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Abstract
Better understanding of human hepatocellular carcinoma (HCC) pathogenesis at the molecular
level will facilitate the discovery of tumor initiating events. Herein, transcriptome sequencing
revealed that adenosine (A)-to-inosine (I) RNA editing of antizyme inhibitor 1 (AZIN1) displays a
high modification rate in HCC specimens. A-to-I editing of AZIN1 transcripts is specifically
regulated by adenosine deaminase acting on RNA-1 (ADAR1). The serine (S) → glycine (G)
substitution at residue 367, located in β-strand 15 (β15), predicted a conformational change,
induced a cytoplasmic-to-nuclear translocation, and conferred “gain-of-function” phenotypes
manifested by augmented tumor initiating potential and more aggressive behavior. Compared with
wild-type AZIN1 protein, the edited form possesses stronger affinity to antizyme, and the resultant
higher protein stability promotes cell proliferation via the neutralization of antizyme-mediated
degradation of ornithine decarboxylase (ODC) and cyclin D1 (CCND1). Collectively, A-to-I RNA
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editing of AZIN1 may be a potential driver in the pathogenesis of human cancers, particularly
HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) represents the third most common cause of cancer-related
deaths worldwide with a dismal clinical outcome 1. Like other solid tumors, HCC
development is believed to be a multi-step process with the accumulation of genetic and
epigenetic alterations2,3. The recent advent of genomic tools, including RNA sequencing
(RNA-Seq), has provided powerful tools to study changes in transcriptomes and genomes to
understand cancers at the molecular level4–6.

In this study, we performed an integrative RNA-Seq analysis on three pairs of HCC and
their matched non-tumor (NT) tissue counterparts and identified an adenosine (A)-to-inosine
(I) RNA editing event involved in HCC progression. In humans, the most frequent type of
RNA editing is conversion of adenosine (A) to inosine (I) with the splicing and translational
machineries subsequently recognizing the inosine (I) as a guanosine (G). We found A-to-I
RNA editing over-occurring at codon 367 of AZIN1 (antizyme inhibitor 1), resulting in a
serine (Ser) to glycine (Gly) amino acid substitution in approximately 50% of primary HCC
samples. A-to-I (G) editing is mediated by the double-stranded RNA (dsRNA)-specific
ADAR (adenosine deaminase acting on RNA) family7. In this study, we demonstrate that
ADAR1-mediated AZIN1 RNA editing is linked to tumor initiation and development.

RESULTS
A close link between AZIN1 overediting and HCC pathogenesis

In order to detect abnormal single nucleotide variations (SNVs) during neoplastic
transformation, we applied high-throughput RNA-Seq to investigate three pairs of HCC
tumor and their adjacent non-tumor (NT) tissues, identifying 94, 89, and 101 coding somatic
single nucleotide variants (cSNVs) in the three tumor samples (Supplementary Data,
Supplementary Tables 1–4, and Supplementary Fig. 1a–c). Validation analysis was
performed for 10 of the intersecting cSNVs (all are non-synonymous substitutions), and the
majority were confirmed (Supplementary Data and Supplementary Fig. 1d, e). By
genotyping validation of the DNA samples, antizyme inhibitor 1 (AZIN1) demonstrated a
high frequency of non-synonymous A-to-I transcript editing, leading to a serine (Ser) to
glycine (Gly) amino acid substitution (Supplementary Data and Supplementary Fig. 1f–h).
A-to-I (G) editing of azin1 was detected in mouse (Mus musculus) liver tissue, and a 100 bp
region in intron 11 immediately downstream of exon 11 is conserved, especially the first 16
bp (100% identity). We hypothesized that the AZIN1 transcript would undergo A-to-I
editing by a mechanism similar to that occurring in GluR-B transcripts8,9; this RNA
secondary structure may juxtapose the AZIN1 editing site and the potential exon
complementary sequence (ECS) for A-to-I conversion (see Supplementary Data and
Supplementary Fig. 2).

We investigated AZIN1 editing levels in 135 matched primary HCC and non-tumor (NT)
liver tissues from Guangzhou, China (GZ cohort) and 46 matched primary HCC and NT
liver samples from Shanghai, China (SH cohort). Approximately 46.7% (63/135 of GZ
patients) and 50.0% (23/46 of SH patients) of the primary HCC specimens demonstrated
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AZIN1 overediting, defined by an increase of not less than 10% editing level in tumors
compared to adjacent NT specimens (Fig. 1a).

AZIN1 editing levels were found to be significantly higher in healthy liver tissues than in
peripheral blood mononuclear cells (PBMCs) (P = 0.0007) and in other normal tissues (Fig.
1b and Supplementary Fig. 3). Intriguingly, the degree of AZIN1 editing gradually increased
during HCC pathogenesis from normal to adjacent NT to clinically verified HCC (Fig. 1b).
HCC patients with liver cirrhosis demonstrated higher AZIN1 editing frequency than those
without liver cirrhosis (37.13 vs. 28.93%; P = 0.0052), and also higher in HCC patients with
tumor recurrence than those without (36.99 vs. 31.12%; P = 0.012, Fig. 1b).
Clinicopathological analyses demonstrated that AZIN1 overediting in tumors was
significantly correlated with the presence of liver cirrhosis (P = 0.003), tumor recurrence (P
= 0.001), and worse prognoses (PDisease-free = 0.008) (Fig. 1c–e and Supplementary Tables 5
and 6). In summary, AZIN1 editing frequency increases during progression from cirrhosis
and primary liver cancer to advanced HCC with recurrence and metastasis.

ADAR1 is responsible for AZIN1 RNA editing in human cancers
Based on our RNA-Seq, the two ADAR1 transcript variants (NM_001025107 and
NM_015840), encoding 110 kDa (p110) and 150 kDa (p150) isoforms, respectively,
demonstrated relatively high abundances in liver tissue. Other family members were
expressed either at extremely low (ADAR2) or undetectable (ADAR3) levels
(Supplementary Fig. 4a–c).

We further examined expression levels of ADAR1-3 in clinical specimens of 94 HCC
patients from the GZ cohort. ADAR3 could not be detected in any of the samples, and there
was an approximate five-cycle difference in the average delta cycle threshold (ΔCt) between
ADAR1 and ADAR2, indicating that the ADAR1 expression level was 32-fold higher than
that of ADAR2 in the human liver samples (Supplementary Fig. 4d). Both ADAR1 p110
and p150 isoforms were upregulated in 83% (25/30) of HCC cases, predominantly the p110
isoform (Fig. 2a). AZIN1 editing frequency was positively correlated with ADAR1 and not
ADAR2 (Fig. 2b, c). Similar to HCC, the editing level and expression of ADAR1 in
esophageal squamous cell carcinoma (ESCC) were significantly higher than in adjacent NT
tissues (P < 0.0001, Fig. 2d), which may be explained by the higher ADAR1 expression
level (as shown by a lower ΔCt value) in HCC and ESCC tumor samples compared with the
matched NT tissues (Fig. 2e). No obvious differences in the AZIN1 editing level and
ADAR1 expression were detected between the tumor and NT tissues of nasopharyngeal
carcinoma (NPC) (Fig. 2d, e). These data suggested that ADAR1 plays the major role in A-
to-I (G) AZIN1 editing during cancer development.

Because of its regulation by interferon (IFN) and cytoplasmic localization, the ADAR1 p150
is presumably responsible for A-to-I editing of viral RNAs produced by viruses7,10 but not
nuclear pre-mRNAs11. Overexpression of ADAR1 p110 but not ADAR2, led to a five-fold
increase in AZIN1 editing (Fig. 2f–h). Silencing ADAR1 in the HCC cell line H2M
dramatically decreased AZIN1 editing and was rescued by overexpressing an ADAR1 p110
mutant (Fig. 2i, j). In summary, studies of expression of ADAR family members and
functional studies support the notion that ADAR1 p110 serves to induce AZIN1 overediting.

AZIN1 A-to-I (G) editing induces a tumorigenic phenotype
To ascertain whether there is a causative relationship between RNA editing and “gain-of-
function” phenotypes in cancer development, we introduced V5-tagged wild-type (wt/AZI)
or edited AZIN1 (edt/AZI) expression constructs into two HCC cell lines (PLC8024 and
QGY7703). Wt/AZI and edt/AZI lentivirus-transduced cells demonstrated accelerated
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growth rates and higher frequencies of focus and colony formation in soft agar than controls
(8024-LacZ and 7703-LacZ) (Fig. 3a–c). In spite of similar levels of expression
(Supplementary Fig. 5a, b), cells expressing edited AZIN1 (i.e., 8024-edt/AZI and 7703-edt/
AZI) with 84–90% of their AZIN1 transcripts edited (Supplementary Fig. 5c), demonstrated
greater tumorigenic properties than cells expressing wild-type (8024-wt/AZI and 7703-wt/
AZI) (Fig. 3a–c). Consistent with the clinical correlation between AZIN1 overediting and
tumor recurrence, edt/AZI lentivirus-transduced cells possessed increased invasive
capability (Fig. 3d).

To analyze if the “gain-of-function” phenotypes are regulated in an edited AZIN1-dependent
manner, we compared the tumorigenic properties of wt/AZI-transfectant (8024-Wt1) with
three edt/AZI–transfectants (8024-Edt1, 2 or 3) with different AZIN1 editing frequencies
(24.8%, 42.9% and 85.3%). 8024-Edt3 cells, harboring 85.3% edited AZIN1 transcripts,
demonstrated the most aggressive phenotype (Fig. 3e–h). As little as an 18% increase in
AZIN1 editing level (compare 8024-Edt1 and 8024-Edt2 cells) was sufficient to promote
tumorigenic potential (Fig. 3e–h). These data demonstrate that tumorigenic properties
correlate with AZIN1 editing levels.

Xenograft studies demonstrated that the tumor incidence induced by 8024-edt/AZI cells was
dramatically higher than those induced by 8024-wt/AZI and 8024-LacZ (Fig. 4a, b).
Moreover, 70% of mice injected with 8024-edt/AZI cells formed tumors within one week;
however, none of the mice injected with 8024-LacZ and only 10% with 8024-wt/AZI had
visible tumors (Fig. 4a, b). Tumors induced by 8024-edt/AZI cells grew significantly faster
than those induced by 8024-LacZ or 8024-wt/AZI cells (Fig. 4c). Furthermore, 4 weeks
following intrahepatic inoculation, mice injected with 8024-edt/AZI cells formed more liver
nodules (Fig. 4d–f). All these data demonstrate that this recoding editing plays a significant
role in tumor initiation.

AZIN1 editing causes a cytoplasmic-to-nuclear translocation
Editing of AZIN1 results in an amino acid change (Ser → Gly) of residue 367. GFP-tagged
wild-type AZIN1 protein (GFP-wt/AZI) was predominantly expressed in the cytoplasm,
whereas the majority of the edited protein (GFP-edt/AZI) was expressed in the nucleus (Fig.
5a). The centrosomal localization of wild-type AZIN1 protein was observed as reported
previously12 (indicated by arrows, Fig. 5a). Despite equal amounts of GFP-wt/AZI and
GFP-edt/AZI in whole cell lysates, cytoplasmic GFP-wt/AZI protein was four-fold higher
than cytoplasmic GFP-edt/AZI protein, while edited AZIN1 protein was four-fold more
abundant in the nuclei, indicating that the AZIN1 editing may result in a cytoplasmic-to-
nuclear translocation (Fig. 5b). By immunohistochemistry (IHC), cytoplasmic-to-nuclear
translocation of AZIN1 was observed in 5/14 (35.7%) cases with AZIN1 overediting (Fig.
5c).

We hypothesized that this translocation might be due to a conformational change as a result
of Ser → Gly substitution at the residue 367. To this end, we used computational methods to
identify predicted conformationally switching elements in the AZIN1 protein. Intriguingly,
the program ASP (Ambivalent Structure Predictor)13 identified two individual switching
elements (Switch I: residues 362–367; and Switch II: residues 385–394) from the 448-aa
protein sequence (Fig. 5d), highly suggesting that amino acid change within these two
elements could be involved in the conformational change in AZIN1. Intriguingly, the
residue Ser367 locates right at the “Switch I” region, suggesting that a Ser → Gly
substitution at residue 367 might have the potential to induce a conformational change in
AZIN1.
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Edited AZIN1 neutralizes antizyme-mediated degradation of oncoproteins
Antizyme inhibits cell growth by binding to and inducing degradation of proteins such as
ODC. AZIN1 is an ornithine decarboxylase (ODC) homolog and shares its capacity to bind
to antizyme, but AZIN1 binds to antizyme with a higher affinity than ODC14. Compared
with GFP-tagged wild-type AZIN1 (GFP-wt/AZI)-transfected cells, more antizyme-1
protein could be pulled down from the lysates of cells transfected with GFP-tagged edited
AZIN1 (GFP-edt/AZI) (Fig. 6a). Also, we observed that more antizyme-1 protein could be
immunoprecipitated in 8024-edt/AZI cells compared with 8024-wt/AZI cells using a V5-
specific antibody (Supplementary Fig. 6a). Furthermore, an equal amount of recombinant
maltose-binding protein (MBP)-fused antizyme-1 (MBP-OAZ1) protein could pull down
more GFP-edt/AZI protein than GFP-wt/AZI (Fig. 6b). All of these data indicated that the
edited AZIN1 possessed higher binding affinity to antizyme-1 than wild-type AZIN1.

As a consequence of its increased binding affinity to antizyme, edited AZIN1 protein was
more stable than wild-type form (Fig. 6c, d and Supplementary Fig. 6b–d), consistent with
previous findings that the AZIN1/antizyme-1 interaction prevents AZIN1 from undergoing
ubiquitin-mediated degradation15.

Binding of AZIN1 inhibits antizyme-mediated binding and degradation of the ODC and
cyclin D1 (CCND1) oncoproteins16–18. ODC and CCND1 degradation was attenuated in
cells expressing GFP- or V5-tagged edited AZIN1 compared with cells expressing wild-type
AZIN1 (Fig. 6c, d and Supplementary Fig. 6b–d). Therefore, AZIN1 editing confers greater
stability through higher affinity to antizyme-1, inducing malignant transformation by
neutralizing antizyme-mediated degradation of downstream oncoproteins.

A functional edt/AZI-ODC/CCND1-cell proliferation axis in tumor progression
The promotion of cell proliferation is a major mechanism associated with the transformation
of a normal cell to a cancer cell19, and ODC and CCND1 are two key factors in regulation
of the G1/S transition. Elevated ODC and CCND1 levels at the G1/S boundary lead to the
augmentation of protein synthesis that is necessary for entry into the cell cycle20,21.

We isolated tumorigenic cells from xenografts induced by 8024-wt/AZI and 8024-edt/AZI
cells (xeno-wt/AZI & xeno-edt/AZI) and measured G1/S transition and cell proliferation
using bromodeoxyuridine (BrdU) incorporation. Xeno-edt/AZI cells, displaying 13-fold
higher AZIN1 editing frequency, entered S phase faster than xeno-wt/AZI cells
(Supplementary Fig. 7a, b). The percentage of xeno-edt/AZI cells in S phase was
consistently higher than that of xeno-wt/AZI cells at 6 and 9 hours post-release (Fig. 6e). At
the G1/S boundary, phosphorylation of the retinoblastoma protein (Rb) activates the E2F
transcription factor and downstream targets such as cyclin A (CCNA), Cdc2, and c-Myc22.
Compared with xeno-wt/AZI cells, xeno-edt/AZI cells had elevated ODC and CCND1,
leading to increased Rb phosphorylation and subsequent upregulation of CCNA (Fig. 6f, g).
Furthermore, as detected by IHC staining, xenograft tumors derived from 8024-edt/AZI cells
demonstrated cytoplasmic-to-nuclear translocation of AZIN1 and higher expression of
ODC, CCND1, and the proliferation marker KI67 than tumors derived from 8024-wt/AZI
cells (Supplementary Fig. 7c). These data suggest that there is a tight connection between
the edt/AZI-ODC/CCND1-cell proliferation axis and tumor initiation and progression.

DISCUSSION
RNA editing is defined as post-transcriptional alteration of RNA sequences and serves as an
additional epigenetic control mechanism23–25. Until recently, only a small number of
proteins with amino acid substitutions caused by editing were known, and it seems that
many of the newly identified recoding events display low-level modification rates and low
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validity26,27. In this study, RNA editing of AZIN1 gene demonstrated a relatively higher
modification ratio, and the accumulation of a Ser367Gly substitution was detected in tumor
specimens, particularly HCCs.

In contrast with the notion that hypoediting is associated with several cancer
phenotypes28–30, we observed that AZIN1 editing increased during the multistep
progression of HCC from healthy and non-cancerous liver to HCC. Moreover, the AZIN1
overediting in tumors was predictive of poor prognosis and associated with liver cirrhosis
and tumor recurrence. Three ADARs (ADAR1, ADAR2 and ADAR3) have been identified
to catalyze A-to-I RNA editing31. However, no substrate for ADAR3 has been identified so
far. We demonstrated that RNA editing of AZIN1 was specifically regulated by ADAR1 but
not ADAR2 and ADAR3. Moreover, AZIN1 RNA editing was found to be conserved,
implying that cis-acting sequences necessary for RNA editing should also be conserved.
Computer programs that predict RNA secondary structures aligned the highly conserved
exonic sequence with the intronic sequence immediately downstream of the edited exon
within a highly base-paired dsRNA secondary structure. A series of assays both in cell
culture and xenografts provided direct evidence that edited AZIN1 protein confers “gain-of-
function” phenotypes manifested by higher proliferative rate, greater invasive ability, and
higher incidence of tumor formation. Intriguingly, we observed that an 18% increase in
AZIN1 editing was sufficient to promote tumorigenic potentials of HCC cells. All of these
novel findings suggest that overediting contributes to cancer initiation and progression.

Editing of AZIN1 induced cytoplasmic-to-nuclear translocation in HCC cells and clinical
samples. Recent crystallographic and biochemical analysis of the murine antizyme inhibitor
(mAzI) revealed significant conformational differences between mAzI and Odc structure lie
in the two loops positioned at the dimer interface (Loop I: residues 355–362; and Loop II:
387–401)32, suggesting these loop regions at the surface of the AzI protein are critical for
maintaining its specific conformation. We identified two individual switching elements
(Switch I: residues 362–367; and Switch II: residues 385–394) in AZIN1. Intriguingly, we
found that the predicted AZIN1 Switch II maps to “Loop II”, while Switch I element (362–
367), mapping to β-strand 15 (β15), is located adjacent to “Loop I”. These data suggest that
the Ser367Gly editing within Switch I may induce a conformational change in AZIN1.
Because a small percentage of wild-type AZIN1 protein localizes to the nucleus, the
mechanism underlying the cytoplasmic-to-nuclear translocation likely does not depend
solely on editing. This may explain why the AZIN1 cytoplasmic-to-nuclear change in tumor
samples was not as frequently observed as overediting.

Antizyme is the first mammalian protein whose synthesis is characterized by ribosomal
frame-shifting33,34, and regulates cell growth by binding to and inducing degradation of
growth promoting proteins such as ODC and CCND1. In addition, the antizyme/ODC
interaction leads to a conformational alteration of ODC, thereby inducing a ubiquitin-
independent proteasomal degradation of ODC15,36. The antizyme inhibitor AZIN1 is an
ODC homologue which binds to antizyme with greater affinity than to ODC14. The ability
of antizyme to degrade ODC, inhibit polyamine uptake, and consequently suppress cellular
proliferation suggests it serves as a tumor suppressor gene. In contrast, AZIN1 prevents
proteolytic degradation of ODC by sequestering antizyme from ODC. Therefore, AZIN1
acts as an oncogene by inhibiting the tumor suppressor activities of antizyme. Consistent
with this model, accumulating evidence suggest that an elevated ratio of AZIN1 relative to
antizyme favors growth activation. Moreover, AZIN1 levels were found to be substantially
elevated in cancers of the prostate, brain, breast, and liver, and gene expression data implied
alterations in the AZIN1/antizyme ratio in many human cancers35. In this study, we describe
a third unusual mechanism of regulation of the antizyme/AZIN1 axis, that of AZIN1 RNA
editing. RNA editing of AZIN1 confers greater antizyme binding, leading to inhibition of
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degradation of target oncoproteins ODC and CCND1 and facilitating entry into the cell
cycle20,21.

Collectively, the A-to-I (G) RNA editing that occurs at codon 367 (Ser → Gly) of the
AZIN1 gene, which is specifically catalyzed by ADAR1, is more abundant in tumor
specimens. This recoding editing event is predicted to affect protein conformation, leading
to changes in subcellular localization and function. Edited AZIN1, having a stronger affinity
toward antizyme and a resultant higher protein stability than wild-type AZIN1, promotes
cell proliferation and tumor progression by neutralizing the antizyme-mediated degradation
of the ODC and CCND1 oncoproteins. Thus, HCC tumors demonstrate the increased A-to-I
(G) AZIN1 editing, leading to inhibition of antizyme tumor suppressor function providing a
novel gain-of-function event driving HCC pathogenesis.

ONLINE METHODS
RNA extraction and Illumina mRNA library preparation

We selected tumor and adjacent non-tumor (NT) tissues of three HCC patients (Case No.
448, 473 and 510) in GZ cohort for RNA-Seq. Among the three individuals, two of them
(448 and 473) were positive for liver cirrhosis. All three patients are HBV-positive and
HCV-negative. We isolated total RNA using the mirVana™ miRNA isolation kit (Ambion,
Austin, TX, USA), and treated them with the DNA-free kit (Ambion) for the removal of
contaminating genomic DNA. We purified polyA+ RNA using a Dynabeads mRNA
purification kit (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.
Approximately 100 ng of mRNA was fragmented by incubation for 5 min at 94 °C in 5 ×
Array Fragmentation Buffer (Ambion). We synthesized double stranded cDNA using the
SuperScript Double-Stranded cDNA Synthesis kit (Invitrogen) using random hexamers. The
reaction was purified using a QiaQuick PCR column (Qiagen, Valencia, CA). We repaired
double-stranded cDNA fragments using the DNA Terminator End Repair Kit (Lucigen,
Middleton, WI) and purified them using a QiaQuick PCR column. The Klenow 3′ to 5′ exo-
polymerase (NEB, Ipswich, MA) was used to add a single ‘A’ base to the 3′end of blunt
phosphorylated DNA fragments. Following purification, Illumina PE Adapters
(Illumina,San Diego, CA) were ligated to the ends of the DNA fragments using the Quick
Ligation™ Kit (NEB, Ipswich, MA). We excised DNA fragments ranging from
approximately 280 to 300 bp from a 2% low-melting agarose gel. We enriched the
fragments by ten thermocycles using AccuPrime™ Pfx DNA Polymerase (Invitrogen). The
PCR product was run on a Novex 8% TBE polyacrylamide gel (Invitrogen) and stained with
SYBR Gold (Invitrogen). Gel slices containing the 340- to 360-bp fragments were excised
and purified using the QiaQuick Gel Extraction Kit (Qiagen). We measured the
concentrations of the gel-purified DNA fragments using a ND-1000 UV/Vis
spectrophotometer (NanoDrop Technologies, Wilmington, DE).

RNA extraction, cDNA synthesis and quantitative real-time PCR (QPCR)
We isolated total RNA using TRIZOL Reagent (Invitrogen). To quantify gene expression
levels in cells or clinical samples, equal amounts of cDNA were synthesized using the
Advantage RT-for-PCR kit (Clontech, Mountain View, CA) and used for QPCR analysis.
We performed QPCR using the SYBR Green PCR master mix (Applied Biosystems) and the
following primers: ADAR1: forward, 5′-CCCTTCAGCCACATCCTTC-3′; reverse, 5′-
GCCATCTGCTTTGCCACTT-3′, ADAR2: forward, 5′-
CTGACACGCTCTTCAATGGTT-3′; reverse, 5′-GGCGCAGTTCGTTCAAGAT-3′,
AZIN1: forward, 5′-ATTGATGATGCAAACTACTCCGT-3′; reverse, 5′-
GCCACTACATTCTGCCATTGA-3′, and 18S: forward, 5′-
CTCTTAGCTGAGTGTCCCGC-3′; reverse, 5′-CTGATCGTCTTCGAACCTCC-3′. For
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QPCR analysis of ADAR1 and ADAR2 in clinical HCC samples, in addition to 18S
ribosomal RNA, we used HRPT1 (hypoxanthine phosphoribosyl-transferase I) as the other
internal control with the following primers: HRPT1: forward, 5′-
CCTGCTGGATTACATTAAAGCACTG-3′; reverse, 5′-
GTCAAGGGCATATCCAACAACAAAC-3′. We performed PCR using an ABI Prism
7900 System (Applied Biosystems), and conducted data processing using the ABI SDS v2.3
software (Applied Biosystems). For cell lines, the relative AZIN1 expression level (defined
as “Relative expression”) is given as 2−ΔCT (ΔCT = CT

AZIN1 − CT
18S) and normalized to the

relative expression level that was detected in the corresponding control cells, which was
defined as 1.0. We calculated the relative expression levels of ADAR1 and ADAR2 in
clinical HCCs and their matched NT specimens by the formula 2−ΔCT (ΔCT =
CT ADAR1/ADAR2 − average [CT 18S + CT HPRT1]) and normalized to the average relative
expression level in all of the NT tissues, which was defined as 1.0. When compared the ΔCT
value of ADAR1 gene among clinical HCC, ESCC and NPC samples, we calculated the
ΔCT value by the formula 2−ΔCT (ΔCT = CT

ADAR1 −CT
18S).

Solexa sequencing and read mapping
We conducted cluster generation and sequencing using the Standard Cluster Generation kit
v4, and 36-Cycle Sequencing kit v3 on the Illumina Cluster Station and GAIIx following the
manufacturer’s instructions. We sequenced cDNA libraries from three paired HCC tumors
and the corresponding NT counterparts (HCC448N/T, HCC473N/T, and HCC510N/T) with
58-base single-reads. Raw data from the GAIIx were analyzed using the Illumina Real Time
Analysis (RTA) v1.6 software. A phi-X 174 control lane was included in each Solexa run
for matrix, phasing, and error rate estimations as recommended by the manufacturer. The
error rate of the Phi-X control error rate was < 0.28% for all of the sequencing runs.

We first removed ribosomal RNA sequences from GA reads by aligning them to 28S (NCBI
RefSeq accession NR_003287.2), 18S (NCBI RefSeq accession NR_003286.2), human
ribosomal DNA complete repeating unit (HSU13369) and mitochondrial ribosomal RNA
(Ensembl transcript ID ENST00000387347 and ENST00000389680) using Bowtie37 with
default parameters. We then aligned the high-quality reads against the human genome
assembly (NCBI Build 37.1/hg19) using TopHat v1.0.1438 with the RefSeq refGene
annotation, which was downloaded from the UCSC Genome Browser39. Additionally,
alignment was also performed using Burrows-Wheeler Aligner v0.5.8c (BWA)40 and CLC
Genomics Workbench v4.6 (CLC bio, Denmark) to detect SNVs. Finally, we processed
mapping results with custom scripts and visualized on the UCSC Genome Browser as a
custom track.

Transcript assembly and abundance estimation using cufflinks
We conducted expression estimation and tests for differential expression using the Cufflinks
program v0.8.341. Cufflinks uses the normalized RNA-Seq fragment counts to measure
relative transcript abundance. The unit of measurement is fragments per kilobase of exon per
million fragments mapped (FPKM).

Variant Discovery
Briefly, we processed the aligned files from the three different software systems (see above)
with SAMtools and, subsequently, with VarScan (v2.2)42 for SNV detection. Variance
calling was constrained to locations within gene regions with at least 10 × coverage, a
variation frequency of greater than 30% and a base quality of more than 15. By subtracting
the variation between the tumor and matched NT samples, somatic single nucleotide
variations were obtained and compared with NCBI dbSNP Build 131. Finally, we
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intersected the somatic SNVs detected from the three software systems to derive a set of
high-confidence SNVs.

Pyrosequencing analyses of editing levels of AZIN1
First, we performed semi-quantitative RT-PCR using the following primers: AZIN1:
forward, 5′-TCGCAGTTAATATCATAGC-3′; reverse, 5′-
AAGGCACAAAGAAGAAGT-3′. The reverse primer was biotin labeled. Second, single-
stranded biotinylated PCR products were processed for pyrosequencing analysis according
to the manufacturer’s standard protocol (Biotage, Qiagen Ltd, Uppsala, Sweden). Briefly, 4
μl of streptavidin-sepharose beads (Amersham Biosciences) and 29 μl of binding buffer (10
mM Tris-HCl, 1 mM EDTA, 2 M NaCl, 0.1% Tween 20, pH 7.6) were mixed with 25 μl of
RT-PCR product for 10 min at room temperature. We placed the reaction mixture in a
MultiScreen-HV Clear Plate (Millipore). After applying the vacuum, the beads were treated
with a denaturation solution (0.2 M NaOH) for 1 min and washed twice in washing buffer
(10 mM Tris-Acetate at pH 7.6). We then suspended the beads in 50 μl of annealing buffer
(20 mM Tris-acetate, 2 mM Mg-acetate, pH7.6) containing 10 pmol of the sequencing
primer (5′-TCCTGTGATGAGCTTGATCAA-3′). The template-sequencing primer mixture
was transferred to a PSQ 96 plate (Biotage), heated to 90 °C for 2 min, and cooled to room
temperature. Sequencing reactions were performed using a PSQ 96 SNP Reagent kit
(Biotage), with a PSQ96MA system (Biotage) according to the manufacturer’s instructions.
Experiments were performed in triplicate. The sample genotype and percent heteroplasmy
were determined using the allele frequency quantification (AQ) function in the SNP
software (Biotage).

ADAR1 or ADAR2 overexpression assay
We amplified the full-length cDNA encoding the ADAR1 p110 isoform by PCR with
primers (forward, 5′-CACCGAAAGAGGCAGGAACACCC-3′; reverse, 5′-
CTATACTGGGCAGAGATAAAAGTTC-3′). The full-length cDNA encoding ADAR2
was amplified by PCR and primers (forward, 5′-
CACCATGGATATAGAAGATGAAGAAAAC-3′; reverse, 5′-
TCAGGGCGTGAGTGAGAACTGG-3′). The purified PCR products were ligated to the
pLenti6/V5-TOPO®vector (Invitrogen) according to the manufacturer’s instructions. Either
the ADAR1 p110 isoform or the ADAR2 expression construct was transfected into
PLC8024 cells using Lipofectamine 2000 (Invitrogen). For all transfections, empty pLenti6/
V5 was used as the control vector. Thirty-six hours after transfection, the transfected cells
were collected for RNA and protein extraction.

ADAR1 knockdown/rescue experiments
The ADAR1-specific shRNA expression vectors and the scrambled non-effective shRNA
cassette in the pGFP-V-RS plasmid were purchased from OriGene Technologies, Inc
(Rockville, MD). The sequences of the two shRNAs directed against ADAR1 are as follows:
sh1:CCTGTGGAATCCAGTGACATTGTGCCTAC and, sh2:
AGACTCCGTACCATGTCCTGTAGTGACAA. A mixture of two pRS-shADAR1
constructs or the scrambled shRNA construct was transfected into H2M cells using
Lipofectamine 2000 (Invitrogen). To generate the ADAR1 p110 mutant construct preserving
the native amino acid sequence, we introduced six mutations into the sh1 targeting sequence
(29 nt). PCR-directed mutagenesis was performed using an inner forward or reverse primer
containing six nucleotide alterations (forward, 5′-
GAGAACGGAGAAGGCACAATCCCAGTAGAGTCAAGCGATATT-3′; reverse, 5′-
AATATCGCTTGAGTCTACTGGGATTGTGCCTTCTCCGTTCTC-3′) with the
corresponding external primer.
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Twenty-four hours after transfection, the transfected cells were cultured for 3 days with 1 μg
ml−1 puromycin (OriGene). Pooled populations of knockdown/rescue cells were subjected
to in vitro experiments.

Prediction of conformational switching elements
We analyzed the conformational switching elements using the predictProtein Server
(CUBIC, Biochemistry, Columbia University, New York) and the Ambivalent Structure
Predictor (ASP)13. ASP was designed to identify the location of conformational switches in
amino acid sequences and analyzed results from a secondary structure prediction algorithm
to identify regions of conformational ambivalence. To better interpret our output, please see
Young et al., Protein Science 8(9):1852–64. 199913 for details. The full length crystal
structure of human AZIN1 (PDB id: 3BTN) was used as template for visualizing 3D protein
structure generated by PyMOL program (Delano Scientific).

Lentiviral expression system
We generated stably expressed wild-type or edited AZIN1, which was fused in frame with a
V5 epitope tag, using the pLenti6/V5-TOPO®vector (Invitrogen) according to the
manufacturer’s instructions. Either the AZIN1 expression construct or the LacZ control
plasmid was transfected into the 293FT cell line. Virus-containing supernatants were
collected for subsequent transduction into QGY7703 and PLC8024 cells. Blasticidin (20 μg
ml−1; Sigma-Aldrich) was used to select for stably transduced cells.

Western blot analysis and antibodies
Protein lysates were quantified and resolved on a SDS-PAGE gel, transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA), and
immunoblotted with a primary antibody, followed by incubation with a secondary antibody.
The blots were visualized by enhanced chemiluminescence (GE Healthcare,
Buckinghamshire, UK). The following antibodies were used: antibodies to ODC (1:2,000,
Abcam, ab66067), AZIN1 (1:2,000, Abcam, ab57169), β-actin (1:5,000, Abcam, ab6276),
GAPDH (1:3,000, Thermo, MA5-15738), AZIN1 (1:1,000, Abcam, ab57169), ADAR1
(1:2,000, Abcam, ab88574), ADAR2 (1:1,000, Sigma-Aldrich, SAB1405426), α-tubulin
(1:1000, Santa Cruz Biotechnology, sc-5286), Lamin A/C (1:2,000, Santa Cruz
Biotechnology, sc-6215), cyclin A2 (1:1,000, Cell Signaling Technology, 4656), cyclin D1
(1:1,000, Cell Signaling Technology, 2926), total Rb (1:1,000, Cell Signaling Technology,
9313), and phosphor/Rb (ser807/811) (1:1,000, Cell Signaling Technology, 9308), GFP
(1:2,000, Santa Cruz Biotechnology, sc-9996), antizyme-1 (1:10,000, Sigma-Aldrich,
SAB4502039) and V5 (1:1,000, Serotec, MCA1360GA). The ImageJ program (available at
http://rsb.info.nih.gov/ij) was used for densitometric analyses of western blots, and the
quantification results were normalized to the loading control.

Immunohistochemical staining (IHC)
We sectioned the paraffin-embedded tissue blocks for IHC staining. Briefly, sections were
deparaffinized and rehydrated. The endogenous peroxidase activity was blocked with 3%
hydrogen peroxide (H2O2) for 10 min. For antigen retrieval, the slides were immersed in 10
mM citrate buffer (pH 6.0) and boiled for 15 min in a microwave oven. Non-specific
binding was blocked with 5% normal goat serum for 10 min. The slides were incubated in a
1:200 dilution of AZIN1-specific antibody (Abcam, ab57169) at 4 °C overnight in a
humidified chamber. The slides were then sequentially incubated with biotinylated goat anti-
mouse IgG (1:100, Santa Cruz, sc-2039) for 30 min at room temperature, followed by
streptavidin-peroxidase conjugate for 30 min at room temperature. Finally, the 3, 5-
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diaminobenzidine (DAB) Substrate Kit (Dako) was used for color development followed by
Mayer’s hematoxylin counterstaining.

Foci formation and colony formation in soft agar assays
For the foci formation assay, 1×103 cells were seeded in a 6-well plate. After culture for 7
days, surviving colonies (> 50 cells per colony) were counted and stained using crystal
violet (Sigma-Aldrich). Triplicate independent experiments were performed. For colony
formation in soft agar, 5×103 cells in 0.4% bacto agar were seeded on top of a solidified
layer of 0.6% bacto agar in 6-well plates. Colonies consisting of more than 50 cells were
counted after 3 weeks, and the data were expressed as the mean ± s.e.m of triplicate wells
within the same experiment.

Matrigel Invasion assay
We performed invasion assays using 24-well BioCoat Matrigel Invasion Chambers (BD
Biosciences) according to the manufacturer’s instructions. Briefly, 2 × 105 cells were added
to the top chamber, and 10% FBS in DMEM was added to the bottom chamber as a
chemoattractant. After 30 hours of incubation, cells that invaded the Matrigel were fixed and
stained with crystal violet (Sigma-Aldrich). The number of cells was counted in 10 fields
under a 20 × objective lens and imaged using SPOT imaging software (Nikon, Japan).

In vivo tumorigenicity assay
Subcutaneous injection: We subcutaneously injected approxiamtely 1×106 cells into the
right flank of 4- to 5- week-old male severe combined immunodeficient (SCID) mice. We
monitored tumor formation in the SCID mice over a 4-week period and calculated the tumor
volume weekly by the formula V (volume) = 0.5 × L (length) × W (width) × W43.
Intrahepatic injection: Under sterile conditions, a midline abdominal incision was made to
expose the lateral left lobe of the liver. Approxiamtely 1×106 cells were delivered via a
direct intrahepatic injection into the liver parenchyma. Four weeks post-injection, the
number of tumor nodules greater than 1 mm in diameter was counted. All animal
experiments were approved by and performed in accordance with the Institutional Animal
Care and Use Committees of the University of Hong Kong and National University of
Singapore.

Xenograft tumor processing
We washed xenograft tumor samples in DMEM supplemented with 100% FBS. After
rinsing in the same medium twice, tumor tissues were minced into 1 mm3 pieces and
incubated with 1× Accumax (1,200–2,000 U ml−1 proteolytic activity containing
collagenase and DNase (Innovative Cell Technologies, Inc., San Diego, CA) at 10 ml g−1

tissue in PBS for 20 min at 37 °C under constant rotation. A single cell suspension was
obtained by filtering the supernatant through a 100 μmol l−1 strainer, followed by a 40 μmol
l−1 cell strainer (BD Biosciences, San Jose, CA).

Bromodeoxyuridine (BrdU) Incorporation assay
To synchronize cells at the G0/G1 phase, we treated cells with mimosine (400 μmol l−1;
Sigma-Aldrich) for 24 hours (0 h) and then released into complete medium containing BrdU
(1 μmol l−1) for 6 (6 h) or 9 (9 h) hours. The proportion of cells entering S phase was
assessed by flowcytometric analysis of BrdU incorporation using the APC BrdU Flow kit
(Becton Dickinson Biosciences) following the manufacturer’s instructions. The R4 region
captures the S-phase populations (positive for BrdU incorporation).
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Co-immuoprecipitation (Co-IP)
PLC8024 cells were transfected with 2.0 μg of the GFP-tagged wild-type or edited AZIN1
plasmid (GFP-wt/AZI or GFP-edt/AZI). In addition, the 8024-edt/AZI or 8024-wt/AZI
stable cell lines were also analyzed via Co-IP assay using a V5-specific antibody.
Approximately 10 mg of total cell lysate was immunoprecipitated with 5 μg of V5-specific
or GFP-specific antibodies at 4 °C for 4 hours. Immunocomplexes were then precipitated
using 100 μl of protein G-agarose, which was provided in the immunoprecipitation kit
(Roche Diagnostics Co., Indianapolis, IN). After an extensive washing in washing buffer,
the beads were boiled in 50 μl of loading buffer and analyzed by Western blot analysis using
antibodies against GFP, V5 and antizyme-1. We utilized 5% of the whole lysates (5% Input)
as a positive control. Mouse immunoglobulin G (Santa Cruz Biotechnology) was used as a
negative control.

In vitro binding assay
Recombinant antizyme-1 (OAZ1) was expressed as a protein fused to maltose-binding
protein (MBP) (MBP-OAZ1). The expression of MBP-OAZ1 or MBP in BL21 (DE3) E.
coli was induced by incubation with 0.1 mmol l−1 IPTG at 37 °C for 6 hours. Cell pellets
were lysed in fresh MBP binding buffer. After centrifugation, the samples were incubated
with amylose-agarose resin at 4 °C overnight. After washing with 200 volumes of MBP
binding buffer, either MBP-OAZ1 or MBP resin was added to the whole HEK293T cell
lysate, which was transfected with an equal amount (8.0 μg) of GFP-wt/AZI or GFP-edt/AZI
expression constructs. After incubation at 4 °C overnight, the resin was washed with 200
volumes of MBP binding buffer, boiled in 1 volume of 2 × SDS loading buffer and analyzed
by Western blot analysis using a GFP-specific antibody.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AZIN1 overediting is strongly associated with HCC pathogenesis. (a) AZIN1 editing levels
in HCC and matched non-tumor (NT) liver specimens from 135 and 46 patients in the
Guangzhou (GZ) (left panel) and Shanghai (SH) cohorts (right panel), respectively (paired
Student’s t-test). (b) Dot plots represent AZIN1 editing levels in healthy human peripheral
blood mononuclear cells (PBMCs) (n = 10), healthy human liver tissues (n = 20), and
adjacent NT liver specimens of 135 patients with HCC from the GZ cohort (Mann-Whitney
U test). Matched HCC specimens were subdivided into four categories according to the
presence of cirrhosis or tumor recurrence. (c) Association between presence of liver
cirrhosis and AZIN1overediting (chi-square test). (d) Association between recurrence
incidence and AZIN1 overediting (chi-square test). (e) Kaplan-Meier plots for the disease-
free survival rate of patients with HCC in “overediting (+)” and “overediting (−)” groups
(Log rank test).
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Figure 2.
ADAR1 directs A-to-I AZIN1 RNA Editing. (a) Western blot showing expression of
ADAR1 and ADAR2 proteins in HCC (T) and matched non-tumor liver (N) (Case No. 275,
887, 86, 448, and 473) specimens. GAPDH is the loading control. (b, c) Correlation between
relative RNA levels of ADAR1 (b) and ADAR2 (c) and AZIN1 editing in tumor and NT
specimens from 94 patients with HCC in the GZ cohort, expressed using Spearman
correlation coefficients, linear regression (solid lines), and the 95% confidence interval
(dotted lines). (d) Dot plots representing the AZIN1 editing in ESCC and NPC and in paired
NT samples by pyrosequencing (ESCCs: n = 43; NPCs: n = 33; Mann-Whitney U test). (e)
Dot plots representing the delta Ct (ΔCt) values of ADAR1 in the same samples described in
(b) and (d) by QPCR (Mann-Whitney U test). (f) Western blot showing expression of
ADAR1 and ADAR2 proteins in PLC8024 cells transiently transfected with the indicated
expression constructs. (g, h) Sequence chromatograms of the AZIN1 transcript in the
indicated cell lines; the arrow indicates the edited position. (i) Western blot of ADAR1 and
ADAR2 in H2M cells transiently transfected with expression plasmids as indicated. (j)
Sequence chromatograms of the AZIN1 transcript in the indicated cell lines. The percentage
of edited AZIN1 transcripts was detected by pyrosequencing. An arrow indicates the editing
position.
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Figure 3.
AZIN1 RNA editing confers enhanced tumorigenicity. (a) XTT assays showing growth rates
of the indicated stable cell lines. (*, P < 0.05; **, P < 0.01). (b) Quantification of foci
formation induced by the indicated stable cell lines (*, P < 0.05; **, P < 0.001). Scale bar:
0.5 cm. (c) Quantification of soft agar colonies induced by the indicated stable cell lines (*,
P < 0.05; **, P < 0.001). Scale bar: 100 μm. (d) Quantification of cells from the indicated
stable cells that invaded through Matrigel-coated membrane (*, P < 0.05; **, P < 0.001). (e)
Direct sequencing of the AZIN1 transcripts from the indicated cell lines. The percentage of
edited AZIN1 transcripts was determined by pyrosequencing. An arrow indicates the editing
position. (f, g) Quantification of foci formation (f) and colony formation in soft agar (g)
induced by 8024-Wt1, Edt1, Edt2 and Edt3 cells (*, P < 0.05; **, P < 0.001). Scale bar: f, 1
cm; g, 100 μm. (h) Quantification of cells from the indicated stable cells that invaded
through Matrigel-coated membrane (*, P < 0.05; **, P < 0.001). Scale bar: 200 μm. For all
panels, data are presented as mean ± s.e.m of three independent experiments and statistical
significance determined by unpaired, two-tailed Student’s t test.
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Figure 4.
AZIN1 editing contributes to augmented tumor initiating potential and enhanced in vivo
tumorigenic ability. (a) Tumors derived from 8024-LacZ, 8024-wt/AZI and 8024-edt/AZI
cells 4 weeks post subcutaneous injection (n = 10 per group). (b) Cumulative tumor
incidence curves of severe combined immunodeficient (SCID) mice from the indicated cell
lines estimated by the Kaplan-Meier method. (c) Growth curves of tumors derived from the
indicated cell lines over a period of 4 weeks (*, P<0.05; **, P<0.01). Statistical significance
was determined by unpaired, two-tailed Student’s t test. (d) Representative images of mouse
livers that underwent intrahepatic inoculation with 8024-wt/AZI, 8024-edt/AZI and 8024-
LacZ cells 4 weeks post-injection (n = 5). Arrows indicate focal tumor nodules on liver
surfaces. Scale bar: 5 mm. (e) The numbers of tumor nodules (larger than 1 mm in
diameter). (f) H&E staining showing severe HCC lesions in 8024-edt/AZI-injected livers.
NT, adjacent non-tumor. Scale bar: 200 μm.
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Figure 5.
RNA editing of AZIN1 changes subcellular localization. (a) GFP-tagged wild-type or edited
AZIN1 protein expressed in QGY7703 and PLC8024 cells. Images on the right are the
overlay of GFP-tagged AZIN1 and nuclear DAPI (blue) staining of the same field. Arrows
indicate centrosomal localization of wild-type AZIN1 protein. Scale bar, 10 μm. (b) Western
blot of GFP-tagged wild-type and edited AZIN1 protein in the total lysate (TL), cytoplasmic
(Cyto), and nuclear (Nuc) fractions of PLC8024 and QGY7703 cells transfected with GFP-
wt/AZI or GFP-edt/AZI constructs. Lamin A/C and α-tubulin are loading controls for
nuclear and cytoplasmic fractions, respectively. (c) Immunohistochemical (IHC) staining of
AZIN1 for a pair of tumor (399T) and matched NT (399N) tissues from HCC patient (Case
No. 399) with AZIN1 overediting in the tumor. The boxed regions are magnified and shown
in the lower panels. Scale bar, 200 μm. (d) Predicted conformational switch regions of
AZIN1 protein. Lower panel: Two predicted individual switching elements (Switch I and
Switch II)13. Switch I comprises residues 362–367 (yellow); residue Ser367 corresponding
to the edited codon is highlighted in blue; Switch II comprises residues 385–394 (pink).
Upper-left panel: Ribbon drawing; Upper-right panel: Surface diagram.

Chen et al. Page 19

Nat Med. Author manuscript; available in PMC 2013 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Edited AZIN1 neutralizes antizyme-mediated degradation of target oncoproteins in vitro and
in vivo. (a) Co-immunoprecipitation of antizyme-1 in PLC8024 cells transfected with the
indicated constructs using a GFP-specific antibody (IP: GFP) or mouse IgG (IP: IgG). (b)
Western blot of GFP-tagged AZIN1 showing the binding affinities of wild-type and edited
AZIN1 protein to maltose-binding protein (MBP)-fused antizyme-1 (MBP-OAZ1) or MBP
resin beads (MBP only). “10% Input” indicates 10% of whole cell lysates from HEK293T
cells transfected with the indicated constructs. Data are presented as mean ± s.e.m of three
independent experiments and statistical significance determined by unpaired, two-tailed
Student’s t test (**, P < 0.00001). (c, d) Western blot demonstrating expression of tagged
AZIN1, ODC, and CCND1 in QGY7703 cells transfected with GFP-edt/AZI or GFP-wt/AZI
or in stable cell lines (7703-edt/AZI and 7703-wt/AZI) after cycloheximide (CHX) treatment
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(50 μg ml−1) for the indicated times in minutes. Data are presented as mean ± s.e.m of three
independent experiments (d). (e) Scatter plots of fluorescence intensities of BrdU
incorporation (APC anti-BrdU, Y axis) against DNA content (7-AAD, X-axis) for each cell
line at 6 and 9 hours after release. (f, g) Western blot of ODC, CCND1, pRb, total Rb, and
CCNA in xeno-wt/AZI and xeno-edt/AZI cells at each time point. Protein levels were
quantified and expressed as the average of two independent experiments (g).
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