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ABSTRACT 

We investigated new transcription and splicing factors associated with the metastatic 

phenotype in colorectal cancer. A concatenated tandem array of consensus transcription 

factors (TFs)-response elements was used to pull down nuclear extracts in two different 

pairs of colorectal cancer cells, KM12SM/KM12C and SW620/480, genetically-related but 

differing in metastatic ability. Proteins were analyzed by label-free LC-MS and quantified 

with MaxLFQ. We found 240 proteins showing a significant dysregulation in highly-

metastatic KM12SM cells relative to non-metastatic KM12C cells and 257 proteins in 

metastatic SW620 versus SW480. In both cell lines there were similar alterations in 

genuine TFs and components of the splicing machinery like UPF1, TCF7L2/TCF-4, YBX1 

or SRSF3. However, a significant number of alterations were cell-line specific. Functional 

silencing of MAFG, TFE3, TCF7L2/TCF-4 and SRSF3 in KM12 cells caused alterations in 

adhesion, survival, proliferation, migration and liver homing, supporting their role in 

metastasis. Finally, we investigated the prognostic value of the altered TFs and splicing 

factors in cancer patients. SRSF3 and SFPQ showed significant prognostic value. We 

observed that SRSF3 displayed a gradual loss of expression associated to cancer 

progression. Loss of SRSF3 expression was significantly associated to poor survival and 

shorter disease-free, particularly at early stages, in colorectal cancer.  
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INTRODUCTION 

The transcription factors (TFs) proteome and the spliceosome are attractive targets to 

understand human disease given its role in the control of almost all biological 

processes. They represent 3–6% of the human genome 1. To regulate transcription, TFs 

bind to specific DNA sequences, typically 6–12 base pairs, called the response element 

(RE)2.  However, TFs are resistant to proteomic characterization because they are 

frequently masked by more abundant proteins3.  Less than 5% of the transcription factors 

(TFs) have ever been purified and characterized 4. The very low abundance of TFs 

complicates their purification, but new techniques are becoming available to make 

purification and analysis much less challenging and more rational 5. The high affinity of 

TFs for REs on gene promoters enabled the enrichment for low abundance TFs prior to 

proteomic analysis 5.  

TFs play an essential role in the cancer progression and metastasis by regulating, 

among other processes, the epithelial-mesenchymal (EMT) transition 6-7 and the chromatin 

remodeling that regulates gene expression in the different metastatic steps 8.  We aim to 

investigate the role of TFs in colorectal cancer, particularly in late stages. The process of 

liver colonization in colorectal cancer remains poorly characterized. In particular, the role 

of TFs dysregulation in metastasis is not well understood.  Colorectal cancer is a 

heterogeneous disease consisting of, at least, five different consensus molecular subtypes 9. 

However, two major subgroups MSI and MSS have been defined according to 

microsatellite stability 10. To cover these subgroups, we have used two genetically-related 

metastatic cellular models, KM12C/SM and SW480/620 for the characterization of the 

colorectal cancer TF metastatic proteome. They represent MSI (microsatellite instable) and 
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MSS (microsatellite stable) types of colorectal cancer, respectively. MSI status is 

characterized by a deficiency in mismatch repair (MMR) ability, being MSI+ cells MMR 

deficient. MSI cancers are associated to better prognosis compared with MSS tumors 11. 

MSI cancers tend to be more proximal, poorly differentiated, mucinous and with marked 

lymphocyte infiltration. In contrast SW480/620 cells are MSS cells, containing extensive 

deletions in APC, aneuploidy, and mutations in p53 and KRAS. On the other hand, while 

KM12SM cells develop strong liver metastasis 12, SW620 cells were isolated from the 

lymphatic nodes of a cancer patient and are not particularly efficient for liver metastasis 13.  

In this study, we investigated alterations in transcription and splicing regulators that 

play a role in colorectal cancer metastasis and might be used as prognostic factors.  To that 

end, we used DNA sequences containing a concatenated tandem array of consensus 

transcription factor response elements (catTFRE) for TFs enrichment 5. Nuclear extracts of 

both cell pairs were catTFRE-pulled down for label-free quantitative proteomic analysis. A 

robust statistical analysis enabled the detection of minor abundance changes. A significant 

enrichment in transcription factors, spliceosome components and other DNA/RNA binding 

proteins was obtained. We identified different TFs playing a role in the metastatic 

progression. Finally, the splicing factor SRSF3 seems to play a significant role in the 

progression of colorectal cancer metastasis and as prognostic biomarker.   
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MATERIALS AND METHODS 

Clinical samples for biomarker validation 

Clinical and demographic characteristics of human samples used in the validation are 

indicated in Supporting Information Table S1. All the tissue samples were obtained from 

the Surgical Pathology Department (Fundación Jiménez Díaz, Madrid) and reviewed by 

two pathologists specialized in Gastrointestinal Pathology to confirm pathological stage 

and grade of the tumors. Colorectal carcinoma cases were randomly selected from those 

diagnosed in the Hospital between January 2003 and December 2009. Demographic 

features have been retrieved from the electronic files of the patients. Patients with TNM 

stages I and II did not receive further therapy after surgery, while stages III and IV received 

adjuvant chemotherapy, based in oxaliplatin and 5-fluorouracil. Informed written consent 

was obtained from all participants, as required and approved by the Research Ethics 

Committee of the Hospital.  To investigate TFs as prognostic biomarkers, first we used in 

silico analysis with two GEO datasets (see below). For SRSF3 validation, we used 144 

RNA paired samples for quantitative PCR and 187 samples for immunohistochemistry in a 

tissue microarray (TMA) with two 1-mm cores from each patient to get a wide 

representation of the whole tumor.   

Cell cultures and siRNA transfections  

KM12C and KM12SM human colon cancer cells were obtained from Dr Fidler's laboratory 

(MD Anderson Cancer Center. Houston, TX). SW480 and SW620 were purchased from the 

ATCC.  Cells were grown in DMEM supplemented with 10% fetal calf serum (FCS) 

(Invitrogen), 2 mM L-glutamine and 40 µg/ml gentamicin at 37 °C in a humidified 
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atmosphere containing 5% CO2.  For transient silencing, KM12C cells were transfected 

with siRNAs targeting specifically SRSF3 (#1: SASI_Hs01_00018992; #2: 00018995) 

(Sigma-Aldrich), or control siRNAs using JetPrime (Polyplus). KM12SM cells were 

transfected with siRNAs targeting specifically MAFG (#1: SASI_Hs01_00015605; #2: 

00015606), TFE3 (#1: SASI_Hs02_00341761; #2: SASI_Hs01_00111844), TCF7L2/TCF-

4 (#1: SASI_Hs01_00197691; #2: 00197690), or control siRNAs. Cellular assays were 

performed at 48 h after transfection, as previously described 14. 

Preparation of nuclear extracts 

Nuclear extracts were obtained as previously described 7. Briefly, cells were collected in 1 

ml of PBS and centrifuged at 1,500 rpm for 10 min at 4 °C. The resulting pellets containing 

intact cells were homogenized with ice-cold Buffer A (10 mM HEPES pH 7.5; 10 mM 

KCl; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM DTT, 1 mM PMSF and proteases and 

phosphatases inhibitors (100 mM NaF, 1 mM Na3VO4)) by gently pipetting. After 15 min 

incubation on ice, NP-40 was added to a final concentration of 0.6 % (v/v) and lysates were 

centrifuged at 15,000 rpm for 10 min at 4 °C. The resulting supernatant containing the non-

nuclear fraction (NNF) was transferred to another tube and stored at -80 °C. Nuclear pellets 

were washed twice with ice-cold Buffer A and resuspended in ice-cold Buffer B (20 mM 

Hepes pH 7.5; 0.4 M NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM DTT, 1 mM PMSF, 

phosphatase and protease inhibitor cocktail tablets (Roche) and incubated for 30 min at 4 

°C in a shaking platform to extract nuclear proteins. After centrifugation at 15,000 rpm for 

10 min at 4 °C, the supernatant of the nuclear fraction (NF) was transferred to another tube 

and stored on ice. Nuclear pellet was re-extracted with ice-cold Buffer B repeating the same 
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process. Both supernatants were combined and stored at -80 °C. Protein concentration of 

nuclear extracts was determined by Bradford protein assay (Bio-Rad, Hercules, CA, USA).  

Preparation of catTFRE Pull-Down 

The catTFRE plasmid was a kind gift of Dr Qin (BPRC, China)5.  The plasmid included a 

synthetic DNA containing a concatenated tandem array of 100 consensus TFREs 

(catTFRE) covering the majority of TF families. The catTFRE fragment was amplified by 

PCR with biotinylated primers as described 5. The resulting biotinylated DNA (15 pM) was 

preimmobilized on streptavidin Dynabeads (M-280) and mixed with 400 µg of nuclear 

protein extracts from KM12C or KM12SM cells and incubated for 2 h at 4 °C in rotation. 

Sample preparation for LC-MS/MS analysis 

The resulting protein-catTFRE complexes were reduced, alkylated and digested first with 4 

µg of Lys-C (Wako) for 2 h at 37 ºC and then with 5 µg of trypsin overnight at 37 ºC. 

Resulting peptides were desalted using C18 OMIX tips (Agilent Technologies) and kept at 

-80°C until LC/MS/MS analysis.  Vacuum-dried peptides were reconstituted in 0.1 % 

formic acid. Then, three technical replicates of each sample were injected onto a precolumn 

C18-A1 EASY-Column (2 cm, 100 µm, 5µm) (Thermo Scientific) and run with a linear 

gradient of 2–35 % ACN in 0.1% aqueous solution of formic acid. The gradient was 

performed over 100 min using an Easy-nLC (Proxeon) at a flow-rate of 200 nl/min onto a 

Biosphere C18 column (15 cm, 75 µm, 3 µm) (NanoSeparations). Then, peptides were 

scanned and fragmented with a linear ion trap-Orbitrap Velos (Thermo Scientific). The 

Orbitrap Velos was operated in data-dependent mode to automatically switch between MS 

and MS/MS. Survey full-scan MS spectra were acquired from m/z 400 to 2000 after 
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accumulation to a target value of 106 in the Orbitrap, at a resolution of 60,000 at m/z 400. 

For internal mass calibration, we used the 445.0 ion for lock mass. Charge state screening 

was enabled and precursors with charge state unknown or 1 were excluded. After the 

survey scan, the 10 most intense precursor ions were selected for CID MS/MS 

fragmentation. For CID fragmentation, the target value was set to 10,000 and normalized 

collision energy to 35 %. Dynamic exclusion was applied during 30 s. 

Mass spectrometry data analysis  

MS data were searched against the human SwissProt database (version October 2013 with 

20187 protein entries) using the Andromeda search engine integrated into the MaxQuant 

environment software, version 1.4.0.5 15. Enzyme was set to trypsin with two missed 

cleavages. Carbamidomethylation of cysteines was set as fixed modification and 

methionine oxidation and N-terminal protein acetylation as variable modifications. For 

peptide identification, precursor and fragment mass tolerance were set to 20 ppm and 0.5 

Da, respectively. Peptide FDR was specified as 0.01 and protein identifications were 

filtered for common contaminants and reverse-identified proteins. Protein quantification 

was calculated on the basis of the normalized spectral protein intensity using the MaxLFQ 

algorithm implemented in the MaxQuant environment 16, setting the minimal ratio count at 

two and the option “match between runs”.  Minimum 1 razor + unique peptides were used 

for quantification 16.  Lineal regression in scatter plot graphs and histograms were 

performed with Perseus (v.1.5.1.6) 17 for checking reproducibility and protein abundance 

distribution in each replicate. 
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Abundance information rendered by MaxQuant software was compiled. Sample and 

control abundances were compared in pairwise comparisons using Student T-test for 

statistical significance. P-value threshold was set to 0.05. Quantitative proteomics p-value 

calculator18 was used to match the statistically significant proteins, based on p-value 

permutations, with proteins with different fold-changes.  

Bioinformatic Analysis 

Enrichment analysis on biological processes and subcellular location were calculated based 

on gene ontology terms by using DAVID (Database for Annotation, Visualization and 

Integrated Discovery, v6.7) 19. Interaction analyses were performed using STRING (Search 

Tool for the Retrieval of INteracting Genes/Proteins v10) 20. All identified proteins were 

searched against the TFcheckpoint database to select transcription factors and co-factors 21. 

Significantly altered transcription factors were uploaded into Genomatix pathway system 

(GePS) to analyze the disease association of deregulated transcription factors in KM12SM 

vs KM12C using “Diseases MeSH annotation”. “Characterization of gene set” option was 

performed.  Enriched categories of neoplasm related diseases from Disease MeSH 

annotation were selected.  Threshold p-value was set to 0.05, adjusted p-value option was 

enabled and also set to 0.05.  In silico gene regulation network analyses were performed 

with MOTIFMAP 22-23. Each database was used for a specific purpose, as stated above. 

Specific p-values were obtained for each of the individual tests according to the utilities 

recommendations.  

Quantitative PCR 
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A set of 144 histological samples obtained from patients followed for more than five years 

at the Hospital Fundación Jimenez Diaz were used to validate our findings in the public 

databases. RNA from formalin-fixed paraffin-embedded (FFPE) tissue was isolated from 

3x10µm-sections using the NucleoSpin totalRNA FFPE XS kit (Macherey-Nagel). In 

addition, total RNA was isolated from cellular cultures using the mirVana isolation kit 

(Ambion). cDNA was obtained by using SuperScript II First Strand Synthesis System with 

random hexamers (Invitrogen). Real-time quantitative PCR (qPCR) was performed using 

the FastStart Master Mix (Roche) with probes from the Universal Probe Library Set 

(Roche). Amplifications were run in a LightCycler® 480 (Roche). Each value was adjusted 

using 18S RNA levels as reference. Primer sequences and probes are shown in Supporting 

Information Table S2. Expression of SRSF3 was considered positive when the 

tumor/normal ratio showed a fold-change ≤ 0.5. 

Prognostic analyses using public datasets 

For the public database analysis, we used two independent external cohorts in the 

prognostic study as previously described 5, 24. For biomarker training, we used the 

GSE17538 serie, which contains a cohort of 232 patients of colon cancer (Moffitt and 

VMC samples). As a training dataset, we used the GSE39582 series containing a cohort of 

585 patients of colon cancer. Expression levels for all probes within each sample were 

transformed to Z-score and hierarchical clustering was performed using the average method 

combined with Pearson correlation with R software version 3.3.2. Kaplan-Meier survival 

curves were plotted with IBM SPSS Statistics 20.0.  

Cellular assays 
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Cell adhesion, proliferation and invasion assays were carried out as previously described 25-

26. For survival assays to oxidative stress, cells were incubated with 0.5 or 1 mM H2O2 for 

16 h in DMEM with 10% FCS. Then, cells were incubated for 1 h with 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.6 mg/mL, Sigma-

Aldrich). Cell number was determined by absorbance at 560 nm and compared with non-

treated control cells. 

For anoikis determination 27, 1x105 KM12C cells were detached with trypsin, 

resuspended in 1 mL of DMEM with 10 % FCS and placed on a rotatory wheel at 37º C for 

5 or 20 h. Then, cells were allowed to attach to a culture plate and incubated for 1 h with 

MTT. Cell number was determined as above and compared with control cells collected ad 

initium. 

In vivo liver homing experiments 

The Ethical Committee of the Consejo Superior de Investigaciones Científicas (Madrid, 

Spain) approved the protocols used for experimental work with mice.  Swiss nude mice 

were tested for liver homing of metastatic cells as previously described26. Spleens were 

surgically removed 24 h after inoculation, to prevent the local formation of tumors in the 

spleen.   

Immunohistochemistry 

TMA samples were deparaffined for antigen retrieval using citrate sodium buffer at pH 6.0 

for 20 min and subsequent incubation with the primary antibody against SRSF3 (1:250; 

ab198291; Abcam). Then, we used EnVision Dual Link system-HRP (Dako), a horseradish 

peroxidase labelled polymer conjugated with secondary antibodies. The reaction was 
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revealed using diaminobenzidine (DAB) as chromogen and hematoxylin for 

counterstaining.  Sections from normal colonic mucosa distant from the tumor site were 

used as negative controls. In order to analyze possible associations between the SRSF3 

expression with different clinical characteristics, and taking into account that normal colon 

showed intense staining, tumoral epithelial expression was categorized as high (intense 

staining) and low expression (moderate and negative staining). 

Statistical analysis 

All the variables of the study have been described using mean (standard deviation) or 

percentages. Associations between variables were analyzed with the Chi-squared or 

Student’s t test for percentage or mean comparison, respectively. The univariate survival 

analysis was investigated using the Kaplan-Meier plots and compared by the log-rank test. 

For the aim of the present study we first performed a univariate survival model to test the 

effect on disease-free survival of SRSF3 expression. We compared Kaplan-Meier survival 

curves with the log rank test to measure prognostic influence of SRSF3 

immunohistochemical expression. Then, we segmented the data base and repeated this 

analysis according to stage, to test whether stage influences the prognostic value of SRSF3 

expression. The significance was established at p < 0.05 for all tests. All the analyses were 

performed with SPSS 20.0 (IBM). 
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RESULTS 

Proteomic characterization of transcription and splicing factors associated with a 

metastatic phenotype in colorectal cancer  

To investigate alterations in transcription and splicing factors in colorectal cancer 

metastatic cells, we separated the nuclear fractions (NFs) from the non-nuclear fractions 

(NNFs) in KM12 and SW cell lines (Fig. 1A). The quality of the subcellular separation was 

confirmed by western blot using MTA2 and lamin B antibodies as markers for the nuclear 

fractions and RhoGDI for the non-nuclear fractions. Then, KM12 and SW nuclear extracts 

were pulled down with biotinylated catTFRE DNA retrieved after PCR amplification, 

digested with Lys-C and trypsin, and analyzed by LC-MS.  MS data were searched using 

Andromeda and proteins were quantified with the MaxLFQ algorithm implemented in the 

MaxQuant environment (Fig. 1B).   

The quality of the mass spectrometry data and the reliability of the identifications 

and quantifications of the protein groups in the catTFRE-pulled down fractions of KM12 

and SW cells were examined by comparing three replicates for each analysis. The 

distribution of intensities among the different replicates was similar for both cell types 

(Supporting Information Fig. S1A, C).  The correlation of the three replicates showed a 

linear trend.  The R2 values were around 0.992 for KM12C, 0.993 for KM12SM, 0.993 for 

SW480 and 0.992 for SW620, indicating a high correlation between the replicates 

(Supporting Information Fig. S1B, D). The comparison of linear regressions for the 

metastatic cell lines versus the non-metastatic KM12C and SW480 produced R2 values 

around 0.950 for KM12SM/KM12C and 0.934 for SW620/SW480 cells, indicating a higher 

variability between metastatic and non-metastatic cells.  
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A total of 972 proteins were identified in the catTFRE-pulled down fractions of 

KM12 (931 proteins) and SW (943 proteins) cells (Supporting Information Table S3). From 

the total, 201 proteins were identified with 1 razor + unique peptide in at least one replicate 

(Supporting Information Table S4).  About 690 and 755 proteins were quantified in KM12 

and SW, respectively (Supporting Information Table S5) (Fig. 2A). We selected 240 and 

257 proteins with a significant alteration in metastatic relative to non-metastatic cells 

(p<0.05) (Fig. 2A) (Supporting Information Table S6). The highest overlap between 

statistically significant proteins and proteins with a specific fold change was obtained for a 

p-value of 0.05 and a fold-change of 1.4 for the upregulated proteins and 0.7 for the 

downregulated proteins. Those proteins significantly deregulated (p ≤ 0.05) were 

represented using a volcano plot display (Fig. 2B).  Although there was a significant 

overlap in the quantified proteins (n=650) for KM12 and SW cells, the similarity between 

the deregulated proteins was much lower (<50%) (Fig. 2C), probably due to significant 

differences in the genetic background of the cells.   

We performed GO analysis of the molecular functions associated to the altered 

proteins using DAVID. For KM12 cells, the top deregulated functions according to 

statistical significance were “transcription, chromosome organization, response to stress, 

DNA damage and cell cycle” (Supporting Information Fig. S2A). For SW cells, we found 

“regulation of transcription, RNA processing, translation, intracellular transport and 

response to stress” (Supporting Information Fig. S2A). Transcription and regulation of 

transcription were the most deregulated functions in both cell types. Other functions 

associated to nucleic acid-binding proteins as, for instance, components of the splicing 

machinery, DNA damage and repair were also highly significant.  
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In silico analysis of deregulated TFs after catTFRE fractionation 

To look for TFs and co-factors, we interrogated the catTFRE deregulated proteins against 

the TFcheckpoint database 21, which contains TFs that form or regulate the pre-initiation 

transcription complex. For KM12SM/KM12C and SW620/SW480, we found 85 and 87 

deregulated transcription and co-transcription factors, respectively (Supporting Information 

Table S7).  Besides canonical TFs, the final list also included co-activators, co-repressors, 

histone modifiers and chromatin remodeling proteins. We analyzed the deregulated proteins 

in KM12SM cells with the Genomatix Pathway System (GePS) for disease association. 

There was a significant enrichment in TFs associated to neoplasias and tumoral 

development. Digestive system neoplasms were among the top related diseases (Supporting 

Information Fig. S2B).  

STRING analysis reported a complex network of protein-protein interactions among 

the deregulated TFs together with the molecular functions significantly enriched (p<0.05) 

after these proteins in both cell lines (Fig. 3). Within the KM12 up-regulated TFs, the top 

molecular functions of the protein networks were basic-leucine zipper domain, regulation 

of transcription, gene expression, high mobility group box domain, transcriptional 

misregulation in cancer and regulation of cell proliferation. KM12 down-regulated proteins 

were related with RNA metabolic process, RNA binding and processing, including a 

significant number of proteins of the spliceosome, and in general RNA recognition motifs. 

Regarding up-regulated proteins in SW620, the main molecular functions were “gene 

expression” and “RNA processing”. For down-regulated proteins in SW620, proteins 

related with “RNA splicing”, but different to KM12, and “transcriptional misregulation in 

cancer” (another set of proteins). In summary, there were multiple similarities in the 

molecular functions between KM12 and SW cells but based on different proteins.  
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Validation of dysregulated TFs and splicing factors 

A heat-map based on similarities in the expression levels of TFs between KM12 and SW 

cells revealed some similarities between KM12SM and SW620, i.e. TCF7L2/TCF-4, UPF1, 

ETV6, SRSF3, YBX1/2, THRAP3, XPC, XRCC5/6 and MAX (Fig. 4A). In contrast, a 

significant number of TFs showed opposed expression ratios between KM12SM/C and 

SW620/480, like TFE3, MAFG, FOSL2 or CEPB. To note that SW620 cells were isolated 

from lymph nodes, whereas KM12SM cells were recovered from metastatic liver. 

Therefore, these differences might be related to organ tropism and colonization.  

We verified these results by qPCR and western blot. The qPCR confirmed the up-

regulation of TCF7L2/TCF4 and down-regulation of SFPQ, SRSF3 and YBX1 in both cell 

lines (Fig. 4B). However, TFE3, FOSL2, MAFG, and CEBPB mRNAs were upregulated in 

KM12SM, but downregulated in SW620 cells. By western blot, the basal expression of 

MAFG and TFE3 in SW480 cells was significantly higher than in KM12C cells. In 

contrast, TCF7L2/TCF-4, SRSF3 and p53 expression was less variable among both cell 

lines (Fig. 5C). Several protein bands were observed for TCF7L2/TCF-4 and TFE3, which 

might correspond to the phosphorylated and non-phosphorylated forms. For p53, we also 

noticed the presence of two proteoforms. The low molecular weight band might correspond 

to the p53β isoform.  In the case of SRSF3, we observed some discrepancies between 

qPCR, western blot and MS values. Recent CPTAC studies in multiple cancer types 

showed that proteins involved in RNA splicing tend to have low mRNA-protein correlation 

28, which seems to be the case for SRSF3, probably due to its own autoregulation 29.  
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Next, we carried out an “in silico” analysis of the regulatory networks among the 

altered TFs using MotifMap and Cytoscape for visualization. Each binding interaction 

predicted by MotifMap corresponds to a regulatory hypothesis. In the regulatory networks, 

we observed the presence of MAFG/MAFB, TCF-4, TFE3 or LEF-1 as major key nodes 

interconnected among them (Fig. 5). They regulate the expression of multiple TFs and co-

factors as well as several other genes relevant in colorectal carcinogenesis. Therefore, these 

TFs were selected for further characterization as they seem to play a relevant role in 

colorectal cancer progression. 

Role of altered TFs in metastasis 

Next, we investigated whether knocking down TFs expression affects the pro-metastatic 

properties of the KM12 colorectal cancer cells. TFE3, MAFG, TCF-4 or SRSF3 were 

related with the critical Wnt/β catenin pathway in colorectal cancer. Transient silencing of 

TFE3, TCF-4 and MAFG TFs in metastatic KM12SM and SRSF3 in KM12C cells using 

two different siRNAs for each TF was specific and did not affect each other expression 

(Fig. 6A, Supporting Information Fig. S3A). Knock-down of TFs expression after the 

RNAi experiments was between 70 and 80% of the original expression in KM12 cells (Fig. 

6A). KM12SM metastatic cells knocked down for TFE3, TCF-4 and MAFG showed a clear 

reduction in cell proliferation, adhesion and, particularly, invasion (Fig. 6B, Supporting 

Information Fig. S3B). In contrast, SRSF3 silencing in KM12C cells caused a slight but 

significant and reproducible increase in adhesion (Fig. 6B, Supporting Information Fig. 

S3B). To further investigate the role of SRSF3, we carried out apoptosis and adhesion-

related assays. These two cellular functionalities have been previously associated to 

SRSF330-31.  SRSF3 knocked down KM2C cells exhibited a significant increase in 
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resistance to apoptosis due to oxidative stress and to anchorless anoikis (Fig. 6C). Finally, 

to confirm the pro-metastatic effects of these factors we carried out “in vivo” liver homing 

experiments in mouse (Fig. 6D, Supporting Information Fig. S3C). TFs-silenced cells were 

inoculated in the spleen of Swiss nude mice. After RT-PCR amplification of liver RNA, 

human GAPDH, a surrogate marker, exhibited an increase in the liver of mice inoculated 

with SRSF3 knocked-down KM12C cells. In contrast, KM12SM cells silenced for MAFG, 

TCF-4 or TFE3 lost homing capacity, as shown by a decrease in the amount of GAPDH. 

Collectively, these results indicate that these TFs promote pro-metastatic functionalities and 

liver colonization in colorectal cancer. 

Correlation of TFs expression with disease-free progression in colorectal cancer 

Next, we investigated whether the deregulated transcription and splicing factors could be 

used to predict the outcome of colorectal patients, including the relapse and the survival of 

the patients. Using GSE17538, a GEO dataset with information from 232 patients at stages 

I-IV, we carried out an in silico analysis of the survival prediction capacity for 85 TFs 

altered in KM12 cells. Eight factors showed significant association (p ≤0.05) to disease-free 

survival: JUP, SFPQ, SRSF3, H1FX, JUND, RING1, HP1BP3 and SUB1 (Supporting 

Information Fig. S4A). The prognostic results were in agreement with the observed 

dysregulation values. Poor survival was associated to low expression for down-regulated 

and to high expression for up-regulated TFs. Then, we used the GSE39582 dataset 

containing 585 patients as a training panel. Only SRSF3 (Serine/Arginine Rich Splicing 

Factor 3) and SFPQ maintained a statistically significant prognostic capacity (p=0.003 and 

p<0.0001, respectively) to disease-free survival, associated to low expression (Supporting 

Information Fig. S4B).  
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SRSF3 expression is decreased in colorectal cancer metastasis and associates to poor 

prognosis 

To confirm the relevance of SRSF3 as a biomarker in human patients, we assessed SRSF3 

expression in tissue microarrays containing 187 patients of colorectal cancer at different 

stages using immunohistochemistry. There was a high expression of SRSF3 in normal 

colon and different levels of expression in the cancer tissues, from negative to strong 

expression (Fig. 7A). SRSF3 expression was inversely proportional to cancer progression. 

High expression was more abundant in stages I and II than in stage III or IV, in a 

statistically significant way.  At metastatic stage IV, 80% of the samples were negative or 

weakly positive for SRSF3 expression (p = 0.0001) (Fig. 7B). As a further validation, we 

tested by qPCR a collection of 144 samples collected at two hospitals of Madrid 

(Supporting Information Table S1).  We observed a significant association of low SRSF3 

expression to more recurrence (p≤0.010) (Fig. 7C). In conclusion, patients with low 

expression of SRSF3 presented a worse outcome than those with high expression. Next, we 

built Kaplan-Meier curves to estimate the disease-free survival using the 

immunohistochemistry data. Similarly, a significant association between low expression of 

SRSF3 and shorter disease free survival was observed for the whole series (Fig. 7D). Then, 

we carried out a univariate survival analysis according to the progression stage (Fig. 7E). 

Stratification analysis showed an excellent prognostic association for early stages (I and II). 

Finally, a multivariable analysis using Cox regression was performed to study whether the 

correlation was stage-independent. Results showed a clear trend to significance (p≤0.110), 

which would be only significant in early stages of disease (TNM stages I and II) and not in 

advanced stages (III and IV) (Fig. 7F). Collectively, these data indicate an association 
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between low expression of SRSF3 and poor survival, particularly at early stages where 

relevant clinical decisions have to be taken.   
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DISCUSSION 

TFs are essential for the regulation of gene expression in human health and disease. We 

used a novel proteomic approach, named catTFRE, to recover a highly enriched fraction of 

transcription, splicing factors and DNA/RNA-binding proteins in two pairs of genetically-

related colorectal cancer cell lines, KM12SM/C and SW620/480 cells, differing in 

metastatic ability.  Although the catTFRE approach was initially proposed 5 for enrichment 

of TFs due to the presence of TF concatemer binding regions, in our hands many classes of 

RNA/DNA binding, chromatin-binding and DNA damage proteins were also enriched in 

the pull down procedure. Therefore, the strategy was not particularly selective for TFs. In 

any case, we identified a significant number of altered TFs in both cell lines. There were 

relatively few similarities between them, which might reflect the different metastatic ability 

and genetic background. This relatively low similarity among deregulated proteins agrees 

well with previous transcriptomic results for these cell lines 32. In addition, this 

heterogeneity remarks the convenience of using different cell lines for proteomic analysis 

followed by orthogonal validations.  Functional silencing of MAFG, TFE3, TCF7L2/TCF-4 

and SRSF3 confirmed their pro-metastatic role in proliferation, adhesion, migration, 

survival and liver homing.  

We observed a gradual loss of SRSF3 expression with cancer progression, which 

was significantly associated to poor survival and shorter disease-free. The prognostic value 

of SRSF3 was excellent for early stages of the disease. This is the group of patients in 

whom more prognosticators are needed, as they are not usually candidates to 

chemotherapy, although it is well known that about 15-20% of them will recur and 

eventually die due to disease progression. The identification of prognostic factors that can 
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help select patients amenable to adjuvant therapy remains a hot topic of research and we 

feel our results identify a new prognostic factor for this group of early stage tumors. 

However, it would be necessary to perform prospective clinical trials with and without 

chemotherapy to know whether this factor can gain widespread clinical applicability in this 

context. 

SRSF3, also known as SRp20, is a multifunctional protein involved in alternative 

splicing and multiple cellular functions, such as DNA repair, RNA export, alternative RNA 

polyadenylation and protein translation 33. Aberrant alternative splicing is being 

increasingly associated to oncogenesis and cancer progression 34. Even mild changes in the 

expression of splicing factors might perturb alternative splicing 31. SRSF3 has been 

described as a proto-oncogene in several types of cancer 35-37. However, recent reports 

showed that loss of SRSF3 predisposes to hepatocellular carcinoma 38 and acute myeloid 

leukemia 39. In hepatocellular carcinoma, SRSF3 deletion caused an increase in 

proliferation through alterations in the insulin receptor splicing and the activation of 

ERK1/2 38. Our results are not conflicting with the consideration of SRSF3 as oncogene. 

Indeed, we observed mostly high SRSF3 expression in early stages of cancer, in contrast to 

the loss of SRSF3 expression at advanced and metastatic stages. The loss of SRSF3 was 

necessary for metastatic cells to colonize the liver microenvironment in mice. Here, we did 

not observe an effect of SRSF3 on cell proliferation, but in cell adhesion, resistance to 

oxidative stress and anoikis. SRSF3 promotes alternative splicing of some adhesion-related 

molecules such as CD44 40 and fibronectin 41 together with apoptosis-related proteins like 

insulin receptor42 and caspase-230, which may explain these changes in cell adhesion and 

resistance to oxidative stress and anoikis. 
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SRSF3 KO mice showed an increase of peroxisome proliferator activated receptor 

gamma (Pparg) expression 38. Interestingly, we noticed an increase in the abundance of 

PPARγ and CEP/β in metastatic KM12SM cells. Therefore, the loss of SRSF3 may 

facilitate the upregulation of PPARγ and CEP/β, which are targets of the β-catenin pathway 

43. We found TCF7L2/TCF-4, a protein involved in the Wnt/β-catenin signaling, to be 

upregulated in both cell lines. The β-catenin/TCF-4 pathway can modulate SRSF3 

expression to regulate alternative splicing in colorectal cancer cell lines, confirming the 

coordinated action between transcription and alternative splicing events 40. In summary, 

both mechanisms work together as two different layers for the control of gene expression 

44.  

UPF1 (up-frameshift protein 1) is one of the common up-regulated proteins in 

KM12 and SW metastatic cells. UPF1 is the key effector of the nonsense-mediated mRNA 

decay (NMD) process. NMD is an important mRNA quality control mechanism, it 

degrades aberrant mRNAs containing premature termination codons 45. UPF1 might 

constitute another layer of regulation for gene expression. A major class of splicing 

regulators targeted by NMD is serine–arginine (SR) proteins, including SRSF3, to regulate 

their own expression 46. Therefore, high expression of UPF1 might regulate the gradual loss 

of SRSF3 and, probably, to downregulate gene expression as a consequence of the 

substantial increase of aberrant splicing in metastatic cells. In summary, TCF-4, SRSF3 and 

UPF1 might be interconnected for a fine regulation of transcription, alternative splicing and 

mRNA control.  

Another mechanism for cancer progression and metastasis is through alternative 

splicing of gene suppressors, such as p53 or retinoblastoma 34. SRSF3 participates in the 



24 
 

alternative splicing of p53 47. Notably, p53 isoforms are expressed differently from tumor 

to tumor 48.  Downregulation of SRSF3 induces p53β, a p53 isoform that promotes cellular 

senescence 49. Interestingly, we observed an increase of a p53 isoform, compatible with 

p53β by mass spectrometry, in the metastatic colorectal cancer cells. Moreover, an increase 

in senescence has been associated to the dormancy state of metastatic cells to persist for 

months or years before final colonization 50, which might contribute to explain the 

association of low SRSF3 expression to disease-free prediction and survival.  

 Among the TFs found only in metastatic KM12SM cells, TFE3 is a basic helix-

loop-helix/leucine zipper that works through dimerization with itself or with other 

MiT/TFE family members, such as TFEB or MITF. TFE3 promotes the expression of genes 

downstream of TGFβ signaling and is involved in osteoclast and macrophage 

differentiation51. TFE3 has been involved in multiple translocations. Many of these 

translocations in renal cell carcinoma and PEComas involve SFPQ 52, which was down-

regulated in KM12SM cells. According to MotifMap, TFE3 regulates the expression of 

MAFG. In BRAF-positive human colorectal cancer cell lines and tumors, MAFG binds the 

promoters of MLH1 and other CpG island methylator phenotype (CIMP) genes resulting in 

hypermethylation and transcriptional silencing 53. Genes that regulate chromatin are 

mutated in the CIMP colorectal cancer; the highest rates of mutation were observed 

in CHD7 and CHD8, which encode members of the chromodomain helicase/ATP-

dependent chromatin remodeling family 54. In support of this, KM12SM cells have been 

related to abnormal methylation and the CIMP phenotype 55, which might explain the 

specific alterations in TFE3 and MAFG.  
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CONCLUSIONS 

The decline of SRSF3 expression in advanced colorectal cancer stages together with the 

upregulation of different TFs (mainly UPF1, TCF-4, TFE3 and MAFG) drives diverse 

alterations in the gene expression and the proteome of the metastatic colorectal cancer cells. 

These changes might affect a number of molecular mechanisms involved in adhesion, 

survival, invasion and metastasis. Moreover, the loss of SRSF3 expression has shown a 

clear and significant association to poor survival in early cancer stages and could be used as 

prognostic biomarker in colorectal cancer for patient risk-stratification.  
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LEGEND TO FIGURES 

Figure 1. Cellular fractionation and summary of experimental workflow. (A) Nuclear 

fractions from non-metastatic (KM12C and SW480) and metastatic cells (KM12SM and 

SW620) were isolated. Concentrated samples were separated on SDS-PAGE gels, 

transferred to nitrocellulose membranes, and probed with the indicated antibodies. MTA2 

and lamin B were used as specific markers of the nuclear fractions and RhoGDI as specific 

cytoplasmic marker. (B) Nuclear fractions from poorly metastatic and highly metastatic 

cells were isolated and incubated with a biotinylated catTFRE DNA fragment in order to 

bind the transcription factors differentially expressed in these cell lines. TFs were pulled 

down, digested with Lys-C and trypsin and analyzed by LC-MS in a LTQ-orbitrap Velos. 

Label-free MS analysis was performed using MaxQuant.  

Figure 2. Transcription factors and co-factors differentially-expressed in the nuclear 

fractions of colorectal cancer cell lines. (A) Venn’s diagram representing the number of 

proteins identified, quantified and deregulated in the nuclear fraction of KM12SM vs 

KM12C, or SW620 vs SW480. (B) Volcano plot showing the distribution of – Log10 p-

value versus Log2 LFQ ratios of KM12SM vs KM12C and SW620 vs SW480 quantified 

proteins.  Statistically significant (p<0.05) up and down-regulated proteins are indicated in 

red and green, respectively, while unaltered proteins are represented in gray. (C) Venn’s 

diagrams representing the number of proteins quantified or dysregulated in the nuclear 

fractions of KM12SM/KM12C and SW620/SW480. Overlapping proteins are indicated. 

Figure 3. STRING analysis of dysregulated transcription factors in metastatic cells. 

Networks of predicted protein-protein interactions among the up- and down-regulated 
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transcription factors and co-factors in both cell lines were analyzed using STRING. 

Proteins classified in the most relevant functional categories are represented as colored 

nodes. Connection lines represent known and predicted protein-protein interactions 

according to STRING conventions. Areas within broken dashes contain those proteins 

functionally enriched in the indicated functional categories. 

Figure 4. Validation of identified and quantified proteins. (A) Differentially-expressed 

proteins in KM12SM/KM12C and SW620/SW480 were represented by heat-maps of 

protein-expression levels according to label-free quantification.  Color scale represents the 

value of the fold-change variation. Up-regulated proteins (red), down-regulated proteins 

(green), unaltered proteins (gray) and non-quantified proteins (black).  (B) cDNA from 

non-metastatic (KM12C and SW480) and highly metastatic cells (KM12SM and SW620) 

was used for qPCR analysis using specific primers for selected genes and 18S rRNA for 

normalization. Data represent the mean ± SD of three experiments (**, p < 0.01; ***, p < 

0.001). (C) Nuclear extracts of KM12C and KM12SM were analyzed by Western blot to 

confirm proteomic expression changes in KM12C versus KM12SM cells using indicated 

antibodies. Lamin B was used as loading control. 

Figure 5.  In silico prediction of regulatory networks affecting altered TFs. Predicted 

gene targets of the altered transcription factors and regulators of these genes were analyzed 

using the MotifMap system. Arrows are directed from a transcription factor to a gene. 

Described interactors of the dysregulated factors were obtained using GeneCards. Default 

parameters were applied according to the system. TFE3, MAFG, TCF4 and LEF1 compose 

4 major key nodes interconnected among them, represented in rectangles. TFs and co-

factors identified in our proteomics analyses are represented in dark gray, whereas not 
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identified TFs are represented in light gray. Cytoscape v3.5.1 was used for representing the 

data. 

Figure 6. In vitro functional studies to determine the effect of dysregulated TFs in 

metastasis. (A) siRNA silencing was tested by western blot in nuclear fractions of 

transiently transfected cells with #1 siRNA. Lamin B was used as loading control. (B) After 

24h of transfection,  KM12 cells silenced for the indicated proteins, or with control siRNA, 

were incubated with or without serum for 24 h and subjected to MTT assays. Bar plot 

represents the mean ± standard deviation (***, p < 0.001). Adhesion assays were performed 

after 48 h of transfection (**, p < 0.01; ***, p < 0.001). For invasion assays, at 24h of 

transfection, silenced cells were seeded on top of Matrigel-coated transwell plates. Invasive 

cells were counted with crystal violet after 48h (***, p < 0.001). (C) SRSF3 knocked down 

KM12C cells were treated with the indicated concentrations of H2O2 (above) or kept in 

suspension for the indicated times (below) for determination of survival to oxidative stress 

and anoikis, respectively. Silencing of SRSF3 reduces significantly cell apoptosis (*, p < 

0.05; **, p < 0.01; ***, p < 0.001) compared to control cells. (D) Swiss nude mice were 

inoculated intrasplenically with KM12C or KM12SM cells transfected with the indicated 

siRNAs and sacrificed 48 h after injection. RNA was isolated from the liver and subjected 

to RT-PCR to amplify human GAPDH. A representative experiment (out of three) is 

shown. Murine β-actin was amplified as loading control. 

Figure 7. Low levels of SRSF3 staining are associated to cancer progression and poor 

survival of patients with colorectal cancer. Immunohistochemical analysis of SRSF3 

expression was performed in TMAs containing 187 colorectal cancer patients. (A) 

Representative images showing negative, moderate or intense staining of different 
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colorectal carcinomas and intense normal paired mucosa. Counterstaining was made with 

hematoxylin. Photographs were taken at 200X magnification. (B) Percentage of patients 

with negative, moderate or intense staining according to cancer stage. (C) Kaplan–Meier 

analyses of disease-free survival of patients according to SRSF3 expression quantified by 

immunohistochemistry. Differences between curves were performed using the log-rank 

test. (D) Further validation was carried out by qPCR of SRSF3 in a different cohort of 148 

colorectal cancer patients. Kaplan Meier survival curve was built for disease-free survival. 

Differences between curves were performed using the log-rank test. (E) Univariate survival 

analysis. Kaplan-Meier survival curves were compared with the long rank test to measure 

prognostic influence of SRSF3 immunohistochemical expression. (F) Cox regression 

analysis to test whether stage influences the prognostic value of SRSF3 expression. B, 

regression coefficient. SE, standard error. Wald, Wald statistics (B/SE)2. P, probability. CI, 

confidence interval. 
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Stage Chi-square gl P 

1,00 Log Rank (Mantel-Cox) 4,660 1 ,031

2,00 Log Rank (Mantel-Cox) 5,336 1 ,021

3,00 Log Rank (Mantel-Cox) 1,340 1 ,247

4,00 Log Rank (Mantel-Cox) 1,238 1 ,266
 

Univariate survival analysis

 
B SE Wald gl P Exp(B) 95,0% IC of Exp(B)

Inferior Superior

SRSF3 -,183 ,115 2,556 1 ,110 ,832 ,665 1,042

estadio ,311 ,102 9,299 1 ,002 1,365 1,118 1,667
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