
RNA-binding Protein Insulin-like Growth Factor mRNA-binding
Protein 3 (IMP-3) Promotes Cell Survival via Insulin-like Growth
Factor II Signaling after Ionizing Radiation*

Received for publication, May 23, 2011, and in revised form, July 5, 2011 Published, JBC Papers in Press, July 14, 2011, DOI 10.1074/jbc.M111.263913

Baisong Liao1, Yan Hu, and Gary Brewer2

From the Department of Molecular Genetics, Microbiology, and Immunology, University of Medicine and Dentistry of New Jersey,
Robert Wood Johnson Medical School, Piscataway, New Jersey 08854

Ionizing radiation (IR) induces proapoptotic gene expression
programs that inhibit cell survival. These programs often
involve RNA-binding proteins that associate with their mRNA
targets to elicit changes in mRNA stability and/or translation.
The RNA-binding protein IMP-3 is an oncofetal protein over-
expressed inmany humanmalignancies. IMP-3 abundance cor-
relates with tumor aggressiveness and poor prognosis. As such,
IMP-3 is proving to be a highly significant biomarker in surgical
pathology. Among its many mRNA targets, IMP-3 binds to and
promotes translation of insulin-like growth factor II (IGFII)
mRNA. Our earlier studies showed that reducing IMP-3 abun-
dance with siRNAs reduced proliferation of human K562
chronic myeloid leukemia cells because of reduced IGF-II bio-
synthesis. However, the role of IMP-3 in apoptosis is unknown.
Here, we have used IR-induced apoptosis of K562 cells as a
model to explore a role for IMP-3 in cell survival. Knockdown of
IMP-3 with siRNA increased susceptibility of cells to IR-in-
duced apoptosis and led to reduced IGF-II production. Gene
reporter assays revealed that IMP-3 acts through the 5� UTR of
IGFII mRNA during apoptosis to promote translation. Finally,
culture of IR-treated cells with recombinant IGF-II partially
reversed the effects of IMP-3 knockdown on IR-induced apo-
ptosis. Together, these results indicate that IMP-3 acts in part
through the IGF-II pathway to promote cell survival in response
to IR. Thus, IMP-3 might serve as a new drug target to increase
sensitivity of CML cells or other cancers to IR therapy.

Thehuman insulin-like growth factor IImRNA-binding pro-
tein (IMP)3 family consists of three closely related members:
IMP-1, IMP-2, and IMP-3 (1, 2). IMP-1 is identical to theMYC
coding region determinant-binding protein (CRD-BP). CRD-
BP/IMP-1 stabilizes MYC mRNA by masking an endoribonu-

cleolytic cleavage site in the coding region (3, 4). It also protects
the coding region of �TrCP1 mRNA from miR-181-directed
degradation (5). IMP-1 is also identical to the zipcode-binding
protein-1 (ZBP-1). This protein binds�-actinmRNAand local-
izes it to lamellipodia for translation during cell movement (6,
7). IMP-2 is the most ubiquitously expressed IMP and is essen-
tial for cell motility; for example, muscle cells (8). IMP-3 is
identical to both the human KH domain-containing protein
overexpressed in cancer (KOC), first identified in pancreatic
cancer, and to the Xenopus laevis Vg1 mRNA-binding protein
(Vg1-RBP/Vera) (9–11). Vg1-RBP is a transforming growth
factor �-like protein and a homologue of human KOC. These
proteins have been collectively grouped into the VICKZ (Vg1
RBP/Vera, IMP, CRD-BP, KOC, and ZBP-1) family of RNA-
binding proteins (2). As noted in the examples above, VICKZ
proteins participate in the stability, localization, and translation
of the mRNA subsets to which they bind. As such, VICKZ pro-
teins are involved in cell polarity, migration, proliferation, and
in cancer.
IMP-3 is largely expressed in fetal and neonatal mammals

and in many cancers, suggesting that it is an oncofetal protein.
IMP-3 appears early in mouse development, peaks at embry-
onic day 12.5, and then declines until birth (1). Its level is very
low or absent in tissues of adultmammals. It is also expressed in
human embryonic stem cells and may be required to control
the stem cell state (12). IMP-3 protein and mRNA are elevated
in many tumors with variable positivity, including pancreas,
gastrointestinal tract, hepatobiliary, gynecologic, lung, lym-
phoid, thyroid, central nervous system, breast, bone, soft tissue,
andmany other tumors (13). These and other observations sug-
gest that IMP-3 can serve as a biomarker for tumor aggressive-
ness and metastasis and that its expression correlates with a
poorer prognosis in many cancers. Often, the distinction
between low-grade and high-grade tumors and between reac-
tive processes and malignant neoplasms can be quite challeng-
ing. From a practical point of view, the ability to measure IMP3
gene expression by RT-PCR has thus been proven to be invalu-
able in pathology practice. For example, detection of IMP3
mRNA in lesions initially diagnosed as indeterminate by cytol-
ogy has permitted subsequent malignant diagnoses (13, 14).
As noted above, IMP-3 exerts its effects on gene expression

and biological processes via the mRNAs to which it binds.
Although to our knowledge most of its mRNA-binding targets
remain uncharacterized, it was identified by its binding to insu-
lin-like growth factor II (IGFII) mRNA. There are four IGFII
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mRNA isoforms, all with the same coding region and 3� UTRs
but four distinct 5� UTRs designated leader-1 to leader-4,
respectively (L1-L4) (15). L4 is 100 nt in length and promotes
constitutive translation of IGFIImRNA. L3, a major isoform in
mammalian cells, is 1170nt long andhighly (48%) cytidine-rich.
L3 permits proliferation-dependent translation. In response to
activation of mammalian target of rapamycin, L3 permits cap-
independent translation of IGFII mRNA, and this requires
IMP-2 (16). Messenger ribonucleoprotein immunoprecipita-
tion experiments revealed that IMP-3 binds the L3 5�UTR, and
this promotes translation of the mRNA in proliferating cells
(17). IMP-3 also binds the 3� UTRs of all the IGFIImRNA iso-
forms, although the significance is not clear (18). The fetal
growth factor IGF-II plays a pivotal role in embryonic develop-
ment. Its expression is very high in the fetus and some tumors,
whereas its abundance is greatly reduced or absent in adult
tissues (19–27). Its oncofetal expression pattern is similar to
that of IMP-3 (1). IGF-II also promotes cell survival and inhibits
apoptosis (28–31). Thus, as anRNA-binding protein and trans-
lational regulator of IGFIImRNA (17), IMP-3 may also impact
apoptosis.
Human chronic myeloid leukemia (CML) is a clonal hema-

topoietic stem cell disease presenting unregulated tyrosine
kinase activity by the breakpoint cluster region and c-Abl onco-
protein (BCR-ABL) (32). Most CML patients possess the char-
acteristic Philadelphia (Ph) chromosome, which is a transloca-
tion between chromosomes 9 and 22 that yields a fusion
protein, BCR-ABL. BCR-ABL is a constitutively active, non-
receptor tyrosine kinase in Ph� CML cells. BCR-ABL activates
numerous downstream signal transduction pathways, stimulat-
ingmyeloid proliferation and causing resistance ofCMLcells to
various chemo- and ionizing radiation (IR)-based therapies.
Resistance to apoptosis can be reversed by specific inhibitors of
BCR-ABL kinase activity, such as imatinib mesylate. However,
CML cells have emerged with resistance to numerous kinase
inhibitors (33). Thus, finding additional means to increase the
susceptibility of CML cells to apoptosis could provide efficacy
for combination therapy of chronic myeloid leukemia.
BCR-ABL also alters gene expression in a way that favors

increased translation of mRNAs encoding antiapoptotic pro-
teins (34). Given the aforementioned links between IMP-3 and
IGFII gene expression, we examined the effects of IMP-3 on
IR-induced apoptosis in the K562CML cell model in this study.
To this end,we reduced IMP-3 abundance byRNA interference
in K562 cells undergoing IR-induced apoptosis and found that
IMP-3 controls translation of IGFII mRNA during apoptosis.
Moreover, IMP-3 knockdown significantly increased the sus-
ceptibility of cells to IR-induced apoptosis, at least in part
through reduced IGF-II production. Thus, IMP-3 acts to pro-
mote cell survival after IR exposure.

EXPERIMENTAL PROCEDURES

siRNAs—Human IMP-3 SMARTpool siRNA and control
siRNAduplexes (Dharmacon) were the same as those used pre-
viously (17, 35).
Cell Culture and RNA Interference—K562 cells (human,

chronic myeloid leukemia in blast crisis, ATCC) were cultured
in RPMI 1640 medium supplemented with 10% FBS, 2 mM glu-

tamine (Invitrogen) at 37 °C in 5% CO2. Cells were transfected
with siRNAs or buffer (mock control) by electroporation
exactly as described (35). Cells were maintained for the times
indicated in the figure legends. Knockdown efficiency was
assessed by Western blot analysis of IMP-3.
Western Blot Analysis—Nuclear and cytoplasmic extracts

were prepared from K562 cells using the CellLytic NuCLEARTM
extraction kit (Sigma). Total protein concentration in extracts
was examined by Bradford assay using the protein assay reagent
(Bio-Rad) according to the manufacturer’s protocol. ForWest-
ern blot analysis, cytoplasmic (40 �g) and nuclear (20 �g)
lysates were size-fractionated by SDS-PAGE and transferred
onto nitrocellulose membranes (Fisher). Antibodies used and
their dilutionswere as follows:�-tubulin (Sigma) 1:8000, IMP-1
and IMP-3 1:5000 (17, 35), goat anti-mouse IgG (H�L) horse-
radish peroxidase conjugate (Promega) 1:2500, and goat anti-
rabbit IgG horseradish peroxidase conjugate (Sigma) 1:3000.
Detection and analyses were performed as described (17, 35).
ELISA—IGF-II concentrations in cytoplasmic lysates and

culture media were examined by ELISA with the non-extrac-
tion IGF-II ELISA kit (Diagnostic Systems Laboratories, Inc.)
exactly as described previously (35). A standard curve was pre-
pared, and sample IGF-II concentrations were calculated using
Prism software (version 2.0, GraphPad software).
Dual-luciferase Reporter Assay—The dual-luciferase reporter

assay kit (Promega) was employed to assess luciferase activity fol-
lowing transfection of reporter plasmids and siRNAs exactly as
described (17, 35). The plasmids utilized were pcDNA-IGF-II
leader-3/luciferase (pcDNA-IGF-II-L3-Luc) and pcDNA-IGF-II
leader-4/luciferase (pcDNA-IGF-II-L4-Luc, both provided by Dr.
Jan Christiansen). These contain the firefly luciferase coding
region and the complete IGF-II L3 or L4 exon, respectively, in
plasmid pcDNA3.1 (Invitrogen). Plasmid pRL-SV40 (Promega)
encodingRenilla luciferase served as an internal control. Firefly
luciferase activity was normalized to Renilla luciferase activity
in the same cell extract and plotted as a ratio of firefly/Renilla
luciferase activity.
Quantitative real-time RT-PCR—Total RNA samples were

prepared with the RNeasy kit (Qiagen) and digested with
RNase-free DNase (Promega). IGF-II, IGF-II L3, IGF-II L4,
luciferase, IMP-3, IMP-1, and GAPDH mRNA levels were
determined by one-step, real-time, quantitative reverse tran-
scription PCR (qRT-PCR) with the QuantiTect Probe RT-PCR
kit (Qiagen) and the same dual-fluorescence labeled probes as
described previously (17, 35).

� Irradiation—Cells in culturemediumwere kept in the sam-
ple container and subjected to irradiation under a cesium-137
source with a Gammacell� 40 Exactor (Nordion International,
Inc., Canada) at a dose rate of 0.92 Gy/min. The �-irradiated
cells were subsequently cultured for the indicated times.
Untreated control cells were kept at room temperature for the
same time as the irradiation time.
Analysis of Apoptosis—Apoptosis was examined by flow

cytometry with the VybrantTM apoptosis assay kit #3 (annexin
V-FITC/propidium iodide double staining kit, Molecular
Probes) according to the manufacturer’s protocol. Briefly, cells
were harvested andwashed in cold PBS. Five hundred thousand
cells were resuspended in 100 �l of 1� annexin-binding buffer
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and incubated with 5 �l of FITC-labeled annexin V and 1 �l of
100 �g/ml propidium iodide (PI) working solution at room
temperature for 20 min, followed by addition of 400 �l of 1�
annexin-binding buffer, mixed gently, and kept on ice. After
staining, apoptotic cells showed green fluorescence (annexin
V-FITC-positive), dead cells showed red and green fluores-
cence, and live cells showed little or no fluorescence signal. Ten
thousand events were analyzed with a FC-500 flow cytometer
(Beckman Coulter), and percent apoptosis was determined
with the included software.
Cell Survival Assay—Cell survival was assessed byMTS assay

using theCellTiter 96�AqueousOne Solution cell proliferation
assay kit (Promega). Briefly, 20 �l of CellTiter 96� Aqueous
One Solution reagent, MTS (3-(4,5-dimethylthiazol-2yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), was
added to each well of a 96-well culture plate containing K562
cells in 100 �l of culture medium. The plate was incubated for
2 h at 37 °C in 5% CO2. Absorbance was measured at 490 nm
and a reference of 660 nm with an SLT Rainbow 96-well plate
reader (Tecan). The 490-nm absorbance is directly propor-
tional to the number of viable cells in culture.
Treatment of Cells with Recombinant Human IGF-II—Cells

were cultured in 96-well plates for cell proliferation assays or
100-mm dishes for apoptosis analyses. Recombinant human
IGF-II (Sigma), prepared in PBS following the manufacturer’s
instructions, was added to cell cultures at concentrations of 10,
100, 500 and 800 ng/ml, respectively. 20 �l/ml PBS alone and
500 ng/ml BSA (Sigma) dissolved in PBS were used as mock
control and negative control, respectively. Cells were main-
tained for 48 h and used for analyses of apoptosis and prolifer-
ation as described above.
Statistical Analyses—Experimental results were analyzed by

analysis of variance followed by Scheffé test or two-tailed Stu-
dent’s t test. The data were expressed as mean � S.E. p � 0.05
was considered to be statistically significant.

RESULTS

IR Induces Apoptosis of K562 CML Cells—To explore roles
for IMP-3 during apoptosis, we generated an apoptotic cell
model by exposing K562 cells, a human chronic myeloid leuke-
mia cell line (36), to IR. Cells were harvested 24 h after irradia-
tion for examination of apoptosis by flow cytometric analyses
with FITC annexin V/PI double staining and examination of
cell survival by MTS assay. Phosphatidylserine is normally
located on the cytoplasmic surface of the cell membrane, but it
translocates from the inner to the outer leaflet of the plasma
membrane during apoptosis but not during necrosis (37).
Annexin V, the human anticoagulant, can bind phosphatidyl-
serine with high affinity. Fluorescein isothiocyanate-labeled
annexin V (FITC annexin V) was used for identification of apo-
ptotic cells. The red-fluorescent, nucleic acid-binding dye PI
stains necrotic cells. However, it is impermeable to live cells and
apoptotic cells. PI staining was used to exclude dead cells in the
analysis. After immunostaining, these populations among
10,000 cells were identified by flow cytometry. IR induced apo-
ptosis in K562 cells (Fig. 1A) and was confirmed by reduced cell
survival (B). IR doses ranging from 2–15 Gy led to 3–21% apo-
ptosis (Fig. 1A). Increasing the dose to 30 Gy increased the

percentage of necrotic cells (not shown) but not the percentage
of apoptotic cells (Fig. 1). This suggests that K562 cells are
somewhat resistant to IR. Clinically relevant doses are typically
2 Gy (38). Thus, the ability of IR to induce apoptosis was dose-
dependent from 2–15 Gy. For this reason, 15 Gy IR was chosen
for subsequent experiments because approximately 70%of cells
still survived at this dose of irradiation (Fig. 1B).
IMP-3 Knockdown Enhances IR-induced Apoptosis—IMP-3

is an RNA-binding protein and translational activator of IGFII
mRNAwith the L3 5�UTR (1, 17). IGF-II is a growth factor that
promotes cell proliferation and inhibits apoptosis. However, a
relationship between IMP-3 and apoptosis is unknown. To
address this issue, we first examined IMP3 gene expression dur-
ing IR-induced apoptosis. Both IMP-3 protein and mRNA lev-
els were reduced by 50–60% 1–3 days after IR exposure com-
pared with unexposed cells (Fig. 2, p � 0.01). These results
suggest that the remaining IMP-3 might contribute to the
resistance of K562 cells to IR-induced apoptosis. Accordingly,
the abundance of IMP-3 was reduced by RNA interference in
K562 cells. Equal amounts of IMP-3 siRNA or negative control
siRNA were transfected into K562 cells. An equal volume of
oligonucleotide buffer without siRNAs (i.e. buffer only) served
as amock control. IMP-3 protein andmRNA levels were exam-
ined by Western blot analysis and qRT-PCR, respectively.
Transfection of IMP-3 siRNA reduced cytoplasmic protein

FIGURE 1. �-Irradiation induces apoptotic cell death. Cells were exposed to
varying doses of �-irradiation and maintained 24 h under normal culture con-
ditions. Cells were then examined for apoptosis by cytometry with FITC
annexin V/PI double staining (n � 6) (A) and cell survival by MTS assay (n � 20)
(B). The experiment was repeated three times independently.
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(Fig. 3, A and B) and mRNA levels (C) by 70–85% during the
4-day time course compared with the control siRNA trans-
fection. The buffer-only (not shown) and control siRNA
transfections had no effect on IMP-3 protein and mRNA
abundance (Fig. 3). IMP-3 knockdown did not alter either
�-tubulin (Fig. 3A) or IMP-1 (A and B) protein levels com-
pared with the control siRNA transfection, indicating
knockdown specificity.
K562 cells transfected with IMP-3 siRNA, control siRNA, or

buffer only were cultured 24 h, exposed to 15 Gy �-irradiation,
and maintained 1–3 days in culture. Cells were examined for
apoptosis by annexin V/PI double staining and flow cytometry.
Non-transfected cells that were not exposed to IR served as a
basal apoptosis control. The percentage of apoptotic cells
under these basal conditions was typically 2–5%. Cells trans-
fected by electroporation with buffer only, control siRNA, or
IMP-3 siRNA showed about 10–13% apoptosis after 2 days
(data not shown). This suggests that although electroporation
may induce apoptosis in a small percentage of cells, knockdown
of IMP-3 does not in itself promote apoptosis. However, IR
exposure of cells transfected with buffer only or control siRNA
increased the percentage of apoptotic cells to 20–28% during
the 3-day time course, with a peak 2 days after irradiation (Fig.
4). By contrast, IMP-3 knockdown increased the percentage of
apoptotic cells to 40–50% between 1–3 days (Fig. 4, p � 0.01).
These results were confirmed by cell survival assays (data not
shown). These findings suggest that IMP-3 knockdown signif-
icantly increases the susceptibility of cells to apoptosis induced

by IR. Thus, we next investigated a possible mechanism by
which IMP-3 regulates apoptosis.
IMP-3 Knockdown Reduces Translation of IGFII mRNA in

Cells Exposed to IR—IMP-3 binds to and promotes translation
of IGFII mRNA with the L3 5� UTR during cell proliferation
(17). To determine whether IMP-3 has similar effects on IGFII
gene expression in cells exposed to IR, IMP-3 abundance was
reduced by siRNA transfection immediately after induction of
apoptosis by IR. IGF-II protein and mRNA levels were exam-
ined thereafter. IMP-3 knockdown had no obvious effect on
IGFII mRNA levels (Fig. 5A, Basal), consistent with previous
studies (17). However, IR significantly decreased IGFII mRNA
levels 1–3 days after IR (Fig. 5A). Concomitant IMP-3 knock-
downdid not further reduce IGFIImRNA levels comparedwith
control siRNA transfections (Fig. 5A). Accordingly, we exam-
ined IGF-II protein levels after combined IR exposure and
IMP-3 knockdown. As expected, IR decreased both cellular and

FIGURE 2. IR reduces IMP3 gene expression. Cytoplasmic IMP-3 protein and
mRNA levels were assayed by Western blot analysis and qRT-PCR, respec-
tively, in IR-treated K562 cells. A, Western blot analysis of IMP-3 and �-tubulin
following IR exposure. B, quantitative analyses of qRT-PCRs and Western blot
analyses (n � 6). GAPDH mRNA served as an internal control for qRT-PCR.
�-Tubulin was used as a loading control for the Western blot analysis. The
experiment was repeated three times independently.

FIGURE 3. Selective knockdown of IMP-3 in K562 cells. A, representative
Western blot analyses for IMP-3, IMP-1, and �-tubulin cytoplasmic protein
abundance 1– 4 days after transfection of control and IMP-3 siRNAs. B, quan-
titative analyses of the indicated Western blot analyses (n � 6). �-Tubulin
served as a loading control. C, quantitative analyses of qRT-PCRs for the indi-
cated mRNAs following transfection of control and IMP-3 siRNAs (n � 6). For B
and C, results are plotted as a percentage of levels compared with control
siRNA-transfected cells. The experiment was performed three times inde-
pendently. **, p � 0.01.
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secreted IGF-II protein levels comparedwithbasal conditions (i.e.
no transfection and no IR exposure, Fig. 5, B and C). However,
concomitant IMP-3 knockdown further decreased IGF-II protein
levels by 48–62% compared with control siRNA-transfected cells
(Fig. 5, B andC, p� 0.01). These results suggest that IMP-3 can
promote translation of IGFIImRNA during apoptosis.
Consequently, we examined the effects of IR and IMP-3

knockdown on translation of reporter mRNAs. Cells were
exposed to IR. Twenty-four hours later, cells were cotrans-
fected with IMP-3 siRNA or control siRNA together with the
pcDNA-IGF-II-L3/luciferase or pcDNA-IGF-II-L4/luciferase
reporter plasmids and the pRL-SV40 Renilla luciferase plasmid
(as an internal control). IMP-3 knockdown had no effects on
mRNA levels, as expected (Fig. 6A). However, IMP-3 knock-
down significantly reduced IGFII L3-mediated luciferase activ-
ity by approximately 60% (Fig. 6B, p � 0.01). There was little
effect on L4-mediated luciferase activity or control firefly lucif-
erase activity (i.e. pGL) 48 h after transfection compared with
control siRNA transfection (Fig. 6B, p � 0.05), even though L4
IGFII mRNA is also a binding target of IMP-3 (17). Similar
results were obtained at 24 and 72 h after transfection (data not
shown). These results indicate that IMP-3 knockdown reduces
IGFII gene expression by reducing translation of the L3 mRNA
isoform during apoptosis.
Recombinant Human IGF-II Reduces Apoptosis Induced by

IR and IMP-3 Knockdown—The above results indicate that IR
and IMP-3 knockdown may exert their effects on apoptosis
through IGFII gene expression. To address this, recombinant
human IGF-II was applied to cell cultures. Cells were trans-
fected with IMP-3 siRNA or control siRNA and 24 h later, cells
were exposed to 15 Gy �-irradiation and maintained in culture
medium supplemented with either 500 ng/ml BSA; PBS alone
(i.e. 0 ng/ml); or 10, 100, 500, or 800 ng/ml human IGF-II,
respectively, for 48 h. IMP-3 knockdown markedly enhanced
IR-induced apoptosis, as expected (Fig. 7, p� 0.01). BSAor PBS
alone (0 ng/ml IGF-II) did not reduce the percentage of apopto-

tic cells, also as expected (Fig. 7, p� 0.05). By contrast, addition
of recombinant IGF-II at concentrations of 10, 100, 500 and 800
ng/ml to irradiated cells transfected with control siRNA
decreased the percentage of apoptotic cells by 20%, 35% (p �
0.05), 55% (p � 0.01), and 53% (gray bars in Fig. 7, p � 0.01),
respectively, compared with the BSA control. These results are
consistentwith the antiapoptotic property of IGF-II.Moreover,
recombinant IGF-II significantly reduced the percentage of
apoptotic cells in a dose-dependent manner from 10 to 500
ng/ml in irradiated cells transfected with IMP-3 siRNA (Fig.

FIGURE 4. IMP-3 knockdown enhances IR-induced apoptosis. K562 cells
were transfected with control siRNA, IMP-3 siRNA, or buffer only and main-
tained under normal culture conditions. Twenty-four hours later, cells were
exposed to 15 Gy IR and cultured for an additional 1–3 days. Apoptosis was
assessed by annexin V/PI double staining/flow cytometry. Quantitations of
the percentage of apoptotic cells over the time course are shown (n � 6), with
statistical comparisons of cells transfected with IMP-3 siRNA to cells trans-
fected with control siRNA. The experiment was repeated three times inde-
pendently. **, p � 0.01.

FIGURE 5. Effects of IMP-3 knockdown on IGFII gene expression during
apoptosis. After 15-Gy IR, cells were immediately transfected with control
siRNA, IMP-3 siRNA, or buffer only and maintained for 0 –3 days. Cells were
assessed for IGFII mRNA by qRT-PCR (A), intracellular protein by Western blot
analysis (B), and secreted protein by ELISA of cell culture supernatants (C). The
experiment was repeated three times independently. For each experiment,
n � 6. Basal, cells not transfected and not exposed to IR. **, p � 0.01.
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7, shaded bars) compared with BSA-treated cells transfected
with IMP-3 siRNA (Fig. 7, shaded bars, p � 0.01). Addition-
ally, 800 ng/ml recombinant IGF-II decreased the percent-
age of apoptotic cells with IMP-3 knockdown to that of cells
transfected with control siRNA (i.e. the difference is not sta-
tistically significant, p � 0.05, Fig. 7). As we noted earlier,
transfection by electroporation induces apoptosis in
10–12% of cells. Thus, IGF-II does not reduce the percent-
age of apoptotic cells to that of cells under basal conditions
(no transfection, no IR) in which 2–3% of cells undergo apo-
ptosis (Fig. 7, black bars). Taken together, these results indi-
cate that IMP-3-IGF-II represents an important axis pro-
moting cell survival in response to IR exposure.

DISCUSSION

�-irradiation induces DNA damage and subsequent apopto-
sis. Several known pathways controlling apoptosis involve pro-
teins such as BRCA1, E2F-1, and p53 (39, 40). The fetal growth
factor IGF-II inhibits apoptosis and promotes cell proliferation.
Our earlier work identified the RNA-binding protein IMP-3 as

a translational activator of IGFII mRNA and a protein abun-
dantly expressed in K562 CML cells (17). As K562 cells appear
relatively resistant to IR-induced apoptosis (Fig. 1), we specu-
lated that resistance may be due in part to IMP-3-dependent
synthesis of IGF-II. Indeed, although IR exposure led to
reduced IMP-3 protein and mRNA, it remained relatively
abundant. However, �90% knockdown of IMP-3 by siRNA
transfection led to a substantial increase in apoptosis (Fig. 4).
The effect of IMP-3 knockdown was due in part to reduced
IGF-II secretion because application of recombinant IGF-II to
cultures restored resistance to IR-induced apoptosis (Fig. 7), i.e.
exogenous IGF-II reduced the percentage of apoptotic cells in
response to IR. Thus, the ability of IMP-3 to maintain IGF-II
secretion after IR exposure promotes maintenance of cell
survival.
RNA-binding proteins and microRNAs continue to

emerge as essential regulators of gene expression, especially
in the processes of apoptosis and cell survival during
stresses. For example, UVC irradiation induces AUF1 bind-
ing to bcl2 mRNA, which promotes degradation of bcl2
mRNA, permitting apoptosis (41). IR leads to global dissoci-
ation of HuR from its mRNA-binding targets, which pro-
motes cell survival (42). By contrast, the apoptosis-inducing
agent etoposide induces HuR expression and its binding to
XIAP (X chromosome-linked inhibitor of apoptosis) mRNA.
This promotes translation of XIAPmRNA and confers cyto-
protection from etoposide (43). Likewise, a number of
microRNAs control apoptosis, and their expression patterns
are predictive of the outcomes of chemo- and radiotherapy
(44, 45). For example, miR-21 modulates sensitivity to doxo-
rubicin (46), miR-148a promotes apoptosis by targeting bcl2
(47), and microRNA expression profiles even change in
response to exposure of cells to IR (38).

FIGURE 6. IMP-3 knockdown reduces translation of IGFII L3/luciferase
reporter mRNA in cells exposed to IR. Cells were exposed to 15-Gy IR and
maintained in culture for 24 h. Cells were then cotransfected with control
siRNA or IMP-3 siRNA together with either the IGFII L3/luciferase or IGFII L4/lu-
ciferase reporter plasmids and the Renilla pRL-SV40 internal control plasmid.
The plasmid pGL-Promoter, containing the coding region of firefly luciferase,
was used as a negative control. A, luciferase mRNA levels were assessed by
qRT-PCR (n � 6). B, luciferase activities are plotted as the ratio of firefly/Renilla
luciferase (n � 6). The experiment was performed three times independently.
luc, luciferase; pGL, pGL-Promoter plasmid. **, p � 0.01.

FIGURE 7. Recombinant human IGF-II reduces IR-induced apoptosis upon
IMP-3 knockdown. Cells were transfected with control siRNA or IMP-3 siRNA
and maintained 24 h in culture. Cells were then exposed to 15-Gy IR and
incubated with 10, 100, 500, or 800 ng/ml recombinant human IGF-II or the
same volume of PBS alone (0 ng/ml IGF-II) or 500 ng/ml BSA for 48 h. Apopto-
sis was examined by annexin V/PI double staining and flow cytometry (n � 5).
For statistical analyses described in the text, results from distinct treatments
were compared with that observed in the BSA-treated cells transfected with
control siRNA, unless noted otherwise. The experiment was repeated three
times independently. Basal, non-transfected cells, no IR exposure. Control
siRNA, control siRNA-transfected cells exposed to IR. IMP-3 siRNA, IMP-3
siRNA-transfected cells exposed to IR. rIGF-II, recombinant human IGF-II; BSA,
500 ng/ml bovine serum albumin.
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Another emerging theme is that the actions of RNA-binding
proteins and microRNAs are not always mutually exclusive
(48). For example, phosphorylation of RNA-binding protein
Pumilio in response to EGF alters local RNA structure in the
p27Kip 3� UTR to unmask a binding site for miR-221/222. This
represses p27 synthesis, permitting cell cycle entry (49). How
might IMP-3 control translation of IGFII mRNA? Perhaps
IMP-3 controls microRNA access like IMP-1 does for �TrCP
mRNA (50). This might also explain the significance of IMP-3
binding to both the 5� and 3� UTRs of selected IGFII mRNA
isoforms. There may be microRNAs that span both untrans-
lated regions. There is precedence formicroRNA bridging (51).
Indeed, a search of themiR-Bridge database suggests that IGFII
5� and 3� UTRs could potentially be bridged by several micro-
RNAs, including miR-10a/b, miR-15b, and miR-152, among
others (51). Future work will be required to address possible
roles for IMP-3 inmicroRNA-mediated translational control of
IGFIImRNA.
In any event, it is no wonder that IMP-3 can serve as a

biomarker for tumor aggressiveness and that its expression
levels correlate with metastasis and poor prognosis (13).
This is likely due to additional mRNA targets beside IGFII
mRNA. For example, IMP-3 plays important roles control-
ling genes required for cell adhesion and motility (52).
Clearly, it is important that future work characterize the
regulation of its likely myriad mRNA targets to identify new
pathways through which IMP-3 acts to control tumor
aggressiveness and resistance to IR. Nonetheless, our work
suggests that IMP-3 may be a novel target for drugs that
affect its ability to bind its mRNA targets. In the case of IGFII
mRNA, this could conceivably confer increased sensitivity of
tumors to IR to increase efficacy of chemo-and-IR combina-
tion therapies.
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7. Hüttelmaier, S., Zenklusen, D., Lederer, M., Dictenberg, J., Lorenz, M.,

Meng, X., Bassell, G. J., Condeelis, J., and Singer, R. H. (2005)Nature 438,
512–515

8. Boudoukha, S., Cuvellier, S., and Polesskaya, A. (2010)Mol. Cell. Biol. 30,
5710–5725
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