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1) Abstract

Diffuse Large B-Cell Lymphoma (DLBCL) are the most common form of non-Hodgkin
lymphoma. Their molecular origin is heterogeneous and therefore treatments aimed at DLBCL
must be adapted in function of the underlying molecular mechanisms driving cellular
transformation. Constitutive activation of the protein kinases ERK1/2 is a hallmark of many
B-cell malignancies. ERK1/2 activation which can occur downstream of the classical MAPK
cascade via RAF or, in response to TLR stimulation, via the Tumor Promoting Locus 2 (TPL2)
protein kinase. This pathway also relays signals from the MYD88 oncogenic mutant L265P,
frequently found in hematologic malignancies. We report here that TPL2 participate to ERK1/2
activation downstream of BCR in a DLBCL cell line (OCI-Ly2). Moreover, we showed that a
ERK2[Y316F] mutant increased c-Myc-luciferase reporter expression. We then investigated
the impact of ERK 1/2 inhibition on the proliferation of OCI-Ly2 cells. We found that blocking
ERK1/2 MAPK signaling cascade using either MKK1/2 inhibitors (PD184352 and MEK162)
or TPL2 inhibitor (Compound 1) was mainly cytostatic. Finally, we showed that while TPL2-
MKK1/2 inhibition leads to cytostatic effect, Compound 1 has cytocidal effect at high
concentrations, that is mediated via additional targets. Taken together, this study demonstrates
the involvement of TPL2 in oncogenic signaling of DLBCL and supports the idea that
combination therapy targeting multiple molecular pathways linked to cellular transformation
is a superior avenue for future therapies.
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2) Introduction

Constitutive activation of the protein kinases ERK1/ERK2 is a hallmark of many B-cell
malignancies (Platanias, 2003a). Activation of ERK1/ERK2 can occur downstream of the Tumor
Promoting Locus 2 (TPL2) protein kinase following activation of the Toll-like-receptor signaling
pathway (Dumitru et al., 2000), the most frequently mutated signaling pathway in lymphoid
neoplasms (Rousseau and Martel, 2016). This makes TPL2 an attractive target to treat hematologic
malignancies.

Diffuse Large B-Cell Lymphoma (DLBCL) are the most common form of non-Hodgkin
lymphoma. Their molecular origin is heterogeneous, and future therapies are aimed at targeting
the molecular defects responsible for oncogenic progression in specific subsets. Molecular
heterogeneity means that tumor cells employ different pathways to escape cell death signals and
proliferate. To explore the relationship between molecular defects and drug-responsiveness, we
delineated molecular pathways that are affected in a DLBCL cell line, OCI-Ly2 cells (Tweeddale
et al., 1987). The cells were isolated from a 50-year-old male at relapse, with TP53 deletion that
were MYC negative. They express low levels of the anti-apoptotic MCL1 protein but high levels
of BCL-2, which correlates with their responsiveness to the BCL-2 inhibitors ABT-199 (Klanova
et al., 2016). This pathway provides the necessary signals to escape cell death. We hypothesize
that proliferative signals may be mediated by disturbances in the ERK1/ERK2 MAPK cascade.
This would suggest that protein kinase inhibitors targeting this cascade may show anti-proliferative
effect on OCI-Ly2 cells.

Activation of ERK1/ERK2 in hematologic malignancies can occur downstream of the
classical RAS-RAF-MKK1/MKK?2 pathway or alternatively downstream of the Tumor Promoting
Locus 2 (TPL2) protein kinase (Rousseau and Martel, 2016). This pathway can relay signals to the
ERK1/ERK2 MAPK from Toll-like Receptors and the MYD88 oncogenic mutant L265P (Dumitru
et al., 2000; Beinke et al., 2004; Rousseau and Martel, 2016). ERK1/2 activation leads to the up
regulation of several downstream effectors including c-Myc (Grandori et al., 2000). The c-Myc
protein belongs to a family of transcriptional regulators and plays a critical role in controlling
varied cellular processes such as growth and proliferation. Previously, we identified ERK2
mutations in hematologic malignancies, however, it is still not clear if these mutations can act
themselves as tumorigenesis via the activation of c-Myc and other downstream effectors.
Moreover, ERK1/2 can be activated by multiple upstream signaling pathways, in addition to the
Toll-like Receptors’ pathway, such as B-cell Receptor (BCR) signaling. Previous studies indicated
that ERK1/2 are involved in BCR-mediated expression of c-Myc (Moyo et al., 2017). However, it
is not known whether the activation of BCR leads to ERK1/2 phosphorylation via TPL2 and the
classical MAPK pathway.

In this report, we studied the effectiveness of TPL2 and the classical MAPK pathway
inhibition on cell viability in non-Hodgkin lymphoma.
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3) Methods

3.1. Cell culture

Immortalized human Diffuse Large B-Cell Lymphoma OCI-Ly2 cells were graciously provided
by Prof. Minden (University of Toronto). RAMOS cells (Burkitts B-cell lymphoma) and HEK293
cells (epithelial kidney cells) were purchased from ATCC (Rockville, MD, USA). OCI-Ly2,
RAMOS, and HEK293 cells were cultured in IMDM, RPMI 1640, and DMEM medium,
respectively. Cells were supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. All cells were maintained at 37°C in 5 % CO2, 100% humidity. The
medium was changed every 48—72 h until cells were treated as described.

3.2. c-Myec luciferase assay

HEK?293 cells were transfected with 200 ng of pGL4.28-c-Myc and 800ng of pCDNA3.1-
ERK2[D162N], pCDNA3.1-ERK2[D291G], pCDNA3.1-ERK2[Y316F] or the empty vector.
Cells were lysed with Promega's reporter buffer and subjected to luminescence analysis.

3.3. ERK1/2 immunoblotting

OCI-Ly2 were seeded in a 12-wells plate at 2 x 10° cells/mL in IMDM supplemented with 0.5%
FBS. Cells were grown for 24h and pre-treated for 1h with vehicle (DMSO), 2uM Compound 1
(C1) or 1.25uM MEKI162. Cells were left untreated or stimulated with Spug/mL anti-IgGMA for
10 min. Cells were lysed, 30ug of lysates was subjected to SDS-PAGE. Immunoblotting was
performed with an antibody that recognizes ERK1/ERK2 phosphorylated at Thr202/Tyr204 or an
antibody that recognizes all forms of ERK1/ERK2. Quantitative analysis of the signal intensity,
obtained with an antibody recognizing only the phosphorylated forms of ERK1/ERK2 normalized
to the signal obtained with antibody that recognizes all forms of ERK1/ERK2, was performed
using LiCor infrared Odyssey imaging system and expressed as fold induction (Phospho-ERK1/2
average).

3.4. Trypan blue exclusion assay

Cells were seeded in 12-well plates at a concentration of 250,000 cells/mL. Cells were treated with
increasing concentrations of PD184352. The plates were incubated at 37 °C in a humidified
atmosphere containing 5 % CO2. After 72 h of incubation, cells centrifuged and resuspended in
PBS. Then trypan blue was added (1:1) and viable cells were counted under microscope using
hemocytometer.

3.5. Flow cytometry analysis of cell death by propidium iodide (PI) staining

OCI-Ly2 and Ramos cells were seeded at 250,000 cells/ml and treated with PD184352 at IC50 (4
and 3 uM respectively) for 72 h. As a positive control, cells were treated with 1.6mM H202 for
24 h. Prior to analysis by flow cytometry (BD LSRFortessa X-20), cells incubated at dark with PI
staining for 5 mins. A total of 10,000 events were analyzed. Data were analyzed using FlowJo
software.

3.6. MTT cell proliferation assay

OCI-Ly2 and Ramos cells were seeded in 96-well plates at 50,000 cells per well and incubated
with increasing concentration of Compound 1 (C1) for 96 h. In addition, OCI-Ly2 cells were
treated with: 625nM of Doxorubicin, 625nM of Vincristine, 10uM of Cyclophosphamide or
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Ipug/mL of Rituximab. Cell number was assessed with Vybrant® MTT Cell Proliferation Assay
Kit, according to the manufacturer protocol (Thermofisher Scientific, Mississauga, Canada).
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4) Results

4.1. ERK2[Y316F] increases c-Myc luciferase activity.

We have previously shown that the most common mutation found in hematologic
malignancies, MYDS88[L265P] leads to ERK1/2 activation via TPL2 in a heterologous expression
system (Rousseau and Martel, 2016). Interestingly, we had identified ERK2 mutations in
hematologic malignancies that did not co-exist with MYD88 or other TLR-signaling components
mutations suggesting that they may act themselves as drivers of disease. Since an important target
of the ERK1/2 MAPK pathway is the oncogene MYC (Yasuda et al., 2008), we tested the capacity
of ERK2[D162N], ERK2[D291G] and ERK2[Y316F] mutants to induce a c-Myc-luciferase
reporter when over-expressed individually. We found that only ERK2[Y316F] increased c-Myc-
luciferase reporter expression (Fig. 1). This provides additional support to the link between
ERK1/2, MYC and B-cell tumorigenesis (Pulverer et al., 1994; Platanias, 2003b; Yasuda et al.,
2008).

4.2. TPL2 and the classical MAPK pathway contribute to ERK1/ERK2 activation by BCR
in B-cell lymphomas.

B-cell Receptor (BCR)-mediated expression of MYC is regulated by ERK1/2 (Yasuda et al.,
2008). However, it is not known whether physiological or abnormal activation of BCR, which
activates the IKK complex, leads to ERKI/ERK2 phosphorylation via TPL2, which may
contribute to B-cell malignancies. To test the involvement of TPL2, we exposed OCI-LY?2 cells to
a derivative of naphthyridine-3-carbonitrile, Compound 1, shown to inhibit TPL2 and prevent
ERK1/ERK2 phosphorylation (Hall et al., 2007). Compound 1 did not decrease basal ERK1/ERK2
phosphorylation but decreased by more than half the anti-IgGMA-driven ERKI1/ERK2
phosphorylation (Table 1). The FDA approved MKK1/2 inhibitor (MEK162) significantly
reduced basal and anti-IgGMA-mediated ERK1/ERK2 phosphorylation. Therefore, TPL2 and the
classical MAPK pathway contribute to ERK1/ERK2 activation by BCR in these cells.

4.3. TPL2 and MKK1/2 inhibition results in cytostatic effect on B-cells isolated from
lymphomas.

We next studied the impact of TPL2 and MKK /2 inhibition on a B-cells derived from lymphomas.
OCI-Ly2 cells were treated with MKK1/2 inhibitor PD184352 (CI-1040). Result showed that
PD184352 reduced cell proliferation in a dose dependent manner (Fig. 2A). Similar results
obtained with Burkitt lymphoma cell line Ramos (Fig. 2B). In both cell lines, OCI-Ly2 and Ramos,
PD184352 at IC50 (4 and 3 uM respectively) produced cytostatic effects but not cytocidal (Fig.
2C). To test the involvement of TPL2 in the proliferation of OCI-Ly2 cells, they were exposed to
either MEK 162 or Compound 1, which efficiently decreased cellular proliferation (at IC50 SuM)
and induced death at higher doses (10uM) (Fig. 3A). These concentrations are at least two-fold
higher than the concentration required to achieve maximal TPL2 inhibition and prevent
ERK1/ERK2 phosphorylation. The effect of Compound 1 does not appear to be restricted to OCI-
Ly?2 cells, as similar trend was also observed in the Burkitt lymphoma cell line Ramos (Fig. 3B).
At the highest dose tested (10uM), Compound 1 was more effective than MEK 162 in both cell
lines. Moreover, Compound 1 was almost as efficacious as Rituximab, Doxorubicin and
Vincristine in decreasing OCI-Ly2 cell numbers (Fig. 3C), not only preventing proliferation but
leading to cell death. Taken together these results indicate that while TPL2-MKK1/2 inhibition
leads to cytostatic effect, Compound 1 has cytocidal effect at high concentrations, suggesting that
it acts via an additional target.
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5) Discussion.

In this report we confirmed that blocking ERK1/2 MAPK signaling cascade alone seems
to be mainly cytostatic and its antitumor activity may not necessarily lead to tumor regression
(Montagut and Settleman, 2009). Hence, additional therapeutic modality with antiapoptotic
effectiveness may help to maximize the antitumor effectiveness of MAPK signaling inhibitors. It
had been postulated that oncogenic kinase inhibitors efficacy may be boosted by the presence of
BCL-2 inhibitors (Cragg et al., 2009). Furthermore, previous studies indicate that the therapeutic
benefit of BCL-2 inhibitors alone such as ABT-199 and ABT-263 is limited due to acute, dose-
dependent thrombocytopenia (Itchaki and Brown, 2016). Therefore, future studies should consider
combination therapy between these two families or others that may yield higher and more durable
responses and limiting the detrimental effects.

These results presented also show a contribution of TPL2 to ERKI1/ERK2 activation
following BCR activation in OCI-Ly2 cells. This finding has important implication for further
investigation of compounds that aims to prevent ERKI1/ERK2 activation following gain-of-
function mutations downstream of BCR signaling. Both the classical RAF-activated MAPK
cascade and the IKK-TPL2 pathways appears to contribute to the activation of ERK1/ERK2.

Finally, a surprising but very interesting result is the impact of Compound 1 at high
concentrations on OCI-Ly2 cell numbers. At the highest dose tested (10uM), Compound 1 was
almost as efficacious as Rituximab, Doxorubicin and Vincristine in decreasing OCI-Ly2 cell
numbers, not only preventing proliferation but leading to cell killing. This effect is likely mediated
by inhibition of other targets in addition to TPL2 and ERK1/ERK?2. Whether this new target act in
concert or independently to ERK1/ERK2 activation remains to be determined. This other target is
likely another protein kinase, as Compound 1 is an ATP competitive inhibitor that came from a
tyrosine kinase inhibitor collection (Green et al., 2007). Using the published profile of kinases
affected by Compound 1 (Hall et al., 2007), the second most affect protein kinase is CAMKII.
Interestingly, CAMKIIy gamma stabilizes the c-Myc protein through its phosphorylation and that
inhibition of CAMKII reduced tumor burden in T cell lymphomas (Gu et al., 2017). This raises
the possibility that Compound 1 may decrease CAMKII activity at the highest concentrations used,
reducing MYC stability. This could be sufficient to induce killing. More likely, Compound 1 may
act via the combined action of the kinases it targets, preventing ERK1/2 induced c-Myc gene
expression via TPL2 and MYC protein destabilization via CAMKII. BCR-mediated expression of
c-myc is regulated via ELK-1 phosphorylation carried out by ERK1/2 (Yasuda et al., 2008).
Further supporting the link between ERK1/2 and MYC in B-cell tumorigenesis, we report the first
experimental assay demonstrating that ERK2[Y316F] has biological activity, leading to increased
expression of a c-Myc luciferase reporter. Moreover, ERK1/2 can phosphorylate the same residue
as CAMKII (Ser62) on MYC (Pulverer et al., 1994), raising the possibility that inhibition of one
kinase can be compensated by the other, providing another path by which Compound 1 could be
acting to induce cell killing.

As Compound 1 was develop for its selectivity towards TPL2, it may be interesting to
revisit the original series of compounds and those of the related quinoline-3-carbonitriles series
for their potency at killing DLBCL cells (Green et al., 2007; Hall et al., 2007). These other
compounds may have greater potency towards lymphoma cell killing and enable the development
of novel anti-lymphoma drugs that target lymphoma unresponsive to ERK1/2 MAPK cascade
inhibition. Adding novel chemical families to the arsenal of drugs that can impact lymphomas will
be important to target the molecular heterogeneity of tumor cells and provide patient specific
therapies.
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1  Table 1. Impact of MEK162 and Compound 1 on the phosphorylation of ERK1/ERK2
2  MAPK in OCI-Ly2 cells.

Cell line Inhibitor Treatment Kinase targeted P:S:S;:E?::r:z (v: I‘; aé::A)
OCl-Ly2 vehicle untreated — 1.0£0.12
Cc1 untreated TPL2 0.99 £0.11
MEK162 untreated MKK1/MKK2 0.46%0.17
vehicle IgGMA — 21.7+3.22
Cc1 IgGMA TPL2 9.67 £0.71 p<0.01
MEK162 IgGMA MKK1/MKK2 0.88 £0.29 p <0.001
3
4  OCI-Ly2 were grown for 24h, then pre-treated for 1h with vehicle (DMSO), 2uM Compound 1
5 (Cl1)or 1.25uM MEK162. Cells were left untreated or stimulated with Spug/mL anti-IgGMA for
6 10 min. Immunoblotting and quantitative analysis were performed. The signal intensity obtained
7  with an antibody recognizing only the phosphorylated forms of ERK1/2 was normalized to the
8  signal obtained with antibody that recognizes all forms of ERK1/2 using LiCor infrared Odyssey
9 imaging system and expressed as fold induction (Phospho-ERK1/2 average).
10
11

Page 11 of 15


https://doi.org/10.1101/2022.06.13.495940
http://creativecommons.org/licenses/by-nc-nd/4.0/

oONOULLPS, WN -

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.13.495940; this version posted June 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Figure legends

Figure 1. ERK2[Y316F] mutation increases c-Myc luciferase activity in HEK 293 cells.
Cells were grown to confluence, lysed with Promega's reporter buffer and subjected to
luminescence analysis. All values are expressed as mean + S.E.M. from four different experiments.

Figure 2. Impact of MKK1/2 inhibition on B-cell viability.

A. OCI-ly2 cells or B. Ramos cells were seeded in 12-wells plate at 2.5x 10° cells/mL and treated
with increasing concentration of PD184352 for 72h. Each treatment was done in duplicates, and
the experiments were done at least thrice. Cell viability was measured with Trypan Blue exclusion
assay. Data presented as the mean + S.E.M. (one-way ANOVA with Dunnett test *** p <0.001;
¥ p<0.01; *, p <0.05). C. Flow cytometry histograms showing propidium iodide (PI) staining
after treatment with PD184352 at IC50. Either OCI-Ly2 cells (middle panel) or Ramos cells (right
panel) were stained with PI after 72h of treatment as in A and B.

Figure 3. Impact of TPL2 inhibition on B-cell viability.

A. OCI-ly2 cells were seeded in 96-well plates (50,000 cells per well) and incubated with
increasing concentration of Compound 1 (C1) for 120h. Each treatment was done in quadruplicate
wells, and the experiments were done at least thrice. Cell number was assayed at 72h with
Vybrant® MTT Cell Proliferation Assay Kit. The results are expressed as the mean = S.E.M. of a
single representative experiment. Lower dashed lines represent the number of cells seeded while
the top line represents the cell number at 120h in vehicle. B. Ramos cells were treated with C1 and
cell number was measured after 48h of incubation as in A. C. OCI-Ly2 were incubated with:
625nM of Doxorubicin, 625nM of Vincristine, 10uM of Cyclophosphamide or 1ug/mL of
Rituximab and cell number was assessed using MTT assay.
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