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ABSTRACT Insulin-like growth factor type 2 (IGF2) receptor (IGF2R) recognizes man-
nose 6-phosphate-containing molecules and IGF2 and plays an important role in
many pathophysiological processes, including gut mucosal adaptation. However, the
mechanisms that control cellular IGF2R abundance are poorly known. MicroRNAs
(miRNAs) and RNA-binding proteins (RBPs) critically regulate gene expression
programs in mammalian cells by modulating the stability and translation of tar-
get mRNAs. Here we report that miRNA 195 (miR-195) and RBP CUG-binding pro-
tein 1 (CUGBP1) jointly regulate IGF2R expression at the posttranscriptional level
in intestinal epithelial cells. Both miR-195 and CUGBP1 interacted with the 3’ untrans-
lated region (3'-UTR) of Igf2r mRNA, and the association of CUGBP1 with Igf2r mRNA en-
hanced miR-195 binding to Igf2r mRNA. Ectopically expressed CUGBP1 and miR-195 re-
pressed IGF2R translation cooperatively without altering the stability of Igf2r mRNA.
Importantly, the miR-195- and CUGBP1-repressed levels of cellular IGF2R led to a dis-
ruption in the structure of the trans-Golgi network. These findings indicate that IGF2R
expression is controlled posttranscriptionally by two factors that associate with Igf2r
mRNA and suggest that miR-195 and CUGBP1 dampen IGF signaling by inhibiting
IGF2R translation.

KEYWORDS insulin superfamily, posttranscriptional regulation, trans-Golgi network,
intestinal epithelial cells, RNA-binding proteins, noncoding RNAs

ucosal regeneration/adaptation is an essential process in gut homeostasis and

tightly regulated by numerous factors, including insulin-like growth factor type 1
(IGF1) and IGF2 (1, 2). Two structurally distinct types of receptors, the IGF1 receptor
(IGF1R) and IGF2R, specifically interact with IGF1 and IGF2 as ligands and regulate
diverse biological functions such as cell proliferation, differentiation, and apoptosis (3,
4). Like the insulin receptor, IGF1R is a heterotetrameric transmembrane receptor
tyrosine kinase, and its activation results in autophosphorylation of tyrosine residues in
the intracellular B-subunits, thus initiating the phosphatidylinositol 3-kinase (PI3) ki-
nase/AKT and/or mitogen-activated protein (MAP) kinase signaling cascade (5). In
contrast, IGF2R is a single-transmembrane-domain protein and binds IGF2 with greater
affinity than IGF1, although it does not accept insulin as a ligand (4, 6). IGF2R also
recognizes, via distinct sites, mannose-6-phosphate (M6P)-containing molecules and
can therefore associate with other growth factors and cytokines (4). The majority of
IGF2R is localized in the trans-Golgi network (TGN) and endosomal compartments and,
to a lesser extent, on the cell surface (6). A subpopulation of the IGF2R on the plasma
membrane regulates IGF2 internalization and various M6P-containing ligands for their
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subsequent clearance or activation (4, 7), whereas surface IGF2R mediates intracellular
signaling in response to IGF2 binding (6). The mammalian intestinal epithelium ex-
presses high levels of IGF2R, and its cellular content is dramatically altered in patho-
logical states such as that which follows small-bowel resection (SBR) (1). However, the
exact mechanism underlying the control of IGF2R expression, especially at the post-
transcriptional level, remains largely unknown.

Although the gene regulatory programs that control the production levels of
numerous components of the IGF system are strongly regulated at the transcriptional
level, the essential contribution of posttranscriptional events is increasingly recognized
(8, 9). In particular, alterations in mRNA stability and translation critically influence the
levels of IGFs and IGF receptors in response to environmental signals such as changing
blood glucose levels (8, 10). The stability and translation of mRNAs are governed by
trans factors, including the RNA-binding proteins (RBPs) and microRNAs (miRNAs) that
directly bind to cis elements on target transcripts, frequently present at 3’ untranslated
regions (3'-UTRs) (11, 12). The interactions of mRNAs with RBPs and/or miRNAs can alter
the production levels of target mRNAs by recruiting the mRNA to specialized cytoplas-
mic domains such as processing bodies, stress granules, and the exosome, where
mRNAs are subjected to translational repression or degradation, or to ribosomes, where
they engage in active translation (10). An increasing body of evidence indicates that
RBPs interact functionally with miRNAs to jointly regulate shared target mRNAs (13, 14).
For example, the RBP HuR recruited the miRNA let-7, along with the RNA-induced
silencing complex (RISC), to repress the translation of MYC mRNA (15), whereas RBP
Dnd-1 (dead end 1) inhibited access of miRNAs to target mRNAs (16). In other examples,
HuR competed with miRNA 195 (miR-195) to modulate Stim7 mRNA stability antago-
nistically (17), while RBP CUG-binding protein 1 (CUGBP1) and miR-222 repressed Cdk4
mRNA translation synergistically (18).

The evolutionarily conserved miRNA miR-195 is highly abundant in normal gastro-
intestinal mucosa, but its levels are markedly lower in cancer tissues (19, 20). Our
previous genome-wide miRNA profile study showed that miR-195 levels are increased
in growth-arrested intestinal epithelial cells (IECs) (14, 18) and under conditions of
intestinal mucosal atrophy induced by food starvation or polyamine depletion (21). Our
in vitro studies further revealed that increasing the levels of cellular miR-195 repressed
IEC migration and proliferation after wounding (17). It has been shown that miR-195
exerts its regulatory functions in different tissues by targeting multiple genes (14).
miR-195 inhibits cell proliferation by reducing the levels of cyclin-dependent kinase 4
(CDK4), CCND1 (cyclin D1), CDK6, and WEET (19, 20, 22); promotes apoptosis by
lowering SIRT1 abundance (23); and affects cell migration and cancer invasion by
modulating expression of STIM1 (17) and ActRIIA (24). However, its potential role as a
regulator of IGF receptor expression is unknown. In addition, CUGBP1 has also recently
emerged as a master regulator of gut epithelial homeostasis by modulating IEC
proliferation, apoptosis, and cell-to-cell interaction (18, 25, 26), and low levels of
CUGBP1 in mice are associated with crypt hyperplasia in the small intestine (27). Given
the presence of sites for predicted binding of miR-195 and CUGBP1 in the Igf2r mRNA,
we tested the possibility that miR-195 and CUGBP1 jointly regulate IGF2R expression.
Our results show that both miR-195 and CUGBP1 directly interacted with the 3'-UTR of
Igf2r mRNA and that they repressed IGF2R translation cooperatively.

RESULTS

miR-195 inhibits IGF2R translation. To identify new targets of miR-195 in the
intestinal epithelium, we examined the effect of overexpressing miR-195 on the ex-
pression of IGF receptors, IGF-binding protein (IGFBP), glucagon-like peptide receptors
(GLPRs), and epidermal growth factor receptor (EGFR) in cultured IEC-6 IECs. As shown
(Fig. 1A, panel a), the levels of cellular miR-195 increased dramatically in cells trans-
fected with a miR-195 precursor (pre-miR-195) compared to cells transfected with
scrambled control RNA. Transfection with pre-miR-195 did not alter the abundance of
housekeeping noncoding RNA U6 (Fig. 1A, panel b) or miR-222 (data not shown). As
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FIG 1 Ectopic overexpression of miR-195 inhibits IGF2R translation. (A) Levels of miR-195 (a) and U6 RNA
(b) 48 h after transfection of cells with pre-miR-195 as measured by Q-PCR analysis. Values represent
means = standard errors of the means (SEM) of results from three separate experiments. *, P < 0.05
(compared with cells transfected with control scramble oligomer). (B) Representative immunoblots of
IGF2R, IGF1R, IGF-binding protein 5 (IGFBP5), glucagon-like peptide 2 receptor (GLP2R), GLP1R, and EGFR
as examined by Western blotting of the cells described in the panel A legend. Equal loading was
monitored by assessing GAPDH levels. (C) Levels of Igf2r and Igfir mRNAs in the cells described in the
panel A legend. (D) Newly synthesized IGF2R protein in cells overexpressing miR-195. After cells were
exposed to L-azidohomoalaine (AHA), cell lysates were incubated with the reaction buffer containing
biotin/alkyne reagent; the biotin-alkyne-azide-modified protein complex was pulled down by the use of
paramagnetic streptavidin-conjugated dynabeads. (E) Distributions of Igf2r (a) and Gapdh (b) mRNAs in
each gradient fraction prepared from the polysomal profile in cells after miR-195 overexpression. Nuclei
were pelleted, and the resulting supernatants were fractionated through a 10% to 50% linear sucrose
gradient. RNA was isolated from different fractions (fractions 1 to 3, free or/and preinitiation RNA;
fractions 4 and 5, monosomes; fractions 6 to 12, polysomes), and the levels of Igf2r and Gapdh mRNAs
were measured and plotted as a percentage of each of the total levels of Igf2r and Gapdh mRNA in each
sample.

determined by Western blotting, ectopically expressed miR-195 specifically inhibited
the expression of IGF2R (Fig. 1B, top) but failed to decrease the expression levels of
IGF1R, IGFBP5, GLP2R, GLP1R, or EGFR. The levels of IGF2R protein in cells transfected
with pre-miR-195 decreased by ~70% (n = 3; P < 0.05) compared to cells transfected
with control scramble small interfering RNA (siRNA).

The reduction in IGF2R levels likely occurred at the level of translation, since miR-195
did not decrease the levels of Igf2r mRNA (Fig. 1C) or its stability (see Fig. S1 in the
supplemental material) but reduced the rate of nascent IGF2R protein synthesis
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FIG 2 miR-195 silencing enhances IGF2R translation. (A) Levels of miR-195 (a) and U6 RNA (b) 48 h after
transfection of cells with specific oligomers targeting miR-195 (anti-miR-195) or control oligomers
(C-oligo) as examined by Q-PCR analysis. Values represent means = SEM of results from three separate
experiments. *, P < 0.05 (compared with cells transfected with C-oligo). (B) Representative immunoblots
of IGF2R, IGF1R, GLP2R, GLP1R, and EGFR as measured by Western immunoblotting analysis in the cells
described in the panel A legend. (C) Levels of Igf2r and Igfir mRNAs in the cells described in the panel
A legend.

(Fig. 1D). The levels of newly synthesized IGF2R protein in cells overexpressing miR-195
decreased by >75% (n = 3; P < 0.05) compared to control cells. To further define the
role of miR-195 in the regulation of IGF2R translation, we examined the relative levels
of distribution of Igf2r mRNA in individual fractions from polyribosome gradients after
miR-195 overexpression. Although increasing the levels of miR-195 by transfecting cells
with pre-miR-195 did not affect global polysomal profiles (data not shown), the
abundance of Igf2r mRNA associated with actively translating components of the
gradient (fractions 11 and 12) decreased significantly in pre-miR-195-transfected cells,
with a moderate leftward shift of Igf2r mRNA toward low-translating fractions (fractions
9 and 10) (Fig. 1E, panel a). In contrast, Gapdh mRNA, which is not a target of miR-195
and encodes a housekeeping protein, showed similar distributions in the two groups
(Fig. 1E, panel b). To test the effect of miR-195 on IGF2R expression in another model,
we employed Caco-2 cells, derived from the human colon carcinoma. Similarly to what
was observed in IEC-6 cells, ectopic overexpression of miR-195 resulting from transfec-
tion of pre-miR-195 also decreased IGF2R expression without affecting /gf2r mRNA
levels in Caco-2 cells (Fig. S2).

On the other hand, neutralizing the activity of endogenous miR-195 by transfecting
cells with an antagomir targeting miR-195 (anti-miR-195) (Fig. 2A) increased IGF2R
translation markedly, as shown by the increased levels of IGF2R protein (Fig. 2B),
without changes in Igf2r mRNA levels (Fig. 2C). The levels of IGF2R protein in anti-miR-
195-transfected cells were ~2.2-fold the levels seen in cells transfected with a control
oligomer (n = 3; P < 0.05). As expected, miR-195 silencing did not alter the cellular
levels of IGF1R, GLP2R, GLP1R, or EGFR proteins. These results indicate that miR-195
specifically represses IGF2R expression at the translation level.

miR-195 interacts with the Igf2r mRNA via its 3’-UTR. To investigate the mech-
anism underlying the repression of IGF2R translation by miR-195, we examined the
association of miR-195 with the Igf2r mRNA by RNA pulldown assays using biotin-
labeled miR-195, as the Igf2r mRNA contains one computationally predicted miR-195
binding site in its 3'-UTR (Fig. 3A). Cells were transfected with biotinylated miR-195, and
the binding of miR-195 to the Igf2r mRNAs was examined 24 h after the transfection.
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FIG 3 miR-195 associates with Igf2r mRNA. (A) Schematic representation of the Igf2r mRNA depicting the
target site for miR-195 in its 3" untranslated region (3’ UTR). Alignment of the /gf2r mRNA sequence with
miR-195 is shown. Top strand, Igf2r mRNA; bottom strand, miR-195. (B) Levels of biotinylated miR-195
24 h after transfection. Values represent means = SEM of results from three separate experiments. *, P <
0.05 (compared with cells transfected with control scramble oligomer). (C) Binding of biotinylated
miR-195 to mRNAs encoding IGF2R, IGFBP5, and STIM1: (a) levels of mRNAs in the materials pulled down
by biotin-miR-195; (b) levels of total input MRNAs. (D) Levels of reporter activities as measured by analysis
of the Igf2r 5'-UTR, various fragments of CR, or 3'-UTR luciferase (Luc) reporters after ectopic overex-
pression of miR-195. (Left) Schematic of plasmids of different chimeric firefly Luc-Igf2r reporters. At 24 h
after transfection with pre-miR-195, cells were transfected with different Igf2r luciferase reporter plas-
mids. The results were expressed as the mean = SEM from three separate experiments. *, P < 0.05
(compared with cells transfected with control scrambled oligomer). (E) Effect of deletion of miR-195-
binding site (schematic) on luciferase reporter activity after ectopic miR-195 overexpression. WT, wild
type; Mut, mutant.
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As shown (Fig. 3B), miR-195 levels increased significantly, although the levels of U6 RNA
did not (data not shown). The Igf2r mRNA was enriched in the materials pulled down
by biotin-miR-195 but not from cells transfected with control scramble RNA (Fig. 3C,
panel a). The association of miR-195 with the Igf2r mRNA was specific, since increasing
the levels of biotin-miR-195 did not induce its interaction with the Igfbp5 mRNA. The
abundance of Stim7 mRNA was also examined and served as a positive control, since
Stim1 mRNA is a known target of miR-195 as reported previously (17). In addition,
transfection with biotin-labeled miR-195 did not alter the steady-state levels of Igf2r,
Igfbp5, and Stim1 mRNAs (Fig. 3C, panel b). The association of Igf2r mRNA with miR-195
appeared to be specific, since control biotin pulldown experiments revealed that Igf2r
MRNA did not interact with a negative-control microRNA, biotin-miR-222 (data not
shown).

To determine what segment of Igf2r mRNA mediated the repression of IGF2R
translation by miR-195, fragments of the Igf2r 5'-UTR, coding region (CR), and 3'-UTR
were subcloned into the pmirGLO dual-luciferase miRNA target expression vector to
generate reporter constructs pmirGLO-Igf2r-5'UTR, pmirGLO-Igf2r-CR, and pmirGLO-
Igf2r-3"UTR (Fig. 3D, schematic). To distinguish translational output from changes in
mRNA turnover, the luciferase activities were normalized to luciferase mRNA levels to
assess the translational efficiency. miR-195 overexpression induced by transfecting cells
with pre-miR-195 selectively decreased the levels of pmirGLO-Igf2r-3’UTR luciferase
reporter activity (Fig. 3A, right) but failed to inhibit the activities of pmirGLO-Igf2r-5'-
UTR or -CR reporters. Furthermore, when the predicted miR-195-binding site within the
Igf2r 3'-UTR was mutated by internal deletion (Fig. 3E, schematic), the miR-195-induced
repression was completely prevented (Fig. 3E, right). Taken together, these results
indicate that miR-195 represses IGF2R translation by directly interacting with the Igf2r
mRNA via its 3'-UTR rather than 5'-UTR and CR.

CUGBP1 associates with the Igf2r mRNA and inhibits its translation. Since there
are several potential hits for CUGBP1 in the Igf2r mRNA, we also elucidated the role of
CUGBP1 in the regulation of IGF2R expression and its potential relation to the miR-
195-mediated IGF2R repression. Association of the Igf2r mRNA with CUGBP1 was examined
by ribonucleoprotein (RNP) immunoprecipitation (IP) assays using anti-CUGBP1 antibody
under conditions that preserved RNP integrity (25). As expected, CUGBP1 associated with
Igf2r mRNA but not with Igfbp5 mRNA in IEC-6 cells (Fig. 4A). Igf2r PCR products were highly
enriched in CUGBP1 IP samples compared with IgG1 IP samples, as were Cdk4 PCR
products, included as a positive control, since the Cdk4 mRNA is a known target of
CUGBP1 (18). Amplification of Gapdh PCR products, originating from the abundant
“contaminating” transcript Gapdh mRNA, which is not a target of CUGBP1, served to
monitor the evenness of sample input, as reported previously (28).

Associations of CUGBP1 with Igf2r mRNA were further tested by using biotinylated
transcripts spanning the Igf2r 5'-UTR, CR, or 3’'-UTR (Fig. 4B, schematic). Following
incubation with cytoplasmic lysates, binding of the biotinylated Igf2r transcripts to
CUGBP1 was examined by biotin pulldown followed by Western blotting as described
previously (29, 30). The Igf2r 3'-UTR transcripts readily associated with CUGBP1 (Fig. 4B,
right), but the Igf2r 5'-UTR or CR did not. In addition, none of the Igf2r partial transcripts
(5'-UTR, CR, or 3'-UTR) was found to associate with the protein GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), included here as a negative control. Further mapping
of the association of CUGBP1 with the Igf2r 3'-UTR was determined by testing the
interaction of partial biotinylated transcripts spanning the Igf2r 3'-UTR (Fig. 4C, sche-
matic) with CUGBP1 using pulldown assays. CUGBP1 was found to interact specifically
with the fragment 3"UTR-F3, which contained several hits of CUGBP1 signature motifs
(Fig. 4C, right). On the other hand, there was only marginal activity of binding of
CUGBP1 to the fragment 3'UTR-F2, which contained only two GU-rich elements, and
CUGBP1 did not bind to the fragment 3'UTR-F1, which contained no predicted binding
site. We also examined the association of the Igf2r mRNA with other RBPs and found
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FIG 4 CUGBP1 binds to the Igf2r mRNA via its 3'-UTR. (A) Association of endogenous CUGBP1 with
endogenous Igf2r mRNA. After IP of RNA-protein complexes from cell lysates using either anti-CUGBP1
antibody (Ab) or control IgG, RNA was isolated and used in RT reactions. (a) Levels of mRNAs of
Igf2r, Igfbp5, or Cdk4 in CUGBP1 or IgG IP materials. (b) Levels of total input mRNAs. Values represent
means = SEM of results from triplicate samples. *, P < 0.05 (compared with IgG IP). (B and C) Representative
CUGBP1 results of immunoblotting using the pulldown materials by biotinylated transcripts of Igf2r
mRNA (B) and 5’-UTR (CR) and different fragments of CR and 3'-UTR. The left panels show schematic
representations of various Igf2r biotinylated transcripts used in this study. Cytoplasmic lysates were
incubated with 6 pg of biotinylated Igf2r 5'-UTR, CR, and 3’-UTR for 30 min at 25°C, and the resulting RNP
complexes were pulled down by the use of streptavidin-coated beads. The presence of CUGBP1 in the
pulldown material was assayed by Western blotting. GAPDH in the pulldown material was also examined
and served as a negative control.

that neither HUR nor AUF1 interacted with the Igf2r mRNAs (data not shown). These
results indicate that CUGBP1 specifically interacts with the Igf2r mRNA via its 3'-UTR.

To determine the functional consequences of CUGBP1 interactions with Igf2r mRNA,
we examined the effect of overexpressing CUGBP1 on IGF2R expression. As shown
(Fig. 5A), ectopically expressed CUGBP1 also specifically decreased the levels of IGF2R
protein by ~65% (n = 3; P < 0.05) but did not alter the expression levels of GLP1R,
GLP2R, and EGFR. This inhibition of IGF2R by CUGBP1 also occurred at the level of
translation, since ectopic CUGBP1 overexpression did not lower Igf2r mRNA levels (Fig.
5B) but repressed the rate of nascent IGF2R protein synthesis (Fig. 5C). The levels of
newly synthesized IGF2R protein in CUGBP1-transfected cells decreased by ~70% (n = 3;
P < 0.05) compared with vector control-transfected cells. Examining the relative levels
of distribution of the Igf2r mRNA in individual fractions from polyribosome gradients
after CUGBP1 overexpression, our results showed that the abundance of /gf2R mRNA
associated with actively translating components of the gradient (fractions 9 to 12)
decreased dramatically, while the distribution of Igf2r mRNA shifted markedly toward
low-translating parts of the gradient (fractions 5 to 7) (Fig. 5D, top). In contrast, Gapdh
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FIG 5 CUGBP1 inhibits IGF2R expression at the translation level. (A) Representative immunoblots of IGF2R,
GLP1R, GLP2R, and EGFR in cells overexpressing CUGBP1. After cells were transfected with either CUGBP1
expression vector or control vector for 48 h, whole-cell lysates were harvested for Western blotting. (B)
Levels of the Igf2r mRNA in the cells described in the panel A legend. Values represent means + SEM of
data from triplicate experiments. (C) Newly synthesized IGF2R protein in cells overexpressing CUGBP1 as
examined by L-azidohomoalaine (AHA) incorporation assays. (D) Distributions of the Igf2r (top) and Gapdh
(bottom) mRNAs in each gradient fraction prepared from polysomal profile in cells after CUGBP1 overex-
pression. (E) Changes in activities of luciferase (Luc) reporters containing Igf2r full-length 3’-UTR (FL-3'UTR)
or its different fragments in the cells described in the panel A legend. Values represent means = SEM of
results from triplicate samples. *, P < 0.05 (compared with control vector). (F and G) Effect of CUGBP1
silencing on IGF2R expression. Cells were transfected with either siRNA targeting the Cugbpl mRNA
(siCUGBP1) or control siRNA (C-siRNA) for 48 h (F), and then the levels of IGF2R protein and mRNA were
measured (G). Values represent means *= SEM of data from triplicate experiments.

mRNA, which encodes a housekeeping protein and is not a target of CUGBP1, distrib-
uted similarly in the two groups (Fig. 5D, bottom). Consistently, ectopic CUGBP1
overexpression decreased the levels of the luciferase reporter transcripts (FL) Luc-Igf2r-
3'UTR and Luc-Igf2R-3'UTR-F3, both of which contain CUGBP1 signature motifs (Fig. 5E).
In contrast, increasing the levels of CUGBP1 failed to inhibit the production of luciferase
from reporter transcripts Luc-Igf2r-3'UTR-F1 and Luc-Igf2r-3'UTR-F2, in which fragment
3’-UTR-F3 was deleted. In addition, the presence of ectopically expressed CUGBP1 did
not alter the activity of reporter transcripts Luc-Igf2r-5'UTR and Luc-Igf2r-CR, which bear
no CUGBP1 binding sequences (Fig. S3).

Moreover, CUGBP1 silencing by transfection with siRNA targeting the Cugbp7 mRNA
(siCUGBP1) led to increased IGF2R expression. These specific siCUGBP1 nucleotides
showed high specificity with the CugbpT mRNA and low toxicity, as described previously
(25, 26). The levels of CUGBP1 protein decreased by >95% at 48 h after transfection of
siCUGBP1, whereas the levels of IGF2R protein increased by ~2-fold (n = 3; P < 0.05)
compared with those in cells transfected with control siRNA (C-siRNA) (Fig. 5F). De-
creasing the levels of endogenous CUGBP1 by the use of siCUGBP1 induced IGF2R
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FIG 6 miR-195 and CUGBP1 inhibit IGF2R expression cooperatively. (A) Levels of Igf2r mRNA associated
with miR-195 after increasing or decreasing cellular CUGBP1 abundance: (a) cells overexpressing
CUGBP1; (b) CUGBP1-silenced cells. At 24 h after transfection with CUGBP1 expression vector or
siCUGBP1, cells were transfected with biotinylated miR-195. The levels of Igf2r mRNA in biotin pulldown
materials were measured 24 h after transfection with biotinylated miR-195. *, P < 0.05 (compared with
cells transfected with control vector or C-siRNA). (B) Levels of the Igf2r mRNA associated with CUGBP1 in
cells overexpressing CUGBP1 alone or both miR-195 and CUGBP1. Cells were transfected with CUGBP1
expression vector alone or both CUGBP1 and pre-miR-195, and the levels of Igf2r mRNA in CUGBP1 IP
materials were examined 48 h after the transfection. Values represent means *= SEM of data from three
separate experiments. * and +, P < 0.05 (compared with control and cells transfected with CUGBP1
alone, respectively). (C) Representative immunoblots of IGF2R, CUGBP1, and IGFBP5 in cells overexpress-
ing both miR-195 and CUGBP1. At 48 h after the cotransfection with the CUGBP1 expression vector and
pre-miR-195, the levels of different proteins were examined by Western immunoblotting analysis. (D)
Proposed model to explain the cooperative repression of IGF2R translation by miR-195 and CUGBP1. Both
miR-195 and CUGBP1 directly interacted with Igf2r mRNA, and the association of CUGBP1 with Igf2r
mRNA enhanced miR-195 binding to /gf2r mRNA. This cooperative interaction between miR-195 and
CUGBP1 synergistically inhibited IGF2R translation.

expression by enhancing its translation, because CUGBP1 silencing did not alter the
levels of total Igf2r mRNA (Fig. 5G). These results indicate that CUGBP1 inhibits IGF2R
translation by directly interacting with the Igf2r 3'-UTR.

miR-195 and CUGBP1 repress IGF2R translation cooperatively. As both miR-195
and CUGBP1 downregulate IGF2R translation by interacting with the Igf2r mRNA, it is
plausible that miR-195 and CUGBP1 jointly regulate IGF2R expression. To test the
possibility, we first examined the effect of altering cellular CUGBP1 levels on miR-195
binding to the Igf2r mRNA, as examined by RNA pulldown assays using biotin-labeled
miR-195. Interestingly, transfecting cells with an expression vector to elevate CUGBP1
abundance increased the amount of Igf2r mRNA bound to miR-195 (Fig. 6A, panel a)
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without affecting total /gf2r mRNA levels (Fig. 5B) or miR-195 abundance (data not
shown). The levels of Igf2r mRNA associated with CUGBP1 also increased in cells
overexpressing ectopic CUGBP1, as measured by RNP/IP assays using anti-CUGBP1
antibody (Fig. 6B). In contrast, CUGBP1 silencing by transfection with siCUGBP1 de-
creased the association of Igf2r mRNA with both miR-195 (Fig. 6A, panel b) and CUGBP1.
Second, we determined if increasing miR-195 levels altered the association of CUGBP1
with Igf2r mRNA. As shown, expressing miR-195 ectopically by transfection with
pre-miR-195 enhanced the association of CUGBP1 with the Igf2r mRNA, and the levels
of Igf2r mRNA bound to CUGBP1 in cells overexpressing both CUGBP1 and pre-miR-195
were significantly higher than those observed in cells overexpressing CUGBP1 alone
(Fig. 6B). Third, we determined if increasing the levels of both miR-195 and CUGBP1
inhibited IGF2R expression synergistically. Our results showed that the levels of IGF2R
protein decreased by >98% (n = 3; P < 0.05) in cells cotransfected with pre-miR-195
and CUGBP1 expression vector and were lower (decreased by ~70%; n = 3; P < 0.05)
than those observed in cells transfected with pre-miR-195 alone (Fig. 6C). Consistently,
there were no differences in the levels of Igf2r mRNA in cells cotransfected with pre-miR-195
and CUGBP1 compared with those in control cells (data not shown). Together, our findings
suggest a model whereby miR-195 and CUGBP1 inhibit IGF2R translation cooperatively
by enhancing their binding to Igf2r mRNA. In this model, both miR-195 and CUGBP1
directly interacted with Igf2r mRNA, whereas the association of CUGBP1 with Igf2r
mRNA enhanced miR-195 binding to /gf2r transcript. This cooperative interaction
between miR-195 and CUGBP1 with Igf2r mRNA synergistically repressed IGF2R trans-
lation, in turn affecting the homeostasis of the gut epithelium.

miR-195 and CUGBP1 lower IGF2R levels and disrupt the integrity of TGN. To
understand the cellular function of the miR-195/CUGBP1-regulated IGF2R production in
the gut epithelium, we examined if decreasing the IGF2R levels mediated by the activity
of miR-195 and CUGBP1 affected the integrity of TGN in cultured IECs. As shown (Fig.
7A, panel a), IGF2R was primarily localized to the TGN in control cells, as indicated by
IGF2R colocalization with syntaxin 6, a well-established marker for TGN in diverse
eukaryotes (21, 31), but not on the cell surface. The Golgi structure in control cells, as
revealed by staining for syntaxin 6 and IGF2R, exhibited restricted juxtanuclear local-
ization. Although ectopically expressed miR-195 and CUGBP1 did not alter total cellular
levels of syntaxin 6 protein (see Fig. S4), they disrupted the stability and integrity of
TGN, causing the disappearance of the typical Golgi morphology in cells with overex-
pressed levels of pre-miR-195 (Fig. 7A, panel b) or CUGBP1 (Fig. 7A, panel c) or both
molecules (Fig. 7A, panel d). The subcellular distribution of syntaxin 6 in IGF2R-deficient
cells showed a perinuclear staining pattern without a clear Golgi structure. This
disruptive effect of miR-195/CUGBP1-mediated repression of IGF2R on the integrity of
TGN was specific, because overexpression of miR-195 and CUGBP1 did not affect the
subcellular distribution of cytoskeleton a-tubulin (Fig. 7B). A network of long stress
fibers of a-tubulin that were located just beneath the plasma membrane and traversed
the cytoplasm was observed in both control cells and cells overexpressing miR-195 and
CUGBP1. These results indicate that IGF2R in IECs is essential for maintaining the
stability of TGN, in turn regulating distinct cellular processes and functions.

DISCUSSION

Our recent studies show that miR-195 and CUGBP1 are critical regulators of gut
epithelium homeostasis and that elevation of cellular miR-195 and CUGBP1 levels and
their binding affinity inhibit IEC migration and proliferation, thus compromising epi-
thelial integrity (14, 17, 25), but the effectors of these actions are not fully known. IGF2R,
a 250-kDa multifunctional glycoprotein, recognizes two different classes of ligands,
IGF2/IGF1 and M6P-containing molecules, and is implicated in diverse cellular functions
(4, 6, 32). In this study, we identified /gf2r mRNA as a novel target of both miR-195 and
CUGBP1 in IECs and found that miR-195 and CUGBP1 inhibited IGF2R translation
without affecting Igf2r mRNA stability or whole-cell abundance. The binding of Igf2r
mRNA to miR-195 was enhanced by elevating CUGBP1 expression and reduced by
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FIG 7 Reduction in IGF2R levels mediated by miR-195 and CUGBP1 alters homeostasis of the Golgi
apparatus. (A) Fluorescence analysis of IGF2R colocalization with Golgi structural protein syntaxin 6 after
different treatments: (a) control; (b) cells transfected with pre-miR-195 alone; (c) cells transfected with
CUGBP1 expression vector alone; (d) cells cotransfected with pre-miR-195 and CUGBP1. At 48 h after
transfection, cells were fixed, permeabilized, and incubated with the antibody against IGF2R or syntaxin
6 and then with anti-lgG conjugated with fluorescein isothiocyanate (FITC). Original magnification,
X1,000. Bar, 50 um. (Left panel) Nuclei were stained by DAPI. (Second panel from left) Green, antibody
detecting IGF2R. (Third panel from left) Red, antibody detecting syntaxin 6. (Right panel) Yellow, merge
of the two signals. Three separate experiments were performed and showed similar results. (B) Fluores-
cence analysis of IGF2R and a-tubulin in cells overexpressing both miR-195 and CUGBP1. (a) Control; (b)
cells cotransfected with pre-miR-195 and CUGBP1. Original magnification, X500. Bar, 50 um.

silencing CUGBP1. Importantly, jointly overexpressing miR-195 and CUGBP1 coopera-
tively repressed IGF2R translation. These findings provide insight into the control of
IGF2R expression at the posttranscriptional level and advance our understanding of the
molecular mechanism underlying the homeostasis of the gut mucosal epithelium. Our
results suggest that miR-195 and CUGBP1 regulate the growth and adaptation of the
gut mucosa at least partially by reducing the levels of IGF2R and thereby modulating
IGF signaling. Our results also point to miR-195/CUGBP1-mediated IGF2R reduction as
a possible molecular pathway that could be targeted to promote mucosal growth
under pathological conditions.
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The results presented here indicate that miR-195 and CUGBP1 interacted with the
Igf2r mRNA via its 3'-UTR rather than the 5’-UTR and CR. These observations are
consistent with other results indicating that miR-195 specifically binds to the 3'-UTRs of
Cdk4, Cdké, WEET, MO25, ActRIIA, Stim1, and SirtT mRNAs to elicit its regulatory actions
(17-24). The use of reporters bearing partial transcripts spanning the Igf2r 5'-UTR, CR,
or 3’-UTR with or without the predicted miR-195 binding site revealed that the Igf2r
3’-UTR contained the functional sequence through which miR-195 inhibited IGF2R
translation. As shown, the repression of IGF2R by miR-195 overexpression was pre-
vented when the binding sequence was mutated from Igf2r 3'-UTR. In some instances,
miRNAs are also found to associate with the CRs of target mRNAs for their functions. In
this regard, miR-519 represses HuR translation by interacting with the CR but not the
3’-UTR of HuR mRNA (33), while miR-222 inhibits CDK4 translation through association
with both the CR and the 3'-UTR of the Cdk4 mRNA (18). In the current paradigm,
miR-195 and CUGBP1 interacted with the Igf2r 3’-UTR and jointly repressed IGF2R
translation. Although the Igf2r 3’-UTR does not contain typical canonical GU-rich
elements (GREs) such as UGUUUGUUUGU, there are many GU repeats and CUG repeats
in the Igf2r 3'-UTR which were also recognized as GREs and interacted with CUGBP1
(34-36). We did not further characterize the specific Igf2r 3'-UTR nucleotides with which
miR-195 and/or CUGBP1 interact, since those studies would require biochemical,
crystallographic, and molecular methods that are more specialized than those used in
the present investigation.

Our results also indicate that CUGBP1 and miR-195 jointly regulate IGF2R translation,
since CUGBP1 enhanced the binding of miR-195 to the Igf2r mRNA. The cooperative
inhibition of IGF2R expression by CUGBP1 and miR-195 was not surprising, as several
studies showed that CUGBP1 functionally interacts with miRNAs and/or other RBPs to
remodel ribonucleoprotein complexes and influence the posttranscriptional fate of
mRNAs positively or negatively (14, 37). For example, CUGBP1 interacts with miR-222 to
inhibit translation of the Cdk4 mRNA synergistically (18), but it competes with HuR to
regulate translation of the tight junction occludin and transcription factor MYC antag-
onistically (25, 26). The exact mechanism by which CUGBP1 enhances the association of
miR-195 with Igf2r mRNA is unclear at present, but it has been reported that miRNA
binding sites are commonly present near RBP binding sites (38, 39), suggesting that in
some cases RBP and miRNA actions could be enhanced or could compete via their
physical interactions with given mRNAs. However, RBPs and coregulatory miRNAs can
also bind at locations that are up to several hundreds or thousands of bases apart in
some targets (16, 40, 41). In the present study, we found that both miR-195 and
CUGBP1 had high affinity for the Igf2r 3’-UTR. However, the miR-195 binding site was
located at the fragment 3’UTR-F1, whereas CUGBP1 predominantly interacted with the
fragment 3’UTR-F3. It remains unknown how CUGBP1 and miR-195 interact with the
Igf2r 3'-UTR through distinct nonoverlapping binding sites. RNA structure and folding
analyses will be needed to determine systematically the process by which binding of
CUGBP1 in one area of the Igf2r 3'-UTR enhances interactions with miR-195 in a remote
site.

The data obtained in the present study strongly suggest that the miR-195/CUGBP1-
elicited repression of IGF2R expression plays a role in the regulation of distinct cellular
processes and likely functions by altering the composition of the TGN. Decreasing the
levels of cellular IGF2R by overexpressing miR-195 and CUGBP1 disrupted the Golgi
structure in IECs, suggesting that IGF2R is essential for TGN formation and stability,
whereas reduction in the levels of cellular IGF2R by increasing miR-195 and CUGBP1
disrupts TGN integrity and function. Consistent with our present findings, IGF2R has
been shown to facilitate the delivery of nascent lysosomal enzymes from the TGN to
endosomes (6, 42), and ectopic overexpression of the IGF2R increases B-amyloid
production and affects cell viability in fibroblasts (43). Several studies have also shown
that IGF2R is expressed in many tissues, including the gut epithelium, and its expression
is known to be altered in response to stressful environments such as after SBR
and during the inhibition of intestinal mucosal growth (1, 2). Interestingly, the levels
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of mucosal miR-195 and CUGBP1 decrease in the small intestine after SBR, along with
stimulation of mucosal regeneration, but their levels increase dramatically after food
starvation or polyamine depletion, which is associated with an inhibition of intestinal
mucosal growth (18, 25, 44). Moreover, IGF2R also regulates cellular processes and
functions by (i) activating IGF2 signaling (42, 45); (ii) promoting the cellular uptake and
degradation of peptides such as proliferin, leukemia inhibitory factor, and transforming
growth factor beta (TGF-B) (4, 6); and (iii) regulating extracellular signal-regulated
kinase 1/extracellular signal-regulated kinase 2 (ERK1/2) activity (32). In sum, our results
indicate that miR-195 and CUGBP1 repress IGF2R translation cooperatively in IECs, thus
compromising the integrity of the gut epithelium in stressful environments involving
disruption of Golgi function and impaired IGF signaling. Given that the TGN and IGF
systems critically influence gut mucosal regeneration and homeostasis, our findings
showing that the combined activity of miR-195 and CUGBP1 represses IGF2R to inhibit
mucosal growth under pathological conditions suggest that this system might be
exploited in therapies for patients with mucosal atrophy.

MATERIALS AND METHODS

Chemicals and cell culture. Tissue culture medium and fetal bovine serum were purchased from
Invitrogen (Carlsbad, CA), and biochemicals were from Sigma (St. Louis, MO). The antibodies recognizing
IGF2R, IGF1R, CUGBP1, IGFBP5, GLP1R, GLP2R, and GAPDH were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA), EGFR was from BD Biosciences, and the secondary antibody conjugated to horseradish
peroxidase was from Sigma. The pre-miR miRNA precursor and anti-miR miRNA inhibitor of miR-195 were
purchased from Ambion (Austin, TX). Biotin-labeled miRNA-195 was custom-made by Dharmacon
(Lafayette, CO). The IEC-6 cell line (normal rat intestinal crypt cells) was purchased from the American
Type Culture Collection (ATCC) at passage 13 and was maintained under standard culture conditions as
described previously (44, 46).

Plasmid construction. CUGBP1 expression vector was purchased from Origene (Rockville, MD) and
was described previously (18, 26). The chimeric firefly luciferase reporter construct containing the entire
Igf2r cDNA was constructed as described previously (30, 47). The full-length Igf2r 5'-UTR and 3'-UTR and
different CR fragments were amplified and subcloned into pmirGLO Dual-Luciferase miRNA target
expression vector (Promega, Madison, WI) to generate pmirGLO-Luc-Igf2R-5'UTR, pmirGLO-Luc-lgf2r-CR,
and pmirGLO-Igf2r-3’UTR. DNA sequencing and enzyme digestion were used to confirm the sequence
and orientation of the fragment in the luciferase reporter. Transient transfections were performed using
Lipofectamine reagent as recommended by the manufacturer (Invitrogen) (48, 49). Luciferase activity was
examined using the Dual-Luciferase assay system, and the levels of firefly luciferase activity were
normalized to Renilla luciferase activity and were further compared with the levels of luciferase mRNA
activity in every experiment. The primer sequences used for generation of these constructs are presented
in Table S1 in the supplemental material.

Reverse transcription (RT) and real-time quantitative PCR (Q-PCR) analysis. Total RNA was
isolated by using an RNeasy minikit (Qiagen, Valencia, CA), and RT and PCR amplification reactions were
performed as described previously (17). The levels of Gapdh PCR product were examined to monitor the
evenness in the RNA inputs in RT-PCR samples. Real-time quantitative PCR (Q-PCR) analysis was
conducted using 7500 Fast real-time PCR systems with specific primers, probes, and software (Applied
Biosystems, Foster City, CA). For miRNA studies, the levels of miRNA-195 were also quantified by Q-PCR
by using TagMan MicroRNA assay; small nuclear RNA (snRNA) U6 was used as an endogenous control.

Western blot analysis. Whole-cell lysates were prepared using 2% SDS, sonicated, and centrifuged
(12,000 rpm) at 4°C for 15 min. The supernatants were boiled for 5 min and subjected to size fractionation
by SDS-PAGE (7.5% acrylamide). After transfer of proteins onto nitrocellulose filters, the blots were
incubated with primary antibodies recognizing IGF2R or CUGBP1; following incubations with secondary
antibodies, immunocomplexes were developed by using chemiluminescence.

Analysis of newly translated protein. De novo synthesis of nascent proteins was detected by the
use of a Click-iT protein analysis detection kit (Life Technologies, Grand Island, NY) following the
manufacturer’s instructions with minor modifications as described previously (50). Briefly, cells were
incubated in methionine-free medium and then exposed to L-azidohomoalaine (AHA). After the cell
lysates were mixed with the reaction buffer containing biotin-alkyne reagent and CuSO,, for 20 min, the
biotin-alkyne-azide-modified protein complex was pulled down using paramagnetic streptavidin-
conjugated Dynabeads. The pulldown material was resolved by 10% SDS-PAGE and subjected to Western
immunoblotting analysis using antibodies that recognized IGF2R or GAPDH proteins.

Polysome analysis was performed as described previously (51). Briefly, cells were incubated at ~70%
confluence for 15 min in 0.1 mg/ml cycloheximide, lifted by scraping in 1 ml of polysome extraction
buffer, and lysed on ice for 10 min. Nuclei were pelleted, and the resulting supernatant was processed
through a 10% to 50% linear sucrose gradient to fractionate cytoplasmic components according to their
molecular weights. The eluted fractions were prepared with a fraction collector (Brandel, Gaithersburg,
MD), and their quality was monitored at 254 nm using a UV-6 detector (ISCO, Louisville, KY). After RNA
in each fraction was extracted, the levels of each individual mRNA were quantified by Q-PCR in each of
the fractions.
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Biotin-labeled miR-195 pulldown assays. Cells were transfected with biotinylated miR-195, and
whole-cell lysates were collected 24 h later, mixed with streptavidin-Dynal beads (Invitrogen, Carlsbad,
CA), and incubated at 4°C with rotation overnight (52). After the beads were washed thoroughly, the
bead-bound RNA was isolated and subjected to RT followed by Q-PCR analysis. Input RNA was extracted
and served as a control.

Biotin pulldown assays and RNP IP analysis. Synthesis of biotin-labeled transcripts and measure-
ment of RBPs bound to biotinylated RNA were performed as previously described (25). The template of
cDNA was from IEC-6 cells for PCR amplification of the 5’-UTR, CR, and 3’-UTR of Igf2r mRNA. The 5’
primers contained the T7 RNA polymerase promoter sequence (T7)CCAAGCTTCTAATACGACTCACTATA
GGGAGA. The sequences of the oligonucleotides used for preparation of full-length Igf2r 5'-UTR, various
fractions of CR, and the 3’-UTR are presented in Table S1. PCR-amplified products were used as the
templates to transcribe biotinylated RNAs by using T7 RNA polymerase in the presence of biotin-CTP as
described previously (30). Biotin-labeled transcripts (6 ng) were incubated with 120 ng of cytoplasmic
lysates for 30 min at room temperature, and RNA/protein complexes were isolated with paramagnetic
streptavidin-conjugated Dynabeads (Dynal, Oslo, Norway) and analyzed by Western blotting.

To determine the association of endogenous CUGBP1 with endogenous Igf2r mRNA, immunopre-
cipitation of RNP complexes was examined as described previously (53, 54). Twenty million cells were
collected per sample, and whole-cell lysates were used for IP for 4 h at room temperature in the presence
of excess (30 ng) IP antibody (IgG, anti-CUGBP1). RNA in IP materials was used in RT followed by PCR and
Q-PCR analysis to detect the presence of Igf2r and Gapdh mRNAs.

Immunofluorescence staining. The immunofluorescence staining procedure was carried out ac-
cording to the method described in our previous publications (55, 56). After the cells were fixed in 3.7%
formaldehyde-phosphate-buffered saline and rehydrated, they were incubated with the primary anti-
body against IGF2R or syntaxin 6 in the block buffer (1:300 dilution) at 4°C overnight and then incubated
with secondary antibody conjugated with Alexa Fluor 594 (Molecular Probes, Eugene, OR) for 2 h at room
temperature. Finally, the slides were washed, mounted, and viewed through a Zeiss confocal microscope
(model LSM410). Images were processed using Photoshop software (Adobe, San Jose, CA).

Statistics. Values represent means * standard errors (SE) of results from three to six samples.
Immunofluorescence staining was repeated three times. Where indicated, P values of <0.05 were
considered significant, and an unpaired, two-tailed Student t test was used. In assessing multiple groups,
one-way analysis of variance (ANOVA) was utilized with Tukey’s post hoc test (57). The statistical software
used was SPSS17.1.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/MCB
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