
Splicing factor SRSF6 promotes hyperplasia of sensitized skin

Mads A. Jensen1, John E. Wilkinson2, and Adrian R. Krainer1

1Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA

2Department of Pathology, University of Michigan, Ann Arbor, MI, USA

Summary

Many biological processes involve gene-expression regulation by alternative splicing. Here, we 

identify the splicing factor SRSF6 as a regulator of wound healing and tissue homeostasis in skin. 

We show that SRSF6 is a proto-oncogene that is frequently overexpressed in human skin cancer. 

Overexpressing it in transgenic mice induces hyperplasia of sensitized skin and promotes aberrant 

alternative splicing. We identify 139 target genes of SRSF6 in skin, and show that this SR protein 

binds to alternative exons of the extracellular-matrix protein tenascin C pre-mRNA, promoting the 

expression of isoforms characteristic of invasive and metastatic cancer in a cell-type-independent 

manner. SRSF6 overexpression additionally results in depletion of Lgr6+ stem cells, and 

excessive keratinocyte proliferation and response to injury. Furthermore, the effects of SRSF6 in 

wound healing assayed in vitro depend on the TNC isoforms. Thus, abnormal SR-protein 

expression can perturb tissue homeostasis.

Most mammalian genes utilize alternative splicing (AS) to express multiple mRNA 

isoforms; thus, AS is a major contributor to proteome complexity. The serine/arginine-rich 

(SR) protein SRSF6 (SRp55) belongs to a family of highly conserved RNA-binding 

splicing-factor proteins1,2, with one or two RNA-recognition motifs (RRMs), and a carboxy-

terminal arginine/serine-rich domain (RS domain)3. The RRMs mediate binding to specific 

exonic splicing enhancer (ESE) motifs, whereas the RS domain engages in protein-protein 

interactions, modulated by serine phosphorylation and dephosphorylation.

Given the central role of SR proteins in splicing, their deregulation could be causally related 

to or influence disease. In the context of cancer, many mutations affect splicing of 

oncogenes, tumor-suppressors, and other cancer-associated genes; however, many splicing 

abnormalities found in cancer are not associated with mutations in the affected genes4. 

Instead, they may arise from aberrant expression of splicing factors5. Indeed, certain SR 

proteins are over-expressed in human cancers, notably SRSF16,7, SRSF66, and SRSF38. 
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Moreover, SRSF1 is oncogenic in certain contexts6,7, e.g. by regulating AS of the proto-

oncogene MSTR1 (RON), resulting in increased cell motility9.

Cancer resembles a state of chronic wound healing, in which the latent wound-healing 

program is erroneously activated and perpetuated10. Notably, cancer can result from chronic 

inflammation11. Gene-expression profiling of wounded skin and tumors revealed striking 

similarities12. Normally, tissue injury triggers a pathway that attempts to repair damaged 

tissue and restore homeostasis through three distinct but overlapping phases: inflammation, 

tissue formation, and tissue remodeling13. Stem cells throughout the skin are a source of 

keratinocyte/progenitor cells that can be rapidly generated to repair tissue injury. AS was 

strongly tied to this pathway when the fibronectin gene (FN) was found to be alternatively 

spliced during wound healing. During wound healing, FN AS generates embryonic isoforms 

with distinct functions associated with cell migration and proliferation14.

AS is an intrinsic mechanism to introduce proteome complexity and exert temporal and 

spatial regulation. Because AS regulation is complex and incompletely understood, models 

that reproduce in vivo conditions are clearly needed. Here we set out to establish a 

transgenic mouse model with conditional overexpression of SRSF6 to study AS regulation 

in a natural context, and to characterize the functional consequences of aberrant SRSF6 

expression in tissues. Surprisingly, SRSF6-overexpressing mice developed pronounced skin 

hyperplasia, accompanied by stem-cell depletion and aberrant splicing. We identify SRSF6 

as a master-regulator of tenascin C AS. This is the first evidence of a causal role of AS 

misregulation by an SR protein in wound healing and hyperplasia.

Results

SRSF6 overexpression induces epithelial hyperplasia

We generated a mouse transgenic for human SRSF6 cDNA and IRES-EGFP under the 

control of a tetracycline-responsive promoter (TRE-tight) at the ColA1 locus (ColA1-

SRSF6). The reverse tetracycline transactivator (rtTA) was expressed from the Rosa26 locus 

(R26-rtTA)(Supplementary Fig. 1a). Upon doxycycline-treatment (DOX) of adult mice, RT-

PCR and immunoblotting showed high SRSF6 transgene expression in skin and small 

intestine, and low expression in spleen, liver, kidney, and heart (Fig. 1a, Supplementary Fig. 

1b). The transgene expression pattern was consistent with previous use of the same system 

to express shRNA15. We used the TREtight promoter to avoid potential deleterious effects 

of ectopic SRSF6 expression during embryogenesis.

Using live-imaging of shaved, DOX-treated animals, we analyzed GFP induction for 21 

days (Fig. 1b). We observed a gradual increase in GFP expression in the skin, and severe 

epithelial hyperplasia in skin and small intestine (Fig. 1c-e, Supplementary Table 1a). 

Hyperplasia is the first stage of cancer development.

The initial lesion was an abnormal increase in keratinocyte number in the interfollicular 

epithelium, and infundibulum and distal isthmus of the hair follicles. There was mild to 

moderate achanthosis, hypergranulosis, and hyperkeratosis (Supplementary Fig. 2a-b vs. 2c-

d). The severity of the hyperplasia increased during the DOX-induction time course. In the 
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more severe lesions, the progression of morphologic differentiation generally followed the 

normal pattern, but was severely hyperplastic and mildly to moderately dysplastic, with 

thickening and loss of organization of the stratum spinosum, irregularities in the stratum 

granulosum, and severe parakeratotic hyperkeratosis (Supplementary Fig. 2e-f). The 

epithelium of the hair follicles was hyperplastic and abnormal hair formation was often seen. 

The adnexa were also hyperplastic with squamous metaplasia. The lesions were clearly 

demarcated (Supplementary Fig. 2a-b). In advanced lesions, other abnormalities included 

intraepidermal microabscesses, dyskeratotic keratinocytes, spongiosis, apoptotic basal cells 

(Civatte bodies), and increased apoptotic bodies (Supplementary Fig. 3). There were areas of 

epidermal thickening, with an ~8-fold increase in thickness, compared to normal skin 

(p<0.0001)(Fig.1d). Depilation by plucking gave a more severe phenotype (Supplementary 

Fig. 4).

In the most severe cases, the skin was remarkably thickened, with thick verrucose 

proliferative lesions adjacent to papules with severe epidermal hyperplasia, especially in the 

mice with plucked hair. In the severe verrucose lesions, the parakeratotic hyperkeratotic 

stratum corneum was up to 1-mm thick and it surrounded and trapped the hair shafts. The 

parakeratosis was often severe, with retention of large nuclear fragments and many apoptotic 

bodies. The surface was covered with crusts. The underlying epidermis was markedly 

thickened and formed folds reminiscent of papillary development. The epidermis was 

irregular, with marked variation in cellular differentiation and orientation. The granular cell 

layer was prominent, often thickened, and displayed variation in keratohyalin granules. 

There was severe dyskeratosis, many apoptotic bodies, and mitoses above the basal layer. 

Keratin pearls were present in the epidermis, as a result of trapping in misoriented 

interpapillary areas (Supplementary Fig. 4). In the middle of the most severely affected 

areas, the hair bulb, stem, and glands of the follicles were often absent. This loss of intact 

follicles is typical of hyperplastic epidermis and wound healing.

In small intestine, we observed segmental areas of severe crypt-epithelial hyperplasia, with 

blunting of the villi. The lower penetrance of intestinal hyperplasia (5/9) compared with skin 

(8/8) may be due to the intestinal lesions being segmental and occurring in random portions 

of the intestine that we did not always sample. Control skin from double-transgenic animals 

in the absence of DOX, or from DOX-treated wild-type or R26-rtTA mice showed no signs 

of hyperplasia (Supplementary Table 1a). We conclude that SRSF6 overexpression in mouse 

skin and small intestine induces hyperplasia.

To further characterize SRSF6-expressing cells, we analyzed the epidermis for co-

localization with skin-differentiation markers in mild-to-moderate lesions. Ectopic SRSF6 

expression was strongly associated with keratins 5 and 14 (Fig. 2a,c). These markers of 

proliferating basal cells were expressed throughout the epidermis, suggesting a failure to 

differentiate and mature. We also detected a high level of proliferation, measured by KI67 

and also by keratin 6, which is strongly expressed in activated keratinocytes and is normally 

observed during epidermal injury16 (Fig. 2a). In contrast, epithelial hyperplasia coincided 

with reduced levels of loricrin (Fig. 2c), a keratinocyte-differentiation marker. Many of 

these gene-expression changes are characteristic of hyperproliferative skin due to various 

causes. The abnormal expression of differentiation markers preceded the gross 
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morphological changes, suggesting that abnormal molecular changes occurred early in the 

hyperplastic epidermis. We infer that enforced expression of SRSF6 maintains cells in an 

aberrant proliferating state, suppressing the normal epithelial differentiation program.

SRSF6-driven skin phenotype is cell-autonomous

Immunofluorescence microscopy showed that ectopic SRSF6 (T7-tagged) protein was 

exclusively expressed in the hyperplastic epithelium and hair follicles (Fig. 2a). There was 

no transgene expression in the stroma adjacent to the affected epithelium. We tested whether 

skin hyperplasia was cell-autonomous or depended, e.g., on cells originating in the 

hematopoietic system in the spleen or bone marrow, which showed sporadic SRSF6 

expression (Supplementary Fig. 1c). Allogenic transplants made from double-transgenic or 

control skin were grafted onto recipient nude mice; upon DOX-treatment, only mice with 

double-transgenic transplants developed hyperplasia (Supplementary Table 1b), indicating 

that skin hyperplasia occurs cell-autonomously upon induction of SRSF6 expression within 

the epithelium (Fig. 2b).

SRSF6 induces a wound-healing expression signature

To identify genes affected by SRSF6 overexpression, we used genome-wide expression 

microarrays, which yielded sets of differentially expressed genes in epidermal hyperplasia: 

989 genes were upregulated and 1201 were downregulated >2-fold (Supplementary Table 

2). Clustering analysis clearly separated the skin samples from the DOX-treated versus the 

normal mice, indicating inherent changes in their transcriptional profiles (Fig. 2d). Gene 

Ontology (GO) analysis of the upregulated genes showed significant enrichment in terms 

associated with the mitotic cell cycle (p<2.6×10−23), response to wounding (p<8.3×10−12), 

epidermal differentiation (p<4.7×10−7), and cell proliferation (p<1.3×10−3) (Supplementary 

Table 2).

RT-PCR validation (Supplementary Fig. 5, Supplementary Note 1 for primer sequence 

information) confirmed the strong induction of keratin 6 (154-fold) and keratin 16 (13-fold)

—two markers of tissue injury16. Similarly, many pro-inflammatory cytokines important for 

wound healing were upregulated, including Tnf (6-fold), Il1f (24-fold), Cxcl2 (97-fold), and 

Ccl3 (43-fold). Importantly, tenascin C (Tnc), an extracellular-matrix protein commonly 

expressed at sites of epithelial-mesenchymal-transition (EMT) in embryos17 and at sites of 

inflammation18, increased 6-fold.

A hallmark of wound healing is collagen deposition at injury sites and adjacent stroma 

during the proliferative phase13. Despite the lack of ectopic SRSF6 expression in stroma, we 

detected increased levels of thick collagen fibrils and total collagen by quantitative 

polarized-light microscopy of Picrosirius-red-stained tissues (p<0.0001)(Fig. 2e). 

Collectively, these results indicate that epidermal SRSF6 overexpression activates genes 

directly involved in the wound-healing response, and results in excessive collagen 

deposition.
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A novel role of SRSF6 in wound healing

We next searched for conditions that modulate the observed phenotype. Intriguingly, simply 

shaving the hair greatly enhanced SRSF6-induced epidermal hyperplasia (Fig. 3a). This 

implicates stem-cell activation in the phenotype, as depilation or injury can activate stem 

cells within the hair-follicle bulge19,20. Supporting this interpretation, hair-follicle areas of 

unshaved skin occasionally harbored a few GFP-positive cells, upon DOX-induction 

(unpublished), and a few focal areas of local hyperplasia appeared without shaving (Fig. 3a). 

Similarly, full-thickness longitudinal incisions to the tails of transgenic animals resulted in 

progressive development of epidermal hyperplasia proximal to the wound, within 1 week 

after DOX-induction; in contrast, no GFP-positive epidermal cells were present in regions 

distal to the wound (Fig. 3b). Cross-sections confirmed that wound-induced hyperplasia was 

closely restricted to the wound site and surrounding tissue. Consistent with this observation, 

epidermal thickness increased ~3-fold at sites distal to the wound, compared to control 

epidermis (Fig. 3c, right). Epidermal thickness at wound-proximal sites likewise increased 

significantly (Fig. 3c, right). Although SRSF6 had no effect on the wound-closure rate, it 

resulted in significantly wider wounds (unpublished).

We next investigated whether SRSF6 is normally involved in wound healing. We extracted 

protein from wounded tail skin or shaved back skin of double-transgenic mice for 

immunoblot analysis. Indeed, one week after wounding, endogenous SRSF6 increased (Fig. 

3d; lanes 5,6). Moreover, wounding was required to maximally elevate total SRSF6 protein 

in the context of DOX induction (Fig. 3d; lanes 7,8). We observed a very similar pattern in 

shaved skin: shaving increased endogenous SRSF6 protein, and was required to maximally 

increase total SRSF6 upon DOX induction (Fig. 3d; lane 1 vs. 2, lane 3 vs. 4). These results 

suggest that SRSF6 is important for normal wound healing; however, under SRSF6-

overexpression conditions, the normal tissue-repair process is misregulated, resulting in skin 

hyperplasia, most likely due to aberrant stem-cell activation.

To further investigate skin-stem-cell dynamics during SRSF6-induced skin hyperplasia, we 

analyzed the expression of the hair-follicle stem-cell markers Krt15, Lgr4, Lgr5, and Lgr621. 

Interestingly, qPCR analysis showed specific depletion of Lgr6, which marks an upper hair-

follicle stem-cell subtype, in contrast to the lower hair-follicle LGR5+ stem cells, which did 

not change significantly in skin samples with SRSF6-induced hyperplasia (Fig. 3e). The 

hair-follicle-bulge marker Krt15 was also reduced upon hyperplasia, as expected. In certain 

situations, broad stem-cell activation can lead to stem-cell depletion, e.g., upon ectopic c-

Myc overexpression in mouse skin22. These results further support the notion that hair-

follicle stem cells are directly activated, and may be required for initiating SRSF6-induced 

epidermal hyperplasia.

To test if SRSF6 can affect stem-cell self-renewal or differentiation in vitro, we purified and 

cultured primary keratinocytes from double-transgenic or control mice, and plated them to 

determine the effect of SRSF6 overexpression on the number of colonies formed—reflecting 

the original number of stem cells seeded23. After 10 days in culture, we did not detect any 

colonies from DOX-induced SRSF6-transgenic keratinocytes (Fig. 3f), consistent with 

specific stem-cell depletion upon SRSF6 overexpression. We also showed by qPCR and 
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immunoblotting that induction of SRSF6 promotes differentiation of cultured primary 

keratinocytes (Supplementary Fig. 6a, b). Importantly, markers of differentiation were 

strongly induced (Krt1: +743-fold; Flg: +32-fold), whereas markers of undifferentiated cells 

changed only slightly (Krt5: +3-fold; Krt14: +2-fold). These results suggest that SRSF6 can 

impair stem-cell renewal and/or promote differentiation of epidermal stem cells, both in vivo 

and in vitro. In vivo, SRSF6 overexpression in skin prevents basal keratinocytes from 

undergoing complete terminal differentiation.

SRSF6 promotes cassette-exon inclusion in hyperplastic skin

To investigate the impact of SRSF6 overexpression on AS, we analyzed the raw microarray 

expression data using the exon-splicing-index method24. Pairwise comparisons identified 

common AS events (ASEs), yielding a set of 154 alternatively spliced exons from 139 

unique genes (Fig. 4a). Illustrating SRSF6’s inherent function as a splicing activator, we 

observed almost exclusively increased exon inclusion (153 of 154 events) upon SRSF6 

induction in skin (Fig. 4a, Supplementary Table 2). These changes were not attributable to 

gene-expression changes, as the latter did not correlate with exon splicing-index (SI) scores.

SR proteins, including SRSF6, bind to degenerate ESEs in pre-mRNA, from where they 

activate splicing25. To further address the mechanisms of SRSF6-induced hyperplasia, we 

performed binding-motif prediction using MEME26. Omitting 5′- and 3′-terminal exons 

from the set of 154 alternatively spliced exons yielded 84 internal exons that we used in 

combination with a random set of cassette exons (as background reference) to predict de 

novo a consensus SRSF6 motif. We identified a 9-mer motif with an e-value of 2.5×108 

(‘SRSF6 in vivo motif’). This motif differed only slightly from the 6-mer motif found by in 

vitro functional SELEX27, consistent with its presumed functionality in vivo 

(Supplementary Fig. 7e). Furthermore, the SRSF6 motif did not resemble the SELEX motifs 

of other SR proteins28.

Next, we validated the AS changes using RT-PCR with an independent set of skin samples

—either SRSF6-overexpressing or controls (n=10). We successfully validated 16 of 22 

cassette exons—an overall success rate of 73% (Supplementary Fig. 4a-c, Supplementary 

Table 2-3a). Prominent validated examples include: pyruvate kinase 2 (Pkm2) exon 9 (−3.2); 

tenascin C (Tnc) exons 10 (+3.0), 11 (+2.6), 12 (+3.2), 13 (+4.5), and 15 (+3.8); and 

transcription factor Elk4 exon 2 (+1.7)(Fig. 4b-d). hnRNPA1/A2, PTB, and SRSF3 

contribute to regulating PKM2 AS29-31, and our present data also implicate SRSF6 in 

regulating murine Pkm2 AS. The extracellular-matrix protein TNC is a particularly 

intriguing new target of SRSF6, because it is specifically expressed at sites of tissue injury 

and inflammation, in chronic wounds and cancer18,32. Alternatively spliced exons of Tnc 

scored among the highest changes in our analysis, consistent with this gene’s potential role 

as a functionally relevant target of SRSF6.

Tenascin C is a target gene of SRSF6

To determine how SRSF6 controls Tnc AS, we searched for putative SRSF6 motifs within 

exons at or near the alternatively spliced region of Tnc, using SFmap33. The predicted 

SRSF6 motif was enriched in the highly conserved alternative exons of Tnc, compared to the 
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flanking constitutive exons, although these are smaller (Fig. 5a, Supplementary Table 3b). 

Furthermore, the presence of SRSF6 motifs in alternative exons inversely correlated with the 

strength of their 5′ splice sites (Fig. 5a, Supplementary Table 3b), suggesting that SRSF6 

binding to these ESE motifs is required to promote more efficient alternative-exon inclusion.

To directly measure whether SRSF6 binds alternatively spliced Tnc mRNA, we transiently 

over-expressed T7-tagged SRSF6 cDNA or empty-vector control in NIH-3T3 cells. After 

UV-irradiating the cells, we isolated cross-linked adducts by immunoprecipitation with 

immobilized anti-T7-tag antibody. We then purified the bound mRNA and analyzed it by 

RT-PCR using primers specific for either Tnc exons 9 and 10 or exons 15 and 16. In both 

cases, SRSF6 specifically bound to alternatively spliced Tnc mRNA, compared to empty-

vector control (Fig. 5b; lanes 5,6). As expected, there was no product when we omitted 

reverse transcriptase (lanes 3,4).

To investigate where along Tnc mRNA SRSF6 binds in cells, we repeated the experiment, 

but with micrococcal-nuclease (MNase) digestion before immunoprecipitation. We then 

measured by qPCR the relative RNA enrichment for each alternative Tnc exon (10 to 15)

(Fig. 5c). SRSF6 associated with alternative exons 10 to 14, but not with exon 15. However, 

the latter could be due to weak nuclease protection or inefficient crosslinking, as exon 15 

has 6 SRSF6 motifs. To test the functionality of the predicted SRSF6 binding sites, we 

performed RNA pulldowns with three 21-mer oligonucleotides comprising nucleotide 

positions 23 to 42 of mouse Tnc exons: one from exon 12; another with a mutated binding 

site; and the last with two SRSF6 binding sites from exon 15. Intriguingly, endogenous 

SRSF6 strongly bound mouse wild-type E15 and E12, but not mutE12, under splicing 

conditions in nuclear extract from HeLa cells (Fig. 5d).

We then asked whether SRSF6 knockdown affects Tnc AS. We transiently transfected 

NIH-3T3 cells with short interfering RNA (siRNA) against luciferase or Srsf6. We 

quantitated Tnc AS as the ratio between long isoforms and total Tnc, using specific qPCR 

primers for exons 8/9 (total Tnc) and 15/16 (long isoforms). Srsf6 knockdown resulted in 

downregulation of the long Tnc isoforms, compared to total Tnc (Fig. 5e, left, and 

Supplementary Note 2 for target sequence information). We confirmed this result by RT-

PCR, and importantly, the short Tnc isoform, ΔE10-15 (E=exon), was unaffected by Srsf6 

knockdown (Supplementary Fig. 7d). This is consistent with the Tnc splicing changes 

observed upon SRSF6 overexpression, in that the ΔE10-15 isoform was likewise unaffected 

(Fig. 4c). We confirmed the decrease in the long TNC protein isoform by immunoblotting 

using isoform-specific antibody (Fig. 5e, right).

Tenascin C AS correlates with phenotypic severity

To study the spatial and temporal effects of SRSF6 expression on Tnc splicing, and its 

effects on skin pathology, we performed a time-course experiment, feeding mice DOX for 

0-7 days. We observed a delay in the Tnc switch towards the long isoform after SRSF6 

induction (Fig. 6a). This fits with the expectation that SRSF6 expression needs to reach a 

certain level before it can affect splicing of its targets. Furthermore, the Tnc splicing change 

correlated with the appearance in hyperplastic skin of TNC-FL protein, which was 

undetectable in normal uninduced skin (Fig. 6b). Moreover, histopathology of induced skin 
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tissues confirmed that the Tnc splicing switch was associated with induction of hyperplasia 

(Fig. 6c). However, the timing and duration of SRSF6 induction was critical. During normal 

tissue wound healing, the onset of keratinocyte proliferation starts after ~1-2 d following 

injury12,13. Here, we observed that if SRSF6 was persistently expressed on days 0-7 

following injury, severe skin hyperplasia was induced. In contrast, if SRSF6 enforced 

expression was stopped by removing DOX on day 2 following injury, skin hyperplasia was 

no longer present on day 7 (Fig. 6c, lower right). Hence, sustained SRSF6 expression is 

required during the proliferative phase of keratinocytes to drive hyperplasia.

To further explore the role of SRSF6 and its specific target isoform, Tnc-FL, in wound 

healing, we used in vitro assays. Consistent with its role in hyperplasia, SRSF6 significantly 

increased cell migration when overexpressed in NIH-3T3 cells (Fig. 6d). Importantly, this 

stimulatory effect of SRSF6 was suppressed by shRNA knockdown of Tnc, which resulted 

in strong down-regulation of the Tnc-FL isoform (Fig. 6e). In addition, we tested whether 

SRSF6 controls cell migration through splicing regulation of TNC in A2058 human 

melanoma cells, which express high levels of TNC-FL34; SRSF6 knockdown using two 

independent inducible shRNAs resulted in reduced levels of TNC-FL and decreased cell 

migration. We obtained similar results by inducible shRNA knockdown of TNC-FL (Fig. 6f, 

Supplementary Fig. 8). These findings are consistent with a previous report showing that 

TNC promotes cell migration mainly through its long isoform (TNC-FL), whereas the short 

isoform lacks this ability35. Based on these data, we conclude that regulation of TNC AS by 

SRSF6 is cell-type-independent, and plays a causal role in promoting wound healing in 

vitro.

Overexpression of both SRSF6 and TNC-FL in skin cancer

SRSF1 is a proto-oncogene that can transform rodent fibroblasts and mammary epithelial 

cells36,37. As SRSF1 and SRSF6 are closely related orthologs, we investigated whether 

SRSF6 is likewise an oncogenic splicing factor. We transduced MEFs (p53−/−, c-Myc+) with 

either SRSF6 cDNA or empty vector, injected them subcutaneously into nude mice, and 

allowed tumors to develop (Supplementary Table 4). SRSF6 strongly promoted 

sarcomagenesis after only 4 weeks (Fig. 7a).

Considering the skin hyperplasia caused by SRSF6 overexpression, and its overexpression 

in different human cancers6, we measured its levels in skin cancers in particular. To assess 

SRSF6 protein expression, we stained tissue microarrays comprising multiple tumor 

specimens, with a monoclonal antibody. Remarkably, we found significantly elevated levels 

of SRSF6 protein in basal-cell carcinomas (BCC; n=20, p<0.0001), squamous-cell 

carcinomas (SCC; n=18, p<0.0001), and malignant melanomas (n=27, p=0.01)(Fig. 7b). 

These data are consistent with SRSF6’s potential role in human skin cancer, and with SRSF6 

being a proto-oncogene. We also stained serial tissue microarrays containing 92 human 

melanoma specimens with either SRSF6 or TNC-FL antibodies. SRSF6 and TNC-FL 

protein isoform levels were strongly correlated (66.3% of the cases, p=0.0002) (Fig. 7c-d). 

High SRSF6 levels were only infrequently linked to low levels of TNC-FL protein (5.4%). 

These results suggest that in addition to its role in normal skin, SRSF6 controls TNC-FL 

protein levels in the context of skin cancer. However, our data suggest that additional factors 
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also regulate TNC/FL levels, as some tumors have high TNC-FL levels without SRFS6 

overexpression.

In summary, SRSF6 regulates multiple AS events in vivo. When its normal level is 

perturbed—as it is in many cancers—it gives rise to skin hyperplasia, and we identified 

tenascin C as one of its prominent target genes, whose AS pattern is strongly associated with 

skin cancer. These observations reinforce the importance of AS regulation for cancer 

progression. Furthermore, our study identifies SRSF6 and/or the genes it controls as 

potential targets for therapeutic intervention in skin cancer.

Discussion

We demonstrated that overexpression of the SR protein SRSF6 causes skin hyperplasia in 

mice by deregulating tissue homeostasis. We also found statistically significant 

overexpression of SRSF6 in human BCC, SCC, and malignant melanoma. Moreover, we 

showed that enforced expression of SRSF6 is sufficient to transform p53-null, Myc-

expressing primary fibroblasts in allograft assays. The latter observation resembles earlier 

findings in other contexts for the SRSF6 paralogs SRSF16,7 and SRSF38, both of which are 

proto-oncogenes, thus extending the evidence of oncogenic SR proteins.

Our results suggest that SRSF6 has a role in normal wound healing, potentially related to its 

role in cancer. Indeed, we found that endogenous SRSF6 is elevated upon skin injury. We 

hypothesize that under physiological conditions reminiscent of tissue injury, SRSF6 is 

induced to regulate certain target effector genes at the level of AS, allowing an efficient and 

appropriate wound-healing response. Our data suggest a possible mechanism for how 

excessive SRSF6 expression might instead result in abnormal hyperplasia (Fig. 8). 

Normally, keratinocytes respond to injury by becoming activated—a state characterized by 

strong expression of Krt6 and Krt16. Activated keratinocytes also release the cytokine Il-1—

the first signal upon wounding—to further increase keratinocyte activation and alert 

surrounding tissues38. Indeed, using microarray expression analysis of skin tissues, we 

found that SRSF6 induction resulted in strong upregulation of Krt6, Krt16, Il-1, and many 

other wound-healing markers.

One of the main pathological features of SRSF6-induced hyperplasia is the dependence on 

somatic stem-cell activation to achieve the full phenotype. Thus, the onset of hyperplasia 

was strongly enhanced by either hair shaving or tissue wounding—conditions in which skin 

stem cells are specifically activated21,39. We did observe focal hyperplastic lesions in 

unshaved mice, which likely reflect scratching or hair pulling.

Intriguingly, skin hyperplasia was associated with depletion of LGR6+ cells. These skin 

stem cells reside in the upper part of the hair-follicle, and participate in wound healing upon 

tissue injury21. We demonstrated that the effects of SRSF6 are cell-autonomous, and 

therefore consistent with a leading role of stem-cell activation, as transplanted skin grafts 

recapitulated the phenotype upon shaving/DOX-treatment. Supporting evidence with 

cultured primary keratinocytes showed that SRSF6 expression repressed their colony-

formation capacity and promoted differentiation. These findings suggest a role of SRSF6 in 
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repressing self-renewal signals and promoting differentiation. The reasons why SRSF6 

promotes proliferation and the initial steps of differentiation, but represses terminal 

differentiation, remain unknown. Overexpression of SRSF6 may maintain keratinocytes in 

an abnormal activation state that otherwise would be temporary during normal tissue repair. 

Additional studies are needed to understand this phenomenon in detail.

Strikingly, for the genes that showed changes in AS in skin upon SRSF6 overexpression, 

nearly all the changes consisted of increased exon inclusion, confirming SRSF6’s role as a 

strong splicing activator. A consensus 9-mer binding motif was present in all 84 internal 

alternative exons. Moreover, we demonstrated specific binding of SRSF6 to alternatively 

spliced Tnc exons with the binding motifs.

Due to the complex nature of AS regulation in vivo, and the global effects of individual SR 

proteins, such as SRSF6, it is difficult to demonstrate a direct causal relationship between 

expression of individual isoforms and the observed hyperplastic phenotype.

Intriguingly, however, some of the isoforms promoted by SRSF6 represent the reappearance 

of an embryonic splicing pattern. In particular, the M2 isoform of Pkm2 is specifically 

expressed in embryonic tissues and in cancers40. Similarly, the long Tnc isoform (+E10-15 

or +E10-18 (human)) is expressed in neuronal stem cells and embryonic tissue41, and in 

many types of invasive and metastatic cancer42-47. In breast-cancer cells, the two long TNC 

isoforms, +E10-15 and ΔE14, drive increased cell migration and proliferation in vitro46. 

Also, the plasma level of the long TNC isoform is a putative predictive marker for 

metastatic colon cancer48,49. We showed here that SRSF6 specifically promotes AS of the 

+E10-15 and ΔE14 Tnc isoforms, without changing the levels of the constitutive ΔE10-15 

isoform, even though we observed an increase in total Tnc expression upon induction of 

hyperplasia.

Consistent with SRSF6 being a likely regulator of Tnc AS, we observed a direct relationship 

between the magnitude of the change in Tnc AS, the SRSF6-expression level, and the extent 

of hyperplasia over time. Moreover, when SRSF6 induction was withdrawn, Tnc AS 

reverted, as did the hyperplastic phenotype. The relevance of SRSF6 as a regulator of Tnc 

AS was not limited to cell lines and mouse skin, but was also evident in human melanomas, 

which showed a strong correlation between SRSF6 and TNC-FL protein levels. We have 

thus discovered an important connection between clinically proven, important isoforms of 

Tnc and a member of the SR-protein family of splicing regulators.

Future work will be required to confirm that Tnc AS plays a key role in driving the 

development and maintenance of skin hyperplasia, and possibly other related pathological 

conditions. It will also be important to understand how SRSF6 is naturally regulated during 

wound healing, and whether other splicing factors contribute to these processes as well.
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Methods

ES-cell targeting and production of transgenic mice

Details of the targeting construct, pBS31’-RBGpA TREtight ColA1, are in the 

Supplementary Information. A DOX-responsive element controlling SRSF6 expression was 

targeted downstream of the Cola1 locus by Flp/FRT recombinase-mediated site-specific 

integration in KH2 ES cells, as described50,51. Injection of targeted ES cells into tetraploid 

blastocysts to produce fully ES-cell-derived transgenic mice was performed by the CSHL 

Gene Targeting Shared Resource. DOX was administered to adult mice via food pellets (625 

mg/kg) (Harlan Teklad). Hair removal was performed either by shaving, plucking, or 

applying NAIR lotion for 3 min (Church & Dwight Co) immediately before DOX 

administration. In vivo imaging of skin GFP expression was measured using a Xenogen 

IVIS imaging system (Perkin Elmer). No experiments were blinded; each group consisted of 

gender- and age-matched mice (6 to 52 weeks old C57/BL6/mixed background). As the skin 

phenotype was not anticipated, we did not perform a power calculation to deduce an 

adequate group size; instead we used a small group size of 8 treated and 8 control animals, 

which proved adequate for statistical-significance tests. All mouse experiments were 

approved by the CSHL Animal Care and Use Committee.

RNA extraction, RT-PCR and quantitative PCR

Total RNA from cells or tissues was extracted using Trizol (Life Technologies). Digestion 

with RQ1 RNase-Free DNase (Promega) for 30 min was used to eliminate genomic DNA 

contamination. cDNA synthesis was performed using 1 μg of total RNA, random primers 

(Sigma-Aldrich), and Improm-II reverse transcriptase (Promega). cDNA was amplified by 

PCR using AmpliTaq DNA polymerase (Applied Biosystems). For quantitative 

measurement of mRNA levels, cDNA was amplified by PCR with Power SYBR Green PCR 

Master Mix on a 7900HT Fast Real-Time System (Applied Biosystems). For details of 

primer sequences, see Supplementary Information.

Splicing analysis
32P-radiolabeled PCR products were separated by 6% native PAGE, followed by 

phosphorimage analysis to quantify band intensities, as described52. Splicing changes were 

validated using an independent set of samples, consisting of 4 controls and 6 SRSF6-

expressing skin samples.

Tissue-microarray evaluation

Immunohistochemical analysis of SRSF6 expression in human tumors was performed using 

skin-cancer tissue microarrays (US Biomax) as described53. Staining intensities were scored 

by attributing score values proportional to the staining level, ranging from 0 to 4 for each 

tissue specimen (n=75 and n=92). Two independent evaluation rounds were performed for 

each tissue microarray, and any scoring discrepancy was re-evaluated by J.E.W. Specimens 

were divided into two groups: low staining (0-2) and high staining (3-4) according to the 

scores.
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Cell transduction

Two different primary MEF cell lines (p53−/−) were generated by retroviral transduction: 

MSCV-c-Myc-dsRED/MSCV-SRSF6-IRES-EGFP and MSCV-c-Myc-dsRED/MSCV-

IRES-EGFP (control). Stable double-labeled cells were sorted by flow cytometry using a 

FACSAria II instrument (BD). All other cell lines were generated as described previously54 

or obtained from CSHL’s mammalian cell repository. All cell lines are routinely tested for 

mycoplasma contamination.

Expression and splicing microarray analysis

Microarray experiments were carried out at the CSHL Microarray Shared Resource. Skin 

tissues were homogenized using liquid nitrogen, and total RNA was isolated using an 

RNeasy Mini Kit (Qiagen). RNA quality was determined on an Agilent 2100 Bioanalyzer; 

samples with a RIN score of ≥7.0 passed the quality control. RNA was amplified, and 

converted into cDNA using a WT Expression kit (Ambion). This was followed by cDNA 

fragmentation and terminal biotin-labeling, using a GeneChip WT Terminal Labeling kit 

(Affymetrix). Samples were then hybridized, washed, and scanned according to the 

manufacturer’s instructions, using Mouse Gene ST 1.0 GeneChips (Affymetrix). Raw data 

were normalized, and analyzed for gene expression and AS in parallel, using AltAnalyze 

software55. The splicing index method was used to calculate AS for pairwise comparisons. 

Putative AS events were identified as common identities from two independent pairwise 

comparisons. Unsupervised hierarchical clustering was performed with the 25 most variable 

genes across all microarrays, using Cluster 3.0 (average linkage method) (Stanford 

University), and visualized by Java TreeView56. Gene Ontology annotation analysis was 

performed using DAVID Bioinformatic Resources 6.757.

Primary keratinocytes

Primary keratinocytes were isolated from control (R26-rtTA) or double-transgenic (R26-

rtTA/ColA1-SRSF6) neonates, and cultured in CnT-57 media, according to the 

manufacturer’s instructions (CELLnTEC Advanced Cell Systems AG). Clonogenic assays 

were performed by seeding freshly isolated cells (2500 cells/well in a 6-well plate) in 

CnT-02 media, in the presence or absence of DOX (1 μg/ml). Colonies were fixed and 

stained for 30 min with 6% (v/v) glutaraldehyde/0.5% (w/v) Crystal Violet after incubation 

for 10 d, as described58. Differentiation was induced in CnT-02 media/+1.2 mM CaCl2 for 5 

d, in the presence or absence of DOX (1 μg/ml).

Wound-healing assay

Mice expressing R26-rtTA/ColA1-SRSF6 were anesthetized, and longitudinal full-thickness 

incision wounds (1 cm) were made with a razor blade. Half the mice were fed DOX for 7 d. 

On day 7, tail-wound regions were analyzed by light microscopy. Wound width and 

epidermal thickness were measured at the wound site (proximal) or 125 μm from the wound 

center (distal) using ImageJ software (n=26). Scratch wound-healing assays were performed 

as described previously59; A2058 cell lines were treated with 10 μg/ml DOX for 3 d prior to 

assaying.
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Allogenic transplantations

Back skin from R26-rtTA/ColA1-SRSF6 transgenic or wild-type/R26-rtTA control animals 

was transplanted onto the back of nude recipient mice, as described60. Skin grafts were 

allowed to re-grow hair before they were shaved and animals induced by DOX for 1 week.

Picrosirius-red staining of collagen

For quantitative measurement of fibrillar type I+III collagen levels, skin tissue sections from 

either DOX-treated or control animals were stained with Weigert’s hematoxylin and then 

0.1% Picrosirius red for 1 hour. 16-bit images were obtained using circular polarized light 

microscopy, and analyzed with Volocity software (PerkinElmer). RGB image settings used 

were: R: 3660-15781, G: 981-4246, B: 859-2389 (red-yellow colored thick collagen); R: 

1920-4563, G: 869-7012, B: 1087-7744 (green colored thin collagen). We measured a total 

of 60 representative regions (100 × 100 μm) per condition.

Immunofluorescence microscopy

Paraffin-embedded mouse skin sections were analyzed by immunofluorescence microscopy 

using fluorescence-labeled anti-mouse Alexa Fluor 568 goat anti-mouse IgG (A11031) and 

Alexa Fluor 647 goat anti-rabbit IgG (A21245) secondary antibodies (Life Technologies). 

Images were acquired on a Zeiss Axiovert 200M microscope and further processed using 

AxioVision software (Zeiss).

Subcutaneous tumor growth in nude mice

For subcutaneous injections, 2 × 106 cells (see above) were resuspended into 150 μl of 1× 

PBS and injected into each flank of γ-irradiated (400 rad) NIH nu/nu nude mice using a 26-

gauge needle (females, 6 to 8 weeks of age). Eight flank injections were performed per cell 

line, and tumor development was measured by weekly palpation for 4 weeks. We chose a 

small group size that would be sufficient for statistical significance, assuming strong 

tumorigenic activity.

RNA-binding motif and 5′-splice-site prediction

The MEME Motif Discovery Tool61 for RNA-binding-motif prediction was used to derive a 

de novo consensus motif for SRSF6 in mouse skin. The analysis was performed using full-

length sequences of the 84 internal exons identified as alternatively spliced by microarray 

analysis. A random set of 500 mouse cassette exon sequences was used as a background 

reference. WebLogo software62 was used to generate a representative consensus frequency 

plot. Calculations of 5′-splice-site strength were based on the algorithm published by 

Shapiro and Senapathy63 or based on the free energy, ΔG, of base pairing to U1 snRNA64 

using the Splice-Site Analyzer Tool (ibis.tau.ac.il/ssat).

RNA CLIP

RNA immunoprecipitation of Tnc mRNA bound to SRSF6 protein was performed as 

described65, with slight modifications. 30 μg pcDNA3.1-T7-SRSF6 or control plasmid was 

transiently transfected into NIH-3T3 cells in a 15-cm plate, and UV-crosslinking was 

performed at 400 mJ/cm2 using a Stratalinker UV Crosslinker (Stratagene). 
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Immunoprecipitation was done using anti-T7 antibody (CSHL; mAb 42 1-87) coupled to 

Protein G-Dynabeads (Life Technologies); RNA was extracted from the immunoprecipitate, 

and cDNA was synthesized using random primers (Sigma-Aldrich). RT-PCR was performed 

using primers specific for each alternatively spliced Tnc isoform, i.e., to amplify across 

exons 9 and 10, or exons 15 and 16, respectively (for details of primer sequences, see 

Supplementary Information), and 32P-radioactive PCR products were separated as described 

above. RNA CLIP qPCR was performed essentially as above, except that extracts were 

treated with micrococcal nuclease before immunoprecipitation using Protein G-dynabeads 

coupled with either anti-T7 (CSHL; mAb 42 1-87) or control IgG1 (CSHL; AK105, against 

E. coli MBP) antibody. RNA enrichment was measured by RT-qPCR using exon-specific 

primers, and calculated as the relative levels in T7 antibody versus control IgG1 

immunoprecipitates.

RNA interference

For knockdown of Srsf6, NIH-3T3 cells were transfected with either 25 nM control siRNA 

(Luciferase) or mouse Srsf6 siRNA using Lipofectamine RNAiMAX (Life Technologies) 

according to the manufacturer’s instructions. Cells were incubated for 72 h before lysis, and 

protein and RNA were then extracted as described54. Details of siRNA/shRNA target 

sequences are given above in Supplementary Information.

Antibodies

For immunofluorescence microscopy, the following primary antibodies were used: 

monoclonal anti-T7 (Covance; 9115), anti-SRSF6 (CSHL; mAb 9 1-56), anti-keratin 6 

(Abcam; SPM269) and polyclonal anti-keratin 5 (Covance; PRB-160P), anti-keratin 14 

(Covance; PRB-155P), anti-loricrin (Covance; PRB-14P), anti-KI67 (Epitomics; 15580), 

anti-c-myc (Abcam; 39688), anti-β-catenin (Cell Signaling; 9587). For immunoblotting, the 

antibodies used were: monoclonal anti-SRSF6 (CSHL; mAb 9 1-56), anti-GAPDH (Abcam; 

6C5), anti-TNC (4C8MS; Novus Biologicals; 4C8MS) and polyclonal anti-keratin 5 

(Covance; PRB-160P). For tissue microarray analysis, monoclonal anti-SRSF6 (CSHL; 

mAb 9 1-56) was used. Typical antibody dilutions were 1: 25 for IHC and 1:1000 for 

immunoblotting.

Statistical analysis

For RT-PCR-based splicing analysis, we applied the Mann-Whitney statistical test to 

identify significant splicing changes between normal and SRSF6-induced skin samples 

(n=10). For tissue-microarray analysis of SRSF6 and TNC-FL protein expression, 

statistically significant score differences between normal and skin cancer subtypes, or co-

expression of SRSF6 and TNC-FL were calculated using Fisher’s exact test. Significant 

differences in epidermal thickness after tail injury (n=26) and in collagen deposition 

measured by Picrosirius-red staining (n=60) were both calculated using the Mann-Whitney 

test.

Original images of gels, autoradiographs and blots used in this study can be found in 

Supplementary Figure 9.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SRSF6 overexpression induces skin and intestinal hyperplasia in mice. (a) RT-PCR showing 

expression of transgenic (tg) and total SRSF6 in DOX-treated R26-rtTA/ColA1-SRSF6-

transgenic mice, and Actb mRNA as a loading control, in RNA extracted from thymus (th), 

liver (li), skin (sk), small intestine (in), brain (br), heart (he), kidney (ki), spleen (sp), and 

parental SRSF6-targeted ES cells. (b) In vivo imaging showing DOX induction of GFP after 

0, 3, 14, or 21 d, in transgenic versus control mice. (c) Left panel: Abnormal skin phenotype 

of transgenic R26-rtTA/ColA1 mouse treated for 21 d with DOX. Right panel: 

Magnification of region with abnormal back skin. Bar = 0.5 cm. (d) Analysis of epidermal 

thickness: control skin (solid square) and SRSF6-expressing skin (solid circle), with 
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thickness in μm (Mann-Whitney test, p<0.0001, skin samples from 3 treated and 3 control 

mice, n=21 each). Data are represented as mean +/− s.e.m. (e) Histopathology (H&E 

staining) of transgenic tissues from skin and small intestine of mice induced with DOX for 

14 d, showing severe hyperplasia.
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Figure 2. 
SRSF6 overexpression results in a wound-healing expression signature. (a) Two-color 

immunofluorescence of transgenic SRSF6 (T7), keratin 14 (KRT14), keratin 6 (KRT6) and 

KI67 in transgenic skin (DOX: +SRSF6). (b) Left panel: nude mouse with transplanted skin 

graft, 1 month after surgery. Middle panel: bright field (BF) or GFP images of allogenic skin 

transplants induced by DOX for 1 week (Control versus R26-rtTA/ColA1-SRSF6). Right 

panel: Histopathology showing skin hyperplasia in SRSF6-expressing transplants (H&E 

staining); n=6. (c) Expression of an epidermal differentiation marker, loricrin (LOR), a basal 

cell marker, keratin 5 (KRT5), and SRSF6. (d) Unsupervised hierarchical clustering of 

SRSF6-induced versus control skin (n=4) based on the 25 most variable genes; DOX-treated 

(1+ and 2+) and control (3− and 4−) samples represent biological replicates. (e) Top: 

Analysis of fibrillar type I+III collagen levels by Picrosirius-red staining of skin obtained 

from DOX-induced (+SRSF6) or control transgenic mice. Images are for bright field (BF) or 

polarized light (PL) conditions. Bottom: Image quantification of thin (green), thick (red), or 

total (gray) collagen (type I and III) (Mann-Whitney test, p<0.0001, n=60 fields per 

condition). Bar = 50 μm (a, c), 2 mm (b), and 100 μm (e). Data are represented with the 

mean for each group.
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Figure 3. 
SRSF6 is involved in wound healing. (a) Effect of hair shaving on SRSF6-induced skin 

hyperplasia. (b) Full-thickness incision wound healing of mouse tails from transgenic mice, 

induced by DOX or controls (1 week). (c) Measurement of wound-induced hyperplasia upon 

SRSF6 induction. Left: Representative tail-skin wounds in the presence or absence of 

SRSF6 induction (1 week post-injury), H&E staining; bar = 100 μm. Right: Quantification 

of epidermal thickness at sites proximal (center) or distal (125 μm from the center) from the 

wounds (Mann-Whitney test, p<0.001, n=26). (d) Immunoblotting for endogenous SRSF6 

expression in wounded or shaved skin from DOX-induced or control mice. Arrow indicates 

fully phosphorylated SRSF6. (e) qPCR of stem-cell markers in total skin extracts, showing 

depletion of skin stem cells upon SRSF6-induced hyperplasia: Keratin 15 (Krt15), Lgr4, 

Lgr5, and Lgr6 (Mann-Whitney test, n=4 samples per condition). (f) Clonogenic assay of 

primary keratinocytes isolated from R26-rtTA/ColA1-SRSF6 (double-transgenic) or R26-

rtTA (control) mice Representative images of Crystal-Violet-stained colonies, showing that 

SRSF6 overexpression strongly reduced colony formation (plating efficiency %: Fisher’s 

exact test, p<0.05, n=3 per condition). Data are represented as mean +/− s.e.m.
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Figure 4. 
SRSF6 regulates AS in skin hyperplasia. (a) Microarray analysis of AS events (ASEs) 

showing 154 changes identified by two independent pairwise comparisons between SRSF6-

induced and control skin samples. (b-d) Radioactive RT-PCR validations of SRSF6-

responsive ASEs: tenascin C (Tnc), pyruvate kinase 2 (Pkm2), and ETS-domain protein 

(SRF accessory protein 1) (Elk4) (Mann-Whitney test; *p<0.05, n=10). Data are represented 

as mean +/− s.e.m.
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Figure 5. 
Tenascin C AS is regulated by SRSF6 in skin. (a) Top: schematic representation of exons 9 

to 16 of the mouse Tnc gene. Black: alternative cassette exons (exons 10 to 15) regulated by 

SRSF6; gray: constitutive exons 9 and 16. Middle: the exon 9 to 16 region of Tnc is highly 

conserved in vertebrates. Bottom: inverse correlation between putative SRSF6 in vivo 

binding motif (5-mer core motif; WKSWG) frequency and 5′-splice-site-strength 

predictions. (b) RNA CLIP from NIH-3T3 cells with primer pairs complementary to mouse 

Tnc exons 9 and 10, or 15 and 16, respectively. (c) RNA CLIP-qPCR analysis with MNase 

digestion. (d) RNA-affinity pulldown using immobilized 21-mer RNA oligonucleotides 

comprising the wild-type SRSF6 binding motif in exon 12 (E12; UGCAGGA), exon 15 

(E15; UUCUAGUUUCAGAU) or a mutated motif (mutE12; CAACAUG). (e) Left: qPCR 

analysis of siRNA knockdown of SRSF6 and luciferase control, showing effects on Tnc AS 
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(Mann-Whitney test, p<0.05, n=6). Right: immunoblotting after SRSF6 knockdown 

showing effect on TNC protein isoform levels. Data are represented as mean +/− s.e.m.
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Figure 6. 
Tnc-FL expression is linked to hyperplasia severity. (a) qPCR analysis of skin from time-

course experiment. Left: total SRSF6; right: Tnc isoform ratio (Tnc-FL/Total Tnc) (n=3). (b) 

Immunofluorescence of TNC-FL protein isoform expression in skin upon SRSF6 induction 

for 0 h and 7 d. Epidermis=epi. (c) Correlation between skin hyperplasia, SRSF6 induction, 

and splicing switch towards the Tnc-FL isoform; 0 h to 7 d. Bottom right: Reversion of skin 

hyperplasia upon DOX withdrawal (5 d) after SRSF6 induction (2 d). (d) In vitro wound-

healing assay (18 h), showing enhancement of cell migration by SRSF6 overexpression in 

NIH-3T3 cells (n=24, p<0.0001) (left), and qPCR analysis of concomitant increases in 

relative Tnc-FL mRNA levels (right). (e) Cell migration assay showing that shRNA 

knockdown of Tnc suppresses the effect of SRSF6 overexpression (n=24, p<0.0001) (left); 

qPCR analysis of relative Tnc-FL mRNA levels (right). (f) In vitro wound-healing assay; 

inducible shRNA knockdown of either TNC or SRSF6 (two hairpins each) in A2058 human 

melanoma cells, showing reduced cell migration; +DOX (10 μg/ml) for 4 d (n=24, 

p<0.0001) (left). qPCR analysis of relative TNC-FL mRNA levels after knockdown of TNC 

or SRSF6 (right). Bar = 100 μm (b, c). Data are represented as mean +/− s.e.m. All p-values 

were calculated by Mann-Whitney tests.
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Figure 7. 
SRSF6 is a proto-oncogene overexpressed in human skin cancer. (a) Analysis of tumor 

growth in nude mice injected with 2×106 MEF +c-Myc, p53−/− cells in each flank (n=8). 

Control (A), SRSF6 (B). (b) Tissue microarray analysis of SRSF6 protein expression in 

human tumors, showing SRSF6 overexpression (High SRSF6) in BCC (100%, p<0.0001, 

n=20), SCC (100%, p<0.0001, n=18), and malignant melanoma (52%, p=0.01, n=17), 

compared to normal skin (10%, n=20). (c) Serial tissue microarrays of malignant melanoma 

tissues stained with either anti-SRSF6 or anti-TNC-FL antibodies for expression-correlation 

analysis (n=92). Tumor #1-2: representative tissues. (d) Diagram showing strong correlation 

between levels of SRSF6 and TNC-FL proteins in most of the tissues analyzed (66.3%). 

Data in a are represented as mean +/− s.e.m. All p-values were calculated by Fisher’s exact 

test.
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Figure 8. 
Model for the dynamic role of SRSF6 in skin hyperplasia and wound healing. Bottom 

(blue): Normal tissue homeostasis in skin. Top (red): During tissue injury, expression of 

SRSF6 is induced (and perhaps required) to regulate or promote unknown processes that are 

part of normal wound healing, through AS of target genes, e.g., Tnc and others. When 

SRSF6 expression is elevated, skin stem cells are aberrantly activated upon stimulation (by 

shaving or wounding) causing skin hyperplasia. SRFS6 likely suppresses stem-cell self-

renewal signals and/or stimulates stem-cell differentiation to keratinocyte progenitors that 

are maintained in a proliferating state. Aberrant levels of the SRSF6 splicing target Tnc-FL 

protein isoform may have a disruptive role for maintenance of the stem-cell niche 

microenvironment.
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