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effect of the pan-PIM kinase inhibitor
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Abstract
Background: A promising therapeutic approach for aggressive B-cell Non-Hodgkin lymphoma (NHL), including
diffuse large B-cell lymphoma (DLBCL), and Burkitt lymphoma (BL) is to target kinases involved in signal
transduction and gene regulation. PIM1/2 serine/threonine kinases are highly expressed in activated B-cell-like
DLBCL (ABC-DLBCL) with poor prognosis. In addition, both PIM kinases have a reported synergistic effect with
c-MYC in mediating tumour development in several cancers, c-MYC gene being translocated to one of the
immunoglobulin loci in nearly all BLs.
Methods: For these reasons, we tested the efficiency of several PIM kinase inhibitors (AZD1208, SMI4a, PIM1/2
inhibitor VI and Quercetagetin) in preventing proliferation of aggressive NHL-derived cell lines and compared their
efficiency with PIM1 and/or PIM2 knockdown.
Results: We observed that most of the anti-proliferative potential of these inhibitors in NHL was due to an
off-target effect. Interestingly, we present evidence of a kinase-independent function of PIM2 in regulating cell
cycle. Moreover, combining AZD1208 treatment and PIM2 knockdown additively repressed cell proliferation.
Conclusion: Taken together, this study suggests that at least a part of PIM1/2 oncogenic potential could be
independent of their kinase activity, justifying the limited anti-tumorigenic outcome of PIM-kinase inhibitors in NHL.
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Background
Diffuse large B cell lymphoma (DLBCL) and Burkitt
lymphoma (BL) are aggressive lymphomas, which require intensive chemotherapy regimens. BL is characterised by a germinal centre B-cell phenotype and an
isolated c-MYC-rearrangement placing the c-MYC gene
into close proximity of one of the Ig enhancers (IgH, Igκ
or Igλ) [1]. BL depends on the activity of the transcription factor and proto-oncoprotein c-MYC for proliferation and survival [2, 3] and can be successfully treated
with high intensity chemotherapy. DLBCL is significantly
more common than BL, accounting for about one third
of the NHL cases and is a heterogeneous disease [4].
DLBCL can be classified into two principle classes
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predictive of disease outcome: germinal-centre B cell-like
(GCB), and activated B cell-like (ABC) [5–7]. GCBDLBCL cells derive from activated germinal centre B cells
and about 85 % of the cases express BCL6 a key transcriptional regulator of the GC response [8]. ABC-DLBCL cells
are post-germinal centre B cells, with features indicative of
arrest during plasmablastic differentiation, and frequently
show evidence of NFκB pathway activation [6, 7, 9]. Both
ABC-DLBCL and GCB-DLBCL can be associated with cMYC deregulation or evidence of c-MYC activation. CMYC-translocations occurring in the presence of a second
or third translocation usually affecting BCL2 or BCL6
identify poor risk DLBCL referred to as double or triple hit
lymphoma. Deregulation of c-MYC is therefore a common
feature amongst aggressive lymphoma either occurring as
an isolated event or with additional rearrangements.
Amongst the genes distinguished by differential expression in DLBCL subsets are the PIM (proviral
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integration site for Moloney murine leukaemia virus)
kinases. High PIM1 and PIM2 mRNA levels are characteristic of ABC-DLBCL compared to GCB-DLBCL cells
[7, 10]. Expression of PIM1 and/or PIM2 is predictive of
disease-free, disease-specific and overall survival in
non-GCB DLBCL [11, 12] and predominant nuclear
PIM1 staining is highly correlated with disease stage in
this type [11]. These kinases are of particular interest
because of a potential role as co-regulators of c-MYC
dependent oncogenesis, with c-Myc and Pim1 showing
co-operation during lymphomagenesis in mouse models
[13, 14]. Furthermore c-MYC and PIM1 have also been
shown to cooperate in prostate tumourigenesis, while
the inhibition of PIM kinases in c-MYC-expressing cancers decreases proliferation, survival and tumourigenicity [15, 16].
The related kinases PIM1, PIM2 and PIM3 form the
PIM kinase family of constitutively active serine/threonine kinases [17]. Pim1 and Pim2 were initially identified
as targets for the integration of Moloney murine leukaemia virus (MMLV) in murine T cell lymphoma, indicating that they function as oncogenes [18, 19]. Early
studies showed that PIM1 is overexpressed in 30 % of
human lymphoid and myeloid leukaemias, while PIM2 is
overexpressed in AML [20]. Both PIM1 and PIM2
mRNAs are highly expressed in CLL, DLBCL and
mantle cell lymphoma (MCL), whereas PIM2 is also
overexpressed in follicular lymphoma, MALT lymphoma, nodal marginal zone lymphoma and multiple myeloma [12, 21]. No overexpression of PIM3 is seen in
NHL [12]. Apart from haematopoietic malignancies,
PIM1 and/or PIM2 are highly expressed in several solid
tumours [22–31].
Several mechanisms for the oncogenic potential of
PIM kinases and for the cooperation between PIM kinases and c-MYC have been described. PIM1 has been
shown to be recruited to the chromatin by binding to
the MYC MBII (MYC box II) domain and to stimulate
transcription elongation through phosphorylation of histone H3 on serine 10 (H3S10p) [32, 33]. The presence of
the H3S10p modification is proposed to promote recruitment of 14-3-3 proteins, which serve as adaptors
for the acetyl transferase MOF. MOF acetylates H4K16,
which is recognised by the bromodomain containing
protein 4 (BRD4), an adapter for P-TEFb [33]. PIM1 has
been found to be required for the expression of at least
20 % of the c-MYC-induced genes in HEK293 cells [32].
Further, it has been shown that PIM1 overexpression
in prostate cancer cell lines enhances the expression
of c-MYC target genes [34]. These findings suggest
that a central role for PIM kinases in c-MYCdependent gene regulation may be generalizable to
other cell systems. Indeed, PIM1 was described to be
nuclear in BL, which would allow for interaction of
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PIM1 and c-MYC at the chromatin level [35]. Cooperation has also been identified between PIM2 and cMYC and requires the ability of PIM2 to stimulate the
NFκB pathway via activation of the kinase COT.
Blocking NFκB in c-MYC and PIM2 overexpressing
cells induces apoptosis in vitro and inhibits growth in
a tumour graft model [36]. Both PIM1 and PIM2 can
also directly stabilise c-MYC by phosphorylating
Serine 329 [37].
In addition, PIM kinases have several other prosurvival effects. PIM1, PIM2 and PIM3 phosphorylate
BAD at S112 and other sites, which leads to binding of
14-3-3 proteins and inhibits its interaction with antiapoptotic BCL-XL [38, 39]. PIM1 has also been shown to
phosphorylate and inhibit the apoptosis signalling kinase
1 (ASK1), which results in reduced JNK and p38 MAPK
phosphorylation and protects cells from H2O2-induced
apoptosis [40]. PIM kinases share several substrates with
AKT and PIM2 can compensate for mTORC1 inhibition
during haematopoiesis and in AML [41, 42]. Additionally, PIM kinases stimulate cell cycle progression by
phosphorylating MARK3, CDC25A, CDC25C, p21CIP1,
p27KIP1 and SKP2 [43–49]. PIM1-mediated phosphorylation has also been found to promote the degradation of
FOXO1a and FOXO3a, which inhibits FOXO-mediated
activation of CDKN1B transcription (encoding for
p27KIP1) [46]. Thus several mechanisms have been identified for c-MYC-independent regulation of proliferation
and survival by PIM kinases.
Taken together, these observations provide a rational
for targeting PIM1 and PIM2 in c-MYC expressing
aggressive lymphomas including ABC-DLBCL and
BL, in which PIM kinase inhibition might reduce cMYC-mediated cell proliferation. In this study, we
have assessed the anti-proliferative potential of the
pan-PIM kinase inhibitor AZD1208 and other PIM
inhibitors in aggressive NHL-derived cell lines and
compared it with PIM1 and/ or PIM2 knockdown.
Interestingly, our experiments reveal a kinase-independent
function of PIM2 in regulating cell cycle. Both
AZD1208 treatment and PIM2 knockdown synergistically block cell proliferation, indicating that PIM
kinase inhibitors are not sufficient to completely abolish PIM function in NHL.

Results
Inhibition of PIM kinases has a minor effect on BL and
ABC-DLBCL cell viability

The high level of expression of PIM1 and PIM2 in ABCDLBCL (Additional file 1: Figure S1) and the reported
synergistic effect of these two kinases with c-MYC in
several cancers, prompted us to test the efficiency of the
pan-PIM kinase inhibitor AZD1208 in preventing proliferation of aggressive NHL-derived cell lines. To this end,
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Fig. 1 NHL cell lines are resistant to AZD1208 treatment. a Cells were seeded into duplicate wells of 6-well plates and treated with DMSO, 1 μM,
5 μM or 10 μM AZD1208 for indicated times. The medium was replaced every day and cell number was measured by MTT assay. The means and
SD of at least two independent experiments, conducted in duplicate wells of six-well plates, are plotted. b, c Cells were treated like in (a). Aliquots
were harvested every second day and analysed by western blot. d Cells were treated with 1 μM, 2.5 μM, 5 μM, 7.5 μM or 10 μM AZD1208 or a
respective amount of DMSO for three days. Then, protein expression was evaluated by western blot

two BL-derived cell lines, Raji and Ramos, and two
ABC-DLBCL-derived cell lines, OCI-Ly3 and OCI-Ly10,
were treated with different concentrations of AZD1208
(1 μM to 10 μM) or DMSO, and cell number was
assessed over a period of six days. Interestingly, Raji and
Ramos cells were mostly resistant to the drug (Fig. 1a),
with a moderate inhibition of cell growth seen in Ramos
cells at 10 μM AZD1208 only. Similarly, OCI-Ly3 cells
showed a moderate reduction in cell number at 5 μM
and 10 μM AZD1208 and only OCI-Ly10 cells displayed
a reduced cell number already at 1 μM AZD1208
(Fig. 1a). Nevertheless, PIM kinases were already strongly
inhibited in all cell lines at 1 μM AZD1208, as assessed by
BAD-S112 phosphorylation (p-BAD) (Fig. 1b, c). This observation suggests that PIM kinase activity is not required
for proliferation and survival of these NHL cells. An
upregulation or stabilisation of BAD was seen in Raji,
OCI-Ly3 and OCI-Ly10 cells at higher AZD1208 concentrations (Fig. 1b, c). Moreover, a compensatory upregulation or stabilisation of PIM1 and PIM2 could be observed
in all four cell lines (Fig. 1b, d), suggesting a mechanism
compensating for the loss of PIM activity. C-MYC protein
levels were also elevated in inhibitor-treated compared to
DMSO control cells (Fig. 1b, d). In summary, ABCDLBCL cell lines showed modest sensitivity to PIM kinase
inhibition and both c-MYC-dependent BL cell lines were
able to grow independently of PIM kinase activity. This
suggests that PIM kinase activity might not be essential
for c-MYC-dependent transcription in these cells.
In order to confirm the limited impact of repressing
PIM kinases on NHL cell proliferation, two structurally
similar kinase inhibitors, SMI4a, and PIM1/2 inhibitor VI
(inh VI), and another structurally distinct inhibitor, Quercetagetin, were tested in the same cell lines (Additional file
1: Figures S2, S3). When cells were treated with low doses
of these compounds, the anti-proliferative effect was limited (data not shown). Therefore, subsequent experiments
were performed with 40 μM of the drugs. In all cell lines,
SMI4a caused a marked reduction in cell number and viability (Additional file 1: Figure S2). Quercetagetin and inh
VI also repressed cell proliferation with various efficiency
in the NHL cell lines tested (Additional file 1: Figures
S3A, S3B). As a control, PIM1/2-low SUDHL6 and OCILy19 cells, two GCB-DLBCL-derived cell lines, were also
treated with all three inhibitors. The cell number was reduced in inhibitor-treated SUDHL6 and OCI-Ly19 cells
compared to DMSO-treated cells on days 3 and 4.

Interestingly, Quercetagetin was very toxic for OCI-Ly19
cells, although PIM1 and PIM2 were undetectable in these
cells (Additional file 1: Figures S1A, S3C). Altogether, the
high inhibitor concentration (40 μM) necessary to observe
any significant reduction in cell proliferation and the overall lack of consistency in response to treatments between
the cell lines tested, suggest that the anti-proliferative effect of these molecules might be an off-target effect independent of PIM kinase inhibition.

Knockdowns of c-MYC, PIM1 or PIM2 differentially affect
growth of Raji cells

To further analyse the role of PIM kinases in mediating
proliferation and survival of NHL cells, validated
shRNAs against PIM1, PIM2 and c-MYC, cloned into
the pLKO_IPTG_3xLacO expression vector, were stably
transfected into Raji cells and single cell clones were
generated. shRNA expression was induced with 5 mM
IPTG and the effect of PIM1, PIM2 or c-MYC knockdown on cell viability, cell number and protein expression of IPTG-treated cells was assessed for up to ten
days post IPTG treatment. C-MYC knockdown was very
efficient (Fig. 2e) and consistent with the established obligatory dependence of BL cells on c-MYC function, resulted in a rapid loss of cell viability compared to
untreated cells (Fig. 2f, g). This confirmed that the Raji
cell system provided a suitable model in which to test
co-modulators of c-MYC function. For PIM1, knockdown of protein expression was seen in IPTG-treated
cells from day 4 onwards, while expression of PIM2 and
c-MYC remained unchanged confirming specificity
(Fig. 2a). However, there was no effect on cell viability
when knockdown cells were compared to their untreated
counterpart (Fig. 2b, g). Therefore, PIM1 is either dispensable for Raji cell viability or the residual low amount
of PIM1 is sufficient to fulfil its essential cellular functions. Knockdown of PIM2 was more efficient than
PIM1 knockdown and occurred from day 2 onwards
(Fig. 2c). Interestingly, a moderate upregulation of cMYC was seen after knockdown. Cell viability was significantly reduced on day 8 and day 10 in these cells
(Fig. 2d, g). These findings suggest that, in Raji cells,
PIM2 plays a more important role than PIM1 in maintaining cell viability, and possibly c-MYC-function. Alternatively, a dose effect could explain these observations, with
cell viability being affected when the general PIM kinase
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Fig. 2 PIM2 knockdown represses proliferation of Raji cells. a, c, e Western blots showing knockdown of PIM1, PIM2 and c-MYC after treatment with
5 mM IPTG in one representative clone each. In absence of IPTG, the different shRNAs were not expressed. b, d, f Cell numbers, as determined by
MTT assay, of untreated and IPTG-treated cells were normalised to untreated cells. The means and SD of n independent experiments conducted in
duplicate wells of six-well plates are shown. n = 3 for shPIM1, n = 3 for shPIM2, n = 2 for shMYC. g Means and SD of absolute cell numbers from (b, d
and f) are plotted
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Fig. 3 Both AZD1208 treatment and PIM2 knockdown act additively to block Raji cells proliferation. a-d Cells from two different single cell clones
expressing shPIM2 were incubated with or without 5 mM IPTG for two days before drug treatment and then maintained throughout with 5 μM
AZD1208 or DMSO used as vehicle control. In absence of IPTG, shPIM2 was not expressed. Media was changed and fresh drug/IPTG added every
2 days. a Western blots showing knockdown of PIM2 at day 6, after treatment with or without 5 mM IPTG and DMSO (d) or AZD1208 (a). b
Viable cell counts using trypan blue. The means and SD of 2 independent experiments conducted in triplicate wells of six-well plates are shown.
c Analysis of clone 1 cell viability at day 6, using Annexin V and propidium iodide (PI) staining as measured by flow cytometry and expressed
in % viable and apoptotic cells. No change in the percentage of apoptotic cells is observed with clone 2. d Cell cycle analysis: cellular DNA was
stained with PI and the percentage of cells in G0/G1, S and G2/M phases measured by flow cytometry. For each clone, the experiment has been
repeated twice. Paired student’s t test comparing no IPTG versus IPTG is indicated at the bottom of the figure. This t test is not significant when
comparing DMSO and AZD1208 treatments

level fall below a certain threshold, independently of the
targeted PIM.
Combining AZD1208 treatment and PIM2 knockdown
synergistically affects Raji cell growth

To further analyse the impact of PIM kinases on the
proliferative potential of BL-derived cell lines, we cultured two individual shPIM2 clones with a low (clone 1)
or high (clone 2) proliferation rate. The two clones were
incubated with or without IPTG for 48 h, then
AZD1208 or DMSO was added for up to 6 days. In absence of the pan-PIM kinase inhibitor, the PIM2 knockdown reduced cell proliferation by 30 % (clone 2) and
45 % (clone 1) on day 6 (Fig. 3a, b), which is in agreement with the results previously observed (Fig. 2). When
treated with AZD1208 in the absence of IPTG, clone 1
was very sensitive to AZD1208 treatment with almost
60 % reduction in cell proliferation, whereas clone 2 was
resistant (Fig. 3b). However, when these cells where
treated with both the pan-PIM kinase inhibitor and
IPTG, cell proliferation decreased by approximately
55 % (clone 2) to 80 % (clone 1) indicating an additive
effect between both approaches to targeting PIM kinases
(Fig. 3b). Importantly, while AZD1208 induced apoptosis, PIM2 knockdown was mainly associated with an
alteration of the cell cycle (Fig. 3c, d). Compared to untreated cells, PIM2 knockdown resulted in a 15 to 20 %
decrease in cells in S phase and an 8 to 22 % increase in
cells in G0/G1 phase, independently of the presence of
the pan-PIM kinase inhibitor (Fig. 3d). These different
effects of AZD1208 and PIM2 knockdown argue for a
kinase-independent role of PIM2 in regulating cell
growth in Raji cells.
AZD1208 and PIM2 knockdown differentially alter histone
H3K9acS10p at a c-MYC/ PIM1-bound promoter

Since PIM1 has been shown to promote c-MYCdependent transcriptional activity [34], we sought to
identify possible PIM1 and c-MYC target genes in
lymphoma cell lines. The DLBCL mRNA expression
profile generated by Care et al. identified PIM1 and
PIM2 among the top 20 genes associated with ABCDLBCL [10]. Therefore, it seemed plausible that other

genes associated with the ABC profile in this study
might be transcriptionally regulated by PIM kinases. For
further analyses, we focused on the known oncogene
guanine nucleotide binding protein-like 3 (GNL3) and
the methionine sulfoxide reductase B1 gene (MSRB1)
also known as SEPX1, which have known E box elements in their promoters. First, ChIP-qPCR was used to
identify PIM1 and c-MYC binding sites in these target
genes. The known E box elements in GNL3 (GNL3 +
0.1 kb, GNL3 + 0.4 kb) and SEPX1 (SEPX1 -0.3 kb) were
tested. Further, Zippo et al. described regions upstream
of the ID2 (ID2 -1.4 kb, ID2 -1.7 kb) and within the
FOSL1 gene (FOSL1 + 1.15 kb), which are occupied by
PIM1 and c-MYC in HEK293 cells [32]. These were also
assessed in the present study. The FOSL1 -37 kb region
served as a negative and NPM1 + 1 kb served as a positive control, as it is a known MYC-bound site in BL cell
lines [50]. ChIP-qPCR showed that PIM1 and c-MYC
were bound to the GNL3 promoter and the NPM1 intronic enhancer in both Raji and Ramos cells (Fig. 4a, b,
Additional file 1: Figure S4). No binding was observed at
any of the other regions tested in Raji cells (Additional
file 1: Figure S4). The GNL3 promoter and NPM1 enhancer regions were also occupied by POL II in both cell
lines, indicating that these genes are either actively transcribed or poised for activation (Fig. 4c, Additional file 1:
Figure S4). Moreover, POL II was detected at the SEPX1
promoter (Additional file 1: Figure S4). As expected,
phosphorylation of the known PIM1 target site, H3S10,
was seen around the GNL3 promoter.
Then, we analysed PIM1 and c-MYC recruitment to
the GNL3 cis-element in Raji cells following PIM kinase
inhibitor treatment. Cells were treated with 5 μM
AZD1208 for one, three or seven days. Consistent with
effective inhibition of PIM kinase activity, H3K9acS10p
was reduced after AZD1208 treatment (Fig. 5d). However, a transient increase in c-MYC and PIM1 binding at
the GNL3 promoter on day 1 was observed which was
not sustained on day 3 and 7 (Fig. 5a, b). This correlated
with the increased c-MYC and PIM1 protein levels in
AZD-treated cells (Fig. 1b) and suggests that PIM kinase
activity is required for turnover at the GNL3 promoter.
Surprisingly, however, no significant change in the
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Fig. 4 PIM1 and c-MYC bind to the GNL3 promoter. ChIP was carried out using chromatin from Raji cells and antibodies against PIM1 (a), c-MYC
(b), Pol II CTD (c) or H3K9acS10p (d). Eluted gDNA was then subjected to qPCR using primer pairs in different regions of the GNL3 gene. a qPCR
results were normalised to input and the GNL3 -3.5 kb region. Means and SD of six independent experiments are shown. b Results are shown
normalised to input and the GNL3 -3.5 kb region. Means and sd of five independent experiments are shown for Raji cells, whereas one experiment
was carried out in OCI-Ly10 cells. c Results are again normalised to input and the GNL3 -3.5 kb region. Means and SD of two independent experiments
are shown for Raji cells, one experiment was done in OCI-Ly10 cells. d Results are normalised to H3 and the GNL3 -3.5 kb region. The means and SD of
three independent experiments are shown

recruitment of the elongating POL II S2p could be seen
(Fig. 5c), suggesting that H3S10p is not required for
GNL3 active elongation. In agreement, transcript levels
of GNL3 were unaltered (data not shown).
ChIP experiments confirmed that PIM1 binding to the
GNL3 promoter was significantly reduced after knockdown compared to non-IPTG-treated cells (Fig. 5e).
Interestingly, PIM2 knockdown led to an increase in
PIM1 binding to DNA, suggesting that PIM2 might
interfere with PIM1 recruitment or affect PIM1-binding
turnover (Fig. 5e). As expected, PIM1 binding to the
GNL3 promoter also decreased after PIM1/2 double
knockdown. Surprisingly, c-MYC knockdown had no effect on the presence of PIM1 at the GNL3 + 0.1 kb site,
although the presence of c-MYC was reduced in this region (Fig. 5e, f ). This suggests, that PIM1 can occupy
cis-regulatory elements independently of c-MYC. In the
reciprocal experiment, knockdown of the PIM kinases
did not alter c-MYC occupancy at the GNL3 promoter
(Fig. 5f ). No change in H3K9acS10p was seen in PIM1
or PIM1/2 knockdown cells, while there was an increase
after PIM2 knockdown, consistent with the increased
binding of PIM1, and a decrease in c-MYC knockdown
cells (Fig. 5h). Given that AZD1208 treatment reduced
H3K9acS10p, while knockdown of PIM1 and PIM2 did
not, another AZD1208 sensitive kinase may substitute
for H3S10 phosphorylation in the absence of PIM1/2.

Discussion
In this study, the potent and selective PIM kinase inhibitor
AZD1208 did not significantly reduce proliferation of BL
or ABC-DLBLC cell lines. AZD1208 has been extensively
tested against a panel of 442 kinases and inhibited only 13
kinases other than PIM1/2/3 by 50 % or more, but was
still at least 43-fold selective for PIM kinases [51]. Furthermore, in the study by Keeton et al., AZD1208-sensitive
cell lines showed increased apoptosis already at 1 μM
AZD1208 [51], a concentration at which none of the cell
lines tested in this study displayed reduced viability.
Nevertheless, AZD1208 efficiently inhibited PIM kinases,
as evaluated by BAD-S112 phosphorylation, at a concentration of 1 μM in the two BL and the two ABC-DLBCL
cell lines assessed in our study. In agreement with a previous study, in which pan-PIM kinase inhibition led to stabilisation of PIM3 [52], efficient inhibition of PIM kinases

also led to a stabilisation of PIM1 and PIM2. In contrast,
SMI4a, inh VI and Quercetagetin had a significant impact
on cell proliferation in the same cell lines. However, their
anti-proliferative potential was observed at high concentration and was heterogeneous between the different cell
lines suggesting an effect independent of PIM kinase inhibition. Consequently, these data argue for a limited role
of PIM kinase activity in maintaining oncogenicity in
NHL and are consistent with previous findings [11]. In
agreement with this conclusion, knockdown of PIM1 had
no significant impact on Raji cell proliferation. In addition,
while AZD1208 treatment correlated with a decrease in
H3K9acS10p at the GNL3 promoter, this histone posttranslational modification was not significantly reduced by
c-MYC or PIM kinase knockdown, suggesting that another kinase may target H3S10 at the GNL3 promoter, at
least in absence of PIM1. Several kinases have been shown
to target H3S10 [53] and a certain level of redundancy between all these enzymes might exist, which would preserve a normal gene expression programme if the activity
of one of them was altered.
In contrast, PIM2 knockdown significantly reduced
Raji cell number, suggesting that PIM2 might have an
important function in maintaining Burkitt lymphoma
cell growth. This is consistent with PIM2 being more
frequently overexpressed in different haematological malignancies than PIM1 and more significantly associated
with the activation of oncogenic pathways [12]. On the
other hand, the knockdown of PIM2 was consistently
more efficient than that of PIM1, and it cannot be excluded that PIM1 depletion in this study might not have
been sufficient to alter the proliferative capacity of NHL
cell lines. Because pan-PIM kinase inhibition did not significantly reduce cell proliferation, although it clearly abrogated PIM activity as assessed by BAD phosphorylation, it
can be hypothesised that PIM2 might have kinaseindependent functions in DLBCL and BL. A function of
PIM, independent of its kinase activity, has already been
described for PIM1. First, overexpression of kinase-dead
PIM1 can mimic some functions of active PIM1 [54, 55].
Furthermore, PIM1 is recurrently targeted by aberrant
somatic hypermutation in DLBCL, but out of 5 mutant proteins analysed, only one showed increased
kinase activity, while three mutants were significantly
less active than the wildtype protein [56]. Altogether,
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Fig. 5 PIM2 knockdown increases PIM1 binding to the GLN3 promoter. a-d ChIP was performed in Raji cells after AZD1208 treatment. The cells
were treated with 5 μM AZD1208 or DMSO from day 0 for 1, 3 or 7 days. ChIP was done with antibodies against PIM1 (a), c-MYC (b), H3K9acS10p
(c) or Pol II S2p (d). Results are normalised to input or H3 and control regions (CTCF1 and CTCF2 for PIM1, c-MYC and Pol II S2p, CTCF2 and GNL3
+ 9 for H3K9acS10p) and DMSO-treated cells. The means and SD of 2 independent experiments are shown for days 1 and 7, the result of one
experiment is shown for day 3. e-h ChIP was performed in untreated or IPTG-treated pLKO-shRNA-transfected cells. Antibodies against PIM1 (e),
c-MYC (f), Pol II S2p (g) or H3K9acS10p (h) were used. The results are normalised to input and control regions (GNL3 -3.5 and GNL3 + 9 for PIM1
and c-MYC (e, f), CTCF1 and GNL3 -3.5 for Pol II S2p (g) and CTCF1 for H3K9acS10p (h)) and plotted relative to untreated cells. Means and SD of n
independent experiments are shown, with n = 3 for shPim1, n = 3 for shPim2, n = 1 for shPim1/2 and n = 2 for shcMyc. For n = 3 experiments,
two-tailed Student’s t test was performed: *p < 0.05

these previous observations and our current work
suggest that PIM kinases have kinase-independent
functions in lymphomagenesis.
In agreement with a role of PIM2 in cell proliferation
independent of its kinase activity, a combination of
AZD1208 treatment and PIM2 knockdown additively repressed proliferation of Raji cells for clones either sensitive or resistant to AZD1208 treatment only. In this
context, AZD1208 was associated with a reduction in
cell viability, whereas PIM2 knockdown altered cell cycle
progression. Several studies have pointed to a function
of c-MYC in DNA replication licensing, c-MYC being
known to control DNA replication by direct interaction
with the pre-replication complex [57]. Because, none of
the inhibitor or knockdown experiments conducted in
this study had any impact on GNL3 gene expression, the
presence of c-MYC and PIM1 at the GNL3 promoter
might participate in c-MYC-associated DNA replication
licensing. Interestingly, repression of S-phase entry after
PIM2 knockdown is in agreement with a defect in DNA
replication licensing and coincides with an increase in
PIM1 recruitment to the GNL3 gene. This enhanced recruitment might be a consequence of direct competition
for protein-protein interaction with c-MYC, or might indicate other interactions between PIM1 and PIM2 important for PIM1 function. PIM2 could, for example, inhibit
nuclear translocation of PIM1 or inhibit association of
PIM1 with chromatin. Nevertheless, this inverted correlation between cell proliferation and PIM1 enrichment at
the c-MYC-bound GNL3 promoter suggests a repressive
role of the chromatin-associated PIM1 in cell cycle progression, independent of its kinase activity. For example,
the presence of this kinase might prevent the recruitment
of another complex at c-MYC-bound cis-regulatory elements. Further investigations, beyond the scope of this
work will be necessary to clarify this observation.

Conclusions
In conclusion, our data show that PIM kinase inhibition
has a limited impact on NHL cell growth, possibly due
to the fact that this inhibition does not completely abolish PIM function and a kinase-independent role of PIM
kinases in cell cycle regulation.

Methods
Cell culture

OCI-Ly3 and OCI-Ly10 cells (kind gift of Prof. R.E.
Davies) were maintained in IMDM substituted with 20 %
Foetal Calf Serum (FCS) and Penicillin-Streptomycin
(pen/strep). OCI-Ly19, SUDHL6, Raji and Ramos cells
(ATCC) were maintained in RPMI-1640 with 10 % FCS
and pen/strep. Treatment of cells with PIM kinase inhibitors was done with 40 μM SMI4a (Enzo Life Sciences),
40 μM Quercetagetin (Merck Millipore), 40 μM PIM1/2
inhibitor VI (Merck Millipore), 1 to 10 μM AZD1208 (Active Biochemicals) or DMSO (control). The medium was
changed every second day and cell proliferation was measured using an MTT assay (Sigma-Aldrich).
Flow cytometry

Apoptosis was assessed using the Annexin V Apoptosis
Detection Kit with propidium iodide (PI) (Biolegend
Pacific Blue™) according to the manufacturer’s recommendations. For cell cycle analysis, DNA was stained
with PI and cells were analysed using a BD LSRII flow
cytometer. The percentage of cells in each stage of the
cell cycle was then determined using the ModFit software (Verity Software House).
Generation of stably transfected Raji cell lines

The pLKO_IPTG_3xLacO-shLuc vector was purchased
from Sigma Aldrich and shMYC, shPIM1 and shPIM2
were cloned into this vector (for shRNA sequences see
Additional file 2: Table S1). Raji cells were transfected
using the Amaxa™ Nucleofector™ as indicated by the
manufacturer. Briefly, 107 cells and 10 μg DNA were
suspended in 100 μl Nucleofector Solution V and transfected using programme M-013. Stable cells were selected with 1 μg/ml puromycin and single cell clones
were generated. For experiments, stably transfected Raji
cells were seeded into appropriate tissue culture dishes
and left untreated or were treated with 5 mM IPTG in
normal culture medium. The medium with IPTG was
renewed every second day and the cells were counted or
RNA, protein or chromatin were harvested after two to
ten days.
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Western blots

Cells were lysed in RIPA buffer (10 mM Tris–HCl,
1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 0.1 % SDS,
1 % Triton X-100, 0.1 % Na Deoxycholate, proteinase inhibitor cocktail (P8340, Sigma Aldrich), 2 μM PMSF,
1 mM DTT, 0.5 mM NaF, 2 mM NaVO3) and protein
concentrations were determined using the Bradford
assay (Bio-Rad). Western blots were carried out under
denaturing conditions with SDS-PAGE, proteins were
transferred to PVDF membranes (for blocking conditions
and primary antibody concentrations see Additional file 2:
Table S2). HRP conjugated secondary antibodies were used
at 1:10,000 (eBioscience).
Chromatin immunoprecipitation assays and real-time PCR
analysis

Chromatin immunoprecipitation was performed as previously described [58] using 10 μl dynabeads protein G
(Invitrogen) with 2.4 μg of anti-POL II (Abcam, ab817),
anti-histone H3 (Abcam, ab1791), anti-H3K9acS10p
(Abcam, ab12181), anti-c-MYC (Santa Cruz Biotechnology, sc-764), anti-PIM1 (Bethyl Laboratories, A300-313A)
and anti-RNA POL II S2p (Abcam, ab5095) antibodies.
For ChIP primer sequences see Additional file 2: Table 1.

Additional files
Additional file 1: Figure S1. PIM1 and PIM2 expression in NHL cell
lines. A Protein expression of PIM kinases was assessed in different BCL
cell lines by western blot after nuclear-cytoplasmic fractionation. The data
are representative of three independent experiments. B mRNA expression
of PIM1 and PIM2 was measured by RT-qPCR and is shown relative to
TBP expression. Means and sd of two to five independent experiments
are plotted. Figure S2: Smi4a represses proliferation of NHL cell lines. (A)
Raji, (B) Ramos, (C) OCI-Ly10 and (D) OCI-Ly3 were treated with 40 μM
SMI4a starting from day 0. Cell number was assessed by MTT assay. Left:
One experiment is shown for each cell line. Right: The means and SD of
at least two independent experiments conducted in duplicate wells of a
6-well plate are plotted. For n ≥ 3 Student’s t test was performed:
*p < 0.05, **p < 0.01. Figure S3: Anti-proliferative potential of various PIM
kinase inhibitors on NHL cell lines. Burkitt lymphoma Raji and Ramos (A),
ABC-DLBCL OCI-Ly3 and OCI-Ly10 (B) and GCB-DLBCL SUDHL6 and OCILy19 cells (C) were treated with 40 μM Quercetagetin or PIM1/2 inhibitor
VI or SMI4a (SUDHL6, OCI-Ly19) for indicated times. Treatment started
on day 0 and cells were counted daily using Trypan blue staining and
a haemocytometer. The averages of one experiment conducted in
duplicate wells are shown. For DMSO averages and standard deviations
of two independent experiments are plotted. Figure S4: Identification of
c-MYC/PIM1-bound cis-regulatory elements by ChIP in BL-derived cell
lines. ChIP for PIM1, c-MYC and Pol II was done in Raji and Ramos cells
and primers for different possible c-MYC binding sites were used for
qPCR. For Raji cells, means and standard deviations of two technical
replicates are shown, values for Ramos cells are from one experiment.
PIM1 and c-MYC binding was observed at the GNL3 promoter (+0.1kb,
+0.4kb from the TSS) and the NPM1 enhancer (+1kb from the TSS) in
both cell lines. The ID2, SEPX1 and FOSL1 sites were negative for PIM1
and c-MYC in Raji cells, but binding at the ID2 -1.4kb region and the
FOSL1 gene was observed in Ramos cells. POL II was enriched at the
GNL3 promoter and NPM1 enhancer, but also at the SEPX1 promoter in
both cell lines. The other tested regions were showed only very low Pol II
binding. (PDF 1050 kb)
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Additional file 2: Table S1. Designed primers and ShRNAs. Table S2:
Western Blotting antibodies. (PDF 102 kb)

Competing interests
The authors declared that they have no competing interests.
Authors’ contributions
SK and PL designed the experiments and interpreted the data. PL prepared
the manuscript. SK and KH conducted the experiments, collected the data
and helped prepare the manuscript. RT participated to the design of the
experiments, the interpretation of the data and to the manuscript
elaboration. All authors read and approved the final manuscript.
Acknowledgements
This work has been funded by the Yorkshire Cancer Research (LOO2 PHD).
Received: 4 August 2015 Accepted: 2 December 2015

References
1. Dalla-Favera R, Bregni M, Erikson J, Patterson D, Gallo RC, Croce CM. Human
c-myc onc gene is located on the region of chromosome 8 that is
translocated in Burkitt lymphoma cells. Proc Natl Acad Sci U S A. 1982;
79(24):7824–7.
2. Gomez-Curet I, Perkins RS, Bennett R, Feidler KL, Dunn SP, Krueger LJ. c-Myc
inhibition negatively impacts lymphoma growth. J Pediatr Surg. 2006;41(1):
207. doi:10.1016/j.jpedsurg.2005.10.025.
3. Spender LC, Inman GJ. Phosphoinositide 3-kinase/AKT/mTORC1/2 signaling
determines sensitivity of Burkitt’s lymphoma cells to BH3 mimetics. Mol
Cancer Res. 2012;10(3):347–59. doi:10.1158/1541-7786.MCR-11-0394.
4. Shankland KR, Armitage JO, Hancock BW. Non-Hodgkin lymphoma. Lancet.
2012;380(9844):848–57. doi:10.1016/S0140-6736(12)60605-9.
5. Alizadeh AA, Eisen MB, Davis RE, Ma C, Lossos IS, Rosenwald A, et al. Distinct
types of diffuse large B-cell lymphoma identified by gene expression
profiling. Nature. 2000;403(6769):503–11. doi:10.1038/35000501.
6. Rosenwald A, Wright G, Chan WC, Connors JM, Campo E, Fisher RI, et al.
The use of molecular profiling to predict survival after chemotherapy for
diffuse large-B-cell lymphoma. N Engl J Med. 2002;346(25):1937–47. doi:10.
1056/NEJMoa012914.
7. Wright G, Tan B, Rosenwald A, Hurt EH, Wiestner A, Staudt LM. A gene
expression-based method to diagnose clinically distinct subgroups of
diffuse large B cell lymphoma. Proc Natl Acad Sci U S A. 2003;100(17):9991–6.
doi:10.1073/pnas.1732008100.
8. Iqbal J, Greiner TC, Patel K, Dave BJ, Smith L, Ji J, et al. Distinctive patterns
of BCL6 molecular alterations and their functional consequences in different
subgroups of diffuse large B-cell lymphoma. Leukemia. 2007;21(11):2332–43.
doi:10.1038/sj.leu.2404856.
9. Pasqualucci L, Dalla-Favera R. SnapShot: diffuse large B cell lymphoma.
Cancer Cell. 2014;25(1):132–1320. doi:10.1016/j.ccr.2013.12.012.
10. Care MA, Barrans S, Worrillow L, Jack A, Westhead DR, Tooze RM. A
Microarray Platform-Independent Classification Tool for Cell of Origin Class
Allows Comparative Analysis of Gene Expression in Diffuse Large B-cell
Lymphoma. PLoS One. 2013;8(2):e55895. doi:10.1371/journal.pone.0055895.
11. Brault L, Menter T, Obermann EC, Knapp S, Thommen S, Schwaller J, et al.
PIM kinases are progression markers and emerging therapeutic targets in
diffuse large B-cell lymphoma. Br J Cancer. 2012;107(3):491–500.
doi:10.1038/bjc.2012.272.
12. Gomez-Abad C, Pisonero H, Blanco-Aparicio C, Roncador G, GonzalezMenchen A, Martinez-Climent JA, et al. PIM2 inhibition as a rational
therapeutic approach in B-cell lymphoma. Blood. 2011;118(20):5517–27.
doi:10.1182/blood-2011-03-344374.
13. van Lohuizen M, Verbeek S, Krimpenfort P, Domen J, Saris C, Radaszkiewicz
T, et al. Predisposition to lymphomagenesis in pim-1 transgenic mice:
cooperation with c-myc and N-myc in murine leukemia virus-induced
tumors. Cell. 1989;56(4):673–82.
14. Verbeek S, van Lohuizen M, van der Valk M, Domen J, Kraal G, Berns A. Mice
bearing the E mu-myc and E mu-pim-1 transgenes develop pre-B-cell
leukemia prenatally. Mol Cell Biol. 1991;11(2):1176–9.

Kreuz et al. Molecular Cancer (2015) 14:205

15. Wang J, Kim J, Roh M, Franco OE, Hayward SW, Wills ML, et al. Pim1 kinase
synergizes with c-MYC to induce advanced prostate carcinoma. Oncogene.
2010;29(17):2477–87. doi:10.1038/onc.2010.10.
16. Wang J, Anderson PD, Luo W, Gius D, Roh M, Abdulkadir SA. Pim1 kinase is
required to maintain tumorigenicity in MYC-expressing prostate cancer
cells. Oncogene. 2012;31(14):1794–803. doi:10.1038/onc.2011.371.
17. Qian KC, Wang L, Hickey ER, Studts J, Barringer K, Peng C, et al. Structural
basis of constitutive activity and a unique nucleotide binding mode of
human Pim-1 kinase. J Biol Chem. 2005;280(7):6130–7. doi:10.1074/jbc.
M409123200.
18. Breuer M, Slebos R, Verbeek S, van Lohuizen M, Wientjens E, Berns A. Very
high frequency of lymphoma induction by a chemical carcinogen in pim-1
transgenic mice. Nature. 1989;340(6228):61–3. doi:10.1038/340061a0.
19. Cuypers HT, Selten G, Quint W, Zijlstra M, Maandag ER, Boelens W, et al.
Murine leukemia virus-induced T-cell lymphomagenesis: integration of
proviruses in a distinct chromosomal region. Cell. 1984;37(1):141–50.
doi:10.1016/0092-8674(84)90309-X.
20. Mizuki M, Schwable J, Steur C, Choudhary C, Agrawal S, Sargin B, et al.
Suppression of myeloid transcription factors and induction of STAT
response genes by AML-specific Flt3 mutations. Blood. 2003;101(8):3164–73.
doi:10.1182/blood-2002-06-1677.
21. Cohen AM, Grinblat B, Bessler H, Kristt D, Kremer A, Schwartz A, et al.
Increased expression of the hPim-2 gene in human chronic lymphocytic
leukemia and non-Hodgkin lymphoma. Leuk Lymphoma. 2004;45(5):951–5.
doi:10.1080/10428190310001641251.
22. Cibull TL, Jones TD, Li L, Eble JN, Ann Baldridge L, Malott SR, et al.
Overexpression of Pim-1 during progression of prostatic adenocarcinoma.
J Clin Pathol. 2006;59(3):285–8. doi:10.1136/jcp.2005.027672.
23. Dhanasekaran SM, Barrette TR, Ghosh D, Shah R, Varambally S, Kurachi K,
et al. Delineation of prognostic biomarkers in prostate cancer. Nature. 2001;
412(6849):822–6. doi:10.1038/35090585.
24. Gapter LA, Magnuson NS, Ng K-yY, Hosick HL. Pim-1 kinase expression
during murine mammary development. Biochem Biophys Res Commun.
2006;345(3):989–97. doi:10.1016/j.bbrc.2006.04.110.
25. Malinen M, Jääskeläinen T, Pelkonen M, Heikkinen S, Väisänen S, Kosma VMM, et al. Proto-oncogene PIM-1 is a novel estrogen receptor target
associating with high grade breast tumors. Mol Cell Endocrinol. 2013;365(2):
270–6. doi:10.1016/j.mce.2012.10.028.
26. Peltola K, Hollmen M, Maula S-MM, Rainio E, Ristamäki R, Luukkaa M, et al.
Pim-1 kinase expression predicts radiation response in squamocellular
carcinoma of head and neck and is under the control of epidermal growth
factor receptor. Neoplasia. 2009;11(7):629–36.
27. Reiser-Erkan C, Erkan M, Pan Z, Bekasi S, Giese NA, Streit S, et al. Hypoxiainducible proto-oncogene Pim-1 is a prognostic marker in pancreatic ductal
adenocarcinoma. Cancer Biol Ther. 2008;7(9):1352–9.
28. Jin Y, Tong D-yY, Chen J-nN, Feng Z-yY, Yang J-yY, Shao C-kK et al.
Overexpression of osteopontin, αvβ3 and Pim-1 associated with
prognostically important clinicopathologic variables in non-small cell lung
cancer. PloS one. 2012;7(10). doi:10.1371/journal.pone.0048575.
29. Goldberg AD, Banaszynski LA, Noh KM, Lewis PW, Elsaesser SJ, Stadler S,
et al. Distinct factors control histone variant H3.3 localization at specific
genomic regions. Cell. 2010;140(5):678–91. doi:10.1016/j.cell.2010.01.003.
30. Dai H, Li R, Wheeler T, Diaz de Vivar A, Frolov A, Tahir S, et al. Pim-2
upregulation: biological implications associated with disease progression
and perinueral invasion in prostate cancer. Prostate. 2005;65(3):276–86.
doi:10.1002/pros.20294.
31. Gong J, Wang J, Ren K, Liu C, Li B, Shi Y. Serine/threonine kinase Pim-2
promotes liver tumorigenesis induction through mediating survival and
preventing apoptosis of liver cell. J Surg Res. 2009;153(1):17–22. doi:10.1016/
j.jss.2008.03.033.
32. Zippo A, De Robertis A, Serafini R, Oliviero S. PIM1-dependent
phosphorylation of histone H3 at serine 10 is required for MYC-dependent
transcriptional activation and oncogenic transformation. Nat Cell Biol. 2007;
9(8):932–44. doi:10.1038/ncb1618.
33. Zippo A, Serafini R, Rocchigiani M, Pennacchini S, Krepelova A, Oliviero S.
Histone crosstalk between H3S10ph and H4K16ac generates a histone code
that mediates transcription elongation. Cell. 2009;138(6):1122–36.
doi:10.1016/j.cell.2009.07.031.
34. Kim J, Roh M, Abdulkadir SA. Pim1 promotes human prostate cancer cell
tumorigenicity and c-MYC transcriptional activity. BMC Cancer. 2010;10:248.
doi:10.1186/1471-2407-10-248.

Page 13 of 14

35. Ionov Y, Le X, Tunquist BJ, Sweetenham J, Sachs T, Ryder J, et al. Pim-1
protein kinase is nuclear in Burkitt’s lymphoma: nuclear localization is
necessary for its biologic effects. Anticancer Res. 2003;23(1A):167–78.
36. Hammerman PS, Fox CJ, Cinalli RM, Xu A, Wagner JD, Lindsten T, et al.
Lymphocyte transformation by Pim-2 is dependent on nuclear factorkappaB activation. Cancer Res. 2004;64(22):8341–8. doi:10.1158/0008-5472.
CAN-04-2284.
37. Zhang Y, Wang Z, Li X, Magnuson NS. Pim kinase-dependent inhibition of
c-Myc degradation. Oncogene. 2008;27(35):4809–19. doi:10.1038/onc.2008.123.
38. Aho TL, Sandholm J, Peltola KJ, Mankonen HP, Lilly M, Koskinen PJ. Pim-1
kinase promotes inactivation of the pro-apoptotic Bad protein by
phosphorylating it on the Ser112 gatekeeper site. FEBS Lett. 2004;571(1–3):
43–9. doi:10.1016/j.febslet.2004.06.050.
39. Macdonald A, Campbell DG, Toth R, McLauchlan H, Hastie CJ, Arthur JS. Pim
kinases phosphorylate multiple sites on Bad and promote 14-3-3 binding and
dissociation from Bcl-XL. BMC Cell Biol. 2006;7:1. doi:10.1186/1471-2121-7-1.
40. Gu JJ, Wang Z, Reeves R, Magnuson NS. PIM1 phosphorylates and
negatively regulates ASK1-mediated apoptosis. Oncogene. 2009;28(48):
4261–71. doi:10.1038/onc.2009.276.
41. Hammerman PS, Fox CJ, Birnbaum MJ, Thompson CB. Pim and Akt
oncogenes are independent regulators of hematopoietic cell growth and
survival. Blood. 2005;105(11):4477–83. doi:10.1182/blood-2004-09-3706.
42. Tamburini J, Green AS, Chapuis N, Bardet V, Lacombe C, Mayeux P, et al.
Targeting translation in acute myeloid leukemia: a new paradigm for
therapy? Cell Cycle. 2009;8(23):3893–9.
43. Bachmann M, Hennemann H, Xing PX, Hoffmann I, Möröy T. The oncogenic
serine/threonine kinase Pim-1 phosphorylates and inhibits the activity of
Cdc25C-associated kinase 1 (C-TAK1): a novel role for Pim-1 at the G2/M cell
cycle checkpoint. J Biol Chem. 2004;279(46):48319–28. doi:10.1074/jbc.
M404440200.
44. Mochizuki T, Kitanaka C, Noguchi K, Muramatsu T, Asai A, Kuchino Y.
Physical and functional interactions between Pim-1 kinase and Cdc25A
phosphatase. Implications for the Pim-1-mediated activation of the c-Myc
signaling pathway. J Biol Chem. 1999;274(26):18659–66. doi:10.1074/jbc.274.
26.18659.
45. Bachmann M, Kosan C, Xing PX, Montenarh M, Hoffmann I, Möröy T. The
oncogenic serine/threonine kinase Pim-1 directly phosphorylates and
activates the G2/M specific phosphatase Cdc25C. Int J Biochem Cell Biol.
2006;38(3):430–43. doi:10.1016/j.biocel.2005.10.010.
46. Morishita D, Katayama R, Sekimizu K, Tsuruo T, Fujita N. Pim kinases
promote cell cycle progression by phosphorylating and down-regulating
p27Kip1 at the transcriptional and posttranscriptional levels. Cancer Res.
2008;68(13):5076–85. doi:10.1158/0008-5472.CAN-08-0634.
47. You Z, Madrid LV, Saims D, Sedivy J, Wang CY. c-Myc sensitizes cells to
tumor necrosis factor-mediated apoptosis by inhibiting nuclear factor kappa
B transactivation. J Biol Chem. 2002;277(39):36671–7. doi:10.1074/jbc.
M203213200.
48. Zhang Y, Wang Z, Magnuson NS. Pim-1 kinase-dependent phosphorylation
of p21Cip1/WAF1 regulates its stability and cellular localization in H1299
cells. Mol Cancer Res. 2007;5(9):909–22. doi:10.1158/1541-7786.MCR-06-0388.
49. Cen B, Mahajan S, Zemskova M, Beharry Z, Lin Y-WW, Cramer SD, et al.
Regulation of Skp2 levels by the Pim-1 protein kinase. J Biol Chem. 2010;
285(38):29128–37. doi:10.1074/jbc.M110.137240.
50. Seitz V, Butzhammer P, Hirsch B, Hecht J, Gutgemann I, Ehlers A, et al. Deep
sequencing of MYC DNA-binding sites in Burkitt lymphoma. PLoS One.
2011;6(11):e26837. doi:10.1371/journal.pone.0026837.
51. Keeton EK, McEachern K, Dillman KS, Palakurthi S, Cao Y, Grondine MR, et al.
AZD1208, a potent and selective pan-Pim kinase inhibitor, demonstrates
efficacy in preclinical models of acute myeloid leukemia. Blood. 2014;123(6):
905–13. doi:10.1182/blood-2013-04-495366.
52. Guo Q, Lan P, Yu X, Han Q, Zhang J, Tian Z, et al. Immunotherapy for
hepatoma using a dual-function vector with both immunostimulatory and
pim-3-silencing effects. Mol Cancer Ther. 2014;13(6):1503–13. doi:10.1158/
1535-7163.MCT-13-0722.
53. Baek S. When signaling kinases meet histones and histone modifiers in the
nucleus. Mol Cell. 2011;42(3):274–84. doi:10.1016/j.molcel.2011.03.022.
54. Hogan C, Hutchison C, Marcar L, Milne D, Saville M, Goodlad J, et al.
Elevated levels of oncogenic protein kinase Pim-1 induce the p53 pathway
in cultured cells and correlate with increased Mdm2 in mantle cell
lymphoma. J Biol Chem. 2008;283(26):18012–23. doi:10.1074/jbc.
M709695200.

Kreuz et al. Molecular Cancer (2015) 14:205

Page 14 of 14

55. Maitra U, Singh N, Gan L, Ringwood L, Li L. IRAK-1 contributes to
lipopolysaccharide-induced reactive oxygen species generation in
macrophages by inducing NOX-1 transcription and Rac1 activation and
suppressing the expression of antioxidative enzymes. J Biol Chem. 2009;
284(51):35403–11. doi:10.1074/jbc.M109.059501.
56. Kumar A, Mandiyan V, Suzuki Y, Zhang C, Rice J, Tsai J, et al. Crystal
structures of proto-oncogene kinase Pim1: a target of aberrant somatic
hypermutations in diffuse large cell lymphoma. J Mol Biol. 2005;348(1):183–93.
doi:10.1016/j.jmb.2005.02.039.
57. Dominguez-Sola D, Ying CY, Grandori C, Ruggiero L, Chen B, Li M, et al.
Non-transcriptional control of DNA replication by c-Myc. Nature. 2007;
448(7152):445–51. doi:10.1038/nature05953.
58. Lefevre P, Witham J, Lacroix CE, Cockerill PN, Bonifer C. The LPS-induced
transcriptional upregulation of the chicken lysozyme locus involves CTCF
eviction and noncoding RNA transcription. Mol Cell. 2008;32(1):129–39.
doi:10.1016/j.molcel.2008.07.023.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

