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The Notch receptor is a key mediator of developmental pro-
grams and cell-fate decisions. Imbalanced Notch signaling leads
to developmental disorders and cancer. To fully characterize the
Notch signaling pathway and exploit it in novel therapeutic
interventions, a comprehensive view on the regulation and
requirements of Notch signaling is needed. Notch is regulated
at different levels, ranging from ligand binding, stability to
endocytosis. Using an array of different techniques, including
reporter gene assays, immunocytochemistry, and ChIP-qPCR
we show here, to the best of our knowledge for the first time,
regulation of Notch signaling at the level of the nuclear pore. We
found that the nuclear pore protein Nup214 (nucleoporin 214)
and its interaction partner Nup88 negatively regulate Notch sig-
naling in vitro and in vivo in zebrafish. In mammalian cells, loss
of Nup88/214 inhibited nuclear export of recombination signal-
binding protein for immunoglobulin k] region (RBP-J), the
DNA-binding component of the Notch pathway. This inhibition
increased binding of RBP-J to its cognate promoter regions,
resulting in increased downstream Notch signaling. Interest-
ingly, we also found that NUP214 fusion proteins, causative for
certain cases of T-cell acute lymphatic leukemia, potentially
contribute to tumorigenesis via a Notch-dependent mechanism.
In summary, the nuclear pore components Nup88/214 suppress
Notch signaling in vitro, and in zebrafish, nuclear RBP-]J levels
are rate-limiting factors for Notch signaling in mammalian cells,
and regulation of nucleocytoplasmic transport of RBP-J may
contribute to fine-tuning Notch activity in cells.
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Notch is required for cell- cell communication and regulates
cell fate (1-3). Notch undergoes three proteolytical cleavage
events, first by Furin (4), then, after ligand-binding, by ADAM/
TACE (5); and finally by y-secretase (6). y-Secretase releases
the Notch intracellular domain (NICD),* which is imported
into the nucleus. There, it interacts with the DNA-binding pro-
tein RBP-J, also called CSL, and Mastermind proteins to control
gene expression (7, 8). To fine-tune and control Notch signal-
ing, a tight network of Notch activity control instances has
evolved. Notch signal modulation can include acetylation
(9), glycosylation (10), methylation (11), or ubiquitination
(12-16) of the receptor. NICD activity can be regulated via
phosphorylation by several kinases (17-20). Apart from
post-translational modifications, the cleavage of Notch may
also be regulated (21, 22).

Nucleocytoplasmic transport is mediated by exportins and
importins that shuttle proteins through the nuclear pore (23,
24). Nuclear pore protein (Nup, or NUP in case of humans; we
use Nup throughout the text for mammalian Nup and nup for
zebrafish Nup) 214 is a peripheral FG-repeat Nup and is located
on the cytoplasmic face of the nuclear pore. Together with its
binding partner Nup88, Nup214 was shown to be involved in
nuclear import and export (25-28). Interestingly, Nup214
fusion proteins were found in ~10% of T-cell acute lymphatic
leukemia (T-ALL) cases, a fatal leukemia that is strongly asso-
ciated with aberrant Notch signaling (29, 30).

We here identified Nup88 and Nup214 as novel negative reg-
ulators of Notch signaling in vitro and in vivo. Nup88/214 neg-
atively regulates the Notch co-factor RBP-J by decreasing its
nuclear levels, thus reducing NICD-dependent transcription.
T-ALL-associated Nup214 fusion proteins phenocopied a loss
of Nup214 and up-regulated Notch, potentially contributing to
tumorigenesis.

2 The abbreviations used are: NICD, Notch intracellular domain; T-ALL, T-cell
acute lymphatic leukemia; KD, knockdown; LMB, leptomycin B; MO, mor-
pholino; GSI, y-secretase inhibitor; MyHC, myosin heavy chain; AID, activa-
tion-induced deaminase; gPCR, quantitive PCR; DAPT, N-[N-(3,5-difluoro-
phenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester.
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Figure 1. Nup88 and Nup214 negatively regulate canonical Notch signaling. A-C, PC3 cells were transfected with 12X CSL luciferase Notch reporter and
siRNAs as indicated. 24 h later cells were harvested and subjected to luciferase assay (A) or probed with the indicated antibodies for protein expression (B) and
immunofluorescence (C). A displays the means = S.E. of n = 3 independent experiments. Arrows depict nuclear rim staining indicative for nuclear pores.
Mab414, anti-FG-repeat antibody. Scale bar, 10 um. NPC, nuclear pore complex. D, PC3 cells transfected with increasing amounts of Nup214 siRNA were
subjected to gPCR with primers specific for Nup214 and HES1. Displayed are the means of two independent experiments and S.E. E, PC3 cells transfected with
12X CSL luciferase Notch reporter were treated for 24 h with 10 um DAPT and additionally 10 nm LMB where indicated and subjected to luciferase assay.
Displayed are the means = S.E. of n = 3 independent experiments. The asterisk indicates p < 0.05, Student’s t test. F and G, C2C12 cells were transfected with
12X CSL luciferase Notch reporter and siRNAs as indicated. 24 h later, the cells were harvested and subjected to luciferase assay (F) or probed with indicated
antibodies for protein expression (G). The graph displays the means = S.E. from three independent experiments. The asterisk indicates p < 0.05, Students t test.

For full-size blots of B and G, see supporting Fig. S6. MW, molecular mass.

Results and discussion

Knockdown of Nup88/214 increases Notch signaling in vitro
and in vivo

Here we describe a novel role for the nuclear pore compo-
nents Nup88 and Nup214 in Notch signaling. Using a constitu-
tively active Notch (NotchAE) tagged with EGFP (31), we
screened siRNAs for modulators of Notch trafficking. Surpris-
ingly, siRNAs against Nup214 did not change trafficking of
NotchAE/NICD-EGPF but increased Notch signaling.

To further get insights into the mechanism, we transfected
human cells with siRNAs against Nup214 and a luciferase-
based Notch reporter with 12X CSL-binding sites (31). Stability
of Nup214 depends on its binding partner Nup88 (32), there-
fore knockdown (KD) of Nup88 was also tested. KD of either
Nup strongly induced Notch signaling, whereas the KD of an
unrelated Nup, Nup358, had only a small effect (Fig. 14). The
induction of Notch signaling upon KD of Nup88 or Nup214 was
blocked by the y-secretase inhibitor (GSI) DAPT (Fig. 1A). This
suggests that the KD affects canonical NICD- and CSL/RBP-J—
mediated Notch signaling.

11742 J Biol Chem. (2019) 294(31) 11741-11750

All siRNAs specifically down-regulated their targets (Fig. 1B,
additional siRNA against Nup214 was tested in Fig. S3, C and
D). The KD of Nup88 influenced protein levels of Nup214 and
vice versa, as published before (28, 33). Fig. 1C demonstrates
that KD of Nup88 or Nup214 did not lead to general nuclear
pore collapse, as indicated by staining with an anti—-FG-repeat
antibody (Mab414).

Because both KDs of Nup88 and Nup214 had the same effect,
because of the mutual dependence, we focused on Nup214. We
transfected increasing amounts of Nup214 siRNA and mea-
sured mRNA expression of Nup214 and a canonical Notch tar-
get, HES1 (34). Fig. 1D shows a dose-dependent KD of Nup214
mRNA and a concomitant HES1 up-regulation.

Nup214 plays a role in CRM1-mediated nuclear export (27,
28, 33), but a connection to Notch was not reported before. We
therefore tested whether CRM1-mediated nuclear export is
involved and inhibited this transport pathway by the selective
CRML1 inhibitor leptomycin B (LMB) (35). Incubation of PC3
cells with LMB resulted in a similar, GSI-sensitive up-regula-
tion of Notch signaling as the KD of Nup214 (Fig. 1E). The
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Figure 2. Nup214 KD delays or prevents differentiation of C2C12 cells. A,
C2C12 cells transfected with siRNA as indicated were differentiated for 0, 2,
and 6 days; fixed; and processed for immunofluorescence with MyHC anti-
bodies. The nuclei were stained with Hoechst 33342. Scale bar, 200 um. B,
quantitation of at least 800 nuclei/condition. Displayed are the mean ratios =
S.E. from three independent experiments of MyHC positive to total cells. C,
lysates from C2C12 cells treated as in A were immunoblotted for MyHC,
Nup214, and Nicastrin (Nct), and mRNA levels were determined by RT-PCR for
Hes1 and GAPDH. D, displays the relative intensities of MyHC to loading con-
trol Nct. siControl levels were set to 1. The graph displays means *+ S.E. of
three independent experiments. Asterisks indicate p < 0.05, Student's t test.
For full-size blots of C, see supporting Fig. S6.

effects are not cell type—specific, because KD of Nup214
induced Notch signaling also in the mouse myoblast cell line
C2C12 (Fig. 1, Fand G). Together these results suggest that the
CRM1-Nup214 axis is involved in regulating Notch signaling.

The CSL-luciferase assay in PC3 cells measured endogenous
Notch signaling activity, but not its physiological conse-
quences. We therefore analyzed the differentiation of C2C12
cells with or without KD of Nup214. Upon serum withdrawal,
these cells differentiate into myotubes, and this differentiation
is prevented by Notch signaling (36). KD of Nup214 inhibited
proliferation of C2C12 cells (1.7-fold proliferation after 2 days
in siControl-treated cells, —0.9-fold in siNup214 treated cells,
n = 3 experiments), confirming earlier findings in HeLa cells
(28). In addition KD of Nup214 delayed or reduced differentia-
tion of C2C12 cells (Fig. 2A) as measured by the ratio of myosin
heavy chain (MyHC) positive cells to total cells (Fig. 2B), the
fusion index (not shown) and a reduction on MyHC protein
levels (Fig. 2, C and D). Differentiation could be rescued by
additional KD of Hesl, a major Notch downstream gene in
myogenesis (37, 38), suggesting that the differentiation block by
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KD of Nup214 was mediated via Notch signaling (Fig. 2, A-D).
Taken together, the data suggested that KD of Nup214 pre-
vented differentiation of C2C12 cells by increasing Notch
signaling.

To analyze the role of Nup214 in vivo, we used zebrafish. In
zebrafish, Notch signaling is involved in differentiation of many
tissues, for example in notochord formation, somitogenesis,
and hypochord specification (39). RT-PCR for the single
zebrafish nup214 orthologue demonstrated that nup214
mRNA is maternally supplied to the zygote and that nup214 is
strongly expressed in early stages of development (Fig. 3A4). In
situ hybridization confirmed the expression in early stages.
After 17 h postfertilization and even more pronounced after
24 h postfertilization, nup214 displayed an increased tissue-
specific expression pattern with strongest expression in the
developing brain (Fig. 3B).

Interestingly, in adult zebrafish nup214 expression is
restricted to a number of tissues like ovary, brain, kidney, and
gills (Fig. 3, C and D). In the ovary, nup214 is expressed in
oocytes of early stages, whereas in maturing oocytes nup214
message is localized in a stripe-like subcortical domain (Fig.
3D). Such asymmetrical localization was also observed for other
maternally supplied mRNAs like notch (40). Of note, in Arabi-
dopsis, the only other organism for which we found a tissue
expressing study, the Nup214 orthologue LNOL1 is also highly
expressed in reproductive tissue and very low in vegetative tis-
sue (41).

To address the function of nup214 in zebrafish development,
we performed a morpholino (MO) based knockdown approach.
RT-PCR analysis showed that injection of a MO targeting the
splice donor site of exon 4 resulted in a dose-dependent reduc-
tion of correctly spliced nup214 mRNA (Fig. 3E).

To directly assess whether nup214 KD causes up-regulation
of Notch activity in zebrafish, we analyzed the expression of
col2ala by in situ hybridization. Normally, col2ala expressing
cells are confined to a single cell layer in the trunk hypochord
and floorplate of zebrafish embryos. After injection of the
nup214 splice MO, col2ala is expressed now also in the area of
the trunk notochord (Fig. 3F, compare line scans of both con-
ditions). As shown before (39), this expansion into the noto-
chord area is a clear indication of Notch activation.

The knockdown effect was validated using a second nup214
MO that targets the 5" UTR, interfering with translation (ATG
MO; Fig. 3E). Injection of the ATG-MO dose-dependently
induced the same expansion into the notochord as seen with
the splice morpholino (Fig. S1). These data strongly suggested
that Nup214 functions as a negative regulator of Notch signal-
ing also in vivo during zebrafish development.

To further substantiate the in vivo data we analyzed an addi-
tional target of Notch, her4 (42). Injection of the splice MO
against Nup214 induced an up-regulation of /zer4, suggestive of
an increased Notch signaling (Fig. S2).

Together, these data demonstrate that Nup88/214 negatively
regulate Notch activity and, as LMB treatment has a similar
effect, raise the intriguing possibility that Nup88/214 is
involved in nuclear export of a Notch activator. KD of Nup88/
214 (or LMB treatment) keeps this putative activator in the
nucleus, resulting in increased Notch signaling.

J. Biol. Chem. (2019) 294(31) 11741-11750 11743
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Figure 3. Nup214 is differentially expressed in vivo and negatively regulates Notch-signaling. A-D, expression analysis of Nup214 in zebrafish. A,
RT-PCR with nup214-specific primers on zebrafish embryos and larvae from indicated time points. B, in situ hybridization of zebrafish embryos with a
nup214-specific antisense probe. Scale bar, 150 um. C, RT-PCR with nup214-specific primers on tissues from adult zebrafish tissues. D, in situ hybrid-
ization with a nup214 probe in adult zebrafish. Arrows point to localized mRNA in later stages of oogenesis. Scale bar, 100 um. E and F, Nup214
inactivation by morpholinos activates Notch. E, scheme of nup214 pre-mRNA. Black bars indicate the binding site of the splice MO targeting exon
4/intron 4 splice site and the 5’-UTR MO (ATG MO). Arrows indicate the binding sites for the primers used to demonstrate the efficacy of knockdown,
displayed in the agarose gel below. 215 bp, correctly spliced mRNA; 607 bp, mRNA with intron 4 inclusion. —RT, control condition without reverse
transcriptase. Below the gel are the number of injected fish and the percentage of fish with the phenotype shown in F. F, whole mount in situ
hybridization of col2ala of 22-h-old zebrafish embryos injected with control or nup214 MOs (0.4 pm). For number of injected fish and percentage of
phenotype, see E. The boxed areas are enlarged on the right, and the line scans at the indicated positions (blue bars) show intensity profiles (arbitrary
units). Arrowhead, hypochord; arrow, floorplate. Scale bar, 200 um, 50 um in enlarged area. ctr, control.

Nup214 regulates Notch signaling via trafficking of RBP-J

An essential component of canonical Notch signaling is the
DNA-binding factor RBP-J (CSL), which together with NICD
forms the co-activator complex that drives Notch-dependent
transcription (43). To test whether Nup214 is involved in RBP-]
trafficking and whether this affects Notch-signaling, we used
RBP-VP16, a RBP-] mutant that drives RBP-J/CSL-promoter
genes independently of NICD (44). Transfection of RBP-VP16
in the presence or absence of GSI showed that it indeed induced
transcription of a CSL-based luciferase reporter independent of
NICD (Fig. 44). KD of Nup214 further increased luciferase
expression more than 3-fold, suggesting that Nup214 is directly
or indirectly involved in nuclear trafficking of RBP-].

To visualize this trafficking, C2C12 cells were treated with or
without Nup214 siRNA and processed for immunofluores-
cence detection of endogenous RBP-] (see Fig. S3 for character-
ization of antibody). Quantification demonstrated that KD of
Nup214 significantly shifted the distribution of RBP-] toward
the nucleus (Fig. 4, B and C) while not changing total RBP-]
levels (Fig. 4D).

More RBP-]J in the nucleus does not necessarily mean more
DNA binding, and not all RBP-J binding sites are dynamic (45,
46). We therefore performed ChIP-qPCR with an established
RBP-J antibody (45) and analyzed known RBP-] binding sites in
Notch target genes (45) compared with control regions (Fig.
4E). KD of Nup214 increased RBP-] binding to Notch target
genes, but not to control regions. Very similar results were

11744 J Biol Chem. (2019) 294(31) 11741-11750

obtained with a different RBP-J antibody (Fig. S4). Taken
together, these data suggested that Nup214 negatively regulates
Notch signaling by shuttling RBP-J out of the nucleus. KD of
Nup214 increases the level of nuclear RBP-] and its binding to
Notch target genes, thereby enhancing Notch activity.

LMB inhibits CRM1-dependent nuclear export, a major
export route for proteins and RNA (47), and Nup214 is involved
in CRM1-dependent nuclear export (28) of certain cargoes. To
testwhetherKDofNup214wouldcauseinhibitionofallCRM1-de-
pendent export, we determined the localization of activation-
induced deaminase (AID)—GFP, a known CRM1 substrate (48),
in PC3 cells. Although LMB clearly inhibited nuclear export of
AID-GFP, KD of Nup88 or Nup214 did not, indicating that
Nup88/214 are involved in the export of only a subset of CRM1-
dependent proteins (Fig. 4, F and G).

Nup214 is up-regulated with increasing cell density (Fig. S5).
This, together with the nonubiquitous, highly selective expres-
sion in zebrafish (Fig. 3, B-D) and Arabidopsis (41), suggests
that Nup214 is not an essential core component of every
nuclear pore but has specific roles in export of a subset of car-
gos. What remains to be shown is to what extent Nup214 iso-
forms are involved in context-specific transport.

Our data confirmed that Nup214 has a specific set of sub-
strates (27, 28, 33). In agreement with this, expression levels of
Nup214 were recently shown to be cell type—specific (49).
Nup214 therefore belongs to the growing list of cell type/differ-
entiation status—specific Nups (50 —52).

SASBMB
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Figure 4. Nup214 exports RBP-J out of the nucleus. A, PC3 cells transfected with 12X CSL luciferase-based reporter and Notch-independent RBP-VP16 were
transfected with control siRNA or Nup214 siRNA and treated with DAPT as indicated. Luciferase assays were performed after 72 h. The values from reporter and
control-siRNA transfected cells were set to 1, and other conditions were related to that. Shown are the means = S.E. of at least three independent experiments.
B, localization of endogenous RBP-J with or without KD of endogenous Nup214 in C2C12 cells differentiated for 3 days was visualized by antibody staining and
fluorescence microscopy. The boxed areas are magnified on the right, and examples of intensity profiles are shown. Note that the cytoplasmicintensity is halved
in KD conditions. C, 180 cells from three independent experiments respectively were analyzed, and the ratio of extranuclear/nuclear RBP-J fluorescence was
determined. Displayed are the means =+ S.E. D, Western blotting of cells used in Band C probed with indicated antibodies. Top row, displayed is the mean RPB-J
expression normalized to PARP and related to the siControl values set to 1. Displayed are the means = S.E., n = 3 independent experiments. For full-size blots,
see supporting Fig. S6. E, C2C12 cells transfected with control or Nup214 siRNA were subjected to ChIP-qPCR with RBP-J antibody (clone 1F1, Merck) and
primers specific for a control region (enh PIIA) and three dynamic RBP-J binding sites (prom Hes, UTR Hes, and enh Hey). Error bars display the S.E. of three
technical replicates. One of n = 2 independent experiments is shown. F and G, PC3 cells transfected with AID-GFP were transfected with control or Nup214
siRNA for 72 h or treated with 10 nm LMB for 24 h, fixed, and analyzed by immunofluorescence microscopy (F) or lysed and processed forimmunoblotting with
antibodies as indicated (G). For full-size blots, see supporting Fig. S6. Asterisks indicate p < 0.05, Student’s t test. Scale bars in Band F, 10 um. MW, molecular

mass; ctr, control.

T-ALL associated Nup214 fusion proteins increase Notch
signaling

In 50% of T-ALL the tumor is caused by aberrant Notch
signaling (29). Interestingly, chromosomal translocations can
cause or contribute to T-ALL in around 10% of cases. In all
of these translocations, oncogenic fusions of proteins to
Nup214 were detected (53—-55). This raises the intriguing
possibility that the Nup214-fusion proteins are loss-of-
Nup214-function mutations that increase Notch signaling,
contributing to malignancy.

To test this hypothesis, HEK293T cells were transfected with
SET-Nup214, DEK-Nup214, and Nup214-ABL. SET and DEK
are fused to the N terminus of Nup214, replacing parts of it. In
Nup214-Abl, the Abl is fused to the C terminus of Nup214,
replacing parts of it (53-55). After transfection of the fusion
proteins, their effect on the distribution of endogenous Nup88
and 214 was assessed. HEK293 cells were used because of their
suitability for nuclear pore immunostainings. Fig. 5A confirms
that SET-Nup214 localized to nuclear, dense, brightly stained
aggregates (56) that are in a dynamic equilibrium with the
nucleoplasm (57). In contrast DEK-Nup214 localized to
smaller, less bright, uniformly distributed aggregates, as shown
before (56). Remarkably, SET-Nup214, but not DEK-Nup214
sequestered endogenous Nup88 and 214 to nuclear aggregates,
diminishing their amounts at nuclear pores (Fig. 54; quantifi-
cation in Fig. 5B).

SASBMB

In contrast, Nup214-ABL, which contains the N terminus of
Nup214, is recruited to nuclear pores and partially replaces
endogenous Nup214 as published before (Fig. 6) (58). Nup88 is
not changed under these conditions (Fig. 6). This “trapping” of
endogenous Nup88/214 by SET-Nup214 away from the nuclear
pores and the partial replacement of Nup214 by Nup214-ABL
mimics the KD of Nup214 we described above. Therefore, we
tested whether the expression of the fusion proteins would up-
regulate Notch signaling. Indeed, in a CSL-dependent reporter
assay, SET-Nup214 up-regulated Notch almost 4.6-fold, DEK-
Nup214 up-regulated Notch 1.4-fold, and Nup214-ABL up-
regulated Notch 2.9-fold (Fig. 5C). To analyze whether it is the
Nup214 part that is responsible for the effect on Notch signal-
ing, we replaced the fusion partners of Nup214 by GFP or an
FK506-binding protein domain. In both cases the expression of
the artificial fusion proteins resulted in a clear up-regulation of
Notch, indicating that the Nup214-part of the fusion protein is
causing the effect on Notch signaling (Fig. 5C).

Up-regulated Notch signaling is very important in T-ALL
development (29). Our data suggest thatin T-ALL patients with
translocations resulting in Nup214 fusion proteins, an up-reg-
ulation of Notch could contribute to tumorigenesis. Our over-
expression experiments with SET-Nup214 and DEK-Nup214
may exaggerate the patient situation.

Interestingly, the level of up-regulation of Notch coincides
with the incidence of the respective mutations in T-ALL. SET-
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Figure 5. T-ALL causing Nup214 fusion proteins cause Notch up-regula-
tion. A, PC3 cells transfected with SET-Nup214 or DEK-Nup214 were fixed
after 24 h and processed for immunofluorescence with antibodies against
Nup214 (staining the endogenous Nup214, as well as the overexpressed
Nup214 fusion) and Nup88. Arrows depict SET-Nup214 nuclear aggregates;
arrowheads indicate intact endogenous Nup88/214 staining at nuclear pores.
Note that the SET-Nup214 aggregates in the Nup214 channel are overex-
posed to visualize also the endogenous Nup214 in the untransfected cell. The
boxed areas in the merge images are enlarged on the right panel to demon-
strate that SET-Nup214 but not DEK-Nup214 dislocates endogenous Nup88/
214.The positions of nucleoplasm (N, blue) and nuclear envelope (NE, yellow)
are schematized below, and line scans depicting Nup88 and DAPI staining are
shown. Scale bar for main panels, 10 wm; Scale bar for enlargements, 2 um. B,
quantification using line scans of cells from A. 60 cells from n = 3 independent
experiments were analyzed as described under “Experimental procedures.”
Error bars depict S.E. The percentage of Nup88 reduction refers to the area
under the curves at the position of the NE, where control area was set to
100%. C, PC3 cells transfected with plasmids as indicated and 12X CSL lucif-
erase reporter were processed for Notch activity detection. The activity in
control (ctrl) cells was set to 1, and the other values were related to that.
Displayed are the means * S.E. of n = 3-9independent experiments. Asterisks
indicate significance (p < 0.05) related to control, Student’s t test. n.s., not
significant.

Nup214, with the highest up-regulation of Notch, is found in
6% of T-ALL patients (59), followed by Nup214-ABL, in 5%
(54), and finally DEK-Nup214, which only weakly influences
Notch and is actually found in AML, not T-ALL (60). It should
also be noted that Nup214 translocations are rarely found in
patients with direct mutations of Notch (59).

In summary, we showed that the nuclear pore components
Nup88/214 negatively regulate Notch signaling in vitro and in
vivo in zebrafish. Although the importance of the nuclear trans-
port machinery and its regulation/misregulation in develop-
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Figure 6. Nup214-ABL displaces endogenous Nup214 but not Nup88. A,
HEK293T cells were transfected with Nup214-ABL, fixed after 24 h, and pro-
cessed for immunofluorescence against myc (the epitope in Nup214 recog-
nized by the Nup214 antibody we use is deleted) and Nup88 or Nup214 as
indicated. Nuclear pore localization was determined as depicted in Fig. 5.
Note that transfected cells show clear loss of fluorescence signal of Nup214 at
the nuclear rim (arrowheads, upper panel) but not of Nup88 (arrowheads,
lower panel). Asterisk, untransfected cells. Scale bar for main panels, 10 um;
Scale bar for enlargements, 2 um. The boxed areas in the merge images are
enlarged in the right panel. The positions of nucleoplasm (N, blue) and nuclear
envelope (NE, yellow) are schematized, and line scans depicting Nup214-ABL
(green), Nup214 (red, upper graph), or Nup88 (red, lower graph) are shown. B,
quantification using line scans of cells from A. 60-80 cells from n = 3 inde-
pendent experiments were analyzed as described under “Experimental pro-
cedures.” Error bars depict S.E. The percentage of Nup88/214 reduction refers
to the area under the curves at the position of the NE (yellow), where the
control area was set to 100%. ctrl refers to untransfected cells.

ment and disease has been widely appreciated (reviewed in
Refs. 52, 61, and 62), its importance in Notch signaling was not
yet recognized. Our data suggest that nuclear RBP-]J is rate-
limiting for Notch signaling and that regulation of nucleocyto-
plasmic transport is an additional measure for fine-tuning
Notch activity, adding another level of complexity to an already
complex signaling mechanism.

Inhibiting nuclear export is a promising strategy in cancer
therapy (63, 64). However, an unwanted side effect might be an
up-regulation of Notch signaling, which, given its role in pro-
liferation and cancer, could be detrimental. It remains to be
shown to what extent the up-regulation of Notch by oncogenic
Nup214 fusion proteins indeed contributes to tumorigenesis of
T-ALL and/or whether additional functions of Nup88/214 like
mRNA export (27, 28, 57, 65) are involved.

Experimental procedures

For antibodies, primers, and morpholino sequences, see
Tables S1 and S2.

Cell lines

HeLa Kyoto, HEK293T, C2C12 (ATCC CRL-1772), PC3
(ATCC® CRL-1435™), cells were maintained in Dulbecco’s
modified Eagle’s medium + GlutaMAX (Invitrogen) supple-
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mented with 10% FBS and incubated at 37 °C, 95% relative
humidity, and 5% CO.,.

Quantitative RT-PCR

Expression levels of Nup214 and HES1 mRNA were quanti-
fied using real-time PCR according to standard protocols.
c¢DNAs were reverse-transcribed from 2 ug of total RNA. The
PCR (denaturation 95 °C for 2 min followed by 40 cycles of
95 °C for 15 s and 60 °C for 1 min) was performed using Sybr
Green PCR Core Reagents (PE Applied Biosystems).

Nup214 fusion plasmids

DEK-Nup214 (66) was kindly provided by Carl Sandén from
LUND University and was subcloned in via Eagl restriction site
into pPCMV-Myc. Human DEK ¢cDNA (accession no. 5122743,
Invitrogen) was subcloned via EcoRI and Xhol restriction sites
into pPCMV-Myc. SET-Nup214 according to the sequence pub-
lished in Ref. 53 was constructed by overlap extension PCR and
cloned in pcDNA4/myc-HisA vector (Invitrogen). The SET
coding sequence up to the end of exon7 was amplified using
Phusion polymerase (Fynnzymes) and primers SET-F and SET-
Nup-R from a MGC verified human SET cDNA clone (acces-
sion no. 5587291, Thermo Scientific). The Nup214 coding
sequence starting from exon 18 was amplified from a human
Nup214 full-length construct using primers SET-Nup-F and
Nup214-R. Nup214-ABL, Nup214-GFP, and FKBP-Nup214
were constructed via Gibson assembly cloning kit (NEB), and
primers were generated with NEBuilder®. For Nup214-ABL
(sequence according to Ref. 54), Nup214 was amplified from start
codon to exon29 and ABL1 from exon2 to stop codon from an
ABL1 cDNA in pCR TOPO2.1 isolated from PC3 lysates. The
sequences were assembled together with pcDNA3.1-Myc vector
(Invitrogen). For Nup214-GFP the same Nup214 sequence was
amplified as for Nup214-ABL. GFP was amplified from pEGFP-C1
vector, and the fragments were assembled together with EcoRl and
Xhol digested pcDNA3.1 vector. For FKBP-Nup214 the same
Nup214 sequence was amplified as for SET-Nup214 or DEK-
Nup214, FKBP was amplified from pC4-Fv2E vector (Clontech),
and the fragments were assembled together with Stul- and Xhol-
digested pCMV-Myc vector. All vectors contain a cytomegalovi-
rus promotor. All primer sequences are listed in the supporting
information.

Reporter assays

Notch activity was analyzed using a 12X CSL-luciferase plas-
mid as described before (31). Briefly, for KD experiments PC3
cells plated in a 24-well format were transfected for 2 days with
10 nMm siRNA (siCtrl), siNUP214, siNUP88 (SMARTpool,
Thermo Fisher), siNUP358 (ON-TARGET plus, Dharmacon)
using Dharmafect followed by plasmid transfection using Lipo-
fectamine 2000 (Invitrogen), 300 ng of pGL4.20 —12X CSL-lu-
ciferase reporter plasmid, and 6 ng of pGL4.74-[hRluc/TK]
Renilla luciferase internal control plasmid. Firefly and Renilla
luciferase activities were measured in cell lysates prepared 24 h
after transfection with the Promega Dual-Luciferase kit via
manufacturer’s instructions, using a Mithras LB 940.

For NUP214 fusion overexpression experiments, PC3 cells
were plated in 6-well format and transfected for 24 h with
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equimolar Plasmid DNA and 500 ng of pGL4.20—-12X CSL-
luciferase reporter plasmid using Polyethylenglycol (PEI). Fire-
fly luciferase activity was measured in cell lysates prepared 24 h
after transfection with the Promega Dual-Luciferase kit. Firefly
values were normalized against the protein content analyzed
with Pierce BCA protein assay kit via the manufacturer’s
instructions, using a Mithras LB 940.

C2C12 transfection and differentiation

Control siRNA or Nup214 or Hes1 siRNA (details in the sup-
porting information) were transfected in C2C12 cells by using
Amaxa® Cell Line Nucleofector® kit V and the Nucleofector® II
device (Lonza). For differentiation, the cells were plated at a
density of 6 X 104 cells/cm” and starved in DMEM with 1%
FCS. For quantification of differentiation, MyHC-positive cells
were counted manually with Image] and Hoechst-stained
nuclei automatically with CellProfiler. The ratios of MyHC-
positive/total number of cells, subtracted with the value for d.0
of differentiation, were calculated.

Immunocytochemistry and microscopy of cells

For immunofluorescence cells were grown on coverslips.
After incubation the cells were fixed with 4% formalin and pro-
cessed for immunofluorescence with antibodies as indicated.
The nuclei were stained with Hoechst 33342 (Invitrogen
H1399). Images were acquired on a Zeiss Axiovert200 using
40X or 63X objective and Axiovision and Zen2012 software.
For some settings a confocal-like Apotome slider was used. For
the quantification of the nuclear-cytoplasmic ratio of RBP-],
images were analyzed in ZEN2012 software (Zeiss). The bar
scan tool was applied across single cells (30 cells per condition
per experiment), and the resulting signal intensity profiles were
exported to Excel 2010 (Microsoft). The RBP-] signal intensity
in the cytoplasm and in the nucleus was averaged, and the ratio
was calculated. To avoid ambiguities in allocation of intensities
to either nucleus or cytoplasm at the transition nucleus—
cytoplasm, RBP-J signals from that area were excluded from the
calculations. The transition region was defined to be 0.25 um in
both directions of the line where the Hoechst signal is half-
maximal. Images were assembled and processed in Adobe Pho-
toshop. In some cases nonlinear 7y-settings of <1 were used to
match the image perception by eye, but care was taken that
identical settings were applied to conditions from the same
experiment.

Zebrafish maintenance and staging

WT zebrafish (strain AB Tiibingen) were maintained under
standard conditions for zebrafish husbandry (67). Embryos
were staged according to morphological criteria (68).

Morpholino antisense oligonucleotides

Nup214 MOs (Gene Tools, LLC, Philomath, OR) were
designed to target either the translational start (nup214 ATG)
or the splice donor site of exon 4 (nup214 splice). As a negative
control a standard MO that targets a human S-globin intron
mutation was used. MOs were diluted in water to a working
concentration of 1 mMm with 0.05% phenol red (Sigma) as a
tracer. Injections into the yolk of 1- or 2-cell embryos were
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performed using a manual micromanipulator (type M1, Saur,
Germany). For each MO different volumes were injected, cal-
culated by using a graticule (Pyser-SGI, Edenbridge, UK). To
analyze knockdown efficiency of the splice MO, total RNA was
isolated from 24-h-old zebrafish embryos using the RNeasy
mini kit (Qiagen), reverse-transcribed with the iScriptTM
c¢DNA synthesis kit (Bio-Rad), and analyzed by RT-PCR.

In situ hybridization

For generation of the nup214 probe, a cDNA fragment com-
prising exons 1-6 served as a template. The col2ala probe (69)
was generously provided by John H. Postlethwait (University of
Oregon). The cDNA fragment that was used to synthesize the
antisense RNA probe for her4.1 was amplified with the follow-
ing primers: AGAAAGCCCATGGTGGAGAAG (forward),
GCTTTCCATTGTTGCTTGATTGTA (reverse) and gave rise
to an 785-bp amplicon. Whole-mount in situ hybridizations
were carried out as previously described (70). In Isitu hybrid-
ization on longitudinal sections of adult zebrafish was per-
formed essentially as described (71). Images were captured
using a SteREO Discovery.V8 microscope (Zeiss) equipped
with an Achromat-S objectives and an AxioCam MRC camera
using the AxioVision software. Images were processed with
Adobe Photoshop. Intensity profiles were obtained using Zen
software (Zeiss).

ChIP-gPCR

ChIP was performed on 3 days serum-starved (DMEM + 1%
FBS) C2C12 cells. The cells from three 10-cm dishes were fixed
with 1% formaldehyde in 1X PBS at room temperature for 10
min, quenched with 0.125 M glycin for 5 min, washed two times
with ice-cold 1X PBS, and harvested in ice-cold PBS containing
Protease inhibitor mixture. To release the nuclei, the cells were
pelleted at 500 relative centrifugal force for 10 min at 4 °C and
resuspended in 5 ml of hypotonic buffer (20 mm Tris, pH 7.4, 2
mMm MgCl,, 5% glycerol) containing protease inhibitor cocktail
and 0.6% Nonidet P-40. The suspension was incubated on ice
for 4 min with occasional mild vortexing. The nuclei were pel-
leted at 1000 rcf for 5 min at 4 °C and resuspended in ChIP lysis
buffer (50 mm HEPES-KOH, pH 7.5, 140 mm NaCl, 1 mm
EDTA, pH 8, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS) for 10 min. The lysate was sonicated to shear the DNA
into 300-800-bp fragments. The protein—-DNA complexes
were detected using 3035 pg of DNA and 5 ug of Ab against
RBP-J (clone 1F1; Merck Chemicals; MABE982 or Abcam;
ab25949) or isotype control (rat IgG) in 1 ml of chip lysis buffer
and incubated for 1 h at 4 °C under rotating conditions. The
complexes were precipitated by an overnight incubation at 4 °C
on a rotator with 30 ul of magnetic Dynabeads protein G
(Thermo Fischer). The protein—-DNA complexes were washed
two times for 5 min with low-salt wash buffer (0.1% SDS, 1%
Triton X-100, 2 mm EDTA, 20 mMm Tris-HCI, pH 8.0, 150 mm
NacCl) followed by high salt (0.1% SDS, 1% Triton X-100, 2 mm
EDTA, 20 mm Tris-HCI, pH 8.0, 500 mMm NaCl) and LiCl (0.25 M
LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mm EDTA,
10 mmMm Tris-HCI, pH 8.0) wash buffer always by incubating at
4°C on a rotation wheel. The protein—~DNA complexes were
eluted and reverse cross-linked, and the DNA was purified via
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phenol chloroform extraction. The specific DNA enrichment
was quantified by real-time PCR.

Statistics

Arithmetic means of the numerical data were compared
using the Student’s ¢ test. A difference in means was considered
statistically significant as indicated in the figures. Error bars
depict the S.E., and numbers of independent replicates are indi-
cated in the figure legends.
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