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Abstract 
Epithelial cells acquire mesenchymal phenotypes through epithelial-mesenchymal transition 

(EMT) during cancer progression. However, how epithelial cells retain their epithelial traits 

and prevent malignant transformation is not well understood. Here, we report that the long 

noncoding RNA LITATS1 (LINC01137, ZC3H12A-DT) is an epithelial gatekeeper in normal 

epithelial cells and inhibits EMT in breast and non-small cell lung cancer cells. Transcriptome 

analysis identified LITATS1 as a TGF-β target gene. LITATS1 expression is reduced in lung 

adenocarcinoma tissues compared with adjacent normal tissues and correlates with a favorable 

prognosis in breast and non-small cell lung cancer patients. LITATS1 depletion promotes TGF-

β-induced EMT, migration, and extravasation in cancer cells. Unbiased pathway analysis 

demonstrated that LITATS1 knockdown potently and selectively potentiates TGF-β/SMAD 

signaling. Mechanistically, LITATS1 enhances the polyubiquitination and proteasomal 

degradation of TGF-β type I receptor (TβRI). LITATS1 interacts with TβRI and the E3 ligase 

SMURF2, promoting the cytoplasmic retention of SMURF2. Our findings highlight a 

protective function of LITATS1 in epithelial integrity maintenance through the attenuation of 

TGF-β/SMAD signaling and EMT. 

 

Introduction 
At the early stage of epithelium-derived cancers, highly polarized epithelial cells gradually lose 

cell–cell adhesion and acquire mesenchymal-like features through a process called epithelial-

mesenchymal transition (EMT)1-3. This process is characterized by the loss of epithelial 

markers (E-cadherin, ZO-1, etc.) and the gain of mesenchymal markers (Fibronectin, N-

cadherin, Vimentin, etc.) in epithelial cells. Mesenchymal cancer cells can invade through the 

basement membrane and intravasate into the vascular circulation, resulting in the dissemination 

of cancer cells and the formation of metastases in distant organs3. However, the reversible EMT 

process includes multiple intermediate states, referred to as partial or hybrid EMT4, 5. In 

particular, cancer cells with a dynamic epithelial-mesenchymal plasticity (EMP) phenotype 

demonstrate greater malignancy, more prominent stem cell characteristics, and greater 

resistance to chemotherapy5-8. 

 

Signaling by the secreted cytokine transforming growth factor β (TGF-β) is a main EMT driver, 

and targeting proactive TGF-β signaling for cancer treatment has been evaluated clinically9, 10. 

TGF-β initiates signaling upon binding to complexes of TGF-β type I and type II 

serine/threonine receptors (TβRI and TβRII, respectively). Activated TβRI induces regulated 

(R)-SMAD2/3 phosphorylation, after which phosphorylated SMAD2/3 translocate into the 

nucleus by forming complexes with SMAD4. These SMAD complexes regulate gene 

transcription by cooperating with other transcription factors11, 12. The intensity and duration of 

TGF-β signaling are finely tuned at multiple levels13. At the receptor level, SMAD-Specific E3 

Ubiquitin Protein Ligase 1/2 (SMURF1/2) are recruited to activated TβRI by interacting with 

the inhibitory protein SMAD7 and thereby polyubiquitinate and degrade TβRI14, 15. 

 

Long noncoding RNAs (lncRNAs) are defined as transcripts that are longer than 200 

nucleotides, transcribed by RNA polymerase II, and lack the protein-coding ability16, 17. The 

regulatory functions of lncRNAs in various biological processes and pathological events, 

including cancer progression, have been shown18, 19. LncRNAs can serve as guides, scaffolds 

or decoys to modulate the interactions between biological macromolecules, such as protein–

protein interactions and protein–DNA interactions, and thereby regulate gene expression at 

multiple levels17, 20. In addition, lncRNAs can sponge microRNAs (miRNAs) by acting as 

competitive endogenous RNAs (ceRNAs)21, 22. 
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Epithelial cells protect their integrity by sustaining the expression of epithelial gatekeeper 

proteins such as OVOL1/223, GRHL224, and C/EBPα25. Loss of these proteins induces 

epigenetic reprogramming and/or hyperactivation of EMT-promoting transcription factors or 

signaling pathways, resulting in the disruption of epithelial integrity and the acquisition of 

mesenchymal features23, 24, 26. LncRNAs are emerging as a new class of EMT regulators. By 

functioning as an epigenetic silencer, human HOX antisense intergenic RNA (HOTAIR) 

suppresses EMT and breast cancer metastasis27, 28. However, whether lncRNAs participate in 

maintaining epithelial architecture is poorly understood. Here, we identify LncRNA Induced 

by TGF-β and Antagonizes TGF-β Signaling 1 (LITATS1) as a protector of epithelial cells to 

inhibit TGF-β-induced EMT and invasive abilities. Our findings reveal a novel lncRNA-

directed mechanism by which epithelial cells maintain their integrity and thereby prevent TGF-

β-induced EMT and cancer cell invasion. 

 

Results 
LITATS1 is a cytoplasmic lncRNA whose expression is induced by TGF-β/SMAD 

signaling. 

TGF-β is a pivotal driver of EMT that disrupts epithelial integrity10. To investigate the role of 

lncRNAs in TGF-β-induced EMT and cell migration, we performed transcriptional profiling to 

screen for TGF-β-induced lncRNAs in breast cell lines that respond to TGF-β-induced EMT 

(i.e., MCF10A-M1 normal breast epithelial cells and MCF10A-M2 premalignant breast cells; 

Appendix Fig S1A–C) or in which TGF-β stimulates cell migration and invasion (i.e., MDA-

MB-231 mesenchymal triple-negative breast cancer cells; Appendix Fig S1A, B and D). RNA 

sequencing (RNA-seq) analysis was performed on these three cell lines stimulated with TGF-

β for short (2 h), moderate (8 h), and prolonged (24 h) durations (Fig 1A). Using samples 

without TGF-β treatment (0 h) as the reference, we selected 15 lncRNAs whose expression is 

decent among the 25 lncRNAs that were induced by TGF-β in at least two of the three cell lines 

after all TGF-β stimulation durations (P < 0.05, fold change >2; Fig 1B, Appendix Fig S1E, 

Table S1). Analysis of a separate batch of RNA samples from MCF10A-M2 cells validated the 

induction of these 15 lncRNA hits by TGF-β (Appendix Fig S1F). Moreover, 9 of the 15 

lncRNAs were also potently upregulated by TGF-β in A549 lung adenocarcinoma cells, a cell 

line that is commonly used to investigate TGF-β-induced EMT (Appendix Fig S2A). A further 

screen directed by individually depleting the 9 lncRNAs with two independent GapmeRs 

identified two lncRNAs (No. 4 and No. 11; Appendix Table S1) whose knockdown augmented 

TGF-β-mediated effects on the rearrangement of the actin cytoskeleton into filamentous (F)-

actin stress fibers and EMT marker expression (Appendix Fig S2B–D). We observed that one 

unannotated lncRNA (No. 12; Appendix Table S1) exerted the opposite effects (Appendix Fig 

S2B–D). As a well-characterized lncRNA, lncRNA No. 4 (NKILA) was reported to be induced 

by TGF-β and alleviate EMT and cancer metastasis29-31. We prioritized lncRNA No. 11 (which 

we termed LITATS1) for further investigation due to its abundant basal and prominent TGF-β-

induced expression (Appendix Figs S1F and S2A) and its potent inhibitory effects on TGF-β-

induced EMT (Appendix Fig S2C and D). 

 

To evaluate LITATS1 kinetic expression pattern upon TGF-β treatment, we prolonged the 

duration of TGF-β stimulation and observed a sustained LITATS1 expression until 72 h in 

MDA-MB-231 and A549 cells (Fig EV1A). To verify and extend our identification of LITATS1 

as a TGF-β-induced target gene, we depleted SMAD4 in MDA-MB-231 cells and found that 

both basal and TGF-β-induced LITATS1 expression levels were mitigated (Figs 1C and EV1B). 

Moreover, LITATS1 expression was enhanced upon ectopic expression of constitutively active 

TGF-β type I receptor (caTβRI) in HEK293T cells (Fig 1D).  



Chapter 2 

 
40 

 

 
 

Figure 1. LITATS1 is a TGF-β-induced lncRNA. (A) Scheme for screening lncRNAs induced by TGF-β. MCF10A-M1, 

MCF10A-M2, and MDA-MB-231 cells were treated without (0 h) or with TGF-β for 2 h, 8 h, or 24 h. RNA samples (biological 

triplicates) were collected for RNA-seq, and lncRNAs induced by TGF-β were selected for further analysis. (B) Heatmap 

showing the log2 fold changes in the 15 lncRNA hits induced by TGF-β at all three time points (2 h, 8 h, and 24 h vs. 0 h) in 

at least two cell lines. (C) LITATS1 expression (as detected by RT–qPCR) upon SMAD4 knockdown in MDA-MB-231 cells. 
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Cells were serum starved for 16 h and TGF-β was added for 4 h. Representative results from a minimum of three independent 

experiments are shown. (D) LITATS1 expression (as detected by RT–qPCR) in HEK293T cells. Cells were transfected without 

(Co.vec) or with the constitutively active TGF-β type I receptor (caTβRI) ectopic expression construct. Representative results 

from a minimum of three independent experiments are shown. (E) Effect of TGF-β on LITATS1 promoter activity as determined 

by luciferase reporter assays. HepG2 cells were transfected with empty pGL4 vector (Co.vec) or with two indicated LITATS1 

promoter luciferase reporters (LITATS1-P1 and LITATS1-P2). Cells were stimulated with ligand buffer as the vehicle control 

(−), BMP6 (50 ng/ml), or TGF-β (5 ng/ml) for 16 h. Representative results from a minimum of three independent experiments 

are shown. (F) Effect of caTβRI and SMAD3 on LITATS1 promoter activity as determined by luciferase reporter assays. HepG2 

cells were transfected with ectopic expression constructs for the LITATS1 promoter 2 luciferase reporter (LITATS1-P2) and 

caTβRI or SMAD3 and were then stimulated with or without TGF-β for 16 h. Representative results from a minimum of three 

independent experiments are shown. (G) Schematic representation of the genomic location of LITATS1 and its neighboring 

genes. The arrows indicate the direction of transcription. (H) CPAT software was used to predict the coding potential of protein-

coding mRNAs (ACTB2 and GAPDH), well-annotated lncRNAs (Xist and NKILA), and LITATS1. (I) Expression analysis of 

lncRNA H19, NEAT1, and LITATS1 expression levels in the cytoplasmic and nuclear fractions of MCF10A-M1, MCF10A-

M2, and MDA-MB-231 cells. Representative results from a minimum of three independent experiments are shown. (J) RNA 

fluorescence in situ hybridization was performed to evaluate LITATS1 expression and subcellular localization in A549 cells. 

Cells were treated with or without TGF-β for 2 h. Representative images are shown in the left panel, and signal quantification 

data are shown in the right panel. Scale bar = 10 μm. Representative results from two independent experiments are shown.  
 
Data information: TGF-β was applied at a final concentration of 5 ng/ml. (C, D, E, F) are expressed as the mean ± SD values 

from three biological replicates (n = 3). (J) is expressed as the mean ± SD values from 30 biological replicates (n = 30). 

*0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001; ****P < 0.0001; NS, not significant. Statistical analysis was 

based on the unpaired Student's t-test. 

 

To further investigate the mechanism by which TGF-β/SMAD signaling potentiates LITATS1 

expression, the LITATS1 promoter was characterized. TGF-β but not the closely related family 

member bone morphogenetic protein (BMP)6, stimulated the transcriptional activity of the 

LITATS1 promoter fragment (−3,387 to −1,585 bp upstream of the transcription start site; 

chromosome 1: 37,476,029 to 37,477,830 (GRCh38.p14)) when placed upstream of a 

luciferase reporter gene (Figs 1E and EV1C). In addition, ectopic expression of caTβRI or its 

downstream transcriptional effector SMAD3 (in either the absence or presence of exogenous 

TGF-β) enhanced LITATS1 promoter activity (Fig EV1D). Next, transcriptional activity 

analysis of LITATS1 promoter truncation mutants demonstrated that the promoter region 

containing bp −3,212 to −2,649 (chromosome 1: 37,477,093 to 37,477,655 (GRCh38.p14)) 

was responsible for the TGF-β-mediated transcriptional activity (Fig EV1E). Notably, mutation 

of a putative SMAD binding site completely abrogated basal and TGF-β-driven LITATS1 

transcription (Figs 1F and EV1F). Collectively, our results reveal that LITATS1 is a direct target 

gene of TGF-β/SMAD signaling. 

 

Next, we mapped the LITATS1 locus on chromosome 1, which is located at head-to-head 

orientation to a protein-coding gene ZC3H12A (Fig 1G). The 5′ and 3′ rapid amplification 

of cDNA ends (RACE) assays demonstrated that LITATS1 is a 1,443 nt three-exon transcript 

that is identical to an annotated lncRNA LINC01137 in the NCBI database or ZC3H12A-DT in 

the Ensembl database (Figs 1G and EV1G). Although LITATS1 is shown as the only splice 

variant in the NCBI database, ZC3H12A-DT was found to be spliced into seven splice variants 

as shown in the Ensembl database (Appendix Fig S3A). To check whether LITATS1 (splice 

variant 1) is the only TGF-β-induced ZC3H12A-DT splice variant, we analyzed the RNA-seq 

data and estimated the raw sequencing reads using StringTie that can discriminate the seven 

splice variants. We found that LITATS1 (splice variant 1) basal expression was the highest 

among the seven splice variants (Appendix Fig S3B). Moreover, LITATS1 (splice variant 1) 

was the only variant that can be induced by TGF-β in all three breast cell lines (Appendix Fig 

S3B). Additionally, reverse transcription–quantitative PCR (RT–qPCR) analysis of MDA-MB-

231 and A549 cells consolidated this result (Appendix Fig S3C and D).  
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Figure 2. LITATS1 expression correlates with better prognosis in breast cancer and lung cancer patients. (A) LITATS1 

expression in different breast cells as measured by RT–qPCR. Results from epithelial-like and mesenchymal-like cells are 

labeled in blue and green, respectively. Representative results from two independent experiments are shown. (B) Comparison 

of LITATS1 expression in breast cancer classified by PAM50 subtypes. (C) Quantification of LITATS1 expression levels by in 

situ hybridization in lung adenocarcinoma tissue microarrays. Representative images (bar = 100 μm) and zoomed images 

(bar = 20 μm) of in situ hybridization results in lung adenocarcinoma and matched adjacent normal tissues are shown in the 
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left panel. The comparison of the LITATS1 staining index between the paired tissues is shown in the right panel. Tissue pairs 

with higher LITATS1 expression in the normal tissue (normal) than in the lung adenocarcinoma tissue (tumor) are highlighted 

in red, whereas tissue pairs with lower LITATS1 expression in the normal tissue than in the tumor tissue are highlighted in 

green. (D) Kaplan–Meier survival curves of relapse-free survival in 175 breast cancer patients stratified by LITATS1 expression. 

LITATS1 expression was measured by in situ hybridization in breast cancer tissue microarrays. (E-H) Kaplan–Meier survival 

curves of overall survival (E), distant metastasis-free survival (F), and relapse-free survival (G) in breast cancer patients and 

overall survival (H) in non-small cell lung cancer patients stratified by LITATS1 expression. The data were generated via 

Kaplan–Meier Plotter (https://kmplot.com/analysis/).  
 
Data information: (A) is expressed as the mean ± SD values from three biological replicates (n = 3). (B) is represented as box-

and-whisker plots with 5–95 percentile line representing the median of each group. Numbers below the plot represent patient 

numbers (biological replicates). (C) is expressed as the mean ± SD values from 49 biological replicates (n = 49). 

*0.01 < P < 0.05; **0.001 < P < 0.01; ****P < 0.0001. In (A, B), statistical analysis was based on the unpaired Student's t-test. 

In (C), statistical analysis was based on the paired Student's t-test. In (D–H), the log-rank (Mantel-Cox) test was applied to 

calculate the statistical significance. 

 

Bioinformatic analysis with Coding Potential Assessment Tool (CPAT)32 predicted that 

LITATS1 lacked coding potential (Fig 1H). As the subcellular localization of lncRNAs aids in 

deciphering their functions and mechanisms, subcellular fractionation followed by RT–qPCR 

was carried out. As shown in Fig 1I, LITATS1 was localized mainly in the cytoplasm (73.9–

88.1%) of three breast cell lines, which was confirmed by fluorescence in situ hybridization in 

A549 cells (Figs 1J and EV1H). Moreover, TGF-β stimulation did not alter the cytoplasmic 

and nuclear distribution of LITATS1 (Fig EV1I). Collectively, these results reveal that LITATS1 

is a cytoplasmic lncRNA whose expression is induced by TGF-β/SMAD signaling. 

 

LITATS1 expression correlates with a better outcome in cancer patients 

To explore the relationship between LITATS1 and EMT, LITATS1 expression was initially 

analyzed in a panel of breast cell lines with epithelial and/or mesenchymal features. Two 

mesenchymal-like breast cancer cell lines, MDA-MB-231 and MDA-MB-436, displayed less 

LITATS1 expression than three epithelial-like cell lines (MCF10A-M1, MCF10A-M2, and 

MCF7; Fig 2A). In addition, analysis of RNA-seq data from the TCGA33 and GTEx34 breast 

cancer datasets revealed that LITATS1 expression was significantly decreased in patient 

samples classified into the basal-like and HER2-enriched subtypes with poor prognosis 

compared with the luminal A and luminal B subtypes with better prognosis35 (Fig 2B). 

Moreover, in situ hybridization with a LITATS1 probe in a commercial tissue microarray 

showed that LITATS1 expression was reduced in lung adenocarcinoma samples compared with 

matched adjacent normal samples, with a lower level in 89.8% (44 of 49) of the tested samples 

(Fig 2C). To investigate the correlation between LITATS1 expression and survival in patients 

with breast cancer, a Kaplan–Meier plot was generated based on the in situ hybridization results 

in the ORIGO breast cancer tissue microarray36. Higher LITATS1 expression was associated 

with a higher relapse-free survival rate (P = 0.0286) in the cohort of 175 breast cancer patients 

(Fig 2D). Furthermore, bioinformatic Kaplan–Meier analysis using other patient cohorts37, 38 

also revealed that high LITATS1 expression correlated with a favorable outcome in breast and 

non-small cell lung cancer patients (Fig 2E–H). Together, our results demonstrate that LITATS1 

is expressed at lower levels in mesenchymal breast cancer cells and that LITATS1 expression 

correlates with a favorable clinical outcome in breast and non-small cell lung cancer patients. 

 

Loss of LITATS1 potentiates TGF-β-induced EMT and cell migration 

To further investigate the impact of LITATS1 on TGF-β-induced EMT, LITATS1 was 

overexpressed by CRISPR activation (CRISPRa) in MCF10A-M2 cells (Appendix Fig S4A) 

or using a lentiviral ectopic expression construct in A549 cells (Appendix Fig S4B). TGF-β-

induced the downregulation of E-cadherin expression and the upregulation of mesenchymal 

marker expression were alleviated upon LITATS1 ectopic expression in both cell lines (Figs 3A 

and EV2A).  
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Figure 3. LITATS1 knockdown potentiates EMT, cell migration, and cell extravasation. (A, B) Effect of LITATS1 on TGF-

β-induced EMT marker expression in MCF10A-M2 upon CRISPRa-mediated LITATS1 overexpression (A) or shRNA-

mediated knockdown (B). GAPDH or α/β-Tubulin, loading control. The results of LITATS1 overexpression and knockdown 

are shown in Appendix Fig S4A and Fig EV2B. Representative results from a minimum of three independent experiments are 

shown. (C) Immunofluorescence analysis of F-actin expression and localization in A549 cells upon shRNA-mediated LITATS1 

depletion. Cells were treated with or without TGF-β for 24 h. Nuclei were visualized by DAPI staining. Scale bar = 30 μm. 
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The result of LITATS1 knockdown is shown in Appendix Fig S4C. Representative results from two independent experiments 

are shown. (D, E) An IncuCyte chemotactic migration assay was performed to evaluate the effect of LITATS1 ectopic 

expression (D) or knockdown (E) on TGF-β-induced MDA-MB-231 cell migration. The results of LITATS1 overexpression 

and knockdown are shown in Appendix Fig S4D and E. Representative results from two independent experiments are shown. 

(F, G) In vivo zebrafish extravasation experiments with MDA-MB-231 cells upon ectopic LITATS1 expression (F) or LITATS1 

knockdown (G). Representative zoomed images of the tail fin area are shown in the left panels. Extravasated breast cancer cell 

clusters are indicated with yellow arrows. Analysis of the extravasated cell cluster numbers in the indicated groups is shown 

in the right panels. Whole zebrafish image, bar = 309.4 μm; zoomed image, bar = 154.7 μm. Representative results from two 

independent experiments are shown.  
 
Data information: TGF-β was applied at a final concentration of 1 ng/ml. (D, E) are expressed as the mean ± SD values from 

four biological replicates (n = 4). (F, G) are expressed as the mean ± SD values from 30 biological replicates (n = 30). 

*0.01 < P < 0.05; ***0.0001 < P < 0.001; ****P < 0.0001. In (D, E), statistical analysis was based on two-way ANOVA. In (F, 

G), statistical analysis was based on the unpaired Student's t-test. 

 

On the contrary, LITATS1 knockdown by two independent shRNA constructs (shLITATS1 #1 

and #2) enhanced TGF-β-induced expression of two mesenchymal markers in MCF10A-M2 

cells (Figs 3B and EV2B). The inhibitory role of LITATS1 in EMT was also validated in A549 

cells via transcriptional profiling and gene set enrichment analysis (GSEA) upon depletion of 

LITATS1. A significant reverse correlation was observed between LITATS1 expression and a 

well-established EMT signature (Fig EV2C). Additionally, LITATS1 depletion facilitated F-

actin formation in the absence of TGF-β and further potentiated TGF-β-induced F-actin 

formation (Fig 3C). Consistent with these results, LITATS1 ectopic expression suppressed TGF-

β-induced cell migration in MDA-MB-231 and A549 cells, as measured by a chemotactic 

migration assay (Figs 3D and EV2D). By contrast, LITATS1 depletion in MDA-MB-231 cells 

augmented TGF-β-induced cell migration (Fig 3E). In agreement with our in vitro migration 

results, the inhibitory effect of LITATS1 on in vivo cell extravasation was observed in a 

zebrafish embryo breast cancer xenograft model (Figs 3F and G, and EV2E). Taken together, 

these data indicate that LITATS1 functions as a critical suppressor of TGF-β-induced EMT and 

cell migration. 

 

LITATS1 attenuates TGF-β/SMAD signaling 

Next, we investigated the mechanism by which LITATS1 affects TGF-β-induced EMT and 

migration. Given that ZC3H12A is a head-to-head neighboring gene of LITATS1 (Fig 1G), we 

checked the effect of LITATS1 misexpression on ZC3H12A expression. Of note, ZC3H12A 

mRNA expression remained unchanged upon genetic perturbations of LITATS1 (Appendix Fig 

S4A–E). Therefore, to explore the signaling pathways affected by LITATS1 in an unbiased 

manner, transcriptome analysis of A549 cells with LITATS1 depletion was carried out 

(Appendix Fig S5A). Strikingly, 11 of the 15 genes with the greatest upregulation upon 

LITATS1 knockdown were bona fide TGF-β/SMAD target genes (fold change > 1.5, P < 0.05; 

Appendix Fig S5B). Furthermore, SMAD3 and SMAD4 were among the top enriched 

transcription factors that contribute to the gene transcription events mediated by LITATS1 

depletion (Appendix Fig S5C). Pathway enrichment analysis showed that TGF-β signaling was 

the fourth top pathway among the 10 significantly affected pathways by LITATS1 depletion 

(Appendix Fig S5D). In addition, GSEA confirmed the positive correlations between LITATS1 

depletion and the TGF-β gene response signature39 (Fig 4A). Next, we evaluated the effect of 

LITATS1 on TGF-β/SMAD signal transduction using a highly selective synthetic SMAD3/4-

driven transcriptional reporter40. LITATS1 overexpression suppressed, but LITATS1 depletion 

potentiated the TGF-β/SMAD3/4-induced transcriptional response in HepG2 cells (Figs 4B 

and EV3A). Notably, a LITATS1 mutant (MUT) in which all the putative start codons were 

mutated (ATG to ATT) exhibited an inhibitory effect on the TGF-β/SMAD3/4-induced 

transcriptional response similar to that of wild-type (WT) LITATS1 (Fig EV3B). This finding 

was consistent with the prediction of LITATS1 to be a lncRNA that does not encode small 
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Figure 4. LITATS1 suppresses TGF-β/SMAD signaling and EMT. (A) GSEA of positive correlations between (manipulated) 

LITATS1 expression and the TGF-β gene response signature. (B) Effect of LITATS1 misexpression on TGF-β/SMAD3 
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transcriptional activity in HepG2 cells. Cells were transfected with expression constructs for the TGF-β-induced SMAD3/4-

dependent CAGA-luc transcriptional reporter and LITATS1 misexpression. The results of LITATS1 misexpression are shown 

in Fig EV3A. Representative results from a minimum of three independent experiments are shown. (C) Expression of TGF-β 

target genes (as measured by RT–qPCR) in MDA-MB-231 cells without (Co.sh) or with (sh#1 and sh#2) LITATS1 depletion. 

Cells were serum starved for 16 h and treated with or without TGF-β for 4 h. Representative results from a minimum of three 

independent experiments are shown. (D) Effect of LITATS1 knockdown on TGF-β-induced SMAD2 phosphorylation in MDA-

MB-231 cells. Cells were serum starved for 16 h and stimulated with TGF-β for the indicated durations. The p-SMAD2 and 

total SMAD2 (t-SMAD2) levels were analyzed by western blotting. GAPDH, loading control. Representative results from a 

minimum of three independent experiments are shown. (E) Effect of LITATS1 knockdown on E-cadherin, N-cadherin, and 

SNAIL expression in A549 cells. Cells were stimulated with vehicle control (−), SB431542 (SB; 10 μM), or TGF-β (Τβ) for 

24 h, and protein expression was analyzed by western blotting. α/β-Tubulin, loading control. Representative results from a 

minimum of three independent experiments are shown. (F) Effect of LITATS1 depletion (using two independent shRNAs, i.e., 

shLITATS1 #1 and #2) on F-actin expression and localization (as evaluated by immunofluorescence) in A549 cells. DAPI 

staining was performed to visualize nuclei. Cells were stimulated with or without SB431542 (SB; 10 μM) for 48 h. Scale 

bar = 30 μm. Representative results from two independent experiments are shown. (G) IncuCyte wound healing migration 

assays were performed to evaluate the effect of TGF-β signaling inactivation on MDA-MB-231 cell migration mediated by 

LITATS1 knockdown. Cells were treated with or without SB431542 (SB; 10 μM) during the migration assays. Representative 

results from two independent experiments are shown. (H) In vivo zebrafish extravasation experiments with MDA-MB-231 

cells upon LITATS1 knockdown and blockage of TGF-β signaling. Representative zoomed images of the tail fin area are shown 

in the left panels. Extravasated breast cancer cell clusters are indicated with yellow arrows. Analysis of the extravasated cell 

cluster numbers in the indicated groups is shown in the right panel. Whole zebrafish image, bar = 618.8 μm; zoomed image, 

scale bar = 154.7 μm. Representative results from two independent experiments are shown.  
 
Data information: TGF-β was applied at a final concentration of 1 ng/ml. (B, C) are expressed as the mean ± SD values from 

three biological replicates (n = 3). (G) is expressed as the mean ± SD from seven biological replicates (n = 7). (H) is expressed 

as the mean ± SD values from 30 biological replicates (n = 30). *0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001; 

NS, not significant. In (B, C, H), statistical analysis was based on the unpaired Student's t-test. In (G), statistical analysis was 

based on two-way ANOVA followed by Tukey's multiple comparisons test. 

 

Moreover, LITATS1 knockdown promoted the expression of TGF-β/SMAD target genes in 

MDA-MB-231 and MCF10A-M2 cells (Figs 4C and EV3C). By contrast, LITATS1 

overexpression attenuated TGF-β/SMAD-induced target gene expression in both cell lines (Fig 

EV3D and E). Furthermore, TGF-β-induced SMAD2 phosphorylation, which is an immediate 

downstream indicator of TβRI activity, was promoted in MDA-MB-231 and MCF10A-M2 

cells with LITATS1 depletion (Figs 4D and EV3F). However, TGF-β-induced SMAD2 

phosphorylation was mitigated upon ectopic LITATS1 expression in MDA-MB-231 and 

MCF10A-M2 cells (Fig EV3G–I). Moreover, the negative regulatory effect of LITATS1 on 

TGF-β/SMAD signaling was confirmed by LITATS1 misexpression in A549 cells (Appendix 

Fig S5E–G). 

 

We then determined whether the effect of LITATS1 on uncontrolled EMT is dependent on TGF-

β signaling regulation. The LITATS1 depletion-mediated changes in EMT marker expression 

and F-actin formation were mitigated by blockade of TGF-β/SMAD signaling with the 

selective TβRI kinase inhibitor SB431542 in A549 cells (Fig 4E and F, Appendix Fig S5H). 

Moreover, SB431542 treatment blocked the migration of MDA-MB-231, MCF10A-M2, and 

A549 cells and the in vivo extravasation of MDA-MB-231 cells that were induced by LITATS1 

knockdown (Figs 4G and H, and EV3J, Appendix Fig S5I). Taken together, these results 

indicate that TGF-β receptor signaling activation is pivotal for the promoting effects on EMT, 

cell migration, and extravasation that occur upon LITATS1 depletion. 

 

LITATS1 destabilizes TβRI by potentiating its polyubiquitination 

The promotion of TβRI-induced SMAD2 phosphorylation resulting from the absence of 

LITATS1 (Fig 4D) prompted us to check whether LITATS1 affects the expression of its upstream 

TGF-β receptor. We found that upon LITATS1 ectopic expression, MDA-MB-231 and 

MCF10A-M2 cells exhibited less TβRI protein expression (Figs 5A and EV4A). This was 

further confirmed by ectopic expression of LITATS1 in caTβRI-overexpressing HEK293T cells 

(Fig EV4B). Interestingly, TΒRI mRNA expression remained unaffected (Fig EV4A and C). 
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Consistent with these results, depletion of LITATS1 enhanced TβRI expression at the protein 

but not at the mRNA level (Figs 5B and EV4C and D). These results suggest that LITATS1 may 

alter TβRI protein turnover. Consistent with this idea, LITATS1 exerted a negative effect on 

TβRI protein stability, as measured by a cycloheximide (CHX)-directed time-course assay 

(Figs 5C and D, and EV4E). To decipher whether lysosomes or proteosomes play a role in the 

inhibitory effect of LITATS1 on TβRI protein stability, LITATS1-overexpressing MDA-MB-231 

and HEK293T cells were challenged with selective chemical lysosome or proteasome 

inhibitors. LITATS1-induced TβRI downregulation was restored only by the proteasome 

inhibitor MG132 but not by either of the two tested lysosome inhibitors (bafilomycin A1 

(BafA1) and hydroxychloroquine (HCQ); Figs 5E and EV4F). Consistent with these results, 

ectopic LITATS1 expression greatly increased the TβRI polyubiquitination level (Fig 5F). In 

addition, TBRI knockdown alleviated the induction of EMT resulting from LITATS1 

knockdown in A549 cells (Fig EV4G), suggesting that TβRI is an indispensable target of 

LITATS1 in its regulation of EMT. Taken together, these results indicate that LITATS1 

potentiates TβRI polyubiquitination and degradation. 

 

 
 
Figure 5. LITATS1 promotes the polyubiquitination and degradation of TβRI. (A, B) Effect of ectopic LITATS1 expression 

(A) or LITATS knockdown (B) on TβRI expression in MDA-MB-231 cells. Right panel: quantification of relative TβRI protein 

levels. Vinculin or GAPDH, loading control. Representative blots from a minimum of three independent experiments are 

shown. (C, D) Analysis of TβRI protein stability (as measured by western blotting) in MDA-MB-231 cells with ectopic 

LITATS1 expression (C) or LITATS1 knockdown (D). Cells were treated with CHX (50 μg/ml) for the indicated durations. 

Quantification of the relative TβRI protein level is shown in the lower panels. GAPDH, loading control. Representative blots 

from a minimum of three independent experiments are shown. (E) TβRI expression in MDA-MB-231 cells with ectopic 

LITATS1 expression in the absence or presence of lysosome or proteasome inhibitors. Cells were incubated with vehicle control 

DMSO (−), the lysosome inhibitor BafA1 (20 nM) or HCQ (20 μM), or the proteasome inhibitor MG132 (5 μM) for 8 h. 

Vinculin, loading control. Representative results from a minimum of three independent experiments are shown. (F) Effect of 

LITATS1 on TβRI polyubiquitination. HEK293T cells were transfected with ectopic expression constructs for HA-Ubiquitin 

(HA-Ub), caTβRI-FLAG, and/or LITATS1. TβRI polyubiquitination was analyzed by western blotting. Representative blots 

from a minimum of three independent experiments are shown. 
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Data information: (A, B) are expressed as the mean ± SD values from three biological replicates (n = 3). (C, D) are expressed 

as the mean ± SD values from four biological replicates (n = 4). *0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001. 

Statistical analysis was based on the unpaired Student's t-test. 

 

LITATS1 interacts with TβRI and SMURF2 

To reveal the mechanism by which LITATS1 increases TβRI polyubiquitination, RNA 

immunoprecipitation (RIP) coupled with RT–qPCR was performed on lysates from HEK293T 

cells with ectopic expression of different FLAG-tagged TGF-β/SMAD signaling components 

(i.e., SMAD2, SMAD3, SMAD4, and TβRI) or modulators (i.e., SMAD7 and the E3 ubiquitin 

ligases SMURF1/2). Notably, only caTβRI and SMURF2 but not the other ectopically 

expressed proteins, were capable of coprecipitating LITATS1 (Figs 6A and EV5A). A recently 

developed CRISPR-assisted RNA–protein interaction detection method (CARPID)41, which 

incorporates CRISPR–CasRx-mediated RNA targeting and proximity labeling to verify 

endogenous interactions between lncRNAs and proteins of interest, was utilized to validate the 

interaction between LITATS1 and TβRI or SMURF2. The specific sequence-matching gRNAs 

can direct the TurboID–dCasRx complex to LITATS1, where RNA-binding proteins in close 

proximity to LITATS1 can be labeled with biotin and analyzed by western blotting after 

enrichment with streptavidin beads (Fig EV5B). We selected the two most effective gRNAs 

(gRNA #1 and #2) based on the CasRx-directed degradation of LITATS1 as measured by RT–

qPCR (Fig EV5C). As expected, overexpression of these two independent gRNAs increased 

the biotinylation level of SMURF2 and TβRI in MDA-MB-231 cells (Fig 6B). This effect was 

further enhanced in the presence of TGF-β and was likely mediated by TGF-β-induced 

LITATS1 expression. We further confirmed the interactions between LITATS1 and TβRI or 

SMURF2 at the endogenous level in MDA-MB-231 cells using RIP analysis (Fig 6C). When 

we checked TGF-β-induced LITATS1 expression, we observed that TGF-β stimulation could 

not further enhance the interactions between LITATS1 and TβRI or SMURF2 (Figs EV5D and 

5E). To orthogonally confirm these findings, we performed RNA pull-down assays using 

biotinylated LITATS1 and negative controls, including biotinylated antisense LITATS1 and 25× 

poly(A), and proteins produced from HEK293T cells. Western blot analysis revealed that 

LITATS1 bound to caTβRI and SMURF2 proteins (Fig 6D). In vitro RIP analysis using in vitro-

transcribed LITATS1 and the recombinant protein of TβRI intracellular domain (ICD) further 

confirmed the direct interaction between LITATS1 and TβRI (Appendix Fig S6A). Moreover, 

in vitro RNA pull-down showed that recombinant SMURF2 but not its homologous protein 

SMURF1 could coprecipitate with LITATS1 (Fig 6E). Given that SMURF2 can be recruited to 

TβRI with the aid of SMAD7, thereby promoting TβRI polyubiquitination and degradation14, 

we reasoned that LITATS1 may also serve as a scaffold to potentiate SMURF2–TβRI interaction. 

The results of the proximity ligation assay (PLA) in A549 cells demonstrated that TGF-β 

stimulation resulted in a three-fold increase of SMURF2–TβRI interaction, which was 

mitigated upon LITATS1 knockdown (Figs 6F and EV5F). Of note, we found a moderate 

induction of LITATS1 (1.7-fold increase) upon 2 h TGF-β stimulation in the RNA-seq analysis 

of A549 cells, indicating that LITATS1 promotes TβRI-SMUR2 interaction also independent 

from its induction by TGF-β, likely by acting as a scaffold. Furthermore, ectopic LITATS1 

expression enhanced SMURF2-induced TβRI polyubiquitination (Fig 6G). Importantly, 

SMURF2 depletion markedly diminished the increase in TβRI polyubiquitination induced by 

ectopic LITATS1 expression (Fig 6H). This latter result indicates that SMURF2 is a key E3 

ubiquitin ligase partner of LITATS1 by which it mediates TβRI polyubiquitination. 
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Figure 6. LITATS1 interacts with TβRI and SMURF2. (A) Interactions between LITATS1 and TGF-β/SMAD signaling 

components or modulators were analyzed by RIP. RT–qPCR was performed to detect LITATS1 expression in 

immunoprecipitates from HEK293T cells transfected with expression constructs for the indicated proteins. Representative 

results from two independent experiments are shown. (B) Interactions between LITATS1 and TβRI or SMURF2 in MDA-MB-

231 cells were detected by the CARPID approach. Cells with stable expression of TurboID–dCasRx were transduced without 

(Co.) or with (#1 and #2) LITATS1 targeting gRNAs. Cells were stimulated with or without TGF-β (2.5 ng/ml) for 2 h and were 

then stimulated with biotin (500 μM) for 30 min. Western blotting was performed to detect SMURF2 and TβRI expression in 

whole-cell lysates (Input) and immunoprecipitates (IP). GAPDH and HA-dCasRx expression levels were measured for equal 

loading of input samples and as the negative control or positive control, respectively, for proximity biotinylation in 

immunoprecipitate (IP) samples. Representative results from a minimum of three independent experiments are shown. (C) 

Interactions between LITATS1 and TβRI (left) or SMURF2 (right) were analyzed by RIP. MDA-MB-231 cells were stimulated 

with or without TGF-β (5 ng/ml) for 4 h before RIP. RT–qPCR was performed to detect LITATS1 expression in 

immunoprecipitates from MDA-MB-231 cells. IgG was included as the control for immunoprecipitation. Representative 

results from two independent experiments are shown. (D) Interactions between LITATS1 and caTβRI or SMURF2 were 

analyzed by RNA pull-down. Biotinylated 25x poly(A), antisense LITATS1 (LITATS1-AS), or LITATS1 was incubated with 

lysates from HEK293T cells transfected with the caTβRI-HA or MYC-SMURF2 expression construct. Western blot analysis 

was performed to detect HA or MYC expression in whole-cell lysates (Input) and immunoprecipitates (IP). Representative 

blots from a minimum of three independent experiments are shown. (E) In vitro RNA pull-down assays were performed to 

evaluate the interactions between LITATS1 and SMURF1/2. In vitro-transcribed antisense LITATS1 (LITATS1-AS) or LITATS1 
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(LITATS1-S) was incubated with recombinant FLAG-tagged SMURF1 or SMURF2 protein. Western blotting analysis was 

performed to evaluate FLAG expression in input and IP samples. The amounts of RNA probes used for RNA pull-down were 

evaluated by agarose gel electrophoresis. Representative results from a minimum of three independent experiments are shown. 

(F) Quantification of TβRI-SMURF2 PLA in A549 cells with or without LITATS1 knockdown were treated with or without 

TGF-β (5 ng/ml) for 2 h. Representative images are shown in Fig EV5F. (G) Effect of LITATS1 overexpression on SMURF2-

mediated TβRI polyubiquitination. HEK293T cells were transfected with expression constructs for HA-Ubiquitin (HA-Ub) 

and caTβRI-FLAG and ectopic expression constructs for SMURF2 and/or LITATS1. Polyubiquitination of TβRI was evaluated 

by western blotting. Representative blots from a minimum of three independent experiments are shown. (H) Effect of SMURF2 

knockdown on LITATS1-mediated TβRI polyubiquitination. MDA-MB-231 cells with stable HA-Ub expression were 

transduced with expression constructs for LITATS1 and/or two different SMURF2 shRNAs, as indicated. Polyubiquitination 

of TβRI was evaluated by western blotting. Representative blots from a minimum of three independent experiments are shown.  
 
Data information: (C) is expressed as the mean ± SD values from three (n = 3) biological replicates. (F) is expressed as the 

mean values from 15 (n = 15) biological replicates. **0.001 < P < 0.01; ***0.0001 < P < 0.001; ****P < 0.0001. Statistical 

analysis was based on the unpaired Student's t-test. 

 

LITATS1 binds to the WW1 domain of SMURF2 and promotes the cytoplasmic retention 

of SMURF2 

To map the SMURF2 binding region in LITATS1, interactions between SMURF2 and full-

length LITATS1 (Appendix Fig S6B) or four RNA fragments, each representing approximately 

one-fourth of the LITATS1 sequence, were evaluated by RNA pull-down (Appendix Fig S6C–

F). We observed an interaction between SMURF2 and only the LITATS1 5′ fragment (T1; 1–

350 nt), although this binding was impaired compared with that between SMURF2 and full-

length LITATS1 (Fig 7A). Moreover, analysis of the binding capability of LITATS1 to SMURF2 

truncation mutants demonstrated that the WW1 domain, which is not present in SMURF1, was 

essential for the binding of SMURF2 to LITATS1 (Fig 7B–D). 

 

As SMURF2 is translocated from the nucleus to the cytoplasm in response to TGF-β14 via a 

not well-characterized mechanism, we next investigated whether cytoplasmic LITATS1 alters 

the subcellular distribution of SMURF2. The immunofluorescence results revealed that 

LITATS1 depletion decreased the proportion of cytoplasmic SMURF2 in A549 cells (Fig 7E). 

Additionally, subcellular fractionation confirmed the attenuation of SMURF2 cytoplasmic 

localization upon the loss of LITATS1 (Fig 7F). Consistent with these results, more SMURF2 

was retained in the cytoplasm in LITATS1-overexpressing MDA-MB-231 cells (Appendix Fig 

S6G). Of note, SMURF2 protein expression was not affected upon LITATS1 knockdown 

(Appendix Fig S6H). Taken together, these results indicate that LITATS1 potentiates the 

cytoplasmic retention of SMURF2 without affecting its expression. 

 

Discussion 
In this study, we identified LITATS1 as a critical determinant of epithelial integrity maintenance 

and inhibitor of TGF-β-induced EMT in breast and non-small cell lung cancer cells. LITATS1 

suppresses TGF-β/SMAD signaling by interacting with SMURF2 and TβRI and promoting the 

cytoplasmic retention of SMURF2. TβRI polyubiquitination and proteasomal degradation are 

potentiated by LITATS1, leading to suppression of TGF-β/SMAD signaling, TGF-β-induced 

EMT, and cell migration/invasion (Fig 7G). 

 

We showed that LITATS1 is the only ZC3H12A-DT splice variant that can be induced by TGF-

β in breast and non-small cell lung cancer cell lines. To further exclude the involvement of the 

other six splice variants in the LITATS1-mediated effects, we checked the sequences of 

LITATS1-targeting shRNAs and GapmeRs (Appendix Fig S3A). ShRNA #2 and two GapmeRs 

target the exon 4 that is shared by variants 1, 4, 5, and 6, while shRNA #1 can specifically 

target the exon 3, which exists only in LITATS1. Consistent with the results that LITATS1 is the 

main TGF-β-induced ZC3H12A-DT splice variant, shRNA #1-mediated LITATS1 knockdown 
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affected TGF-β-induced EMT as potent as shRNA #2 and two GapmeRs (Fig 3B and C, and 

Appendix Fig S2C and D). In addition, the effects of both shRNA constructs on TGF-β 

signaling regulation are similar (Figs 4 and 5). These results suggest that LITATS1 is the only 

ZC3H12A-DT splice variant that plays a role in our study. 

 

 
 
Fig. 7 LITATS1 retains SMURF2 in the cytoplasm. (A) An in vitro RNA pull-down assay was performed to evaluate the 

interaction between LITATS1 truncation mutants and SMURF2. Recombinant FLAG-SMURF2 protein was incubated with 

antisense LITATS1 (LITATS1-AS), LITATS1 (LITATS1-S), or LITATS1 truncation mutants (T1-T4). Western blot analysis was 

performed to evaluate FLAG expression in immunoprecipitates (IP). The amounts of RNA probes used for RNA pull-down 

were evaluated by agarose gel electrophoresis. Representative results from a minimum of three independent experiments are 

shown. (B) Schematic representation of full-length SMURF2 (FL) and the truncation mutants (T1-T5) tested. (C, D) RNA 

pull-down assays were performed to evaluate the interaction between LITATS1 and full-length SMURF2 or its truncation 

mutants (T1-T5) expressed in HEK293T cells. Western blotting analysis was performed to evaluate FLAG expression in input 

and immunoprecipitate (IP) samples. Representative results from a minimum of three independent experiments are shown. (E)  

SMURF2 expression and localization (as measured by immunofluorescence) upon LITATS1 depletion in A549 cells. DAPI 

staining was performed to visualize nuclei. Scale bar = 23.2 μm. Representative results from two independent experiments are 
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shown. (F) Effect of LITATS1 knockdown on SMURF2 localization in A549 cells. After subcellular protein fractionation, 

western blotting was performed to detect SMURF2 expression in whole-cell lysates (Total) and the cytoplasmic (Cyto) and 

nuclear (Nuc) fractions. The levels of the cytoplasmic marker GAPDH and the nuclear marker Lamin A/C are included to 

demonstrate subcellular protein fractionation. Representative results from two independent experiments are shown. (G)  

Schematic working model. TGF-β-induced LITATS1 interacts with TβRI and SMURF2 and potentiates cytoplasmic retention 

of SMURF2. LITATS1 potentiates TβRI polyubiquitination and proteasomal degradation, resulting in suppression of TGF-β 

signaling, TGF-β-induced EMT, and cancer cell migration/invasion. 

 
TGF-β/SMAD-induced LITATS1 mitigates TβRI protein turnover and thereby suppresses TGF-

β/SMAD signal transduction. Frequently, the products of genes that are transcriptionally 

induced by TGF-β act in negative or positive feedback loops to fine-tune the intensity and/or 

duration of TGF-β signaling responses42, 43 or participate as effectors in TGF-β-induced 

biological impacts44, 45. These scenarios also apply to lncRNAs. TGF-β signaling can induce 

the expression of multiple lncRNAs, e.g., lncRNA-ATB and lncRNA-HIT, which function as 

effectors of TGF-β-induced responses46, 47. In addition, certain lncRNAs can act as modulators 

of TGF-β signaling by altering the expression or activity of TGF-β signaling components48-52. 

Several lines of evidence indicate that TBRI mRNA expression is regulated by lncRNAs at both 

the transcriptional52 and post-transcriptional53-61 levels. However, our results reveal a novel 

mechanism by which TβRI protein stability is modulated through lncRNA-mediated post-

translational modification. LncRNAs have been reported to modulate protein 

polyubiquitination. Vimentin-associated lncRNA (VAL) binds to Vimentin and abrogates 

Trim16-mediated Vimentin polyubiquitination62. In senescent cells, HOTAIR facilitates the 

polyubiquitination of Ataxin-1 and Dzip3 by promoting their associations with the E3 ubiquitin 

ligases Snurportin-1 and Mex3b, respectively63. For LITATS1, SMURF2 appears to be 

necessary to potentiate TβRI polyubiquitination. However, the contributions of other E3 

ubiquitin ligases to this process cannot be excluded. 

 

We mapped the binding region of SMURF2 in the 5′ fragment of LITATS1 (LITATS1-T1) by 

analyzing the LITATS1 truncation mutants. However, SMURF2 could not interact as potently 

with LITATS1-T1 as full-length LITATS1. Considering the importance of lncRNA folding 

structure for its interactions with proteins64, 65, it is highly possible that LITATS1 truncation may 

impair its original folding structure that is required for SMURF2 binding. Therefore, checking 

interactions between SMURF2 and LITATS1 mutants with small deletions or nucleotide 

substitutions that elicit minimal effects on LITATS1 folding can better explore the SMURF2 

binding region in LITATS1. Moreover, other approaches such as cross-linking and 

immunoprecipitation (CLIP) coupled with RNA footprinting66 can be applied to identify the 

binding sites of SMURF2 or TβRI in LITATS1 in live cells. 

 

In response to TGF-β stimulation, SMAD7 binds SMURF2 to activate the ubiquitin ligase 

activity of SMURF2 by suppressing its autoinhibition and recruits SMURF2 to target TβRI for 

degradation. Similar to SMAD7, LITATS1 may serve as a scaffold to facilitate the TβRI–

SMURF2 interaction. However, we found that SMAD7 knockdown mitigated LITATS1-

directed polyubiquitination of TβRI (Appendix Fig S6I), demonstrating that SMAD7 is 

required for LITATS1 to exert its effect on TβRI. Our RIP results suggested a weak interaction 

between SMAD7 and LITATS1 (Fig 6A) that is less potent than the interactions between 

LITATS1 and TβRI/SMURF2. These results can be explained by the possibility that LITATS1 

is a component of the TβRI/SMURF2/SMAD7 complex and therefore indirectly binds SMAD7. 

However, SMAD7 knockdown does not affect the interaction between LITATS1 and TβRI, 

indicating that the binding of LITATS1 to TβRI is SMAD7-independent (Appendix Fig S6J). 

Therefore, further study is required to investigate whether SMAD7 and LITATS1 function in 

an additive manner to facilitate the SMURF2/TβRI complex formation. 
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We observed a significant decrease in LITATS1 expression in lung adenocarcinoma tissues and 

mesenchymal breast cancer cells. Moreover, LITATS1 is localized in the cytoplasm, and its 

expression can be induced by TGF-β. The remaining question is how LITATS1 expression is 

modulated at other levels during cancer progression. Tumor-inhibitory miR-22-3p was 

identified as an upstream modulator of LITATS1 expression in oral squamous cell carcinoma 

cells67. Thus, specific tumor-promoting miRNAs may target LITATS1 for degradation in breast 

cancer and lung cancer progression. Moreover, LITATS1 was shown to be a short-lived lncRNA 

that is degraded by nuclear RNases in HepG2 cells68. Therefore, certain cancer-related 

cytoplasmic RNases or RNA-binding proteins may alter LITATS1 stability. Additionally, we 

could not rule out the possibility that LITATS1 expression is changed by epigenetic 

modifications such as promoter hypermethylation. 

 

Our results showed that higher LITATS1 expression correlates with a favorable survival 

outcome in breast and non-small cell lung cancer patients. These results highlight the predictive 

potential of LITATS1 expression for cancer progression. Given their cell/tissue-specific 

expression pattern and dysregulation during cancer progression, lncRNAs are emerging as 

effective biomarkers for cancers69. For example, the urine-based test for the lncRNA PCA3 has 

been approved by the FDA for prostate cancer diagnosis70 and has been further developed as a 

promising prognostic marker71, 72. We also found that reintroducing LITATS1 into highly 

aggressive MDA-MB-231 cells impaired their migration and extravasation, indicating that 

LITATS1 may be a therapeutic agent for cancers. Hence, RNA delivery systems, such as lipid 

nanoparticles (LNPs), which have been extensively tested and optimized as carriers of 

therapeutic mRNA molecules73, 74, can be applied to transduce LITATS1 and evaluate its 

therapeutic value in preclinical in vivo models. 

 

Materials and Methods  
Cell culture and reagents 
HEK293T (CRL-1573), HepG2 (HB-8065), A549 (CRM-CCL-185), A549 (CCL-185EMT), 

MDA-MB-231 (CRM-HTB-26), MDA-MB-436 (HTB-130), and MCF7 (HTB-22) cells were 

purchased from the American Type Culture Collection (ATCC) and cultured in Dulbecco's 

modified Eagle medium (DMEM; Thermo Fisher Scientific; 41965062) supplemented with 10% 

fetal bovine serum (FBS; Thermo Fisher Scientific; 16000044) and 100 U/ml 

penicillin/streptomycin (Thermo Fisher Scientific; 15140163). MCF10A-M1 and MCF10A-

M2 cells were kindly provided by Dr. Fred Miller (Barbara Ann Karmanos Cancer Institute, 

Detroit, USA) and cultured in DMEM/F12 (GlutaMAX™ Supplement; Thermo Fisher 

Scientific; 31331028) containing 5% horse serum (Thermo Fisher Scientific; 26050088), 

0.1 μg/ml cholera toxin (Sigma–Aldrich; C8052), 0.02 μg/ml Epidermal Growth Factor (EGF; 

Sigma–Aldrich; 01-107), 0.5 μg/ml hydrocortisone (Sigma–Aldrich; H0135), 10 μg/ml insulin 

(Sigma–Aldrich; I6634), and 100 U/ml penicillin/streptomycin. All cell lines were maintained 

in a 5% CO2, 37 °C humidified incubator, tested monthly for mycoplasma contamination, and 

checked for authenticity by short tandem repeat (STR) profiling. The protein synthesis inhibitor 

cycloheximide (CHX; Sigma–Aldrich; C1988) was added to the medium at a concentration of 

50 μg/ml. Two lysosome inhibitors, BafA1 (Sigma–Aldrich; B1793) and HCQ (Sigma–Aldrich; 

H0915), were used at final concentrations of 20 nM and 20 μM, respectively. The proteasome 

inhibitor MG132 (Sigma–Aldrich; 474787) was used at a final concentration of 5 μM. A 

selective small molecule kinase inhibitor of TβRI (SB431542; SB)75 was used at a 

concentration of 10 μM. Recombinant TGF-β3 and recombinant BMP6 were kind gifts from 

Andrew Hinck (University of Pittsburgh) and Slobodan Vukicevic (University of Zagreb, 

Croatia), respectively. 
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Plasmid construction 

Full-length LITATS1 was amplified by PCR from MDA-MB-231 cell-derived cDNA and 

inserted into the lentiviral vector pCDH-EF1α-MCS-polyA-PURO. Two independent shRNAs, 

CRISPRa gRNAs and CasRx gRNAs were designed and inserted into the lentiviral vectors 

pLKO.1, lenti sgRNA (MS2)_puro optimized backbone (Addgene; 73797), and pRX004-

pregRNA (Addgene; 109054), respectively. LITATS1 promoter fragments were amplified from 

MDA-MB-231 genomic DNA and subcloned into the pGL4-luc backbone (Promega). The 

construct expressing dCasRx-TurboID was modified from a CARPID dCasRx-BASU plasmid 

(Addgene; 153303) by replacing a fragment expressing Bacillus subtilis biotin ligase (BASU) 

with a fragment expressing TurboID. All plasmids were verified by Sanger sequencing, and the 

primers used for plasmid construction are listed in Appendix Table S2. 
 

Lentiviral transduction and transfection  

To produce lentivirus, packaging plasmids (VSV, gag, and Rev) and expression constructs for 

cDNAs or shRNAs were cotransfected into HEK293T cells. At 48 h post-transfection, 

supernatants were collected from HEK293T cells and added to target cells supplemented with 

the same volume of fresh medium. After 48 h of infection, puromycin (1 μg/ml; Sigma–Aldrich; 

P9620) was added to the medium to select stable cells. We used TRCN0000040031 for SMAD4 

knockdown, TRCN0000003478 (#1) and TRCN0000010792 (#2) for SMURF2 knockdown, 

TRCN0000127698 (#1) and TRCN0000128209 (#2) for ZC3H12A knockdown, and 

TRCN0000039773 for TΒRI knockdown. For the transfection of GapmeRs (Eurogentec), 

1.2 × 105 A549 cells were seeded in wells of a 12-well plate and incubated with the complex 

formed by Lipofectamine 3000 (Thermo Fisher Scientific; L3000015) and GapmeRs (25 nM 

at final concentration). Medium was changed after 6 h. RNA and protein samples were 

collected at 24 h post-transfection. The sequences of GapmeRs are listed in Appendix Table S3. 

For siRNA transfection, 10 nM nontargeting siRNA (Dharmacon) or SMARTpool siRNA 

targeting SMAD7 (Dharmacon; L-020068-00-0005) was transfected into MDA-MB-231 cells 

at 80% confluence with DharmaFECT transfection reagents. The medium was changed at 24 h 

post-transfection. 
 

RT‒qPCR 

A NucleoSpin RNA kit (Macherey Nagel; 740955) was used to isolate total RNA from cells. 

Reverse transcription was carried out with a RevertAid RT Reverse Transcription Kit (Thermo 

Fisher Scientific; K1691). The indicated genes were amplified using the synthesized cDNA 

with specific primer pairs, and signals were visualized with a CFX Connect Real-Time PCR 

Detection System (Bio-Rad). GAPDH was used as the reference gene for normalization by the 

2−ΔΔCt method. The primer sequences used for RT–qPCR are listed in Appendix Table S4. 
 

Western blotting 

RIPA buffer (150 mM sodium chloride, 1.0% Triton-X-100, 0.5% sodium deoxycholate, 0.1% 

sodium dodecyl sulfate (SDS), and 50 mM Tris–HCl (pH 8.0)) supplemented with complete 

protease inhibitor cocktail (Roche; 11836153001) was applied to lyse cells. Subsequently, 

protein concentrations were evaluated with a DC™ protein assay kit (Bio-Rad; 5000111). Next, 

SDS–polyacrylamide gel electrophoresis (PAGE) was performed, and proteins were then 

transferred onto a 0.45-μm polyvinylidene difluoride (PVDF) membrane (Merck Millipore; 

IPVH00010). Subsequently, the membrane was blocked with 5% nonfat dry milk in Tris-

buffered saline (TBS) with 0.1% Tween 20 detergent (TBST) for 1 h at room temperature. After 

probing the membranes with the corresponding primary and secondary antibodies, images were 

acquired with a ChemiDoc Imaging System (Bio-Rad). The primary antibodies used for 

western blotting are listed in Appendix Table S5. Horseradish peroxidase (HRP)-linked anti-



Chapter 2 

 
56 

 

mouse IgG (Sigma–Aldrich; NA931V) and anti-rabbit IgG (Cell Signaling; 7074S) were used 

as secondary antibodies. ImageJ (National Institutes of Health, United States) was used to 

quantify relative protein expression levels by densitometry. 
 

Transcriptional reporter assays 

To quantify SMAD3/4-driven transcriptional CAGA-luc reporter activity, 3 × 105 HepG2 cells 

were seeded in the wells of a 24-well plate. The next day, 100 ng of the SMAD3/4-driven 

transcriptional CAGA-luc plasmid40, 80 ng of the β-galactosidase expression construct, and 

320 ng of the indicated expression constructs were cotransfected into HepG2 cells using 

polyethyleneimine (PEI; Polysciences; 23966). After 16 h incubation and serum starvation for 

6–8 h, the cells were stimulated with or without TGF-β (1 ng/ml) for 16 h. To measure the 

activity of the LITATS1 promoter fragments, 250 ng of the LITATS1 promoter luciferase 

reporter was cotransfected with 80 ng of the β-galactosidase expression construct into HepG2 

cells in the presence of PEI or into A549 cells by Lipofectamine 3000. After 16 h incubation 

and serum starvation for 6–8 h, the cells were stimulated with ligand buffer (vehicle control), 

TGF-β (5 ng/ml), or BMP6 (50 ng/ml) for 16 h. Luciferase activity was measured with the 

substrate D-luciferin (Promega) and a luminometer (PerkinElmer) and normalized to β-

galactosidase activity. All experiments were performed three times, and representative results 

are shown. 
 

Immunofluorescence staining 

To evaluate the expression and localization of SMURF2 (endogenous or MYC-tagged), 

immunofluorescence staining was performed as previously described76. In brief, cells were 

fixed with 4% paraformaldehyde (PFA) for 20 min and permeabilized with 0.1% Triton-X in 

PBS for 10 min. Subsequently, 3% bovine serum albumin (BSA) in PBS was added to block 

nonspecific binding. For detection of SMURF2, cells were incubated first with a primary 

antibody against SMURF2 (1:100 dilution; Santa Cruz; sc-393848) or MYC (1:100 dilution; 

Santa Cruz; sc40) for 45 min at room temperature and then with a secondary antibody 

(Invitrogen; A21428) for 1 h at room temperature. For F-actin immunofluorescent staining, 

cells were incubated with Phalloidin conjugated with Alexa Fluor 488 (1:500 dilution; Thermo 

Fisher Scientific; A12379) for 30 min at room temperature as described before77. 

VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories; H-1200) was 

used to mount coverslips, and images were acquired with a Leica SP8 confocal microscope 

(Leica Microsystems). 
 

Ubiquitination assay 

HEK293T cells transfected with the indicated constructs and stable MDA-MB-231-HA-Ub 

cells were treated with 5 μM MG132 for 5 h prior to harvesting. Cells were lysed in 1% SDS–

RIPA buffer (25 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 

and 1% SDS) supplemented with a protease inhibitor and 10 mM N-ethylmaleimide (NEM; 

Sigma–Aldrich; E3876). After the lysates were boiled for 5 min and diluted to an SDS 

concentration of 0.1%, 20 μl of anti-FLAG agarose (Sigma–Aldrich; A2220) was added to the 

lysates containing equal amounts of protein and incubated for 30 min at 4°C. To detect the 

polyubiquitination of endogenous TβRI, cell lysates were incubated with 5 μl of an antibody 

against TβRI (Santa Cruz; sc-398) for 16 h at 4°C. The mixture was then incubated with 20 μl 

of Protein A Sepharose (GE Healthcare; 17-0963-03) for 2 h at 4°C. After five washes, the 

beads were boiled in 2× sample buffer and analyzed by western blotting. 
 

IncuCyte migration assays 

For the wound healing migration assay, 5 × 104 MDA-MB-231 and A549 cells were seeded in 

the wells of an Essen ImageLock plate (Essen BioScience; 4379). After 16 h culture, the 
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medium was replaced with DMEM supplemented with 0.5% FBS for another 8 h of culture. A 

WoundMaker tool (Essen BioScience) was used to generate scratch wounds, after which 

floating cells were washed away with PBS. An IncuCyte live cell imaging system (Essen 

BioScience) was used to monitor cell migration. For the chemotactic migration assay, 1 × 103 

MDA-MB-231 or A549 cells in DMEM supplemented with 0.5% FBS were seeded in the upper 

chambers of an IncuCyte Clearview 96-well plate (Essen BioScience; 4582). Then, 200 μl of 

DMEM supplemented with 10% FBS was added to the lower reservoir plate. Cells in the top 

and bottom chambers were imaged and quantified with the IncuCyte system. 
 

Subcellular fractionation 

Cells from a 10 cm dish were collected and lysed in 250 μl of buffer A (50 mM Tris–HCl (pH 

7.4), 150 mM NaCl, 1% NP40, and 0.25% sodium deoxycholate) for 15 min on ice. After 

centrifugation at 3,000 g for 5 min, the supernatant was collected and saved as the cytoplasmic 

fraction. The pellet was washed with PBS twice and resuspended in 150 μl of buffer B (50 mM 

Tris–HCl (pH 7.4), 400 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, and 1% SDS). After 

20 min of incubation on ice and centrifugation at 12,000 g for 15 min, the supernatant was 

collected and saved as the nuclear fraction. The isolated cytoplasmic and nuclear fractions were 

used to quantify the expression of lncRNAs by RT–qPCR. 

 

RACE 

RACE was performed on A549 cells according to the manufacturer's instructions of a 

SMARTer RACE 5′/3′ Kit (TaKaRa; 634859). In brief, 5′ and 3′ RACE were carried 

out with specific primers on synthesized cDNA from A549 cells. After agarose gel 

electrophoresis, DNA was isolated and subcloned into the pRACE vector. Sanger sequencing 

was performed to analyze the sequence amplified from RACE. 
 

RIP 

To identify interactions between lncRNAs and proteins of interest, RIP was performed with a 

Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Merck Millipore; 17-700). In 

brief, cells were collected and lysed in RIP lysis buffer. After centrifugation at 12,000 g for 

10 min at 4°C, the supernatant was collected and supplemented with 700 μl of wash buffer and 

50 μl of magnetic beads. After being precleared for 6 h at 4°C, the cell lysate was transferred 

to a new Eppendorf tube with 2.5 μg of an anti-FLAG antibody (Sigma–Aldrich; F1804), anti-

SMURF2 antibody (Santa Cruz, sc-393848), anti-TβRI antibody (Santa Cruz, sc-398), or 

normal mouse/rabbit IgG and incubated for 16 h at 4°C. For in vitro RIP, 9 pmol of in vitro-

transcribed LITATS1-S or LITATS1-AS was incubated with 1 pmol TβRI-ICD (CARNA 

BIOSCIENCES; 09-441-20N) for 16 h at 4°C. The beads were blocked with 5 μl of yeast tRNA 

(Invitrogen; AM7119) and 5 μl of BSA (Invitrogen; AM2618) for 2 h at 4°C and were then 

added to the cell lysates for another 3 h of incubation at 4°C. Then, the beads were treated with 

1.5 μl of DNase I (Roche; 04716728001) for 10 min at 37°C followed by 1.5 μl of proteinase 

K (Merck Millipore; 71049) for 20 min at 56°C. RNA was extracted from the beads, and RT–

qPCR was performed as mentioned above. 
 

RNA pull-down assay 

RNA pull-down assays were performed to identify in vitro interactions between lncRNAs and 

proteins of interest. In brief, a MEGAscript Kit (Thermo Fisher Scientific; AM1334) was used 

to synthesize antisense and sense LITATS1 through in vitro transcription. Next, RNA was 

extracted, and 50 pmol of antisense or sense LITATS1 was biotinylated with an RNA 3′ End 

Desthiobiotinylation Kit (Thermo Fisher Scientific; 20160). The tertiary structure of each 

lncRNA was recovered by 10 min of incubation at 70°C followed by gradual cooling to room 
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temperature. HEK293T cell lysates and recombinant FLAG-SMURF1 protein (Sigma–Aldrich; 

SRP0227) or recombinant FLAG-SMURF2 protein (Sigma–Aldrich; SRP0228) were 

incubated with biotinylated lncRNA for 16 h at 4°C. Magnetic beads from a Magnetic RNA–

Protein Pull-Down Kit (Thermo Fisher Scientific; 20164) were utilized to capture RNA–

protein complexes. Proteins were eluted from the beads and analyzed by western blotting. 

 

CARPID 

The CARPID approach was utilized to validate interactions between lncRNAs and proteins of 

interest at the endogenous level. In brief, biotin (Sigma–Aldrich; B4639) was added to the 

medium at a final concentration of 200 μM to activate biotinylation for 30 min at 37°C. Cells 

were collected and lysed in TNE lysis buffer (50 mM Tris–HCl (pH 7.4), 1 mM EDTA, 150 mM 

NaCl, and 1% NP40) on ice for 10 min. Then, 20 μl of NeutrAvidin™ Agarose (Thermo Fisher 

Scientific; 29200) was added to the cell lysates with the same amount of protein. The beads 

were washed with TNE buffer 5 times after incubation for 16 h at 4°C and were then boiled for 

5 min in 2× sample buffer. Western blotting was carried out to analyze the enrichment of 

biotinylated proteins. 

 

PLA 

To analyze the endogenous interactions between LITATS1 and TβRI or SMURF2, a PLA was 

performed. In brief, A549 cells were seeded on coverslips in the wells of a 24-well plate. After 

serum starvation for 16 h, the cells were stimulated with or without TGF-β (5 ng/ml) for 2 h. 

Subsequently, the cells were fixed with 4% PFA for 10 min and permeabilized with PBS 

supplemented with 0.5% Triton-X for 5 min. The cells were then blocked with Duolink® 

Blocking Solution for 1 h at 37°C and incubated with primary antibodies against TβRI (Santa 

Cruz; sc-398) and SMURF2 (Santa Cruz; sc-393848) at a 1:500 dilution for 16 h at 4°C. After 

three washes with wash buffer A (Sigma–Aldrich; DUO82049), the cells were incubated with 

secondary antibodies conjugated to the PLUS and MINUS PLA probes (Sigma–Aldrich; 

DUO92001 and DUO92005) for 1 h at 37°C. Then, ligase (Sigma–Aldrich; DUO92008) was 

added to the cells and incubated for 30 min prior to incubation with Duolink® Polymerase 

(Sigma–Aldrich; Cat. Nr.: DUO82028) for 90 min at 37°C. After three washes with wash buffer 

B (Sigma–Aldrich; Cat. Nr.: DUO82048), the samples were mounted with VECTASHIELD 

Antifade Mounting Medium with DAPI (Vector Laboratories; H-1200), and images were 

acquired with a Leica SP8 confocal microscope (Leica Microsystems). 

 

Flow cytometry 

Vimentin expression in A549-VIM-RFP cells was quantified by RFP-directed flow cytometry 

as described elsewhere (Wang et al, 2021). In brief, A549-VIM-RFP stable cells were collected, 

washed with PBS, and resuspended in PBS containing 5% BSA and 2 mM EDTA (pH 8.0). 

Subsequently, at least 10,000 cells were acquired with a BD LSR II flow cytometer (BD 

Biosciences), and the results were analyzed with FlowJo 10.5.0 software. 
 

RNA-seq-based transcriptional profiling, pathway enrichment analysis, and GSEA 

To screen for lncRNAs induced by TGF-β, MCF10A-M1, MCF10A-M2, and MDA-MB-231 

cells (in biological triplicate) were serum starved for 16 h and stimulated with TGF-β (5 ng/ml) 

for 0, 2, 8, and 24 h. Then, total RNA was isolated from the cells with TRIzol reagent (Thermo 

Fisher Scientific; 15596026). Libraries were constructed, and transcriptional analysis was 

performed on the Illumina HiSeq platform (Beijing Genomics Institute (BGI), Shenzhen). 

Bioinformatic analysis of differentially expressed transcripts was carried out by BGI. To screen 

for mRNAs affected by LITATS1, we transduced A549 cells with constructs expressing two 

independent shRNAs (shLITATS1 #1 and shLITATS1 #2) or a nontargeting shRNA (Co.sh). 
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After oligo(dT) selection and library preparation, the DNBSeq platform (BGI, Hong Kong) 

was used to perform RNA-seq. RNA-seq files were processed using the open-source BIOWDL 

RNAseq pipeline v4.0.0 (https://zenodo.org/record/3975552#. YiBgxIzMKV4) developed at 

Leiden University Medical Center (LUMC). This pipeline performs FASTQ preprocessing 

(including quality control, quality trimming, and adapter clipping), RNA-seq alignment, read 

quantification, and optional transcript assembly. FastQC was used for QC checks on raw reads. 

Adapter clipping was performed using Cutadapt (v2.10) with default settings. RNA-seq read 

alignment was performed using STAR (v2.7.5a) with the GRCh38 human reference genome. 

Gene reads were quantified using HTSeq-count (v0.12.4) with the “–stranded = no” setting. 

The Ensembl version 99 gene annotation was used for quantification. Differential gene 

expression analysis was performed using R (v3.6.3). First, the gene read count matrix was used 

to calculate the counts per million mapped reads (CPM) per sample for all annotated genes. 

Genes with a log2CPM higher than 1 in at least 25% of all samples were retained for 

downstream analysis. The numbers of retained genes for each comparison were as follows: 

Co.sh vs. shLITATS1 #1, 12,646 genes; Co.sh vs. shLITATS1 #2, 12,692 genes; Co.sh −TGF-β 

vs. Co.sh +TGF-β, 12,858 genes. For differential gene expression analysis, the dgeAnalysis R-

Shiny application (https://github.com/LUMC/dgeAnalysis/tree/v1.3.1) was used. EdgeR 

(v3.28.1) with trimmed mean of M values (TMM) normalization was used to perform 

differential gene expression analysis. The Benjamini–Hochberg false discovery rate (FDR) was 

computed to adjust the P-values obtained for each differentially expressed gene. Using a cutoff 

of 0.05 for the adjusted P-values, up- and downregulated genes were identified. The details of 

up- and downregulated lncRNAs in response to TGF-β stimulation and the differentially 

expressed genes upon LITATS1 depletion were shown in Appendix Tables S1 and S6, 

respectively. In order to investigate which splice variants of ZC3H12A-DT were expressed out 

of seven splice variants annotated in Ensembl gene annotation version 108, we estimated the 

raw sequencing reads using StringTie (v1.3.6) that can discriminate the seven splice variants. 

GSEA was performed with GSEA software78. The TGF-β (TGFB_UP.V1_UP) gene response 

signature39 and EMT (GOBP_EPITHELIAL_TO_MESENCHYMAL_TRANSITION; GO: 

0001837) gene signature were used to evaluate the correlations between LITATS1 and TGF-

β/SMAD signaling and EMT, respectively.  

 

Differential gene expression and survival analyses based on patient samples 

Differential expression of LITATS1 was analyzed in samples from patients with breast cancer 

of different subtypes from TCGA and GTEx datasets using the GEPIA2 database79. Patient 

survival analysis was performed on the Kaplan–Meier Plotter website 

(https://kmplot.com/analysis/)80. More details about the databases can be found in Appendix 

Table S7. 
 

In situ hybridization staining 

An RNAScope® Multiplex Fluorescent Kit (Advanced Cell Diagnostics; 323100) and an in 

situ probe for LITATS1 (Advanced Cell Diagnostics; 835371-C2) were utilized to evaluate the 

expression and localization of LITATS1 in A549 and MDA-MB-231 cells. All fluorescence in 

situ hybridization procedures were carried out strictly according to the manufacturer's 

instructions. Images were acquired with a DMi8 inverted fluorescence microscope (Leica). To 

analyze LITATS1 expression in patient samples, in situ hybridization was performed on tissue 

microarrays using a 2.5 HD Detection Kit—BROWN (Advanced Cell Diagnostics; 322300) 

and the same in situ probe mentioned above. A tissue microarray with lung adenocarcinoma 

and matched lung tissues was purchased from Biomax (LC1504), and a breast cancer tissue 

microarray was constructed from the ORIGO cohort (Leiden University Medical Center), 

which includes 175 breast cancer patients. Patients included in this cohort were diagnosed with 
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a primary breast tumor and treated in the Leiden University Medical Center (LUMC) between 

1997 and 200336. Informed consent was obtained from all patients. All in situ hybridization 

procedures were carried out strictly following the manufacturer's instructions for the 2.5 HD 

Detection Kit—BROWN. Images were acquired with a digital slide scanner (Pannoramic 250 

Flash III, 3DHISTECH). The staining index was quantified by the following formula: staining 

intensity (0, no staining; 1, light brown; 2, brown; 3, dark brown) × proportion of positive cells 

(0, no positive cells; 1, < 10%; 2, 10–50%; 3, > 50%). The scores were given in a blind manner. 
 

Embryonic zebrafish extravasation assay 

The experiments were conducted in a licensed establishment for the breeding and use of 

experimental animals (LU) and subject to internal regulations and guidelines, stating that 

advice is taken from the animal welfare body to minimize suffering for all experimental animals 

housed at the facility. The zebrafish assays described are not considered as an animal 

experiment under the Experiments on Animals Act (Wod, effective 2014), the applicable 

legislation in the Netherlands in accordance with the European guidelines (EU directive no. 

2010/63/EU) regarding the protection of animals used for scientific purposes. Therefore a 

license specific for these assays on zebrafish larvae (< 5d) was not required. MDA-MB-231 

cells labeled with mCherry were injected into the duct of Cuvier of embryos from transgenic 

zebrafish (fli; EGFP) as previously described81. After being maintained in 33°C egg water for 

5 days, zebrafish embryos were fixed with 4% formaldehyde. An inverted SP5 STED confocal 

microscope (Leica) was used to visualize the injected cancer cells and zebrafish embryos. At 

least 30 embryos per group were analyzed. Two independent experiments were performed, and 

representative results are shown. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9. The unpaired Student's t-test was 

used for most analyses, and P < 0.05 was considered statistically significant. All measurements 

in this study were taken from distinct samples. 
 

Data availability 

The RNA-seq data from this publication have been deposited to the GEO database and assigned 

the identifier GSE203119 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203119) 

and GSE198393 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE198393). 
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Expanded view figures 

 
 

Figure EV1. LITATS1 is a direct target gene of TGF-β, related to Fig 1. (A) LITAS1 expression (as analyzed by RT–qPCR) 

in MDA-MB-231 (left) or A549 (right) cells upon TGF-β stimulation for indicated durations. Representative results from two 

independent experiments are shown. (B) SMAD4 expression (as analyzed by RT–qPCR) in MDA-MB-231 cells upon shRNA-

mediated SMAD4 knockdown. Representative results from a minimum of three independent experiments are shown. (C) 
Analysis of LITATS1 promoter fragment-mediated transcriptional activity in A549 cells. Cells were transfected with ectopic 
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expression constructs for the LITATS1 promoter 2 luciferase reporter (LITATS1-P2) and stimulated with or without TGF-β for 

16 h. Representative results from two independent experiments are shown. (D) Effect of caTβRI and SMAD3 on LITATS1 

promoter activity as determined by luciferase reporter assays. HepG2 cells were transfected with ectopic expression constructs 

for the LITATS1 promoter 2 luciferase reporter (LITATS1-P2) and caTβRI or SMAD3 and were then stimulated with or without 

TGF-β for 16 h. Representative results from a minimum of three independent experiments are shown. (E) Analysis of LITATS1 

promoter fragment-mediated transcriptional activity in HepG2 cells. Cells were transfected with empty pGL4 vector (Co.vec) 

or expression constructs for the four indicated LITATS1 promoter luciferase reporters (P2–P5). Cells were stimulated with or 

without TGF-β for 16 h. The fold changes between the −TGF-β and +TGF-β groups are indicated. Representative results from 

a minimum of three independent experiments are shown. (F) Schematic representation of wild-type (WT) and mutant (MUT) 

LITATS1 promoter 6 (P6). (G) Schematic illustration of LITATS1 exons and introns, the target sites of primers for 5′- and 3′
-RACE, and the target sites of shRNAs for LITATS1 knockdown and gRNAs for CRISPRa-mediated LITATS1 overexpression. 

TSS: transcription start site. The results of agarose gel electrophoresis of the LITATS1 5′- and 3′-RACE DNA products are 

shown in the lower panel. Representative DNA gel images from two independent experiments are shown. (H) Subcellular 

distribution of LITATS1 expression (as detected by RNA fluorescence in situ hybridization) in A549 cells. Cells with or without 

stable LITATS1 knockdown were incubated in the presence or absence of TGF-β for 2 h. Representative images are shown in 

the left panel, and signal quantification data are shown in the right panel. Scale bar = 10 μm. Representative results from two 

independent experiments are shown. (I) Lack of effect of TGF-β on the subcellular distribution of LITATS1 in A549 cells. 

Quantification of the LITATS1 nuclear:cytoplasmic signal ratio for each cell was based on the RNA fluorescence in situ 

hybridization results shown in Fig 1J. Representative results from two independent experiments are shown.  

 

Data information: TGF-β was applied at a final concentration of 5 ng/ml. (A–E) are expressed as the mean ± SD values from 

three biological replicates (n = 3). (H, I) are expressed as the mean ± SD values from 30 biological replicates (n = 30). 

**0.001 < P < 0.01; ***0.0001 < P < 0.001; ****P < 0.0001; NS, not significant. Statistical analysis was based on the unpaired 

Student's t-test. 

 

 
 

Figure EV2. LITATS1 inhibits TGF-β-induced EMT and migration in A549 cells, related to Fig 3. (A) Effect of LITATS1 

on TGF-β-induced EMT marker expression in A549 cells upon ectopic LITATS1 expression. Cells were stimulated without or 

with different concentrations of TGF-β for 2 or 5 days as indicated. GAPDH, loading control. The results of LITATS1 

overexpression are shown in Appendix Fig S4B. Representative blots from two independent experiments are shown. (B) 
LITATS1 expression (as analyzed by RT–qPCR) in MCF10A-M2 cells upon shRNA-mediated knockdown. Representative 

results from a minimum of three independent experiments are shown. (C) GSEA of positive correlations between (manipulated) 
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LITATS1 expression and the EMT gene signature. (D) An IncuCyte chemotactic migration assay was performed to evaluate 

the effect of LITATS1 ectopic expression on TGF-β-induced cell migration in A549 cells. Representative results from two 

independent experiments are shown. (E) Workflow of the breast cancer extravasation experiment in a zebrafish embryo 

xenograft model. Blood vessels and cancer cells are fluorescently labeled in green and red, respectively. 

 

Data information: (B, D) are expressed as the mean ± SD values from three (n = 3) and six (n = 6) biological replicates, 

respectively. **0.001 < P < 0.01; ****P < 0.0001. In (B), statistical analysis was based on the unpaired Student's t-test. In (D), 

statistical analysis was based on two-way ANOVA 

 

 
 

Figure EV3. LITATS1 suppresses TGF-β/SMAD signaling, related to Fig 4. (A) Expression analysis of LITATS1 (as 

measured by RT–qPCR) in HepG2 cells upon LITATS1 overexpression mediated by CRISPRa (left) or LITATS1 knockdown 

(right). Cells were transfected with the indicated constructs for LITATS1 overexpression or depletion and were stimulated with 

or without TGF-β for 16 h. Representative results from two independent experiments are shown. (B) Effect of ectopic 

expression of wild-type (WT) or mutant (MUT) LITATS1 on TGF-β/SMAD3 transcriptional activity in HepG2 cells. Cells 

were transfected with constructs for expression of the TGF-β-induced SMAD3/4-dependent CAGA-luc transcriptional reporter 

and overexpression of WT or MUT LITATS1. Representative results from a minimum of three independent experiments are 

shown. (C) Expression analysis of PAI-1 and SNAIL (as measured by RT–qPCR) in MCF10A-M2 cells upon LITATS1 
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depletion. Representative results from a minimum of three independent experiments are shown. (D) Expression analysis of 

LITATS1, PAI-1, SMAD7, and PTHRP in MDA-MB-231 cells upon ectopic LITATS1 expression. Representative results from 

a minimum of three independent experiments are shown. (E) Expression analysis of LITATS1, PAI-1, CTGF, and SMAD7 in 

MCF10A-M2 cells upon CRISPRa-mediated LITATS1 overexpression. Representative results from a minimum of three 

independent experiments are shown. (F-I) Effect of LITATS1 misexpression on the p-SMAD2 level in MCF10A-M2 or MDA-

MB-231 cells. The p-SMAD2 and total SMAD2 (t-SMAD2) levels were quantified by western blotting. Vinculin or GAPDH, 

loading control. Representative blots from a minimum of three independent experiments are shown. (J) An IncuCyte 

chemotactic migration assay was performed to evaluate the effect of TGF-β signaling inactivation on MCF10A-M2 cell 

migration mediated by LITATS1 knockdown. Cells were treated with or without SB431542 (SB; 10 μM) during the migration 

assays. Representative results from two independent experiments are shown. 

 

Data information: In (A–I), cells were stimulated with or without TGF-β (1 ng/ml). (A–E) are expressed as the mean ± SD 

values from three biological replicates (n = 3). (J) is expressed as the mean ± SD values from 12 biological replicates (n = 12). 

*0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001. In (A–E), statistical analysis was based on the unpaired Student's 

t-test. In (J), statistical analysis was based on two-way ANOVA. 

 

 
 

Figure EV4. LITATS1 enhances TβRI degradation, related to Fig 5. (A) Expression analysis of TβRI in MCF10A-M2 cells 

upon CRISPRa-induced LITATS1 overexpression. TβRI protein and TBRI mRNA expressions were evaluated by western 

blotting (left) and RT–qPCR (right), respectively. GAPDH, loading control. Representative results from a minimum of three 

independent experiments are shown. (B) Expression analysis of TβRI in HEK293T cells upon ectopic expression of LITATS1. 

Cells were transfected with expression constructs for caTβRI-HA and/or LITATS1. Protein expression was evaluated by 

western blotting (left) and quantification of the relative TβRI protein level is shown in the right panel. GAPDH, loading control. 

Representative results from a minimum of three independent experiments are shown. (C) Expression analysis of TBRI mRNA 

in MDA-MB-231 cells upon LITATS1 ectopic expression (left) or LITATS1 knockdown (right). Representative results from a 

minimum of three independent experiments are shown. (D) Expression analysis of TβRI protein in A549 cells upon LITATS1 

knockdown. Protein expression was evaluated by western blotting (left) and quantification of the relative TβRI protein level 

is shown in the right panel. GAPDH, loading control. Representative blots from a minimum of three independent experiments 

are shown. (E) Effect of CHX on TβRI expression (as measured by western blotting) in HEK293T cells transfected with 
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expression constructs for caTβRI-HA and/or LITATS1. Cells were treated with CHX (50 μg/ml) for the indicated durations. 

GAPDH, loading control. Representative blots from a minimum of three independent experiments are shown. (F) Analysis of 

TβRI expression (as measured by western blotting) in HEK293T cells transfected with expression constructs for caTβRI-HA 

and/or LITATS1 in the presence or absence of the indicated chemical compounds. Cells were incubated with vehicle control 

(DMSO (−)), a proteasome inhibitor (MG132 (5 μM)), or a lysosome inhibitor (BafA1 (20 nM) or HCQ (20 μM)) for 8 h. 

Vinculin, loading control. Representative blots from a minimum of three independent experiments are shown. (G) Effect of 

LITATS1 and/or TBRI knockdown on E-cadherin, N-cadherin, Vimentin, SNAIL, and TβRI expression in A549 cells. Cells 

without (Co.sh) or with stable LITATS1 knockdown by two independent shRNAs (#1 and #2) were transduced with the TΒRI 

shRNA expression construct, and protein expression was analyzed by western blotting. GAPDH, loading control. 

Representative blots from a minimum of three independent experiments are shown. 

 

Data information: (A–D) are expressed as the mean ± SD values from three biological replicates (n = 3). (E) is expressed as 

the mean ± SD values from four biological replicates (n = 4). *0.01 < P < 0.05; **0.001 < P < 0.01; ***0.0001 < P < 0.001; NS, 

not significant. Statistical analysis was based on the unpaired Student's t-test. 
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Figure EV5. LITATS1 interacts with TβRI and SMURF2, related to Fig 6. (A) Expression analysis (by western blotting) 

of FLAG-tagged proteins in HEK293T cells. Representative blots from two independent experiments are shown. (B) Scheme 

of the CARPID workflow. B: biotin; RBP: RNA-binding protein. (C) Expression analysis of LITATS1 in MDA-MB-231 cells 

upon CasRx-mediated LITATS1 knockdown. Stable cells were serum starved for 16 h and stimulated with or without TGF-β 

(1 ng/ml) for 4 h. The RT–qPCR results are expressed as the mean ± SEM of technical triplicates. (D) Normalization of 

LITATS1 expression values in the RIP samples (Fig 6C) to that in the input samples (Fig EV5E). Results are expressed as the 

mean ± SD values from three biological replicates (n = 3). NS, not significant. Statistical analysis was based on the unpaired 

Student's t-test. Representative results from two independent experiments are shown. (E) Expression analysis of LITATS1 in 

the input samples corresponding to Fig 6C. Results are expressed as the mean ± SD values from three biological replicates 

(n = 3). ****P < 0.0001. Statistical analysis was based on the unpaired Student's t-test. Representative results from two 



Chapter 2 

 
70 

 

independent experiments are shown. (F) The endogenous interaction between TβRI and SMURF2 was evaluated by PLA. 

A549 cells with or without LITATS1 knockdown were treated with or without TGF-β (5 ng/ml) for 2 h. The red and blue dots 

indicate the TβRI-SMURF2 interaction and the staining of nuclei by DAPI, respectively. Scale bar = 23.2 μm. Representative 

images from two independent experiments are shown. 
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Appendix figures 

 
 
Appendix Fig S1, related to Fig 1. Screening of lncRNAs induced by TGF-β in breast cells. (A) Effect of TGF-β on the 

levels of p-SMAD2 and t-SMAD2 (as measured by western blotting) in MCF10A-M1 (upper), MCF10A-M2 (middle) and 

MDA-MB-231 (lower) cells. Cells were treated with SB431542 (SB; 10 μM) or TGF-β for the indicated durations. GAPDH, 

loading control. Representative results from a minimum of three independent experiments are shown. (B) Analysis of PAI-1 

mRNA expression in MCF10A-M1 (upper), MCF10A-M2 (middle) and MDA-MB-231 (lower) cells. Cells were treated with 



Chapter 2 

 
72 

 

SB431542 (SB; 10 μM) or TGF-β for the indicated durations. Representative results from a minimum of three independent 

experiments are shown. (C) Effect of TGF-β stimulation on EMT marker expression in MCF10A-M1 (left) and MCF10A-M2 

(right) cells. Cells were stimulated with vehicle control (-), SB431542 (SB; 10 μM) or TGF-b (Tb) for 48 h, and protein 

expression was analyzed by western blotting. GAPDH, loading control. Representative results from a minimum of three 

independent experiments are shown. (D) Effect of TGF-β on the migration (as evaluated by an IncuCyte real-time chemotactic 

migration assay) of MDA-MB-231 cells. Cells were stimulated with or without TGF-β after being seeded in the top chambers. 

Representative results from a minimum of three independent experiments are shown. (E) Twenty-five lncRNAs were 

significantly induced by TGF-β at all three time points (2 h, 8 h and 24 h) in at least two of the three cell lines (MCF10A-M1 

(M1), MCF10A-M2 (M2) and MDA-MB-231 (MDA)). (F) Expression analysis of 15 TGF-β-induced lncRNAs in MCF10A-

M2 cells. Cells were treated with or without TGF-β for 8 h. The Ct values of the 15 lncRNA hits in cells without TGF-β 

stimulation are shown. Representative results from a minimum of three independent experiments are shown. 

 

Data information: Cells were stimulated with or without TGF-β (5 ng/mL) for the indicated durations. (B, D) are expressed as 

the mean ± SD values from three biological replicates (n = 3). (F) is expressed as the means ± SD values from three technical 

replicates (n = 3). **, 0.001 < P < 0.01; ***, 0.0001 < P < 0.001; ****, P < 0.0001; NS, not significant. In (B), statistical 

analysis was based on unpaired Student’s t test. In (D), statistical analysis was based on two-way ANOVA. 
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Appendix Fig S2, related to Fig 1. Loss-of-function assays identify LITATS1 as a suppressor of TGF-β-induced EMT. 

(A) Expression of 15 lncRNAs (as measured by RT-qPCR) in response to TGF-β in A549 cells. Cells were stimulated with 

SB431542 (SB; 10 μM) or TGF-β for 24 h. Representative results from a minimum of three independent experiments are 

shown. (B) Expression of nine lncRNAs (as measured by RT-qPCR) in A549 cells. Cells were transfected with a scramble 

GapmeR (Scr) or two independent GapmeRs targeting each hit (i.e., # 1 an #2). Representative results from a minimum of 

three independent experiments are shown. (C) Effect of lncRNA knockdown on F-actin expression and localization in A549 

cells. F-actin was detected by immunofluorescence and nuclei were visualized by DAPI staining. Cells were transfected with 

a scramble GapmeR (Scr) or two independent GapmeRs targeting each hit (i.e., # 1 an #2) and then stimulated with TGF-β for 
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24 h. Scr GapmeR transfected cells without TGF-β stimulation were set as the control. LncRNAs mitigating or potentiating 

TGF-β-induced F-actin rearrangement are marked in red and green, respectively. Bar=50 mm. Representative results from a 

minimum of three independent experiments are shown. (D) Effect of lncRNA depletion on EMT marker expression (as detected 

by western blotting) in A549 cells. Cells were transfected with a scramble GapmeR (Scr) or two GapmeRs targeting each 

lncRNA hit (i.e., # 1 and #2) and then stimulated without or with TGF-β (1 ng/mL) for 24 h. LncRNAs mitigating or 

potentiating TGF-β-induced F-actin rearrangement are marked in red and green, respectively. GAPDH, loading control. 

Representative results from a minimum of three independent experiments are shown. 

 

Data information: In (A, C), cells were stimulated with or without TGF-β (5 ng/mL) for the indicated durations. (A, B) are 

expressed as the mean ± SD values from three biological replicates (n = 3). **, 0.001 < P < 0.01; ***, 0.0001 < P < 0.001; NS, 

not significant. In (A, B), statistical analysis was based on unpaired Student’s t test.  

 

 
 

Appendix Fig S3, related to Fig 1. LITATS1 is the only TGF-β-induced splice variant of ZC3H12A-DT. (A) Schematic 

model displays the seven splice variants of ZC3H12A-DT and the target sites of shRNAs and GapmeRs for LITATS1 

knockdown. ZC3H12A-DT splice variant 1 corresponds to LITATS1. (B) RNAs-seq read counts of the seven splice variants of 

ZC3H12A-DT including LITAST1 transcript in breast cell lines. (C, D) Expression of the seven ZC3H12A-DT splice variants 

including LITAST1 transcript in MDA-MB-231 (C) and A549 (D) cells as measured by RT-qPCR. Cells were stimulated with 
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or without TGF-β (5 ng/mL) for 6 h. Representative results from two independent experiments are shown. 

 

Data information: (B-D) are expressed as the mean ± SD values from three biological replicates (n = 3). *, 0.01 < P < 0.05; **, 

0.001 < P < 0.01; ***, 0.0001 < P < 0.001; ****, p < 0.0001. In (B-D), statistical analysis was based on unpaired Student’s t 

test. 
 

 

Appendix Fig S4, related to Fig 3. ZC3H12A expression is not affected by LITATS1 misexpression. (A-E) Expression of 

LITATS1 and ZC3H12A mRNA (as measured by RT-qPCR) in MCF10A-M2 (A), A549 (B, C) and MDA-MB-231 (D, E) cells 

upon LITATS1 misexpression. Representative results from two independent experiments are shown. 

 

Data information: (A-E) are expressed as the mean ± SD values from three biological replicates (n = 3). **, 0.001 < P < 0.01; 

***, 0.0001 < P < 0.001; NS, not significant. In (A-E), statistical analysis was based on unpaired Student’s t test.  
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Appendix Fig S5, related to Fig 4. LITATS1 suppresses TGF-β/SMAD signaling and TGF-β-induced EMT. (A) Scheme 

for screening genes induced by LITATS1 knockdown. RNA samples (biological triplicates) were collected from A549 cells 

with stable LITATS1 knockdown by two independent shRNAs (#1 and #2). Forty-six upregulated genes (shLITATS1 vs. Co.sh) 

shared by the two shRNAs were identified after analysis of the RNA-seq results. (B) The names and fold changes in expression 

of the top 15 upregulated genes upon LITATS1 knockdown are listed in the table. RNA-seq results from A549 cells with or 

without TGF-β (5 ng/mL) stimulation for 2 h as the positive control are shown in the last column. Genes induced by TGF-β 
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(fold change>1.5) are marked in red. (C, D) List of transcription factors (C) and significantly changed pathways (D) affected 

upon LITATS1 knockdown. The 46 upregulated genes induced by LITATS1 knockdown were used as input. (E) Expression 

analysis of LITATS1, PAI-1, CTGF, PTHRP and SMAD7 in A549 cells transduced with shRNAs targeting LITATS1. 

Representative results from a minimum of three independent experiments are shown. (F) Expression analysis of LITATS1, PAI-

1 and CTGF in A549 cells upon LITATS1 ectopic expression. Representative results from a minimum of three independent 

experiments are shown. (G) Representative images of LITATS1 expression and localization as detected by RNA fluorescence 

in situ hybridization in A549 cells. Cells were transduced without (Co.vec) or with LITATS1 expression constructs. Bar=10 

mm. Representative results from two independent experiments are shown. (H) Effect of LITATS1 depletion on TGF-β-induced 

Vimentin expression in A549 cells. The RFP signal was detected by flow cytometry in A549 VIM-RFP cells in which 

endogenous VIM was tagged with RFP. Cells with stable LITATS1 knockdown were treated with vehicle control (-), SB431542 

(SB; 10 μM) or TGF-β (Tb; 5 ng/mL) for 48 h. Representative results from two independent experiments are shown. (I) Effect 

of SB431542 on the migration of A549 cells with or without LITATS1 knockdown. Cells without (Co.sh) or with stable 

LITATS1 knockdown were treated with or without SB431542 (10 μM) overnight before wounds were generated. The relative 

wound density (closure) was plotted at the indicated time points (upper). Representative scratch wounds are shown at the 

experimental endpoint (lower). The regions covered and not covered by migrated cells are colored gray and purple, respectively. 

Bar=400 mm. Representative results from two independent experiments are shown. 

 

Data information: In (E, F), cells were serum starved overnight and stimulated with or without TGF-β (1 ng/mL). (E, F, H) 

are expressed as the mean ± SD values from three biological replicates (n = 3). (I) is expressed as the mean ± SD values from 

six biological replicates (n = 6). *, 0.01 < P < 0.05;  **, 0.001 < P < 0.01; ***, 0.0001 < P < 0.001; ****, p < 0.0001; NS, not 

significant. In (E, F, H), statistical analysis was based on unpaired Student’s t test. In (I), two-way ANOVA was applied to 

calculate the statistical significance.  
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Appendix Fig S6, related to Fig 7. LITATS1 promotes cytoplasmic retention of SMURF2. (A) Interactions between in 

vitro-transcribed sense (S) or antisense (AS) LITATS1 and recombinant TbRI-ICD protein were analyzed by RIP. RT‒qPCR 

was performed to detect LITATS1 expression in immunoprecipitates. The values of LIATS1 expression were based on 

normalizing LITATS1 expression in the RIP samples to that in the input samples and are expressed as the mean ± SD values 

from three biological replicates (n = 3). *, 0.01 < P < 0.05. Statistical analysis was based on unpaired Student’s t test. 

Representative results from a minimum of three independent experiments are shown. (B-F) Prediction of the secondary 

structures of full-length LITATS1 (B) and truncation mutants (T1-T4; C-F) with the RNAfold software82. (G) Effect of LITATS1 
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overexpression on SMURF2 localization in MDA-MB-231 cells. After subcellular protein fractionation, western blotting was 

performed to evaluate SMURF2 expression in whole-cell lysates (Total) and the cytoplasmic (Cyto) and nuclear (Nuc) 

fractions. The levels of the cytoplasmic marker GAPDH and the nuclear marker Lamin A/C are included to demonstrate 

subcellular protein fractionation. Representative results from a minimum of three independent experiments are shown. (H) 

SMURF2 protein expression is unchanged upon LITATS1 knockdown in A549 cells. Quantification of western blotting results 

is expressed as the mean ± SD values from four biological replicates (n = 4). NS, not significant. Statistical analysis was based 

on unpaired Student’s t test. Representative results from a minimum of three independent experiments are shown. (I) Effect of 

SMAD7 knockdown on LITATS1-mediated TβRI polyubiquitination. MDA-MB-231 cells with stable HA-Ub expression were 

transduced with expression constructs for LITATS1 and/or a SMAD7 siRNA, as indicated. Polyubiquitination of TRI was 

evaluated by western blotting. Representative blots from two independent experiments are shown. (J) Interactions between 

LITATS1 and TRI upon SMAD7 knockdown in MDA-MB-231 cells were detected by the CARPID approach. Cells with 

stable expression of TurboID–dCasRx were transduced without (Co.) or with (#1 and #2) LITATS1 targeting gRNAs and the 

siRNAs targeting SMAD7. Cells were stimulated with or without TGF- (2.5 ng/mL) for 2 h and were then stimulated with 

biotin (500 mM) for 30 min. Western blotting was performed to detect TRI expression in whole-cell lysates (Input) and 

immunoprecipitates (IP). GAPDH and HA-dCasRx expression levels were measured for equal loading of Input samples and 

as the negative control or positive control, respectively, for proximity biotinylation in immunoprecipitate (IP) samples. 

Expression of TRI in the IP samples was normalized to that in the input samples. Representative results from two independent 

experiments are shown. 

 

Appendix tables are online at https://www.embopress.org/doi/full/10.15252/embj.2022112806. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  


