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Abstract 37 

Small cell lung cancer (SCLC) is aggressive with limited therapeutic options. Despite recent advances in 38 

targeted therapies and immunotherapies, therapy resistance is a recurring issue, which might be partly 39 

due to tumor cell plasticity, a change in cell fate. Nonetheless, the mechanisms underlying tumor cell 40 

plasticity and immune evasion in SCLC remain elusive. CRACD, a capping protein inhibitor that promotes 41 

actin polymerization, is frequently inactivated in SCLC. Cracd knockout (KO) transforms preneoplastic 42 

cells into SCLC tumor-like cells and promotes in vivo SCLC development driven by Rb1, Trp53, and Rbl2 43 

triple KO. Cracd KO induces neuroendocrine (NE) plasticity and increases tumor cell heterogeneity of 44 

SCLC tumor cells via dysregulated NOTCH1 signaling by actin cytoskeleton disruption. CRACD depletion 45 

also reduces nuclear actin and induces EZH2-mediated H3K27 methylation. This nuclear event 46 

suppresses the MHC-I genes and thereby depletes intratumoral CD8+ T cells for accelerated SCLC 47 

tumorigenesis. Pharmacological blockade of EZH2 inhibits CRACD-negative SCLC tumorigenesis by 48 

restoring MHC-I expression and immune surveillance. Unsupervised single-cell transcriptomics identifies 49 

SCLC patient tumors with concomitant inactivation of CRACD and downregulated MHC-I pathway. This 50 

study defines CRACD, an actin regulator, as a tumor suppressor that limits cell plasticity and immune 51 

evasion and proposes EZH2 blockade as a viable therapeutic option for CRACD-negative SCLC. 52 
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Introduction 53 

 54 

SCLC accounts for 13% of all lung cancers, and remains a particularly lethal disease, with a 5-year 55 

survival rate of 7%. It is estimated to cause approximately 30,000 patient deaths annually in the United 56 

States1, 2. Major contributing factors to the high mortality rate of SCLC patients include the high 57 

prevalence of metastasis at the time of diagnosis, which limits therapeutic options, and nearly universal 58 

disease relapse associated with resistance to further therapies3, 4.  59 

Notably, immune checkpoint blockade (ICB) approaches designed to target tumors expressing 60 

neoantigens are effective in only ~13% of patients with SCLC - a small subset, given that the high 61 

mutation burden of SCLC tumors should be sufficient to trigger a robust immune response from cytotoxic 62 

T lymphocytes5-7. While it remains unclear what underlies the refractoriness of SCLC to ICB and how to 63 

stratify patient tumors by the degree of response to ICB, recent studies have explored emerging 64 

molecular subtypes of SCLC tumors, classified based on the actions of key lineage transcription factors 65 

(ASCL1, NEUROD1, and POU2F3) and inflammation8-11. However, the current classification system has 66 

not been robust enough to reliably predict immunotherapy response. Therefore, unveiling how SCLC 67 

cells evade immune surveillance and become resistant to immunotherapy is imperative to improve the 68 

durability of ICB in responding patients, and to inform strategies to increase the fraction of patients 69 

benefitting from ICB.  70 

Cell plasticity is defined as a change in cell fate, identity, or phenotype12. Tumor cell plasticity is 71 

implicated in tumor cell heterogeneity, therapy resistance, and metastasis12-15. NE cell plasticity has been 72 

observed in several cancers, including pancreatic, prostate, and lung cancers. Nonetheless, underlying 73 

mechanisms of NE plasticity and tumor heterogeneity of SCLC remain elusive.  74 

We recently discovered a tumor suppressor gene called CRACD (capping protein inhibiting 75 

regulator of actin dynamics/KIAA1211)16. CRACD is ubiquitously expressed in epithelial cells and binds 76 

to and inhibits capping proteins (CAPZA and CAPZB), negative regulators of actin polymerization16. 77 

CRACD promotes actin polymerization, which is crucial for maintaining the cadherin-catenin-actin 78 

complex of epithelial cells. CRACD is recurrently mutated or transcriptionally downregulated in colorectal 79 

cancer cells, which results in a reduction of filamentous actin (F-actin) and disruption of the cadherin-80 

catenin-actin complex16. These alterations by CRACD inactivation cause loss of epithelial cell integrity 81 

and decrease the cytoplasm-to-nucleus volume ratio; cells become ‘small’. A pathological consequence 82 

of these aberrant changes is evident in the intestines, where CRACD inactivation hyperactivates WNT 83 

signaling via β-catenin release from the cadherin-catenin-actin complex and accelerates intestinal 84 

tumorigenesis16. 85 

CRACD is frequently inactivated in SCLC17, which led us to hypothesize that CRACD is a tumor 86 

suppressor of SCLC. To test this, we interrogated the impact of CRACD loss on SCLC tumorigenesis 87 

using preneoplastic cells and genetically engineered mouse models (GEMMs). Single-cell and spatial 88 

transcriptomics have also enabled us to dissect cell plasticity and tumor cell heterogeneity. This study 89 

identifies CRACD as a tumor suppressor that restricts cell plasticity and immune evasion, determining 90 

CRACD loss as a distinct molecular signature related to SCLC immune evasion. 91 

92 
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Results 93 

 94 

CRACD loss converts preneoplastic Rb1, Trp53 KO cells into SCLC-like cells 95 

CRACD is mutated in 11-16% of SCLC patient tumors and cell lines, ranking after RB1 and TP53 but 96 

more frequently than RBL2, CREBBP, and EP300 among validated tumor suppressor genes 97 

(Supplementary Fig. S1a-c)17-20. Additionally, CRACD mRNA expression is downregulated in SCLC  98 

tumors compared to normal lung tissues (Supplementary Fig. S1d). Therefore, we hypothesized that 99 

CRACD loss-of-function (LOF) contributes to SCLC tumorigenesis. To test this, we determined whether 100 

Cracd knockout (KO) is sufficient to promote the transformation of preneoplastic precursor cells of SCLC 101 

(preSCs). The preSCs were derived from early-stage NE lesions developed in an Rb1 and Trp53 double 102 

KO (dKO) mouse model of SCLC. Upon an oncogenic event, such as L-Myc amplification or 103 

Crebbp/Ep300 loss, preSCs progress to an invasive and fully malignant tumor18, 21, 22. Using 104 

CRISPR/Cas9-mediated gene editing as previously performed16, we targeted the exon 2 of Cracd in 105 

preSCs. Cracd KO preSCs readily transformed into aggregates and spheres, characteristic of SCLC cells 106 

in culture, and formed subcutaneous tumors in an allograft model significantly faster than Cracd wild-type 107 

(WT) preSCs (Fig. 1a-e).  108 

Since Cracd KO induces SCLC-like morphological changes in preSC cells (Fig. 1b), we 109 

investigated whether CRACD depletion is sufficient to drive cell plasticity by single-cell RNA sequencing 110 

(scRNA-seq) of preSC allograft tumors derived from preSC cells (Cracd WT or KO) (Fig. 1f, 111 

Supplementary Fig. S2a-d). Compared to Cracd WT, Cracd KO preSC tumors exhibited marked 112 

differences in the cell cluster proportion (Fig. 1g) with upregulation of NE markers (ChgA, Neurod1, Syp, 113 

and Uchl1) and Mki67, a cell proliferation marker (Fig. 1h). Cell lineage trajectory analysis using RNA 114 

velocity (scVelo)23 and Dynamo24 indicates that the root cell clusters, i.e., cellular origins, (cell clusters 2 115 

and 6) were increased in Cracd KO preSC tumors compared to Cracd WT (Fig. 1i, j, Supplementary 116 

Video 1). preSC allograft tumors comprised highly proliferative (‘High prolif’) and relatively less 117 

proliferative (‘Low prolif’) cells. Compared to Cracd WT preSC tumors, Cracd KO tumors showed 118 

increased cell numbers in root cell clusters in both less (cluster 2) and high (cluster 6) proliferative cells 119 

and decreased cell numbers in differentiation cell clusters (Fig. 1k), indicating the cell plasticity in CRPR2 120 

tumors. These results suggest that CRACD depletion is sufficient to drive cell plasticity of preneoplastic 121 

SCLC cells into SCLC-like cells.  122 

 123 
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Figure 1. Transformation of preneoplastic SCLC cells into SCLC-like cells by CRACD depletion 124 

a-c. Mouse preSCs were engineered to target Cracd alleles using CRISPR-mediated gene editing and characterized for cell morphology (a), 125 

short-term proliferation (b), and colony-forming ability (c). Scale bars: 20 μm. d. Nude mice 40 days after injection of preSCs (Cracd WT vs. KO). 126 

Images of allograft tumors (arrows) derived from preSCs in the flanks of athymic nude mice. e. Quantification of tumor development (tumor 127 

weight/days taken to reach end-point) in the allograft model. f. Experimental scheme of the workflow for preSC allograft transplantation, tumor 128 

dissociation, single cell isolation, and scRNA-seq; magnetic-activated cell sorting (MACS). g. Uniform Manifold Approximation and Projection 129 

(UMAP) plots of cell types within Cracd WT (left) and preSC Cracd KO allograft tumors (right). h. Dot plot depicting selected gene expression 130 

between each cell cluster in Cracd WT and Cracd KO preSC allograft tumors. Dot size, percentage of cells expressing gene; dot color, mean 131 

expression scaled from 0-2.5. i, j. Cell lineage trajectory inference analysis by using scVelo (i) and Dynamo (j). k. Illustration of cell lineages of 132 

preSC tumors. Representative images (n>=3) are shown; P values were calculated using Student’s t-test; error bars: standard deviation (SD). 133 

Panel f was created with BioRender.com. 134 

 135 

CRACD depletion accelerates SCLC tumorigenesis in vivo 136 

Using GEMMs, we determined the impact of CRACD LOF on SCLC tumorigenesis. We employed a 137 

GEMM in which Rb1fl/fl, Trp53fl/fl, and Rbl2fl/fl alleles (RPR2) were conditionally deleted on the background 138 

of Cracd WT alleles or germline Cracd KO (Cracd, Rb1, Trp53, and Rbl2 quadruple KO [CRPR2])25, 26. 139 

CRPR2 mice showed marked increases in tumor burden and number (Fig. 2a-d) and mitotic index of 140 

SCLC tumors compared to those of RPR2 mice (Fig. 2e), indicating that Cracd KO accelerates SCLC 141 

tumor development in vivo. These results suggest that CRACD plays a tumor-suppressive role in SCLC 142 

tumorigenesis.  143 

 144 

 145 
 146 

Figure 2. Cracd KO accelerates SCLC tumorigenesis in vivo. 147 

a-d. Analysis of autochthonous mouse models: RPR2 (Rb1, Trp53, Rbl2 triple KO [tKO]) vs. CRPR2 (Cracd, Rb1, Trp53, Rbl2 quadruple KO 148 

[qKO]). Representative images of whole lungs (RPR2 vs. CRPR2) (a) and hematoxylin-and-eosin–stained lung sections (b). Tumor burden (c) 149 

and proliferative cell quantification (d). Scale bars: 5 mm (A and B [upper]), 40 μm (B [lower]). e. Immunostaining of MKI67 in RPR2 and CRPR2 150 

tumors. DAPI: nuclear counterstaining; scale bars: 40 μm. Representative images (n>=3) are shown; P values were calculated using Student’s 151 

t-test; error bars: SD.  152 

 153 

  154 
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Cracd loss promotes SCLC cell plasticity 155 

To investigate the mechanisms by which CRACD loss accelerates SCLC tumorigenesis, we performed 156 

scRNA-seq of SCLC tumors isolated from the lung tissues of RPR2 and CRPR2 mice (Fig. 3a). The two 157 

datasets (RPR2 and CRPR2) were integrated and annotated for each cell type (Supplementary Fig. S3a, 158 

b). Epithelial tumor cell clusters were selected by unsupervised sub-clustering (Supplementary Fig. S3c-159 

h, Supplementary Table 3). Cell clusters 2, 3-13, and 15 were present in both RPR2 and CRPR2 tumors, 160 

while clusters 1 and 14 were unique to CRPR2. Compared to RPR2, CRPR2 tumors exhibited increased 161 

cell numbers in clusters 4, 6, and 7, whereas cluster 8 was reduced (Fig. 3b, Supplementary Fig. S3i). 162 

Both RPR2 and CRPR2 tumors consisted of NE (Ascl1 and Calca positive) and non-NE (Ascl1 and Calca 163 

negative) tumor cells (Fig. 3c). Clusters 6-10, 12, 13, and 15 (NE cells) displayed higher expression of 164 

NE markers than clusters 1, 3-5 (non-NE cells) (Fig. 3c). In CRPR2 tumors, NE genes (Ascl1 and Calca) 165 

were upregulated compared to RPR2, mirroring the NE gene upregulation in the NE gene upregulation 166 

seen in Cracd KO lung adenocarcinoma (LUAD)27.  167 

We conducted a comparative analysis of signaling pathways associated with SCLC tumorigenesis: 168 

NOTCH (Hes1, Dll1, Jag1, Notch1/2/3), MYC (Myc, Mycl, Ndrg1), WNT (Ccnd1, Axin2, Wnt4, Wnt5a, 169 

Wnt7) and EMT (Zeb1/2). NOTCH signaling was more active in non-NE cells of both RPR2 and CRPR2 170 

tumors, while CRPR2’s non-NE cells displayed marked activation of NOTCH signaling. The MYC 171 

pathway was also activated in non-NE cells of CRPR2 tumors. WNT signaling showed higher scores in 172 

NE cells compared to non-NE cells, while non-canonical WNT ligands (Wnt5a and Wnt7) were 173 

upregulated in non-NE cells of CRPR2 tumors compared to RPR2. Similarly, EMT genes (Zeb1 and Zeb2) 174 

were upregulated in the non-NE cells of CRPR2 tumors compared to RPR2 (Fig. 3d). We also examined 175 

cell proliferation in each cell cluster, finding that NE clusters in both RPR2 and CRPR2 tumors were 176 

highly proliferative (S or G2/M phases), while non-NE cells in RPR2 were less proliferative (G1 phase). 177 

However, non-NE cells in CRPR2 displayed hyperproliferation (Fig. 3e), consistent with the accelerated 178 

proliferation of Cracd KO preSC cells (Fig. 1a-c).  179 

Given that Cracd KO induces preneoplastic cell plasticity (Fig. 1) and accelerates SCLC 180 

tumorigenesis (Fig. 2), we assessed its impact on tumor cell plasticity by analyzing cell lineage 181 

trajectories. While scVelo did not reveal significant differences between RPR2 and CRPR2 tumors 182 

(Supplementary Fig. S3j), the Dynamo algorithm that predicts cell fate transitions based on differential 183 

geometry suggests that CRPR2 tumors displayed more complex cell lineage patterns than RPR2 tumors. 184 

In both tumors, NE clusters 8-10 were root cells in both RPR2 and CRPR2 tumors, but CRPR2 also 185 

identified non-NE clusters 1 and 4 as new root cells (Fig. 3f, Supplementary Video 1). Partition-based 186 

graph abstraction further confirmed that CRACD loss increased cell lineage diversity (Supplementary Fig. 187 

S3k). We also determined the effect of Cracd KO on cell differentiation using CytoTRACE, which infers 188 

relative cell state (differentiation vs. de-differentiation)28. CRPR2 tumors exhibited higher overall cell 189 

differentiation than RPR2 (Fig. 3g, h). Cell clusters 1, 3, and 14 could not be compared due to their 190 

absence in RPR2. Root cell clusters in CRPR2 showed high CytoTRACE scores, i.e., lower cell 191 

differentiation states (Fig. 3g, h).  192 

Next, we assessed the cell plastic potential (CPP) based on single-cell entropy29. Using this, we 193 

generated Waddington’s landscape-like illustration by calculating valley-ridge (VR) scores, combining 194 

single-cell entropy with cell lineage trajectories30 (Fig. 3i, Supplementary Fig. S3l). In RPR2 tumors, cell 195 

clusters 8-10 (NE cells) were located at the apexes and gave rise to differentiated cell clusters (Fig. 3i, 196 

left panels), as identified by Dynamo analysis as root cell clusters (Fig. 3f). However, in CRPR2 tumors, 197 

in addition to clusters 8-10, newly emerged clusters 1 and 4 (non-NE cells) were positioned at the apexes 198 

and acted as root cells (Fig. 3i, right panels). It was also observed that the cell clusters at the apexes in 199 

CRPR2 tumors displayed higher CPP than those in RPR2 tumors (Fig. 3i, j, ‘ DEntropy’). These findings 200 

suggest that CRACD LOF increases cell plastic potential and promotes cell plasticity. 201 
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 202 

Figure 3. CRACD depletion induces cell plasticity. 203 

a. Illustration of the workflow for scRNA-seq of primary SCLC tumors isolated from RPR2 and CRPR2 mice (six months after intratracheal 204 

infection of Ad-CMV-Cre). b. UMAPs of cell types within RPR2 and CRPR2 tumor cell subsets. c. Violin (left) and feature (right) plots visualizing 205 

Ascl1 and Calca expression between RPR2 and CRPR2 datasets. d. Violin (left) and feature (right) plots visualizing Ascl1 and Calca expression. 206 

e. UMAPs visualizing cell cycle status. f. UMAPs for predicted cell fates and the most probable path of cell-state transitions, analyzed by using 207 

the Dynamo package. g. CytoTRACE scores of the RPR2 and CRPR2 datasets. h. Boxplots of the cell differentiation potential of each cell 208 

cluster based on the CytoTRACE score analysis; diff.: cell differentiation. i. Waddington’s landscape-like visualization of cell plastic potential. 209 

PHATE maps were 3D rendered based on VR scores. Arrows indicate cellular origins with higher cell plastic potential. j. Illustration of cell 210 

lineages of RPR2 and CRPR2 tumors. Representative images are shown (n>=3); P values (*: <0.05, ***: <0.001) by Student’s t-test; error bars: 211 

SD. Panel a was created with BioRender.com. 212 

  213 
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Cracd KO increases tumor cell heterogeneity with NOTCH signaling downregulation 214 

Cell plasticity contributes to tumor cell heterogeneity12, 15. Given the increased cell plasticity by Cracd KO 215 

(Fig. 3), we determined the impact of Cracd KO on SCLC tumor cell heterogeneity using spatial 216 

transcriptomics. We processed lung tumors (RPRP2 vs. CRPR2) for Xenium In Situ (Fig. 4a-c). To 217 

compare the heterogeneity of tumor cells in RPR2 and CRPR2 tumors, we examined the cell cluster 218 

compositions of RPR2 (4 tumors) and CRPR2 (36 tumors) (Fig. 4d). From a total of 33 cell clusters, 4 219 

tumors of RPR2 were composed of 4 to 7 different cell clusters. However, CRPR2 tumors exhibited a 220 

more complex composition than those in RPR2 (Fig. 4e). Unlike RPR2 tumors showing a high expression 221 

of Ascl1, CRPR2 tumors exhibited various levels of Ascl1 expression (T1: Ascl1-negative, T2: Ascl1-low, 222 

T2-9: Ascl1-high) (Fig. 4f), which was reproduced in immunohistochemistry (IHC) for ASCL1 (Fig. 4g). 223 

These data show that Cracd KO induces heterogeneity in ASCL1 expression in CRPR2, which is in line 224 

with scRNA-seq results (Fig. 3).  225 

 NOTCH signaling inhibition upregulates ASCL1, resulting in NE cell lineage activation31. 226 

Compared to RPR2, CRPR2 tumors exhibited HES1 downregulation (Supplementary Fig. S4a). We 227 

recently reported that CRACD LOF induces NE cell plasticity in LUAD27. Cracd KO LUAD (Cracd KO 228 

KrasG12D Trp53 KO) also showed the downregulation of HES1 (Supplementary Fig. S4b, c). Actin-229 

mediated mechanical force is indispensable for the NOTCH signal transduction32-38. As a capping protein 230 

inhibitor, CRACD is required for actin polymerization16. We confirmed that CRACD depletion disrupted 231 

the actin cytoskeleton of RPR2 cells (Fig. 4h). We then examined the impact of CRACD depletion on the 232 

NOTCH signaling by analyzing the NOTCH1 receptor protein. Compared to RPR2 cells, CRPR2 cells 233 

exhibited the significantly reduced expression of NOTCH1 protein (uncleaved and cleaved 234 

[transmembrane + N1ICD]), which was partially rescued by treatment with N-[N-(3,5-Difluorophenacetyl)-235 

L-alanyl]-S-phenylglycine t-butyl ester (DAPT), a g-secretase inhibitor (Supplementary Fig. S4d), implying 236 

that CRACD depletion inhibits NOTCH1 via NOTCH1 downregulation and cleavage reduction. Next, we 237 

tested whether CRACD depletion-induced NE cell plasticity is due to NOTCH signaling downregulation 238 
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by conducting rescue experiments. To activate the NOTCH signaling, we ectopically expressed the 239 

NOTCH1 intracellular domain (N1ICD) in RPR2 or CRPR2 cells. Immunoblot assays showed the 240 

upregulation of NE markers (ASCL1, CHGA, and CALCA) and a neuronal progenitor cell lineage marker 241 

(ATOH1) in CRPR2 compared to RPR2 (Fig. 4i, lanes 1 vs. 3), which was blocked by N1ICD ectopic 242 

expression (Fig. 4i, lanes 3 vs. 4). These results suggest that CRACD LOF induces NE cell plasticity with 243 

increased tumor cell heterogeneity mainly via NOTCH signaling downregulation (Fig. 4j).  244 

 245 

Figure 4. Cracd KO increases SCLC tumor cell heterogeneity. 246 

a. Workflow for spatial transcriptomics. b-d. Spatial transcriptomic results are shown with transcripts per bin, using a bin size of 20 μm (b). Scale 247 

bars = 2 mm. Cells were segmented and clustered by transcriptomes. 33 clusters were identified in each sample (c), and tumor cell clusters of 248 

RPR2 and CRPR2 were highlighted (d). e. Pie charts displaying the cell cluster composition for each tumor cell clone in RPR2 (top) and CRPR2 249 

(bottom). f. UMAPs of tumors within RPR2 (up) and CRPR2 (down). UMAP coordinates profiling and tumor number annotations were performed 250 

using Xenium Explorer. g. IHC of the lung tissues (RPR2 vs. CRPR) for ASCL1. Scale bars: 50 μm. h. Immunofluorescent (IF) staining of RPR2 251 

and CRPR2 cells with phalloidin. Scale bars: 20 μm. i. Immunoblot (IB) of SCLC cell lines (RPR2 vs. CRPR2) transduced with lentiviruses 252 

encoding N1ICD. J. Illustration of the working model. CRACD inactivation derepresses ASCL1 expression, resulting in NE cell plasticity and 253 

increased tumor cell heterogeneity. Representative images are shown (n>=3). Panels a and j were created with BioRender.com. 254 

 255 

Intratumoral CD8+ T cell depletion and MHC-I suppression in Cracd KO SCLC tumors 256 

Given the crucial roles of immune cells in tumorigenesis39, 40, we next examined the impact of CRACD 257 

loss on the tumor microenvironment. Using scRNA-seq, we profiled immune cells in RPR2 and CRPR2 258 

tumors isolated from GEMMs (Supplementary Fig. S5a-d). CRPR2 tumors barely harbored CD8+ T cells 259 

(6.86% [170 of 2477 cells]) compared to RPR2 tumors (65.06% [3484 of 5355 cells]) while showing a 260 

slightly higher ratio of naïve T cells to total cell numbers (26.52% [657 of 2477 cells] versus 20.24% [1084 261 

of 5355 cells]) (Fig. 5a, b), which was also confirmed by immunostaining (Supplementary Fig. S5e). The 262 

number of whole  T cells and apoptotic cells remained similar between RPR2 and CRPR2 tumors 263 

(Supplementary Fig. S5f-h). The expression of T cell exhaustion markers (Pd-1 and Pd-l1/2) was not 264 

affected by Cracd KO in CRPR2 tumors compared to RPR2 tumors (Supplementary Fig. S5i, j). Moreover, 265 

compared to RPR2 tumors, CRPR2 tumors displayed a higher number of monocytes (Fig. 5a, b). Given 266 

that myeloid-derived suppressor cells (MDSCs) inhibit T cell activation and proliferation41, 42, we also 267 

examined the impact of CRACD loss on MDSCs. Compared to RPR2, CRPR2 tumors showed an 268 

upregulation of MDSC marker gene expression in myeloid cells (Supplementary Fig. S5k, l). Consistent 269 

with the results from the autochthonous model, immune profiling of preSC-derived allograft tumors also 270 

displayed a decrease in CD8+ T cells and an increase in myeloid cells in Cracd KO allograft tumors 271 

relative to Cracd WT tumors (Supplementary Fig. S6a-f).  272 

The altered immune landscape in Cracd KO SCLC tumors (Fig. 5a, b) compelled us to determine 273 

the underlying mechanism of CRACD depletion-induced CD8+ T cell loss. We examined the inferred 274 

intercellular communication networks between immune cells and SCLC tumor cells (RPR2 vs. CRPR2) 275 

using a CellChat package43. Overall, CRPR2 tumors showed fewer and weaker cellular interactions 276 

among different cell types than RPR2 tumors (Supplementary Fig. S6g). In the information flow maps, 277 

RPR2 tumors displayed strong cell-cell interaction between tumor cells and CD8+ T cells, while CRPR2 278 

tumors showed an interaction between tumor cells and B and myeloid cells (Supplementary Fig. S6h). 279 

Notably, the antigen processing and presentation–related pathways were significantly downregulated in 280 

CRPR2 tumors relative to in RPR2 tumors, mostly between SCLC tumors and CD8+ T cells (Fig. 5c). The 281 

information flow predicted by CellChat nominated differentially regulated pathways between RPR2 and 282 

CRPR2 tumors. According to the absolute values and fold changes of information flow, the most 283 

downregulated pathway in CRPR2 was the MHC-I pathway (Fig. 5d). The circle plots validated that the 284 

MHC-I pathway was barely detected in CRPR2 tumors but was prevalent in RPR2 tumors (Fig. 5e). 285 

Moreover, the GSEA of scRNA-seq datasets confirmed the downregulation of the gene sets associated 286 

with the MHC-I pathway (Fig. 5f). Additionally, H2-Q1/2/4 and H2-T3, genes encoding the α chain of the 287 

mouse MHC-I complex were downregulated in CRPR2 tumors compared to RPR2 tumors (Fig. 5g), also 288 

validated by IHC for MHC-I (Fig. 5h). These data suggest that Cracd KO is associated with intratumoral 289 

CD8+ T cell depletion and the MHC-I pathway suppression.  290 
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 291 

Figure 5. Depletion of intratumoral CD8+ T cells in Cracd KO SCLC tumors 292 

a. UMAPs of different immune cell types. b. Comparison of cell proportions of each immune cell type between RPR2 and CRPR2 datasets. c. 293 

Chord plots showing up-regulated (left) and down-regulated (right) signaling pathways in the CRPR2 scRNA-seq dataset compared to the RPR2 294 

dataset, analyzed using CellChat. The inner bar colors represent the cell clusters that receive signals. The inner bar size is proportional to the 295 

signal strength received by the cell clusters. Chords indicate ligand-receptor pairs that mediate the interaction between two cell clusters. The 296 

chord size is proportional to the signal strength of the given ligand-receptor pair. For a CellChat analysis, RPR2 and CRPR2 scRNA-seq datasets 297 

were reanalyzed and reannotated with the R package Seurat. Tumor cells were subclustered into nine clusters for CellChat. d. Overall 298 

information flow (upper) and relative information flow (lower) of each signaling pathway in RPR2 and CRPR2 tumors, analyzed using CellChat. 299 

e. Circle plots displaying the inferred network of the MHC-I signaling pathway in RPR2 (left) and CRPR2 tumors (right); the thickness of each 300 

line connecting the cell clusters indicates the interaction strength, analyzed using CellChat. f. GSEA of gene sets associated with the MHC-I 301 

pathway in CRPR2 datasets compared to RPR2 scRNA-seq datasets; NES, normalized enrichment score. g. Dot plot displaying the expression 302 

level of the MHC-I pathway-related genes in the RPR2 and CRPR2 datasets. h. IHC of RPR2 and CRPR2 tumors for MHC-I; scale bars, 50 μm. 303 

Representative images are shown (n>=3). 304 

 305 

CRACD depletion epigenetically suppresses the MHC-I pathway via EZH2 for immune evasion 306 

Next, we explored how CRACD depletion suppresses MHC-I gene expression. Beyond its role in the 307 

cytoskeleton, nuclear actin (N-actin) modulates gene expression, RNA splicing, translation, and DNA 308 

repair44. Since CRACD promotes actin polymerization16, we examined whether CRACD is involved in N-309 

actin dynamics. We visualized N-actin in RPR2 and CRPR2 cells using plasmids encoding N-actin 310 

chromobody45. RPR2 cells showed enrichment of N-actin, while CRPR2 cells displayed reduced N-actin 311 

levels (Fig. 6a).  312 
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N-actin is essential for epigenetic gene regulation46, 47. N-actin depletion has been shown to 313 

promote EZH2-mediated gene repression47-49. Therefore, we hypothesized that EZH2 mediates Cracd 314 

KO-induced MHC-I transcriptional suppression. We compared the histone modifications between RPR2 315 

and CRPR2 cells. Immunostaining of RPR2 and CRPR2 tumors showed decreased H3K27ac and 316 

increased H3K27me2 and H3K27me3, histone modification induced by EZH2 methyltransferase (Fig. 6b, 317 

c). Next, RPR2 and CRPR2 cell lines were subjected to Cleavage Under Targets and Release Using 318 
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Nuclease (CUT&RUN) sequencing with anti-EZH2 antibody. Compared to RPR2 cells, EZH2’s promoter 319 

occupancy on the transcriptional start sites (TSS) was overall elevated in CRPR2 cells (Fig. 6d). 320 

Moreover, the MHC-I genes (H2-D1, H2-Q1~Q10) exhibited the enrichment of EZH2 on TSS (Fig. 6e, f).  321 

To test whether MHC-I suppression in CRPR2 is EZH2-dependent, we treated CRPR2 cells with 322 

GSK343, an EZH2 inhibitor. GSK343 treatment was sufficient to de-repress MHC-I protein (Fig. 6g). 323 

Similarly, we treated CRACD-depleted murine (CRPR2) and human SCLC cells (NCI-H2081 carrying an 324 

endogenous frame-shift mutation in CRACD [Q168Tfs*17]) with GSK343 and assessed MHC-I gene 325 

expression. EZH2 inhibition restored the expression of MHC-I genes (murine: H2-Q1/2/4, H2-T3; human: 326 

HLA-A/B/C) in these CRACD-inactivated cells (Fig. 6h, i). Having observed NE cell plasticity induction 327 

via NOTCH signaling downregulation (Fig. 4h), we also tested the potential interplay between NOTCH 328 

signaling and EZH2-mediated MHC-I suppression by ectopically expressing N1ICD. N1ICD 329 

overexpression did not affect MHC-I expression (Fig. 6j), suggesting that NOTCH signaling is not 330 

involved in the EZH2-repressed MHC-I pathway. These findings indicate that CRACD inactivation 331 

suppresses MHC-I expression through EZH2-mediated histone methylation (Fig. 6k).  332 

 Having determined that EZH2 blockade restores the MHC-I expression in CRACD-inactivated 333 

SCLC tumors (Fig. 6g-i), we hypothesized that EZH2 inhibitors suppress CRACD-inactivated SCLC 334 

tumorigenesis by reactivating MHC-I-based tumor antigen presentation. We assessed the impact of 335 

EZH2 inhibitors on the proliferation of RPR2 and CRPR2 cells in vitro. RPR2 (Cracd WT) and CRPR2 336 

(Cracd KO) cells treated with GSK343 or tazemetostat, an FDA-approved EZH2 inhibitor, did not exhibit 337 

significant differences in growth inhibition between RPR2 and CRPR2 cells in vitro (Supplementary Fig. 338 

S7a). Next, we performed syngeneic transplantation of RPR2 or CRPR2 cells into C57BL/6 mice, 339 

followed by administration of GSK343 or tazemetostat. Compared to the control (vehicle only), EZH2 340 

inhibitors significantly suppressed CRPR2 tumorigenesis (Fig. 6l, m). GSK343 had a more pronounced 341 

effect on  SCLC tumor suppression than tazemetostat (Fig. 6l, m). Furthermore, tumor immunostaining 342 

showed that EZH2 inhibition reduced cell proliferation (MKI67), increased cell death (cleaved Caspase-343 

3 [CC3]), and restored MHC-I expression in CRPR2 tumors (Fig. 6n). Fluorescence-activated cell sorting 344 

(FACS) analysis revealed that EZH2 inhibitors markedly increased the number of intratumoral CD8+ T 345 

cells in CRPR2 tumors, with CD4+ T cells being elevated only by GSK343 treatment (Fig. 6o, p, 346 

Supplementary Fig. S7b). Notably, RPR2 cells rarely formed tumors in C57BL6 mice within 30 days post-347 

transplantation (Supplementary Fig. S7c, d). These results suggest that CRACD inactivation induces 348 

EZH2-mediated suppression of MHC-I for immune evasion of SCLC tumor cells.   349 

 350 

Figure 6. Immune evasion of CRPR2 tumors by EZH2-mediated MHC-I suppression 351 

a. IF staining of RPR2 and CRPR2 cells transfected with Actin Chromobody-GFP-NLS plasmids; scale bars, 50 μm; a’-c’, magnified images; 352 

red dot lines, nuclei. b. IHC of SCLC tumors isolated from GEMMs (RPR2 vs. CRPR2) for histone modifications (H3K27ac, H3K27me2, and 353 

H3K27me3); scale bars, 20 μm. c. Quantification of histone modifications (IF images) using ZEN software. d, e. Heatmap illustrating the 354 

enrichment of EZH2 at the transcription start sites (TSS) of global genes (d) and MHC class I genes (e) in RPR2 and CRPR2 cells, determined 355 

by CUT&RUN sequencing. f. EZH2 occupancies on the H2-Q7 promoter, visualized by IGV. g. IB of CRPR2 cells treated with GSK343 (50 µM,  356 

72 hrs) for MHC-I. β-actin serves as an internal control. h, i. RT-qPCR analysis of genes related to the mouse MHC-I pathway after 72 hr of 357 

treatment of the CRPR2 (h) and NCI-H2081 (i) cells with GSK343 (20 µmol/L). j. IB of RPR2 or CRPR2 cells transduced with lentiviruses 358 

encoding N1ICD for MHC-I. k. Illustration of EZH2-mediated epigenetic suppression of the MHC-I genes by CRACD inactivation. l.  Impact of 359 

EZH2 inhibitors on SCLC tumor cell growth in vivo. Tumor growth curves of subcutaneously transplanted murine SCLC tumors (CRPR2) treated 360 

with vehicle (Veh), EZH2 inhibitors, tazemetostat (Taze; 200 mg/kg, via oral gavage, n=24), or GSK343 (GSK; 20 mg/kg, by intraperitoneal 361 

injection, n=20) every other day starting on day 4 post-transplantation. Darker lines, median values of each group. m. Tumor growth was 362 

subsequently assessed by measuring tumor weight. n. CKP tumor sections were stained for MKI67 and Cleaved Caspase-3 (CC3) using 363 

immunofluorescence. MHC-I expression was assessed using IHC DAB staining. Scale bars, 100 μm. o, p. Quantification of CD4+CD3+ (o) and 364 

CD8+CD3+ (p) in CD45+ cells from FACS analysis of CRPR2 tumors isolated from mice treated with EZH2 inhibitors. Representative images are 365 

shown (n>=3). Data are illustrated as mean ± SD (n = 3 independent assays). P values were calculated using Student's t-test; error bars: SD. 366 

Panel k was created with BioRender.com. 367 

 368 

Pathological relevance of CRACD and the MHC-I pathway in human SCLC 369 

To determine the pathological relevance of the data from Cracd KO SCLC mice to human SCLC, we 370 

analyzed scRNA-seq datasets of 19 SCLC patient tumor samples and eight normal human lung samples 371 

from the previous studies10, 50 (Fig. 7a, Supplementary Table 7, 8). An unbiased pair-wise correlation 372 

analysis of tumor cells divided the SCLC tumor datasets into two major groups (MS1 [molecular subtype 373 
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1] and MS2) (Fig. 7b). The MS1 SCLC tumors were clinically associated with recurrence (2 of 3) and 374 

metastasis (1 of 3), whereas the MS2 is associated with primary tumors (6 of 16) and metastasis (7 of 375 

16) (Fig. 7c). A copy number variation analysis showed relatively higher genomic instability in the MS2 376 

than in the MS1 tumors (Supplementary Fig. S8a, b). According to the ANPY classification 9, the MS1 377 

was mainly categorized as the ASCL1-type (Fig. 7d). CRACD expression was downregulated in MS1 378 

compared to MS2 (Fig. 7e). Similarly, the scores of EZH2 target genes and NOTCH signaling were also 379 

notably reduced in MS1 (Fig. 7e, f).   380 
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 Compared to MS2, the MS1 tumors expressed relatively lower levels of the genes encoding MHC-381 

I and several of the antigen processing and presentation pathway components (HLA-A, B, C, E, 382 

LMP2/LMP7, and TAP1/2) (Fig. 7g), also confirmed by the GSEA results (Fig. 7h). Additionally, we 383 

observed the correlation between CRACD and HLA-A/E expression in the TCGA datasets of SCLC bulk 384 

RNA-seq (Fig. 7i). Collectively, these data demonstrate that CRACD inactivation is pathologically 385 

associated with the downregulation of tumor antigen processing and presentation pathway of human 386 

SCLC (Fig. 7j).  387 

 388 

Figure 7. Pathological relevance of the CRACD-EZH2-MHC-I axis in SCLC  389 

a. UMAPs of SCLC tumor cells from 19 SCLC patient tumor samples (54,633 cells) and 8 normal lung samples (24,041 cells). Each dot 390 

represents a single cell, colored by a human sample ID (left) and SCLC vs. normal (right). b. Correlation matrix plot showing pair-wise correlations 391 

among the human normal lung and 19 patient tumor samples. The dendrogram shows the distance of each dataset based on principal 392 

component analysis, and Pearson’s correlation is displayed with a color spectrum. Groups of patients were unbiasedly categorized by 393 

dendrogram and correlation. c. Sankey plot shows the correlation between SCLC subtypes (MS1 and MS2) and clinical information (cancer type 394 

and stage). d. Dot plot showing NE marker gene expression in 19 SCLC patient samples. ANPY (ASCL1, NEUROD1, POU2F3, and YAP1)-395 

based classification was noted at the top. e, f. Violin (e) and dot (f) plots visualizing CRACD mRNA expression and the target scores for EZH2 396 

and NOTCH signaling. P values were calculated using Student’s t-test. g. Violin plots showing the expression of the MHC-I pathway genes in 397 

human SCLC tumor samples (MS1 and MS2). P values were calculated using Student’s t-test. h. GSEA of gene sets associated with EZH2 398 

targets and the MHC-I pathway in MS1 compared to MS2. i. Correlation scatter plots for Pearson’s correlation analysis (using GraphPad Prism) 399 

of CRACD and MHC-I genes (HLA-A, B, C, E, and TAP1/2) in SCLC patient tumor cells based on the TCGA bulk RNA-seq datasets. r, Pearson 400 

correlation coefficient; P values were calculated using Student’s t-test. j. Illustration of the impact of CRACD loss on SCLC tumorigenesis. 401 

CRACD-positive SCLC tumor cells appear to be immunogenically “hot tumors” with MHC-I-mediated tumor antigen presentation. However, 402 

CRACD-negative SCLC tumor cells undergo two major processes: NE cell plasticity and MHC-I suppression. In the cytosol, CRACD inactivation 403 

deregulates the actin cytoskeleton, which leads to NOTCH signaling downregulation and subsequent upregulation of ASCL1. Then, ASCL1 404 

transactivates NE genes that drive cell plasticity. CRACD inactivation also disrupts N-actin, which enhances EZH2-mediated epigenetic 405 

suppression of genes, including ones encoding MHC-I. Suppression of MHC-I then converts hot tumors into “cold tumors”, resulting in immune 406 

evasion and accelerated tumorigenesis compared to CRACD-positive SCLC. Panel j was created with BioRender.com. 407 

 408 

Discussion 409 

Since CRACD is often inactivated in SCLC, we determined the impact of CRACD LOF on SCLC 410 

tumorigenesis by using preneoplastic SCLC cells and GEMMs. Our results from preclinical models 411 

demonstrated that CRACD functions as a tumor suppressor of SCLC. We identified two significant 412 

outcomes of CRACD depletion in SCLC: NE cell plasticity and immune evasion.  413 

Our data suggest that multiple signaling pathways mediate CRACD loss-driven NE cell plasticity 414 

in two distinct tumor cells (NE and non-NE). In CRPR2 tumors, the upregulation of NE genes in the NE 415 

cells is mainly due to the downregulated NOTCH signaling. Mechanical pulling force generated by the 416 

actin cytoskeleton is required for NOTCH signaling activation via receptor endocytosis, ligand-receptor 417 

binding, and NOTCH cleavage32-38. However, in the condition of CRACD inactivation, the disrupted actin 418 

cytoskeleton suppresses NOTCH signaling, de-repressing ASCL1 and activating its downstream NE cell 419 

lineage genes (Figure 4, Supplementary Fig. S4). This is also confirmed by another result that N1ICD 420 

inhibited the NE gene upregulation induced by CRACD loss (Fig. 4i), reiterating that NOTCH signaling 421 

downregulation is crucial for NE gene upregulation in the NE cells. Conversely, non-NE cells of CRPR2 422 

tumors displayed the activation of NOTCH, MYC, WNT, and EMT pathways (Fig. 3d). These findings are 423 

also consistent with the Julien Sage laboratory’s report on the heterogeneity of NOTCH signaling activity 424 

and NE phenotype in SCLC51. In RPR2 SCLC mice, non-NE tumor cells showed high NOTCH signaling 425 

activity and are relatively less proliferative, whereas NOTCH-inactive NE tumor cells are highly 426 

proliferative51, similar to our observation (Fig. 3d, e), which might be the reason why Cracd depleted 427 

preSC cells displayed cell hyperproliferation in vitro (Fig. 1a-c). In addition to our in vitro and in vivo data, 428 

the correlation between CRACD low and NOTCH signaling downregulation in patients’ SCLC tumors (Fig. 429 

7f) implies that CRACD or actin pathway might be one of the key determinants positively modulating the 430 

NOTCH signaling beyond its role in maintaining the structural integrity of epithelial cells.  431 

In intestinal epithelial and colorectal cancer cells, CRACD loss triggers the release of β-catenin 432 

from the cadherin-catenin-actin complex, inducing β-catenin-transactivated WNT target genes16, 433 

including MYC, which might explain WNT and MYC activation in non-NE cells of CRPR2 tumors. Another 434 

question is how CRACD loss leads to two opposite outcomes in different cell types: NOTCH signaling 435 

inhibition in NE and activation in non-NE cells. Considering other capping protein inhibitors (CPIs), such 436 
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as CARMILs, it is possible that, unlike NE cells, CRACD loss might be complemented by these CPIs in 437 

non-NE cells where NOTCH signaling is not downregulated. Conversely, in non-NE cells, WNT signaling 438 

likely activates the NOTCH signaling, as previously demonstrated in different contexts52. 439 

Besides cell plasticity, CRACD depletion globally induces EZH2-mediated suppression of the 440 

genes, including ones encoding the MHC-I (Fig. 6). This epigenetic reprogramming renders tumor cells 441 

resistant to CD8+ cytotoxic T cells and contributes to the ‘cold tumor’ phenotype characterized by T cell 442 

absence in the tumor microenvironment (Fig. 5). Emerging evidence indicates that N-actin is vital in 443 

organizing chromatin architecture44, 48, 49, 53. The genetic ablation of Actb encoding b-actin increases 444 

genome-wide H3K27 methylation levels and EZH2's promoter occupancy48, 49, 53. CRACD loss leads to 445 

N-actin reduction (Fig. 6a) and the changes in H3K27 methylation on the promoters of the MHC-I genes 446 

(Fig. 6b-e). We recently observed that the loss of E-cadherin also induces EZH2-mediated gene 447 

repression, developing diffuse type gastric cancer54. Since CRACD LOF also disrupts the E-cadherin-448 

catenins-actin complex16, it is highly plausible that epithelial cell integrity loss might be functionally linked 449 

to EZH2-mediated transcriptional reprogramming.  450 

Cancer immunotherapy has faced challenges due to primary and acquired resistance. Thus, 451 

identifying key determinants of sustained therapeutic benefit from ICB could inform strategies to 452 

overcome therapeutic resistance and personalize SCLC therapy. Through unsupervised clustering of 453 

tumor cells from the scRNA-seq datasets, we identified the distinct subtype (MS1) of human SCLC 454 

characterized by CRACD low, EZH2-mediated gene repression, and suppressed MHC-I pathway, 455 

distinguished from the MS2 with CRACD high and a functional MHC-I pathway. Given the MHC-I pathway 456 

suppression in MS1, patients belonging to MS1 may not exhibit a favorable response to T cell-based ICB, 457 

making them non-responders. Restoring the MHC-I pathway, for example, by inhibiting EZH2, reverses 458 

the immune-cold phenotype commonly observed in human SCLC into hot tumors (Fig. 6l). Hence, EZH2 459 

blockade may be a promising therapeutic strategy for patients with CRACD-inactivated SCLC. It is 460 

noteworthy that targeting other essential epigenetic regulators, such as the lysine demethylase LSD1, 461 

has also been shown to restore the MHC-I pathway and sensitize SCLC to ICB55, 56. In addition to the 462 

ANPY classification, this study proposes another approach to stratify SCLC patients based on CRACD 463 

status, providing a potential predictive molecular signature for the effectiveness of T cell-based ICB 464 

therapies combined with EZH2 inhibitors.  465 

It remains unclear when and where CRACD inactivation occurs during tumorigenesis. This 466 

spatiotemporal information is necessary for a better understanding of the pathobiology of CRACD-467 

inactivated SCLC tumorigenesis. Interestingly, MS1 (CRACD low) is only associated with recurrent (2 of 468 

3) or metastatic (1 of 3) SCLC but with primary tumors (Fig. 7c), implying that CRACD LOF might take 469 

place at later stages or during therapies. Tumor cell plasticity contributes to therapy resistance and 470 

metastasis13. Therefore, the impact of CRACD loss-driven cell plasticity on SCLC therapy resistance and 471 

metastasis requires further investigation. Additionally, despite our intriguing results with EZH2 inhibitors 472 

(Fig. 6l-p), EZH2 monotherapy may not suffice in clinical trials. Therefore, future studies should explore 473 

combination therapy with other agents, including ICB. In addition to enhancing drug efficacy, identifying 474 

specific patients likely to respond well is crucial, which could be addressed by our finding that SCLC 475 

patients with CRACD low tumors may benefit from combining EZH2 inhibitors and immunotherapy.  476 

In summary, our study provides new insights into the mechanisms of SCLC tumorigenesis by 477 

uncovering the unexpected role of CRACD, an actin regulator, in limiting cell plasticity and inhibiting tumor 478 

immune evasion. Additionally, it highlights the potential therapeutic application of EZH2 inhibitors in 479 

treating CRACD-inactivated SCLC tumor cells.  480 

  481 
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Materials and methods 511 

 512 

 513 

Mammalian cell culture  514 

Human embryonic kidney 293T (HEK293T) and NCI-H2081 used in this study were purchased from the 515 

American Type Culture Collection (ATCC). The murine preSC cells have been previously described 21, 57. 516 

RPR2 and CRPR2 cell lines were established from the SCLC tumors isolated from each strain. HEK293T, 517 

preSC, RPR2, and CRPR2 cells were maintained in a Dulbecco's Modified Eagle's Medium 518 

(DMEM) medium containing 10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin and 519 

streptomycin (Thermo Fisher Scientific).  NCI-H2081 was maintained in DMEM: F-12 medium (5% FBS, 520 

1% penicillin/streptomycin, 0.005 mg/mL Insulin, 0.01mg/mL Transferrin, 30 mmol/L Sodium selenite, 10 521 

mmol/L Hydrocortisone, 10 mmol/Lb-estradiol, 2 mM L-glutamine). Cells were cultured at 37°C in a 522 

humidified incubator supplied with 5% CO2 air. Mycoplasma contamination was examined using the 523 

MycoAlert mycoplasma detection kit (Lonza). See Supplementary Table S1 for reagent information. 524 

 525 

CRISPR/Cas9 gene knockout 526 

CRISPR/Cas9 mediated Cracd KO in preSC cells was performed according to Zhang laboratory’s 527 

protocol 58. Control sgRNA sequence target EGFP: 5’-GGGCG AGGAG CTGTT CACCG-3’; sgRNA 528 

sequence target Cracd: 5’-ACACA CGGCC ATTTT GGTCA-3’. sgRNA sequence is based on our 529 

previous study 16.  530 

 531 

Virus production and transduction 532 

HEK293T cells in a 10-cm dish were co-transfected with 5 μg of constructs, 5 μg of plasmid D8.2 (Plasmid 533 

#8455, Addgene), and 3 μg of plasmid VSVG (Plasmid #8454, Addgene). Cells were incubated at 37°C, 534 

and the medium was replaced after 12 h. Virus-containing medium was collected 48 h after transfection 535 

and supplemented with 8 μg/mL polybrene to infect target cells in 6-well dishes. After 6 h, the medium 536 

was changed. After 48 h, the infected cells were selected with 2 μg/mL puromycin. 537 

 538 

Plasmids 539 

Nuclear Actin Chromobody®-­TagGFP plasmid (Chromotek) was transfected using Lipofectamine 3000. 540 

For NOTCH signaling activation, N1ICD plasmids (Addgene #17623) were used for virus packaging and 541 

transduction.  542 

 543 

qRT-PCR  544 

RNAs were extracted by TRIzol (Invitrogen) and used to synthesize cDNAs using the iScript cDNA 545 

synthesis kit (Biorad). qRT-PCR was performed using an Applied Biosystems 7500 Real-Time PCR 546 

machine with the primers listed in Supplementary Table S2. Target gene expression was normalized to 547 

that of mouse Hprt1 and human HPRT1. Comparative 2−ΔΔCt methods were used to quantify qRT-PCR 548 

results. See Supplementary Table S2 for primer information. 549 

 550 

Cell proliferation and viability assays 551 

We counted the number of cells using a hematocytometer (Bio-Rad) on growth days according to the 552 

manufacturer’s protocol. Cell proliferation was determined by crystal violet staining or Cell Counting Kit-553 

8 (Dojindo Laboratories) according to the manufacturer’s protocol. For crystal violet staining, plates were 554 

rinsed with Phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde solution for 20 min, and 555 

stained with crystal violet solution (0.1% crystal violet, 10% methanol) for 20 min, followed by rinsing with 556 

tap water. 557 

 558 

Immunoblotting 559 

Whole-cell lysates of cells were prepared using radioimmunoprecipitation assay (RIPA) buffer with 560 

protease inhibitors for 30 min at 4°C, followed by centrifugation (4°C, 13,200 rpm/min for 15 min). 561 

Supernatants were denatured in 5 ´ Sodium dodecyl-sulfate (SDS) sample buffer (200 mmol/L Tris-HCl 562 

[pH 6.8], 40% glycerol, 8% SDS, 200 mmol/L dithiothreitol, and 0.08% bromophenol blue) at 95°C for 5 563 

min, followed by Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). We used 2% 564 
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non-fat dry milk in Tris-buffered saline and Tween-20 (25 mmol/L Tris-HCl pH 8.0, 125 mmol/L NaCl, and 565 

0.5% Tween-20) for immunoblot blocking and antibody incubation. SuperSignal West Pico and Femto 566 

reagents (Thermo Fisher Scientific) were used to detect horseradish peroxidase-conjugated secondary 567 

antibodies. Detailed information on the antibodies is shown in Supplementary Table S1.  568 

 569 

Immunofluorescence microscopy 570 

Cells were fixed for 20 min in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 (in PBS) 571 

for 10 min. After three PBS washes, cells were blocked with 2% bovine serum albumin (BSA) for 30 min 572 

at ambient temperature. Cells were then incubated with antibodies diluted in 2% BSA at 4°C overnight. 573 

After three PBS washes, the cells were incubated with 1 μg/mL Alexa fluorescence-conjugated 574 

secondary antibodies (Invitrogen) by shaking at ambient temperature in the dark for 1 h. Cells were 575 

washed three times with PBS in the dark and mounted in Prolong Gold Antifade Reagent (Invitrogen). 576 

Immunofluorescent staining was observed and analyzed using confocal or fluorescent microscopes 577 

(Zeiss) and ZEN software (Zeiss). 578 

  579 

Animals 580 

Immunocompromised (BALB/c athymic nude) mice and C57BL/6 mice were purchased from the Jackson 581 

Laboratory (Maine, USA). Compound transgenic mice Rb1lox/lox Trp53lox/lox Rbl2lox/lox (RPR2) mice have 582 

been previously described 57. For SCLC tumor induction, the lungs of 10-week-old mice were infected 583 

with adenoviral Cre via intratracheal instillation as previously described 57, 59. Multiple cohorts of 584 

independent litters were analyzed to control for background effects, and both male and female mice were 585 

used. Ad-Cracd-Cre particles were produced in the Vector Development Laboratory at Baylor College of 586 

Medicine. Mice were euthanized by CO2 asphyxiation followed by cervical dislocation at the indicated 587 

time. Tumors were harvested from euthanized mice, fixed with 10% formalin, embedded in paraffin, and 588 

sectioned at 5-μm thickness. The sections were stained with hematoxylin and eosin for histological 589 

analysis. All mice were maintained in compliance with the guidelines of the Institutional Animal Care and 590 

Use Committee of the University of Texas MD Anderson Cancer Center and the University of Virginia 591 

School of Medicine. All animal procedures were performed based on the guidelines of the Association 592 

for the Assessment and Accreditation of Laboratory Animal Care and institutional (MD Anderson and the 593 

University of Virginia) approved protocols. This study was compliant with all relevant ethical regulations 594 

regarding animal research. 595 

 596 

Syngeneic models 597 

C57BL/6 mice (4 months old) were purchased from the Jackson Laboratory. Mice were randomized and 598 

subcutaneously injected with 1´106 cells into both flanks. Mice were maintained in the Division of 599 

Laboratory Animal Resources facility at MD Anderson. Starting on day 4 after transplantation, mice were 600 

administered with tazemetostat (200 mg/kg; oral gavage) and GSK343 (20 mg/kg; intraperitoneal 601 

injection). Drug treatments were carried out approximately for 4 weeks, with administration every other 602 

day. Tumor volume was monitored and calculated by measuring with calipers every 2 days (volume = 603 

[length ´ width2] / 2). Tumor burden was calculated by measuring all tumor lesions within the lung to 604 

account for the complete tumor burden. On day 30, mice were euthanized (in CRPR2 tumors), tumors 605 

were photographed, and collected to proceed for paraffin-embedding and subsequent immunostaining 606 

or scRNA-seq. In the case RPR2 tumors, drug treatment started when the tumors reached approximately 607 

100 mm3, which occurred around 12 days after cell injection. The mice were treated with drugs for 28 608 

days and euthanized on day 40. 609 

 610 

Mouse lung tumor and allograft tumor preparation 611 

Prior to processing, mouse SCLC and allograft tumors were decontaminated under the dissecting 612 

microscope by removing any normal and connective tissues. Then, tumors were transferred to a dry dish 613 

and minced into pieces with blades. The tissue was digested in Leibovitz’s medium (Invitrogen) with 2 614 

mg/mL Collagenase Type I (Worthington), 2 mg/mL Elastase (Worthington), and 2 mg/mL DNase I 615 

(Worthington) at 37 °C for 45 min. The tissue was triturated with a pipet every 15 min of digestion until 616 

homogenous. The digestion was stopped with FBS (Invitrogen) to a final concentration of 20%. The cells 617 

were filtered with a 70 μm cell strainer (Falcon) and spun down at 5,000 r/min for 1 min. The cell pellet 618 
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was resuspended in red blood cell lysing buffer (Sigma) for 3 min, spun down at 5,000 r/min for 1 min, 619 

and washed with 1 mL ice-cold Leibovitz’s medium with 10% FBS. Cells were resuspended in 1 mL ice-620 

cold Leibovitz’s medium with 10% FBS and filtered with a cell strainer (20 μm). Dead cells were removed 621 

with a Dead Cell Removal Kit (Miltenyi Biotec) according to the manufacturer’s instructions. Live cells 622 

were collected for 10´ Genomics library preparation. 623 

 624 

Flow cytometry 625 

Tumors from syngeneic models were harvested and processed into single-cell suspensions for flow 626 

cytometry analysis. Tumors were chopped using a blade and then placed into a solution containing 627 

collagenase A /DNase I (Sigma). The tissue suspension was incubated at 37 °C for 30 minutes to allow 628 

enzymatic digestion. After incubation, the cell suspension was passed through a 70 μm cell strainer 629 

(Falcon). The cells were then washed twice with PBS. Following the initial wash, the suspension was 630 

filtered through a FACS tube strainer (Falcon). The cells were washed twice more with FACS buffer (PBS 631 

with 0.5 % BSA and 2  mM EDTA).  The following antibodies were used for staining, PE anti-PE-mouse 632 

CD45 (Biolegend, dilution 1:100), Pacific Blue anti-mouse CD4 (Biolegend, dilution 1:100), FITC anti-633 

mouse-CD3 (Biolegend, dilution 1:50), APC anti-mouse CD8 (Biolegend, dilution 1:50). Cells were 634 

incubated with the antibodies for 30 minutes at 4 °C in the dark. Following incubation, cells were washed 635 

twice with FACS buffer and resuspended for acquisition. Flow cytometry was performed using Attune 636 

flow cytometer, and data were analyzed using Flow Jo software.  637 

 638 

scRNA-seq library prep 639 

Single-cell Gene Expression Library was prepared according to the guidelines for the Chromium Single 640 

Cell Gene Expression 3v3.1 kit (10´ Genomics). Briefly, single cells, reverse transcription (RT) reagents, 641 

Gel Beads containing barcoded oligonucleotides, and oil were loaded on a Chromium controller (10´ 642 

Genomics) to generate single-cell GEMS (Gel Beads-In-Emulsions), where full-length cDNA was 643 

synthesized and barcoded for each single cell. Subsequently, the GEMS were broken and cDNAs from 644 

each single cell were pooled, followed by cleanup using Dynabeads MyOne Silane Beads and cDNA 645 

amplification by PCR. The amplified product was then fragmented to optimal size before end-repair, A-646 

tailing, and adaptor ligation. The final library was generated by amplification. The library was performed 647 

at the Single Cell Genomics Core at BCM. 648 

 649 

scRNA-seq - raw data processing, clustering, and annotation 650 

The Cell Ranger was used for demultiplexing, barcoded processing, and gene counting. The R package 651 

Seurat60 and Python package Scanpy61 were used for pre-processing and clustering of scRNA-seq data. 652 

UMAP was used for dimensional reduction, and cells were clustered in Seurat or Scanpy. Each cluster 653 

was annotated based on marker gene information (see Supplementary Table S3, S4, the list of marker 654 

genes of each cell cluster). Datasets were pre-processed, normalized separately, and annotated based 655 

on their marker gene expression. Scanpy was used for human dataset preprocessing and integration. 656 

Each dataset was normalized separately and clustered by the “Leiden” algorithm 62. Scanpy was used to 657 

concatenate the Cracd WT vs. KO dataset and preSC Cracd WT vs. KO samples. Cells with less than 658 

100 genes expressed and more than 20% mitochondrial reads were removed. Genes expressed in less 659 

than 20 cells were removed. Gene expression for each cell was normalized and log-transformed. The 660 

percentages of mitochondrial reads were regressed before scaling the data. Dimensionality reduction 661 

and Leiden clustering (resolution 0.5 ~ 1) were carried out, and cell lineages were annotated based on 662 

algorithmically defined marker gene expression for each cluster (sc.tl.rank_genes_groups, 663 

method=‘wilcoxon’). The list of differentially expressed genes (DEGs) in CRPR2 and preSC Cracd KO 664 

was generated by comparing KO vs. WT (sc.tl.rank_genes_groups, groups=['KO'], reference='WT', 665 

method='wilcoxon'). More information about the software and algorithms used in this study is shown in 666 

Supplementary Table S5. 667 

 668 

Cell lineage trajectory analysis 669 

RNA velocity63 was used to predict the future state of individual cells and cell lineage tracing. Cells were 670 

filtered, and dimensional reduction was performed following the default parameters using the scVelo and 671 

Scanpy packages. RNA velocity was calculated through dynamical model and negbin model, and cells 672 
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were clustered using the “Leiden” algorithm. RNA velocity for all datasets was performed with the same 673 

parameters (n_neighbors=10, n_pcs=40). Velocity streams were analyzed and plotted using scVelo 674 

(dynamical model)64 and Dynamo (negbin model)65. Velocity pseudotime analysis was done and plotted 675 

with the scVelo package64 to show the cell state (differentiation vs. de-differentiation) of each cell. PAGA66 676 

analysis was performed and visualized with the scVelo package to predict developmental trajectories and 677 

explore the connectivity between different cell clusters. 678 

 679 

Proportion difference analysis 680 

Differences in clusters from the two datasets were analyzed and plotted using the pandas package67. 681 

Each cell cluster from the integrated dataset was grouped, and cluster differences between the two 682 

datasets were compared.  683 

 684 

Cell plastic potential analysis 685 

The cell plastic potential was computed following the protocol outlined by Qin et al.68 Single-cell 686 

entropies: Single-cell entropy was determined using the SCENT tool (v1.0.3). The scRNA-seq data, 687 

which had been normalized and logarithmized, were initially processed using Scanpy and subsequently 688 

converted into a Seurat object (v4.4.0)69. Mouse gene symbols were mapped to human Entrez Gene 689 

identifiers utilizing the Orthology.eg.db (v3.17.0) and org.Mm.eg.db (v3.17.0) databases. The single-cell 690 

entropy was then calculated using the CCAT (Correlation of Connectome and Transcriptome) algorithm 691 

(CompCCAT(), ppiA=net17Jan16.m). RNA velocity lengths: RNA velocity lengths for single cells were 692 

extracted from scVelo's dynamical modeling as previously described. Single-cell PHATE coordinates: 693 

The PHATE embedding for single cells was generated using the PHATE Python package (v1.0.11)70. 694 

The normalized and logarithmized scRNA-seq data were input into the PHATE operator 695 

(phate_operator.fit_transform(adata.raw.X)), and the resulting PHATE coordinates were exported. 696 

Valley-Ridge (VR) scores: The VR score was calculated as a weighted sum of two components: Valley 697 

and Ridge, with weights of 0.9 and 0.1, respectively. This computation was performed on a per sample 698 

and per cluster basis. The Valley component was defined as the median CCAT value for each sample-699 

cluster combination. To compute the Ridge component, the inverse of the RNA velocity length was 700 

calculated and then scaled between 0 and 1. The cell centrality distance within each cluster was 701 

determined using the single-cell PHATE coordinates, with the Python function compute_distdeg() as 702 

defined by Qin et al.68 The knn parameter was optimized according to the size of each cluster. The Ridge 703 

component for each sample-cluster was then computed as the product of the median scaled inverse 704 

velocities and the scaled cell centrality distances. Waddington-like landscapes: The Waddington-like 705 

landscapes were visualized using Houdini Indie (SideFX, v20.0.533). In these visualizations, the VR 706 

scores were plotted along the y-axis, while the single-cell PHATE coordinates were positioned on the xz 707 

plane. 708 

 709 

Spatial transcriptomics 710 

For Xenium In Situ experiment, a single FFPE block was prepared from RPR2 and CRPR2 samples and 711 

placed onto a Xenium slide. Alongside the 379 Mouse Tissue Atlassing gene panel, additional 100 genes 712 

were incorporated for further analysis. Raw data were processed using Xenium Explorer v3.0.0 for image 713 

analysis. Cell segmentation was performed using nuclear expansion algorithms implemented in the 714 

Xenium platform. Cells were annotated based on graph-based clustering in Xenium Explorer using cell-715 

type marker genes. Gene expression was visualized by point and density map overlaid on images of 716 

nuclei and cells. Transcript counts and metadata were stored within each segmented cell for subsequent 717 

analysis. To compare normalized gene expression, datasets from RPR2 and CRPR2 were converted into 718 

Xenium objects developed using the Seurat package. For cell heterogeneity analysis, we observed the 719 

enrichment pattern of clusters, which were determined based on graph-based clustering by Xenium 720 

Explorer, in each tumor cell subclone. The tumor cell subclones were defined based on their location 721 

displayed by Xenium Explorer. 722 

 723 

Gene set enrichment analysis (GSEA) 724 

GSEA was done using the R package “fgsea”71 based on the DEG list generated by Scanpy. The 725 

enrichment value was calculated and plotted with the fgsea package (permutation number = 2,000). 726 
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 727 

Cell-cell communication analysis 728 

For ligand-receptor interaction-based cell-cell communication analysis of scRNA-seq datasets the 729 

‘CellChat’43 package in R (https://www.r-project.org) was used. The integrated dataset was processed 730 

using the Seurat package, then clustered and annotated dataset were analyzed by CellChat with default 731 

parameters (p-value threshold = 0.05). Epithelial cells were used as a source group, and immune cells 732 

were used as target groups. 733 

 734 

Pathway score analysis 735 

Scanpy with the ‘scanpy.tl.score_genes’ function was used for the pathway score analysis61. The analysis 736 

was performed with default parameters and the reference genes from the gene ontology biological 737 

process or the Kyoto Encyclopedia of Genes and Genomes database72, 73. The gene list for the score 738 

analysis is shown in Supplementary Table S6. 739 

 740 

CUT&RUN 741 

CUT&RUN assays:  CUTANA ChIC/CUT&RUN Kit (EpiCypher, Cat. No. 14-1048) was used. In brief, 742 

5´10⁵ cells (RPR2 and CRPR2 cell lines) were pelleted at 600 g for 3 minutes at room temperature (RT). 743 

After resuspending the cells twice with 100 µL of washing buffer (pre-wash buffer, protease inhibitors, 744 

and 0.5 mM spermidine), the cells were resuspended in wash buffer, preparing them for binding with 745 

beads. Next, 100 µL of the cell suspension was added to 10 µL of concanavalin A beads in 8-strip tubes, 746 

and the bead-cell slurry was incubated for 10 min at RT. After a brief spin-down, the tubes were placed 747 

on a magnet to quickly discard the remaining supernatant. The tubes were then removed from the magnet, 748 

and 50 µL of cold antibody buffer (cell permeabilization buffer with 2 mM EDTA) was immediately added 749 

to each reaction. The mixtures were pipetted to resuspend and confirm ConA bead binding. Next, 2 µL 750 

of each primary antibody (H3K27ac, H3K27me2, H3K27me3, and EZH2 from Cell Signaling) was added 751 

to the respective reactions. For the positive and negative control reactions, 1 µL of H3K4me3 positive 752 

control antibody and 1 µL of IgG negative control antibody (provided by EpiCypher) were added. 753 

Additionally, 2 µL of K-MetStat Panel was added to the reactions designated for the positive and negative 754 

control antibodies. The reactions were gently vortexed to mix and incubated overnight on a nutator at 755 

4 °C. After overnight incubation, the tubes were briefly spun, placed on a magnet to allow the slurry to 756 

clear, and the supernatant was removed. While keeping the tubes on the magnet, 200 µL of cold cell 757 

permeabilization buffer (wash buffer with 0.01% digitonin) was added to each reaction. Next, 2.5 µL of 758 

pAG-MNase was added to each reaction, followed by gentle vortexing and a 10 min incubation at RT. 759 

The tubes were then quickly spun, and placed on the magnet to clear the slurry, and the supernatant was 760 

removed. While keeping the tubes on the magnet, 200 µL of cold cell permeabilization buffer was added 761 

directly onto the beads, and the supernatant was removed. The tubes were then removed from the 762 

magnet, and 50 µL of cold cell permeabilization buffer was immediately added to each reaction, followed 763 

by gentle vortexing to mix and disperse clumps by pipetting. Subsequently, 1 µL of 100 mM calcium 764 

chloride was added to each reaction, and the tubes were incubated on a nutator for 2 hours at 4 °C. At 765 

the end of the 2-hour incubation, the tubes were quickly spun to collect the liquid, and 34 µL of stop buffer 766 

was added to terminate pAG-MNase cleavage activity. The tubes were then placed in a thermocycler set 767 

to 37 °C for 10 min. Afterward, the tubes were placed on a magnet, and the supernatants containing 768 

CUT&RUN DNA were transferred to new 8-strip tubes. To purify the DNA, 119 µL of SPRIselect beads 769 

were slowly added to each reaction, followed by a 5 min incubation at RT. The tubes were then placed 770 

on a magnet for 2-5 min at RT, the supernatant was removed, and the beads were washed twice with 771 

180 µL of 85% ethanol. After washing, the tubes were removed from the magnet, and the beads were 772 

air-dried for 2-3 min at RT. Finally, 17 µL of 0.1´ TE buffer was added to each reaction to elute the DNA. 773 

Library preparation and sequencing: Library preparation for CUT&RUN was performed using the 774 

NEBNext Ultra II DNA Library Prep Kit for Illumina (M0544S), incorporating Illumina barcodes with 12 775 

cycles of amplification. The libraries were sequenced on the Illumina NovaSeq platform at Novogene 776 

USA, with a read length of 150 base pairs for paired-end reads, and a sequencing depth of 30 million 777 

read pairs. The original sequencing data generated by the NovaSeq platform was converted into raw 778 

reads through base calling. These raw reads were stored in FASTQ format files. Analysis: Alignment 779 

was performed using Bowtie2 (version 2.4.2). The SAM file was preprocessed, including sorting, marking 780 
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duplicates, and removing duplicates, using Picard (version 3.2.0). The resulting file was then converted 781 

to BAM format using Samtools (version 1.3) and subsequently to a bedgraph file using Bedtools (version 782 

2.31.1). Further analysis, including the calculation and visualization of each region, was conducted using 783 

deepTools (version 3.5.5) and Python (version 3.9.0). 784 

 785 

Human scRNA-seq data analysis 786 

The scRNA-seq data set of 19 human SCLC patient samples (Patient information is shown in 787 

Supplementary Table S7)10 from the Human Tumor Atlas Network (HTAN, https://humantumoratlas.org/) 788 

was downloaded and analyzed according to the code provided in the original study. The scRNA-seq data 789 

set of the 8 normal human lungs (GSE122960, Supplementary Table S8) 50 was extracted from the Gene 790 

Expression Omnibus (GEO) database and analyzed with Scanpy and Python. First, to match the gene 791 

names of our mouse CRPR2 dataset with those of human datasets, we converted mouse gene names 792 

into human gene names using the R package biomaRt, which converted 16,780 genes into human genes. 793 

The converted CRPR2 dataset and 27 human datasets were concatenated, normalized, and clustered in 794 

Scanpy. Batch effects were corrected using the “Harmony”74 algorithm. Then, the dendrogram and 795 

correlation matrix heatmap were plotted with Scanpy. The dendrogram shows the distance of each 796 

dataset based on principal component analysis, and the correlation matrix heatmap shows Pearson 797 

correlation by a color spectrum. 798 

 799 

Copy number variation analysis 800 

We performed copy number variations (CNVs) analysis from the gene expression data using the Python 801 

package infercnvpy (https://icbi-lab.github.io/infercnvpy/index.html#). We ran infercnvpy using the 802 

Normal group (8 human normal lung datasets) as a reference dataset. The gene ordering file containing 803 

the chromosomal start and end position for each gene was generated from the human GRCh38 assembly. 804 

Chromosome heatmap and CNV scores in the UMAP were plotted with infercnvpy. 805 

 806 

Public sequencing database 807 

All TCGA cancer patients’ sequencing data referenced in this study were obtained from the TCGA 808 

database at cBioPortal Cancer Genomics (http://www.cbioportal.org). Cancer cell line sequencing data 809 

from Cancer Cell Line Encyclopedia (CCLE) were extracted from the cBioPortal Cancer Genomics 810 

(http://www.cbioportal.org). 811 

 812 

Data availability 813 

scRNA-seq data are available via the GEO database (GSE218544; log-in token for reviewers: ###). 814 

CUT&RUN-seq data are available via the GEO database (GSE280263; log-in token for reviewers: ###). 815 

 816 

Code availability 817 

The code used to reproduce the analyses described in this manuscript can be accessed via GitHub 818 

(https://github.com/jaeilparklab/CRACD_SCLC_scRNAseq) and available upon request. 819 

 820 

Statistical analyses 821 

GraphPad Prism 9.4 (Dogmatics) was used for statistical analyses. Student’s t-test was used to compare 822 

two samples. P values < 0.05 were considered statistically significant. Error bars indicate the standard 823 

deviation (s.d.) otherwise described in Figure legends. 824 

825 
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