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Mutations in genes of the RAS-BRAF-MAPK-ERK pathway
have not been fully explored in patients with chronic lym-
phocytic leukemia. We, therefore, analyzed the clinical and

biological characteristics of chronic lymphocytic leukemia patients
with mutations in this pathway and investigated the in vitro response
of primary cells to BRAF and ERK inhibitors. Putative damaging muta-
tions were found in 25 of 452 patients (5.5%). Among these, BRAF
was mutated in nine patients (2.0%), genes upstream of BRAF (KITLG,
KIT, PTPN11, GNB1, KRAS and NRAS) were mutated in 12 patients
(2.6%), and genes downstream of BRAF (MAPK2K1, MAPK2K2, and
MAPK1) were mutated in five patients (1.1%). The most frequent
mutations were missense, subclonal and mutually exclusive. Patients
with these mutations more frequently had increased lactate dehydro-
genase levels, high expression of ZAP-70, CD49d, CD38, trisomy 12
and unmutated immunoglobulin heavy-chain variable region genes
and had a worse 5-year time to first treatment (hazard ratio 1.8,
P=0.025). Gene expression analysis showed upregulation of genes of
the MAPK pathway in the group carrying RAS-BRAF-MAPK-ERK
pathway mutations. The BRAF inhibitors vemurafenib and dabrafenib
were not able to inhibit phosphorylation of ERK, the downstream
effector of the pathway, in primary cells. In contrast, ulixertinib, a
pan-ERK inhibitor, decreased phospho-ERK levels. In conclusion,
although larger series of patients are needed to corroborate these find-
ings, our results suggest that the RAS-BRAF-MAPK-ERK pathway is
one of the core cellular processes affected by novel mutations in
chronic lymphocytic leukemia, is associated with adverse clinical fea-
tures and could be pharmacologically inhibited.
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ABSTRACT



Introduction

The clinical course of patients with chronic lymphocytic
leukemia (CLL) is highly heterogeneous.1,2 The mutational
status of the immunoglobulin heavy-chain variable-region
genes (IGHV) and deletions/mutations of 11q/ATM/BIRC3
and 17p/TP53 are important determinants of the clinical
outcome of patients with CLL.3–6 Whole genome sequenc-
ing and whole exome sequencing have identified recur-
rent acquired mutations in the coding and non-coding
regions of several genes. A few of them are mutated with
moderate/low frequencies (11-15%), whereas the majori-
ty are mutated at much lower frequencies (2-5%).7–10 This
mutational landscape highlights the patients’ heterogene-
ity. Several of the mutations, including some with a low
incidence, have been reported to be associated with par-
ticular clinical features and disease evolution.9,11–13
BRAF is a member of the serine-threonine kinase RAF

family, comprising RAF-1/CRAF, ARAF, and BRAF. In nor-
mal cells, BRAF functions as a mitotic signal transporter in
the RAS/RAF/mitogen-extracellular signal-regulated
kinase 1/2 (MEK1/2)/ extracellular signal-regulated kinase
1/2 (ERK1/2)/mitogen activated protein kinase (MAPK)
pathway. This pathway plays a pivotal role in regulating
embryogenesis, cell proliferation, differentiation, migra-
tion, and survival.14 In the last decade, a high frequency of
BRAF point mutations has been identified in melanoma
and other human cancers.15,16 BRAF mutations are also a
characteristic of hairy cell leukemia (HCL), being detected
in 95% to 100% of patients with this type of leukemia.17,18
The most common BRAF mutation leads to the substitu-
tion of a valine for glutamic acid at amino acid 600
(V600E) in the kinase domain of the protein. This substi-
tution mimics the phosphorylation of the activation loop,
thereby leading to its constitutive activation and phospho-
rylation of MEK1 and MEK2, which in turn phosphorylate
and activate the effector kinases ERK1 and ERK2.19 ERK
proteins target numerous substrates, such as protein
kinases, transcription factors, and cytoskeletal or nuclear
proteins. Moreover, they are able to affect protein func-
tions either by phosphorylating proteins in the cytoplasm
or by translocating them into the nucleus where they acti-
vate transcription factors that regulate proliferation- and
cell survival-associated genes.20
BRAF mutations have been recurrently reported in CLL

patients with a frequency of approximately 3%;21–24 most
of these mutations cluster within or near the activation
loop. Recently, novel CLL drivers (NRAS, KRAS, NRAS
and MAP2K1) of the RAS-BRAF-MAPK-ERK pathway
have also been described.9-24 However, the impact of BRAF
mutations and other mutations in the RAS-BRAF-MAPK-
ERK pathway in CLL is not well established.
We analyzed the clinical and biological characteristics

and the impact of mutations in genes of the RAS-BRAF-
MAPK-ERK pathway in CLL patients, the functional
implications of these mutations and the in vitro response to
different MAPK inhibitors. 

Methods

Patients 
Four hundred fifty-two patients (276 males/176 females) diag-

nosed with CLL according to the World Health Organization cri-
teria25 and included in the International Cancer Genome

Consortium for CLL (ICGC-CLL)7 were analyzed. All patients
gave informed consent to inclusion in this study, according to the
guidelines of the ICGC-CLL project and the local ethics commit-
tees. The study was conducted in accordance with the Declaration
of Helsinki.

Primary chronic lymphocytic leukemia cells
CLL cells were isolated, cryopreserved and stored in the

Hematopathology collection registered at the Biobank (Hospital
Clínic-IDIBAPS; R121004-094) (Online Supplementary Methods).
Functional studies were done in all patients with mutations in
genes of the RAS-BRAF-MAPK-ERK pathway for whom cryopre-
served material was available.

Mutational analysis
Whole exome sequencing or whole genome sequencing was

performed in 452 CLL patients. DNA from purified CLL cells
(>95% tumor cells) was obtained before administration of any
treatment, as described elsewhere.7 The median interval between
diagnosis and sample analysis was 36 months (range, 0-300
months). Mutations in genes of the RAS-BRAF-MAPK-ERK path-
way according to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (KITLG, KIT, SOS2, PTPN11, GNB1, KRAS,
NRAS, BRAF, MAP2K1, MAP2K2 and MAPK1) were selected for
further analysis. Clonal mutations were considered when the vari-
ant allele frequency (VAF) was ≥0.40 and subclonal when the VAF
was <0.40. PolyPhen-2, SIFT and CADD algorithms were used for
in silico prediction of the pathogenicity of the mutations. Coding
mutations were considered pathogenic if they were reported as
such by at least two algorithms (probably damaging by PolyPhen-
2 and/or damaging by SIFT and/or with a phred-like score >20 by
CADD). 

Gene expression analysis 
The gene expression profile of 143 purified CLL samples with

unmutated IGHV genes (U-IGHV) from the CLL-ICGC project7

was analyzed using the Gene Set Enrichment Analysis (GSEA)
package version 2.0. Enrichment of the MAPK gene signature was
investigated using the C2 Biocarta and C2 KEGG collection ver-
sion 6.1 as reported in the Online Supplementary Methods. Gene sets
with a P≤0.05, a false discovery rate (FDR) q-value ≤10% and a
normalized enrichment score (NES) ≥1.5 were considered to be
significantly enriched in the group with mutations in the RAS-
BRAF-MAPK-ERK pathway. 

Western blot analysis 
Whole-cell protein extracts were obtained from CLL cells and

peripheral blood mononuclear cells from healthy donors and
western blot was performed with antibodies against phosphory-
lated-T202/Y204 ERK 1/2 and total ERK (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) (Online Supplementary
Methods). 

Analysis of viability
Vemurafenib, dabrafenib, and ulixertinib (BVD-523) were pur-

chased from Selleckchem (Houston, TX, USA). Primary CLL cells
were incubated for 24 or 48 h with the indicated doses of the
drugs and then stained and analyzed as reported in the Online
Supplementary Methods. 

B-cell receptor stimulation and quantification 
of phosphorylated ERK by flow cytometry
B-cell receptors were stimulated by incubating CLL cells with 10

mg/mL of anti-IgM (Southern Biotech, Birmingham, AL, USA) and
cells were stained for phospho (T202 and Y204)-ERK1/2-phyco-
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erythrin (Becton Dickinson, Franklin Lakes, NJ, USA) (Online
Supplementary Methods).

Statistical analysis
A Fisher test or non-parametric tests were used to correlate

clinical and biological variables according to the presence of
mutations in the RAS-BRAF-MAPK-ERK pathway. Time to first
treatment (TTFT) was calculated from the date of sampling to
the first treatment or last follow-up. Overall survival was calcu-
lated from the date of sampling to the date of death or last fol-
low-up. All the analyses were conducted using SPSS 20
(www.ibm.com) software and are detailed in the Online
Supplementary Methods. For primary cell cultures data are pre-
sented as the mean ± standard error of the mean. Comparisons
between groups were evaluated with a Wilcoxon paired test
using GraphPad Prism 4.0 software. Results were considered sta-
tistically significant when the P-value was ≤0.05.

Results

Clinical and biological impact of mutations in the RAS-
BRAF-MAPK-ERK pathway
Four hundred fifty-two patients (276 males/176

females) with CLL were analyzed for the clinical and bio-
logical impact of mutations in genes of the RAS-BRAF-
MAPK-ERK pathway (see Online Supplementary Table S1
for the main characteristics of the series). 
A total of 31 mutations affecting genes of the RAS-

BRAF-MAPK-ERK pathway were observed in 30 of the
452 CLL patients (7%) (Online Supplementary Figure S1 and
Table 1). Mutations were missense (25/31; 81%) or non-
coding mutations at the 3’ or splice donor regions (6/31;
19%). The mean VAF for the 31 individual mutations was
0.36 ± 0.13. According to the results of the  PolyPhen-2,
SIFT and CADD algorithms used to predict the patho-
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Table 1. Description of the mutations in genes of the RAS-BRAF-MAPK-ERK pathway in patients with chronic lymphocytic leukemia.
Case    Patient       Gene            HGVS.p         Annotation          PolyPhen-2               SIFT               CADD              VAF         IGHV      TP53     BIRC3      ATM
                              name                                                            predictiona           predictionb  phred-like scorec

1                723           KITLG                  n.a.                  3' UTR                       n.a.                           n.a.                      4.25                   0.39             UM            UM               M                 M
2                 33               KIT             p.Val833Leu        missense       Probably damaging        Damaging               22.70                  0.24              M             UM             UM              UM
3               1078             KIT                    n.a.                  3' UTR                       n.a.                           n.a.                      5.91                   0.55             UM            UM             UM              UM
4                850             SOS2             p.Pro7Ser          missense                  Benign                   Tolerated               10.21                  0.50              M             UM             UM              UM
5                191          PTPN11           p.Ala72Val          missense       Probably damaging        Damaging               32.00                  0.58              M             UM             UM              UM
6                677          PTPN11          p.Glu76Lys         missense       Probably damaging        Damaging               33.00                  0.54             UM             M               UM              UM
7               1192         PTPN11          p.Asp61Val         missense       Probably damaging        Damaging               28.20                  0.17             UM            UM             UM              UM
8               1226         PTPN11          p.Asp61Val         missense       Probably damaging        Damaging               28.20                  0.50             UM            UM             UM              UM
9*             155          PTPN11         p.Ser502Pro        missense      Possibily damaging       Damaging               31.00                  0.15             UM            UM             UM              UM
10               15             GNB1            p.Ile80Thr          missense       Probably damaging        Damaging               28.10                  0.42             UM            UM             UM              UM
11             1564           GNB1                  n.a.                  3' UTR                       n.a.                           n.a.                      1.21                   0.31             UM            UM             UM              UM
12              398            KRAS             p.Gly12Val          missense       Probably damaging        Damaging               29.90                  0.18             UM            UM             UM              UM
13              598            KRAS            p.Gln61His         missense                  Benign                   Damaging               23.50                  0.42             UM            UM             UM              UM
9*             155            KRAS            p.Gly12Asp         missense      Possibily damaging       Damaging               25.30                  0.30             UM            UM             UM              UM
14             1371           NRAS            p.Gln61Arg         missense                  Benign                   Damaging               23.10                  0.22             UM            UM             UM              UM
15               27             BRAF           p.Glu501Lys        missense       Probably damaging        Damaging               34.00                  0.15             UM            UM             UM              UM
16              100            BRAF           p.Lys601Glu        missense      Possibily damaging       Damaging               24.50                  0.20             UM            UM             UM              UM
17              134            BRAF            p.Gly469Ala         missense       Probably damaging        Damaging               27.50                  0.54             UM            UM             UM              UM
18              148            BRAF           p.Lys601Asn        missense      Possibily damaging       Damaging               24.30                  0.38             UM            UM             UM              UM
19              279            BRAF           p.Asp594Gly        missense       Probably damaging        Damaging               29.70                  0.49             UM             M               UM              UM
20              721            BRAF           p.Asn581Ser        missense       Probably damaging        Damaging               19.38                  0.48             UM            UM             UM              UM
21              824            BRAF           p.Leu597Gln        missense       Probably damaging        Damaging               28.80                  0.25             UM            UM             UM              UM
22             1079           BRAF           p.Val600Glu         missense       Probably damaging        Damaging               32.00                  0.33             UM            UM             UM              UM
23             1431           BRAF           p.Gly534Arg        missense      Possibily damaging       Damaging               34.00                  0.46             UM            UM             UM              UM
24               44           MAP2K1         p.Phe53Cys         missense       Probably damaging        Damaging               29.10                  0.19             UM            UM             UM              UM
25             1365         MAP2K1         p.Gly128Asp        missense       Probably damaging        Damaging               32.00                  0.29             UM            UM             UM               M
26              884          MAP2K2                n.a.             splice donor                  n.a.                           n.a.                     23.30                  0.39              M             UM             UM              UM
27              761          MAP2K2         p.Gln60Pro         missense       Probably damaging        Damaging               24.70                  0.26             UM            UM               M                 M
28             1477         MAP2K2                n.a.                  3' UTR                       n.a.                           n.a.                     11.64                  0.43              M             UM             UM              UM
29             1568         MAP2K2         p.Tyr134Cys        missense       Probably damaging        Damaging               27.00                  0.33             UM             M               UM              UM
30              442           MAPK1                 n.a.                  3' UTR                       n.a.                           n.a.                     12.71                  0.43             UM            UM             UM              UM
*CLL case with two mutations in genes of the RAS-BRAF-MAPK-ERK pathway; aAdzhubei I, Jordan DM, Sunyaev SR. Predicting  functional effect of human missense mutations using
PolyPhen-2. Curr Protoc Hum Genet. 2013; Chapter 7: Unit 7.20. bNg PC, Henikoff S. SIFT: Predicting amino acid changes that affect protein function. Nucleic Acids Res. 2003 Jul
1;31(13):3812-4. cKircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J. A general framework for estimating the relative pathogenicity of human genetic variants. Nat Genet.
2014;46(3):310-5. HGVS.p: Human Genome Variation Society protein sequence; PolyPhen-2: Polymorphism Phenotyping v2; SIFT: Sorting Intolerant From Tolerant;  CADD: Combined
Annotation-Dependent Depletion; VAF: variant allele frequency; IGVH: immunoglobulin variant heavy chain genes; 3’UTR: 3’ untranslated region; n.a. not applicable; M: mutated, UM:
unmutated.



genicity of the mutations, five mutations in the 3’ untrans-
lated region (cases 1, 3, 11, 28 and 30) and one missense
mutation (case 4, SOS2 gene) were discarded as not being
pathogenic. We were able to demonstrate that the muta-
tion in the 3’ untranslated region of KITLG (case 1) was
functional as we detected high levels of phosphorylated
ERK, a surrogate marker of RAS-BRAF-MAPK-ERK path-
way activation (Figure 3A). Due to the absence of cryo -
preserved material, we could not analyze the functionality
of these mutations in the remaining cases. Therefore, con-
sidering only the putative functional mutations, a total of
26 functional mutations affecting genes of the RAS-BRAF-
MAPK-ERK pathway were observed in 25 of 452 CLL
patients (5.5%). In 11 of the 25 patients (44%) these muta-
tions were clonal (VAF ≥0.40) and in the other 14 patients
(56%) they were subclonal (VAF <0.40). Mutations were
detected in genes upstream of BRAF (KITLG, KIT,
PTPN11, GNB1, KRAS and NRAS) in 12/452 patients
(2.6%), in BRAF in 9/452 patients (2.0%), and in genes
downstream of BRAF (MAP2K1 alias MEK1, MAP2K2
alias MEK2) in 5/452 patients (1.1%). The most frequent
single mutated gene was BRAF (n=9/26, 34.6%) followed
by PTPN11 (n=5/26, 19.2%), MAP2K2 (n=3/26, 11.5%),
KRAS (n=3/26, 11.5%), and MAP2K1, (2/26 cases, 7.7%);
mutations of GNB1, NRAS, KIT, and KITLG were each
found in one patient. One patient had concomitant muta-
tions of PTPN11 and KRAS. Interestingly, BRAFmutations
were localized between exons 11 to 15 and most of them
occurred in the activation loop (A-loop) near the V600
position or near the phosphate-binding loop (P-loop) at
residues 464-469. Only in one case did the BRAFmutation
correspond to V600E, the most common mutation
described in a variety of human malignancies including
HCL.17

Association of mutations in the RAS-BRAF-MAPK-ERK
pathway with clinical and biological features
The main clinical and biological characteristics of the 25

patients with functional mutations in the RAS-BRAF-
MAPK-ERK pathway are listed in Table 2. 
The age, sex and clinical stage of the patients with

mutations in the RAS-BRAF-MAPK-ERK pathway were
similar to those of the patients without mutations.
However, patients with mutations in RAS-BRAF-MAPK-
ERK pathway genes more frequently had abnormal values
of lactate dehydrogenase, high expression of ZAP-70,
CD38 and CD49d, trisomy 12 and most of them had U-
IGHV (21/24, 87%) (P≤0.05 in all comparisons) (Table 2).
Patients with mutations in the RAS-BRAF-MAPK-ERK
pathway more frequently had  three or more driver muta-
tions than patients without mutations in the pathway, but
no differences were observed in the genes most frequently
mutated in CLL (NOTCH1, SF3B1, BIRC3, TP53 or ATM)
(Table 2). Six cases contemporaneously carried mutations
in TP53, ATM or BIRC3. As most patients with mutations
in the RAS-BRAF-MAPK-ERK pathway had U-IGHV, we
conducted a similar analysis including only the subgroup
of U-IGHV patients. As seen in Table 3, only lactate dehy-
drogenase and trisomy 12 maintained statistical signifi-
cance. Figure 1 shows a brick-plot of concomitant gene
mutations/cytogenetic aberrations for cases with RAS-
BRAF-MAPK-ERK pathway mutations.
Patients with mutations in the RAS-BRAF-MAPK-ERK

pathway required treatment more frequently, considering
both the whole group (88% versus 43%; P<0.001) and

within the U-IGHV subgroup (95% versus 75%; P<0.048).
There were no differences in the type of treatment
received or the response achieved according to the pres-
ence or absence of mutations in the pathway (Table 2).
Five-year TTFT of patients with Binet A or B disease was
82% [95% confidence interval (95% CI): 66-98%] in
patients with mutations in the RAS-BRAF-MAPK-ERK
pathway versus 50% (95% CI: 42-58%) in the unmutated
group; P<0.001]. The comparison between clonal and sub-
clonal mutated cases showed that the 5-year TTFT was

Table 2. Main clinical and biological characteristics of patients according to
mutations in the RAS-BRAF-MAPK-ERK pathway.
Parameter                               Category           Unmutated         Mutated    P-value
                                                                           (n=427)             (n=25)           

Gender                                            Male (%)              257 (60%)            19 (76%)         ns
Age (years), median (range)                                    61 (18-93)           61 (44-84)        ns
                                                                 A                     366 (87%)            21 (88%)           
Binet stage                                             B                      47 (11%)               1 (4%)           ns
                                                                 C                        8 (2%)                 2 (8%)             
                                                                 0                      278 (66%)            13 (54%)           
Rai stage                                               I-II                    130 (31%)             9 (38%)          ns
                                                              III-IV                    12 (3%)                2 (8%)             
Lymphocytes count (x109/L),                                    11 (1-203)            11 (1-75)         ns
median (range)
Absolute CLL cell count (x109/L),                          8 (0.4-192)           6 (0.7-83)         ns
median (range)
Hemoglobin (g/L),                                                    141 (45-177)     147 (125-159)     ns
median (range)
Platelets (x109/L),                                                     204 (49-791)       170 (99-315)      ns
median (range)
B2 microglobulin                               UNV*             119/373 (32%)       7/18 (39%)        ns
Lacate dehydrogenase                    UNV*                26/407 (6%)         6/19 (32%)     0.002
IGHV                                               Unmutated        145/421 (34%)      21/24 (87%)   <0.001
CD49d                                                  >30%               92/290 (32%)        9/13 (69%)     0.012
CD38                                                    >30%               96/403 (24%)       10/23 (43%)    0.046
ZAP-70                                                 ≥20%               98/394 (25%)       14/21 (67%)   <0.001
Genetics                                   del(13q)(q14.3)    148/308(48%)       3/13 (23%)        ns
                                                          Trisomy 12          48/308 (16%)        6/13 (46%)     0.011
                                                     del(11q)(q22.3)      26/307 (8%)          0/13 (0%)         ns
                                                     del(17p)(p13.1)      11/308 (4%)          1/13 (8%)         ns
Driver mutations                                ≥3                 159/427(37%)      17/25 (68%)    0.003
NOTCH1                                           Mutated            52/427 (12%)        5/25 (20%)        ns
SF3B1                                                Mutated              38/427(9%)          1/25 (4%)         ns
TP53                                                 Disrupted           21/397 (5%)          2/23 (9%)         ns
BIRC3                                              Disrupted           38/427 (9%)          2/25 (8%)         ns
ATM                                                  Disrupted          47/427 (11%)        3/25 (12%)        ns
Treated                                       184/427 (43%)        22/25 (88%)            <0.001
Response to treatment*
                                                                 CR                    102 (55%)            12 (57%)           
                                                                 PR                     48 (26%)              4 (19%)          ns
                                                             Failure                  13 (7%)               3 (14%)            
5-year TTFT (95% CI)*                     A&B                 50% (42-58)       82% (66-98)  <0.001
5-year OS (95% CI)                             All                   80% (74-86)       78% (60-96)      ns
5-year t-DLBCL                                    All                      2% (1-3)           11% (0-25)     0.080
*It was not possible to assess the response to treatment in 21/184 (11%) of the unmutated
patients and in 2/21 (9%) of the mutated patients. CLL: chronic lymphocytic leukemia; UNV:
above normal value; CR: complete response, PR: partial response, TTFT: time to first treatment;
OS: overall survival; 95% CI: 95% confidence interval; t-DLBCL: transformation into diffuse large
B-cell lymphoma (Richter syndrome); ns: not significant.
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92% (95 CI: 76-100%) for patients with subclonal muta-
tions, 70% (95 CI: 42-98%) for patients with clonal muta-
tions, and 51% (95% CI: 42-60%; P≤0.001) for those
without mutations. The adverse effect of mutations in
genes of the RAS-BRAF-MAPK-ERK pathway was
observed independently of the mutated gene (Online
Supplementary Figure S2). Overall, patients with mutations
in the RAS-BRAF-MAPK-ERK pathway had a worse TTFT
than that of patients without mutations (P<0.001) (Figure
2A). However, when other adverse mutations (TP53, ATM
or BIRC3)26,27 were taken into account, patients with muta-
tions in both the RAS-BRAF-MAPK-ERK pathway and in
TP53, ATM or BIRC3 (n=6, 1%) had the shortest 5-year
TTFT (100%) followed by patients with mutations in
TP53, ATM or BIRC3 [n=64,15%; 5-year TTFT of 83% (CI
95%: 71-95%)], patients with mutations only in the RAS-
BRAF-MAPK-ERK pathway [n=16, 4%; 5-year TTFT of
75% (CI 95%: 54-96%)], and patients without mutations
[n=337, 79%; 5-year TTFT of 44% (CI 95%: 34-54%)]

(P≤0.001) (Figure 2B). In the subgroup of patients with
Binet A or B CLL with U-IGHV, those patients with
adverse gene mutations concomitantly with mutations in
RAS-BRAF-MAPK-ERK pathway genes (n=6, 4%) again
had a worse 5-year TTFT (all treated) than patients with
only mutations in TP53, ATM or BIRC3 (n=45, 30%; 5-
year TTFT: 87%, CI 95%: 77-97%), patients with only
mutations in RAS-BRAF-MAPK-ERK pathway genes
(n=13, 8%; 5-year TTFT: 85%, CI 95%: 65-100%), and
patients without mutations in these genes (n=88, 56%; 5-
year TTFT: 71%, CI: 95%: 60-82%) (P=0.001) (Figure 2C).
A multivariate analysis including IGHV status, mutations
in RAS-BRAF-MAPK-ERK pathway genes, and mutations
in TP53, ATM or BIRC3 in a final model with 418 patients
showed an independent impact on TTFT for IGHV status
[hazard risk (HR) 3.4 (95% CI: 2.5-4.8), P<0.001], muta-
tions in the RAS-BRAF-MAPK-ERK pathway [HR 1.8
(95% CI: 1.1- 3), P=0.016] and adverse mutations [HR 2.0
(95% CI: 1.5-2.8), P<0.001]. 
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Table 3. Main clinical and biological characteristics of patients according to the presence or absence of mutations in genes of the RAS-BRAF-
MAPK-ERK pathway in the subgroup with unmutated IGHV chronic lymphocytic leukemia.
Parameter                                                                          Category                               Unmutated                             Mutated                      P-value
                                                                                                                                          (n=145)                                (n=21)                            

Gender                                                                                                Male (%)                                        94 (65%)                                     16 (76%)                               ns
Age (years), median (range)                                                                                                                 61 (18-93)                                 61 (44-78)ns                              
                                                                                                                      A                                           105/142 (74%)                              18/20 (90%)                              
Binet stage                                                                                                  B                                           32/142 (22%)                                 1/20 (5%)                              ns
                                                                                                                     C                                             5/142 (4%)                                   1/20 (5%)                                 
                                                                                                                      0                                            67/141 (47%)                               11/20 (55%)                              
Rai stage                                                                                                    I-II                                          66/141 (47%)                                8/20 (40%)                             ns
                                                                                                                  III-IV                                          8/141 (6%)                                   1/20 (5%)                                 
Lymphocytes count (x109/L), median (range)                                                                                 10.7 (1-106)                                  12 (1-26)                               ns
Absolute CLL cells count (x109/L), median (range)                                                                        8 (0.8-114)                                   7 (0.7-83)                              ns
Hemoglobin (g/L), median (range)                                                                                                   140 (45-166)                              149 (125-159)                           ns
Platelets (x109/L), median (range)                                                                                                    210 (49-470)                               163 (99-315)                            ns
B2 microglobulin                                                                                     UNV                                         57/128 (45%)                                7/15 (47%)                             ns
Lactate dehydrogenase                                                                        UNV                                         15/137 (11%)                                6/16 (37%)                           0.011
CD49d                                                                                                      >30%                                        42/89 (47%)                                 8/11 (73%)                             ns
CD38                                                                                                        >30%                                       61/136 (45%)                               10/19 (53%)                            ns
ZAP-70                                                                                                     ≥20%                                      77/1131 (59%)                              13/18(72%)                             ns
Genetics                                                                                         del(13q)(q14.3)                              38/102 (37%)                                1/10 (10%)                             ns
                                                                                                              Trisomy 12                                   22/102 (22%)                                6/10 (60%)                           0.015
                                                                                                         del(11q)(q22.3)                              21/102 (20%)                                 0/10 (9%)                              ns
                                                                                                         del(17p)(p13.1)                                5/102 (5%)                                  1/10 (10%)                             ns
Driver mutations                                                                                     ≥3                                          96/145 (66%)                               14/21(67%)                             ns
NOTCH1                                                                                                Mutated                                     43/145 (30%)                                5/21 (24%)                             ns
SF3B1                                                                                                    Mutated                                     21/145 (15%)                                 1/21 (5%)                              ns
TP53                                                                                                     Disrupted                                     9/134 (7%)                                  2/20 (10%)                             ns
BIRC3                                                                                                   Disrupted                                   30/145 (21%)                                2/21 (12%)                             ns
ATM                                                                                                      Disrupted                                   38/145 (26%)                                3/21 (14%)                             ns
Treated                                                                                                                                                     108/145 (75%)                              20/21 (95%)                          0.048
5-year TTFT (95% CI)                                                                           A&B                                         78% (68-88)                              90% (76-100)                         0.025
5-year OS (95% CI)                                                                            U-IGHV                                      70% (60-80)                              84% (64-100)                         0.020
5-year t-DLBCL                                                                                        All                                             9% (5-13)                                   12% (0-26)                             ns
TTFT: time to first treatment; OS: overall survival; 95% CI: 95% confidence interval; t-DLBCL: transformation into diffuse large B-cell lymphoma (Richter syndrome); ns: not sig-
nificant: UNV: above normal value: 95% CI: 95% confidence interval; U-IGHV: unmutated IGHV genes



The overall survival of patients with mutations in RAS-
BRAF-MAPK-ERK pathway genes was similar to that of
patients without mutations in this pathway (Table 2).
When mutations in TP53, ATM or BIRC3 were taken into
account, the overall survival of patients with mutations in
genes of the RAS-BRAF-MAPK-ERK pathway alone was
similar to that of patients without adverse mutations
(Figure 2D) [5-year overall survival of patients without
mutations, 84% (95% CI: 78-92%); with mutations only
in the RAS-BRAF-MAPK-ERK pathway, 80% (95% CI:
64-99%); with adverse mutations only, 66% (95% CI: 53-
79%); and with both abnormalities in RAS-BRAF-MAPK-
ERK pathway genes and adverse mutations, 66% (95%
CI: 45-100%), P=0.003]. Multivariate analysis including
IGHV status, mutations in genes of the RAS-BRAF-
MAPK-ERK pathway, and adverse mutations in a final
model with 439 patients showed an independent impact
on overall survival for IGHV status [HR 3.3 (95% CI: 1.9-
5.9), P<0.001] and adverse mutations [HR 1.7 (95% CI:
1.1-2.8), P=0.02].

Functional and gene expression analysis
To assess the functional impact of these genomic alter-

ations on the RAS-BRAF-MAPK-ERK pathway, we ana-
lyzed the phosphorylation status of ERK as a surrogate
marker of activation of the pathway. Western blotting
with an antibody that specifically recognizes the dually
phosphorylated and active forms of ERK1 and ERK2
showed higher levels of endogenous ERK phosphoryla-
tion (3.3- to 4.4-fold induction) in CLL cases with muta-
tions in KITLG, BRAF, MAP2K2 and MAP2K1 genes com-
pared to U-IGHV CLL cases with no alterations in the
MAPK/ERK pathway (Figure 3A). The same results were
obtained when analyzing the phosphorylated forms of
ERK by flow cytometry, labeling cells with phospho
(T202/Y204)-ERK1/2-phycoerythrin. Figure 3B shows that
cases with mutations in genes of the RAS-BRAF-MAPK-

ERK pathway (PTPN11, BRAF, and MAP2K1 mutations)
had higher basal levels of phosphorylated ERK than cases
of U-IGHV CLL (5- to 10-fold).
To identify the differential biological characteristics of

cells carrying mutations in the RAS-BRAF-MAPK-ERK
pathway, we conducted a gene expression profiling study
in CD19+ tumor CLL cells from 143 CLL cases, 17 of
which carrying functional mutations according to
PolyPhen-2, SIFT and CADD phred-like predictions. With
the C2 Biocarta analysis, we detected 126 of 149 gene sets
upregulated in the group carrying mutations in genes of
the RAS-BRAF-MAPK-ERK pathway, including the
Biocarta MAPK pathway (NES=1.90; P<0.001;
FDR=0.013) (Online Supplementary Table S2 and Figure
3C). Similar results were obtained when carrying out a
C2 KEGG analysis. We detected 104 of 178 gene sets
upregulated in the group carrying mutations in genes of
the RAS-BRAF-MAPK-ERK pathway, including the
KEGG MAPK signaling pathway (NES=1.85; P<0.001;
FDR=0.013) (Online Supplementary Table S3 and Figure
3D). Genes belonging to the Biocarta and KEGG MAPK
pathways are listed in Online Supplementary Tables S4 and
S5, respectively. 

Response to MAPK pathway inhibitors
We next evaluated the effect of BRAF inhibitors

(vemurafenib, a specific inhibitor of the BRAF V600E
mutation, and dabrafenib, specific for BRAF V600E and
V600K variants) in cells from 17 CLL cases, nine contain-
ing mutations in genes of the RAS-BRAF-MAPK-ERK
pathway (KITLG, PTPN11, KRAS, BRAF, MAPK1,
MAP2K1 and MAP2K2) and eight U-IGHV CLL cases
with no alterations in this pathway. Vemurafenib, at a
dose of 2.5 mM, was not able to inhibit basal ERK phos-
phorylation or after anti-IgM stimulation in mutated
cases, while a slight effect was observed after treatment
with 2.5 mM of dabrafenib. Furthermore, upregulation of
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Figure 1. Brick-plot showing gene mutations, cytogenetic abnormalities and the type of RAS-BRAF-MAPK-ERK pathway mutations.  Clonal mutations are labeled
in dark blue, subclonal mutations in light blue, normal genes or chromosomal regions in light gray, and mutated/deleted genes or chromosomal regions in dark gray.
Adverse alterations: TP53, ATM or BIRC3.



phosphorylated ERK, was observed in the U-IGHV CLL
cases with no mutations in the RAS-BRAF-MAPK-ERK
pathway after incubation with 2.5 mM of dabrafenib
(P<0.05) (Figure 4A). 
We next analyzed the cytotoxic effect of these drugs at

different doses (0.5 to 5 mM) and times (24 h and 48 h):
vemurafenib did not have any cytotoxic effect, while
dabrafenib exerted some degree of cytotoxicity at the
higher doses in both mutated RAS-BRAF-MAPK-ERK
cases and U-IGHV CLL cases after 24 h of incubation
(P<0.05) and at all doses after 48 h of incubation (P<0.05
at 0.5 mM  and P<0.01 at 1-5 mM) (Figure 4B).

Finally, we compared the effect of the pan-ERK inhibitor
ulixertinib (BVD-523) in six patients carrying mutations in
the RAS-BRAF-MAPK-ERK pathway (KITLG, PTPN11,
BRAF, MAP2K1, MAP2K2 and MAPK1) and six U-IGHV
CLL cases without mutations. In contrast to the lack of
effect of vemurafenib and dabrafenib at 2.5 mM, ulixer-
tinib was able to inhibit basal ERK phosphorylation (by
60%) in all cases with mutations in the RAS-BRAF-MAPK-
ERK pathway at doses of 2.5 mM, and after stimulation
with anti-IgM at much lower doses (100 nM) (Figure 4C).
This effect was not observed in RAS-BRAF-MAPK-ERK
pathway unmutated, U-IGHV cells. 
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Figure 2. Outcome of patients according to mutations in genes of the RAS-BRAF-MAPK-ERK pathway. (A) Time to first treatment (TTFT) in Binet stage A and B
patients according to mutations in the RAS-BRAF-MAPK-ERK pathway (the green line represents patients with clonal mutations, the orange line represents patients
with subclonal mutations and the blue line represents patients with no mutations in the RAS-BRAF-MAPK-ERK pathway). (B) TTFT in Binet stage A and B patients
according to the presence or absence of mutations in the RAS-BRAF-MAPK-ERK pathway and/or adverse mutations (TP53, ATM or BIRC3). (C) TTFT in U-IGHV CLL
Binet A and B patients according to the presence or absence of mutations in the RAS-BRAF-MAPK-ERK pathway and/or adverse mutations (TP53, ATM or BIRC3).
(D) Overall survival of all CLL patients according to the presence or absence of mutations in the RAS-BRAF-MAPK-ERK pathway and/or adverse mutations (TP53,
ATM or BIRC3).
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Discussion

CLL is characterized by a heterogeneous mutational
landscape, with the presence of certain mutations being
associated with progression of the disease and refractori-
ness to immuno-chemotherapy, which lead to a poor out-
come.6,13,28 Recently, it has been proposed that the MAPK–
ERK pathway could be one of the cellular processes affect-
ed in CLL through mutations in novel CLL drivers such as
NRAS, KRAS, BRAF, PTPN11 and MAP2K1.9,24 The RAS-
BRAF-MAPK-ERK pathway plays a central role not only in
regulating normal cellular processes involved in prolifera-
tion, growth, and differentiation, but also in oncogenesis,29
and it is an important key dysregulated pathway in
cancer.30
In our series, we observed mutations in genes belonging

to the RAS-BRAF-MAPK-ERK pathway in 5% of CLL
patients, a frequency similar to that already described.13
When we evaluated each mutation specifically, BRAF
mutations were detected in 2% of our CLL series, as pre-
viously reported.9,21 BRAF mutations did not involve the
canonical hotspot (V600E) seen in other malignancies,17
which leads to constitutive activation of BRAF, but rather
were clustered around the activation segment of the

kinase domain.9,23 Mutations in these positions confer vari-
able but increased signaling and have oncogenic capacity.31
Mutations in exon 15 of BRAF have been associated with
refractoriness to fludarabine22 although they do not seem
to be selected during progression to refractory CLL.21
Furthermore, the frequency of BRAF V600E mutations is
higher in Richter syndrome than in untransformed CLL32,
and this mutation could be acquired during the evolution
of CLL. Recently, our group reported that the mere detec-
tion of a BRAF mutation, even at a very low frequency,
had a prognostic impact on TTFT.33 However, given the
low frequency of mutations observed in CLL patients,
larger series of patients are needed to corroborate these
observations.
Mutations in genes upstream and downstream of BRAF

were observed in 64% (16/25) of cases. MAP2K1 muta-
tions have already been described in HCL-variant and con-
ventional HCL with rearranged IGHV4-34,34 Langerhans
cell histiocytosis,35 and pediatric-type follicular lym-
phoma.36 This mutation, similar to those of BRAF, leads to
activation of the downstream target, ERK.36 Moreover, we
found mutations in additional genes of this pathway, such
as MAP2K2, which encodes MEK2, and PTPN11, which
encodes SHP-2. Both these proteins participate in the reg-
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Figure 3. Activation of the RAS-BRAF-MAPK-ERK
pathway.  (A) Basal phosphorylated (p)-ERK and
ERK levels analyzed by western blot in cases of
chronic lymphocytic leukemia (CLL) with mutations
in genes of the RAS-BRAF-MAPK-ERK pathway
(case 1: KITLG mutation, case 16: BRAF mutation,
case 27: MAP2K2mutation and case 25: MAP2K1
mutation), in unmutated IGHV (U-IGHV) CLL and in
peripheral blood mononuclear cells (PBMC). α-
tubulin was used as a loading control. p-ERK/ERK
levels were quantified relative to the U-IGHV case.
(B) Basal p-ERK levels were analyzed by flow
cytometry in CLL cases with mutations in genes of
the RAS-BRAF-MAPK-ERK pathway (case 6:
PTPN11 mutation, case 15: BRAF mutation and
case 25: MAP2K1 mutation). Expression levels
are relative to those in U-IGHV CLL. (C) Gene set
enrichment analysis (GSEA) plots of the Biocarta-
MAPK and KEGG MAPK signaling pathway gene
sets regarding mutational status in genes of the
RAS-BRAF-MAPK-ERK pathway in U-IGHV cases.
The enrichment plot contains profiles of the run-
ning enrichment scores (ES) and positions of gene
set members on the rank ordered list in GSEA
(126 unmutated and 17 mutated CLL cases). NES,
normalized enrichment score. FDR, false discov-
ery rate.
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Figure 4. Effect of RAS-BRAF-MAPK-ERK inhibitors in cases of RAS-BRAF-MAPK-ERK-mutated and unmutated IGHV chronic lymphocytic leukemia. (A) Cells from
17 cases of chronic lymphocytic leukemia (CLL), nine containing mutations in the RAS-BRAF-MAPK-ERK pathway (KITLG, PTPN11, KRAS, BRAF, MAPK1, MAP2K1,
MAP2K2) and eight with unmutated IGHV genes (U-IGHV) with no alterations in genes of the RAS-BRAF-MAPK-ERK pathway were treated with vemurafenib 2.5 mM
or dabrafenib 2.5 mM. p-ERK levels were analyzed by flow cytometry after 1.5 h of treatment and expressed relative to untreated cells (Ct) at basal levels (unstimu-
lated) or after stimulation with anti-IgM (stimulated) (*P<0.05). Histograms showing anti-IgM stimulation of ERK (T202/Y204) phosphorylation with and without
vemurafenib or dabrafenib (2.5 mM) treatment in representative CLL cases (U-IGHV CLL and case 17 with a BRAF mutation). (B) Cell viability after treatment for 24
and 48 h with vemurafenib or dabrafenib at doses of 0.5-5 mM. Bars represent the mean ± standard error of the mean (SEM) of all samples analyzed (n=9 in the
group of CLL cases with mutations in genes of the RAS-BRAF-MAPK-ERK pathway and n=8 in the unmutated CLL group) (*P<0.05; **P<0.01). (C) p-ERK levels after
treatment with 0.1 or 2.5 mM ulixertinib (UT) relative to untreated (Ct) samples analyzed by flow cytometry at basal levels (unstimulated) or after stimulation with
anti-IgM (stimulated). Bars represent the mean ± SEM of six samples analyzed in each group, six with mutations in genes of the RAS-BRAF-MAPK-ERK pathway
(KITLG, PTPN11, BRAF, MAP2K1, MAP2K2, and MAPK1) and six U-IGHV CLL cases. Histograms showing anti-IgM stimulation of ERK (T202/Y204) phosphorylation
and its inhibition by 100 nM and 2.5 mM ulixertinib (UT) in representative CLL cases (U-IGHV: CLL and case 15: BRAF mutation). Each patient is represented by a dif-
ferent color depending on the RAS-BRAF-MAPK-ERK mutational status and the mutation position relative to BRAF. 
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ulation of the RAS-BRAF-MAPK-ERK signaling pathway.37
Mutations in this pathway seem to be mutually exclusive
as only in one case were two different mutations observed
simultaneously in the pathway. In this way, oncogene
mutations that activate common downstream pathways
often occur in a mutually exclusive fashion,38 as has been
reported for BRAF and MAP2K1 in HCL-variant.34
The upregulation of genes of the MAPK pathway

observed in the gene expression profiling analysis as well
as the higher levels of phosphorylated ERK, a surrogate
marker of MAPK pathway activation,39 in cases with
mutations in genes of the RAS-BRAF-MAPK-ERK path-
way suggested the activation of this pathway in this sub-
group of patients. Importantly, no ERK phosphorylation
was observed in unmutated cases. Overall, these results
agree with those found in other cancers, in which it has
been postulated that the activation of RAS-RAF-MEK-ERK
signaling can occur through mutations in several genes in
the pathway.40
Our data suggest that mutations in the RAS-BRAF-

MAPK-ERK pathway are associated with adverse biologi-
cal features such as U-IGHV, high expression of ZAP-70,
CD38 and CD49d, abnormal values of lactate dehydroge-
nase, and accumulation of three or more driver mutations.
Importantly, mutated CLL cases had a 5-year TTFT similar
to that of patients with adverse mutations (TP53, ATM or
BIRC3), whereas patients carrying both types of muta-
tions simultaneously had the worst 5-year TTFT, as
reported by our group and others.7,9,22,33 In our series of
patients, the impact of mutations in genes of the RAS-
BRAF-MAPK-ERK pathway on TTFT was independent of
that of IGHV status and mutations in TP53, ATM or
BIRC3. However, mutations in genes of the RAS-BRAF-
MAPK-ERK pathway did not affect overall survival.
Recently it was reported that BRAF mutations were asso-
ciated with adverse overall survival, whereas KRAS and
NRAS mutations were not.24
Vemurafenib (in 2011) and dabrafenib (in 2013) were

the first selective BRAF inhibitors clinically approved for
the treatment of melanoma with BRAF mutations.30 MEK
inhibitors have also shown efficacy in BRAF-mutant
melanoma and in 2014 and 2015 the Food and Drug
Administration approved the use of MEK inhibitors in
combination with BRAF inhibitors as standard-of-care for
BRAF-mutant advanced melanoma.41 With these com-
pounds, clinical response rates of around 50% and
increased survival have been reported in BRAF-mutant
melanoma42 as well as in cases of HCL refractory to con-
ventional therapy.43,44 However, the majority of responses
are transient and resistance is often associated with a
plethora of different mechanisms that allow tumor cells to
bypass BRAF/MEK inhibition and restore ERK-dependent
signaling.45 Our results showed that vemurafenib and
dabrafenib were not able to decrease levels of ERK phos-
phorylation significantly in mutated cases, although a
slight effect was observed after dabrafenib treatment
which could be an off-target effect. Accordingly, a differ-
ent spectrum of efficacy against non-V600 BRAF mutants
has been described for vemurafenib and dabrafenib.46 In
contrast, activation of ERK was detected in unmutated
CLL cases, potentially due to ERK activation by the B-cell
receptor signaling complex as it has been described that

BRAF inhibitor-related ERK phosphorylation can be par-
tially abrogated by blocking B-cell receptor signaling with
SYK inhibitors.47
It has been postulated that cancer cells can dynamically

rewire their signaling networks to restore ERK activity and
override the actions of inhibitors that act upstream of
ERK.48 We, therefore, consider ERK itself as one of the
“best” nodes for effective disruption of ERK signaling. Our
results demonstrated that ulixertinib (BVD-523), a potent
and highly selective inhibitor of ERK1/2, was able to
inhibit ERK phosphorylation in vitro in all CLL cases with
mutations in genes of the RAS-BRAF-MAPK-ERK path-
way. Ulixertinib has shown activity in BRAF- and RAS-
mutant cell lines. Results of phase I studies in solid tumors
have documented a safe and well-tolerated effect in
patients who harbored BRAF-, NRAS- and MEK-mutant
solid tumors, supporting the ongoing development of ulix-
ertinib for patients with MAPK-activating alterations.49
Recently it was reported that CLL cells with trisomy 12
showed increased sensitivity to MEK and ERK inhibitors,
pointing to an essential role for MEK/ERK signaling in CLL
with trisomy 12.50
In conclusion, we showed that the RAS-BRAF-MAPK-

ERK pathway is one of the cellular processes affected in
CLL and identified novel CLL drivers. Patients with muta-
tions in genes of the RAS-BRAF-MAPK-ERK pathway had
adverse biological features and most of them required
treatment. Furthermore, our results suggest that inhibition
of ERK phosphorylation in this subgroup of mutated CLL
patients can be achieved using new, specific ERK
inhibitors that have recently entered clinical trials.
Pharmacological inhibition of the RAS-BRAF-MAPK-ERK
pathway may represent a therapeutic approach to
improve responses in this subgroup of CLL patients. 

Acknowledgments
This study was supported by the Ministerio de Economía y

Competitividad, Grant n. SAF2015-67633-R ,and PI16/00420
which are part of Plan Nacional de I+D+I and are co-financed
by the European Regional Development Fund (FEDER-“Una
manera de hacer Europa”) and the CERCA program from
Generalitat Catalunya. European Union’s Seventh Framework
Programme for research, technological development and demon-
stration under grant agreement n. 306240; Generalitat de
Catalunya Suport Grups de Recerca AGAUR 2017-SGR-
1009, and Departament de Salut (SLT002-16-00350),
Instituto de Salud Carlos III (ISCIII) International Cancer
Genome Consortium for Chronic Lymphocytic Leukemia
(ICGC-CLL Genome Project), and project PM15/00007,
which is part of Plan Nacional de I+D+I and are co-financed by
FEDER. NG is a recipient of a predoctoral fellowship from
Agaur and EC is an Academia Researcher of the "Institució
Catalana de Recerca i Estudis Avançats" (ICREA) of the
Generalitat de Catalunya. This work was mainly developed at
the Centre Esther Koplowitz (CEK), Barcelona, Spain. We are
indebted to the Genomics core facility of the Institut
d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS) for
technical help. We are grateful to N Villahoz and MC Muro for
their excellent work in the coordination of the CLL Spanish
Consortium and also thank L Jimenez, S Cabezas, and A Giró
for their excellent technical assistance. Finally, we are very grate-
ful to all patients with CLL who participated in this study.

Altered RAS-BRAF-MAPK-ERK pathway in CLL

haematologica | 2019; 104(3) 585



N. Giménez et al.

586 haematologica | 2019; 104(3) 586

References
1. Swerdlow SH, Campo E, Pileri SA, et al. The

2016 revision of the World Health
Organization classification of lymphoid
neoplasms. Blood. 2016;127(20):2375–2390.

2. Fabbri G, Dalla-Favera R. The molecular
pathogenesis of chronic lymphocytic
leukaemia. Nat Rev Cancer. 2016;16(3):145–
162.

3. Delgado J, Salaverria I, Baumann T, et al.
Genomic complexity and IGHV mutational
status are key predictors of outcome of
chronic lymphocytic leukemia patients with
TP53 disruption. Haematologica. 2014;99
(11):e231-234.

4. Zenz T, Eichhorst B, Busch R, et al. TP53
mutation and survival in chronic lympho-
cytic leukemia. J Clin Oncol. 2010;28(29):
4473–4479.

5. Rossi D, Rasi S, Spina V, et al. Integrated
mutational and cytogenetic analysis identi-
fies new prognostic subgroups in chronic
lymphocytic leukemia. Blood. 2013;121(8):
1403–1412.

6. Baliakas P, Hadzidimitriou A, Sutton L-A, et
al. Recurrent mutations refine prognosis in
chronic lymphocytic leukemia. Leukemia.
2015;29(2):329–336.

7. Puente XS, Beà S, Valdés-Mas R, et al. Non-
coding recurrent mutations in chronic lym-
phocytic leukaemia. Nature. 2015;526
(7574):519–524.

8. Quesada V, Conde L, Villamor N, et al.
Exome sequencing identifies recurrent
mutations of the splicing factor SF3B1 gene
in chronic lymphocytic leukemia. Nat
Genet. 2012;44(1):47–52.

9. Landau DA, Tausch E, Taylor-Weiner AN, et
al. Mutations driving CLL and their evolu-
tion in progression and relapse. Nature.
2015;526(7574):525–530.

10. Wang L, Lawrence MS, Wan Y, et al. SF3B1
and other novel cancer genes in chronic lym-
phocytic leukemia. N Engl J Med.
2011;365(26):2497–2506.

11. Landau DA, Carter SL, Stojanov P, et al.
Evolution and impact of subclonal muta-
tions in chronic lymphocytic leukemia. Cell.
2013;152(4):714–726.

12. Jeromin S, Weissmann S, Haferlach C, et al.
SF3B1 mutations correlated to cytogenetics
and mutations in NOTCH1, FBXW7,
MYD88, XPO1 and TP53 in 1160 untreated
CLL patient. Leukemia. 2014;28(1):108–117.

13. Nadeu F, Delgado J, Royo C, et al. Clinical
impact of clonal and subclonal TP53, SF3B1,
BIRC3, NOTCH1, and ATM mutations in
chronic lymphocytic leukemia. Blood.
2016;127(17):2122–2130.

14. Lavoie H, Therrien M. Regulation of RAF
protein kinases in ERK signalling. Nat Rev
Mol Cell Biol. 2015;16(5):281–298.

15. Davies H, Bignell GR, Cox C, et al.
Mutations of the BRAF gene in human can-
cer. Nature. 2002;417(6892):949–954.

16. Forbes SA, Beare D, Boutselakis H, et al.
COSMIC: Somatic cancer genetics at high-
resolution. Nucleic Acids Res. 2017;45(D1):
D777–D783.

17. Tiacci E, Trifonov V, Schiavoni G, et al.
BRAF mutations in hairy-cell leukemia. N
Engl J Med. 2011;364(24):2305–2315.

18. Tiacci E, Pettirossi V, Schiavoni G, Falini B.

Genomics of Hairy cell leukemia. J Clin
Oncol. 2017;35(9):1002–1010.

19. Pakneshan S, Salajegheh A, Smith RA, Lam
AK. Clinicopathological relevance of BRAF
mutations in human cancer. Pathology.
2013;45(4):346–356.

20. Buscà R, Pouysségur J, Lenormand P. ERK1
and ERK2 map kinases: specific roles or
functional redundancy? Front Cell Dev Biol.
2016;453.

21. Jebaraj BMC, Kienle D, Bühler A, et al. BRAF
mutations in chronic lymphocytic leukemia.
Leuk Lymphoma. 2013;54(6):1177–1182.

22. Pandzic T, Larsson J, He L, et al. Transposon
mutagenesis reveals fludarabine-resistance
mechanisms in chronic lymphocytic
leukemia. Clin Cancer Res. 2016;22(24):
6217–6227.

23. Damm F, Mylonas E, Cosson A, et al.
Acquired initiating mutations in early
hematopoietic cells of CLL patients. Cancer
Discov. 2014;4(9):1088–1101.

24. Leeksma AC, Taylor J, Wu B, et al. Clonal
diversity predicts adverse outcome in chron-
ic lymphocytic leukemia. Leukemia. 2018
Jul 23. [Epub ahead of print]

25. Müller-Hermelink H, Montserrat E,
Catovsky D  et al. Chronic lymphocytic
leukemia/small lymphocytic lymphoma.
WHO classification of tumours of
haematopoietic and lymphoid tissues.
IARC: International Agency for Research on
Cancer; Lyon, 2008; 4th edition. Pages 180-
183.

26. Rossi D, Cerri M, Deambrogi C, et al. The
prognostic value of TP53 mutations in
chronic lymphocytic leukemia is independ-
ent of del17p13: Implications for overall sur-
vival and chemorefractoriness. Clin Cancer
Res. 2009;15(3):995–1004.

27. Rossi D, Fangazio M, Rasi S, et al.
Disruption of BIRC3 associates with flu-
darabine chemorefractoriness in TP53 wild-
type chronic lymphocytic leukemia. Blood.
2012;119(12):2854–2862.

28. Lazarian G, Guièze R, Wu CJ. Clinical
Implications of novel genomic discoveries in
chronic lymphocytic leukemia. J Clin Oncol.
2017;35(9):984–993.

29. Downward J. Targeting RAS signalling path-
ways in cancer therapy. Nat Rev Cancer.
2003;3(1):11–22.

30. Imperial R, Toor OM, Hussain A,
Subramanian J, Masood A. Comprehensive
pancancer genomic analysis reveals (RTK)-
RAS-RAF-MEK as a key dysregulated path-
way in cancer: its clinical implications.
Semin Cancer Biol. 2017 Nov 22. [Epub
ahead of print].

31. Wan PTC, Garnett MJ, Roe SM, et al.
Mechanism of activation of the RAF-ERK
signaling pathway by oncogenic mutations
of B-RAF. Cell. 2004;116(6):855–867.

32. Sellar RS, Fend F, Akarca AU, et al.
BRAFV600E mutations are found in Richter
syndrome and may allow targeted therapy
in a subset of patients. Br J Haematol.
2015;170(2):282–285.

33. Nadeu F, Clot G, Delgado J, et al. Clinical
impact of the subclonal architecture and
mutational complexity in chronic lympho-
cytic leukemia. Leukemia. 2017;32(3):645-
653.

34. Waterfall JJ, Arons E, Walker RL, et al. High

prevalence of MAP2K1 mutations in variant
and IGHV4-34-expressing hairy-cell
leukemias. Nat Genet. 2014;46(1):8–10.

35. Brown NA, Furtado L V, Betz BL, et al. High
prevalence of somatic MAP2K1 mutations
in BRAF V600E-negative Langerhans cell
histiocytosis. Blood. 2014;124(10):1655–
1658.

36. Schmidt J, Ramis-Zaldivar JE, Nadeu F, et al.
Mutations of MAP2K1 are frequent in pedi-
atric-type follicular lymphoma and result in
ERK pathway activation. Blood.
2017;130(3):323–327.

37. Yang SH, Sharrocks AD, Whitmarsh AJ.
MAP kinase signalling cascades and tran-
scriptional regulation. Gene. 2013;513(1):1–
13.

38. Thomas RK, Baker AC, Debiasi RM, et al.
High-throughput oncogene mutation profil-
ing in human cancer. Nat Genet.
2007;39(3):347–351.

39. Warden DW, Ondrejka S, Lin J, Durkin L,
Bodo J, Hsi ED. Phospho-ERK(THR202/
Tyr214) is overexpressed in hairy cell
leukemia and is a useful diagnostic marker
in bone marrow trephine sections. Am J
Surg Pathol. 2013;37(2):305–308.

40. Burotto M, Chiou VL, Lee J-M, Kohn EC.
The MAPK pathway across different malig-
nancies: a new perspective. Cancer.
2014;120(22):3446–3456.

41. Eroglu Z, Ribas A. Combination therapy
with BRAF and MEK inhibitors for
melanoma: latest evidence and place in ther-
apy. Ther Adv Med Oncol. 2016;8(1):48–56.

42. Chapman PB, Hauschild A, Robert C, et al.
Improved survival with vemurafenib in
melanoma with BRAF V600E mutation. N
Engl J Med. 2011;364(26):2507–2516.

43. Dietrich S, Glimm H, Andrulis M, et al.
BRAF inhibition in refractory hairy-cell
leukemia. N Engl J Med. 2012;366(21):2038–
2040.

44. Follows GA, Sims H, Bloxham DM, et al.
Rapid response of biallelic BRAF V600E
mutated hairy cell leukaemia to low dose
vemurafenib. Br J Haematol. 2013;161(1):
150–153.

45. Shi H, Hugo W, Kong X, et al. Acquired
resistance and clonal evolution in melanoma
during BRAF inhibitor therapy. Cancer
Discov. 2014;4(1):80–93.

46. Kordes M, Röring M, Heining C, et al.
Cooperation of BRAF(F595L) and mutant
HRAS in histiocytic sarcoma provides new
insights into oncogenic BRAF signaling.
Leukemia. 2016;30(4):937-946. 

47. Yaktapour N, Meiss F, Mastroianni J, et al.
BRAF inhibitor-associated ERK activation
drives development of chronic lymphocytic
leukemia. J Clin Invest. 2014;124(11):5074–
5084.

48. Ryan MB, Der CJ, Wang-Gillam A, Cox AD.
Targeting RAS-mutant cancers: Is ERK the
key? Trends Cancer. 2015;1(3):183–198.

49. Sullivan RJ, Infante JR, Janku F, et al. First-in-
class ERK1/2 inhibitor ulixertinib (BVD-523)
in patients with MAPK mutant advanced
solid tumors: results of a phase I dose-esca-
lation and expansion study. Cancer Discov.
2018;8(2):184-195. 

50. Dietrich S, OleśM, Lu J, et al. Drug-pertur-
bation-based stratification of blood cancer. J
Clin Invest. 2018;128(1):427-445.


