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Dysregulation of the developmentally important Notch
signaling pathway is implicated in several types of cancer,
including breast cancer. However, the specific roles and regula-
tion of the four different Notch receptors have remained elusive.
We have previously reported that the oncogenic PIM kinases
phosphorylate Notchl and Notch3. Phosphorylation of Notchl
within the second nuclear localization sequence of its intracel-
lular domain (ICD) enhances its transcriptional activity and
tumorigenicity. In this study, we analyzed Notch3 phosphoryla-
tion and its functional impact. Unexpectedly, we observed that
the PIM target sites are not conserved between Notchl and
Notch3. Notch3 ICD (N3ICD) is phosphorylated within a
domain, which is essential for formation of a transcriptionally
active complex with the DNA-binding protein CSL. Through
molecular modeling, X-ray crystallography, and isothermal
titration calorimetry, we demonstrate that phosphorylation of
N3ICD sterically hinders its interaction with CSL and thereby
inhibits its CSL-dependent transcriptional activity. Surprisingly
however, phosphorylated N3ICD still maintains tumorigenic
potential in breast cancer cells under estrogenic conditions,
which support PIM expression. Taken together, our data indicate
that PIM kinases modulate the signaling output of different
Notch paralogs by targeting distinct protein domains and thereby
promote breast cancer tumorigenesis via both CSL-dependent
and CSL-independent mechanisms.

The Notch signaling pathway orchestrates tissue develop-
ment and homeostasis, but when dysregulated, it can also
promote tumorigenesis and support cancer progression (1-4).
The Notch pathway relies on cell-cell contacts, where
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membrane-spanning Jagged and Delta-like ligands (DLLs) on
signal-sending cells bind to Notch receptors on signal-
receiving cells. This induces two sequential receptor cleav-
ages, releasing the Notch intracellular domain (NICD), which
translocates to the nucleus and forms a transcriptionally active
complex with the Mastermind-like transcriptional coactivator
and CSL (C promoter—binding factor 1, Suppressor of Hair-
less, Lag-1), also known as RBPJ (recombination signal—
binding protein for immunoglobulin kappa ] region). In
addition to this canonical mode of Notch signaling, there are
also alternative noncanonical signaling mechanisms, which are
CSL-independent (1), although the functional consequences of
these signaling mechanisms remain to be elucidated.

The ICDs of all four Notch receptor paralogs are composed
of a CSL/RBPJ-associated molecule (RAM) domain, ankyrin
repeats flanked by two nuclear localization sequences, a trans-
activation domain, and a C-terminal domain rich in proline,
glutamic acid, serine, and threonine residues (2, 3). The stability
and activities of NICDs are regulated by several types of post-
translational modifications, such as phosphorylation, acetyla-
tion, hydroxylation, sumoylation, and ubiquitylation (4—6).

We have previously shown that the oncogenic PIM family
kinases can phosphorylate Notchl and Notch3 but not Notch2
(7). The serine-/threonine-specific PIM kinases were originally
identified as proviral integration sites for Moloney murine
leukemia virus and have since then been implicated in both
hematological malignancies and solid cancers, where they
support cancer cell proliferation, survival, metabolism, and
motility by multiple mechanisms (8—10). PIM-induced phos-
phorylation of serine 2152 in mouse Notchl (corresponding to
human NOTCH1 S2162) is important for its nuclear locali-
zation as well as CSL-dependent transcriptional activity (7).
Furthermore, this phosphorylation enhances the tumorigenic
behavior of both breast and prostate cancer cells, as also
suggested by the observed coexpression of PIM1 and NOTCH1
mRNAs in patients with breast cancer (7).
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Phosphorylated Notch3 promotes tumorigenesis

In this study, we have analyzed the regulation of Notch3 by
PIM kinases. Unexpectedly, the PIM target sites are not
conserved between Notchl and Notch3, as PIM kinases
phosphorylate serine 1673 in the RAM domain of mouse
Notch3. Phosphorylated Notch3 ICD (N3ICD) cannot bind
CSL to induce the canonical CSL-dependent transcriptional
program. Surprisingly however, it supports in vivo tumor
growth of breast cancer cell xenografts in the presence of es-
trogen. Thus, our data suggest that in the context of hormone-
dependent breast cancer, PIM-mediated phosphorylation of
Notch3 promotes tumor growth but via a different mechanism
than phosphorylation of Notchl.

Results

Both Notch1 and Notch3 contribute to tumorigenic growth of
breast cancer cells

In our previous study, we showed that PIM kinases phos-
phorylate Notchl to promote tumorigenicity of estrogen re-
ceptor (ER)—positive breast cancer cells (7). In addition, we
obtained preliminary evidence that also Notch3 may be a PIM
substrate. To compare the clinical importance of NOTCH1
and NOTCH3 in breast cancer, Kaplan—Meier analyses were
performed using an online breast cancer dataset (11). Inter-
estingly, upregulation of both NOTCHI and NOTCH3 mRNA
was connected to poor survival, although only NOTCH3
showed a statistically significant correlation (Fig. 1, A and B).

In order to evaluate the oncogenic potential of NOTCH1
and NOTCH3 on breast cancer growth in vivo, we used the
CRISPR-/Cas9-based genomic editing to prepare MCEF-7
breast cancer cell-based KO cell lines lacking endogenous
expression of either NOTCHI or NOTCH3 genes and the
corresponding proteins (Fig. S1, A—C). WT or KO cells were
orthotopically inoculated into the mammary glands of athymic
nude mice. The parental MCF-7 cells efficiently formed tu-
mors as expected, but the growth of tumors derived from the
NOTCHI or NOTCH3 KO cells was significantly decreased
(Fig. 1C), indicating that both genes are essential for estrogen-
dependent mammary tumorigenesis.

We were then interested in testing whether there is a similar
protumorigenic cross talk between PIM1 and Notch3 as pre-
viously shown for Notch1 (7). Surprisingly, when analyzing the
prognostic role of PIM1 by Kaplan—Meier analysis, we
observed that in breast cancer cases in general, PIM1 mRNA
upregulation is rather protective (Fig. 1D and Table S1).
However, when analyzing the ER-positive cases in more detail,
we observed that in the most aggressive grade 3 cases, upre-
gulation of both PIMI and NOTCH3 mRNAs is correlated
with poor survival (Fig. 1, E and F).

Additional analyses were performed using clinical breast
cancer data derived from the PanCancer Atlas dataset (12). No
major differences were detected between PIM1 and NOTCH3
mRNA expression levels in different breast cancer stages,
whereas the PIMI levels were reduced in most subtypes as
compared with control samples (Fig. S2, A-D). When the
expression levels of PIM1 and NOTCH3 mRNA levels were
compared with each other, positive correlations were observed
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in all stages, except stage IV (Fig. S2E). Moreover, a weak
positive correlation was observed in the luminal A subtype but
not in other subtypes (Table S1 and Fig. S2). Taken together,
the clinical data prompted further investigations on the cross
talk of PIM1 and N3ICD in ER-positive luminal A cells, such
as MCEF-7 cells.

Mouse Notch3 is phosphorylated by PIM kinases at S1673

Based on our previous results (7), we expected PIM kinases
to phosphorylate mouse N3ICD at S2064, as this site
(-KKSRRPPGK-) corresponds to the PIM target site S2152
(-KKARKPSTK-) in mouse Notchl. In addition, in silico
analysis predicted another putative target site at S$1673
(-RRKREHSTL-). To determine whether one or both serine
residues are true PIM target sites, we used site-directed
mutagenesis to replace them with alanine residues. When re-
combinant WT N3ICD protein or phosphodeficient serine to
alanine (SA) mutants were subjected to radioactive in vitro
kinase assays, the S2064A mutation did not reduce phos-
phorylation of N3ICD (Fig. 2A4), indicating that S2064 is not a
PIM target site. By contrast, all three PIM family members
targeted S1673, as demonstrated by 70 to 80% decrease in
phosphorylation of the S1673A mutant.

To confirm phosphorylation of Notch3 in a cellular
context, FLAG-tagged N3ICD was transiently overexpressed
in MCEF-7 cells with or without His-tagged PIM1, and the
samples were treated with the PIM-selective inhibitor 1,10-
dihydropyrrolo[2,3-a]carbazole-3-carbaldehyde (DHPCC-9)
or its solvent dimethyl sulfoxide (DMSO) as a control. The
phosphorylation status of immunoprecipitated N3ICD was
analyzed with the phospho-AKT substrate (PAS) antibody,
which recognizes not only the AKT-targeted sequence
RXXpS/pT but also the PIM-targeted consensus sequence
RXRHXpS/pT (13). This analysis revealed that PIM inhibi-
tion decreases phosphorylation of N3ICD, whereas PIM1
overexpression increases it (Fig. 2B).

Coimmunoprecipitation of PIM1 and N3ICD also indicated
that these proteins are able to interact in cells (Fig. 2C). To
further demonstrate that endogenous N3ICD is phosphory-
lated in a PIM-dependent fashion, we immunoprecipitated
NOTCH3 from MCEF-7 cells cultured in the presence or the
absence of the PIM inhibitor DHPCC-9. Analysis with the PAS
antibody showed that PIM inhibition reduces the phosphory-
lation status of N3ICD (Fig. 2D), indicating that NOTCHS3 is
an endogenous PIM kinase target.

PIM1 and N3ICD interact in breast cancer cells

We next used fluorescence microscopy to examine the in-
teractions between fluorescently labeled forms of PIM1 and
Notch3. N3ICD was tagged with green fluorescent protein
(GFP), and the PIM-targeted S1673 residue was mutated to
alanine to create a phosphodeficient mutant (SA) or to glu-
tamic acid to create a phosphomimicking mutant (SE). When
PIM1 tagged with red fluorescent protein (RFP) and GFP-
tagged N3ICD were transiently overexpressed in MCF-7 cells
and imaged by confocal microscopy, PIM1 colocalized to the
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same extent with the WT N3ICD as with the phosphomutants
(Fig. 3A), indicating that they are likely to interact regardless of
whether N3ICD is phosphorylated or not. Overexpressed
PIM1 and N3ICD were predominantly localized in the nucleus
irrespective of the phosphorylation status of N3ICD (Fig. 3, A
and B). Fluorescence lifetime-imaging data confirmed the in-
teractions of PIM1 with both the WT and mutant N3ICDs
(Fig. 3C). However, when interactions of endogenously
expressed human PIM1 and N3ICD proteins were analyzed by
proximity ligation assays, strong positive signals were mostly
detected in the cytoplasmic compartments (Fig. 3D), suggest-
ing differences in the localization of overexpressed versus
endogenous proteins.

Phosphorylation of Notch3 by PIM1 inhibits binding to CSL

The PIM target residue in Notch3 is in the RAM domain,
which is required for canonical Notch signaling activity as it
mediates binding with the DNA-binding protein CSL
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Phosphorylated Notch3 promotes tumorigenesis

(14, 15). To analyze the influence of phosphorylation on the
interaction of the N3ICD RAM domain to CSL, we per-
formed predictive molecular modeling, using the human
Notchl ICD (N1ICD) RAM and ankyrin repeat domains
(16) as a template to model the corresponding areas in
human N3ICD (Fig. S3). Minimization of the non-
phosphorylated N3ICD caused only minor changes in the
positions of amino acid side chains as compared with
N1ICD. However, minimization of the N3ICD complex
phosphorylated at S1672 (corresponding to mouse S$1673)
twisted the conformation of the NOTCH3 RAM (N3RAM)
peptide, causing the phosphate group to point toward the
solvent instead of interacting with CSL. This resulted in a
slight displacement (root-mean-square deviation of 1.5 A
for Ca-atoms) of the phosphorylated N3RAM peptide as
compared with the nonphosphorylated N3RAM. The
binding site for S1672 resides in a small and hydrophobic
cavity on CSL, suggesting that both the size and the
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Figure 1. NOTCH1 and NOTCH3 promote breast carcinoma growth, whereas both PIM1 and NOTCH3 are connected to poor survival in ER-positive
grade 3 cases. A and B, Kaplan-Meier analyses were performed to visualize the connection of NOTCHT and NOTCH3 mRNA expression to overall survival in
clinical breast cancer. C, parental MCF-7 cells or their KO derivatives were inoculated into mammary glands of athymic nude mice with previously implanted
estradiol pellets. Tumor growth was followed by manual palpation. Shown are average tumor volumes at indicated time points. Error bars represent
standard deviations. D-F, additional Kaplan-Meier analyses were performed on PIM1 expression as well as the specified subgroups of clinical breast cancer
data. Error bars represent standard deviations. *p < 0.05 was used as a limit for significant difference. ER, estrogen receptor; HR, hazard ratio.
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negative charge on the phosphate group are likely to impair
the binding of S1672 to CSL. In addition, the overall
negative charge on the surface of CSL around the RAM-
binding site is likely to repel the negative charge of the

phosphorylated S1672.

To corroborate our predictive model, we crystallized mouse
CSL (amino acid residues 53—-474) in complex with the human

N3RAM peptide (residues 1665-1682) (Fig. 4, A—C). These
structural data also suggested that binding between N3RAM
and CSL would be disrupted by phosphorylation at S1672. To
confirm this, we performed isothermal titration calorimetry
(ITC) on mouse CSL with human RAM peptides, using either
N3RAM, phosphorylated N3RAMpS1672, or NIRAM (resi-
dues 1754-1781), which was used as a positive binding
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Figure 2. PIM kinases phosphorylate mouse Notch3 ICD (N3ICD) at S1673. A, radioactive in vitro kinase assays were performed with GST-tagged PIM
kinases and WT or serine to alanine (SA) mutants of mouse N3ICD. Phosphorylated proteins were separated by electrophoresis and detected by autora-
diography. Protein loading was visualized by PageBlue staining. Shown are representative images from one of two experiments. B and C, MCF-7 cells were
transiently transfected with plasmids encoding FLAG-tagged N3ICD, His-tagged PIM1, and/or their controls. About 24 h later, cells were treated with DMSO
(=) or 10 uM DHPCC-9 (+). The ectopically expressed proteins were immunoprecipitated with the anti-FLAG affinity agarose gel or the HisLink resin. N3ICD
phosphorylation was detected with the phosphospecific RXXpS/pT antibody and protein levels by anti-FLAG (N3ICD) or anti-PIM1 antibodies. Cell lysates
and actin beta (ACTB) stainings were used as controls. Average signal intensities for phosphorylation or coimmunoprecipitation (CO-IP) were determined
relative to overexpression levels. Shown are representative examples from three independent experiments. D, endogenous NOTCH3 was immunopre-
cipitated from MCF-7 cells cultured in the absence or the presence of DHPCC-9. N3ICD phosphorylation was detected with the phospho-AKT substrate
antibody. Average signal intensities of phosphorylation were determined relative to overexpression levels. Shown are representative examples from three
independent experiments.
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Figure 3. PIM1 colocalizes and interacts with Notch3 ICD (N3ICD). RFP-tagged PIM1 and/or GFP-tagged WT, phosphodeficient (SA), or phosphomimicking
(SE) N3ICD were transiently overexpressed in MCF-7 cells. Empty vectors were used as controls. A, the localization of the fluorescent proteins was imaged by
confocal microscopy. The figure shows representative single channel or merged images. B, equivalent expression levels of overexpressed N3ICDs were
confirmed by Western blotting, and signal intensities were normalized to actin beta (ACTB) staining. C, the physical interactions between PIM1 and WT or
mutant N3ICD were analyzed by fluorescence-lifetime imaging. The figure shows the results from three independent experiments along with sample
numbers inside the black bars and representative images. D, proximity ligation assays were performed with one PIM1 and two different N3ICD antibodies (AB)
to visualize the presence of endogenous proteins in the proximity of each other in MCF-7 cells. Representative images along with average results from three
independent experiments are shown. *p < 0.05 was used as a limit for significant difference. Error bars represent standard deviation. SA, serine to alanine; SE,
serine to glutamic acid; GFP, green fluorescent protein; RFP, red fluorescent protein.

control. Binding between naive CSL and N3RAM was weaker
(K4 = 0.187 uM) as compared with binding between CSL and
NIRAM (K; = 0.022 pM) and, in line with our predictive
model, no binding could be detected between CSL and the
phosphorylated N3RAMpS1672 (Fig. 4D and Tables S2-S3).
In line with this observation, we were unable to produce
crystal  structures of the phosphorylated human
N3RAMpS1672 peptide in complex with CSL (data not
shown). Taken together, the properties of the binding site are
ideal for a small and hydrophobic residue, whereas phos-
phorylation at S1672 abolishes the binding capacity of N3RAM
for CSL.

SASBMB

Phosphorylation of Notch3 inhibits CSL-dependent
transactivation

To assess the importance of N3ICD phosphorylation status on
CSL binding in cells, we overexpressed FLAG-tagged CSL and
GFP-tagged N3ICD proteins and analyzed their interactions by
immunoprecipitation. In line with our ITC experiments, CSL
coprecipitated with both the WT N3ICD and the phosphodefi-
cient SA mutant, whereas hardly any coprecipitation was
observed with the phosphomimicking SE mutant (Fig. 54).

We next used CSL-dependent luciferase reporter assays to
analyze the effect of N3ICD phosphorylation on

J. Biol. Chem. (2021) 296 100593 5
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peptide corresponding to residues 1665 to 1682 is shown as a stick representation in purple. B, close-up view of the N3RAM bound to the BTD of CSL.
Residues of CSL colored green directly contact RAM, as determined by the PISA server (15). C, close-up view of $1672 colored in yellow. The dashed line
represents the hydrogen bond between the carbonyl group of the peptide backbone on E259 in CSL and the hydroxyl group of S1672 in N3RAM. Select CSL
side chains that make up the hydrophobic pocket accommodating RAM S1672 are shown as stick representations in green. D, isothermal titration calo-
rimetry experiments measuring CSL binding to RAM peptides. Representative thermograms from triplicate experiments of the binding of CSL to the
NOTCH1 RAM residues 1754 to 1781 (left), nonphosphorylated N3RAM residues 1665 to 1682 (middle), and N3RAM residues 1665 to 1682 with a phos-
phorylation at S1672 (right). NBD signifies no binding detected.
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transcriptional activity. The WT N3ICD, the phosphodeficient in which the NOTCH3 or CSL genes had been knocked out by
(SA) mutant, or the phosphomimicking (SE) mutant were the CRISPR/Cas9 technique (Fig. S1). In MCF-7 cells, the
transiently overexpressed in MCF-7 and T47D luminal A phosphodeficient SA mutant of N3ICD activated the 12xCSL
breast cancer cells as well as in the derivatives of MCF-7 cells, luciferase reporter even more efficiently than the WT N3ICD
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Figure 5. Phosphorylation inhibits CSL-dependent transactivation by N3ICD but promotes tumor growth. A, empty vector (C), GFP-tagged WT, SA, or
SE N3ICD and FLAG-tagged CSL were transiently overexpressed in Hela cells. Interactions of N3ICD and CSL were analyzed by GFP-trap immunoprecip-
itation, followed by Western blotting with GFP (CSL) and FLAG (N3ICD) antibodies. Shown are average CSL binding values relative to WT N3ICD. B and C,
CSL-dependent transactivation assays were performed in MCF-7 cells, their NOTCH3 or CSL-deficient KO derivatives, or in T47D cells, which transiently
overexpressed WT, phosphodeficient (SA), or phosphomimicking (SE) N3ICD. Luciferase activities were normalized according to -galactosidase activities.
Shown are averages relative to WT N3ICD from two independent experiments. D, CSL-dependent transactivation assays were also performed in MCF-7 cells
transiently overexpressing N11CD or N3ICD that were treated with DMSO or 10 uM DHPCC-9 for 16 h. E, endogenous NOTCH activity was measured in MCF-7
cells or their NOTCHT (N1) or NOTCH3 (N3) KO derivatives plated on Delta-like 1 ligands (DII1) and treated with DMSO, 10 uM PF03084014, or 10 uM AZD-
1208. f, RT-quantitative PCR was performed to WT or NTKO MCF-7 cells transiently overexpressing WT or SA N3ICD. NOTCH target gene levels were
normalized by NOTCH3 levels after UBC subtraction. Shown are average values relative to DMSO-treated samples. All experiments had three parallel

samples. *p < 0.05 was used as a limit for significant difference. Error bars represent standard deviations. N3ICD, Notch3 ICD; SA, serine to alanine; SE, serine
to glutamic acid.
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irrespective of the presence or the absence of endogenously
expressed NOTCH3 (Fig. 5B). By contrast, transactivation by
the phosphomimicking SE mutant was severely compromised.
As expected, no activity was detected in the KO cells lacking
CSL protein. Similar results were obtained in T47D cells,
except that WT N3ICD was more active than the SA mutant
(Fig. 5C). This may be partly explained by the observation that
there was less PIM protein expression as compared with MCE-
7 cells (Fig. S5B) to regulate N3ICD activity in a
phosphorylation-dependent fashion.

When comparing the activities of overexpressed N1ICD and
N3ICD, we observed that both induced CSL-dependent
transactivation but that N1ICD was approximately four
times more active than N3ICD (Fig. 5D). However, PIM in-
hibition by the pan-PIM inhibitor DHPCC-9 reduced activity
of N1ICD, but increased that of N3ICD, which was in line with
the data on the overexpressed N3ICD phosphomutants
(Fig. 5B). We then analyzed endogenous NOTCH activity in
MCE-7 cells or their KO derivatives lacking either NOTCH1I or
NOTCH3. When these cell lines were cultured on plates
coated with the DLL1 Notch ligand and treated with either
DMSO, the Notch inhibitor PF03084014, or another pan-PIM
inhibitor, AZD-1208, lack of either NOTCHI or NOTCH3
abrogated NOTCH activity nearly to the same negligible level
as inhibition of NICD cleavage by PF03084014 (Fig. 5E). As
expected from our previous data (7), the PIM inhibitors
reduced the NOTCH activity in parental MCF-7 cells but did
not have any major effects in the KO cells.

To determine whether phosphorylation affects the expres-
sion of CSL-dependent Notch target genes, MCF-7 cells or
their NOTCHI1-deficient derivatives were transiently trans-
fected with WT N3ICD or the SA mutant and treated with
either DMSO or DHPCC-9 for 24 h. Real-time quantitative
PCR revealed strong dependency of HEY! (hairy/enhancer-of-
split related with YRPW motif protein 1) mRNA expression on
NOTCH], as demonstrated by its responsiveness to PIM in-
hibition as well as its remarkably reduced levels in the absence
of NOTCH1 (Fig. 5F). By contrast, HESI (hairy and enhancer
of split 1) mRNA expression was more dependent on
NOTCHS3 activity, as there was no major difference between
WT and N1KO MCEF-7 cells. Interestingly, overexpression of
the SA mutant upregulated both HEYI and HESI expression
more efficiently than WT N3ICD. Taken together, these data
demonstrate that PIM kinases support the CSL-dependent
transcriptional activity of Notchl but reduce the activity of
Notch3.

N3ICD phosphorylation promotes breast cancer
tumorigenicity

To assess the physiological role of Notch3 phosphorylation
in vivo, WT or phosphomutant forms of N3ICD were tran-
siently overexpressed in MCF-7 or T47D cells, followed by
transplantation of the cells onto the chorioallantoic mem-
branes (CAMs) of fertilized chicken eggs, and the growth of
the xenografted cells was followed for 5 days. The CAM model
was chosen for this purpose as it offers a fast and easy in vivo
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system to analyze the tumorigenic potential of transiently
transfected cells. As the growth of MCF-7 and T47D cells is
estrogen-dependent, larger tumors were obtained when the
xenografts were treated with 100 uM estradiol (E2; Fig. 6, A
and B). In the presence of E2, overexpression of WT N3ICD or
the phosphomimicking SE mutant supported tumor growth,
whereas the phosphodeficient SA mutant abrogated it to the
same extent as lack of E2. By contrast, in the absence of E2, all
N3ICD variants reduced tumor growth.

As additional controls, cycloheximide pulse-chase experi-
ments followed by Western blotting were conducted to
demonstrate that the expression levels or intrinsic stability of
the FLAG-tagged Notch3 proteins were not influenced by
PIM-mediated phosphorylation (Fig. 6C).

To further confirm the relevance of PIM-mediated phos-
phorylation, we used the CRISPR/Cas9 technique to prepare
MCF-7-based knock-in (KI) mutant cells, where the PIM-
targeted serine 1672 of the endogenously expressed human
NOTCH3 was mutated to alanine to create a cell line named
SAKI (serine to alanine KI mutant) (Fig. S4). After validation of
one positive cell clone with the desired mutation plus an
additional conservative missense mutation (Fig. S5, A and C),
we xenografted WT and SAKI cells on CAM and assessed
tumor growth. The SAKI cells expressing the
phosphodeficient SA mutant generated smaller tumors in
response to E2 than parental MCE-7 cells (Fig. 6D), suggesting
that phosphorylation of N3ICD supports its oncogenic activity.

As an additional control experiment, we fractionated WT
and SAKI cells and analyzed by Western blotting the endog-
enous NOTCH3 protein levels. The levels of the full-length
NOTCH3 protein were similar in both cell lines. Unexpect-
edly, the cytoplasmic levels of N3ICD were decreased in the
SAKI cells as compared with WT cells, whereas the nuclear
N3ICD levels remained relatively similar in both cell lines
(Fig. 6E). These data suggest that in addition to affecting the
nuclear transactivation activity of N3ICD, phosphorylation
may also play a role in its stabilization in the cytoplasm.

Discussion

We have previously shown that PIM kinases phosphorylate
mouse Notchl on serine 2152 (corresponding to human
NOTCH1 S2162) within the second nuclear localization
sequence, promoting its nuclear translocation and CSL-
dependent transcriptional activity (7). Here, we demonstrate
that PIM kinases phosphorylate Notch3 at a distinct site
(serine 1673; corresponding to human NOTCH3 S1672)
within the RAM domain, which is essential for binding to CSL
(17-19) (Fig. 7A). Phosphorylated N3ICD cannot bind CSL
and therefore remains transcriptionally inactive but nonethe-
less promotes cell survival and tumor growth under estrogenic
conditions (Fig. 7B). Conversely, the stronger transactivation
potential observed with the SA mutant as compared with WT
N3ICD in MCEF-7 cells suggests that nonphosphorylated
N3ICD is the driver of CSL-dependent canonical Notch3
signaling, whereas PIM kinases act as a brake to inhibit Notch3
transcriptional output in the nucleus.
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Figure 6. Phosphorylation promotes Notch3 ICD (N3ICD) tumorigenicity on chorioallantoic membrane (CAM). A and B, MCF-7 or T47D cells were
transiently transfected to overexpress WT, SA, or SE N3ICD, then grown for 5 days on the CAMs of chick embryos in the presence (+) or absence (-) of
100 pM estradiol before weighing tumors. Egg numbers (n) are shown under the graph bars. *p < 0.05 was used as a limit for significant difference. Error
bars represent standard deviations. C, MCF-7 cells transiently overexpressing FLAG-tagged WT or mutant N3ICD were treated with 15 pg/ml cycloheximide,
after which cells were lysed at the defined time points. Levels of N3ICDs in these lysates were then determined by Western blotting. Actin beta (ACTB)
staining was used as a loading control. D, parental MCF-7 cells or their knock-in (SAKI) derivatives endogenously expressing the phosphodeficient (SA)
mutant of NOTCH3 were grown for 5 days on CAM in the presence (+) of 100 uM estradiol before weighing tumors. E, nuclear fractionation was performed
to WT or SAKI MCF-7 cells, after which full-length NOTCH3 (FLN3) or N3ICD was detected from the whole cell lysates (WC), cytoplasm (C), or nucleus (N).
Fractionation and protein loading were controlled for by B-tubulin and lamin A levels. Shown is a representative immunoblotting example from two similar

experiments. SA, serine to alanine; SE, serine to glutamic acid.

The high structural and sequence similarity between
NOTCH1 and NOTCHS3 allowed us to model the human
NOTCHS3 transcriptional complex superimposed on the
NOTCH1 complex (16). Based on mutagenesis of the
RAM domain, binding to CSL is dependent on the XWXP
motif (where X is a hydrophobic residue), the N-terminal
basic region, the His—Gly motif, and the C-terminal Gly-
Phe dipeptide (19). All these regions are conserved in
N3ICD, except for the His—Gly motif, where the glycine

SASBMB

residue is replaced by the PIM-targeted serine residue.
Upon phosphorylation of N3ICD, its His-Ser motif, size,
and charge restrictions are likely to cause a conforma-
tional change and a displacement of the RAM peptide.
This was confirmed by crystallization of human N3RAM
peptides in complex with mouse CSL, as the phosphory-
lated N3RAMpS1672 peptide was unable to bind to CSL.
Taken together, our data indicate that phosphorylated
N3ICD is unable to form a stable nuclear complex with
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Figure 7. Phosphorylation of Notch1 ICD (N1ICD) and Notch3 ICD (N3ICD) by proviral integration site for Moloney murine leukemia virus (PIM)
kinases occurs in different domains and results in differential Notch signaling outputs. A, a schematic model of mouse Notch3 with the PIM target site
at S1673. B, comparison of mouse N1ICD and N3ICD phosphorylation sites and their outcomes. PIM-mediated phosphorylation inhibits CSL-dependent
activity of N3ICD but promotes that of N1ICD (7). In both cases, phosphorylation leads to increased tumor growth, albeit via different mechanisms.
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site; TAD, transcription activation domain; TM, transmembrane domain.

CSL, resulting in a marked reduction in CSL-dependent
transactivation.

While PIM upregulation has been associated with ma-
lignant breast cancer (20-22), the role of NOTCH3 has
remained controversial. Dysregulated NOTCH3 expression
has often been linked to a more aggressive disease (23),
and in triple-negative breast cancer reported as an onco-
gene (24, 25), while in luminal breast cancer, NOTCH3
upregulation has been associated with increased relapse-
free survival (26, 27). Here, we show that high levels of
PIM mRNA are often connected to better survival, but
that in the special subgroup of grade 3 estrogen-positive
breast cancer, upregulated expression of both PIMI and
NOTCH3 mRNAs predicts poor survival. Furthermore, in
clinical data from luminal A subtype of breast cancer,
PIMI1 and NOTCH3 mRNA levels correlate positively. All
these data support our observations that in luminal A
breast cancer cells, NOTCH3 can act as an oncogenic
protein when it is phosphorylated at serine 1672, whereas
the nonphosphorylated form of N3ICD remains tumor-
suppressive.
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Thus far, reports on the tumor-suppressive role of
NOTCH3 have mainly focused on the canonical CSL-
dependent signaling (26, 28). According to our data, the
phosphorylated N3ICD with reduced CSL-dependent tran-
scriptional activity enhances estrogen-driven tumorigenic
growth of breast cancer cells. Thus, the NOTCH3 output in
luminal A breast cancer may be determined by the activity
of kinases such as PIM that phosphorylate N3ICD at serine
1672. Additional studies are required to elucidate the
physiologically relevant stoichiometry of PIM-dependent
phosphorylation and its significance in biological settings.
However, the concept of kinases acting as switches in the
Notch pathway holds promise of yielding novel therapeutic
concepts in the future, including the utilization of intracel-
lular antibodies or intrabodies to block paralog-specific
Notch outputs (6).

In conclusion, we have revealed evolutionarily divergent
PIM target sites on Notch3 as compared with Notchl and
shown that phosphorylation has differential effects on their
transcriptional activity, even though it promotes tumorigenesis
in both cases.



Experimental procedures
Clinical dataset analyses

For database analyses, datasets were exported from cBioPortal
and kmplot.com (11, 12) and further processed by R, version
3.6.3 (29) by RStudio, version 1.2.5033 (RStudio, Inc). Graphical
data were exported as svg files for figure preparation.

Gene expression data (mRNA expression z-scores relative to
all samples, log RNA Seq V2 RSEM) and clinical data (Oncoprint
with all clinical tracks) were obtained from cBioPortal database
from Cancer Genomics, Breast Invasive Carcinoma (TCGA,
PanCancer Atlas) dataset. Expression and clinical data were
merged and analyzed in R. The packages plyr (revalue function),
ggpubr (ggdensity function for normality testing), and Hmisc
(rcorr function for Pearson’s correlation coefficiency) were used.

Correlation of gene expression levels to overall survival was
analyzed by kmplot.com Kaplan—Meier Plotter mRNA gene
chip, Breast Cancer. Probe Id 209193 _at was selected for PIM1
and 203237_s_at for NOTCHS3. Patients were split by Auto
select best cutoff, and analyses were performed to all data or
restricted to subgroups. Data were exported as txt, and plots
were prepared in R using packages survival and survminer
(functions survfit and ggsurvplot).

In vitro kinase assays and in silico analyses

The glutathione S-transferase fusion protein production and
radioactive in vitro kinase assays were carried out as previously
described (30). Western blotting with PAS antibody (RXXS*/T*,
110B7E, #9614; Cell Signaling Technology, Inc) and Ponceau S
staining (Sigma—Aldrich) was used for nonradioactive detection
of phosphorylated and total proteins according to the manu-
facturer’s protocols. Signal intensities were analyzed by the
ChemiDoc MP Imaging System with Image Lab software,
version 4.0 (Bio-Rad Laboratories, Inc). For in silico analysis,
protein sequences were obtained from Uniprot Swiss-Prot
Universal Protein Resource Knowledgebase (31). Potential
PIM target sites were searched for according to the published
consensus sequences (13, 32, 33) and by using the Human
Protein Reference Database, PhosphoMotif Finder (34).

DNA constructs and mutagenesis

Expression vectors pcDNA3.1/V5-His-C, pGEX-6P-1, and
pTagRFP-N for WT and kinase-deficient human PIM kinases as
well as pGEX-6P-3 and p3xFLAG-CMV-7.0 for mouse N3ICD
have been previously described (7, 35). N3ICD was cleaved from
p3xFLAG-CMYV by HindIII and BamHI and ligated into pEGFP-
C1 (Clontech). Ultra Pfu DNA polymerase was used according to
the manufacturer’s protocol (Stratagene) for site-directed
mutagenesis of N3ICD. The mutagenesis primers are described
in Table S4. Mouse CSL amino acid residues 53 to 474 corre-
sponding to the conserved and structurally ordered core domain
were cloned into the pSMT3 expression vector (36).

Cell lines and treatments

Human MCF-7 and T47D breast cancer cells and HelLa
cervical cancer cells (American Type Culture Collection) were
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cultured and transfected by electroporation or Fugene HD as
previously described (7, 37). To inhibit the catalytic activity of
PIM kinases, cells were treated with the small molecule pan-
PIM inhibitors DHPCC-9 (38, 39) or AZD-1208 (AstraZe-
neca), whereas Notch activity was blocked by the y-secretase
inhibitor PF-03084014 (MedChemExpress). To determine the
stability of target proteins, cells were treated with 15 pg/ml of
the protein synthesis inhibitor cycloheximide over a period of
24 h. Cells were lysed at the given time points, and these ly-
sates were processed for Western blotting. The xenografted
cells grown on the CAMs were treated with estradiol (E2,
E8875; Sigma—Aldrich), as previously described (7).

The stable MCF-7—-based KO and KI cell lines were created
by the CRISPR-/Cas9-based genome editing technique, as
described in Tables S5-S8.

Immunoprecipitation

Cells were lysed in 50 mM Tris—HCI, pH 7.5 buffer con-
taining 10% glycerol, 100 mM NaCl, 1 mM EDTA, 1% NP-40,
Mini-EDTA Free Protease inhibitors (11836170001; Roche),
50 mM NaF, 0.5 mM natriumpyrophosphate, and 1 mM
NazgVO,. Protein concentrations were determined using the
Bio-Rad Protein Assay Dye Reagent according to manufac-
turer’s protocol (Bio-Rad Laboratories, Inc). For immunopre-
cipitation of FLAG-tagged N3ICD, 500 pg of protein was
combined with 50 pl of anti-FLAG M2 affinity agarose gel
(A2220; Sigma—Aldrich) in 1 ml of lysis buffer. After 1 h
rotation at +4 °C, the agarose gel was washed four times with
the lysis buffer. For immunoprecipitation of His-tagged PIM1,
500 pg of protein was combined with 50 pl of HisLink Protein
Purification Resin (Promega) in 500 pl of lysis buffer supple-
mented with 10 mM imidazole (104716; Merck). Samples were
incubated in rotation at +4 °C for 30 min, after which resin
was washed four times with 20 mM imidazole in 10 mM Tris—
HCl, pH 7.5. His-linked protein elution was performed in
rotation at +4 °C for 30 min in 10 mM Tris—HCI, pH 7.5 buffer
with 300 mM imidazole, and 250 mM NaCl. For immuno-
precipitation of GFP-tagged proteins, GFP-trap IP system
(ChromoTek, Inc) was utilized according to manufacturer’s
protocol. Samples were prepared for Western blotting by
addition of preheated 2x Laemmli Sample Buffer, vortexing
and heating for 5 min at +95 °C.

Protein expression and purification

Mouse CSL amino acid residues 53 to 474 corresponding to
the conserved and structurally ordered core domain were
cloned into the pSMT3 expression vector. BL21(DE3) cells
transformed with pSMT3-mCSL were grown in LB to an
absorbance of 1.5 followed by IPTG induction. Cell pellets
were resuspended in lysis buffer, sonicated, and centrifuged at
15,000g for 40 min. About 60% w/v ammonium sulfate was
added to the supernatant to precipitate the protein and then
centrifuged at 11,000g for 45 min. The protein pellet was
resuspended in binding buffer (20 mM Tris pH 8, 50 mM
imidazole, 0.5 M NaCl, and 0.1% Triton) and incubated
overnight with nickel affinity resin. His-tagged protein was
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eluted from the nickel affinity resin and then cut with
ubiquitin-like protease to remove the SMT3 tag. A sulpho-
propyl ion exchange column was used to separate the cut
SMTS3 from the CSL protein. CSL was then sized on an S200
16/60 sizing column into buffer containing 20 mM Tris pH 8,
0.5 M NaCl, 1 mM EDTA, 1% ethylene glycol, and 0.1 mM
Tris(2-carboxyethyl)phosphine. CSL was then concentrated
and flash frozen in liquid nitrogen and stored at —80 ‘C until
further use.

Peptide synthesis

Human NOTCH1 residues 1754 to 1781
(VLLSRKRRRQHGQLWFPEGFKVSEASKK) and NOTCH3
residues 1665 to 1682 (ARRKREHSTLWFPEGFKYV, phos-
phorylated or nonphosphorylated at S1672) corresponding to
the RAM domains were synthesized with 95% purity by Pep-
tide2.0 and further purified by vacuum centrifugation before
ITC.

Oligonucleotide preparation

The following 15-mer oligonucleotide sequences were or-
dered from Eurofins Scientific (Luxembourg): 5-TTAC
CGTGGGAAAGA-3 and the reverse complementary
sequence 5-AATCTTTCCCACGGT-3 showing the CSL-
binding site underlined. Single-stranded oligonucleotides
were further purified on a Resource Q ion exchange column
and then buffer exchanged into a buffer containing 10 mM
Tris pH 8.0, 500 mM NaCl, and 1 mM MgCl,. Single-stranded
oligonucleotides were added together in equal molar amounts
and boiled for 10 min and then slowly cooled to room tem-
perature to allow for proper annealing.

Crystallization and data collection

Crystallization experiments were set up under paraffin oil
with CSL at 150 uM, N3RAM at 170 uM, and 15-mer DNA at
165 pM. The mother liquor solution contained 0.2 M
ammonium fluoride and 14% PEG 3350. Crystals were slowly
transferred into the mother liquor supplemented with 20%
xylitol for cryoprotection before freezing in liquid nitrogen.
Diffraction data were collected at the Advanced Photon
Source, beamline 24-ID-C-NE. The CSL/N3RAM/DNA crys-
tals diffracted to 2.4 A, belonged to the space group P 2,2,2;,
and had unit cell dimensions of a = 66.45 A, b = 97.66 A, and
c =104.62 A.

Structure determination and model building

Diffraction data were indexed, integrated, and scaled in
iMosflm (40), and molecular replacement was performed in
Phaser (41) using the structure of CSL bound to the HESI DNA
site (Protein Data Bank [PDB]: 3IAG) combined with the Cae-
norhabditis elegans structure of the Lin-12 RAM peptide (PDB:
3BRF) as the search model. Refinement was initially performed
in Phenix (42) along with manual model building in Coot (43).
The model was further refined using BUSTER (44) and validated
with MolProbity (45). The final structure of CSL/N3RAM/DNA
was refined to an Ryon = 19.88% and Rgee = 23.34%. All
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structure figures were generated in PyMol (Schrédinger, Inc),
and protein interfaces were analyzed with the PISA server
(Macromolecular Structure Database, European Bioinformatics
Institute) (46).

ITC

CSL and NOTCH RAM peptides were dialyzed overnight in
50 mM sodium phosphate and 150 mM sodium chloride
buffer. Experiments were conducted using the VP-ITC
MicroCalorimeter manufactured by MicroCal. All experi-
ments were performed at 20 °C with CSL in the cell at 10 pM
and RAM peptides in the syringe at 100 uM. Each experiment
was performed in triplicate with 20 injections, 14 pl per in-
jection. Heat of dilution experiments were performed by
injecting syringe samples into a cell containing only buffer, and
all analyses were performed with the heat of dilution sub-
tracted before fitting.

Immunoblotting, immunofluorescence, and fluorescence
microscopy

Western blotting was performed as previously described
(37), while details for the antibody dilutions, enhanced
chemiluminescence, and imaging are described in Table S9.
Transiently overexpressed RFP- or GFP-tagged proteins were
used for analysis of localization and interactions by confocal
microscopy or fluorescence-lifetime imaging, whereas prox-
imity ligation assay was used to show protein interactions
utilizing antibodies targeting endogenous NOTCH3 (A-6 sc-
515825; Santa Cruz Biotechnology and ab23426; Abcam)
and/or PIM1 (H00005292-M16, clone 6A2; Novus Bi-
ologicals), as previously described (6). Image and correlation
analyses were performed by Image] (1.48s; Fiji, Wayne Ras-
band, National Institutes of Health).

Transactivation assays

Notch activity was measured from cells transiently trans-
fected with the 12xCSL-luciferase (RBPJ) (47) and the p-
galactosidase reporter constructs, using the Luciferase Re-
porter Gene Detection Kit (LUC1-1KT; Sigma—Aldrich) or
VivoGlo Luciferin (Promega) according to the manufac-
turers’ instructions. Normalization by [-galactosidase activ-
ity and DLL1 coating was carried out as previously described
(37, 48).

RT-quantitative PCR

RNA was extracted with the NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s in-
structions. Complementary DNA samples were prepared using
the SensiFAST cDNA Synthesis Kit (Meridian Bioscience)
according to the manufacturer’s instructions from equal
amounts of RNA. The reaction mixtures for quantitative PCR
were prepared with 5x HOT FIREPol EvaGreen qPCR Mix
Plus (Solis BioDyne) according to the manufacturer’s in-
structions (Sigma—Aldrich). RNA and H,O controls were
included to ensure that RNA preparations and PCR mixtures
were not contaminated. The primer sequences for detection of
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NOTCHI, NOTCH3, HEY1, HESI, and UBC (a house-keeping
control) mRNAs have been described in Table S10.

Animal models for human breast cancer

For chicken egg experiments, cells were inoculated onto
chick embryo CAMs, grown, and analyzed as previously
described (7). Mouse experiments were authorized by the
National Animal Experiment Board in accordance with The
Finnish Act on Animal Experimentation (Animal license
number: 10438/04.10.07/2016). Athymic Nude-FoxnlInu fe-
male mice (Envigo) were housed under controlled conditions
and supplemented with estradiol pellets as previously
described (37). Two weeks after pellet implantation, mice were
randomly divided into three groups and under anesthesia
injected into their bilateral upper inguinal mammary glands
with 2.5 x 10° MCF?7 cells or their derivatives mixed 1:1 with
Matrigel (BD Biosciences). At the time of xenotransplantation,
mice were 7 weeks old. Tumor measurements and animal
sacrifice were performed as previously described (37).

Statistical analysis and figure preparation

Bar graphs and scatter plots were produced by R, version
3.6.3. (The R Foundation), Microsoft Excel 2016 (Microsoft
Corporation), or GraphPad Prism 4.00 (GraphPad Software),
and results were analyzed by Student’s ¢ test or ANOVA.
Pearson’s correlation coefficiency was defined as very strong
(R* < 0.800), strong (R* = 0.600-0.799), moderate (R* =
0.400-0.599), or weak (R* = 0.2-0.399). Figures were prepared
by Corel DRAW Graphics Suite 2020 (Corel Corporation) or
Adobe Illustrator CS5 15.0.0 (Adobe).

Data availability

The completed refined structure of CSL/N3RAM/DNA was
deposited into the PDB with accession code 6WQU. Detailed
code for R is available in Github (https://github.com/
nmsantio/Gene-expression-analysis).

Supporting article  contains

information.

information—This supporting

Acknowledgments—We thank V. Mamaeva, A. K. L. Mung, K.
Kemppainen, J. V. Lehtonen, E. Paloniemi, J. Sandholm, E. Silja-
maki, L. Vahtera, N. Abdullahi, and F. Mahamuud for technical
assistance and are grateful for obtaining DHPCC-9 from F. Anizon
and P. Moreau (Clermont Université, Université Blaise Pascal, and
CNRS, France). The Biocenter Finland core facilities are
acknowledged for the microscopy and flow cytometry
infrastructure support (Cell Imaging core facility of Turku
Bioscience), structural biology (FINStruct), and computational
infrastructure support (CSC IT Center for Science).

Author contributions—The project was coordinated by P. J. K. and
C. S. Genetic, biochemical, cellular, and animal iz silico, in vitro, and
in vivo experiments were performed by S. K. J. L, N. M. S., and W.
B. E., but stable cell lines were created by V. M. P. and S.-B. J.
Molecular modeling was performed by K. M. D. and T. A. S., and
structural analyses were performed by E. K. G. and D. H. Research

SASBMB

Phosphorylated Notch3 promotes tumorigenesis

was designed and the article was written by S. K. J. L., N. M. S., W. B.
E,A R-M, UL, R AK,P.J.K,and C. S.

Funding and additional information—This study was financially
supported by Academy of Finland (grants 309373 to C. S. and
287040 to P.J. K.), Jane and Aatos Erkko Foundation (to C. S.), Drug
Research Doctoral Programme (to N. M. S. and W. B. E.), Turku
Doctoral Programme of Molecular Medicine (to V. M. P.), Swedish
Cultural Foundation of Finland and Finnish-Norwegian Medical
Foundation (to S. K. J. L.), Emil Aaltonen Foundation (to N. M. S.),
Maud Kuistila Memorial Foundation (W. B. E.), K. Albin Johansson
Foundation (to S. K. J. L. and V. M. P.), European Community
Mobility Programme EMA?2, Ida Montin Foundation, Turku Uni-
versity Foundation and Instrumentarium Science Foundation (to V.
M. P.), Sigrid Juselius Foundation (K. M. D. and T. A. S.) and Tor,
Joe, and Pentti Borg’s Foundation (T. A. S.), the Swedish Cancer
Society (to U. L.), and the National Institutes of Health (CA178974
to R. K.). The content is solely the responsibility of the authors and
does not represent the official views of the National Institutes of
Health.

Conflict of interest—U. L. holds research grants from Merck KGaA,
no personal remuneration. All other authors declare that they have
no conflicts of interest with the contents of this article.

Abbreviations—The abbreviations used are: CAM, chorioallantoic
membrane; CHX, cycloheximide; CSL, C promoter—binding factor
1, Suppressor of Hairless, Lag-1; DHPCC-9, 1,10-dihydropyrrolo
[2,3-a]carbazole-3-carbaldehyde; DLL, Delta-like ligand; DMSO,
dimethyl sulfoxide; ER, estrogen receptor; GFP, green fluorescent
protein; HES1, hairy and enhancer of split 1; HEY1, hairy/enhancer-
of-split related with YRPW motif protein 1; ICD, intracellular
domain; ITC, isothermal titration calorimetry; KI, knock-in; NICD,
Notch intracellular domain; N1ICD, Notchl ICD; N3ICD, Notch3
ICD; N3RAM, NOTCH3 RAM; PAS, phospho-AKT substrate; PDB,
Protein Data Bank; RAM, RBPJ-associated molecule; RBPJ, recom-
bination signal-binding protein for immunoglobulin kappa J region;
RFP, red fluorescent protein; SA, serine to alanine; SE, serine to
glutamic acid.

References

1. Siebel, C., and Lendahl, U. (2017) Notch signaling in development, tissue
homeostasis, and disease. Physiol. Rev. 97, 1235—-1294

2. Steinbuck, M. P., and Winandy, S. (2018) A Review of Notch processing
with new insights into ligand-independent Notch signaling in T-cells.
Front Immunol. 9, 1230

3. Nowell, C. S,, and Radtke, F. (2017) Notch as a tumour suppressor. Nat.
Rev. Cancer 17, 145-159

4. Borggrefe, T., Lauth, M., Zwijsen, A., Huylebroeck, D., Oswald, F., and
Giaimo, B. D. (2016) The Notch intracellular domain integrates signals
from Wnt, Hedgehog, TGF/BMP and hypoxia pathways. Biochim. Bio-
phys. Acta 1863, 303-313

5. Lee, H.-J., Kim, M.-Y,, and Park, H.-S. (2015) Phosphorylation-dependent
regulation of Notchl signaling: The fulcrum of Notchl signaling. BMB
Rep. 48, 431-437

6. Antfolk, D., Antila, C., Kemppainen, K., Landor, S. K., and Sahlgren, C.
(2019) Decoding the PTM-switchboard of Notch. Biochim. Biophys. Acta
Mol. Cell Res. 11, 118507

7. Santio, N. M., Landor, S. K., Vahtera, L., Yla-Pelto, J., Peltoniemi, E.,
Imanishi, S. Y., Corthals, G., Varjosalo, M., Manoharan, G. B, Uri, A,
Lendahl, U., Sahlgren, C., and Koskinen, P. J. (2016) Phosphorylation of
Notchl by Pim kinases promotes oncogenic signaling in breast and
prostate cancer cells. Oncotarget 7, 43220-43238

J. Biol. Chem. (2021) 296 100593 13


http://10438/04.10.07/2016
https://github.com/nmsantio/Gene-expression-analysis
https://github.com/nmsantio/Gene-expression-analysis
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref1
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref1
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref2
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref2
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref2
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref3
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref3
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref4
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref4
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref4
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref4
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref5
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref5
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref5
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref6
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref6
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref6
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref7
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref7
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref7
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref7
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref7

Phosphorylated Notch3 promotes tumorigenesis

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bachmann, M., and Mor6y, T. (2005) The serine/threonine kinase Pim-1.
Int. . Biochem. Cell Biol. 37, 726—730

Narlik-Grassow, M., Blanco-Aparicio, C., and Carnero, A. (2014) The PIM
family of serine/threonine kinases in cancer. Med. Res. Rev. 34, 136—159
Santio, N. M., and Koskinen, P. J. (2017) PIM kinases: From survival
factors to regulators of cell motility. Int. J. Biochem. Cell Biol. 93,
74—-85

Nagy, A., Lanczky, A., Menyhart, O., and Gy®érffy, B. (2018) Validation of
miRNA prognostic power in hepatocellular carcinoma using expression
data of independent datasets. Scientific Rep. 8, 9227

Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A,,
Jacobsen, A., Byrne, C. J., Heuer, M. L., Larsson, E., Antipin, Y., Reva, B.,
Goldberg, A. P., Sander, C., and Schultz, N. (2012) The cBio cancer ge-
nomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2, 401-404

Peng, C., Knebel, A., Morrice, N. A,, Li, X., Barringer, K., Li, J., Jakes, S.,
Werneburg, B., and Wang, L. (2007) Pim kinase substrate identification
and specificity. J. Biochem. 141, 353—362

Kovall, R. A, and Hendrickson, W. A. (2004) Crystal structure of the
nuclear effector of Notch signaling, CSL, bound to DNA. EMBO J. 23,
3441-3451

Lubman, O. Y., Ilagan, M. X., Kopan, R., and Barrick, D. (2007) Quan-
titative dissection of the Notch:CSL interaction: Insights into the Notch-
mediated transcriptional switch. /. Mol. Biol. 365, 577—-589

Choi, S. H.,, Wales, T. E., Nam, Y., O'Donovan, D. J,, Sliz, P., Engen, J. R,,
and Blacklow, S. C. (2012) Conformational locking upon cooperative
assembly of Notch transcription complexes. Structure 20, 340-349
Nam, Y., Weng, A. P,, Aster, ]. C., and Blacklow, S. C. (2003) Structural
requirements for assembly of the CSLintracellular Notchl'Mastermind-
like 1 transcriptional activation complex. J. Biol. Chem. 278, 21232—21239
Cui, H., Kong, Y., Xu, M., and Zhang, H. (2013) Notch3 functions as a
tumor suppressor by controlling cellular senescence. Cancer Res. 73,
3451-3459

Johnson, S. E., Ilagan, M. X., Kopan, R., and Barrick, D. (2010) Ther-
modynamic analysis of the CSL x Notch interaction: Distribution of
binding energy of the Notch RAM region to the CSL beta-trefoil domain
and the mode of competition with the viral transactivator EBNA?2. J. Biol.
Chem. 285, 6681-6692

Malinen, M., Jaiskeldinen, T., Pelkonen, M., Heikkinen, S., Viisinen, S.,
Kosma, V. M., Nieminen, K., Mannermaa, A., and Palvimo, J. J. (2013)
Proto-oncogene PIM-1 is a novel estrogen receptor target associating
with high grade breast tumors. Mol. Cell Endocrinol. 365, 270-276
Brasé-Maristany, F., Filosto, S., Catchpole, S., Marlow, R, Quist, J.,
Francesch-Domenech, E., Plumb, D. A, Zakka, L., Gazinska, P., Liccardi,
G., Meier, P., Gris-Oliver, A., Cheang, M. C., Perdrix-Rosell, A., Shafat,
M., et al. (2016) PIM1 kinase regulates cell death, tumor growth and
chemotherapy response in triple-negative breast cancer. Nat. Med. 22,
1303-1313

Horiuchi, D., Camarda, R., Zhou, A. Y., Yau, C., Momcilovic, O., Balak-
rishnan, S., Corella, A. N., Eyob, H., Kessenbrock, K., Lawson, D. A,,
Marsh, L. A., Anderton, B. N, Rohrberg, J., Kunder, R., Bazarov, A. V.,
et al. (2016) PIM1 kinase inhibition as a targeted therapy against triple-
negative breast tumors with elevated MYC expression. Nat. Med. 22,
1321-1329

Inder, S., O'Rourke, S., McDermott, N., Manecksha, R., Finn, S., Lynch,
T., and Marignol, L. (2017) The Notch-3 receptor: A molecular switch to
tumorigenesis? Cancer Treat Rev. 60, 69-76

Leontovich, A. A, Jalalirad, M., Salisbury, J. L., Mills, L., Haddox, C.,
Schroeder, M., Tuma, A., Guicciardi, M. E., Zammataro, L., Gambino, M.
W., Amato, A., Di Leonardo, A., McCubrey, J., Lange, C. A, Liu, M., et al.
(2018) NOTCH3 expression is linked to breast cancer seeding and distant
metastasis. Breast Cancer Res. 20, 105

Diluvio, G., Del Gaudio, F., Giuli, M. V., Franciosa, G., Giuliani, E.,
Palermo, R., Besharat, Z. M., Pignataro, M. G., Vacca, A., d’Amati, G.,
Maroder, M., Talora, C., Capalbo, C., Bellavia, D., and Checquolo, S.
(2018) NOTCHS3 inactivation increases triple negative breast cancer
sensitivity to gefitinib by promoting EGFR tyrosine dephosphorylation
and its intracellular arrest. Oncogenesis 7, 42

14 J Biol Chem. (2021) 296 100593

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dou, X. W., Liang, Y. K,, Lin, H. Y., Wei, X. L., Zhang, Y. Q., Bai, ]. W.,
Chen, C. F,, Chen, M., Dy, C. W,, Li, Y. C,, Tian, J., Man, K,, and Zhang,
G. J. (2017) Notch3 maintains luminal Phenotype and Suppresses
tumorigenesis and metastasis of breast cancer via Trans-Activating es-
trogen receptor-o. Theranostics 7, 4041-4056

Lin, H. Y., Liang, Y. K., Dou, X. W., Chen, C. F., Wei, X. L., Zeng, D., Bai,
J. W., Guo, Y. X,, Lin, F. F., Huang, W. H,, Du, C. W,, Li, Y. C,, Chen, M.,
and Zhang, G. J. (2018) Notch3 inhibits epithelial-mesenchymal transi-
tion in breast cancer via a novel mechanism, upregulation of GATA-3
expression. Oncogenesis 7, 59

Bhat, V., Sun, Y. ], Weger, S., and Raouf, A. (2016) Notch-induced
expression of FZD7 requires noncanonical NOTCHS3 signaling in human
breast epithelial cells. Stem Cells Dev. 25, 522-529

R Core Team (2020) R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Austria
Kiriazis, A., Vahakoski, R. L., Santio, N. M., Arnaudova, R., Eerola, S. K,,
Rainio, E. M., Aumdiller, I. B., Yli-Kauhaluoma, J., and Koskinen, P. J.
(2013) Tricyclic benzo[cd]azulenes selectively inhibit activities of Pim
kinases and restrict growth of Epstein-Barr virus-transformed cells. PLoS
ONE 8, e55409

The UniProt Consortium (2017) UniProt: The universal protein knowl-
edgebase. Nucleic Acids Res. 45, D158—-D169

Friedmann, M., Nissen, M. S., Hoover, D. S., Reeves, R., and Magnuson,
N. S. (1992) Characterization of the proto-oncogene Pim-1: Kinase ac-
tivity and substrate recognition sequence. Arch. Biochem. Biophys. 298,
594-601

Palaty, C. K., Clark-Lewis, I, Leung, D., and Pelech, S. L. (1997)
Phosphorylation site substrate specificity determinants for the Pim-1
protooncogene-encoded protein kinase. Biochem. Cell Biol. 75, 153—
162

Amanchy, R, Periaswamy, B., Mathivanan, S., Reddy, R., Tattikota, S. G.,
and Pandey, A. (2007) A curated compendium of phosphorylation motifs.
Nat. Biotechnol. 25, 285-286

Chapman, G., Liu, L., Sahlgren, C., Dahlqvist, C., and Lendahl, U. (2006)
High levels of Notch signaling down-regulate Numb and Numblike. /.
Cell Biol. 175, 535-540

Herrmann, J. L., OGaora, P., Gallagher, A., Thole, J. E. R., and Young, D.
B. (1996) Bacterial glycoproteins: a link between glycosylation and pro-
teolytic cleavage of a 19 kDa antigen from Mycobacterium tuberculosis.
EMBO J. 15, 3547-3554

Landor, S. K.-J., Mutvei, A. P.,, Mamaeva, V., Jin, S., Busk, M., Borra, R,,
Gronroos, T. J., Krongvist, P., Lendahl, U., and Sahlgren, C. M. (2011)
Hypo- and hyperactivated Notch signaling induce a glycolytic switch
through distinct mechanisms. Proc. Natl. Acad. Sci. U. S. A. 108, 18814—
18819

Akué-Gédu, R., Rossignol, E., Azzaro, S., Knapp, S., Filippakopoulos, P.,
Bullock, A. N., Bain, J., Cohen, P., Prudhomme, M., Anizon, F., and
Moreau, P. (2009) Synthesis, kinase inhibitory potencies, and in vitro
antiproliferative evaluation of new Pim kinase inhibitors. /. Med. Chem.
52, 6369-6381

Santio, N. M., Vahakoski, R. L., Rainio, E. M., Sandholm, J. A., Virtanen,
S. S., Prudhomme, M., Anizon, F., Moreau, P., and Koskinen, P. J. (2010)
Pim-selective inhibitor DHPCC-9 reveals Pim kinases as potent stimu-
lators of cancer cell migration and invasion. Mol. Cancer 9, 279

Battye, T. G. G., Kontogiannis, L., Johnson, O., Powell, H. R., and Leslie,
A. G. W. (2011) iMOSFLM: A new graphical interface for diffraction-
image processing with MOSFLM. Acta Crystallogr. Sect D Biol. Crys-
tallogr. 67, 271-281

Read, R. J. (2001) Pushing the boundaries of molecular replacement
with maximum likelihood. Acta Crystallogr. Sect D Biol. Crystallogr.
57, 1373-1382

Afonine, P. V., Grosse-Kunstleve, R. W., Echols, N., Headd, J. J., Mor-
iarty, N. W., Mustyakimov, M., Terwilliger, T. C., Urzhumtsev, A.,
Zwart, P. H., and Adams, P. D. (2012) Towards automated crystallo-
graphic structure refinement with phenix.refine. Acta Crystallogr. Sect D
Biol. Crystallogr. 68, 352—367

Emsley, P., and Cowtan, K. (2004) Coot: Model-building tools for mo-
lecular graphics. Acta Crystallogr. Sect. D Biol. Crystallogr. 60, 2126—-2132

SASBMB


http://refhub.elsevier.com/S0021-9258(21)00373-2/sref8
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref8
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref9
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref9
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref10
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref10
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref10
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref11
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref11
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref11
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref12
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref12
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref12
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref12
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref12
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref13
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref13
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref13
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref14
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref14
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref14
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref15
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref15
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref15
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref16
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref16
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref16
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref17
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref17
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref17
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref17
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref17
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref18
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref18
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref18
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref19
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref19
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref19
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref19
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref19
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref20
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref20
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref20
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref20
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref21
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref22
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref23
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref23
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref23
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref24
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref24
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref24
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref24
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref24
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref25
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref26
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref26
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref26
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref26
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref26
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref27
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref27
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref27
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref27
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref27
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref28
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref28
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref28
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref29
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref29
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref30
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref30
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref30
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref30
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref30
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref31
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref31
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref32
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref32
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref32
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref32
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref33
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref33
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref33
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref33
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref34
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref34
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref34
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref35
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref35
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref35
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref48
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref48
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref48
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref48
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref48
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref36
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref36
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref36
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref36
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref36
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref37
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref37
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref37
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref37
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref37
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref38
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref38
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref38
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref38
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref39
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref39
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref39
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref39
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref40
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref40
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref40
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref41
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref41
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref41
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref41
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref41
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref42
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref42

44,

45.

Smart, O. S., Womack, T. O., Flensburg, C., Keller, P., Paciorek, W.,
Sharff, A., Vonrhein, C., and Bricogne, G. (2012) Exploiting structure
similarity in refinement: Automated NCS and target-structure re-
straints in BUSTER. Acta Crystallogr. Sect D Biol. Crystallogr. 68,
368-380

Davis, I. W., Leaver-Fay, A., Chen, V. B, Block, J. N., Kapral, G. |,
Wang, X., Murray, L. W., Arendall, W. B., 3rd, Snoeyink, J., Richardson,
J. S., and Richardson, D. C. (2007) MolProbity: All-atom contacts and
structure validation for proteins and nucleic acids. Nucleic Acids Res. 35,
375-383

SASBMB

46

47.

48.

Phosphorylated Notch3 promotes tumorigenesis

. Krissinel, E., and Henrick, K. (2007) Inference of Macromolecular As-
semblies from crystalline state. . Mol. Biol. 372, 774-797

Kato, H., Taniguchi, Y., Kurooka, H., Minoguchi, S., Sakai, T., Nomura-
Okazaki, S., Tamura, K., and Honjo, T. (1997) Involvement of RBP-]J in
biological functions of mouse Notchl and its derivatives. Development
124, 4133-4141

Sahlgren, C., Gustafsson, M. V. Jin, S, Poellinger, L., and
Lendahl, U. (2008) Notch signaling mediates hypoxia-induced tu-
mor cell migration and invasion. Proc. Natl. Acad. Sci. U. S. A.
105, 6392-6397

J. Biol. Chem. (2021) 296 100593 15


http://refhub.elsevier.com/S0021-9258(21)00373-2/sref43
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref43
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref43
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref43
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref43
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref44
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref44
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref44
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref44
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref44
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref45
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref45
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref46
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref46
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref46
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref46
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref47
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref47
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref47
http://refhub.elsevier.com/S0021-9258(21)00373-2/sref47

	PIM-induced phosphorylation of Notch3 promotes breast cancer tumorigenicity in a CSL-independent fashion
	Results
	Both Notch1 and Notch3 contribute to tumorigenic growth of breast cancer cells
	Mouse Notch3 is phosphorylated by PIM kinases at S1673
	PIM1 and N3ICD interact in breast cancer cells
	Phosphorylation of Notch3 by PIM1 inhibits binding to CSL
	Phosphorylation of Notch3 inhibits CSL-dependent transactivation
	N3ICD phosphorylation promotes breast cancer tumorigenicity

	Discussion
	Experimental procedures
	Clinical dataset analyses
	In vitro kinase assays and in silico analyses
	DNA constructs and mutagenesis
	Cell lines and treatments
	Immunoprecipitation
	Protein expression and purification
	Peptide synthesis
	Oligonucleotide preparation
	Crystallization and data collection
	Structure determination and model building
	ITC
	Immunoblotting, immunofluorescence, and fluorescence microscopy
	Transactivation assays
	RT-quantitative PCR
	Animal models for human breast cancer
	Statistical analysis and figure preparation

	Data availability
	Author contributions
	Funding and additional information
	References


