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Abstract: Anaplastic large-cell lymphoma (ALCL) is an aggressive non-Hodgkin lymphoma that
shows in 60% of cases a translocation t(2;5)(p23;q35), which leads to the expression of the oncogenic
kinase NPM-ALK. The nuclear interaction partner of ALK (NIPA) defines an E3-SCF ligase that
contributes to the timing of mitotic entry. It has been shown that co-expression of NIPA and
NPM-ALK results in constitutive NIPA phosphorylation. By mass spectrometry-based proteomics
we identified nine serine/threonine residues to be significantly upregulated in NIPA upon NPM-ALK
expression. Generation of phospho-deficient mutants of the respective phospho-residues specified
five serine/threonine residues (Ser-338, Ser-344, Ser-370, Ser-381 and Thr-387) as key phosphorylation
sites involved in NPM-ALK-directed phosphorylation of NIPA. Analysis of the biological impact
of NIPA phosphorylation by NPM-ALK demonstrated that the ALK-induced phosphorylation
does not change the SCFNIPA -complex formation but may influence the localization of NIPA and
NPM-ALK. Biochemical analyses with phospho-deficient mutants elucidated the importance of NIPA
phosphorylation by NPM-ALK for the interaction of the two proteins and proliferation potential of
respective cells: Silencing of the five crucial NIPA serine/threonine residues led to a highly enhanced
NIPA-NPM-ALK binding capacity as well as a slightly reduced proliferation in Ba/F3 cells.
Keywords: ALCL; NPM-ALK; NIPA (ZC3HC1); phosphoproteomics

1. Introduction
Anaplastic large cell lymphoma (ALCL) belongs to the group of aggressive non-Hodgkin’s
lymphomas (NHL) and was first described as a distinct tumor entity in 1985 [1]. It is characterized
by the expression of the CD30 receptor (Ki-1), an anaplastic morphology and a null-cell or T-cell
phenotype [2]. About 70–80% of ALK + ALCLs show the translocation t(2; 5)(p23; q35), thereby
expressing the chimeric NPM-ALK fusion protein [3]. The 80 kDa fusion protein NPM-ALK was first
described in 1994. The fusion of the N-terminal portion of the npm gene (chromosome 5) with the
C-terminal portion of the alk gene (chromosome 2) results in constitutive activation of the tyrosine
kinase induced by NPM domain oligomerization and autophosphorylation of the ALK domain [4].
The consequence is a consecutive tumorigenesis by increased proliferation on the one hand and by
inhibition of apoptosis on the other hand [5,6]. NPM-ALK stimulates numerous downstream targets
and signaling pathways possibly involved in mediating its oncogenicity, including MEK/ERK, mTor,
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Pl3K/AKT and STAT3/5 [5,7–9]. Despite previous studies, the molecular mechanisms contributing to
the distinct oncogenic features of NPM-ALK are still not fully understood.
In 2003, NIPA (nuclear interaction partner of ALK) was first identified as a protein of widespread
expression and exclusive nuclear subcellular location in a “yeast two-hybrid screen” to identify
phosphotyrosine-dependent interaction partners of the activated anaplastic lymphoma kinase (ALK)
receptor tyrosine kinase [10]. NIPA was characterized as a human F-box protein that defines an SCF-type
ubiquitin E3-ligase (SCFNIPA ), which targets nuclear cyclin B1 for degradation in order to contribute
to the timing of mitotic entry. The SCFNIPA -complex activity is regulated by cell-cycle-dependent
phosphorylation of NIPA [11]. Recently, it has been shown that co-expression of NIPA with the
oncogenic tyrosine kinase NPM-ALK also results in constitutive phosphorylation of NIPA [12]. In
the present study, we aimed to identify the crucial sites involved in NIPA phosphorylation upon
NPM-ALK expression as well as the functional impact of NPM-ALK-induced NIPA phosphorylation.
2. Results
2.1. Phosphorylation of NIPA in ALCL Cells Is Induced in an NPM-ALK-Dependent Manner
To demonstrate that NIPA is specifically phosphorylated by ALK expression and not by commonly
upregulated pathways (i.e., MEK-pathway) in ALCL cells, we analyzed the phosphorylation of NIPA
in ALK+ (DEL, TS, JB6) and ALK- (Jurkat, FEPD, Mac-1) ALCL cell lines with regard to the shift of
NIPA in electrophoretic mobility.
The phosphorylation of NIPA is preferentially shown in ALK+ ALCL cell lines (Figure 1A),
suggesting ALK dependent phosphorylation of NIPA. To rule out that different levels of phosphorylation
are caused by ERK2-mediated phosphorylation during the interphase, we performed cell cycle analysis
using propidium iodide (PI) staining with the same cells. As shown in the 2-dimensional cell cycle
analyses, both groups presented an equal amount of cells in the G2 /M-phase (Figure 1B), indicating that
NIPA phosphorylation is not caused by an altered cell cycle distribution between the ALK+ and ALKALCL cell entities. Therefore, we concluded that phosphorylation of NIPA seen by the electrophoretic
mobility of the protein is correlated with NPM-ALK expression.

Figure 1. Phosphorylation of NIPA in anaplastic large-cell lymphoma (ALCL) cells is induced in an
NPM-ALK-dependent manner (A) ALK- and ALK+ cells were used to examine the phosphorylation
status of NIPA with immunoblot analysis. (B) Cell staining with propidium iodide revealed equal
amount of cells in G2 /M to exclude cell-cycle-dependent phosphorylation differences.

2.2. Proteomic Phosphosite Analysis Identified Five Crucial NPM-ALK-Induced NIPA Phosphosites
In order to identify the relevant phosphorylation sites of NPM-ALK-induced NIPA
phosphorylation, we performed mass spectrometry (MS)-based proteomic phospho-screens (n = 5).
For this purpose, Hek293T cells were transfected with FLAG-tagged NIPA and NPM-ALK vectors,
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a ratio >2 in more than 3 independent experiments. (B) Log2-fold change revealed S344 (p = 0.0003) to
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pCDNA Flag hNIPA S370A, pCDNA Flag hNIPA S381A, pCDNA Flag hNIPA S338/344A, pCDNA Flag
hNIPA S381/387A, pCDNA Flag hNIPA S338/344/370A and pCDNA Flag hNIPA S338/344/370/381/387A
+/− Mig NPM-ALK. Ba/F3 cells and Nipa −/− MEFs were stably transfected with pMSCV PIC Flag
hNIPA wt and pMSCV PIC Flag hNIPA S338/344/370/381/387A +/− Mig NPM-ALK. Immunoblotting
showed impaired phosphorylation for the phospho-deficient NIPA mutant S338/344/370/381/387A.

The tyrosine kinase NPM-ALK itself is not able to phosphorylate serine/threonine residues of NIPA,
and data exist that MAP-Kinases like ERK1- and -2 are important for the NPM-ALK-induced NIPA
phosphorylation [12]. However, NIPA harbors a Polo-box motif at its N-terminus, thereby providing a
possible interaction site for the serine/threonine kinase Polo-like kinase 1 (PLK1). Indeed, we were
able to co-immunoprecipitate NIPA and PLK1 in the ALK-positive cell lines Karpas and SUDHL-1
(Supplemental Figure S2A). However, when treating HEK293T cells expressing both NIPA and
NPM-ALK with the PLK1 inhibitor Volasertib we could not detect any effect on NIPA phosphorylation
(Supplemental Figure S2B). Thus, we concluded that PLK1 is most likely not the kinase responsible for
the NPM-ALK-induced phosphorylation. Interestingly, consensus sequence analyses of the identified
phosphosites predicted the MAP kinases ERK1/2, JNK1 and p38MAPK (Supplemental Figure S2C),
thereby again providing evidence for an involvement of MAPK in the phosphorylation of NIPA.
2.3. NPM-ALK-Mediated NIPA Phosphorylation Does Not Change the SCFNIPA -Complex Formation but
Might Influence the NIPA Localization at the Nucleus
NIPA has already been characterized to be involved in the regulation of the cell cycle [11]. As E3
ubiquitin ligase, it is part of an SCFNIPA -complex that targets cyclin B1 in interphase. At G2 /M transition
NIPA is phosphorylated by ERK2, leading to the dissociation from the SCF-complex and thereby its
inactivation [12,13]. In order to investigate whether NPM-ALK-induced phosphorylation of NIPA may
also lead to dissociation of the protein from the SCF core complex, we investigated the NIPA-SCF
binding by co-immunoprecipitation. Flag-tagged NIPA and NPM-ALK were overexpressed in HEK293T
cells, lysed and subjected to Flag-immunoprecipitation. As published, immunoblot analyses showed
co-immunoprecipitation of NIPA and Cul1 as being part of the SCF complex in NPM-ALK negative
cells [11,13]. Moreover, this co-immunoprecipitation could be abrogated in nocodazole treated G2 /M
lysates as previously shown, where phosphorylation of AA S354, 359 and 395 are involved [13].
Interestingly, phosphorylation of NIPA by NPM-ALK did not lead to dissociation of NIPA from the SCF
core complex, as co-immunoprecipitation of NIPA with Cul1 could be clearly detected in NPM-ALK
expressing cells. This again suggests that NPM-ALK-induced NIPA phosphorylation is independent
of AA S354, 359 and 395 and does not affect the SCFNIPA complex (Figure 4A). To confirm these results
with endogenous proteins, we performed NIPA co-immunoprecipitation in ALK-positive (DEL) and
ALK-negative (Mac-1) human ALCL cell lines. As shown in Figure 4B, Cul1 binding to NIPA could be
detected to comparable levels in ALK+ and ALK- cell lines, confirming correct SCF-NIPA formation
despite NPM-ALK induced NIPA phosphorylation. We could show that NPM-ALK does not influence
the assembly of the SCFNIPA -complex and therefore suggest that NPM-ALK-mediated phosphorylation
of NIPA does not alter nuclear Cyclin B1 degradation.
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formation but might influence the NIPA localization at the nucleus. (A)− Hek293T cells were
with pCDNA Flag hNIPA wt +/− Mig NPM-ALK and used for Flag-IP. (B) ALK ALCL cells (Mac-1)
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transfected with pCDNA Flag hNIPA wt +/− Mig NPM-ALK and used for Flag-IP. (B)
+ ALCL cells (DEL) confirmed binding of the SCF-core-complex binding to endogenous
and ALK
−
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Fluor 488 (green). DAPI (blue) was used to stain the nucleus (Scale bars: 5 µm).
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the protein(s). Therefore, we used different ALK+ (DEL, TS, JB6) and ALK- (Jurkat, FEPD, Mac-1)
that NIPA’s binding to NPM-ALK and its phosphorylation might alter the subcellular localization of
ALCL cell lines and investigated endogenous NIPA localization by immunofluorescence staining after
the protein (s). Therefore, we used different ALK+ (DEL, TS, JB6) and ALK- (Jurkat, FEPD, Mac-1)
cytospin of the respective cells. As shown in Figure 4C, NIPA clearly localized the nucleus of ALK+
ALCL cell lines and investigated endogenous NIPA localization by immunofluorescence staining
and ALK− cells, with a slight localization shift of the protein from the nuclear center to the nuclear
after cytospin of the respective cells. As shown in Figure 4C, NIPA clearly localized the nucleus of
membrane in ALK-positive cells.
ALK+ and ALK- cells, with a slight localization shift of the protein from the nuclear center to the
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2.4. NIPA Phosphodeficiency Leads to Enhanced NPM-ALK Binding and Impaired Cell Proliferation in
As all identified NPM-ALK-mediated NIPA phosphorylation sites are localized to the ALK binding
NPM-ALK-Positive Cells
domain of NIPA (Figure 2C), we hypothesized that the NPM-ALK-induced phosphorylation of NIPA
identified
NPM-ALK-mediated
NIPA phosphorylation
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we performed co-immunoprecipitation
assays
binding
domain
of
NIPA
(Figure
2C),
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of NPM-ALK and different NIPA mutants.
phosphorylation of NIPA might alter the NIPA-NPM-ALK interaction. Therefore, we performed
co-immunoprecipitation assays of NPM-ALK and different NIPA mutants.
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5E, the phospho-deficient NIPA S338/344/370/381/387A mutant showed a slight reduction in cell
growth compared to wild type NIPA upon NPM-ALK expression. These results could be confirmed
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S338/344/370/381/387A mutant showed a slight reduction in cell growth compared to wild type
NIPA upon NPM-ALK expression. These results could be confirmed by soft agar proliferation
assays with Nipa-deficient MEFs expressing NPM-ALK together with Flag-NIPA wt or Flag-NIPA
S338/344/370/381/387A (Supplemental Figure S3A–C), but again, only a minor but significant effect
could be observed. Therefore, we concluded that NPM-ALK-mediated NIPA phosphorylation seems
to influence cell proliferation in an unfavorable manner, although these effects may not play a crucial
role in NPM-ALK-mediated lymphomagenesis.
Taken together, we identified five serine/threonine residues (Ser-338, Ser-344, Ser-370, Ser-381 and
Thr-387) as phosphorylation sites in NIPA to be significantly induced upon NPM-ALK expression
with biological impact on NIPA-NPM-ALK interaction. Phosphorylation does neither change
the SCFNIPA -complex formation nor influences the NIPA localization. Silencing of these NIPA
serine/threonine residues led to a significantly increased NIPA-NPM-ALK binding capacity as well as
slightly reduced proliferation in Ba/F3 cells and MEFs.
3. Discussion
The oncogenic tyrosine kinase NPM-ALK promotes tumorigenicity by binding and activating
several proteins involved in antiapoptotic, promitogenic and transforming pathways. In addition,
several transcriptional and cell cycle regulatory factors that play a role in NPM-ALK-mediated
tumorigenesis have been recently identified [15]. However, the molecular mechanism contributing to
the distinct oncogenic features of NPM-ALK is still not fully understood.
The F-box protein NIPA, which is involved in cell cycle regulation [11], has been identified as
a binding partner of NPM-ALK leading to its constitutive phosphorylation [10,12]. In this study,
we demonstrate cell-cycle-independent NIPA phosphorylation in NPM-ALK-positive ALCL cells.
NPM-ALK-mediated NIPA phosphorylation did neither affect cell cycle rate nor SCFNIPA -complex
structure, suggesting a cell-cycle-independent function of NIPA activated by this phosphorylation.
As oncogenic tyrosine kinase, NPM-ALK is known to phosphorylate and activate several proteins:
STAT3 as a major player in ALCL is constitutively phosphorylated by binding to NPM-ALK, and
thereby contributes to lymphoma pathogenesis [16–20]. Moreover, NPM-ALK recruits PI3K p85
subunit leading to the activation of the PI3K/Akt pathway contributing to ALK+ ALCL progression [21].
Additional proteins activated by NPM-ALK binding are, e.g., CD30 [22], PLC-γ [23], STAT1 [24] and
the Src kinase pp60 [6], all being involved in tumorigenesis by enhancing cell proliferation.
Here, we identified five NPM-ALK-induced NIPA phosphorylation sites located on Ser-338, Ser-344,
Ser-370, Ser-381 and Thr-387, which differ from the ERK2-induced serine residues phosphorylated
during cell cycle progression [11,13]. Since the identified phosphorylation sites are serines and
threonines it seems unlikely that the tyrosine kinase ALK phosphorylates NIPA directly. NPM-ALK
stimulates numerous downstream targets and signaling pathways possibly involved in mediating
its oncogenicity, thereby not only leading to tyrosine but also serine phosphorylation such as
S9-GSK3β by PI3K/AKT [25]. Indeed, 506 phosphoproteins have been previously identified in
NPM-ALK-expressing cells including a large number of serine/threonine phosphorylated proteins [26].
Numerous serine/threonine kinases activated by NPM-ALK (i.e., MEK/ERK, mTor, Pl3K/AKT) [5,7–9]
could be considered as potential kinases for NIPA phosphorylation: The identified phosphorylation
sites predominantly result in ERK1/2, JNK1 and p38MAPK recognition sites, which is in line with the
publication of Illert et al. showing impaired NIPA phosphorylation upon MAPK inhibitor treatment
in cells expressing NPM-ALK [12], thereby reinforcing the importance of the MAP-kinases for NIPA
phosphorylation. Interestingly, the identified phosphorylation sites are located in a small area of the
protein—which includes the ALK-binding domain [10]—suggesting a direct effect on the binding energy
of the complex [27,28]. In fact, in this work the phospho-deficient NIPA mutant showed significantly
increased NPM-ALK binding compared to wild type NIPA. NIPA has already been identified as a
nuclear protein, while the subcellular localization of NPM-ALK is both nuclear and cytoplasmic [14].
It was already assumed that nuclear-located NIPA is able to relocalize ALK fusion proteins into the
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nucleus [10]. Therefore, we hypothesized that the interaction and phosphorylation of NIPA might
influence the localization of NPM-ALK or NIPA. Here we could show that the phospho-deficient NIPA
mutant binds NPM-ALK to a higher extent as phosphorylated NIPA and might thereby retain the
protein in the nucleus. As only cytoplasmic NPM-ALK is catalytically active, whereas the nuclear
portion is inactive because of heterodimerization with NPM1, the amount of cytoplasmic NPM-ALK is
crucial for optimal lymphoma growth [14]. Thus, NPM-ALK might ensure its own cytoplasmic activity
by NIPA phosphorylation. In line with these observations, we could show that phosphorylation of
NIPA upon NPM-ALK expression slightly affects cell proliferation. NPM-ALK-positive cells expressing
the phospho-deficient NIPA mutant showed significantly reduced cell growth compared to NIPA wild
type cells. As NIPA phospho-deficiency changes the proliferation potential only to a minor extent, we
concluded that these effects may not play a crucial role in NPM-ALK-mediated lymphomagenesis.
However, these findings provide novel insights for further analyses and substantiate the complex
mechanism of NPM-ALK signal transdution.
Together, our results emphasize the relevance of the identified phosphorylation sites and reinforce
the hypothesis that NPM-ALK phosphorylates NIPA to ensure its cytoplasmic localization thereby
promoting lymphomagenesis.
4. Materials and Methods
4.1. Plasmids
Details of the construction of various plasmids are available from the authors upon request. The
pCDNA3.1/Zeo Flag hNIPA wild type was kindly provided by T. Ouyang. pCDNA3.1/Zeo Flag hNIPA
1-402 and pCDNA3.1/Zeo Flag hNIPA ∆310–402 were kindly provided by F. Bassermann and A.L.
Illert. Point mutations of NIPA were generated by site-directed PCR mutagenesis. pMSCV PIC was
kindly provided by C.Miething. MSCV Mig NPM-ALK was kindly provided by J. Duyster.
4.2. Cell Culture
Primary NIPA-deficient MEFs and Hek293T cells were cultivated in DMEM containing 10% FCS.
Ba/F3 cells were cultivated in RPMI 1640 supplemented with 10% FCS and 2 ng/mL IL-3. Jurkat, FePD,
Mac-1, DEL, TS, SUDHL-1, Karpas and JB6 cells were cultivated in RPMI 1640 medium containing
10% FCS.
Transient transfections of primary NIPA-deficient MEFs and Hek293T were performed using
TurboFect (Thermo Fisher, Waltham, MA, USA) or Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
Generation of retrovirus and transfection was performed as described previously using
Turbofect [29]. Ba/F3 cells were stably transduced with retroviral supernatant supplemented with
4 g/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA) for 3 times every 12 h.
Cell synchronization at G2/M was performed by sequential culture with 2 mM thymidine and
40 ng/mL nocodazole and subsequent collection of rounded cells.
Inhibition of PLK1 was performed with Volasertib (Selleckchem, Houston, TX, USA) for 6 h with
a concentration range from 0.1 to 10 µM.
4.3. Consensus Sequence Analysis
Consensus sequence analysis was performed using the PhosphoNET Kinase Predictor online tool
(Kinexus 2017, Vancouver, British Columbia, Canada) for each individual phosphosite.
4.4. Flow Cytometry Analysis
For cell cycle analysis, cells were washed with PBS, fixed with 70% EtOH for 12 h at −20 ◦ C,
washed again with PBS and stained with 25 mg/mL propidium iodide supplemented with 100 µg/mL
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RNase. Cell cycle distribution was determined by flow cytometry on an LSRFortessa Flow Cytometer
and subsequent analysis using the FlowJo software (Tree Star Inc., Ashland, OR, USA).
4.5. Immunofluorescence Microscopy
NIPA (Sigma-Aldrich, St.
Louis, MO, USA, HPA024023) antibody was used for
immunofluorescence experiments. Alexa Fluor-488 conjugated anti-rabbit IgG was purchased
from Life Technologies. Different ALCL cells were fixed on slides with paraformaldehyde and
permeabilized with methanol. Cells were stained with primary antibodies for 2 h prior to incubation
with fluorophore-conjugated secondary antibodies for 1 h at room temperature in the dark. Mounting
of slides was performed using the Gold Antifade reagent (Invitrogen). Slides were viewed with a Zeiss
LSM 880 microscope (63×/1.4 Plan-Apo oil objective). Images were processed with Zeiss Zen Black
2.1 software.
4.6. Immunoprecipitation and Immunoblot
Immunoprecipitation and immunoblotting were performed as described previously [12,30,31].
Antibodies against β-Actin (A5316) and NIPA (ZC3HC1, HPA024023) were purchased from Sigma.
Cul1 (cs-4995), PLK1 (cs-4513) and ALK (cs-3333) were from Cell Signaling. GAPDH (OSG-00033G)
was from Osenses, FLAG (PA1-984B) was from Thermo Fisher Scientific. Anti-FLAG-M2 affinity gel
was from Millipore. Quantification of immunoblots was performed using LabImage 1D L340 software
(Intas Science Imaging, Goettingen, Germany).
4.7. MTS Assay and Soft-Agar Assay
Retrovirally infected Ba/F3 cells expressing NPM-ALK and NIPA wt or NIPA
S338/344/370/381/T387A were plated on 96-well plates in triplicates (5000 cells in 100 µL RPMI).
To assess cell proliferation, MTS reagent (Promega, Madison, WI, USA) was added to the cells after 0 h,
24 h and 48 h and incubated for 2 h at 37 ◦ C. Extinction at 492 nm was measured using a microplate
reader (Tecan, Männedorf, Switzerland).
For soft-agar proliferation assays, Nipa knockout MEFs were retrovirally infected with vectors
containing NPM-ALK and Flag-NIPA wt or Flag-NIPA S338/344/370/381/T387A. The assay was
performed as previously described [32]. Between 104 to 105 cells were plated in soft-agar in 6-well
plates. Colonies were counted between days 15 and 20 after plating.
4.8. Proteomic Analysis
Phoenix cells were transfected with pCDNA3.1/Zeo Flag hNIPA wild type and MSCV Mig
NPM-ALK, Flag was immunoprecipitated using Anti-FLAG-M2 affinity gel (Millipore). For the
identification of phosphorylation sites of NIPA, samples were prepared with 1 mM DTT for 5 min at
95 ◦ C and alkylated using 5.5 mM iodacetamide for 30 min at 25 ◦ C. Protein mixtures were separated
by SDS-PAGE (4–12% Bis-Tris mini gradient gel) and the 55 kDa region of the gel lanes were cut into 2
equal slices. Gel fractions were in-gel digested using trypsin (Promega, Mannheim, Germany) [33].
Digests were performed overnight at 37 ◦ C in 0.05 M NH4 HCO3 (pH 7.5). About 0.1 µg of protease
was used for each gel band. Peptides were extracted from the gel slices with ethanol and resulting
peptide mixtures were processed on STAGE tips as described [34]. Sample analysis, data acquisition
and processing were performed as previously described [35].
4.9. Statistics
Statistical comparisons were performed using GraphPad Prism6 software. Data are represented
as mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001, calculated by an unpaired, 2-tailed Student’s
t test.

Int. J. Mol. Sci. 2019, 20, 4060

11 of 13

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
4060/s1.
Author Contributions: Conceptualization, A.L.I., J.D.; validation, A.G., V.I.D., A.M.-R.; formal analysis, A.G.,
V.I.D., A.M.-R.; investigation, A.G., A.M.-R., V.I.D., T.P., L.G. and L.J.L.; resources, A.L.I. and J.D.; data curation,
A.G., A.M.-R., T.P. and V.I.D.; project administration, A.L.I. and S.K., writing—original draft preparation, A.G. and
A.L.I.; writing—review and editing, A.G., A.M.-R., T.P. V.I.D., J.D., S.K. and A.L.I.; visualization, A.G.; supervision,
J.D. and A.L.I.
Funding: A.L.I. was supported by a research grant from the university Medical center Freiburg and from the
Government Baden-Wuerttemberg (BSL). T.P., J.D. and A.L.I. were funded from the European Union’s Horizon
2020 research and innovative program under the Marie Sklodowska-Curie grant agreement No 675712.
Acknowledgments: We are very grateful to Sabina Schaberg for excellent technical assistance. And by C. Miething
for kindly providing pMSCV PIC. G. Nolan kindly provided Phoenix E cells.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.

5.
6.

7.
8.
9.
10.

11.

12.

13.

14.

Stein, H.; Mason, D.Y.; Gerdes, J.; O’Connor, N.; Wainscoat, J.; Pallesen, G.; Gatter, K.; Falini, B.; Delsol, G.;
Lemke, H.; et al. The expression of the Hodgkin’s disease associated antigen Ki-1 in reactive and neoplastic
lymphoid tissue: Evidence that Reed-Sternberg cells and histiocytic malignancies are derived from activated
lymphoid cells. Blood 1985, 66, 848–858. [PubMed]
Pileri, S.; Falini, B.; Delsol, G.; Stein, H.; Baglioni, P.; Poggi, S.; Martelli, M.F.; Rivano, M.T.; Mason, D.Y.;
Stansfeld, A.G. Lymphohistiocytic T-cell lymphoma (anaplastic large cell lymphoma CD30+/Ki-1 + with a
high content of reactive histiocytes). Histopathology 1990, 16, 383–391. [CrossRef] [PubMed]
Ferreri, A.J.M.; Govi, S.; Pileri, S.A.; Savage, K.J. Anaplastic large cell lymphoma, ALK-positive. Crit. Rev.
Oncol. Hematol. 2012, 83, 293–302. [CrossRef] [PubMed]
Morris, S.W.; Kirstein, M.N.; Valentine, M.B.; Dittmer, K.G.; Shapiro, D.N.; Saltman, D.L.; Look, A.T. Fusion
of a kinase gene, ALK, to a nucleolar protein gene, NPM, in non-Hodgkin’s lymphoma. Science 1994, 263,
1281–1284. [CrossRef] [PubMed]
Chiarle, R.; Voena, C.; Ambrogio, C.; Piva, R.; Inghirami, G. The anaplastic lymphoma kinase in the
pathogenesis of cancer. Nat. Rev. Cancer 2008, 8, 11–23. [CrossRef]
Cussac, D.; Greenland, C.; Roche, S.; Bai, R.Y.; Duyster, J.; Morris, S.W.; Delsol, G.; Allouche, M.; Payrastre, B.
Nucleophosmin-anaplastic lymphoma kinase of anaplastic large-cell lymphoma recruits, activates and uses
pp60c-src to mediate its mitogenicity. Blood 2004, 103, 1464–1471. [CrossRef]
Amin, H.M.; Lai, R. Pathobiology of ALK+ anaplastic large-cell lymphoma. Blood 2007, 110, 2259–2267.
[CrossRef]
Inghirami, G.; Pileri, S.A. European T-Cell Lymphoma Study Group Anaplastic large-cell lymphoma. Semin.
Diagn. Pathol. 2011, 28, 190–201. [CrossRef]
Palmer, R.H.; Vernersson, E.; Grabbe, C.; Hallberg, B. Anaplastic lymphoma kinase: Signalling in development
and disease. Biochem. J. 2009, 420, 345–361. [CrossRef]
Ouyang, T.; Bai, R.Y.; Bassermann, F.; von Klitzing, C.; Klumpen, S.; Miething, C.; Morris, S.W.; Peschel, C.;
Duyster, J. Identification and Characterization of a Nuclear Interacting Partner of Anaplastic Lymphoma
Kinase (NIPA). J. Biol. Chem. 2003, 278, 30028–30036. [CrossRef]
Bassermann, F.; von Klitzing, C.; Münch, S.; Bai, R.Y.; Kawaguchi, H.; Morris, S.W.; Peschel, C.; Duyster, J.
NIPA Defines an SCF-Type Mammalian E3 Ligase that Regulates Mitotic Entry. Cell 2005, 122, 45–57.
[CrossRef] [PubMed]
Illert, A.L.; Zech, M.; Moll, C.; Albers, C.; Kreutmair, S.; Peschel, C.; Bassermann, F.; Duyster, J. Extracellular
Signal-regulated Kinase 2 (ERK2) Mediates Phosphorylation and Inactivation of Nuclear Interaction Partner
of Anaplastic Lymphoma Kinase (NIPA) at G2/M. J. Biol. Chem. 2012, 287, 37997–38005. [CrossRef] [PubMed]
Bassermann, F.; von Klitzing, C.; Illert, A.L.; Münch, S.; Morris, S.W.; Pagano, M.; Peschel, C.; Duyster, J.
Multisite Phosphorylation of Nuclear Interaction Partner of ALK (NIPA) at G2/M Involves Cyclin B1/Cdk1.
J. Biol. Chem. 2007, 282, 15965–15972. [CrossRef] [PubMed]
Ceccon, M.; Merlo, M.E.B.; Mologni, L.; Poggio, T.; Varesio, L.M.; Menotti, M.; Bombelli, S.; Rigolio, R.;
Manazza, A.D.; Di Giacomo, F.; et al. Excess of NPM-ALK oncogenic signaling promotes cellular apoptosis
and drug dependency. Oncogene 2016, 35, 3854–3865. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 4060

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.
30.

31.

32.

12 of 13

Werner, M.T.; Zhao, C.; Zhang, Q.; Wasik, M.A. Nucleophosmin-anaplastic lymphoma kinase: The ultimate
oncogene and therapeutic target. Blood 2017, 129, 823–831. [CrossRef] [PubMed]
Khoury, J.D.; Medeiros, L.J.; Rassidakis, G.Z.; Yared, M.A.; Tsioli, P.; Leventaki, V.; Schmitt-Graeff, A.;
Herling, M.; Amin, H.M.; Lai, R. Differential expression and clinical significance of tyrosine-phosphorylated
STAT3 in ALK+ and ALK- anaplastic large cell lymphoma. Clin. Cancer Res. 2003, 9, 3692–3699. [PubMed]
Chiarle, R.; Simmons, W.J.; Cai, H.; Dhall, G.; Zamo, A.; Raz, R.; Karras, J.G.; Levy, D.E.; Inghirami, G. Stat3
is required for ALK-mediated lymphomagenesis and provides a possible therapeutic target. Nat. Med. 2005,
11, 623–629. [CrossRef]
Spaccarotella, E.; Pellegrino, E.; Ferracin, M.; Ferreri, C.; Cuccuru, G.; Liu, C.; Iqbal, J.; Cantarella, D.; Taulli, R.;
Provero, P.; et al. STAT3-mediated activation of microRNA cluster 17~92 promotes proliferation and survival
of ALK-positive anaplastic large cell lymphoma. Haematologica 2014, 99, 116–124. [CrossRef] [PubMed]
Sattu, K.; Hochgräfe, F.; Wu, J.; Umapathy, G.; Schönherr, C.; Ruuth, K.; Chand, D.; Witek, B.; Fuchs, J.;
Li, P.K.; et al. Phosphoproteomic analysis of anaplastic lymphoma kinase (ALK) downstream signaling
pathways identifies signal transducer and activator of transcription 3 as a functional target of activated ALK
in neuroblastoma cells. FEBS J. 2013, 280, 5269–5282. [CrossRef]
Anastasov, N.; Bonzheim, I.; Rudelius, M.; Klier, M.; Dau, T.; Angermeier, D.; Duyster, J.; Pittaluga, S.; Fend, F.;
Raffeld, M.; et al. C/EBPβ expression in ALK-positive anaplastic large cell lymphomas is required for cell
proliferation and is induced by the STAT3 signaling pathway. Haematologica 2010, 95, 760–767. [CrossRef]
[PubMed]
Bai, R.Y.; Ouyang, T.; Miething, C.; Morris, S.W.; Peschel, C.; Duyster, J. Nucleophosmin-anaplastic lymphoma
kinase associated with anaplastic large-cell lymphoma activates the phosphatidylinositol 3-kinase/Akt
antiapoptotic signaling pathway. Blood 2000, 96, 4319–4327. [PubMed]
Hübinger, G.; Scheffrahn, I.; Müller, E.; Bai, R.; Duyster, J.; Morris, S.W.; Schrezenmeier, H.; Bergmann, L. The
tyrosine kinase NPM-ALK, associated with anaplastic large cell lymphoma, binds the intracellular domain
of the surface receptor CD30 but is not activated by CD30 stimulation. Exp. Hematol. 1999, 27, 1796–1805.
[CrossRef]
Bai, R.Y.; Dieter, P.; Peschel, C.; Morris, S.W.; Duyster, J. Nucleophosmin-anaplastic lymphoma kinase of
large-cell anaplastic lymphoma is a constitutively active tyrosine kinase that utilizes phospholipase C-gamma
to mediate its mitogenicity. Mol. Cell. Biol. 1998, 18, 6951–6961. [CrossRef] [PubMed]
Wu, C.; Molavi, O.; Zhang, H.; Gupta, N.; Alshareef, A.; Bone, K.M.; Gopal, K.; Wu, F.; Lewis, J.T.;
Douglas, D.N.; et al. STAT1 is phosphorylated and downregulated by the oncogenic tyrosine kinase
NPM-ALK in ALK-positive anaplastic large-cell lymphoma. Blood 2015, 126, 336–345. [CrossRef]
McDonnell, S.; Hwang, S.; Basrur, V.; Conlon, K.; Fermin, D.; Wey, E.; Murga-Zamalloa, C.; Zeng, Z.; Zu, Y.;
Elenitoba-Johnson, K.; et al. NPM-ALK signals through glycogen synthase kinase 3β to promote oncogenesis.
Oncogene 2012, 31, 3733–3740. [CrossRef]
Wu, F.; Wang, P.; Zhang, J.; Young, L.C.; Lai, R.; Li, L. Studies of phosphoproteomic changes induced
by nucleophosmin-anaplastic lymphoma kinase (ALK) highlight deregulation of tumor necrosis factor
(TNF)/Fas/TNF-related apoptosis-induced ligand signaling pathway in ALK-positive anaplastic large cell
lymphoma. Mol. Cell Proteom. 2010, 9, 1616–1632. [CrossRef]
Jenal, U.; Galperin, M.Y. Single domain response regulators: Molecular switches with emerging roles in cell
organization and dynamics. Curr. Opin. Microbiol. 2009, 12, 152–160. [CrossRef]
Lin, K.; Hwang, P.K.; Fletterick, R.J. Distinct phosphorylation signals converge at the catalytic center in
glycogen phosphorylases. Structure 1997, 5, 1511–1523. [CrossRef]
Illert, A.L.; Albers, C.; Kreutmair, S.; Leischner, H.; Peschel, C.; Miething, C.; Duyster, J. Grb10 is involved in
BCR-ABL-positive leukemia in mice. Leukemia 2015, 29, 858–868. [CrossRef]
Illert, A.L.; Kawaguchi, H.; Antinozzi, C.; Bassermann, F.; Quintanilla-Martinez, L.; von Klitzing, C.;
Hiwatari, M.; Peschel, C.; de Rooij, D.G.; Morris, S.W.; et al. Targeted inactivation of nuclear interaction
partner of ALK disrupts meiotic prophase. Development 2012, 139, 2523–2534. [CrossRef]
Grundler, R.; Thiede, C.; Miething, C.; Steudel, C.; Peschel, C.; Duyster, J. Sensitivity toward tyrosine kinase
inhibitors varies between different activating mutations of the FLT3 receptor. Blood 2003, 102, 646–651.
[CrossRef] [PubMed]
Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Karuppusamy Rathinam, M.K.; Tauler, J.; Bikkavilli, R.K.;
Winn, R.A. The Soft Agar Colony Formation Assay. J. Vis. Exp. 2014, 92, 51998. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 4060

33.
34.
35.

13 of 13

Shevchenko, A.; Tomas, H.; Havlis, J.; Olsen, J.V.; Mann, M. In-gel digestion for mass spectrometric
characterization of proteins and proteomes. Nat. Protoc. 2006, 1, 2856–2860. [CrossRef] [PubMed]
Rappsilber, J.; Mann, M.; Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips. Nat. Protoc. 2007, 2, 1896–1906. [CrossRef] [PubMed]
Tucci, S.; Mingirulli, N.; Wehbe, Z.; Dumit, V.I.; Kirschner, J.; Spiekerkoetter, U. Mitochondrial fatty acid
biosynthesis and muscle fiber plasticity in very long-chain acyl-CoA dehydrogenase-deficient mice. FEBS
Lett. 2018, 592, 219–232. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

