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CRISPR-Cas9 screening identifies INTS3
as an anti-apoptotic RNA-binding protein
and therapeutic target for colorectal cancer

Zhiwei Wang,1 Cheng Zhang,1 Jing Guo,1 Yanmei Yang,2 Peixian Li,1 Ziyan Wang,1 Sijia Liu,1 Lulu Zhang,1

Xiaoyu Zeng,1 Jincheng Zhai,1 XinyongWang,1 Qi Zhao,3 Zhenzhen Chen,1 Pingping Zhu,1,* and Qiankun He1,4,*
SUMMARY

Growing evidences indicate that RNA-binding proteins (RBPs) play critical roles in regulating the RNA
splicing, polyadenylation, stability, localization, translation, and turnover. Abnormal expression of RBPs
can promote tumorigenesis. Here, we performed a CRISPR screen using an RBP pooled CRISPR knockout
library and identified 27 potential RBPs with role in supporting colorectal cancer (CRC) survival. We found
that the deletion/depletion of INTS3 triggered apoptosis in CRC. The in vitro experiments and RNA
sequencing revealed that INTS3 destabilized pro-apoptotic gene transcripts and contributed to the sur-
vival of CRC cells. INTS3 loss delayed CRC cells growth in vivo. Furthermore, delivery of DOTAP/
cholesterol-mshINTS3 nanoparticles inhibited CRC tumor growth. Collectively, our work highlights the
role of INTS3 in supporting CRC survival and provides several novel therapeutic targets for treatment.

INTRODUCTION

Colorectal cancer (CRC) is one of leading cancer types with high morbidity and mortality.1 Moreover, the CRCmortality among young adults

has continued to increase in the past 15 years.2 Despite improvements in surgical resection, adjuvant chemotherapy, and targeted treatment,

many CRC patients still suffer from unresectable tumors, tumor recurrence or metastasis.3–5 Therefore, there is an urgent need to identify

driver genes and therapeutically relevant targets of CRC.

Biological information transfer from DNA to RNA then protein (‘‘Central Dogma’’ proposed by Crick), and thus DNA-binding proteins

(DBPs, also termed as transcription factors) and RNA-binding proteins (RBPs) pivotally control gene expression signatures to modulate

cellular homeostasis, serving as key regulators of cell growth and survival.6 Most recently, some nuclear-located RBPs have also been iden-

tified as transcription modulators via chromatin-associated RNAs, such as RBM257 and YTHDC1.8 Tumor cells often upregulate post-tran-

scriptional processing regulated by RBPs to meet the high demands of various biological processes, such as proliferation, anti-apoptosis,

and metastasis. Generally, RBPs regulate RNA splicing, polyadenylation, localization, translation, and turnover and RBP-mediated post-tran-

scriptional processes may play an oncogenic role in cancers.9,10 A large number of DBPs (transcription factors) have been identified and well

characterized in CRC, but aberrant RBP regulation that contributes to tumor progression is poorly understood. Recently, we characterized

several functional RBPs in cancer cells, including insulin-like growth factor 2 mRNA binding protein (IGF2BP2) and K-homology splicing reg-

ulatory protein (KSRP). IGF2BP2 associates with N–methyladenosine (m6A)-modified E2F6/E2F3 mRNAs to inhibit mRNA decay, and thus

drives the self-renewal of liver tumor initiating cells.11 KSRP binds to the 30-UTR of HOXC10 mRNA to induce HOXC10 decay, and

HOXC10 in turn promotes the self-renewal of CRC self-renewal via FZD3-Wnt signaling.12 However, our research upon these individual

RBPs cannot give an overall understanding of RBPs in CRC.

CRISPR screening is an efficient method to identify functional genes in cancer. The CRISPR platform enables high-throughput interroga-

tion of genes with reduced off-target effects and stronger genetic editing capability. In recent years, the development of CRISPR techniques

has resulted in increasing complexity and compatibility.13 Given the complicated mechanism of tumorigenesis, CRISPR-Cas9 screening is a

reliable and high-throughput strategy to explore the key regulator genes for cancer cell survival, growth, drug resistance, and immune resis-

tance.14 Therefore, CRISPR-Cas9 screening is a useful tool for identifying target genes for drug discovery and gene therapy, and RBP CRISPR

screening in CRC cells has not been reported to our knowledge.

Here, we used an RBP pooled CRISPR knockout library to comprehensively study critical RBPs for CRC propagation and survival. In this

screening, 27 RBPs required for CRC propagation and survival were identified. Network analysis showed that these genes were involved

in tRNA aminoacylation for protein translation, mRNA splicing, ncRNA processing and translation. Notably, we identified that INTS3 was
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Figure 1. CRISPR-Cas9 screening of RBPs in CRC cells

(A) Pipeline of RBP pooled CRISPR knockout library propagation/survival screening in CRC cell line.

(B) Cumulative distribution of normalized read counts for sgRNAs in each replicate. Two-sided Kolmogorov-Smirnov tests compared with day 0.

(C) Scatterplot displaying normalized read counts on day 7 compared with day 0. Genes are categorized by negative control, positive control and RBP.

(D) Comparison of b score replicates on day 7.

(E) STRING protein-protein interaction (PPI) network of 27 critical RBP candidates.

(F) The distribution of log2-fold change (FC) of sgRNAs of the top nine depleted RBPs.
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overexpressed in CRC patients and correlated to poor clinical outcomes. Meanwhile, INTS3 depletion/deletion inhibited CRC growth in vitro

and in vivo. Through RNA-decay sequencing, we found that INTS3 reduced the expression of pro-apoptotic genes TXNIP, CLU and NR4A1,

by impairing the stability of these mRNAs, thereby enhancing CRC survival. Therefore, our data demonstrated that loss of INTS3 was nega-

tively associated with CRC survival, indicating that INTS3 is an oncogenic RBP in CRC and serving as a promising target for CRC treatment.
RESULTS

CRISPR-Cas9 screening of RBPs in CRC cells

In order to identify critical RBPs in CRC, we performed a CRISPR-Cas9 screening using an RBP pooledCRISPR knockout library targeting 1,078

RBPs.15 The library was packaged to infect SW620 cells. After puromycin selection, single guide RNA (sgRNA)-transduced SW620 cells were

collected and extracted for genomic DNA on day 7 (Figure 1A). sgRNAs sequencing analysis showed a high correlation between the two
2 iScience 27, 109676, May 17, 2024
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replications on day 0 and day 7 (Figure S1A). After 7 days propagation, the distributions of sgRNA counts were significantly different

compared to day 0 cells, and a significant reduction in sgRNA diversity was observed in surviving cells on day 7 (Figures 1B and S1B).

Comparing with negative control sgRNAs, positive control sgRNAs were strongly deleted (Figures 1C and 1D). These data demonstrated

the validity and reliability of propagation/survival-dependent RBP screening in CRC cells. Integrating two replications, we identified 27 critical

RBP candidates in CRC propagation and survival. STRING analysis further indicated candidate genes were clustered into three pathways:

tRNA aminoacylation for protein translation andmitochondrial translation, mRNA splicing and translation (Figure 1E). Several RBP candidates

which have been identified as oncogenes in CRC were identified and ranked high in our screening, including EIF6,16 FARSA,17 RRP1218 and

EFL119 (Figure 1E). Then, we explored TheCancerGenomeAtlas (TCGA) database and analyzed by TheUniversity of ALabamaat Birmingham

CANcer data analysis Portal (UALCAN) data analysis portal and found that 85% of RBP candidates are highly expressed in CRC tumors (Fig-

ure S1C). We then determined a functional RBP for further investigation. As shown in Figure 1F, sgRNAs of INTS3 were most significantly

depleted after 7 days’ culture and ranked the first in our screening results, indicating that INTS3 was a potential oncogenic RBP. Moreover,

the function of INTS3 in CRC cells is poorly explored, and thus we focused on INTS3 in this work.

INTS3 is highly expressed in CRC and related to clinical severity

To better determine the potential oncogenic role of INTS3 in CRC, we firstly performed a multi-tumor omics analysis using UALCAN and Tu-

mor ImmuneEstimation Resource (TIMER) databases to detect INTS3mRNAexpression in various cancer types, and found that INTS3 expres-

sion is generally increased in many tumors (Figures 2A and S2). Then, we analyzed INTS3 expression in CRC tumor tissues with multiple da-

tabases such as Encyclopedia of RNA Interactomes (ENCORI), Gene Expression Profiling Interactive Analysis 2 (GEPIA2) and differential gene

expression analysis in Tumor, Normal, andMetastatic tissues (TNMplot). Consistent with the results of multi-tumor omics analysis, the expres-

sion levels of INTS3 in CRC tissues were relatively higher than that in normal tissues (Figures 2B–2D). Furthermore, metastatic CRC tissues

showed higher INTS3 expression levels than primary CRC tissues according to TNMplot database (Figure 2D). The Clinical Proteomic Tumor

Analysis Consortium (CPTAC) database also demonstrated that CRC tissues had higher levels of INTS3 protein (Figure 2E). TCGA database

revealed that high INTS3 expression was significantly correlatedwith poor survival of CRCpatients (Figure 2F). To verify the expression level of

INTS3 in CRC cell lines and clinical tissues, we performed RT-qPCR and western blot assays. Comparing to human normal colonic epithelial

cell NCM460, INTS3 is overexpressed in CRC cell lines, including RKO, HCT116, LOVO, HT29, and SW620 (Figure 2G). INTS3 protein was also

higher expressed in CRC tissues than that in normal adjacent counterpart (Figures 2H and 2I). Altogether, INTS3 was overexpressed in CRC

and its expression was correlated with CRC metastasis and clinical severity.

INTS3 is required for CRC cell survival via apoptosis inhibition

To validate the function of INTS3, INTS3 knockout SW620 CRC cell lines were generated through CRISPR-Cas9 approach and we also per-

formed INTS3 knockdown in SW620, HCT116, and RKO CRC cell lines. The knockout/knockdown efficiency was confirmed by western blot

(Figure S3A). Taking advantage of these INTS3 LOF cells, we first performed propagation/survival assay and counted survival cells every

day. The results revealed that INTS3-LOF significantly reduced the numbers of survival CRC cells (Figures 3A and S3B). INTS3-LOF CRC cells

also showed dramatically impaired colony formation capacity (Figure 3B). We also detect the function of INTS3 in CRC self-renewal through

sphere formation assay, a standard model for cancer stem cells,20 and found that INTS3 depleted CRC cells harbored an impaired sphere-

forming ability (Figure 3C). These results demonstrated that INTS3 was required for CRC survival.

We further examined the proliferation and apoptosis of INTS3 depleted cells. Cell proliferation was detected using EdU staining assays.

Unexpectedly, there was no significant difference in proliferation between INTS3-LOF cells and control cells (Figure 3D). Then cell apoptosis

was detected with annexin V/7AAD staining, and INTS3-LOF resulted in a significantly increased apoptosis rate compared to control cells

(Figure 3E). Moreover, the overexpression of INTS3 increased colony formation and sphere-forming abilities of SW620 (Figures S3D and

S3E) and significantly inhibited cell apoptosis (Figure S3F). Therefore, these data indicated that INTS3 was involved in the survival regulation

of CRC cells via apoptosis regulation.

INTS3 inhibits CRC apoptosis by driving the decay of pro-apoptotic transcripts

In order to investigate the molecular mechanism of INTS3 in apoptosis regulation, RNA sequencing (RNA-seq) was performed with INTS3

knockout and control cells, and different expressed genes (DEGs) were screened out from the transcriptomic data (Figures 4A and S4A).

RNA-seq data showed that 207 genes were upregulated (Figure 4B) and 162 genes were downregulated (Figure S4B) in both sgINTS3 #3

and sgINTS3 #4 cells compared to control cells. The shared DEGs were then subjected to biological process analysis. Consistent with

in vitro findings as described in Figure 3, upregulated genes in INTS3-LOF cells were enriched for ontologies associated with apoptotic pro-

cess and positive regulation of apoptotic process (Figure 4B). Furthermore, genes associated with apoptotic process were generally upregu-

lated in INTS3-LOF cells (Figure 4C) and this result was further confirmed by Gene Set Enrichment Analysis (GSEA) (Figures 4D and S4C).

These RNA-seq data confirmed the requirement of INTS3 in CRC survival and apoptosis blockade.

We further investigated the molecular mechanism of INTS3 in apoptosis regulation. Given the obvious increase of apoptosis transcripts in

INTS3-LOF cells, it can be predictable that INTS3 might regulate the generation or turnover of apoptosis-associated genes. Recently, tran-

scription-involved RBPs have been identified and these RBPs exerted their roles in nucleus via chromatin-associated RNAs. However, INTS3

was mainly located in cytoplasm according to our immunohistochemistry data as shown in Figure 2H, diminishing the possibility of INTS3 in

transcription control. Indeed, INTS3-LOF cells showed comparable transcription activity to control cells, further excluding the possible
iScience 27, 109676, May 17, 2024 3



Figure 2. INTS3 is overexpressed in CRC and correlated with clinical severity

(A) INTS3 expression in various cancer types from TCGA were validated by UALCAN.

(B–D) ENCORI, GEPIA2, and TNMplot were analyzed for INTS3 expression levels in CRC tumor tissues and normal tissues.

(E) Comparison of INTS3 protein expression in tumor and normal tissues of CRC in Clinical Proteomic Tumor Analysis Consortium (CPTAC) database.

(F) Effect of INTS3 expression level on CRC patient survival. The cut-off value is the median expression of INTS3.

(G) RT-qPCR (top) and western blot (bottom) analysis of INTS3 expression in CRC cell lines and the human normal colonic epithelial cell NCM460.

(H) IHC analysis of INTS3 expression in 11 paired CRC patient samples. Representative images (left) and associated statistics (right).

(I) Western blot analysis of INTS3 expression in 11 paired CRC patient samples. Scale bars: 500 mm. *p < 0.05, **p < 0.01, ***p < 0.001.
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involvement of INTS3 in transcription (Figure 4E). Thus, we then detected RNAdecay using RNA-sequencing. INTS3-LOF and the control cells

were treated with actinomycin D for differential times, followed by RNA-seq (Figure 4F). Among the ten genes which were upregulated upon

INTS3-LOF and enriched in ‘‘positive regulation of apoptotic process’’ in gene ontology (GO) analysis, five pro-apoptotic transcripts showed

prolonged lifetime in INTS3-LOF samples, including NR4A1, CLU, BCL6, TXNIP, and OLFM1 (Figure 4G). Interestingly, all these five pro-

apoptotic genes were down-regulated in CRC, indicating their inhibitory role in tumor propagation and survival (Figures 4H and S4D). We

also confirmed the involvement of INTS3 in the stability of pro-apoptotic transcripts with RT-qPCR assay, including TXNIP, CLU, and

NR4A1 mRNAs (Figure 4I). As a result, pro-apoptotic protein expression levels were upregulated in the INTS3-LOF cells (Figure 4J). These

data demonstrated that INTS3 prevented CRC apoptosis through the stability of pro-apoptotic transcripts.
INTS3 depletion inhibits CRC propagation in vivo

To further verify the importance of INTS3 in tumor growth in vivo, we established a bilateral SW620 tumor model with INTS3-LOF and control

tumors. Bilateral tumor-bearing mice were treated with doxycycline (DOX) for INTS3-LOF and tumors were monitored every other day.
4 iScience 27, 109676, May 17, 2024
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Figure 3. INTS3-LOF significantly reduces CRC cell survival

(A) Propagation/survival assay in INTS3-LOF CRC cell lines (n = 3).

(B) Colony formation assays showed the INTS3-LOF effect on clone forming ability (n = 3). Representative images (left) and associated statistics (right).

(C) Sphere formation assays of INTS3-LOF and control cells (n = 3, scale bars: 400 mm). Representative images (left) and associated statistics (right).

(D) EdU staining assays of INTS3-LOF and control cells (n = 4). Representative images (left, scale bars: 50 mm) and associated statistics (right).

(E) Flow cytometry analysis of Annexin V/7-AAD staining of INTS3-LOF and control cells (n = 3). Representative images (left) and associated statistics (right).

*p < 0.05, **p < 0.01, ***p < 0.001.
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DOX-induced INTS3 knockout significantly inhibited tumor growth compared with control tumors (Figures 5A–5D and S5A–S5D). Then bilat-

eral HCT116 and RKO tumor models with shINTS3 and control cells were performed, and INTS3-LOF in HCT116 led to significantly deceler-

ated tumor formation (Figures 5E, 5F, S5E, and S5F). After 20 days, tumor weights of shINTS3 group were lower than that of control group

(Figures 5G and S5G), and depletion of INTS3 resulted in a satisfactory tumor regression (Figures 5H and S5H). Similarly, the bilateral RKO

tumor model also showed significant tumor growth inhibition due to INTS3-LOF (Figures 5I–5L). We further confirmed that INTS3-LOF signif-

icantly induced apoptosis in CRC tumor cells with higher levels of pro-apoptotic mRNA and protein levels (Figures 5M–5P). Taken together,

INTS3-LOF inhibited CRC propagation in vivo.
DOTAP/chol-mshINTS3 nanoparticles inhibit CT26 tumor growth in vivo

The tumor suppressive effects of INTS3-LOF in CRC tumor bearing mouse models demonstrated that INTS3 served as a promising target of

CRC cells, and thus we sought to delivery shRNA-expressing plasmids to inhibit tumor growth in vivo. DOTAP/chol liposome is a promising

nucleic acid delivery vehicle with satisfactory transfection efficiency.21,22 DOTAP/chol-based delivery vehicles have been widely used for nu-

cleic acid delivery both preclinically and in clinical trials, with a well-established safety profile.23 We first formulated DOTAP/chol liposome

with size of 160.4 G 0.64 nm and zeta potential of 47.6 G 1.02 mV (Figures 6A–6C). Then, DOTAP/chol liposome was mixed with mshINTS3

plasmids at different mg:mg ratios (0:1, 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 10:1) to detected suitable package rate. Agarose gel electrophoresis retar-

dation assay showed that no free plasmidDNAwas observed at a ratio of 4:1, (Figure 6D).We further detected the characterization of DOTAP/

chol-mshINTS3 nanoparticles at 4:1 mixing ratio. The diameters of DOTAP/chol-mshINTS3 nanoparticle was 184.2 G 1.5 nm, and the zeta

potential of DOTAP/chol liposome switched to �12.5G 0.49 mV after loading mshINTS3 plasmid (Figures 6B and 6C). Based on these char-

acterization analyses, we selected the 4:1 mixing ratio of DOTAP/chol-mshINTS3 nanoparticles in the following antitumor assays.

We established a CT26 tumor-bearing mouse model to evaluate the antitumor activity of DOTAP/chol-mshINTS3 nanoparticles in vivo. In

this experiment, CT26 tumor cells were inoculated on the right flank of mouse (Figure 6E). One week later, the mice were randomly divided in

three groups and treated with 5% glucose water, mshINTS3 plasmid or DOTAP/chol-mshINTS3 nanoparticles. No significant change in body

weight was detected (Figure 6F), and hematoxylin and eosin (H&E) staining of heart, liver, spleen, lung, and kidney showed no significant

damage during treatment (Figure S6A). These results demonstrated the safety of DOTAP/chol-mshINTS3 nanoparticle in vivo. The treatment

of DOTAP/chol-mshINTS3 nanoparticle significantly reduced the INTS3 expression and had the strong effects in terms of promoting

apoptotic activity (Figures S6B and S6C). Of note, DOTAP/chol-mshINTS3 nanoparticle-treated group showed a significant suppression in

tumor growth, with an inhibitory rate of 86%, while mshINTS3 plasmid alone showed no obvious effect (Figures 6G–6J). These results demon-

strate the effectiveness of DOTAP/chol-mshINTS3.

Generally, an attenuate tumor cell survival may be associated with the activation of anti-tumoral immunity, and here we also detected the

immune cells in tumormicroenvironment. Among various immune cells, CD8+ T cells play a central role in tumor control. Therefore, we exam-

ined the percentage and the IFN-g-producing of intra-tumoral CD8+ T cells. There was no significant difference in percentage of CD8+ T cells

among the three groups (Figure S6D). Surprisingly, we detected significantly enhanced secretion of IFN-g in DOTAP/chol-mshINTS3 nano-

particle group, indicating the activation of anti-tumoral immune response (Figure S6E). Altogether, DOTAP/chol-mshINTS3 nanoparticles

showed excellent efficiency for CRC targeting in vivo.
DISCUSSION

CRC remains the third most common cancer, accounting for 10% of cancer-related deaths.24 The genetic and epigenetic mechanisms under-

lying the development andmaintenance of CRC are complex.25 Developing molecular targeted drugs, based on detailed mechanism explo-

ration of key targets, are recognized as the breakthrough point in the treatment of CRC. RBPs combines with its target RNA, plays an impor-

tant role in gene regulation processes such as RNA maturation, splicing, localization, and translation. Tumor cells usually have a high

dependence on the RBPs due to active RNA synthesis, indicating that RBPs are excellent target for the treatment of CRC.26,27 Our RBPs

CRISPR-Cas9 screening enabled the systematic discovery of RBPs served as driver genes of CRC tumorigenesis and survival. A total of 27

critical RBPswhich closely related to the survival of CRCwere screenedout, involved in tRNA aminoacylation for protein translation,mitochon-

drial translation, ncRNA processing, mRNA splicing and translation. Among the screened RBPs, INTS3 ranked first, and was less studied

on CRC.

INTS3 is one of the subunits of integrator complex, and has been reported to regulate the mRNA transcription and processing.28 Many

researches have demonstrated that abnormal integrator subsets contribute to tumorigenesis inmultiple tumor types.29 For example, INTS6 is

found to inhibit hepatocellular carcinoma growth by increasing WIF-1 mRNA levels.30 We found that INTS3 was overexpressed in CRC pa-

tients and tumor cell lines, and inhibited CRC apoptosis by driving the decay of pro-apoptotic gene transcripts. According to the experiment
6 iScience 27, 109676, May 17, 2024



Figure 4. INTS3 reduces the expression of pro-apoptotic genes by regulating mRNA stability

(A) Volcano plot of RNA-seq data showing the distribution of mapped different expressed genes (DEGs) between sgINTS3 #3 and sgControl.

(B) Overlap between sgINTS3 #3 and sgINTS3 #4 upregulated genes (top). Biological process analysis of overlap genes (bottom).

(C) Heatmap of upregulated genes in apoptotic process from the RNA-seq experiment.

(D) Gene Set Enrichment Analysis (GSEA) was used to analyze the distribution of differentially expressed genes between sgINTS3 #3 and sgControl in apoptotic

process.

(E) Nascent RNA labeling assay.

(F) Schematic of RNA stability assay.
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Figure 4. Continued

(G) Overlap between ten pro-apoptotic genes and genes with extended mRNA half-life (lifetime sgINTS3 #4/lifetime control > 1.5).

(H) TXNIP, CLU, and NR4A1 expression levels in CRC tumor tissues and normal tissues.

(I) After treatment of SW620 cells with 5 mg/mL ActD for 0, 1, 2, 4, and 8 h, the effects of INTS3 knockout on TXNIP, CLU, and NR4A1 mRNA stability (n = 3).

(J) Western blot analysis of TXNIP, CLU, and NR4A1 expression.
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results in vitro and in vivo, the loss of INTS3 significantly increased the CRC cells apoptosis rate by regulatingmRNA stability of pro-apoptotic

genes TXNIP, NR4A1, and CLU. TXNIP has been identified as a tumor suppressor gene and the low level of TXNIP expression is correlated

with poor prognosis.31,32 Pro-survival BCL-2 proteins restrain the effectors of apoptosis in tumors.33 Accumulating evidence suggests that

NR4A1, the target gene of INTS3 in our results, can convert Bcl-2 from protector to a killer, thereby promoting tumor cells apoptosis.34,35

Another target gene CLU has been proved to promotes apoptosis in CRC and prostate cancer by the nuclear form.36,37

INTS3-LOF inhibits CRC growth propagation in vivo, indicating INTS3 is an excellent intervention target for the treatment of CRC. Nucleic

acid delivery systems are mainly divided into viral vectors or non-viral vectors. Cationic liposomes are the most used non-viral gene transfer

systems.38 DOTAP/chol lipid nanoparticles have the advantages of low toxicity, biodegradability, easy synthesis, and low immunoreactivity,

and have been studied for the delivery of plasmid DNA, mRNA, small interfering RNA, microRNA, or antisense oligonucleotides.39 More

importantly, DOTAP-based lipid nanoparticles have been intensively investigated in clinical trials.40–43 After clarifying the role mechanism

of INTS3 in CRC survival support, our research focused on the delivery of RNA-interference drugs in CRC cells. The results showed that

DOTAP/cholesterol-mshINTS3 nanoparticles can significantly inhibit CT26 tumor growth but have no security risks in vivo, indicating that

DOTAP/chol-mshINTS3 nanoparticles have enormous potential application value in the treatment of CRC.
Limitations of the study

We performed a CRISPR-Cas9 screening using an RBP-pooled CRISPR knockout library and identified 27 potential RBPs for supporting CRC

survival, including a function-undefined INTS3. We found that INTS3 prevented CRC apoptosis through the stability of pro-apoptotic tran-

scripts, but we did not study the mechanisms of the regulation of pro-apoptotic transcripts stability by INTS3. Our study also showed that

CRC tumor growthwas inhibited by the intratumoral injection delivery of DOTAP/chol-mshINTS3 nanoparticle, but there are some challenges

for clinical implementation of intratumoral injections, such as the injectability. Further research is needed to increase the tumor targeting

capability of DOTAP/chol-mshINTS3 nanoparticle.
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Figure 5. INTS3 depletion inhibits CRC propagation in vivo

(A) Images of SW620-transduced cell tumor-bearing mice treated with DOX drinking water for 12 days (top). sgINTS3 #4 and control tumor tissues (bottom).

(B–D) The growth curves (B), tumor weight (C), and tumor inhibition rate (D) of sgINTS3 #4 and control SW620 cell tumors (n = 10).

(E) Images of HCT116-transduced cell tumor-bearing mice (top). shINTS3 #2 and control tumor tissues (bottom).

(F–H) The growth curves (F), tumor weight (G), and tumor inhibition rate (H) of shINTS3 #2 and control HCT116 cell tumors (n = 6).

(I) Images of RKO-transduced cell tumor-bearing mice (top). INTS3-LOF and control tumor tissues (bottom).

(J–L) The growth curves (J), tumor weight (K), and tumor inhibition rate (L) of shINTS3 #2 and control RKO cell tumors (n = 6).

(M and N) TUNEL staining showed the SW620 (M) and HCT116 (N) tumor cell apoptosis in each group (n = 5, scale bars: 50 mm).

(O) Western blot analysis of TXNIP, CLU, and NR4A1 protein expression. SW620 tumor tissues (top, n = 7) and HCT116 tumor tissues (bottom, n = 6).

(P) RT-qPCR analysis of TXNIP, CLU, and NR4A1mRNA expression. SW620 tumor tissues (left, n = 7) and HCT116 tumor tissues (right, n = 6). *p< 0.05, **p< 0.01,

***p < 0.001.
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Figure 6. DOTAP/chol-mshINTS3 nanoparticle therapy inhibit CT26 tumor growth in vivo

(A) Schematic of shRNA-expression plasmid delivery system based on DOTAP/chol liposomes.

(B) The hydrodynamic size of DOTAP/chol and DOTAP/chol-mshINTS3 (mg:mg = 4:1) nanoparticles (n = 3).

(C) The zeta-potential of DOTAP/chol and DOTAP/chol-mshINTS3 (mg:mg = 4:1) nanoparticles (n = 3).

(D) Agarose gel electrophoresis retardation assay of DOTAP/Chol-mshINTS3 nanoparticles at different mg:mg ratios (DOTAP/Chol: mshINTS3 = 0:1, 1:1, 2:1, 3:1,

4:1, 5:1, 6:1, 10:1).

(E) Schematic of DOTAP/Chol-mshINTS3 nanoparticle therapy in the CT26 tumor model.

(F) Body weight curves of mice during treatment (n = 5).

(G) The growth curves of tumors treated with different treatments (5% glucose water, plasmid of shINTS3 and DOTAP/chol-mshINTS3 nanoparticles, n = 5).

(H) Images of the tumor tissues of different groups at day 19 (n = 5).

(I) Tumor weight of different groups (n = 5).

(J) Tumor inhibition rate of CT26-bearing mice after treatment with DOTAP/chol-mshINTS3 nanoparticle (n = 5). ***p < 0.001.
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NR4A1 reverse: GAGAATCCGGCTTCAGGCAG This paper N/A

BCL6 forward: TCTAGGAAAGGCCGGACACC This paper N/A

BCL6 reverse: AAACTGCTCACGGCTCACAA This paper N/A

TXNIP forward: TCCAGCAATTGGGGGAAAGA This paper N/A

TXNIP reverse: CTCCAAATCGAGGAAACCCCT This paper N/A

CLU forward: CCCACACTTCTGACTCGGAC This paper N/A

CLU reverse: CCCGTAGGTGCAAAAGCAAC This paper N/A

OLFM1 forward: AACTGGATGTCCCAGACGCT This paper N/A

OLFM1 reverse: AGCGACCACTGTGCAGATAC This paper N/A

Recombinant DNA

RNA-Binding Protein Pooled CRISPR Knockout Library Addgene Cat#141438

TLCV2 Addgene Cat#87360

pSicoR-mCh-empty Addgene Cat#21907

pLVX-puro HedgehogBio Cat#HH-LV-048

pMD2.G Addgene Cat#12259

psPAX2 Addgene Cat#12260

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

MAGeCK Li et al. https://sourceforge.net/projects/mageck/

Other

FACSympony S6 system BD Biosciences N/A

CX7LZR high-content analysis platform Thermo Scientific N/A

Malvern Instrument Malvern N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, QiankunHe (email:

qiankunhe@zzu.edu.cn).

Materials availability

This study did not generate new unique reagents and all materials in this study are commercially available.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
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� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

SW620, RKO, CT26 cells were cultured in RPMI1640 medium (Gibco). HEK-293T and HCT116 were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) medium (Gibco). All media were supplemented with 10% FBS (Lonsera) and 1% penicillin-streptomycin. All cells were incu-

bated at 37�C with 5% CO2.

Mice

5-7-week-old male BALB/c nude mice and male BALB/c mice were purchased from the Sipeifu Bioscience Co. Inc (Beijing, China). Mice were

maintained in the specific pathogen-free facility at Zhengzhou University. The animal experiments were approved by Ethics Committee of

Zhengzhou University (ZZUIRB2020-54).

Clinical samples

CRC tumor and paired normal adjacent samples were obtained from The First Affiliated Hospital of Zhengzhou University. All experimental

procedures were approvedby Ethics Committee of ZhengzhouUniversity (ZZUIRB2020-54).Written informed consents were obtained from all

patients.

METHOD DETAILS

RBP pooled CRISPR knockout library amplification and lentivirus package

RBP pooled CRISPR knockout library (Addgene, #141438) contents 10,774 individual gRNAs for RBPs, 1,058 negative control gRNAs and 628

positive gRNAs targeting essential genes. Library plasmids were extracted and removed endotoxin using FastPure EndoFree Plasmid Maxi

Kit (Vazyme, DC202-01).

HEK293T cells were seeded on six 15 cm culture dishes at 70% confluency. The mediumwas replaced with serum-free DMEMbefore lenti-

virus package. Each package program was performed using 150 mL Hieff Trans� Liposomal Transfection Reagent (Yeasen Biotechnology,

40802ES02), 30 mg RBP CRISPR library, 22.5 mg psPAX2 and 7.5 mg pMD.2G. After 6 hours transfection, medium was replaced with 30 mL

DMEMmedium. The supernatant was collected, filtered, mixed with PEG8000 solution at 1:4 (v/v) ratio and concentrated lentivirus overnight.

Lentiviral was centrifuged at 4500 rpm for 30 mins. Then, lentivirus was resuspended and stored at -80�C.

RBP CRISPR-cas9 screening

8.3 x 107 SW620 cells were transduced with concentrated RBP pooled CRISPR knockout library lentivirus (MOI=0.15) to achieve 1000 x library

coverage and cultured with 10 mg/mL polybrene (Yeasen Biotechnology, 40804ES76) in 1640 medium for one day. Then, cells were treated

with 2 mg/mL puromycin (Thermofisher Scientific, A1113802). 1.3 x 107 SW620 cells were collected on day 5 (marked as day 0) and day 12

(marked as day 7) for each replicate.

Genomic DNA of day 0 and day 7 were extracted using MiniBEST Universal Genomic DNA Extraction Kit (Takara Biomedical Technology,

#9765). For library construction, sgRNA sequences were amplified using Phanta Super-Fidelity DNA Polymerase (Vazyme, P501-d2) and one-

step primers containing Illumina adaptors, lentiCRISPR v2 vector binding sequences and unique index sequence. PCR products were purified

using FastPure Gel DNA Extarction Mini Kit (Vazyme, DC301-01) and sequenced using the Illumina NovaSeq 6000 platform. The sequencing

results were calculated and identified using MaGeCK-v 0.5.9.5.44

Immunohistochemistry (IHC) staining assay

11 CRC tumor and paired normal adjacent samples were fixed in 4% paraformaldehyde, dehydrated in ethanol and embedded with paraffin.

Paraffin-embedded sample slices were deparaffinized, rehydrated and subjected to antigen retrieval. All slices were incubated with antibody

against INTS3 (Proteintech, 16620-1-AP) overnight and secondary antibody for 1 h. Then, slices were stained with DAB working solution for

7min and hematoxylin for 5min. IHC imageswere acquired using a slide scanning system (Olympus VS200) and positive areas were calculated

using ImageJ.

sgRNA, shRNA and overexpression cell lines

The sgRNA sequences (sgINTS3 #3, TGGGGATTATGGTCTCCAG; sgINTS3 #4, CTGTCCTGCAGTGATACGG) were obtained from RBP

pooled CRISPR knockout library and cloned into TLCV2 (Addgene, # 87360). Lentivirus was generated by HEK293T and infected SW620.

SW620-sgINTS3 cells and control cells were treated with 2 mg/mL puromycin (Thermofisher Scientific, A1113802). INTS3 KO was induced

by 1mg/mL doxycycline (Solarbio Life Sciences, D8960).

All shRNA oligos (shINTS3 #1, GGATCTCGTAAGACTACTTCA; shINTS3 #2, GCAGAAAGTGTTCTGGATATC; mshINTS3, GCTGC

TACTTTCAACCAGTTT) were cloned into pSicoR-mCherry-empty (Addgene, # 21907). SW620, HCT116 and RKO were transduced with
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pSicoR-mCherry-empty or pSicoR-mCherry-INTS3 vector. Mcherry positive cells were sorted by FACSympony S6 system (BD Biosciences) for

the downstream assays.

The CDS sequence of INTS3 was cloned in pLVX-puro vector. The pLVX-INTS3-puro vector or pLVX-puro vector was transfected into

SW620. SW620-oeINTS3 and SW620-oeControl cells were treated with 2 mg/mL puromycin for the in vitro assays (Thermofisher Scientific,

A1113802).
Propagation/survival assay of human CRC cells

SW620-sgINTS3 #3, SW620-sgINTS3 #4 and SW620-sgControl cells were induced byDOX for 4 days and then were plated at 20,000 cells/well.

3-5 days after transduction, shINTS3 #1, shINTS3 #2 and shControl human colorectal cancer cells (50,000 SW620 cells/well, 20,000 HCT116

cells/well and 40,000 RKO cells/well) were plated. In this assay, CRC cells were counted daily up until 3-4 days and were stained with DAPI

at the end-point of the experiment.
Annexin V-APC/7-AAD apoptosis assay

Apoptosis assays were performed using the Annexin V-APC/7-AAD Apoptosis Kit (Procell, P-CA-208). Briefly, cells were washed by cold PBS

and were resuspended in 100 mL and stained with 2.5 mL Annexin-V-APC and 2.5 mL 7-AAD. Then, cells were incubated in the dark for 15 min.

100 mL binding buffer was added and analyzed using flow cytometry.
Cell proliferation assay

INTS3-LOF (loss of function) and control cells were seeded in 96-well plates. The cells were incubated with 10 mMEdu (Beyotime, C0081S) for

2 h before fixation, permeabilization and click-it reaction. Then cells were stained with DAPI for 20 mins. Proliferating cells were scanned and

analyzed by Thermo Scientific CX7LZR high-content analysis platform.
In vivo transplantation of human CRC cell lines

A total of 53 106 HCT116-shINTS3 cells (left flanks) or HCT116-shControl (right flanks) cells were injected into the back of male BALB/c nude

mice. For RKO tumor cell mouse model, 83 106 RKO-shINTS3 #2 cells (left flanks) or RKO-shControl (right flanks) cells were injected. Tumor

volumes were measured once every 2 days from the eighth day after injection. In Dox-inducible INTS3 knockout mouse model, a total of 53

106 SW620-sgINTS3 cells were injected into left back of themale BALB/c nudemice and 53 106 SW620-sgControl cells were injected into the

right back.

Once the tumor volume reached 100 mm3, mice were treated with 2 mg/mL DOX drinking water to induce INTS3 knockout and tumors

measured every other day. All tumor-bearing mice were sacrificed when tumor volumes reached 1000 mm3 and tumor weight was recorded.

Tumor volume was calculated as follow: volume= 0.53length 3 width2.
mRNA sequencing

SW620-sgControl, SW620-sgINTS3 #3 and SW620-sgINTS3 #4 were isolated for total RNA. The RNA-seq was conducted by Berry Genomics

(Fuzhou, China). Differential gene expression was analyzed and determined using |log2 fold-change| > 1.6 and Pvalue < 0.05 (Results were

shown in Tables S1 and S2).
Nascent RNA labeling

Global transcription regulation was detected by labeling the nascent RNA. Cell-Light EU Apollo643 RNA Imaging Kit (RiboBio, C10316-2) was

used to label nascent RNA. Briefly, cells were cultured in 500 mM EU medium for 2 h and fixed with 4% paraformaldehyde/PBS for 30 mins at

room temperature. Then EU-labeling cells were washed with 2 mg/mL glycine solution for 5 mins and permeabilized by 0.5% TritonX-100 for

10 mins. Finally, cells were cultured with click-it reaction buffer for 30 mins and detected by flow cytometry.
RNA stability assay

SW620-sgINTS3 #4 and control cells were treated with 5 mg/mL ActinomycinD (Act D) (MedChemExpress, HY-17559). Cells were collected at

0, 1, 2, 4 and 8h to isolate total RNA and detected gene expression as described above. The half-life of RNA was calculated by its expression

level at 1, 2, 4 and 8h relative to 0h. For the RNA-decay sequencing samples, cells were collected at 0, 2 and 4 hours (Results of RNA half-life

were shown in Table S3).
RNA isolation, reverse transcription and RT-qPCR

VeZol reagent (Vazyme, R411-01) was used to extract total RNA. Total 1 mg RNA was then reverse transcribed into complementary DNA

(cDNA) using HiScript III RT SuperMix (Vazyme, R323-01). Real-Time Quantitative PCR (RT-qPCR) was carried out using AceQ Universal

SYBR qPCR Master Mix (Vazyme, Q511-02). The primers of related genes can be found in Table S4.
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DOTAP/cholesterol liposome preparation and characterization

DOTAP and cholesterol (chol) were dissolved in chloroform and mixed (mol/mol=1:1) in a 100 mL-round-bottomed flask. Chloroform was

removed by using rotary evaporation at 37�Cwater bath for 1 h. The obtained films were hydrated in 5%glucose water to a final concentration

of 10mMDOTAP/chol. DOTAP/chol liposome andmshINTS3 plasmid weremixed at different mg:mg ratios (0:1, 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 10:1)

to detect suitable package rate. Hydrodynamic size and zeta potential were detected by Malvern Instrument (Malvern, Nano ZS).
DOTAP/chol-mshINTS3 nanoparticle antitumor assay in vivo

To establish CRC tumor-bearing mousemodel, male BALB/c mice were inoculated subcutaneously (s.c.) with CT26 cells (53 105) on the right

flank. After one week, all mice were randomly in three groups and treated with 5% glucose water, plasmids of mshINTS3 or DOTAP/chol-

mshINTS3 nanoparticles. Drugs were injected in tumor every 2 days for 7 times. The body weight of mouse and tumor volume

(volume= 0.53 length3width2) were record every other day. On the day 19, all micewere sacrificed and tumors were harvested anddigested

into single cells by using collagenase IV and Dnase I. Then, cells single cells were stimulated with 20 ng/mL PMA (Sigma), 1 mM ionomycin

(Sigma) and protein transport inhibitor (555029, BD bioscience) for 4h. Cells were then labeled with anti-CD45-FITC (30-F11), anti-CD3-

PerCP-eFluor710 (17A2), anti-CD8a-BV605 (53-6.7) and anti-IFN-g (XMG1.2) to analysis percentage CD8+ T cells and the interferon-g (IFN-

g)-producing.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using GraphPad Prism (GraphPad). ImageJ, a Java-based image processing program from the National Institutes of

Health, was used for quantification of the IHC, tunel staining and colony formation data. Data are shown asmeanGSD. Statistical significance

was determined by t tests (two-tailed) for two groups and set at *p < 0.05, **p < 0.01, ***p < 0.001.
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