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Chronic lymphocytic leukemia (CLL) is a clinically and genetically heterogenous disease. Recent 
next-generation sequencing (NGS) studies have uncovered numerous low-frequency mutated genes 
in CLL patients, with SAMHD1 emerging as a candidate driver gene. However, the biological and 
clinical implications of SAMHD1 mutations remain unclear. Using CRISPR/Cas9, we generated CLL 
models to investigate the impact of SAMHD1 deficiency on pathogenesis and explore therapeutic 
strategies. Moreover, we performed NGS in treatment-naïve CLL patients to characterize SAMHD1 
mutations and employed RNA-sequencing to evaluate their clinical significance. Our study shows that 
SAMHD1 inactivation impairs the DNA damage response by reducing homologous recombination 
efficiency through BRCA1 and RAD51 dysregulation. Importantly, SAMHD1 colocalizes with BRCA1 
at DNA damage sites in CLL cells. This research also identifies that SAMHD1-mutated cells are more 
sensitive to PARP inhibition. Clinically, SAMHD1 dysfunction negatively impacts clinical outcome of 
CLL cases: SAMHD1 mutations reduce failure-free survival (median 46 vs 57 months, p = 0.033), while 
low SAMHD1 expression associates with shorter time to first treatment (median 47 vs 77 months; 
p = 0.00073). Overall, this study elucidates that SAMHD1 dysfunction compromises DNA damage 
response mechanisms, potentially contributing to unfavorable clinical outcomes in CLL, and proposes 
PARP-inhibitors as a potential therapeutic approach for SAMHD1-mutated CLL cells.

Chronic lymphocytic leukemia (CLL) exhibits both a heterogenous clinical and biological course, reflecting the 
complex genetic landscape of the disease1,2. Recent large-scale next generation sequencing (NGS) studies of CLL 
patients have identified over 200 candidate drivers genes, predominantly exhibiting low mutational incidences 
(< 5%)3–5. Among these, SAMHD1 has been uncovered as a potential CLL driver. However, the prognostic and 
biological implications of its alterations are poorly understood.

SAMHD1 is a nuclear triphosphohydrolase which converts all four deoxynucleotide triphosphates (dNTPs) 
to deoxynucleosides and inorganic triphosphate. By regulating cellular dNTPs levels, SAMHD1 plays a key role 
in the maintenance of homeostasis of dNTPs pools and is essential for the preservation of genomic integrity6–8. 
An imbalance in the dNTPs levels associates with DNA replication stress, reduced genomic stability and 
impaired DNA breaks repair mechanisms9,10. Apart from its dNTPase function, SAMHD1 also plays a direct 
role in DNA double-strand breaks (DSB) repair, promoting DNA end resection to facilitate DNA lesions repair 
by homologous recombination (HR) through the recruitment of DSB repair machinery11.
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Germline SAMHD1 mutations are reported in Aicardi-Goutières syndrome (AGS)12,13. Importantly, 
clinical observations have involved SAMHD1 mutations with CLL pathogenesis, as evidenced by an AGS 
patient with SAMHD1 mutated but lacking other CLL-related mutations who developed CLL14. In addition, 
somatic SAMHD1 mutations occur in ~ 2% of newly diagnosed CLL patients5 and up to 11% of relapsed or 
chemotherapy-refractory cases, often as early clonal events5,15. Previous studies have suggested that SAMHD1 
mutations typically lead to significantly reduced mRNA and protein expression14.

Despite the huge advances in improving CLL genetic characterization, the impact of some recurrently 
mutated genes such as SAMHD1 remains insufficiently understood. This study aims to delineate the implications 
of SAMHD1 variants in CLL. To elucidate their biological impact, novel isogenic CLL cellular models with 
loss-of-function mutations in SAMHD1 were generated using CRISPR/Cas9. Given the known involvement 
of SAMHD1 in the DNA damage response (DDR), our results show that SAMHD1 dysfunction reduces HR 
efficiency through impaired recruitment of BRCA1 to DNA damage sites, showing a functional interaction 
between SAMHD1 and BRCA1. Moreover, we correlated defective DDR with increased sensitivity to olaparib, 
suggesting potential therapeutic benefits of PARP inhibition in SAMHD1-mutated CLL patients. Furthermore, 
to assess their prognostic significance, we evaluated SAMHD1 mutational status in a treatment-naïve cohort and 
analyzed the clinical effects of its dysfunction using genomic and transcriptomic data, revealing an unfavorable 
clinical outcome. These findings position SAMHD1 as a critical mediator of DNA repair and genomic stability 
in CLL, with important implications for both prognosis and targeted therapy.

Results
SAMHD1 deficiency disrupts the DNA damage response by impairing the recruitment of HR 
marker BRCA1
To investigate the biological implications of SAMHD1 mutations, we conducted an in-depth analysis using 
transcriptomic datasets from CLL patients collected in the CLL-map portal3). Through this approach, we 
identified a comprehensive list of genes whose expression is significantly correlated with SAMHD1 expression 
in CLL patients (Supplementary Table 5). Functional annotation of these genes highlighted the DNA damage 
response as one of the most significantly enriched pathways (Fig. 1A). To gain deeper insights, we generated 
SAMHD1KO cells in PGA1 and MEC1 CLL-derived cell lines following the experimental design shown in 
Supplementary Fig. 1A. The introduction of truncating mutations in SAMHD1 gene (Supplementary Fig. 1B) 
resulted in the absence of protein (Supplementary Fig. 1C).

The role of SAMHD1 in maintaining genome stability by promoting HR11 prompted us to evaluate the 
efficiency of the two main mechanisms of DSBs repair: HR and non-homologous end joining (NHEJ). Functional 
assays in CLL models demonstrated a significantly reduced HR efficiency in SAMHD1KO cells compared to 
SAMHD1WT counterparts, (p < 0.05) (Fig.  1B). In contrast, SAMHD1 truncation did not cause significant 
changes in NHEJ efficiency (Supplementary Fig. 2).

Strikingly, analysis of patients samples from the CLL-map portal revealed a significant positive correlation 
between SAMHD1 and BRCA1 expression (R = 0.36, p < 0.0001)(Fig. 1C). These findings led us to investigate 
whether SAMHD1 directly impacts BRCA1 recruitment. In response to ionizing radiation (IR), SAMHD1KO 
cells exhibited a statistically significant reduction of BRCA1 foci) (p < 0.0001) (Fig.  1D), indicating defective 
recruitment of BRCA1 to DSBs. Importantly, SAMHD1 colocalized with BRCA1 at DSBs sites following IR 
(Fig.  1E), suggesting a cooperation of SAMHD1 and BRCA1 in DDR. Furthermore, SAMHD1 disruption 
significantly impaired the localization of RAD51 to DSB sites in γH2AX-positive cells (p < 0.05) (Fig.  1F), 
indicating that SAMHD1 is essential for the efficient localization of these HR machinery components.

We tested in vitro how SAMHD1KO cells responded to DSBs. SAMHD1KO cells were more sensitive to DNA 
damage inducers such as IR (Supplementary Fig. 3A) or etoposide, validating this hypersensitivity in MEC1 cells 
(Supplementary Fig. 3B). Subsequently, we examined the expression levels of key protein kinases involved in the 
signaling pathways associated with DSB repair. Upon etoposide treatment, SAMHD1KO cells exhibited reduced 
phosphorylation levels of ATM, ATR and CHK1, concomitant with higher CHK2 phosphorylation (Fig. 1G). By 
contrast, we did not observe changes in expression levels of ATM, ATR, CHK1 and CHK2. Then, we determined 
cell cycle profile of PGA1 cells 48 h post-IR. As expected, SAMHD1WT cells exhibited cell cycle arrest in G2/M 
phase, indicative of an active repair process in response to DNA damage, whereas SAMHD1KO cells overcame 
this point and showed the same profile that those cells without IR exposure (Supplementary Fig. 3C). A similar 
cell cycle distribution was observed in MEC1 cells (Supplementary Fig. 3D). In addition, an analysis comparing 
SAMHD1KO to SAMHD1WT cells revealed a statistically significant reduction in G2/M arrest in CLL cells with 
SAMHD1 dysfunction (p < 0.001) (Supplementary Fig. 3E). These findings underscore the impact of SAMHD1 
deficiency on cellular response to DSBs.

SAMHD1KO cells are more sensitive to DNA damage inducers
Considering the potential of defects in DNA damage repair to increase sensitivity to various DNA damage-
inducing agents, we tested the impact of SAMHD1 truncation on the cellular response to the alkylating agent 
bendamustine and the nucleoside analogue fludarabine. Notably, SAMHD1KO cells exhibited higher sensitivity 
to both drugs approved for CLL therapy (Fig. 2A,B). Remarkably, SAMHD1KO cells showed a significant lower 
fludarabine IC50 compared with SAMHD1WT (mean IC50 of SAMHD1WT: 9.8  µM vs SAMHD1KO: 2.5  µM, 
p < 0.0001). This higher sensitivity was also validated in SAMHD1KO MEC1 cells, which harbor TP53 dysfunction 
(Supplementary Fig.  4A,B). Interestingly, HG3 cells, harboring a truncating mutation in SAMHD1, showed 
the lowest IC50 value for fludarabine (Fig.  2C, Supplementary Table 1). This result supports that SAMHD1 
inactivating mutations enhance sensitivity to fludarabine, which is a SAMHD1 substrate.

We next demonstrated that fludarabine treatment increases apoptosis and modifies cell cycle profile. 
Annexin V/PI staining revealed a higher percentage of apoptotic (annexin V +) and late apoptotic SAMHD1KO 
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Fig. 1.  Biological effects of SAMHD1 dysfunction in DNA damage response in CLL. (A) Plots depicting GO 
analysis results of the top significantly enriched pathways correlated with SAMHD1 expression in CLL patients. 
Arrows emphasize the biological processes related with DNA damage response. (B) Left panel: HR efficiency 
graph for DSB repair in PGA1 cell line using a HR reporter plasmid. HR repair efficiency was calculated as 
the ratio of GFP + cells to the total number of DsRed + (transfected) cells. Three clones per condition in 3 
independent experiments were analyzed. Results are shown as mean ± SD. Right panel: Representative plots 
of HR repair in SAMHD1WT and SAMHD1KO cells. (C) Correlation analysis between BRCA1 and SAMHD1 
mRNA expression normalized with the vst score in CLL patients from the CLL map project. (D) Left panel: 
Quantification of BRCA1 foci/cell in SAMHD1WT and SAMHD1KO cells 1-h post-IR. At least fifty cells were 
counted per experiment in two independent clones per condition. Right panel: Representative images of 
BRCA1-positive cells 1 h after irradiation (2 Gy). (E) Representative immunofluorescence images showing 
the colocalization of SAMHD1 with BRCA1 at DNA damage sites following 2 Gy irradiation. Images 
include untreated control (no irradiation) and irradiated (DNA-damage induced) conditions. (F) Left panel: 
Measurement of RAD51 foci/cell in γH2AX positive cells 6 h post-IR. Cells were considered as γH2AX + when 
5 or more foci were formed. At least fifty cells were counted per experiment. Two independent experiments 
were performed in three biological replicates. Right panel: Representative images of γH2AX + cells and RAD51 
localization. (G) Western blot analyses depicting the expression of the proteins implicated in DNA damage 
signaling ATM, ATR, CHK1 and CHK2; and their phosphorylated forms. Cells were not treated (0), or treated 
with 2 or 4 µM of etoposide for 8 h. Two single-cell clones were analyzed for each condition.
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cells (annexin V + PI +) (Fig. 2D) compared to SAMHD1WT cells. Apoptosis enhancement was also confirmed 
by the higher subG0 percentage in SAMHD1KO cells, a characteristic marker of apoptosis (Fig. 2E). In parallel, 
we identified a higher G1 percentage and a concomitant reduction of cells in G2/M after fludarabine treatment 
in SAMHD1KO cells compared to the WT counterparts (Fig. 2F, Supplementary Fig. 4C).

Fig. 2.  Impact of SAMHD1 disruption on response to DNA damage inducers. (A, B) Dose–response curves 
of bendamustine (A) and fludarabine (B) treatment in PGA1 cell line. Cells were treated with escalating doses 
of bendamustine (0.625–80 µM) or fludarabine (0.625–40 µM) for 72 h. Cell viability was assessed with MTT, 
and surviving fraction is expressed relative to DMSO control. Dashed line represents the reduction of IC50 
value in SAMHD1KO cells. Data are represented as mean ± SD of three independent experiments. (C) IC50 
value (µM) for fludarabine treatment in 3 CLL cell lines (HG3, PGA-1 and MEC1). Information of SAMHD1 
and TP53 status were summarized below the graph. (D) Representative annexin V/PI dot-plots (left panel) to 
determine apoptotic (annexin V + /PI +) cells (right panel) after 7.5 µM fludarabine for 48 h. (E) PI staining for 
determination of subG0 population (left panel) for PGA1 cells, reflecting the increase of apoptotic SAMHD1KO 
cells after fludarabine treatment (right panel). (F) Cell cycle profile determined by PI staining after 48 h 
fludarabine treatment (7.5 µM) in PGA1 cell line. Data are represented as mean ± SD of three independent 
experiments.
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SAMHD1KO cells are more sensitive to PARP inhibition by olaparib
Considering the reduced HR efficiency in SAMHD1KO cells and the well-established association between HR 
defects and increased sensitivity to poly-ADP-ribose polymerase (PARP) inhibitors35, we hypothesized that 
PARP inhibition could be an attractive treatment for SAMHD1KO cells. First, we observed that SAMHD1KO 
potentiated sensitivity to PARP inhibition with olaparib in PGA1 cells, which show a significant decrease of IC50 
value (4.014 vs 8.383 µM), (Fig. 3A). This hypersensitivity to olaparib was corroborated in MEC1 SAMHD1KO 
cells (Supplementary Fig. 5A).

Then, we tested whether olaparib could be used in combination with standard agents of CLL treatment such 
as the alkylating agent bendamustine or the BCR inhibitor ibrutinib, which could enhance olaparib cytotoxicity 
by synthetic lethality30. In monotherapy, SAMHD1KO cells were more sensitive to bendamustine (Fig.  3B), 
but not to ibrutinib (Supplementary Fig.  5B). Strikingly, combining bendamustine with olaparib resulted in 
synergistic effects in reducing cell survival of PGA1 cells (Combination Index–CI: SAMHD1WT = 0.712; 
SAMHD1KO = 0.751), being dual treatment more effective in SAMHD1KO cells (Fig. 3B, Supplementary Fig. 5C). 
Furthermore, BCR inhibition with ibrutinib synergistically potentiated the effect of PARP inhibition (CI-
SAMHD1WT = 0.862; CI-SAMHD1KO = 0.681), especially in SAMHD1KO cells (Fig.  3C). Similarly, combining 
olaparib with ibrutinib increased induction of apoptosis particularly in SAMHD1KO cells, demonstrated by a 
higher percentage of apoptotic cells (Fig. 3D, Supplementary Fig. 5D) and an enhanced PARP cleavage (Fig. 3E). 
Overall, these data indicate that olaparib, either in monotherapy or combined with other CLL treatments, 
effectively sensitizes SAMHD1KO. Additionally, the reduced RAD51 localization in DSB lesions was consistent 
with an increase in sensitivity to the RAD51 inhibitor B02, as well as to the ATR inhibitor AZD6738 in 
SAMHD1KO cells (Supplementary Fig. 5E).

SAMHD1 mutations are infrequent but its dysfunction associates with dismal prognosis in 
CLL
Finally, we evaluated the clinical impact of SAMHD1 dysfunction through NGS analysis in 487 CLL patients. 
We identified 12 SAMHD1 mutations in 8 cases (1.64%). These mutations included 3 nonsense and 9 missense 
substitutions that were predicted in silico as damaging for SAMHD1 protein (Fig.  4A, Supplementary Table 
6). All variants were present at high variant allele frequencies (VAF) (30–55%), suggesting its clonal nature. 
Moreover, SAMHD1 mutated (SAMHD1MUT) patients harbored other high-risk genetic alterations such as TP53 
or ATM mutations or losses (Supplementary Table 6).

In additional CLL cohorts, the frequency of SAMHD1 mutations varied depending on the patient population. 
In the largest cohort of pre-treatment patients analyzed (n = 1,009), the frequency was 1.5%3, while a separate 
study of treatment-naïve patients (n = 200) reported a slightly higher frequency of 3%14. Interestingly, SAMHD1 
variants were more prevalent among relapsed/refractory patients who had received immunochemotherapy, 
reaching 11% in a smaller cohort (n = 63)14. This elevated frequency was consistent with findings from another 
relapsed/refractory cohort, where the mutation rate was 9.6% (n = 114)15. Across these studies, 43 SAMHD1 
mutations were reported in 40 CLL patients3,14,15 (Supplementary Table 7). 75% (36/48) of these mutations 
were missense, being most of them (~ 80%, 29/36) annotated by bioinformatic predictors as likely pathogenic. 
In addition, 7 nonsense variations and 5 frameshift mutations were detected. The mutations were broadly 
distributed throughout the protein structure, affecting functional domains, allosteric and catalytic sites (Fig. 4A). 
The median VAF was 59.3% (range 8.15%- 99.65%), with over 90% having a VAF > 25%, suggesting that these 
variants were mainly clonal, as previously reported14 (Supplementary Table 7).

Extending our investigations to the CLL-map project3, SAMHD1MUT CLL cases (n = 15) had significantly 
shorter failure free-survival (FFS) compared to SAMHD1WT patients (n = 994) (median 46 vs 57 months; p = 0.033 
(Fig. 4B). Moreover, SAMHD1MUT patients exhibited a trend towards reduction of time to first treatment (TFT) 
(median 32 vs 67 months; p = 0.069) (Supplementary Fig. 6A). Stratifying CLL patients from two independent 
cohorts based on SAMHD1 expression levels, CLL cases with low SAMHD1 expression associated with shorter 
TFT (median 47 vs 77  months; p = 0.00073) and overall survival (OS) (median 154  months vs not reached; 
p = 0.0046) compared to those with high SAMHD1 expression in the CLL-map portal (Fig. 4C). These findings 
were independently validated in the GSE22762 dataset, in which low SAMHD1 expression was similarly 
correlated with reduced TFT and OS (Supplementary Fig. 6B and C). Thus, both loss-of-function mutations and 
reduced expression of SAMHD1 are implicated in adverse prognosis of CLL patients.

Discussion
Despite significant advances from large-scale sequencing studies over the last years3,5,18,19, little is known about 
the biological and prognostic impact of most putative drivers in CLL such as SAMHD1. Our work provides a 
comprehensive analysis of the biological impact of SAMHD1 dysfunction in CLL disease. Using novel CRISPR/
Cas9-edited CLL cellular models, we show that loss of SAMHD1 negatively affects the DDR and makes CLL 
cells hypersensitive to therapeutic approaches based on PARP inhibitors. Moreover, our results reinforce that 
not only mutations, but also altered gene expression of SAMHD1, are clinically relevant in CLL. Thus, our data 
underscore SAMHD1 alterations as a possible biomarker of worse prognosis in CLL14, as it has been previously 
proposed in other solid tumors such as colon cancer22,37.

Our findings uncover that SAMHD1 dysfunction reduced HR efficiency in the context of CLL disease. 
Similarly, Daddacha et al. observed that SAMHD1 localizes at DSBs in response to DNA damage to facilitate HR 
by promoting RAD51 recruitment11. In our study, we demonstrate that SAMHD1 depletion not only impairs 
RAD51 recruitment but also disrupts BRCA1 recruitment to DSBs. Furthermore, we confirm the colocalization 
of SAMHD1 with the HR marker BRCA1 at DNA damage foci. This observation aligns with a previous study 
that identified the colocalization of SAMHD1 with 53BP1, another DDR-related protein14. Additionally, through 
transcriptomic analysis of CLL patient data, we reveal a significant linear correlation between SAMHD1 and 
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BRCA1 expression in CLL patients, providing further evidence of their functional relationship. Overall, our 
results substantiate a novel mechanistic role for SAMHD1 in enabling efficient BRCA1-mediated repair, as 
initially described in solid tumor models11. Beyond this impact on HR, SAMHD1 deficiency compromises DDR 
signaling as SAMHD1 loss impairs cell cycle arrest in G2/M phase in response to DNA damage.We hypothesize 
that the moderate overexpression of p-CHK2 in SAMHD1KO cells relative to SAMHD1WT could enhance cell 
cycle arrest in G1 phase22–24. This hypothesis aligns with previous studies reporting that defects in dNTPase 
function caused by SAMHD1 deficiency may lead to a G1 arrest8,17,25 and genomic instability26. Taken together, 
our findings propose SAMHD1 as a critical mediator of HR and DDR integrity, offering new insights into its 
role in genomic stability.

Our work provides evidence of hypersensitivity to olaparib in SAMHD1KO cells. PARP inhibition is an 
approved treatment for HR-deficient solid tumors34 and a potential therapeutic approach for hematological 
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Fig. 3.  Response of SAMHD1KO cells to olaparib in monotherapy and combined with bendamustine/ ibrutinib. 
(A) Cell viability studies by MTT assay in response to increasing doses of olaparib (0.625–20 µM) for 72 h. 
Percentage of live cells is expressed relative to DMSO control. Differences between PGA-1 SAMHD1WT and 
SAMHD1KO clones are summarized by asterisks. Data are summarized as the mean ± SD of three independent 
experiments. (B) Drug response to olaparib (20 µM), bendamustine (20 µM) and combination of both drugs 
(ratio 1:1) in PGA-1 SAMHD1WT and SAMHD1KO by measuring cell viability with MTT assay after 72 h 
Data are summarized as the mean ± SD of three independent experiments. (C) Dose–response curve of viable 
cells (%, relativized to untreated cells) after treatment with olaparib, ibrutinib and their combination at a 1:1 
ratio. Data are presented as the mean ± SD of three independent experiments. Combination index (CI) was 
calculated using Calcusyn. (D) Determination of cytotoxicity after 48-h treatment with olaparib (7.5 µM), 
ibrutinib (7.5 µM) and the combination of these drugs (1:1) in PGA-1 cells by measuring the percentage of 
apoptotic cells (annexin V + / PI +) with annexin V/PI staining. Data are presented as the mean ± SD of three 
independent experiments. (E) Western blot analyses reflecting PARP cleavage as an apoptosis marker after 
treatment with olaparib, ibrutinib and their combination (ratio 1:1).

◂

Fig. 4.  Clinical impact of SAMHD1 dysfunction in CLL patients. (A) Diagrammatic representation illustrating 
the distribution of SAMHD1 mutations identified in CLL patients from the local cohort (up) and those 
previously reported in three CLL cohorts (down)3,14,15. These variants are represented according to the amino 
acid change at the protein level (Transcript: ENST00000262878). Each circle represents a SAMHD1 mutation, 
and its color means the type of mutation (missense, nonsense or frameshift). (B) Kaplan–Meier curve of failure 
free survival analysis of SAMHD1 mutated (SAMHD1MUT, red line) vs SAMHD1 non-mutated (SAMHD1WT, 
purple line) CLL patients from the CLL-map portal3. (C) Kaplan–Meier plots showing the association between 
SAMHD1 expression and the time to first treatment (left) and overall survival (right) in CLL from the CLL-
map portal3. CLL patient were grouped according to SAMHD1 expression levels: low (dark red line) and high 
(light purple line).
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malignancies16,28, especially in CLL cells with DDR-related gene mutations20,30. Furthermore, bendamustine or 
ibrutinib synergistically enhance olaparib sensitivity in CLL cells, mainly in the context of SAMHD1KO, similar 
to previous observations in ATM-deficient CLL cells30,38. These findings suggest that PARP inhibition could be 
a therapeutic strategy to use in CLL cells with defective DDR. In addition, previous research have demonstrated 
that ibrutinib produced a HR-impairment through RAD51 dysregulation which could explain the synergy 
effects of this drug with olaparib in SAMHD1KO cells30.

Moreover, we showed that SAMHD1KO increases efficacy of fludarabine in CLL cells. Previous studies have 
identified that SAMHD1 influences the response to nucleoside analogues21. Moreover, in various hematological 
malignancies, depletion of SAMHD1 increases the cytarabine cytotoxicity, showing better chemotherapy 
responses in those patients with low SAMHD1 expression39–42. However, this observation is contradictory with 
the higher SAMHD1 mutational frequency observed in relapsed/refractory to chemotherapy CLL cohorts. The 
presence of high-risk genetic alterations in relapsed CLL cases, even when SAMHD1 is mutated, may contribute 
to poorer chemotherapy responses14,15. In fact, SAMHD1MUT CLL patients of the sequenced cohort harbored 
other high-risk alterations. In this way, SAMHD1KO cells could be selected after fludarabine-based treatment, 
generating a non-death cellular pool with higher genomic instability that could increase relapse risk. In addition, 
DNA damaging agents such as fludarabine, bendamustine or etoposide further potentiate DNA repair defects 
and increase apoptosis in SAMHD1KO cells, reinforcing the vulnerability of cells with SAMHD1 mutations to 
DNA damage inducers11.

Our findings on the biological impact of SAMHD1 mutations highlights the importance of SAMHD1 in the 
cellular response to DNA damage to ensure genomic stability. We could hypothesize that the defective DNA 
damage repair likely influences clinical outcomes, with SAMHD1 dysfunction in CLL patients associating with 
unfavorable prognosis. Considering the molecular features of CLL, the identification of SAMDH1 as a valuable 
prognostic marker contributes to our understanding of the molecular landscape of this disease and set the basis 
to the development of successful individual therapies. Moreover, our results emphasize the important role of 
DNA damage repair in CLL pathogenesis, as mutations in TP53 and ATM occur frequently in CLL patients, 
underscoring this pathway as a promising therapeutic target.

In conclusion, our results provide evidence of the significance of SAMHD1 mutations in the cellular response 
to DNA damage and uncover SAMHD1 as a potential prognostic marker with clinical relevance. We propose 
that PARP inhibition in monotherapy or combined with DNA damage inducers or BTK inhibitors could be 
promising options for treatment of CLL patients with SAMHD1 alterations. Thus, this study contributes to gain 
insight into the heterogeneous landscape of CLL mutations and propose promising therapeutic approaches for 
a subgroup of high-risk CLL patients.

Methods
Generation of SAMHD1KO CLL cell lines
The human CLL-derived cell lines PGA1, HG3 and MEC1 were used. SAMHD1 mutational status was analyzed 
with a custom NGS panel. SAMHD1 wild-type PGA1 and MEC1 cell lines were selected for CRISPR/Cas9 
experiments (Supplementary Table 1).

PGA1 and MEC1 Cas9-expressing cell lines were previously established36 and tested for Cas9 activity43. To 
generate CLL cells knockout for SAMHD1 (SAMHD1KO), single-guide RNAs (sgRNAs) targeting SAMHD1 
(exon 4) were designed using CRISPick44, prioritizing those with high on-target efficiency and low off-target 
effects (Supplementary Table 2). A non-targeting sgRNA served as a negative control (5’-​A​C​G​G​A​G​G​C​T​A​A​
G​C​G​T​C​G​C​A​A-3’). SgRNAs were cloned into the pLKO5.sgRNA.EFS.tRFP plasmid (Addgene_#57823)27 and 
nucleofected into PGA1-Cas9 and MEC1-Cas9 using Amaxa Nucleofector II (Lonza, program X-005). 72  h 
post-transfection, mCherry + cells were single-cell sorted using a FACSAria II cytometer (BD Biosciences) and 
clones were expanded and screened for the presence of SAMHD1 truncating mutations (Supplementary Fig. 1A 
and 1B). Three SAMHD1 loss-of-function clones were selected for functional studies.

Patients
The study involved 487 CLL patients diagnosed according to the International Workshop on CLL (iwCLL) 
criteria45,46. Samples and clinical data from 16 Spanish institutions were centrally analyzed at the Molecular 
Cytogenetics Unit of the Cancer Research Center in Salamanca, Spain (Supplementary Table 3). This study 
was approved by the ethics committee of Hospital Universitario de Salamanca (Comité Ético de Investigación 
Clínica, Hospital Universitario de Salamanca). Written informed consent was obtained from all participants 
before they entered the study in accordance to the Declaration of Helsinki. CLL samples were analyzed before 
first-line treatment. Additional clinical information was obtained from three previously documented CLL 
cohorts3,14,15 and the CLL-map portal3.

Next generation sequencing (NGS)
NGS analyses were performed in 487 CLL patients. Genomic DNA of CD19 + B-lymphocytes was isolated from 
peripheral blood or bone marrow by magnetically activated cell sorting (B-cell purity > 98%)29–32. Libraries of 
exonic regions from 54 CLL-associated genes were prepared using the Agilent SureSelectQXT Target Enrichment 
system for Illumina Multiplexed Sequencing (Agilent Technologies) (Supplementary Table 4). Paired-end 
sequencing (151-bp reads) was conducted on an Illumina NextSeq instrument (see Supplementary methods).

Bioinformatic analyses
The clinical implications of SAMHD1 mutations in CLL were assessed in 1,009 patients from the CLLmap 
portal3. The impact of low SAMHD1 expression was evaluated in two transcriptomic data sets, one with 5663 
and another with 107 CLL cases33. Time to first treatment (TFT), overall survival (OS) and failure free survival 
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(FFS) were estimated by the Kaplan–Meier method, with group comparisons performed using the log-rank test. 
Overrepresented biological processes associated with SAMHD1 dysfunction were identified using a Pearson 
correlation-based approach, focusing on genes with a Pearson Correlation coefficient |R-squared|> 0.3 and 
adjusted p-value < 0.05. Gene enrichment and functional annotation analyses were conducted using DAVID, 
focusing on gene ontology (GO) at biological process (BP) level (see supplementary methods).

Statistical approach
Statistical analyses were performed with GraphPad Prism v6. Data are represented as mean ± standard deviation 
(SD). Student´s t test, Mann–Whitney and ANOVA were used to determine statistical significance. P-values < 0.05 
were considered statistically significant. Experiments were performed in 3 independent SAMHD1WT and 
SAMHD1KO clones.

Data availability
All data and information concerning this study will be made available from the corresponding authors (jmhr@
usal.es and mariahs@ucm.es) upon reasonable request.
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