‘L] AMERICAN Molecular and
maosooer Cellular Biology®

RESEARCH ARTICLE

L)

Check for
updates

RNA Binding Protein HUR Promotes Autophagosome
Formation by Regulating Expression of Autophagy-Related
Proteins 5, 12, and 16 in Human Hepatocellular Carcinoma

Cells

Eunbyul Ji,2 Chongtae Kim, Hoin Kang,? Sojin Ahn,2 Myeongwoo Jung,® Youlim Hong,® Hyosun Tak,® Sukchan Lee,?

Wook Kim,© Eun Kyung Lee?

2Department of Biochemistry, The Catholic University of Korea College of Medicine, Seoul, South Korea
bDepartment of Genetic Engineering, Sungkyunkwan University, Suwon, South Korea
“Department of Molecular Science and Technology, Ajou University, Suwon, South Korea

ABSTRACT Autophagy is a process of lysosomal self-degradation of cellular compo-
nents by forming autophagosomes. Autophagosome formation is an essential pro-
cess in autophagy and is fine-tuned by various autophagy-related gene (ATG) prod-
ucts, including ATG5, ATG12, and ATG16. Although several reports have shown that
numerous factors affect multiple levels of gene regulation to orchestrate cellular au-
tophagy, the detailed mechanism of autophagosome formation still needs further in-
vestigation. In this study, we demonstrate that the RNA binding protein HUR (human
antigen R) performs an essential function in autophagosome formation. We observe
that HuR silencing leads to inhibition of autophagosome formation and autophagic
flux in liver cells. Ribonucleoprotein immunoprecipitation (RIP) assay allows the iden-
tification of ATG5, ATG12, and ATG16 mRNAs as the direct targets of HuR. We further
show that HuR mediates the translation of ATG5, ATG12, and ATG16 mRNAs by bind-
ing to their 3’ untranslated regions (UTRs). In addition, we show that HuUR expression
positively correlates with the levels of ATG5 and ATG12 in hepatocellular carcinoma
(HCQ) cells. Collectively, our results suggest that HuR functions as a pivotal regulator
of autophagosome formation by enhancing the translation of ATG5, ATG12, and
ATG16 mRNAs and that augmented expression of HUR and ATGs may participate in
the malfunction of autophagy in HCC cells.
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utophagy is a process of lysosomal self-degradation of cellular components by
forming autophagosomes that are conserved in all eukaryotes (1, 2). This is a
pivotal process to maintain cellular homeostasis (3). An autophagosome is a double-
membrane vesicle that contains sequestered cytoplasmic cargos and transports them
to lysosomes (4). Autophagosome formation is an essential step in autophagy and is
fine-tuned by various autophagy-related gene (ATG) products, including ATG5, ATG12,
and ATG16. During autophagosome formation, ATG5 is conjugated with ATG12 by
ubiquitin-like conjugation systems and, further, forms a homodimer consisting of an
ATG5-ATG12/ATG16 complex (5, 6). The complex is localized to autophagy-related
membranes and mediates LC3 conversion (7-9). LC3 conversion is widely used as a
marker of autophagosome formation (10). It has been reported that loss of ATGS5,
ATG12, or ATG16 results in a decrease of autophagosome formation, thereby impairing
the autophagic process (11-13).
Autophagy is involved in various stress responses, and dysregulation of autophagy
has been found in many diseases, including cardiac ischemia/reperfusion injury,
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Crohn'’s disease, neurodegeneration, myopathy, and diabetes, functioning as the driv-
ing or exacerbating factor in the pathogenesis of the diseases (3). In addition, au-
tophagy is implicated in cancer development, although it is still controversial whether
autophagy promotes or suppresses the growth of cancer cells (14). Several reports have
shown that autophagy is a prosurvival process in established cancer cells, and the
inhibition of autophagy is one of the strategies for cancer therapy (14-17). Therefore,
elucidation of the fine molecular mechanisms of autophagic processes is important in
understanding the role of autophagy in the pathogenesis of several diseases. Several
critical regulators have been identified, and their expression mechanisms were eluci-
dated in various models (reviewed in references 4 and 18). Several microRNAs (miRNAs)
have been reported to be pivotal regulators of autophagy (19-21). In this study, we
investigated the regulatory mechanism of autophagosome formation at the RNA level.

HuR (human antigen R) (also known as HuA or ELAVL1) is a member of the Hu/ELAV
(embryonic lethal abnormal vision)-like RNA binding protein (RBP) family containing
three RNA recognition motifs (RRM) (22). HuR binds to AU-rich elements (ARE) in the
untranslated regions (UTRs) of target mMRNAs and regulates gene expression by affect-
ing the stability or translation of target mRNAs (22, 23). HuR is ubiquitously expressed
and has essential roles in immune response, angiogenesis, metastasis, and cancer
development by regulating cell proliferation, migration, survival, death, and autophagy
(24). HuR is known to promote cell growth and survival by increasing cancer-related
genes, such as the Cox-2, hypoxia-inducible factor 1« (HIF-1«), and vascular endothelial
growth factor (VEGF) genes, and augmented expression of HuR is related to cancer
progression in some types of cancer (23, 25-27). Several efforts have been made to
validate the potential of HUR as a molecular target for cancer therapy (28-30).

Here, we investigate the role of HuR in the regulation of autophagosome formation
and show that HuR silencing reduces autophagosome formation and the autophagic
flux of human liver cells. Along with previous studies showing SQSTM1/p62 regulation
by HuR (31, 32), we identify ATG5, ATG12, and ATG16 mRNAs as novel targets of HUR and
demonstrate augmented expression of ATG5, ATG12, ATG16, and HuR in hepatocellular
carcinoma (HCC). Our results provide a molecular mechanism of autophagosome
formation regulated by HuR and the potential of HuR targeting in cancer progression.

RESULTS

HuR regulates autophagosome formation and autophagic flux. To understand
the role of HuR in the regulation of autophagy, we investigated whether autophago-
some formation is affected by downregulation of HuR in human liver cells, including
L-02 and Hep3B cells. The LC3II/LC3I ratio was slightly, but consistently, reduced by HuR
silencing in both L-02 and Hep3B cells (Fig. 1A). Electron microscopy images revealed
that the sizes of autophagosomes and autolysosomes were reduced by downregulation
of HuR (Fig. 1B). We also investigated autophagosome maturation after HuR down-
regulation using tandem fluorescence-tagged LC3 (33) and found that the total number
of dots and the numbers of yellow dots and red dots were moderately decreased in
HuR small interfering RNA (siRNA)-transfected cells (Fig. 1C). To further determine
whether autophagic flux is affected by HuR downregulation, we investigated the
LC3 turnover rate after treating cells with 0.4 ug/ml of colchicine, an inhibitor of
autophagosome-lysosome fusion. Figure 1D shows that colchicine treatment increased
LC3 conversion in Hep3B cells; however, HUR downregulation partially, but significantly,
reduced colchicine-induced accumulation of autophagosomes. This result indicates
that HuR silencing inhibited autophagosome formation and autophagic flux. Regula-
tion of autophagosome formation by HuR was further examined by assessing the
formation of green fluorescent protein (GFP) puncta in GFP-LC3-expressing U20S cells
(U20S-GFP-LC3 cells). HuR downregulation resulted in a modest reduction in the
number of GFP puncta-positive cells at the basal level, as well as after colchicine
treatment (Fig. 1E). In addition, colchicine-induced accumulation of GFP-LC3Il was also
reduced by HuR silencing (Fig. 1F). These observations suggest that HuR has a role in
the regulation of autophagosome formation and autophagic flux.
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FIG 1 Autophagosome formation is reduced by HuR downregulation. (A) L-02 and Hep3B cells were transfected with siCtrl and siHuUR for 48 h, and the LC3
level was assessed by Western blotting analysis. S.E., short exposure; L.E., long exposure. The relative intensities of WB images are shown in the graph. (B) Hep3B
cells were transfected with siCtrl and siHUR, and autophagosomes were observed by transmission electron microscopy. The arrowheads indicate the
autophagosomes and autolysosomes. The sizes of autophagosomes were analyzed by measuring the areas of at least 70 autophagic vacuoles. Scale bars =
0.5 um. **, P < 0.01. (C) After transfection of siRNAs, L-02 cells were further transfected with the mRFP-GFP-LC3 plasmid, and fluorescent LC3 dots from at least
300 cells were analyzed under a fluorescence microscope. Scale bars = 10 um. The images are representative, and values are expressed as means and SD of
the results from three independent experiments (Student'’s t test). *, P < 0.05. RFP, red fluorescent protein. (D) After transfection with siCtrl or siHuR, Hep3B cells
were incubated with 0.4 ug/ml colchicine for 6 h, and the levels of LC3 and HuR were analyzed by Western blotting. The relative intensities of WB images are
shown in the graph. *, P < 0.05. (E) After transfection with siCtrl or siHuR, U20S cells stably expressing GFP-LC3 were incubated with 0.4 ug/ml colchicine for
6 h, and GFP-LC3 dots were analyzed under a fluorescence microscope. GFP-LC3 puncta were quantified as the ratio of GFP-LC3 punctate cells to total
GFP-positive cells (at least 300 cells) under a fluorescence microscope. Scale bars = 10 um. The data are representative of three independent experiments, and
values are expressed as means and SD (Student’s t test); *, P < 0.05. (F) GFP-LC3 or LC3 conversion in U20S-GFP-LC3 cell lysates was analyzed by Western
blotting; the relative intensities of WB images are shown in the graph. The images are representative of the results from three independent experiments.

HuR is associated with ATG5, ATG72, and ATG16 mRNAs. Based on our observa-
tion (Fig. 1), we hypothesized that HuR performs a role in regulating the expression of ATGs.
To address this, HuR-containing ribonucleoprotein (RNP) particles were isolated by immu-
noprecipitation (IP) using HuR antibody, and RNP-associated mRNAs in the IP products
were analyzed by reverse transcription-quantitative PCR (RT-qPCR) using specific primers
(Table 1). The binding between HuR and a subset of ATG mRNAs, including ULK1, ATGS3,
ATG4B, ATGS, ATG6, ATG7, ATG8, ATG10, ATG12, ATG14, and ATG16 mRNAs, was assessed,
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TABLE 1 Primer sequences used in this study
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Sequence (5'—3')°

Purpose and primer Product
designation® Forward Reverse size (bp)
For gPCR (human)
ULK1 GGCAAGTTCGAGTTCTCCCG CGACCTCCAAATCGTGCTTCT 97
ATG3 GATGGCGGATGGGTAGATACA TCTTCACATAGTGCTGAGCAATC 125
ATG4B GGTGTGGACAGATGATCTTTGC CCAACTCCCATTTGCGCTATC 172
ATG5 GTTTTGGGCCATCAATCGGAA TCTCCTAGTGTGTGCAACTGT 159
ATG6 AGGTTGAGAAAGGCGAGACA AATTGTGAGGACACCCAAGC 196
ATG7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC 114
ATG8 AACATGAGCGAGTTGGTCAAG GCTCGTAGATGTCCGCGAT 127
ATG10 TACGCAACAGGAACATCCAA AACAACTGGCCCTACAATGC 157
ATG12 TAGAGCGAACACGAACCATCC CACTGCCAAAACACTCATAGAGA 153
ATG14 GCGCCAAATGCGTTCAGAG AGTCGGCTTAACCTTTCCTTCT 91
ATG16 ATGCGCGGATTGTCTCAGGG GTCCACTCATTACACATTGCTCT 138
HuR AACTACGTGACCGCGAAGG CGCCCAAACCGAGAGAACA 194
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 87
B-Actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG 234
RPL6 AGATTACGGAGCAGCGCAAGATTG GCAAACACAGATCGCAGGTAGCCC 106
For BPD assay (human)
ATG5-3U CCAAGCTTCTAATACGACTCACTATAGGGAGACTG TGTGAAGAAATGTGCTATTAATCAGTG 554
TGTTCTTTACACACTACACG
ATG5-3U1 ATG5-3U forward primer sequence ACACTAGCTTGGAAGGAATGG 181
ATG5-3U2 CCAAGCTTCTAATACGACTCACTATAGGGAGACAG ATG5-3U reverse primer sequence 186
ACACGATCATGGTTTTAG
ATG12-3U CCAAGCTTCTAATACGACTCACTATAGGGAGA CAACAAGACCGAAACGCTG 1,443
AACATCTTCATTGTCAGTTCTCA
ATG12-3U1 ATG12-3U forward primer sequence CCACAGTTATGTGATTGGGACT 467
ATG12-3U2 CCAAGCTTCTAATACGACTCACTATAGGGAGAGA CAGGCTGGTCTCAAACTTGT 341
TGAGTAAACCCAGTAGCATCTT
ATG12-3U3 CCAAGCTTCTAATACGACTCACTATAGGGAGACC ATG12-3U reverse primer sequence 269
ACTGAGGGTTCAGATGATAG
ATG16-3U CCAAGCTTCTAATACGACTCACTATAGGGAGA TATTTACAATCAAGTTCTGTTGGCC 846
ACTCCCGAACTACAGACCC
ATG16-3U1 ATG16-3U forward primer sequence TTCACACATCCTCTCCCACCTC 237
ATG16-3U2 CCAAGCTTCTAATACGACTCACTATAGGGAGA ATG16-3U reverse primer sequence 461
GATGCCCTTGGTGCTTTAGTGC
GAPDH-3U CCAAGCTTCTAATACGACTCACTATAGGGAGA GGTTGAGCACAGGGTACTTTAT 335
CCTCAACGACCACTTTGTCA
For cloning (human)
ATG5-3U 22aaAGATCTTAACTGTGTTCTTTACACACTACACG 22aaGGTACCTGTGAAGAAATGTGCTATTAATCAGTG 546
ATG12-3U 2aaaAGATCTTAAAACATCTTCATTGTCAGTTCTCA 22aaGGTACCCAACAAGACCGAAACGCTG 1,435
ATG16-3U 22aaAGATCTTAAACTCCCGAACTACAGACCC 2aaaGGTACCTATTTACAATCAAGTTCTGTTGGCC 839

9GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
bLowercase letters are extra nucleotides for efficient cleavage by restriction enzymes.

and the results showed the enrichment of ATG5, ATG6, ATG10, ATG12, and ATG16 mRNAs in
HuR IP products (Fig. 2A). In addition, we analyzed HuR photoactivatable ribonucleoside-
enhanced cross-linking and immunoprecipitation (PAR-CLIP) sequencing (CLIP-seq) data
(GSE29943) on the UCSC Genome Browser (UCSC GB) (34) to investigate HUR binding
sites at the 3" UTR s of ATG5, ATG12, and ATG16 mRNAs (data not shown). Based on our
experimental results and in silico analysis of CLIP-seq data, we found that ATG5, ATG12,
and ATG76 mRNAs have putative HUR binding sites at their 3’ UTRs (Fig. 2B). The
binding between HuR and the mRNAs was further investigated by ribonucleoprotein
immunoprecipitation (RIP) and then RT-qPCR, and Fig. 2C shows that specific associa-
tion of HuR with ATG5, ATG12, and ATG16 mRNAs was observed. To confirm the
associations of HuR with ATG5, ATG12, and ATG16 mRNAs, we performed in vitro
pulldown assays using biotin-labeled transcripts containing HuR binding sites (Fig. 2D,
gray boxes) (ATG5-3U, ATG12-3U, and ATG16-3U), followed by Western blotting (WB)
with HuR antibody. Figure 2D shows that HuR bound to the transcripts of ATG5-3U,
ATG12-3U, and ATG16-3U but not to GAPDH-3U. To further validate HuR binding to each
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FIG 2 Interaction between HuR and ATG5, ATG12, and ATG16 mRNAs. (A) The interactions between ATG mRNAs and HuR in Hep3B lysates were screened by
RIP-gPCR analysis using anti-HuR or control IgG antibodies. RPL6 mRNA was used as a negative control. (B) Venn diagram of ATG mRNAs between HuR RIP
screening and HuR CLIP-seq analysis (GSE29943). (C) Relative associations of ATG mRNAs with HuR compared to normal IgG were confirmed by RIP-qPCR. The
data are expressed as means and SD of the results from three independent experiments (Student’s t test); *, P < 0.05. (D) (Top) Schematics of 3’ UTRs of human
ATG5, ATG12, and ATG16 mRNAs and their putative HuR binding sites (gray boxes; based on the CLIP-seq data [GSE29943]). Each biotinylated transcript
containing putative HuR binding sites was synthesized for biotin pulldown analysis. (Bottom) Each biotinylated transcript was incubated with Hep3B cell lysates,
and the interaction between HuR and each biotinylated transcript is shown by Western blot analysis using an anti-HuR antibody. Biotinylated GAPDH transcript

was used as the negative control. The images are representative of the results from three independent experiments.

predicted region of the ATG mRNAs, the biotin pulldown assay was performed again
using each fragment shown in Fig. 2D (ATG5-3U1, ATG5-3U2, ATG12-3U1, ATG12-3U2, ATG12-
3U3, ATG16-3U1, and ATG16-3U2). HuR strongly bound to ATG5-3U1, ATG5-3U2, ATG12-3U3,
and ATG16-3U1, while it moderately bound to ATG12-3U1, ATG12-3U2, and ATG16-3U2.
These results suggest that HuR associated with the 3’ UTRs of ATG5, ATG12, and ATG16 mRNAs.

HuR silencing decreased the expressions of ATG5, ATG12, and ATG16. To
investigate whether HuR affects the expressions of ATG5, ATG12, and ATG16, Hep3B
cells were transiently transfected with siHuR or control siRNA, and the levels of mRNA
and protein were assessed by RT-qPCR and Western blotting, respectively. No obvious
changes in their mRNAs were found; however, HuR silencing downregulated the levels
of ATG5, ATG12, and ATG16 proteins (Fig. 3). This was consistently observed in L-02
cells (data not shown). To further investigate HuR-mediated regulation of ATG5, ATG12,
and ATG16, we performed enhanced green fluorescent protein (EGFP) reporter assays.
EGFP reporter plasmids were constructed by inserting the 3" UTR of each mRNA, as
shown in Fig. 4A, and the expression of EGFP reporters after HuR downregulation
was analyzed by fluorescence microscopy and Western blotting (Fig. 4B and C). HuR
downregulation resulted in a reduction of expression of EGFP reporters containing 3’
UTRs of ATG5, ATG12, and ATG16 mRNAs but not control EGFP. Taken together, these
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results suggest that HuR regulated the expression of ATG5, ATG12, and ATG16 by
binding to their 3" UTRs.

HuR silencing decreases the translation of ATG5, ATG12, and ATG16 mRNAs.
Because the levels of ATG5, ATG12, and ATG16 were reduced by HuR downregulation

A B pEGFP-C1 pEGFP-ATG5-3U
PEGFP ECEE | siCtrl siHUR siCtrl siHUR

ATG5-3U
(1973-2494)
pEGFP-ATG5-3U EGFP julaseeyy GFP
ATG12-3U
(1022-2431)
| EGFP gl s B

pEGFP-ATG12-3U

ATG16-3U
(2555-3368) ;
PEGFP-ATG16-3U IEEH—0——0 Brightness
A
c EcFp.c{ PEGFP-  pPEGFP-  pEGFP- - - - -
P : ATG5-3U  ATG12-3U  ATG16-3U
siCtrl siHUR siCtrl siHUR siCtrl siHUR siCtrl siHUR PEGRF-ATE /2l pESFR-ATCI6-3Y.
27 kDa == GFP siCtrl siHUR siCtrl siHUR
35 kDa — -
2 | — - — — HuR GFP
45 kDa — _acti
WD e |- S | > W | e f-actin
1.5 -
m
E 2 104 - _ _ _ Brightness
e
o2 % * * 2 2 % ¢
272051
=t R
14 0.0
siCtrl siHuUR| siCtrl siHuR| siCtrl siHuR| siCtrl siHUR
c1 ATG5-3U | ATG12-3U | ATG16-3U

FIG 4 Expression of ATG5, ATG12, and ATG16 is directly regulated by HuR via their 3" UTRs. (A) Schematics of EGFP reporters. (B and C) Following
sequential transfection with reporter plasmids for 24 h after knockdown of HuR in Hep3B cells, the EGFP fluorescence from at least 300 cells/experiment
was observed under a fluorescence microscope (scale bars = 20 um) (B) and the expression levels of GFP and HuR were analyzed by Western blotting.
B-actin was used as a loading control. (C) The images are representative of the results from three independent experiments. The relative intensities of
WB images are shown in the graph, and the values represent means and SD (Student’s t test); *, P < 0.05.
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analyzed by RT-gPCR. The data are representative of the results from three independent experiments.

without obvious changes in their mRNA levels (Fig. 3), we further investigated whether
the translation rates of those mRNAs were affected by HuR silencing in Hep3B cells.
First, we analyzed newly synthesized proteins by tracing metabolically labeled proteins
with L-azidohomoalanine (AHA), as described in Materials and Methods. De novo
synthesis of ATG5, ATG12, and ATG16, assessed by Click-iT (Invitrogen) reaction fol-
lowed by Western blotting, was reduced by HuR silencing (Fig. 5A). This result indicated
that HuR plays a role in regulating the translation of ATG5, ATG12, and ATG16 mRNAs.
In addition, we assessed the distribution of ATG5, ATG12, and ATG16 mRNAs on
polyribosome (polysome) fractions as described previously (35, 36). For this, after
transfection of HUR siRNA or control siRNA, cell lysates were fractionated using sucrose
gradient ultracentrifugation, and the distribution of ATG5, ATG12, ATG16, and B-actin
mRNAs from each fraction was assessed by RT-qPCR. Total RNA distributions in the two
groups were similar (Fig. 5B); however, the distributions of polysome-associated ATG5,
ATG12, and ATG16 mRNAs (found in fractions 6 to 9) were reduced in the siHuR-
transfected group (Fig. 5C). These results indicate that HuR silencing downregulated
the expression of ATG5, ATG12, and ATG16 by decreasing their translation.
Expression levels between HuR and ATGs were positively correlated in human
HCC tissues. To investigate the correlation between HuR and ATGs, including ATGS5,
ATG12, and ATG16, in normal and cancer cells, we analyzed the expression of the
proteins in human liver cell lines (Fig. 6A) and in human liver tissues from HCC tissue
microarray (TMA) (Fig. 6B and Table 2). Western blotting revealed that the relative levels
of HuR, ATG5, ATG12, and ATG16 in HCC cell lines (Hep3B and Huh7) were higher than
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FIG 6 Correlation between ATG5, ATG12, ATG16, and HuR expression in human liver cell lines and liver tissues. (A) Whole-cell lysates were prepared from human
hepatic cell lines (L-02 and THLE3) and human HCC cell lines (Hep3B and Huh7), and endogenous ATG5, ATG12, ATG16, and HuR expression levels in the
whole-cell lysates were detected by Western blotting. The intensities of WB images from three independent experiments were analyzed and are shown in the
graph. *, P<0.05; **, P<0.01. (B and C) ATG5, ATG12, ATG16, and HuR expression levels in liver tissues from HCC patitents were assessed by IHC. (B)
Representative images of immunohistochemical detection of ATG5, ATG12, ATG16, and HuR in a human HCC TMA slide. Scale bars = 200 um. (C) Correlation
of HuR expression with ATG5, ATG12, or ATG16 presented in a scatter graph using the IHC stain score of each core (n = 50). HCC, primary HCC; Meta, metastatic
HCC; Normal, paired normal tissues. The data represent P and R? values of IHC analysis (37). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. 0 <
R? < 0.09, no correlation; 0.09 < R? < 0.25, low correlation; 0.25 < R? < 0.49, moderate correlation; 0.49 < R?> < 0.81, high correlation; 0.81 < R? < 1.0, very

high correlation.

those in immortalized hepatic cell lines (THLE3 and L-02) (Fig. 6A). In addition, the
relative expression levels of HuR, ATG5, ATG12, and ATG16 were also studied by
immunohistochemistry (IHC) using human HCC TMA containing a total of 50 cores,
including the liver tissues from primary HCC (n = 35) and metastatic HCC (n = 8) and
paired normal tissues (n = 7). The intensity of 3,3’-diaminobenzidine (DAB) signals of
each tissue was measured, and the correlations between HuR and each ATG protein
were further analyzed according to the guidelines (37); the results are shown in Fig. 6C.
The ATG5 level was positively related to the HuR level in both groups of HCC tissues
(primary HCC and metastatic HCC) (P < 0.01) but not in paired normal tissues. High
correlation between ATG5 and HuR (R? = 0.72) was observed in metastatic HCC tissues.
The ATG12 level was also positively related to the HuR level in both groups of HCC
tissues (P < 0.001 in the primary HCC group; P < 0.05 in the metastatic HCC group) but
not in paired normal tissues. High correlation (R? = 0.55) and moderate correlation
(R? = 0.37) between ATG12 and HuR were observed in primary HCC tissues and
metastatic HCC tissues, respectively. However, the ATG16 level was not significantly
corelated with the HuR level in this analysis. This result suggests that the HuR level is
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TABLE 2 Characteristics of liver tissues in tissue microarray

Characteristic Value
No. (%) of HCC patients 38 (100)
Age (yr)
Median 56.5
Range 25-77

Gender [no. (%) of patients]
Male 36 (94.74)
Female 2 (5.26)

Stage [no. (%) of patients]

| 12 (31.58)
Il 11 (28.95)
I} 7 (18.42)
% 8 (21.05)
No. (%) of TMA cores
Total 50 (100)
Primary HCC tissue 35 (70)
Paired metastatic tumor tissue from HCC 5(10)
Unpaired metastatic tumor tissue from HCC 3 (6)
Paired normal liver tissue 7 (14)

associated with ATG5 and ATG12 in the liver tissues from HCC patients, and differential
expression of these proteins may be related to development of HCC.

DISCUSSION

Autophagy is a pivotal process to maintain cellular homeostasis in response to
various stimuli, and tight regulation of autophagy is critical for the life of cells. Previous
reports have shown that HuR affects autophagy activity by regulating SQSTM1/p62,
ATG7, and ATG16, and we confirmed a regulatory function of HuR in autophagosome
formation in this study (31, 32, 38). We observed that HuR silencing leads to the
inhibition of autophagosome formation and autophagic flux in HCC Hep3B cells and
human fetal hepatocyte cell line L-02 cells and identified ATG5, ATG12, and ATG16
mRNAs as direct targets of HuR. We showed that HUR mediates the translation of ATGS,
ATG12, and ATG16 mRNAs by binding to their 3" UTRs. We also showed that HuR
expression positively correlates with the levels of ATG5 and ATG12 in HCC cells.
Collectively, our results suggest that augmented expression of HuR may participate in
the malfunction of autophagy in HCC cells by enhancing the translation of ATG5, ATG12,
and ATG16 mRNAs.

HuR is involved in posttranscriptional gene regulation in eukaryotes and plays
important roles in splicing, export, stability, localization, and translation by forming RNP
particles (39). HuR affects a broad spectrum of cell physiology by regulating the
metabolism of multiple target mRNAs (23, 26). In this study, we identified three
different target mRNAs, ATG5, ATG12, and ATG16 mRNAs, as direct targets for HuR and
demonstrated that HuR functions as a translational enhancer. Our results suggest that
HuR performs a function in autophagy regulation by orchestrating autophagosome
formation. Therefore, tight control of the HuR level in cells is critical for cellular
homeostasis. Several studies have reported augmented expression of HuR in various
types of cancer, including stomach, colon, kidney, thyroid, and lung cancer (25, 27, 40).
It suggests that dysregulation of HUR contributes to cancer progression by regulating
cell proliferation, migration, invasion, inflammation, and autophagy.

Several regulatory mechanisms governing HuR expression have been elucidated.
The phospatidylinositol 3-kinase (PI3K)/AKT pathway is frequently mutated in several
types of human cancer, and the PI3K/AKT/NF-kB axis resulted in the overexpression of
HuR (40). The amount of HuR protein could be regulated by ubiquitination (41). Tumor
suppressor esophageal-cancer-related gene 2 (ECRG2) promotes ubiquitnation-
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dependent degradation of HuR, and an inverse correlation between ECRG2 and HuR
has been reported in esophageal and lung cancer (42, 43). In addition, several miRNAs,
including miR-519, miR-125a, miR-16, miR-570-3p, and miR-219b-3p, have been iden-
tified as negative regulators of HUR (44-47). Interestingly, the levels of miR-519, miR-16,
and miR-570-3p are downregulated in several cancer tissues and function as tumor
suppressors (48-50). Further investigation would be needed to identify other regulators
that affect HuR expression and to provide valuable information to understand the
differential expression of HuR in various types of human diseases, including cancer.

Autophagy is a pivotal process for the survival of cells in response to various stimuli,
such as starvation, hypoxia, and oxidative stress. Activation of autophagy at the basal
level is essential in most cell types for the housekeeping role in organelle turnover and
the removal of protein aggregates (1, 3). In certain types of cells, including neurons and
hepatocytes, tight regulation of basal autophagy is critical for normal cellular function,
and its dysregulation is implicated in the pathogenesis of human diseases, including
cancer (51-53). Although the function of autophagy in HCC is still not fully understood,
several reports have shown that changes in autophagy-regulatory genes, such as ATG5,
ATG6, and ATG?7, affect the development of HCC (54, 55). Basal autophagy is thought to
play tumor-suppressive roles in hepatocytes; however, in established tumors, dysregu-
lated autophagy contributes to cell survival, thereby promoting tumor growth (56).
It has been reported that impaired autophagy induces the accumulation of tumor
suppressors, including p53, p21, and p27, and it suppresses HCC development (57).
Also, an autophagy inhibitor made HCC cells sensitive to anticancer drugs, such as
sorafenib, and ATG5 depletion increased sorafenib-induced cell death (58, 59). These
reports suggest that autophagy performs a protumor function in the development of
HCC. In addition to these observations, several reports have shown that autophagy
plays antitumor roles in HCC (reviewed in references 55 and 60). For example, au-
tophagy deficiency resulted from the depletion of ATG5 and ATG7, and p62 accumu-
lation promoted tumor growth in hepatocytes (61, 62). Unfortunately, the exact func-
tions of autophagy in HCC are not fully elucidated and remain controversial. Further
intensive investigations will be required to understand the role of autophagy in HCC
development.

Tight regulation of ATG proteins is critical for the maintenance of basal autophagy
that affects cellular homeostasis. Numerous studies have identified essential factors
that regulate ATG expression and elucidated their regulatory mechanisms. Posttrans-
lational modifications of ATG proteins, including phosphorylation, ubiquitination,
SUMOylation, acetylation, and O-GlcNAc modification, are known to be involved in the
dynamic regulation of autophagy (reviewed in references 63 to 65). Transcription
factors TFEB and FOXO function as key regulators of autophagy and lysosomal bio-
genesis by controlling the transcriptional networks of autophagy (65-67). Epigenetic
events, such as chromatin modification by histone modification, have also been linked
to autophagy regulation (68). In addition, noncoding RNAs (ncRNAs), including miRNAs
and long noncoding RNAs (IncRNAs), are actively involved in the regulation of au-
tophagy by affecting ATG expression (reviewed in references 21 and 69). RBPs, such as
RCK-Dcp2, TDP-43, TIA-1, and HuD, are known to function as autophagy regulators (35,
70-72). In this study, we proposed HuR as a pivotal regulatory factor governing
autophagosome formation and autophagic flux (Fig. 1). Although the comprehensive
mechanism of autophagy regulation still needs to be updated, autophagy seems to be
a very dynamic and complex process and requires diverse regulation at multiple levels
of gene expression to maintain cellular homeostasis in response to various stimuli.

The effect of HuR on LC3 conversion has been observed in several types of cells,
including hepatic stellate cells, pancreatic ductal adenocarcinoma cells, renal tubular
cells, and human embryonic kidney cells (38, 73-75). Here, we report HuR-mediated
autophagosome formation in HCC cells and further demonstrate that HuR functions as
the factor enhancing the expression of ATG5, ATG12, and ATG16, thereby influencing
autophagic flux. We also observed positive correlations between HuR and some ATG
proteins (ATG5 and ATG12) in the liver tissues from HCC patients. Although our results
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TABLE 3 Antibody information

Purpose and antibody Manufacturer Product no. Dilution factor

For WB
ATG5 Abcam ab180327 1:1,000
ATG12 Santa Cruz Biotechnology sc-68884 1:200
ATG16 Santa Cruz Biotechnology sc-393274 1:100
LC3 Novus nb600-1384 1:1,000
HuR Santa Cruz Biotechnology sc-5261 1:1,000
GFP Santa Cruz Biotechnology 5¢c-9996 1:1,000
B-Actin Abcam ab3280 1:10,000

For IHC
ATG5 Abcam ab180327 1:100
ATG12 Santa Cruz Biotechnology sc-68884 1:500
ATG16 Abgent #AP1817b 1:200
HuR Santa Cruz Biotechnology sc-5261 1:100

and a recent study show that HuR positively regulates ATG16 expression (38), a positive
correlation between HuR and ATG16 was not observed in HCC tissues (Fig. 6). Particular
miRNAs, including miR-519a, miR-374, miR-223, and miR-874, are known to target
ATG16LT mRNA in various types of cells (38, 76-78). Whether those miRNAs or other
RBPs are involved in the regulation of ATG16 expression during cancer development
needs to be determined in separate studies. Our results provide a regulatory mecha-
nism of gene expression, including ATG5, ATG12, and ATG16 mRNAs, by HuR at the
posttranscriptional level and demonstrate an essential role of HUR in autophagosome
formation. Although we did not measure autophagy activity in HCC, further studies
may provide the additional significance of HuR in autophagy dysregulation leading to
cancer development.

MATERIALS AND METHODS

Cell culture, transfection of plasmids, and small interfering RNAs. Human liver cells, including
Hep3B (hepatocellular carcinoma), Huh7 (hepatocellular carcinoma), L-02 (immortal hepatic cell line), and
THLE-3 (immortal hepatic cell line) cells were cultured in Dulbecco’s modified essential medium (DMEM)
(HyClone, Logan, UT) supplemented with 10% fetal bovine serum (HyClone) and 1% penicillin-
streptomycin at 37°C in 5% CO,. The U20S cell line stably expressing GFP-LC3 was generated and
maintained as described previously (79). EGFP reporters were cloned by inserting 3" UTR fragments from
the human ATG5, ATG12, and ATG16 mRNAs into pEGFP-C1 (BD Bioscience, Franklin Lakes, NJ). The
tandem fluorescence-tagged LC3 (ptfLC3) plasmid was from Addgene (no. 21074). siRNAs (control siRNA
[siCtrl; 5'-CCAUGACCAACUACGAUGA-3'] and HuR siRNA [siHuR; 5'-TGTGAAAGTGATCCGCGAC-3']; Geno-
lution Pharmaceuticals, Seoul, South Korea) or EGFP reporter plasmids were transfected using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Western blot analysis. Whole-cell lysates were prepared using radioimmunoprecipitation assay
(RIPA) buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.1% SDS, and 1X
protease inhibitor cocktail (Roche, Basel, Switzerland); separated by electrophoresis in SDS-containing
polyacrylamide gels; and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bil-
lerica, MA). Incubation with primary antibodies against ATG5 (Abcam, Cambridge, MA; ab180327), ATG12
(Santa Cruz Biotechnology, Dallas, TX; sc-68884), ATG16 (Santa Cruz Biotechnology; sc-393274), LC3
(Novus, St. Charles, MO; nb600-1384), HuR (Santa Cruz Biotechnology; sc-5261), EGFP (Santa Cruz
Biotechnology; sc-9996), or B-actin (Abcam; ab3280) was followed by incubation with the appropriate
secondary antibodies conjugated with horseradish peroxidase (HRP) (Santa Cruz Biotechnology) and
detection using enhanced luminescence (Bio-Rad, Hercules, CA). Additional antibody information is
provided in Table 3. Images were analyzed with ImageJ software (80).

RT-qPCR. Total RNA was prepared from whole cells using TRIzol (Invitrogen), according to the
manufacturer’s instructions. After RT using random hexamers and reverse transcriptase (Toyobo, Osaka,
Japan), the abundance of transcripts was assessed by qPCR analysis using SYBR green PCR master mix
(Kapa Biosystems, Wilmington, MA) and gene-specific primer sets (Table 1). RT-qPCR analysis was
performed on a StepOne Plus system (Life Technologies, Carlsbad, CA).

RIP. RIP analysis was performed using anti-HUR primary antibodies or control IgG (Santa Cruz
Biotechnology) (35, 81). In brief, Hep3B cell lysates were incubated with anti-HuR or control IgG, and RNP
complexes were precipitated using protein A-agarose beads for 2 h. After further incubation of RNP
complexes with DNase | and proteinase K, RNAs were isolated from the complexes and analyzed by
RT-qPCR using the primers listed in Table 1. Relative levels of HuR binding to ATG mRNAs in RIP products
were normalized with GAPDH mRNA compared to normal IgG. RPL6 mRNA was used as a negative control
as described previously (31).
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Biotin pulldown analysis. To synthesize biotinylated transcripts, PCR fragments were prepared
using forward primers that contained the T7 RNA polymerase promoter sequence (T7; 5'-CCAAGCTTCT
AATACGACTCACTATAGGGAGA-3’). Table 1 lists the primers used to prepare biotinylated transcripts
spanning the ATG5 (NM_004849.4), ATG12 (NM_004707.4), and ATG16 (NM_030803.7) mRNAs. After
purification of the PCR products, biotinylated transcripts were synthesized using a MaxiScript T7 kit
(Ambion, Waltham, MA) and biotin-CTP (Enzo Life Sciences, Farmingdale, NY). Whole-cell lysates (200 ug
per sample) were incubated with 1 ug of purified biotinylated transcripts for 30 min at room tempera-
ture, and then complexes were isolated using streptavidin-coupled Dynabeads (Invitrogen). Proteins
present in the pulldown material were studied by Western blot analysis as described previously (81).

Nascent protein synthesis analysis. The quantities of nascent ATG5, ATG12, and ATG16 proteins

were analyzed using a Click-iT system (Invitrogen) according to the manufacturer’s instructions. In brief,
after knockdown of HuR expression using siHuUR, cells preincubated (for 1 h) in methionine-free RPMI
medium were labeled with the azide-containing methionine analog AHA for 4 h. Newly synthesized and
AHA-incorporating proteins in cell lysates (500 wg) were cross-linked to alkyne-derivatized biotin by
copper-catalyzed cycloaddition (Click-iT reaction). Biotin-conjugated proteins were isolaed using strepta-
vidin beads and further analyzed by Western blotting.

Polysome analysis. Forty-eight hours after transfection, Hep3B cells were preincubated with cyclo-

heximide (100 wg/ml) for 15 min and lysed with polysome extraction buffer containing 50 mM MOPS
(morpholinepropanesulfonic acid), 15 mM MgCl,, 150 mM NaCl, 100 png/ml cycloheximide, 0.5% Triton
X-100, 1 mg/ml heparin, 1X protease inhibitor cocktail, and RNase inhibitor, followed by centrifugation
at 13,000 X g for 10 min. The lysates were further fractionated by ultracentrifugation through 10 to 50%
linear sucrose gradients, as described previously (36, 81). RNAs from each fraction were isolated, and
cDNA was synthesized as described above. Relative levels of ATG5, ATG12, ATG16, and B-actin mRNAs
were analyzed by RT-qPCR using specific primers listed in Table 1.

Electron microscopy. For transmission electron microscopy (TEM) observation, cells were fixed with

1% osmium tetroxide and embedded in Epon 812. Ultrathin sections were observed with a transmission
electron microscope (JEM 1010; JEOL, Japan). Autophagic vacuole size was measured using Image)
software (n = 70).

TMA and IHC. Paraffin-embedded HCC-related TMA slides, including HCC cores (n = 35), paired

metastatic tumor tissue cores from HCC (n = 5), unpaired metastatic tumor tissue cores from HCC (n = 3),
and paired normal liver tissue cores (n = 7) from human donors, were purchased from Super Bio Chips
(Seoul, South Korea). The slides were deparaffinized, rehydrated, and incubated with EDTA buffer (1 mM;
pH 8.0) at 95°C for antigen retrieval. All steps of IHC staining were performed according to the
manufacturer’s instructions (Immune Bio Science Corp., Mukilteo, WA). After blocking with blocking
solution, the slides were incubated with anti-HuR (Santa Cruz Biotechnology; sc-5261), ATG5 (Abcam;
ab108327), ATG12 (Santa Cruz Biotechnology; sc-68884), or ATG16 (Abgent, San Diego, CA; AP1817b)
antibodies, respectively, at 4°C overnight and further incubated with a horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h. DAB was applied for color development.
Antibody information is provided in Table 3. The strength of positivity was analyzed with a panoramic
MIDI slide scanner system (3D Histech Ltd., Budapest, Hungary). The stain intensity score of each core was
calculated using ImageJ and IHC profiler programs. This study was approved by the Institutional Review
Board (IRB) at the Catholic University of Korea, College of Medicine (IRB approval number MC17SESIO110)
and carried out in accordance with the Declaration of Helsinki.

Statistical analysis. Data are expressed as means and standard deviations (SD) of three independent

experiments. The statistical significance of the data was analyzed by Student’s t test using GraphPad
Prism 5.0 software. Correlation data were analyzed by the Pearson correlation method using GraphPad
Prism 5.0 software.
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