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A co-expressed gene status of 
adenylate kinase 1/4 reveals 
prognostic gene signature 
associated with prognosis and 
sensitivity to EGFR targeted 
therapy in lung adenocarcinoma
Yi-Hua Jan1, tsung-ching Lai1, chih-Jen Yang2,3, Ming-Shyan Huang4 & Michael Hsiao  1,5

cancer cells utilize altered bioenergetics to fuel uncontrolled proliferation and progression. At the 
core of bioenergetics, adenine nucleotides are the building blocks for nucleotide synthesis, energy 
transfer and diverse metabolic processes. Adenylate kinases (AK) are ubiquitous phosphotransferases 
that catalyze the conversion of adenine nucleotides and regulate the homeostasis of nucleotide 
ratios within cellular compartments. Recently, different isoforms of AK have been shown to induce 
metabolic reprograming in cancer and were identified as biomarkers for predicting disease progression. 
Here we aim to systemically analyze the impact of all AK-associated gene signatures on lung 
adenocarcinoma patient survival and decipher the value for therapeutic interventions. By analyzing 
TCGA Lung Adenocarcinoma (LUAD) RNA Seq data, we found gene signatures from AK4 and AK1 
have higher percentage of prognostic genes compared to other AK-gene signatures. A 118-gene 
signature was identified from consensus gene expression in AK1 and AK4 prognostic gene signatures. 
Immunohistochemistry (IHC) analyses in 140 lung adenocarcinoma patients showed overexpression 
of AK4 significantly correlated with worse overall survival (P = 0.001) whereas overexpression of AK1 
significantly associated with good prognosis (P = 0.009). Furthermore, reduced AK4 expression by 
shRNA reduced the EGFR protein expression in EGFR mutation cells. The inhibition of AK4-AK1 signal 
might provide a potential target for synergistic effect in target therapy in lung cancer patients.

Non-small cell lung cancer (NSCLC) remains one of the most deadly types of lung cancer around the world1. 
Lung adenocarcinoma is the most subtype in NSCLC Patients with NSCLC are often diagnosed at advanced 
stage and the prognosis is usually dismal. Despite improvements in therapeutic modalities, the recurrence rate 
among NSCLC patients after first treatment is about 40% within 5 years2. Moreover, several driver mutations on 
well-defined oncogenes are associated with NSCLC tumorigenesis such as EGFR, KRAS, and ALK3–5. Since 2005, 
EGFR tyrosine kinase inhibitor (TKI) was used as targeted therapy agent for the treatment of NSCLC. However, in 
clinical trials, only a small percentage (9–26%) of patients with advanced NSCLC showed objective responses6,7. 
Subsequent studies have shown tumors harbor activating somatic mutations in EGFR are responsive to gefitinib 
or erlotinib treatment. However, resistance to EGFR TKI, such as secondary T790M mutation in EGFR, eventu-
ally occurs in most of the patients8,9. Some meta-analysis studies reported that EGFR-TKI significantly improves 
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progression-free survival in patients with EGFR mutations but has no beneficial effect on overall survival in 
patients with EGFR mutations or wild-type EGFR10,11. Therefore, it is urgent to identify predictive biomarkers or 
gene signatures to assist therapeutic decisions.

Adenylate kinases (AK) are abundant phosphotransferases that transfer a phosphate from one ATP/GTP to 
one AMP and generate two ADP. So far, there are nine AK isoenzymes discovered in human tissues and they 
collectively regulate the adenine nucleotide composition within different cellular compartments to maintain cel-
lular energy homeostasis12. AK1, along with AK5, AK7, AK8, and AK9, is a cytoplasmic AK, AK2 can be found 
in the mitochondrial intermembrane space, AK3 and AK4 are located at mitochondrial matrix, AK6 and AK9 
are expressed in the nucleus. Until now, the link between AK isoforms expression and cancer development is still 
not fully understood. The cytosolic AK1 is highly expressed in heart, brain, and skeletal muscle. However, an 
additional gene product of AK1, AK1β, was shown to be a p53-inducible membrane-bound AK that regulates cell 
cycle arrest and therefore AK1 was often downregulated during tumorigenesis13–15. AK4 has been reported to be 
a stress-responsive protein for cell surviving when it bind to mitochondrial ADP/ATP translocase16,17. It was also 
identified as lung cancer progression marker that predicts poor survival and metastatic phenotype18. Moreover, 
AK4 was reported to involve in hypoxia adaptation and anti-cancer drug resistance by modulating mitochondrial 
bioenergetics19. The nucleus isoform AK6 was identified as a human coilin-interacting nuclear ATPase protein 
hCINAP that regulates ribosomal RNA biogenesis and it was reported to be essential for embryogenesis, tumor 
growth, and self-renewal of cancer stem cells20,21.

Here we aimed to systematically investigate the association between gene expression signatures of different 
AK isoforms and lung adenocarcinoma patient outcomes using TCGA LUAD RNA Seq data set. We identified 
gene expression signatures that co-expressed with AK1 and AK4 have high percentage of prognostic genes as 
evaluated by PRECOG prognostic z-scores22. A consensus 118-gene signature of AK1 and AK4 was identified as 
a co-expressed gene set that is significantly associated the prognosis of lung adenocarcinoma patients. We also 
found this gene signature is significantly enriched in genes downregulated by irreversible EGFR inhibitor treat-
ment in Gefitinib-resistant cells. Moreover, through pathway analysis and upstream regulator analyses, we also 
identified putative metabolic pathways and transcription factor networks that potentially mediate lung adenocar-
cinoma patient outcomes. Finally, by correlating the status of AK4 mRNA expression with drug sensitivity data 
in lung adenocarcinoma cell lines, we proposed lung cancer cells that have high levels of AK4 might be sensitive 
to EGFR target therapy.

Materials and Methods
Specimens. A total of 140 lung adenocarcinoma samples were collected at Kaohsiung Medical University 
Hospital with the Institutional Review Boards (IRB) approval and permission from the ethics committees of 
Kaohsiung Medical University Hospital (KMUHIRB-E(I)-20160099). IRB of Kaohsiung Medical University 
Hospital also approved a waiver of informed consent as all data were analyzed anonymously, and no identifying 
information related to the participants was included. All studies were carried out in accordance with the regula-
tions and guidelines for the collection and use of human specimens for research at Kaohsiung Medical University 
Hospital. All patients were treated according to the standard treatment protocol. For patients with stage I, tumors 
were resected with no adjuvant chemotherapy. Patients with stage II-III were treated with platinum-based chemo-
therapy after tumor resection. Patients with non-operable locally invasive or metastatic disease were treated with 
chemotherapy with or without radiotherapy. The histologic types of lung cancer were diagnosed according to 
the World Health Organization (WHO) 2004 classification guideline. The pathological diagnosis of lung cancer 
were determined by the American Joint Committee on Cancer (AJCC) TNM classification. Overall survival time 
was defined as the period of time between first treatment and patient death, while disease-free survival time was 
defined as the interval after first treatment to disease relapse or death. The longes follow-up time was up to 200 
months.

tissue microarray and immunohistochemical staining. Tissue cores from each specimen picked 
according to original hematoxylin and eosin slides and diagnostic information. IHC staining was performed 
using an automatic immunostainer (Discovery XT autostainer, Ventana, USA). Paraffin sections were dewaxed 
in a 60 °C oven, deparaffinized in xylene, and then rehydrated in graded EtOH. Antigen retrieval was performed 
using heat-induced TRIS-EDTA buffer for 30 minutes. Immunoreactivity of protein expressions was developed 
using 3, 3′-diaminobenzidine (DAB) peroxidase substrate kit (Ventana, USA). The slides were counterstained 
with hematoxylin. The antibodies were used to determine AK4 and AK1 expression: AK4 (Genetex, 1:200), and 
AK1 (Genetex, 1:100).

iHc staining results assessment. The IHC staining results were evaluated and scored by two pathologists 
who were blinded to patient’s information. Protein expression of AK4 and AK1 in tumor cells were defined as: 0: 
no staining; 1: weak staining; 2: moderate staining; 3: strong staining. For AK1 scoring, no cytoplasmic staining 
or cytoplasmic staining less than 10% of tumor cells was defined as negative; weak staining or cytoplasmic stain-
ing more than 10% of tumor cells was defined as 1; moderate cytoplasmic staining in more than 10% of tumor 
cells was defined as 2; strong cytoplasmic staining in more than 10% of tumor cells was defined as 3. Score 0 and 
Score 1 were defined as low expression, whereas score 2 and score 3 were defined as high expression. For AK4 
scoring, no mitochondrial staining or mitochondrial staining less than 10% of tumor cells was defined as negative; 
weak staining or mitochondrial staining more than 10% of tumor cells was defined as 1; moderate mitochondrial 
staining in more than 10% of tumor cells was defined as 2; strong mitochondrial staining in more than 10% of 
tumor cells was defined as 3. Score 0 and Score 1 were defined as low expression, whereas score 2 and score 3 were 
defined as high expression.
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The Cancer Genome Atlas gene expression data analysis. The Cancer Genome Atlas (TCGA) mRNA 
expression (RNASeq V2 RSEM) data for lung adenocarcinoma (LUAD provisional) were downloaded from the 
cBioPortal23,24. Coexpression analysis was used to identify gene signatures that associated with AK expression. 
AK-associated gene signatures were identified by selecting genes with the Pearson correlation coefficient more 
than 0.3 or less than −0.3.

The prognostic values for each gene in AK-associated signature was determined by querying PREdiction of 
Clinical Outcomes from Genomic Profiles (PRECOG) database22. Genes with survival Z-score more than 2 or less 
than −2 were defined as prognostic gene.

The expression profiles for each gene in normal and tumor tissue was determined by TPM (log2X + 1) from 
GEPIA (Gene Expression Profiling Interactive Analysis)25. Gene set enrichment analysis (GSEA) was analyzed 
as previous report26.

The activity of upstream factors in AK4 and AK1 gene signature were predicted by IPA Analysis (Ingenuity 
Systems) and the z-scores indicated the overall activation state of regulators (<0: inhibited, >0: activated). 
Z-score more than 2 or less than −2 were considered significant changes.

Western blot analysis. Total protein lysate was harvested from variant culture cell lines with lysis buffer 
contains proteinase inhibitors on ice to detect endogenous proteins. After centrifugation, 40 μg protein lysate in 
loading buffer was loaded each lane. Proteins were separated and transferred by standard procedures for western 
blotting. After blocking and incubation with primary antibody, AK1 1:1000 (Genetex); AK4 1:2000 (Genetex); 
pEGFR 1:2000 (Cell Signaling); EGFR 1:2000 (SC-03, Santa Cruz); β-actin 1:10000 (Sigma), the luminescent 
signals were detected with ECL Pro reagent (Perkinelmer) after HRP-antibody hybridization. The images were 
recorded by LAS-3000 Imaging System (Fuji).

Statistical analysis. Statistics analysis was performed on Excel or SPSS 17.0 software. Survival rates were 
calculated by the Kaplan-Meier method. Among all data, P-value < 0.05 was considered statistically significant. 
We applied two-tailed and unpaired Student’s t-tests for each pair sample comparison.

Results
Systemic analyses of adenylate kinase (AK) gene signatures identify a co-expressed gene set 
of AK4 and AK1 that impacts patient survival. We previously reported that adenylate kinase 4 (AK4) 
can be used as a lung cancer progression marker that enhances the invasion ability of lung cancer cells and may 
represent a biomarker of metastasis18. However, the interplay among AK isoforms and their impact on lung can-
cer pathogenesis remains unclear. To investigate the molecular profiles of each AK-associated gene signatures, we 
performed co-expression analysis individually for AK1, AK2, AK3, AK4, AK5, AK7, AK8, and AK9 using TCGA 
lung adenocarcinoma (LUAD) dataset and identified unique signatures for each AK (Fig. 1a and Supplementary 
Table S1). To evaluate the impact of AK-signatures on patient survival, we curated each gene in AK-signatures by 
querying PREdiction of Clinical Outcomes from Genomic Profiles (PRECOG) and TCGA survival Z-score22. By 
this mean, we could determine the percentage of prognostic genes in each AK signature. Notably, AK4- and AK1-
gene signature have significant higher percentage of prognostic genes compared to the rest of the AK-signatures 
(Fig. 1b). Interestingly, genes that positively correlated with AK1 expression show better outcome while those 
negatively correlated with AK1 predict poor survival (Fig. 1d,e and Supplementary Table S2). On the other hand, 
genes that positively correlated with AK4 expression predict poor survival while those negatively correlated with 
AK4 predict better outcomes (Fig. 1f,g and Supplementary Table S2).

Prognostic value of AK4 and AK1 expressions in lung adenocarcinoma patients. Among all 
140 patients with lung adenocarcinoma, low cytoplasmic AK1 IHC immunoreactivity (score 0 and score 1) was 
observed in 58 (41.4%) cases while strong cytoplasmic AK1 IHC immunoreactivity (score 2 and score 3) was 
detected in 82 (58.6%) cases (Fig. 2a, upper panel). On the other hand, we identified 74 (52.9%) patients with 
high mitochondrial AK4 IHC immunoreactivity (score 2 and score 3) and 66 (47.1%) patients with low mito-
chondrial AK4 IHC immunoreactivity (Fig. 2a lower panel). In the comparison of normal and tumor part in lung 
cancer samples, AK4 usually overexpressed in tumor part (Fig. 2b, P < 0.001). Otherwise, AK1 expression have 
no significant differences in our clinical cohort. However, the opposite correlation of AK1 and AK4 was obviously 
in the TCGA lung adenocarcinoma cohort (Fig. 2c, both P < 0.001). Using Kaplan-Meier survival analysis, we 
found patients with high AK1 expression were significantly associated with better overall survival compared to 
those with low AK1 expression (Fig. 2d, left panel; P = 0.009). On the contrary, patients with high AK4 expression 
showed worse overall survival compared to those with low AK4 expression (Fig. 2d, central panel; P = 0.001).

Furthermore, when we combined the expression of AK4 and AK1 to analyze the prognostic impact. The pre-
dicted power of prognosis with combination subgrouping was better than AK4/AK1 alone (Fig. 2d). The hazard 
ratio in AK4-high and AK1-low group has highest risk (HR = 2.68, P < 0.001) to the AK4-low and AK1-high 
group. Not only in protein level, several other public lung cancer cohorts (TCGA LUAD, Dhananjay, Kerby, 
Lung meta-base, Kohno, and Rousseaux cohort, with gene expression profiles also presented similar trends 
(Supplementary Fig. S1)27–32.

Identification of AK4 and AK1 consensus gene signature that predicts clinical outcomes and 
the response to EGFR inhibition. Through analyzing RNA expression, we found AK4 gene expression 
negatively correlated with AK1 gene expression in TCGA LUAD RNA Seq dataset (Pearson correlation coef-
ficient = −0.42; Fig. 3a). We next conduct Venn diagram analysis between AK4 PRECOG signature and AK1 
PRECOG signature and identified a consensus 118-gene set (Fig. 3b). To illustrate global gene expression pattern, 
we performed cluster hierarchy analysis on 118 genes in TCGA LUAD RNA Seq dataset. Heatmap showed the 
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Figure 1. Identification of AK gene signatures in lung adenocarcinomas. (a) Identification of AK-signature in 
TCGA Lung adenocarcinoma (LUAD) dataset (n = 521). AK-associated genes were identified by correlating 
AK expression with the rest of the coding genes in the dataset and ranked according to Pearson correlation 
coefficient. AK gene signatures were defined by ±0.3 cutoff of Pearson correlation coefficient. Percentage of 
prognostic genes in each AK-signature queried by PRECOG (b) and/or TCGA (c) survival Z-score. Genes 
with survival Z-score more than 2 or less than -2 were defined as prognostic genes. Number in the bar chart 
indicates the numbers of gene as prognostic or non-prognostic genes in AK-signature. XY plot distribution of 
PRECOG Lung Ad prognostic genes (d) and TCGA LUAD prognostic genes (e) in AK1 gene signature. XY plot 
distribution of PRECOG Lung Ad prognostic genes (f) and TCGA LUAD prognostic genes (g) in AK4 gene 
signature.
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ranked genes according to Pearson correlation to AK4 expression (Fig. 3c) and AK1 expression (Supplement 
Fig. S2).

To gain more functional insight, we performed gene set enrichment analysis of AK4-AK1 PRECOG gene sig-
nature using C2: curated gene sets as background33,34. The result showed many upregulated genes in the signature 
were exclusively enriched in genes downregulated 24 hours after EGFR inhibitor treatment in Gefitinib-resistant 
lung cancer cells (Fig. 4a and Supplementary Table S3)35. Moreover, GSEA also confirmed the prognostic nature 
of AK4-AK1 gene signature as nearly 50% of the genes in the gene signature were enriched in lung cancer 
poor survival gene sets reported by Director’s Challenge Consortium for the Molecular Classification of Lung 
Adenocarcinoma (Fig. 4b and Supplementary Table S3)29. IPA Canonical pathway analysis revealed that vast 

Figure 2. Kaplan-Meier survival analyses of AK4 and AK1 expression in lung adenocarcinoma patients. (a) 
Representative IHC staining and scoring of AK4 and AK1 protein expression. (b) IHC score of AK1 and AK4 
in 123 N-T pair samples of lung adenocarcinoma. (c) The distribution of RNA expression of AK1 and AK4 in 
TCGA lung adenocarcinoma normal samples and tumor samples. (d) Kaplan-Meier analysis of overall survival 
and disease-free survival for AK4, AK1 and AK4-AK1 protein expression in 140 lung adenocarcinoma patients.
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majorities of AK4- and AK1-associated prognostic genes were involved in metabolic processes such as glucose 
metabolism, nucleotide/energy homeostasis and oxidative stress response (Fig. 4c and Supplementary Table S4). 
Furthermore, IPA upstream analysis predicted the activation or inhibition state of many important transcrip-
tion factors that were previously reported to be involved in the pathogenesis of lung cancer such as FOXM1, 
NRF2, TP63, NKX2-1, and ATF3 (Fig. 4d and Supplementary Table S4)18,36–39. Taken together, these data showed 
AK4-AK1 consensus gene signature has significant impact on the survival of lung adenocarcinoma patients and 
may represent an important signaling axis that affect the pathogenesis of lung adenocarcinomas and the response 
to EGFR inhibition.

Reduced dependency of EGFR signaling by decreasing AK4 in lung adenocarcinoma cells.  
Active glycolysis increased the survival through EGFR signal and reducing receptor degradation in EGFR mutant 
lung cancer40. AK4 overexpression enhanced the glycolysis (Fig. 4c). The linkage between AK4 and EGFR has 
never mentioned before. AK4 overexpression has correlated to poor prognosis and metastasis in lung cancer thus 
the inhibition of AK4 might provide a potential therapeutic target. We initially assessed the relationship between 
AK4 and therapeutic drugs on cancer therapeutics response portal (CTRP v2, and Supplement Fig. S3a). The 
data shown the IC50 of EGFR inhibitors, erlotinib and afatinib, have negative correlation with the expression of 
AK4 (Fig. 5a,b). The cytotoxicity results of Hcc827 and H358, which have high AK4 expression, were sensitive to 
EGFR inhibitors in our cell collection (Supplement Fig. S3b). H2122 cell has high AK4 RNA expression but low 
amount in protein level and has low response to EGFR inhibitors (Fig. 5a). In EGFR wildtype H358 after AK4 
downregulation, AK1 expression increased and no obvious EGFR changes. In EGFR mutation Hcc827 cell, AK1 
and EGFR expressions downregulated (Fig. 5c). In cell viability assay, the data showed that the responses to EGFR 
inhibitors, Erlotinib and Afatinib, were decreased after AK4 protein reducing (Fig. 5d–g). The drug resistances 
were increased with the trend of the reducing level of EGFR, especially in EGFR mutation cell line, Hcc827. 
Therefore, AK4 signaling might involve in stabilizing the EGFR protein and its signaling in cells. However, the 
exact mechanisms and drug targets that associated with AK4-AK1 status remains to be validated.

Figure 3. AK4-AK1 PRECOG gene signature predicts patient survival in lung adenocarcinomas. (a) 
Correlation between AK4 and AK1 mRNA expression in TCGA LUAD RNA Seq dataset. (b) Venn diagram 
analysis of AK4 PRECOG gene signature and AK1 PRECOG gene signature. (c) Hierarchical clustering analysis 
of consensus AK4-AK1 PRECOG gene signature.
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Discussion
In this study, we have identified a consensus gene set derived from AK4- and AK1-associated gene expression 
signature in lung adenocarcinoma. This unique gene set not only dictated patient outcomes but also related to 
the sensitivity to EGFR inhibition. Moreover, upstream regulator and pathway analyses further revealed putative 
transcription factor networks and metabolic pathways that may impact the survival of lung adenocarcinoma 
patients.

The expression of AKs forms an integrated signaling network that connects energetic demand/supply and 
metabolic processes. Here we identify a unique AK4-AK1 axis that dictates the outcomes of lung adenocarcinoma 
patients. In our analyses, we found overexpression of AK4 and downregulation of AK1 are associated with poor 
prognosis in lung adenocarcinoma. Spatial repositioning of AK1 has been shown to provide local ATP supply to 
fuel energy-consuming cellular processes such as actomyosin machinery41. On the other hand, AK4 was reported 

Figure 4. Gene set enrichment analysis (GSEA) and IPA pathway analysis of consensus AK4-AK1 PRECOG 
gene signature. GSEA plot of KOBAYASHI_EGFR_SIGNALING_24HR_DN gene set (a) and SHEDDEN_
LUNG_CANCER_POOR_SURVIVAL_A6 gene set (b) in consensus AK4-AK1 PRECOG signature. (c) IPA 
Canonical pathway analysis of AK4-AK1 PRECOG gene signatures identifies altered metabolic pathways in 
lung adenocarcinoma patients. (d) IPA Upstream analysis of AK4-AK1 PRECOG gene signatures predicts 
activation or inhibition status of transcription regulators in lung adenocarcinomas. Transcription factors with 
activation Z-score ≥ 2 or ≤ −2 were predicted to be activated or inhibited respectively.
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to interact with ADP/ATP translocator and voltage-dependent anion channel (VDAC) at mitochondrial matrix, 
and these interactions are required for the regulation of mitochondria membrane permeability and the exchange 
of ADP/ATP between mitochondrial matrix and cytosol17. Therefore we hypothesized that lung cancer cells with 
AK4-high/AK1-low represent a status of restricted energy demand as pathway and upstream regulator analyses 
revealed glycolysis and HIF-1α were the predominant metabolic pathway/transcription factor of the gene signa-
tures (Fig. 4c,d). In actively proliferating cancer cells, aerobic glycolysis is preferable despite a less efficient metab-
olism for ATP production. However, cells undergoing aerobic glycolysis often use other metabolic pathways to 
maintain high ratios of ATP/ADP and NADH/NAD+42. AK4 was identified as key regulator of cellular ATP levels 
in a mitochondrial RNAi screening as AK4 knockdown increases ATP levels by more than 25 percent43. However, 
cells maintain ATP, ADP, and AMP levels at ratios of 100:10:1, the conversion of ADP plus AMP to restore ATP 
can only increase ATP levels around 10 percent. Therefore activation of adenosine biosynthesis may effectively 
maintain high ratios of ATP/ADP when oxidative phosphorylation is compromised44,45. These studies are con-
sistent with our pathway analyses that enzymes in nucleotide de novo biosynthesis were significantly enriched in 
AK4-AK1 PRECOG gene signatures (Fig. 4c).

As the major type of lung cancer, NSCLC is further characterized by a high degree of pathological heteroge-
neity including adenocarcinoma (ADC, ~48%), squamous cell carcinoma (SCC, ~28%), and large cell carcinoma 
(LCC, ~24%). Generally, ADCs arise from alveolar epithelial cells and occur in distal airways, whereas SCCs arise 
from basal cell and occur in proximal airways46,47. Typical ADCs have glandular histology and express thyroid 
transcription factor 1 (TTF-1, gene symbol: NKX2-1) and keratin 7 as biomarkers. On the other hand, SCCs 
express basal cell markers p63 (gene symbol: TP63) and keratin 5/14. However, the definitive markers that define 
the pathology of ADC and SCC remain to be determined. For example, approximately 15–20% of ADCs do 

Figure 5. AK4 signaling helped the response of EGFR inhibitors. (a) Correlation plot of AK4 expression level 
and AUC of Erlotinib in COSMIC lung adenocarcinoma cell lines. Specific cell lines were presented in black. 
(b) Correlation plot of AK4 expression level and AUC of Erlotinib in COSMIC lung adenocarcinoma cell lines. 
Specific cell lines were presented in black. (c) The expression level of AK1, AK4, pEGFR, and EGFR in H358 
and Hcc827 cells after shAK4 treatment. Beta-actin was used as loading control. (d) The cell viability assay of 
Erlotinib in H358-shLuc, H358-shAK4-1 and H358-shAK4-2 cells. (e) The cell viability assay of Afatinib in 
H358-shLuc, H358-shAK4-1 and H358-shAK4-2 cells. (f) The cell viability assay of Erlotinib in Hcc827-shLuc, 
Hcc827-shAK4-1 and Hcc827-shAK4-2 cells. (e) The cell viability assay of Afatinib in Hcc827-shLuc, Hcc827-
shAK4-1 and Hcc827-shAK4-2 cells.
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not express TTF-1 and these patients are often associated poor outcome due to the lack of druggable mutations 
or molecular targets48,49. Moreover, the mixed ADC and SCC pathology with identical mutations has been fre-
quently found in human lung tumors known as adenosquamous cell carcinoma50–52. This lineage plasticity was 
reported in mice with Lkb1 deficiency53. Moreover, LKB1 inactivation in Kras-driven NSCLC promotes ADC to 
transdifferentiate into p63-positve SCC through metabolic alterations including increased oxidative stress and 
develops resistant to therapy54. By analyzing gene expression signatures of AK family in TCGA lung adenocarci-
nomas, we surprisingly found that target genes of “SCC” marker p63 (TP63) were increasingly upregulated upon 
the over-expression of AK4 and the under-expression of AK1. By contrast, the activation of TTF-1 (NKX2-1) 
was positively associated with AK1 expression (Fig. 4d). Notably, we also found AK4- and AK1-associated sig-
natures were mainly involved in metabolic processes including nucleotide/energy homeostasis, oxidative stress 
response, and glucose metabolism (Fig. 4c). These data suggest metabolic reprogramming that associated with 
AK4- and AK1-mediated bioenergetics changes may be critical for the pathogenesis of ADC-to-SCC lineage 
transdifferentiation.

Accumulating evidence has shown the control of metabolic reprograming is tightly linked to oncogene/tumor 
suppressor signaling55. Particularly, a recent study reported EGFR mutation enhances glycolysis to maintain 
cell survival by inhibiting EGFR autophagy-mediated degradation in lung adenocarcinoma cells40. EGFR-TKI 
treatment decreases glycolysis metabolism in lung adenocarcinoma harbor EGFR mutations56. Accordingly, we 
also observed a vast majority of upregulated genes in consensus gene set of AK4- and AK1- gene signatures are 
enriched in the downregulated gene set upon EGFR inhibition (Fig. 4a). Moreover, our data showed the amount 
of EGFR protein decreased with reducing AK4 expression and make cells more EGFR signaling independent and 
reduced the sensitivity to the EGFR inhibitors (Fig. 5). However, it requires further study to determine whether 
modulation of AK4 and/or AK1 may overcome T790M-mediated resistance, and through what mechanisms 
adenylate kinases isoform network may modulate EGFR signaling turn over in lung cancer.

References
 1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2016. CA Cancer J Clin 66, 7–30, https://doi.org/10.3322/caac.21332 (2016).
 2. Saintigny, P. & Burger, J. A. Recent advances in non-small cell lung cancer biology and clinical management. Discov Med 13, 287–297 

(2012).
 3. Pao, W. & Girard, N. New driver mutations in non-small-cell lung cancer. Lancet Oncol 12, 175–180, https://doi.org/10.1016/S1470-

2045(10)70087-5 (2011).
 4. Janku, F., Stewart, D. J. & Kurzrock, R. Targeted therapy in non-small-cell lung cancer–is it becoming a reality? Nat Rev Clin Oncol 

7, 401–414, https://doi.org/10.1038/nrclinonc.2010.64 (2010).
 5. Gerber, D. E. & Minna, J. D. ALK inhibition for non-small cell lung cancer: from discovery to therapy in record time. Cancer Cell 18, 

548–551, https://doi.org/10.1016/j.ccr.2010.11.033 (2010).
 6. Fukuoka, M. et al. Multi-institutional randomized phase II trial of gefitinib for previously treated patients with advanced non-small-

cell lung cancer (The IDEAL 1 Trial) [corrected]. J Clin Oncol 21, 2237–2246, https://doi.org/10.1200/JCO.2003.10.038 (2003).
 7. Kris, M. G. et al. Efficacy of gefitinib, an inhibitor of the epidermal growth factor receptor tyrosine kinase, in symptomatic patients 

with non-small cell lung cancer: a randomized trial. JAMA 290, 2149–2158, https://doi.org/10.1001/jama.290.16.2149 (2003).
 8. Kobayashi, S. et al. EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N Engl J Med 352, 786–792, https://doi.

org/10.1056/NEJMoa044238 (2005).
 9. Pao, W. et al. Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is associated with a second mutation in the EGFR 

kinase domain. PLoS Med 2, e73, https://doi.org/10.1371/journal.pmed.0020073 (2005).
 10. Lee, C. K. et al. Impact of EGFR inhibitor in non-small cell lung cancer on progression-free and overall survival: a meta-analysis. J 

Natl Cancer Inst 105, 595–605, https://doi.org/10.1093/jnci/djt072 (2013).
 11. Yang, J. C. et al. Afatinib versus cisplatin-based chemotherapy for EGFR mutation-positive lung adenocarcinoma (LUX-Lung 3 and 

LUX-Lung 6): analysis of overall survival data from two randomised, phase 3 trials. Lancet Oncol 16, 141–151, https://doi.
org/10.1016/S1470-2045(14)71173-8 (2015).

 12. Panayiotou, C., Solaroli, N. & Karlsson, A. The many isoforms of human adenylate kinases. Int J Biochem Cell Biol 49, 75–83, https://
doi.org/10.1016/j.biocel.2014.01.014 (2014).

 13. Vasseur, S., Malicet, C., Calvo, E. L., Dagorn, J. C. & Iovanna, J. L. Gene expression profiling of tumours derived from rasV12/E1A-
transformed mouse embryonic fibroblasts to identify genes required for tumour development. Mol Cancer 4, 4, https://doi.
org/10.1186/1476-4598-4-4 (2005).

 14. Janssen, E. et al. Two structurally distinct and spatially compartmentalized adenylate kinases are expressed from the AK1 gene in 
mouse brain. Mol Cell Biochem 256-257, 59–72 (2004).

 15. Collavin, L. et al. wt p53 dependent expression of a membrane-associated isoform of adenylate kinase. Oncogene 18, 5879–5888, 
https://doi.org/10.1038/sj.onc.1202970 (1999).

 16. Noma, T. et al. Structure and expression of human mitochondrial adenylate kinase targeted to the mitochondrial matrix. Biochem J 
358, 225–232 (2001).

 17. Liu, R. et al. Enzymatically inactive adenylate kinase 4 interacts with mitochondrial ADP/ATP translocase. Int J Biochem Cell Biol 
41, 1371–1380, https://doi.org/10.1016/j.biocel.2008.12.002 (2009).

 18. Jan, Y. H. et al. Adenylate kinase-4 is a marker of poor clinical outcomes that promotes metastasis of lung cancer by downregulating 
the transcription factor ATF3. Cancer Res 72, 5119–5129, https://doi.org/10.1158/0008-5472.CAN-12-1842 (2012).

 19. Fujisawa, K. et al. Modulation of anti-cancer drug sensitivity through the regulation of mitochondrial activity by adenylate kinase 4. 
J Exp Clin Cancer Res 35, 48, https://doi.org/10.1186/s13046-016-0322-2 (2016).

 20. Bai, D. et al. The ATPase hCINAP regulates 18S rRNA processing and is essential for embryogenesis and tumour growth. Nat 
Commun 7, 12310, https://doi.org/10.1038/ncomms12310 (2016).

 21. Ji, Y. et al. Adenylate kinase hCINAP determines self-renewal of colorectal cancer stem cells by facilitating LDHA phosphorylation. 
Nat Commun 8, 15308, https://doi.org/10.1038/ncomms15308 (2017).

 22. Gentles, A. J. et al. The prognostic landscape of genes and infiltrating immune cells across human cancers. Nat Med 21, 938–945, 
https://doi.org/10.1038/nm.3909 (2015).

 23. Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal 6, pl1, https://doi.
org/10.1126/scisignal.2004088 (2013).

 24. Cerami, E. et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer 
Discov 2, 401–404, https://doi.org/10.1158/2159-8290.CD-12-0095 (2012).

 25. Tang, Z. et al. GEPIA: a web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res 45, 
W98–W102, https://doi.org/10.1093/nar/gkx247 (2017).

https://doi.org/10.1038/s41598-019-48243-9
https://doi.org/10.3322/caac.21332
https://doi.org/10.1016/S1470-2045(10)70087-5
https://doi.org/10.1016/S1470-2045(10)70087-5
https://doi.org/10.1038/nrclinonc.2010.64
https://doi.org/10.1016/j.ccr.2010.11.033
https://doi.org/10.1200/JCO.2003.10.038
https://doi.org/10.1001/jama.290.16.2149
https://doi.org/10.1056/NEJMoa044238
https://doi.org/10.1056/NEJMoa044238
https://doi.org/10.1371/journal.pmed.0020073
https://doi.org/10.1093/jnci/djt072
https://doi.org/10.1016/S1470-2045(14)71173-8
https://doi.org/10.1016/S1470-2045(14)71173-8
https://doi.org/10.1016/j.biocel.2014.01.014
https://doi.org/10.1016/j.biocel.2014.01.014
https://doi.org/10.1186/1476-4598-4-4
https://doi.org/10.1186/1476-4598-4-4
https://doi.org/10.1038/sj.onc.1202970
https://doi.org/10.1016/j.biocel.2008.12.002
https://doi.org/10.1158/0008-5472.CAN-12-1842
https://doi.org/10.1186/s13046-016-0322-2
https://doi.org/10.1038/ncomms12310
https://doi.org/10.1038/ncomms15308
https://doi.org/10.1038/nm.3909
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1093/nar/gkx247


1 0Scientific RepoRtS |         (2019) 9:12329  | https://doi.org/10.1038/s41598-019-48243-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 26. Jan, Y. H. et al. Adenylate kinase 4 modulates oxidative stress and stabilizes HIF-1alpha to drive lung adenocarcinoma metastasis. J 
Hematol Oncol 12, 12, https://doi.org/10.1186/s13045-019-0698-5 (2019).

 27. Chitale, D. et al. An integrated genomic analysis of lung cancer reveals loss of DUSP4 in EGFR-mutant tumors. Oncogene 28, 
2773–2783, https://doi.org/10.1038/onc.2009.135 (2009).

 28. Mary Goldman, B. C. et al. The UCSC Xena platform for public and private cancer genomics data visualization and interpretation. 
bioRxiv, https://doi.org/10.1101/326470 (2019).

 29. Director’s Challenge Consortium for the Molecular Classification of Lung, A. et al. Gene expression-based survival prediction in 
lung adenocarcinoma: a multi-site, blinded validation study. Nat Med 14, 822–827, https://doi.org/10.1038/nm.1790 (2008).

 30. Aguirre-Gamboa, R. et al. SurvExpress: an online biomarker validation tool and database for cancer gene expression data using 
survival analysis. PloS one 8, e74250, https://doi.org/10.1371/journal.pone.0074250 (2013).

 31. Okayama, H. et al. Identification of genes upregulated in ALK-positive and EGFR/KRAS/ALK-negative lung adenocarcinomas. 
Cancer Res 72, 100–111, https://doi.org/10.1158/0008-5472.CAN-11-1403 (2012).

 32. Rousseaux, S. et al. Ectopic activation of germline and placental genes identifies aggressive metastasis-prone lung cancers. Science 
translational medicine 5, 186ra166, https://doi.org/10.1126/scitranslmed.3005723 (2013).

 33. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. 
Proc Natl Acad Sci USA 102, 15545–15550, https://doi.org/10.1073/pnas.0506580102 (2005).

 34. Mootha, V. K. et al. PGC-1alpha-responsive genes involved in oxidative phosphorylation are coordinately downregulated in human 
diabetes. Nat Genet 34, 267–273, https://doi.org/10.1038/ng1180 (2003).

 35. Kobayashi, S. et al. Transcriptional profiling identifies cyclin D1 as a critical downstream effector of mutant epidermal growth factor 
receptor signaling. Cancer Res 66, 11389–11398, https://doi.org/10.1158/0008-5472.CAN-06-2318 (2006).

 36. Wang, I. C. et al. Foxm1 transcription factor is required for the initiation of lung tumorigenesis by oncogenic Kras(G12D.). Oncogene 
33, 5391–5396, https://doi.org/10.1038/onc.2013.475 (2014).

 37. DeNicola, G. M. et al. NRF2 regulates serine biosynthesis in non-small cell lung cancer. Nat Genet 47, 1475–1481, https://doi.
org/10.1038/ng.3421 (2015).

 38. Bishop, J. A. et al. p40 (DeltaNp63) is superior to p63 for the diagnosis of pulmonary squamous cell carcinoma. Mod Pathol 25, 
405–415, https://doi.org/10.1038/modpathol.2011.173 (2012).

 39. Yamaguchi, T., Hosono, Y., Yanagisawa, K. & Takahashi, T. NKX2-1/TTF-1: an enigmatic oncogene that functions as a double-edged 
sword for cancer cell survival and progression. Cancer Cell 23, 718–723, https://doi.org/10.1016/j.ccr.2013.04.002 (2013).

 40. Kim, J. H. et al. Enhanced Glycolysis Supports Cell Survival in EGFR-Mutant Lung Adenocarcinoma by Inhibiting Autophagy-
Mediated EGFR Degradation. Cancer Res 78, 4482–4496, https://doi.org/10.1158/0008-5472.CAN-18-0117 (2018).

 41. van Horssen, R. et al. Modulation of cell motility by spatial repositioning of enzymatic ATP/ADP exchange capacity. J Biol Chem 
284, 1620–1627, https://doi.org/10.1074/jbc.M806974200 (2009).

 42. DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G. & Thompson, C. B. The biology of cancer: metabolic reprogramming fuels cell 
growth and proliferation. Cell Metab 7, 11–20, https://doi.org/10.1016/j.cmet.2007.10.002 (2008).

 43. Lanning, N. J. et al. A mitochondrial RNAi screen defines cellular bioenergetic determinants and identifies an adenylate kinase as a 
key regulator of ATP levels. Cell Rep 7, 907–917, https://doi.org/10.1016/j.celrep.2014.03.065 (2014).

 44. Stenesen, D. et al. Adenosine nucleotide biosynthesis and AMPK regulate adult life span and mediate the longevity benefit of caloric 
restriction in flies. Cell Metab 17, 101–112, https://doi.org/10.1016/j.cmet.2012.12.006 (2013).

 45. Wawrzyniak, J. A. et al. A purine nucleotide biosynthesis enzyme guanosine monophosphate reductase is a suppressor of melanoma 
invasion. Cell Rep 5, 493–507, https://doi.org/10.1016/j.celrep.2013.09.015 (2013).

 46. Davidson, M. R., Gazdar, A. F. & Clarke, B. E. The pivotal role of pathology in the management of lung cancer. J Thorac Dis 5(Suppl 
5), S463–478, https://doi.org/10.3978/j.issn.2072-1439.2013.08.43 (2013).

 47. Langer, C. J., Besse, B., Gualberto, A., Brambilla, E. & Soria, J. C. The evolving role of histology in the management of advanced non-
small-cell lung cancer. J Clin Oncol 28, 5311–5320, https://doi.org/10.1200/JCO.2010.28.8126 (2010).

 48. Tang, X. et al. Abnormalities of the TITF-1 lineage-specific oncogene in NSCLC: implications in lung cancer pathogenesis and 
prognosis. Clin Cancer Res 17, 2434–2443, https://doi.org/10.1158/1078-0432.CCR-10-1412 (2011).

 49. Solis, L. M. et al. Histologic patterns and molecular characteristics of lung adenocarcinoma associated with clinical outcome. Cancer 
118, 2889–2899, https://doi.org/10.1002/cncr.26584 (2012).

 50. Toyooka, S. et al. Mutations of epidermal growth factor receptor and K-ras genes in adenosquamous carcinoma of the lung. Int J 
Cancer 118, 1588–1590, https://doi.org/10.1002/ijc.21500 (2006).

 51. Kang, S. M. et al. Identical epidermal growth factor receptor mutations in adenocarcinomatous and squamous cell carcinomatous 
components of adenosquamous carcinoma of the lung. Cancer 109, 581–587, https://doi.org/10.1002/cncr.22413 (2007).

 52. Uramoto, H., Yamada, S. & Hanagiri, T. Clinicopathological characteristics of resected adenosquamous cell carcinoma of the lung: 
risk of coexistent double cancer. J Cardiothorac Surg 5, 92, https://doi.org/10.1186/1749-8090-5-92 (2010).

 53. Han, X. et al. Transdifferentiation of lung adenocarcinoma in mice with Lkb1 deficiency to squamous cell carcinoma. Nat Commun 
5, 3261, https://doi.org/10.1038/ncomms4261 (2014).

 54. Li, F. et al. LKB1 Inactivation Elicits a Redox Imbalance to Modulate Non-small Cell Lung Cancer Plasticity and Therapeutic 
Response. Cancer Cell 27, 698–711, https://doi.org/10.1016/j.ccell.2015.04.001 (2015).

 55. Levine, A. J. & Puzio-Kuter, A. M. The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes. Science 
330, 1340–1344, https://doi.org/10.1126/science.1193494 (2010).

 56. Makinoshima, H. et al. Epidermal growth factor receptor (EGFR) signaling regulates global metabolic pathways in EGFR-mutated 
lung adenocarcinoma. J Biol Chem 289, 20813–20823, https://doi.org/10.1074/jbc.M114.575464 (2014).

Acknowledgements
This research was funded by Academia Sinica (AS-SUMMIT-108) and Ministry of Science and Technology 
(MOST 105-2320-B-001-027-MY3).

Author contributions
The authors contributed in the following way: design and write the manuscripts: Yi-Hua Jan and Michael Hsiao; 
provide materials: Chih-Jen Yang and Ming-Shyan Huang; perform experiments: Yi-Hua Jan and Tsung-Ching 
Lai; interpret data: Yi-Hua Jan, Tsung-Ching Lai, and Michael Hsiao; Study supervision: Ming-Shyan Huang and 
Michael Hsiao.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48243-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-48243-9
https://doi.org/10.1186/s13045-019-0698-5
https://doi.org/10.1038/onc.2009.135
https://doi.org/10.1101/326470
https://doi.org/10.1038/nm.1790
https://doi.org/10.1371/journal.pone.0074250
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1126/scitranslmed.3005723
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/ng1180
https://doi.org/10.1158/0008-5472.CAN-06-2318
https://doi.org/10.1038/onc.2013.475
https://doi.org/10.1038/ng.3421
https://doi.org/10.1038/ng.3421
https://doi.org/10.1038/modpathol.2011.173
https://doi.org/10.1016/j.ccr.2013.04.002
https://doi.org/10.1158/0008-5472.CAN-18-0117
https://doi.org/10.1074/jbc.M806974200
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1016/j.celrep.2014.03.065
https://doi.org/10.1016/j.cmet.2012.12.006
https://doi.org/10.1016/j.celrep.2013.09.015
https://doi.org/10.3978/j.issn.2072-1439.2013.08.43
https://doi.org/10.1200/JCO.2010.28.8126
https://doi.org/10.1158/1078-0432.CCR-10-1412
https://doi.org/10.1002/cncr.26584
https://doi.org/10.1002/ijc.21500
https://doi.org/10.1002/cncr.22413
https://doi.org/10.1186/1749-8090-5-92
https://doi.org/10.1038/ncomms4261
https://doi.org/10.1016/j.ccell.2015.04.001
https://doi.org/10.1126/science.1193494
https://doi.org/10.1074/jbc.M114.575464
https://doi.org/10.1038/s41598-019-48243-9


1 1Scientific RepoRtS |         (2019) 9:12329  | https://doi.org/10.1038/s41598-019-48243-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48243-9
http://creativecommons.org/licenses/by/4.0/

	A co-expressed gene status of adenylate kinase 1/4 reveals prognostic gene signature associated with prognosis and sensitiv ...
	Materials and Methods
	Specimens. 
	Tissue microarray and immunohistochemical staining. 
	IHC staining results assessment. 
	The Cancer Genome Atlas gene expression data analysis. 
	Western blot analysis. 
	Statistical analysis. 

	Results
	Systemic analyses of adenylate kinase (AK) gene signatures identify a co-expressed gene set of AK4 and AK1 that impacts pat ...
	Prognostic value of AK4 and AK1 expressions in lung adenocarcinoma patients. 
	Identification of AK4 and AK1 consensus gene signature that predicts clinical outcomes and the response to EGFR inhibition. ...
	Reduced dependency of EGFR signaling by decreasing AK4 in lung adenocarcinoma cells. 

	Discussion
	Acknowledgements
	Figure 1 Identification of AK gene signatures in lung adenocarcinomas.
	Figure 2 Kaplan-Meier survival analyses of AK4 and AK1 expression in lung adenocarcinoma patients.
	Figure 3 AK4-AK1 PRECOG gene signature predicts patient survival in lung adenocarcinomas.
	Figure 4 Gene set enrichment analysis (GSEA) and IPA pathway analysis of consensus AK4-AK1 PRECOG gene signature.
	Figure 5 AK4 signaling helped the response of EGFR inhibitors.




