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Alexander Biederstädt,1,2,3,8 Rafet Basar,1,2,8 Jeong-Min Park,1,2 Nadima Uprety,1,2 Rejeena Shrestha,1,2

Francia Reyes Silva,1,2 Merve Dede,4 John Watts,1,2 Sunil Acharya,1,2 Donghai Xiong,1,2 Bin Liu,1,2 May Daher,1,2

Hind Rafei,1,2 Pinaki Banerjee,1,2 Ping Li,1,2 Sanjida Islam,1,2 Huihui Fan,5 Mayra Shanley,1,2 Jingling Jin,1,2

Bijender Kumar,1,2 Vernikka Woods,1,2 Paul Lin,1,2 Silvia Tiberti,1,2 Ana Karen Nunez Cortes,1,2 Xin Ru Jiang,1,2,6
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SUMMARY

Adoptive cell therapy using engineered natural killer (NK) cells is a promising approach for cancer treat-

ment, with targeted gene editing offering the potential to further enhance their therapeutic efficacy. How-

ever, the spectrum of actionable genetic targets to overcome tumor and microenvironment-mediated

immunosuppression remains largely unexplored. We performed multiple genome-wide CRISPR screens

in primary human NK cells and identified critical checkpoints regulating resistance to immunosuppressive

pressures. Ablation of MED12, ARIH2, and CCNC significantly improved NK cell antitumor activity against

multiple treatment-refractory human cancers in vitro and in vivo. CRISPR editing augmented both innate

and CAR-mediated NK cell function, associated with enhanced metabolic fitness, increased secretion of

proinflammatory cytokines, and expansion of cytotoxic NK cell subsets. Through high-content genome-

wide CRISPR screening in NK cells, this study reveals critical regulators of NK cell function and provides

a valuable resource for engineering next-generation NK cell therapies with improved efficacy against

cancer.

INTRODUCTION

Allogeneic natural killer (NK) cells, engineered to express

chimeric antigen receptors (CARs), have shown remarkable

safety and efficacy in advanced hematologic malignancies.1–4

However, their therapeutic potential remains constrained by

limited persistence, functional exhaustion, and the immunosup-

pressive tumor microenvironment (TME), particularly in solid tu-

mors. Overcoming these barriers necessitates a deeper under-

standing of the molecular regulators that govern NK cell fitness

and anticancer immunity.5 While previous studies have identified

inhibitory checkpoints that can be targeted to enhance NK cell

function,6–18 the landscape of actionable genetic targets remains

limited due to an incomplete understanding of NK cell-specific

regulatory pathways.

Large-scale CRISPR screens in primary human T cells have

identified regulators of antitumor immunity, offering a systematic

approach to gene target discovery.19–22 Similar studies in murine

NK cells have identified key regulators of NK cell function9; how-

ever, genome-wide CRISPR screens in primary human NK cells

have been hampered by technical challenges, including diffi-

culties in editing NK cells at scales required to ensure adequate

screen coverage.

Here, we report the development of a genome-wide CRISPR

screening platform, optimized for primary human NK cells,

enabling unbiased interrogation of gene programs that govern

cytotoxicity, persistence, and resistance to suppression.

Through high-content screens under repeated tumor challenge

and immunosuppressive stress, we identified key regulators of

NK cell dysfunction that can be targeted to enhance CAR-NK

cell activity within the TME. Together, these findings provide a

foundation for the development of next-generation NK cell ther-

apies with improved efficacy against both hematologic and solid

tumors.
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Figure 1. Pooled CRISPR screening in primary human NK cells enables massively parallel interrogation of genomic perturbations

(A) Conceptual of the sgRNA transfer plasmid used for retroviral library delivery (See also Figure S1).

(B) Schematic representing the gene editing pipeline for pooled CRISPR screening in primary human NK cells employed for the four targeted CRISPR knockout

(KO) screens using a transcription factor (TF) sgRNA library.

(C and D) TF library CRISPR screens (targeting 1,632 genes with 11,364 unique sgRNAs) in primary human NK cells (n = 2 human CB donors) revealed shared and

context-specific genes governing transcriptional regulation associated with NK cell function including under feeder cell-enabled high-fold in vitro expansion

(C) and repeated pancreatic tumor challenge (D). Depicted are z-transformed log2 fold changes (LFC ZS) comparing relative sgRNA abundance at T12 vs. T0

(legend continued on next page)
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RESULTS

CRISPR discovery platform enables systematic

interrogation of genetic perturbations in primary human

NK cells

To enable pooled gene editing in primary human NK cells, we

developed a retroviral vector system incorporating a guide

RNA expression cassette (sgRNA scaffold) (Figure 1A). Cord

blood (CB)-derived NK cells were expanded with engineered

universal antigen-expressing feeder cells (uAPCs23) plus IL-2

(200 IU/mL), transduced with the sgRNA vector, electroporated

with Cas9 protein and selected with puromycin while undergoing

uAPC re-expansion (Figure S1A).

Extensive optimization was undertaken to ensure adequate

editing efficiency and NK cell recovery post-electroporation.

First, we evaluated the kinetics of retroviral sgRNA integration

and the stability of GFP-labeled Cas9 protein following electro-

poration (Figures S1B and S1C). Next, we tested various pulse

codes to determine optimal electroporation parameters for NK

cells, with targeted ablation of the NK cell surface marker Protein

Tyrosine Phosphatase Receptor Type C [PTPRC (CD45)] serving

as readout (Figure S1D). Finally, NK cell viability and stable vec-

tor integration were confirmed following puromycin selection

(Figure S1E). Flow cytometry confirmed efficient PTPRC KO

with 90.1% ± 0.1% loss of CD45 expression versus 0% in

Cas9 mock-electroporated controls not receiving a guide

(Figure S1F).

These efforts resulted in PreCiSE, a high-throughput discovery

platform for the pooled retroviral library delivery and Cas9 elec-

troporation in primary human NK cells to enable systematic

exploration of genetic perturbations.

Transcription factor library screens

Despite the therapeutic potential of transcriptional modula-

tion,24–26 the functional roles of most DNA-binding transcription

factors (TFs) in NK cells remain unexplored. Using a library tar-

geting 1,632 TFs with 11,364 unique guide sequences, we

systematically interrogated NK cell transcriptional regulation in

multiple clinically relevant settings.

Primary human NK cells from two donors were transduced

with the TF library (Figure 1B) to determine the impact of tar-

geted TF disruption on NK cell proliferation, persistence and

cellular fitness cultured in the presence or absence of feeder

cells (Figure 1B, top right). Parallel tumor re-challenge screens

with Panc1 and PATC148 human pancreatic cancer (PDAC)

cells enabled identification of TFs regulating tumor-induced

NK cell dysfunction (Figure 1B, bottom right). After 12 days of

culture, relative sgRNA abundance was quantified by next-gen-

eration sequencing (NGS) (Figures 1C–1E; Table S1). The

screen demonstrated uniform guide distribution and fidelity in

library presentation with minimal sgRNA dropout (≤50 reads)

and robust identification of essential genes (Figures S1G–

S1R). The analysis revealed several known genetic depen-

dencies critical for NK cell survival and proliferation, including

JUNB, IRF4, BATF3, STAT5A, and STAT5B (Figures 1C, 1D,

and S1S–S1W). Overrepresentation analysis of non-essential

gene depletion highlighted interleukin signaling and JAK-

STAT pathway activity in sustaining NK cell functionality

(Figure 1F).

Conversely, our screens identified strong enrichment of mul-

tiple TFs that could be targeted to enhance NK cell fitness

(Figures 1C–1E and S1S–S1V). The high correlation in gene-

level dependencies across donors and consistent overlap of

the top 50 most enriched genes across all four screens

(Figures 1C, 1D, 1G, and S1S–S1V) suggest conserved TF net-

works that drive NK cell proliferation and resistance to tumor-

induced dysfunction. Notably, enriched hits were strongly

associated with regulators of TP53 (Figure 1H), suggesting

that targeting tumor suppressor pathways may enhance NK

cell function.

Among the top hits, PR/SET Domain 1 [PRDM1, also known

as Blimp-1), emerged as a recurrent regulator across all four

screen conditions (Figures 1C–1E and 1G). PRDM1 knockdown

has been shown to enhance IFNγ and TNFα production in NK

cells, and its frequent inactivation in NK cell lymphoma under-

scores its role in suppressing NK cell proliferation.27,28 Simi-

larly, RUNX Family Transcription Factor 3 (RUNX3), a tumor

suppressor implicated in IL-15-induced NK cell matura-

tion,29,30 was enriched across all screens, supporting a role in

limiting NK cell proliferation and antitumor response (Figures

1C–1E and 1G). Analysis of single cell RNA sequencing

(scRNA-seq) data from patients with pancreatic cancer

(n = 16) showed elevated PRDM1 and RUNX3 expression in

both tumor-infiltrating and circulating peripheral blood (PB)-

NK cells compared to healthy donors (n = 5) (Figure 1I).31

Together, our study identifies PRDM1 and RUNX3 as key tran-

scriptional regulators of NK cell function that may be targeted to

enhance antitumor activity.

across indicated screening conditions for both donors. Significantly enriched (FDR<0.05, LFC ZS>|1.5|) and depleted (FDR<0.05, LFC ZS>|3|) non-essential

genes are labeled; color-coding indicates shared and screen-exclusive hits (See also Figure S1).

(E) Enrichment of individual sgRNAs targeting PRDM1 and RUNX3 depicted as log2 fold changes (FC) (T12/T0) across four CRISPR screen conditions (n = 2

human NK cell donors).

(F) Shown are the top 10 enriched Reactome pathways among significantly depleted non-essential genes (FDR<0.05, LFC |ZS|>3) delineating functional pro-

grams indispensable for NK cell survival and fitness. Essential genes specific for NK cells were determined by adjusting screen dropouts for inferred common

essential genes (DepMap, Broad 24Q2 Public Dataset43).

(G) Overlap analysis (Upset plot) of top 50 most highly enriched TFs across investigated selective pressures. Bar height represents the number of overlaps; the

bottom panel indicates the overlapping screening conditions. Identified targets with 3 and 4 overlaps are labeled; top hits (LFC ZS > 1.5) are indicated in bold.

Significant screen hits without intersections are omitted (See also Figure S1).

(H) Enriched Reactome pathways among significantly enriched TF screen hits (FDR<0.05; |ZS|>1.5).

(I) Interrogation of single cell transcriptomes of tumor-infiltrating and circulating peripheral blood (PB)-NK cells from patients with pancreatic cancer (n = 16)

compared to healthy donor controls (n = 5) investigating a gene signature comprising the top two overlapping screen hits (PRDM1, RUNX3). Data represented as

box-and-whiskers plots; box limits represent quartiles (IQR), whiskers indicate minimum and maximum values, the horizontal solid line represents the median;

*p < 0.05; Mann Whitney U Test). Also see Figure S1 and Table S1.
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Figure 2. Genome-wide CRISPR screens in primary human NK cells decipher modulators mediating enhanced antitumor potency under

repeated tumor challenge

(A) Schematic of high-content genome-wide CRISPR screens to identify regulators of NK cell functional resilience under repeated tumor pressure (See also

Figure S2).

(B) NK cell:Capan-1 pancreatic cancer xCELLigence in vitro killing assay (E:T = 1:1) assessing NK cell antitumor potency after two rounds of Capan-1 tumor

challenge (NK + 3x PDAC; red) compared to PDAC-naı̈ve controls (NK + 1x PDAC; light green); shown is the mean normalized tumor growth of n = 2 independent

(legend continued on next page)

ll
OPEN ACCESS Article

4 Cancer Cell 43, 1–20, November 10, 2025
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Genome-wide CRISPR screening enables unbiased

interrogation of perturbations that enhance NK cell

anticancer immunity

Systematic identification of gene targets that enhance NK cell

fitness and function holds transformative potential, yet

genome-wide perturbation studies in primary human NK cells

have been limited by technical challenges. To address this, we

developed a robust, genome-wide CRISPR screening platform

for primary human NK cells. This included optimizing large-scale

gene editing protocols to ensure efficient low-MOI transduction

and high-coverage delivery of a 77,736 genome-wide sgRNA li-

brary, targeting 19,281 genes, with 500 non-targeting controls

(Figures S1A–S1F and S2A). Primary human NK cells were trans-

duced on day 5, puromycin-selected, electroporated with Cas9

protein and expanded with feeder cells plus IL-2 (Figure 2A, left).

NK cell activation and target engagement are governed by a

complex array of germline receptors, making it difficult to rely

on a single phenotypic marker to infer functional states. We

therefore established a model of tumor-induced NK cell dysfunc-

tion by subjecting primary human NK cells to three sequential

challenges with Capan-1 pancreatic cancer cells at an

effector-to-target ratio (E:T) of 1:1. By the third tumor challenge

(NK + 3x PDAC), NK cells displayed complete loss of tumor con-

trol, indicative of terminal functional exhaustion (Figures 2B and

S2B). Multi-parameter spectral-flow cytometry revealed distinct

phenotypic shifts with re-challenged NK cells (NK + 3x PDAC;

red) clustering separately from non-challenged controls (NK

only; blue) (Figures 2C and S2C–S2E). Dysfunctional NK cell

clusters 3 and 5 (CD16low, NKp30low, DNAM1low) increased after

initial tumor challenge (NK + 1x PDAC; light green) and domi-

nated following repeated re-challenges (NK + 3x PDAC), corre-

lating with disappearance of functional CD16high, DNAM1high,

NKG2Dhigh NK cell clusters 1 and 4 (Figures 2D–2F and S2E).

This model reliably induced sufficient functional differences for

CRISPR-based readouts.

To conduct genome-wide CRISPR screens under tumor pres-

sure, we subjected CRISPR library-edited NK cells to three

rounds of challenges with Capan-1 cells starting on day 6

post-electroporation. After the third challenge, two parallel stra-

tegies were employed: (i) NK cells were sorted based on tail-end

expression of the degranulation marker Lysosomal Associated

Membrane Protein 1 [LAMP1 (CD107a)] (Figure 2A, top right

and S2F) or (ii) NK cells were cultured until day 14 to allow clonal

outgrowth of cells with sgRNAs targeting inhibitory checkpoints

(Figure 2A, bottom right). Genomic DNA was extracted from NK

cells and subjected to deep sequencing to determine relative

guide abundance.

Across the samples, the vast majority of library guides were re-

tained with minimal dropouts (9–28 missed sgRNAs missed per

sample, read count<50) (Figures S2G and S2H) and uniform

sgRNA abundance across donors (Figures S2I–S2M). Gene-

level abundance analyses revealed robust discrimination of

essential genes (Figures S2N and S2O). By comparing abun-

dance-based ranks between tumor-exposed NK cells and NK

cells at T0, we identified sgRNAs that affected NK cell prolifera-

tion and persistence under tumor pressure as exemplified by

strong enrichment of multiple‘ guides for two of the top screen

hits, MED12 and PRDM1, respectively (Figure S2P; Table S2).

Our genome-wide CRISPR screens identified both previously

unrecognized and known regulators of NK cell function,

including Cytokine Inducible SH2 Containing Protein (CISH), a

checkpoint modulating IL-15 signaling; PRDM1, a transcription

factor critical for NK cell identity and Phosphatase and Tensin

Homolog (PTEN), a negative regulator of NK cell cytotoxicity

(Figure 2G).32 Hits were highly correlated between donors

(Figure 2G). Moreover, top hits identified in the tumor re-chal-

lenge screens were enriched among the top 5% of hits in

the degranulation screens (FDR<0.05; LFC |ZS|>1.5), pointing

to shared regulatory networks underlying NK cells degranula-

tion and cellular fitness under repeated tumor challenge

(Figure 2H). Similarly, top hits from the TF library screens

(rank<50; ≥2 overlaps) were significantly enriched among

genes conferring a cell fitness advantage in the genome-wide

NK cell tumor re-challenge screens (Figure S2Q). Conversely,

human NK cell donors. Error bars (SD) are represented as shaded area (p value computed using ratio paired t test of the reciprocal of the area under the tumor

growth curve; **p < 0.01; see also Figure S2B for AUC statistics).

(C and D) Optimized t-Distributed Stochastic Neighbor Embedding (opt-SNE) plots depicting NK single cell projections before (NK only; blue) and after one (NK +

1x PDAC; green) or three (NK + 3x PDAC; red) rounds of Capan-1 pancreatic cancer (PDAC) challenge (E:T = 1:1) (C), and overlaid with FlowSOM metaclusters (D),

as assessed by spectral flow cytometry; n = 2 CB donors (See also Figures S2C–S2E).

(E) Bar chart depicting the changes in relative cluster composition across the different experimental groups (n = 2 human NK cell donors).

(F) Heatmap of z-transformed median surface marker expression (indicated by color) and percentage expression (indicated by circle size) for metaclusters.

Columns are clustered using 1-Pearson correlation distance and average linkage.

(G) Genome-wide CRISPR screens in primary human NK cells (n = 2 donors) identifying positive (FDR<0.05; LFC |ZS|>1.5) and negative (FDR<0.05; LFC |ZS|>5)

regulators of NK cell fitness under repeated pancreatic cancer challenge. Hits color-coded by molecular function and cellular localization (See also Figure S2).

(H) Integrated analysis of the genome-wide NK cell degranulation and NK:Capan-1 re-challenge screens reveals recovery of the majority of screen hits

(FDR<0.05) identified in the NK cell re-challenge screen among top enriched genes (≥95th quantile LFC ZS) in the NK cell degranulation screens.

(I) Reactome pathway analysis of significantly depleted non-essential genes (FDR<0.05; LFC ZS>|3|).

(J) Single-cell transcriptomic data of tumor-infiltrating and peripheral blood (PB)-NK cells in pancreatic cancer (n = 16) and across 19 cancer types (n = 217),

evaluating a gene signature comprising the top 5 hits compared to healthy controls (n = 5). Data represented as box-and-whiskers plots; box limits represent

quartiles (IQR), whiskers indicate minimum and maximum values, horizontal solid line represents the median; p values computed using Mann-Whitney U test;

*p < 0.05 (See also Figures S2S and S2T).

(K) Genome-wide screens in primary human NK cells independently identified multiple components of integral cellular regulatory nodes as projected by protein-

protein interaction mapping of screen hits (FDR<0.05) by STRING database.

(L) Gene ontology (GO) term analysis of positive hits (FDR<0.05, LFC ZS > 1.5) delineates cellular localization and functional context (See also Figures S2W

and S2X).

(M) Top enriched hits (rank≤50) were analyzed using TRANSFAC and JASPAR databases to identify TF binding motifs and infer regulatory networks with shared

binding to promoter regions of identified screen hits. Also see Figure S2 and Table S2.
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Figure 3. Genome-wide CRISPR screens in primary human NK cells identify targets shielding NK cells from immunosuppressive pressures in

the TME

(A) Schematic portraying the immunosuppressive pressures encountered by tumor-infiltrating NK cells in the TME.

(B) Conceptual depicting the genome-wide CRISPR screen pipeline to systematically identify immunosuppressive resistance targets.

(legend continued on next page)
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bottom hits (non-essential genes; FDR<0.05; LFC |ZS|>3; ≥2

overlaps) were depleted (Figure S2R).

Our genome-wide CRISPR screens also uncovered positive

regulators essential for NK cell activity. Among these,

interleukin-2 receptor subunit gamma (IL2RG), a critical compo-

nent of IL-2 and IL-15 receptors, and janus kinase 3 (JAK3), a

member of the JAK/STAT signaling pathway, were significantly

depleted in our screens, underscoring their indispensable roles

in maintaining NK cell functionality (Figure 2G). Consistent with

findings from our TF library screens, overrepresentation analysis

of depleted non-essential genes in our genome-wide screens re-

vealed strong enrichment for multiple interleukin signaling path-

ways (Figure 2I).

Validating screen hits using publicly available datasets

To confirm the clinical relevance of identified genes, we analyzed

publicly available scRNA-seq datasets from NK cells of patients

with pancreatic cancer. The gene signature from the top 5 hits in

the Capan-1 re-challenge screens was significantly upregulated

in tumor-infiltrating and circulating NK cells from pancreatic can-

cer patients compared to NK cells from healthy donors

(Figure 2J).31 Expanding this analysis across 19 diverse cancer

types (n = 217 patients) revealed significant upregulation of this

gene signature, highlighting the potential of identified hits as

pan-cancer regulators of NK cell dysfunction (Figures 2J, S2S,

and S2T).31 Comparisons between tumor-infiltrating NK cells

(TiNKs) and those from adjacent normal tissue demonstrated

consistent upregulation across different solid cancers (Figure

S2U).31 Similarly, bone marrow-derived NK cells from patients

with acute myeloid leukemia (AML; n = 8) showed marked upre-

gulation of top screen hits versus healthy controls (n = 8), sup-

porting their translational value as biomarkers of NK cell

dysfunction and potential therapeutic targets (Figure S2V).33

Mapping regulatory nodes for NK cell reprogramming

To elucidate the molecular functions and localization of key hits

from our NK cell tumor re-challenge screens, we performed pro-

tein-protein interaction mapping using the STRING database

and GO term analysis of the top hits (FDR<0.05; LFC |ZS|>1.5)

(Figures 2K and 2L). Enriched biological processes included

pathways involved in transcriptional regulation, epigenetic mod-

ulation, and post-translational modification (Figures 2K, 2L,

S2W, and S2X). Regulatory nodes included the Cdk8 kinase

module (CKM) of the mediator complex, an evolutionarily

conserved protein complex involved in regulating gene expres-

sion, the Spt-Ada-Gcn5 acetyltransferase (SAGA) complex,

another conserved eukaryotic transcriptional co-activator com-

plex, and the Cul5-RING-Ubiquitin ligase (CRL) complex. The

CRL complex, which shapes NK cell functional states through

interaction with SH2 domain-containing SOCS-box family pro-

teins (CIS, SOCS1-7), includes high-ranking hits such as CISH

and SOCS110,11,17,34–37 (Figure 2G; Table S2). Cul5, RBX2

(RNF7) and ARIH2 (all high-ranking hits) act as scaffolds or

accessory factors that facilitate substrate ubiquitylation and pro-

teasomal degradation (Figures 2G and 2K). Another pathway

linked to enhanced NK cell potency involved disruption of NF-

κB antagonists, including NFKBIA, a subunit of the inhibitory

IKK complex38 (Figures 2G and 2K). Recent evidence positions

NFKBIA as a potential checkpoint, with elevated expression in

inflamed tumor-infiltrating NK cells.31 Its disruption therefore re-

moves a key brake on NF-κB activity, driving heightened NK cell

effector functions.

To infer transcription factors potentially regulating these no-

des, we examined binding motifs and uncovered several previ-

ously established master regulators of immune cell functional

states, including the cAMP responsive element modulator

(CREM), which we recently demonstrated to enhance CAR-NK

cell efficacy (Figure 2M).39

Genome-wide CRISPR screens in primary human NK

cells reveal targets to overcome TME-induced

immunosuppression

NK cells encounter a complex array of immunosuppressive cues

within the TME, which severely compromise their cytotoxic po-

tential (Figure 3A). To decipher NK cell-intrinsic networks that

process these inhibitory cues, we adapted our genome-wide

CRISPR platform to identify genetic regulators of TME-induced

dysfunction (Figure 3B). We screened NK cells under multiple

immunosuppressive conditions, including transforming growth

factor β (TGFβ), L-(+)-lactic acid, ammonium chloride (NH4Cl),

itaconic acid (C5H6O4), hypoxia and dexamethasone, all of which

variably suppressed NK cell cytotoxicity and proliferation

(Figures 3C, 3D, and S3A–S3F). We performed orthogonal

genome-wide CRISPR screens in primary human NK cells,

applying immunosuppressive pressure while simultaneously

driving their expansion with feeder cells and IL-2 (Figure 3B).

This approach revealed both known and previously unknown

regulators of NK cell function under TME-like conditions

(Figures 3E–3G). Many of these were also detected in the

Capan-1 tumor re-challenge screens (Figures S3G–S3J), under-

scoring their conserved role in mediating NK cell resistance

across diverse challenges. The high-content screening

(C) Expanding primary human NK cells in the presence of transforming growth factor β1 (TGFβ1; 500ng/mL), L(+) lactic acid (5mM) or hypoxic stress (1% O2)

severely blunts NK cell proliferation compared to metabolite-free controls (data presented as fold change expansion, T19 NK cell counts normalized to T13;

mean ± SD of n = 2 human NK cell donors; **p < 0.01, ****p < 0.0001; one-way ANOVA followed by Dunnett’s test) (See also Figure S3B).

(D) NK cell cytotoxicity as assessed by Incucyte in vitro killing assays against K562 targets ± different immunosuppressive pressures including transforming

growth factor β1 (TGFβ1; 100ng/mL), L(+) lactic acid (7.5mM) or previous expansion under hypoxic conditions (1% O2). (n = 2 human NK cell donors; mean

(line) ±SD (shaded in gray); p values computed for the normalized NK cell killing capacity as assessed by one minus scaled area under the tumor growth curve

using one-way ANOVA; *p < 0.05, **p < 0.01; K562 killing for metabolite-challenged NK cells was normalized to NK cell killing under normal conditions; see also

Figures S3C–S3F).

(E–G) Enriched NK cell regulators and depleted non-essential genes across multiple immunosuppressive pressure screens (500ng/mL TGFβ1, 5mM L(+) lactic

acid and 4% hypoxia) and the NK:Capan-1 re-challenge screens. Shown are z-transformed log2 fold changes (LFC ZS) of relative guide abundance at T14 vs. T0.

Significantly enriched top hits (FDR<0.05, LFC ZS>|2|) and depleted non-essential gene programs (FDR<0.05, LFC ZS>|5|) are labeled and color-coded ac-

cording to their overlap/exclusivity across indicated screen conditions. Shared hits between the genome-wide TME immunosuppression screens and the

Capan-1 re-challenge screens are indicated in bold (n = 2 independent human NK cell donors). Also see Figure S3.
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Please cite this article in press as: Biederstädt et al., Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency,

Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.07.021



A B

C E

D

F

Figure 4. Integrated analysis reveals shared targets shielding NK cell from diverse clinically relevant pressures

(A) Top shared screen hits (rank≤100) across 5 genome-wide CRISPR KO screens in primary human NK cells with 2 (blue), 3 (purple), 4 (pink) and 5 (green)

overlaps. Bar height represents the number of shared targets across screens indicated by dots in the lower panel. Enriched genes with LFC ZS > 2 in all screens

labeled in bold. Significant screen hits without intersections are omitted (n = 2 human CB donors).

(B) Shared NK cell targets modulating resistance against multiple selective pressures including pancreatic cancer re-challenge (NK:Capan-1), TME-induced

immunosuppression (TGFβ1, hypoxia, lactic acid) and ex vivo feeder cell-enabled high-fold expansion (NK:uAPC).

(C and D) Cellular localization and functional annotation of shared top hits (Rank≤100, ≥2 overlaps) by gene ontology (GO) term analysis.

(legend continued on next page)

ll
OPEN ACCESS Article

8 Cancer Cell 43, 1–20, November 10, 2025
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approach maintained exceptional quality under immunosup-

pressive conditions. Deep sequencing revealed minimal loss of

sgRNAs (range: 9–36 missed sgRNAs; sgRNA read count <50)

in harvested NK cells (Figure S4A). Guide distribution remained

uniform (Figure S4B), and gene-level abundance-based

ranking confirmed adequate discrimination of essentials genes

(Figures S4C–S4F). Moreover, donor-to-donor correlation of

gene-level data were strong (Figures S4G–S4J), and the results

recapitulated NK cell regulators identified in our TF library

screens (Figures S4K–S4R).

Modulating resistance to TGFβ
Overcoming TGFβ-mediated suppression, a key immunosup-

pressive factor in the TME, is critical for unlocking the full thera-

peutic potential of adoptively transferred NK cells. Using the

PreCiSE platform, we identified several previously unrecognized

modulators of TGFβ resistance (Figures 3E and S3G). Our

screens underscored the known molecular redundancy of

TGFβ signaling and ligand-receptor promiscuity in extracellular

TGFβ sensing (Figure S4S).40,41 Specifically, genomic loss of in-

dividual TGFβ receptor family members (e.g., TGFBR2: LFC ZS

in 89.1st percentile) provided only a partial competitive advan-

tage, even under overwhelming levels of TGFβ stress (500ng/

mL). In contrast, ablation of downstream components of the

TGFβ signaling pathway showed much stronger selection, with

SMAD2 and SMAD4 ranking among the top 30 most enriched

hits (Figure S4S).

Overcoming acidity-induced immunosuppression

Acidity within the TME, driven by lactic acid accumulation, may

lead to therapeutic failure of adoptive cell therapies due to im-

mune cell anergy.42 We performed genome-wide CRISPR

screens in primary human NK cells exposed to L(+)-lactic acid

(5mM) and identified regulatory circuits that shield NK cells

from low pH (Figures 3F and S3H). Positive hits (rank<100)

included genes involved in acidity sensing (GPI, TOLLIP, and

ITGB2) and modulating metabolic processes (BHLHE40,

ALAS1, PEPD, EHMT2, AKAP10, PIP4K2A, ALAD, and PCGF5)

(Table S2), highlighting metabolic reprogramming as a powerful

means to enhance NK cell fitness within the TME.

Tuning NK cells to resist hypoxia

The hypoxic microenvironment of solid tumors poses another

critical challenge to immune cell function. To uncover regulators

of NK cell adaptation to low oxygen, we conducted genome-

wide CRISPR screening at 4% O2 and identified multiple targets

that impair NK cell function under hypoxia (Figures 3G and S3I;

Table S2). Top-ranking hits (rank<100) included HIF-1α-regu-

lated genes involved in metabolism (UCP3), apoptosis (CASP3,

FASLG, and FADD), and migration (ITGAL, ITGB2, and ICAM1)

(Table S2). Notably, HIF-1α-induced targets (e.g., CORO1A,

DOLK, CHUK, and AMD1) were depleted in the hypoxia screens

while HIF-1α-repressed targets (e.g., LOX, CITED2, and HLA-

DRB1) were enriched (Figures S4T and S4U), suggesting that

reinforcing HIF-1α–suppressed transcriptional programs aug-

ments NK cell fitness under hypoxic stress.

Genome-wide CRISPR screens nominate hits to

augment NK cell fitness for clinical manufacturing

Donor-derived NK cell therapeutics require ex vivo expansion

with engineered antigen-presenting cells and IL-2 to reach clin-

ical doses. Although current protocols yield highly activated NK

cells, prolonged culture may cause premature exhaustion and

reduce therapeutic potency. To identify genetic perturbations

that improve NK cell fitness during and after manufacturing, we

performed genome-wide CRISPR knockout screens in ex vivo-

expanded primary human NK cells. The screens revealed several

key modulators including mediator complex components

(CCNC, MED12, MED13, and MED15), apoptosis regulators

(FAS, TNFRSF1A, and SLFN11), transcription factors (AIP,

BHLHE40), ubiquitination regulators (USP22, UBE2E1, and

KEAP1), and integrins (ITGAL and ICAM1), many of which over-

lapped with hits from tumor re-challenge and immunosuppres-

sion screens (Figures S3G–S3J; Table S2). These findings pro-

vide a roadmap for targeted gene-editing strategies to mitigate

manufacturing-induced stress and improve of NK cell therapeu-

tic quality.

Integrated analysis identifies conserved modulators of

NK cell fitness

To identify gene targets with broad translational relevance, we

integrated results from our TME pressure, NK cell expansion,

and tumor re-challenge CRISPR screens, generating a compre-

hensive atlas of genetic perturbations conferring resistance to

diverse immunosuppressive conditions (Figures 4A and 4B).

Across five independent genome-wide screens in primary NK

cells from two independent donors, we identified conserved

hits regulating critical processes, including apoptosis (CCNC,

GADD45B, FAS, FASLG, and CASP3), transcription (PRDM1,

BHLHE40, EOMES, DOT1L, MED13, ELF2, EHMT2, ZMYND8,

and TLE3), NF-κB signaling (NFKBIA), signal transduction

(CRKL, KHDRBS1, NBEAL2, and RHOG), and ubiquitination

(UBE2E1 and USP22) (Figures 4A–4D).

Single-cell transcriptomes from cancer patients validated

these findings. Genes from the NK cell tumor re-challenge

screens (FDR<0.05; LFC |ZS|>1.5; Figure 4E, top)33 and overlap-

ping hits (rank ≤100) identified across ≥4 screens were signifi-

cantly upregulated in NK cells from AML patients compared to

healthy donors (Figure 4E, bottom).33 Overlapping hits (rank

(E) Expression of significantly enriched targets (FDR<0.05; LFC |ZS|>1.5) from the genome-wide CRISPR tumor re-challenge screen (top) and overlapping screen

hits (rank<100; ≥4 overlaps; bottom) in bone marrow-isolated primary human NK cells from patients with AML and healthy controls (n = 8 healthy human NK cell

donors and n = 8 donors with AML; ****p < 0.0001; Mann-Whitney U test).

(F) Heatmap depicting the z-transformed relative expression of overlapping enriched screen hits (rank<100; ≥2 overlaps across 5 genome-wide CRISPR screens

in primary human NK cells) in tumor-infiltrating NK cells (TiNKs) across 17 cancer types compared to healthy donor peripheral blood (PB) NK cells as surveyed by

scRNA-seq data. Healthy donor (n = 5); CLL, chronic lymphocytic leukemia (n = 1); esophageal cancer (n = 11); ALL, acute lymphocytic leukemia (n = 2); HNSCC,

head and neck squamous cell carcinoma (n = 33); colorectal cancer (n = 15); HCC, hepatocellular carcinoma n = 8); BC, breast cancer (n = 39); RCC, renal cell

carcinoma (n = 27); lung cancer (n = 54); melanoma (n = 10); pancreatic cancer (n = 18); gastric cancer (n = 10); thyroid cancer (n = 9); multiple myeloma (n = 8);

NPC, nasopharyngeal carcinoma (n = 10); ovarian cancer (n = 2); prostate cancer (n = 1). Color and circle size indicate z-transformed pseudobulk expression per

gene. Also see Figure S5.
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Figure 5. MED12 ablation confers exhaustion resistance and tunes NK cells for enhanced antitumor function

(A) Mediator complex essentiality signature showing mean log2 fold-change (±SD) in sgRNA abundance from genome-wide NK cell Capan-1 re-challenge

screens (n = 2 CB donors). Functional domains are color-coded.

(B) Schematic depicting the CRISPR-RNP-mediated disruption of the Mediator complex kinase module (CKM).

(C) MED12 editing efficiency in CRISPR-RNP-edited NK cells measured by indel frequency (Tracking of Indels by DEcomposition [TIDE]67; n = 6 CB donors;

****p < 0.0001, paired t-test) compared to mock controls.

(D) NK cell killing of PATC148 pancreatic cancer cells upon MED12 deletion assessed by xCELLigence assay (n = 3 CB donors; mean normalized PATC148 tumor

growth ±SD (shaded in gray); **p < 0.01 for the reciprocal of the scaled area under the tumor growth curve for corresponding donors, unpaired t-test; AUC

summary statistics in Figure S7A).

(legend continued on next page)
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≤100;≥4 overlaps) also showed context-dependent induction in

TiNKs across various cancer types compared to healthy donor-

derived NK cells (Figure 4F).31

Conversely, genes consistently depleted across all five

genome-wide screens (FDR<0.05) regulated immune response

(IRF4, TRAF1), cell cycle (CDK6, PPP6C), cellular respiration

(COX11 and FDX1L), and metabolism (LIPT2, DOLK, MOGS,

PPCDC, and SEPHS2) (Figure S5A).43 Positive regulators were

involved in chromatin remodeling (CHRAC), DNA replication

(POLE) (Figures S5B–S5D) and were upregulated in NK cells

from healthy donors compared to those from AML (Figure S5E,

left)33 or other cancer patients (Figure S5E, right).31 These find-

ings underscore the importance of epigenetic plasticity, DNA

repair and metabolic fitness in sustaining NK cell function under

immunosuppressive pressure.

Shared regulatory circuits across immune cell

compartments

To assess the conservation of NK cell regulators across immune

subsets, we integrated our findings with published CRISPR KO

screens in primary human T and CAR-T cells (Figures S6A–

S6D). This cross-lineage comparison revealed shared functional

checkpoints (MED12, CCNC, CBLB, TNFAIP3, ARIH2, and FAS)

as well as positive regulators (IRF4 and IL2RG), essential for

effective immune responses. Consistent directional trends

across datasets highlight the broader applicability of our screen

results and uncover conserved regulatory programs that may

inform gene-editing strategies for both NK and T cell therapies.

MED12 disruption augments NK cell antitumor potency

Prioritizing CRISPR screen hits, MED12, ARIH2, and CCNC

emerged as top candidates for improving NK cell function. The

Cdk8 kinase module (CKM) of the Mediator complex has

emerged as a promising regulator of antitumor immunity.22 Our

screens demonstrate that MED12 and CCNC similarly act as

suppressors in NK cells (Figure 5A).

MED12 KO NK cells exhibited significantly enhanced cytotox-

icity against resistant cancers (PATC148, MM1S, THP-1, and

MOLM-14) in short-term and repeated tumor challenge assays

(Figures 5B–5F and S7A–S7C). Deletion of MED12 also

enhanced the potency of IL-15-armored CAR-NK cells targeting

human trophoblast cell surface glycoprotein antigen 2 (TROP2)

and CD70 (Figures 5G, 5H, and S7D–S7F). Together, these find-

ings establish MED12 as a promising target to enhance CAR-NK

cell antitumor potency.

ARIH2 and CCNC KO improves NK cell antitumor

cytotoxicity by metabolic reprogramming

We next explored the effects of single and dual knockout of

CCNC and ARIH2 on NK cell function. CRISPR-edited NK cells

displayed markedly improved killing of resistant targets,

including PATC148 and Karpas-299 (T cell lymphoma) in both

short-term and repeated challenge assays (Figures 6A–6C and

S7G–S7K). IL-15-armored CAR-NK cells targeting TROP2 or

CD70 similarly displayed enhanced cytotoxicity against multiple

solid cancer models following single or dual knockout of ARIH2

and CCNC (Figures 6D–6G and S7L–S7Q) including in 3D spher-

oids cultures. The improved antitumor potency correlated with

enhanced metabolic fitness, evidenced by elevated basal,

maximal and spare oxygen consumption rates, without impact-

ing proliferation (Figures 6H–6K and S7R).

Mass cytometry (CyTOF) revealed contraction of inhibitory

subsets (2, 4) and expansion of activated, proliferative clusters

(2, 3, and 5) following ARIH2 and CCNC deletion, both before

and after tumor challenge. Interestingly, ARIH2 deletion alone

expanded inhibitory cluster 2, while co-deletion with CCNC

reversed this effect (Figures 6L–6Q and S8A–S8C).

Target gene editing enhances CAR-NK cell potency

in vivo

In an orthotopic murine pancreatic cancer model, CCNC KO,

alone or with ARIH2, increased circulating CAR-NK cells and

enhanced tumor infiltration suggesting improved migration

(Figures 7A–7D). Tumor-infiltrating NK cells showed elevated

granzyme B expression, with dual KO significantly reducing tu-

mor burden (Figures 7C–7F). A second in vivo study using

CD27CAR/IL-15 NK cells in a systemic myeloma model

confirmed improved NK cell expansion and prolonged survival

with CCNC or dual ARIH2/CCNC KO (Figures S9A–S9D).

CRISPR gene-edited CAR-NK cells were well-tolerated, with

no impact on body weight. Mass cytometry revealed expansion

of activated cytotoxic clusters (4 and 5) and contraction of inhib-

itory populations (3) in both peritoneal fluid and spleen following

dual KO (Figures 7G–7I and S9E–S9G).

Dual ARIH2 and CCNC KO enhances NK cell

proliferation, activation, and inflammatory signaling

We next compared ARIH2 and CCNC KO, two top hits from our

screens, relative to MED12 and the well-characterized check-

point CISH. None of the edits affected viability or conferred cyto-

kine-independent growth (Figures S10A and S10B). In rechal-

lenge assays with PATC148, all KO conditions enhanced

cytotoxicity, with ARIH2/CCNC DKO showing the strongest ef-

fect (Figure 8A). In an orthotopic pancreatic cancer mouse

model, ARIH2/CCNC DKO or CISH KO TROP2CAR/IL-15-NK

cells significantly reduced tumor burden and increased survival

without toxicity (Figures 8B, 8C, S10C, and S10D).

To explore mechanisms behind the synergy, longitudinal

CyTOF analyses revealed that MED12, CCNC and CCNC/

ARIH2 KO expanded clusters 7 and 8, characterized by expres-

sion of DNAM-1, CD69, NKG2D, CD25, Ki-67 and reduced

quiescent cluster 1, indicating increased functional fitness under

stress (Figures 8D–8F and S10E). Integrated surfaceome anal-

ysis from five CyTOF studies and seven CB-NK donors revealed

(E and F) Incucyte killing assay of MED12-ablated NK cells, repeatedly challenged with MM1S multiple myeloma cells (E) or MOLM-14 acute myeloid leukemia

cells (F). Data depicted as mean normalized tumor growth ±SD (shaded in gray) (n = 2 CB donors; *p < 0.05; unpaired t-test of the reciprocal of the scaled area

under the tumor growth curve; AUC summary statistics shown in Figures S7B and S7C).

(G and H) Antigen-specific cytotoxicity of MED12-ablated CAR-NK cells targeting TROP2 and CD70, assessed by xCELLigence (PATC148; n = 1 donor) and

Incucyte (THP-1; n = 2 donors) assays. Data depicted as mean normalized tumor growth ±SD (shaded in gray; *p < 0.05; unpaired t-test of the reciprocal scaled

area under the tumor growth curve; AUC and CAR constructs in Figures S7D–S7F). Also see Figure S7.
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Figure 6. Multiplexed ARIH2/CCNC editing augments CAR-NK cell metabolic fitness and enhances tumor clearance

(A) Western blot analysis of ARIH2, CCNC, and beta-Actin in CRISPR-edited NT-NK and CAR-NK cells (TROP2CAR/IL-15 or CD27CAR/IL-15; n = 2 human CB

donors; see also Figures S7G–S7I).

(B) In vitro PATC148 re-challenge assay of ARIH2 and CCNC-deficient NK cells (xCELLigence; E:T = 4:1; n = 1 human CB donor; AUC shown in Figure S7J).

(C) In vitro tumor killing assay of ARIH2 and CCNC-deficient NK cells co-cultured with Karpas-299 human T cell non-Hodgkin’s lymphoma cells as assessed by

Incucyte (E:T = 2:1; n = 1 human CB donor; AUC shown in Figure S7K).

(legend continued on next page)
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cooperative upregulation of activation markers in dual CCNC/

ARIH2 KO NK cells, which was particularly pronounced under

in vivo TME pressure (Figures 8G and 8H). Cytokine profiling

confirmed elevated pro-inflammatory and cytotoxic cytokines

(Figure S11A).

Time-course expression analysis of ARIH2, CCNC, MED12

and CISH in wild-type NK cells showed transient upregulation

upon tumor challenge, followed by partial downregulation, indi-

cating modest NK-intrinsic adaptive checkpoint regulation

(Figure S12A). Single-cell RNA-seq revealed that ARIH2 or

CCNC KO induced proliferative, cytotoxic clusters (1 and 3) en-

riched for IFNγ, interleukin signaling, cell cycle, mTORC1, and

DNA repair pathways, further amplified in dual KO NK cells. In

contrast, CISH KO modestly expanded cluster 1, while MED12

KO uniquely enriched cluster 2, marked by oxidative phosphor-

ylation, fatty acid metabolism, and mTORC1 signaling (Figures

8I, 8J, and S12B–S12G).

Pathway analysis across 3,003 gene sets confirmed broad tran-

scriptional reprogramming in ARIH2/CCNC and MED12 KOs, with

21 enriched pathways largely exclusive to these groups

(Figures 8K and S13). By contrast, CISH, CCNC, or ARIH2 KO

alone altered only one or two pathways. Together, these results

demonstrate that ARIH2 and CCNC act cooperatively to repro-

gram NK cells into a metabolically fit, highly activated and cyto-

kine responsive state under sustained tumor challenge.

DISCUSSION

Targeted gene editing has emerged as a powerful toolkit to

enhance NK cell-based anticancer therapies.10,11,34 However,

designing more effective NK cell therapies requires deeper in-

sights into the distinct cellular states driving therapeutic effi-

cacy.2 While recent single-cell multi-omics studies31,44 and

CRISPR screens in murine NK cells45 have expanded our under-

standing, actionable genomic targets in primary human NK cells

have remained largely unexplored. Bridging this gap, in this

study we conducted a genome-wide CRISPR knockout screen

in primary human NK cells under diverse clinically relevant

experimental conditions. Using PreCiSE, we compiled a

comprehensive atlas of NK cell regulators. Single cell transcrip-

tomic data from patient-derived NK cells validated the clinical

relevance of identified hits, offering insights into tumor-induced

NK cell dysfunction.

The identified targets converged on critical transcriptional and

post-translational regulatory complexes, such as the Mediator,

CRL, and SAGA complexes, previously implicated in T cell

biology,22,46–49 highlighting shared pathways between NK and

T cells. We validated MED12, ARIH2, and CCNC as previously

unrecognized regulators of CAR-NK cell potency, underscoring

their translational potential despite distinct NK and T cell biology.

Previous evidence implicates E3 ubiquitin ligases,50 specif-

ically the CRL complex,47 as negative regulators of immune

cell fitness. Our genome-wide screens identified five CRL mem-

bers (CISH, SOCS1, RNF7, CUL5, and ARIH2) as critical NK cell

regulators, highlighting the underappreciated role of post-trans-

lational modification (PTM) machinery in shaping NK cell func-

tional states. These results position the CRL complex as a cen-

tral hub of immune regulation and introduce PTM-targeting as

a strategy in NK cell engineering.

Remarkably, our findings delineate ARIH2 and CCNC as non-

redundant regulators whose coordinated targeting substantially

improves NK cell cytotoxicity and persistence, particularly evident

under TME stress in vivo. Combined ARIH2/CCNC loss induced

profound transcriptional reprogramming with enhancement of

(D) In vitro killing assays of ARIH2, CCNC and ARIH2/CCNC dual KO NK cells co-cultured with CFPAC human pancreatic cancer cells (E:T = 1:1), OVCAR5 human

gastrointestinal cancer cells (E:T = 4:1) and PATC148 human pancreatic cancer cells (E:T = 4:1) as assessed by xCELLigence real-time cell analysis. Dashed lines

indicate non-transduced NK cells; solid lines represent NK cells expressing a TROP2CAR/IL-15; color coding denotes CRISPR perturbations versus wildtype

(WT) controls. Data represented as mean ± SEM (SEM shaded in light gray) for n = 2 human NK cell donors (CFPAC, OVCAR5, WiDr) and n = 3 (PATC148); AUC

summary statistics shown in Figure S7N).

(E) In vitro killing assays of ARIH2, CCNC and ARIH2/CCNC dual KO NK cells co-cultured with WiDr human colorectal cancer cells (E:T = 1:1) as assessed by

xCELLigence real-time cell analysis. Dashed lines indicate non-transduced NK cells; solid lines represent NK cells expressing a CD70-directed natural ligand

CD27 CAR molecule with IL-15 armoring; color coding denotes CRISPR perturbations versus wildtype (WT) controls. (n = 2 human CB donors; data represented

as mean ± SEM (shaded in light gray); AUC summary statistics shown in Figure S7N, right).

(F and G) Representative images (F) and killing kinetics (G) of 3D spheroid killing assays of CRISPR-perturbed TROP2CAR/IL-15-NK cells co-cultured with

BCX010 and PATC148 cancer spheroids as assessed by Incucyte live cell imaging. Effector-to-target (E:T) ratios were 3:1 (BCX010) and 1.25:1 (PATC148); data

presented as mean normalized tumor growth ±SEM (tumor only, red; WT, gray; ARIH2 KO, blue; CCNC KO purple; ARIH2/CCNC DKO, pink; NT-NK conditions,

dashed lines; CAR-NK conditions, solid lines; SEM shaded in light gray) (G); n = 3 human NK cell donors (see also Figure S7Q).

(H and J) Representative oxygen consumption rate (OCR) trace of ARIH2, CCNC and ARIH2/CCNC KO NT-NK (H) and TROP2CAR/IL-15-NK cells (J) under

resting and challenge conditions as assessed by Seahorse analysis. Addition of oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) and

rotenone + antimycin A (R + A) is indicated by arrows (n = 2 human NK cell donors in 4 replicates; mean ± SD; OCR traces are representative results from two

independent human NK cell donors).

(I and K) Basal, maximum and spare normalized oxygen consumption rate (OCR) of ARIH2, CCNC and ARIH2/CCNC KO NT-NK (I) and TROP2CAR/IL-15-NK

cells (K) (n = 2 donors; 4 technical replicates; symbol shapes indicate independent biological NK cell donors; normalized to maximum metabolic rate). Data

represented as box-and-whiskers plot; box limits represent quartiles, whiskers indicate minimum and maximum values, the horizontal solid line represents the

median OCR. (Two-way ANOVA corrected for multiple comparisons by Tukey test; ns, not significant; **p < 0.01, ****p < 0.0001).

(L–N) High-dimensional phenotypic characterization of CRISPR-edited NK cells as assessed by mass cytometry, see also Figure S8A. (L) Opt-SNE map of

CRISPR-perturbed primary human NK cells before and after PATC148 tumor co-culture, overlayed with FlowSOM clusters. (M and N) Contour plots indicating

single cell projections for NT-NK vs. TROP2CAR/IL-15-NK cells (M) before or after challenge with PATC148 pancreatic cancer cells (N).

(O and P) Bar charts depicting FlowSOM cluster composition in primary human NT-NK and TROP2CAR/IL-15-NK cells upon ablation of ARIH2, CCNC and

ARIH2/CCNC before (O) and after (P) PATC148 challenge (FlowSOM clusters: (1) green, (2) cyan, (3) light blue, (4) purple, (5) rose, (6) magenta; see also

Figures S8B and S8C).

(Q) Heatmap indicating z-transformed median expression per channel and percentage marker expression of gene-edited NK cells across FlowSOM clusters. Also

see Figures S7 and S8.
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Please cite this article in press as: Biederstädt et al., Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency,

Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.07.021



A

B

E

F

D

C

G

H

I

Figure 7. Multiplexed CRISPR editing boosts CAR-NK cell potency in vivo

(A) Schematic depicting an in vivo study assessing antitumor efficacy of ARIH2 KO, CCNC KO and ARIH2/CCNC DKO TROP2CAR/IL-15-NK cells in an orthotopic

pancreatic cancer mouse model (n = 5 NSG mice per condition; see also Figures S9A–S9D).

(B) Flow cytometry-based analysis of CRISPR-edited TROP2CAR/IL-15-NK cells circulating in the peripheral blood on d10 post injection. Data represented as

truncated violin plots (bold line represents median, dashed lines represents interquartile range; symbols represent number of mice per group; plots truncated at

minimum and maximum values); one-way ANOVA; ns, not significant; ***p < 0.001.

(C–F) Immunohistochemical (IHC) analysis of NK cell tumor infiltration (C and D), assessed by hCD45 positive cells, intratumoral Granzyme B staining (C and E)

and assessment of hematoxylin positive, hCD45 negative tumor cells (F); data represented as truncated violin plots (bold line, median; dashed lines, interquartile

range; symbols, number of mice per group; plots truncated at minimum and maximum values); one-way ANOVA; ns, not significant; *p < 0.05, ****p < 0.0001. (C)

Representative IHC image of an orthotopic tumor specimen stained for hCD45 (top) and Granzyme B (bottom).

(G) Mass cytometry-enabled phenotypic profiling of gene-edited NK cells represented as Opt-SNE map overlaid with FlowSOM metaclusters (See also

Figures S9E–S9G).

(legend continued on next page)
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IFNγ signaling, interleukin responsiveness, mTORC1 activation,

cell cycle progression, and DNA repair pathways, surpassing

the impact of single-gene disruptions. These data highlight the

complementary roles of ARIH2 and CCNC in orchestrating NK

cell effector functions, making them compelling targets for further

clinical development. These findings support multiplexed engi-

neering of transcriptional, post-translational, and metabolic pro-

grams to overcome resistance and boost NK potency. As multi-

plex gene-editing technologies advance, rational combination of

such targets offers a promising strategy to overcome resistance

in solid tumors, where current cell therapies show limited efficacy.

Central to this resistance is the immunosuppressive TME, which

imposes unique barriers to NK cell function. Previously, we

showed TGFBR2 KO improves NK cell responses to glioblastoma

and AML.12,51 Our screens further support roles for SMAD2 and

SMAD4 in TGF-β1-mediated NK cell immunosuppression, with

SMAD deletion enhancing NK antitumor potency.52–54

We also identified targets within the HIF1α pathway suitable

for engineering hypoxia-resistant NK cells.55,56 While core com-

ponents such as HIF1A, HIF1B, or their upstream regulators

were not recovered, likely due to biological redundancy or

sgRNA inefficiency, several transcriptional HIF1α targets

emerged as functional regulators, pointing to opportunities for

selectively rewiring hypoxia adaptation without inducing broad

pleiotropic effects.

Intriguingly, our genome-wide screens also identified several

tumor suppressors (PTEN and TP53 regulators) as actionable

NK cell targets. These findings reinforce an emerging paradigm

in immune cell engineering wherein therapeutic cells may exploit

oncogenic pathways to improve metabolic fitness under nutrient

stress,19,25,32,57 as observed with MYC and mTOR upregulation

following CISH KO in NK cells.10,11,58,59

Our study was unable to detect genes with functional paral-

ogs, highlighting the need for combinatorial screens to uncover

epistatic interactions. Second, epigenetic NK cell regulation

governing transcriptional activation remained unexplored and

warrants future studies using non-heritable CRISPR editors.

Finally, synthetic gene programs, not physiologically expressed

by NK cells, were not assessed in our platform and will require

pooled knockin strategies.

Nonetheless, we identified several positive regulators of NK

cell function including genes involved in immune response

(IRF4, TRAF1), cell cycle control (CDK6 and PPP6C), mitochon-

drial respiration (FDX1L), metabolic regulation (LIPT2, DOLK,

MOGS, PPCDC, SEPHS2), chromatin accessibility (CHRAC)

and DNA repair (POLE) which may drive heightened NK cell func-

tion when transcriptionally induced. Our TF library screens

further identified BATF3, IRF4, TFAP4, and JUNB, transcription

factors previously implicated in enhancing effector function

and preventing exhaustion in CAR-T cells.25,26,60 Notably,

BATF3 and TFAP4, also ranked among top hits in recent pooled

knockin screens, where they conferred metabolic and functional

advantages in CAR-T cells.60 These results suggest that ectopic

overexpression of select transcriptional regulators, including

through site-directed homology-directed repair (HDR) could

enhance NK cell function.61,62

Advances in CRISPR enzyme design and delivery, including

high-fidelity nucleases, AI-optimized guide design, and non-viral

delivery systems, promise to improve the specificity, safety and

scalability of immune cell editing for clinical translation.63–66 Our

study highlights the power of CRISPR-based discovery platforms

to uncover cooperative gene networks that govern NK cell function

and to guide the rational design of next-generation NK cell thera-

pies for patients with otherwise treatment-refractory cancers.
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(I) Heatmap depicting the relative and percentage marker expression per FlowSOM metacluster. Color indicates z score-normalized median expression per

channel, circle size indicates percentage expression. Also see Figure S9.
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Please cite this article in press as: Biederstädt et al., Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency,

Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.07.021

mailto:KRezvani@mdanderson.org
mailto:KRezvani@mdanderson.org


1
2
7
3
4
8
5
6

9

2B4
C

C
R

6
C

D
11c

C
D

16
C

D
161

C
D

178
C

D
2

C
D

25
C

D
27

C
D

38
C

D
39

C
D

56
C

D
69

C
D

7
C

D
8

C
D

95
C

LA
C

X3C
R

1
C

XC
R

3
C

XC
R

6
D

N
AM

Eom
es

G
ZM

B
H

LA-D
R

IC
O

S
Ki67
KLR

G
1

LAG
3

N
KG

2A
N

KG
2C

N
KG

2D
N

Kp30
N

Kp44
N

Kp46
O

X40
PAN

KIR
PD

1
Perforin
SYK
T-bet
TIG

IT
TIM

3
TR

AIL
ZAP70

0 48 96 144 192 240
0.0

0.5

1.0

Time (h)

N
or

m
al

iz
ed

 P
AT

C
14

8 
gr

ow
th

PATC148

WT

MED12 KO

CISH KO

ARIH2 KO

A+C DKO

CCNC KO

-5 5 15 25 35

5.0 108

1.0 109

1.5 109

2.0 109

Days

PA
TC

14
98

 m
ea

n 
ra

di
an

ce
 

(p
/s

/c
m

^2
/s

r)

PATC148

WT

ARIH2 KO

CCNC KO

A+C DKO

CISH KO

MED12 KO

-1.00

1.00

9
8
7
6
5
4
3
2
1

Pe
rc

en
t o

f p
ar

en
t

Metacluster

A+C
 KO

ARIH
2

Cas
9

CCNC KO

CISH KO

MED12
 KO

A+C
 KO

ARIH
2

Cas
9

CCNC KO

CISH KO

MED12
 KO

A+C
 KO

ARIH
2

Cas
9

CCNC KO

CISH KO

MED12
 KO

0

20

40

60

80

100

25
50

100
75

Percent
expression

Relative
expression

ns 0.052

ns

0

1

2

3

4

5

Sy
ne

rg
is

itc
 p

ro
te

in
 re

gu
la

tio
n 

A+
C

 D
KO

 T
R

O
P2

-C
AR

-N
K 

vs
. 

si
ng

le
 g

en
e 

ed
it 

1+2

3+4

5+6

5+6

7

In
 v

itr
o

In
 v

iv
o

O
rt

ho
to

pi
c 

in
 v

iv
o 

PA
TC

14
8

C
D

25

N
KG

2D

H
LA

-D
R

SY
K

Eo
m

es

G
ZM

B

C
D

69

C
D

11
c

TR
AI

L

Ki
67

IC
O

S

TROP2CAR/IL-15-NK

TROP2CAR/IL-15-NKA B

C

D

E

F

G H

I J

K

d0d-7 d35

Mice Orthotopic 
PATC148Luc+ 
inoculation

i.p. CAR-NK cell
injection (5e6)

d7 d14 d21 d28

Bioluminescence 
imaging

opt-SNE1

op
t-S

NE
2

TROP2CAR/IL-15-NK:PATC148
TROP2CAR/IL-15-NK

CD27CAR/IL-15 NK:MM1S

Tumor 
challengeDonor

Orthotopic
in vivo

Over-
whelming

Single

Re-
challenge

Single

 Baseline NK+PATC148 - T1 NK+PATC148 - T2

TR
O

P2
C

AR
/IL

-1
5-

N
K

0%

25%

50%

75%

100%

Pr
op

or
tio

n

WT
Cas

9

ARIH
2 K

O

CCNC KO

MED12
 KO

CISH KO

A+C
 D

KO

M
ed

ia
n 

ex
pr

es
si

on

2

2.2

2.4

2.6

2.8

3

NKG2D

0.5

1

1.5

2

Ki67

0.5

1

1.5

CD69

0

0.1

0.2

0.3

0.4

CD25

CRISPR edit

A+C DKO

ARIH2 KO

CCNC KO

CISH KO

MED12 KO

Seurat NK cell 
cluster

0

1

2

3

Seurat NK cell 
cluster

0

1

2

3

CRISPR edit
Seurat NK cell cluster

REACTOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINES

WP_OVERVIEW_OF_PROINFLAMMATORY_AND_PROFIBROTIC_MEDIATORS

WP_INTERACTIONS_OF_NATURAL_KILLER_CELLS_IN_PANCREATIC_CANCER

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION

KEGG_CYTOSOLIC_DNA_SENSING_PATHWAY

PID_SYNDECAN_4_PATHWAY

PID_SYNDECAN_1_PATHWAY

WP_VITAMIN_B12_METABOLISM

WP_EBSTEINBARR_VIRUS_LMP1_SIGNALING

HALLMARK_ALLOGRAFT_REJECTION

HALLMARK_INTERFERON_GAMMA_RESPONSE

HALLMARK_INTERFERON_ALPHA_RESPONSE

REACTOME_SIGNALING_BY_INTERLEUKINS

REACTOME_INTERFERON_SIGNALING

REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS

WP_IL18_SIGNALING_PATHWAY

HALLMARK_TNFA_SIGNALING_VIA_NFKB

REACTOME_CLASS_A_1_RHODOPSIN_LIKE_RECEPTORS

WP_VEGFAVEGFR2_SIGNALING_PATHWAY

HALLMARK_IL2_STAT5_SIGNALING

KEGG_DILATED_CARDIOMYOPATHY

Qval

0

1

2

3

4

Figure 8. ARIH2 and CCNC KO synergize to augment NK cell proliferation, activation, interleukin signaling and interferon gamma response

(A) In vitro tumor re-challenge assay of CRISPR-edited NK cells deficient for ARIH2, CCNC, ARIH2/CCNC, CISH, or MED12, co-cultured with PATC148 human

pancreatic cancer cells as assessed by xCELLigence real-time cell analysis. Data represented as mean ± SEM (shaded in light gray); NK cell killing normalized to

timepoint 0 and tumor. (E:T = 6:1; n = 2 human NK cell donors; one-way ANOVA for area under the PATC148 growth curve; **p < 0.01, ***p < 0.001, ****p < 0.0001)

(See also Figures S10A and S10B).

(B and C) Conceptual depicting the orthotopic pancreatic cancer mouse model to assess the in vivo antitumor efficacy of CRISPR-engineered TROP2CAR/IL-15-

NK cells.

(legend continued on next page)
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8. André, P., Denis, C., Soulas, C., Bourbon-Caillet, C., Lopez, J., Arnoux, T.,
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Theis, F.J. (2022). Benchmarking atlas-level data integration in single-cell

genomics. Nat. Methods 19, 41–50. https://doi.org/10.1038/s41592-021-

01336-8.

83. Domı́nguez Conde, C., Xu, C., Jarvis, L.B., Rainbow, D.B., Wells, S.B.,

Gomes, T., Howlett, S.K., Suchanek, O., Polanski, K., King, H.W., et al.

(2022). Cross-tissue immune cell analysis reveals tissue-specific features

in humans. Science 376, eabl5197. https://doi.org/10.1126/science.

abl5197.

84. Hao, Y., Stuart, T., Kowalski, M.H., Choudhary, S., Hoffman, P., Hartman,

A., Srivastava, A., Molla, G., Madad, S., Fernandez-Granda, C., and Satija,

R. (2024). Dictionary learning for integrative, multimodal and scalable sin-

gle-cell analysis. Nat. Biotechnol. 42, 293–304. https://doi.org/10.1038/

s41587-023-01767-y.

85. Bibby, J.A., Agarwal, D., Freiwald, T., Kunz, N., Merle, N.S., West, E.E.,

Singh, P., Larochelle, A., Chinian, F., Mukherjee, S., et al. (2022).

Systematic single-cell pathway analysis to characterize early T cell activa-

tion. Cell Rep. 41, 111697. https://doi.org/10.1016/j.celrep.2022.111697.

ll
OPEN ACCESS Article

20 Cancer Cell 43, 1–20, November 10, 2025
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Bacterial and virus strains

XL1-Blue Supercompetent Cells Agilent Technologies, Inc. Cat# 200236

NEB 5-alpha Competent E. coli (High Efficiency) New England Biolabs Cat# C2987H

Biological samples

Human cord blood-derived natural killer cells The University of Texas MD

Anderson Cancer Center

Cord Blood Bank

IRB-approved protocol Lab04-0249

Chemicals, peptides, and recombinant proteins

Alt-R™ S.p. Cas9 Nuclease V3 Integrated DNA Technologies Cat# 10000735

Alt-R® Cas9 Electroporation Enhancer Integrated DNA Technologies Cat# 1075916

Recombinant Human TGF-β1 (carrier-free) Biolegend Cat# 781804

L-(+)-Lactic acid Sigma-Aldrich Cat# L1750-10G

LIVE/DEAD™ Fixable Green Dead

Cell Stain Kit, for 488 nm excitation

ThermoFisher Scientific Cat# L34970

CD235a (Glycophorin A) MicroBeads, human Miltenyi Biotec Cat# 130-050-501

Lymphoprep STEMCELL Cat# 07861

Antibiotic-Antimycotic (100X) ThermoFisher Scientific Cat# 15240062

RPMI 1640 Medium Gibco Cat# 11995073

Click’s Medium (EHAA) Fujifilm Cat# 9195

OptiMEM Gibco Cat# 31985070

GlutaMAX Gibco Cat# 35050061

Human recombinant interleukin-2 PROLEUKIN® (Aldesleukin) https://www.accessdata.fda.gov/

drugsatfda_docs/label/2012/

103293s5130lbl.pdf

Retro-X Concentrator Takara Bio Cat# PT5063-2

DNAse I ThermoFisher Scientific Cat# EN0521

Critical commercial assays

NK Cell Isolation Kit, human Miltenyi Biotec Cat# 130-092-657

P3 Primary Cell 4D-Nucleofector® X Kit L LONZA Cat# V4XP-3024

DNeasy Blood and Tissue Kits for DNA Isolation QIAGEN Cat # 69504

Agilent Technologies E-PLATE

96 well xCELLigence

Agilent Technologes, Inc. Cat# NC1610670

Deposited data

Western blotting source image files This paper Zenodo: [https://doi.org/10.5281/zenodo.15879918]

Guide and gene level MAGeCK results of

transcription factor library CRISPR

screen in primary human NK cells

This paper Table S1

Guide and gene level MAGeCK results

of genome-wide CRISPR screen in

primary human NK cells

This paper Table S1

Single cell RNA seq data of CRISPR-

edited primary human NK cells

This paper Zenodo: [https://doi.org/10.5281/zenodo.15802140]

Experimental models: Cell lines

HEK293T Takara Bio Cat #632180

Panc1 ATCC Cat# CRL-1469

MDA-PATC 148 The University of Texas

MD Anderson Cancer Center68

N/A

Capan-1 ATCC Cat# HTB-79

MM1S ATCC Cat# CRL-2974

THP-1 ATCC Cat# TIB-202
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models

All procedures and experimental protocols involving mice were approved by the Institutional Animal Care and Use Committee

(IACUC) protocol number 00001263-RN01 at The University of Texas MD Anderson Cancer Center (Houston, TX). We used 8 to

10-week-old female NOD/SCID IL-2Rγnull (NSG) mice for xenograft model for our mice experiments to assess the antitumor activity

of CRISPR KO CAR NK cells in vivo.

Cancer cell lines

Human pancreatic cancer cell lines Panc1 (CRL-1469), Capan-1 (Cat# HTB-79), CFPAC (CRL-1918) and 293T (Cat# CRL-3216) were

obtained from the American Type Culture Collection (ATCC). PATC148 was a gift from Dr. Anirban Maitra (MD Anderson Cancer Cen-

ter).72 Panc1 and PATC148 were cultured in DMEM medium (Gibco, Cat# 11965092), supplemented with 10% FBS (Corning; Cat#

9035535) and 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062). CFPAC cells were cultured in IMDM medium (Gibco; Cat#

12440053), supplemented with 10% fetal bovine serum (FBS; Corning; Cat# 9035535) and 1% Antibiotic-Antimycotic (Gibco;

Cat# 15240062). Capan-1 cells were cultured in IMDM medium (Gibco; Cat# 12440053), supplemented with 20% FBS (Corning;

Cat# 9035535), 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062). 293T cells were cultured in DMEM media (Gibco, Cat#

11965092) with 10% FBS (Corning; Cat# 9035535) and 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062). Human metastatic

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

WiDR ATCC CCL-218

OVCAR-5 Millipore Sigma SCC259

MOLM-14 DSZM Cat# ACC 777

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ The Jackson Laboratory RRID: IMSR_JAX:005557

Oligonucleotides

MED12 sgRNA

Guide_#4: TTCACATTATGACCAACACC

Cellecta, Inc. Cat# KOHGW-80Kv2-P

https://cellecta.com

ARIH2 sgRNAs

Guide_#1: AGACGACCCUGGGGACAUAG

Guide_#2: CUGGUACUCCUCGGGAUCAA

Guide_#3: GGGGUCUGACAGCAAUGAAG

EditCo Bio, Inc.

(formerly Synthego)

Gene Knockout Kit – human – ARIH2

CCCN sgRNAs

Guide_#1: AUUGGUUCAAAUUGUAUAGU

Guide_#2: AGAGAAACUUUAAAUCCUUU

Guide_#3: UUCUAGUUUGCAAUGGAUUU

EditCo Bio, Inc.

(formerly Synthego)

Gene Knockout Kit – human – CCNC

Recombinant DNA

Teichmann pMSCV-U6sgRNA(BbsI)-

PGKpuro2ABFP retroviral sgRNA

transfer plasmid

Addgene Cat# 102796

CRISPR Human Genome 80K Knockout Library Cellecta, Inc. KOHGW-80Kv2-P

Software and algorithms

MAGeCK Li et al.69 https://sourceforge.net/p/

mageck/wiki/Home/

Seurat Stuart et al.70

OMIQ Dotmatics https://www.dotmatics.com/

solutions/omiq

Morpheus Broad Institute https://clue.io/morpheus

https://software.broadinstitute.org/

morpheus

FlowJo version 10.10 Becton Dickinson & Company (BD) https://www.flowjo.com/

ImageJ Schneider et al.71

PRISM version 10.4.0 GraphPad Software, LLC https://www.graphpad.com

bioRender Biorender https://www.biorender.com

Adobe Illustrator 2025 version 29.0.1 Adobe Inc. https://www.adobe.com/

TIDE: Tracking of Indels by DEcomposition Brinkman et al.67 http://shinyapps.datacurators.nl/tide/
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gastrointestinal cancer cell line OVCAR-5 was obtained from Sigma-Aldrich (Cat# SCC259) and cultured in RPMI-1640 medium

(Gibco; Cat# 11875093), supplemented with 10% FBS (Corning; Cat# 9035535) and 1% Antibiotic-Antimycotic (Gibco; Cat#

15240062) and 1% GlutaMAX (Gibco; Cat# 35050061). K562 cells (CCL-243) were bought from the American Type Culture Collection

(ATCC) and cultured in RPMI-1640 medium (Gibco; Cat# 11875093), supplemented with 10% FBS (Corning; Cat# 9035535) and 1%

Antibiotic-Antimycotic (Gibco; Cat# 15240062) and 1% GlutaMAX (Gibco; Cat# 35050061). Human acute myeloid leukemia cell lines

THP1 (Cat# TIB-202) and MOLM-14 (Cat# ACC 777) were obtained from the American Type Culture Collection (ATCC) and the

German Collection of Microorganisms and Cell Cultures GmbH (DSMZ), respectively, and cultured in RPMI-1640 medium (Gibco;

Cat# 11875093), supplemented with 10% FBS (Corning; Cat# 9035535) and 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062)

and 1% GlutaMAX (Gibco; Cat# 35050061). Human Karpas 299 T cell non-Hodgin’s lymphoma cell line was purchased from

Sigma-Aldrich (Cat# 06072604) and cultured in RPMI-1640 media (Gibco; Cat# 11875093) with 10% FBS, 1% GlutaMAX (Gibco;

Cat# 35050061), 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062). UMRC3 cell line was obtained from Sigma-Aldrich (Cat#

08090512) and cultured in EMEM media with 10% FBS (Corning; Cat# 9035535), 1% GlutaMAX (Gibco; Cat# 35050061), 1%

non-essential amino acids (Sigma-Aldrich; Cat# M7145), 1% Antibiotic-Antimycotic (Gibco; Cat# 15240062). The breast cancer

PDX cell line BCX-010 was kindly provided by Dr. Funda Meric-Bernstam at MD Anderson Cancer Center (MDACC) and cultured

in DMEM medium (Gibco, Cat# 11965092), supplemented with 10% FBS (Corning; Cat# 9035535) and 1% Antibiotic-Antimycotic

(Gibco; Cat# 15240062). All cell lines were authenticated with STR profiling at the MD Anderson Cancer Center Cell Line Character-

ization Core Facility and routinely tested for Mycoplasma negativity.

Primary human NK cells

Isolation and expansion of cord blood-derived NK cells (CB-NK) were carried out using cord blood units obtained from the MD An-

derson Cancer Center (MDACC) cord blood bank under an IRB-approved protocol (Lab04-0249). The process involved isolating and

expanding CB-NK cells according to previously described methods.3 In brief, lymphocytes were collected by using Ficoll-

Histopaque solution (Sigma-Aldrich) through density-gradient centrifugation. Subsequently, CD56+CD3- NK cells were purified by

negative selection using the Miltenyi Biotec NK cell isolation kit (Catalog number: 130-092-657) according to the manufacturer’s pro-

tocol. Isolated NK cells were subsequently co-cultured with irradiated (100 Gy) universal antigen presenting cells (uAPCs) at a 1:2

ratio in appropriate cell culture medium (50% 1640 RPMI, 50% Click’s medium, 10% FBS, 1% Antibiotic-Antimycotic, 1%

GlutaMAX) supplemented with 200 U/ml recombinant human IL-2 (Proleukin, 400U/mL; Chiron, Emeryville, CA, USA).

METHOD DETAILS

Cloning of viral constructs

We obtained the pMSCV-U6sgRNA(BbsI)-PGKpuro2ABFP73 from Sarah Teichmann (Addgene plasmid # 102796) and modified it to

express a specific sgRNA using standard molecular cloning techniques. To validate targeted genomic disruption using retroviral

sgRNA delivery paired with Cas9 transfection by electroporation, a previously validated sgRNA (PTPRC (CD45) sgRNA_C:

GAGGATCCTCAGGCACCCCG) targeting the canonical NK cell surface marker PTPRC (CD45)74 was cloned into the sgRNA transfer

plasmid under the control of the U6 promoter.

Retroviral production

HEK 293T cells were plated in 15 cm dishes one day prior to transfection and cultured in DMEM medium, supplemented with 10%

FBS and 1% GlutaMAX (Gibco; Cat# 35050061). HEK 293T were transfected at 70-80% confluency with the pMSCV_U6sgRNA

(Bbsl)-PGKpuro2ABFP expression vector (Addgene: Plasmid #102796) along with packaging and envelope plasmids using the

FuGENE® HD Transfection Reagent (Cat# E2312) as previously described.75 The following day, media was replaced with

OptiMEM medium supplemented with 10% FBS, 1% GlutaMAX (Gibco; Cat# 35050061), 0.5% Antibiotic-Antimycotic (Gibco;

Cat# 15240062), DNAse I (1 U/mL) (ThermoFisher; Cat# EN0521), 5mM MgCl2, 1mM sodium pyruvate (Gibco; Cat# 11360070)

and 1x MEM nonessential amino acids (Gibco; Cat# 11140050). Viral supernatant was collected 48h and 72h post transfection,

filtered to remove cellular debris and frozen at -80C. Retroviral particles were concentrated using Retro-X™ concentrator (Takara,

Cat# 631456) according to the manufacturer’s protocol and resuspended at 1% of the original volume for enhanced titer.

CRISPR editing of primary human NK cells using retroviral sgRNA transfer and Cas9 electroporation

Primary human NK cells were transduced on day 5 post-isolation using the retroviral sgRNA transfer plasmid containing a specific

sequence targeting PTPRC (CD45). Following transduction, NK cells were electroporated on d7 using the Lonza 4D nucleofector X

unit (Cat #AAF-1003X). NK cells were washed with PBS, pelleted, and resuspended in P3 primary buffer, supplemented with Cas9

(10.16μM; Alt-R™ S.p. Cas9 Nuclease V3, Integrated DNA Technologies, Cat# 10000735) and electroporation enhancer (4.16μM; Alt-

R™ Cas9 Electroporation Enhancer, Integrated DNA Technologies, Cat# 1075916), at a density of 1 x 106 cells/20μL. NK cells were

transferred into Lonza electroporation 16-well Nucleocuvettes (P3 Primary Cell 4D-Nucleofector™ X Kit S, Lonza Bioscience, Cat#

V4XP-3032) and electroporated using pulse code CM137. Post electroporation, NK cells were recovered with 100μL prewarmed

NK cell medium and rested for 10-15 minutes in the incubator at 37C. NK cells were then transferred to cell culture flasks containing

irradiated uAPC cells at an E:T ratio of 1:2, suspended in prewarmed NK cell medium, supplemented with IL-2 (400U/mL). Starting on
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day 12 post-isolation, NK cells which had stably integrated the sgRNA transfer vector, were selected with puromycin (2.5μg/mL) for

6 days. Knockout of PTPRC (CD45) was confirmed using flow cytometry.

Transcription factor library assembly

The human transcription factor knockout library was derived from the Lenti-human-TF-gRNA puromycin library (Addgene #162275),

targeting 1,639 transcription factors and comprising 11,364 sgRNAs, with 7 sgRNAs per gene and 100 non-targeting controls.76 The

library was cloned into the retroviral construct pMSCV-U6sgRNA(BbsI)-PGKpuro2ABFP (Addgene plasmid # 102796) following

adaptation to a previously published cloning method.73 The library was amplified by polymerase chain reaction (PCR), and the

pMSCV backbone was digested with BamHI-HF (New England Biolabs, #R3136L). HiFi DNA assembly of the library amplicon into

pMSCV was performed at 50◦C for 1 hour in a 20 μl reaction with 100 ng digested backbone, 11 ng amplified insert (2:1 molar ratio

of insert to backbone), and HiFi DNA Assembly Master Mix (New England Biolabs, #M5520). HiFi reactions were purified using iso-

propanol precipitation, and 2 μl of the purified product was transformed into Endura™ Electrocompetent Cells (Lucigen, #60242-1)

using a BioRad MicroPulser with 0.1 cm gap cuvettes (Bio-Rad, #1652089). Transformed cells were cultured overnight, and plasmids

were isolated using the Purelink™ HiPure Plasmid Filter Midi prep Kit (Thermo Scientific, K210015). Guide representation was

confirmed by sequencing using Illumina MiSeq V3-150.

Transcription factor library CRISPR screens in primary human NK cells

Primary human NK cells were retrovirally transduced with a transfer plasmid containing the transcription factor library (11,364 unique

sgRNAs) on day 5 post isolation from cord blood. NK cells which had stably integrated a copy of the vector plasmid following low-MOI

(0.3) transduction were subsequently selected using puromycin at a concentration of 2.5μg/mL. On day 11, library-transduced NK

cells were electroporated with recombinant Cas9 protein (18.3μM, Alt-R™ S.p. Cas9 Nuclease V3, Cat# 1081059) in the presence

of P3 primary buffer using the Lonza 4D Nucleofector (P3 Primary Cell 4D-Nucleofector X Kit L, Cat # V4XP-3012). Immediately after

electroporation, NK cells were recovered using prewarmed NK cell medium, rested in the incubator for 10-15min at 37C and subse-

quently re-expanded with uAPCs at an E:T ratio of 1:1. T0 samples were collected on day 15.

On day 18, NK cells, were split into four different screening conditions. For the NK cell expansion screens, TF-library-edited NK

cells were cultured in NK cell medium, supplemented with IL-2 (200U/L) with and without irradiated uAPCs (E:T=1:2). For the pancre-

atic cancer re-challenge screens, NK cells were co-cultured with the human pancreatic cancer cell lines Panc-1 and PATC-148 at an

initial E:T of 8:1. NK cells were re-challenged by adding 1x106 of the respective tumor cells every three days and harvested on day 12.

Changes in relative sgRNA abundance were assessed compared to T0 by next-generation sequencing (NGS).

Transcription factor library sequencing

For TF library screens, 10 million cells from each sample were harvested on T12 after removing dead cells using the Dead Cell

Removal Kit (Miltenyi Biotec, 130-090-101). Genomic DNA was extracted from the cell pellets using the QIAamp DNA Blood Midi

Kit (Qiagen, 51185). Integrated sgRNA sequences were amplified and barcoded following a two-step PCR protocol (Olivieri & Dur-

ocher, STAR Protocols 2, 100321, March 19, 2021). For the first PCR, a total of 18 μg of genomic DNA was divided across six reac-

tions with Q5 Hot Start High-Fidelity 2X Master Mix (NEB #M0494L). The PCR products were pooled together for each sample and

purified using the QIAquick PCR Purification Kit (QIAGEN, 28104). The purified product was then further PCR-amplified with i5 and i7

index primers. The libraries were purified using the QIAquick Gel Extraction Kit (Qiagen, 28704) and then run on a High Sensitivity

D1000 tape (Agilent). Sequencing was performed on a NextSeq500 instrument to a targeted depth of 5.2 x 10e6 reads per sample.

Primer list

TF library amplification primer

F: 5′- tcttacgtagctagcggatcccgaggggacccagagagg -3’

R: 5′- ctacccggtagaattggatccaaaaaaagcaccgactcggtg -3’

Two-step PCR; first PCR primer

F: 5′-gagggcctatttcccatgattc-3’

R: 5′-tgctaaagcgcatgctccagac-3’

Two-step PCR; second PCR primer

F: 5′-AATGATACGGCGACCACCGAGATCTACAC [i5 index] ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGTGGAAAGG

ACGAAACACC-3’

R: 5′- CAAGCAGAAGACGGCATACGAGAT [i7 index] GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTTGCTATTTCTA

GCTCTAAAAC-3’

Pooled genome-wide CRISPR screening in primary human NK cells

To investigate NK cell regulators at genome-wide scale, we obtained a genome-wide sgRNA library containing 77,736 unique sgRNA

sequences targeting a total of 19,281 genes along with 500 non-targeting control guides from a commercial vendor (Cellecta, Inc.).

Cloning of the genome-wide library into the pMSCV-U6sgRNA(BbsI)-PGKpuro2ABFP vector was performed by Cellecta, Inc. (320

Logue Ave. Mountain View, CA 94043 USA).

On day 5 post isolation, primary human NK cells from each donor were transduced with the retroviral vector expressing the

genome-wide sgRNA library at low MOI (0.3) at a coverage ≥ 500x in RetroNectin-coated plates (Takara, Cat# T100B). Starting
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day 7, NK cells stably expressing the CRISPR library vector, were selected using puromycin (Gibco; Cat# A1113803) at a concen-

tration of 2.5μg/mL for a duration of 5 days, replenishing puromycin every 48h. Puromycin-selected NK cells were transfected with

Cas9 by electroporation using the Lonza 4D nucleofector device. In brief, NK cells were washed with PBS, pelleted, and resuspended

in P3 primary buffer, supplemented with Cas9 (10.16μM; Alt-R™ S.p. Cas9 Nuclease V3, Integrated DNA Technologies, Cat#

10000735) and electroporation enhancer (4.16μM; Alt-R™ Cas9 Electroporation Enhancer, Integrated DNA Technologies, Cat#

1075916), at a density of 1 x 107 cells/100μL. NK cells were transferred into Lonza electroporation Nucleocuvettes (P3 Primary

Cell 4D-Nucleofector™ X Kit L, Lonza Bioscience, Cat# V4XP-3024) and electroporated using pulse code CM137. After electropora-

tion, NK cells were recovered with 500μL prewarmed NK cell medium and rested for 10-15 minutes in the incubator at 37C. Subse-

quently, NK cells transferred to cell culture flasks containing irradiated uAPC cells suspended in prewarmed NK cell medium, sup-

plemented with IL-2 (400U/mL). NK cells were re-expanded with irradiated uAPCs at a 1:1 ratio for 6 days. Flow cytometry was used

to determine library vector integration, purity after puromycin selection and NK cell purity. Library coverage was maintained at≥ 500x

throughout the entire editing pipeline.

Genome-wide tumor re-challenge CRISPR screens in primary human NK cells

After completion of puromycin selection, T0 samples of the genome-wide CRISPR library-edited NK cells were harvested, pelleted

and frozen at -80C. NK cells were then co-cultured with human pancreatic cancer cell line Capan-1 at an initial effector-to-target (E:T)

ratio of 1:1 in the presence of IL-2 (400U/mL). NK cells were re-challenged with two additional rounds of Capan-1 pancreatic tumor

cells at an E:T ratio of 4:1. CRISPR library-edited NK cells were propagated to maintain screen coverage at ≥ 500x throughout the

entire assay duration and harvested after 14 days of repeated tumor challenges. Changes in relative sgRNA abundance were as-

sessed compared to T0 by next-generation sequencing (NGS).

Genome-wide degranulation screen in primary human NK cells

NK cells, transduced with the genome-wide library, were challenged with two rounds of Capan-1 pancreatic cancer cells at E:T ratios

of 1:1 and 4:1, respectively. On day 9, NK cells were challenged with another round of tumor cells at an E:T ratio of 2:1 while

adding anti-human CD107a (Lamp-1) antibody (BioLegend; H4A3, Cat# 328644) directly into the culture medium at a concentration

of 10μL/mL. NK cells were harvested after 2h, washed and stained using the following antibodies: LIVE/DEAD™ Fixable Green Dead

Cell Stain Kit (Thermofisher; Cat# L34969), CD107a (Lamp-1) antibody (BioLegend; H4A3, Cat# 328644). NK cells were subsequently

sorted into two bins based on the tail-end fractions with the highest and lowest CD107a expression levels, respectively. Sorted NK

cells were pelleted and frozen at -80C before extraction of genomic DNA and assessment of altered sgRNA distribution by NGS.

Sorting of primary human NK cell performed at the MD Anderson Cancer Center Flow Cytometry and Cellular Imaging Core Facility

using the BD Aria II Cell Sorter.

Genome-wide immuno-metabolite CRISPR screens in primary human NK cells

After puromycin selection, CRISPR library-edited NK cells were re-expanded with two rounds of uAPCs at an E:Tratio of 1:2 and 1:1,

respectively, in the presence of IL-2 (400U/mL)for a total duration of 14 days. NK cells were concomitantly exposed to specific TME-

associated immuno-metabolites at defined doses (L(+)-lactic acid: 5mM; TGFβ1 (Biolegend Cat#781804): 500ng/mL) or hypoxia (4%

O2). On day 14, NK cells were harvested and relative sgRNA composition was assessed through deep sequencing.

Next-generation sequencing and bioinformatic analyses

Extraction of genomic DNA from cell pellets and next-generation sequencing services were performed by Cellecta, Inc. (320 Logue

Ave. Mountain View, CA 94043 USA). MAGeCK69 scores were computed comparing d14 versus T0 guide distribution for the different

screening conditions using default settings and paired analysis. NK cell donors were analyzed in aggregate. Where indicated,

MAGeCK-computed gene-level log2 fold changes (LFC) were transformed to obtain LFC z scores (ZS).

Functional annotation of screen hits

Functional annotation of positive screen hits (FDR<0.05, |ZS|>1.5) was performed based on the following curated ontologies:

GO_CC: Cul5-RING ubiquitin ligase complex (GO:0031466), GO_CC: CKM complex (GO:1990508), GO_CC: SAGA complex

(GO:0000124), GO_BP: Negative regulation of NFkappaB Transcription factor activity (GO:0032088), GO_BP: Chromatin remodeling

(GO:0006338), GO_MF: DNA-binding transcription factor activity (GO:0003700). The following pathways were manually addended

based on functional affinity: GO_CC: CKM complex (GO:1990508): PTEN (Mediator kinase module & regulation of RNA Polymerase

II), GO_CC: Cul5-RING ubiquitin ligase complex (GO:0031466): RNF7, CISH, SOCS1-5 (Cul5-RING ubiquitin ligase complex + SH-

domain containing family interactions partners).

Pathway overrepresentation analysis

Pathway overrepresentation of detected screen hits in curated gene sets was performed using g:Profiler (Version

e111_eg58_p18_30541362) with Bonferroni multiple testing correction applying a significance threshold of 0.05 (https://biit.cs.ut.

ee/gprofiler/gost).77
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Please cite this article in press as: Biederstädt et al., Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency,

Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.07.021

https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost


Protein-protein interaction mapping

Top screen hits (FDR<0.05; |ZS|>1.5) from the genome-wide Capan-1 re-challenge screen in primary human NK cells were uploaded

into the STRING database and edges were generated by projected protein-protein interactions.78 Nodes were clustered using

K-means clustering and subsequently functionally annotated according to biological function using GO terms and manual curation.

Flow cytometry and cell sorting

NK cell viability was determined with LIVE/DEAD™ Fixable Green Dead Cell Stain Kit (Thermofisher; Cat# L34969). Stable integration

of the sgRNA transfer plasmid as well as purity after puromycin selection was assessed by detection of blue fluorescent protein (BFP)

reporter as previously described.73

The following antibodies were used for flow cytometry experiments: BV785 anti-human CD107a (Lamp-1) (BioLegend, H4A3, Cat#

328644), APC-Cy7 anti-human CD3 (BioLegend, HIT3a, Cat# 300318), BV605 anti-human CD56 (BioLegend, HCD56, Cat# 318334),

BV650 anti-human CD16 (BD Biosciences, 3G8, Cat# 563173), PerCP anti-human CD45 (BioLegend, HI30, Cat# 304026), APC-Cy7

anti-human CD45 (BioLegend, HI30, Cat# 304014), AF-700 anti-mouse CD45 (BioLegend, QA17A26, Cat# 157616), PE-CF594 anti-

human CD27 (BD Biosciences, M-T271, Cat# 562297), PE-Cy7 anti-human CD70 (Biolegend, 113-16, Cat# 355112), AF-700 anti-

mouse CD45 (Biolegend, QA17A26, Cat# 157616), PE anti-human TROP2 (Biolegend, NY18, Cat# 363804), Anti-His-APC (Bio-

legend, J095G46, Cat# 362605), PE anti-human CD326 (EpCAM; Biolegend, 9C4, Cat# 324206), and FITC anti-human CD326

(EpCAM; Biolegend, 9C4, Cat# 324204). Cytometric data were acquired using a LSRFortessa (BD Biosciences) and analyzed using

FlowJo (Version 10.10.0) and Omiq (Dotmatics). Fluorescense-based cell sorting was performed on a high-throughput BD Biosci-

ences Aria II Cell Sorter Cell Sorter at the MDACC North Campus Flow Cytometry and Cellular Imaging Core Facility.

Spectral flow cytometry

After co-culture with Capan-1 pancreatic cancer cell lines for 7 days, NK cells were harvested, washed and stained with a multi-

parameter antibody cocktail. The antibodies used for spectral flow cytometry experiments are listed in the key resources table. Spec-

tral flow cytometric analysis was performed using the ID7000™ Spectral Cell Analyzer (Sony Biotechnology Inc., San Jose, CA, USA).

Spectral unmixing and data analysis was performed using the Sony ID7000™ software suite. Semi-supervised clustering was per-

formed using FlowSOM and dimensionality reduction was performed using opt-SNE algorithm by OMIQ (Dotmatics). The median

expression of each marker was normalized using Z-score, then hierarchically clustered (1-Pearson), and plotted as a heatmap

with the percentage positivity overlayed for each marker using Morpheus matrix visualization and analysis software (Broad Institute).

Prioritization of screen hits for functional validation

Top screen hits (rank<100) originating from the five genome-wide CRISPR screens in primary human NK cells were prioritized for

further in vitro and in vivo functional validation based on a weighed scoring algorithm including the number of overlaps across per-

formed screens and their previously established role in NK cell biology. Additional weight was assigned to screen hits originating from

the genome-wide NK cell:Capan-1 re-challenge screen under the assumption that cell fitness advantages conferred by these screen

hits would directly be associated with improved antitumor killing capacity. In addition, screen hits involving genes described to be

tumor suppressors were given additional weight with the rational of exploiting naturally occurring acquired cell fitness advantages

of transformed cells in line with recent evidence.57

In brief, top hits (rank<100) from each screen (Table S2) were given a rank-based score (100/rank). The rank score for hits origi-

nating from the NK cell:Capan-1 cell screen was overweighted to match the combined weight of hits resulting from the three immu-

nometabolite pressures screens (3:1:1:1 ratio). Screen hits which had previously been described to negatively impact immune cell

function as well as hits previously characterized to improve NK cell function were filtered to focus on previously unrecognized reg-

ulators. Known tumor suppressor genes were assigned a 1.5x cofactor and hits with >3 screen overlaps were weighted at 1.75x to

account for their presumably higher likelihood of conferring cell fitness advantages which enhance antitumor potency and protect

against a variety of clinically relevant immunosuppressive conditions. Combined screen hits were ranked according to their weighted

scores and the top three prioritized hits (MED12, ARIH2 and CCNC) were prioritized for further validation.

CRISPR/Cas9-RNP editing of primary human NK cells

Validation of selected screen hits was performed by electroporating primary human NK cells with CRISPR-ribonucleoproteins (RNP)

targeting MED12, ARIH2 and CCNC. The sgRNA sequence for MED12 ablation was recovered from the genome-wide sgRNA library

(sgMED12_4: TTCACATTATGACCAACACC) and sgRNA reagents were obtained from Integrated DNA Technologies, Inc. (6828

Nancy Ridge Drive San Diego, California 92121). CRISPR targeting of the ARIH2 and CCNC loci was performed using multi-guide

reagents (ARIH2 guide_#1: AGACGACCCUGGGGACAUAG, ARIH2 guide_#2: CUGGUACUCCUCGGGAUCAA, ARIH2 guide_#3:

GGGGUCUGACAGCAAUGAAG; CCNC guide_#1: AUUGGUUCAAAUUGUAUAGU, CCNC guide_#2: AGAGAAACUUUAAA

UCCUUU, CCNC guide_#3: UUCUAGUUUGCAAUGGAUUU) from EditCo Bio, Inc. (600 Saginaw Drive Redwood City, CA 94063).

In brief, CRISPR ribonucleoproteins (RNP) were formed by complexing Cas9 (61μM; Alt-R™ S.p. Cas9 Nuclease V3, Integrated

DNA Technologies, Cat# 1081059) with sgRNA (100μM; Integrated DNA Technologies) in the presence of Lonza P3 Primary buffer

(P3 Primary Cell 4D-Nucleofector X Kit L, Lonza into, Cat# V4XP-3024) at a 0.3:0.22:0.48 ratio and incubating for 20 min at room tem-

perature. Batches of 1x107 NK cells were collected, washed, pelleted, and resuspended in 10μL Cas9-RNP together with 80μL P3

buffer and 10μL electroporation enhancer (100μM; Alt-R™ Cas9 Electroporation Enhancer, Integrated DNA Technologies, Cat#
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1075916) for final concentrations of 2.2μM sgRNA, 1.83μM Cas9 and 10μM electroporation enhancer. Electroporation was carried

out using the Lonza Bioscience X unit L kit Nucleocuvettes applying the CM137 pulse code. Immediately after electroporation,

NK cells were recovered by adding 500μL of prewarmed NK cell medium to the cuvettes and incubated at 37C for 10-15 minutes.

Afterwards, NK cells were transferred to cell culture flasks containing prewarmed NK cell medium and irradiated uAPC feeder cells

at a NK:uAPC ratio of 1:2 in the presence of IL-2 (200U/mL).

Assessment of sgRNA performance

CRISPR/Cas9-RNP-mediated disruption of targeted genes was verified either by Sanger sequencing paired with sequence trace

decomposition via TIDE algorithm67 or via western blotting. In brief, genomic regions surrounding targeted CRISPR cleavage sites

were amplified by PCR and sequenced by Sanger sequencing. Sequencing traces were subsequently decomposed by TIDE algo-

rithm to assess indel frequencies of CRISPR-edited NK cells compared to Cas9 mock-electroporated controls. Mock-electroporated

controls were electroporated using the same Cas9 concentration, buffer and electroporation settings but did not receive a targeting

guide RNA.67 The following PCR primers were designed using NCBI Primer-BLAST tool to amplify genomic regions surrounding

CRISPR cleavage sites of MED1279: sgRNA_3 FWD: TGCCCTAGTCAGTCTTCCCT, sgRNA_3 REV: AACTTCCCCACCTGAATGGC.

Western blotting

To investigate protein expression from whole cell lysates, NK cells were lysed using IP lysis buffer (Pierce™ IP Lysis Buffer, Thermo

Scientific, Cat# 87788) supplemented with protease and phosphatase inhibitors (Halt™ Protease and Phosphatase Inhibitor Single-

Use Cocktail, EDTA-Free, Thermo Scientific, Cat# 78443) and incubated for 30 min on ice. Protein concentration was determined

using the BCA protein Assay Kit (Pierce) after centrifugation. Cell lysates from indicated experimental conditions were subjected

to electrophoresis in equal amounts using SDS-PAGE and transferred to Polyvinyldifluoride membrane (Bio-Rad). Membranes

were blocked with 5% milk (in PBST) or 5% bovine serum albumin (BSA, in PBST) for 30 min, followed by incubation with the primary

antibody at 4◦C overnight. The following primary antibodies were used: ARIH2 (Proteintech, Cat#15006-I-AR), Cyclin C (CST

Cat#68179) and b-actin (Sigma-Aldrich, AC-15, Cat# A5441). The membranes were washed three times with PBST (5 min each),

and then incubated with secondary antibody (5% milk in PBST) for 60 min. Protein signal was detected by ECL (Amersham) following

the vendor’s instructions. Densitometry analyses were performed by evaluating band intensity mean gray value of the indicated pro-

tein and normalizing it with the mean gray value of the corresponding lane’s loading control (β-actin) using ImageJ software.

Analysis of published scRNA-seq data sets

Single cell RNA sequencing data was obtained from publicly available data sets31,33 and re-analyzed to check for expression of top

hits from the transcription factor library and genome-wide CRISPR screens in primary human NK cells. Briefly, for the comparison of

NK cells from AML (n=8) and healthy donors (n=8), log10-normalized gene expression data was downloaded.33 Module score was

calculated using R package Seurat.70 For the comparison of NK cells from pan-cancer patients (n=217) and healthy donors (n=5),

gene set module score using pseudo-bulked samples was assessed using the web-based tool single cell RNA-seq Data Visualization

and Analysis (available at http://pan-nk.cancer-pku.cn).31 Significance of between-group module score difference was assessed by

unpaired Mann-Whitney U test or Kruskal-Wallis test depending on sample size.

Generation of anti-CD70 and anti-TROP2 CAR constructs

The CAR construct targeting CD70 (iC9.CD27(ECD).CD28.zeta.2 A.IL-15) referred to as CD27CAR/IL-15 consists of the CD27 extra-

cellular domain (the natural ligand to CD70), coupled to the CD28 costimulatory domain and the CD3ζ signaling domain. Furthermore,

it contains iC9 as a safety switch and the IL-15 transgene for autocrine cytokine support and enhanced persistence.

The CAR construct targeting TROP2 (iC9.TROP2scFv (clone hRS7).CD28.zeta.2 A.IL-15) referred to as TROP2CAR/IL-15 incorpo-

rates an scFv targeting TROP2 which was derived from the human RS7 sequence of the TROP2-targeting antibody–drug conjugate

sacituzumab govitecan), linked with the CD28 costimulatory domain, the CD3ζ signaling domain, an iC9 safety switch and IL-15 cyto-

kine armoring.

Both CAR constructs were cloned into the SFG retroviral backbone. Retroviral supernatant was generated from transfected 293T

cells as previously described.75 CAR transduction efficiency was measured 48-72 hours post transduction by flow cytometry.

NK cell xCELLigence cytotoxicity assays

Human cancer cell lines (CFPAC, OVCAR5, Capan-1 and PATC148) were seeded in 96-well RTCA E-plates (Agilent Technologies,

Inc.; Cat# 300601030) one day prior to addition of CRISPR-engineered NK cells. Once NK cells were added at specified E:T ratios,

tumor growth was monitored longitudinally reflected in changes in impedance as measured by xCELLigence Real-Time Cell Analysis

device (Agilent Technologies, Inc., 5301 Stevens Creek Blvd., Santa Clara, CA 95051, United States). Cytotoxicity data was reported

normalized to the time of NK cell addition as normalized cell index. For re-challenge assays, NK cells were harvested, re-counted and

added at specified E:T ratios onto new plates containing adherent tumor cells indicated time points (Figure 5A).

Incucyte® live cell killing assays and tumor rechallenge assays

To assess the effects of MED12 knock-out on shielding NK cells from functional exhaustion, CRISPR-edited NK cells were co-

cultured and repeatedly challenged with the cancer cell lines MM1S and MOLM-14 using the Incucyte® live cell imaging (Sartorius).
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In brief, CRISPR-edited MED12 deficient NK cells were co-cultured with MM1S and MOLM-14 cancer cell lines, stably labeled with

red fluorescent reporter genes, in 96-well flat clear bottom black microplates (Corning, Cat# 3904) in technical triplicates at an

effector-to-target ratio of 1:2. NK cells were re-challenged by adding additional tumor cells at indicated time points. Tumor growth

was assessed in real-time as determined using Incucyte® S3 live-cell analysis system (Sartorius AG Otto-Brenner-Str. 20, 37079

Göttingen, Germany). Tumor growth was normalized to time point T0. Killing capacity of CRISPR-perturbed NK cells was normalized

to tumor growth, which was set to one.

MED12-deficient CD27CAR/IL-15-NK cells were co-cultured THP-1 cancer cells at indicated E:T ratios and re-challenged by add-

ing additional tumor cells at indicated time points. Tumor growth was normalized to time point T0; NK cell killing was rebased to one at

each time of tumor re-challenge.

CRISPR gene-edited ARIH2/CCNC KO NK cells and non-edited WT controls were co-cultured with Karpas-299 human T cell non-

Hodgkin’s lymphoma cells stably expressing a red fluorescent reporter gene at indicated E:T ratios and followed longitudinally. NK

cells were re-challenged by adding additional tumor cells at indicated time points. Tumor growth was normalized to time point T0.

Incucyte® live-cell spheroid assays

3D spheroids of UM-RC-3, PATC148 and BCX010 human cancer cells were formed by plating 15,000 (PATC148, BCX010) or 20,000

(UM-RC-3) single cells in 50 μL medium in a Corning® 96-well Clear Round Bottom Ultra-Low Attachment Microplate, Individually

Wrapped, with Lid, Sterile (Corning, Cat# 7007). The plates were then placed in a 37◦C incubator for 24h to allow for the spheroids

to form. Once formed, the spheroids were treated with various NK cell conditions in technical duplicate wells or left untreated as con-

trols. Frames were captured with a 4x objective at 4-hr intervals over a number of days. Green signal was quantified using Incucyte®
S3 live-cell analysis system (Sartorius) in real-time. Images were exported using the same analysis system. Green signal intensities

were normalized to time point T0. NK cell killing was normalized to tumor growth, which was set to one.

Titration of immunosuppressive metabolites

NK cells were cultured together with irradiated uAPC feeder cells in the presence of defined doses of different immunosuppressive

metabolites and under hypoxic (O2=1%) conditions. Effects of the immunosuppressive metabolites and hypoxia on proliferation

were assessed after 7 days for NK cell culture time and reported normalized to NK cells cultured under normal conditions. Effects

on NK cell cytotoxicity were assessed by co-culturing NK cells after 7 days of metabolite exposure with red fluorescent reporter

gene-labeled K562 targets in the presence of the specified metabolites and assessing real-time tumor growth through the Incucyte®
live cell imaging (Sartorius AG, Otto-Brenner-Str. 20, 37079 Göttingen, Germany).

Mass cytometry (CyTOF) and data analysis

Mass cytometry experiments and primary antibody conjugation were performed as described previously.89 Briefly, cells were har-

vested, washed with cell staining buffer (0.5% BSA in PBS) and incubated with 2.5 μM cisplatin (Sigma Aldrich, St Louis, MO) for

viability assessment. Cells were washed, incubated with 5 μL of human Fc receptor blocking solution (Trustain FcX, Cat #

422302, Biolegend, San Diego, CA) for 10 min at room temperature, and then stained for cell surface markers with a freshly prepared

antibody mix for 30 min at room temperature on a shaker. After washing with cell staining buffer, samples were fixed/permeabilized

using BD Cytofix/Cytoperm solution (Cat # 554714, BD Biosciences) for 30 min in the dark at 4◦C, washed twice with perm/wash

buffer, and stained with antibodies directed against intracellular markers. Samples were then washed and stored overnight in

500 μL of 1.6% paraformaldehyde (EMD Biosciences)/PBS with 125 nM iridium nucleic acid intercalator (Fluidigm). The next day,

samples were washed, filtered, counted, and resuspended in MilliQ dH2O supplemented with EQTM four element calibration beads

at a concentration of 0.5x105/ml. Samples were acquired on a Helios instrument (Fluidigm) using the Helios 6.5.358 acquisition soft-

ware (Fluidigm). The antibodies used along with the corresponding metal tag isotopes are as follows: CD45 (Standard Biotools, HI30,

89Y); CCR6 (Miltenyi Biotech, REA190, 141Pr); Eomes (Invitrogen, WD1928, 142Nd); GFP (Biolegend, FM264G, 144Nd); CD8a (Mil-

teny Biotec, REA734, 146Nd); NKG2C (Milteny Biotec, REA205, 147Sm); TRAIL (Milteny Biotec, REA1113, 148Nd); CD25 (Standard

Biotools, 2A3, 149Sm); CD69 (Milteny Biotec, REA824, 150Nd); 2B4 (Milteny Biotec, REA122, 167Er); CD95 (Milteny Biotec, REA738,

152Sm); panKIR (R&D systems, 180704, 153Eu); CD27 (Standard Biotools, L128, 155Gd); CX3CR1 (Miltenyi Biotec, REA385,

154Sm); CXCR3 (Standard Biotools, G025H7, 156Gd); OX40 (Milteny Biotec, REA621, 158Gd); CD11c (Standard Biotools, Bu15,

159Tb); Tbet (Standard Biotools, 4B10, 160Gd); TIGIT (Milteny Biotec, REA1004, 152Eu); Ki67 (Standard Biotools, B56, 162Dy);

BTLA (Standard Biotools, MIH26, 163Dy); CD73 (Milteny Biotec, AD2, 164Dy); CD160 (Biolegend, BY55, 144Nd); TIM3 (Milteny Bio-

tec, REA635, 165Ho); NKG2D (Standard Biotools, ON72, 166Er); KLRG1 (Milteny Biotec, REA261, 168Er); NKG2A (Standard Bio-

tools, Z199, 169Tm); CD161 (Milteny Biotec, REA631, 170Er); DNAM (Standard Biotools, DX11, 171Yb); PD1 (Milteny Biotec,

PD1.3.1.3, 174Yb); PD-L1 (Biolegend, MIH2, 161Dy); LAG3 (Milteny Biotec, REA351, 175Lu); ICOS (Milteny Biotec, REA192,

176Yb); CD16 (Standard Biotools, 3G8, 209Bi); CD57 (Milteny Biotec, REA769, 115In); CD39 (Milteny Biotec, MZ18-23C8, Pt195);

Perforin (Standard Biotools, B-D48, Pt196); Granzyme B (Standard Biotools, GB11, Pt198); CD56 (Milteny Biotec, REA196,

106Cd); CD2 (Milteny Biotec, REA972, 111Cd); HLA-DR (Milteny Biotec, REA805, 112Cd); NKp30 (Milteny Biotec, AF29-4D12,

113Cd); NKp46 (Milteny Biotec, REA808, 114Cd); SYK (Biolegend, 4D10.2, 151Eu); ZAP70 (Miltenyi Biotec, REA814, 143Nd); and

NKp44 (Milteny Biotec, REA163, 116Cd); 41BB (Standard Biotools, 4B4-1, 173Yb).

Mass cytometry data were analyzed using FlowJo (FlowJo LLC) and OMIQ (Dotmatics). FCS files were first processed using

FlowJo by removing beads and then gating singlets in Ir191/193 double positive cells in OMIQ. NK cell populations were identified
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by Pt195 (cisplatin)low GFP- hCD45+ CD56+ CD3-. The gating strategy was applied to all files. Data from 5,000 NK cell events per

condition were randomly subsampled. Normalized data from donors representing the same condition were virtually concatenated.

Downstream analysis was performed on randomly sampled 5,000 events from each condition. NK cells from the various conditions

were merged to create a single opt-SNE map. The positive population for each marker was gated in OMIQ (Dotmatics). The median

expression of each marker was normalized using Z-score, then hierarchically clustered (1-Pearson), and plotted as a heatmap with

the percentage positivity overlayed for each marker using Morpheus matrix visualization and analysis software (Broad Institute).

Metabolic assays

The oxygen consumption rate (OCR) was measured using the Mito Stress Test or the XF Substrate Oxidation Stress Test, using an

Agilent Seahorse XFe96 Analyzer (Agilent Technologies, Inc., 5301 Stevens Creek Blvd Santa Clara, CA 95051 United States) per the

manufacturer’s instructions. Cells were plated in respective media at 250,000 cells per well in a 96-well microplate. Data were

analyzed using Wave Software (Agilent Technologies, Inc.).

Multiplex cytokine profiling

For multiplex cytokine profiling using ELISA, supernatants from NK cell and PATC148 co-cultures were harvested at different time

points and cytokine and chemokine production was evaluated using Human XL Cytokine Luminex® Performance Assay 46-plex

Fixed Panel (R&D Systems, Cat#: LKTM014B). Samples were analyzed using the Millipore MAGPIX instrument (EMD Millipore).

Data was acquired using the Luminex xPONENT software and analyzed with Belysa Analysis Software (EMD Millipore). Data were

plotted using Morpheus, https://software.broadinstitute.org/morpheus.

Quantitative reverse transcription PCR

To quantify mRNA transcript levels of indicated genes, RNA was extracted from NK cells followed by reverse transcription using is-

cript cDNA Synthesis kit (Bio-Rad, Mylan, Italy). Relative gene expression was assessed using RT-qPCR using the KAPA Probe Fast

ABI Prism master mix (Sigma Aldrich; Cat# KK4705). MED12, ARIH2, CCNC and CISH Taqman primers (FAM) were purchased

from IDT.

GAPDH: Assay IDHs02786624_g1, Catalog# 4331182.

ARIH2: Assay ID: Hs04973086_s1, Catalog# 4351372.

CCNC: Assay ID: Hs01029307_m1, Catalog# 4331182.

CISH: Assay ID: Hs00367082_g1, Catalog# 4331182.

Med12: Assay ID: Hs00326378_m1, Catalog# 4331182.

Relative gene expression levels were assessed compared to the housekeeping gene GAPDH and normalized against non-edited

wildtype NK cell controls.

Single-cell RNA sequencing (scRNA-seq)

Gene expression profiling was conducted using scRNA-seq with the 10x Genomics GEM-X Flex for Gene Expression protocol

(CG000787). Co-culture experiments were performed by incubating various CRISPR-edited NK cells with the PACTC-148 cell line

at an E:T ratio of 4:1. Following a 3-day co-culture period, cells were harvested, counted, and viability was assessed using acridine

orange/propidium iodide (AOPI) staining.

A total of 14 samples were collected and fixed using the GEM-X Flex Sample Preparation v2 Kit (10x Genomics, protocol

CG000782), following the manufacturer’s recommended procedures. Fixed samples were then pooled and multiplexed according

to the 10x Genomics multiplexing workflow, enabling simultaneous profiling of multiple conditions in a single GEM-X Flex run. Bar-

coded single-cell suspensions were loaded onto the Chromium X instrument with a target recovery of 10,000 to 20,000 cells per sam-

ple, and library preparation and cDNA amplification were performed using reagents from the GEM-X Flex Gene Expression kit.

Sequencing was performed on the NovaSeq X Plus system using the 10B flow cell with paired end reads, in accordance with the

recommended read configuration. Raw sequencing data were processed using Cell Ranger v9, which included sample demultiplex-

ing, alignment to the reference genome, gene expression quantification, and generation of gene-barcode matrices.

Quality control, normalization and integration of scRNA-seq data

Data-cleaning steps were carried out whereby cells not expressing a minimum of 500 molecules and genes expressed by <10 cells

were filtered out. Doublets were removed using the SOLO algorithm.70,80 The data were normalized using log(transformation) for

some of the downstream analysis as well as for visualization of gene expression like plots. Quality control, data integration, and

the visualization of the gene expression data were performed using Scanpy.81 For analysis using scVI, the raw count data were

used. The probabilistic models scVI, as implemented in Scanpy, were used for integration of scRNA-seq data to compensate for

batch effects.82

Dimensionality reduction, clustering and visualization of scRNA-seq data

We computed the Uniform Manifold Approximation and Projection (UMAP) embedding for visualization using the embedding learned

from scVI. Unsupervised clustering was also carried out using the learned embeddings with PhenoGraph and the Leiden algorithm as

implemented in Scanpy.
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Cell-type annotations and in-depth analysis

All cells were annotated using CellTypist.83 Marker gene expression analysis was used to validate and correct the annotation from

CellTypist. In this experiment, only two types of cells were identified: NK cells and PATC148 tumor cells. To identify the subpopula-

tions of NK cells, we singled out NK cell populations and conducted follow-up sub-clustering using Seurat (https://satijalab.org/

seurat/).84 In addition, the Scillus (https://github.com/xmc811/Scillus) R package was used for enhanced processing and visualiza-

tion of scRNA-seq data. The SCPA R package85 was used to conduct pathway analysis in scRNA-seq data. Pathway activity was

defined as a change in multivariate distribution of a given pathway across conditions. All of the figures were plotted either using

the functions provided by the above software or using the custom-designed code written in R (version 4.4.2) or Python (version 3.11).

Animal experiments

For the orthotopic mouse model of human pancreatic cancer, NSG mice underwent surgical orthotopic implantation of 3e5 PATC148

cells directly into the pancreas. One week later, mice were treated intraperitoneally with 1e7 cells of indicated NK cell products or left

untreated. Flow cytometry analysis of NK cell kinetics was conducted by drawing blood on day 10 post NK injection. To investigate

the migration and infiltration of NK cells into tumor beds, mice were euthanized on day 17 post NK cell treatment. Previously, NK cells

were harvested from spleen and intraperitoneal fluid for CyTOF analysis to investigate phenotypic alterations of CRISPR-edited NK

cells in vivo. Pancreases were harvested, fixed and paraffin embedded. Tumor nodules were quantified after hematoxylin and eosin

(H&E) staining by an independent pathologist. Immunohistochemistry (IHC) staining for hCD45 and granzyme B was performed on

pancreas sections to identify NK cells and cytotoxic NK cells, respectively. Whole slide digital imaging was performed using an Aperio

AT2 after immunohistochemical staining on a Leica Bond RX autostainer for CD45 and granzyme B on adjacent serial sections. Im-

ages were deconvoluted in HALO v. 3.6 Deconvolution module v.1.1.8. Deconvoluted images were subsequently registered and

fused using the same HALO software.

For the luciferase-labeled orthotopic PATC148 pancreatic cancer model, NSG mice underwent surgical orthotopic implantation of

3e5 firefly-luciferase-labelled PATC148FFLuc+ cells directly into the pancreas. Seven days later, mice were injected with 5e6 of

CRISPR-perturbed NK cells intraperitoneally and corresponding wildtype controls or left untreated. Evaluation of tumor growth

was conducted using bioluminescence imaging at indicated time points until saturation. For the systemic multiple myeloma model,

NK cells were infused with 3e5 MM1S human multiple myeloma cells and treated with indicated NK cell products seven days later by

tail vein injection. NK cell expansion was monitored using flow cytometry by drawing blood on day 10 post NK cell infusion. Mice were

followed for body weight and survival.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted with GraphPad Prism (Prism 10.4.0; GraphPad Software Inc.). Quantitative differences were as-

sessed using either ANOVA or Kruskal-Wallis for multiple groups or a t-test and Mann-Whitney U test for two groups. Statistical

significance was defined as P < 0.05. Mean values ± SD were used to represent the data, unless otherwise specified. The specific

statistical tests employed and corresponding sample sizes (n) are detailed in each figure legend.
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Please cite this article in press as: Biederstädt et al., Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency,

Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.07.021

https://satijalab.org/seurat/
https://satijalab.org/seurat/
https://github.com/xmc811/Scillus

	CCELL4073_proof.pdf
	Genome-wide CRISPR screens identify critical targets to enhance CAR-NK cell antitumor potency
	Introduction
	Results
	CRISPR discovery platform enables systematic interrogation of genetic perturbations in primary human NK cells
	Transcription factor library screens
	Genome-wide CRISPR screening enables unbiased interrogation of perturbations that enhance NK cell anticancer immunity
	Validating screen hits using publicly available datasets
	Mapping regulatory nodes for NK cell reprogramming
	Genome-wide CRISPR screens in primary human NK cells reveal targets to overcome TME-induced immunosuppression
	Modulating resistance to TGFβ
	Overcoming acidity-induced immunosuppression
	Tuning NK cells to resist hypoxia

	Genome-wide CRISPR screens nominate hits to augment NK cell fitness for clinical manufacturing
	Integrated analysis identifies conserved modulators of NK cell fitness
	Shared regulatory circuits across immune cell compartments
	MED12 disruption augments NK cell antitumor potency
	ARIH2 and CCNC KO improves NK cell antitumor cytotoxicity by metabolic reprogramming
	Target gene editing enhances CAR-NK cell potency in vivo
	Dual ARIH2 and CCNC KO enhances NK cell proliferation, activation, and inflammatory signaling

	Discussion
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Mouse models
	Cancer cell lines
	Primary human NK cells

	Method details
	Cloning of viral constructs
	Retroviral production
	CRISPR editing of primary human NK cells using retroviral sgRNA transfer and Cas9 electroporation
	Transcription factor library assembly
	Transcription factor library CRISPR screens in primary human NK cells
	Transcription factor library sequencing
	Primer list
	Two-step PCR; first PCR primer
	Two-step PCR; second PCR primer

	Pooled genome-wide CRISPR screening in primary human NK cells
	Genome-wide tumor re-challenge CRISPR screens in primary human NK cells
	Genome-wide degranulation screen in primary human NK cells
	Genome-wide immuno-metabolite CRISPR screens in primary human NK cells
	Next-generation sequencing and bioinformatic analyses
	Functional annotation of screen hits
	Pathway overrepresentation analysis
	Protein-protein interaction mapping
	Flow cytometry and cell sorting
	Spectral flow cytometry
	Prioritization of screen hits for functional validation
	CRISPR/Cas9-RNP editing of primary human NK cells
	Assessment of sgRNA performance
	Western blotting
	Analysis of published scRNA-seq data sets
	Generation of anti-CD70 and anti-TROP2 CAR constructs
	NK cell xCELLigence cytotoxicity assays
	Incucyte® live cell killing assays and tumor rechallenge assays
	Incucyte® live-cell spheroid assays
	Titration of immunosuppressive metabolites
	Mass cytometry (CyTOF) and data analysis
	Metabolic assays
	Multiplex cytokine profiling
	Quantitative reverse transcription PCR
	Single-cell RNA sequencing (scRNA-seq)
	Quality control, normalization and integration of scRNA-seq data
	Dimensionality reduction, clustering and visualization of scRNA-seq data
	Cell-type annotations and in-depth analysis
	Animal experiments

	Quantification and statistical analysis




