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Abstract 

 

Implications of a splicing variant of 

AIMP2 lacking exon 2  

among various cancer types including 

acute myelogenous leukemia 

Ryul Kim 

Department of Translational Medicine 

The Graduate School 

Seoul National University 

 

Aminoacyl tRNA synthetase complex-interacting multifunctional protein 2 

(AIMP2) is a potent tumor suppressor. An exon-2 depleted splicing variant of 

AIMP2 (AIMP2-DX2) is responsible for tumorigenesis by compromising the 

tumor suppressive activity of AIMP2. This study aimed to investigate the role of 

AIMP2-DX2 over diverse cancers using whole transcriptome data in The Cancer 

Genome Atlas (TCGA), and International Cancer Genome Consortium (ICGC) 

database. A total of 753 samples were analyzed for the presence of AIMP2-DX2 

and its prognostic role in various cancers. AIMP2-DX2 was universally expressed 
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to varying degrees, with a prognostic implication in several cancers. In acute mye-

myeloid leukemia (AML), AIMP2-DX2/AIMP2 ratio was strongly correlated with 

major cancer signaling pathways, and had a tendency toward exhibiting poor 

prognosis (Log rank P=0.16). We validated the prognostic implication of AIMP2-

DX2 using AML patient samples. For 51 AML patients, overall survival (OS) and 

progression-free survival (PFS) of AIMP2-DX2 positive patients were significantly 

inferior to that of AIMP2-DX2 negative patients (for OS: hazard ratio [HR] 2.47; 

95% confidence interval [CI] 1.14–5.34; P=0.022; for PFS: HR 2.59; 95% CI 

1.32–5.11; P=0.006). Collectively, AIMP2-DX2 may be a novel biomarker and a 

potential therapeutic target for AML. 
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I. Introduction 

Aminoacyl-tRNA synthetase complex-interacting multifunctional proteins (AIMP) 

are scaffolding proteins that ensure the assembly and integrity of a multiprotein 

complex known as the multi-tRNA complex (MRC).
1
 In higher eukaryotes, AIMP1, 

AIMP2, and AIMP3 (also called p35, p43, and p18, respectively) constitute the 

MRC that associates with nine different aminoacyl-tRNA synthetases, which 

catalyze the conjugation of specific amino acids to their corresponding tRNA.
2, 3

 

Therefore, AIMPs guarantee the faithful translation of genetic information during 

protein synthesis. Recently, however, AIMPs have been shown to conduct various 

noncanonical functions beyond protein synthesis.
4, 5

 

Among the three AIMPs, AIMP2 acts as a multifaceted regulator through versatile 

interactions with diverse signal mediators.
6
 The AIMP2 contains 4 exons, and the 

mRNA has 963 base pairs. It can mediate a pro-apoptotic response to DNA damage 

by protecting the tumor suppressor, p53, from murine double minute 2 (MDM2)-

mediated degradation, and promote tumor necrosis factor-α (TNF-α)–dependent 

apoptosis via ubiquitin-mediated degradation of TNF-receptor–associated factor 2 

(TRAF2), which plays a pivotal role in regulation of NF-κB.
7, 8

 In addition, AIMP2 

controls tumorigenesis by modulating Wnt/ß-catenin signaling,
9
 and triggers 

growth-arrest signaling of transforming growth factor-ß (TGF-ß) by enhancing 

ubiquitin-mediated degradation of FUSE-binding protein (FBP), a transcriptional 

activator of the proto-oncogene, myc.
10

 Given that these pathways are critically 

implicated in the control of tumorigenesis, AIMP2 is expected to act as a potent 

tumor suppressor with broad coverage against various cancer types.  

Recently, a splicing variant of AIMP2 lacking exon 2 (207 base pairs in length), 

one of four exons that constitute wild-type AIMP2, has attracted considerable 
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attention.
11

 AIMP2-DX2 is highly expressed by alternative splicing during 

tumorigenesis, and interrupts the tumor suppressive activity of AIMP2 through 

various mechanisms.
1, 11, 12

 AIMP2-DX2 binds competitively to p53 with similar 

affinity to that of wild-type AIMP2. Because AIMP2-DX2 cannot prevent p53 from 

MDM2-mediated degradation, this abnormal interaction leads to the survival and 

growth of cancer cells despite serious DNA damage or mutations.
8
 In addition, 

AIMP2-DX2 compromises the TNF-α–dependent pro-apoptotic activity of AIMP2 

by preventing AIMP2 from binding to TRAF2, thereby inhibiting the 

ubiquitination-dependent degradation of TRAF2.
12

 Ultimately, this competitive 

relationship between AIMP2-DX2 and AIMP2 results in the progression of various 

cancers as well as drug resistance, and provides an important insight into the 

mechanism of tumorigenesis.  

Therefore, it has been suggested that the presence of AIMP2-DX2 is an attractive 

target for developing cancer therapeutics, as already demonstrated in ovarian and 

lung cancers.
12, 13

 However, the expression of AIMP2-DX2 and its clinical 

implications in various cancer types have not yet been clearly demonstrated. In the 

present paper, we investigated this issue by analyzing samples from the 

International Cancer Genome Consortium (ICGC) and The Cancer Genome Atlas 

(TCGA) databases, and validating results with a clinical patient cohort of acute 

myeloid leukemia (AML), which was found to have the most significant 

association with AIMP2-DX2 in terms of cancer signaling pathways. 
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II. Materials and Methods 

Sample preparation and RNA extraction from cancer cell lines  

In order to assess the plausibility of an AIMP2-DX2/AIMP2 ratio for determining 

AIMP2-DX2-positivity, target RNA sequencing and reverse transcription–

polymerase chain reaction (RT–PCR) were performed in eight cancer cell lines 

(EJM, KMS-12-BM, HS-Sultan, HL-60, ML-1, CEM, 546MM, and Namalwa). 

Detailed information about these cancer cell lines is available in Supplementary 

Table 1. The RNAs of these cancer cell lines were isolated using TRIzol reagent 

(Life Technologies, Waltham, MA, USA) with 1 mL TRIzol, 200 μL chloroform, 

500 μL isopropanol and 1 mL 75% ethanol in accordance with manufacturer’s 

instructions.  

 

RT–PCR for detecting AIMP2 and AIMP2-DX2 expression 

The cDNA EcoDry Premix (Clontech Laboratories, Mountain View, CA, USA) 

was used to convert RNA to cDNA following the manufacturer’s recommendations. 

The EcoDry Premix contains a mixture of SMART
®
 MMLV Reverse Transcriptase, 

dNTPs, buffer and random hexamer primers. The primer pair was designed for 

wild-type AIMP2 and AIMP2-DX2, separately. For wild-type AIMP2, the primer 

was designed to target the splicing junction between exon 1 and exon 2 (5’- 

TGGCCACGTGCAGGAAG-3’), while the primer for AIMP2-DX2 was designed 

to target the splicing junction between exon 1 and exon 3, skipping exon 2 (5’- 

TGGCCACGTGCAGGATT-3’). Reverse primer for both AIMP2 and AIMP2-DX2 

targeted exon 3 of the AIMP2 gene (5’- CTGAAGTGCTCACAGAGGGTC-3’). 

PCR reactions were carried out using a Maxime PCR PreMix (i-Tag) Kit (iNtRON 
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Biotechnology, Gyeonggi-do, Korea), which contained DNA polymerase (2.5 U), 

dNTPs (2.5 mM each), 1× reaction buffer, and 1× gel loading buffer. Each PCR 

reaction continued for 25 cycles using the following parameters: denaturation for 

30 seconds at 94°C, annealing for 30 seconds at  60°C, and extension 

for 30 seconds at 72°C. PCR products were subjected to pulsed-field gel 

electrophoresis in 1% agarose gel containing 0.5 g agarose powder and 0.5× 60 mL 

TAE buffer. For the validation of PCR bands, Sanger sequencing was performed. 

Normal and AIMP2-DX2–dominant PCR bands, as well as hetero PCR bands of 

wild-type AIMP2 and AIMP2-DX2, were sequenced by the Sanger method, and 

alignment analysis was performed using the basic local alignment search tool.
14

 

 

Targeted RNA sequencing for AIMP2 and AIMP2-DX2 

In parallel to RT-PCR, targeted RNA sequencing was performed using the Ion 

AmpliSeq targeting the AIMP2 gene. Library construction was performed using the 

Ion AmpliSeq Library Kit 2.0 (Life Technologies, Waltham, MA, USA) and library 

templates were prepared and barcoded for sequencing using the Ion OneTouch 

System as per manufacturer’s instructions. Sequencing reads were processed using 

Ion Torrent Suite Software v 4.0.2 (Life Technologies). Demultiplexed samples 

were assessed for sequencing quality, and high quality reads were mapped to the 

complete hg19 human genome (UCSC version, February 2009). Transcriptional 

levels of wild-type AIMP2 and AIMP2-DX2 were estimated by samtools.
15

 Reads 

having junctions between exon 1 and exon 2 (chr7:6009499-6015145) were 

defined as wild-type AIMP2, while those having junctions between exon 1 and 

exon 3 (chr7:6009499-6017814) were defined as AIMP2-DX2 (Figure 1). In terms 

of a CIGAR string, reads corresponding to AIMP2-DX2 had a longer length of 

skipped lesion than wild-type AIMP2.   



5 

 

 

Figure 1. Schematic description for detecting wild-type AIMP2 and AIMP2-

DX2 using RNA sequencing data. Reads having a junction between exon 1 and 

exon 3 were defined as variant reads, while those having junctions between exon 1 

and exon 2 were defined as normal reads. 

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting 

multifunctional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2.  
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Accessing the ICGC/TCGA database and file processing  

To analyze the distribution and clinical implication of an AIMP2-DX2/AIMP2 

ratio of samples in the ICGC/TCGA database, clinical data with a corresponding 

RNA sequencing bam file, aligned by Tophat2,
16

 were downloaded from the Can-

cer Genomics Hub (CGHub) of the sequencing programs of the National Cancer 

Institute (NCI) using GeneTorrent.
17

 Transcription levels of AIMP2 and AIMP2-

DX2 for each sample were estimated as described in the previous section. HTSeq-

count, an open-source software for the analysis of high-throughput sequencing data, 

was used to count whole RNA sequencing reads for differential expression analysis 

as described in the next section.
18

 

 

Differentially expressed gene set analysis   

After processing with HTSeq-count, the RNA sequencing data of the 

ICGC/TCGA database were analyzed for differentially expressed gene (DEG) set 

analysis. Differentially expressed genes by AIMP2-DX2 were identified using an R 

package, DESeq2,
19

 and then utilized to identify differentially regulated pathways 

(or gene sets) using another R package, gage.
20

 Candidate genes involved in each 

canonical pathway were taken from the KEGG (Kyoto Encyclopedia of Genes and 

Genomics) pathway database (Release 79.1, September 2016).
21

 Among various 

pathways, a particular concern was applied to 13 major cancer pathways (Supple-

mentary Figure 1). The detailed influences of AIMP2-DX2 on each gene in a spe-

cific pathway were visualized by using the pathview package of Bioconductor.
22
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Validation of the implications of the AIMP2-DX2/AIMP2 ratio 

using an AML clinical patient cohort 

A total of 51 adult AML patients, who agreed to donate bone marrow samples for 

research after giving informed consent, were included in the clinical validation 

cohort. Bone marrow samples of these patients at the time of diagnosis were col-

lected using PAXgene Blood RNA tubes (PreAnalytiX, Hombrechtikon, Switzer-

land). The expression of AIMP2 and AIMP2-DX2 were assessed by RT–PCR as 

described earlier. Patients were divided into two groups according to the positivity 

of AIMP2-DX2. The diagnosis of AML was based on WHO criteria. Patients were 

stratified into three risk groups based on cytogenetic and molecular analyses of 

bone marrow samples according to refined Medical Research Council criteria.
23

 

Data regarding patient demographics, and survival outcomes were obtained by a 

review of medical records. Overall survival (OS) was defined as the duration from 

diagnosis to death from any cause, and progression-free survival (PFS) was defined 

as the time from diagnosis until relapse or death from any cause. Patients who were 

alive were censored at the date of last contact. This protocol was approved by the 

Seoul National University Hospital Institutional Review Board (IRB approval 

number: 1201-099-396). This study was conducted in accordance with the Declara-

tion of Helsinki provisions.  
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Statistical analysis  

The negative binomial generalized linear model was applied for identifying genes 

differentially expressed by AIMP2-DX2.
19

 DEG set analysis was carried out by 

using the Generally Applicable Gene-set Enrichment (GAGE) method,
20

 and sum-

marizing the test statistics across samples at a pathway level with a false discovery 

rate (FDR) q-value. Because tumorigenesis is controlled by AIMP2 in a dosage-

dependent manner
6
, and AIMP2-DX2 competitively inhibits the activity of AIMP2, 

the AIMP2-DX2/AIMP2 ratio was assumed to affect the expression of gene sets in 

a dose-dependent manner. Accordingly, the AIMP2-DX2/AIMP2 ratio was 

considered as a continuous variable in DEG set analysis. Differences in continuous 

variables between two groups in a clinical validation cohort were analyzed by the 

unpaired t-test or the Mann–Whitney U test, if appropriate. Survival analysis was 

performed using the Kaplan–Meier method and compared using a log-rank test. 

The Cox proportional hazard regression model was applied to determine the hazard 

ratio (HR) for AIMP2-DX2 positivity with respect to OS and PFS. For all statistical 

analyses, two-sided p-values <0.05 or FDR q-values <0.10 were considered statis-

tically significant. All statistical analyses were carried out using R version 3.3.1 

(http://www.r-project.org).  
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III. Results 

Correlation between the AIMP2-DX2/AIMP2 ratio and AIMP2-

DX2 expression level 

For eight cancer cell lines, the median AIMP2-DX2/AIMP2 ratio was estimated to 

be 0.04 (range 0.01–0.11; Supplementary Table 2). The intensity of the RT–PCR 

bands corresponding to AIMP2-DX2 increased along with the AIMP2-

DX2/AIMP2 ratio (Figure 2). These cancer cell lines were classified into two 

groups according to the intensity of the PCR bands. Five of these cell lines (6-HS-

Sultan, 1-CEM, 8-536MM, 4-ML-1, and 5-HL-60) had more intensive PCR bands 

than the others (3-Namalwa, 2-EJM, and 7-KMS-12-BM), and, therefore, were 

defined as high AIMP2-DX2 cancer cell lines. The cutoff AIMP2-DX2/AIMP2 

ratio for dividing these two groups was found to be 0.04, which was equal to the 

median value of the AIMP2-DX2/AIMP2 ratio. These results demonstrate that the 

AIMP2-DX2/AIMP2 ratio estimated by target RNA sequencing could be a reliable 

indicator for AIMP2-DX2 positivity.  
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Figure 2. Correlation between the AIMP2-DX2/AIMP2 ratio and intensity of 

AIMP2-DX2 RT–PCR bands in eight cancer cell lines. The transcription levels 

of AIMP2-DX2 and AIMP2 were estimated by targeted RNA sequencing, and used 

to evaluate the AIMP2-DX2/AIMP2 ratio. The RNAs of each cell line were ex-

tracted and subjected to RT–PCR using primers targeting AIMP2 and AIMP2-DX2. 

ß-actin was used as a loading control.  

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting multi-

functional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2; RT–

PCR, reverse transcription polymerase chain reaction.  
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Distribution of AIMP2-DX2/AIMP2 ratio and its correlation 

with major cancer pathways in samples from the ICGC/TCGA 

database 

Whole transcriptome sequencing (WTS) data of the ICGC/TCGA database were 

analyzed to assess the distribution of the AIMP2-DX2/AIMP2 ratio over 23 cancer 

types. A total of 753 samples with available WTS data were included in this analy-

sis. The median age of patients from whom these samples were derived was 59 

years (range 17–90 years), and 53.9% were male, while the other 46.1% were fe-

male (Supplementary Table 3). The median AIMP2-DX2/AIMP2 ratio of whole 

samples was 0.12 (range 0.00–1.50). Low grade glioma showed the highest median 

AIMP2-DX2/AIMP2 ratio of 0.15 (range 0.08–0.26), while AML showed the low-

est value of 0.07 (range 0.00–0.19; Figure 3A).  

In a DEG set analysis, ten of 13 pre-defined major cancer pathways were shown 

to correlate with the AIMP2-DX2/AIMP2 ratio to differing degrees and directions 

among 16 cancer types (Figure 3B). The other seven cancer types (ovarian cancer, 

colon adenocarcinoma, melanoma, rectum adenocarcinoma, prostate adenocarci-

noma, head and neck squamous cell carcinoma, and uterine corpus endometrial 

carcinoma) did not show any of these correlations. Interestingly, most of the major 

cancer pathways in AML were highly upregulated by the AIMP2-DX2/AIMP2 

ratio. Although the p53 signaling pathway was known to be disturbed by AIMP2-

DX, the transcription level of genes in this pathway was paradoxically upregulated. 

Whole differentially expressed pathways by the AIMP2-DX2/AIMP2 ratio are 

available in Supplementary Figure 2. The most commonly dysregulated pathway 

across all cancer types was the oxidative phosphorylation pathway (Supplementary 

Figure 2). 
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Figure 3. Distribution of the AIMP2-DX2/AIMP2 ratio and its correlation 

with major cancer pathways in 23 cancer types from the ICGC/TCGA data-

base. (a) Boxplots demonstrating the distribution of the AIMP2-DX2/AIMP2 ratio 

in each cancer type. The transcription levels of AIMP2-DX2 and AIMP2 were as-

sessed using RNA sequencing data of each sample, and used to estimate the 

AIMP2-DX2/AIMP2 ratio. Cancer types are listed in descending order of the me-

dian AIMP2-DX2/AIMP2 ratio. (b) Differentially expressed gene set analysis us-
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ing a generally applicable gene-set enrichment method.
20

 Each tile in this figure 

denotes –log10(q-values) of a specific pathway in each cancer type. A positive cor-

relation is indicated by a red color, while negative correlation is denoted by a blue 

color.   

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting multi-

functional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2; LGG, 

low-grade glioma; DLBCL, diffuse large B-cell lymphoma; GBM, glioblastoma 

multiforme; UCEC, uterine corpus endometrial carcinoma; SARC, sarcoma; BLCA, 

bladder urothelial carcinoma; COAD, colon adenocarcinoma; BC, breast invasive 

carcinoma; RCC, kidney renal clear cell carcinoma; TC, thyroid carcinoma; LUSC, 

lung squamous cell carcinoma; KIRP, kidney renal papillary cell carcinoma; KICH, 

kidney chromophobe carcinoma; HCC, hepatocellular carcinoma; HNSC, head and 

neck squamous cell carcinoma; LUAD, lung adenocarcinoma; CESC, cervical 

squamous cell carcinoma and endocervical adenocarcinoma; READ, rectum ade-

nocarcinoma; PRAD, prostate adenocarcinoma; GC, gastric adenocarcinoma; OV, 

ovarian serous cystadenocarcinoma; AML, acute myeloid leukemia; ICGC, the 

International Cancer Genome Consortium; TCGA, the Cancer Genome Atlas.  
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The clinical implications of the AIMP2-DX2/AIMP2 ratio iden-

tified by the clinical data set from the ICGC/TCGA database  

Because of the strong positive correlation between major cancer pathways and the 

AIMP2-DX2/AIMP2 ratio, we focused on AML samples of the ICGC/TCGA data-

base to identify the clinical implications of AIMP2-DX2. For a total of 19 AML 

samples, the median age of patients was 60 years (range 21–82 years), and the fe-

male to male ratio was 10:9. Using a cutoff ratio of 0.04, which was the first 

quantile value (Q1) of the AIMP2-DX2/AIMP2 ratio in AML, a Kaplan–Meier 

curve for OS showed that patients with an AIMP2-DX2/AIMP2 ratio ≥ Q1 tended 

to exhibit poor OS compared to those with an AIMP2-DX2/AIMP2 ratio < Q1 (Log 

rank P=0.16; Figure 4A). Two-sample t-statistics estimated by the GAGE method 

for AML patients with an AIMP2-DX2/AIMP2 ratio ≥ 0.4 are summarized in Fig-

ure 4B with corresponding FDR q-values. The most differentially expressed path-

way was the MAPK signaling pathway (q=3.64 × 10
��; Figure 4B). Most of the 

genes in this pathway, including MEK1/2, ERK, and MNK1/2, showed a positive 

association with the AIMP2-DX2/AIMP2 ratio (Figure 4C).  
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Figure 4. The prognostic value of AIMP2-DX2 and results of a DEG set analy-

sis of AML samples in the ICGC/TCGA database. (a) A Kaplan–Meier survival 

curve of OS according to the AIMP2-DX2/AIMP2 ratio. The cutoff point was set 

to 0.04, which was the first quantile value of the AIMP2-DX2/AIMP2 ratio. A solid 

red line indicates AML samples with an AIMP2-DX2/AIMP2 ratio ≥ 0.04, while a 

solid blue line corresponds to those with an AIMP2-DX2/AIMP2 ratio < 0.04. (b) 
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A heatmap presentation of gene set perturbations of major cancer pathways for 16 

AML samples having an AIMP2-DX2/AIMP2 ratio ≥ 0.04. The two-sample t-

statistics estimated by the GAGE method are indicated by a red (up-regulation) or 

green color (down-regulation).
20

 Gene sets of each pathway were taken from the 

KEGG database.
21

 (Top) A histogram of the AIMP2-DX2/AIMP2 ratio of each 

sample in descending order. (Right) Selected gene sets ranked by –log10(q-value). A 

solid red line corresponds to a –log10(q-value) of 1.0. (c) The MAPK signaling 

pathway of AML samples taken from KEGG release 79.1 (September 2016). This 

was the most commonly dysregulated pathway according to the AIMP2-

DX2/AIMP2 ratio (q=3.64 × 10
��). The strength and direction of correlation 

between genes and AIMP2-DX2/AIMP2 ratio were indicated by red or blue color; 

red indicates a positive correlation, while blue indicates negative correlation.  

Abbreviations: AML, acute myeloid leukemia; AIMP2, aminoacyl-tRNA 

synthetase complex-interacting multifunctional protein 2; AIMP2-DX2, splicing 

variant of AIMP2 lacking exon 2; GAGE, generally applicable gene-set enrichment; 

ICGC, the International Cancer Genome Consortium; TCGA, The Cancer Genome 

Atlas; KEGG, Kyoto Encyclopedia of Genes and Genomes; OS, overall survival.  
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Similar to AML, samples with an AIMP2-DX2/AIMP2 ratio ≥ Q1 tended to exhib-

it an inferior OS in colon carcinoma (log rank P=0.28), and hepatocellular carci-

noma (log rank P=0.24; Figure 5). For these cancer types, although statistically 

insignificant, the AIMP2-DX2/AIMP2 ratio tended to increase along with the stage. 

In contrast, such a prognostic value and correlation with the stage were not evident 

in other cancer types, including lung adenocarcinoma. 
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Figure 5. Implication of the AIMP2-DX2/AIMP2 ratio for OS and TNM stage 

for three cancer types in the ICGC/TCGA database: (A) colon carcinoma, (B) 

hepatocellular carcinoma, and (C) lung adenocarcinoma. For each cancer type, 

a Kaplan–Meier curve for OS and scatter plot demonstrating the distribution of 

AIMP2-DX2/AIMP2 over the TNM stage are shown. The cutoff value for stratify-
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ing two groups in Kaplan–Meier curves was set to the first quantile value of the 

AIMP2-DX2/AIMP2 ratio.  

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting multi-

functional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2; OS, 

overall survival; ICGC, the International Cancer Genome Consortium; TCGA, The 

Cancer Genome Atlas; TNM, Tumor-Node-Metastasis.  
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Clinical validation of the prognostic value of AIMP2-DX2  

For the purpose of corroborating the prognostic value of AIMP2-DX2 in AML, 

the correlation between AIMP2-DX2 expression and survival outcomes was further 

investigated in a clinical validation cohort of AML. For a total of 51 AML patients 

included in this analysis, the median age was 54.3 years (range 20.4–83.8 years; 

Table 1). Twenty-three out of 51 patients (45.1%) were female, while the others 

(54.9%) were male. The most common FAB classification subtype was M2 

(33.3%); most of the patients (64.7%) were classified into an intermediate risk 

group by MRC criteria. Of a total of 51 AML patients, 29 patients (56.9%) were 

positive for AIMP2-DX2 by RT–PCR at the time of diagnosis, while the other 22 

patients (43.1%) were negative for AIMP2-DX2. Although no significant differ-

ences in clinical characteristics were found between the two groups, AIMP2-DX2 

negative patients tended to be in a high risk MRC group compared with AIMP2-

DX2 positive patients, while the median age of AIMP2-DX2 negative patients was 

younger than that of AIMP2-DX2 positive patients. Representative images of the 

RT–PCR results of nine patients are available in Supplementary Figure 3. Three of 

the PCR bands (patient numbers 371, 338, and 301) were further validated using 

Sanger sequencing (Supplementary Figure 4).  
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Table 1. Clinical characteristics of AML patients in a clinical validation cohort 

Characteristics 
Total  

(N=51) 

AIMP2-DX2 

negative 

(N=29) 

AIMP2-DX2  

positive 

(N=22) 

P value 

Gender, n (%)     0.742 

   Male 28 (54.9) 17 (58.6) 11 (50.0)   

   Female 23 (45.1) 12 (41.4) 11 (50.0)   

Age, median years  

(range) 

54.3   

(20.4-83.8)

50.8  

(21.1-72.7) 

61.4  

(20.4-83.8) 
0.213†

 

FAB classification     0.108
††

 

   M0 1 (2.0) 1 (3.4) 0 (0.0)   

   M1 9 (17.6) 5 (17.2) 4 (13.8)   

   M2 17 (33.3) 13 (44.8) 4 (13.8)   

   M3  6 (11.8) 3 (10.3) 3 (10.3)   

   M4 11 (21.6) 7 (24.1) 4 (13.8)   

   M4e 2 (3.9) 0 (0.0) 2 (6.9)   

   M5 2 (3.9) 0 (0.0) 2 (6.9)   

   M7 1 (2.0) 0 (0.0) 1 (3.4)   

   Not-specified 2 (3.9) 0 (0.0) 2 (6.9)   

MRC risk group 0.631††
 

   Low 13 (25.5) 7 (24.1) 6 (20.7) 

   Intermediate 33 (64.7) 18 (62.1) 15 (51.7) 

   High 5 (9.8) 4 (13.8) 1 (3.4)   
†
: estimated by Mann–Whitney U test 

††
: estimated by Fisher’s exact test  

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting multi-

functional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2; FAB 

classification, French–American–British classification; MRC risk group, Medical 

Research Council risk group.  

  



22 

 

In this cohort of AML patients, there were statistically significant differences in 

the OS (Log rank P=0.018) and PFS (Log rank P=0.004) according to AIMP2-

DX2 positivity determined by RT–PCR (Figure 6). The OS of the AIMP2-DX2 

positive group was significantly inferior to that of the AIMP2-DX2 negative group 

with an HR of 2.47 (95% CI, 1.14–5.34; P=0.022). Adjustment by age, and MRC 

risk group gave an HR for OS of 2.48 (95% CI, 1.12–5.52; P=0.026). Similarly, the 

AIMP2-DX2 positive group showed a worse PFS compared to the AIMP2-DX2 

negative group (HR, 2.59; 95% CI, 1.32–5.11; P=0.006). The HR for PFS, adjusted 

by age, and MRC risk group, was 2.71 (95% CI, 1.35–5.45; P=0.005).  
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Figure 6. Kaplan–Meier curves for a total of 51 AML patients stratified by 

AIMP2-DX2 positivity. (A) OS, and (B) PFS. AIMP2-DX2 positivity was 

determined by RT–PCR. OS was defined as the time from the date of diagnosis 

until either death due to any cause or the last follow-up date. PFS was defined as 

the time from the date of diagnosis until relapse, or last follow-up.  

Abbreviations: AML, acute myeloid leukemia; AIMP2, aminoacyl-tRNA synthe-

tase complex-interacting multifunctional protein 2; AIMP2-DX2, splicing variant 

of AIMP2 lacking exon 2; OS, overall survival; PFS, progression-free survival; 

RT–PCR, reverse transcription polymerase chain reaction.  
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IV. Discussion 

The present study revealed that AIMP2-DX2 was universally expressed to vary-

ing degrees among diverse cancers, and that the AIMP2-DX2/AIMP2 ratio esti-

mated by target RNA sequencing could be a reliable indicator of AIMP2-DX2 ex-

pression. Of 23 cancers in the ICGC/TCGA database, the AIMP2-DX2/AIMP2 

ratio most strongly and positively correlated with major cancer pathways, such as 

MAPK signaling pathway, in AML. The expression of AIMP2-DX2 also had a 

prognostic value in AML as well as (although statistically insignificant) in several 

other cancers, including colon adenocarcinoma.  

AML is ranked among the most lethal of hematological malignancies. Despite ex-

tensive efforts to understand the pathogenesis of AML, the outcome for adult pa-

tients with AML remains poor.
24

 Therefore, better knowledge of the disease’s 

biology as well as novel therapeutic strategies for this disease are exigent. In the 

present study, AIMP2-DX2 expression in AML positively correlated with most 

major cancer pathways, such as MAPK, Jak-STAT, and mTOR signaling pathways, 

which have crucial roles in leukemogenesis.
25

 In addition, patients with positive 

AIMP2-DX2 expression exhibited inferior survival outcomes compared to those 

with negative AIMP2-DX2 expression. These results suggest that AIMP2-DX2 

could be a potential biomarker of AML and a novel therapeutic target.  

The efficacy of targeting AIMP2-DX2 for controlling tumorigenesis has already 

been reported in lung and ovarian cancers using in vivo/in vitro models; as a result, 

several novel pharmaceuticals having such activity are currently under develop-

ment. For example, a small chemical compound called BC-DXI01 showed specific 

inhibitory activity in AIMP2-DX2 positive lung cancer cell lines by selectively 

suppressing AIMP2-DX2 mRNA transcription levels.
26

 Similarly, SLCB050, a 
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novel chemical compound that blocks the interaction between AIMP2-DX2 and 

p14
ARF

, reduced the viability of lung cancer cells.
27

 In addition, a trans-splicing 

ribozyme targeting AIMP2-DX2 mRNA showed specific and effective retardation 

of lung cancer.
13

 In the case of ovarian cancer, the direct delivery of siRNA against 

AIMP2-DX2 into the peritoneal cavity of an in vivo mouse model of metastatic 

ovarian cancer resulted in tumor shrinkage.
12

 In this regard, suppressing AIMP2-

DX2 expression could theoretically be a novel therapeutic strategy for AML as 

well. Thus, discovering novel drugs targeting AIMP2-DX2 and determining its 

working mechanism at the molecular level would likely contribute to an improve-

ment in the treatment of AML patients.   

Considering the tumorigenic activity of AIMP2-DX2 and its universal expression 

across diverse cancers, the role of AIMP2-DX2 as a potential biomarker would not 

be limited to AML. For colon adenocarcinoma and hepatocellular carcinoma in the 

ICGC/TCGA database, although statistical significance was not met, patients with 

an AIMP2-DX2/AIMP2 ratio ≥ Q1 displayed worse survival outcomes than those 

with an AIMP2-DX2/AIMP2 ratio < Q1. On the other hand, such a tendency was 

not observed in lung cancer patients. However, considering the retrospective nature 

of clinical information in the ICGC/TCGA database, this result should be interpret-

ed with caution. In addition, the application of Q1 as a cutoff value in lung cancer 

may bias this result because the optimal cutoff AIMP2-DX2/AIMP2 ratio may 

differ among each cancer type. Indeed, a previous report demonstrated that AIMP2-

DX2 inversely correlated with the survival of lung cancer patients.
11

 Therefore, 

further studies validating the prognostic significance of AIMP2-DX2 and optimiz-

ing its cutoff value in various cancers are necessary.  

As discussed above, the presence of AIMP2-DX2 provides important insights into 

tumorigenesis and the progression of cancers, as well as the prognosis of cancer 
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patients. However, detailed studies have not been reported concerning how to de-

tect AIMP2-DX2. Although direct sequencing has been most commonly used for 

detecting mutations, it is labor-intensive and time-consuming for routine clinical 

analysis.
28

 In the present study, target RNA sequencing was applied for quantifying 

transcription levels of AIMP2 and AIMP2-DX2, and thereby estimating the 

AIMP2-DX2/AIMP2 ratio. Target RNA sequencing is a recently developed ap-

proach to transcriptome profiling that uses deep-sequencing technologies, and has 

shown to be rapid and highly accurate for quantifying expression levels compared 

to conventional methods such as quantitative PCR. However, because almost every 

cancer patient displayed a non-zero AIMP2-DX2/AIMP2 ratio to varying degrees, 

the optimal cutoff value needs to be determined for defining AIMP2-DX2 positivity, 

as is the case for the her2/cep17 ratio in breast cancer.
29

 A molecular beacon-based 

detection method developed by other researchers could be one alternative method 

for detecting AIMP2-DX2.
30

 With a comprehensive understanding of the role of 

AIMP2-DX2, various diagnostic methods for detecting AIMP2-DX2 are currently 

under development.  

Several limitations must be considered regarding the findings of this study. Firstly, 

the retrospective analysis of the clinical validation cohort of AML could have in-

troduced a bias into the results. Secondly, the optimal cutoff value of the AIMP2-

DX2/AIMP2 ratio may be different according to each cancer type. Therefore, the 

Q1 value for AIMP2-DX2/AIMP2 may not be generally applicable. Thirdly, 

AIMP2-DX2/AIMP2 was considered as a continuous variable in a DEG set analy-

sis. However, a constant fold change of RNA expression may not be expected for 

each unit of the AIMP2-DX2/AIMP2 ratio. Hence, taking the AIMP2-DX2/AIMP2 

ratio as a continuous variable could bias the results. Rather, DEG set analysis be-

tween two groups dichotomized by a specific cutoff AIMP2-DX2/AIMP2 ratio 
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would be a more feasible approach, once the optimal value can be identified. 

Fourthly, although AIMP2-DX2 was shown to be highly expressed in tumor tissues 

compared to normal control for ovarian and lung cancer,
11, 12

 this tendency could 

not be explicitly assessed in our analysis, because matched normal RNA sequenc-

ing data were not available. Finally, the read length of RNA sequencing data in the 

ICGC/TCGA database was 75 bp, which is much shorter than currently producible 

read lengths of 300 bp for RNA expression analysis. Shorter reads should decrease 

the level of uniquely mapping reads, and therefore, are theoretically disadvanta-

geous for RNA expression analysis. However, little improvement was observed as 

the length increased beyond 50 bp in a recent paper.
31

 Therefore, the limitation 

present in a short read length in the ICGC/TCGA database can at least be partially 

overcome.  
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V. Conclusions 

In conclusion, AIMP2-DX2 was expressed to varying degrees in the ICGC/TCGA 

database. AIMP2-DX2 was associated with major cancer pathway molecules and 

had a prognostic value in diverse cancers. AIMP2-DX2 showed a prognostic signif-

icance in its external validation and its amount correlated with the positive and 

strong expression of major cancer pathways, particularly in AML. Therefore, 

AIMP2-DX2 could be a novel prognostic and therapeutic marker for AML. A more 

extensive study is warranted to validate the clinical implications of AIMP2-DX2 on 

various cancers.  
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 Supplementary materials 

 

Supplementary Figures

Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 

(continued) 
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Supplementary Figure 1. The thirteen major cancer pathways from Kyoto 

Encyclopedia of Genes and Genomes release 79.1 (September 2016) 
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Supplementary Figure 2. Differentially expressed gene set analysis of the 

ICGC/TCGA database. (A) Differentially expressed pathways according to the 

AIMP2-DX2/AIMP2 ratio across all cancer types in the ICGC/TCGA database. 

The generally applicable gene-set enrichment method was applied to identify sig-

nificantly dysregulated gene sets by the AIMP2-DX2/AIMP2 ratio. Each tile in this 

figure denotes –log10(q-values) of a specific pathway in each cancer type. A posi-
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tive correlation is indicated by a red color, while a negative correlation is indicated 

by a blue color. (B) The oxidative phosphorylation pathway of AML samples taken 

from KEGG release 79.1 (September 2016). This was the most commonly dysregu-

lated pathway according to the AIMP2-DX2/AIMP2 ratio across all cancer types. 

Abbreviations: ICGC, the International Cancer Genome Consortium; TCGA, the 

Cancer Genome Atlas; AIMP2, aminoacyl-tRNA synthetase complex-interacting 

multifunctional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2; 

AML, acute myeloid leukemia; KEGG, Kyoto Encyclopedia of Genes and Ge-

nomes. 
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Supplementary Figure 3. Representative RT–PCR results of nine AML pa-

tients in a clinical validation cohort. Bands of 700 bp or 500 bp in nucleic acid 

length correspond to AIMP2 or AIMP2-DX2, respectively. Bands indicated by 

yellow boxes were validated by Sanger sequencing.  

Abbreviations: RT–PCR, reverse transcription polymerase chain reaction; AML, 

acute myeloid leukemia; AIMP2, aminoacyl-tRNA synthetase complex-interacting 

multifunctional protein 2; AIMP2-DX2, splicing variant of AIMP2 lacking exon 2. 
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Supplementary Figure 4. Sanger validation of three representative RT–PCR 

bands from AML patients.  

Abbreviations: RT–PCR, reverse transcription polymerase chain reaction; AML, 

acute myeloid leukemia.  
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Supplementary Tables 

Supplementary Table 1. Detailed information of eight cancer cell lines used this study. 

Name Species Disease Origin Distributor 

EJM Human  Multiple myeloma 
Established from the peritoneal fluid of a 58-year-

old woman  
DSMZ 

KMS-12-BM Human  Multiple myeloma 
Established from the bone marrow of a 64-year-

old woman  
DSMZ 

HS-Sultan Human  Burkitt's lymphoma Established from a 7-year-old male ATCC 

HL-60 Human  Acute promyelocytic leukemia 
Established from the peripheral blood of a 36-

year-old female  
ATCC 

ML-1 Human  Acute myeloid leukemia 
Established from the peripheral blood of a 24-

year-old male 
ECACC 

CEM (CCRF-CEM) Human  Acute lymphoblastic leukemia  
Established from the peripheral blood of a 3-year-

old Caucasian female  
DSMZ 

536MM Human  Multiple myeloma 
Established from the bone marrow of a 62-year-

old Korean male   
In-house cell line 

NAMALWA (NAMALWA.PNT) Human  Burkitt lymphoma 
Established from the tumor mass of an African 

child with Burkitt lymphoma 
DSMZ 

Abbreviations: DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen; ATCC, American Type Culture Collection; ECACC, European Col-

lection of Authenticated Cell Cultures. 
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Supplementary Table 2. Transcription levels of AIMP2 and AIMP2-DX2 in eight cancer cell 

lines. RNA sequencing reads were identified and counted by target RNA sequencing as described in 

the methods section.  

Cell line AIMP2 level AIMP2-DX2 level  AIMP2-DX2/AIMP2 ratio 

CEM 12899 786 0.061  

EJM 6885 161 0.023  

Namalwa 4957 69 0.014  

ML-1 6263 525 0.084  

HL-60 6424 679 0.106  

HS-Sultan 7239 371 0.051  

KMS-12-BM 3337 90 0.027  

536MM 8291 594 0.072  

Abbreviations: AIMP2, aminoacyl-tRNA synthetase complex-interacting multifunctional protein 2; 

AIMP2-DX2, splicing variant of AIMP2 lacking exon 2. 
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Supplementary Table 3. Clinical characteristics of 753 samples from the ICGC/TCGA database. 

Only samples for which whole transcriptome data were available were included in this study.  

Characteristics  Value 

Age, mean (range) 59 (17-90) 

Gender, n (%) 

   Male 347 (46.1) 

   Female 406 (53.9) 

Disease, n (%)  

   Bladder urothelial carcinoma  22 (2.9) 

   Acute myeloid leukemia  19 (2.5) 

   Glioblastoma multiforme 29 (3.9) 

   Lung adenocarcinoma 37 (4.9) 

   Ovarian serous cystadenocarcinoma 20 (2.7) 

   Lung squamous cell carcinoma 41 (5.4) 

   Liver hepatocellular carcinoma 49 (6.5) 

   Breast invasive carcinoma 84 (11.2) 

   Thyroid carcinoma 44 (5.8) 

   Stomach adenocarcinoma 25 (3.3) 

   Colon adenocarcinoma 43 (5.7) 

   Skin cutaneous melanoma 37 (4.9) 

   Rectum adenocarcinoma 14 (1.9) 

   Kidney renal clear cell carcinoma 37 (4.9) 

   Prostate adenocarcinoma 18 (2.4) 

   Cervical squamous cell carcinoma 18 (2.4) 

   Diffuse large B-cell lymphoma 6 (0.8) 

   Head and neck squamous cell carcinoma 40 (5.3) 

   Kidney chromophobe 46 (6.1) 

   Kidney renal papillary cell carcinoma 29 (3.9) 

   Brain lower grade glioma 17 (2.3) 

   Sarcoma  33 (4.4) 

   Uterine corpus endometrial carcinoma 45 (6.0) 

 

Abbreviations: ICGC, the International Cancer Consortium; TCGA, The Cancer Genome Atlas.  
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국문 초록 

 

서론: Aminoacyl tRNA synthetase complex-interacting protein 2 (AIMP2) 는 강력한 

종양억제 유전자이다. AIMP2 의 2 번 엑손에 접합 변형이 발생한 AIMP2-DX2 는 

AIMP2 의 종양억제 활성을 저해함으로써 종양형성에 관여함이 알려져 있다. 본 연구는 

International Cancer Genome Consortium/The Cancer Genome Atlas (ICGC/TCGA) 

데이터베이스의 유전자 정보를 이용하여 다양한 암종에서 AIMP2-DX 의 발현 정도와 

그들의 임상적인 의미에 대해 분석하고자 하였다.  

방법: ICGC/TCGA 데이터베이스에서 RNA 시퀀싱 데이터로의 접근이 가능한 총 

753 개의 샘플과 각 샘플에 해당하는 임상정보 데이터가 분석 대상이 되었다. 각 

샘플에서 AIMP2, AIMP2-DX2 의 전사 정도를 측정하고, AIMP2-DX2/AIMP2 비율을 

정량화하였다. 총 23 개의 암종에서 AIMP2-DX2/AIMP2 비율의 분포와 이들이 주요 암 

관련 신호 경로와 갖는 상관관계를 분석하였고, 더불어 암환자 생존률에 미치는 영향을 

카플란마이어(Kaplan-Meier) 생존분석을 통해 확인하였다. 특히 급성 골수성 

백혈병(acute myeloid leukemia)의 경우, AIMP-DX2/AIMP2 비율이 암 관련 신호 

경로와 큰 상관관계가 있고 생존률에 나쁜 영향을 끼치는 것으로 확인되었는데, 실제 

51 명의 급성 골수성 백혈병 환자의 임상 데이터를 추가로 분석하여 이를 검증하였다. 

결과: AIMP2-DX2/AIMP2 비율은 23 개의 암종에 다양한 정도로 분포하는 것으로 

나타났으며, 가장 많은 값을 보인 암종은 저등급 신경교종(low-grade glioma), 가장 

적은 값을 보인 암종은 급성 골수성 백혈병이었다. AIMP2-DX2/AIMP2 비율이 주요 암 

관련 신호 경로와 갖는 상관관계는 각 암종마다 다양하게 나타났으며, 특히 급성 골수성 

백혈병의 경우 대부분의 경로가 양의 상관관계를 보였다. 또한, AIMP2-DX2/AIMP2 

비율은 급성 골수성 백혈병 환자의 전체생존률을 감소시키는 경향을 보였다 (Log rank 

P=0.16). 51 명의 급성 골수성 백혈병 환자의 임상 데이터로 추가 분석한 결과 진단당시 

골수에서 AIMP2-DX2 가 양성으로 확인된 환자의 경우 그렇지 않은 환자에 비해 
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전체생존률(Hazard ratio [HR] 2.47; 95% confidence interval [CI] 1.14-5.34; 

P=0.022), 무진행생존률(HR 2.59; 95% CI 1.32-5.11; P=0.006)이 모두 유의하게 

감소하는 것을 확인하였다.  

결론: AIMP2-DX2 는 AML 의 예후를 예측할 수 있는 새로운 

생체표지자(biomarker)이자, 치료 표적으로서의 가치가 있다. 그 외의 다른 암종에서도 

AIMP2-DX2 는 유용한 생체표지자로써의 역할을 할 것으로 기대되므로, 이를 검증하기 

위한 후속 연구가 필요하다. 
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