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ABSTRACT Intestinal epithelial autophagy is crucial for host defense against inva-
sive pathogens, and defects in this process occur frequently in patients with inflam-
matory bowel disease (IBD) and other mucosal disorders, but the exact mechanism
that activates autophagy is poorly defined. Here, we investigated the role of RNA-
binding protein HuR (human antigen R) in the posttranscriptional control of autophagy-
related genes (ATGs) in the intestinal epithelium. We found that targeted deletion of
HuR in intestinal epithelial cells (IECs) specifically decreased the levels of ATG16L1 in the
intestinal mucosa. Intestinal mucosa from patients with IBD exhibited reduced levels of
both HuR and ATG16L1. HuR directly interacted with Atg16l1 mRNA via its 3= untrans-
lated region and enhanced ATG16L1 translation, without affecting Atg16l1 mRNA stabil-
ity. Circular RNA circPABPN1 blocked HuR binding to Atg16l1 mRNA and lowered
ATG16L1 production. HuR silencing in cultured IECs also prevented rapamycin-induced
autophagy, which was abolished by overexpressing ATG16L1. These findings indicate
that HuR regulates autophagy by modulating ATG16L1 translation via interaction with
circPABPN1 in the intestinal epithelium.

KEYWORDS IBD, mucosal defense, RNA-binding proteins, circular RNAs, epithelial
homeostasis

The epithelium of the mammalian intestinal mucosa acts as a dynamic physical
barrier and directly interfaces with a complex and diverse population of luminal

bacteria (1–3). Although most members of this microbial community perform beneficial
functions, certain pathogenic bacteria can evade this defense barrier and enter intes-
tinal epithelial cells (IECs) (4). IEC-intrinsic innate immune responses limit bacterial
invasion and maintain beneficial host-bacterium relationships (5, 6), but the cellular
processes that control intestinal epithelial interactions with invasive pathogens remain
largely unknown. Autophagy is an evolutionarily conserved process in which cytoplas-
mic pathogens and unwanted components are targeted to the lysosome for degrada-
tion (7–9). More than 30 autophagy-related genes (ATGs) are identified in mammals,
and ATG16L1, the product of the Atg16l1 gene, plays an important role in the intestinal
epithelium homeostasis, at least partially by interacting with A20 (10) and orchestrating
interleukin-22 signaling (11). ATG16L1 also prevents necroptosis in the intestinal epi-
thelium (12) and protects against tumor necrosis factor (TNF)-induced apoptosis during
chronic colitis in mice (13). Genome-wide association studies have revealed the pres-
ence of polymorphisms and mutations in Atg16l1 and other Atg genes in patients with
inflammatory bowel diseases (IBD) and other mucosal disorders associated with defec-
tive autophagy, Paneth cell dysfunction, and deregulation of mucosal defense (14–16).
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HuR (encoded by the Elavl1 gene) is an extensively studied RNA-binding protein
(RBP) and has emerged as a master posttranscriptional regulator of homeostasis in the
intestinal epithelium (17–19). Posttranscriptional events, particular changes in mRNA
stability and translation, are major mechanisms controlling gene expression in response
to stressful environments (20). HuR typically interacts with U- or AU-rich elements
located in the 3= untranslated regions (3=-UTRs) and/or coding regions (CRs) of labile
mRNAs, and this association enhances the stability and translation of target transcripts
(21, 22). HuR also affects gene regulatory programs by interplaying with different
noncoding RNAs (ncRNAs), including microRNAs (miRNAs), long ncRNAs (lncRNAs), and
circular RNAs (circRNAs). For example, HuR associates with lncRNA SPRY4-IT1 to syner-
gistically increase the stability and translation of mRNAs encoding tight-junction pro-
teins (23), and it also directly interacts with lncRNA H19 to prevent the processing of
miRNA 675 (miR-675) from H19 (24). HuR competes with miR-195 to modulate Stim1
mRNA stability antagonistically (25) and also counteracts miR-330 to promote STAT3
translation (26). Targeted deletion of HuR in IECs inhibits regeneration of the intestinal
mucosa (27), reduces tumor development (18), delays repair of damaged mucosa
induced by mesenteric ischemia/reperfusion in the small intestine and by dextran
sulfate sodium in the colon (28), impairs Paneth cell function (15), and alters Rac1
nucleocytoplasmic shuttling in the intestinal epithelium (29).

It has been also reported that HuR regulates expression of several ATGs in renal
proximal tubular 2 (HK-2) cells (30) and hepatocellular carcinoma (HCC) cells (31),
suggesting the involvement of HuR in the regulation of autophagy. However, all of
these studies were conducted in cultured cells; therefore, the in vivo function of HuR in
regulating ATG expression and autophagy activation in the intestinal epithelium re-
mains to be fully investigated. Using mice with intestinal epithelium-specific ablation of
HuR (IE-HuR�/� mice), we found that loss of HuR predominantly decreased the levels
of ATG16L1 in the intestinal epithelium in vivo and further found that human intestinal
mucosa with inflammation and injury/erosions from patients with IBD exhibited de-
creased levels of both HuR and ATG16L1. While HuR did not affect total Atg16l1 mRNA
levels in vivo or in vitro, HuR promoted ATG16L1 translation by directly interacting with
the 3=-UTR of Atg16l1 mRNA. Interestingly, circPABPN1 blocked HuR binding to Atg16l1
mRNA and prevented HuR-induced ATG16L1 translation. These findings indicate that
HuR and circPABPN1 jointly regulate ATG16L1 expression in the intestinal epithelium
and suggest that the HuR/circPABPN1/ATG16L1 axis is a promising therapeutic target
for interventions to improve the intestinal mucosal defense in patients with compro-
mised function of the intestinal barrier.

RESULTS
Targeted deletion of HuR in IECs inhibits ATG16L1 expression in vivo. To

investigate the in vivo function of HuR in the regulation of autophagy in the mamma-
lian intestinal mucosa, IE-HuR�/� mice were generated by crossing HuRflox/flox (HuRfl/fl)
mice with villin-Cre mice as described previously (27). HuR was undetectable in the
small intestinal mucosa of IE-HuR�/� mice (Fig. 1A), but it was found at wild-type (WT)
levels in other tissues and organs, such as gastric mucosa, lung, liver, and pancreas
(data not shown), similar to our previous findings (27, 28). Targeted deletion of HuR in
mice did not alter the overall morphology or structure of the small and large intestines
(27). Interestingly, conditional HuR deletion in IECs markedly decreased the levels of
ATG16L1 in the small intestinal mucosa, although it failed to alter tissue ATG5 abun-
dance. In fact, ATG16L1 levels in the HuR-deficient intestinal epithelia from IE-HuR�/�

mice were below the level of detection by Western blotting. Consistently, the levels of
microtubule-associated protein light chain 3 I (LC3-I) and LC3-II were also decreased by
�55% (n � 4; P � 0.05) in the intestinal mucosa of IE-HuR�/� mice compared with
control littermates. On the other hand, the basal level of ATG7 in the intestinal mucosa
was relatively low but was also reduced by �40% (n � 4; P � 0.05) in HuR-ablated mice.
Western blot signals of ATG16L2 in the intestinal mucosa of both IE-HuR�/� and
littermate mice were extremely low and difficult to detect. Immunohistochemical
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staining assays showed that immunoreactive signals of both ATG16L1 and ATG5 in the
intestinal mucosa were normally located in the cytoplasm in control littermate mice,
but ATG16L1 signals completely disappeared in the epithelia of IE-HuR�/� mice (Fig.
1B). In contrast, there were no differences in ATG5 immunoreactive signals in the
intestinal mucosa between IE-HuR�/� mice and control littermates. In addition, tar-
geted deletion of HuR in IECs did not alter transcription of the Atg genes, because the
levels of all Atg16l1, Atg5, and Atg7 mRNAs in the intestinal mucosa of IE-HuR�/� mice
were indistinguishable from those observed in control littermate mice (Fig. 1C). To-
gether, these results indicate that HuR plays an important role in the regulation of
autophagy in the intestinal epithelium primarily by modulating ATG16L1 expression.

Decreased HuR is associated with disrupted expression of ATG16L1 in patients
with IBD. To determine the impact of HuR-regulated ATG16L1 on gut diseases in
humans, we examined changes in the levels of HuR, ATG16L1, and ATG5 in the
intestinal mucosae from patients with IBD by immunostaining assays. To keep the study
focused, all tissue samples from IBD patients were collected from persons with ulcer-
ative colitis (UC), rather than Crohn’s disease, for various measurements, whereas

FIG 1 Targeted deletion of HuR in IECs decreases the levels of intestinal mucosal ATG16L1 in vivo. (A) Immunoblots
of HuR and ATGs in the small intestinal mucosae obtained from control littermate and IE-HuR�/� mice. Total
proteins were isolated from the intestinal mucosa and prepared for Western blot analysis. Equal loading was
monitored by GAPDH. Three experiments were performed and showed similar results. (B) Immunohistochemical
staining of ATG16L1 and ATG5 in the small intestinal mucosa. Green, ATG16L1 or ATG5; red, E-cadherin; blue, nuclei
stained by DAPI (4=,6=-diamidino-2-phenylindole). Boxes define the area to be amplified. Scale bars, 25 �m. (C)
Levels of mRNAs encoding ATG16L1, ATG5, and ATG7 in the small intestinal mucosa as measured by Q-PCR
analysis. Values are the means � SEM (n � 5).
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intestinal mucosae from patients without mucosal inflammation and injury/erosions
served as controls. HuR was localized at both the cytoplasm and nucleus in the human
intestinal epithelia of control individuals, as reported previously (15), but these HuR
immunoreactive signals in the mucosal tissues from UC patients were decreased
remarkably, particularly in the cytoplasm, compared with those observed in control
patients (Fig. 2A). Importantly, the decreased abundance of intestinal mucosal HuR was
accompanied by a specific reduction in the levels of ATG16L1 in patients with UC (Fig.
2B, top). In control individuals, both ATG16L1 and ATG5 were found predominantly in
the cytoplasm of the intestinal mucosa, but ATG16L1 levels in the mucosal tissues from
UC patients decreased dramatically compared with those in control patients. Notably,
immunoreactive signals of ATG16L1 were almost undetectable in the intestinal samples
obtained from patients with UC, although there were no changes in mucosal ATG5
levels (Fig. 2B, bottom). In addition, the decreased ATG16L1 levels following inhibition
of HuR observed in UC patients were associated with delayed mucosal repair and gut
barrier dysfunction, as evidenced by compromised epithelial regeneration and an
inhibition of tight-junction expression (data not shown), as reported in our previous
studies (3, 15). These results strongly suggest that disruption of HuR-regulated ATG16L1
expression in the intestinal mucosa contributes to the pathological process of IBD in
humans.

HuR silencing inhibits ATG16L1 translation in vitro. To gain a deeper under-
standing of the role of HuR in the regulation of ATG16L1 expression in the intestinal

FIG 2 Association of decreased HuR with a reduction in ATG16L1 in the intestinal mucosae from patients with
inflammatory bowel disease (IBD). (A) Immunostaining of HuR in the colonic mucosae from control individuals
(without mucosal erosions/inflammation) and patients with IBD. Green, HuR; blue, nucleus stained by DAPI. Boxes
define the area to be amplified. Scale bars, 25 �m. (B) Immunostaining staning of ATG16L1 (top) and ATG5 (bottom)
in the colonic mucosa as described for panel A. Green, ATG16L1 or ATG5; red, E-cadherin (red); blue, nuclei stained
by DAPI. All of these experiments were repeated in human tissue samples obtained from three control individuals
or patients with IBD and showed similar results.
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epithelium, we silenced HuR expression by use of small interfering RNA (siRNA)
targeting the HuR mRNA (siHuR) in cultured IECs. The levels of HuR were decreased by
�80% in cells at 48 h after transfection with siHuR (Fig. 3A); this reduction was specific,
as the levels of other RBPs, such as CUGBP1 and TIAR, were not affected in HuR-silenced
populations (data not shown). Consistent with the results in IE-HuR�/� mice, HuR
silencing in cultured IECs also reduced ATG16L1 protein levels, but it failed to alter the
levels of total Atg16l1 mRNA (Fig. 3B). HuR silencing also lowered the abundance of
LC3-II proteins, without affecting the levels of ATG5 or WIPI2. To ascertain if the
inhibition of ATG16L1 expression in HuR-silenced populations was due to a repression

FIG 3 HuR silencing inhibits ATG16L1 translation in cultured IECs. (A) Immunoblots of HuR, ATGs, and WIPI2 in cells
transfected with siHuR or C-siRNA. Western blot analysis was carried out 48 h after transfection. (B) Levels of Atg
mRNAs as measured by Q-PCR analysis in cells treated as described for panel A. Values are the means � SEM
(n � 3). (C) Newly synthesized ATG proteins as measured by L-azidohomoalanine (AHA) incorporation assays. (D)
Distributions of mRNAs of Atg16l1 (top) and Gapdh (bottom) in each gradient fraction of polysomal profiles
prepared from cells described for panel A. (E) Immunoblots of ATGs in cells exposed to DFMO for 6 days to deplete
polyamines (left) and in cells with high levels of cellular polyamines by transfection with the Odc transgene (right).
Three experiments were performed and showed similar results.
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of ATG16L1 translation, we examined changes in the rate of new ATG16L1 protein
synthesis after HuR silencing by assessing the de novo incorporation of labeled amino
acids using the Click-iT technology (see Materials and Methods). As shown in Fig. 3C,
newly synthesized ATG16L1 was markedly lower in HuR-silenced cells than in cells
transfected with scramble control siRNA (C-siRNA). In contrast, there were no changes
in nascent synthesis of ATG5 and GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) proteins after transfection with siHuR.

To further study the impact of HuR on ATG16L1 translation, we examined the
relative distributions of Atg16l1 mRNA on individual fractions from polyribosome
gradients prepared in cells in which HuR was silenced. Although HuR silencing did not
affect global polysome profiles in IECs, as reported previously (32), the levels of Atg16l1
mRNA associated with actively translating fractions (fractions 9 and 10) decreased in
HuR-silenced cells, with a marked shift of Atg16l1 mRNAs to low-translating fractions
(fractions 7 and 8) (Fig. 3D, top). In contrast, Gapdh mRNA, encoding the housekeeping
protein GAPDH, was distributed similarly in both groups (Fig. 3D, bottom). These results
indicate that decreased HuR inhibits ATG16L1 expression primarily by lowering Atg16l1
mRNA translation in the intestinal epithelium.

Polyamines function as biological regulators of the intestinal epithelium homeosta-
sis predominantly through control of HuR activity (33, 34). Depletion of polyamines by
treating IECs with D,L-�-difluoromethylornithine (DFMO) for 6 days increased the levels
of cytoplasmic HuR, whereas increasing the cellular polyamines via ectopic overexpres-
sion of the Odc gene (encoding a key enzyme for polyamine biosynthesis) reduced
cytoplasmic HuR abundance and increased nuclear HuR levels (35). Interestingly,
depletion of cellular polyamines by DFMO also increased the levels of cellular ATG16L1
and ATG5 proteins (Fig. 3E, left). In contrast, IECs overexpressing the Odc gene exhib-
ited decreased ATG16L1 and ATG5 levels (Fig. 3E, right). Because there were no changes
in ATG5 abundance in HuR-silenced cells and the mucosal tissues from IE-HuR�/� mice,
these findings suggest that polyamines regulate ATG16L1 expression at least partially
by altering HuR activity.

HuR interacts with Atg16l1 mRNA via its 3=-UTR. The Atg16l1 mRNA is a potential
target of HuR, given that the human ATG16L1 mRNA shows extensive association with
HuR (see Table S1 in the supplemental material) (http://starbase.sysu.edu.cn/). To
determine whether HuR enhances ATG16L1 translation by directly interacting with the
Atg16l1 mRNA, ribonucleoprotein (RNP) immunoprecipitation (RIP) assays were per-
formed in IECs using anti-HuR antibody under conditions that preserved RNP integrity
(36). Atg16l1 mRNA was highly enriched in HuR samples compared with control IgG
samples, while HuR did not preferentially associate with Atg5 mRNA (Fig. 4A). The levels
of Cdc42 mRNA (a known target of HuR) (28) in HuR RIP were also examined and served
as a positive control, while Gapdh mRNA, found in all samples as a low-level contam-
inating transcript (not a target of HuR), served to monitor the evenness of sample input,
as reported previously (21).

To determine if HuR directly interacts with the 5=-UTR, CR, or 3=-UTR of Atg16l1
mRNA, HuR/Atg16l1 mRNA complexes were further tested by using biotinylated tran-
scripts spanning different regions of Atg16l1 mRNA (Fig. 4B, schematic). As shown, HuR
bound only to the Atg16l1 3=-UTR and not to the 5=-UTR or CR. Neither CUGBP1 nor
AUF1 interacted with Atg16l1 mRNA. To investigate the functional consequence of HuR
interactions with Atg16l1 mRNA in IECs, we used a firefly luciferase (FL) reporter gene
construct containing the Atg16l1 5=-UTR, CR, or 3=-UTR and negative-control vector
pGL3-Luc (Fig. 4C, schematic). To distinguish translational output from changes in
mRNA turnover, luciferase activities were normalized to luciferase mRNA levels to
calculate the translational efficiency (the “translation index”). HuR silencing for 48 h
decreased luciferase reporter activity when cells were transfected with the Luc-3=-UTR
(containing the full-length Atg16l1 3=-UTR) but not with the Luc-5=-UTR or Luc-CR. These
results indicate that HuR enhances ATG16L1 translation by directly interacting with
Atg16l1 mRNA via its 3=-UTR rather than its 5=-UTR or CR.
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circPABPN1 suppresses HuR binding to Atg16l1 mRNA and lowers ATG16L1
levels. circPABPN1 is a prominent HuR target circRNA, and elevation of circPABPN1
levels prevented HuR binding to its target transcript PABPN1 mRNA in human cervical
carcinoma HeLa cells (37). To test the possibility that sequestration of HuR by
circPABPN1 regulates ATG16L1 expression levels, we first examined the association of
HuR with circPABPN1 in IECs. Consistent with the findings in HeLa cells, RIP analysis
verified that HuR associated with circPABPN1 in Caco-2 cells (Fig. 5A). Second, we
determined whether increasing the levels of circPABPN1 inhibited the expression of
ATG16L1. Transient transfection with a vector to express circPABPN1 (pCircPABPN1)

FIG 4 HuR regulates ATG16L1 translation by directly interacting with the 3=-UTR of Atg16l1 mRNA. (A) Association
of endogenous HuR with endogenous Atg16l1 mRNA in IECs as examined by RIP using either anti-HuR antibody
(Ab) or control IgG followed by Q-PCR analysis. (a) Levels of the Atg16l1 and Atg5 mRNAs in HuR IP; (b) levels of
total input mRNAs. Values are the means � SEM (n � 3). *, P � 0.05 compared with IgG IP. (B) HuR immunoblots
using the pulldown materials for biotinylated transcripts of the Atg16l1 5=-UTR, CR, and 3=-UTR. Left, schematic
representation of various fractions of biotinylated Atg16l1 transcripts used in this study. Right, cytoplasmic lysates
were incubated with 6 �g of biotinylated Atg16l1 5=-UTR, CR, or 3=-UTR for 30 min at 25°C, and the resulting RNP
complexes were pulled down by streptavidin-coated beads. The presence of HuR and other RBPs (CUGBP1 and
AUF1) in the pulldown material was assayed by Western blotting. GAPDH in the pulldown material was also
detected and served as a negative control. (C) Left, schematic of plasmids of different chimeric firefly Luc-Atg16l1
reporters. Right, levels of luciferase (Luc) reporter activities as measured by analysis of the Luc-Atg16l1 5=-UTR
(Luc-5=UTR), CR (Luc-CR), and 3=-UTR (Luc-3=UTR) after HuR silencing. *, P � 0.05 compared with C-siRNA.
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dramatically increased the levels of cellular circPABPN1 (Fig. 5B, left), but it did not alter
the levels of PABPN1 mRNA (Fig. 5B, right). Increasing the levels of circPABPN1 by
transfection with pCircPABPN1 specifically inhibited the expression of ATG16L1 without
affecting the expression levels of ATG5 or HuR (Fig. 5C); moreover, ectopically ex-
pressed circPABPN1 failed to alter total Atg16l1 mRNA levels (Fig. 5D). Third, we
examined the role of the circPABPN1-HuR complex in the regulation of ATG16L1
expression. As shown in Fig. 5E, the ectopic rise in circPABPN1 levels abolished the
binding of HuR to Atg16l1 mRNA. There were no differences in the levels of Atg16l1

FIG 5 circPABPN1 inhibits ATG16L1 expression by preventing HuR association with Atg16l1 mRNA. (A) Association
of endogenous HuR with endogenous circPABPN1 in IECs as examined by RIP assays using anti-HuR antibody (Ab).
Values are the means � SEM (n � 3). *, P � 0.05 compared with IgG IP. (B) Levels of circPABPN1 (left) and PABPN1
mRNA (right) at 48 h after transfection with the circPABPN1 expression vector (pCircPABPN1). *, P � 0.05 compared
with control vector. (C) Immunoblots of ATGs and HuR in cells treated as described for panel B. (D) Levels of Atg16l1
mRNA in cells treated as described for panel B. (E) Effect of increasing circPABPN1 levels on HuR association with
Atg16l1 mRNA. Cells were transfected with pCircPABPN1 or control vector, and the levels of Atg16l1 mRNA in the
material pulled down by anti-HuR Ab were examined 48 h thereafter. *, P � 0.05 compared with IgG; �, P � 0.05
compared with anti-HuR Ab in cells transfected with vector. (F) Immunoblots of TAP-HuR and ATG16L1 in cells
transfected with pCircPABPN1 alone or cotransfected with pCircPABPN1 and HuR expression vectors; Western blot
analysis was carried out 48 h after transfection. (G) Levels of circPABPN1 in cells transfected with siHuR alone or
cotransfected with siHuR and pCircPABPN1. *, P � 0.05 compared with vector (n � 3). (H) Immunoblots of ATGs and
HuR in cells treated as described for panel G. Three separate experiments were performed and showed similar
results. (I) In situ hybridization of circPABPN1 with fluorescent LNA-RNA detection probe in the human intestinal
mucosa. Green, circPABPN1; blue, nuclei stained by DAPI. Scale bars, 25 �m. Experiments were repeated in colonic
tissue samples obtained from 3 patients with ulcerative colitis or controls and showed similar results.
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mRNA in pulldown materials between anti-HuR antibody and IgG when cells were
transfected with pCircPABPN1.

In accordance with these effects, ectopically expressed HuR partially rescued
ATG16L1 expression in cells overexpressing circPABPN1 (Fig. 5F), whereas HuR silencing
and circPABPN1 overexpression synergistically inhibited ATG16L1 expression (Fig. 5G
and H). The levels of ATG16L1 in cells cotransfected with pCircPABPN1 and siHuR were
lower than those observed in cells transfected with siHuR alone. Interestingly, human
mucosal tissues obtained from patients with UC exhibited a significant increase in the
levels of circPABPN1 compared with those observed in controls (Fig. 5I), as measured by
RNA-fluorescent in situ hybridization (FISH) analysis (3). The increased levels of mucosal
circPABPN1 in UC patients were associated with a decrease in ATG16L1, as shown in Fig.
2B. Taken together, these findings indicate that HuR and circPABPN1 regulate ATG16L1
expression antagonistically and that increasing circPABPN1 levels reduces ATG16L1
abundance predominantly by suppressing HuR binding to Atg16l1 mRNA.

HuR-regulated ATG16L1 plays an essential role in autophagy activation in
cultured cells. Analysis of the role of HuR-mediated ATG16L1 production in the
defense of the intestinal epithelium revealed that inhibition of ATG16L1 by HuR
silencing prevented the autophagy activation induced by the pharmacologic inducer
rapamycin in cultured IECs. Decreasing ATG16L1 levels by transfection with a specific
siRNA targeting ATG16L1 (siATG16L1) lowered the basal levels of LC3-I and LC3-II, but
it did not alter the levels of ATG5 or proliferation-associated proteins such as CDK2 and
p21 (Fig. 6A). ATG16L1 silencing also inhibited autophagy activation when cells were
exposed to rapamycin (Fig. 6B). As shown, treatment with rapamycin activated au-
tophagy in control cells, as indicated by increased levels of LC3-II, but this activation
was prevented in ATG16L1-silenced cells. As expected, HuR silencing by transfection
with siHuR also decreased basal levels of LC3-I and LC3-II and abolished rapamycin-
induced autophagy activation (Fig. 6C, left). Importantly, ectopically expressed
ATG16L1 in HuR-silenced cells restored the activation of autophagy in response to
rapamycin (Fig. 6C, right). The levels of rapamycin-induced LC3-II in HuR-silenced cells
transfected with ATG16L1 expression vector increased significantly compared with
those observed in cells transfected with siHuR alone. Immunohistochemical staining
assays further revealed that the cytoplasmic fluorescence intensity of LC3-II was rela-
tively low before rapamycin treatment in control cells but increased remarkably when
cells were exposed to rapamycin (Fig. 6D). In HuR-silenced cells, there were no
detectable LC3-II immunoreactive signals regardless of rapamycin treatment. However,
when HuR-silenced cells were transfected with ATG16L1 expression vector, the
rapamycin-induced LC3-II signals returned almost to the levels of control cells. On the
other hand, neither ATG16L1 overexpression nor treatment with rapamycin affected
cell viability, as measured by trypan blue staining (data not shown). These data indicate
that the reduction in ATG16L1 expression following HuR inhibition disrupts autophagy,
thus compromising the intestinal epithelial defense.

DISCUSSION

Autophagy enhances host defense of the intestinal epithelium against invading
bacteria and other pathogens (5), and the defective autophagy occurs commonly in
patients with IBD and other mucosal inflammation-associated diseases (14, 16). How-
ever, the exact mechanism that controls autophagy activation at the posttranscriptional
level is poorly understood. Using mice bearing an intestinal epithelium-specific deletion
of HuR, we found strong genetic evidence supporting the view that HuR regulates
autophagy at least in part by controlling ATG16L1 translation. Targeted deletion of HuR
in mice specifically decreased the levels of ATG16L1 protein in the intestinal mucosa
without affecting tissue mRNA abundance. HuR bound directly to the Atg16l1 mRNA
and promoted its translation. In contrast, circPABPN1 inhibited ATG16L1 expression by
repressing the association of HuR with Atg16l1 mRNA. These findings advance our
understanding of the biological function of HuR in the intestinal epithelium and
highlight a key role for HuR loss and ATG16L1 inhibition in defective autophagy in
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pathologies. Because the levels of both HuR and ATG16L1 decrease in human intestinal
mucosae from patients with IBD, our results provide a strong rationale for considering
therapeutic strategies directed at the HuR/ATG16L1 pathway to augment the intestinal
mucosal defense in clinical settings.

The results reported here indicate that targeted deletion of HuR in mice decreased the

FIG 6 ATG16L1 silencing prevents autophagy activation in vitro. (A) Immunoblots of ATGs and proliferation-related
proteins CDK2 and p21 in IECs transfected with siATG16L1 or C-siRNA. Western blot analysis was carrierd out 48 h
after the transfection. (B) Effect of ATG16L1 silencing on autophagy activation induced by rapamycin. Forty-eight
hours after transfection with siATG16L1 or C-siRNA, cells were exposed to rapamycin (50 ng/ml). Whole-cell lysates
were harvested at different times after exposure to rapamycin. Top, representative LC3 immunoblots 8 h after
adding rapamycin; bottom, LC3 activity as quantified by examining the ratio of LC3-II and LC3-I. Values are the
means � SEM (n � 3). *, P � 0.05 compared with C-siRNA. (C) Changes in rapamycin-induced LC3 activity in cells
transfected with siHuR alone or cotransfected with siHuR and ATG16L1 expression vector. *, P � 0.05 compared
with untreated groups; �, P � 0.05 compared with siHuR-treated cells exposed to rapamycin for 8 h. (D)
Immunohistochemical staining of LC3-II in cells treated as described for panel C. Red, LC3-II; green, E-cadherin; blue,
DAPI. Scale bars, 25 �m. Three experiments were performed and showed similar results.
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expression levels of ATG16L1 in the intestinal epithelium, which is consistent with the
findings observed in cultured HK-2 and HCC cells in vitro (30, 31). On the other hand, HuR
knockout in mice failed to alter ATG5 levels in the intestinal mucosa, although HuR
silencing inhibits ATG5 expression in cultured HCC cells (31). This difference in the
levels of ATG5 expression between IE-HuR�/� mice and HuR-silenced HCC cells is not
surprising, because observations from mouse gene deletion studies, in some circum-
stances, are distinct from those in cultured cells (38–40). In support of our present
findings, several studies using mice with conditional tissue-specific HuR deletion have
demonstrated that HuR is essential for maintaining homeostasis in the intestinal
epithelium. Mice lacking intestinal expression of HuR displayed reduced IEC prolifera-
tion (15, 19, 27), increased sensitivity of the mucosa to injury and inflammation (18), and
delayed repair after acute injury (29). We have recently reported that HuR regulates
Paneth cell function in the intestinal epithelium, whereas targeted deletion of HuR in
IECs decreases the numbers of Paneth cells (lysozyme-positive cells) and inhibits Paneth
cell function, primarily by disrupting subcellular Toll-like receptor 2 (TLR2) localization
via posttranscriptional suppression of chaperone protein CNPY3 levels (15). In addition,
HuR is required for the nuclear mobilization of the GTP-binding protein RAC1 in the
intestinal epithelium, as the levels of cytoplasmic RAC1 in the small intestinal mucosa
increase markedly in IE-HuR�/� mice (29).

The results represented here also show that HuR enhances ATG16 translation by
directly interacting with the Atg16l1 3=-UTR rather than its 5=-UTR or CR. Through the
use of various partial biotinylated Atg16l1 mRNA transcripts, we found that HuR did not
associate with the 5=-UTR or CR of the Atg16l1 mRNA, but it interacted with the Atg16l1
3=-UTR, which contains predicted HuR-binding motifs. The association of HuR with the
Atg16l1 3=-UTR mediates HuR actions, because the repression of the reporter activity by
HuR silencing occurred only when cells were transfected with the Atg16l1-3=-UTR
luciferase reporter constructs and not with the Atg16l1-5=-UTR or Atg16l1-CR reporter
constructs. These observations are consistent with our previous results (41, 42) and
work from other groups (43, 44) showing that HuR commonly interacts with many of
its target mRNAs via their 3=-UTRs, in turn affecting their stability and/or translation. In
fewer reported instances, HuR binds target mRNAs in the CR and regulates their
expression. In this regard, HuR increases the stability and translation of Cnpy3 mRNA by
interacting with the Cnpy3 CR (15), and it stabilizes Xiap mRNA via association with both
the CR and 3=-UTR of Xiap mRNA (41). Because neither HuR silencing in cultured cells
nor HuR gene deletion in vivo changed total Atg16l1 mRNA levels, HuR/Atg16l1 mRNA
association only regulates ATG16L1 translation and has no effect on Atg16l1 mRNA
stability.

In this study, we also showed that circPABPN1 inhibits HuR binding to Atg16l1 mRNA
and thus represses ATG16 L1 translation. Ectopically overexpressed circPABPN1 did not
alter the levels of HuR protein or Atg16l1 mRNA in IECs, but it decreased cellular
ATG16L1 abundance by preventing HuR association with Atg16l1 mRNA. Because there
are no predicted sites of complementarity between circPABPN1 and the Atg16l1 3=-UTR,
we did not examine the association of circPABPN1 with the Atg16l1 mRNA in this study.
circRNAs are a vast and diverse class of endogenous RNAs that are often expressed in
a tissue- and developmental stage-specific manner (45). Unlike linear RNAs, circRNAs
are covalently closed loop structures without 5= or 3= ends. circRNAs can function as
decoys or sponges that reduce the number of freely available miRNAs (46, 47) and
interact with RBPs to jointly regulate gene expression (48, 49). HuR was found to
interact extensively with many circRNAs, particularly showing the strongest binding to
circPABPN1. Consistent with our findings observed in IECs, high levels of circPABPN1 also
inhibited HuR binding to PABPN1 mRNA and lowered PABPN1 production in HeLa cells
(37). Several studies have shown that HuR binding to target mRNAs is modulated by
numerous factors at multiple levels, including HuR phosphorylation by different kinases
(such as Chk2, protein kinase C [PKC], AMP-activated protein kinase [AMPK], and JAK3)
(22, 50), methylation by CARM1 (51), and interaction with ncRNAs and other RBPs (52,
53). Since these posttranslational modifications affect the subcellular localization of
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HuR and its binding affinity for target RNAs, it will be interesting to further investigate
if they may also modulate the levels and function of HuR/circPABPN1 complexes in the
intestinal epithelium.

Finally, our results reported here also provide translational evidence and point to a
crucial role of disruption of the HuR/ATG16L1 pathway in intestinal mucosal patholo-
gies. We establish for the first time a cause-effect relationship between HuR and
posttranscriptional control of ATG16L1 expression in in vivo and in vitro models and
show that human intestinal mucosae with injury/erosions and inflammation from
patients with IBD exhibit decreased levels of both HuR and ATG16L1. Autophagy is
believed to have a generally favorable impact on cell, tissue, and organ homeostasis
and participates in the intestinal mucosal defense and barrier function (5, 13). More-
over, Paneth cells secrete lysozyme through secretory autophagy during bacterial
infection of the intestine (54), and autophagy is also involved in the control of goblet
cell function (55). Deficiency of autophagy proteins and defects in autophagy activation
reduce the numbers of Paneth and goblet cells and render them dysfunctional (9, 15,
54). Defective autophagy is commonly observed in mice with destructive mucosal
inflammatory erosions (56), and disrupted expression of autophagy genes such as
Atg16l1, Atg5, and Atg7 also frequently occurs in patients with IBD, including UC and
Crohn’s disease (16). Taken together, the findings of our current study strongly support
the notion that HuR regulates autophagy at least in part by modulating ATG16L1
translation through interaction with circPABPN1. These findings suggest that decreased
levels of ATG16L1 and subsequent autophagy defects in the HuR-deficient intestinal
epithelium are implicated in the pathogenesis of human IBD and other mucosal
disorders.

MATERIALS AND METHODS
Animal studies. All animal experiments were performed in accordance with NIH guidelines and were

approved by the Institutional Animal Care and Use Committee of the University of Maryland School of
Medicine and Baltimore VA hospital. The HuRfl/fl and villin-Cre mice on the C57BL/6 background were
purchased from the Jackson Laboratory, and intestinal epithelial tissue-specific HuR deletion (IE-HuR�/�)
mice were generated by crossing the HuRfl/fl mice with villin-Cre mice, as described in our previous
studies (27, 28). HuRfl/fl-Cre� mice developed and served as control littermates. Both IE-HuR�/� mice and
control littermates were housed and handled in a specific-pathogen-free breeding barrier and cared for
by trained technicians and veterinarians. Animals were deprived of food but allowed free access to tap
water for 24 h before experiments. Two portions of the small intestine taken 0.5 cm distal to the ligament
of Trietz or the middle colon were removed, one for histological examination and the other for extraction
of protein and RNA. The mucosa was scraped with a glass slide for various measurements as described
previously (23, 34).

Histology and immunohistochemistry. Human tissue samples were obtained from surplus dis-
carded tissue from the Department of Surgery, University of Maryland Health Science Center, and
commercial tissue banks. The study was approved by the University of Maryland Institutional Review
Board. Dissected and opened intestines were mounted onto a solid surface and fixed in formalin and
paraffin. Sections 5 �m thick were stained with hematoxylin and eosin (H&E) for general histology. The
immunofluorescence staining procedure was carried out according to the method described in our
previous publications (40, 57). Briefly, the slides were fixed in 3.7% formaldehyde in phosphate-buffered
saline, rehydrated, and then incubated with the primary antibody against ATGs, HuR, or E-cadherin in
blocking buffer overnight. After incubation with secondary antibody conjugated with Alexa Fluor 488
(Molecular Probes, Eugene, OR), the slides were washed, mounted, and viewed through a Zeiss confocal
microscope (model LSM700). Images were processed using Photoshop software (Adobe, San Jose, CA).
Slides were examined in a blinded fashion by coding them, and only after examination was complete
were they decoded.

Plasmid construction. The vectors expressing wild-type (WT) HuR-tandem affinity purification
(HuR-Tap) fusion proteins were generated as described previously (32). Cloning for circPABPN1 overex-
pression (pCircPABPN1) was performed as described previously (37). An expression vector containing WT
full-length Atg16l1 cDNA under the control of the pCMV promoter was purchased from Origene
(Rockville, MD) and used to increase cellular ATG16L1 as described previously (11, 33). The chimeric firefly
luciferase reporter construct containing the Atg16l1 mRNA was constructed as described previously (21,
58). The full-length Atg16l1 5=-UTR, CR, and 3=-UTR fragments were subcloned into the pmirGLO
dual-luciferase miRNA target expression vector (Promega, Madison, WI) to generate the pmirGLO-Luc-
ATG16L1-5=-UTR, pmirGLO-Luc-ATG16L1-CR, and pmirGLO-ATG16L1-3=-UTR reporter constructs. This
vector is based on the Promega Dual-Luciferase technology, with luc2 used as the primary reporter to
monitor mRNA regulation and Renilla luciferase (hRluc-neo) acting as a control reporter for normalization.
Transient transfections were performed using the Lipofectamine reagent following the manufacturer’s
recommendations (Invitrogen). Cells were harvested for analysis 48 h after transfection, and the levels of
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firefly luciferase activity were measured using the Dual-Luciferase assay system. To measure translational
changes (translation index), the firefly-to-Renilla luciferase ratio was further normalized with RNA levels.
All of the primer sequences for generating these constructs are provided in Table S2 in the supplemental
material.

Assays of newly translated protein and polysome analysis. New synthesis of nascent ATG16L1
protein was detected with the Click-iT protein analysis detection kit (Life Technologies, Grand Island, NY)
and conducted following the company’s instructions (57). Briefly, cells were incubated in methionine-free
medium and then exposed to L-azidohomoalanine (AHA). After mixing cell lysates with the reaction
buffer for 20 min, the biotin-alkyne/azide-modified protein complex was pulled down using paramag-
netic streptavidin-conjugated Dynabeads. The pulldown material was resolved by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by Western immunoblotting using
antibodies against ATG16L1 or GAPDH. Polysome analysis was carried out as described previously (32).
Briefly, cells at �70% confluence were incubated in 0.1 mg/ml cycloheximide and then lifted by scraping
in polysome extraction lysis buffer. Nuclei were pelleted, and the resulting supernatant was centrifuged
through a 15 to 60% linear sucrose gradient to fractionate cytoplasmic components according to their
molecular weight. 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 reverse transcrip-
tion (RT) followed by quantitative real-time PCR (Q-PCR) analysis in each of the fractions.

Biotin pulldown assays and RIP analysis. The synthesis of biotinylated transcripts and measure-
ment of HuR bound to biotinylated RNA were performed as previously described (21, 32). cDNA from
Caco-2 cells was used as a template for PCR amplification of 5=-UTR, CR, and 3=-UTR segments of Atg16l1
mRNA. The 5= primers contained the T7 RNA polymerase promoter sequence (T7; CCAAGCTTCTAATAC
GAC-TCACTATAGGGAGA). All sequences of oligonucleotides for synthesizing the full-length Atg16l1
5=-UTR, CR, or 3=-UTR are described in Table S1 in the supplemental material. PCR-amplified products
were used as templates to transcribe biotinylated RNAs by using T7 RNA polymerase in the presence of
biotin-cytidine 5=-triphosphate as described previously (33). Biotinylated transcripts were incubated with
cytoplasmic lysates for 30 min at room temperature. Complexes were isolated with paramagnetic
streptavidin-conjugated Dynabeads (Dynal, Oslo, Norway) and analyzed by Western blotting using
anti-HuR antibody. To assess the association of endogenous HuR with endogenous Atg16l1 mRNA,
immunoprecipitation of RNP complexes (RIP) was performed as described previously (21). Twenty million
cells were collected per sample, and lysates were used for RIP for 4 h at room temperature in the
presence of excess (30 �g) IP antibody (IgG, anti-HuR). RNA extracted from RIP samples was used in RT
reactions, followed by PCR and Q-PCR analysis to detect the levels of Atg16l1 and Gapdh mRNAs.

Q-PCR and immunoblotting analyses. Total RNA was isolated by using the RNeasy minikit (Qiagen,
Valencia, CA) and used in reverse transcription (RT) and PCR amplification reactions as described
previously (23). Q-PCR analysis was performed using Step-One-Plus systems with specific primers, probes,
and software (Applied Biosystems, Foster City, CA). To measure circRNA levels, total RNA was digested
with RNase R to remove all linear RNAs, and the primer pairs that spanned the circularization junction
(Table S1) were employed in Q-PCR analysis. To examine protein levels, whole-cell lysates were prepared
using 2% sodium dodecyl sulfate, sonicated, and centrifuged. The supernatants were boiled and size
fractionated by sodium SDS-PAGE. After transferring proteins onto nitrocellulose filters, the blots were
incubated with primary antibody, washed, and incubated with secondary antibody before enhanced
chemiluminescence (ECL) detection.

Chemicals and cell culture. Culture medium and fetal bovine serum were purchased from Invitro-
gen (Carlsbad, CA), and biochemicals were from Sigma (St. Louis, MO). Antibodies recognizing HuR,
ATG16L1, ATG5, ATG7, and LC3 were purchased from Thermo Fisher Scientific (Waltham, MA) and Santa
Cruz Biotechnology (Santa Cruz, CA). The secondary antibody conjugated to horseradish peroxidase was
obtained from Sigma. The siRNAs targeting ATG16L1 and HuR were made by Santa Cruz Biotechnology.
Caco-2 and IEC-6 cells were purchased from the American Type Culture Collection (Manassas, VA) and
were maintained under standard culture conditions (24, 52).

Statistical analysis. All values were expressed as the means � standard errors of the means (SEM)
from five animals or three separate experiments. The unpaired, two-tailed Student t test was used when
indicated, with a P value of �0.05 considered statistically significant. When assessing multiple groups,
one-way analysis of variance (ANOVA) was utilized with Tukey’s post hoc test (59). The statistical software
used was Instat Prism 5 (GraphPad, San Diego, CA).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.01 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
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