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Simple Summary: Waldenström’s Macroglobulinemia is a B-cell lymphoma, for which no curative
established treatment exists. One of the drivers of tumor growth in this disease are genetic alterations
of the gene CXCR4, which can be found in up to 40% of patients with this disease. Patients with
CXCR4 mutations typically have a more aggressive disease. In this article we provide evidence
that a naturally occurring peptide, called EPIX4 and its optimized derivatives bind to CXCR4 on
Waldenström’s macroglobulinemia cells and are able to impair growth of these lymphoma cells in
mice. These data highlight that there are natural mechanisms which counteract CXCR4 driven lym-
phoma growth. In addition, they underline that optimizing naturally occurring CXCR4 antagonists
can potentially lead to the development of novel therapies in Waldenström’s macroglobulinemia,
particular in patients with CXCR4 alterations affected by a more aggressive course of disease.

Abstract: CXCR4 expression and downstream signaling have been identified as key factors in
malignant hematopoiesis. Thus, up to 40% of all patients with Waldenström’s macroglobulinemia
(WM) carry an activating mutation of CXCR4 that leads to a more aggressive clinical course and
inferior outcome upon treatment with the Bruton’s tyrosine kinase inhibitor ibrutinib. Nevertheless,
little is known about physiological mechanisms counteracting CXCR4 signaling in hematopoietic
neoplasms. Recently, the endogenous human peptide EPI-X4 was identified as a natural CXCR4
antagonist that effectively blocks CXCL12-mediated receptor internalization and suppresses the
migration and invasion of cancer cells towards a CXCL12 gradient. Here, we demonstrate that
EPI-X4 efficiently binds to CXCR4 of WM cells and decreases their migration towards CXCL12.
The CXCR4 inhibitory activity of EPI-X4 is accompanied by reduced expression of genes involved
in MAPK signaling and energy metabolism. Notably, the anti-WM activity of EPI-X4 could be
further augmented by the rational design of EPI-X4 derivatives showing higher binding affinity
to CXCR4. In summary, these data demonstrate that a naturally occurring anti-CXCR4 peptide is
able to interfere with WM cell behaviour, and that optimized derivatives of EPI-X4 may represent a
promising approach in suppressing growth promoting CXCR4 signaling in WM.
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1. Introduction

The CXCL12/CXCR4 axis represents one of the most fundamental pathways regulat-
ing cell anchorage in the bone marrow (BM) and trafficking of cells to distant organs. This
regulatory principle is highly conserved between species and also maintained in neoplasms,
shaping the behavior of malignant cells. For example, CXCR4 is overexpressed in 25–30%
of patients with acute myeloid leukemia (AML) and is associated with poor prognosis [1].
Functional assays have proven that the CXCL12/CXCR4 crosstalk is critical in regulating
the interaction between normal hematopoietic stem cells (HSCs) but also leukemic stem
cells (LSCs) and their niche [2]. Beside this, CXCR4 is vital for normal lymphocyte homing
and trafficking and is closely linked to the pathobiology of several lymphomas such as
chronic lymphocytic leukemia (CLL), diffuse large B cell lymphoma (DLBCL), follicular
lymphoma (FL), marginal zone lymphoma (MZL), hairy cell leukemia (HCL) and mantle
cell lymphoma (MCL) [1,3–8]. For example, high expression of CXCR4 is a hallmark of
CLL cells compared to normal B cells [6,9] and is associated with advanced Rai stages [10].
Furthermore, a genome-wide screening of familial CLL revealed germline mutations in
the coding regions of CXCR4 [11]. However, Waldenström’s macroglobulinemia (WM) is
probably the lymphoma subtype that is most closely linked to CXCR4 and its downstream
signaling [12]. WM is an incurable B-cell neoplasm characterized by serum monoclonal
immunoglobulin M (IgM) and clonal lymphoplasmacytic cells infiltrating the bone mar-
row. Recent years have succeeded to describe the molecular landscape of WM in detail,
highlighting two recurrently mutated genes, MYD88 and CXCR4; MYD88 with an almost
constant and recurrent point mutation (L265P) present in over 90% of patients and CXCR4
with over 40 different mutations in the coding region, affecting up to 40% of patients,
among them the most frequent mutation C1013G/A mutation, predicting a stop codon
in place of a serine at amino acid position 338 (S338X) [13]. Intriguingly, both mutations
are activating mutations leading to an indelible activation and perpetual signaling of the
chemokine receptor in the case of CXCR4 [14–16]. These observations have shed light
on the essential role of CXCR4 in WM and have paved the way for predicting treatment
response to the Bruton tyrosine kinase (BTK) inhibitor ibrutinib and novel therapeutic
approaches, which might be transferable to other CXCR4-driven diseases [17,18].

Our group has recently identified a naturally occurring CXCR4 inhibitor termed
Endogenous Peptide Inhibitor of CXCR4 (EPI-X4). EPI-X4 is a 16-mer peptide that is
produced at low pH via proteolytic cleavage of serum albumin by Cathepsin D and E. In
contrast to the clinically approved CXCR4 inhibitor AMD3100/Plerixafor, EPI-X4 does not
bind CXCR7 and has no mitochondrial cytotoxicity, suggesting lower side effects. Intense
research has already shown that EPI-X4 is able to interfere with the crosstalk of CXCR4
and CXCL12, inhibits infection with CXCR4-tropic HIV-1 strains, mobilizes hematopoietic
stem cells and is able to suppress migration of leukemic cells in vitro.

We now demonstrate that EPI-X4 and its optimized derivatives interfere with CXCR4
signaling in WM, and that EPI-X4 derivatives impair malignant growth in vivo. These
data identify an endogenous protective mechanism that dampen the prosurvival signals of
CXCR4 in WM, a key oncogenic driver in this disease.

2. Results
2.1. CXCR4 Expression in Patients with WM

First, we analyzed the transcription levels of CXCR4 in primary WM patient sam-
ples according to their mutational status of MYD88 and CXCR4 based on a previously
reported series of patients analyzed by RNA-Seq [19]. WM patients harboring the MYD88
L265P mutation expressed on average higher levels of CXCR4 compared to normal pe-
ripheral B cells and memory B cells (Figure 1A). In contrast, CXCR4 expression in MYD88
wildtype (MYD88WT) WM patients was significantly lower compared to MYD88 mutated
(MYD88Mut) cases and normal circulating B cells. Finally, CXCR4 expression of patients car-
rying mutations in both MYD88 and CXCR4 (MYD88Mut/CXCR4Mut) was on average lower
than that of cases carrying only a MYD88 mutation, but higher than MYD88WT/CXCR4WT
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patients (Figure 1A). We validated these findings using a second data set, comprising RNA-
Seq analyses of 16 patients, all being MYD88 mutated with seven of these patients carrying
a concurrent CXCR4 mutation [20]: as shown in Figure 1B, CXCR4 was highly expressed
both in CXCR4 mutated and non-mutated cases. Of note, there was a significant higher
expression of HIF-1a and MAPK1 in CXCR4 mutated cases, associated with a clinical more
aggressive course [21]. Taken together, these data demonstrate high expression of CXCR4
in WM cells harboring the MYD88 L265P cases independent of the CXCR4 mutational
status and show high expression of genes associated with CXCR4 signaling and tumor
growth particularly in CXCR4Mut cases.
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Figure 1. Expression of CXCR4 in WM patients (A) Expression of CXCR4 determined by RNA-Seq based on a data
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WM_L265P = MYD88 mutated cases; WM_WHIM = MYD88 and CXCR4 mutated cases; WT = cases lacking MYD88
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2.2. The CXCR4 Mutation S338X Promotes Cell Proliferation in WM

As we had seen high expression of CXCR4 in both CXCR4 mutated and non-mutated
WM patients, first we tested the impact of wild type and mutated CXCR4 on the growth of
the WM cell line BCWM.1, which is MYD88Mut/CXCR4WT. To this end, BCWM.1 cells were
lentivirally engineered to express wildtype CXCR4 (iso1 WT) or patient-derived variants
carrying the mutations S338X, R334X, S339fs/342X or S339fs/365X. To ensure similar pro-
tein expression levels, all transduced cells, including the empty vector control were sorted
twice for CXCR4 expression (APC) and GFP (Figure S2A,B; as control non-transduced cells
were included in the plots). As shown in Figure S1A, S338X showed a strong effect on
clonogenicity with a 30% increase compared to the empty vector control. In contrast, the
CXCR4 mutations R334X, S339fs/342X and S339fs/365X as well as the iso1 WT did not
increase colony number as efficiently as CXCR4 S338X or even reduced colony numbers
in the case of S339fs. The difference in colony formation between WT cells and the empty
vector control can be explained through CXCR4/GFP pre-selection of the transduced cells
which was not performed on the non-transduced WT cells. CXCR4 S338X also significantly
enhanced proliferation of this cell line in vitro compared to cells transduced with the vector
control or the CXCR4 WT gene (Figure 2A). Finally, the growth promoting effect of the
S338X mutation was confirmed after lentivirally engineered expression in CXCR4 wild-
type MWCL-1 WM cells where constitutive expression of the S338X mutant induced an
increase in clonogenic growth compared to the empty vector control independent of the
addition of CXCL12. Stimulating the cells with 10nM CXCL12 resulted in a similar effect
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on clonogenicity compared to experiments without addition of CXCL12. However, the
increase in colony number was more pronounced without CXCL12 stimulation compared
to concurrent CXCL12 stimulation (3.5-fold versus 1.7-fold, respectively). Stimulating the
cells with 10nM CXCL12 resulted in a similar effect with a 1.7-fold increase on clonogenic-
ity compared to experiments without addition of CXCL12 (Figure 2B). For the BCWM.1
cells, the mutation S338X mutants induced a 1,4 fold increase without parallel CXCL12
stimulation (Figure S1A) compared to an 2-fold increase in colony formation compared
to the empty vector control with CXCL12 stimulation (Figure S1B). Together, these data
demonstrate that overall expression of the activating CXCR4 mutation S338X promotes cell
growth of WM cells. However, the extent of this effect depends on the cell lines used and
concomitant CXCL12 stimulation.
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2.3. The Natural CXCR4 Antagonist EPI-X4 and Its Optimized Derivatives Target CXCR4 of
WM Cells In Vitro and In Vivo

To investigate a potential role of the natural CXCR4 antagonist EPI-X4 in WM, we first
tested its ability to bind and block CXCR4 variants observed in WM patients. Efficient and
dose-dependent blocking of CXCR4 by EPI-X4 was previously documented in competition
experiments using two different clones of CXCR4 antibodies that recognize different
epitopes in the extracellular part of CXCR4: while the antibody clone12G5 binds to the
epitope overlapping with the EPI-X4 binding site, 1D9 binds to an epitope in the CXCR4
N-terminus, which is not masked by the peptide. In line with this, efficient blockage of
the 12G5 epitope by EPI-X4 was achieved at a concentration of 200 µM for all CXCR4
mutants tested (Figure 3A). In contrast, the 1D9 epitope could not be blocked by EPI-X4
(Figure 3B). These results were confirmed in MWCL-1 cells (data not shown). In addition,
EPI-X4 derivatives WSC and JM#21 blocked the CXCR4 12G5 epitope on BCWM mutant
cells at low concentrations (Figure S3).

Since EPI-X4 efficiently binds to CXCR4 mutants, we initiated functional assays testing
the effect of this naturally occurring CXCR4 antagonist on migration of WM cells towards
a CXCL12 gradient in vitro. Transwell assays revealed that EPI-X4 reduces migration
compared to an inactive control peptide in BCWM.1 cells expressing wildtype or S338X
CXCR4 by 65% and 45%, respectively (Figure 3C). When assessing the effect of EPI-X4 on
clonogenic growth of different CXCR4 mutants we could not find that the endogenous
CXCR4 inhibitor impairs in vitro growth of WM cells (Figure S1C).
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preincubated with 200 µM EPI-X4 or inactive control peptide and then stained with the anti-CXCR4 antibody clones
12G5 (A) or 1D9 (B). While EPI-X4 blocks binding of the anti-CXCR4 clone 12G5 to all CXCR4 variants tested, it did not
affect binding of the 1D9 clone. Mean values (±SEM) of one exemplary experiment performed in triplicates are shown.
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S338X was monitored in the presence or absence of EPI-X4 (200 µM). Mean values (± SEM) of three independent experiments
performed in duplicates are shown (* p < 0.03 and ns, respectively).

To investigate whether rational design can further enhance the anti-CXCR4 and there-
fore anti-WM activities of EPI-X4, we took advantage of two EPI-X4 derivatives, termed
WSC02 and JM#21. These peptides were generated from EPI-X4 by structure-activity-
relationship (SAR) studies and subsequent synthetic modulations inserting mutations in
the lysine residues [22] and were also able to efficiently block the epitope 12G5 at low
concentrations with comparable effects to AMD3100 (Figure S2). To test whether WSC02 is
functionally active and superior to the parental EPI-X4 peptide, migration tests were per-
formed using BCWM.1 wildtype cells. As shown in Figure 4A, WSC02 was more efficient
in blocking migration than EPI-X4 and as efficient as AMD3100. Analysis of lentivirally
engineered BCWM.1 cells revealed that WSC02 also efficiently blocks migration of CXCR4
S338X expressing cells, albeit slightly less efficiently than cells transduced with wildtype
CXCR4 (81% vs. 64%, respectively). JM#21 showed an even more pronounced activity,
reducing migration of CXCR4 iso1 wildtype and CXCR4 S338X expressing WM cells by
100% and 93%, respectively, to a comparable extent as AMD3100 (Figure 4B). To test the
ability of EPI-X4 and WSC02 to impair lymphoma progression in vivo, MWCL-1 cells
were incubated with one of the two peptides or the inactive peptide control in vitro and
transplanted into NSG mice. While WSC02 significantly delayed engraftment and nearly
doubled the median overall survival, EPI-X4 had no major impact (Figure 4C). Of note,
the anti-CXCR4 peptides did not exert any apoptotic activity (Figure S4) Taken together,
EPI-X4 the naturally occurring CXCR4 antagonist efficiently binds to the 12G5 epitope of
CXCR4 and blocks migration towards a CXCL12 gradient of WM cells expressing wild-type
or mutated CXCR4. However, EPI-X4 showed no effect on clonogenicity and growth of
WM cells in vitro (data not shown). In contrast to EPI-X4, the first generation of optimized
derivatives exerts prolonged survival in a murine WM model.
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2.4. Inhibition of CXCR4 by EPI-X4 Changes Downstream Signaling and Gene Expression in 
WM Cells 

To understand the mechanisms underlying the inhibitory effect of EPI-X4 and its op-
timized derivatives, we next sought to determine whether EPI-X4 and the optimized EPI-
X4 derivatives have the ability to suppress ERK signaling in WM cells harboring different 
CXCR4 mutations. To this end, we monitored ERK phosphorylation at Tyr204 (ERK1) and 
Tyr187 (ERK2) in stably CXCR4 transduced BCWM.1 cells after CXCL12 stimulation using 
flow cytometry. Without CXCL12 stimulation phosphorylation levels of all tested proteins 
were low and increased upon CXCL12 stimulation independently of whether the cells 
were transduced with wild-type CXCR4 or mutated CXCR4 or preselected for endoge-
nous CXCR4 expression (empty vector control) (Figure S5B). EPI-X4 had a weak inhibitory 
effect in CXCR4 WT expressing cells with a more pronounced effect in CXCR4 S339fs mu-
tated cells and complete resistance in cells carrying the S338X mutation. In contrast, both 
optimized derivatives significantly suppressed phosphorylation in a dose- dependent 
manner with JM#21 showing the strongest effect (Figure 5A). Notably, JM#21 was as ac-
tive as the CXCR4 antagonist AMD3100/Plerixafor. These results were confirmed via 
phosphoblotting (Figure S5C). Similar results were observed when phosphorylation of 
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Figure 4. Optimized EPI-X4 derivatives impair migration and prolong survival of NSG mice transplanted with WM cells.
(A) WSC02 reduces CXCL12-directed transwell migration of BCWM.1 WT cells at a concentration of 10 µM more efficiently
than EPI-X4 at a concentration of 200 µM. In comparison to AMD3100 at a concentration of 10µM the efficiency of WSC02 is
to a similar degree (Ordinary one-way Anova ** p < 0.003; *** p < 0.0007). (B) WSC02 and JM#21 suppress migration of
BCWM cells stably expressing CXCR4 iso1 WT or CXCR4 S338X at a concentration of 10 µM. All values represent mean
values ± SEM of migrated cells relative to CXCL12-only treated cells from three independent experiments (** p < 0.009).
(C) Survival of mice injected with MWCL-1 cells treated with the indicated peptides. Median survival: Untreated: 56 days;
Inactive CTL: 54.5 days; EPI-X4: 65 days, WSC02: 90 days. Log-rank (Mantel-Cox) test: Untreated/Inactive control (n = 5)
compared to WSC02 (n = 3) (* p < 0.01).

2.4. Inhibition of CXCR4 by EPI-X4 Changes Downstream Signaling and Gene Expression in
WM Cells

To understand the mechanisms underlying the inhibitory effect of EPI-X4 and its
optimized derivatives, we next sought to determine whether EPI-X4 and the optimized EPI-
X4 derivatives have the ability to suppress ERK signaling in WM cells harboring different
CXCR4 mutations. To this end, we monitored ERK phosphorylation at Tyr204 (ERK1) and
Tyr187 (ERK2) in stably CXCR4 transduced BCWM.1 cells after CXCL12 stimulation using
flow cytometry. Without CXCL12 stimulation phosphorylation levels of all tested proteins
were low and increased upon CXCL12 stimulation independently of whether the cells
were transduced with wild-type CXCR4 or mutated CXCR4 or preselected for endogenous
CXCR4 expression (empty vector control) (Figure S5B). EPI-X4 had a weak inhibitory
effect in CXCR4 WT expressing cells with a more pronounced effect in CXCR4 S339fs
mutated cells and complete resistance in cells carrying the S338X mutation. In contrast,
both optimized derivatives significantly suppressed phosphorylation in a dose- dependent
manner with JM#21 showing the strongest effect (Figure 5A). Notably, JM#21 was as
active as the CXCR4 antagonist AMD3100/Plerixafor. These results were confirmed via
phosphoblotting (Figure S5C). Similar results were observed when phosphorylation of AKT
was tested (Figure 5B). All FACS results were validated with isotype controls (Figure S5A).
To verify these findings, we also performed kinome profiling of BCWM.1 cells using
PamChip technology. This approach allows to simultaneously monitor the enzymatic
activity of 144 serine and threonine kinases. In total, 94 kinases were differentially activated
between EPI-X4 treated cells stimulated with CXCL12 and CXCL12 controls. In line
with the effects on ERK described above, EPI-X4 suppressed the activation of different
members of the MAPK signaling cascade, including p38, ERK1 and ERK2 (Figure 6). Taken
together, these data demonstrate that derivatives of the endogenous CXCR4 inhibitor EPI-
X4 have the potential to suppress MAP kinase signaling in WM cells expressing wildtype
or mutated CXCR4.
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Figure 5. Inhibition of ERK and AKT signaling by EPI-X4 and its optimized derivatives in WM cells. (A) ERK and (B) AKT 
phosphorylation in WM cells upon incubation with EPI-X4 and its optimized derivatives. Cells were stimulated with 
CXCL12 and incubated with the different peptides. Cells were analyzed by flow cytometry with FACS Cytoflex for phos-
phorylation of Erk1/Erk2 (n = 3–5). (* p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant). 

 
Figure 6. Kinomic changes in MAPK signaling of EPI-X4 treated BCWM.1 cells. Relative kinase ac-
tivity in EPI-X4/CXCL12 treated vs. CXCL12 treated BCWM.1 cells after 10 min. Incubation of the 
cells with 200µM EPI-X4 and 10nM CXCL12. Kinases were ranked using a combined score based on 
a sensitivity score indicating group difference and specificity score derived for a set of peptides 
related to the respective kinase. This information is extracted from current experimentally derived 
or in silico databases (BN6). Shown are candidates with a relative kinase activity of −0.25 compared 

Figure 5. Inhibition of ERK and AKT signaling by EPI-X4 and its optimized derivatives in WM cells. (A) ERK and
(B) AKT phosphorylation in WM cells upon incubation with EPI-X4 and its optimized derivatives. Cells were stimulated
with CXCL12 and incubated with the different peptides. Cells were analyzed by flow cytometry with FACS Cytoflex for
phosphorylation of Erk1/Erk2 (n = 3–5). (* p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant).
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Figure 6. Kinomic changes in MAPK signaling of EPI-X4 treated BCWM.1 cells. Relative kinase
activity in EPI-X4/CXCL12 treated vs. CXCL12 treated BCWM.1 cells after 10 min. Incubation of the
cells with 200µM EPI-X4 and 10nM CXCL12. Kinases were ranked using a combined score based
on a sensitivity score indicating group difference and specificity score derived for a set of peptides
related to the respective kinase. This information is extracted from current experimentally derived or
in silico databases (BN6). Shown are candidates with a relative kinase activity of −0.25 compared to
untreated cells including top candidates related to the MAPK pathway with p38 (delta), p38 (beta)
and ERK family members 1, 2 and 5 with a specificity-score of <1.3.
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To further understand the mechanism how EPI-X4 affects gene expression of Walden-
ström cells, we performed RNA-Seq on the WM cell line BCWM.1 incubated with either
EPI-X4 or an inactive control peptide for 24 h in serum-free conditions after stimulation
with CXCL12. In total, 4527 genes were differentially expressed, with upregulation of
1920 and downregulation of 2607 genes (Table S1). Fold change of gene expression was
substantially higher for downregulated genes with up to −1.5 log2-fold differences com-
pared to the inactive peptide control. The top downregulated gene was MIF1, a known
ligand of CXCR4 [23]. Furthermore, IRF7 was among the top 25 downregulated genes
This transcription factor is involved in MYD88-associated signaling [24]. Mir-650 was
also among the top 10 downregulated genes and reported to be a prognostic factor in
CLL that is associated with tumor invasion and metastases [25]. A similar function has
been ascribed to TSPO, the third most downregulated gene, additionally known to be
highly expressed in lymphoma cells and to induce resistance to apoptosis and H2O2-
induced cytotoxicity in hematopoietic cell lines [26,27]. Strikingly, multiple members of
the core subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase
(Complex I) such as NDUFS7, which was among the top 10 downregulated genes, were
downregulated (Tables S1 and S2, Figure 7A). Of note, in a first experiment WM cells
showed a glycolytic phenotyp and EPI-X4 induced a shift towards aerobic glycolysis as
determined by measuring mitochondrial respiration and glycolytic activity using Seahorse
Extracellular Flux Analyzer at the early time point of 1, 6 and 24 h incubation (Figure S6).
When pathways altered by EPI-X4 expression were analyzed by Enrichr, downregulated
pathways were enriched for genes involved in Toll receptor, NF-κB, MAPK, AMPK, mTOR
and CXCR4/chemokine mediated signaling. Of note, these terms were highly reproducible
independent of the libraries used for pathway identification (Figure 7B, Table S2). Upreg-
ulated pathways recurrently emerging were FAS, p53, Ubiquitin proteasome and DNA
repair/DNA damage pathway (Figure 7B, Table S3).
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Figure 7. Impact of EPI-X4 on gene expression. (A) String analysis of significantly downregulated genes (FDR < 0.05)
involved in energy metabolism. (B) Pathway analysis of differentially expressed genes upon EPI-X4 treatment compared
to inactive peptide control (FDR < 0.05). Gene set enrichment tools implemented in Enrichr http://amp.pharm.mssm.
edu/Enrichr/ (accessed on 16 February 2021)) were used for the analyses. All gene sets were filtered with an adjusted
p-value < 0.05.
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3. Discussion

G protein-coupled receptors (GPCRs) represent the largest family of membrane re-
ceptors with an estimated number of 800 members in humans. Several of the GPCRs are
known to be critically involved in tumorigenesis. Although GPCRs are targets for approxi-
mately 30% of all marketed drugs, only a very limited number of agonists or antagonists
acting through these receptors are currently used for cancer therapy [28,29]. CXCR4 has
been recognized as a key regulatory mechanism for cancer growth and invasion for a long
time and has emerged as a promising target for anti-cancer drugs. In WM, whole genome
sequencing lead to the identification of highly recurrent somatic mutations in two genes,
namely MYD88 and CXCR4, which has paved the way to a deepened understanding of the
signaling cascades driving growth and importantly also therapeutic resistance in WM [30].
The second most recurrent mutation in WM hits the CXCR4 gene: mutations in this gene
can be found in up to 40% of the patients. In total more than 40 mutations were described so
far [31], all exclusively found in the regulatory cytosolic domain stretching from amino acid
position 308 to 352. Almost all mutations described in WM impair CXCR4 desensitization
and internalization, thereby prolonging signaling upon binding of the chemokine ligand
CXCL12 [14,15]. The main signaling axis that is affected by CXCR4 mutations promote
enhanced AKT and subsequent MAPK 1/2 signaling, resulting in sustained survival signals
for cancer cells [32]. Patients with CXCR4 mutations are confronted with the downside
of showing higher bone marrow involvement, higher IgM levels, symptomatic hypervis-
cosity and a more aggressive disease at diagnosis with reduced sensitivity towards the
BTK–inhibitor ibrutinib. In CXCR4 patients delayed time to response, less deep responses
and shorter PFS upon treatment with ibrutinib was observed [31]. Based on all this, it is not
surprising that there are major efforts to develop compounds targeting CXCR4 and clinical
testing of CXCR4 antagonists have been reported among others in AML and WM [33]. In
this context it is, however, surprising that very few is known about naturally occurring
mechanisms which are able to directly counteract the evolutionarily highly conserved
CXCR4 effects and to dampen or shape CXCR4 signaling in vivo in normal but also in
malignant hematopoiesis. Thus, a very important step has been the discovery of EPI-X4,
which as a natural CXCR4 antagonist effectively blocks CXCL12-mediated receptor inter-
nalization and suppresses the migration and invasion of cancer cells towards a CXCL12
gradient. As we showed there is high expression of CXCR4 at the RNA level in the majority
of primary WM samples. However, there is a clear reduced expression in patients with
non-mutated MYD88, highlighting the biological difference between MYD88Mut versus
MYD88WT patients and suggesting that these patients are not preferentially candidates for
CXCR4 targeting. On the other side, these data demonstrate that the vast majority of WM
patients could theoretically benefit from CXCR4 targeting. Interestingly, CXCR4 mutated
cases showed a significantly increased expression of HIF1α and MAPK1. It was previously
shown that MAPK is required for the transactivation activity of HIF1α and that MAPK
signaling facilitates HIF activation through p300/CBP [34]. HIF1α itself was shown to be
important for stabilization of CXCR4 expression being recruited to the CXCR4 promoter
under hypoxic condition [35]. In summary, this could result in a positive loop, in which
CXCR4 mutations would induce increased MAPK signaling, by this supporting HIF1α
activity, which itself would lead to stabilization of CXCR4 expression. Previous observa-
tion already described dissemination advantages of CXCR4 S338X mutated cells in vivo
leading to disease progression and upregulation of pro-survival pathways [36]. Based
on this and taking the more aggressive clinical course and reduced sensitivity towards
BTK inhibition by ibrutinib into account, CXCR4 mutated WM patients would particularly
qualify as candidates for a CXCR4 targeting strategy. We could confirm that in particular
the most frequent mutation S338X increases growth of WM cells and this independently
of the microenvironment. EPI-X4 was able to bind to WM cells and importantly impaired
significantly migration in vitro. One underlying mechanism for this is impairment of
MAPK signaling, known to be vital for WM cell growth: it was previously shown that
both frameshift and nonsense mutation potentiate MAPK signaling following CXCL12
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stimulation when compared to the wildtype. When testing sensitivity to ibrutinib, CXCR4
mutant-expressing cells were rescued by CXCL12 from ibrutinib-induced apoptosis and
the effect could be abrogated by adding plerixafor [37]. However, our data indicate that
CXCL12 stimulation increases MAPK signaling in cells expressing CXCR4 wildtype consti-
tutively to the same extent as in CXCR4-mutant cells, demonstrating that robust expression
of CXCR4 is sufficient for this effect. The discrepancy of the data compared to the report
mentioned above might be explained by the expression levels of wild-type CXCR4 induced
by different vector systems or use of serum-free conditions in our case. In addition, we
observed prolonged survival of mice transplanted with WSC02 treated cells compared to
the control, illustrating that in vitro incubation affects cells responsible for repopulating
transplanted animals. We cannot exclude that this effect is solely due to inhibition of cell
intrinsic cell signaling as incubation with this EPI-X4 derivative might also impair homing,
by this contributing to the impaired growth kinetics of the cells in vivo. Beside this, we
could demonstrate that binding of EPI-X4 changed the transcription of genes involved in
energy metabolism, becoming particularly evident by reduction of expression of multiple
members of the core subunit of the mitochondrial membrane respiratory chain NADH
dehydrogenase (Complex I) such as NDUFS7. In addition, we also observed reduction of
NAMPT transcription (data not shown), all indicating that the naturally occurring CXCR4
antagonist is able to dampen the energy metabolism of WM cells. However, at least at an
early time point we did not see a major drop in glycolysis but a shift towards anaerobic
glycolysis testing mitochondrial respiration in these cells. Furthermore, when pathways
altered by EPI-X4 expression were analyzed by Enrichr, downregulated pathways were
also enriched for genes involved in pathways related to metabolism such as glycolysis,
pentose phosphate pathway and OXPHOS (data not shown). Data on metabolism in WM
are very limited and just recently it was reported that WM cells are enriched for glutathione
metabolism based on unsorted WM bulk derived from peripheral blood or BM compared
to normal B-cells [38]. Data to which extent CXCR4 antagonists impact the metabolomic
fingerprint in WM are not existing. In light of this, nicotinamide metabolism has emerged
as one major topic as well as dependencies of cancer stem cells on amino acid metabolism.
NAMPT overexpression has been described in cancer cells and pharmacological NAMPT
targeting has shown anti-tumor effects in AML and WM [39,40]. Just recently, resistance to
Venetoclax/Azacytidine in AML has been linked to increased nicotinamide metabolism
at the level of AML LSCs [41]. One of the key questions is whether the discovery of
EPI-X4 can fuel the development of novel CXCR4 antagonists for the treatment of WM
and other CXCR4 dependent malignancies. In contrast to AMD3100, the only clinically
approved CXCR4 antagonist, EPI-X4 does not interact with CXCR7, whereas AMD3100
acts as an allosteric agonist of this receptor. Moreover, EPI-X4 and improved derivatives
thereof do not exert mitochondrial cytotoxicity, in contrast to AMD3100 [42]. However,
we observed only moderate effects of EPI-X4 in some experiments, and the half- life of
the peptide is short with about 17 min in serum-containing medium. Thus, generation of
optimized derivatives of EPI-X4 will be crucial for opening the door to clinical application.
We performed systematic, quantitative structure activity relationship (QSAR) studies to
further improve the anti-CXCR4 activity of EPI-X4 and have solved NMR structures of
EPI-X4, as well as first (WSC02) and second (JM#21) generation derivatives, and have used
this information for computational modeling to elucidate their exact binding mode with
CXCR4, and to predict peptides with further improved activity [22]. In iterative processes,
we have now synthesized and tested more than 150 EPI-X4 derivatives (data not shown),
enabling the identification of peptides with activities in the low nanomolar range. Indeed,
WSC02 and JM#21 showed an enhanced activity in several assays compared to EPI-X4
in WM, underlining the potential of optimized derivatives to serve as novel anti-WM
compounds in pre-clinical and later on clinical testing. Taken together, our data point to
a yet unknown naturally occurring mechanism to dampen CXCR4 activity in WM and
the potential to translate these insights into the biology of WM into the development of
promising novel therapeutic compounds in this indolent lymphoma subtype.
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4. Materials and Methods
4.1. Quantification of CXCR4 Surface Levels by Flow Cytometry

All cell line experiments were conducted under serum-free conditions (RPMI plus
1% penicillin/streptomycin). Cells were incubated with different CXCR4 antagonists or
an inactive control peptide at different concentrations as indicated for 30 min at 4 ◦C. A
control sample was incubated with PBS only to determine basal receptor levels at the cell
surface. After incubation, cells were stained with anti-CXCR4 antibodies (APC-labeled
12G5 antibody, 555,976 or PE-labeled 1D9 antibody, 551,510 from BD Biosciences, San Jose,
CA, USA).

4.2. Stable Transduction of BCWM.1 and MWCL-1 Cells

Retroviral particles were generated by cotransfecting Lenti-X™ 293T cells with the
lentiviral vector pCDHMSCV-EF1-GFP-T2A-PURO expressing CXCR4 iso1 WT (isoform
1 or b, NCBI Reference Sequence: NP_003458.1, UniProtKB/Swiss-Prot: P61073-1) or
CXCR4 mutants, the packaging plasmid pSPAX2, and VSV-G encoding pMD2.G, using
TransIT®-LT1. To adjust for CXCR4 expression, cells containing constructs or empty
vector control were sorted twice on a BD FACSAria™ III for the fluorescence marker APC
(CXCR4) (APC-labeled 12G5 antibody, 555976) and GFP expressed from pCDH-MSCV-EF1-
GFP-T2A-PURO. As WM cell lines BCWM.1 and MWCL-1 cells were used (both MYD88
mutated/CXCR4 wildtype).

4.3. CFC Assay

Colony forming cell unit assay was performed as previously described [43]. 4000 cells
were plated per dish for WM cell lines (Methocult H4330 StemCell Technologies, Köln,
Germany). Colonies were scored on day 7 after plating.

4.4. Migration

BCWM.1 cells constitutively expressing CXCR4 iso1 WT, CXCR4 S338x or the empty
vector control were seeded together with EPI-X4, WSC02, JM#21 or an inactive peptide
control in the upper well of a transwell. 10 nM CXCL12 was supplemented to the lower
chamber. After 2 h incubation at 37 ◦C, 5% CO2, cells that had migrated to the lower
compartment were analyzed using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Percentage of
specific migration was calculated using the following formula: % migration = ((specific
migration-unspecific migration)/total cells) × 100. The average of absolute percentage
of non-specific migration was very low in some experiments with 3,4% compared to an
average of 81% CXCL12 induced migration.

4.5. Inhibition of ERK and AKT Signaling by EPI-X4 and Its Optimized Derivatives in WM Cells

Cells (100,000) were seeded in 100 µL starvation medium (RPMI, 1% FCS) and starved
for 2 h. 5 µL compound in PBS was added and cells were further incubated for 15 min.
Afterwards, 5 µL CXCL12 (100 ng/mL final concentration on cells) was added for 2 min
before the reaction was stopped by adding PFA and shifting to 4 ◦C. After 15 min, medium
was removed by centrifugation and cells permeabilized by adding ice cold MetOH for
15 min. Cells were then washed and the first antibody was added (phospho-p44/42
MAPK (Erk1) (Tyr204)/(Erk2) (Tyr187) (D1H6G) mouse mAb (Cell Signaling, Danvers,
Massachusetts, USA, #5726) and phospho-Akt (Ser473) (193H12) rabbit mAb (Cell Signaling,
#4058)) for 2 h and stained with adequate secondary antibody afterwards. Cells were
analyzed by flow cytometry with FACS Cytoflex (Beckman Coulter, Brea, CA, USA).
For time-kinetic experiments, fold-stimulation was determined by MFI (stimulated)/MFI
(unstimulated) for each time point. For inhibition experiments, MFI from unstimulated cells
was subtracted from each point and signal of stimulated cells without inhibitor normalized
to 100%.
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4.6. Total RNA Extraction and RNA Sequencing

BCWM.1 cells were cultured in medium without FBS containing 200 µM of either the
inactive peptide or EPI-X4 as well as 100 ng/mL CXCL12. After 24 h, cells were collected,
and RNA was isolated using the RNA isolation Kit Direct-zol RNA MiniPrep (Zymo
Research Europe GmbH, Freiburg, Germany) according to the manufacturer’s protocol.
After quality check, the RNA was prepped using the TruSeq RNA sample Kit from Illumina
(San Diego, CA, USA), and samples were run on the Illumina HiSeq 2000 sequencer.
Afterwards, alignment was performed, and gene expression was analyzed by basepair.

4.7. Kinome Profiling

Cells were treated with either EPI-X4 (200 µM) and CXCL12 (10 nM) or CXCL12
(10 nM) PBS control for 10 min in serum free conditions. Afterwards, cells were lysed us-
ing M-PER™ Mammalian Protein Extraction Reagent (78503, Thermo Scientific, Waltham,
MA, USA) supplemented with Halt™ Protease Inhibitor Cocktail (87785, Thermo Scientific)
and Halt™ Phosphatase Inhibitor Cocktail (78420, Thermo Scientific). Protein concentra-
tion was determined using Qubit. Kinase activity in cleared lysates was assessed using
serine-/threonine-kinases (STK) assay (PamGene International NL ‘s-Hertogenbosch, The
Netherlands). Reactions were carried out in the presence of 400 µM ATP in combination
with the STK reagent kit and 2 µg total protein. Samples were applied to porous aluminum
oxide arrays spotted with 144 immobilized 13-amino acid peptide substrates containing
STK phosphosites. The pumping of samples through the arrays and imaging of FITC-
coupled antibodies detecting phosphorylated peptides on the arrays at different exposure
times via a CCD camera were carried out using the PamStation12 instrument operated with
the Evolve software (PamGene International BV). Subsequent image quantification and
internal quality-control was performed using BioNavigator 6® software (BN6, PamGene
International BV) with resulting signal-intensities per peptide being log2-transformed. A
functional scoring tool Upstream Kinase Analysis (BN6) is used to generate a putative list
of kinases responsible for phosphorylating the phosphosites on the PamChip.

4.8. Metabolic Assessment

After pretreatment with the compound in the indicated concentrations and time-
points, BCWM.1 cells were plated on 96 well cell culture (XFe96, Agilent Technologies,
Santa Clara, CA, USA) which had been precoated with CellTak (Thermo Fisher Scientific,
Hampton, VA, USA) in bicarbonate-free RPMI medium containing 1 mM HEPES, 10 mM
glucose, 1 mM pyruvate, and 2 mM glutamine. Oxygen consumption and extracellular
acidification rates (OCR and ECAR) were measured simultaneously using a Seahorse
XFe96 Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). Uncoupled (proton
leak) respiration was profiled by injecting 1.5 µM oligomycin (inhibiting the ATP syn-
thase). Non-mitochondrial respiration was determined by injecting 0.5 µM antimycin A
and 0.5 µM rotenone (inhibiting electron flux through complex I and III). OCR and ECAR
were determined by machine algorithms and plotted against time. Data were normalized
to cell content by staining with Janus Green [44]. ATP production rates from oxidative
phosphorylation were calculated assuming a phosphate/oxygen (P/O) ratio of 2.75. ECAR
were converted into proton efflux rates (PER) which were used for calculating glycolytic
ATP production rates in a 1:1 ratio.

4.9. Mouse Experiments

For all experiments, NOD.Cg-Prkdc<scid>Il2rgytm1Wjl>/SzJ (NSG) strains were
used. The NSG mice were irradiated sublethally (325 cGy) and injected with MWCL-1 cells
incubated with 2 mM peptides for 30 min under serum-free condition.

4.10. Statistics

All statistical analyses were performed using the GraphPad Prism 7 software (Graph-
Pad Software, San Diego, CA, USA) using ordinary one-way ANOVA.
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5. Conclusions

Taken together, we demonstrate that EPI-X4 the naturally occurring CXCR4 antagonist
and its optimized derivatives WSC02 and JM#21 efficiently impair migration of WM cells
in vitro and WM growth in vivo. This observation was accompanied by significant changes
of MAPK pathway related kinases.

Overall, these data demonstrate that naturally occurring peptides exist, which coun-
teract CXCR4 signaling. Understanding these endogenous systems which balance CXCR4
activity in malignant diseases will finally help to develop novel therapeutic tools by gener-
ating optimized highly specific anti-CXCR4 peptides.
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and downregulated genes, Figure S3: Blocking of CXCR4, Table S3: Pathway analysis of differen-
tially expressed and upregulated genes, Figure S3: Annexin staining, Figure S5: Controls of ERK
phosphorylation, Figure S6: Metabolic assessment.

Author Contributions: L.M.K., M.H., M.G., Z.H., D.T. and V.P.S.R. performed research and analysed
the data. J.M., D.S., E.H. and Z.H. contributed to data interpretation. L.M.K. and C.B. wrote the
manuscript, C.B. designed the project. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was supported by grants from the DFG (SFB 1279 project B01 to C.B, and project
A06 to M.H. and J.M.; SPP 1923 to D.S.), by a grant from the Baden-Württemberg Foundation to J.M.,
and by a grant of the International Waldenström Foundation (IWMF) to J.M., D.S. and C.B.

Institutional Review Board Statement: All mouse experiments were conducted according to the
national animal welfare law (Tierschutzgesetz) and were approved by the Regierungspräsidium
Tübingen, Ethic code: 1366 Germany.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this manuscript in the
supplementary material section.

Acknowledgments: We want to thank Olivier Bernard (INSERM U1170 and Gustave Roussy, Villejuif,
France) for providing RNA-Seq data of WM patients. The authors would like to thank all members
of the Core Facility FACS, the Core Facility Extracellular Flux Analyzer and the animal facility of the
University Ulm for breeding and maintenance of the animals. M.H. is member of the International
Graduate School in Molecular Medicine Ulm.

Conflicts of Interest: J.M. and M.H. are coinventors on granted and filed patents that claim to use
EPI-X4 and improved derivatives for therapy of CXCR4-linked diseases. The other authors declare
no competing financial interests related to the work described.

References
1. Spoo, A.C.; Lübbert, M.; Wierda, W.G.; Burger, J.A. CXCR4 is a prognostic marker in acute myelogenous leukemia. Blood 2007,

109, 786–791. [CrossRef]
2. Schepers, K.; Campbell, T.B.; Passegue, E. Normal and leukemic stem cell niches: Insights and therapeutic opportunities.

Cell Stem Cell 2015, 16, 254–267. [CrossRef]
3. Trentin, L.; Cabrelle, A.; Facco, M.; Carollo, D.; Miorin, M.; Tosoni, A.; Pizzo, P.; Binotto, G.; Nicolardi, L.; Zambello, R.; et al.

Homeostatic chemokines drive migration of malignant B cells in patients with non-Hodgkin lymphomas. Blood 2004,
104, 502–508. [CrossRef]

4. Bouska, A.; Zhang, W.; Gong, Q.; Iqbal, J.; Scuto, A.; Vose, J.; Ludvigsen, M.; Fu, K.; Weisenburger, D.D.; Greiner, T.C.; et al.
Combined copy number and mutation analysis identifies oncogenic pathways associated with transformation of follicular
lymphoma. Leukemia 2017, 31, 83–91. [CrossRef] [PubMed]

5. Chen, J.; Xu-Monette, Z.Y.; Deng, L.; Shen, Q.; Manyam, G.C.; Martinez-Lopez, A.; Zhang, L.; Montes-Moreno, S.; Visco, C.;
Tzankov, A.; et al. Dysregulated CXCR4 expression promotes lymphoma cell survival and independently predicts disease
progression in germinal center B-cell-like diffuse large B-cell lymphoma. Oncotarget 2015, 6, 5597–5614. [CrossRef]

6. Burger, J.A.; Burger, M.; Kipps, T.J. Chronic lymphocytic leukemia B cells express functional CXCR4 chemokine receptors that
mediate spontaneous migration beneath bone marrow stromal cells. Blood 1999, 94, 3658–3667. [CrossRef] [PubMed]

https://www.mdpi.com/2072-6694/13/4/826/s1
https://www.mdpi.com/2072-6694/13/4/826/s1
http://doi.org/10.1182/blood-2006-05-024844
http://doi.org/10.1016/j.stem.2015.02.014
http://doi.org/10.1182/blood-2003-09-3103
http://doi.org/10.1038/leu.2016.175
http://www.ncbi.nlm.nih.gov/pubmed/27389057
http://doi.org/10.18632/oncotarget.3343
http://doi.org/10.1182/blood.V94.11.3658
http://www.ncbi.nlm.nih.gov/pubmed/10572077


Cancers 2021, 13, 826 14 of 15

7. Crazzolara, R.; Kreczy, A.; Mann, G.; Heitger, A.; Eibl, G.; Fink, F.M.; Möhle, R.; Meister, B. High expression of the chemokine
receptor CXCR4 predicts extramedullary organ infiltration in childhood acute lymphoblastic leukaemia. Br. J. Haematol. 2001,
115, 545–553. [CrossRef] [PubMed]

8. Kurtova, A.V.; Tamayo, A.T.; Ford, R.J.; Burger, J.A. Mantle cell lymphoma cells express high levels of CXCR4, CXCR5, and VLA-4
(CD49d): Importance for interactions with the stromal microenvironment and specific targeting. Blood 2009, 113, 4604–4613.
[CrossRef] [PubMed]

9. Lopez-Giral, S.; Quintana, N.E.; Cabrerizo, M.; Alfonso-Perez, M.; Sala-Valdes, M.; De Soria, V.G.; Fernandez-Ranada, J.M.;
Fernandez-Ruiz, E.; Munoz, C. Chemokine receptors that mediate B cell homing to secondary lymphoid tissues are highly
expressed in B cell chronic lymphocytic leukemia and non-Hodgkin lymphomas with widespread nodular dissemination.
J. Leukoc. Biol. 2004, 76, 462–471. [CrossRef]

10. Ghobrial, I.M.; Bone, N.D.; Stenson, M.J.; Novak, A.; Hedin, K.E.; Kay, N.E.; Ansell, S.M. Expression of the chemokine
receptors CXCR4 and CCR7 and disease progression in B-cell chronic lymphocytic leukemia/ small lymphocytic lymphoma.
Mayo Clin. Proc. 2004, 79, 318–325. [CrossRef] [PubMed]

11. Crowther-Swanepoel, D.; Qureshi, M.; Dyer, M.J.; Matutes, E.; Dearden, C.; Catovsky, D.; Houlston, R.S. Genetic variation in
CXCR4 and risk of chronic lymphocytic leukemia. Blood 2009, 114, 4843–4846. [CrossRef]

12. Dimopoulos, M.A.; Tedeschi, A.; Trotman, J.; García-Sanz, R.; Macdonald, D.; Leblond, V.; Mahe, B.; Herbaux, C.; Tam, C.;
Orsucci, L.; et al. Phase 3 Trial of Ibrutinib plus Rituximab in Waldenström’s Macroglobulinemia. N. Engl. J. Med. 2018,
378, 2399–2410. [CrossRef]

13. Poulain, S.; Roumier, C.; Venet-Caillault, A.; Figeac, M.; Herbaux, C.; Marot, G.; Doye, E.; Bertrand, E.; Geffroy, S.;
Lepretre, F.; et al. Genomic Landscape of CXCR4 Mutations in Waldenström Macroglobulinemia. Clin. Cancer Res. 2016,
22, 1480–1488. [CrossRef] [PubMed]

14. Hunter, Z.R.; Xu, L.; Yang, G.; Zhou, Y.; Liu, X.; Cao, Y.; Manning, R.J.; Tripsas, C.; Patterson, C.J.; Sheehy, P.; et al. The genomic
landscape of Waldenstrom macroglobulinemia is characterized by highly recurring MYD88 and WHIM-like CXCR4 mutations,
and small somatic deletions associated with B-cell lymphomagenesis. Blood 2014, 123, 1637–1646. [CrossRef] [PubMed]

15. Treon, S.P.; Xu, L.; Yang, G.; Zhou, Y.; Liu, X.; Cao, Y.; Sheehy, P.; Manning, R.J.; Patterson, C.J.; Tripsas, C.; et al. MYD88 L265P
somatic mutation in Waldenstrom’s macroglobulinemia. N. Engl. J. Med. 2012, 367, 826–833. [CrossRef]

16. Xu, L.; Hunter, Z.R.; Yang, G.; Zhou, Y.; Cao, Y.; Liu, X.; Morra, E.; Trojani, A.; Greco, A.; Arcaini, L.; et al. MYD88 L265P in
Waldenstrom macroglobulinemia, immunoglobulin M monoclonal gammopathy, and other B-cell lymphoproliferative disorders
using conventional and quantitative allele-specific polymerase chain reaction. Blood 2013, 121, 2051–2058. [CrossRef]

17. Treon, S.P.; Xu, L.; Hunter, Z. MYD88 Mutations and Response to Ibrutinib in Waldenstrom’s Macroglobulinemia. N. Engl. J. Med.
2015, 373, 584–586. [CrossRef]

18. Scala, S. Molecular Pathways: Targeting the CXCR4-CXCL12 Axis–Untapped Potential in the Tumor Microenvironment.
Clin. Cancer Res. 2015, 21, 4278–4285. [CrossRef] [PubMed]

19. Hunter, Z.R.; Xu, L.; Yang, G.; Tsakmaklis, N.; Vos, J.M.; Liu, X.; Chen, J.; Manning, R.J.; Chen, J.G.; Brodsky, P.; et al.
Transcriptome sequencing reveals a profile that corresponds to genomic variants in Waldenstrom macroglobulinemia. Blood 2016,
128, 827–838. [CrossRef]

20. Roos-Weil, D.; Giacopelli, B.; Armand, M.; Della-Valle, V.; Ghamlouch, H.; Decaudin, C.; Metzner, M.; Lu, J.; Le Garff-Tavernier, M.;
Leblond, V.; et al. Identification of 2 DNA methylation subtypes of Waldenstrom macroglobulinemia with plasma and memory
B-cell features. Blood 2020, 136, 585–595. [CrossRef]

21. Treon, S.P.; Cao, Y.; Xu, L.; Yang, G.; Liu, X.; Hunter, Z.R. Somatic mutations in MYD88 and CXCR4 are determinants of clinical
presentation and overall survival in Waldenstrom macroglobulinemia. Blood 2014, 123, 2791–2796. [CrossRef]

22. Harms, M.; Habib, M.M.; Nemska, S.; Nicolò, A.; Gilg, A.; Preising, N.; Sokkar, P.; Carmignani, S.; Raasholm, M.;
Weidinger, G.; et al. An optimized derivative of an endogenous CXCR4 antagonist prevents atopic dermatitis and airway
inflammation. Acta Pharmaceutica Sin. B 2020. [CrossRef]

23. Baron, N.; Deuster, O.; Noelker, C.; Stuer, C.; Strik, H.; Schaller, C.; Dodel, R.; Meyer, B.; Bacher, M. Role of macrophage migration
inhibitory factor in primary glioblastoma multiforme cells. J. Neurosci. Res. 2011, 89, 711–717. [CrossRef] [PubMed]

24. Kawai, T.; Sato, S.; Ishii, K.J.; Coban, C.; Hemmi, H.; Yamamoto, M.; Terai, K.; Matsuda, M.; Inoue, J.; Uematsu, S.; et al.
Interferon-alpha induction through Toll-like receptors involves a direct interaction of IRF7 with MyD88 and TRAF6. Nat. Immunol.
2004, 5, 1061–1068. [CrossRef]

25. Mraz, M.; Dolezalova, D.; Plevova, K.; Stano Kozubik, K.; Mayerova, V.; Cerna, K.; Musilova, K.; Tichy, B.; Pavlova, S.;
Borsky, M.; et al. MicroRNA-650 expression is influenced by immunoglobulin gene rearrangement and affects the biology of
chronic lymphocytic leukemia. Blood 2012, 119, 2110–2113. [CrossRef] [PubMed]

26. Carayon, P.; Portier, M.; Dussossoy, D.; Bord, A.; Petitpretre, G.; Canat, X.; Le Fur, G.; Casellas, P. Involvement of peripheral
benzodiazepine receptors in the protection of hematopoietic cells against oxygen radical damage. Blood 1996, 87, 3170–3178.
[CrossRef] [PubMed]

27. De Rosa, A.; Zappavigna, S.; Villa, M.R.; Improta, S.; Cesario, E.; Mastrullo, L.; Caraglia, M.; Stiuso, P. Prognostic role of
translocator protein and oxidative stress markers in chronic lymphocytic leukemia patients treated with bendamustine plus
rituximab. Oncol. Lett. 2015, 9, 1327–1332. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1365-2141.2001.03164.x
http://www.ncbi.nlm.nih.gov/pubmed/11736934
http://doi.org/10.1182/blood-2008-10-185827
http://www.ncbi.nlm.nih.gov/pubmed/19228923
http://doi.org/10.1189/jlb.1203652
http://doi.org/10.4065/79.3.318
http://www.ncbi.nlm.nih.gov/pubmed/15008605
http://doi.org/10.1182/blood-2009-07-235184
http://doi.org/10.1056/NEJMoa1802917
http://doi.org/10.1158/1078-0432.CCR-15-0646
http://www.ncbi.nlm.nih.gov/pubmed/26490317
http://doi.org/10.1182/blood-2013-09-525808
http://www.ncbi.nlm.nih.gov/pubmed/24366360
http://doi.org/10.1056/NEJMoa1200710
http://doi.org/10.1182/blood-2012-09-454355
http://doi.org/10.1056/NEJMc1506192
http://doi.org/10.1158/1078-0432.CCR-14-0914
http://www.ncbi.nlm.nih.gov/pubmed/26199389
http://doi.org/10.1182/blood-2016-03-708263
http://doi.org/10.1182/blood.2020005081
http://doi.org/10.1182/blood-2014-01-550905
http://doi.org/10.1016/j.apsb.2020.12.005
http://doi.org/10.1002/jnr.22595
http://www.ncbi.nlm.nih.gov/pubmed/21360573
http://doi.org/10.1038/ni1118
http://doi.org/10.1182/blood-2011-11-394874
http://www.ncbi.nlm.nih.gov/pubmed/22234685
http://doi.org/10.1182/blood.V87.8.3170.bloodjournal8783170
http://www.ncbi.nlm.nih.gov/pubmed/8605331
http://doi.org/10.3892/ol.2014.2817
http://www.ncbi.nlm.nih.gov/pubmed/25663907


Cancers 2021, 13, 826 15 of 15

28. Innamorati, G.; Valenti, M.T.; Giovinazzo, F.; Carbonare, L.D.; Parenti, M.; Bassi, C. Molecular Approaches To Target GPCRs in
Cancer Therapy. Pharmaceuticals 2011, 4, 567–589. [CrossRef]

29. Overington, J.P.; Al-Lazikani, B.; Hopkins, A.L. How many drug targets are there? Nat. Rev. Drug Discov. 2006, 5, 993–996. [CrossRef]
30. Hunter, Z.R.; Yang, G.; Xu, L.; Liu, X.; Castillo, J.J.; Treon, S.P. Genomics, Signaling, and Treatment of Waldenstrom Macroglobu-

linemia. J. Clin. Oncol. 2017, 35, 994–1001. [CrossRef]
31. Castillo, J.J.; Xu, L.; Gustine, J.N.; Keezer, A.; Meid, K.; Dubeau, T.E.; Liu, X.; Demos, M.G.; Kofides, A.; Tsakmaklis, N.; et al.

CXCR4 mutation subtypes impact response and survival outcomes in patients with Waldenstrom macroglobulinaemia treated
with ibrutinib. Br. J. Haematol. 2019, 187, 356–363. [CrossRef]

32. Cao, Y.; Hunter, Z.R.; Liu, X.; Xu, L.; Yang, G.; Chen, J.; Patterson, C.J.; Tsakmaklis, N.; Kanan, S.; Rodig, S.; et al. The WHIM-like
CXCR4(S338X) somatic mutation activates AKT and ERK, and promotes resistance to ibrutinib and other agents used in the
treatment of Waldenstrom’s Macroglobulinemia. Leukemia 2015, 29, 169–176. [CrossRef]

33. Burger, J.A.; Peled, A. CXCR4 antagonists: Targeting the microenvironment in leukemia and other cancers. Leukemia 2009,
23, 43–52. [CrossRef]

34. Sang, N.; Stiehl, D.P.; Bohensky, J.; Leshchinsky, I.; Srinivas, V.; Caro, J. MAPK signaling up-regulates the activity of hypoxia-
inducible factors by its effects on p300. J. Biol. Chem. 2003, 278, 14013–14019. [CrossRef]

35. Forristal, C.E.; Nowlan, B.; Jacobsen, R.N.; Barbier, V.; Walkinshaw, G.; Walkley, C.R.; Winkler, I.G.; Levesque, J.P. HIF-1α is
required for hematopoietic stem cell mobilization and 4-prolyl hydroxylase inhibitors enhance mobilization by stabilizing HIF-1α.
Leukemia 2015, 29, 1366–1378. [CrossRef] [PubMed]

36. Roccaro, A.M.; Sacco, A.; Jimenez, C.; Maiso, P.; Moschetta, M.; Mishima, Y.; Aljawai, Y.; Sahin, I.; Kuhne, M.; Cardarelli, P.; et al.
C1013G/CXCR4 acts as a driver mutation of tumor progression and modulator of drug resistance in lymphoplasmacytic
lymphoma. Blood 2014, 123, 4120–4131. [CrossRef]

37. Cao, Y.; Hunter, Z.R.; Liu, X.; Xu, L.; Yang, G.; Chen, J.; Tsakmaklis, N.; Kanan, S.; Castillo, J.J.; Treon, S.P. CXCR4 WHIM-like
frameshift and nonsense mutations promote ibrutinib resistance but do not supplant MYD88L265P-directed survival signalling
in Waldenström macroglobulinaemia cells. Br. J. Haematol. 2015, 168, 701–707. [CrossRef] [PubMed]

38. Jalali, S.; Shi, J.; Buko, A.; Ahsan, N.; Paludo, J.; Serres, M.; Wellik, L.E.; Abeykoon, J.; Kim, H.; Tang, X.; et al. Increased
glutathione utilization augments tumor cell proliferation in Waldenstrom Macroglobulinemia. Redox Biol. 2020, 36, 101657.
[CrossRef] [PubMed]

39. Mitchell, S.R.; Larkin, K.; Grieselhuber, N.R.; Lai, T.H.; Cannon, M.; Orwick, S.; Sharma, P.; Asemelash, Y.; Zhang, P.;
Goettl, V.M.; et al. Selective targeting of NAMPT by KPT-9274 in acute myeloid leukemia. Blood Adv. 2019, 3, 242–255.
[CrossRef] [PubMed]

40. Cea, M.; Cagnetta, A.; Acharya, C.; Acharya, P.; Tai, Y.T.; Yang, C.; Lovera, D.; Soncini, D.; Miglino, M.; Fraternali-Orcioni, G.; et al.
Dual NAMPT and BTK Targeting Leads to Synergistic Killing of Waldenstrom Macroglobulinemia Cells Regardless of MYD88
and CXCR4 Somatic Mutation Status. Clin. Cancer Res. 2016, 22, 6099–6109. [CrossRef]

41. Jones, C.L.; Stevens, B.M.; Pollyea, D.A.; Culp-Hill, R.; Reisz, J.A.; Nemkov, T.; Gehrke, S.; Gamboni, F.; Krug, A.; Winters, A.; et al.
Nicotinamide Metabolism Mediates Resistance to Venetoclax in Relapsed Acute Myeloid Leukemia Stem Cells. Cell Stem Cell
2020. [CrossRef] [PubMed]

42. Zirafi, O.; Kim, K.A.; Standker, L.; Mohr, K.B.; Sauter, D.; Heigele, A.; Kluge, S.F.; Wiercinska, E.; Chudziak, D.; Richter, R.; et al.
Discovery and characterization of an endogenous CXCR4 antagonist. Cell Rep. 2015, 11, 737–747. [CrossRef] [PubMed]

43. Cusan, M.; Vegi, N.M.; Mulaw, M.A.; Bamezai, S.; Kaiser, L.M.; Deshpande, A.J.; Greif, P.A.; Quintanilla-Fend, L.; Gollner, S.;
Muller-Tidow, C.; et al. Controlled stem cell amplification by HOXB4 depends on its unique proline-rich region near the N
terminus. Blood 2017, 129, 319–323. [CrossRef] [PubMed]

44. Raspotnig, G.; Fauler, G.; Jantscher, A.; Windischhofer, W.; Schachl, K.; Leis, H.J. Colorimetric determination of cell numbers by
Janus green staining. Anal. Biochem. 1999, 275, 74–83. [CrossRef] [PubMed]

http://doi.org/10.3390/ph4040567
http://doi.org/10.1038/nrd2199
http://doi.org/10.1200/JCO.2016.71.0814
http://doi.org/10.1111/bjh.16088
http://doi.org/10.1038/leu.2014.187
http://doi.org/10.1038/leu.2008.299
http://doi.org/10.1074/jbc.M209702200
http://doi.org/10.1038/leu.2015.8
http://www.ncbi.nlm.nih.gov/pubmed/25578474
http://doi.org/10.1182/blood-2014-03-564583
http://doi.org/10.1111/bjh.13200
http://www.ncbi.nlm.nih.gov/pubmed/25371371
http://doi.org/10.1016/j.redox.2020.101657
http://www.ncbi.nlm.nih.gov/pubmed/32763516
http://doi.org/10.1182/bloodadvances.2018024182
http://www.ncbi.nlm.nih.gov/pubmed/30692102
http://doi.org/10.1158/1078-0432.CCR-16-0630
http://doi.org/10.1016/j.stem.2020.07.021
http://www.ncbi.nlm.nih.gov/pubmed/32822582
http://doi.org/10.1016/j.celrep.2015.03.061
http://www.ncbi.nlm.nih.gov/pubmed/25921529
http://doi.org/10.1182/blood-2016-04-706978
http://www.ncbi.nlm.nih.gov/pubmed/27827825
http://doi.org/10.1006/abio.1999.4309
http://www.ncbi.nlm.nih.gov/pubmed/10542111

	Introduction 
	Results 
	CXCR4 Expression in Patients with WM 
	The CXCR4 Mutation S338X Promotes Cell Proliferation in WM 
	The Natural CXCR4 Antagonist EPI-X4 and Its Optimized Derivatives Target CXCR4 of WM Cells In Vitro and In Vivo 
	Inhibition of CXCR4 by EPI-X4 Changes Downstream Signaling and Gene Expression in WM Cells 

	Discussion 
	Materials and Methods 
	Quantification of CXCR4 Surface Levels by Flow Cytometry 
	Stable Transduction of BCWM.1 and MWCL-1 Cells 
	CFC Assay 
	Migration 
	Inhibition of ERK and AKT Signaling by EPI-X4 and Its Optimized Derivatives in WM Cells 
	Total RNA Extraction and RNA Sequencing 
	Kinome Profiling 
	Metabolic Assessment 
	Mouse Experiments 
	Statistics 

	Conclusions 
	References

