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Abstract

Overexpression of the Dual-specificity Tyrosine Phosphorylation-Regulated Kinase

1A (DYRK1A) gene contributes to the retardation, craniofacial anomalies, cognitive
impairment, and learning and memory deficits associated with Down Syndrome (DS).
DCAF7/HAN11/WDR68 (hereafter WDR68) binds DYRK1A and is required for craniofacial
development. Accumulating evidence suggests DYRK1A-WDR68 complexes enable proper
growth and patterning of multiple organ systems and suppress inappropriate cell growth/
transformation by regulating the balance between proliferation and differentiation in multiple
cellular contexts. Here we report, using engineered mouse C2C12 and human HelLa cell
lines, that WDR68 is required for normal levels of DYRK1A. However, Wdr68 does not
significantly regulate Dyrk1a mRNA expression levels and proteasome inhibition did

not restore DYRK1A in cells lacking Wdr68 (Awdr68 cells). Overexpression of WDR68
increased DYRK1A levels while overexpression of DYRK1A had no effect on WDR68 levels.
We further report that WDR68 is similarly required for normal levels of the closely related
DYRK1B kinase and that both DYRK1A and DYRK1B are essential for the transition from
proliferation to differentiation in C2C12 cells. These findings reveal an additional role of
WDR68 in DYRK1A-WDR68 and DYRK1B-WDR68 complexes.

Introduction

Birth defects are among the leading causes of infant mortality. Cleft lip with or without cleft
palate (CL/P) affects 1 in 589 births [1]. Many craniofacial syndromes are caused by defects in
signaling pathways. For example, the DCAF7/HAN11/WDRG68 (hereafter WDR68) gene is
linked to CL/P [2] and required for Endothelin-1 (EDN1) signaling [3]. Defects in EDN1 sig-
naling cause Auriculocondylar syndrome [4-6]. Down Syndrome (DS) affects 1 in 691 births
[1]. Overexpression of the Dual-specificity Tyrosine Phosphorylation-Regulated Kinase 1A
(DYRK1A) gene contributes to the retardation, cognitive impairment, and learning and mem-
ory deficits associated with DS [7-10]. Conversely, human DYRKIA haploinsufficiency causes
microcephaly [11-13]. In mice, Dyrkla knock-out embryos are severely reduced by E9.5 and
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die by E11.5 [14]. WDR68 binds DYRKI1A [3, 15, 16], and this interaction is important for
substrate recruitment [17]. WDR68 can also regulate the activity of certain kinases [18], and
the interaction between WDR68 and DYRK1A is subject to regulation [19]. Nonetheless, how
WDR68 binding impacts partner kinase functions remains incomplete.

WD40 repeat domain-containing proteins function as scaffolding elements for the assem-
bly of multi-subunit protein complexes [20]. Originally identified in plants for a role in antho-
cyanin biosynthesis [21], WDR68 is a 342 amino acid length protein composed of five WD40
repeats that modeling suggests forms a seven-blade §3-propeller structure [22]. In zebrafish,
Wdr68 is important for embryonic development of the upper and lower jaws [3, 23-25].
WDR68 has also been identified as a DDB1 and CUL4-associated factor (DCAF), thus impli-
cating it in the ubiquitin-mediated regulation of protein stability [26]. WDR68 binds and
mediates the ubiquitin-dependent destruction of DNA Ligase I [27].

DYRKIA is an important regulator of the balance between cell proliferation and differenti-
ation (reviewed in [28-32]). In Drosophila, the DYRKIA ortholog minibrain is important for
proper size of the central brain hemispheres [33]. In mice, Dyrkla haploinsufficiency likewise
yields smaller pups with reduced brain size [14]. DYRK1A levels are dynamic in the brain and
it shuttles between cytoplasmic and nuclear compartments across key developmental transi-
tions [34-36]. DYRK1A enables the acquisition of competence for neuronal differentiation
[37]. DYRK1A promotes cell cycle exit and quiescence by facilitating DREAM complex assem-
bly via phosphorylation of LIN52 [38, 39]. Likewise, DYRK1A overexpression can inhibit cell
proliferation and induce premature neuronal differentiation by phosphorylating p27**P* and
CYCLIN D1 [40]. DYRK1A also functions as a nuclear transcriptional co-activator via phos-
phorylation of the RNApII-CTD [41], and recruitment of histone acetyl transferases [42], to
regulate a variety of genes implicated in cell cycle control.

The DYRK1A-WDR68 complex was first identified by biochemical purification of an
approximately 138kD complex capable of phosphorylating GSK3 [15]. The DYRK1A-WDR68
complex is largely found within the cell nucleus [3, 16, 18, 25]. This nuclear localization is
driven by an NLS in DYRKI1A that is nearby, but distinct from, the WDR68 binding site in
DYRKI1A. Notably, the WDR68 binding site is highly conserved across DYRK1A orthologs
ranging from yeast to mammals [17]. In adenovirus and HPV infection models, WDR68 facili-
tates substrate recruitment to DYRK1A [17] to suppress cell growth and transformation via
phosphorylation of the E1A and E6 proteins, respectively [43-46]. In Drosophila, the genes
orthologous to Dyrkla (minibrain) and Wdr68 (wings apart) similarly interact to phosphory-
late and inhibit the transcriptional repressor capicua thereby enabling proper growth and pat-
terning of several organ systems [47, 48].

Together these previous findings support a model in which a DYRK1A-WDR68 complex
regulates the balance between proliferation and differentiation in multiple contexts ranging
from embryonic to adult life stages. Here we report further refinements to the model of DYR-
K1A-WDR68 interaction. Specifically, we found that WDR®68 is required for normal DYRK1A
protein levels in both mouse and human cells, that Wdr68 does not regulate Dyrkla mRNA
expression or stability, and that proteasome inhibition does not restore DYRK1A levels in cells
lacking WDR68 (Awdr68 cells). We also report that the requirement of WDR68 for DYRK1A
is unidirectional because the level of WDR68 is not affected in cells lacking DYRK1A (Adyrkla
cells). Consistently, we report that overexpression of WDR68 increases DYRK1A levels while
overexpression of DYRK1A had no effect on WDR68 levels. Furthermore, we report that
WDR68 is similarly required for normal levels of the closely related DYRK1B kinase and that
both DYRK1A and DYRKIB are essential for the transition from proliferation to differentia-
tion in C2C12 cells. These new findings improve our models of DYRK1A-WDR68 and
DYRK1B-WDR68 complex function while extending prior observations on DYRK1A and
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DYRKIB as critical regulators of the balance between cell proliferation and differentiation.
The fact that WDR68 protein level directly correlates with the level of DYRK1A suggests that
manipulating the levels of WDR68 could be explored as a potential new avenue for treating
DS.

Materials and methods
Chemicals and reagents

C2C12 cells and HeLa cells were obtained from the ATCC and cultured in growth medium
(GM) (DMEM (100013CV, Corning); 15% FBS (35015CV, Corning); 4.8 mM L-glutamine
(1680149, MP Biomedicals); 100pug/mL pen/strep (SV30010, GE Healthcare)). Cells were pas-
saged using 0.25% Trypsin, 2.21mM EDTA, 1X (25-053-CI, Corning) and Phosphate Buffered
Saline 1X (PBS) (MT1040CM, Corning). Reagents used for protein extracts and western blots
were Halt Protease Inhibitor Cocktail 100X (PIC) (1860932, Thermo Fisher Scientific), Pierce
BCA Protein Assay Kit (23227, Thermo Fisher Scientific), PVDF membrane (88518, Thermo
Fisher Scientific), Novex WedgeWell 8-16% Tris-Glycine Gel (XP08162BOX, Thermo Fisher
Scientific), Amersham ECL Western Blotting Analysis System (RPN2108, GE healthcare),
N-Ethylmaleimide (NEM) (128-53-0, Thermo Fisher Scientific), HEPES (7365-45-9, Thermo
Fisher Scientific), DL-1, 4-Dithiothreitol (DTT) (3483-12-3, Thermo Fisher Scientific), CaCl,
(10035-04-8, Fisher Scientific), Calpain-Glo Protease Assay (G8501, Promega). Antibodies
used were anti-WDR68 (HPA022948, Sigma-Aldrich), anti-DYRK1A (87658, Cell Signaling),
anti-DYRKI1B (56725, Cell Signaling), anti-Myogenin (sc-52903, Santa Cruz Biotechnology),
anti-Ubiquitin (3933s, Cell Signaling), anti-B-tubulin (sc-55529, Santa Cruz Biotechnology
Inc.), goat anti-mouse IgG-HRP (sc-2005, Santa Cruz Biotechnology Inc.), anti-rabbit IgG,
HRP-linked whole antibody (from donkey) (NA934, GE Healthcare). Drugs used were G418
(ant-gn-1, InvivoGen), puromycin (P9620, Sigma-Aldrich), LLNL (A6185, Sigma-Aldrich),
Epoxomicin (A2606, ApexBio), MG132 (133407-82-6, Cayman Chemical), Chloroquine
Diphosphate (CQ) (50-63-5, Thermo Fisher Scientific).

Western blots, drug treatments, and immunofluorescence

Western blots were performed as previously described [23, 25]. Briefly, cell extracts were made
from 10cm or 6-well plates of cells in GM or Differentiation Medium (DM) (DMEM; 2%
Horse serum; 100ug/mL pen/strep). HeLa cell extracts were made from 10cm plates or 6-well
plates of cells in GM. Cells were rinsed twice with ice-cold PBS, and then incubated with ice-
cold RIPA buffer (50mM tris-HCI, 150mM NaCl, 1% Igepal-CA630, 0.5% Na Deoxycholate,
0.1% SDS, 1x PIC) for 5 minutes at 4°C. Cells were then scraped from the plate, shake for 15
minutes at 4°C, centrifuged at 10,000xg for 10 minutes at 4°C and supernatants quantified by
BCA assay prior to being subjected to western blot analysis as follows. 20ug of each protein
samples with SDS-PAGE loading buffer were boiled for 5 minutes at 95°C, ran on 8-16%
SDS-PAGE gels, and then transferred onto PVDF membrane. The PVDF membrane was
blocked 1 hour at room temperature with 5% non-fat dry milk in TBST (1X TBS+0.1%
Tween-20) with 0.01% NaNj. The following day the blocking buffer was removed and blocked
primary antibody was added. The membrane was then rinsed three times for 15 minutes with
TBST and then secondary antibody was added. After 2 hours, the membrane was rinsed three
times for 15 minutes with TBST and imaged by Versadoc (Bio-Rad).

Images of western blots were quantified using Image] for bands of interest and then plotted
for quantitative analysis in Microsoft Excel. Mean values and standard deviations for each pro-
tein were calculated from at least three biological replicates. Significance was calculated by by
one-way ANOVA and post-hoc Tukey HSD with p<0.05 as the threshold for significance.
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For drug treatments, cells were exposed to DMSO vehicle, 50uM LLNL for 6 hours, 50uM
epoxomicin for 6 hours, 50uM MG132 for 8 hours, or 12.5 uM CQ for 8 hours and then har-
vested for extracts in RIPA supplemented with 1% NEM and ImM EDTA.

For calpain activity assay after LLNL treatment, cells were harvested for extracts in RIPA
(without PIC) supplemented with 1% NEM and 1mM EDTA. Extracts were activated by
10mM HEPES, 10mM DTT, 10mM EDTA, and 2mM CaCl,, and then mixed with Calpain-
Glo bulffer, luciferin detection reagent, and Suc-LLVY-Glo substrate from Calpain-Glo Prote-
ase Assay according to the manufacturer’s protocol. The luminescence was read by a micro-
plate luminometer. Immunoflourescence was performed as previously described [25].

Isolation of CRISPR/Cas9-mediated gene disruptions

The C2C12 NT1 and Awdr68 cells were previously described [23]. Additional sublines were
generated as previously described [23, 49]. Briefly, pLentiCRISPRv2-mdyrklal was generated
by annealing the oligonucleotides CRISPR-mdyrkla-1f: 5/ ~-CACCGTTGCGCAAACTTTCG
TGTT-3’ and CRISPR-mdyrkla-1r: 5/ ~AAACAACACGAAAGTTTGCGCAAC-3’ . pLenti-
CRISPRv2-mdyrkla2 was generated by annealing the oligonucleotides CRISPR-mdyrk1la-2f:
57— CACCGATCTTGATTGCACTCCGTTT-3’ and CRISPR-mdyrkla-2r: 5/ = AAACAARA
CGGAGTGCAATCAAGATC-3". pLentiCRISPRv2-mdyrk1bl was generated by annealing the
oligonucleotides CRISPR-mdyrk1b-1f: 5’ ~CACCGTGTTGCGGAGGAGGTCGTAC-3" and
CRISPR-mdyrklb-1r: 5/ ~-AAACGTACGACCTCCTCCGCAACAC-3" . pLentiCRISPRv2-
mdyrk1b2 was generated by annealing the oligonucleotides CRISPR-mdyrk1b-2f: 5’ ~CACCG
GAACATGAAGTGCCGCTTA-3’ and CRISPR-mdyrklb-2r: 5-AAACTAAGCGGCACTTCAT
GTTCC-3". pLentiCRISPRv2-dcaf7-1 was generated by annealing the oligonucleotides
CRISPR-dcaf7-1f: 5/ = CACCGCGGTGACTATCTCCGTGTG-3’ and CRISPR-dcaf7-1r: 5" -
AAACCACACGGAGATAGTCACCGC-3’ . pLentiCRISPRv2-dcaf7-2 was generated by anneal-
ing the oligonucleotides CRISPR-dcaf7-2f: 5 - CACCGGTGGGGTATGGGTGGTCAA-3' and
CRISPR-dcaf7-2r: 5’ -~ AAACTTGACCACCCATACCCCACC-3". Annealed oligonucleotides
were then ligated into the BsmBI-digested pLentiCRISPRv2 vector fragment, transformed into
Stbl3 competent cells, clones isolated and verified by DNA sequencing. Lentiviral particles
were generated by co-transfecting 293T cells with the virus packaging plasmids psPAX2 and
pCMV-VSV-G along with the various pLentiCRISPR derivatives. Cells were then transduced
with cleared virus-containing supernatant in appropriate growth medium, followed by puro-
mycin selection, subclone isolation by serial dilution, screening by Western blot, mutant allele
cloning, and DNA sequencing. Cell lines are available upon request.

Isolation of siRNA knockdown subline

Transduction of C2C12 cells with Wdr68-siRNA constructs was previously described [25].
Subclones were isolated by serial dilution under puromycin selection and then screened by
anti-WDR68 Western blot to identify subline siWdr68-4650-1. Cell lines are available upon
request.

Transient transfections and reporter assays

The pG5D1AISLAND-LUC (D1A) plasmid was previously described [41]. The luciferase and
SV-40 Renilla plasmids were co-transfected into cells using X-tremeGENE HP DNA Transfec-
tion Reagent (6366244001, Sigma-Aldrich) per the manufacturer‘s recommendations. DNA-
lipid complexes were replaced with fresh medium 16 hours later. After an additional 8 hours,
cell extracts were harvested for luminometer measurements using the Dual-luciferase reporter
(DLR) assay kit reagents (E1910, Promega). Four independent biological replicates of the
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transient transfection, each containing three technical replicates, were analyzed. Data were
analyzed by one-way ANOVA and post-hoc Tukey HSD with p<0.05 as the threshold for
significance.

For western blots, cells were transiently transfected with pEGFPC2, pEGFPC2-Wdr68 [25]
or pEGFP-Dyrkla [50] for 24hrs, medium refreshed for 24hrs, and then harvested for extracts.

Reverse transcription qPCR

RNA was isolated from cells using TRIzol Reagent following manufacturer recommendations
(15596026, Invitrogen). First-Strand cDNA synthesis was done according to manufacturer
instructions using SuperScript II Reverse Transcriptase (18064014, Thermo Fisher Scientific)
and oligo-dT primer. 2uL of cDNA was used as template in PCR reactions using the following
primers: mWdr68-f2: 5/ ~ACCTCCGCCATCTGGAACATAGCAC-3’ and mWdr68-r2: 5’ -
ACGTGAGGTGCCACCAACACTACAC-3"; mDyrklA-f3: 5/ ~-GTGGATCCTCGGGAACGAGT~
37 and mDyrkla-r3: 5 ~CGGTTACCCAAGGCTTGCTG-3’; mDyrklb-f4: 5’ ~CTACGGCTG
TTGGAGCTGATGAA-3’ and mDyrklb-r4: 5 ~-TGGTCCACCTCATTAGAGCCACT-3";
reference gene for normalization to 18Sreg3F: 5’ ~ctcaacacgggaaacctcac-3’ and
18Sreg3R: 5’ —cgctccaccaactaagaacg-3’ and GoTaq qPCR Master Mix (A6001, Pro-
mega) on a Eppendorf RealPlex2. Three biological replicates were analyzed using a modified
AACt method [51], relative to 18S rRNA reference with one-way ANOVA and post-hoc Tukey
HSD on ACt values with p<0.05 as the threshold for significance, followed by conversion to
fold expression.

Results

WDR68 is required for cells to reach normal levels of DYRKIA

C2C12 cells grow rapidly when cultured in growth medium (GM), but arrest cellular growth
and differentiate into multinucleated myoblasts in low-serum/differentiation medium (DM)
[52, 53]. WDR®68 is important for this developmental transition [25], and we previously gener-
ated Awdr68 mouse C2C12 sublines and non-targeted (NT1) control cells [23]. Upon more
careful analysis, we found that the level of WDR68 is significantly induced in DM (Fig 1A and
1A’, compare lane 3 to lane 1, p<0.05). Consistent with our previous report [23], WDR68 is
not detected above background in Awdr68-9 cells relative to NT1 control cells (Fig 1A and
1A’, compare lane 2 to lane 1 and lane 4 to lane 3, p<0.01). Next, we examined the level of
DYRKI1A in NT1 control cells and similarly found that the level of DYRK1A is significantly
higher in DM than GM (Fig 1A and 1A”, compare lane 3 to lane 1, p<0.01). Remarkably, we
also found that the level of DYRKIA is significantly reduced in Awdr68-9 cells relative to NT1
control cells in DM (Fig 1A and 1A”, compare lane 4 to lane 3). We examined the levels of -
tubulin as the loading control and for normalization and found them to be similar (Fig 1A, 1A’
and 1A”, lanes 1-4). Thus, WDR®68 is required for mouse C2C12 cells to reach normal levels of
DYRKIA.

To determine whether the converse is also true, we used CRISPR/Cas9-mediated mutagen-
esis to generate Adyrkla mouse C2C12 sublines (Fig 1B, S1 Table). We targeted coding exon
#5, which encodes part of the kinase domain, of the mouse Dyrkla gene in order to induce
frame-shift mutations incapable of yielding full-length functional protein. The Adyrkla-2 cells
contain a -17 deletion allele and a +1 insertion allele, both of which are predicted to yield
frame-shifts incapable of forming full-length protein. The Adyrkla-12 cells contain a -22 dele-
tion allele and a -4 deletion allele, both of which are predicted to yield frame-shifts incapable
of forming full-length protein. Again, we found that the level of DYRK1A is significantly
higher in DM than GM (Fig 1B and 1B’, compare lane 4 to lane 1, p<0.01). As expected given
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Fig 1. WDR68 is required for normal levels of DYRKI1A in C2C12 cells. A) C2C12 NT1 and Awdr68-9 sublines in
growth medium (GM, lanes 1-2) versus differentiation medium (DM, lanes 3-4). WDR68 panel: Lanes 1 and 3, WDR68
was detected in NT1 cells and induced higher in DM. Lanes 2 and 4, WDR68 was not detected above background in
Awdr68-9 cells. DYRK1A panel: Lanes 1 and 3, DYRKIA was detected in NT1 cells and induced higher in DM. Lanes 2
and 4, reduced DYRKI1A expression in Awdr68-9. B-tubulin panel: f-tubulin controls indicated similar loading in each
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lane. A’) Quantitative analysis confirmed significantly reduced levels of WDR68 in the Awdr68-9 subline. Three
independent biological replicates were analyzed. A”) Quantitative analysis confirmed significantly reduced DYRKIA
expression in the Awdr68-9 subline. Four independent biological replicates were analyzed. B) C2C12 NT1 and Adyrkla
sublines in GM (lanes 1-3) versus DM (lanes 4-6). DYRK1A panel: Lanes 1 and 4, DYRK1A was detected in NT1 cells
and induced higher in DM. Lanes 2 and 5, reduced DYRKI1A level in Adyrkla-12 cells. Lanes 3 and 6, reduced DYRK1A
level in Adyrkla-2 cells. WDR68 panel: Lanes 1 to 6, WDR68 was detected in NT1, Adyrkla-12, and Adyrkla-2 cells. -
tubulin panel: B-tubulin controls indicated similar loading in each lane. B’) Quantitative analysis confirmed significantly
reduced DYRKI1A level in the Adyrkla sublines. Three independent biological replicates were analyzed. B”) Quantitative
analysis revealed significant induction of WDR68 in NT1 cells cultured in DM versus GM, but no significant differences
in WDR68 levels between NT1, Adyrkla-12, and Adyrkla-2 cells in DM. Four independent biological replicates were
analyzed. C) C2C12 NT1 and siWdr68-4650-1 cells in DM. WDR68 panel: Lane 1, WDR68 was detected in NT1 cells.
Lane 2, reduced WDR®68 level in siWdr68-4650-1 cells. DYRK1A panel: Lane 1, DYRK1A was detected in NT1 cells. Lane
2, reduced DYRKI1A level in siWdr68-4650-1 cells. B-tubulin panel: B-tubulin controls indicated similar loading in each
lane. C’). Quantitative analysis confirmed significantly reduced WDR68 level in the siWdr68-4650-1 subline. Three
independent biological replicates were analyzed. C”). Quantitative analysis confirmed significantly reduced DYRKIA in
the siWdr68-4650-1 subline. Three independent biological replicates were analyzed. All plots show means +/- standard
deviations.

https://doi.org/10.1371/journal.pone.0207779.9001

the nature of the mutations, the level of DYRKI1A is severely and significantly reduced in
Adyrkla cells relative to NT1 control cells (Fig 1B and 1B’, compare lanes 5 and 6 to lane 4,
p<0.01). In contrast, we found that the level of WDR68 is not significantly reduced in Adyrkla
cells relative to NT1 controls (Fig 1B and 1B”, compare lanes 5 and 6 to lane 4). We examined
the levels of B-tubulin as the loading control and for normalization and found them to be simi-
lar (Fig 1B, 1B’ and 1B”, lanes 1-6). Thus, DYRK1A is not required for normal WDR68 protein
levels.

To assess whether partial reduction of WDR68 level would yield a partial reduction in
DYRKI1A level, we isolated a stable siRNA-wdr68 subline (siWdr68-4650-1) using constructs
previously described [25]. As expected, the level of WDR68 is reduced in siWdr68-4650-1 cells
relative to NT1 control cells (Fig 1C and 1C’, compare lane 2 to lane 1). We also found that the
level of DYRKIA is reduced in siWdr68-4650-1 cells relative to NT1 control cells (Fig 1C and
1C”, compare lane 2 to lane 1). We examined the levels of f-tubulin as the loading control and
for normalization and found them to be similar (Fig 1C, 1C" and 1C”, lanes 1-2). Thus, we
found that partial reduction of WDR68 yielded a partial reduction of DYRK1A level suggesting
a strict positive relationship between the level of WDR68 and the level of DYRKI1A.

We next sought to determine whether the observed requirement of WDR68 for DYRK1A
might somehow be specific only to mouse C2C12 cells, or is the regulatory relationship more
general and thus also true in human cells. HeLa cells were derived from a human cervical car-
cinoma [54], and are the most commonly used cell line. We again used CRISPR/Cas9-me-
diated mutagenesis to generate Awdr68 human HeLa sublines as well as a non-targeted (NT2)
control subline (Fig 2, S2 Table). We targeted coding exon #2 of the human DCAF7/WDR68
gene in order to induce frame-shift mutations incapable of yielding full-length functional pro-
tein. The Awdr68-3 cells contain a +1 insertion allele and a +303/-10 insertion/deletion allele,
both of which are predicted to yield frame-shifts incapable of forming full-length protein. The
Awdr68-21 cells contain a +1 insertion allele and a +1/-2 insertion/deletion allele, both of
which are predicted to yield frame-shifts incapable of forming full-length protein. The
Awdr68-24 cells contain a +3/-2 insertion/deletion allele and a -10 deletion allele, both of
which are predicted to yield frame-shifts incapable of forming full-length protein. As expected,
WDR68 was not detectable above background in Awdr68 cells relative to NT2 control cells
(Fig 2A compare lanes 2, 3 and 5 to lanes 1 and 4, and Fig 2A” p<0.01). Likewise, we found
that DYRK1A levels are significantly reduced in human Awdré68 cells relative to NT2 controls
(Fig 2A compare lanes 2, 3 and 5 to lanes 1 and 4, and Fig 2A” p<0.01). We examined the lev-
els of B-tubulin as the loading control and for normalization and found them to be similar
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Fig 2. WDR68 is required for normal levels of DYRK1A in HeLa cells. A) HeLa NT2 and Awdr68 sublines. WDR68
panel: Lanes 1 and 4, WDR68 was detected in NT2 cells. Lanes 2, 3, and 5, WDR68 was not detected above background
in Awdr68-3, Awdr68-24, and Awdr68-21 cells. DYRK1A panel: Lanes 1 and 4, DYRK1A was detected in NT2 cells.
Lanes 2, 3, and 5, reduced levels of DYRKIA in Awdr68-3, Awdr68-24, and Awdr68-21 cells. B-tubulin panel: f-tubulin
controls indicated similar loading in each lane. A’) Quantitative analysis confirmed significantly reduced level of
WDR68 in the Awdr68-21 subline. Three independent biological replicates were analyzed. A”) Quantitative analysis
confirmed significantly reduced levels of DYRK1A in the Awdr68 sublines. Three independent biological replicates
were analyzed. B) HeLa NT2 control cells displayed the normal baseline level of 5xDyrkla response element reporter
activity. The Awdr68-3 and Awdr68-24 cells displayed 49-/+21% and 48-/+13% relative to NT2 controls (p<0.01).
Four independent biological replicates were analyzed. All plots show means +/- standard deviations.

https://doi.org/10.1371/journal.pone.0207779.9002

(Fig 2A). Thus, WDR68 is required for both mouse and human cells to reach normal levels of
DYRKI1A.

DYRKI1A is an RNApII CTD-kinase that localizes to a specific DNA sequence 5’ -
TCTCGCGAGA-3" in cell nuclei. DYRKI1A likely acts as a nuclear transcriptional co-activa-
tor of gene expression by tethering to an as yet unidentified DNA binding protein capable of
recognizing that sequence [41]. In humans, DYRKIA haploinsufficiency causes microceph-
aly [11-13], indicating that a 50% reduction in the level of DYRK1A can yield negative
functional consequences. Because Awdr68 cells showed even lower reductions of DYRK1A
than that (Figs 1A” and 2A”), we sought to determine whether DYRK1A-mediated co-
activation of gene expression is also compromised in Awdr68 cells. We used the previously
described luciferase reporter pG5D1AlIsland-Luc (D1A) that harbors five copies of the 5’ -
TCTCGCGAGA-3' motif upstream of a minimal promoter [41]. We then transiently trans-
fected it along with SV40-Renilla for normalization in dual-luciferase assays (Fig 2B). We
readily detected D1A activity in HeLa NT2 control cells (Fig 2B, column 1). In contrast, D1A
activity in human Awdr68 cells was significantly reduced relative to NT2 controls (Fig 2B,
compare columns 2 and 3 to column 1, respectively, p<0.01). Thus, the reduced levels of
DYRKI1A found in Awdr68 cells is severe enough to compromise a downstream read-out of a
DYRKI1A function.
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Fig 3. Wdr68 is not required for Dyrkla mRNA accumulation. A-B) RT-qPCR analysis of C2C12 sublines. Column
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expression. Three independent biological replicates were analyzed.

https://doi.org/10.1371/journal.pone.0207779.9003

Wdr68is not required for Dyrk1atranscript accumulation

The regulation of gene expression is complex and can involve multiple distinct levels of con-
trol. To determine whether Wdr68 is required for Dyrkla mRNA accumulation, we performed
RT-qPCR analysis on NT1 control, Awdr68, and Adyrkla cells. Wdr68 mRNA was readily and
similarly detected in N'T1 control cells in GM and in DM (Fig 3A, compare column 1 vs 2). As
expected, Wdr68 mRNA expression was reduced in Awdr68-9 cells to about 20% of that found
in NT1 controls (Fig 3A, column 3 vs 2, p = 0.053), likely due to nonsense-mediated decay.
Wdr68 mRNA expression trended upwards in Adyrkla-12 cells relative to NT1 controls (Fig
3A, column 4 vs 2, p = 0.077). Dyrkla mRNA was readily and similarly detected in NT1 cells
in GM and in DM (Fig 3B, column 1 vs 2, p = 0.13). Dyrkla mRNA expression was increased
in Awdr68-9 cells relative to NT1 DM controls (Fig 3B, column 3 vs 2, p<0.05), but not signifi-
cantly different than NT1 cells in GM (Fig 3B column 3 vs 1). Dyrkla mRNA expression was
similar in Adyrkla-12 cells and NT1 DM controls (Fig 3B, column 4 vs 2, p = 0.24). These
modest shifts in mRNA levels may reflect the action of regulatory feedback loops but do not
explain the reductions in DYRK1A protein observed in Awdr68 cells. Thus, WDR68 was not
required for Dyrkla mRNA accumulation suggesting it instead mediates a post-transcriptional
step important for DYRK1A protein accumulation or stability.

WDRG68 overexpression induces DYRK1A overexpression

Because Wdr68 loss-of-function reduced DYRK1A level, we next sought to determine whether
Wdr68 gain-of-function would increase DYRK1A level. Therefore, we transiently transfected
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GFP-Wdr68 into NT1 control and Awdr68 cells in GM when endogenous DYRK1A levels are
low (Fig 4). We readily detected the overexpression of GFP-Wdr68 in NT1 and Awdr68 cells
(Fig 4A, lanes 2 and 4). We likewise readily detected a significant increase in the level of endog-
enous DYRKI1A in the GFP-Wdr68 overexpressing cells (Fig 4A and 4A’, lanes 2 and 4 vs lanes

A.

- GW

DYRK1A ...

GFP-Wdr68

A’

o]
S 8
2 g
<4
Ez
a0

GW| - GW
NT1 A9

Fig 4. GFP-Wdr68 overexpression increases the level of DYRK1A. A) C2C12 sublines mock (-) or transiently
transfected with pEGFP-Wdr68 (GW) in GM. Lanes 1-2 are NT1 control cells. Lanes 3-4 are Awdr68-9 (A9) cells.
GFP-Wdr68 panel: Lanes 1 and 3, GFP-Wdr68 fusion protein was absent from mock-transfected cells. Lanes 2 and 4,
GFP-Wdr68 fusion protein was detected in transfected cells. DYRK1A panel: Lane 1, endogenous DYRK1A was
detected in NT1 cells. Lane 2, endogenous DYRK1A increased in NT1 cells overexpressing GFP-Wdr68. Lane 3,
endogenous DYRK1A was not observed in Awdr68-9 cells. Lane 4, endogenous DYRKI1A increased in Awdr68-9 cells
overexpressing GFP-Wdr68. WDR68 panel: Lanes 1 and 2, endogenous WDR68 was detected in NT1 cells. Lanes 3
and 4, endogenous WDR68 expression was not observed in Awdr68-9 cells. B-tubulin panel: -tubulin controls
indicated similar loading in each lane. A’) Quantitative analysis confirmed significantly increased endogenous
DYRKIA levels in GFP-Wdr68 overexpressing NT1 and Awdr68-9 cells. Three independent biological replicates were
analyzed.

https://doi.org/10.1371/journal.pone.0207779.9004
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1 and 3, p<0.05). Endogenous WDR68 was unaffected in NT1 controls (Fig 4A, lanes 1 and 2),
and absent from Awdr68 cells (Fig 4A, lanes 3 and 4), as expected. We examined the levels of
B-tubulin as the loading control and for normalization and found them to be similar (Fig 4A
and 4A’, lanes 1-4). Thus, WDR68 overexpression increased DYRKI1A protein level in both
control and Awdr68 cells, respectively.

To determine whether the converse might also be true, we transfected NT1 and NT2 con-
trol cells with GFP-DYRKI1A and examined the level of endogenous WDR68 (S1 Fig). We
found no effect on the level of endogenous WDR68 or DYRK1B in either the mouse or human
cells (S1A Fig). Thus, DYRKIA appears to not regulate the level of WDR68 protein.

Proteasome inhibition does not alter DYRKI1A level

The E3 ligase SCF®TREP has been reported to mediate ubiquitination and proteasome-depen-
dent degradation of DYRK1A [55]. Likewise, WDR68 has also been implicated in ubiquitina-
tion-mediated processes [26, 27]. Therefore, we examined whether the proteasome inhibitors
LLnL [56], MG132 [57], or epoxomicin [58] might restore DYRK1A levels in Awdr68 cells
(Fig 5, S2A Fig). First, we treated HeLa N'T2 control and Awdré68 cells with 50uM LLnL for 6
hours. Although we again observed the significantly reduced level of DYRK1A in Awdr68 cells
relative to controls (Fig 5A and 5A” compare lanes 1 to 2 and 3 to 4, p <0.01), we found that
LLnL had no significant effect on the level of DYRK1A in Awdr68 cells (Fig 5A, compare lanes
2 to 4). As a control for LLnL-mediated proteasome inhibition [59], we examined the expres-
sion of total ubiquitinated proteins using an anti-Ubiquitin antibody and found the expected
rise in ubiquitinated proteins (Fig 5A and 5A”, compare lanes 1 and 2 to lanes 3 and 4,
p<0.05). We examined the expression levels of B-tubulin as the loading control and for nor-
malization and found them to be similar (Fig 5A, 5A” and 5A”, lanes 1-4). Notably, LLnL is
also an inhibitor of CALPAIN1 [60], and DYRKI1A is subject to proteolysis by Calpain 1 [61].
Therefore, we examined whether LLnL also inhibited endogenous Calpain proteolytic activity
in our cell extracts (Fig 5B). We readily detected Calpain activity in mock-treated NT2 and
Awdr68 cells (Fig 5B, columns 1 and 2), and the amount of activity was significantly lower in
LLnL-treated cells (Fig 5B, columns 3 and 4, p<0.01). Next, we treated NT2 control and
Awdré68 cells with 50pM MG132 for 8 hours. Although we again observed the significantly
reduced level of DYRK1A in Awdré68 cells relative to controls (Fig 5C and 5C” compare lanes 1
to 2 and 3 to 4, p <0.01), we found no effect on the expression level of DYRK1A (Fig 5C and
5C’, compare lanes 2 and 4). As a control for MG132-mediated proteasome inhibition [59], we
examined the expression of total ubiquitinated proteins using an anti-Ubiquitin antibody and
found the expected rise in ubiquitinated proteins (Fig 5C and 5C”, compare lanes 1 and 2 vs
lanes 3 and 4, p<0.01). We examined the expression levels of B-tubulin as the loading control
and for normalization and found them to be similar (Fig 5C, 5C” and 5C”, lanes 1-4). We simi-
larly treated C2C12 NT1 and Awdré68 cells with 50uM LLnL (S2A Fig) or 50uM epoxomicin
(S2B Fig) and found no change in DYRK1A levels.

Because protein destruction can also be regulated via an autophagy mechanism [62, 63], we
also examined whether inhibition of lysosomal fusion events might alter DYRK1A levels. We
found no effect on the level of DYRK1A in Awdr68 cells treated with 12.5uM chloroquine
(S2C and S2C’ Fig).

WDR68 is required for cells to reach normal levels of DYRK1B

To determine whether Wdr68 is required for Dyrk1b mRNA accumulation, we performed RT-
qPCR analysis on NT1 control, Awdr68, and Adyrkla cells. Dyrk1b mRNA was readily and
similarly detected in all the samples (Fig 6A, columns 1-4). Next, we examined the levels of
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Fig 5. Proteasome inhibitors do not increase DYRK1A level. A) HeLa NT2 and Awdr68-21 (A21) cells mock (-) or treated with 50uM LLNL
for 6 hours. DYRK1A panel: Lanes 1 and 3, endogenous DYRKI1A was readily detected in NT1 cells and unaffected by exposure to 50uM
LLnL. Lanes 2 and 4, endogenous DYRK1A was reduced in Awdr68-9 cells and unaffected by exposure to 50uM LLnL. Ubiquitin panel: Lanes
1 and 2, low levels of ubiquitinated proteins were readily detected in mock treated cells. Lanes 3 and 4, LLnL induced accumulation of
ubiquitinated proteins. B-tubulin panel: -tubulin controls indicated similar loading in each lane. A”) Quantitative analysis revealed no
significant change in endogenous DYRKI1A level in response to 6 hours LLnL exposure. A”) Quantitative analysis confirmed significantly
increased levels of ubiquitinated proteins in response to 6 hours LLnL exposure. Three independent biological replicates were analyzed. B)
Calpain-Glo activity assay on NT2 and Awdr68-21 cells mock (-) or treated with 50uM LLnL. Arbitrary light units from substrate hydrolysis
are expressed per microgram of cell protein extract. Three independent biological replicates were analyzed. C) HeLa NT2 and Awdr68-21 cells
mock (-) or treated with 50uM MG132 for 8 hours. DYRKIA panel: Lanes 1 and 3, endogenous DYRK1A was readily detected in NT2 cells
and unaffected by exposure to 50uM MG132. Lanes 2 and 4, endogenous DYRK1A was reduced in Awdr68-21 cells and unaffected by
exposure to 50uM MG132. Ubiquitin panel: Lanes 1 and 2, low levels of ubiquitinated proteins were readily detected in mock treated cells.
Lanes 3 and 4, MG132 induced accumulation of ubiquitinated proteins. B-tubulin panel: B-tubulin controls indicated similar loading in each
lane. C’) Quantitative analysis revealed no significant change in endogenous DYRK1A level in response to 8 hours MG132 exposure. Three
independent biological replicates were analyzed. C”) Quantitative analysis confirmed significantly increased levels of ubiquitinated proteins in
response to 8 hours MG132 exposure. Three independent biological replicates were analyzed.

https://doi.org/10.1371/journal.pone.0207779.9005
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Fig 6. WDR68 is required for normal levels of DYRK1B. A) RT-qPCR analysis of Dyrk1b mRNA expression in
C2C12 sublines. Column 1 is NT1 cells in GM. Column 2 is NT1 cells in DM. Column 3 is Awdr68-9 (A9) cells in DM.
Column 4 is Adyrkla-12 (A12) cells in DM. The bottom graph shows the individual ACt values (circles) of replicates
and the average ACt (horizontal bar) -/+ standard deviations. The top graph shows the 2°“* values (fold change
relative to NT1 GM) with corresponding low and high ranges. B) Western blot analysis of C2C12 NT1 and Awdr68-9
cells in DM. DYRK1B panel: Lane 1, DYRK1B was readily detected in NT1 cells. Lane 2, DYRK1B expression was
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reduced in Awdr68-9 cells. B-tubulin panel: -tubulin controls indicated similar loading in each lane. B’) Quantitative
analysis confirmed significantly reduced DYRK1B expression in the Awdr68 subline. Three independent biological
replicates were analyzed.

https://doi.org/10.1371/journal.pone.0207779.9006

DYRKI1B protein and found that it was significantly reduced in Awdré68 cells (Fig 6B and 6B’,
compare lanes 1 and 2, p<0.01). We examined the levels of B-tubulin as the loading control
and for normalization and found them to be similar (Fig 6B and 6B’, lanes 1-2). Thus, WDR68
is also required for cells to reach normal levels of DYRKI1B.

DYRK1A and DYRKI1B are required for the transition from growth to
differentiation

Curiously, DM-induction of WDR68 was less robust in Adyrkla cells (Fig 1B and 1B”, com-
pare lanes 5 and 6 to lane 4). To determine whether this might reflect a defect in the ability

of Adyrkla cells to undergo myogenic differentiation, we examined the levels of Myogenin
(MYOQG) in cells at various times post-differentiation (Fig 7A-7E). The NT1 control cells
clearly induced MYOG by 48 hours post-differentiation (Fig 7B and 7E NT1 panel, compare
lane 3 to lane 1). In contrast, MYOG was not detected in Adyrkla cells (Fig 7D and 7E panel
Adyrkla-12, compare lane 3 to lane 1). Consistent with previous reports [25], induction of
MYOG was less robust in the Awdr68 cells (Fig 7E panel Awdr68-9, compare lane 3 to lane 1).
For appropriate comparisons, we used CRISPR/Cas9 to derive Adyrk1b sublines (S3 Fig). Con-
sistent with prior reports [25, 64], MYOG was not detected in the Adyrkl1b cells (Fig 7E, panel
Adyrkl1b-3, compare lane 3 to lane 1). We examined the levels of B-tubulin as the loading con-
trol and found them to be similar (Fig 7E, B-tub panels, lanes 4-6).

We next compared the growth of the NT1 control cells to that of the Awdr68, Adyrkla, and
Adyrk1b sublines after the induction of differentiation (Fig 7F). As expected based on the read-
ily detected levels of MYOG, the NT1 control and Awdr68 sublines ceased growth by 48 hours
post-differentiation (Fig 7F, NT1 solid red line, Awdr68 solid black line). The still largely effec-
tive growth arrest observed in Awdr68 cells is likely due to the residual levels of DYRK1A and
DYRKI1B detected in those cells still mediating this function (Fig 1A and 1A” lane 4; 6B 6B
lane 2). In contrast, the Adyrkla and Adyrk1b cells failed to arrest growth (Fig 7F, Adyrkla
dotted line, Adyrk1b dashed line). We attempted to rescue the MYOG defect by treating cells
with the cell cycle inhibitor roscovitine (S4 Fig). However, all concentrations that effectively
blocked cell growth also blocked MYOG induction in the NT1 control cells.

Discussion
WDR68 is required for normal levels of DYRK1A and DYRK1B

We found that WDR68 is required for normal levels of DYRKI1A in both mouse and human
cells (Fig 1A and 2A), that partial reduction of WDR68 yielded a partial reduction of DYRKI1A
level (Fig 1C), and that WDR68 overexpression induces DYRK1A protein level (Fig 4). We simi-
larly found that WDRG68 is required for normal levels of DYRK1B (Fig 6). Conversely, we found
that DYRK1A is not required for normal levels of WDR68 (Fig 1B), nor did DYRK1A overex-
pression impact WDRG68 levels (S1 Fig). Taken together, these findings support a unidirectional
and positive regulatory relationship between WDR68 levels and DYRK1A and DYRK1B levels.

Mechanisms regulating WDR68, DYRK1A, and DYRK1B

Analysis of Wdr68 mRNA levels by RT-qPCR revealed similar transcript levels in NT1 cells in
GM and DM (Fig 3). This finding was surprising because the level of WDR68 protein, relative
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Fig 7. DYRK1A and DYRK1B are required for myogenic differentiation and growth arrest in C2C12 cells. A-D)
Confocal fluorescence imaging of C2C12 cells in DM for 48 hours. A) DAPI staining of NT1 cell nuclei. B)
Immunofluorescence detection of robust Myogenin (MYOG) induction in differentiating NT1 control cells. C) DAPI
staining of Adyrkla-12 cell nuclei. D) absence of MYOG induction in Adyrkla-12 cells. E) Western blot analysis of
MYOG and B-tubulin protein expression. NT1 panel: Lane 1, absence of MYOG in non-differentiating cells. Lanes 2
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and 3, induction of MYOG in NT1 control cells at 24hrs and 48hrs post differentiation. Awdr68-9 panel: Lane 1,
absence of MYOG induction in non-differentiating cells. Lanes 2 and 3, impaired accumulation of MYOG in Awdr68-
9 cells at 24hrs and 48hrs post-differentiation. Adyrkla-12 panel: Lane 1, absence of MYOG induction in non-
differentiating cells. Lanes 2 and 3, Adyrkla-12 cells lack MYOG at 24hrs and 48hrs post-differentiation. Adyrk1b-3
panel: Lane 1, absence of MYOG induction in non-differentiating cells. Lanes 2 and 3, Adyrk1b-3 cells lack MYOG at
24hrs and 48hrs post-differentiation. B-tubulin panels indicated similar loading in each lane. F) Growth of NT1,
Awdr68-9, Adyrkla-12, and Adyrk1b-3 cell lines over time after the switch to DM. NT1 controls and Awdr68-9 cells
arrested growth by 48hrs post-differentiation. Adyrkla-12 and Adyrk1b-3 cell growth was not stopped by the switch to
DM.

https://doi.org/10.1371/journal.pone.0207779.9007

to B3-tubulin, actually increased in DM. Likewise, Dyrkla mRNA levels were not induced by
the switch from GM to DM but instead appeared to decline slightly. In contrast, DYRK1A pro-
tein levels actually increased upon differentiation. Analysis of Dyrkla and Dyrkl1b transcript
levels in Awdr68 cells did not implicate WDR68 in either transcription-level or mRNA stabil-
ity-level control of their expression (Figs 3 and 6). These findings indicate that the increase of
WDR68, DYRKI1A, and DYRK1B proteins observed upon switching cells from GM to DM
must be a largely translational or post-translational regulatory event rather than a simple
induction of mRNA expression. The factors responsible for these effects on Wdr68 and
Dyrkla remain to be identified.

It is attractive to speculate that WDR68 binding to DYRK1A and DYRKIB protects the
kinases from destruction via a steric occlusion mechanism or the recruitment of another sta-
bilizing factor. The adaptor role of many WD40 repeat domain proteins is consistent with
this possibility [20]. For example, Glenewinkel et al., found that WDR68 binding to E1A
enhances DYRK1A-mediated phosphorylation of E1A likely via forced proximity of the
kinase to the substrate. This close proximity also masks the nuclear localization signals such
that the entire EIA-WDR68-DYRKI1A complex redistributes to the cytoplasm instead of the
nucleus. Thus WDR68 binding to DYRK1A may similarly recruit or occlude a factor that sta-
bilizes or degrades DYRKI1A, respectively. Nonetheless, the identity of such a factor remains
unclear.

Because DYRK1A and WDR68 have both been implicated in ubiquitin-proteasome pro-
cesses [26, 27, 55], we examined three different proteasome inhibitors and one autophagy
inhibitor to see if WDR68 might protect DYRK1A from ubiquitin-dependent proteasomal
or lysosomal destruction. However, none of the inhibitors were able to restore DYRK1A levels
in Awdr68 cells (Fig 5, S2 Fig). Thus, the mechanism by which WDR68 regulates DYRKI1A
and DYRK1B levels remains elusive. One possibility is that WDR68 protects DYRK1A and
DYRKI1B from a currently unidentified DYRK1-specific protease. Notably, DYRKI1A is known
to be a proteolytic substrate of Calpain 1 [61]. The proteasome inhibitor LLnL is known by
many synonyms including MG101 and Calpain Inhibitor I. Nonetheless, it failed to signifi-
cantly restore DYRKI1A levels (Fig 5A) even though it appeared to be effective as a Calpain
inhibitor (Fig 5B). While target-specific cleavage events often yield semi-stable fragments of
the targeted protein, detection of such fragments can be challenging and antibody-dependent.

An interesting feature of the DYRKI1 kinases is the strict requirement of an intramolecular
autophosphorylation event in order to yield mature kinase capable of phosphorylating other
substrates [30, 65, 66]. While it is clear that this is an intrinsic and possibly co-translational
activity of mammalian DYRKI1 [66, 67], certain disease causing mutations in DYRK1B are
more dependent on chaperone activity for kinase maturation and yield high levels of insoluble
kinase [68]. Perhaps WDR68 binding facilitates some aspect of kinase maturation and the
reduced levels of kinase we report here are actually loss of the soluble kinases to a highly insol-
uble form. Alternatively, WDR68 may somehow enhance DYRKI mRNA translation, perhaps
independent from its physical interaction with DYRKI1 proteins.
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A potential DYRK1A-WDRG68 co-activator complex

WDR68 facilitates DYRK1A-mediated co-activation of reporter activity (Fig 3). This finding is
easily explained by the aforementioned reductions of DYRK1A levels in cells lacking WDR68
(Figs 1 and 2). The remaining level of reporter activity may reflect the presence of other
kinases partially redundant with DYRK1A, such as DYRK1B [38, 41]. Alternatively, it may
reflect the instrinsic activity associated with the transcription factor(s) that directly bind the
TCTCGCGAGA palindrome [41]. This sequence is among the most enriched and conserved
elements in human promoters [69, 70]. Notably, the DNA-binding transcription factor
KAISO, that recruits the transcriptional co-repressor SMRT, tightly binds only the CpG-meth-
ylated form of this palindrome [71]. However, multiple large-scale protein-protein interaction
screens that did detect a DYRK1A-WDR68 interaction did not find either a DYRK1A-KAISO
or a WDR68-KAISO interaction [72-74]. Thus, an intriguing possibility is that an as yet
unidentified transcription factor tethers the DYRK1A-WDR68 co-activator complex to the
unmethylated TCTCGCGAGA palindrome to regulate proliferation/cell-cycle genes. This
could complement the role DYRK1A plays in DREAM complex assembly [38, 39], and
together the loss of these activities may underlie the loss of differentiation and growth arrest
we observed in Adyrkla and Adyrklb C2C12 cells (Fig 7). While the Adyrkla and Adyrklb
cells failed to arrest growth, the Awdr68 cells arrested growth normally (Fig 7F). At first this
seems at odds to the finding that DYRK1A and DYRK1B levels are reduced in Awdré68 cells,
but it is important to note that residual levels of DYRK1A and DYRK1B are present in Awdr68
cells. The residual levels of DYRKI1A in Awdr68 cells likely also contribute to the remaining
DYRKI1A-reporter activity. Thus, the reductions of DYRK1A and DYRK1B levels in Awdr68
cells, while significant, are insufficient to impair cell cycle arrest.

Future directions for DS and craniofacial research

DS patients develop facial dysmorphology suggesting a role for DYRK1A in craniofacial
development [75]. WDR68 is important for craniofacial development [3], and tightly binds
DYRKIA [15]. DYRKI1A is an attractive target for inhibitor-based therapies and enthusiasm is
growing for this approach to treating various aspects of DS [76, 77]. Our findings here comple-
ment earlier findings [19], to similarly suggest WDRG68 as a potential additional target for DS
treatment to modulate the levels of DYRK1A. However, the lack of knowledge on whether
WDR68 plays any role in DS pathology and how DYRKI1 proteins function in craniofacial
development are significant limitations. Additional work in these areas will be needed.

Supporting information

S1 Table. CRISPR/Cas9-mediated C2C12 cell deletion subline alleles.
(DOCX)

S2 Table. CRISPR/Cas9-mediated HeLa cell deletion subline alleles.
(DOCX)

S1 Fig. GFP-DYRKI1A overexpression does not increase WDR68 levels. A) Western blot
analysis of C2C12 NT1 cells. GFP-DYRKI1A and endogenous DYRK1A panel: Lane 1,
GFP-DYRKIA fusion was absent and endogenous DYRKI1A was readily detected. Lane 2,
transfected GFP-DYRKI1A and endogenous DYRKI1A were readily detected. DYRK1B panel:
Lane 1 and 2, endogenous DYRK1B was readily detected and not altered by GFP-DYRK1A
overexpression. WDR68 panel: Lane 1 and 2, endogenous WDR68 was readily detected and
not increased by GFP-DYRKI1A overexpression. GFP panel: Lane 1, transfected GFP was read-
ily detected. Lane 2, GFP was absent. B-tubulin panel: B-tubulin controls indicated similar
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loading in each lane. B) Western blot analysis of HeLa NT2 cells. GFP-DYRK1A and endoge-
nous DYRKIA panel: Lane 1, GFP-DYRKI1A fusion was absent and endogenous DYRK1A
was readily detected. Lane 2, transfected GFP-DYRK1A and endogenous DYRKI1A were read-
ily detected. DYRK1B panel: Lane 1 and 2, endogenous DYRK1B was readily detected and not
altered by GFP-DYRKI1A overexpression. WDR68 panel: Lane 1 and 2, endogenous WDR68
was readily detected and not increased by GFP-DYRKI1A overexpression. GFP panel: Lane 1,
transfected GFP was readily detected. Lane 2, GFP was absent. B-tubulin panel: B-tubulin con-
trols indicated similar loading in each lane.

(TIF)

S2 Fig. Chloroquine does not increase DYRKIA levels. Western blot analysis of HeLa NT2
and Awdr68-21 cells. B) NT2 and Awdr68-21 cells mock (-) or treated with 50uM epoxomicin
for 8 hours. DYRKI1A panel: Lanes 1 and 3, endogenous DYRK1A was readily detected in NT1
cells and unaffected by exposure to 50uM epoxomicin. B-tubulin panel: f-tubulin controls
indicated similar loading in each lane. A) HeLa N'T2 and Awdr68-21 cells in vehicle DMSO (-)
or treated with 12.5uM CQ for 8 hours. DYRK1A panel: Lanes 1 and 3, endogenous DYRK1A
was readily detected in NT1 cells and unaffected by exposure to 12.5uM CQ. Lanes 2 and 4,
endogenous DYRK1A expression was reduced in Awdr68-21 cells and unaffected by exposure
to 12.5uM CQ. B-tubulin panel: f-tubulin controls indicated similar loading in each lane. A”)
Quantitative analysis revealed no significant change in endogenous DYRK1A expression in
response to 8 hours CQ exposure.

(TIF)

S3 Fig. Reduced DYRKI1B levels in Adyrklb C2C12 sublines. Western blot analysis of
C2C12 NT1 and Adyrk1b cells. A) DYRK1B panel: Lane 1, DYRK1B was readily detected in
NT1 cells. Lanes 2-4, reduced DYRK1B expression in Adyrk1b-3, -4, and -7 cells. B-tubulin
panel: B-tubulin controls indicated similar loading in each lane. A’) Quantitative analysis con-
firmed significantly reduced DYRK1B expression in the Adyrk1b sublines.

(TIF)

S4 Fig. Cell cycle inhibition does not restore myogenic differentiation in Awdr68, Adyrkla,
orAdyrklb C2C12 cells. Western blot analysis on various sublines at 24 hours post-differenti-
ation. A) MYOG panel: Lanes 1-4, MYOG was detected in NT1 control cells but not in
Awdr68-9, Adyrkla-12 or Adyrk1b-3. Lanes 5-8, roscovitine treatment for 24 hours at the
indicated concentrations did not restore MYOG levels. B-tubulin panel: f-tubulin controls
indicated similar loading in each lane.

(TIF)

S1 Appendix. Uncropped western blots for all figures.
(PDF)

$2 Appendix. Quantifications.
(XLSX)

Author Contributions
Conceptualization: Robert M. Nissen.
Funding acquisition: Robert M. Nissen.

Investigation: Mina Yousefelahiyeh, Jingyi Xu, Estibaliz Alvarado, Yang Yu, David Salven,
Robert M. Nissen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 18/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207779.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207779.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207779.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207779.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0207779.s008
https://doi.org/10.1371/journal.pone.0207779

®PLOS | one

DCAF7/WDR68 is required for normal levels of DYRK1A and DYRK1B

Methodology: Robert M. Nissen.

Project administration: Robert M. Nissen.

Writing - original draft: Mina Yousefelahiyeh, Jingyi Xu, Estibaliz Alvarado, Robert M.

Nissen.

Writing - review & editing: Robert M. Nissen.

References

1.

10.

11.

12.

13.

14.

15.

Parker SE, Mai CT, Canfield MA, Rickard R, Wang Y, Meyer RE, et al. Updated National Birth Preva-
lence estimates for selected birth defects in the United States, 2004-2006. Birth Defects Res A Clin Mol
Teratol. 2010; 88(12):1008—16. https://doi.org/10.1002/bdra.20735 PMID: 20878909.

Leslie EJ, Carlson JC, Shaffer JR, Feingold E, Wehby G, Laurie CA, et al. A multi-ethnic genome-wide
association study identifies novel loci for non-syndromic cleft lip with or without cleft palate on 2p24.2,
17923 and 19913. Hum Mol Genet. 2016. https://doi.org/10.1093/hmg/ddw104 PMID: 27033726.

Nissen RM, Amsterdam A, Hopkins N. A zebrafish screen for craniofacial mutants identifies wdr68 as a
highly conserved gene required for Endothelin-1 expression. BMC Dev Biol. 2006; 6(1):28. https://doi.
org/10.1186/1471-213X-6-28 PMID: 16759393.

Rieder MJ, Green GE, Park SS, Stamper BD, Gordon CT, Johnson JM, et al. A human homeotic trans-
formation resulting from mutations in PLCB4 and GNAI3 causes auriculocondylar syndrome. Am J Hum
Genet. 2012; 90(5):907—-14. Epub 2012/05/09. https://doi.org/10.1016/j.ajhg.2012.04.002 PMID:
22560091.

Gordon CT, Petit F, Kroisel PM, Jakobsen L, Zechi-Ceide RM, Oufadem M, et al. Mutations in endothe-
lin 1 cause recessive auriculocondylar syndrome and dominant isolated question-mark ears. Am J Hum
Genet. 2013; 93(6):1118-25. https://doi.org/10.1016/j.ajhg.2013.10.023 PMID: 24268655.

Romanelli Tavares VL, Gordon CT, Zechi-Ceide RM, Kokitsu-Nakata NM, Voisin N, Tan TY, et al.
Novel variants in GNAI3 associated with auriculocondylar syndrome strengthen a common dominant
negative effect. Eur J Hum Genet. 2015; 23(4):481-5. https://doi.org/10.1038/ejhg.2014.132 PMID:
25026904.

Park J, Chung KC. New Perspectives of Dyrk1A Role in Neurogenesis and Neuropathologic Features
of Down Syndrome. Exp Neurobiol. 2013; 22(4):244-8. https://doi.org/10.5607/en.2013.22.4.244
PMID: 24465139.

Guimera J, Casas C, Pucharcos C, Solans A, Domenech A, Planas AM, et al. A human homologue of
Drosophila minibrain (MNB) is expressed in the neuronal regions affected in Down syndrome and maps
to the critical region. Hum Mol Genet. 1996; 5(9):1305—10. PMID: 8872470.

Guimera J, Casas C, Estivill X, Pritchard M. Human minibrain homologue (MNBH/DYRK1): characteri-
zation, alternative splicing, differential tissue expression, and overexpression in Down syndrome. Geno-
mics. 1999; 57(3):407—18. https://doi.org/10.1006/geno.1999.5775 PMID: 10329007.

Altafaj X, Dierssen M, Baamonde C, Marti E, Visa J, Guimera J, et al. Neurodevelopmental delay, motor
abnormalities and cognitive deficits in transgenic mice overexpressing Dyrk1A (minibrain), a murine
model of Down’s syndrome. Hum Mol Genet. 2001; 10(18):1915-23. Epub 2001/09/14. PMID:
11555628.

van Bon BW, Hoischen A, Hehir-Kwa J, de Brouwer AP, Ruivenkamp C, Gijsbers AC, et al. Intragenic
deletion in DYRK1A leads to mental retardation and primary microcephaly. Clin Genet. 2011; 79
(3):296-9. https://doi.org/10.1111/j.1399-0004.2010.01544.x PMID: 21294719.

Luco SM, Pohl D, Sell E, Wagner JD, Dyment DA, Daoud H. Case report of novel DYRK1A mutations in
2 individuals with syndromic intellectual disability and a review of the literature. BMC Med Genet. 2016;
17:15. https://doi.org/10.1186/s12881-016-0276-4 PMID: 26922654.

Moller RS, Kubart S, Hoeltzenbein M, Heye B, Vogel I, Hansen CP, et al. Truncation of the Down syn-
drome candidate gene DYRK1A in two unrelated patients with microcephaly. Am J Hum Genet. 2008;
82(5):1165—-70. Epub 2008/04/15. https://doi.org/10.1016/j.ajhg.2008.03.001 PMID: 18405873.

Fotaki V, Dierssen M, Alcantara S, Martinez S, Marti E, Casas C, et al. Dyrk1A haploinsufficiency
affects viability and causes developmental delay and abnormal brain morphology in mice. Mol Cell Biol.
2002; 22(18):6636—47. https://doi.org/10.1128/MCB.22.18.6636-6647.2002 PMID: 12192061.

Skurat AV, Dietrich AD. Phosphorylation of Ser640 in muscle glycogen synthase by DYRK family pro-
tein kinases. J Biol Chem. 2004; 279(4):2490-8. https://doi.org/10.1074/jbc.M301769200 PMID:
14593110.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 19/23


https://doi.org/10.1002/bdra.20735
http://www.ncbi.nlm.nih.gov/pubmed/20878909
https://doi.org/10.1093/hmg/ddw104
http://www.ncbi.nlm.nih.gov/pubmed/27033726
https://doi.org/10.1186/1471-213X-6-28
https://doi.org/10.1186/1471-213X-6-28
http://www.ncbi.nlm.nih.gov/pubmed/16759393
https://doi.org/10.1016/j.ajhg.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22560091
https://doi.org/10.1016/j.ajhg.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24268655
https://doi.org/10.1038/ejhg.2014.132
http://www.ncbi.nlm.nih.gov/pubmed/25026904
https://doi.org/10.5607/en.2013.22.4.244
http://www.ncbi.nlm.nih.gov/pubmed/24465139
http://www.ncbi.nlm.nih.gov/pubmed/8872470
https://doi.org/10.1006/geno.1999.5775
http://www.ncbi.nlm.nih.gov/pubmed/10329007
http://www.ncbi.nlm.nih.gov/pubmed/11555628
https://doi.org/10.1111/j.1399-0004.2010.01544.x
http://www.ncbi.nlm.nih.gov/pubmed/21294719
https://doi.org/10.1186/s12881-016-0276-4
http://www.ncbi.nlm.nih.gov/pubmed/26922654
https://doi.org/10.1016/j.ajhg.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18405873
https://doi.org/10.1128/MCB.22.18.6636-6647.2002
http://www.ncbi.nlm.nih.gov/pubmed/12192061
https://doi.org/10.1074/jbc.M301769200
http://www.ncbi.nlm.nih.gov/pubmed/14593110
https://doi.org/10.1371/journal.pone.0207779

®PLOS | one

DCAF7/WDR68 is required for normal levels of DYRK1A and DYRK1B

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Miyata Y, Nishida E. DYRK1A binds to an evolutionarily conserved WD40-repeat protein WDR68 and
induces its nuclear translocation. Biochim Biophys Acta. 2011; 1813(10):1728-39. Epub 2011/07/23.
https://doi.org/10.1016/j.bbamcr.2011.06.023 PMID: 21777625.

Glenewinkel F, Cohen MJ, King CR, Kaspar S, Bamberg-Lemper S, Mymryk JS, et al. The adaptor pro-
tein DCAF7 mediates the interaction of the adenovirus E1A oncoprotein with the protein kinases
DYRK1A and HIPK2. Sci Rep. 2016; 6:28241. https://doi.org/10.1038/srep28241 PMID: 27307198.

Ritterhoff S, Farah CM, Grabitzki J, Lochnit G, Skurat AV, Schmitz ML. The WD40-repeat protein
Han11 functions as a scaffold protein to control HIPK2 and MEKK1 kinase functions. Embo J. 2010; 29
(22):3750—61. Epub 2010/10/14. https://doi.org/10.1038/emboj.2010.251 PMID: 20940704.

Xiang J, Yang S, Xin N, Gaertig MA, Reeves RH, Li S, et al. DYRK1A regulates Hap1-Dcaf7/WDR68
binding with implication for delayed growth in Down syndrome. Proc Natl Acad Sci U S A. 2017; 114(7):
E1224—E33. Epub 2017/02/01. https://doi.org/10.1073/pnas.1614893114 PMID: 28137862.

Stirnimann CU, Petsalaki E, Russell RB, Muller CW. WD40 proteins propel cellular networks. Trends
Biochem Sci. 2010; 35(10):565-74. Epub 2010/05/11. https://doi.org/10.1016/).tibs.2010.04.003 PMID:
20451393.

de Vetten N, Quattrocchio F, Mol J, Koes R. The an11 locus controlling flower pigmentation in petunia
encodes a novel WD-repeat protein conserved in yeast, plants, and animals. Genes Dev. 1997; 11
(11):1422-34. PMID: 9192870.

Miyata Y, Shibata T, Aoshima M, Tsubata T, Nishida E. The molecular chaperone TRiC/CCT binds to
the Trp-Asp 40 (WD40) repeat protein WDR68 and promotes its folding, protein kinase DYRK1A bind-
ing, and nuclear accumulation. J Biol Chem. 2014; 289(48):33320-32. Epub 2014/10/25. https://doi.
org/10.1074/jbc.M114.586115 PMID: 25342745.

Alvarado E, Yousefelahiyeh M, Alvarado G, Shang R, Whitman T, Martinez A, et al. Wdr68 Mediates
Dorsal and Ventral Patterning Events for Craniofacial Development. PLoS One. 2016; 11(11):
e0166984. Epub 2016/11/24. https://doi.org/10.1371/journal.pone.0166984 PMID: 27880803.

Mazmanian G, Kovshilovsky M, Yen D, Mohanty A, Mohanty S, Nee A, et al. The zebrafish dyrk1b gene
is important for endoderm formation. Genesis. 2010; 48(1):20-30. Epub 2009/12/17. https://doi.org/10.
1002/dvg.20578 PMID: 20014342.

Wang B, Doan D, Roman Petersen Y, Alvarado E, Alvarado G, Bhandari A, et al. Wdr68 requires
nuclear access for craniofacial development. PLoS One. 2013; 8(1):e54363. Epub 2013/01/26. https:/
doi.org/10.1371/journal.pone.0054363 PMID: 23349862.

Jin J, Arias EE, Chen J, Harper JW, Walter JC. A family of diverse Cul4-Ddb1-interacting proteins
includes Cdt2, which is required for S phase destruction of the replication factor Cdt1. Mol Cell. 2006;
23(5):709-21. Epub 2006/09/05. https://doi.org/10.1016/j.molcel.2006.08.010 PMID: 16949367.

Peng Z, Liao Z, Matsumoto Y, Yang A, Tomkinson AE. Human DNA Ligase | Interacts with and Is Tar-
geted for Degradation by the DCAF7 Specificity Factor of the Cul4-DDB1 Ubiquitin Ligase Complex. J
Biol Chem. 2016; 291(42):21893-902. Epub 2016/08/31. https://doi.org/10.1074/jbc.M116.746198
PMID: 27573245.

Becker W, Soppa U, Tejedor FJ. DYRK1A: a potential drug target for multiple Down syndrome
neuropathologies. CNS Neurol Disord Drug Targets. 2014; 13(1):26—33. Epub 2013/10/25. PMID:
24152332.

Kay LJ, Smulders-Srinivasan TK, Soundararajan M. Understanding the Multifaceted Role of Human
Down Syndrome Kinase DYRK1A. Adv Protein Chem Struct Biol. 2016; 105:127-71. Epub 2016/08/29.
https://doi.org/10.1016/bs.apcsb.2016.07.001 PMID: 27567487

Becker W, Sippl W. Activation, regulation, and inhibition of DYRK1A. FEBS J. 2011; 278(2):246-56.
Epub 2010/12/04. https://doi.org/10.1111/j.1742-4658.2010.07956.x PMID: 21126318.

Becker W, Joost HG. Structural and functional characteristics of Dyrk, a novel subfamily of protein
kinases with dual specificity. Prog Nucleic Acid Res Mol Biol. 1999; 62:1—-17. PMID: 9932450.

Fernandez-Martinez P, Zahonero C, Sanchez-Gomez P. DYRK1A: the double-edged kinase as a pro-
tagonist in cell growth and tumorigenesis. Mol Cell Oncol. 2015; 2(1):€970048. Epub 2015/01/01.
https://doi.org/10.4161/23723548.2014.970048 PMID: 27308401.

Tejedor F, Zhu XR, Kaltenbach E, Ackermann A, Baumann A, Canal |, et al. minibrain: a new protein
kinase family involved in postembryonic neurogenesis in Drosophila. Neuron. 1995; 14(2):287-301.
PMID: 7857639.

Hammerle B, Carnicero A, Elizalde C, Ceron J, Martinez S, Tejedor FJ. Expression patterns and subcel-
lular localization of the Down syndrome candidate protein MNB/DYRK1A suggest a role in late neuronal
differentiation. Eur J Neurosci. 2003; 17(11):2277-86. PMID: 12814361.

Hammerle B, Elizalde C, Tejedor FJ. The spatio-temporal and subcellular expression of the candidate
Down syndrome gene Mnb/Dyrk1A in the developing mouse brain suggests distinct sequential roles in

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 20/23


https://doi.org/10.1016/j.bbamcr.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21777625
https://doi.org/10.1038/srep28241
http://www.ncbi.nlm.nih.gov/pubmed/27307198
https://doi.org/10.1038/emboj.2010.251
http://www.ncbi.nlm.nih.gov/pubmed/20940704
https://doi.org/10.1073/pnas.1614893114
http://www.ncbi.nlm.nih.gov/pubmed/28137862
https://doi.org/10.1016/j.tibs.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20451393
http://www.ncbi.nlm.nih.gov/pubmed/9192870
https://doi.org/10.1074/jbc.M114.586115
https://doi.org/10.1074/jbc.M114.586115
http://www.ncbi.nlm.nih.gov/pubmed/25342745
https://doi.org/10.1371/journal.pone.0166984
http://www.ncbi.nlm.nih.gov/pubmed/27880803
https://doi.org/10.1002/dvg.20578
https://doi.org/10.1002/dvg.20578
http://www.ncbi.nlm.nih.gov/pubmed/20014342
https://doi.org/10.1371/journal.pone.0054363
https://doi.org/10.1371/journal.pone.0054363
http://www.ncbi.nlm.nih.gov/pubmed/23349862
https://doi.org/10.1016/j.molcel.2006.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16949367
https://doi.org/10.1074/jbc.M116.746198
http://www.ncbi.nlm.nih.gov/pubmed/27573245
http://www.ncbi.nlm.nih.gov/pubmed/24152332
https://doi.org/10.1016/bs.apcsb.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27567487
https://doi.org/10.1111/j.1742-4658.2010.07956.x
http://www.ncbi.nlm.nih.gov/pubmed/21126318
http://www.ncbi.nlm.nih.gov/pubmed/9932450
https://doi.org/10.4161/23723548.2014.970048
http://www.ncbi.nlm.nih.gov/pubmed/27308401
http://www.ncbi.nlm.nih.gov/pubmed/7857639
http://www.ncbi.nlm.nih.gov/pubmed/12814361
https://doi.org/10.1371/journal.pone.0207779

®PLOS | one

DCAF7/WDR68 is required for normal levels of DYRK1A and DYRK1B

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

neuronal development. Eur J Neurosci. 2008; 27(5):1061-74. Epub 2008/03/28. https://doi.org/10.
1111/1.1460-9568.2008.06092.x PMID: 18364031.

Hammerle B, Vera-Samper E, Speicher S, Arencibia R, Martinez S, Tejedor FJ. Mnb/Dyrk1A is tran-
siently expressed and asymmetrically segregated in neural progenitor cells at the transition to neuro-
genic divisions. Dev Biol. 2002; 246(2):259-73. https://doi.org/10.1006/dbio.2002.0675 PMID:
12051815.

Bellmaine SF, Ovchinnikov DA, Manallack DT, Cuddy CE, Elefanty AG, Stanley EG, et al. Inhibition of
DYRK1A disrupts neural lineage specificationin human pluripotent stem cells. Elife. 2017; 6. Epub
2017/09/09. https://doi.org/10.7554/eLife.24502 PMID: 28884684.

Litovchick L, Florens LA, Swanson SK, Washburn MP, DeCaprio JA. DYRK1A protein kinase promotes
quiescence and senescence through DREAM complex assembly. Genes Dev. 2011; 25(8):801-13.
Epub 2011/04/19. https://doi.org/10.1101/gad.2034211 PMID: 21498570.

Tschop K, Conery AR, Litovchick L, Decaprio JA, Settleman J, Harlow E, et al. A kinase shRNA screen
links LATS2 and the pRB tumor suppressor. Genes Dev. 2011; 25(8):814-30. Epub 2011/04/19.
https://doi.org/10.1101/gad.2000211 PMID: 21498571.

Soppa U, Schumacher J, Florencio Ortiz V, Pasqualon T, Tejedor FJ, Becker W. The Down syndrome-

related protein kinase DYRK1A phosphorylates p27(Kip1) and Cyclin D1 and induces cell cycle exit and
neuronal differentiation. Cell Cycle. 2014; 13(13):2084—100. Epub 2014/05/09. https://doi.org/10.4161/

cc.29104 PMID: 24806449.

Di Vona C, Bezdan D, Islam AB, Salichs E, Lopez-Bigas N, Ossowski S, et al. Chromatin-wide profiling
of DYRK1A reveals a role as a gene-specific RNA polymerase Il CTD kinase. Mol Cell. 2015; 57
(3):506—20. https://doi.org/10.1016/j.molcel.2014.12.026 PMID: 25620562.

LiS, XuC,FuY,LeiPJ, YaoY, Yang W, et al. DYRK1A interacts with histone acetyl transferase p300
and CBP and localizes to enhancers. Nucleic Acids Res. 2018. Epub 2018/08/24. https://doi.org/10.
1093/nar/gky754 PMID: 30137413.

Cohen MJ, Yousef AF, Massimi P, Fonseca GJ, Todorovic B, Pelka P, et al. Dissection of the C-terminal
region of E1A redefines the roles of CtBP and other cellular targets in oncogenic transformation. J Virol.
2013; 87(18):10348-55. Epub 2013/07/19. https://doi.org/10.1128/JVI.00786-13 PMID: 23864635.

Subramanian T, Zhao LJ, Chinnadurai G. Interaction of CtBP with adenovirus E1A suppresses immor-
talization of primary epithelial cells and enhances virus replication during productive infection. Virology.
2013; 443(2):313-20. Epub 2013/06/12. https://doi.org/10.1016/j.virol.2013.05.018 PMID: 23747199.

Kuppuswamy M, Subramanian T, Kostas-Polston E, Vijayalingam S, Zhao LJ, Varvares M, et al. Func-
tional similarity between E6 proteins of cutaneous human papillomaviruses and the adenovirus E1A
tumor-restraining module. J Virol. 2013; 87(13):7781-6. Epub 2013/05/03. https://doi.org/10.1128/JVI.
00037-13 PMID: 236374 14.

Komorek J, Kuppuswamy M, Subramanian T, Vijayalingam S, Lomonosova E, Zhao LJ, et al. Adenovi-
rus type 5 E1A and E6 proteins of low-risk cutaneous beta-human papillomaviruses suppress cell trans-
formation through interaction with FOXK1/K2 transcription factors. J Virol. 2010; 84(6):2719-31. Epub
2010/01/08. https://doi.org/10.1128/JVI.02119-09 PMID: 20053746.

Yang L, Paul S, Trieu KG, Dent LG, Froldi F, Fores M, et al. Minibrain and Wings apart control organ
growth and tissue patterning through down-regulation of Capicua. Proc Natl Acad SciU S A. 2016; 113
(38):10583-8. Epub 2016/09/08. https://doi.org/10.1073/pnas.1609417113 PMID: 27601662.

Morriss GR, Jaramillo CT, Mikolajczak CM, Duong S, Jaramillo MS, Cripps RM. The Drosophila wings
apart gene anchors a novel, evolutionarily conserved pathway of neuromuscular development. Genet-
ics. 2013; 195(3):927-40. Epub 2013/09/13. https://doi.org/10.1534/genetics.113.154211 PMID:
24026097.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome engineering using CRISPR/
Cas systems. Science. 2013; 339(6121):819-23. https://doi.org/10.1126/science.1231143 PMID:
23287718.

Becker W, Weber Y, Wetzel K, Eirmbter K, Tejedor FJ, Joost HG. Sequence characteristics, subcellular
localization, and substrate specificity of DYRK-related kinases, a novel family of dual specificity protein
kinases. J Biol Chem. 1998; 273(40):25893-902. PMID: 9748265.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—-8. Epub 2002/02/16. https://doi.org/10.
1006/meth.2001.1262 PMID: 11846609.

Blau HM, Chiu CP, Webster C. Cytoplasmic activation of human nuclear genes in stable heterocaryons.
Cell. 1983; 32(4):1171-80. Epub 1983/04/01. PMID: 6839359.

Bains W, Ponte P, Blau H, Kedes L. Cardiac actin is the major actin gene product in skeletal muscle cell
differentiation in vitro. Mol Cell Biol. 1984; 4(8):1449-53. Epub 1984/08/01. PMID: 6493226.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 21/23


https://doi.org/10.1111/j.1460-9568.2008.06092.x
https://doi.org/10.1111/j.1460-9568.2008.06092.x
http://www.ncbi.nlm.nih.gov/pubmed/18364031
https://doi.org/10.1006/dbio.2002.0675
http://www.ncbi.nlm.nih.gov/pubmed/12051815
https://doi.org/10.7554/eLife.24502
http://www.ncbi.nlm.nih.gov/pubmed/28884684
https://doi.org/10.1101/gad.2034211
http://www.ncbi.nlm.nih.gov/pubmed/21498570
https://doi.org/10.1101/gad.2000211
http://www.ncbi.nlm.nih.gov/pubmed/21498571
https://doi.org/10.4161/cc.29104
https://doi.org/10.4161/cc.29104
http://www.ncbi.nlm.nih.gov/pubmed/24806449
https://doi.org/10.1016/j.molcel.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25620562
https://doi.org/10.1093/nar/gky754
https://doi.org/10.1093/nar/gky754
http://www.ncbi.nlm.nih.gov/pubmed/30137413
https://doi.org/10.1128/JVI.00786-13
http://www.ncbi.nlm.nih.gov/pubmed/23864635
https://doi.org/10.1016/j.virol.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23747199
https://doi.org/10.1128/JVI.00037-13
https://doi.org/10.1128/JVI.00037-13
http://www.ncbi.nlm.nih.gov/pubmed/23637414
https://doi.org/10.1128/JVI.02119-09
http://www.ncbi.nlm.nih.gov/pubmed/20053746
https://doi.org/10.1073/pnas.1609417113
http://www.ncbi.nlm.nih.gov/pubmed/27601662
https://doi.org/10.1534/genetics.113.154211
http://www.ncbi.nlm.nih.gov/pubmed/24026097
https://doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://www.ncbi.nlm.nih.gov/pubmed/9748265
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/6839359
http://www.ncbi.nlm.nih.gov/pubmed/6493226
https://doi.org/10.1371/journal.pone.0207779

®PLOS | one

DCAF7/WDR68 is required for normal levels of DYRK1A and DYRK1B

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gey GO, Coffman WD, Kubicek MT. Tissue Culture Studies of the Proliferative Capacity of Cervical
Carcinoma and Normal Epithelium. Cancer Research. 1952; 12(4):264—65.

LiuQ, Tang Y, ChenlL, LiuN, Lang F, Liu H, et al. E3 Ligase SCFbetaTrCP-induced DYRK1A Protein
Degradation Is Essential for Cell Cycle Progression in HEK293 Cells. J Biol Chem. 2016; 291
(51):26399-409. https://doi.org/10.1074/jbc.M116.717553 PMID: 27807027

Vinitsky A, Michaud C, Powers JC, Orlowski M. Inhibition of the chymotrypsin-like activity of the pituitary
multicatalytic proteinase complex. Biochemistry. 1992; 31(39):9421-8. Epub 1992/10/06. PMID:
1356435.

Tsubuki S, Kawasaki H, Saito Y, Miyashita N, Inomata M, Kawashima S. Purification and characteriza-
tion of a Z-Leu-Leu-Leu-MCA degrading protease expected to regulate neurite formation: a novel cata-
lytic activity in proteasome. Biochem Biophys Res Commun. 1993; 196(3):1195-201. Epub 1993/11/
15. https://doi.org/10.1006/bbrc.1993.2378 PMID: 8250877.

Sin N, Kim KB, Elofsson M, Meng L, Auth H, Kwok BH, et al. Total synthesis of the potent proteasome
inhibitor epoxomicin: a useful tool for understanding proteasome biology. Bioorg Med Chem Lett. 1999;
9(15):2283-8. Epub 1999/08/28. PMID: 10465562.

Tawa NE Jr., Odessey R, Goldberg AL. Inhibitors of the proteasome reduce the accelerated proteolysis
in atrophying rat skeletal muscles. J Clin Invest. 1997; 100(1):197-203. Epub 1997/07/01. https://doi.
org/10.1172/JCI1119513 PMID: 9202072.

Sasaki T, Kishi M, Saito M, Tanaka T, Higuchi N, Kominami E, et al. Inhibitory effect of di- and tripeptidyl
aldehydes on calpains and cathepsins. J Enzyme Inhib. 1990; 3(3):195-201. Epub 1990/01/01. PMID:
2079636.

JinN, Yin X, Gu J, Zhang X, Shi J, Qian W, et al. Truncation and Activation of Dual Specificity Tyrosine
Phosphorylation-regulated Kinase 1A by Calpain I: AMOLECULAR MECHANISM LINKED TO TAU
PATHOLOGY IN ALZHEIMER DISEASE. J Biol Chem. 2015; 290(24):15219-37. Epub 2015/04/29.
https://doi.org/10.1074/jbc.M115.645507 PMID: 25918155.

Gonzalez-Noriega A, Grubb JH, Talkad V, Sly WS. Chloroquine inhibits lysosomal enzyme pinocytosis
and enhances lysosomal enzyme secretion by impairing receptor recycling. J Cell Biol. 1980; 85
(3):839-52. Epub 1980/06/01. PMID: 7190150.

Wu Z, Chang PC, Yang JC, Chu CY, Wang LY, Chen NT, et al. Autophagy Blockade Sensitizes Pros-
tate Cancer Cells towards Src Family Kinase Inhibitors. Genes Cancer. 2010; 1(1):40-9. Epub 2010/
09/083. https://doi.org/10.1177/1947601909358324 PMID: 20811583.

Deng X, Ewton DZ, Pawlikowski B, Maimone M, Friedman E. Mirk/dyrk1B is a Rho-induced kinase
active in skeletal muscle differentiation. J Biol Chem. 2003; 278(42):41347-54. https://doi.org/10.1074/
jbc.M306780200 PMID: 12902328.

Himpel S, Panzer P, Eirmbter K, Czajkowska H, Sayed M, Packman LC, et al. Identification of the
autophosphorylation sites and characterization of their effects in the protein kinase DYRK1A. Biochem
J. 2001; 359(Pt 3):497-505. PMID: 11672423.

Lochhead PA, Sibbet G, Morrice N, Cleghon V. Activation-loop autophosphorylation is mediated by a
novel transitional intermediate form of DYRKSs. Cell. 2005; 121(6):925-36. Epub 2005/06/18. https://doi.
org/10.1016/j.cell.2005.03.034 PMID: 15960979.

Gockler N, Jofre G, Papadopoulos C, Soppa U, Tejedor FJ, Becker W. Harmine specifically inhibits pro-
tein kinase DYRK1A and interferes with neurite formation. FEBS J. 2009; 276(21):6324—-37. Epub
2009/10/03. https://doi.org/10.1111/j.1742-4658.2009.07346.x PMID: 19796173.

Abu Jhaisha S, Widowati EW, Kii I, Sonamoto R, Knapp S, Papadopoulos C, et al. DYRK1B mutations
associated with metabolic syndrome impair the chaperone-dependent maturation of the kinase domain.
Sci Rep. 2017; 7(1):6420. Epub 2017/07/27. https://doi.org/10.1038/s41598-017-06874-w PMID:
28743892.

Xie X, Lu J, Kulbokas EJ, Golub TR, Mootha V, Lindblad-Toh K, et al. Systematic discovery of regula-
tory motifs in human promoters and 3' UTRs by comparison of several mammals. Nature. 2005; 434
(7031):338—45. Epub 2005/03/01. https://doi.org/10.1038/nature03441 PMID: 15735639.

Pique-Regi R, Degner JF, Pai AA, Gaffney DJ, Gilad Y, Pritchard JK. Accurate inference of transcription
factor binding from DNA sequence and chromatin accessibility data. Genome Res. 2011; 21(3):447—
55. Epub 2010/11/26. https://doi.org/10.1101/gr.112623.110 PMID: 21106904.

Raghav SK, Waszak SM, Krier I, Gubelmann C, Isakova A, Mikkelsen TS, et al. Integrative genomics
identifies the corepressor SMRT as a gatekeeper of adipogenesis through the transcription factors C/
EBPbeta and KAISO. Mol Cell. 2012; 46(3):335-50. Epub 2012/04/24. https://doi.org/10.1016/j.molcel.
2012.03.017 PMID: 22521691.

Varjosalo M, Keskitalo S, Van Drogen A, Nurkkala H, Vichalkovski A, Aebersold R, et al. The protein
interaction landscape of the human CMGC kinase group. Cell Rep. 2013; 3(4):1306—20. https://doi.org/
10.1016/j.celrep.2013.03.027 PMID: 23602568.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 22/23


https://doi.org/10.1074/jbc.M116.717553
http://www.ncbi.nlm.nih.gov/pubmed/27807027
http://www.ncbi.nlm.nih.gov/pubmed/1356435
https://doi.org/10.1006/bbrc.1993.2378
http://www.ncbi.nlm.nih.gov/pubmed/8250877
http://www.ncbi.nlm.nih.gov/pubmed/10465562
https://doi.org/10.1172/JCI119513
https://doi.org/10.1172/JCI119513
http://www.ncbi.nlm.nih.gov/pubmed/9202072
http://www.ncbi.nlm.nih.gov/pubmed/2079636
https://doi.org/10.1074/jbc.M115.645507
http://www.ncbi.nlm.nih.gov/pubmed/25918155
http://www.ncbi.nlm.nih.gov/pubmed/7190150
https://doi.org/10.1177/1947601909358324
http://www.ncbi.nlm.nih.gov/pubmed/20811583
https://doi.org/10.1074/jbc.M306780200
https://doi.org/10.1074/jbc.M306780200
http://www.ncbi.nlm.nih.gov/pubmed/12902328
http://www.ncbi.nlm.nih.gov/pubmed/11672423
https://doi.org/10.1016/j.cell.2005.03.034
https://doi.org/10.1016/j.cell.2005.03.034
http://www.ncbi.nlm.nih.gov/pubmed/15960979
https://doi.org/10.1111/j.1742-4658.2009.07346.x
http://www.ncbi.nlm.nih.gov/pubmed/19796173
https://doi.org/10.1038/s41598-017-06874-w
http://www.ncbi.nlm.nih.gov/pubmed/28743892
https://doi.org/10.1038/nature03441
http://www.ncbi.nlm.nih.gov/pubmed/15735639
https://doi.org/10.1101/gr.112623.110
http://www.ncbi.nlm.nih.gov/pubmed/21106904
https://doi.org/10.1016/j.molcel.2012.03.017
https://doi.org/10.1016/j.molcel.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22521691
https://doi.org/10.1016/j.celrep.2013.03.027
https://doi.org/10.1016/j.celrep.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23602568
https://doi.org/10.1371/journal.pone.0207779

®PLOS | one

DCAF7/WDR68 is required for normal levels of DYRK1A and DYRK1B

73.

74.

75.

76.

77.

Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K, et al. Architecture of the human inter-
actome defines protein communities and disease networks. Nature. 2017; 545(7655):505—-9. Epub
2017/05/18. https://doi.org/10.1038/nature22366 PMID: 28514442.

Boldt K, van Reeuwijk J, Lu Q, Koutroumpas K, Nguyen TM, Texier Y, et al. An organelle-specific pro-
tein landscape identifies novel diseases and molecular mechanisms. Nat Commun. 2016; 7:11491.
Epub 2016/05/14. https://doi.org/10.1038/ncomms11491 PMID: 27173435.

Starbuck JM, Cole TM 3rd, Reeves RH, Richtsmeier JT. The Influence of trisomy 21 on facial form and
variability. Am J Med Genet A. 2017; 173(11):2861-72. Epub 2017/09/25. https://doi.org/10.1002/ajmg.
a.38464 PMID: 28941128.

Guedj F, Bianchi DW, Delabar JM. Prenatal treatment of Down syndrome: a reality? Curr Opin Obstet
Gynecol. 2014; 26(2):92-103. https://doi.org/10.1097/GC0O.0000000000000056 PMID: 24573065.

McElyea SD, Starbuck JM, Tumbleson-Brink DM, Harrington E, Blazek JD, Ghoneima A, et al. Influ-
ence of prenatal EGCG treatment and Dyrk1a dosage reduction on craniofacial features associated
with Down syndrome. Hum Mol Genet. 2016; 25(22):4856—69. Epub 2017/02/09. https://doi.org/10.
1093/hmg/ddw309 PMID: 28172997.

PLOS ONE | https://doi.org/10.1371/journal.pone.0207779 November 29, 2018 23/23


https://doi.org/10.1038/nature22366
http://www.ncbi.nlm.nih.gov/pubmed/28514442
https://doi.org/10.1038/ncomms11491
http://www.ncbi.nlm.nih.gov/pubmed/27173435
https://doi.org/10.1002/ajmg.a.38464
https://doi.org/10.1002/ajmg.a.38464
http://www.ncbi.nlm.nih.gov/pubmed/28941128
https://doi.org/10.1097/GCO.0000000000000056
http://www.ncbi.nlm.nih.gov/pubmed/24573065
https://doi.org/10.1093/hmg/ddw309
https://doi.org/10.1093/hmg/ddw309
http://www.ncbi.nlm.nih.gov/pubmed/28172997
https://doi.org/10.1371/journal.pone.0207779

