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Abstract

SAMHDI is a deoxynucleoside triphosphate triphosphohydrolase (ANTPase) that restricts viral replication in infected cells
and limits the sensitivity to cytarabine by hydrolysing its active metabolite, as recently shown in acute myeloid leukemia.
Cytarabine is an essential component in the Nordic mantle cell lymphoma protocols (MCL2 and MCL?3) for induction and
high-dose chemotherapy treatment before autologous stem cell transplantation for younger patients with mantle cell lym-
phoma (MCL). We here investigated the expression of SAMHDI in a population-based cohort of MCL (N =150). SAMHD1
was highly variably expressed in MCL (range, 0.4% to 100% of positive tumor cells). Cases with blastoid/pleomorphic
morphology had higher SAMHDI1 expression (P=0.028) and SAMHDI1 was also correlated to tumor cell proliferation
(P=0.016). SAMHDI1 expression showed moderate correlation to the expression of the transcriptional regulator SOX11
(P=0.036) but genetic silencing of SOX11 and SAMHDI1 by siRNA in MCL cell lines did not suggest mutual regulation.
We hypothesized that expression of SAMHDI1 could predict short time to progression in patients treated with Cytarabine as
part of high-dose chemotherapy. Despite the correlation with known biological adverse prognostic factors, neither low or high
SAMHDI1 expression correlated to PES or OS in patients treated according to the Nordic MCL2 or MCL3 protocols (N=158).
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Introduction

Mantle cell lymphoma (MCL) accounts for 5-8% of all non-
Hodgkin lymphomas and previously entailed a dismal prog-
nosis with a reported median overall survival (OS) of only
3-5 years [1-3]. Most cases express cyclin D1 as a result of
the t(11;14)(q13;q33) CCND1/IGH translocation. Approxi-
mately 10% of MCL present with large cell morphology
(blastoid or pleomorphic variants) and are often character-
ized by high tumor cell proliferation and may harbor TP53
mutations. However, MCL with classical morphology can
also show high proliferation and 7P53 aberrations and, in
many studies, high tumor-cell proliferation and TP53 aber-
rations overrule the impact of blastoid morphology [4—6].
The transcription regulator SOX11 is expressed in approxi-
mately 95% of MCL with nodal presentation [4, 6] includ-
ing cyclin D1 negative cases [7, 8]. A small proportion of
MCL is characterized by non-nodal, leukemic presentation
with an indolent disease course and these cases frequently
lack expression of SOX11. However, SOX11 negative nodal
MCL with TP53 aberrations are associated with shorter OS
in several independent studies [4, 6, 9, 10]. The frequently
used clinical prognosticator for MCL is the MCL Interna-
tional Prognostic Index (MIPI), which is based on age, LDH,
WBC and ECOG performance status [11]. Since high tumor
cell proliferation is associated with impaired survival, the
MIPI has been refined to include Ki-67 expression in MIPIb
[11].

The current standard treatment for younger MCL patients
is rituximab combined with anthracycline- and cytarabine-
based regimens followed by consolidating high-dose chemo-
therapy and autologous stem cells transplantation (ASCT)
[2, 12, 13]. While this therapy has significantly improved
survival, it is not curative [14]. Among factors predicting a
poor response to high-dose treatment and ASCT are TP53
mutations [5] and high expression of the p53 protein [4, 6].
Positive minimal residual disease (MRD) status pre-ASCT
predicts shorter progression-free survival (PFS) and OS
[15], suggesting that small lymphoma clones persist after
therapy and give rise to progression and eventually relapse.

Sterile a motif and HD domain-containing protein
1, SAMHDI is expressed in most cells, including leuko-
cytes. SAMHDI features a deoxynucleoside triphosphate
(dNTP) triphosphohydrolase activity that limits the avail-
ability of endogenous dNTPs (dTTP, dCTP, dGTP and
dATP), and high levels of SAMHD1 prevent virus repli-
cation [16]. Importantly, SAMHD1 does not have activity
only towards endogenous dNTPs but also towards several
nucleoside-based antimetabolites, including cytarabine
which is intracellularly metabolized to its active triphosphate
form, Ara-CTP [17]. Recently, high levels of SAMHDI1 in
myeloid blasts were found to correlate with low sensitivity
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to cytarabine in acute myeloid leukemia [18-20]. There is
limited information on the prognostic role of SAMHD1 in
lymphoid malignancies [21-23] which led us to investigate
the tentative prognostic role in cytarabine treated MCL.

SAMHDI has other functions independent of the role in
maintaining dNTP pools. In CLL, SAMHD1 has been shown
to localize to DNA-repair foci suggesting a role in DNA
damage response [24]. Recent studies in cell lines have dem-
onstrated that SAMHDI1 activates the ATR-CHK1 pathway
and promotes resection of nascent DNA at stalled replication
forks by activating the MRE11 exonuclease [25]. This sug-
gests that SAMHD1 has a role in preventing tumorigenesis.
Thus, SAMHDI has several functions, including regulation
of the dNTP pool, regulation of intracellular antimetabolite
levels and functions in DNA repair damage.

We here analyzed the expression of SAMHD1 in MCL
and whether it correlated to known negative prognostic fac-
tors and outcome after cytarabine treatment and high dose
chemotherapy in the context of ASCT. Our aim was to inves-
tigate whether SAMHD1 protein expression correlates to
progression free survival in MCL, in a similar manner as it
does in acute myeloid leukemia.

Materials and methods

Patients A population-based cohort of MCL from the Stock-
holm region (N=150) was identified and used for analyzing
SAMHDI1 expression in relation to morphological features.
The cohort contained all patients who underwent treatment
with six alternating cycles of R-Maxi-CHOP and R-Cytara-
bine followed by BEAM or BEAC and ASCT, according to
the Nordic Lymphoma Group protocols MCL2 and MCL3
[12, 26] at the Karolinska University Hospital between 2000
and 2016 and who had evaluable tissues for immunohisto-
chemistry (N=67). This cohort of ASCT patients was used
for investigating OS and PFS (ASCT investigation cohort).
A validation cohort for survival analysis (ASCT validation
cohort) contained other Scandinavian patients treated in the
Nordic MCL2 and MCL3 trials with tissue material for [HC
analysis available (N=91).

Ethical permit The study has been performed in accordance
with the Declaration of Helsinki, including informed patient
consent, and has been approved by the Ethical Committee in
Stockholm 2018/2182-32.

Antibodies and IHC analysis All stainings were done on
pre-treatment biopsies. Whole tissue sections (Karolinska
patients) and 1 mm diameter tissue microarrays (ASCT vali-
dation cohort) were investigated for SAMHDI1 expression in
tumor cells by dual CD20 (Roche; L26) and SAMHD1 (Pro-
teintech; 12,586—1) immunohistochemistry on a Leica Bond
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ER robot. In short, pre-treatment was done in citrate buffer,
pH 6, for 20 min, thereafter slides were incubated with
SAMHDI1 antibody 1:200 in Envision Flex diluent (Bond)
for 30 min followed by DAB staining (Bond). Thereafter,
slides were treated with EDTA buffer, pH 9, for 20 min,
followed by CD20 antibody 1:100 for 15 min, followed by
Phosphatase Refine Red (Bond). The sections were counter-
stained by hematoxylin for 10 min. In the Karolinska cases
IHC for cyclin D1, Ki67, p53 and SOX11 were done as part
of the routine diagnostics and these results were reviewed.
Evaluation of Ki67 and p53 immunohistochemistry was
done as previously described [4]. p53 positivity was defined
as >20% strongly positive tumor cells. SOX11 positivity
was defined as >1% positive tumor cells [27] and in 62 of
the cases the percentage of SOX11 expressing cells was
evaluated. SAMHD1 expression in tumor cells (500 cells X 2
counted for each sample, both cores on the TMA evaluated)
was assessed independently by 2 pathologists (EL and BS)
each assessing 500 cells. The mean value between the two
separate evaluations was used. If there was a discrepancy
higher than 10% between pathologists the case was again
reviewed by both until agreement.

Analysis of SAMHD1 and SOX11 mRNA levels in flow cytom-
etry sorted MCL cells Nineteen specimens of MCL vital
frozen cells were thawed, stained for immunoglobulin light
chains kappa/lambda, CD5, CD19, CD20, CD3 and the RNA
from flow cytometry sorted MCL cells (CD19+, CD20+,
CD5+, immunoglobulin light chain restricted; purity>98%)
was isolated according to the manufacturer’s protocol using
the RNeasy Plus mini kit (Qiagen). RNA quantification
was done using the Nanodrop ND-1000 spectrophotom-
eter (Saveen Werner). Complementary DNA (cDNA) was
synthesized using the Omniscript Reverse Transcription
(RT) kit (Qiagen) according to the manufacturer’s proto-
col. RNaseOut and Oligo-dT primers were purchased from
Invitrogen. SAMHD1 mRNA levels were assessed by Real-
Time qPCR using Platinum SYBR Green qPCR Supermix-
UDG (Invitrogen) according to the manufacturer’s proto-
col. Primer sequences were as follows: SAMHDI1 forward:
5-AGCGATTGGTTCAAATCCAC-3, reverse: 5S-TCGATT
GTGTGAAGCTCCTG-3; SOX11 forward 5'-CATGTA
GACTAATGCAGCCATTGG-3', reverse 5'-CACGGA
GCACGTGTCAATTG-3'; ACTB forward: 5"-AAAGAC
CTGTACGCCAACACA-3, reverse: 5"-AGTACTTGCGCT
CAGGAGGA-3". gqPCR reactions were performed using
the C1000 Thermal cycler (Bio-Rad). Denaturing was per-
formed at 95 °C for 2 min, followed by 40 cycles at 95 °C
for 15 s and 57 °C for 30 s. Cycle threshold (Ct) values of
transcripts were quantified using the CFX manager software
(BioRad) and ACt values were determined using ACTB as
reference. SOX11 and SAMHD1 mRNA in MCL cells were
calculated in relation to the SOX11 and SAMHD1 mRNA

levels in MCL cell line Granta519 (single cDNA prepara-
tion) (AACt) which was then used to calculate the relative
fold increase (RFI).

Vpx-mediated depletion of SAMHD1 SAMHDI1 was
depleted in MCL cell lines (Granta-519, JeKo-1 and JVM-2)
by means of inactivated virus-like particles (VLPs), includ-
ing Vpx that targets SAMHDI protein for ubiquitin-medi-
ated proteolysis within three hours. One million cells were
treated with 1 ul of either Vpx, or Vpx-deficient virus-like
particles (dX) as a negative control, at conditions of 37 °C
and 5% CO, for 72 h and the efficiency of SAMHD]1 deple-
tion was confirmed by western blotting (as described below).
The preparation and packing of the particles are described
in the study of Herold et al. [18] and the relevant references
therein. SAMHD1 depletion by Vpx was conducted on 3-5
independent biological replicates.

Downregulation of SOX11 and SAMHD1 by siRNA The
Granta519, JeKol and JVM-2 MCL cell lines were obtained
from DSMZ, the German Collection of Microorganisms and
Cell Cultures. Granta519 was used to assess the effects of
SOX11 and SAMHD1 downregulation by siRNA. The cells
were cultured in RPMI 1640 GlutaMAX medium (Gibco),
supplemented with 50 pg/ml of gentamicin and 10% fetal
bovine serum (Gibco) under the conditions of 5% CO, at
37 °C. Cells were transfected using commercial gene-spe-
cific siRNAs (SOX11: s13312; SAMHDI1: s24791; 1 pM;
Ambion) or negative siRNA, by electroporation method
using the AMAXA machine (program X-01) and the Nucle-
ofector kit C (Lonza). After electroporation, the cells were
kept in 10% FBS-RPMI-GlutaMAX culture medium, at
37 °C, 5% CO, for 24 h. Cells were counted using NC-200
Automated Cell Counter, NucleoCounter and harvested,
washed with PBS and pelleted.

Western blotting Proteins were extracted using RIPA buffer
(Sigma), supplemented with protease (1:1000, Sigma) inhib-
itor cocktails, after 30 min incubation on ice. Protein concen-
trations were measured using BCA assay, with BSA for the
standard curve, and 50 pg of protein were resolved on 12%
NuPAGE gels (Invitrogen) and transferred using a semi-dry
transfer system onto PVDF membranes (Millipore). Non-
specific binding sites were blocked with 10% milk TBS-T
solution for 1 h at room temperature, then probed over-
night at 4 °C with the respective primary antibodies: anti-
SAMHD1 (Abcam), anti-SOX11 (Sigma), or anti-Cyclin D1
1:1000 in 5% milk or 5% BSA in TBS-T. Membranes were
then washed in TBS-T and probed with secondary antibod-
ies (HRP-conjugated anti-rabbit or anti-mouse; GE Health-
care). Blots were developed using Supersignal West Pico
(Pierce) and visualized using LiCor machine. For re-probing
of membranes with anti-actin (Sigma) or anti-GAPDH (Cell
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Signaling) (1:5000 in 5% milk in TBS-T, Sigma), HRP was
blocked using the SG substrate kit (Vector Labs). Analysis
was done using Fiji-ImagelJ software.

Statistical analysis Survival times were calculated from the
date of commencing therapy (ASCT investigation cohort)
or inclusion to trial (ASCT validation cohort) to the date of
progression (for progression-free survival [PFS]) or to death
for overall survival [OS]). Because our hypothesis was that
high SAMHD1 might predict early relapse after cytarabine-
based treatment, PFS was chosen as the primary endpoint.
Patients were censored at last follow-up. The median follow-
up times in surviving patients were in the ASCT investiga-
tion cohort 7.3 years (range, 3.5-18.5) and 8.7 years (range,
6.4-14.5) in the ASCT validation cohort. Relationships
between independent variables were investigated using
Fisher’s exact, Wilcoxon’s, and Spearman’s tests, depend-
ing on the nature of the variables. PFS and OS analyses
were performed with Kaplan-Meier curves and the log-rank
test. Multivariate analyses were conducted using forward
stepwise Cox regression; the proportional hazards assump-
tion was checked with graphs based on Schoenfeld residuals.
All P values are two-tailed and calculated using Stata 14.2
(StataCorp, College Station, TX, USA). P <0.05 was con-
sidered significant. Correlation analysis between percentage
of SAMHD1+ CD20+ cells by IHC and SAMHD1 mRNA
levels in sorted MCL cases and the Spearman correlation
between SAMHD1 mRNA and SOX11 mRNA in sorted
MCL cells was done using OriginPro 8.

Comparing the expression of Cyclin D1 and SOX11
between dX- and Vpx-treated cells was performed using
student t-test (unpaired, two-tailed with Welch correction).
The data were represented as mean + SD and P value was
set at a cut-off <0.05.

Results

SAMHD1 protein expression is variable in MCL
and correlates with SAMHD1 mRNA levels

We first analyzed SAMHDI protein expression in reactive
lymphoid tissue. SAMHDI1 evaluation in non-malignant
tonsil or lymph node tissues showed weak to moderate
nuclear expression in B cells in mantle zones and germinal
centers and strong expression in T cells and macrophages
(Fig. 1A). The frequency of SAMHD1 expression in man-
tle-zone B cells was 30%. Dual staining for CD20 and
SAMHDI in MCL revealed a high variability in the fre-
quency of SAMHDI1 positive cells in MCL, and that the
intensity of SAMHDI1 positivity in MCL nuclei was, with
the exception of a few cases, lower than in the lymphoma
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infiltrating reactive T cells and macrophages (Fig. 1B).
SAMHDI1 expression in MCL, determined as the propor-
tion of CD20+ cells also expressing SAMHDI1, showed a
wide range of expression in the Karolinska population-based
cohort with a median of 69% (range 0.4—100%) (Table 1,
Fig. 1C). Due to variable expression of SAMHDI in the
biopsies we validated our immunohistochemical method for
estimating the SAMHDI1 levels. Malignant cells from 11
MCL cases were sorted from which mRNA was extracted
and SAMHDI levels were analyzed by qPCR. Parallel to
that, the corresponding diagnostic tissues were stained for
SAMHDI. The variable SAMHDI1 protein expression in
MCL was confirmed at the mRNA level (Pearson correla-
tion coefficient 0.85, P=0.0009; Fig. 1D), suggesting that
SAMHDI mRNA quantitatively translates to SAMHDI pro-
tein in sorted MCL cells.

SAMHD1 expression in relation to morphological
features

The population-based cohort (N=150) (Table 1) was used
for evaluation of possible correlation to morphological char-
acteristics (Table 2). In this cohort, the cases with blastoid/
pleomorphic morphology had significantly higher SAMHD1
expression (median 84.9% as compared to 51.9% in cases
with classical morphology, Mann-Whitney, P=0.028).
SAMHDI1 expression was positively correlated to high
proliferation (Ki-67 >30%) (median 80.1% SAMHDI1 posi-
tive cells as compared to 55.4% in cases with Ki-67 <30%,
Mann-Whitney, P =0.016) but no significant correlation
to p53 or SOX11 negativity (Table 2). However, among
SOXI11 positive cases there was a moderate positive cor-
relation between percentage of SOX11 positive cells and
SAMHD1 expression by IHC (N =62, Spearman correlation
coefficient 0.27, P=0.036). Further, analysis of mRNA lev-
els of SOX11 and SAMHDI1 in sorted MCL cells (N=19)
showed a trend for correlation (Spearman correlation coef-
ficient 0.45, P=0.053). However, downregulation of SOX11
by siRNA in Granta519 MCL cell line did not affect the
expression of SAMHDI, neither did downregulation of
SAMHDI1 by siRNA change the expression of SOX11 sug-
gesting that the correlation is not due to a mutual regulation
at the gene expression level (Fig. 2A). To further investigate
the effect of SAMHD1 on expression of SOX11 we depleted
SAMHDI1 in MCL cell lines (Granta-519, JeKo-1 and JVM-
2) by means of non-infectious virus-like particles (VLPs),
including Vpx that targets SAMHD1 protein for ubiquitin-
mediated proteolysis within three hours and dX that serves
as a control [18]. Downregulation of SAMHD1 by Vpx did
not affect the expression of SOX11 in the SOX11+ cell lines
Granta519 and JeKo-1 (Fig. 2B). Genetic downregulation of
either SOX11 or SAMHD1 in MCL cell line did not affect



Virchows Archiv (2021) 480:655-666

659

Fig.1 SAMHDI1 expression

in reactive lymph node and
MCL. A: Reactive lymph

node stained for CD3 and for
CD20 (upper panels) and for
SAMHDI (lower panels). The
germinal center is encircled

in white and the mantle zone

is indicated by the red arrows.
B: MCL stained for CD20 in
red and SAMHDI in brown. In
MCL SAMHDI expression is
variable with only 2% positive
cells in one case (left) and 92%
positive cells in another case
(right). For comparison cyclin
D1 staining of these cases are
shown below. C: Distribution of
SAMHDI positivity in MCL.
MCL cases from the popula-
tion-based cohort (N=150) are
shown on the x-axis and per-
centage of SAMHDI positivity
on the y-axis. D: SAMHD1
mRNA expression in highly
enriched MCL cells (kappa/
lambda, CDS5, CD19, CD20,
CD3; purity>98%) correlate to
SAMHDI protein expression by
immunohistochemistry in the
corresponding biopsies (stained
for CD20 and SAMHD1 and the
fraction of SAMHD1 expressing
CD20 positive cells was evalu-
ated). The variable SAMHD1
protein expression in MCL was
confirmed at the mRNA level
(Pearson correlation coefficient
0.85, P=0.0009)
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Table 1 Characteristics of the Stockholm population-based cohort

Factor Category Median (min-max) N  Percent
Age (years) 65 (32-92) 150
<50 17 11%
50-59 28 19%
60-64 28 19%
65-69 28 19%
>70 49 33%
Morphology 148
Classical 119 80%
Blastoid or 29 20%
pleomor-
phic
Ki-67 expression, 21.5 (1-95) 145
%
<30 89 61%
>30 56  39%
SAMHDI, % 69 (0.4-100) 150
<10 32 21%
>10-50 33 22%
>50-90 46  31%
>90-100 39 26%
p53 expression 146
>20%
Negative 126 86%
Positive 20 14%

Table2 SAMHDI1 expression in relation to morphological features in
the Stockholm population-based cohort

Factor Category N  SAMHDI expres- P
sion, %; median
(min-max)
Morphology 148
Classical 119 51.9 (1-99.6) 0.028
Blastoid/ 29  84.9 (0.4-100)
pleomor-
phic
Ki-67 expression 145
<30% 89 55.4(1-96.8) 0.016
>30% 56 80.1(0.4-100)
p53 expression 146
>20%
Negative 126 72.2 (1-99.6) 0.8
Positive 20  55.4(0.4-100)
SOX11 expression 145
Positive 133 72 (0.4-100) 0.8
Negative 12 61 (3.4-94.8)

cell proliferation, viability or cyclin D1 protein expression
(Fig. 2C-D).
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SAMHD1 expression in patients treated according
to the Nordic MCL2 and MCL3 protocols

In the population-based cohort 67/150 patients were treated
according to the Nordic MCL2/MCL3 protocols and these
67 patients were used as an investigation cohort for PFS
and OS. In addition, 91 patients from the Nordic MCL2/
MCL3 trials were used as a validation cohort. The clini-
cal and biological characteristics of the investigation and
validation cohorts are presented in Table 3. There was no
difference in MIPI and MIPIb between the two datasets
(both P=0.5). Fewer cases expressed p53 in the investiga-
tion cohort (P=0.015). Patients were older in the Karolinska
cohort (Table 3), because that dataset also included patients
65-70 years treated according to, but outside, the clinical
trials, which had an age limit of 65 years. The 5-year PFS
was 65% and 61% in the investigation and validation cohort,
respectively (overall, 63%).

Survival analysis

SAMHDI1 expression was first analyzed in relation to PFS
in the ASCT investigation cohort. Low frequency (<10%
or < 25%) of SAMHD1+ mantle cell lymphoma cells did not
predict PFS, nor did the median (60%) or a 75% cutoff (all
P>0.5) (Supplementary Fig. S1). However, patients with
>90% SAMHDI1 positive lymphoma cells had shorter PFS
(Fig. 3A) and OS (Fig. 3B). In the investigation cohort, there
were 16/67 (24%) patients with >90% SAMHDI positive
lymphoma cells, who showed short PFS (at 5 years, 44%
compared with 72%). Similarly, patients with blastoid/pleo-
morphic phenotype showed short PFS compared with clas-
sical MCL (at 5 years, 44% vs 69%).

In bivariate analysis for PFS, SAMHD1 but not morpho-
logical subtype was independent and morphological subtype
was therefore not further analyzed. As shown in Table 2,
there was also an association between SAMHD1 and Ki67.
However, both factors were independent in a subsequent
bivariate analysis, and Ki67 was retained for further adjust-
ment as part of the MIPIb. After multivariate adjustment for
the MIPIb, SAMHDI1 >90% remained significant for OS and
PFS in the investigation cohort (Table 4).

To validate the importance of the selected cutoff point
of >90% SAMHDI1 positive lymphoma cells, we obtained
samples and clinical data from the MCL2 and MCL3 tri-
als (ASCT validation cohort, N=91). Twenty-two out of
91 (24%) patients had >90% SAMHDI1 positive lymphoma
cells. In the validation cohort, SAMHD1 >90% did not cor-
relate with PFS or OS (Fig. 3C-D) and neither were there
any significant correlation to SAMHD1 >90% in the com-
bined cohorts regarding PFS or OS (Fig. 3E-F).
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Discussion

In this study, we have investigated the expression of
SAMHDI1 in MCL as compared to non-malignant mantle
zone B cells. The expression in normal mantle zone was
approximately 30% positive cells. In MCL, the expression
pattern was bimodal and one third of cases had fewer than
20% positive cells and half of the cases had >50% SAMHD1
positive cells. We here report that MCL with high frequency
of SAMHDI1 expressing cells were enriched for cases with
blastoid/pleomorphic morphology and high proliferation.
We found a moderate correlation between SAMHD1 and
SOX11 protein expression in SOX11 positive MCL, and
therefore we investigated, using MCL cell lines, whether
downregulation of one of these genes would influence
expression levels of the other one. As a result, we did not
find that SAMHD1 and SOX11 levels mutually regulate pro-
tein expression levels. Since SAMHD1 limits the efficacy of
cytarabine by hydrolyzing the active metabolite, Ara-CTP,
it could be hypothesized that cases with high frequency of
SAMHDI expressing cells are less sensitive to this essential
therapeutic component, similar to findings in acute myeloid
leukemia [10, 18-20]. Indeed, high SAMHDI1 expression
in B cell lymphoma cell lines confer resistance to cytara-
bine in vitro [23]. Cytarabine is however not enough as a
single chemotherapy in high risk MCL [28] and the com-
bination treatment given in the MCL2 and MCL3 protocols
could explain the lack of significant association between
SAMHDI1 expression and PFS or OS as here reported by us
and recently also by others [23].

SAMHDLI is also considered to have tumor suppressor
activity (reviewed in [29]). A recent publication reports a
mutation frequency of 7.1% in MCL without a clear cor-
relation to protein expression [3, 23]. Nadeu et al. identified
SAMHDI1 as one of the recurrent MCL drivers of conven-
tional MCL (mutations or deletions, 10% frequency) [30]. In
CLL, mutations were found in 3% pre-treatment and in 11%
of refractory/relapsed cases and were associated to lower
SAMHDI1 protein expression and resistance to agents that
induce DNA double strand breaks such as etoposide [24].
Etoposide is part of the MCL high-dose chemotherapy regi-
men (BEAM and BEAC) administrated prior to the autolo-
gous stem cell support [12]. It could therefore be hypoth-
esized that low expression of SAMHD1 in MCL would
be associated with resistance to the etoposide component
resulting in impaired survival. Our analysis did however not
reveal a survival difference in the MCL with low frequency
of SAMHDI expressing cells.

In conclusion, we here report a wide variability in SAMHD1
expression in MCL and a positive correlation to known bio-
logical adverse factors such as high tumor cell proliferation
and blastoid/pleomorphic subtypes. However, neither low or

high SAMHD1 expression correlated to OS or PES in patients
treated according to the Nordic MCL2 or MCL3 protocols.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00428-021-03228-w.
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«Fig.2 Protein expression of SAMHD1 and SOX11 after gene
silencing of SOX11 or SAMHDI. A: The MCL cell line Granta519
was transfected with specific siRNA targeting SOX/I or SAMHDI,
and protein levels were measured 24 h post siRNA by western blot,
using beta-actin as loading control. B: SAMHDI1 was depleted in
Granta519, JeKo-1 and JVM-2 cell lines using Vpx treatment for
72 h. Graphs in A and B are averages of three independent repli-
cates, error bars represent standard error of the mean (SEM), r-test
*p<0.05, **p<0.01, and a representative blot for each is shown. C:
Neither cell number nor cell viability was significantly affected by
down-regulation of SOX11 or SAMHDI, or SAMHDI depletion.
D: Cyclin D1 protein expression was assessed by western blot after
downregulation or depletion of SOX11 or SAMHDI, graphs show
averages of 3-5 independent replicates, error bars represent standard
error of the mean (SEM), r-test was applied, and a representative blot
for each experiment is shown
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Table 3 Characteristics of the investigation ASCT and validation ASCT cohorts

Investigation cohort (N=67)

Validation cohort (N=91)

Factor Category N Percent N Percent P
Age, years; median (min-max) 61 (32-69) 57 (37-65) 0.005
<50 13 19% 18 20%
50-59 19 28% 42 46%
60-64 18 27% 25 27%
65-69 17 25% 6 7%
MIPI; median (min-max) 5.7 (4.7-8.3) 5.7 (4.7-8.7) 0.44
<5.7 32 48% 51 56%
>5.7-6.5 22 33% 24 26%
>6.5 12 18% 16 18%
Morphology 0.21
Classical 57 86% 71 78%
Blastoid/pleomorphic 9 14% 20 22%
Ki-67, %; median (min-max) 21.5 (1-95) 20 (1-91)
<20 27 43% 35 41%
>20-30 12 19% 17 20%
>30-50 13 21% 20 24%
>50-70 6 10% 7 8%
>70-95 5 8% 6 7%
MIPIb; median (min-max) 6.3 (5.2-9.5) 6.1 (4.9-8.8) 0.98
<5.7 10 15% 15 18%
>5.7-6.5 34 54% 44 52%
>6.5 18 31% 26 31%
SAMHDI, %; median (min-max) 60 (1-100) 63 (2-100) 0.87
<10 15 22% 20 22%
>10-50 13 19% 19 21%
>50-90 23 34% 30 33%
>90-100 16 24% 22 24%
pS3 expression >20% 0.015
Negative 62 97% 37 82%
Positive 2 3% 8 18%
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Fig.3 Long-term outcome according to SAMHDI1 expression. (A)
Progression-free and (B) overall survival in the ASCT investigation
cohort (N=67). (C) Progression-free and (D) overall survival in the

validation cohort (N=91). (E) Progression-free and (F) overall sur-
vival in the combined cohort (N=158). P values from the log-rank
test
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Table 4 Multivariate analyses

Cohort Analysis  Factor HR 95%CI P
Investigation
PFS
SAMHD1>90% 3.1 14-6.8 0.005
MIPIb 5.7-6.5 33 0.8-14.7
MIPIb >6.5 37 08-172 0.24
(O]
SAMHD1>90% 4.5 1.6-12.7 0.005
MIPIb 5.7-6.5 34 03-283
MIPIb >6.5 48 05422 0.36
Validation
PFS
SAMHD1>90% 0.7 0.3-1.4 0.32
MIPIb 5.7-6.5 1.1 05-26
MIPIb >6.5 37 15-89 0.0003
(0N
SAMHD1>90% 0.6 0.2-14 0.22
MIPIb 5.7-6.5 1.1 0.3-33
MIPIb >6.5 48 1.6-14.3 0.0001
Combined
PFS
SAMHD1>90% 1.3 0.8-2.1 0.37
MIPIb 5.7-6.5 1.5 0.7-3.1
MIPIb >6.5 31 15-6.6 0.002
(0N
SAMHD1>90% 1.2 0.6-2.3 0.53
MIPIb 5.7-6.5 1.3 0.5-35
MIPIb >6.5 3.8 1.4-10.1 0.0005

Abbreviations: PFS, progression-free survival; OS, overall survival,
MIPIb, Mantle Cell Lymphoma International Prognostic Index (bio-

logical); HR, hazard ratio; CI, confidence interval
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