction 9.

SOX4 and SOX9 mRNAs in WT cells formed polysomes

peaking in the HMWP fractions, which shifted to LMWP

fractions after IR; in CHK2�/� cells, by contrast, IR triggered

increases in the polysome sizes for both mRNAs. KRAS

mRNA was present in LMWP region in WT cells, peaking at

fraction 7 before and after IR treatment; in CHK2�/� cells,

the peaks at fractions 7 and 9 shifted in relative size after IR.

Thus, the reduced expression of K-Ras (Figure 3C) might not

be due to marked decreases in KRAS mRNA polysomes, and

other regulatory mechanisms (e.g. lower rates of KRAS

mRNA translation elongation or lower stability of K-Ras

protein) are likely responsible. The translation of a control

transcript (GAPDH mRNA) showed little changes after IR in

WT and in CHK2�/� cells (Figure 4B).

Elucidation of the specific influence of HuR on each

mRNA, including the mapping of HuR-binding site(s) on

each mRNA, HuR’s relative contribution to mRNA stability

and translational regulation, and reporter construct analyses,

IR decreases HuR–mRNA complexes to enhance survival
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Figure 2 Validation of HuR–mRNA interactions and subcellular localization after IR. (A) The microarray results (Figure 1; Supplementary
Table T5) were verified by assessing the association of HuR with seven target transcripts (TJP1, SOX4, SOX9,MDM2, KRAS, TP53BP2, and BAX
mRNAs) encoding proliferative/apoptotic proteins by 0.5, 2, 8, and 24 h after IR (1, 2.5, and 10Gy). HuR–mRNA interactions were measured by
RNP IP analysis followed by RT–qPCR amplification and expressed as enrichment of individual mRNAs in HuR IP relative to IgG IP; data were
normalized to the levels of GAPDH mRNA, an abundant mRNA that is not a target of HuR and is present as a low-level contaminant in all IP
samples. Shown are representative results out of four independent experiments performed. (B) The levels of HuR, loading control b-actin,
cytoplasmic marker a-tubulin, and nuclear marker hnRNP C1/C2 were assessed by western blot analysis in nuclear and cytoplasmic fractions
prepared from WT and CHK2�/� cells that were either left untreated (�) or irradiated (10Gy) and collected 30min later.

IR decreases HuR–mRNA complexes to enhance survival
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await further study. However, these results indicate that

the persistent association of HuR with target mRNAs in

CHK2�/� cells after IR correlates with altered (generally

higher, except for K-Ras) expression of the encoded proteins

in the CHK2�/� population.

Chk2 promotes cell survival following IR

The impact of the differential HuR–mRNA associations in WT

and CHK2�/� cells was first assessed by measuring the

outcome of both cell types after IR. Cleavage of PARP

(poly(ADP ribose) polymerase), a marker of apoptosis, was

more extensive in CHK2�/� cells at virtually all days and

doses of IR tested (Figure 5A). The specific influence of Chk2

on cell survival was further assessed by silencing Chk2 in WT

cells; as shown, PARP cleavage was more pronounced in

Chk2-silenced cells (Figure 5B). The percentages of cells that

were positive for Annexin V (another apoptosis marker) were

also significantly higher in CHK2�/� cells compared with

WT cells following IR (2.5 Gy, Figure 5C). Furthermore,

colony formation assay revealed that significantly more

colonies formed from WT cells than from CHK2�/� cells

following IR (Figure 5D). These four sets of experiments

indicate that CHK2 promotes the survival of HCT116 cells

in response to IR.

Figure 3 Levels of HuR target mRNAs in WTand CHK2�/� cells. (A) The levels of seven HuR target mRNAs in WTand CHK2�/� cells by 0.5
and 8 h after IR (10Gy) were measured by RT–qPCR analysis. (B) The half-life of BAX mRNAwas measured by treating cells with actinomycin
D (2mg/ml) and collecting total RNA at the times shown, whereupon the levels of BAX mRNA and GAPDH mRNA (a stable, housekeeping
control mRNA) were measured by RT–qPCR analysis. mRNA half-life was calculated as the time needed to reduce transcript levels to one-half
(50%, discontinuous line) of its initial abundance at time 0. The data in (A, B) represent the means and s.e.m. from three independent
experiments. (C) Western blot analysis of the expression of TJP1, Mdm2, K-Ras, TP53BP2, Bax, positive control for IR in WT cells p21, and
loading control GAPDH in WT and CHK2�/� cells at the times shown after IR (10Gy). Data are representative of three independent
experiments.

IR decreases HuR–mRNA complexes to enhance survival
K Masuda et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 6 | 2011 1045



HuR dissociation from target mRNAs is lost in HuR

mutants not phosphorylatable by Chk2

To further analyse the effects of HuR phosphorylation on its

mRNA binding, we prepared HuR mutants with modified

residues S88, S100, T118 (Figure 6A). The plasmid vector

expressing a tagged mutant HuR that was not phosphoryla-

table by Chk2 (pHuR(S88A)(S100A)(T118A)–TAP) was

termed pHuR(3A)–TAP; the plasmid expressing a mutant

HuR with the three sites modified to aspartic acid to resemble

constitutive phosphorylation by Chk2 (pHuR(S88D)(S100D)

(T118D)–TAP) was termed pHuR(3D)–TAP. We examined the

binding of the HuR–TAP fusion proteins to TJP1, MDM2,

BAX, and TP53BP2 mRNAs. As shown in Figure 6B, in WT

cells, IR caused dissociation of the mRNAs from HuR(WT)

Figure 4 Polysome analysis of HuR target mRNAs. (A) Lysates prepared from WTor CHK2�/� cells that were either left untreated or treated
with IR and collected 4 h later were fractionated through sucrose gradients to generate polysome profiles by measuring the absorbance at
254nm. (B) The relative distribution of HuR targets (TJP1,MDM2, BAX, SOX4, SOX9, KRAS, and TP53BP2mRNAs), and housekeeping GAPDH
mRNA on polysome gradients was studied by RT–qPCR analysis of the RNA present in each of 12 gradient fractions, and represented as
percentage of total mRNA. Arrow indicates the direction of sedimentation; �, fractions with no ribosomal components; 40S and 60S, small and
large ribosome subunits, respectively; 80S, monosomes; LMWP (fractions 6–8) and HMWP (fractions 9–12), low- and high-molecular weight
polysomes, respectively. Data are representative of three independent experiments.

IR decreases HuR–mRNA complexes to enhance survival
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but not (or to a much lesser degree) from HuR(3A), suggest-

ing that phosphorylation at S88, S100, and/or T118 was

important for the release of these mRNAs. In agreement

with this notion, both HuR(WT) and HuR(3A) retained

binding to the mRNAs before and after IR in CHK2�/�

cells (Figure 6B). According to the same notion, all four

mRNAs associated with HuR(3D) at background levels, con-

sidered as the binding to the TAP tag alone (i.e. in cells

transfected with the control vector pTAP) (Figure 6C). These

results indicated that HuR phosphorylation by Chk2 was

necessary for the release of these HuR target mRNAs in

response to IR.

Dissociation of HuR–mRNA complexes is required for

cell survival in response to IR

Finally, we investigated if HuR was an effector of the

CHK2-dependent influence on cell survival after IR

(Figure 5). To test this possibility, we silenced the endogen-

ous HuR using small interfering (si)RNA directed to the

30UTR of HuR and examined the effect of reintroducing

HuR(WT), HuR(3A), or HuR(3D) vectors expressing only

the HuR coding region and thus refractory to the HuR

siRNA (Figure 7A). At 48 h after transfection of the respective

plasmids, cells were subjected to IR. Colony formation

assay revealed that expression of the non-phosphorylatable

Figure 5 Enhanced cytotoxicity of CHK2�/� cells following IR. (A) Western blot analysis of cleaved PARP (and loading control GAPDH) in
whole-cell lysates prepared from cells that were treated with IR (1, 2.5, 10Gy) and collected at the times shown. (B) WTcells were transfected
with control (Ctrl) or CHK2-directed siRNAs; 48 h later, cells were irradiated with 10Gy and harvested at the times shown for western blot
analysis of cleaved PARP and CHK2. (C) The levels of the apoptotic marker Annexin Vwere measured in WTand CHK2�/� cells after 2.5Gy of
IR; the percentages of Annexin V-positive cells are shown. (D) Colony formation assay in WTand CHK2�/� cells that were either left untreated
(0Gy) or treated with IR (1, 2.5, or 10Gy); 10 days later, the number of colonies developing from 500 cells/well were visualized (left) and
counted (graph). (C, D) Values are the meanþ s.e.m. from two independent experiments; *Significantly different compared with IR-treated WT
cells (Po0.05 by two-tailed Student’s t-test).
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HuR (HuR(3A)), which retained binding to target mRNAs

(Figure 6B), reduced significantly the number of surviving

colonies (Figure 7B). By contrast, IR treatment of cells

expressing the phosphomimic HuR mutant (HuR(3D)),

which did not bind mRNAs (Figure 6B), significantly

increased the number of colonies compared with those

seen in the HuR(3A) transfection group (Figure 7B).

Collectively, these results indicate that Chk2 phosphorylation

of HuR after IR, causing the dissociation of HuR–mRNAs,

helps to implement appropriate gene expression patterns

that enhance the survival of cells with damaged DNA

(Figure 7C).

Figure 6 Association of mutant HuR with target mRNAs. (A) Schematic of plasmids pTAP, pHuR(WT)–TAP, pHuR(3A)–TAP (carrying three
non-phosphorylatable mutations, S88A, S100A, T118A), and pHuR(3D)–TAP (carrying three phosphomimic mutations, S88D, S100D, T118D).
(B) The chimeric HuR(WT)–TAP proteins and HuR(3A)–TAP were expressed by transfection of the corresponding plasmids into WT and
CHK2�/� cells. Thirty minutes after IR (10Gy), binding of HuR–TAP proteins to the indicated HuR target mRNAs was tested by RNP IP and
RT–qPCR, and represented as relative enrichment in control cells compared with IR-treated cells. (C) The enrichment of mRNAs in chimeric
HuR(3D)–TAP relative to background binding (TAP) was calculated and compared as in (B). (B, C) The results are the meanþ s.e.m. from three
independent experiments.
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Figure 7 Enhanced cytotoxicity of CHK2�/� cells to IR. (A, B) Endogenous HuR was silenced using siRNA directed to the 30UTR or HuR
(Materials and methods), and different HuR–TAP mutants were overexpressed in WTand CHK2�/� cells that were then either left untreated or
subjected to IR (1 or 2.5Gy). Western blot analysis of endogenous HuR and overexpressed chimeric HuR–TAP proteins. Cells were first
transfected with siRNA and 16h later with plasmids (using Lipofectamine-2000); 48 h after plasmid transfection, whole-cell lysates were
prepared for western blot analysis (A); quantification of colony formation assay in cells (500 per plate), counted on day 10. Values represent the
meanþ s.e.m. from two independent experiments. *Significantly different compared with IR-treated WT cells (Po0.05 by ANOVA and
Bonferroni/Dunn test). (C) Model depicts proposed mechanism whereby HuR is cytoprotective in response to IR. In WTcells, Chk2 triggers the
dissociation of HuR from target mRNAs encoding apoptotic and mitogenic proteins, such as TJP1, SOX4, SOX9, MDM2, KRAS, and TP53BP2
mRNAs; the ensuing changes in expressed proteins enhance clonogenic survival. In CHK2�/� cells, these mRNAs remain bound to HuR,
leading to aberrantly elevated production of proteins such as TJP1, Mdm2, and TP53BP2, and reduced K-Ras; the dysregulated gene expression
results in reduced clonogenic survival.

IR decreases HuR–mRNA complexes to enhance survival
K Masuda et al

&2011 European Molecular Biology Organization The EMBO Journal VOL 30 | NO 6 | 2011 1049



Discussion

We have investigated the influence of HuR phosphorylation

by Chk2 within the cellular IR response. Using human colon

cancer cells that differed in their CHK2 status, we discovered

that IR triggered the dissociation of the majority of HuR target

mRNAs in WT cells while HuR target mRNAs remained

bound in CHK2�/� cells. The patterns of HuR–mRNA inter-

actions determined subsequent protein expression patterns

(Figure 3), primarily by affecting the translational profiles of

the target mRNAs, and only minimally the mRNA steady-

state abundance (Figures 3 and 4). These interactions

significantly affected cell survival after IR, with WT cells

showing reduced apoptotic markers and enhanced

clonogenic survival compared with CHK2�/� cells

(Figure 5). Importantly, HuR was a key factor in enhancing

cell survival, since expression of mutant HuR that could not

be phosphorylated (HuR(3A)) sensitized WT cells to IR

toxicity, while expression of a phosphomimic of HuR

(HuR(3D)) conferred enhanced resistance to CHK2�/�

cells (Figure 7). Together, our results indicate that phosphor-

ylation of HuR by CHK2 can engender cellular resistance to IR

stress by dissociating HuR from subsets of target mRNAs.

Triple HuR(S88, S100, T118) mutants

Accumulating evidence indicates that phosphorylation of

HuR by a number of kinases (PKCa, PKCd, Cdk1, p38MAPK,

and Chk2) can influence HuR subcellular localization and

HuR–mRNA association in a variety of conditions

(Abdelmohsen et al, 2007; Doller et al, 2007, 2008b; Kim

et al, 2008b; Lafarga et al, 2009). Our earlier studies revealed

that H2O2 activated Chk2, which in turn phosphorylated HuR;

phosphorylation at each of the three HuR substrate residues

(S88, S100, T118) had a distinct influence on the association

of HuR with SIRT1 mRNA, with S88 having little effect,

S100 reducing binding, and T118 promoting binding

(Abdelmohsen et al, 2007; Wilusz and Wilusz, 2007). Here,

we found that the IR-activated Chk2 similarly phosphorylated

HuR, but we examined the influence of this phosphorylation

process on new engineered HuR mutants bearing all three

modified residues (triple Ser/Thr-Ala, triple Ser/Thr-

Asp). The triple non-phosphorylatable mutant (HuR(3A)–

TAP) could not release the bound mRNAs in response to IR

(Figure 6B), an effect that did not recapitulate the results seen

with individual non-phosphorylatable mutants (not shown).

Conversely, HuR(3D)–TAP showed very little binding before

and after IR (Figure 6C); it remains to be tested whether

HuR(3D) retains the ability to bind any other target mRNAs.

While replacement of endogenous HuR with HuR(3A) sensi-

tized WT cells to IR toxicity, HuR(3D) instead conferred

resistance to apoptosis in both WT and CHK2�/� cells.

These results suggest that HuR phosphorylation by Chk2

directly affects gene expression programs and impacts upon

cell survival. Structure–function analyses of the interaction of

HuR and phospho-HuR with mRNAs will help to understand

the molecular associations whereby HuR influences gene

expression and cell survival.

HuR inhibits K-Ras expression

HuR has been shown to enhance the stability and translation

of target mRNAs by numerous mechanisms, including com-

petition with RBPs that promote mRNA decay (e.g. AUF1 (Lal

et al, 2004)), with RBPs that inhibit translation (such as TIA-1

(Kawai et al, 2006)), or with microRNAs (Bhattacharyya et al,

2006). These or other mechanisms of action likely underlie

the positive influence of HuR on the expression of the targets

tested in CHK2�/� cells (Figures 2 and 3). In fewer in-

stances, however, HuR has also been found to repress gene

expression. HuR’s negative influence on KRAS mRNA was

reminiscent of HuR’s repression of other target mRNAs,

either via interference with 50UTR sequences (p27, IGF-IR

(Kullmann et al, 2002; Meng et al, 2008)) or via recruitment

of microRNAs (Kim et al, 2009). Future studies will be

needed to ascertain in detail how HuR represses K-Ras

expression.

Role of Chk2-HuR on clonogenicity, tumourigenesis,

cancer therapy

While a broad spectrum of dissociated HuR targets may be

necessary to engender resistance to IR, we examined several

mRNAs encoding proteins with key roles in cell proliferation

and apoptosis. In CHK2�/� cells exposed to IR, HuR binding

to mRNAs encoding the apoptotic proteins TJP1, Mdm2,

TP53BP2, and Bax was maintained or increased, as was the

abundance of the corresponding proteins when compared

with WT cells, which showed generally reduced mRNA

binding and lower protein levels (Figures 2 and 3). Binding

of HuR to KRAS mRNA declined in WT cells (although to a

lesser extent than other mRNAs, Figure 2A) and increased

in CHK2�/� cells, but expression of K-Ras, a protein that

increases proliferation, declined only in CHK2�/� cells. The

reduced abundance of K-Ras in CHK2�/� cells may contri-

bute to the decreased colony forming ability of the CHK2�/�

cell population. Together with the induction of the cdk

inhibitor p21 in WT cells, our results support the notion

that Chk2 activation leading to the dissociation of HuR–

mRNA complexes causes growth arrest and enhances cell

survival during the IR response.

The role of Chk2 in tumourigenesis has been controversial.

A few germline mutations of CHK2 have been identified in

familial cancers and some infrequent somatic mutations have

been described (reviewed by Antoni et al, 2007). Chk2 can

prevent tumourigenesis by promoting genomic stability, en-

hancing DNA repair or triggering apoptosis or senescence.

Despite these roles, Chk2 does not appear to function as a

bona fide tumour suppressor. For example, reduced Chk2

abundance (e.g. by CHK2 haploinsufficiency) is more

strongly associated with tumourigenesis than is complete

loss of CHK2 (Sodha et al, 2006), and some alleles protect

against the development of certain tumours (Brennan et al,

2007). Consequently, CHK2 is now generally considered to

function as a multi-organ tumour susceptibility gene (Antoni

et al, 2007; Perona et al, 2008).

Regardless of Chk2’s role in tumour development, there is

heightened interest in exploiting CHK2 status in cancer

therapy. In cells with mutated or reduced Chk2, inhibiting

other DNA repair proteins may be advantageous in order to

enhance the lethality of chemotherapies. In cells with func-

tional Chk2, inhibiting Chk2 could elicit a number of re-

sponses, depending on the magnitude, duration, and type of

damage. To gain in-depth knowledge of whether Chk2 will

favour DNA repair, cellular senescence, cell-cycle arrest, or

cell death, there has been much interest in understanding

Chk2’s downstream effectors (e.g. Cdc25, p53, PML, BRCA1,
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E2F-1, Mdm4, HuR). Our results that CHK2�/� HCT116 cells

encounter more toxicity after IR contrast with earlier reports

in different cell types and/or after different stress agents. For

example, thymocytes and neurons of Chk2�/� mice were

preferentially resistant to IR-induced apoptosis; in addition,

these mice displayed no abnormalities in the gastrointestinal

tract, although the phenotype was analysed just 24 h after IR

(Takai et al, 2002), perhaps the effects are seen only after

long-term analysis. They also differ from results that Chk2

promoted apoptosis of etoposide-treated breast cancer cells

via phosphorylation of Chk2 substrate E2F-1 (Stevens et al,

2003) and IR-treated leukemia cells after Chk2 phosphory-

lated substrate PML (Yang et al, 2002). However, our findings

agree with several other reports describing a protective func-

tion of tumour cells by Chk2 in response to IR. For example,

Chk2 prevented apoptosis of several carcinoma lines and

promoted tumourigenesis of HCT116 cells in a xenograft

model (Ghosh et al, 2006). Similarly, Chk2 protected cervical,

colorectal, and breast carcinoma cells from apoptosis, result-

ing from hypoxic stress (Gibson et al, 2005). Chk2 was also

found to be protective against DNA damage arising from

reoxygenation after hypoxia in colorectal carcinoma cells,

an effect that was linked to the fact that cells with low or no

Chk2 could not trigger necessary cell-cycle checkpoints

(Freiberg et al, 2006). Finally, inhibition of Chk2 by UCN-01

sensitized colon cancer cells to IR-triggered apoptosis regard-

less of p53 status (Yu et al, 2002).

Perspective

The influence of Chk2 on cell outcome after DNA damage is

elicited by its phosphorylation of downstream effector pro-

teins. One such effector, HuR, is a pivotal regulator of cancer-

related gene expression (Abdelmohsen and Gorospe, 2010).

Accordingly, our present results link the heightened IR sensi-

tivity of CHK2�/� cells to the impaired regulation of HuR

function in these cells. Our findings further suggest that

targeting HuR by preventing its phosphorylation may help

to sensitize cancer cells to therapies like IR. For example,

enhancing the activity of the (as-yet unknown) phosphatase

that dephosphorylates residues S88, S100, and T118 may

promote the toxicity seen with HuR(3A) and thus increase

IR efficacy. Together with Chk2 substrates involved in DNA

repair and cell-cycle progression, we propose that the influ-

ence of Chk2 on HuR critically modulates the role of Chk2 on

cancer development and therapy.

Materials and methods

Cell culture, transfection, and treatment
Human colorectal cancer cells HCT116 (WT) and CHK2-null
HCT116 cell line (CHK2�/�) were maintained in Dulbecco’s
modified essential medium, supplemented with 10% (v/v) fetal
bovine serum and penicillin/streptomycin (Invitrogen, Carlsbad,
CA). Cells were mock-irradiated or exposed to 1, 2.5, or 10Gy of IR
and lysed at the times indicated. CHK2 siRNA was obtained from
Santa Cruz Biotechnology; siRNAs targeting the HuR CR (AAGAGG
CAATTACCAGTTTCA), the HuR 30UTR (AACGACTCAATTGTCCC
GATA), and a control siRNA (AATTCTCCGAACGTGTCACGT) were
obtained from Qiagen; siRNAs were used at 10 nM. Transfection of
cells was performed using Lipofectamine-2000 (Invitrogen) when
plasmids were used, or Lipofectamine RNAiMax (Invitrogen) when
siRNAs were used. pHuR–TAP bearing three non-phosphorylatable
mutations (HuR(3A); S88A, S100A, and T118A) and pHuR–TAP
bearing three phospho-mimic mutations (HuR(3D); S88D, S100D,
and T118D) were generated by site-directed mutagenesis.

RNP IP analysis
IP of RNP complexes was performed as previously described
(Kuwano et al, 2010). Briefly, whole-cell lysates, prepared from
either untreated or IR-treated cells, were divided into two equal
parts and incubated (1 h, 41C) with 80ml of a 50% (v/v) suspension
of protein A-Sepharose beads precoated with 20mg each of mouse
IgG1 (BD Pharmingen) or mouse anti-HuR (Santa Cruz Biotechnol-
ogy). The beads were washed five times with NT2 buffer (50mM
Tris–HCl (pH 7.4), 150mM NaCl, 1mM MgCl2, and 0.05% Nonidet
P-40 (NP-40)). For RNA analysis, the beads were incubated with
100ml NT2 buffer containing 20U of RNase-free DNase I (15min,
301C), washed twice with 1ml NT2 buffer, and further incubated in
100ml NT2 buffer containing 0.1% SDS and 0.5mg/ml proteinase K
(15min, 551C) to digest the proteins bound to the beads. RNA was
extracted using phenol and chloroform and precipitated in the
presence of glycoblue. For TAP IP of RNP complexes, lysates were
prepared from cells that had been transfected with pTAP,
pHuR(WT)–TAP, pHuR(3A)–TAP, or pHuR(3D)–TAP were subjected
to IP using rabbit IgG-agarose (Sigma) as described above.

For analysis of individual mRNAs, the RNA isolated from IP
materials was subjected to RT using random hexamers, and SSII
reverse transcriptase (Invitrogen). Amplification and quantification
of the PCR products were performed using the Applied Biosystems
7900 System (Applied Biosystems) and Power SYBR Green PCR
Master Mix (Applied Biosystems). Background binding of the
abundant GAPDH mRNA was used as a loading control. Each
reaction was carried out in triplicate and three independent
experiments were performed.

For microarray analysis, RNA from IP material was labelled
using Illumina TotalPrep RNA Amplification Kit (Ambion, Austin,
TX). Human HT-12 v1.0 gene expression BeadChips containing
48 000 RefSeq transcripts (Illumina, San Diego, CA) were used for
microarray analysis. Raw microarray data were filtered by the
detection P-valuep0.02, normalized by Z-score transformation and
tested for significant differences in signal intensity. The sample
quality was analysed by scatter plot, principal component analysis,
and gene sample Z-scores-based hierarchy clustering to exclude
possible outliers. ANOVA test was used to eliminate the genes with
larger variances within each comparison group. Genes were
considered to be significantly changed after calculating Z-ratio,
indicating fold difference (Z41.5), false discovery rate (fdr), which
controls for the expected proportion of false rejected hypothesis
(fdrp0.3) and Po0.05.

Protein analysis
For western blot analysis, lysates were size-fractionated by
SDS–PAGE and transferred onto PVDF membranes. Monoclonal
antibodies recognizing HuR, Chk2, TP53BP2, K-Ras, GAPDH, or
a-tubulin (a control cytoplasmic protein), as well as polyclonal
antibodies recognizing hnRNP C1/C2 (a control nuclear protein),
Bax, p21, and phospho-Chk2 (T68) were from Santa Cruz
Biotechnology. A monoclonal antibody recognizing b-actin was
from Abcam, a monoclonal antibody recognizing TJP1 was from
Sigma, a monoclonal antibody recognizing g-H2AX was from
Upstate Biotechnologies, a monoclonal antibody recognizing
Mdm2 was from Calbiochem, and a polyclonal antibody recogniz-
ing cleaved PARP was from Cell Signaling Technology. After
secondary antibody incubations, signals were detected by enhanced
chemiluminescence.

For co-IP analysis, protein A-Sepharose beads were precoated
with IgG1 or anti-HuR antibodies and incubated with 0.5mg protein
(16 h, 41C). After washes with NT2 buffer, samples were fractio-
nated by SDS–PAGE and analysed by western blotting using an
anti-phospho-Ser antibody (Assay Design).

Polyribosome fractionation
Cells at o80% confluence were incubated for 15min in 0.1mg/ml
cycloheximide and then lifted in 1ml PEB lysis buffer (0.3M NaCl,
15mM MgCl2, 15mM Tris–HCl, pH 7.6, 1% Triton X-100, and
0.1mg/ml cycloheximide) by scraping and lysed on ice for 10min.
Nuclei were pelleted at 10 000 g for 10min, and the resulting
supernatant was fractionated through a 10–50% linear sucrose
gradient, as described previously (Kuwano et al, 2010). The eluted
fractions were prepared with a fraction collector (Brandel), and
their quality was monitored at 254nm using a UV-6 detector (ISCO).
RNA in each fraction was extracted with 8M guanidine-HCl
or Triazol.
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Oligonucleotides used for real-time RT–qPCR analysis of HuR
target mRNAs
Real-time, quantitative (q)PCR analysis of selected HuR targets was
performed using the following gene-specific primer pairs: GGA-
GAGGTGTTCCGTGTTGT and GGCTAGCTGCTCAGCTCTGT for TJP1
mRNA, AAGCTTCAGCAACCAGCATT and CCCTCTCTCTCGCTCTC
TCA for SOX4 mRNA, AGGCAAGCAAAGGAGATGAA and TGGTGT
TCTGAGAGGCACAG for SOX9 mRNA, TCTGATAGTATTTCCCTTTCC
TTTG and TGTTCACTTACACCAGCATCAA for MDM2 mRNA,
TGGACGAATATGATCCAACAAT and TCCCTCATTGCACTGTACTCC
for KRAS mRNA, ATCACCGGGCAGGTCTCT and GCTCTGAGCCAG
TTTTACGC for TP53BP2 mRNA, ATGTTTTCTGACGGCAACTTC and
ATCAGTTCCGGCACCTTG for BAX mRNA, and AGCCACATCGCT-
CAGACAC and GCCCAATACGACCAAATCC for GAPDH mRNA.

Colony formation assay and Annexin V stain
Either mock-irradiated (untreated) or IR-treated cells (500 cells/
well) were plated in six-well plates and returned to the incubator; 10
days later, the colonies in each well were stained using crystal
violet and counted. Annexin V staining was performed using
Annexin V-FITC Apoptosis Detection Kit (BioVision, Mountain
View, CA); Annexin V-positive cells were viewed under a
fluorescence microscope using a filter for FITC, and the percentages

of positive cells were calculated; 4300 cells were counted for each
determination.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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