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Abstract

DEK, a chromatin-remodeling gene expressed in most human tissues, is known for its role in
cancer biology and autoimmune diseases. DEK depletion /n vitro reduces cellular proliferation,
induces DNA damage subsequently leading to apoptosis, and down-regulates canonical Wnt/p-
catenin signaling, a molecular pathway essential for learning and memory. Despite a recognized
role in cancer (non-neuronal) cells, DEK expression and function is not well characterized in the
central nervous system. We conducted a gene ontology analysis (ToppGene), using a cancer
database to identify genes associated with DEK deficiency, which pinpointed several genes
associated with cognitive-related diseases (i.e., Alzheimer’s disease, presenile dementia). Based on
this information, we examined DEK expression in corticolimbic structures associated with
learning and memory in adult male and female mice using immunohistochemistry. DEK was
expressed throughout the brain in both sexes, including the medial prefrontal cortex (prelimbic,
infralimbic and dorsal peduncular). DEK was also abundant in all amygdalar subdivisions
(basolateral, central and medial) and in the hippocampus including the CA1, CA2, CA3, dentate
gyrus (DG), ventral subiculum and entorhinal cortex. Of note, compared to males, females had
significantly higher DEK immunoreactivity in the CA1, indicating a sex difference in this region.
DEK was co-expressed with neuronal and microglial markers in the CA1 and DG, whereas only a
small percentage of DEK cells were in apposition to astrocytes in these areas. Given the reported
inverse cellular and molecular profiles (e.g., cell survival, Wnt pathway) between cancer and
Alzheimer’s disease, these findings suggest a potentially important role of DEK in cognition.
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Introduction

Aberrant expression or localization of the DEK DNA-binding protein has been associated
with several diseases, including acute myeloid leukemia (Logan et al 2015, Von Lindern et al
1992), various types of solid tumors (Piao et al 2014, Privette Vinnedge et al 2015, Wang et
al 2014), and as an auto-antigen in numerous auto-immune diseases, most notably juvenile
idiopathic arthritis (Mor-Vaknin et al 2011, Sierakowska et al 1993, Szer et al 1994). DEK
(human 6p22.3) is a unique protein, with no known homologs, that preferentially binds
supercoiled and cruciform DNA /n vitro. DEK is primarily expressed in proliferating cells,
largely due to transcriptional regulation of DEK by the E2F family of transcription factors
and steroid hormone receptors (Carro et al 2006, Privette Vinnedge et al 2012). Therefore, it
is frequently over-expressed in solid tumors, especially melanoma (Khodadoust et al 2009,
Riveiro-Falkenbach et al 2017), breast cancer (Privette Vinnedge et al 2012, Privette
Vinnedge et al 2011), and human papilloma virus (HPV)-induced cancers including cervical
cancer (Liu et al 2012, Wise-Draper et al 2005, Wu et al 2008) and head and neck squamous
cell carcinomas (Adams et al 2015a, Adams et al 2015b). DEK can be localized
intracellularly and extracellularly. However, its tissue-specific expression and intracellular
function(s) in non-diseased tissue remain poorly defined.

Due to its unique nucleic acid-binding properties, DEK has been implicated in several
cellular processes, including DNA replication, DNA repair, chromatin remodeling,
transcription activation and repression, and mMRNA splicing (Riveiro-Falkenbach & Soengas
2010, Wise-Draper et al 2009a). The characterization of DEK as an oncogene is attributed to
its intracellular properties. For example, DEK localized within the nucleus is associated with
DNA repair, and its overexpression is anti-apoptotic, promotes cellular proliferation, and
prevents differentiation (Kappes et al 2008, Privette Vinnedge et al 2015, Wise-Draper et al
2006, Wise-Draper et al 2009b). In contrast, DEK deficiency induces DNA damage, likely
due to insufficient DNA repair, as well as cellular senescence, and apoptosis (Kavanaugh et
al 2011, Kim et al 2009). DEK is not only expressed intracellularly but also can be found
extracellularly in biofluids, such as synovial fluid. DEK is secreted by macrophages under
proinflammatory conditions where it can serve as a chemotactic molecule for neutrophils,
CD8+ T lymphocytes, and natural killer (NK) cells. Furthermore, /n7 vitro models using
macrophages and HelL a cells demonstrated that extracellular DEK can be taken in by
neighboring epithelial cells through a heparan sulfate-dependent process, and then
translocate back into the nucleus to perform its chromatin modifying functions (Saha et al
2013). High DEK levels in the extracellular space is associated with autoimmune disorders
including juvenile rheumatoid arthritis, due to the synthesis of auto-antibodies against DEK
(Mor-Vaknin et al 2011, Sierakowska et al 1993).
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The cellular proliferative effects of DEK in the periphery are mediated in part via the
transcription of Wnt ligands and subsequent activation of the canonical Wnt/B-catenin
signaling pathway (Privette Vinnedge et al 2015, Privette Vinnedge et al 2012). Accordingly,
DEK deficiency in cancer cells and mouse embryonic fibroblasts down-regulates the
canonical Wnt pathway, a critical molecular pathway for learning and memory. In the brain,
Whnt proteins are essential for proper maintenance and function of the hippocampal
formation (Fortress et al 2013). Specifically, the canonical Wnt/B-catenin pathway plays a
key role in synaptic plasticity and the formation of memories within the hippocampus and
the amygdala (Fortress & Frick 2016, Fortress et al 2013, Riise et al 2015). Although DEK
MRNA expression has been reported in the adult human brain, with greater expression in
malignant versus healthy brain tissue (Kroes et al 2000), the neuroanatomical distribution of
DEK protein in the murine adult brain has not been characterized. Given the association
between DEK in the periphery with the Wnt signaling pathway, and because DEK
deficiency gives rise to many of the cellular and molecular anomalies associated with
cognitive dysfunction (DNA damage, apoptosis, cellular senescence), the goal of this study
was to characterize DEK protein expression in brain regions associated with various forms
of learning and memory (medial prefrontal cortex, hippocampus, and amygdala).

DEK is an estrogen receptor responsive target gene (Privette Vinnedge et al 2012). As such,
we examined DEK expression in both adult male and female brains. Based on the
aforementioned findings, we hypothesized that DEK protein expression would be abundant
in corticolimbic structures regulating learning and memory and that DEK expression would
be higher in females relative to males. We report that DEK is ubiquitously expressed
throughout adult male and female murine brain and that DEK is co-expressed with neurons,
astrocytes, and microglia in the dentate gyrus. Indeed, we also note a sex difference in the
brain, with a higher number of DEK-positive cells in the CA1 region of the hippocampus of
adult female mice.

Experimental Procedures

RNA Sequencing

Animals

Previously reported RNA-Sequencing data was acquired from the NCBI Gene Expression
Omnibus Series accession number GSE70462. Briefly, the human head and neck squamous
cell carcinoma (HNSCC) cell line UM-SCC-1 was transduced with lentiviral pLKO.1 vector
with either nontargeting control ShRNA (NTsh) or DEK shRNA (DEK832; Sigma-Aldrich
Mission shRNA library). Following selection in puromycin, RNA was purified and analyzed
on an Illumina HiSeq2500 for single-end sequencing with 50 base pair reads (Adams et al
2015a).

Dek knockout mice—In order to determine antibody specificity, adult female Dek ~/~
knockout (KO) mice (n=6) and wild-type (WT) littermate controls (n=5) obtained from
Cincinnati Children’s Medical Hospital were used. Dek KO mice were generated by using a
targeting-construct containing 8.6 kb of genomic DNA with the /RES-LacZ-Neo selectable
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marker inserted into Nsil site in exon 6 (Broxmeyer et al 2012, Wise-Draper et al 2009a) and
were backcrossed into a C57BL/6 background.

DEK expression in corticolimbic circuits—Male (n=8) and female (n=8) 12-week old
C57BL/6 mice from Jackson Laboratories (Bar Harbor, ME) were used to determine DEK
expression in corticolimbic circuits associated with learning and memory.

DEK co-expression with neurons, astrocytes and microglia—A separate cohort of
animals male (n=8) and female (n=8) 12-week old C57BL/6 mice from Jackson
Laboratories (Bar Harbor, ME) were used to determine if DEK was expressed in neurons,
astrocytes, and microglia in the hippocampus. Because DEK is an estrogen receptor (ER) a
target gene (Privette Vinnedge et al 2012), the estrous phase of cycling mice was determined
at the end of the study using previously published methods (Becker et al., 2005).

All animals used in this study were placed on a reversed 12-h light/dark cycle (lights on at
1000 h) with ad /ibitum access to food (Purina rodent chow) and water. All procedures were
approved by the University of Cincinnati IACUC and Cincinnati Children’s Hospital
IACUC.

Tissue collection—Mice were deeply anesthetized with an overdose of sodium
pentobarbital and transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde in 0.1M sodium phosphate-buffered (PBS; pH 7.6). Brains were carefully
removed from the skull and post-fixed in 4% PFA in 0.1M PBS (pH 7.6) for 24 h at 4°C.
Brains were then incubated in 30% sucrose in 0.1M PBS and stored at 4°C. Brains were
sectioned in a one in six series on a freezing microtome (Leica; 35 pm thickness) and stored
in cryoprotectant solution (0.1M PBS, 1% wi/r polyvinylpyrrolidone (PVP) 30% v/v ethylene
glycol, 30% w/v sucrose) at —20°C until processing (Solomon et al 2015).

Immunohistochemistry—For DEK antibody specificity and characterization in brain,
coronal brain sections were incubated in 1% H,O5 for 10 min, rinsed with 0.1M PBS (pH
7.6), and blocked with 4% Normal Goat Serum (NGS)/0.4% Triton-X in 0.1M PBS for 1 h.
Sections were incubated overnight at room temperature with the primary anti-DEK antibody
(1:1000; Proteintech cat. #16448-1-AP) diluted in blocking solution. The next day brain
sections were rinsed in 0.1M PBS and then incubated for 1 h in goat-anti rabbit biotinylated
secondary (1:500; Vector Laboratories, Burlingame, CA). Sections were washed again in
0.1M PBS and then incubated in the Avidin Biotin Complex (ABC) elite kit (1:800; Vector
Laboratories, Burlingame, CA) for 1 h followed by 0.1M PBS washes. Finally, sections were
incubated in a solution of 3,3-diaminobenzidine tetrahydrochloride (DAB) tablets (10 mg/
tablet; Sigma-Aldrich, St. Louis, MO), and mounted in a 3% gelatin/0.1M PBS solution onto
ultrastick slides (Gold Seal, Portsmouth, NH). Sections were dehydrated with a graded
alcohol series of 50%, 70%, 95%, and 100% (2x) ethanol followed by xylene (2x) and
coverslipped with DPX mounting medium (Sigma-Aldrich, St. Louis, MO) (Solomon et al
2015).

Dual Immunofluorescence—Dual fluorescent immunolabeling was performed on
coronal brain sections labeled with primary antibodies raised against DEK and neuronal
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nuclei (NeuN), DEK and astrocytes (GFAP), or DEK and microglia (IBA-1). Sections were
incubated in 1% H,0, for 10 min, rinsed with 0.1M PBS, and blocked with 0.05 mol/L Tris-
HCL buffer containing 0.1% Tween, 0.015 mol/L sodium azide, and stabilizing proteins to
reduce background (Dako North America, Inc., cat. #53022, Carpinteria, CA) for 1hr prior
to incubation with rabbit polyclonal anti-DEK (1:1000; Proteintech cat. #16448-1-AP) and
mouse monoclonal anti-GFAP (1:200; Millipore, Billerica, MA) or mouse monoclonal anti-
NeuN (1:1600; Millipore, Billerica, MA) diluted in blocking solution (Dako diluent)
overnight at room temperature. The following day sections were rinsed 5 times in 0.1M PBS
followed by incubation in Cy3 donkey anti-mouse 1gG (1:500; Jackson ImmunoResearch,
West Grove, PA) and Cy5 goat anti-rabbit 1gG (1:500; Thermo Fisher Scientific, Rockford,
IL) for 1 h at room temperature. Sections were then rinsed in 0.1M PBS and mounted in a
3% gelatin/0.1M PBS solution onto Ultrastick slides (Gold Seal, Portsmouth, NH). Sections
were coverslipped with polyvinyl alcohol anti-fading medium with DABCO (Sigma-
Aldrich, St. Louis, MO). For DEK and microglia (IBA-1), sections were also incubated in
1% H,0, for 10 min, rinsed with 0.1M PBS, and blocked with Dako diluent for 1 h prior to
incubation with rabbit polyclonal anti-DEK overnight at room temperature. On day 2,
sections were rinsed 5 times in 0.1M PBS followed by incubation in Cy5 goat anti-rabbit
IgG (1:500) for 1 h at room temperature. Sections were rinsed again in 0.1M PBS, blocked
for 2 h in Dako diluent, and incubated overnight in IBA-1 (1:7000; Wako Chemicals,
Cambridge, MA) at room temperature. On day three, sections were rinsed in 0.1M PBS
followed by incubation in Alexa Fluor Plus 488 goat anti-rabbit 1gG (1:500; Thermo Fisher
Scientific, Rockford, IL) for 45 min h at room temperature. Sections were then rinsed in
0.1M PBS and mounted in a 3% gelatin/0.1M PBS solution onto Ultrastick slides (Gold
Seal, Portsmouth, NH). Sections were coverslipped with polyvinyl alcohol anti-fading
medium with DABCO (Sigma-Aldrich, St. Louis, MO).

Immunohistochemical Image Analyses—Targeted brain regions were selected
according to the nomenclature and nuclear boundaries of Paxinos and Franklin mouse brain
atlas 2" edition. DEK expression was assessed in the following regions: prelimbic cortex
(PrL), infralimbic cortex (IL), dorsal peduncular cortex (DP), medial amygdala (MeA),
central amygdala (CeA), basolateral amygdala (BLA), dorsal hippocampal formation (CAL,
CA2, CA3, dentate gyrus), ventral subiculum (VS), and entorhinal cortex (EC) (Fig. 1).
Images were captured at 5x, 10x, or 20x magnification with Carl Zeiss Imager Z.1 (Carl
Zeiss Microimaging, Thornwood, New York), exported into ImageJ software (National
Institutes of Health, Bethesda, Maryland) and counted using the thresholding technique.
Bilateral cell counts were quantified by two observers who were blind to group identify (i.e.,
sex or genotype). The interrater reliability for cell counts was 91.2%. For each brain region
of interest, unilateral counts from two to four bilateral sections were averaged together to
determine region-specific DEK expression for that animal. The final DEK-positive cell
counts was reported as the number of immunoreactive cells per unit area and expressed as
positive nuclei per unit area (mm”2) for each group.

Image Analysis for Co-Expression—After processing, dual stained sections were
analyzed using the Nikon confocal laser microscope system C2si+ (Nikon Instruments Inc.,
Melville, NY), equipped with epi-fluorescence attachment and filters. Images were captured
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and analyzed with NIS-Elements C imaging and AR analysis software. Excitation of FITC
labelling for the detection of Alexa Fluor Plus in microglia was done using the 488 nm diode
laser. For excitation of Cy5 (DEK) and Cy3 (NeuN or GFAP) fluorophores, a 640 hm and
543 nm diode laser was used, respectively. 5 x 5 large-stitched images taken with the
PlanApo A 40x objective were collected from 8-9 individual frames separated by a stepwise
depth of 1.0-1.2 pm in the z-axis per animal. The Landweber deconvolution method to
denoise and enhance contrast based on wavelet deconvolution was used on resulting 3D
image z stacks uniformly (Vonesch & Unser 2008). Using large-stitched image multichannel
thresholding in NIS-Elements AR analysis software, positive immunoreactive cells were
thresholded for each individual channel (e.g., Cy5, Cy3, or Alexa488) within brain regions
of interest. The merged image was then overlaid with the intersection of both single-channel
thresholds to define co-expressions (e.g., Alexa488 HAVING Cy5). DEK positive staining
was visualized using 640 nm wavelength but designated a pseudo green color for illustrative
purposes to enhance contrast with NeuN and GFAP in red, and designated a pseudo red
color for greater contrast with IBA-1 in green.

Statistical analyses

Results

Statistical analyses were performed using SPSS (version 20) statistical software. An
independent sample t-test or Mann Whitney U test was used to compare the final number of
DEK positive cells for each brain region between males and females. Data sets were checked
for normality using the Shapiro-Wilk normality test and homogeneity of variance with the
Levene’s test. When normal distribution and equal variances were met, the means between
groups were compared using an independent sample-t-test. The non-parametric Mann-
Whitney U test was used for data that were not normally distributed. Outliers were identified
and subsequently removed from statistically analyses using the Grubb’s test (Barnett &
Lewis, 1994). In additional to significance testing, Cohen’s d was calculated to express
effect sizes. The effect size represents the magnitude of the difference between groups.
Cohen’s d of .2=small, .5=medium, and .8=large effect sizes, respectively. For t-tests, data
are presented as means and standard error of the means and for Mann Whitney U analyses;
the data are presented as median with the range. Statistical significance was set at p<0.05

DEK deficiency is associated with cognitive-related diseases

Genes up-regulated by more than 2-fold were used for gene ontology analysis using
ToppGene to identify DEK loss associated diseases (Chen et al 2009). Consistent with
previous findings, inflammatory-related (black) and cancer-related (blue) genes were
identified (Table 1). Notably, these analyses also revealed a number of genes associated with
various cognitive related diseases (red). Of the cognitive related diseases, 73 genes were
associated with Alzheimer’s disease, presenile dementia (44 genes), dementia (35 genes),
senile plaques (25 genes), plaque amyloid (28 genes), age-related cognitive decline (5
genes), and severe dementia (5 genes).
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DEK distribution in corticolimbic circuits associated with learning and memory

Brain sections from Dek KO mice (n=6) and WT controls (n=5) were processed for DEK
immunohistochemistry to determine antibody specificity.. DEK immunoreactivity is robustly
expressed in the medial prefrontal cortex in WT controls (Fig. 2A), but absent in the Dek
KO mice (Fig. 2B). Figure 2C illustrates DEK immunoreactivity in the dorsal hippocampus
in WT mice; however, there is no DEK immunolabeling in the dorsal hippocampus in Dek
KO mice (Fig. 2D). Figures 2E and 2F capture DEK immunoreactivity in amgydalar
subdivisions in WT and Dek KO mice, respectively. DEK immunolabeling is prominently
expressed in the entorhinal cortex and ventral subiculum in WT mice (Fig. 2G), but
noticeably absent in the Dek KO mice (Fig. 2H). The robust difference in DEK expression
between the two genotypes indicates antibody specificity using this genetic control method.
Thus, the specificity of this antibody is validated by the lack of DEK immunolabeling in
Dek KO mice.

DEK positive cells were ubiquitously expressed throughout the brain in both males (n=8)
and females (n=8), albeit to varying degrees. In the present study, we quantified DEK
protein expression in predetermined corticolimbic regions of interest including the medial
prefrontal cortex, amygdala (basolateral, central, and medial), dorsal hippocampus (CA1,
CA2, CA3, and dentate gyrus), ventral subiculum, and entorhinal cortex.

Prefrontal Cortex

DEK was robustly expressed in female and male prelimbic and infralimbic cortices (Figs.
3A-3D) and the dorsal peduncular nucleus (Figs. 3E-3F). There was no sex difference in
DEK expression in the prelimbic [t(14)=1.97, p=0.06, d=.98, Fig. 3G], infralimbic
[t(14)=1.03, p>0.05, d=.52, Fig. 3H], or the dorsal peduncular nucleus [t(14)=1.78, p>0.05,
d=.89, Fig. 3I].

Amygdala

DEK was abundantly expressed in the medial and basolateral (Figs. 4A-4F) amygdala nuclei
in males and females. Prior to medial amygdala analyses, one male and one female were
removed as they were deemed outliers, which resulted in a final group size for males (n=7)
and females (n=7). A Mann-Whitney test indicated no sex difference in DEK expression in
the medial amygdala [U7 7 = 24.0, p>0.05; d=.20, Fig. 6G]. There was no sex difference in
DEK expression in the basolateral amygdala [t(14)=.95, p>0.05, d=.48], as shown in Fig.
4H. DEK was also abundantly expressed in the central amygdala (Figs. 5A-5D). Although
there was a slight trend, there was no sex difference in DEK expression in the central
amygdala [t(14)=2.3, p=0.06, d=.89]; as illustrated in Fig. 5E.

Hippocampus

One female was removed from the CA2, entorhinal cortex, and ventral subiculum analyses;
therefore the final group size for each of these brain regions was male (n=8) and female
(n=7). DEK was expressed in all regions of the hippocampal formation including the CA1,
CA2, and CA3 (stratum oriens (SO), stratum pyramidale (SP), stratum radiatum (SR)), all
layers in the dentate gyrus (DG) (molecular (ML), polymorph (PL), granular (GCL) and
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subgranular (SGZ) zones), and ventral subiculum. DEK was moderately expressed in the
CALl and CA2 subdivisions in females and males (Figs.6A—6F).

A Mann-Whitney test indicated that the number of DEK-positive cells in the CA1 was
greater for females than for males [Ug g = 13.0, p= .04, d=1.39; Fig. 6G]. However, there
was no significant sex difference in DEK expression in the CA2 [t(13)=1.59, d=.83, p>0.05];
refer to Fig 6H. A representative immunohistochemical image of DEK expression in the
CA3 and DG in females and males is illustrated in Figures 7A—7F. There was no sex
difference in DEK expression in the CA3 [t(14)= 0.16, p>0.05, d=0.1, Fig. 7G] or in the DG
[t(14)=0.08, p>0.05, d=0.04, Fig. 7H]. Figures 8A-8F illustrate DEK immunoreactivity in
the entorhinal cortex and ventral subiculum in the female and male brains. There was no sex
difference in DEK expression in the ventral subiculum [t(13)=0.98, p>0.05, d=.67, Fig. 8G]
or entorhinal cortex [t(13)=1.26, p>0.05, d=.51, Fig 8H].

Hippocampal DEK co-expression with neuronal, astrocytic and microglial markers

The goal of this experiment was to assess the percentages of DEK positive cells in the CAl
and DG subregions of the dorsal hippocampus that express the markers for neurons,
astrocytes, or microglia with dual label immunohistochemistry. Given that DEK is highly
expressed in proliferating cells, its expression in major cell types in the dentate gyrus, as a
substantial site for neurogenesis throughout the lifespan was assessed (Zhao et al., 2008). In
addition, because there was a sex difference in DEK expression in the CA1, DEK expression
in major cell types in this sub-region was assessed as well. Approximately 25% and 15% of
DEK cells were co-expressed with the neuronal marker NeuN in the CA1 in females and
males, respectively. There was no sex difference in the percentage of DEK-NeuN co-
expression in the CA1 [t(14)=1.45, p>0.05, d=.72]. Consistent with the CA1, there was no
sex difference in the percentage of DEK expression in neurons [t(14) = 1.44, p>0.05, d=.72]
in the DG. However, there was a greater percentage of co-expression with DEK and NeuN in
this area in both males (69%) and females (89%). Approximately 10% of DEK expressing
cells in the CA1 were in apposition to astrocytes in both males and females; as such, there is
no sex difference in the percentage of co-expression [t(14)=.0.63, d=0.05, p>0.05]. Only 2%
of DEK expressing cells in this region co-express with GFAP in females and males; hence,
there is no sex difference in the percentage of this co-expression [t(14)= 0.09, d=.32,
p>0.05]. There is no sex difference in the percentage of DEK and IBA-1 co-expression
[t(14)=0.19, d=0.52, p>0.05] in the CA1, with both males and females having about 20% co-
expression in this hippocampal subdivision. Similar to the other markers, there is no sex
difference in the percentage of co-expression with DEK and IBA-1 [t(14)=1.04, d=0.08,
p>0.05]. Both females (59%) and males (64%) had a large percentage of DEK co-expression
with IBA-1 in the DG (data not shown).

Discussion

Gene ontology analyses of human head and neck cancer (HNSCC) cells identified
Alzheimer’s and other cognitive-related diseases as candidate DEK-loss associated diseases,
suggesting DEK may be critical for learning and memory. Based on the information
gathered from the ToppGene gene ontology analyses, we examined DEK protein expression
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in cognitive relevant brain regions in the adult murine brain, including the prefrontal cortex,
amygdala, and hippocampus. Furthermore, because DEK is an ERa responsive target gene
(Privette Vinnedge et al 2012), we examined its expression in adult male and female murine
brain.

Of the targeted regions, the CA1 region of the dorsal hippocampus was the only brain region
with significantly higher DEK immunolabeling in females relative to males. Whether this
sex difference in DEK expression is biologically significant or due to organizational or
activational effects of gonadal hormones remains to be determined as we utilized randomly
cycling females for the immunohistochemical analyses. Expression of various markers for
synaptic or morphological plasticity within the CA1 region is sensitive to gonadal hormones
(Parducz et al 2006, Shors et al 2004). Although we did not control for the estrous cycle, per
se, knowing the stage of the estrous cycle at the time of termination in the second
experiment allowed us to briefly assess any variability in DEK expression that may be due to
fluctuations in gonadal hormones. Upon close inspection of the data, the variability in final
cell counts for DEK, as well as other markers (i.e., neurons, astrocytes and microglia) across
brain regions was not limited to sex. In some instances, males had similar, lower, or more
variability in cell counts relative to females suggesting that any potential variability between
the two is not solely due to the activational effects of gonadal hormones. However, future
studies should delve further into a potential role for gonadal hormones to regulate DEK
expression and function in the brain in both males and females.

DEK expression was most prominent in the dentate gyrus. This is noteworthy because the
dentate gyrus is one of two sites in the adult central nervous system (CNS) where
neurogenesis occurs (Drew et al 2013). /n7 vitro studies indicate that Wnt/p-catenin signaling
is necessary and sufficient for adult hippocampal neurogenesis (Lie et al 2005). Cultured
hippocampal progenitors express Wnt ligands and receptors, that when co-cultured with
astrocytes, respond to astrocyte-derived Wnits, inducing differentiation of these progenitors
into neurons (Lie et al 2005, Wexler et al 2009). In the periphery, the cellular proliferative
effects of DEK are in part mediated via the canonical Wnt/B-catenin signaling pathway
(Privette Vinnedge et al 2015). Given the critical role of hippocampal Wnt signaling in
learning and memory, future studies will explore the cellular and behavioral consequences of
the interaction between DEK and Wnt/B-catenin signaling in this region. Since cellular
proliferation in the brain is restricted to areas such as the hippocampus, we wanted to
determine which cell types within this region express DEK. Here, we report that DEK is
prominently expressed in neurons and microglia in the dentate gyrus and moderately (20%)
expressed in these cell types in the CA1. Although, we did not find a high percentage of co-
expression between DEK and GFAP in these targeted areas, this finding does not imply that
the relatively low co-expression between these two markers is not meaningful or that there
will not be higher percentages of co-expression in other hippocampal subdivisions (i.e.,
hilus) or other brain regions. At present, the functional role for DEK within these cellular
types in the CNS has not been established. These findings do however suggest that DEK
may interact with either of these cell types in the hippocampus to modulate cellular,
physiological, or behavioral processes (cognition). Here, we describe DEK co-expression
with neuronal, astrocytic, and microglial markers in the brain of healthy young adult female
and male mice. Because of the prominent role of DEK in cancer and autoimmune diseases, it
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is likely that its expression alone, co-expression with the aforementioned markers, and
perhaps overall function in the CNS may differ under other circumstances (e.g., aging,
obesity, Alzheimer’s disease). Examining how this protein functions in a healthy and
diseased brain is critical towards understanding its function in the CNS.

DEK is expressed in most human tissues (Sanden et al 2014) and plays a role in both
transcriptional activation and gene transrepression (Campillos et al 2003, Sammons et al
2006). However, we are still in the infancy stage of understanding its defined role in gene
regulation. To date, the only factors known to directly modulate DEK transcription are
E2F-1, YY-1, NF-Y and estrogen receptor (ER)a (Carro et al 2006, Privette Vinnedge et al
2012, Sitwala et al 2002). Consistent with DEK overexpression in tumors or proliferating
cells, these factors are also expressed at higher rates in cancer (Privette Vinnedge et al 2011)
and are associated with either cellular or behavioral indices of learning and memory (Aubry
et al 2015, Bean et al 2014, Gurtner et al 2010, Rossner et al 2006, Ting et al 2014, Vierk et
al 2014). While DEK is known for its role in cancer and autoimmune diseases (Matrka et al
2015, Mor-Vaknin et al 2011, Pease et al 2015), its function in the CNS has not been
described. DEK mRNA expression has been reported in mouse (http://www.brain-map.org/)
and human brains (Kroes et al 2000), but to our knowledge, no studies have investigated
protein expression nor neuroanatomical distribution in distinct brain regions. In the human
adult brain, DEK mRNA expression is more heavily expressed in malignant brain tumors
relative to normal controls (Kroes et al 2000), consistent with the reported increase of DEK
expression in various cancers including breast (Privette Vinnedge et al 2015), bladder (Datta
et al 2011) and gastric (Piao et al 2014). DEK mRNA is also expressed throughout the brain
in adolescent (PND56) male mice, which is consistent with our observations in adult mice.
Herein, we report that DEK protein is abundantly expressed in healthy adult murine brains
in regions associated with learning, memory, and neurogenesis.

To our knowledge, we are the first to characterize and quantify DEK protein expression in
the adult male and female murine brain in corticolimbic structures related to various forms
of learning and memory including the medial prefrontal cortex, amygdala, and
hippocampus. The assertion that DEK may be a player in cognition is plausible, given our
ToppGene analyses revealing many genes related to cognitive dysfunction due to DEK
deficiency and subsequent detection of its expression in brain regions associated with
learning and memory. Although this is the first study to suggest an association between the
DEK oncogene and cognitive dysfunction, the link between cancer and Alzheimer’s disease
has been proposed. In short, epidemiological data suggests an inverse transcriptional profile
between cancer and neurodegenerative diseases, like Alzheimer’s (Driver et al 2015, Lanni
et al 2012, McShea et al 2007, Pavlides et al 2010, Raina et al 2000, Zhu et al 2000). For
example, cancer is associated with increased cellular proliferation (Stopper et al 2003),
decreased apoptosis (Gerl & Vaux 2005), up-regulation of the canonical Wnt-pathway
(Segditsas & Tomlinson 2006, Zhan et al 2017), while Alzheimer’s disease is associated
with DNA damage (Coppede & Migliore 2009, Lovell & Markesbery 2007), decreased
neurogenesis (Demars et al 2010), apoptosis (Smale et al 1995), and down-regulation of the
canonical Wnt-pathway (Riise et al 2015). DEK deficiency /n vitro or in the periphery
induces cellular and molecular anomalies commonly observed in neurodegenerative diseases
including DNA damage, cellular senescence, decreased cellular proliferation, and down-
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regulation of the canonical Wnt-pathway (Kavanaugh et al 2011, Matrka et al 2015, Saha et
al 2013, Tabbert et al 2006). In this same vein, DEK expression facilitates DNA repair, is
anti-apoptotic (through p53 dependent and independent mechanisms), promotes cellular
proliferation, and prevents differentiation (Wise-Draper et al 2006, Wise-Draper et al
2009b). Taken together, this suggests that intracellular DEK may have a protective effect
against some of the cellular and molecular signatures often observed in neurodegenerative
diseases.

Conclusions and Limitations

Given the existing data regarding the role of DEK in the periphery on cellular and molecular
pathways associated with learning and memory, we hypothesized that DEK may function as
a novel player in cognition. Indeed, our findings illustrate prominent DEK expression in the
cognition-related brain regions including the medial prefrontal cortex, amygdala, and
hippocampus. Because DEK was prominently expressed in major cell types (i.e., neurons,
microglia) in the dentate gyrus and CA1, this postulate is not out of the realm of possibility.
We acknowledge that the data presented herein are correlative in nature and that simply
describing the neuroanatomical distribution of DEK in these targeted brain regions does not
indicate a functional significance in learning and memory. In addition, we also recognize
that the noted cellular and molecular phenotypes in the periphery that occur with DEK
depletion or overexpression may not translate to the CNS. Further, we note that the
identified cognition-related phenotype that emerged from our ToppGene analysis was due to
DEK deficiency in diseased cells (i.e., HNSCC). As such, this same phenotype may not
occur in healthy cells. However, based on the findings from the present study, we propose
that future studies should explore the necessity and sufficiency of DEK in learning and
memory.
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CA cornu ammonis

CeA central amygdaloid complex
CNS central nervous system

DG dentate gyrus
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GCL granule cell layer
IL infralimbic cortex
MeA medial amygdaloid complex
ML molecular layer
mPFC medial prefrontal cortex
PL polymorphic layer
PrL prelimbic cortex
SGZ subgranular zone
SL stratum lacunosum moleculare
SO stratum oriens
SP stratum pyramidale
SR stratum radiatum
VS ventral subiculum
shRNA short-hairpin RNA
HNSCC human head and neck squamous cell carcinoma
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Highlights

Gene ontology analyses reveal for the first time that DEK deficiency is
associated with cognitive-related diseases

DEK is robustly expressed throughout adult male and female murine brain

DEK immunoreactivity is greater in the CA1 region of hippocampus in adult
females compared with adult males

DEK is co-expressed with neurons, astrocytes, and microglia in the
hippocampus
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Schematics of brain regions analyzed for DEK-positive immunolabeling. Abbreviations:
prelimbic cortex (PrL), infralimbic cortex (IL), dorsal peduncular cortex (DP), medial
amygdala (MeA), central amygdala (CeA), basolateral amygdala (BLA), hippocampal
formation, dentate gyrus (DG) cornu ammonis (CA1, CA2, CA3), entorhinal cortex (Ent),

and ventral subiculum (VS).
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Figure 2.

DEK immunolabeling in adult wild-type (A, C, E, G) and Dek KO (B, D, F, H) mice in the
medial prefrontal cortex (A and B), dorsal hippocampus (C and D), amygdala (E and F)
and entorhinal cortex and ventral subiculum (G and H). Wild-type (n=5) and DeK KO
(n=6). Scale bars = 100 pm.
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Figure 3.
Representative photomicrograph of DEK immunoreactivity in the prelimbic cortex (PrL),

infralimbic cortex (IL), and dorsal peduncular nucleus in adult (A) female and (B) male
c57BL/6 mice at 5x magnification. DEK immunoreactivity in the PrL/IL and DP in a female
(C and E) and male mouse (D and F) at 10x magnification, respectively. There is no sex
difference in DEK expression in any subdivision of the medial prefrontal cortex (G-I). Data
are expressed as individual data plots with the mean as a superimposed horizontal line with
the standard error of the mean. Scale bars = 100 um (A and B) and 50 um (C-F). For all
brain regions, females (n=8) and males (n=8).
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Figure 4.
Representative photomicrograph of DEK immunoreactivity for amygdalar subdivisions

including the basolateral amygdala (BLA), central amygdala (CeA) and medial amygdala
(MeA) in adult (A) female and male (B) c57BL/6 mice at 5x magnification. DEK
immunoreactivity in the MeA and BLA in a female (C and E) and male (D and F) mouse at
10x magnification, respectively. There is no sex difference in DEK expression in the MeA
(G) or in the BLA (H). ot= optic tract. Data are expressed as individual data plots with the
mean as a superimposed horizontal line with the standard error of the mean. Scale bars =
100 pm (A and B) and 50 pm (C-F). Medial amygdala; males (n=7) and females (n=7) and
for basolateral amygdala; females (n=8) and males (n=8).
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Figure 5.
DEK immunoreactivity in the CeA of an adult female (A and C) and male (B and D)

c57BL/6 mouse. (E) There is no sex difference in DEK expression in the CeA. Data are
expressed as individual data plots with the mean as a superimposed horizontal line with the
standard error of the mean. Scale bars = 100 um (A and B) and 50 um (C and D). Females
(n=8) and males (n=8).
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Figure 6.
Representative photomicrograph of DEK immunoreactivity in the cornu ammonis CAL,

CA2, CA3, and dentate gyrus (DG) divisions of the dorsal hippocampus in adult female
and (B) male ¢57BL/6 mice at 5x magnification. DEK immunoreactivity in the CA1 and
CA2 of a female (C and E) and male (D and F) mouse at 10x magnification, respectivel
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(A)

V.

Females have significantly higher DEK expression in the CA1 relative to males (G). There is
no sex difference in DEK expression in CA2 (H). Stratum oriens (SO), stratum pyramidale
(SP), stratum radiatum layer (SR), and stratum lacunosum moleculare (SL). Data for CA1l

are expressed as individual data plots with the median as a superimposed horizontal line

with the range; while the CA2 data are expressed as individual data plots with the mean as a
superimposed horizontal line with the standard error of the mean. Scale bars = 100 pm (A
and B) and 50 pm (C and D), and * is p <.05. Females; CAl (n=8) CA2 (n=7) and males

(n=8) for CAl and CA2.
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Figure 7.
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Representative photomicrograph of DEK immunoreactivity in the cornu ammonis CAL,
CA2,CA3, and dentate gyrus (DG) divisions of the dorsal hippocampus in adult female (A)
and (B) male ¢57BL/6 mice at 5x magnification. DEK immunoreactivity in the CA3 and DG
in a female (C and D) and male (D and F) mouse at 10 x magnification, respectively. There
is no sex difference in DEK expression in CA3 (G) or DG (H). Stratum oriens (SO), stratum
pyramidale (SP), stratum radiatum layer (SR), stratum lacunosum moleculare (SL),
molecular layer (ML) granule cell layer (GCL), polymorph (PL) and subgranular zones
(SGZ). Data are expressed as individual data plots with the mean as a superimposed
horizontal line with the standard error of the mean. Scale bars = 100 pm (A and B) and 50

um (C and D). Females (n=8) and males (n=8).
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Figure 8.
Representative photomicrograph of DEK immunoreactivity in the ventral subiculum (VS)

and entorhinal cortex (ENT) for adult female (A) and (B) male c57BL/6 mice at 5x
magnification. DEK immunoreactivity in the VS and ENT in a female (C and E) and male
(D and F) mouse, respectively. There is no sex difference in DEK expression in VS (G) or
ENT (H). Data are expressed as individual data plots with the mean as a superimposed
horizontal line with the standard error of the mean. Scale bars = 100 ym for (A and B) and
50 pm (C-F). Females (n=7) and males (n=8).
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Diseases associated with DEK loss of function

Table 1

Disease p value

Genes from dataset

Genes in Annotation

3.006E-15
6.994E-13
2.103E-12
Rheumatoid Arthritis 6.098E-11
Arthritis 8.077E-11

Degenerative polyarthritis 2.151E-10
Colon Carcinoma 3.930E-10
5.550E-7
6.055E-7
7.558E-7
1.328E-6

Autoimmune Diseases 5.045E-6
8.771E-6
Inflammation 9.70E-06
1.785E-5
1.941E-5
3.73E-05
4.06E-05
5.032E-4
3.536E-4

191
186
214
114
53
74
147
28
25
35
44
61

17
56
73
60

1587
1621
1969
1541
496
75
1851
251
206
331
298
757

110
456
937
772
10
11

Gene ontology analysis (partial list) of diseases associated with DEK loss of function in UMSCC1 HNSCC cell line. Diseases marked in blue
(cancer-related) and black (inflammatory) are known DEK associated diseases. Cognitive-related diseases in red are for the first time associated

with DEK loss of function. RNA-Seq previously published in (Adams et al 2015a).
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