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Abstract 
 
The variable outcome to standard immunochemotherapy for mantle cell lymphoma (MCL) patients is a clinical challenge. 
Established risk factors, including high MCL International Prognostic Index (MIPI), high proliferation (Ki-67), non-classic 
(blastoid/pleomorphic) morphology, and mutated TP53, only partly identify patients in need of alternative treatment. 
Deepened understanding of biological factors that influence time to progression and relapse would allow for an improved 
stratification, and identification of novel targets for high-risk patients. We performed gene expression analyses to identify 
pathways and genes associated with outcome in a cohort of homogeneously treated patients. In addition to deregulated 
proliferation, we show that thermogenesis, fatty acid degradation and oxidative phosphorylation are altered in patients 
with poor survival, and that high expression of carnitine palmitoyltransferase 1A (CPT1A), an enzyme involved in fatty acid 
degradation, can specifically identify high-risk patients independent of the established high-risk factors. We suggest that 
complementary investigations of metabolism may increase the accuracy of patient stratification and that immunohisto-
chemistry-based assessment of CPT1A can contribute to defining high-risk MCL.  
 

Introduction 
Mantle cell lymphoma (MCL) is a mature B-cell lymphoma 
with heterogeneous presentation and aggressive evolution 
upon progression.1 The primary pathogenic event is 
marked by the genetic translocation t(11;14)(q13,q32), 
which results in upregulation of CCND1 with constitutive 
overexpression of Cyclin D1 and deregulation of the cell 
cycle at the S1-G transition.2 Albeit essential for MCL de-
velopment, Cyclin D1 has a limited oncogenic effect and 
secondary mechanisms are required to drive full malig-
nant transformation. Genomic investigations have ident-
ified several genetic alterations, including ATM, TP53, 
BIRC3, NOTCH1, CCND1, KMT2D.3,4 The genomic landscape 

of MCL is heterogeneous, which complicates the design 
of novel treatment strategies. In a recent study, we 
showed that only 21% of tumors harbored actionable mu-
tations.4  
The age and fitness of the patient are still the main fac-
tors for selecting frontline therapy, with young (≤65 years) 
and fit patients receiving chemoimmunotherapy, including 
high-dose cytarabine, rituximab and autologous stem cell 
transplantation (ASCT). However, response to treatment 
is variable, and more tailored regimens and companion 
biomarkers are required for improved survival of high-risk 
patients. Current clinical trials focus on the use of com-
binations of BTK inhibitors,5 CD20 antibodies, venetoclax 
and/or chimeric antigen receptor T-cell (CAR T) therapy 
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for high-risk or refractory patients.6 Therapeutic strategies 
complementary to these would enhance the possibilities 
to further adapt treatment both at diagnosis and in the 
relapsed setting based on the biological activity of the 
tumor.  
The MCL International Prognostic Index (MIPI), is useful for 
prognostication but is currently not in clinical use to 
stratify patients. The known biological risk factors of MCL 
are frequently overlapping and include proliferation index 
assessed by Ki-67 staining, blastoid/pleomorphic (from 
here referred to as non-classic) morphology and TP53 
mutations. It has been proposed that a combined strategy 
of assessing MIPI, proliferation and TP53 mutational 
status7 would allow clinicians to keep low-risk patients 
on standard treatment while identifying high-risk patients 
in need of alternative, possibly chemotherapy-free 
regimens. However, among low-risk patients, the response 
to standard high-dose chemotherapy is variable, indicat-
ing that additionally unknown biological factors contribute 
to a short time to progression (TTP).  
The main aim of this study was to identify complementary 
strategies to find patients with low probability to respond 
to intensive chemoimmunotherapy, and to determine po-
tential novel targets that are relevant for those patients. 
We found that thermogenesis, fatty acid degradation and 
oxidative phosphorylation are deregulated in patients with 
poor response to the Nordic MCL 2 and 3 (N-MCL2/3) 
clinical trials protocol which includes high-dose cytara-
bine. In particular, the overexpression of carnitine palmi-
toyltransferase 1A (CPT1A), a key factor for lipid 
metabolism, was validated on the protein level as 
negatively associated with TTP and overall survival (OS), 
both as a continuous and dichotomized variable. CPT1A 
overexpression was shown to be independent of estab-
lished risk factors, such as proliferation and morphology. 
The association between CPT1A and OS was validated in 
an independent population-based patient cohort. We sug-
gest that an improved risk stratification of MCL patients 
can be achieved through assessment of CPT1A at diagno-
sis. 

Methods 
Patient samples 
Samples for gene expression (GEX) (n=70) and immunoh-
istochemistry (IHC) (n=45) analysis were selected from the 
N-MCL2/3 clinical trial cohort (clinicaltrials gov. Identifiers: 
NCT00514475 and ISRCTN87866680).8,9 Samples had been 
previously collected from 2000 to 2006 (N-MCL2) and 
from 2005 to 2009 (N-MCL3), and patients had been 
treated with first-line R-CHOP (rituximab, cyclophospha-
mide, doxorubicin vincristine, and prednisone), high-dose 
cytarabine cycles and ASCT. Mutational status of ATM and 

TP53 had been previously collected using custom design 
multiplex Ion Ampliseq.10 A population-based MCL cohort 
(n=135) from the biobank of lymphomas in Southern 
Sweden (BLISS) including patients diagnosed from 2000 
to 2014, was used to validate the expression of individual 
proteins. The studies were approved by the Ethical Review 
Boards in Lund (Dnr 2011/593, BLISS; Dnr 2006/242, N-
MCL2/3) and Uppsala (Dnr 2009/428, N-MCL2/3). An over-
view of the cohort used is shown in Figure 1. 

Transcriptome analysis 
RNA was isolated using the RecoverAll total nucleic acid 
isolation kit (Ambion, Carlsbad, CA). RNA quantity (optical 
density [OD] 260 nm) and quality (260 nm/280 nm) were 
assessed using ND-1000 spectrophotometry (Thermo 
Scientific, Wilmington, DE). GEX was measured using 
GeneChip Human Gene ST 1.0 whole transcript arrays (Ap-
plied Biosystems, MA, USA), measuring >25 probes per 
transcript. R (version 4.1.1) and R studio (version 2021.09.0) 
were used for data analysis. The maEndtoEnd workflow 
(version 3.13)11 was used to identify differentially expressed 
genes (DEG) for TP53-mutated versus wild-type (wt), Ki-
67 high versus low, non-classic versus classic morphology, 
ATM-mutated versus wt, excluding TP53-mutated samples 
(n=10) from all but the first comparison. Survival-associ-
ated genes were identified by fitting a Cox regression 
model independently for each gene. PathfindR (version 
1.6.2)12 was used for pathway analysis based on KEGG gene 
lists, Biogrid protein-protein interaction networks, and the 
number of iterations set to 5, with the following gene lists 
input criteria: log rank<0.01 (survival); P<0.05 (TP53 
status); P<0.001 (morphology); P<0.0001 (proliferation).  

Protein analysis 
Tissue microarray blocks were assembled as previously 
described.13 For IHC, slides were pretreated using the 
DAKO PT link system (DAKO; Glostrup, Copenhagen, Den-
mark) and stained in an Autostainer Plus (DAKO; Glostrup, 
Copenhagen, Denmark) with the following antibodies: 
anti-FEN1 (1:1,500, ab109132 Abcam, Cambridge, UK), anti-
CPT1A (1:1,800, ab128568, Abcam, Cambridge, UK) and 
anti-WEE1 (1:200, sc-5285, Santa Cruz, Texas, USA). Slides 
were scanned at X20 magnification using a NanoZoomer 
60 (Hamamatsu Photonics, Shizuoka, Japan) and evalu-
ated with HALO® (Indica Labs, New Mexico, USA). Cox pro-
portional hazard (PH) models were used to estimate the 
hazard ratio (HR) for CPT1A, FEN and WEE1, using date of 
diagnosis/treatment start as starting point, and date of 
death of any cause (BLISS and N-MCL2/3) and date of 
documented relapse or progression (N-MCL2/3) as end-
points for OS and TTP, respectively. The PH assumption 
was tested using the Therneau and Grambsch test of the 
Schoenfeld residuals. Maxstat14 was used to define cut-
offs, log-rank statistics to evaluate differences between 
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survival curves, and Wilcoxon signed-rank test to compare 
differences between groups. 

Results 
Cohorts used for exploration and validation 
Diagnostic biopsies (n=70) from the N-MCL2/3 clinical 
trials were used for whole-transcript expression analysis 
to identify genes and pathways associated with poor out-
come (TTP and OS, respectively) and established risk fac-
tors (Table 1). Biopsies available as TMA from N-MCL2/3 
(n=45) and BLISS (n=135) were used to validate expression 
of individual proteins, using IHC followed by digital scor-
ing. The N-MCL2/3 inclusion criteria were age ≤65 years, 
Ann-Arbor stage II-IV and no previous cancer treatment. 
Patients were homogeneously treated, including immu-
nochemotherapy. In contrast, the population-based BLISS 
cohort included MCL patients treated with different ther-
apies, the most frequent being R-Bendamustine. Informa-
tion on Ki-67, morphology, TP53 mutation status,10 p53 
immunoreactivity15 was available for most samples. For 
Ki-67 and p53, a 30% cut-off was used to define high and 

low proliferation and/or p53. MIPI was available for most 
patients included in the N-MCL2/3 but only for a minority 
of patients in the population-based BLISS cohort. Patients 
were divided into MIPI low, intermediate, and high, ac-
cording to the established scoring system.16 The majority 
(67-77%) of patients were male, reflecting the male domi-
nance of MCL prevalence. Due to differences in inclusion 
criteria and treatments, N-MCL2/3 patients had lower risk 
(62% MIPI low) than BLISS (44% MIPI high). The median OS 
in the BLISS cohort was only 4.2 years, compared to 11 
and 12.4 years in the N-MCL2/3 GEX and IHC cohorts, re-
spectively. The discovery cohort had been selected from 
the N-MCL2/3 material to represent a wide survival range 
and to reflect variable MCL risk factors. The samples used 
for GEX analysis thus had higher frequencies of non-clas-
sic morphology and high proliferation cases, compared to 
the full N-MCL2/3 cohort (n=319)8-10. While OS was similar 
to the full N-MCL2/3 cohort (11 years vs. 12.5 years), TTP 
was shorter in the selected cohort (5.3 years vs. 8.2 years). 

Pathways of poor prognosis in mantle cell lymphoma 
Genes associated with inferior TTP and OS were identified 
using Cox regression. Upregulated cell cycle (P=6.6x10-11) 

Figure 1. A flow diagram summarizing the 
cohorts used. RNA samples from the 
Nordic MCL2 and MCL3 trials were used 
for gene expression analyses. Partly 
overlapping samples from the same 
clinical trial material was available for 
validation of corresponding proteins. An 
independent population-based cohort, 
biobank of lymphomas in Southern 
Sweden (BLISS), was used to validate 
CPT1A, WEE1 and FEN1 protein ex-
pression.  
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and related pathways were dominating among genes as-
sociated with short TTP, followed by DNA repair pathways, 
thermogenesis and fatty acid degradation (Figure 2A-C). 
Inferior OS was primarily associated with oxidative phos-
phorylation (P=6.8x10-08) and related pathways (Figure 3A-
C). Proliferation has repeatedly been demonstrated to be 
associated to poor MCL prognosis and adding proliferation 
to the MIPI score has been shown to improve the prog-
nostic value.17-19 Concordantly, we identified strong up-
regulation of cell cycle-regulating genes including CCNE1, 
CDC45, CDC25C, WEE1, TTK, MAD2L2, CDC25A, SKP, CHEK2, 
and MCM4 in shorter TTP and/or OS. However, targeting 
proliferation by cytostatic drugs has proven insufficient to 
cure MCL, indicating that other mechanisms are in place 
and should be identified. 

Mitochondrial fatty acid transportation and metabolism 
are associated with inferior survival  
Investigations beyond cell cycle and DNA repair mechan-
isms identified upregulation of metabolic pathways of 
thermogenesis, oxidative phosphorylation and fatty acid 
degradation as significantly associated with shorter TTP 

and OS. Upregulated genes were involved in fatty acid 
transportation into mitochondria, fatty acid degradation, 
and mitochondrial respiration, including CPT1A, SLC25A20, 
ACAA1, ACAA2, NADH dehydrogenases, Cytochrome c oxi-
dases, and PPA1. Of interest, CPT1A and SLC25A20 (CACT) 
are involved in the carnitine shuttle and import of long-
chain fatty acids across the outer and inner mitochondrial 
membrane, respectively, while ACAA2 catalyses the last 
step of the mitochondrial fatty acid b-oxidation (Figure 
4A). Upregulation of transcripts involved in the down-
stream mitochondrial respiratory chain, including NDUFB9, 
NDUFS4, COX10, COX6B1, COX6A1, COX5A, COA6, and PPA1, 
were also significantly correlated with poorer outcome.  

CPT1A protein expression is a marker of poor prognosis 
The correlation of CPT1A expression and poor prognosis 
was verified by IHC staining (Figure 4B). The N-MCL2/3 
samples used for GEX (n=70) and IHC (n=45) analyses 
were overlapping by 23 patients, for which CPT1A gene 
and protein expression correlated (R=0.76; P=2.5x10-5; 
data not shown). Univariate Cox regression using CPT1A 
protein expression as a continuous value showed signifi-

N-MCL2/3 (mRNA) N-MCL2/3 (IHC) BLISS (IHC)

Overall, N 70 45 135

Sex, N (%) 
Male 
Female

 
51 (73) 
19 (27) 

 
30 (67) 
15 (33) 

 
104 (77) 
31 (23) 

Age in years at diagnosis, median (min-max) 55 (37-65)

MIPI, N (%) 
Low risk 
Medium risk 
High risk 
Missing

 
34 (49) 
17 (24) 
19 (27) 

 
28 (62) 
10 (22) 
7 (16) 

 
11 (18) 
24 (38) 
27 (44) 

73

Morphology, N (%) 
Classic 
Blastoid/pleomorphic 
Missing

 
51 (73) 
19 (27) 

 
39 (87) 
6 (13) 

 

 
116 (91) 
12 (9) 

7 

KI-67, N (%) 
<30% 
>30% 
Missing

 
42 (60) 
28 (48) 

 

 
28 (68) 
13 (32) 

4

 
106 (80) 
27 (20) 

2

TP53, N (%) 
Wild-type 
Mutated 
Missing

 
35 (78) 
10 (22) 

25

 
22 (82) 
5 (19) 

18

 
48 (77)) 
14 (23) 

73

Overall survival time in years, median 11 12.4 4.2

Time to progression in years, median 5.3 10

Table 1. Clinicopathological characteristics of the different cohorts used in this study.

Percentages might not add to 100% due to rounding. IHC: immunohistochemistry; MIPI: mantle cell lymphoma International Prognostic Index; 
N-MCL2/3: Nordic MCL group clinical trials 2 and 3. Corresponding values for the full (n=319) N-MCL2/3 cohort have been reported pre-
viously.8-10
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cant association to inferior survival (hazard ratio 
[HR]=1.02; 95% confidence interval [CI]: 1.01-1.04) at 1% in-
crease of CPT1A for both TTP and OS in N-MCL2/3 (Table 
2). The association of CPT1A and inferior OS was validated 
in the BLISS cohort (n=129) (HR=1.01; 95% CI: 1.004–1.02). 
Data on TTP was lacking in the BLISS cohort, and thus no 
validation of response to treatment could be performed. 
At the univariate gene level, HR for CPT1A was 1.81 (95% 
CI: 1.29-2.54) and 1.64 (95% CI: 1.13-2.37) for TTP and OS, 
respectively. In order to define thresholds of CPT1A ex-
pression for patient stratification into low- and high-risk, 
optimal cut-offs of 15% for TTP and 69% for OS, were 
identified in N-MCL2/3. (Figure 5A, B, respectively). Apply-
ing the 15% cut-off defined for TTP to OS data separated 
the patients into groups with different outcome, but the 
log-rank test was not statistically significant (Online Sup-

plementary Figure S1). The HR for patients with high CPT1A 
was 3.36 (95% CI: 1.47–7.68) for TTP and 8.12 (95% CI: 2.75–
23.9) for OS. The 69% cut-off for OS was validated in the 
BLISS cohort, where a significant association to survival 
was confirmed (HR=2.16; 95% CI: 1.33-3.51) (Figure 5C), 
while data for TTP was not available for BLISS. The higher 
HR for patients treated with the N-MCL2/3 protocol was 
expected, as the BLISS cohort had significantly higher 
median age and frequency of established risk factors, and 
heterogeneously treated patients. The association be-
tween CPT1A and inferior survival was independent of 
MIPI, morphology, proliferation (Table 2), and TP53 (Online 
Supplementary Table S1) for TTP in N-MCL2/3. For OS, it 
was independent of morphology in BLISS, but not in N-
MCL2/3. High CPT1A expression was significantly associ-
ated with high Ki-67 and non-classic morphology in both 

Figure 2. Pathways and associated genes related to inferior time to progression in mantle cell lymphoma. Top 10 enriched path-
ways associated with time to progression (TTP). Analysis was based on input of genes with log rank test P<0.01 as determined 
by cox regression using TTP as continuous variables. Bubble chart (A) x-axis displays enrichment based on cox regression b-
values and bubble size corresponds to the number of input genes in the given pathway. UpSet plot (B) displaying genes within 
the top 10 enriched pathways with red denoting positive b-values (increased hazard) and green negative b-values (decreased 
hazard) in relation to survival. Pathway clustering based on overlapping genes (C). Circle size correspond to number of significant 
genes, color correspond to pathway cluster and distance between circles represent pathway relatedness based on overlapping 
genes. 

A B

C
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cohorts, but not to SOX11 (Online Supplementary Figure 
S2). We suggest that the prognostic value of CPT1A in re-
lation to TTP is the most clinically relevant, and that fu-
ture studies should use the defined 15% cut-off to assess 
high and low risk of short TTP. 

Cell cycle is the dominating pathway associated with 
established high-risk mantle cell lymphoma factors 
In order to investigate mechanisms underpinning known 
clinicopathological risk factors for MCL, differential GEX 
analysis was performed for Ki-67 high (>30% Ki-67-posi-
tive cells) versus Ki-67 low, non-classic versus classic 
morphology, and TP53-mutated versus wt in N-MCL2/3 
(Figure 6A). A marked discrimination of high- versus low-
proliferation cases was observed (21% DEG), with a sig-
nificant enrichment peak of low P values and strong bias 

of upregulated genes in the Ki-67-high group (Online Sup-
plementary Figure S3A), concordant with the notion that 
proliferation heavily impacts transcriptomic analyses. The 
top DEG (P<1.0x10-4) were associated with 38 enriched 
pathways, and genes included in the top 10 pathways 
were exclusively upregulated in Ki-67-high (Figure 6B). The 
most significant pathway clusters were related to cell 
cycle, homologous recombination, and DNA replication 
(Figure 6C), with a significant part of key cell cycle genes 
being highly upregulated in Ki-67-high cases (Online Sup-
plementary Figure S4).  
With partly overlapping sample groups, pathways acti-
vated in non-classic versus classic morphology were also 
largely similar to those identified for high proliferation 
(Figure 6D, E). Compared to differential Ki-67, analysis 
based on morphology yielded weaker discrimination be-

Figure 3. Pathways and associated genes related to inferior overall survival in mantle cell lymphoma. Top 10 enriched pathways 
associated with overall survival (OS). Analysis was based on input of genes with log-rank test P<0.01 as determined by cox re-
gression using OS as continuous variables. Bubble chart (A) x-axis displays enrichment based on cox regression b-values and 
bubble size corresponds to the number of input genes in the given pathway. UpSet plot (B) displaying genes within the top 10 
enriched pathways with red denoting positive b-values (increased hazard) and green negative b-values (decreased hazard) in re-
lation to survival. Pathway clustering based on overlapping genes (C). Circle size correspond to number of significant genes, 
color correspond to pathway cluster and distance between circles represent pathway relatedness based on overlapping genes. 

A B

C
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tween groups, with 4.5% DEG (Online Supplementary 
Figure S3B). The top DEG (P<0.01) corresponded to 25 
enriched pathways, again with dominating clusters of 
cell cycle, DNA repair and replication (Figure 6E). Genes 
that were specifically deregulated in non-classic versus 
classic morphology, and not significantly associated 
with the other risk factors included MAP3K8, MAP2K6, 
and CXCL5, involved in TNF signaling and related path-
ways.  

FEN1 and WEE1 protein expression is associated with 
high-risk mantle cell lymphoma 
Potentially targetable biomarkers were identified among 
upregulated genes in the high-risk MCL groups. FEN1 and 
WEE1 were found within the top deregulated pathways 
of Ki-67 high (Figure 5B) and non-classic morphology 
(Figure 6D) and were significantly associated with 
shorter TTP (Figure 2B). FEN1 encodes a key enzyme in-
volved in DNA repair20,21 and WEE1, a kinase and key 
regulator of cell cycle through inhibition of Cdk1.22 IHC 
validated the association to Ki-67 high and non-classic 
morphology for both WEE1 (Online Supplementary Figure 
S5A, B) and FEN1 (Online Supplementary Figure S5D, E). 
While dichotomized FEN1 expression was significantly 
correlated to OS (P<0.001) using a cut-off of 39% (Online 
Supplementary Figure S5F), no association to OS was 
seen for WEE1 on either gene (Figure 3B) or protein (On-
line Supplementary Figure S5C) level. 

Transcriptional differences related to genetic 
alterations in MCL  
Most genetic alterations in MCL are not associated with 
outcome, as for example ATM4,23. However, TP53 muta-
tions are present in 15% of tumors,10,15 and define a highly 
aggressive sub-group of patients with poor response to 
currently available treatment regimens.10 As ATM and 
TP53 mutations were mutually exclusive in the patients 
included in the current study, we took the opportunity 
to investigate whether the transcriptional programs 
were distinct. The results are summarized in the Online 
Supplementary Figures S6 and S3C. Despite the strong 
impact on outcome, a low proportion (2.1%) of DEG was 
found in TP53-mutated versus wt samples (Online Sup-
plementary Figure S3C) while ATM aberrations were as-
sociated with deregulation of 10.7% of transcripts. Of 
interest, while TP53 expression was indicated to be 
lower in TP53-mutated versus wt (P=0.18) samples, it 
was significantly higher in ATM-mutated versus wt 
(P=0.002) samples. When comparing TP53-mutated ver-
sus wt samples, the individual cell cycle pathway only 
appeared as the 16th most significant pathway (P=0.04), 
indicating that proliferation is not the sole dominating 
driver of TP53-mutated cases. In ATM-mutated cases, 
the most significantly enriched pathway was steroid 
biosynthesis (P=8x10-10), but a network of pathways 
partly related to TP53 was also found to be enriched 
(Online Supplementary Figure S6D) together with genes 

A B

Figure 4. CPT1A expression, fatty acid transportation and mitochondrial fatty acid oxidation was associated with poor mantle 
cell lymphoma prognosis. (A) Active mitochondrial genes and pathways associated to shorter survival in the current cohort. Pro-
teins marked in red represent some of the transcripts found to be upregulated in patients with poor outcome. LCFA: long-chain 
fatty acid; ACS: acetyl-CoA synthetase; TCA: tricarboxylic acid; ETC: electron transportation chain. (B) Representative high (94.5% 
positive cells) and low CPT1A (1.3% positive cells) immunohistochemistry staining. 

 Haematologica | 108 - April 2023   
1098

ARTICLE - CPT1A expression defines MCL with poor prognosis A. Sandström Gerdtsson et al.



involved in apoptosis (Online Supplementary Figure S6E). 
The association of ATM mutations with tumor sup-
pression and apoptosis provides a plausible explanation 
as to why ATM mutations do not confer a worse progno-
sis in MCL.  

Discussion  
More versatile treatment in combination with companion 
diagnostic strategies is needed to improve outcome for 
MCL patients. It has been proposed that MIPI,7 which is 
nowadays used for prognostication but not stratification, 
could be used as a treatment selection tool if combined 
with assessment of proliferation and TP53-mutational 
status. This would improve the possibility to identify pa-
tients in need of alternative non-chemotherapy-based 
treatment. However, such a combined index considers 
only a narrow range of risk factors, not including intrinsic 
transcriptional differences in, for example, BCL224 or ex-
trinsic factors such as variation in angiogenesis25 or im-

mune composition.26,27 Deepened biological understanding 
of factors that influence early progression and relapse in 
patients treated with the current gold standard high-dose 
chemotherapy, would enable a more accurate treatment 
stratification and identification of novel targets for high-
risk patients. To our knowledge, no/few studies have used 
outcome as a starting point to identify transcriptional pro-
files of MCL. Thus, to broaden the scope beyond estab-
lished risk factors, we performed GEX analyses to 
decipher molecular mechanisms associated with outcome 
using a homogenously treated cohort of patients. For 
comparison and improved biological understanding of es-
tablished risk factors, pathways and genes associated 
with TP53 and ATM mutations, proliferation and non-clas-
sic morphology were also identified and described.  
It is well known that the outcome of combinatorial treat-
ment with immunochemotherapy, including rituximab, 
high-dose cytarabine and ASCT is related to several fac-
tors, including resistance to rituximab and/or cytarabine. 
Resistance to cytarabine has been extensively studied and 
involves the key rate-limiting step of the conversion of 

Type of analysis Variable Sub-group HR (95% CI) Outcome N

N-MCL2/3

Univariate CPT1A continuous 1.02 (1.01-1.03)** TTP 45

Univariate CPT1A continuous 1.02 (1.01-1.04)*** OS 45

Univariate CPT1A ≥5%1 3.36 (1.47-7.68)** TTP 45

Univariate CPT1A ≥69%1 8.12 (2.75-23.93)*** OS 45

Multivariate

CTP1A ≥15%1 3.11 (1.15-8.42)*

TTP 41

MIPI Intermediate2 1.25 (0.41-3.85)

High2 6.72 (2.08-21.76)**

Morphology Blastoid/pleomorphic 2.13 (0.52-8.74)

Ki-67 ≥30% 1.08 (0.33-3.48)

Multivariate

CTP1A ≥69%1 6.18 (0.78-48.65)

OS 41

MIPI Intermediate2 2.01 (0.52-7.69)

High2 4.68 (0.98-22.39)

Morphology Blastoid/pleomorphic 8.22 (1.59-42.36)*

Ki-67 ≥30% 0.47 (0.08-2.74)

BLISS

Univariate CPT1A continuous 1.01 (1.004-1.02)** OS 129

Univariate CPT1A ≥ 69%1 2.16 (1.33-3.51)** OS 129

Multivariate

CTP1A ≥ 69%1 1.79 (1.07-2.99)*

OS 122Morphology Blastoid/pleomorphic 0.66 (0.28-1.55)

Ki-67 ≥ 30% 2.58 (1.3-5.13)

Table 2. Univariate and multivariate Cox regression for CPT1A protein expression in both cohorts. 

1Maximally selected rank statistics cut-off values. 2Mantle cell lymphoma International Prognostic Index (MIPI) low risk was used as reference 
category. *P<0.05; **P<0.01; ***P<0.001. CI: confidence interval; HR: hazard ratio; N: number of patients in the specific analyses; OS: overall 
survival; TTP: time to progression; N-MCL2/3: Nordic MCL group clinical trials 2 and 3; BLISS: biobank of lymphomas in Southern Sweden.
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Ara-C to the active substance Ara-CTP.28 We have pre-
viously shown that downregulation of deoxycytidine ki-
nase (dCK) is a fundamental step during development of 
resistance, but no predictive markers are available. In line 
with previous observations, poor outcome was associated 
with key pathways associated with p53 regulation and 
proliferation. However, less-described pathways in MCL, 
including metabolic pathways such as thermogenesis, 
fatty acid degradation and oxidative phosphorylation, were 
also activated in patients with poor outcome. Of major in-
terest, CPT1A and SLC25A20/CACT are both involved in the 
carnitine cycle,29 with CPT1A being the rate-limiting step 
for mitochondrial oxidation of long-chain fatty acids and 
thus a key protein for fatty acid metabolism. In order to 
explore the applicability of CPT1A as a biomarker, we vali-
dated the overexpression and association to outcome 
using IHC and digital scoring. Also on the protein level, 
CPT1A as a continuous variable was a marker of poor prog-
nosis, as measured by both TTP and OS. Importantly, 
CPT1A showed prognostic significance for TTP indepen-
dent of MIPI and established risk factors, including TP53- 
mutational status, in multivariate analyses. Among the 
outcome variables, TTP is the most relevant prognostic 

measurement for treatment stratification, and the cut-off 
identified at 15% CPT1A-positive cells, should be the focus 
for future validation studies. This cut-off was also applied 
to OS data and was close to significant in the N-MCL2/3 
cohort. No validation cohort with TTP data was available; 
however, the optimal cut-off value for OS at 69% CPT1A-
positive cells was validated in the independent popu-
lation-based BLISS cohort and was shown to be 
independent of proliferation and morphology.  
The CPT1 gene is situated on the q-arm of chromosome 
11 and CPT1A is the most expressed isoform. The gene is 
regulated through a plethora of mechanisms including 
hormones, NF-Y and Sp proteins,30 and microRNA.31 CPT1A 
is well known to be expressed in cancer and associated 
to treatment resistance and aggressiveness of disease. In 
breast cancer, CPT1A is regulated by c-MYC or AMPK, and 
promotes metastasis or therapeutic resistance through 
several oncogenic signaling pathways.32 Furthermore, it 
has been shown that BCL2 and CPT1A can interact on the 
surface of the mitochondria and regulate apoptosis in 
leukemia, and may thus antagonize apoptosis of BCL2-
targeting agents.33 When treating MCL patients with Bru-
ton´s tyrosine kinase inhibitor Ibrutinib, enhanced 

Figure 5. CPT1A expression was associated with poor mantle 
cell lymphoma prognosis. Kaplan Meier curves representing the 
difference in (A) time to progression (TTP), log-rank test 
P=0.0024, for Nordic mantle cell lymphoma group clinical trials 
2 and 3 (N-MCL2/3) patients, (B) Overall survival (OS) log-rank 
test P<0.0001, for N-MCL2/3 patients, (C) OS, log-rank test 
P=0.0015, for biobank of lymphomas in Southern Sweden 
(BLISS) patients.
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oxidative phosphorylation is associated with poor clinical 
outcome.34 The activity of CPT1A inhibition in lymphomas 
is unknown, but in vitro evaluation of CPT1A inhibitors has 
shown high efficacy in several cancers such as high-grade 
serous ovarian cancer35 and hepatocellular carcinoma,36 

and ability to sensitize cells to radiation in nasopharyn-
geal carcinoma.37 In addition, we found eight other 
markers of active oxidative phosphorylation upregulated 
including PPA1, supporting previous observations that en-
hanced oxidative phosphorylation is associated with 
treatment resistance in MCL34 and may be considered a 
potential target. Thus, the prognostic role associated to 
various treatments, including radiation in other types of 
cancers, indicates that CPT1A might be applicable for 
treatment stratification beyond the MCL2/3 regimen, al-
though this remains to be determined. 
Multiple efforts have been made to define the MCL tran-
scriptome associated to key features such as prolifer-
ation,38 the constitutive activation of NFkB and 
overexpression of CCND1.39 As transcription-wide analyses 
are less suitable for clinical implementation, proliferation-
associated signatures have been further developed into 
protein-based panels40 and a 35-gene nanostring-based 
mRNA assay (MCL35).41 It is evident, also from the current 
study, that proliferation is the factor associated with the 
largest transcriptional changes. Patients with non-classic 
morphology were highly overlapping with high proliferative 
cases, thus showing large commonality in pathways and 
genes that were deregulated. As expected, these path-
ways were mainly related to cell cycle and DNA repair. We 
identified FEN1 and WEE1 as associated to inferior TTP, as 
part of DNA repair and cell cycle pathways, respectively. 
FEN1 protein was significantly higher in Ki-67 high and 
non-classic morphology samples, and significantly associ-
ated with OS. FEN1/RAD27, encodes Flap endonuclease 1, 
which has been suggested as a promising target for pa-
tients with defects in homologous recombination, such as 
BRCA1/BRCA2-mutated tumors.42 WEE1 protein was also 
confirmed to be associated with high proliferation and 
non-classic morphology, but no association to OS was 
seen on gene or protein level. WEE1 is a key cell cycle 
regulator and the in vitro activity and synergistic effect of 
WEE1 and Chk1 inhibition has been demonstrated in 
MCL.43 However, targeting single proliferation-associated 

genes has not been successful due to the many compen-
satory mechanisms.44 
For long it was assumed that the overexpression of CCND1 
mainly mediated increased proliferation of MCL cells. 
Today, it is more clear that it may also affect DNA repair, 
as shown in many cancers45 including MCL.46 Of interest, 
ATM, the most frequent (>40%) genetic aberration in MCL, 
affects DNA repair,3 but does not confer a survival dis-
advantage. While ATM mutations are common, TP53 mu-
tations are the dominating molecular indicator of poor 
prognosis in MCL.3 As it has been shown by us4 and 
others23 that co-occurrence of TP53 and ATM mutations 
are infrequent in MCL, we set out to investigate if they 
share common molecular pathways. Pathways associated 
with ATM mutations were distinct from TP53-mutated 
MCL and dominated by the steroid biosynthesis pathway. 
Of interest, individuals with germline mutations in the ATM 
gene are known to have increased plasma cholesterol and 
triglyceride levels, and ATM has been demonstrated to fa-
cilitate clearance of apolipoproteins in plasma.49 Thus, 
ATM mutations may contribute to altered lipid metabolism 
and steroid biosynthesis. 
Today, proposed strategies for prediction of response to 
treatment in MCL are focused on MIPI in combination with 
assessment of proliferation and TP53 mutational status. 
In this comprehensive overview of the transcriptional 
landscape in MCL, we have explored high-risk features of 
MCL beyond these established factors. We show that fatty 
acid metabolism is deregulated in MCL and, thus propose 
that complementary investigations of metabolism may 
contribute to defining high-risk MCL through routine as-
sessment of CPT1A.  
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