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ABSTRACT  21 

In response to oncogenic signals, Alternative Splicing (AS) regulators such as SR and 22 

hnRNP proteins show altered expression levels, subnuclear distribution and/or post-23 

translational modification status, but the link between signals and these changes remains 24 

unknown. Here, we report that a cytosolic scaffold protein, IQGAP1, performs this task in 25 

response to heat-induced signals. We show that in gastric cancer cells, a nuclear pool of 26 

IQGAP1 acts as a tethering module for a group of spliceosome components, including 27 

hnRNPM, a splicing factor critical for the response of the spliceosome to heat-shock. 28 

IQGAP1 controls hnRNPM’s sumoylation, subnuclear localization and the relevant response 29 

of the AS machinery to heat-induced stress. Genome-wide analyses reveal that IQGAP1 and 30 

hnRNPM co-regulate the AS of a cell cycle-related RNA regulon in gastric cancer cells, thus 31 

favouring the accelerated proliferation phenotype of gastric cancer cells. Overall, we reveal a 32 

missing link between stress signals and AS regulation.   33 

 34 

INTRODUCTION 35 

In humans, more than 95% of multi-exonic genes are potentially alternatively spliced (1,2). 36 

The importance of accurate AS in health and disease, including cancer, has been well 37 

documented (3–7). Most data linking AS, signaling and cancer comes from cases where 38 

localization, expression, or post-translational modifications of splicing factors like SR 39 

proteins or hnRNPs are altered (7). In the cytoplasm, signalling integrators such as the 40 

scaffold proteins spatially organise signalling enzymes and guide the flow of molecular 41 

information (8). In the nucleus, a few cases have been identified, involved in nuclear protein 42 

quality control and transcriptional regulation (9,10). However, information is missing on how 43 

signals reach the splicing machinery and alter splicing outcome.  44 

In our search for signal transducers to the splicing complexes, we came across the scaffold 45 

protein IQGAP1 (IQ-Motif Containing GTPase Activating Protein 1) in LC-MS/MS data of 46 
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hnRNP complexes in mouse and human cell lines. IQGAP1 has been previously detected as 47 

a component of distinct spliceosomal complexes by LC-MS/MS analyses (11,12). 48 

IQGAP1 is primarily cytoplasmic, acting as a signal integrator in many pathways. Increasing 49 

evidence reveals nuclear functions of IQGAP1. IQGAP1 accumulates in the nucleus at the 50 

G1/S phase of the cell cycle (13). It interacts with and influences the function of a variety of 51 

transcription factors (14,15). IQGAP1 is important for induction of nuclear F-actin in 52 

response to replication stress (16). With IQGAP1 mRNA being overexpressed in many 53 

malignant cell types, the protein seems to regulate cancer growth and metastatic potential 54 

(17–20). Moreover, aged mice lacking IQGAP1 develop gastric hyperplasia suggesting an 55 

important in vivo role for IQGAP1 in maintaining the gastric epithelium (21).  56 

Here, we present conclusive evidence on the participation of IQGAP1 in nuclear 57 

ribonucleoprotein complexes (RNPs) in gastric cancer, a cancer type characterized by 58 

significantly high incidence of AS changes (4,6). We show that IQGAP1 controls the 59 

subcellular distribution of AS regulatory proteins and is necessary for the response of the 60 

splicing machinery to heat-induced signals in gastric cancer cells. Focusing on the 61 

interaction of IQGAP1 with hnRNPM, a known splicing regulator (22,23) that responds to 62 

heat-shock by moving away from spliceosomal complexes (12,22) and is sumoylated by 63 

SUMO2 in response to heat stress (24–27), we show that IQGAP1 regulates the subnuclear 64 

distribution and post-translational status of hnRNPM. We finally show that hnRNPM-IQGAP1 65 

support tumour promoting AS of cell cycle regulators, such as the substrate recognizing 66 

subunit of the anaphase promoting complex/cyclosome (APC/C), ANAPC10. In the absence 67 

of hnRNPM-IQGAP1 RNPs, cell cycle progression and tumour growth are halted, making the 68 

two proteins and their interaction an interesting cancer drug target. 69 

MATERIAL AND METHODS 70 

Source of reagents, cell lines, cell culture conditions, and detailed experimental procedures 71 

for standard methods (e.g. transfections, subcellular Fractionation, immunoprecipitation, 72 
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knockout generation, splicing assays, microscopy techniques and quantitation, 73 

immunostaining) are described in the Supplementary Material and Methods section.  74 

Cell cultures 75 

The human STAD cell lines AGS, KATOIII, MKN45 and NUGC4 were used. When indicated, 76 

cells were treated with the sumoylation inhibitor III 2-D08 (Millipore, Cat# 505156) at 100 μM 77 

for 12 h. 78 

Mass spectrometry and Proteomics analysis 79 

Anti-IQGAP1 immunoprecipitation samples were processed in collaboration with the Core 80 

Proteomics Facility at EMBL Heidelberg. See Supplementary Materials and Methods. 81 

RNA-seq analysis 82 

AS was analysed by using VAST-TOOLS v2.2.2 (29) and expressed as changes in percent-83 

spliced-in values (∆PSI). To generate RNA maps, we used the rna_maps function (30), 84 

using sliding windows of 15 nucleotides as described in Supplementary Materials and 85 

Methods.  86 

Quantification and Statistical Analysis 87 

Data were analysed using GraphPad Prism 7 software (GraphPad Software). Student’s t test 88 

(comparisons between two groups), one-way ANOVA were used as indicated in the legends. 89 

p <0.05 was considered statistically significant. 90 

ACCESSION NUMBERS 91 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 92 

Consortium via the PRIDE69 partner repository with the dataset identifier PXD017842. 93 

RNA-seq data have been deposited in GEO: GSE146283. 94 

 95 
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RESULTS 96 

IQGAP1 expression levels are significantly increased in gastric cancer cells 97 

Immunofluorescent analysis of the IQGAP1 protein levels on commercial gastric tissue 98 

microarrays revealed increased immunostaining in tumour as compared to normal tissue, 99 

especially in adenocarcinoma and signet-ring cell carcinoma samples (Figs. 1A-B, S1A). 100 

This finding agrees with TCGA data analyses that indicate significantly increased expression 101 

of IQGAP1 mRNA in stomach adenocarcinoma (STAD) and esophagogastric cancers (STES) 102 

vs normal tissue (Fig. 1C). Furthermore, high IQGAP1 expression in STES and STAD 103 

tumours predicts low survival probability for patients (Fig. S1B-C). 104 

Assaying IQGAP1 protein levels in a number of STAD cell lines identified cell lines with 105 

lower (MKN45, AGS) or higher (NUGC4, KATOIII) levels of IQGAP1 (Fig. 1D). Two STAD 106 

cell lines with significantly different IQGAP1 levels were used for further studies: NUGC4, a 107 

gastric signet-ring cell adenocarcinoma cell line, derived from paragastric lymph node 108 

metastasis and MKN45, a gastric adenocarcinoma cell line, derived from a liver metastatic 109 

site. 110 

Nuclear IQGAP1 is a component of RNPs involved in splicing regulation 111 

Nuclear IQGAP1 can be detected in a small fraction of untreated cells (13). Similarly, we 112 

detected nuclear IQGAP1 in both STAD cell lines, the high-IQGAP1, NUGC4 and the low-113 

IQGAP1, MKN45, using immunofluorescence and confocal imaging (Fig. 2A). Nuclear 114 

IQGAP1 was also detected in a fraction of cells in cancer tissue samples of the microarray 115 

(Fig. 1A). 116 

To assess the role of nuclear IQGAP1 we identified its interacting partners using anti-117 

IQGAP1 immunoprecipitation from nuclear extracts derived from the high-IQGAP1 cell line 118 

followed by LC-MS/MS (Table S1). The extract preparations used in our assays are enriched 119 

for the majority of hnRNPs (31,32) (e.g. A2B1, K, M), other nuclear speckle components like 120 
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SRSF1, and nuclear matrix proteins like SAFB and MATRIN3, but not histones such as H3, 121 

which are present mainly in the insoluble nuclear material (Fig. S2A-B).  122 

GO-term enrichment analysis of the nuclear IQGAP1 co-precipitated proteins showed a 123 

significant enrichment in biological processes related to splicing regulation (Fig. S2C). The 124 

derived IQGAP1 interaction network revealed that IQGAP1 interacts with the majority of 125 

hnRNPs, a large number of spliceosome components (mainly of U2, U5snRNPs) and RNA-126 

modifying enzymes (Fig. 2Β). The interactions between IQGAP1 and selected hnRNPs, 127 

spliceosome components and RNA processing factors (33) were further validated in both 128 

STAD cell lines in use (Figs. 2C, S2D). The interactions of IQGAP1 with hnRNPs A1, A2B1 129 

are RNA-dependent, whereas a subset of hnRNPs L and C1/C2 can interact with IQGAP1 in 130 

the absence of RNA. The interaction between IQGAP1 and hnRNPM is different between 131 

the two cell lines: partly RNA-dependent in the low-IQGAP1, but RNA-independent in the 132 

high-IQGAP1 (Fig. 2C). These data suggest a role for the nuclear IQGAP1 in splicing 133 

regulation.  134 

 135 

IQGAP1 participates in AS regulation in gastric cancer cell lines 136 

To further study the role of nuclear IQGAP1 in gastric cancer cells we knocked-out (KO) 137 

successfully IQGAP1 in both STAD cell lines using a CRISPR-Cas9 approach, without 138 

affecting significantly hnRNPM protein levels (Figs. 3A, S3A).  139 

To assess the functional involvement of IQGAP1 in splicing we used the three-exon 140 

minigene splicing reporters DUP51M1 and DUP50M1. During splicing, hnRNPM binds exon 141 

2 of the respective pre-mRNAs and prevents its inclusion (28). Transfection of the parental 142 

and the derived KO cell lines with the reporter plasmids and subsequent RT-PCR analyses 143 

revealed different splicing patterns of the reporter: increased exon 2 inclusion in the high-144 

IQGAP1 cells (NUGC4) (73%, Fig. S3A) compared to the low-IQGAP1 ones (MKN45) (31%, 145 

Fig. 3A). Downregulation of IQGAP1 resulted in increased exon 2 inclusion in both KO cell 146 
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lines, compared to the parental cells (Figs. 3A, S3A-B). This change was more apparent in 147 

the low-IQGAP1 cell line (~2-fold increase of exon 2 inclusion in IQGAP1KO cells compared 148 

to the parental ones). Co-transfection of MKN45-IQGAP1KO cells with two different amounts 149 

of a Myc-IQGAP1 expressing plasmid (34) which produced a protein localized similarly to 150 

endogenous IQGAP1 (Fig. S3C), restored the AS pattern of the reporter to levels similar to 151 

the MKN45 ones (Fig. 3A-B), confirming the direct involvement of IQGAP1 in the AS of the 152 

reporter. 153 

To gain further insight on the importance of IQGAP1 in AS regulation in STAD, we profiled 154 

AS pattern changes between the low-IQGAP1 cell line, which is more responsive to IQGAP1 155 

depletion, and the respective IQGAP1KO cells by RNA-seq. A number of significantly altered 156 

AS events were detected (Table S2A), more than 50% of which were alternative exons (Fig. 157 

3C), with similar distribution of ∆Psi values for the downregulated and upregulated events 158 

(where [Psi] is the Percent Spliced In, i.e. the ratio between reads including or excluding 159 

alternative exons) (Fig. S3D).  160 

GO-term enrichment analysis of the affected genes yielded significant enrichment of the 161 

biological processes of cell cycle (GO:0007049, P: 3.75E-04) and cell division (GO:0051301, 162 

P: 3.33E-04) (Fig. 3D, Table S2B). Similarly, GO-term enrichment analysis of the 163 

differentially expressed genes upon IQGAP1KO revealed significant enrichment of cell cycle-164 

related biological processes (Fig. S3E, Table S2C). However, only 5 genes were 165 

differentially expressed and differentially spliced (Table S2D), indicating that IQGAP1’s 166 

regulation of cell cycle at the level of AS is distinct from that at the levels of transcription or 167 

mRNA stability (35,36).  168 

To focus on the role of IQGAP1 in AS we validated selected events by RT-PCR analyses 169 

(Figs. 3E-F, S3F),  chosen based on the following criteria: 1) high difference in Psi (∆Psi) 170 

between the KO and the parental cell lines, 2) involvement of the respective proteins in the 171 

cell cycle, 3) characterization of the event as SOK (Super okay), or OK (okay) based on the 172 
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quality scores acquired during the analysis (29). 12 out of 19 AS events (63%) were 173 

validated (Figs. 3E-F, S3F, Table S3).  174 

Following validation, we searched the sequences surrounding the alternative exons for 175 

enrichment of binding motifs of IQGAP1-interacting splicing factors (Fig. 2). Such analyses 176 

revealed a significant enrichment of hnRNPM binding motifs downstream of 25% of the 177 

downregulated exons (Fig. 3G). Enrichment of the binding motifs of other IQGAP1-178 

interacting splicing factors was observed in smaller percentages of the downregulated exons 179 

(Fig. S4 for the motifs of highest enrichment). Such a high enrichment of a binding motif in 180 

the up-regulated exons was not detected. 181 

Taken together these results show IQGAP1’s involvement in AS regulation. Its RNA-182 

independent interaction with hnRNPM stands out as a distinct one, as the two proteins are 183 

predicted to regulate common AS events related to cell cycle and cell division.  184 

 185 

Nuclear IQGAP1 interacts with hnRNPM to control its regulatory role in splicing  186 

The interaction of nuclear IQGAP1 with hnRNPM was confirmed in situ using the proximity 187 

ligation assay (PLA) (Fig. 4A), with the β-actin-IQGAP1 interaction (37) serving as a positive 188 

control (Fig. S5A).  Quantification of the cytoplasmic and nuclear PLA signal per cell 189 

demonstrated that the interaction between hnRNPM and IQGAP1 is mainly nuclear (Fig. 4B). 190 

Some cytoplasmic interaction sites were detected, but they were minor compared to the 191 

nuclear ones (Fig. 4A-B). In agreement with these results, immunoprecipitation from 192 

cytoplasmic extracts using anti-IQGAP1 antibodies did not reveal an interaction with the 193 

minor amounts of cytoplasmic hnRNPM (Fig. S5B). Thus, if the cytoplasmic proteins interact, 194 

these complexes are less abundant compared to the nuclear ones. The IQGAP1-hnRNPM 195 

interaction appears to be DNA-independent as it is still detected after immunoprecipitation in 196 

the presence of DNase (Fig. S5C).  197 
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To assess the involvement of IQGAP1 in hnRNPM-regulated splicing, we transfected 198 

IQGAP1KO and parental STAD cell lines with the hnRNPM-responsive DUP51M1 and the 199 

hnRNPM-non-responsive DUP51-∆M plasmids and analysed as described above. DUP51-200 

∆M was derived from DUP51M1 by mutating the hnRNPM binding site in exon 2. This 201 

results in increased exon 2 inclusion compared to the DUP51M1 reporter, due to loss of 202 

hnRNPM binding (28) (compare lanes 1, 2 of Fig. 4C and Fig. 4D). Though the splicing 203 

pattern of both reporters was affected upon IQGAP1-loss, the effect of IQGAP1KO on the AS 204 

of the hnRNPM-responsive reporter, DUP51M1 (compare lanes 1, 3 of Fig. 4C and Fig. 4D) 205 

was more prominent compared to the effect on the AS of the hnRNPM non-responsive 206 

reporter, DUP51-∆M (compare lanes 2, 4 of Fig. 4C and Fig. 4D). Thus, even though 207 

IQGAP1 participates in hnRNPM-independent AS regulation, not surprising since it interacts 208 

with a large number of splicing factors in nuclear RNPs (Fig. 2), the effect of IQGAP1KO on 209 

hnRNPM-dependent AS is more significant. IQGAP1 deletion affects hnRNPM-dependent 210 

AS regulation to levels similar to the ones imposed by the loss of hnRNPM binding to the 211 

pre-mRNA (compare lanes 2, 3 in Fig. 4C and Fig. 4D).  UV-crosslinking and subcellular 212 

fractionation experiments (Supplementary Results) revealed that IQGAP1 does not regulate 213 

the binding of hnRNPM to its RNA target (Fig. S5D) and it is not component of the Large 214 

Assembly of Spliceosome Regulators (LASR) (Fig. S5E). Thus, IQGAP1 participates in 215 

hnRNPM-dependent AS regulation. 216 

 217 

IQGAP1 regulates hnRNPM’s splicing activity by controlling its subnuclear 218 

distribution  219 

It is known that changes in the subnuclear/subcellular distribution of splicing factors affects 220 

AS outcome (38–40). For hnRNPM, two cases of changes in its subnuclear distribution have 221 

been connected to altered splicing outcome: i. hnRNPM’s response to heat-shock by 222 

relocalizing from the nucleoplasm towards the nuclear matrix (22); ii. hnRNPM’s response to 223 
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a chemotherapeutic inhibitor (BEZ235) of the PI3K/mTOR pathway (41). To evaluate 224 

whether IQGAP1 affects hnRNPM-regulated AS by interfering with hnRNPM’s subnuclear 225 

distribution, we used immunofluorescence and confocal microscopy. A subtle but noticeable 226 

and quantifiable change in the subnuclear distribution of hnRNPM was detected upon 227 

IQGAP1 depletion, with the perinuclear enriched localization in parental cells changing to a 228 

diffused distribution, not only at the periphery, but also deeper within the nuclei (Figs. 5A-B, 229 

S6A-B). 230 

To detect whether in IQGAP1KO, hnRNPM can be further displaced by heat- or BEZ235 231 

treatment, we assayed MKN45 cells and the IQGAP1KO derivatives for localization of 232 

hnRNPM under these two treatment conditions. The localization of hnRNPM changed upon 233 

heat-shock from its mostly perinuclear pattern in untreated parental cells to a more diffused 234 

one, less localized at the periphery, in the heat-shocked cells (Figs. 5C upper panels, S6A-235 

D). Surprisingly, hnRNPM’s localization pattern did not change upon heat-shock in 236 

IQGAP1KO cells (Figs. 5C lower panels, S6A, D), showing the necessity of IQGAP1 for 237 

hnRNPM’s response to heat-induced stress. Though we could clearly detect the effect of 238 

BEZ235 treatment on hnRNPM’s subnuclear distribution in parental, the results we got for 239 

IQGAP1KO cells were not as clear and quantifiable as those with heat-shock (Fig. S6C). 240 

Therefore, we used heat-shock to further characterise the involvement of IQGAP1 in 241 

hnRNPM’s subnuclear distribution. 242 

To probe how the localization of hnRNPM relates to AS outcome, we compared hnRNPM’s 243 

subnuclear localization to that of SR splicing regulators, in untreated and heat-shocked 244 

parental and IQGAP1KO cells. Upon heat-shock, colocalization between hnRNPM and SR 245 

proteins was reduced in parental cells. hnRNPM and SR proteins showed also similarly 246 

decreased colocalization in untreated IQGAP1KO cells, and importantly, no further change 247 

was induced upon heat-shock in these cells (Figs. 5C, S6E). Furthermore, heat-shock 248 

affected the localization of the signal generated by the anti-SR antibody changed upon heat-249 

shock, showing that at least some of the detected SR factors respond to heat-induced stress 250 
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by altering subnuclear distribution, however, these changes happen only in the presence of 251 

IQGAP1 (Fig. 5C). Segmentation of the nuclei in 4 sub-regions revealed that the reduction in 252 

colocalization was not constrained in a particular region of the nucleus, but it was rather 253 

similar in all subnuclear segments (Figs. 5D, S6F). 254 

To test whether the involvement of IQGAP1 in the heat-induced subnuclear re-localization of 255 

AS regulators is linked to their splicing activity, we assayed the AS pattern of the hnRNPM-256 

responsive DUP50M1 minigene reporter upon heat-shock in IQGAP1KO and parental cells. In 257 

agreement with the above observations and previous reports on the impact of heat-shock on 258 

the splicing machinery (42–44), heat-shock resulted in change of the AS pattern of the 259 

reporter (Fig. 5E, lanes 1-2). However, such an effect was not apparent in IQGAP1KO cells 260 

(Fig. 5E, lanes 3-4). No effect of heat-shock was observed on the AS pattern of the hnRNPM 261 

non-responsive reporter (DUP50-∆M) under these conditions (Fig. 5F, lanes 1-4) 262 

independently of the presence of IQGAP1. Thus, IQGAP1 is required for the hnRNPM’s 263 

response to heat-shock, and mediates the response of the splicing machinery to heat-264 

induced stress through its effect on hnRNPM. 265 

 266 

IQGAP1 regulates the exchange of hnRNPM between the nuclear matrix and the 267 

splicing machinery 268 

To gain further insight into how IQGAP1 mediates the response of hnRNPM and the splicing 269 

machinery to heat-shock, we compared nuclear matrix preparations from parental and 270 

IQGAP1KO cells before and after heat-shock. Elevated hnRNPM levels were detected in the 271 

nuclear matrix of the parental cells after heat-shock compared to untreated cells, whereas 272 

such change was not detected in the IQGAP1KO cells (Fig. 6A). Critically, IQGAP1 levels 273 

were also increased in nuclear matrix fractions prepared from heat-shocked cells (Fig. 6A), 274 

in agreement to the increased nuclear IQGAP1 staining detected in heat-shocked cells, 275 

compared to the untreated controls (Fig. S7A). 276 
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Using confocal microscopy and immunofluorescence staining, we compared the localization 277 

of hnRNPM with PSF (SFPQ) which is enriched in the nuclear matrix, where it interacts and 278 

colocalizes with hnRNPM, whereas PSF also interacts with splicing regulators in the soluble 279 

nucleoplasm (e.g. PTB) (45,46). Colocalization between hnRNPM and PSF was partial in 280 

untreated parental cells, and was significantly increased upon heat-shock (Figs. 6B, S7B-C) 281 

confirming that hnRNPM moves closer to PSF, possibly in the nuclear matrix. In untreated 282 

IQGAP1KO cells, there was increased colocalization between hnRNPM and PSF compared 283 

to parental cells, and no significant further change was observed upon heat-shock (Figs. 6B, 284 

S7B-C). Quantification after segmentation of the signal in subnuclear regions supported 285 

these observations and further showed that the distribution pattern of the colocalized signal 286 

in the IQGAP1KO cells (both untreated and heat-shocked) resembled more that of the heat-287 

shocked parental cells especially at the outer nucleoplasm (Nucleoplasm 2) and the nuclear 288 

periphery (Figs. 6C, S7C). Therefore, IQGAP1 is critical for the changes in hnRNPM’s 289 

subnuclear distribution during heat-shock in STAD cells. 290 

 291 

IQGAP1 drives the response of hnRNPM to heat-shock and the dependence of this 292 

response to active sumoylation 293 

HnRNPM is sumoylated by SUMO2 in untreated HeLa cells (47) and as such it is a 294 

component of early spliceosomal complexes (48).  In response to heat-shock hnRNPM-295 

SUMO2 conjugation is increased (24,26,49,50). Furthermore, upon heat-shock the 296 

association of hnRNPM with components of the active spliceosome is diminished (12), it 297 

appears enriched in nuclear matrix preparations and its presence in the nucleoplasm is 298 

reduced (22). Therefore, sumoylation of hnRNPM has an involvement in its localization 299 

within the nucleus, in relation to spliceosomal and nuclear matrix components. To explore 300 

whether IQGAP1 regulates hnRNPM’s sumoylation status, we immunoprecipitated hnRNPM 301 

from IQGAP1KO and parental untreated and heat-shocked cells. Analysis of the pulled-down 302 
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material by immunoblot with anti-hnRNPM antibodies showed that in addition to the bands of 303 

hnRNPM (~70kDa), we could detect proteins of higher molecular weight (differing ~20 and 304 

up to 100 kDa from hnRNPM, a shift consistent with hnRNPM being modified by SUMO at a 305 

single or more lysine residues) that were enriched in the IQGAP1KO (untreated and heat-306 

shocked) and in the parental heat-shocked cells, compared to the untreated cells (Fig. S8Α). 307 

We confirmed that these higher molecular weight species corresponded to SUMO2/3-308 

conjugates by immunoblotting with anti-SUMO2/3 antibodies (Fig. 7Α). Increased amounts 309 

and number of sumoylated hnRNPM species were pulled down by the anti-hnRNPM Ab from 310 

nuclear extracts derived from heat-shocked cells compared to the untreated controls. 311 

Similarly, increased amount and number of SUMO conjugates were pulled-down from 312 

extracts derived from IQGAP1KO cells (both untreated and heat-shocked), compared to 313 

untreated parental cells (Fig. 7Α). Immunoblotting with anti-SUMO1 antibodies did not detect 314 

hnRNPM-SUMO1 conjugates in the immunoprecipitated proteins (data not shown). To 315 

further support this finding, we detected sumoylated hnRNPM and compared its levels in 316 

parental and IQGAP1KO cells by the PLA assay using anti-hnRNPM and anti-SUMO2/3 317 

antibodies (51) (Fig. 7B). The levels of sumoylated hnRNPM were significantly increased in 318 

untreated IQGAP1KO cells compared to the parental cells (Fig. 7Β). Smaller differences were 319 

detected in sumoylated-hnRNPM levels between the heat-shocked cells (both parental and 320 

IQGAP1KO) and untreated IQGAP1KO cells. 321 

To assay the dependence of the subnuclear distribution of hnRNPM on sumoylation, we 322 

used the Sumoylation inhibitor III 2-D08, which blocks specifically the transfer of SUMO from 323 

the Ubc9 thioester to SUMO substrates (52). After verifying that 2-D08 blocked general 324 

SUMO2/3 conjugation but also SUMO2/3-hnRNPM conjugation (Fig. S8Β-C), we tested 325 

whether heat-shock induced changes on hnRNPM localization depend on active sumoylation, 326 

using immunofluorescence and confocal microscopy (Figs. 7C, S8D). Heat-stress induced 327 

the expected increase of hnRNPM towards the center of the cells in the absence of 2-D08 328 

(Fig. 7C), whereas in its presence, hnRNPM’s subnuclear distribution resembled the one in 329 
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untreated cells (Figs. 7C, DMSO no HS and S8D). This was not the case in IQGAP1KO cells, 330 

where hnRNPM’s distribution and sumoylation levels are similar to the heat-shocked 331 

parental cells; the distribution of hnRNPM in these cells, was hardly altered upon inhibition of 332 

SUMO conjugation, supporting the finding that hnRNPM’s subnuclear distribution depends 333 

firstly on the presence of IQGAP1 (Figs. 7D, S8D). 334 

Taken together, these results show that IQGAP1 regulates hnRNPM’s AS-activity, 335 

sumoylation status and proper localization in the nucleus.  336 

 337 

IQGAP1 and hnRNPM co-regulate the function of APC/C through AS of the ANAPC10 338 

pre-mRNA and promote gastric cancer cell growth in vitro and in vivo 339 

Given the role of IQGAP1 as a regulator of hnRNPM’s splicing activity and its significance for 340 

the survival of STAD patients (Fig. S9A) we assessed whether AS events regulated by both 341 

IQGAP1 and hnRNPM contribute to STAD progression. From the AS events detected in our 342 

genome-wide analyses (Fig. 3) ANAPC10 pre-mRNA was singled out for further study as it 343 

had the highest change in |∆Psi|/Psi combination (Fig. 8Α, Table S2a). ANAPC10 pre-mRNA 344 

is an hnRNPM-eCLIP target (53) with the major hnRNPM binding site and the predicted 345 

hnRNPM consensus binding motif located downstream of exon 4 (Fig. S9B). Downregulation 346 

of this event corresponds to better survival of STAD patients (Fig. S9C). ANAPC10 is critical 347 

for cell cycle and cell division, as the substrate recognition component of the APC/C, a cell 348 

cycle-regulated E3-ubiquitin ligase controlling progression through mitosis and the G1 phase 349 

of the cell cycle. ANAPC10 interacts with the co-factors CDC20 and/or CDH1 to recognize 350 

targets to be ubiquitinated and subsequently degraded by the proteasome (54–56). 351 

In IQGAP1KO cells, decreased levels of ANAPC10 exon 4 inclusion were detected (Fig. 8B). 352 

Using siRNAs against hnRNPM in IQGAP1KO cells to simultaneously reduce IQGAP1 and 353 

hnRNPM levels, we noticed further decrease of ANAPC10 exon 4 inclusion (Fig. 8B). Exon 4 354 

skipping results in production of an isoform lacking amino-acid residues important for 355 
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interaction with the D-box of the APC/C targets (57,58). Using LC-MS/MS analyses of the 356 

proteomes of the parental and the IQGAP1KO cell lines, we compared the levels of known 357 

targets of the APC/C complex (Fig. 8C) and detected increased abundance of anaphase-358 

specific targets of the APC/C-CDH1 (55), namely RRM2, TPX2, ANLN, and TK1, but not of 359 

other APC/C known targets (Fig. 8C). Immunoblotting using specific antibodies verified these 360 

results (Fig. S9D). The same was true for CDH1/FZR, an APC/C co-factor, which is also a 361 

target of the complex, as is ANLN (Fig. S9E). Interestingly, survival plots for RRM2 and TK1 362 

connect increased expression of the respective mRNAs with better prognosis for survival for 363 

STAD patients (Fig. S9F-G).  364 

To assess the effect of such a phenotype in gastric cancer cell growth, we used a CRISPR-365 

Cas9 approach to generate hnRNPMKO and double KO cells (see Supplementary Materials 366 

and Fig. S10A). Since the RNA-seq analyses revealed that the IQGAP1-regulated AS events 367 

are cell cycle-related, we first performed cell cycle analyses using propidium iodide 368 

combined with flow cytometry. Unsynchronized IQGAP1KO cells had a small but significant 369 

increase in cell populations at the S and G2/M phases with subsequent reduction of cells at 370 

the G1 phase (Fig. 8D). hnRNPMKO cells showed a similar phenotype, whereas 371 

downregulation of both proteins (in hnRNPMKO-IQGAP1KO cells) enhanced this effect (Fig. 372 

8D). These differences were more pronounced after cell cycle synchronization (Fig. S10B).   373 

To further delineate this phenotype and given the role of APC/C in the progression of mitosis 374 

and cell division (55,57,59,60) we assayed the impact of the downregulation of both IQGAP1 375 

and hnRNPM on cell division. Using DAPI staining and anti-β-tubulin cytoskeleton 376 

immunostaining we detected a significant number of double KO cells being multinucleated 377 

(Figs. 8E, S10C). Similar phenotype was detected when siRNAs were used to downregulate 378 

hnRNPM levels (data not shown). hnRNPM and IQGAP1 together support proliferation but 379 

do not control migration of gastric cancer cells (Supplementary Results, Fig. S10D-E). 380 
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To examine the in vivo effect of the absence of IQGAP1 and hnRNPM on tumour 381 

development and progression, we injected the MKN45-derived cell lines (MKN45, MKN45-382 

IQGAP1KO, MKN45-hnRNPMKO and MKN45-hnRNPMKO-IQGAP1KO) subcutaneously into the 383 

flanks of NOD/SCID mice. Tumor dimensions were measured throughout the experiment. 384 

Cells with reduced levels of both IQGAP1 and hnRNPM resulted in significantly reduced 385 

tumour growth compared to the parental and the single KO cells (Fig. 8F). 386 

Immunohistochemical analysis of the tumours confirmed reduced levels of hnRNPM and/or 387 

IQGAP1 in the cell lines-derived xenografts. Furthermore, Ki-67 staining was significantly 388 

reduced in the single and double KO tumours compared to the parental cell line-derived 389 

ones, showing the involvement of the two proteins in the in vivo proliferation of gastric 390 

cancer cells (Fig. S10F). 391 

Collectively, IQGAP1 and hnRNPM co-operatively generate at least an alternatively spliced 392 

isoform of ANAPC10. This, in turn, tags cell cycle-promoting proteins for degradation and 393 

contributes to the accelerated proliferation phenotype of tumour cells.  394 

 395 

DISCUSSION 396 

Splicing regulatory networks are subject to signals modulating alternative exon choice. In 397 

response to heat-induced stress, shutdown, mainly of post-transcriptional pre-mRNA splicing, 398 

has been reported (44,61). However, it is still unknown how heat-induced signals reach their 399 

targets and affect the AS regulatory components of the spliceosome. Here, we provide 400 

conclusive evidence for the role of a scaffold protein, IQGAP1, in mediating the response of 401 

AS regulators to heat-induced stress.  402 

We show that nuclear IQGAP1 interacts with a large number of splicing factors mostly in an 403 

RNA-dependent manner. Focusing on its RNA-independent interaction with hnRNPM, we 404 

show that only in the presence of IQGAP1, hnRNPM responds to heat-induced stress, by 405 

moving away from spliceosome components towards the less-well-defined nuclear matrix. 406 
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This response of hnRNPM to heat-shock is dependent on active sumoylation. Tools like the 407 

Protease-Reliant Identification of SUMO Modification (PRISM) or the Lysine deficient (K0) 408 

techniques ((26,27,50)) that allow detection of sumo-conjugated peptides have revealed at 409 

least 10 peptides of hnRNPM that are SUMO2 conjugated not only in untreated cells but 410 

also after heat shock (27). Additional, meticulous experiments will be needed to reveal the 411 

sumoylation site(s) of hnRNPM that play key roles to its functionality in AS and its interaction 412 

with IQGAP1. However, given that not only hnRNPM (work presented herein, and 413 

(47,49,62,63)), but also IQGAP1, as it has been reported previously and also verified by us 414 

((64) and data not shown), are sumoylated, the dependence of hnRNPM’s response to heat-415 

shock on specific sumoylation events needs to be carefully and cautiously validated. 416 

Because hnRNPM is critical for the response of the spliceosome to heat-shock (22,42), the 417 

effect of IQGAP1 on hnRNPM’s participation in AS events can be deterministic for the 418 

response of the splicing machinery to heat-induced stress.  419 

Furthermore, the absence of IQGAP1 alone triggers similar effect on hnRNPM as heat-420 

shock. In IQGAP1KO cells, hnRNPM is already in a “splicing-inactive” sumoylation state, 421 

close to nuclear matrix components as it is in heat-shocked cells. In this state, hnRNPM’s 422 

regulatory role in splicing changes even though it can still bind its pre-mRNA target. 423 

Therefore, IQGAP1 is necessary for efficient splicing activity of hnRNPM by controlling its 424 

proper localization. The fact that IQGAP1 is a scaffold protein with well-known roles in the 425 

cytoplasm as signal integrator suggests that the involvement of IQGAP1 in the response of 426 

AS to stress signals may be a generalized phenomenon. 427 

The nuclear localization of IQGAP1 appears to be cell-cycle dependent (13,65). hnRNPM is 428 

required for progression of the cell cycle G1 phase (66).  In the absence of IQGAP1, pre-429 

mRNAs involved in cell cycle regulation undergo differential AS, half of which are co-430 

regulated by hnRNPM. The AS event involving ANAPC10, results in inactive APC/C and 431 

stabilization of at least a group of APC/C-CDH1 targets. Given the central role played by the 432 
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controlled degradation of these proteins for cell cycle progression (55,67), we posit that 433 

regulation of the relevant AS event constitutes one newly reported way to control cell cycle. 434 

Currently, the literature on signal regulated AS, cell cycle control and tumour growth is rather 435 

fragmentary. Our results identify at least one missing link between extra-nuclear signals and 436 

AS in gastric cancer cells. Looking at the bigger picture, it will be interesting to test this 437 

regulation in the case of normal cells and assess the possibility that the interaction of 438 

IQGAP1 with splicing regulators e.g. hnRNPM could be targeted for development of very 439 

specific therapeutic approaches. 440 
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 705 

FIGURE LEGENDS 706 

Fig. 1: IQGAP1 expression levels are significantly increased in gastric cancer cells. A 707 

Representative epifluorescence images of normal and adenocarcinoma gastric tissues on a 708 
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commercial tissue microarray. Tissues were immunostained with rabbit anti-IQGAP1 709 

antibodies. DAPI was used for nuclei staining. The same settings for IQGAP1 signal 710 

acquisition were applied in all samples. B Quantification of IQGAP1 fluorescence signal 711 

intensity in normal and gastric tumour samples. Cell segmentation and Integrated Intensity 712 

measurements were performed with Cell Profiler (https://cellprofiler.org/) (68). At least 285 713 

cells were analysed in each tissue sample. Statistical analysis with one-way ANOVA showed 714 

that the mean integrated intensities of the tissue samples are significantly different (P<0.05). 715 

P values presented in the graphs were calculated with multiple comparisons ANOVA 716 

between the normal and tumour samples (**P<0.01). C Expression box plots showing the 717 

IQGAP1 mRNA levels in tumour samples from esophagogastric cancers (STES) or Stomach 718 

Adenocarcinoma (STAD) patients in comparison to TCGA normal data. The expression 719 

levels are indicated in log2(TPM + 1) values. The analysis was performed using the 720 

psichomics interphase (69). The TCGA data used were: Stomach adenocarcinoma 2016-01-721 

28, 410 samples (358 patient and 21 normal); Stomach and Esophageal carcinoma 2016-722 

01-28, 594 samples (539 patient and 55 normal). P values were calculated using two-tailed, 723 

unpaired t-tests, where ***P < 0.001. D Immunoblotting of crude protein extracts from 724 

different gastric cancer cell lines against IQGAP1. β-actin was used to normalize IQGAP1 725 

levels. Quantification was performed using ImageLab software version 5.2 (Bio-Rad 726 

Laboratories). One-way ANOVA analysis revealed statistically significant difference between 727 

the MKN45 and NUGC4 samples. AGS: gastric adenocarcinoma; MKN45: poorly 728 

differentiated gastric adenocarcinoma, liver metastasis; KATOIII: gastric carcinoma, pleural 729 

effusion and supraclavicular and axillary lymph nodes and Douglas cul-de-sac pleural; 730 

NUGC4: poorly differentiated signet-ring cell gastric adenocarcinoma, gastric lymph node. 731 

Numbers indicate MW in kDa. See also Supplementary Fig. S1. 732 

Fig. 2. Nuclear IQGAP1 is a component of RNPs involved in splicing regulation. A 733 

Representative confocal images of MKN45 and NUGC4 cells stained with an anti-IQGAP1 734 

antibody and DAPI to visualise the nuclei. Single confocal nuclear slices are shown for each 735 
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fluorescence signal and for the merged image. Cross sections of the xz and yz axes show 736 

the presence of IQGAP1 within the cell nuclei. B Network of protein interactions generated 737 

from the proteins that were pulled down by anti-IQGAP1 Abs from nuclear extracts of 738 

NUGC4 cells and classified as spliceosomal components. The network was generated using 739 

the igraph R package. Colours represent classes of spliceosomal components according to 740 

SpliceosomeDB (33). Vertices are scaled according to P values and ordered according to 741 

known spliceosomal complexes. C Validation of representative IQGAP1-interacting partners 742 

presented in (B). Anti-IQGAP1 or control IgG pull down from nuclear extracts of NUGC4 and 743 

MKN45 cells were immunoprobed against IQGAP1, hnRNPA1, hnRNPA2/B1, hnRNPC1/C2, 744 

hnRNPL, hnRNPM and DHX9. The immunoprecipitated proteins were compared to 1/70th of 745 

the input used in the pull down. Where indicated, RNase A was added in the pull down for 30 746 

min. Numbers indicate MW in kDa. Quantification of the IQGAP1 and hnRNPM band 747 

intensities was performed using ImageLab (BioRad) in arbitrary units. The ratio of 748 

hnRNPM/IQGAP1 intensities are presented together with the respective standard error of 749 

the mean (SEM) values. Two-tailed unpaired t-test analysis revealed statistically significant 750 

difference between NUGC4 untreated and RNaseA treated samples (p<0.0001). See also 751 

Supplementary Fig. S2. 752 

Fig. 3. IQGAP1 participates in alternative splicing regulation in gastric cancer cell 753 

lines. A MKN45 and MKN45-IQGAP1KO cells were transfected with the DUP51M1 minigene 754 

general splicing reporter (28) for 40 hrs. Upper panel: Exon 2 (grey box) splicing was 755 

assessed by RT-PCR using primers located at the flanking exons. Quantification of exon 2 756 

inclusion was performed using ImageJ. Data shown represent the average % of exon 2 757 

inclusion values together with the respective standard deviation (SD) values from at least 3 758 

independent experiments. Two-tailed unpaired t-test analysis revealed statistically significant 759 

difference between MKN45 and MKN45-IQGAP1KO cells (p<0.0001). Lower panel: IQGAP1 760 

and hnRNPM levels were monitored by immunoblot. β-actin was used as a loading control. 761 

B MKN45 and MKN45-IQGAP1KO cells were co-transfected with the DUP50M1 minigene 762 
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general splicing reporter (28) and pcDNA3.1 or pcDNA3.1-Myc-IQGAP1 (Ref, 4 or 5 μg) for 763 

48 hrs. Upper panel: Exon 2 splicing was quantified as decribed in (A).  Lowe panel: 764 

Endogenous and exogenous IQGAP1 expression was verified by immunoblot with anti-765 

IQGAP1 and anti-myc antibodies. β-actin was used as a loading control. C Pie chart 766 

presenting the frequency of the different types of AS events (exon skipping, intron retention, 767 

alternative splice donor and alternative splice acceptor) regulated by IQGAP1 in MKN45 768 

cells. D Histogram showing the results from the GO Biological process enrichment analysis 769 

of the AS events that are significantly affected by IQGAP1 deletion. E-F Analysis by RT-PCR 770 

and gel electrophoresis of cell cycle-related AS events in MKN45 and MKN45-IQGAP1KO 771 

cells (all 19 events are shown in Supplementary Tables S3, S4). In (E), 6 events are 772 

presented whose inclusion was down-regulated upon IQGAP1KO in MKN45 cells (SDCCAG3, 773 

FIP1L1, ACOT9, CROCC, MRI1 and ANAPC10). In (F), 6 events are presented whose 774 

inclusion was up-regulated in MKN45-IQGAP1KO compared to MKN45 (ARHGAP27, TRPM4, 775 

RBM10, PSIP1, CENPV and KIF2A). % inclusion represents the mean together with the 776 

standard deviation (SD) values of at least 3 biological replicates. Two-tailed unpaired t-test 777 

analysis revealed statistically significant difference between MKN45 and MKN45-IQGAP1KO 778 

cells (p<0.05). Molecular lengths (bp) are marked on the right of each picture. When more 779 

than two PCR products are detected, in red are the products that result from the AS event of 780 

interest and were considered in the quantification of % inclusion, whereas in grey are the 781 

products that were not considered in quantification. G RNA map representing the distribution 782 

of hnRNPM binding motif in hnRNPM regulated exons and flanking introns, compared to 783 

control exons. Thicker segments indicate regions in which enrichment of hnRNPM motif is 784 

significantly different. The reported hnRNPM motifs (70) were identified only down-stream of 785 

the down-regulated exons. See also Supplementary Figs. S3 and S4. 786 

Fig. 4. Nuclear IQGAP1 interacts with hnRNPM to control its regulatory role in splicing. 787 

A-B Proximity ligation assay (PLA) in MKN45 and NUGC4 cells showing the direct nuclear 788 

interaction between hnRNPM and IQGAP1. In (A) representative images display a central 789 
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plane from confocal z-stacks for the 2 cell lines. Negative control (secondary antibody only, 790 

MKN45 C and NUGC4 C) samples show minimal background signal. In (B), quantification of 791 

the nuclear (n.MKN45 and n.NUGC4) and cytoplasmic signal (c.MKN45 and c.NUGC4) was 792 

performed per cell using the DuoLink kit-associated software. Each plot represents at least 793 

15 cells analysed. P values were calculated using ANOVA multiple comparisons tests; ****P 794 

< 0.0001. C-D MKN45 and MKN45-IQGAP1KO cells were transfected with the DUP51M1 795 

(hnRNPM responsive) or DUP51-∆M (hnRNPM non-responsive) minigene splicing reporters 796 

(28) for 40 hrs. Exon 2 (grey box) splicing was assessed by RT-PCR using primers located 797 

at the flanking exons. Quantification of exon 2 inclusion was performed using ImageJ. Data 798 

shown in (D) represent the average exon 2 inclusion values ± SD from at least 3 799 

independent experiments. P values were calculated using unpaired, two-tailed, unequal 800 

variance Student´s t-test. See also Supplementary Fig. S5. 801 

Fig. 5. IQGAP1 regulates hnRNPM’s splicing activity by controlling its subnuclear 802 

distribution in cancer cells. A-B Single confocal planes of MKN45 and MKN45-IQGAP1KO 803 

cells stained for hnRNPM, IQGAP1 and DAPI (A). hnRNPM signal alone is shown in grey for 804 

better visualisation and merged images with all three coloured signals are shown on the side. 805 

Quantification in (B) of the intensity of the hnRNPM signal. Intensity Distribution analysis 806 

was performed as described in Materials and Methods for 40 cells per cell line. Data 807 

represent mean values ± SD. P values were calculated using unpaired, two-tailed t-tests; 808 

****P < 0.0001, **P < 0.01 C Representative stacks from confocal images of MKN45 and 809 

MKN45-IQGAP1KO cells untreated or after heat-shock (42oC, 1 h, HS) stained for hnRNPM 810 

and SR proteins (SRp75, SRp55, SRp40, SRp30a/b and SRp20). For each condition the 811 

single and merged signals of the 2 proteins are shown on top. A single cell stained for 812 

hnRNPM and SR is shown on the bottom together with the plot profile line drawn in Image J, 813 

while the accompanying pixel grey value graphs are visible on the right of the image. D 814 

Quantification of Pearson’s correlation coefficient values for hnRNPM and SR co-localisation, 815 

for MKN45 and MKN45-IQGAP1KO cells before and after heat-shock stress induction. Pixel-816 
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based co-localisation was performed for the different sub-nuclear regions (as explained in 817 

Materials and Methods) in at least 32 cells for each condition, and data represent mean 818 

values ± SD. P values were calculated using unpaired, two-tailed, t-tests; ****P < 0.0001, 819 

***P < 0.001 between all conditions versus MKN untreated cells. P values of all other 820 

comparisons are presented in detail in Fig. S6F. E-F MKN45 and MKN45-IQGAP1KO cells 821 

were transfected with the DUP50M1 (hnRNPM responsive, (E)) or DUP50-∆M (hnRNPM 822 

non-responsive, (F)) minigene splicing reporters (28) for 40 hrs. Exon 2 (grey box) splicing 823 

was assessed by RT-PCR before (untreated, U) or after heat-shock (42oC 1h, HS). 824 

Quantification of exon 2 inclusion was performed using ImageJ. Data shown represent the 825 

average exon 2 inclusion values ± SD from at least 3 independent experiments. P values 826 

were calculated using unpaired, two-tailed, unequal variance Student´s t-test. See also 827 

Supplementary Fig. S6. 828 

Fig. 6. IQGAP1 regulates the exchange of hnRNPM between the nuclear matrix and the 829 

splicing machinery. A Immunoblot of nuclear matrix extracts from MKN45 and MKN45-830 

IQGAP1KO cells before (-HS) and after heat-shock (45oC, 15 min, + HS) probed against 831 

hnRNPM and IQGAP1. β-actin is used as a loading control (71). Quantification of the 832 

relevant protein amounts, in arbitrary units, was performed using ImageLab software version 833 

5.2 (Bio-Rad Laboratories). B Representative confocal planes of MKN45 and MKN45-834 

IQGAP1KO cells before (untreated) and after heat-shock stress induction for 1h at 42°C (HS), 835 

stained for hnRNPM and PSF. For each cell type and condition both the single and merged 836 

signals of the 2 proteins are shown on top. A slice from a single cell stained for hnRNPM and 837 

PSF is visible on the bottom together with the plot profile line drawn in Image J, while the 838 

accompanying pixel grey value graphs are shown on the right of the image. C Quantification 839 

of Pearson’s correlation coefficient values of hnRNPM and PSF co-localisation for MKN45 840 

and MKN45-IQGAP1KO cells before (untreated) and after heat-shock stress induction for 1h 841 

at 42°C (HS). Pixel-based co-localisation was performed for the different sub-nuclear 842 

regions (as explained in Materials and Methods – see Panel B for example images) in 30 843 
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cells for each condition, and data represent mean values ± SD. P values were calculated 844 

using unpaired, two-tailed, t-tests; ****P < 0.0001, shown as an average between all 845 

conditions versus MKN untreated cells. P values of all other comparisons are presented in 846 

detail in Fig. S7C. See also Supplementary Fig. S7. 847 

Fig. 7. IQGAP1 drives the response of hnRNPM to heat-shock and the dependence of 848 

this response to active sumoylation. A Anti-hnRNPM or control IgG (IgG) pull downs from 849 

nuclear extracts of MKN45 and MKN45 IQGAP1KO cells as for (D) were analysed by an 8% 850 

SDS-PAGE. Detection of SUMO2/3 conjugated proteins was performed by immunoblot 851 

using an anti-SUMO2/3 antibody. After stripping of the antibody from the membrane, 852 

hnRNPM was also detected by immunoblot using specific antibodies (lower part) The 853 

immunoprecipitated proteins were compared to 1/70th of the input used in the pull down. 854 

Asterisks (*) indicate sumoylated hnRNPM species. B Proximity ligation assay (PLA) in 855 

MKN45 and MKN45-IQGAP1KO cells, before (untreated) and after heat-shock stress 856 

induction for 1h at 42°C (HS), detecting the SUMO2/3-conjugated hnRNPM. Representative 857 

images are shown that display a central plane from confocal z-stacks. Negative control 858 

[secondary antibodies and anti-hnRNPM primary antibody only, (-) control] samples show 859 

minimal background signal. For the quantification of PLA signal the CellProfiler software was 860 

used(68) as described in Materials and Methods. Each plot represents at least 120 cells 861 

analysed. P values were calculated using ANOVA multiple comparisons tests; ****P < 862 

0.0001. C Quantification of hnRNPM intensity distribution in segmented nuclei, in MKN45 863 

cells with treated DMSO or SUMO inhibitor 2-D08. Data presented are the mean values for 864 

each condition. Statistical analysis was performed using unpaired t-tests; ****P < 0.0001, **P 865 

< 0.01. D Quantification of hnRNPM intensity distribution in segmented nuclei, in MKN45-866 

IQGAP1KO cells treated with DMSO or SUMO inhibitor 2-D08. Data presented are the mean 867 

values for each condition. Statistical analysis was performed using unpaired t-tests; ****P < 868 

0.0001, **P < 0.01. See also Supplementary Fig. S8. 869 
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Fig. 8. IQGAP1 and hnRNPM co-regulate the function of APC/C through AS of the 870 

ANAPC10 pre-mRNA and promote gastric cancer cell growth in vitro and in vivo. A 871 

Scatterplot showing the distribution of the Psi values for the AS events detected by VAST-872 

TOOLS in RNA-seq in IQGAP1KO and control cells. In yellow are the significantly changed 873 

AS events between MKN45 and MKN45-IQGAP1KO cells (|∆Psi|>15, range 5), in ochre and 874 

orange are events with detected iClip binding for hnRNPM or predicted RNA-binding motif, 875 

respectively. The gene names of the events that were screened for validation are indicated. 876 

The ANAPC10 event is shown in bold. BG: background. B RT-PCR (see Table S4) followed 877 

by electrophoresis was used to monitor the rate of ANAPC10 exon 4 inclusion in MKN45 and 878 

MKN45-IQGAP1KO cells transfected with siRNAs for hnRNPM or scrambled (scr) control 879 

siRNAs. Exon 4 inclusion was quantified with ImageJ in at least 3 biological replicates. P 880 

value was calculated with unpaired t-test. C Volcano plot of the log2fc change in protein 881 

levels between MKN45 and MKN45-IQGAP1KO. In red are the protein-targets of the APC/C 882 

complex that were found to be up-regulated in the KO cells. IQGAP1 and hnRNPM are also 883 

indicated. D Cell cycle analysis of asynchronous MKN45-derived cell lines (MKN45, MKN45-884 

IQGAP1KO, MKN45-hnRNPMKO and double MKN45-IQGAP1KO-hnRNPMKO) using propidium 885 

iodide staining followed by FACS analysis. Quantification of the percentage of cells in each 886 

cell cycle phase was performed with FlowJo software. Data represent mean values ± SD of 887 

two independent experiments. ***P < 0.001, ****P < 0.0001. E Non-synchronized cells from 888 

all four cell groups were stained for β-tubulin and DAPI, to visualize the cell cytoplasm and 889 

nucleus, respectively. Quantification of the percentage of cells having 1x, 2x or >2x nuclei 890 

was performed in 20 images from each cell line, reaching a minimum number of 250 cells 891 

analysed per group. F MKN45, MKN45-IQGAP1KO, MKN45-hnRNPMKO and MKN45-892 

hnRNPMKO-IQGAP1KO cells were subcutaneously injected into the flanks of NOD/SCID mice 893 

and tumours were left to develop over a period of 28 days. The tumour growth graph shows 894 

the increase of tumour volume (mm3) over time. Tumour size was measured in anesthetised 895 

mice with a digital caliper twice per week, and at the end-point of the experiment when 896 

tumours were excised. Data presented are average values ± SD, from 11 mice per group. P 897 
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values were calculated using one-way ANOVA, where *P < 0.05, **P < 0.01, ****P < 0.0001. 898 

See also Supplementary Figs. S9 and S10. 899 
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