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Abstract33

The accumulation of endogenous double-stranded RNA (dsRNA) triggers cytosolic34

innate immune response, yet how cells maintain tolerance to self-RNA remains35

incompletely understood. Here, we identify the oncofetal RNA-binding protein36

IGF2BP1 as a critical suppressor of endogenous dsRNA immunogenicity. Genetic37

ablation of IGF2BP1 in cancer cells and intestinal organoids caused the38

accumulation of immunogenic dsRNA, activated a viral-mimicry-like type I39

interferon response, and inhibited cell growth. Transcriptome-wide RNA-structure40

and protein–RNA interaction analyses showed that IGF2BP1 preferentially binds41

3′-UTRs enriched in Alu elements and associates with the RNA helicase DHX9 and42

the adenosine deaminase ADAR1, two established regulators of endogenous dsRNA43

homeostasis. RNA isolated from IGF2BP1-deficient cells was sufficient to induce44

dsRNA-sensor expression in recipient cells, supporting the immunostimulatory45

potential of the accumulated RNA species. These findings establish IGF2BP1 as a46

regulator of self-RNA structural homeostasis and nominate its inhibition as a47

potential viral-mimicry-based strategy for cancer immunotherapy.48

49
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Introduction50

The innate immune system serves as the first line of defense against pathogens and51

malignant transformation (Carpenter and O’Neill, 2024; Hu et al., 2024). A cornerstone52

of this defense is the type I interferon (IFN) response, triggered when pattern recognition53

receptors (PRRs) detect pathogen-associated or damage-associated molecular patterns.54

PRR activation drives the production of cytokines, such as IFN-β, followed by the55

subsequent expression of interferon-stimulated genes (ISGs), initiating antiviral and56

antitumor immune responses (Carpenter and O’Neill, 2024; Demaria et al., 2019; Hur,57

2019). Double-stranded RNA (dsRNA) is a potent immunostimulatory signal recognized58

by cytosolic RIG-I-like receptors (RLRs). Although RLRs typically detect viral dsRNA,59

they can also be aberrantly activated by unresolved or exposed endogenous dsRNA.60

Failure to maintain tolerance to endogenous dsRNA can cause sterile inflammation and61

autoimmune disorders, including systemic lupus erythematosus and Aicardi-Goutières62

syndrome (Crow et al., 2019; Hofer et al., 2024). Conversely, cancer cells frequently co-63

opt RNA regulatory mechanisms to suppress endogenous dsRNA accumulation and64

evade innate immune surveillance (Tufail et al., 2025). Disrupting these protective65

pathways to reactivate IFN signaling has therefore emerged as a promising strategy to66

enhance antitumor immunity (Boukhaled et al., 2021; Liang et al., 2021; Sasaki et al.,67

2025).68

RNA-binding proteins (RBPs) regulate nearly all aspects of RNA metabolism,69

including stability, translation, splicing, localization and structure of endogenous70

transcripts (He et al., 2023; Hentze et al., 2025). A growing number of RBPs, including71

DExD/H-box-containing RLRs, have been implicated in innate immune regulation and72
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disease progression (Panthi and Lynch, 2025; Turner and Petkau, 2026). However, how73

abundant RBPs regulate dsRNA homeostasis and innate immune activation remains74

poorly understood.75

Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) is a classic76

"oncofetal" RBP that is highly expressed in fetal tissues, nearly undetectable in most77

adult organs (Hammer et al., 2005), but frequently reactivated in diverse malignancies78

(Dhamdhere et al., 2023; Elcheva et al., 2020; Hagemann et al., 2023; Huang et al., 2018;79

Peng et al., 2025; Xiao et al., 2023). It contains two RNA-recognition motifs (RRMs) and80

four hnRNP-K homology (KH) domains, and promotes cell growth by controlling the81

stability, translation, and localization of target transcripts, including MYC, ACTB, E2F1,82

and MAPK4 (Elcheva et al., 2020; Hüttelmaier et al., 2005; Müller et al., 2020; Stöhr et83

al., 2012; Weidensdorfer et al., 2009), often acting as an N⁶-methyladenosine (m6A)84

reader (Müller et al., 2018; Xu et al., 2025).85

Beyond these well-characterized post-transcriptional roles, emerging evidence86

points to an unexpected connection between IGF2BP1 and immune homeostasis.87

Systemic IGF2BP1 deficiency in mice causes perinatal lethality and abnormal intestinal88

morphogenesis (Hansen et al., 2004), conditional deletion in adult intestinal epithelial89

cells triggers acute colitis (Singh et al., 2020) and IGF2BP1 degradation in NSCLC cells90

elevates cellular innate immune responses (Li et al., 2021). Despite these provocative91

observations, the precise molecular mechanisms linking IGF2BP1 to innate immune92

regulation remain unknown, and whether this connection involves a direct role in dsRNA93

homeostasis has not been explored.94
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Here, we uncover a non-canonical function of IGF2BP1 as a critical regulator of95

endogenous dsRNA immunogenicity and innate immune evasion. We demonstrate that96

genetic depletion of IGF2BP1 in cancer cell lines and mouse intestinal organoids caused97

the accumulation of endogenous dsRNA, accompanied by activation of RIG-I, MDA5,98

IFN-β, and ISGs expression and marked inhibition of cancer cell proliferation.99

Mechanistically, we show that IGF2BP1 binds preferentially to Alu element-enriched 3′-100

UTRs and associates with the RNA helicase DHX9 and the A-to-I editing enzyme101

ADAR1 in the regulation of immunogenic dsRNA structures, thereby actively102

modulating the secondary structure of endogenous transcripts. These findings establish103

IGF2BP1 as a structural gatekeeper of self-RNA tolerance and innate immune evasion104

and nominate its inhibition as a potential therapeutic strategy for cancer immunotherapy.105

106

Results107

IGF2BP1 loss activates innate immune signaling and inhibits cell proliferation108

To determine whether IGF2BP1 regulates innate immune homeostasis, we generated109

IGF2BP1-deficient Huh7 cells and characterized the resulting transcriptional response110

(Methods). Loss of IGF2BP1 strongly induced a type I interferon-associated program,111

including increased expression of RIG-I, MDA5 and numerous interferon-stimulated112

genes (ISGs, Fig. 1A-C; and Fig. S1A). This activation was not restricted to a single cell113

line: the protein level of RIG-I increased dramatically not only in Huh7 but also in114

HEK293 and HeLa IGF2BP1-knockout cells compared to wild-type cells (Fig. 1D).115

Importantly, re-expression of IGF2BP1 in knockout cells successfully rescued RIG-I116

levels (Fig. 1E), confirming that the immune activation is a direct consequence of117
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IGF2BP1 loss rather than a clonal artifact. Similarly, the mRNA level of MDA5 was118

upregulated more than 10-fold in IGF2BP1-knockout cells and this effect was completely119

reversed by IGF2BP1 re-expression (KO+IGF2BP1, Fig. 1F).120

To investigate whether IGF2BP1 similarly restrains innate immune signaling in121

a more physiological context, we depleted IGF2BP1 in mouse intestinal organoids. This122

depletion robustly stimulated the expression of key innate immunity proteins, including123

RIG-I, MDA5, and PKR (Fig. 1G). In line with this activation, the production of124

cytokines, specifically IFNα and IFNβ, was significantly increased in IGF2BP1-KO cells125

(Fig. 1H). This immune activation was rescued by the re-expression of IGF2BP1126

(KO+IGF2BP1), whereas knockdown of the control gene PPIA via short hairpin RNA127

failed to induce cytokine production (Fig. 1H), supporting a specific role for IGF2BP1 in128

restraining innate immune activation.129

Having established that IGF2BP1 loss activates innate immune signaling across130

cell lines and organoids, we next assessed the functional consequences of this sustained131

immune activation. Depletion of IGF2BP1 in the liver cell line Huh7 via CRISPR/Cas9-132

mediated knockout (IGF2BP1-KO), or in the intestinal cell line Caco-2 via short hairpin133

RNA, severely repressed cell proliferation, whereas knockdown of PPIA had no134

significant effect on this phenotype (Fig. 2A-B). Direct treatment with recombinant IFN-135

β also inhibited the proliferation of both Huh7 and Caco-2 cells (Fig. 2A-B),136

recapitulating the phenotype of IGF2BP1 depletion and suggesting that interferon137

signaling may contribute to the growth defect.138

The observation that IGF2BP1 loss induced an ISG program and interferon139

production, prompting us to compare this response with that elicited by a bona fide viral140
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challenge. To address this, we infected wild-type and IGF2BP1-knockout Huh7 cells141

with Zika virus (MR766). The ISG signature induced by IGF2BP1 deletion closely142

mirrored that of MR766 infection (Fig. 2C-E), with both conditions robustly stimulating143

RIG-I and MDA5. Strikingly, combining IGF2BP1 knockout with viral infection144

produced no additional increase in ISG expression in IGF2BP1-knockout cells (Fig. 2D),145

indicating that IGF2BP1 depletion had already strongly engaged the type I interferon146

pathway, largely recapitulating the transcriptomic state of viral infection. At the protein147

level, both IGF2BP1 knockout and MR766 infection increased innate immune proteins,148

whereas overexpression of IGF2BP1 suppressed these factors in infected cells (Fig. 1C,149

Fig. S1A). Collectively, these data identify IGF2BP1 as an endogenous suppressor of150

antiviral-like innate immune signaling and show that its loss induces a viral-mimicry-like151

cellular state.152

153

IGF2BP1 loss causes the accumulation of immunogenic endogenous dsRNA154

The induction of dsRNA sensors suggested that IGF2BP1 loss may lead to the155

accumulation of endogenous structured RNAs capable of stimulating innate immunity.156

To test this, we visualized dsRNA in IGF2BP1-KO cells using the dsRNA-specific157

antibody J2 (Schonborn et al., 1991). J2 immunofluorescence (IF) and dot-blot assays158

revealed significantly increased dsRNA in IGF2BP1-knockout Huh7 and HeLa cells159

relative to wild-type cells (Fig. 3A-B, Fig. S1A-B). Importantly, re-expressing IGF2BP1160

in knockout Huh7 cells (KO+IGF2BP1) restored dsRNA levels (Fig. 3A-B), consistent161

with the reduction of RIG-I after IGF2BP1 re-expression (Fig. 1E).162
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To assess the effects of IGF2BP1 deletion on cellular RNA structures at a global163

scale, we performed RNA structure probing (icSHAPE) (Flynn et al., 2016) in wild-type164

and IGF2BP1-KO Huh7 cells. The resulting reactivity profiles showed high structural165

accuracy and reproducibility (Fig. S1C-E). Integrating these results with the IGF2BP1166

binding sites identified by ultraviolet crosslinking and affinity purification (uvCLAP)167

(Maticzka et al., 2018) for IGF2BP1 in Huh7 cells (Fig. 4, Methods), we found that RNA168

regions directly targeted by IGF2BP1 exhibited significant structural alterations upon169

IGF2BP1 loss than non-target regions (Fig. 3C). Consistently, transcripts targeted by170

IGF2BP1 exhibited lower icSHAPE reactivity, consistent with increased base-pairing, in171

IGF2BP1-KO cells (Fig. 3D).172

We asked whether RNA accumulated after IGF2BP1 loss was173

immunostimulatory. To test this, we enriched dsRNA from IGF2BP1-KO cells using the174

J2 antibody (J2-RNA) and transfected the recovered RNA into naïve HeLa cells. We175

found that J2-enriched RNA induced RIG-I expression in recipient cells (Fig. 3E).176

Similarly, transfection of total RNA from IGF2BP1-KO cells, but not from wild-type177

Huh7 cells, induced the expression of MDA5, RIG-I, and protein kinase R (PKR) (Fig.178

S1F). IGF2BP1 overexpression attenuated this response (Fig. S1F), further linking179

IGF2BP1 activity to protection against immunostimulatory RNAs.180

To independently characterize the dsRNAs accumulating in IGF2BP1-deficient181

cells, we performed dsRNA immunoprecipitation and sequencing (dsRIP-Seq) (Gao et al.,182

2020). We found that more than 50% of the dsRNA pulled down by the J2 antibody were183

direct IGF2BP1 binding targets (Fig. 3F-G). Further, compared to IGF2BP1-WT cells,184

IGF2BP1-KO cells exhibited a global increase in complementary base-pairing within185
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these RNA regions (Fig. 3H-I). Taken together, these results show that IGF2BP1 loss186

increases endogenous dsRNA abundance and leads to the accumulation of RNA species187

capable of stimulating innate immune signaling. These accumulated dsRNAs represent188

candidate immunogenic ligands, although direct profiling of sensor-bound RNA will be189

required to establish their recognition by RIG-I or MDA5.190

191

IGF2BP1 binds Alu-enriched 3'-UTRs and limits RNA duplex formation192

To identify the RNA substrates through which IGF2BP1 regulates dsRNA homeostasis,193

we performed uvCLAP (Maticzka et al., 2018) of IGF2BP1 in Huh7 cells (Methods). We194

found that IGF2BP1 predominantly binds to “CACA” motifs, with a strong preference195

for the 3’-UTR regions of target RNAs (Fig. 4A). The vast majority of IGF2BP1 targets196

(>96%) are mRNA (Fig. 4B), with associated genes enriched for pathways related to cell197

adhesion, viral infection, and translation (Fig. 4C). Compared to the binding profiles of198

PTBP1, another 3’-UTR binding protein, and TRA2A, an RRM-containing protein, a199

striking >44% of IGF2BP1-bound RNAs contain simple-repeats or Alu elements (Fig.200

4D), two sequence classes with a strong propensity to influence RNA secondary structure201

(Masson et al., 2024; Setti et al., 2026; Smola et al., 2016; Yu et al., 2026).202

Endogenous Alu elements can form double-stranded RNA (dsRNA) structures203

(Kim et al., 2016; Masson et al., 2024). Under normal conditions, the cytosolic sensor204

like MDA5 do not recognize these cellular “self” dsRNAs (Ahmad et al., 2018; Hur,205

2019; Sun et al., 2025). This natural tolerance is primarily due to post-transcriptional A-206

to-I editing by adenosine deaminases acting on RNA (ADARs), which disrupts the207
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perfect dsRNA duplex structure, making them unrecognizable to wild-type MDA5208

(Ahmad et al., 2018; Sun et al., 2025). Typically, only mutated, hyperactive forms of209

MDA5 can overcome this tolerance to trigger an aberrant immune response against self-210

Alu RNAs. However, our data show that simply depleting IGF2BP1 is sufficient to211

robustly activate wild-type MDA5 and RIG-I (Fig. 1A-B, Fig. 2C-E). This raises a212

critical question: how does the loss of IGF2BP1 overcome this natural immune tolerance213

and activate the innate immune response against endogenous RNAs?214

215

IGF2BP1 associates with DHX9 and ADAR1 to support endogenous dsRNA216

homeostasis217

Our results indicate that IGF2BP1 contributes to endogenous RNA structural homeostasis,218

however, because IGF2BP1 lacks known helicase or enzymatic modification domains,219

we asked whether it associates with enzymes capable of remodeling structured RNA. By220

using affinity purification mass spectrometry (AP-MS) (Morris et al., 2014), we221

identified several DExD/H-box helicases interacting with IGF2BP1; in particular, DHX9222

was highly enriched in the IGF2BP1 co-purification (Fig. 5A). We confirmed the223

interaction by co-immunoprecipitation (co-IP) (Fig. 5B, top). RNase A digestion224

markedly reduced the recovery of DHX9 co-immunoprecipitated with IGF2BP1,225

supporting that this interaction is RNA-dependent (Fig. 5B, top).226

Interestingly, ADAR1 protein, which limits dsRNA immunogenicity through227

adenosine-to-inosine (A-to-I) editing, was also found to interact with IGF2BP1 (Fig. 5A).228

Loss-of-function mutations in ADAR1 cause spontaneous, pathogen-independent IFN229

production and Aicardi–Goutières syndrome through aberrant activation of MDA5 and230
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PKR (Rice et al., 2012) (Hu et al., 2023). We observed that, in contrast to DHX9, the231

interaction between IGF2BP1 and ADAR1 was enhanced by RNase treatment (Fig. 5B,232

second row), indicating that RNA modulates their interaction. Consistent with this model,233

intersection of the uvCLAP data of IGF2BP1 with known ADAR1 editing sites revealed234

that A-to-I editing sites within RNA frequently overlap with IGF2BP1 binding regions.235

Moreover, A-to-I editing increased after IGF2BP1 deletion (Fig. 5C). This increase may236

reflect greater availability or persistence of dsRNA substrates and a compensatory237

ADAR1 response, rather than impaired editing. Thus, these data associate IGF2BP1 with238

ADAR1 and edited RNA substrates but do not establish the direction or kinetics of239

ADAR1 recruitment.240

Finally, we knocked down DHX9 or ADAR1 in Huh7 cells and measured241

cellular dsRNA by J2 immunofluorescence. Consistent with previous reports (Aktaş et al.,242

2017; Murayama et al., 2024), we observed a significant accumulation of dsRNA in243

DHX9-knockdown Huh7 cells (Fig. 5D). As expected, depletion of ADAR1 also led to244

the accumulation of dsRNA (Fig. 5D). In contrast, we observed no dsRNA accumulation245

in control PPIA-knockdown cells (Fig. 5D). Collectively, these results support a model in246

which IGF2BP1 functions within an RNA-remodeling network involving DHX9 and247

ADAR1. Whether these proteins form a coordinated complex or act on shared substrates248

through coordinated or parallel pathways remains to be established.249

250
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IGF2BP1 expression is associated with attenuated interferon signatures in human251

cancers252

Having established experimentally that IGF2BP1 restrains endogenous dsRNA253

accumulation and interferon signaling, we asked whether this relationship was reflected254

in human tumors. We analyzed 16 TCGA cohorts containing at least ten matched tumor255

and adjacent non-tumor samples. IGF2BP1 mRNA were significantly elevated across256

multiple cancer types relative to matched non-tumor tissues (Fig. 6A; Fig. S2A-J). These257

included gastrointestinal, respiratory, reproductive and urinary malignancies. Across258

these cohorts, high IGF2BP1 expression (above the 75th percentile) was associated with259

poorer survival in COAD, STAD, LUAD, BRCA, and UCEC (P < 0.05) (Fig. 6B; Fig.260

S2K-N).261

We next asked whether IGF2BP1 expression was associated with the innate262

immune landscape. In COAD, HCC, LUAD, and STAD patients, IGF2BP1-high tumors263

consistently showed lower expression of ISGs, including IFIT5, IFIT2, OASL and GBP2264

(Fig. S3A-D). This inverse relationship is not confined to individual tumor types: analysis265

of pan-cancer single-cell RNA-seq data (Kinker et al., 2020) and single cell RNA-seq266

data from TCGA revealed mutually exclusive expression patterns between ISGs and267

IGF2BP1 across multiple malignancies (Fig. 6C). These results suggest that IGF2BP1-268

mediated suppression of innate immune signaling is a general feature rather than a269

cancer-type-specific phenomenon.270

We were particularly interested in genes encoding cytoplasmic dsRNA sensors,271

given their central role in initiating the type I interferon response that underpins anti-272

tumor immunity. Focusing on COAD, where we had the most comprehensive273
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transcriptomic data, we found that the expression levels of the dsRNA sensor-coding274

genes RIG-I (also known as DDX58) and MDA5 (IFIH1) were upregulated in patients275

with low IGF2BP1 expression (Fig. 6D-E). A similar inverse correlation between276

IGF2BP1 and dsRNA sensor expression was observed in OV and HNSC patients (Fig.277

S4A-B), reinforcing the generality of this relationship.278

Notably, this inverse relationship extends beyond cancer: IGF2BP1 is279

significantly downregulated in patients with Crohn's disease (CD) and ulcerative colitis280

(Haberman et al., 2014), conditions in which the dsRNA sensor MDA5 was281

correspondingly upregulated (Fig. S4C-D), consistent with the observation that IGF2BP1282

depletion in adult mouse intestines causes acute colitis (Singh et al., 2020). Together,283

these analyses show that IGF2BP1-high tumors are associated with attenuated interferon-284

response signatures in several cancer cohorts. Because these relationships may be285

influenced by cancer type, purity, immune infiltration, proliferative state, and other286

clinical variables, they should be interpreted as clinical support for the experimentally287

defined mechanism rather than evidence that IGF2BP1 independently determines innate288

immune state or patient outcome.289

290

Discussion291

In this study, we identify a previously unrecognized function of IGF2BP1 in maintaining292

endogenous dsRNA homeostasis and suppressing aberrant innate immune activation. We293

show that IGF2BP1 binds preferentially to Alu-enriched 3′-UTRs, and its loss increases294

base pairing within target transcripts, promotes immunogenic dsRNA accumulation and295

induces a viral-mimicry-like interferon response in cancer cells and intestinal organoids.296
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These findings establish IGF2BP1 as a regulator of self-RNA structural homeostasis and297

expand its known functions beyond mRNA stability, localization and translation.298

While IGF2BP1 is well-established as an "oncofetal" RNA-binding protein299

critical for fetal development and tumor progression, our analyses reveal a previously300

underappreciated dimension of its biology: an inverse association between IGF2BP1301

expression and inflammatory gene signatures. This observation consistent with studies302

linking IGF2BP1 disruption to intestinal inflammation, including Crohn’s disease and303

ulcerative colitis (Singh et al., 2020) (Lim et al., 2015). Together, these observations304

support a broader role for IGF2BP1 in restraining innate immune activation, although305

they do not establish that IGF2BP1 independently determines inflammatory state or306

clinical outcome.307

Integrated icSHAPE and uvCLAP analyses support a role for IGF2BP1 in RNA308

structural regulation. Over 40% of IGF2BP1 targets are enriched in Alu elements and309

simple repeats, sequences capable of forming base-paired secondary structures that310

resemble viral dsRNA (Athanasiadis et al., 2004). Under normal conditions, the A-to-I311

editing enzyme ADAR and RNA helicases like DHX9 resolve these structures to prevent312

autoinflammation (Aktaş et al., 2017; Chung et al., 2018; Hu et al., 2023; Sun et al.,313

2025). The association of IGF2BP1 with both ADAR1 and DHX9 places it within a314

previously unrecognized RNA-remodeling network. We propose that IGF2BP1 binds315

specific 3′-UTR regions and supports DHX9- and ADAR1-associated regulation of316

adjacent Alu-dsRNA structures (Fig. 7).317

By orchestrating this structural resolution, IGF2BP1 effectively acts as a318

gatekeeper of endogenous RNA immunogenicity. Rather than simply preventing the319
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initial folding of these RNAs, our data indicate that IGF2BP1 facilitates the active320

destabilization and editing of immunogenic dsRNA structures, thereby masking321

endogenous transcripts from detection by the cytosolic sensors RIG-I and MDA5. This322

mechanism operates in parallel with—and possibly upstream of—the established323

ADAR1-dependent self-tolerance pathway, suggesting that the dsRNA surveillance324

network is more layered than previously appreciated.325

In the context of oncology, this function aligns with the emerging concept of326

"viral mimicry". Inducing the accumulation of endogenous dsRNA—often through327

epigenetic therapies like DNA methyltransferase (DNMT) inhibitors or RNA splicing328

modulators—triggers a robust interferon response that sensitizes tumors to329

immunotherapy (Bowling et al., 2021; Chiappinelli et al., 2015; Chomiak et al., 2024; Li330

et al., 2023; Stone et al., 2017). Our findings identify IGF2BP1 as a potential regulator of331

tumor-intrinsic viral mimicry. The frequent reactivation of IGF2BP1 in solid tumors may332

therefore serve as an adaptive mechanism to suppress endogenous dsRNA333

immunogenicity and evade innate immune surveillance, consistent with its strong334

association with poor clinical prognosis and therapy resistance.335

Several important questions remain. First, while our in vitro and organoid336

models clearly demonstrate that IGF2BP1 loss activates dsRNA sensors and halts cancer337

cell proliferation, genetic perturbation of RIG-I, MDA5, MAVS and IFNAR signaling338

will be required to establish the pathways mediating these phenotypes. Second,339

investigating whether pharmacological inhibition of IGF2BP1 can synergize with340

immune checkpoint blockade (e.g., anti-PD-1) by enhancing tumor intrinsic IFN341

production and infiltration of cytotoxic T-cells will be a vital next step. Third, exploring342
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the exact structural determinants that dictate IGF2BP1’s affinity for specific Alu-343

containing transcripts may pave the way for targeted therapies aimed at selectively344

unmasking tumor-specific RNAs without triggering systemic autoimmunity. Finally,345

given that IGF2BP1 is largely absent from healthy adult tissues, its inhibition may offer a346

favorable therapeutic window, though potential effects on tissues with residual IGF2BP1347

expression—such as the intestinal epithelium—will require careful assessment.348

In summary, our study identifies IGF2BP1 as a regulator linking endogenous349

RNA structural homeostasis to innate immune quiescence. This non-canonical function350

expands the biological repertoire of IGF2BP1 beyond mRNA stabilization and translation.351

Its loss promotes the accumulation of immunostimulatory RNA structures and induces a352

viral-mimicry-like state. Future studies should determine whether this mechanism can be353

exploited therapeutically while preserving self-RNA tolerance in normal tissues.354

355
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Materials and Methods356

Cell line and antibodies357

Cell lines and antibodies used in this study are listed in Supplementary Table S1. All cell358

lines were determined to be free of mycoplasma based on PCR and nuclear staining. All359

cell lines mentioned in this study were cultured in DMEM (10% FBS, 1×Antibiotic-360

Antimycotic) under 37 oC, 5% CO2, except that C6/36 was cultured under 28oC.361

CRISPR knock out and short-hairpin RNA knock down362

Guide RNAs were designed by using the CRISPOR (http://crispr.mit.edu). To generate363

IGF2BP1 knock out cell lines, two gRNA sequences were designed and cloned into the364

pX459 vector (Supplementary Table S1).365

The gRNA-containing pX459 vectors were transfected into Huh7 cells using366

Lipofectamine 2000 (Invitrogen, 11668027) according to the manufacturer’s instructions.367

The transfected cells were selected with puromycin for 3 days, surviving cells were368

digested with trypsin and diluted to 0.5 cells per 100 uL DMEM medium (10% FBS).369

The diluted cells were plated into 96 well plates for clonal selection. Mutations were370

identified by PCR sanger sequencing using the primers flanking the sites of gRNA371

targeting (Supplementary Table S1), and cells containing nonsense mutation were used372

for this study.373

All short hairpin RNA (shRNA) plasmids were purchased from the MISSION374

shRNA Library (Sigma-Aldrich); full sequence identities of individual shRNA constructs375

were verified via Sanger sequencing using a U6 promoter sequencing primer. Lentiviral376

transduction was performed to establish stable cell lines harboring the aforementioned377
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shRNA clones. Following puromycin-based antibiotic selection (1 μg/ml), Huh7 and378

Caco-2 stable shRNA-expressing cells were seeded into 24-well and 96-well plates for379

cell proliferation assays and interferon ELISA measurements, respectively. Cell380

proliferation was quantified using a CCK-8 kit (YEASEN, 40203ES76), while interferon381

levels were determined with ELISA kits (Abcam, ab278127 and ab213479).382

For genetic knockdown experiments in mouse intestinal organoids, organoid383

culture was performed following previously established protocols (Sato et al., 2009;384

Wang et al., 2025). Briefly, intestinal crypts were dissociated from fresh mouse small385

intestinal tissues via 30 min incubation at 4 °C in ice-cold PBS supplemented with 0.5 M386

EDTA. Isolated crypts were counted manually and centrifuged to obtain cell pellets.387

Approximately 500 crypts were resuspended in 30 μL of Matrigel (MedChemExpress,388

HY-K6007) and seeded into 24-well plates for culture. Intestinal organoids were389

maintained for 7 days in standard ENR culture medium containing recombinant growth390

factors, including 10–50 ng/mL EGF, 500 ng/mL R-spondin 1, and 100 ng/mL Noggin,391

as previously described (Sato et al., 2009). For lentiviral shRNA transduction, organoids392

were mechanically dissociated into single cells and small cell clusters using the same393

procedure applied for routine organoid passaging. Dissociated organoid cells were394

resuspended in 10 mL of fresh ENR medium, mixed with lentiviral shRNA particles and395

8 μg/mL polybrene (Sigma-Aldrich, TR1003), and incubated in 24-well plates at 37 °C396

for 16 h to facilitate viral transduction. Following transduction, cells were re-embedded397

in Matrigel and cultured under standard organoid growth conditions. Three days post-398

transduction, 2 μg/mL puromycin was added to the culture medium for continuous399

positive selection of stably transduced organoids. The survived organoids were routinely400
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passaged and expanded for subsequent experiments. The gene knockdown efficiency was401

ultimately validated by western blotting analysis of the target protein.402

Immunofluorescence assay403

Huh7 cells were plated onto 12-well plate at 70% confluence and cultured for 12 hours404

on microslides. Cells were washed 2 times with cold PBS, and fixed with cold absolute405

methanol at -20°C. After washed with PBS, slides were blocked with 1% FBS406

supplemented with 0.05% Tween-20. Antibodies used for detecting virial or host targets407

are listed in Method. The nucleus was stained using DAPI. Fluorescence was monitored408

by confocal microscopy (Nikon Ti-E) using the uniform parameter settings. The figures409

were then analyzed and exported using NIS-Elements software (v4.30).410

RNA-seq411

Huh7 wild type and IGF2BP1 knocked out cells were plated onto a 15 cm dish at 50%412

confluence before 12-hours that infection with ZIKV. 72-hours after infection (~70%-413

80% cell confluence), medium was removed and cells were washed 2 times with ice-cold414

PBS. A portion of cells were scraped, and RNA was extracted using RNAiso Plus415

(TAKARA, 9109). Total RNA was subjected to RNA-seq library construction using416

NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, E7530S).417

RNA-seq data analysis418

RNA-seq data was de-duplicated with fastx-tool-kit firstly. Then the 5'/3'-adapter was419

removed by Trimmomatic (v0.30). The cleaned reads were then mapped to rRNA index420

with bowtie2 (v2.2.5). The unmapped reads were then mapped to human genome421

(GRCh38.p10.genome.fa) and ZIKV genome with STAR (v2.7.0d). The number of422
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mapping reads of each gene was counted by featureCounts of the Subread package423

(v1.6.4). Gene annotations were extracted from GENCODE human GTF annotation file424

(GRCh38.gtf). The correlation of gene expression between different samples were425

calculated by using log10(reads counts + 1) of genes. edgeR was used for gene426

differential expression analysis. The following cut-offs were set for differentially427

expressed genes: FDR ≤ 0.05 and |fold change| ≥ 2. ggplot2 were used for volcano plots.428

Identification IGF2BP1 binding targets using uvCLAP429

PiggyBac transposon vectors expressing biotin ligase gene BirA and transposase (a kind430

gift from Xiaohua Shen Lab, Tsinghua University) were transfected into Huh7 cells and431

selected with hygromycin B to generate a cell line stably expressing BirA. The Igf2bp1432

open reading frame (ORF) was cloned from the cDNA of HEK293T cells, and fused with433

a 3*FLAG-biotinylation sequence (3fb) tag to the N-terminal of IGF2BP1 using overlap434

PCR. The 3fb-Igf2bp1 ORF was then cloned into a pLVX-Puro vector with a CMV435

promotor and then transfected into the BirA-expressing Huh7 cell line using lentivirus,436

selected with hygromycin B (150 μg/ml) and puromycin (1 μg/ml). The 3fb-GFP437

expressing vector was also transfected into Huh7 cells as a control sample of uvCLAP.438

uvCLAP of 3fb-IGF2BP1 was performed according to a previous report439

(Maticzka et al., 2018). Briefly, cells were crosslinked by UV irradiation (150mJ/cm2 at440

UV250). The crosslinked cells were lysed with 2 volumes (v/v) of lysis buffer (50mM441

Tris-HCl, pH 7.4; 300mM NaCl; 0.5% NP-40; 1% Triton X-100; 0.1% SDS). Total442

proteins were determined by the BCA method and 2 mg total proteins were used for each443

uvCLAP experiment. Cell lysate was firstly incubated with FLAG M2 Magnetic Beads444

(Sigma-Aldrich, M8823) for about 2h, then washed twice with lysis buffer and twice with445
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high salt wash buffer I (50mM Tris-HCl, pH 7.4; 1M NaCl; 0.5% NP-40). Then the446

protein-RNA complexes were eluted with 250 ug/mL 3*FLAG peptides (MACKLIN,447

X860819) in lysis buffer. The eluate was then incubated with MyOne C1 beads448

(Invitrogen,65001) to collect biotinylated IGF2BP1. After 3 hours’ incubation, C1 beads449

were washed twice with SDS-Urea buffer (50mM Tris-HCl, pH7.4; 2% SDS; 4M Urea),450

twice high salt wash buffer II (5×PBS; 0.5% NP-40; 0.5% sodium deoxycholate; 0.1%451

SDS), following the twice wash with PNK buffer (50mM Tris-HCl, pH 7.4; 10mM452

MgCl2; 0.5% NP-40). The pull-downed RNA was trimmed by MNase (NEB, M0247S)453

using a dilution ratio ranging from 1:104 to 1:107. Then, the trimmed RNA was454

dephosphorylated using CIP (NEB, M0290S) and the 3’-linkers were ligated to the RNA455

using T4 RNA Ligase 2, truncated KQ (NEB, M0373S). Excess free 3’-linkers were456

washed away with PNK buffer. Then the 3’-tagged RNA was released from beads by457

proteinase K digestion. 5’-linkers were ligated to the RNA using T4 RNA Ligase 1 (NEB,458

M0437M), and reversed transcribed using Superscript III (Invitrogen, 18080085).459

Linkers/adaptors and primers used for uvCLAP library construction are listed in460

Supplementary Table S1.461

uvCLAP data analysis462

For the uvCLAP-seq data, the 1st reads were used for further analysis. The 5'/3'-adapter463

of uvCLAP-seq data were removed by Trimmomaitc (v0.30). Sequencing data then was464

de-duplicated by using 6-bp unique molecular identifier in 5’-end. The cleaned reads465

were then mapped to rRNA index with bowtie2 (v2.2.5). The unmapped reads were then466

mapped to human and ZIKV genome with STAR (v2.7.0d). Peaks calling was produced467
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by Piranha (v1.2.1). uvCLAP-seq data tracks was produced by IGV (Integrative468

Genomics Viewer, v2.4.14).469

IGF2BP1 eCLIP data from HepG2 and K562 cell lines (Van Nostrand et al.,470

2016) were used to compare with our uvCLAP data. For each transcript with IGF2BP1471

binding peaks, we divided it into sliding windows (window size: 50nt, window step: 25nt)472

and calculated the mean reads depth of sliding windows. Then we calculated correlation473

of the mean reads depth of sliding windows between our data and previous eCLIP data.474

To search for the IGF2BP1 motifs, we selected the sequence of most significant 1000475

IFG2BP1 binding peaks and call the motifs by using HOMER (v4.10) . For the metaplot,476

we divided each transcript 5'UTR, CDS and 3'UTR into 50 regions and calculated the477

mean peak sites of these regions. ggplot2 were used for making metaplot plots.478

Double-stranded RNA detection, purification and transfection479

For dsRNA immunofluorescence assay (IFA), mammalian cells were seeded on 12 well480

plate tilling glass slides with about 80% confluence. Cells were washed twice with PBS,481

fixed and permeabilized using 4% PFA in PBS containing 0.3% Triton-X100. Fixed cells482

were blocked using blocking buffer (5% FBS in PBS containing 0.3% Triton-X100) for483

about 2 hours at room temperature. J2 antibody (Scicons) was diluted as 1:2000 in484

blocking buffer and incubated with the fixed cells at 4 oC for over-night. After PBS485

washes, cells were incubated with secondary antibody (Anti-Mouse IgG H&L Alexa486

Fluor 488, 1:2000 in blocking buffer containing 8ug/ml DAPI) at room temperature for 4487

hours in dark. After PBS wash, the slides were mounted and observed under inverted488

microscope (Nikon, TS100) with UV405 and FITC models.489
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For dsRNA dot-blot, total RNA from Huh7 wild-type and IGF2BP1-KO cells490

were extracted using TRIzol reagent. Total RNA was diluted and 0.1, 0.5 and 1 μg RNA491

were blotted on nitrocellulose membrane. Then the membrane was blocked using492

blocking buffer (5% skim milk in TBST buffer) for over-night at 4 oC. J2 antibody was493

diluted in blocking buffer (1:2000), and incubated with membrane at room for at least 4494

hours. After washed with TBST buffer, secondary antibody (Goat Anti-Mouse IgG-HRP495

Conjugated) was incubated with membrane for 1 hour at room temperature. Finally, the496

membrane was developed using ECL reagent (Immobilon, WBKLS0500).497

For cellular dsRNA purification, total RNA was extracted from Huh7 IGF2BP1-498

KO cells. 40 μg of total RNA was incubated in binding buffer (150 mM NaCl, 50 mM499

Tris-HCl pH 7.0, 1 mM EDTA, 0.5% NP-40) with 10 μg of J2 antibody and 10U500

SuperaseIn (Ambion, AM2696) overnight at 4 oC. Then 50 μL of protein-A/G magnetic501

beads (Pierce, 88802) was added and incubated for 4 h at 4 oC, followed by 5×washes in502

cold binding buffer. After last wash, beads were resuspended using 1 mL of TRIzol and503

the dsRNA was extracted as manufacturer's instructions. 350 μL supernatant was504

transferred for dsRNA precipitation using isopropanol. And the purified dsRNA was505

dissolved in 20 μL water.506

Hela cells were seeded on 12 well plate with the confluence about 80%. J2-507

purified RNA or total RNA purified from cells was transfected into Hela cells using 2 μL508

Lipofectamine 2000 reagent (Thermo) as the manufacturer's instructions. Post 12 h of509

transfection, cells were collected for western-blot assay.510
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RNA structure probing experiments511

Huh7 wild type and IGF2BP1 knocked out cell (4 plates for each cell line) were seed at512

~80% confluence. Post 24 hours’ seeding, 100mM NAI-N3 were added to 2 plates for513

each cell line and incubated at 37 °C for 5 min with gentle mixing. Equal amounts of514

DMSO were added to another 2 plates for each cell line and used for control of NAI-N3515

modification. Then, cells were transferred immediately on ice for stopping modification.516

RNA was extracted using TRIzol reagent and purified with the Hipure RNA pure Micro517

Kit according to the manufacturer’s instructions. icSHAPE sequencing library518

construction and sequencing data analyzing were performed according previous report519

(Flynn et al., 2016).520

Affinity purification mass spectrometry and co-immunoprecipitation521

ORF of Igf2bp1 fused with 3*FLAG tag was cloned into pLVX-Puro vector and co-522

transfected with packaging plasmids into HEK293T cells for lentivirus packaging.523

IGF2BP1 overexpressing Huh7 cells were generated by lentivirus transfection following524

puromycin selection. About 1×108 cells expressing 3*FLAG-IGF2BP1 were resuspended525

with lysis buffer (50 mM HEPES, pH 8.0, 100 mM KCl, 2 mM EDTA, 0.1% NP40, 5%526

glycerol, supplemented with protease inhibitor). The clarified lysates were incubated on527

ice or treated with RNase A (100μg/mL) at 25°C for 30min with shaking. Cell lysates of528

3*FLAG-GFP were used for negative control. FLAG M2 beads (30μL) were added into529

the cell lysates and rotated at 4°C for 2h. Beads were washed twice using lysis buffer,530

followed two washes with high salt wash buffer (50 mM HEPES, pH 8.0, 0.5M KCl, 2531

mM EDTA, 0.1% NP40, 5% glycerol). Proteins were eluted using FLAG peptides532

(200μg/mL) in lysis buffer. The eluted proteins were separated on SDS-PAGE gels and533

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.12.000308. This version posted August 13, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



26

visualized using silver staining. Protein bands on the gels were excised for mass534

spectrometry assay (Thermo, Orbitrap Fusion).535

Huh7 (1×108) cells were collected and resuspended using lysis buffer (25 mM536

Tris-HCl, pH 7.5, 100mM NaCl, 1% NP40, and 0.5% sodium deoxycholate537

supplemented with protease inhibitor). The clarified lysates were aliquot into two parts,538

incubated on ice or treated with RNase A (100μg/mL) at 25°C for 30min respectively.539

IGF2PB1 antibody (10 μg, MBL, RN007P) or rabbit IgG (10 μg) was conjugated to540

100 μL protein A/G beads (Pierce, 88802). The conjugated beads were added to lysates541

and rotated for 1h at 4 °C. Washed beads twice with lysis buffer and followed two washes542

with high salt wash buffer (20 mM Tris-HCl, pH 7.4, 1M NaCl, 0.2% NP40543

supplemented with protease inhibitor). The proteins were eluted using RIPA buffer544

(20 mM Tris-HCl, pH 7.4, 100mM NaCl, 1% SDS and 50mM DTT). The eluted proteins545

were separated on SDS-PAGE gels for western-blot analysis.546

547

Statistical analysis548

Data were analyzed using GraphPad Prism 6.01 (GraphPad Software, San Diego, CA,549

USA) and R software. The values shown in the graphs are presented as means ± SD of at550

least three independent experiments. Significance was determined by unpaired two-tailed551

t test; P < 0.05 was considered statistically significant.552

553
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Figure Legends778

Figure 1. IGF2BP1 knockout robustly activates the expression of double-stranded RNA779

sensors in mouse intestinal organoids and different type of cancer cells.780

(A), Heatmap showing the expression levels of interferon-stimulated genes in Huh7 cells under781

different conditions: WT vs. IGF2BP1 KO (mock_KO vs. mock_WT), MR766-infected WT vs.782

uninfected WT (766_WT vs. mock_WT), MR766-infected KO vs. uninfected WT (766_KO vs.783

mock_WT), and MR766-infected KO vs. uninfected KO (766_KO vs. mock_KO). Log2(FC)784

values are indicated by color intensity. MR766 infection was performed at a multiplicity of785

infection (MOI) of 1.786

(B), Transcriptome-wide analysis of IGF2BP1 knockout (IGF2BP1-KO) versus wild type (WT)787

Huh7 cells without viral infection. Upregulated genes are highlighted in red, and downregulated788

genes are highlighted in blue. Key interferon-stimulated genes are listed, and key dsRNA sensors789

(RIG-I and MDA5) are highlighted in bold. Fold change (FC) ≥ 2 and adjusted P-value < 0.05790

were set as the cutoff for differential expression.791

(C), Western blotting analysis of type I interferon signaling-related proteins in Huh7 WT,792

IGF2BP1-KO, and IGF2BP1 overexpressed (OE) cells with (Infected) or without (Mock)793

MR766 infection (MOI=1). GAPDH was used as sample loading control.794

(D), Western blotting analysis of RIG-I in HeLa (left) and HEK293 (right) IGF2BP1 knockout795

cells. WT, wild-type cells; KO1, KO2, independent IGF2BP1 knockout cell clones. GAPDH was796

used a sample loading control.797

(E), Rescue experiment verifying RIG-I protein levels in IGF2BP1 knockout cells with IGF2BP1798

re-expression. The overexpression vector pLVX-IGF2BP1 or pLVX-GFP (control) was799
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transfected into IGF2BP1 knockout cells. WT, Huh7 wild-type cells. GAPDH was used as800

sample loading control.801

(F), Relative MDA5 mRNA expression levels in Huh7 WT, IGF2BP1-KO, and IGF2BP1 rescue802

(KO+IGF2BP1) cells. Expression levels were normalized to those in WT cells. Data are803

presented as mean ± SD from 3 independent biological replicates.804

(G), Western blotting analysis of RIG-I, MDA5, and PKR in wild-type (WT) and IGF2BP1-805

knocked down mouse intestinal organoids. NC, scrambled shRNA; sh-1, sh-2, short hairpin806

RNAs targeting to IGF2BP1. GAPDH was used as sample loading control for western blotting.807

(H), Type I interferon levels in Huh7 wild-type (WT), IGF2BP1 knockout (IGF2BP1-KO),808

IGF2BP1 rescue (KO+IGF2BP1), and peptidylprolyl isomerase A (PPIA) knockdown (shPPIA)809

cells. The shPPIA cells were used as background control for interferon measurement in gene-810

manipulation cells. Data are presented as mean  SD from 3 independent biological replicates.811

812

Figure 2. IGF2BP1 knockout suppresses proliferation of cancer cells and drives viral813

mimicry responses in cells.814

(A, B) Effect of IGF2BP1 depletion on the proliferation of Huh7 (A) and Caco-2 (B) cells. WT,815

wild-type cells; shNC, scramble short hairpin RNA (negative control); shIGF2BP1, short hairpin816

RNA targeting IGF2BP1; shPPIA, short hairpin RNA targeting PPIA (negative control for gene817

knockdown-associated growth effects); IGF2BP1-KO, IGF2BP1 knockout cells; KO+IGF2BP1,818

IGF2BP1 re-expression in IGF2BP1-KO cells. IFNβ: cells cultured in medium supplemented819

with interferon β. Cell proliferation was assessed via CCK-8 assay at 0, 24, 48, and 72 h. Data820

are shown as Mean  SEM.821
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(C), Differentially expressed genes in WT Huh7 cells infected with Zika virus strain MR766822

(766_WT) versus uninfected WT cells (mock_WT).823

(D), Transcriptome comparison between uninfected IGF2BP1 KO cells (mock_KO) and Zika824

virus MR766-infected IGF2BP1 KO cells (766_KO).825

(E), Gene Ontology (GO) functional enrichment analysis of up-regulated genes in IGF2BP1-KO826

Huh7 cells (left) and MR766-infected WT cells (right). The top 10 enriched terms are shown.827

828

Figure 3. The dsRNAs accumulated in IGF2BP1 knockout cells are transferable.829

(A), Immunofluorescence analysis of cytosolic dsRNA in Huh7 wild-type (WT), IGF2BP1830

knockout (KO), and IGF2BP1 re-expression (KO+IGF2BP1) cells using the dsRNA-specific J2831

antibody (green). Cell nuclei were counterstained with DAPI (blue). Scale bar, 10 μm.832

(B), Dot-blot analysis of cellular dsRNA using the J2 antibody. Total RNAs were extracted from833

Huh7 WT, IGF2BP1 KO, and KO+IGF2BP1 cells, and serial dilutions of total RNA were loaded834

onto a nitrocellulose membrane for detection.835

(C), Changes in RNA secondary structure at IGF2BP1-binding regions in IGF2BP1 KO Huh7836

cells. RNA regions were classified as IGF2BP1-bound (uvCLAP identified) or unbound. The837

violin plot shows the absolute value of SHAPE score differences between the two groups,838

reflecting structural changes. ***P≤ 0.001; Student’s t-test.839

(D), Transcriptome-wide RNA secondary structure analysis in Huh7 WT and IGF2BP1-KO cells.840

The icSHAPE was performed to quantify RNA secondary structure. Higher SHAPE score values841

indicate regions with a higher propensity to adopt single-stranded conformations, while lower842

values indicate regions with a greater propensity for double-stranded conformations. The scatter843
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plot shows pairwise comparison of SHAPE scores for all transcripts between WT and IGF2BP1-844

KO cells.845

(E), Western blotting analysis of RIG-I in HeLa cells transfected with gradient doses of dsRNA846

purified using J2 antibody from Huh7 IGF2BP1 KO cells. Lipo, Lipofectamine 2000 alone; Luc847

RNA, in vitro-transcribed luciferase RNA; J2-RNA, RNA purified via J2 antibody-based848

immunoprecipitation from Huh7 IGF2BP1-KO cells (50 ng, 100 ng, 200 ng per transfection).849

GAPDH was used as sample loading control.850

(F), Enrichment analysis of cytosolic dsRNA in Huh7 IGF2BP1 KO cells. The dsRNA851

enrichment efficiency quantified from two aspects: the ratio of RNA abundance in J2 antibody852

immunoprecipitates to input samples (dsRIP/INPUT) in WT and KO cells; and the ratio of J2-853

immunoprecipitated RNA in KO cells to that in WT cells (dsRIP vs. ctrl).854

(G), Overlap between dsRNAs (pulled down by J2 antibody in dsRIP) and IGF2BP1-bound855

transcripts (identified by uvCLAP) in Huh7 cells.856

(H), Genome browser tracks showing dsRIP-seq signals of representative IGF2BP1 target857

transcripts (BZW1, SSR3, MREG, TMX3) in Huh7 WT and IGF2BP1-KO cells. Sequencing reads858

were mapped to the gene body of each indicated transcript, with gene structure annotated below.859

The y-axis represents normalized read counts (reads per million reads, RPM).860

(I), RNA secondary structure reconstruction of the BZW1 transcript based on icSHAPE-derived861

SHAPE scores in Huh7 WT and IGF2BP1-KO cells. Higher SHAPE scores (red) indicate a862

greater propensity for single-stranded conformations in RNA.863

864
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Figure 4. IGF2BP1 preferentially binds Alu element containing transcripts.865

(A), IGF2BP1 RNA-binding characteristics. Motif enrichment analysis of IGF2BP1-binding866

sites identified from uvCLAP (Huh7 cells) and integrated eCLIP datasets from HepG2 and K562867

cells (Van Nostrand et al., 2020). The top 4 significantly enriched motifs are displayed (top).868

Bottom: distribution of IGF2BP1-binding density across different RNA regions based on869

uvCLAP and eCLIP data.870

(B), Classification of IGF2BP1-binding RNA species. The pie chart shows the percentage of871

different RNA types (mRNA, snoRNA, lincRNA etc.) among IGF2BP1-binding targets872

identified via uvCLAP in Huh7 cells.873

(C), Gene Ontology (GO) enrichment analysis of IGF2BP1-binding RNAs. Shown are GO terms874

with significant enrichment (adjusted p < 0.01). Target RNAs were identified via uvCLAP in875

Huh7 cells, and background reference was the whole Huh7 mRNA transcriptome.876

(D), Repeat element enrichment in IGF2BP1-bound transcripts. The stacked bar chart shows the877

percentage of different repeat element types (e.g., Alu, simple repeats) in IGF2BP1-bound878

transcripts identified by uvCLAP. Binding targets of PTBP1 and TRA2A were retrieved from879

published eCLIP datasets (HepG2 and K562 cells; Van Nostrand et al., 2020).880

881

Figure 5. IGF2BP1 physically cooperated with ADAR1 and DHX9 to restrain accumulation882

of cellular dsRNA.883

(A), Identification of IGF2BP1-associated proteins via affinity purification-tandem mass884

spectrometry (AP-MS). Scatter plot showing the correlation of protein abundance between two885

independent biological replicates. Pearson correlation coefficient (r) is indicated.886
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(B), Validation of the physical interaction between IGF2BP1 and DHX9 and ADAR1 was887

performed via co-immunoprecipitation (co-IP). Co-IP was performed using an anti-IGF2BP1888

antibody (IP) in Huh7 cell lysates, and co-purified DHX9 and ADAR1 were detected by Western889

blotting (IB). IgG was used as a negative control for non-specific precipitation. A parallel co-IP890

assay was performed in RNase A-treated cell lysates (IGF2BP1+RNase A) to assess RNA891

dependence of the interactions. GAPDH was used as sample loading and non-specific892

precipitation control.893

(C), ADAR1-mediated A-to-I editing efficiency around IGF2BP1-binding sites. The average A-894

to-I editing ratios of IGF2BP1-bound transcripts were quantified in 100nt bins spanning 1,000nt895

upstream and downstream of IGF2BP1-binding sites. Editing ratios were compared between896

Huh7 wild-type (WT) and IGF2BP1 knockout (KO) cells. Data are presented as mean ± SD. *, P897

≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; Student’s t-test.898

(D), Immunofluorescence analysis of cellular dsRNA in gene-manipulated Huh7 cells. Cytosolic899

dsRNA was detected using the dsRNA-specific J2 antibody (green) in ADAR1 knockdown900

(shADAR1), DHX9 knockdown (shDHX9), and PPIA knockdown (shPPIA) cells. shPPIA cells901

served as a background control for gene manipulation. Cell nuclei were counterstained with902

DAPI (blue). Scale bar, 10 μm.903

904

Figure 6. IGF2BP1 overexpression is associated with suppressed innate immune activation905

and poor clinical outcomes in human cancers.906

(A), Expression levels (transcripts per million, TPM) of IGF2BP1 in patients with colon907

adenocarcinoma. Transcriptome data of colon adenocarcinoma patients were retrieved from The908

Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD) dataset. IGF2BP1 expression909
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was compared between primary tumor tissues and adjacent normal para-carcinoma tissues. Box910

plots represent the 5th–95th percentiles, with horizontal lines indicating medians. ***, P ≤ 0.001;911

Wilcoxon rank-sum test.912

(B), Kaplan–Meier survival analysis comparing overall survival between patients with high913

(yellow) and low (blue) IGF2BP1 expression. p = 0.022 (log-rank test).914

(C), Expression of interferon-stimulated genes (ISGs) across eight cancer types, including915

digestive system malignancies (colon carcinoma, COAD; hepatocellular carcinoma, HCC),916

respiratory system tumors (lung adenocarcinoma, LUAD; lung squamous cell carcinoma, LUSC),917

reproductive system cancers (breast cancer, BRCA; uterine carcinosarcoma, UCS), head and918

neck cancer (HNSC), and skin cutaneous melanoma (SKCM), comparing tumors with high919

versus low IGF2BP1 expression. High IGF2BP1 expression is consistently associated with920

diminished ISG expression. ***, P < 0.001; Wilcoxon rank-sum test.921

(D, E) Expression levels (TPM) of RIG-I and MDA5 in colon adenocarcinoma patients stratified922

by IGF2BP1 expression. TCGA COAD dataset was used, and patients were divided into high923

IGF2BP1 (top 33%) and low IGF2BP1 (bottom 33%) groups based on IGF2BP1 transcript levels.924

Box plots represent the 5th–95th percentiles, with horizontal lines indicating medians. P ≤ 0.001;925

Wilcoxon rank-sum test.926

927

Figure 7. Schematic model of the IGF2BP1-ADAR-DHX9 axis in regulating endogenous928

dsRNA-stimulated innate immunity.929

IGF2BP1 selectively binds dsRNA-prone transcripts via the "CACA" motif. ADAR1 mediates930

A-to-I editing to disrupt dsRNA formation, while DHX9 unwinds existing dsRNA structures.931
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Loss of any component of the complex leads to dsRNA accumulation and innate immune932

activation.933
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Supplementary Figures934

Fig. S1 Loss of IGF2BP1 leads to induction of immunogenic double-stranded RNAs in935

human cells.936

(A), Western blot analysis of IGF2BP1 protein expression in Huh7 cells. WT, Huh7 wild-type937

cells; IGF2BP1-KO, IGF2BP1 knockout cells; OE, IGF2BP1-overexpressing cells. GAPDH was938

used as sample loading control.939

(B), Immunofluorescence assay (IFA) of dsRNA in HeLa cells. WT, HeLa wild-type cells;940

IGF2BP1-KO, HeLa IGF2BP1 knockout cells. The dsRNA was detected with the J2 antibody941

(green), and nuclei were stained with DAPI (blue). Scale bar, 10 μm.942

(C), Correlation of transcript abundance (RPKM) between replications of icSHAPE sequencing.943

RNA-seq (DMSO) in Huh7 wild-type (WT) and IGF2BP1 knockout (IGF2BP1-KO) cells was944

used to compare transcript abundance (RPKM) between two replications from icSHAPE945

sequencing data.946

(D), Receiver-operating characteristic (ROC) curve for evaluating the performance of RNA947

secondary structure reconstruction using icSHAPE data. WT, icSHAPE in Huh7 wild-type cells;948

KO, icSHAPE in IGF2BP1 knockout cells (IGF2BP1-KO).949

(E), Cross-validation of RNA secondary structure reconstruction performance. Human 18S950

rRNA (with a well-characterized secondary structure, PDB entry: 4V6X) was used for cross-951

validation through mapping SHAPE scores to individual nucleotides. SHAPE scores are952

represented by different colors, with higher scores (in red) indicating more accessible single-953

stranded regions of RNA.954

(F), Western blotting analysis of dsRNA sensors (RIG-I, MDA5, PKR) in Huh7 wild-type (WT)955

and IGF2BP1-overexpressed (OE) cells transfected with RNAs from different sources. Lipo,956
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Lipofectamine 2000 alone (transfection reagent control); Luc RNA, in vitro-transcribed957

luciferase RNA (non-immunogenic RNA control); WT RNA, RNA purified from Huh7 WT cells;958

KO RNA, RNA purified from Huh7 IGF2BP1 knockout (KO) cells. Approximately 200 ng of959

RNA was transfected. GAPDH was used as sample loading control.960

961

Fig. S2 Elevated IGF2BP1 expression in multiple human cancers correlates with adverse962

clinical outcomes.963

(A), IGF2BP1 upregulation across various cancer types. Red dots denote malignancies with964

significantly increased IGF2BP1 mRNA expression (P < 0.05, Wilcoxon rank-sum test), and965

gray dots indicate cancers with no significant change in IGF2BP1 levels. BLCA, bladder cancer;966

BRCA, breast cancer; COAD, colon carcinoma; ESCA, esophageal carcinoma; HNSC, head and967

neck cancer; HCC, hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung968

squamous cell carcinoma; OV, ovarian cancer; READ, rectal adenocarcinoma; SKCM, skin969

cutaneous melanoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial970

carcinoma; KICH, kidney chromophobe carcinoma; KIRP, kidney papillary cell carcinoma;971

KIRC, kidney clear cell carcinoma; PRAD, prostate adenocarcinoma, THCA, thyroid carcinoma.972

(B-J), IGF2BP1 mRNA levels across various human cancers. IGF2BP1 expression was973

compared between cancer and matched normal or para-carcinoma tissues. TPM, transcripts per974

kilobase million. Box plots represent the 5th–95th percentiles, with horizontal lines indicating975

medians. ***, P ≤ 0.001; Wilcoxon rank-sum test.976

(K-N), Kaplan–Meier survival curves for overall survival stratified by IGF2BP1 expression.977

Patients with high IGF2BP1 expression are shown in yellow, and those with low expression in978

blue. Analyses were performed across four cancer types: stomach adenocarcinoma (STAD), lung979
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adenocarcinoma (LUAD), breast invasive carcinoma (BRCA), and uterine corpus endometrial980

carcinoma (UCEC). The p values were calculated using the log-rank test and presented in the981

corresponding panels.982

983

Fig. S3 Correlation between IGF2BP1 expression and innate immunity-associated genes984

across diverse human cancers.985

(A-D), Expression of interferon stimulated genes in patients with colon adenocarcinoma (A),986

hepatocellular carcinoma (B), lung adenocarcinoma (C), and stomach cancer (D). TCGA cancer987

dataset was used, and patients were divided into high IGF2BP1 (top 33%) and low IGF2BP1988

(bottom 33%) groups based on IGF2BP1 transcript levels. Box plots represent the 5th–95th989

percentiles, with horizontal lines indicating medians. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;990

Wilcoxon rank-sum test.991

992

Fig. S4 Correlation between IGF2BP1 expression and double-stranded RNA sensors in993

human cancers and inflammatory bowel diseases.994

(A-B), Expression of dsRNA sensor coding genes RIG-1 and MDA5 in patients with ovarian995

cancer (A), or head and neck cancer (B). Patients were divided into high IGF2BP1 (top 33%) and996

low IGF2BP1 (bottom 33%) groups based on IGF2BP1 transcript levels. Box plots represent the997

5th–95th percentiles, with horizontal lines indicating medians. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤998

0.001; Wilcoxon rank-sum test.999

(C), Expression levels of IGF2BP1, IGF2BP2, and IGF2BP3 in pediatric patients with ileal1000

Crohn’s disease (CD) or ulcerative colitis (UC). Transcriptome data from patients with1001
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inflammatory bowel disease (GEO series accession number GSE57945; Haberman et al, 2014)1002

were re-analyzed to assess the expression of IGF2BP family members. Box plots represent the1003

5th–95th percentiles, with horizontal lines indicating medians. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤1004

0.001; n.s., not significant; Wilcoxon rank-sum test.1005

(D), Expression of dsRNA sensor coding genes RIG-1 and MDA5 in patients with Corhn’s1006

disease or ulcerative colitis. Box plots represent the 5th–95th percentiles, with horizontal lines1007

indicating medians. **, P ≤ 0.01; Wilcoxon rank-sum test.1008
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