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Although up to 80% of acute myeloid leukemia (AML) patients can expect to enter a first complete 

remission period (CR1) after appropriate induction regimen [1], many will experience relapse 

depending on the success of following treatments and face a dismal prognosis [2]. Identification of 

the factors underlying relapse and progression remain thus imperative to increase patients’ chance 

to survive AML. To this aim, we have devised a robust transcriptomic analysis to identify genes up-

regulated in relapsed patients and drug-resistant AML cell lines and linearly associated with patient 

survival in multivariable analysis. We have found that 1) the expression of Vanin 1 (VNN1), an anti-

apoptotic enzyme inhibiting caspases and scavenging reactive oxygen species [3], is significantly 

associated with relapse-, event- or disease-free survival (RFS, EFS and DFS, respectively) in 

multivariable models through different cohorts, 2) VNN1 levels ssociate with poor outcomes 

(resistance and relapse) at different stages of chemotherapy in a retrospective cohort assembled at 

the Oulu University Hospital, and 3) HOXB5 and IL2RA (CD25) are potentially involved in VNN1 

regulation . These data suggest further investigation into VNN1 as a biomarker for relapse risk and 

for post-therapy assessment of patient status. 

 

All methods are reported in Supplementary Information. As a starting point, we have investigated 

differential gene expression in patients with or without relapse/progression at two years after 

conventional cytarabine (ara-C) + tetracycline treatment in The Cancer Genome Atlas AML cohort 

(TCGA LAML) and compared it to differential gene expression in AML cell lines resistant to the 

same drugs vs. drug-sensitive lines (Supplemental Figure S1). The resulting 6 differentially-

regulated genes (DRGs, SPINK2, TM4SF1, VNN1, SYTL4, BEX1, TEAD4) were then inputted into a 

Cox proportional hazards (Cox-PH) model of patients’ disease-free survival (DFS) that also 

included age, gender, karyotypical abnormalities, French-American-British (FAB) subgroups and 

major driver mutations (Supplemental Table 1). VNN1, which had the largest hazard rate and Wald 

statistics and the lowest P value, was further studied. To facilitate cross-validation, VNN1 
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expression was dichotomized along the average (high: above the average, low: below the average) 

and tested in simpler Cox-PH models including the same variables in TCGA LAML, GSE10358 

and TARGET-AML (Supplemental Table 2). High VNN1 expression associated with significantly 

shorter DFS in TCGA LAML and shorter event-free survival (EFS) in GSE10358 and TARGET-

AML (Figure 1A). Moreover, we found significantly shorter relapse-free survival (RFS) in the 

VNN1-high group of a retrospective AML cohort assembled at the Oulu University Hospital 

(Figure 1A and Supplemental Table 3). Conformingly, cross-comparison of Cox-PH models of 

DFS or EFS (depending on the cohort) based on patients’ age, gender and available driver genes or 

VNN1 shows that VNN1 expression yields concordance (C) values comparable to that of models 

based on the mutational status of FLT3, slightly lower than that based on NPM1, and significantly 

higher than the ones based on all other major driver mutations in AML (Supplemental Figure S2). 

 

We further evaluated the association of VNN1 expression with risk markers and therapy outcome in 

the Oulu retrospective cohort, for which we had access to complete clinical records. Overall, 60% 

of patients with high VNN1 expression experienced relapse in respect to 33% of patients with low 

VNN1 expression, and the only patients who relapsed after allogeneic hematopoietic stem cell 

transplantation (HSCT) were in the VNN1-high group (Supplemental Figure S3A-B). 

Furthermore, expression of VNN1 was significantly higher in patients who needed two or more 

induction cycles with cytarabine to achieve remission in respect to those who achieved remission 

after the first induction, and was also linearly associated with increasing cytogenetic risk, though 

there was no interdependence between these two factors (P:0.955, Fisher’s Exact) (Supplemental 

Figure S3C-D). More specifically, high VNN1 expression at diagnosis associated with a higher 

frequency of patients with minimal residual disease (MRD) and refractory disease or relapse 

(Ref/Rel), and a lower amount of patients in complete remission (CR), after the first and second 

induction cycles and during follow-up and subsequent treatments (Figure 1B). We also observed a 
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significantly higher percentage of death within 60 days from the first treatment (an indicator of 

therapeutic failure)[1] in the VNN1-high group as compared to the VNN1-low group (Figure 1C). 

Evaluation of the response rate (the % of patients in complete remission) shows that high VNN1 

expression only marginally reduces the success rate of the first complete therapeutic cycle (from 

Induction1-Ind1 to first consolidation-Ind3/Con1), but it significantly lowers the amount of patients 

who remain in CR at subsequent time points (from Ind3/Con1 to last consolidation and follow-up -

Con3/Last), eventually reducing the overall therapeutic success (from Ind1 to Con3/Last) (Figure 

1D). 

 

Finally, we investigated a vast range of possible genetic defects and transcriptional events which 

could potentially alter VNN1 expression but we found no alteration in the gene or its transcription, 

neither in TCGA LAML or ICGC AML cohorts nor in AML cell lines from the COSMIC 

repository (Supplemental Table 4). Furthermore, even though VNN1 is part of the leukemia stem 

cell (LSC) signature identified by Gentles et al. [4], we did not find any association between VNN1 

and this signature (P: 0.298 for TCGA LAML, 0.999 for GSE10358 and 0.571 for TARGET-AML, 

Fisher’s Exact). Based on these results, we hypothesized that one or more gene regulatory networks 

(GRN) might specifically control VNN1 expression, and tested this hypothesis in both Aracne [5] 

and a neural-network algorithm for the identification of differentially-expressed GRN developed by 

us. In both cases we identified a common GRN in which HOXB5 and IL2RA (already implicated in 

AML and LSC resistance to chemotherapy) [6] are regulators of VNN1. Notably, the expression of 

HOXB5 was linearly associated with VNN1 in all tested cohorts and that of IL2RA in three out of 

four cohorts (Supplemental Figure S4), strongly suggesting that this GRN is implicated in 

controlling VNN1 expression. 
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Concluding, our data extend previous reports on VNN1 importance in AML and suggest that VNN1 

expression is a reliable marker to identify AML patients at risk of relapse and poor outcome. 
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Figure legends 

Figure 1. High VNN1 expression characterizes AML patients with a high risk of adverse 

outcome. (A) Multivariable endpoint survival analysis (Cox proportional hazards, Cox-PH) in four 

different AML cohorts. The effect of VNN1 expression (high: above cohort average, low: below 

cohort average) is reported. DFS: disease-free survival, EFS: event-free survival, RFS: relapse-free 

survival. HR: hazard rate, 95% CI: 95% confidence interval. (B) High expression of VNN1 at 

diagnosis identifies patients with a worse outcome after the first and second induction and the 

second and third consolidation (or last available follow-up), and (C) patients with higher mortality 

at 60 days after the first induction. CR: complete remission, MRD: minimal residual disease, 

Ref/Rel: refractory disease and/or relapse. (D) Response rate (% of patients in CR) in patients with 

high VNN1 expression is reduced at the passage from the first induction cycle (Ind1) to the first 

consolidation (Ind3/Con1) in respect to patients with low VNN1 expression, and is more 

significantly compromised at later stages (Con3/Last). 
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Supplemental data 

 

Supplemental Data to this manuscript includes Supplementary Methods, Supplementary 

References, 4 Supplementary Tables and 4 Supplementary Figures. 
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Supplementary methods 

 

Identification of differentially-expressed genes associated with AML relapse 

Level 3 RNA-seq gene expression data (mean-centered) from The Cancer Genome Atlas AML 

(TCGA LAML, https://portal.gdc.cancer.gov/) cohort were used to detect genes differentially 

expressed in patients with and without relapse. To this aim, phenotypical data were downloaded 

from FireBrowse (http://firebrowse.org/) and samples were adjusted to exclude patients with 

incomplete clinical reports and patients whose primary treatment was not 7+3 (ara-c + daunomycin) 

or similar (i.e., 7+3+3, or ara-c + another tetracycline). Patients were finally allotted into two 

groups (relapsed and non-relapsed) based on their disease-free survival (DFS) status at 2-years post 

therapy. The list of samples, together with full Level 3 RNA-seq gene expression data, were loaded 

into Galaxy Xena (http://galaxyxena.soe.ucsc.edu) and T-test was performed. Results were 

manually corrected for multiple comparisons following the Benjamini-Hochberg (BH) procedure, 

and further filtered to only report genes with at least 1.5-fold difference in the expression between 

the two groups and a corrected p value (q-value) < 0.05. 

Gene expression values from Affymetrix microarrays of unstimulated cell lines, normalized via the 

robust multi-array average (RMA) algorithm, were downloaded from the Genomics of Drug 

Sensitivity in Cancer portal (http://www.cancerrxgene.org/) and restricted to AML cell lines only 

(CESS, CMK, CTV-1, GDM-1, HEL, HL-60, KASUMI-1, KG-1, KMOE-2, KY821, ME-1, ML-2, 

MOLM-13, MOLM-16, MONO-MAC-6, NB-4, NKM-1, NOMO-1, OCI-AML2, OCI-AML3, 

OCI-AML-5, OCI-M1, P31-FUJ, PL-21, QIMR-WIL, SIG-M5 and THP-1). Cell lines were allotted 

into two groups (resistant and sensible) on the basis of their combined chemosensitivity to ara-c and 

doxorubicin (chosen as the closest proxy to daunomycin, for which no data were available at the 

time of analysis). To calculate the combined chemosensitivity, inhibitory concentration 50 (IC50) 

data for the two drugs in each cell line were downloaded from the Genomics of Drug Sensitivity in 

Cancer portal, standardized and then averaged (zIC50). Four cell lines (THP-1, P31-FUJ, GDM-1 
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and ME-1) had evidently higher zIC50 values (max: 11.18, min: 6.94) than the other (max: 2.88, 

min: 0.022) and considered as resistant. T-test was performed on transcriptional data and the results 

corrected following BH procedure and further filtered to only report genes with at least 1.5-fold 

difference in expression and a corrected p value (q-value) < 0.05 as for patients. 

Seven differentially-regulated genes (DRGs) resulted from the intersection of the two gene lists 

(SPINK2, TM4SF1, VNN1, SYTL4, CFH, BEX1, TEAD4), with CFH being discarded because of 

discordant regulation in the two lists (upregulation in patients and downregulation in cells). 

The six remaining candidate genes were submitted to multivariable survival models.  

 

Analysis of VNN1 in the Oulu retrospective cohort 

The retrospective Oulu AML cohort used to assess gene expression in patients was assembled with 

approval of the Institutional Review Board (decision 24.2.2014 §39) and informed written consent 

of the patients, in accordance with the declaration of Helsinki.  

All analyses were performed on peripheral blood blasts from AML samples (% of blasts at 

diagnosis ≥ 80%). RNA was isolated with Qiagen kits (QIAzol and RNeasy mini), and cDNA was 

produced with the iScript cDNA synthesis kit (Bio-Rad). RT-qPCR was performed with iTaq 

SYBR Green Supermix with ROX reagents (Bio-Rad). All assays were performed in duplicate 

using a CFX96 Real-Time System (Bio-Rad). Values in all samples were normalized to GAPDH, 

and normalized relative expression (2Cq) was calculated using CFX Manager software (Bio-Rad). 

The following primes were used: 

VNN1 forward: GCCAGCTTACGTGGCAATTT 

VNN1 reverse: ATATGCGCACCCTGATCTGC 

HOXB5 forward: CGAGGGGCAGACTCCGCAAA 

HOXB5 reverse: GCAGAGTGCGTGGGCGATCT 

IL2RA forward: CCTGGGAGTCAGAAAAGCTG 

IL2RA reverse: TGCTTCTCTTTGCATTGTGG 
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GAPDH forward: GCATGGCCTTCCGTGTTC 

GAPDH reverse: CCTGCTTCACCACCTTCTTGAT 

 

Multivariable survival models 

A first multivariable (Cox proportional hazard, Cox-PH) model of disease-free survival (DFS) in 

TCGA LAML patient was fitted by inputting the expression values of the six DRGs together with 

age, gender, karyotypical abnormalities, French-American-British (FAB) subgroups and major 

AML driver mutations (FLT3, IDH1, NPM1, DNMT3A, CEBPA, KIT, RUNX1, ASXL1 and TP53) 

[1]. To ease cross-validation, VNN1 expression was next dichotomized along its average  (high: 

above the average, low: below the average) and tested in a second Cox-PH model of DFS in TCGA 

LAML patients that included the same variables as before except for the DRGs and a restricted 

amount of driver mutations to match that of cross-validation cohorts. 

Two in silico cohorts were used for cross-validation: GSE10358 (adult AML) and TARGET-AML 

(pedriatic AML). Raw microarray data for both cohorts were downloaded from Gene Expression 

Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) or the Office of Cancer Genomics (OCG, 

https://ocg.cancer.gov/), respectively, imported into Chipster software (http://chipster.csc.fi/), and 

normalized using RMA algorithm. VNN1 expression was dichotomized along the average and 

inputted in Cox-PH event-free survival (EFS) models including age, gender, karyotypical 

abnormalities, FAB subgroups and mutational status of matching genes (FLT3, IDH1, NPM1 and 

DNMT3A). 

The Oulu retrospective cohort was used as ex-vivo cross-validation: 2Cq values were 

dichotomized along the average and inputted in a Cox-PH relapse-free survival (RFS) model 

including age, gender, FAB subgroups, and karyotypical and molecular abnormalities.  

Molecular analysis of VNN1 in AML cohorts and in cell lines 

Quantification of alternative coding variants (skipped exons, alternative 5’ or 3’ splice sites, 

alternative first or last exons and mutually exclusive exons) in patients was performed on the latest 
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available raw data from the TCGA LAML and the International Cancer Genome Consortium AML 

(ICGC AML, http://dcc.icgc.org/) cohorts using the “psichomics” package for R. 

The analysis of single nucleotide polimorphisms (SNPs) and small insertions/deletions (INDELs) 

was performed via the Xena Browser (http://xena.ucsc.edu/) using data retrieved from the Wustl 

pipeline. 

For the analysis of coding variants and SNPs/INDELs in cell lines, data were retrieved from the 

COSMIC cell line repository (http://cancer.sanger.ac.uk/cell_lines) and analyzed with the 

Integrative Genomics Viewer (IGV, http://software.broadinstitute.org/software/igv/). 

 

Regulatory gene networks analyses 

The analysis of gene regulatory networks (GRNs) was performed using the Aracne algorithm [2] 

and a custom neural network (NN) algorithm. For the Aracne algorithm, the R package “minet” was 

used and GRNs were decomposed using spinglass community decomposition with 100 random 

spins. GRNs common to patients with and without relapse were then manually removed and the 

first- and second-level interactions of VNN1 in the GRNs of relapsed patients analyzed. For the 

neural network, implemented in IBM SPSS Modeler, we built a two-step model: in the first 

passage, the network was tasked with the discrimination of genes that clearly distinguish in between 

patients with and without relapse. Significant genes were then passed on to a hierarchical clustering 

algorithm (Ward’s complete method), and clustered genes were returned to the neural network for 

the prediction of the genes most largely contributing to VNN1 expression. For both the neural 

network steps, data were split into training (80%) and test (20%) sets. The split was repeated 

randomly 100 times, and the network re-trained at every passage. 

Statistical analyses 

All analyses were performed in IBM SPSS statistics 21, IBM SPSS modeler 18, and R. 

Multivariable survival models were fitted with Cox proportional hazards (Cox-PH) method. 

Concordance (C) values were calculated from Cox PH repeated 10 times per each model, after 
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randomly splitting the samples into a training (80%) and a validation (20%) set. C values are 

reported as the weighted average of C values (and/or the untransformed C values) for test sets only. 

Association analysis was performed using Spearman’s rank correlation. Two-sided Mann-Whitney 

U test was used for two-sample quantitative comparisons, while univariate analysis of variance 

(ANOVA) was used for multiple-sample quantitative comparisons, in IBM SPSS statistics. For 

contingency data, two-sided Fisher’s Exact tests were performed in IBM SPSS statistics. 
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Supplemental Table 1. Multivariable (Cox proportional hazards – Cox PH) survival models for the 
identification and validation of candidate relapse-associated genes 

Cohort: TCGA LAML; disease-free survival (DFS) 

  B SE Wald df Sig. HR 95% CI for HR 

Lower Upper 

Age 0.011 0.012 0.844 1 0.358 1.011 0.987 1.036 

Gender 0.206 0.316 0.424 1 0.515 1.229 0.661 2.284 

Karyotypical 
abnormalities 

1.199 0.452 7.039 1 0.008 3.315 1.368 8.036 

FAB    21.407 6 0.002 *    

FLT3 (status) -0.886 0.408 4.716 1 0.03 0.412 0.185 0.917 

IDH1 (status) 0.075 0.361 0.044 1 0.835 1.078 0.531 2.19 

NPM1 (status) 1.388 0.498 7.768 1 0.005 4.009 1.51 10.643 

DNMT3A 
(status) 

0.091 0.379 0.058 1 0.81 1.096 0.521 2.304 

CEBPA (status) 0.443 0.606 0.536 1 0.464 1.558 0.475 5.106 

KIT (status) 0.343 0.749 0.21 1 0.646 1.410 0.325 6.115 

RUNX1 (status)    . 0 . **    

ASXL1 (status) 11.784 362.0562 0.001 1 0.974 131082.75 0 . 

TP53 (status) 0.721 1.046 0.476 1 0.49 2.057 0.265 15.969 

                  

VNN1 0.189 0.077 5.954 1 0.015 1.208 1.038 1.406 

SPINK2 0.148 0.071 4.351 1 0.037 1.159 1.009 1.332 

TM4SF1 -0.132 0.071 3.43 1 0.064 .876 0.761 1.008 

SYTL4 0.026 0.071 0.136 1 0.712 1.027 0.893 1.18 

BEX1 -0.078 0.061 1.658 1 0.198 .925 0.822 1.042 

TEAD4 -0.027 0.084 0.106 1 0.745 .973 0.825 1.148 

Supplemental Table 1. Multivariable models for the discovery of relapse-associated genes. The 
expression values of the six genes identified by comparison of gene expression profiles in patients and cell 
lines (in bold) were inputted into multivariable (Cox proportional hazards) disease-free survival models. *no 
HR and 95% CI are calculated for a multi-level factor. **Degree of (df) freedom reduced because of 
constant or linearly dependent covariates. 
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Supplemental Table 2. Validation of dichotomized VNN1 status as biomarker for disease- and event-
free survival 
Cohort: TCGA LAML; disease-free survival (DFS) 
 B SE Wald df Sig. HR 95% CI for HR 

       Lower Upper 

Age -0.009 0.011 0.704 1.000 0.401 0.991 0.969 1.013 

Gender 0.229 0.294 0.605 1.000 0.437 1.257 0.707 2.235 

Karyotypical 
abnormalities 

1.088 0.371 8.590 1.000 0.003 2.970 1.434 6.150 

FAB     20.652 6.000 0.002 *     

FTL3 (status) 0.598 0.340 3.101 1.000 0.078 1.819 0.935 3.540 

NPM1 (status) -0.714 0.388 3.387 1.000 0.066 0.489 0.229 1.048 

IDH1 (status) 0.166 0.320 0.271 1.000 0.603 1.181 0.631 2.209 

DNMT3A 
(status) 

0.560 0.388 2.080 1.000 0.149 1.751 0.818 3.747 

VNN1 
(dichotomous) 

0.726 0.345 4.416 1.000 0.036 2.067 1.050 4.067 

Cohort: GSE10358; event-free survival (EFS) 
Age 0.045 0.013 12.634 1 0 1.046 1.02 1.073 

Gender 0.421 0.35 1.448 1 0.229 1.524 0.767 3.028 

Karyotypical 
abnormalities 

0.293 0.414 0.501 1 0.479 1.34 0.595 3.017 

FAB     5.661 6 0.462 *    

FTL3 (status) -0.472 0.442 1.142 1 0.285 0.624 0.263 1.482 

NPM1 (status) -0.374 0.477 0.613 1 0.434 0.688 0.27 1.754 

IDH1 (status) 0.103 0.504 0.042 1 0.837 1.109 0.413 2.979 

DNMT3A 
(status) 

-0.622 0.456 1.858 1 0.173 0.537 0.22 1.313 

VNN1 
(dichotomous) 

0.986 0.411 5.765 1 0.016 2.681 1.199 5.995 

Cohort: TARGET-AML; event-free survival (EFS)
Age 0.000 0.000 4.183 1 0.041 1.000 1.000 1.000 

Gender -0.111 0.187 0.357 1 0.550 0.895 0.621 1.289 

Karyotypical 
abnormalities 

-0.510 0.310 2.705 1 0.100 0.601 0.327 1.103 

FAB Missing information 
FTL3 (status) -0.448 0.239 3.519 1 0.061 0.639 0.400 1.020 

NPM1 (status) 0.010 0.318 0.001 1 0.975 1.010 0.542 1.883 

IDH1 (status) Missing information 

DNMT3A 
(status) 

Missing information 

VNN1 
(dichotomous) 

0.560 0.203 7.589 1 0.006 1.751 1.175 2.609 

Supplemental Table 2. Multivariable models for the validation of VNN1. The expression values of VNN1 
were dichotomized along each cohort’s average and the VNN1 status (above or below the average) inputted 
into multivariable (Cox proportional hazards) disease-free and event-free survival models. *no HR and 95% 
CI are calculated for a multi-level factor.  
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Supplemental Table 3. The Oulu retrospective cohort 

Demographics   

Patients (n) 60

Mean age (years) 58.6 ± 16.9

Males (n) 32

Females (n) 28

    

Clinical features   

With cytological findings (n) 27

With molecular findings (n) 9

FAB unspecified (n) 5

FAB M0 (n) 4

FAB M1 (n) 8

FAB M2 (n) 17

FAB M4 (n) 16

FAB M5 (n) 10

Treated in clinical trial (n) 37

Not treated in clinical trial or unknown (n) 23

Relapsed (n) 28

Non relapsed (n) 32

    

Clinical trials   

AML-2003 (n) 24

AML-2012 (n) 2

AML-92 (n) 10

NOPHO-93 (n) 1

Supplemental Table 3. The Oulu retrospective cohort. Composition of the 60-patient retrospective 
AML cohort assembled at the Oulu University Hospital. Molecular findings include positive results 
from FISH analysis, such as AML1/ETO, FLT3, NPM1, CEBPA, etc. The number of patients 
participating to specific clinical trials is reported.  
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Supplemental Table 4. Genetics and transcriptomics of VNN1 in AML 

In TCGA LAML   
Coding variants * 0% 

Skipped exons 0 % 
Alternative 5' splice 0 % 
Alternative 3' splice 0 % 
Alternative first exon 0 % 
Alternative last exon 0 % 
Mutually exclusive exons 0 % 
Differentially present SNPs 0 % 
  
In COSMIC cell lines 
Coding variants 0 % 

Differentially present SNPs 0 % 

Supplemental Table 4. Frequency of VNN1 genetic and transcriptional 
alterations in AML cohorts and cell lines. All major sources of genetic and 
transcriptional variation were investigated in available data from the TCGA LAML 
cohort and COSMIC cell lines. * Data were also verified in the ICGC AML cohort 
(729 patients) 
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