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Abstract

DEK is an oncoprotein that is overexpressed in many forms of cancer and participates in numerous 

cellular pathways. Of these different pathways, relevant interacting partners and functions of DEK 

are well described in regard to the regulation of chromatin structure, epigenetic marks, and 

transcription. Most of this understanding was derived by investigating DNA-binding and 

chromatin processing capabilities of the oncoprotein. To facilitate the generation of mechanism-

driven hypotheses regarding DEK activities in underexplored areas, we have developed the first 

DEK interactome model using tandem-affinity purification and mass spectrometry. With this 

approach we confirmed IMPDH2 and DDX21 as novel DEK binding partners, hinting at new roles 

for the oncogene in de novo nucleotide biosynthesis and rRNA processing, respectively. 

Additionally, a hydroxyurea-specific interaction with RPA was observed, suggesting that a DEK-

RPA complex may form in response to DNA replication fork stalling. Taken together, these 

findings highlight diverse activities for DEK across cellular pathways and support a model 

wherein this molecule performs a plethora of functions.
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INTRODUCTION

DEK is a DNA-binding and predominantly nuclear protein that was first identified as a 

DEK-NUP214 fusion protein in AML1. Since this discovery, DEK has been classified as an 

oncoprotein and shown to be overexpressed in many diverse tumor types2, wherein the 
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degree of overexpression was linked to worse prognosis, advanced stage tumors, and 

chemotherapy resistance3–9. Cellular functions of the oncoprotein include activities in 

modifying chromatin structure2,10–13, histone chaperoning14,15, epigenetic modification and 

transcription regulation16–19, mRNA splicing20,21, DNA repair22,23, DNA replication fork 

restart24, mitotic non-disjunction events25, evasion of senescence and apoptosis19,26,27, 

proliferation28–30 cancer stem cell fitness and invasion28,31, inflammation32,33, and 

metabolic reprogramming34. Precise molecular mechanisms whereby DEK regulates these 

cellular processes remain unclear in many cases. For instance, while DEK is necessary for 

optimal non-homologous end joining DNA repair, the mechanism of action or interacting 

partners remain elusive23.

For an oncogene that is widely implicated in human carcinogenesis and outcome, 

determining how DEK operates is imperative. However, this has proven challenging as the 

oncoprotein DEK has no known enzymatic activity or paralogs2. While significant progress 

has been made to understand molecular DEK activities in transcription via chromatin 

remodeling2,10–13,16–19, there is a dearth of information regarding other functions. In part 

this is due to the limited number of published proteomic data sets which identify potential 

DEK interactors. Most proteome studies have not examined DEK interactions but instead 

explored differences in protein expression between DEK deficient versus proficient cells35, 

found DEK to be a protein secreted by cells36 and a component of the insoluble nuclear 

fraction37, and determined that the oncogene was hypophosphorylated during apoptosis38. 

The only proteomic report that identified interacting partners, to our knowledge, was 

conducted with drosophila-DEK and identified CKII and histones as interacting partners15. 

Thus, there is a need to develop a global DEK interactome.

Once confirmed, these binding partners can be used to localize where DEK may function in 

a given pathway and provide testable hypotheses for a mechanism of action. Further, since 

the literature has demonstrated DEK to be exceptionally multifunctional, it is possible that a 

proteomics approach may also identify novel pathways in which the protein may function. 

To this end we have used an established tandem affinity purification and mass spectrometry 

(TAP-MS) approach on a tagged DEK construct. Functional enrichment analysis revealed 

interactors in biological processes and pathways where DEK involvement is known and 

identified novel pathways where the oncogene is now implicated. These include nucleotide 

synthesis and rRNA processing, with IMPDH2 and DDX21 confirmed to interact with DEK, 

respectively. This approach also identified binding partners that may interact with DEK 

following DNA damage, and RPA was a validated binding partner. Additionally, four novel 

DEK phosphorylation sites were discovered by dissection of captured DEK peptides, and the 

most likely kinase candidates were predicted.

In summary, our proteomics approach has identified novel interacting factors, cellular roles, 

and phosphorylation sites regarding the DEK oncoprotein. The results of this analysis will 

hopefully provide a foundation for future mechanistic studies into known and novel 

functions of the human DEK oncoprotein.
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MATERIALS AND METHODS

Cell culture conditions and retroviral constructs

HeLa cells were grown in Dubecco’s Modified Essential Medium (DMEM) completed with 

10% fetal bovine serum (FBS) and antibiotics. The MIEG-His-FLAG DEK retroviral vector 

was described recently39, and cells were transduced with virus for >24hrs prior to GFP 

sorting on a BD-FACSAria II flow cytometer. To induce DNA damage, cells were treated 

with 1mM hydroxyurea (HU) for 15 hours prior to collection.

Tandem affinity purification and mass spectrometry (TAP-MS)

TAP was performed as described previously40. Briefly, pMIEG3 and pMIEG3-His-Flag-

DEK transduced HeLa cells were homogenized in lysis buffer (10mM HEPES pH=7.9, 

1.5mM MgCl2, 10mM KCl, 0.5mM PMSF, 0.5mM DTT, 1mM NaVO3, 10mM NaF, and 1x 

protease inhibitor cocktail), and the nuclear pellet was lysed in a nuclear lysis buffer (20mM 

HEPES pH=7.9, 400mM NaCl, 1% Triton, 0.1% NP-40, 10% Glycerol, 0.5mM PMSF, 

0.5mM DTT, 1mM NaVO3, 10mM NaF, and 1x protease inhibitor cocktail) on ice. After 

ultracentifugation, the DEK-containing supernatant was loaded onto anti-FLAG M2 affinity 

gel (A2200, Sigma, St. Louis, MO, USA) and incubated overnight at 4°C. Following 

addition of Talon Resin Buffer (20mM HEPES pH=7.9, 300mM NaCl, 0.1% NP-40, 10% 

Glycerol, 10mM Imidazole) with 300ng/ml of 3x-FLAG, the eluate was added to TALON 

Superflow beads (635506, Clonetech, Mountain View, CA, USA) for 3hrs at 4°C. TALON 

beads were washed and then boiled in 2x Laemmli Buffer (12.5mM Tris-HCl, 20% 

Glycerol, 4% SDS, 0.004% Bromophenol Blue, 10% 2-β-mercaptoethanol.). The samples 

were ran by SDS-PAGE and silver stained to identify protein enrichment. A second SDS-

PAGE was stained with Coomassie brilliant blue, the lanes excised, and sent to the Taplin 

Biological Mass Spectrometry Core Facility at Harvard Medical School for analysis. 

GeneVenn was utilized to sort hits in the MIEG and HF-DEK samples, and the MIEG hits 

were subtracted from the untreated and HU datasets prior to sorting with GeneVenn. 

Functional enrichment analysis (p-value <0.05) was performed using the ToppFun 

application of the ToppGene Suite to categorize the DEK interacting partners by enriched 

pathways and biological processes in gene ontology41. Network representation of selected 

enriched biological processes and pathways was done using Cytoscape (v3.4)42.

Phosphorylation site analysis

The mass spectrometry data was evaluated for phosphorylated peptides in DEK using the 

Mascot Search algorithm (Matrix Sciences, London, UK) against the SwissProt protein 

database (12/15/2011) of 533,657 sequences of which 20,323 corresponded to the Homo 
sapiens taxonomy. Searches included a fixed modification of carbamidomethyl-cysteine and 

variable modifications including oxidation of methionine and phosphorylation of serine, 

threonine or tyrosine. Phosphorylated peptide with a MASCOT significance threshold 

p<0.005 and a peptide false discovery rate of <5% are reported. Predicted kinases were 

calculated by Group-based Prediction System v3.0 (“GPS 3.0,” The CUCKOO Workgroup, 

Wuhan, Hubei, China)43.
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Western blot analysis

Immunoprecipitated proteins were separated by 10% SDS-PAGE electrophoresis, and 

transferred onto a PVDF membrane for 1–2hr at 500mA. Antibodies used are listed as 

follows: DEK (610948, BD Bioscience, San Jose, CA, USA), Casein Kinase II (04-1129, 

EMD Millipore, Darmstadt, Germany), IMPDH2 (AP7390a, Abgent, San Diego, CA), 

DDX21 (AP174238a, Abgent), and RPA1 (AP14415b, Abgent).

RESULTS AND DISCUSSION

To identify DEK interacting partners, TAP-MS was utilized on HeLa cells transduced with 

an empty MIEG or a MIEG-His-FLAG-DEK vector. Nuclear extracts were collected, and 

His-FLAG DEK (HF-DEK) was enriched using an established FLAG and Talon TAP 

protocol40. As seen in Fig. 1A, HF-DEK forms a distinct band by Western blot, and is 

enriched after each serial pulldown. The presence of interacting partners was confirmed by 

silver stain (Fig. 1B), and gel slices from a paired Coomassie-stained gel were sent to the 

Taplin Mass Spectrometry Facility for analysis. Using a protein score cutoff score of 2, 

which reflects a high probability that the observed ions match the indicated protein as 

represented in values of −10log(p), 163 hits were identified in the HF-DEK sample 

compared to 47 for MIEG (Tables S-I and S-II). Visualization of the data with a Venn 

diagram revealed that 123 of the hits were unique to the HF-DEK sample and were 

investigated further (Fig. 1C and Table S-II with individual scores, rank, and peptide 

sequences available in Table S-I). Some of the identified proteins are well known DEK 

interactors thus validating the approach, including two that are represented in the top 20 

proteins as ranked by protein score (Table I): casein kinase II, which phosphorylates 

DEK15,44, and histone 2A, which is chaperoned by the oncoprotein15,17.

Beyond known interactors, the highest scoring DEK binding proteins are predominantly 

involved in ribosome biosynthesis, function, and localization. Correspondingly, related 

pathways were most significantly represented in the gene ontology analysis (Tables II and S-

III), and a distinct node for ribosome synthesis and rRNA processing was observed in the 

pathway analysis map (Fig. 2). The observed dramatic enrichment of these ribosome-

associated factors is intriguing as no rRNA or ribosomal activity has been attributed to DEK 

to date. To provide further evidence for potential DEK activities in ribosome associated 

pathways, we validated the interaction with DDX21, a RNA helicase that promotes rRNA 

transcription and modification45 (Fig. 1D).

Similarly, many interactors formed nodes that reflected DEK activities in metabolism, 

nucleotide synthesis, and inflammation (Fig. 2). Of these potential binding partners, we 

confirmed an interaction between IMPDH2 and DEK (Fig. 1D). Both IMPDH2 and the 

associated IMPDH1 isoform, that was also identified in the screen, catalyze the rate-limiting 

step of de novo guanine nucleotide synthesis46,47. Similar to DEK, elevated IMPDH2 

expression has been linked to tumor progression and chemotherapy resistance in 

patients48,49. However, a mechanism for how IMPDH2 drives these cancer phenotypes is 

unknown. Should this DEK-IMPDH2 complex alter IMPDH2 activity, it may in part explain 

the proliferation advantages observed in some DEK overexpression models and the 

stagnation of growth in DEK knockdown systems26,29,30.
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Other potential binding partners belonged to several pathways already known to be regulated 

by DEK (Fig. 1C and Fig. 2). Regarding chromatin structure, we newly identify histone 1 

family member, H1FX, as a DEK interactor. Novel epigenetic modulators were also 

uncovered, including SMARCA5, a SWI/SNF-related and nucleosome-remodeling helicase 

factor that is part of the B-WICH complex50, and NCOR1, a transcriptional regulator that, 

like DEK, mediates histone deacetylase activity51. Additionally, mRNA splicing factors 

were detected by mass spectrometry, although U2AF, an established in vitro and cell-free 

DEK interactor21, was not observed.

In addition to the above pathways, the function of DEK in DNA double strand break (DSB) 

repair has become a topic of interest due to clinical associations between the oncoprotein 

and chemotherapy resistance in cancer3,8,9. Molecularly, DEK may mediate chemoresistance 

through several mechanisms. It allows the cell to overcome chemotherapy-induced DNA 

replication stress by facilitating the restart of stalled replication forks, the mechanism of 

which is uncertain24, and it is required for optimal repair of DNA double strand breaks 

(DSBs), a highly toxic lesion that is directly and indirectly induced by 

chemotherapeutics22,23. With regard to the DSB repair pathways, DEK was discovered to be 

essential for homologous recombination (HR), and may function through an interaction with 

RAD51. However, it remains unclear which RAD51 complex(es) contain DEK22. For a 

complementary DSB repair pathway, non-homologous end joining (NHEJ), DEK is 

necessary for optimal repair and may operate by promoting the timely recruitment of the 

Ku70/80 heterodimer, the pathway’s initiating factors23.

The TAP-MS analysis identified that Ku70/80 (XRCC5 and XRCC6) may physically 

interact with DEK (Fig. 1C and 2). A second HF-DEK TAP-MS conducted in the presence 

of 1mM hydroxyurea (HU) to induce DNA damage recognized Ku70/80 more readily 

following DNA damage induction compared to the untreated sample (Fig. 2A–B and Tables 

S-IV and S-V). Beyond DNA repair, the most common pathways identified by gene 

ontology analysis of the hits unique to HU treatment were RNA processing and HIV life 

cycle events (Fig. 3B, Tables III and S-VI). The observation of HIV life cycle events is not 

surprising as NHEJ, including Ku70/80, is required to circularize retro/lentiviral DNA or 

insert the provirus into the genome52.

Additionally members of the RPA heterotrimer family, proteins involved in single-strand 

DNA binding during HR and DNA replication53, were identified (Fig. 1C, and 3A–B, Table 

S-IV and S-V) and validated by Western blot analysis (Fig. 2B). Interestingly, the DEK-RPA 

complex was strongest following HU treatment with minimal interaction observed following 

treatment with 10Gy of γ-irradiation (Fig. S1). Considering that HU treatment induces 

stalled replication forks that collapse into DSBs54 and that γ-irradiation immediately 

generates DSBs55, DEK is most likely to interact with RPA in the context of replication fork 

restart instead of DSB-induced homologous recombination.

In addition to identifying potential protein interactors, each identified DEK peptide sequence 

was screened to identify novel phosphorylation sites on the protein and described in the 

Methods section. In total 77% of the protein sequence was covered, and four new 

phosphorylation sites were found on S2, S4, T13, and T342 (Fig. 4). For each of these 
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residues, the top predicted kinases were identified by GPS 3.0 software43 (Table S-VII). Of 

these, casein kinase I (CKI) was predicted to phosphorylate multiple residues. CKI is 

particularly interesting as it both positively and negatively regulates WNT signaling56. If 

verified as a modifier of DEK, CK1 may help to identify the mechanisms by which DEK 

supports the WNT-β-catenin signaling loop28. Secondly, phosphorylation of DEK by other 

kinases has been demonstrated to weaken the protein’s affinity for DNA44.

In conclusion, this work has utilized TAP-MS methodology to develop a DEK interactome 

map, to predict DEK binding partners, and to point to new cellular processes that may be 

regulated by DEK. While the literature certainly suggests that DEK has multiple functions 

across different pathways, the extent and variety of its operations has not been mapped or 

explored in detail. DEK interacting partners identified in the study align with classical DEK 

functions described in previous reports and potentially expand the number of regulated 

pathways to include rRNA maturation and nucleotide synthesis. Taken together, these 

findings support a model whereby the nuclear DEK protein interfaces with numerous 

cellular pathways via protein-protein interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TAP-MS of His-FLAG DEK identified 167 potential DEK interacting partners
(A) Western blot analysis identified enrichment of HF-tagged DEK by tandem FLAG and 

Talon affinity purification. MIEG lysates are indicated by (−), HF-DEK by (+). (B) Silver 

stain of (A) indicated enrichment of HF-DEK and other proteins compared to MIEG control. 

(C) Lanes from MIEG and HF-DEK samples were sent to the Taplin Mass Spectrometry 

Facility for analysis. A total of 163 potential DEK interacting factors were identified by 

TAP-MS. Of these hits, 123 were unique to the HF-DEK sample and are listed below the 
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Venn diagram. The number of peptides and scores for each hit are available in Table S-I. (D) 
DDX21 and IMPDH2 were confirmed to interact with DEK by Western blot analysis.
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Fig. 2. Gene ontology pathway map of the HF-DEK interactome
Gene ontology and pathway analysis was performed on the 123 interacting HF-DEK factors 

identified in Fig. 1C using the ToppFun application of ToppGene Suite. Select enriched 

pathways, biological processes, and their associated genes (as highlighted in Table S3) are 

represented as a network using Cytoscape (v3.4). In the map, DEK interacting factors 

discovered by TAP-MS are shown as purple elliptical nodes, and the enriched pathways and 

biological processes are indicated as orange colored rectangles.
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Fig. 3. A small number of proteins were identified to specifically interact with DEK following 
DNA damage
(A) TAP-MS was performed on HF-DEK overexpressing cells that were untreated or 

incubated with 1mM HU for 15 hours. Analyses revealed a small number of genes that 

specifically precipitated in HU-treated cells. (B) A pathway and biological process map, 

based on functional enrichment analysis (Table S3), was generated using the identified hits 

from the HU-treated sample. Purple colored elliptical nodes represent genes while orange 

colored rectangles represent enriched pathways and biological processes. (C) RPA1 was 

confirmed as an interacting partner whose affinity increased following HU treatment.
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Fig. 4. Four novel phosphorylation sites were identified by TAP-MS
The full DEK protein sequence is shown with TAP-MS identified regions bolded. All 

identified phosphorylation sites are in blue font, and the four novel phosphorylated residues 

are annotated with the top predicted kinases as calculated by GPS 3.043. This image is a 

composite of the HF-DEK and untreated samples, and no novel phosphorylated sites were 

identified in the HU data set. Individual data sets are represented in Supplementary Data 1 

and GPS predictions in Table S-VII.
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Table I

Top 20 HF-DEK interacting factors identified by TAP-MS

Rank Gene Symbol Unique Peptides Total Peptides Protein Score

1 YBX1 2 3 5.09

2 C7orf50 1 1 5.03

3 DDX24 1 1 5.00

4 RPLP0 4 9 4.39

5 C1QBP 7 16 4.35

6 WDR12 1 1 4.18

7 RPL10 2 2 4.15

8 CSNK2A1 22 143 4.02

9 TMOD3 1 2 4.02

10 SETSIP 2 3 3.98

11 HIST1H2AB 2 6 3.94

12 CSNK2A2 20 44 3.90

13 AATF 3 3 3.84

14 IMPDH2 12 18 3.83

15 GRWD1 5 5 3.83

16 DBN1 1 1 3.80

17 PURB 2 2 3.77

18 MYH11 5 10 3.72

19 BANF1 3 3 3.69

20 RPS23 1 1 3.69
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Table II

Representative hits from gene ontology pathway analysis of HF-DEK interacting partners

Rank Name q-value FDR B&H

1 SRP-dependent co-translational protein targeting to membrane 2.01E-46

2 Peptide chain elongation 5.85E-45

3 Viral mRNA Translation 5.85E-45

4 Selenocysteine synthesis 1.55E-44

5 Eukaryotic Translation Termination 1.87E-44

6 Eukaryotic Translation Elongation 2.34E-44

7 Nonsense Mediated Decay (NMD) independent of the Exon Junction Complex (EJC) 4.44E-44

8 Formation of a pool of free 40S subunits 5.42E-43

9 L13a-mediated translational silencing of Ceruloplasmin expression 2.53E-41

10 GTP hydrolysis and joining of the 60S ribosomal subunit 2.53E-41

17 Influenza Life Cycle 7.02E-40

21 rRNA processing in the nucleus and cytosol 1.19E-38

24 Gene Expression 2.06E-30

26 Metabolism of amino acids and derivatives 2.80E-23

29 Telomere Maintenance 6.15E-07

30 Chromosome Maintenance 6.63E-07

31 Meiotic recombination 1.23E-06

36 DNA Double-Strand Break Repair 6.06E-05

42 Formation of the beta-catenin:TCF transactivating complex 3.96E-04

47 Nucleosome assembly 1.04E-03

Proteins. Author manuscript; available in PMC 2019 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Smith et al. Page 17

Table III

Representative top hits from gene ontology and pathway analysis of HF-DEK interacting partners following 

HU treatment

Rank Pathway Name q-value FDR B&H

1 Spliceosome 1.07E-03

2 mRNA processing 1.07E-03

3 Cytoskeletal regulation by Rho GTPase 1.07E-03

4 Double-Strand Break Repair 1.07E-03

5 Nicotinic acetylcholine receptor signaling pathway 2.04E-03

7 Non-homologous end joining (NHEJ) 2.56E-03

11 2-LTR circle formation 3.10E-03

13 Integration of provirus 6.74E-03

15 IRF3-mediated induction of type I IFN 7.33E-03

16 STING mediated induction of host immune responses 1.02E-02

17 Telomeres, Telomerase, Cellular Aging, and Immortality 1.02E-02

20 Salmonella infection 1.12E-02

Proteins. Author manuscript; available in PMC 2019 January 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell culture conditions and retroviral constructs
	Tandem affinity purification and mass spectrometry (TAP-MS)
	Phosphorylation site analysis
	Western blot analysis

	RESULTS AND DISCUSSION
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table I
	Table II
	Table III

