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Abstract  38 

Dermal fibrosis is a cardinal feature of systemic sclerosis (SSc) for which there are limited 39 
Systemic sclerosis (SSc) is characterized by dermal fibrosis accompanied by loss of 40 
dermal white adipose tissue (DWAT), yet the mechanisms linking adipocyte depletion to 41 
fibroblast activation remain unclear. Here we identify the transcription factor SIX1 as a 42 
central regulator coupling adipogenic repression with profibrotic signaling. SIX1 43 
expression was increased in skin biopsies from two independent SSc cohorts and 44 
localized to fibroblast and perivascular stromal cells. In mice, ubiquitous or adipocyte-45 
specific deletion of Six1 preserved DWAT, reduced collagen accumulation, and 46 
selectively decreased pro-fibrotic mediators. In cultured fibroblasts, CRISPR/Cas9-47 
mediated Six1 loss enhanced adipogenic markers while reducing profibrotic mediators 48 
and directly suppressed PAI-1 (SERPINE1) promoter activity. Together, these data 49 
position SIX1 as a transcriptional switch that promotes adipocyte reprogramming and 50 
fibrotic progression, and highlight SIX1 inhibition as a potential therapeutic strategy to 51 
preserve adipocyte identity and limit dermal fibrosis. 52 
 53 
Keywords: systemic sclerosis, scleroderma, fibrosis, adipose 54 
 55 
 56 
Short Summary: 57 
SIX1 is elevated in systemic sclerosis skin and linked to adipose-associated 58 
biology. Deleting SIX1 in adipocytes reduces fibrosis, making it a potential 59 
therapeutic target. 60 
 61 
  62 



Introduction 63 

Systemic sclerosis (SSc; or scleroderma) is a rare and heterogeneous autoimmune 64 

connective tissue disorder.(1, 2) The multiorgan dysfunction has been characterized as 65 

a triad of immune dysregulation, vasculopathy, and excessive extracellular matrix (ECM) 66 

deposition by myofibroblasts, leading to skin and internal organ fibrosis.(2-4) Skin 67 

thickening and tightening is responsible for considerable morbidity in this debilitating 68 

disease.(5, 6) The extent of skin fibrosis defines the two subclasses of SSc: limited 69 

cutaneous (lcSSc) and diffuse cutaneous SSc (dcSSc).(3) There are currently no FDA-70 

approved treatments for skin involvement in SSc. More extensive skin involvement at the 71 

time of diagnosis is associated with higher levels of disability, severity of pain, and 72 

decreased survival.(7, 8) This underscores the urgent need to identify novel targeted 73 

therapies for the treatment of SSc.(9)  74 

 75 

Thus, understanding the early pathogenesis of disease represents a critical step towards 76 

novel therapeutic approaches.(9) The mechanisms that lead to organ fibrosis in SSc are 77 

not fully understood; however, similar mediators have been identified to play a role in the 78 

lung and skin. For example, increased adenosine, hyaluronan, and IL-6 have been 79 

implicated in the pathophysiology of both lung and skin fibrosis(10-14). However, these 80 

mechanisms have largely focused on fibroblast and epithelial biology, with limited studies 81 

in adipocytes. This is important as an early hallmark of SSc is skin-associated adipose 82 

tissue atrophy and replacement by extracellular matrix, leading to dermal thickening.(15, 83 

16) Clinically, this may directly contribute to rigidity and tethering observed in early 84 

lesional SSc skin (15, 16). Dermal white adipocyte tissue (DWAT) adipocytes display 85 



highly distinct features compared to other white adipocytes, including significant 86 

plasticity(17-19). They can cycle through de-differentiation and re-differentiation as part 87 

of a physiologic response to hair cycling, aging, and energy demands.(17, 18, 20) Under 88 

certain conditions, de-differentiated pre-adipocytes escape the normal cycle of 89 

redifferentiation and trans-differentiate into ECM-producing myofibroblasts. This process 90 

is referred to as the adipocyte-to-myofibroblast transition (AMT).(21, 22) AMT has been 91 

well-studied in wound healing (21, 23) and recent evidence suggests it may also 92 

contribute to pathological skin fibrosis.(22, 24) Mature adipocytes in the skin produce 93 

PDGF ligands and BMPs, both of which are implicated in wound healing and fibrosis. (25) 94 

In addition, the adipose secretome has also been identified to play a role in the 95 

pathophysiology of SSc. (26) Lipid-filled adipocytes cross-talk with other cell types in the 96 

stroma-vascular fraction of adipose tissue. The interaction between the dermal fibroblasts 97 

and adipocytes has also been appreciated as a contributor to irregular inflammation and 98 

aberrant wound healing through pro-inflammatory signaling between cell types (27) and 99 

adipocyte-driven regulation of fibroblast ECM production. (28) A robust physiologic axis 100 

also exists between adipocytes and endothelial cells, by which cell signaling can be 101 

bidirectionally regulated. (29)  However, mechanisms by which adipocytes contribute to 102 

the pathogenesis of skin fibrosis in SSc remain poorly understood.  103 

 104 

Our group and others identified sine oculis homeobox homolog 1 (SIX1) as a novel 105 

mediator in lung fibrosis, promoting the release of pro-fibrotic mediators by alveolar 106 

epithelial cells.(30-32) Further, SIX1 has also been implicated in asthmatic lung fibrosis 107 

(31, 32) and in liver fibrosis defined by excessive myofibroblast activation and ECM 108 



deposition (33). Lung fibrosis is an important complication of SSc that is typically 109 

observed following onset of skin fibrosis, and while epithelial and fibroblast-based 110 

mechanisms are most highly studied, the contribution of the adipocyte to the fibrotic 111 

process is not fully known.(34) However, whether SIX1 plays a role in skin fibrosis in SSc 112 

is not known; in particular, how adipocyte SIX1 regulates dermal fibrosis remains under 113 

investigated. SIX1 is a member of an evolutionarily conserved family of developmental 114 

transcription factors.(35) SIX1 plays a critical role in regulating the expression of genes 115 

that control precursor cell survival and proliferation during embryogenesis. In healthy 116 

adults, SIX1 is negligibly expressed in most tissues.(36) Perhaps the most well-studied 117 

role of SIX1 in adulthood is in the context of cancer, where it is a critical regulator of trans-118 

differentiation of pre-cancerous cells into mesenchymal cells with metastatic features.(37-119 

41) Although SIX1 transcript expression has been identified in healthy subcutaneous 120 

adipose tissue(42), to date its exact role in adipose tissue biology remains poorly 121 

investigated. Brunmeir et al.(43) were the first to identify the direct transcription regulation 122 

by SIX1 and the interaction between SIX1 and major regulators of adipogenesis, in 123 

mature fat cells. Recently, it was demonstrated that in vivo SIX1 overexpression in mouse 124 

hepatocytes exacerbates diet-induced liver inflammation, metabolic disruption, and 125 

hepatic steatosis, and activates liver-specific receptors to induce de novo lipogenesis.(44) 126 

This work is founded upon the fundamental and newly developing understanding of the 127 

roles of SIX1, particularly in the realm of lipolysis and the release of pro-fibrotic factors 128 

that regulate dermal fibrosis. We hypothesize that SIX1 contributes to dermal lipoatrophy 129 

and skin fibrosis in SSc. Surprisingly, our data suggests that SIX1 is not involved in 130 



modulating adipocyte phenotype, but instead it regulates the release of the pro-fibrotic 131 

mediator, PAI-1 that promotes dermal fibrosis. 132 

 133 

134 



Results 135 

Increased SIX1 levels correlate to skin fibrosis in SSc patients. 136 

 137 
Previously, our group identified increased SIX1 in lung fibrosis(30) and SIX1 expression 138 

has been identified to be present in subcutaneous adipocytes, particularly in those 139 

exhibiting aberrant function (42). As such we aimed to determine whether SIX1 was 140 

elevated in skin samples from SSc patients. To do this, we first determined expression of 141 

SIX1 from two distinct cohorts: The GENISOS (Genetics versus ENvironment In 142 

Scleroderma Outcome Study), cohort, which includes patients with limited cutaneous (lc)  143 

(lcSSc) and diffuse cutaneous (dcSSc) at different stages of disease, and the Prospective 144 

Registry for Early Systemic Sclerosis (PRESS) cohort, enriched for patients with early-145 

stage dc-SSc. SIX1 transcript levels were elevated in SSc skin in limited SSc, diffuse 146 

SSc, and in early diffuse SSc compared to control skin in both independent cohorts 147 

(Figure 1). In the PRESS cohort, which is enriched for patients with early dcSSc, RNA-148 

sequencing revealed increased SIX1 signals (Figure 1a). In the GENISOS cohort, which 149 

encompasses dcSSc and lcSSc at different stages of disease, SIX1 signal intensity, 150 

denoting expression levels, was higher in patients with dcSSc compared to lcSSc (Figure 151 

1b). To determine whether SIX1 is associated with the genomic landscape of a particular 152 

cell type, we correlated SIX1 expression levels with cell type-specific signature scores 153 

previously utilized by our group.(45, 46) The bioinformatic analysis identified genes that 154 

are expressed at comparatively higher levels in a specific cell type and created a 155 

signature score for each cell type being evaluated. The subcutaneous adipose signature 156 

was the most highly correlated with SIX1 expression in both the GENISOS (r = 0.76) and 157 

PRESS cohorts (r = 0.79). This points to SIX1 is an important mediator that is elevated in 158 



adipose tissue in SSc (Figure 1c). Higher expression of genes specific to fibroblasts, 159 

vascular and lymphatic endothelial cells, significantly correlated with higher expression of 160 

SIX1, suggesting that SIX1 may regulate mesodermal derived cells during fibrosis but not 161 

the ectodermally derived epithelium. Individual gene correlation analysis revealed that 162 

genes associated with adipocyte biology were enriched amongst those genes most highly 163 

correlated with SIX1, specifically in early dcSSc skin (Figure 1d; Supplementary Table 164 

3). These included genes encoding proteins required for adipocyte differentiation and 165 

triglyceride metabolism, including ADIPOQ and PPARG.(47-49) Functional annotation of 166 

all differentially expressed genes (DEGs) in the skin of dcSSc patients in the PRESS 167 

cohort compared to healthy controls showed significant enrichment for “regulation of 168 

lipolysis in adipocytes” in addition to “ribosome” and “AMPK signaling pathway” (Figure 169 

1e).  170 

 171 

Increased adipocyte SIX1 levels correlate with loss of dermal white adipose tissue 172 

(DWAT) in SSc 173 

 174 
Several studies have shown that the lipoatrophy and loss of DWAT is present in skin 175 

fibrosis in SSc(15) and even precedes the fibrotic matrix deposition(50).  In addition, AMT 176 

(22, 24) and the adipose secretome (26) have been implicated in the pathophysiology of 177 

SSc. Thus, we next aimed to determine whether SIX1 levels were increased in the 178 

diminishing DWAT layer in the skin. Herein, we assessed tissue samples from the 179 

GENISOS cohort that include SSc-affected skin samples with varying disease durations 180 

were compared to an age, sex, and ethnicity-matched control sample which 181 

demonstrating a progressive loss of DWAT areas as disease progresses (Figure 2a). 182 



This is important as DWAT levels are known to reduce as dermal fibrosis develops, thus 183 

the GENISOS cohort allows us to temporally assess loss of adipose tissue and SIX1 184 

levels during progression of disease.  Demographic and clinical features of these 185 

individuals are listed in Supplementary Table 4. Compared to the control biopsy, there 186 

was notably less DWAT in the skin of all dcSSc-affected individuals, with the patient with 187 

the most established form of disease presenting with no discernible DWAT areas (Figure 188 

2a). Thus, having established a correlation between changes in adipocyte biology, 189 

stromal cells, and SIX1 gene expression in SSc skin; we sought out to identify those cell 190 

types that produce SIX1 in SSc skin with abnormal dermal fat.  191 

 192 

We selected 8 SSc patients who retained dermal fat, most of whom were within three 193 

years of developing diffuse disease. Additionally, skin biopsies from 4 healthy controls 194 

were included. To localize the SIX1 gene in these samples, we employed single-molecule 195 

in situ hybridization. DWAT in human skin is localized around adnexal glands and hair 196 

follicles, and within and below the deep dermis(51). SIX1 was detected in both peri-197 

adnexal and deep dermal adipocytes. Mature adipocytes are identifiable by a single large 198 

lipid droplet surrounded by a thin ring of cytoplasm and a peripheral nucleus, which 199 

expresses Fatty Acid Binding Protein 4 (FABP4) (Figure 2b). Our morphometric 200 

quantification revealed increased expression of SIX1 in SSc tissue (Figure 2c). We 201 

acknowledge that some fibroblasts also express FABP4, however, the unique 202 

morphology of adipocytes as described above makes them easily distinguishable from 203 

the small, spindle-shaped fibroblast with a dominant, central nucleus. Although FABP4⁺ 204 

cells are consistent with preadipocytes, it is plausible for subset of cells to include 205 



macrophage- or vascular-associated populations. In addition based on landmark scRNA-206 

seq studies in SSc skin(52), increased SIX1 expression levels in fibroblast and pericyte 207 

subtypes, with limited expression in keratinocytes, macrophages and reduced expression 208 

in endothelial cells (Supplementary Table 5). It is important to note that no datasets were 209 

present for mature adipocytes. The clinical relevance of these findings was supported by 210 

positive correlations between the expression of SIX1 in SSc skin, and the extent and 211 

severity of SSc skin fibrosis. Spearman’s rank-order correlation analysis showed a 212 

positive correlation between whole skin SIX1 expression and modified Rodnan skin score 213 

(mRSS) (r=0.40, p<0.001), and local skin score (r=0.38, p<0.001) near the site of the 214 

biopsy. To our knowledge, dermal fat SIX1 has not previously been identified in situ, the 215 

significance of which is supported by clinical data linking SIX1 to more severe and 216 

extensive SSc skin involvement. Together, these data from two SSc study cohorts 217 

provided a strong premise for investigating SIX1 in SSc disease mechanisms. 218 

 219 

Adipose tissue loss is evident in a bleomycin model of dermal fibrosis 220 

 221 
We selected the murine  subcutaneous (SQ) bleo model of skin fibrosis(53) as the pre-222 

clinical model to study the effects of SIX1 on fibrosis and lipoatrophy.(11, 54) Unlike 223 

human skin, rodent skin DWAT is separated from the SWAT by a thin layer of skeletal 224 

muscle (the panniculus carnosus), allowing us to distinguish dermal adipocytes from 225 

subcutaneous adipocytes without the use of additional markers.(55, 56) Further, the 226 

fibrotic changes that occur over the 28 days of SQ bleo treatment allow us to study the 227 

role and expression of SIX1 during the pathogenesis of dermal fibrosis.(22, 50, 57)  228 



We demonstrated that serial injections of SQ bleo recapitulated lipodystrophy and dermal 229 

sclerosis mirroring SSc manifestations (Figure 3a).(22, 49, 56) Using Masson’s trichrome 230 

staining, we showed progressive bleo-induced atrophy of the DWAT, increased collagen 231 

deposition, and dermal thickening observable at weekly time points up to 28 days (Figure 232 

3b). Attrition of DWAT was appreciable on histology as early as day 7 of bleo treatment, 233 

when dermal thickening was less pronounced. Quantification of dermal thickness and 234 

DWAT area confirmed these observations. When compared to day 7, dermal thickening 235 

was significant after 28 days of bleo (Figure 3c). This change lagged behind the 236 

significant decline in DWAT area (Figure 3d). Transcriptomic analysis revealed increased 237 

signals for Six1 (Figure 3e) and despite minimal histological changes in the dermis after 238 

7 days of bleo, prominent extracellular matrix genes collagen 1a1 (Col1a1), collagen 1a2 239 

(Col1a2), and collagen 6a1 (Col6a1), transforming growth factor beta (Tgfb1) and of 240 

serine proteinase inhibitor E 1 (Serpine1) were upregulated (Figure 3f-j). Intriguingly, we 241 

did not detect increased expression for peroxisome proliferator-activated receptor gamma 242 

(Pparg) on day 7 of SQ bleo (Figure 3k). These results support that a reduction in DWAT 243 

and upregulation of fibrotic genes precedes significant dermal expansion following SQ 244 

bleo treatment. Next, we investigated whether adipocyte Six1 expression, as observed in 245 

SSc skin, was recapitulated in the SQ bleo model. Dual in situ hybridization probed for 246 

skin Six1 and Adipoq transcript expression after 7 days of SQ vehicle or bleo injections. 247 

Adipoq is highly and specifically expressed in lipid-laden adipocytes.(48) Mirroring 248 

findings in human SSc skin whereby SIX1 was elevated in early disease, Six1 transcripts 249 

levels were upregulated in the dermal adipocytes after 7 days of SQ bleo treatment 250 

(Figure 4 a -c). We also assessed Six1 expression levels in fibroblasts using smooth 251 



muscle actin (SMA) as a readout, these studies did not reveal increased Six1 in SMA+ 252 

cells. (Figure 4 d, e). Collectively, this data demonstrates that adipocyte loss is evident 253 

prior to fibrotic deposition and that SIX1 levels are increased in adipocytes by day 7 of 254 

bleo treatment.  255 

 256 

Transgenic Six1 deletion attenuates bleomycin-induced skin fibrosis 257 

 258 
We next investigated whether genetic inhibition of Six1 could prevent skin fibrosis. After 259 

a 28-day course of SQ bleo to induce an end-stage fibrosis phenotype, the affected skin 260 

of tamoxifen-treated mice with (iUbcCre) and without the Six1 allele (iUbc-Six1-/-) was 261 

analyzed by gene expression profiling and histology (Figure 5 a). Six1 depletion in iUbc-262 

Six1-/- skin following tamoxifen was confirmed morphometrically using dual FABP4 IHC 263 

and Rnascope for Six1 (Figure 5 b, c) and by RT-qPCR (Figure 5 d). Expression of 264 

profibrotic agents Col1a1, Col1a2, Fn1, elastin, Acta2, Tgfb1 and Serpine1 but not Mif 265 

was decreased in the skin of iUbc-Six1-/- compared to iUbcCre mice (Figure 5 e-l). To 266 

investigate whether Six1 modulates latent TGF-β complex components, we measured 267 

Latent Transforming Growth Factor Beta Binding Protein (Ltbp)1–4 transcripts. Only 268 

Ltbp4 but not Ltbp1-3 was significantly decreased in iUbc-Six1−/− mice, (Figure 5, m-p). 269 

These data suggest that Six1 may selectively affect latent TGF-β 270 

sequestration/availability through Ltbp4. We did not detect changes in expression of 271 

adipocyte markers: Adiponectin, Cebpa, or Pparg (Figure 5 q-s). Masson’s trichrome 272 

staining of bleo-affected skin showed maintenance of the DWAT layer in iUbc-Six1-/- mice 273 

compared to iUbcCre mice (Figure 6a). Six1-deficient mice had more prominent DWAT 274 

with lipid-laden adipocytes (Figure 6b). Perilipin 1 immunostaining was used to 275 



specifically detect adipocyte lipid droplets (Figure 6c). Adipocyte droplets in iUbc-Six1-/- 276 

were significantly larger compared to iUbcCre mice (Figure 6d). The deposition of collagen 277 

6, which is enriched in adipose tissue, was analyzed using dual immunofluorescent 278 

staining with perilipin 1 to identify the DWAT (Figure 6c).(58, 59) iUbc-Six1-/- had lower 279 

collagen 6 density in the DWAT compared to iUbcCre mice (Figure 6e). There was no 280 

significant difference in collagen 6 deposition in the dermis, or in dermal thickening (data 281 

not shown). In summary, whole-body depletion of Six1 followed by 28 days of SQ bleo 282 

revealed that Six1 deletion may halt pro-fibrotic gene expression and maintain DWAT in 283 

skin fibrosis. 284 

 285 
To determine whether adipocyte-derived SIX1 contributes to dermal fibrosis, we 286 
examined the effect of adipocyte-specific deletion of Six1 in the bleomycin-induced 287 
skin injury model 288 
 289 
To build on our data demonstrating elevated SIX1 in biopsies from individuals with early 290 

SSc and adipose Six1 expression in a mouse model of dermal fibrosis, when DWAT has 291 

begun to atrophy. We next investigate the potential role of adipocyte-specific Six1 in early 292 

disease. We developed a transgenic mouse model to knock-out Six1 in cells with an 293 

active Adipoq promoter after tamoxifen treatment, conferring adipocyte-specific Six1 294 

depletion in adult mice(48). We challenged mice with SQ vehicle or bleo for 14 days, as 295 

we found this duration of bleo induced DWAT atrophy before late fibrosis is established. 296 

Gene expression and histological analyses were performed to determine the contribution 297 

of adipocyte Six1 in early events in skin fibrosis. Masson’s trichrome staining and dermal 298 

thickness measurements revealed a thinner dermis in iAdipo-Six1-/- mice after SQ bleo 299 

compared to iAdipoCre mice (Figure 7a-b), demonstrating how adipocyte-specific Six1 300 

deletion prevented dermal thickening compared to Six1-competent mice. Six1 deletion 301 



was assessed morphometrically in dual RNAscope for Six1 and adiponectin revealed 302 

reduced Six1 puncta in Bleo-treated iAdipo-Six1-/- mice. Gene expression analysis 303 

revealed reduced Serpine1 but elevated Adiponectin expression on day 14 of bleo 304 

exposure in in iAdipo-Six1-/- vs control iAdipoCre mice (Figure 7e, f). Consistent with 305 

improved  dermal thickness at day 14 of Bleo, we report reduced Col1a1 and Col1a2 306 

following SQ bleo in iAdipo-Six1-/- vs control iAdipoCre mice (Figure 7 g, h). 307 

Next, we performed perilipin 1 immunostaining to identify adipocytes in the DWAT and 308 

measured intracellular lipid droplet size (Figure 8a). No difference in droplet size was 309 

observed in vehicle-treated mice regardless of Six1 expression. However, adipocyte Six1 310 

deletion inhibited the reduction in droplet size induced by bleo that precedes loss of 311 

adipose tissue (Figure 8b). These findings suggest that Six1 plays a role in dermal lipid 312 

droplet size during the early development of skin fibrosis. To determine whether adipocyte 313 

preservation was accompanied by reduced DWAT collagen deposition, we performed 314 

immunofluorescent staining to detect collagen 6. While collagens 1, 4, and 6 are 315 

abundantly expressed in adipocytes, collagen 6 is the most predominant collagen in fat 316 

depots (59), thus the measurement of such would be expected to have the highest 317 

sensitivity for significant changes in the ECM. Deletion of Six1 in adipocytes significantly 318 

reduced DWAT collagen 6 deposition after 14 days of bleo (Figure 9 a, b). This is evident 319 

in dual IF for perilipin and collagen 6 demonstrating maintenance of perilipin structures 320 

and reduced COL6 in SQ Bleo treated iAdiponectinCre-Six1-/- vs iAdiponectinCre controls 321 

(Figure 9c). Adipocyte lipid droplet shrinkage and increased ECM deposition cause 322 

dramatic changes to DWAT architecture and function in skin fibrosis. We have here 323 



established adipocyte Six1 as a driver of both lipid droplet size and ECM deposition, and 324 

a candidate target for therapeutic intervention. 325 

 326 

Collectively, our data demonstrates that Six1 deletion helps maintain lipid droplet size 327 

and ECM deposition in bleomycin-treated mice. To identify the SIX1 downstream 328 

mechanisms, we treated 3T3L1 fibroblasts with a siSIX1 (or control siRNA) and an 329 

adipocyte differentiation cocktail to promote differentiation to adipose cells. Cells were 330 

collected on days 0, 2, 4, 6 and 9. These experiments demonstrated a reduction SIX1 331 

knockdown on day 4 and 6 by western blots (Supplementary Figure 1 a, b). 332 

Next, we performed a gene analysis using the nCounter platform targeting fibrotic gene 333 

expression on Day 6 of 3T3 treated fibroblasts with and without siSIX1. These unbiased 334 

experiments and subsequent heat maps for ECM synthesis and TGF-β signaling revealed 335 

that KD of SIX1 reduced levels of serine proteinase inhibitor E 1 (SERPINE1) the gene 336 

that encodes plasminogen activator inhibitor 1 (PAI-1), (Supplementary Figure 2 a, b). 337 

These results also demonstrated reduced Col4a1, Col4a2, Col5a1 and Col5a3 and 338 

Col6a3 in addition to Tgfb1. Analysis of the TGF-β signaling pathway revealed reduced 339 

downstream mediators following siSix1 such as Tgfbr1, Crebbp, or Furin 340 

(Supplementary Figure 2 a, b).  Serpine1 was selected for further validation based on 341 

a volcano plot demonstrating that it was one of the most significantly downregulated 342 

genes following siSix1. (Supplementary Figure 3).  343 

 344 

To further investigate the role of Six1 as a regulator of Serpine1, we treated mouse 3T3L1 345 

fibroblasts with a pLenti-CRISPR/Cas9 Six1 gRNA vector and an adipocyte differentiation 346 



cocktail to promote differentiation to adipose cells. Clone 2 was selected for its efficacy 347 

at depleting SIX1 levels, consistent with reduced PAI-1 levels (Figure 10 a). Cells were 348 

collected on days (D) 0, 2, 4, 6, 9 and 12, herein Six1 deletion resulted in reduced 349 

Serpine1 levels on D, 2, 4, 6 and 9 (Figure 10 b). The reduction in Serpine1 expression 350 

levels was consistent with reduced PAI-1 signals in DWAT areas in Bleo-treated 351 

iAdiponectinCreSix1-/- mice vs control AdiponectinCre mice, assessed morphometrically 352 

(Figure 10 c, d). We confirmed SERPINE1 promoter binding by SIX1 using a full-353 

length hSERPINE1 promoter Gaussia Luciferase–expressing plasmid. Luciferase activity 354 

was significantly increased in Six1OE within 12 hours indicating a direct activation of the 355 

promoter (Figure 10 e). Expression of SERPINE1 was also upregulated 11.5-fold and 356 

3.8-fold in the PRESS and GENISOS cohorts respectively (Table 1). Although the 357 

increased expression of SERPINE1 could reflect secondary processes in fibrosis, our 358 

findings support the conclusion that SIX1 upregulation directly promotes SERPINE1/PAI-359 

1 expression as a downstream driver of dermal fibrosis.  360 

Next, to identify whether SIX1 can directly regulate stromal cell fate in dermal fibrosis we 361 

assessed lipid expression levels in mouse 3T3L1 fibroblasts exposed to adipocyte 362 

differentiation cocktail. These studies revealed increased adiponectin and Cebpa 363 

expression levels on D6, D9 (Cebpa only) and D12 of CRISPRCas9 deletion of Six1 364 

(Supplementary Figure 4 a, b). Fabp4 and Pparg followed the same trend with reduced 365 

expression in SIX1 KD cells of both of these genes on D2 and D9 (Pparg only) and 366 

increased expression on D4, D6 and D12 (Supplementary Figure 4 c, d). Fibro-genic 367 

gene expression revealed increased Fn1 expression levels on D0 and D2 but reduced 368 

expression on D6 and D9 (Supplementary Figure 4 e) in SIX1 KD cell. Mif expression 369 



levels reduced on D4, D6 but increased on D12 (Supplementary Figure 4 f) following 370 

loss of SIX1. Tgfb1 expression levels were reduced on D2, D9 and D12 but elevated on 371 

D6, in SIX1 deficient cells (Supplementary Figure 4 g). Intriguingly, the downstream 372 

mediator of TGFβ, Smad3, did not follow the same trend as Tgfb except for D12 where it 373 

was also reduced; instead, it was reduced on D0, and elevated on D2 and D9 374 

(Supplementary Figure 4 h). Despite the variation in gene expression, these data point 375 

to deletion of SIX1 resulting in increased lipid mediators and reduced pro-fibrotic gene 376 

expression by D12.  This temporal pattern parallels the in vivo sequence, where adipocyte 377 

depletion precedes collagen deposition, suggesting that SIX1 orchestrates early 378 

transcriptional events determining stromal fate after injury. This is consistent with IF 379 

denoting a more adipocyte-like cell following SIX1 KD compared to control cells 380 

stimulated with a differentiation cocktail (Supplementary Figure 4 i). These in vitro 381 

studies suggest that SIX1 acts to repress adipocyte differentiation and favor a more 382 

fibroblast-like, profibrotic transcriptional state when treated with a adipocyte differentiation 383 

cocktail in vitro. 384 

  385 



Discussion 386 

This study demonstrates the previously undescribed clinical and translational relevance 387 

of the developmental transcription factor SIX1 in adipocyte-mediated skin fibrosis. We 388 

identified increased expression of the developmental transcription factor SIX1 in skin-389 

associated adipose tissue in SSc skin samples from two well-described cohorts 390 

encompassing 161 patients. The GENISOS cohort contains both lcSSc and dcSSc, 391 

allowing us to identify a further increase in SIX1 in diffuse disease in a large cohort. SIX1 392 

was also elevated in the skin of individuals with dcSSc diagnosed within three years of 393 

disease onset, obtained from the PRESS cohort. In agreement with expression data 394 

showing enrichment of SIX1 in dcSSc, SIX1 skin expression positively correlated with 395 

clinical measurements consistent with worse skin disease extent and severity. Previous 396 

work established a subcutaneous adipose signature in human skin.(45, 46, 60) We found 397 

this signature to be strongly correlated with SIX1 expression in both SSc cohorts. It is 398 

important to note that a specific dermal adipose signature has not yet been 399 

established.(56) This observation suggests that in SSc skin, SIX1 expression may be 400 

associated with genomic changes in adipocyte function. Expression data was supported 401 

by histology findings in SSc skin samples from the GENISOS cohort. We reproduced 402 

previously reported observations(15, 50) that dermal fat mass declines early and remains 403 

atrophic in SSc skin. Using two novel transgenic mouse models, we found evidence for a 404 

role for Six1 in lipodystrophy and fibrotic features observed in the SQ bleo model. 405 

Intriguingly, however, only the deletion of Six1 from adipocytes but not in UBCCre 406 

expressing mice resulted in a reduction of dermal thickening. Possible explanations for 407 

this include a more efficient and selective inhibition of Six1 in adipocytes through the 408 



adiponectin Cre system compared to UBCCre expression or a potential protective 409 

response of Six1 in other cells that could include mesenchymal or inflammatory cells. We 410 

propose a working model in which SIX1 helps to drive skin fibrosis by interacting with 411 

lipolysis-associated molecular pathways to promote intracellular lipid loss, a critical first 412 

step towards transforming a healthy adipocyte to a disease-driving cell type. However, it 413 

is also possible for the adipocyte layer to function as a protective element against the 414 

development of fibrosis that is lost as tissue atrophies. 415 

 416 
We found that SIX1 expression in SSc skin correlated with genes related to lipid 417 

metabolism. We and others have shown that lipid droplets in DWAT are smaller in the SQ 418 

bleo-treated mice.(22, 61) Mice with Six1-deficient adipocytes (Six1- WAs) had larger 419 

intracellular lipid droplets than Six1+ WAs after SQ bleo. Changes in size of unilocular 420 

lipid droplets in WAs is one surrogate measurement used to profile an adipose depot as 421 

being lipogenic or lipoatrophic.(51, 62) A critical step in AMT is the release of free fatty 422 

acids into the local tissue environment, a process which permits the transition of a lipid 423 

droplet-containing adipocyte into a precursor cell(20). AMT is a fluid process involving 424 

dynamic and complex changes in cellular phenotypes and gene expression(24, 63). 425 

Dynamic control of lipid storage is required for differentiation and transdifferentiation (47, 426 

64, 65). We found Six1 to be expressed in mouse DWAT after just 7 days of bleo. While 427 

the majority of Six1-positive (Six1+) cells were also positive for Adipoq (Adipoq+), we 428 

observed a minority of Six1+ Adipoq- cells, that is, cells other than lipid-laden adipocytes. 429 

Adipoq- cells in the stroma vascular fraction (SVF) include diverse cell types.(66) Further, 430 

ADIPOQ was highly correlated with SIX1 in SSc skin. Given the exclusivity of Six1 431 

expression to the DWAT, we propose that these cells most likely represent those of 432 



adipocyte lineage. These studies and the known capacity of SIX1 to promote trans-433 

differentiation (38, 67) point at a role for SIX1 in mediating AMT. In line with this, our in 434 

vitro findings provide mechanistic insight into our in vivo observations showing that SIX1 435 

deletion maintains DWAT and adipocyte barrier following fibrotic injury. In cultured 3T3-436 

L1 fibroblasts, loss of SIX1 enhanced adipogenic differentiation, as evidenced by 437 

increased expression of Adiponectin, Cebpa, Pparg, and Fabp4, and reduced expression 438 

of profibrotic mediators including Fn1, Mif, Tgfb1, and Smad3. This pattern mirrors the 439 

phenotype observed in SIX1-deficient mice, where adipocytes were preserved and fibrotic 440 

remodeling was attenuated after bleomycin treatment. Together, these data support a 441 

model in which SIX1 promotes AMT by repressing adipogenic transcriptional programs 442 

and activating fibrogenic signaling. Deletion of SIX1 prevents this reprogramming, thereby 443 

stabilizing adipocyte identity and preserving the DWAT barrier. Given the observed 444 

modulation of Mif and PAI-1 expressions, SIX1 may also regulate paracrine signaling 445 

between adipocytes and fibroblasts, reinforcing profibrotic activation within the dermal 446 

microenvironment. To further uncover the mechanism that leads to SIX1-mediated 447 

paracrine dermal fibrosis, we turned to a non-biased approach using the nCounter 448 

platform. Here siRNA deletion of Six1 in 3T3L1 cells inhibited ECM components such as 449 

Col6a3, consistent with our IHC for COL6A and other collagens such as Col4a1, Col4a2, 450 

Col5a1 and Col5a3 in addition to Tgfb1. In line with previous studies linking  Mif(30) , 451 

Tgfb1(67) and Pparg(43) as targets of SIX1 our studies demonstrated that these 452 

mediators we altered following SIX1 deletion using CRISPRCas9. To further explore 453 

upstream pathways that may link SIX1 to fibrotic remodeling, we examined expression of 454 

Ltbp family, which regulates extracellular sequestration and activation of latent TGF-β 455 



complexes(68). Among these, only Ltbp4 was significantly reduced in Bleo-iUbc-Six1⁻/⁻ 456 

mice. Because LTBP4 participates in matrix tethering and bioavailability of latent TGF-β, 457 

its selective downregulation may attenuate TGF-β activation in the fibrotic niche. These 458 

findings raise the possibility that SIX1 modulates dermal fibrosis in part through regulation 459 

of latent TGF-β signaling. Since LTBP4 regulates extracellular sequestration and 460 

activation of latent TGF-β complexes(69), its reduction in SIX1-deficient mice may 461 

contribute to attenuated TGF-β activation and diminished fibrotic remodeling 462 

A common mediator that was altered in both heat maps was Serpine1, the gene encoding 463 

for PAI-1. These results revealed reduced Serpine1 following Six1 deletion by 464 

CRISPRCas9, a result that was validated by RT-qPCR and western blots and by IHC in 465 

skin sections from bleo-treated mice, revealing reduced PAI-1 signals in mice lacking Six1 466 

in adipocytes. This was further confirmed with a luciferase assay demonstrating that SIX1 467 

is able to bind to the Serpine1 promotor. These results are significant since elevated PAI-468 

1 has been shown to be elevated in skin lesions from SSc patients(70, 71) and its 469 

inhibition improved dermal inflammation and fibrosis in bleo treated mice.(71) These 470 

findings suggest SIX1 as upstream from PAI-1 and as a mediator that predisposes 471 

adipocytes to a pro-fibrotic phenotype.  472 

Although SIX1 expression was most prominent in dermal fibroblasts, increased SIX1 473 

expression was also observed in macrophage-like and endothelial-like cells in both the 474 

GENISOS and PRESS cohorts. The functional significance of SIX1 in these non-fibroblast 475 

populations remains to be determined. It is conceivable that SIX1 contributes to profibrotic 476 

signaling through modulation of cytokine or angiogenic pathways, consistent with its 477 

described roles in other systems (72, 73). Although SIX1 expression was strongest in 478 



fibroblast and perivascular clusters, its induction across stromal compartments suggests 479 

a broader contribution to the activated dermal niche in SSc. 480 

Targeted therapeutics in SSc are limited as a result of our fragmented understanding of 481 

disease mechanisms.(74) Two medications, nintedanib and tocilizumab, have been 482 

approved by the Food and Drug Administration (FDA) for SSc-related interstitial lung 483 

disease.(75) However, neither these drugs or others are FDA-approved for SSc skin 484 

involvement. SIX1 has been shown to be a potential therapeutic target in pulmonary 485 

fibrosis.(30) We proposed that SIX1 might also play a role in skin fibrosis. We have shown 486 

that genetic deletion of Six1 is able to reduce dermal adipose tissue atrophy and fibrotic 487 

changes in a rodent model of skin fibrosis. These studies demonstrate that adipose tissue 488 

homeostasis not only has anti-fibrotic effects, but that its preservation is a potential 489 

therapeutic approach for skin manifestations in SSc. Although our data support a primary 490 

role for SIX1 in adipocyte fate determination, its regulation of inflammatory mediators 491 

such as MIF suggests that SIX1 may also influence immune-stromal interactions 492 

contributing to sustained fibrosis. Together, these findings suggest that pharmacological 493 

inhibition of SIX1, or its downstream mediator PAI-1, may represent a novel strategy for 494 

preventing or treating dermal fibrosis in SSc. 495 

496 



Methods 497 

Sex as a biological variant 498 

In our human and mouse studies female and male sexes were examined no significant 499 
differences were observed between sexes. 500 
 501 

Study populations 502 

GENISOS cohort  503 
 504 
The prospective cohort study, GENISOS , is a collaboration between The University of 505 

Texas Health Science Center, Houston, The University of Texas Medical Branch at 506 

Galveston, and the University of Texas Health Science Center at San Antonio. All 507 

participants met the diagnosis of SSc according to the American College of 508 

Rheumatology preliminary classification.(76) Details of recruitment and selection criteria 509 

have been previously published.(77) As described by (78), full-thickness skin biopsies 510 

(forearm or back) were collected under local anesthesia. Total RNA was extracted using 511 

TRIzol reagent (Invitrogen) followed by RNeasy column purification (Qiagen). RNA 512 

integrity was confirmed (RIN > 7) before hybridization to the Illumina HumanHT-12 v4 513 

Expression BeadChip. 514 

Individuals with dcSSc and  lcSSc are enrolled within five years of disease onset, defined 515 

as the first non-Raynaud’s symptom. The study was approved by the institutional review 516 

board of all participating sites, and written informed consent was obtained from all study 517 

subjects.  518 

The mRSS was calculated by a board-certified rheumatologist with extensive experience 519 

in the assessment of scleroderma skin (79).  The mRSS is determined by assessment of 520 

the skin thickness of 17 body areas by physical examination. The mRSS serves as a 521 

surrogate for disease activity, severity and mortality in patients with SSc (80). Healthy 522 



control individuals are enrolled to serve as controls. SSc-affected individuals and controls 523 

are matched at a ratio of 3:1 based on age, sex, and ethnicity. Gene expression analysis 524 

from SSc-affected skin and skin from controls has been previously described.(78) Raw 525 

probe-level intensities were imported into BRB-ArrayTools v4.7.1, log₂-transformed, and 526 

quantile-normalized. Probes with > 20 % missing values or mean signal below 527 

background were excluded prior to differential expression analysis. Briefly, global gene 528 

expression is assessed using the Illumina HumanHT-12 bead array. Raw data were 529 

analyzed with BRB ArrayTools. 113 SSc-affected individuals and 44 unaffected controls 530 

had available SIX1 expression levels.  531 

 532 

PRESS cohort 533 
 534 
The PRESS cohort is a multi-site observational cohort of individuals with dcSSc enrolled 535 

within three years of the onset of the first non-Raynaud’s symptom.(9) All participants 536 

fulfill the 2013 American College of Rheumatology (ACR)/European League Against 537 

Rheumatism (EULAR) classification criteria for SSc.(81) RNA sequencing data from the 538 

skin of PRESS participants and controls, previously utilized by our group,(46) was queried 539 

for expression of SIX1. Forty-eight SSc-affected individuals and thirty-three controls had 540 

available SIX1 expression levels.  RNA-seq libraries were generated from total RNA using 541 

the Illumina TruSeq Stranded mRNA kit and sequenced (2 × 100 bp) on a HiSeq 2500. 542 

Reads were aligned to the human GRCh38 reference genome using STAR v2.7, and raw 543 

counts were normalized and tested for differential expression with edgeR (82). The R 544 

Bioconductor package edgeR6 analysis was utilized to identify differentially expressed 545 



transcripts between SSc patients and healthy controls with a false discovery rate cutoff 546 

of 0.05 and fold change cutoff of >1.5 or <0.67 547 

 548 

Cell type-specific expression signatures 549 

 550 
Cell type-specific expression signatures were originally developed as previously 551 

described (60) and have been utilized by our group.(46) A “cell-type specific signature 552 

score” denotes a set of genes for which expression in a given cell type is notably higher 553 

than expression in the other evaluated cell types. Signature matrices were derived from 554 

previously published SSc skin transcriptomic datasets (83, 84). For each sample, the 555 

mean fold-change (SSc vs control) across 125 signature genes defined the cell-type 556 

score. Spearman’s rank correlations were computed between each score and SIX1 557 

expression to assess lineage association. The numerical value of each score was 558 

calculated based on fold-change estimates (SSc versus control) for 125 “signature genes” 559 

of a given cell type. The methodology used is described in detail in (60, 78, 85), for gene 560 

expression analysis, data were imported into BRB-ArrayTools as processed signal 561 

values. Values were excluded if the mean signal was not significantly greater than the 562 

background. Values were then log2 transformed, followed by quantile normalization. 563 

Genes with >20% missing values across arrays were filtered out. The remaining gene 564 

values were used for analyses. 565 

 566 

Pathway Analysis 567 

Herein, we used the same protocol described previously(60, 78, 85), genes that were 568 

differentially expressed on average in SSc compared to control at a false discovery rate 569 



(FDR) of <0.05 were uploaded to Ingenuity Pathway Analysis (Qiagen). The reference 570 

set was ‘Human Genome CGH 44 K’; only experimentally observed direct and indirect 571 

relationships were included. Canonical pathway and upstream-regulator analyses were 572 

performed at FDR-adjusted P < 0.05 and confirmed with FDR < 0.1.  573 

 574 

Correlation analyses 575 

 576 
The correlation between signature score and SIX1 expression was evaluated for each 577 

sample, and then the mean Spearman’s rank correlation coefficient was reported. 578 

Individual gene correlations were analyzed by Spearman's rank correlation. Correlation 579 

coefficients are reported as “r.” All correlation analyses were performed in R v4.2 using 580 

the ‘Hmisc’ package; significance was defined as two-tailed P < 0.05. Plots were 581 

generated in ggplot2. 582 

 583 

Functional annotation of all differentially expressed genes in PRESS  584 

 585 
All DEGs in the skin biopsies of PRESS cohort participants with SSc were input into The 586 

Database for Annotation, Visualization and Integrated Discovery (DAVID) for functional 587 

annotation (Available at https://david.ncifcrf.gov/summary.jsp). Analyses were conducted 588 

in DAVID v6.8(86) using the full human genome as background. Biological processes and 589 

molecular functions were considered enriched at Bonferroni-adjusted P < 0.05. A 590 

Bonferroni cut-off of 0.5 was used to determine significantly enriched biological pathways.  591 

https://david.ncifcrf.gov/summary.jsp


 592 

Animal studies 593 

 594 
All studies were reviewed and approved by UTHealth Houston Animal Welfare Committee 595 

(AWC-19-0029, AWC-22-0028). Six to eight-week-old male and female C57/BL6J mice 596 

were used for experiments with wild-type mice. Mice with dorsal skin in the telogen phase 597 

of hair cycle were used. Regions of skin in the anagen phase were excluded. When 598 

possible, littermates were equally distributed between groups. Group sizes were 599 

determined by power analysis (α = 0.05, power = 80%) and restricted to telogen-phase 600 

skin, as exclusion of anagen-phase regions reduces biological variability and provides 601 

reliable statistical power with fewer animals(87). 602 

Detailed experimental procedures are available in the supplement, including a complete 603 

list of SYBR green primers is listed in Supplementary Table 1.  604 

 605 

Statistical analysis 606 

 607 
Prism software (v9.0; GraphPad or higher) was used for all statistical analyses. ROUT 608 

outlier test was performed on all datasets. Outliers were excluded if FDR was greater 609 

than 1%. Two-tailed t-test with Welch’s correction was used for 2-group comparisons. 610 

Two-way ANOVA with multiple comparisons and correction using the Sidak method was 611 

used for 3 or more groups. Detailed statistical analysis for each experiment is shown in 612 

the figure legends. 613 
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Figure Legends 902 
 903 

Figure 1. SIX1 is elevated in SSc skin and correlates with adipose-related genes 904 

and pathways.  905 

a) SIX1 expression in PRESS SSc skin samples and controls. FPKM = fragments per 906 

kilobase million based on a false discovery rate cutoff of 0.05 and fold change cutoff of 907 

>1.5 or <0.6 b) SIX1 expression in baseline SSc skin samples and controls in the 908 

GENISOS cohort based on Student’s t-test c) Heatmap showing correlation (“r”) 909 

between skin SIX1 expression and cell type signature scores on Spearman’s Rank 910 

order correlation. Bolded pathways indicate correlations with p-values <0.05 in both 911 

cohorts. d) Volcano plot showing individual gene-SIX1 correlations in PRESS cohort 912 

SSc skin samples. PLIN1=perilipin 1; G0S2=G0/G2 switch gene 2; 913 

ADIPOQ=adiponectin; HSL=hormone sensitive lipase; FABP4=fatty acid binding protein 914 

4; LEP=leptin; ATGL=adipose triglyceride lipase; PPARG= peroxisome proliferator 915 

activated receptor gamma based on a Spearman’s rank coefficient analysis. e) KEGG 916 

pathway annotation of all DEGs in SSc skin of PRESS cohort participants using 917 

GoStats. Significance levels *** P ≤ 0.001 refer to a Bonferroni cut-off of 0.5 analysis 918 

(panel a) or a the R Bioconductor package edgeR6 analysis for  to identify differentially 919 

expressed transcripts between SSc patients and healthy controls with a false discovery 920 

rate cutoff of 0.05 and fold change cutoff of >1.5 or <0.67 for panel b.  921 

 922 

Figure 2. Dermal White Adipose Tissue (DWAT) atrophy and increased adipocyte 923 

SIX1 expression in SSc a) Hematoxylin and eosin staining of human skin biopsies 924 

from GENISOS cohort participants. top Control skin. middle early SSc-representative 925 



image bottom established representative SSc-skin sample. Clinical and demographic 926 

features of biopsies individuals are provided in Supplementary Table 4. Boxes contain 927 

dermal white adipose tissue. Dotted boxes denote DWAT areas. b) Representative 928 

images of dual in situ hybridization for SIX1 (teal) and FABP4 (pink) in 3 SSc and 1 929 

demographically matched control biopsies. Hematoxylin (purple) co-stain labels nuclei. “A” 930 

marks a dermal adnexal structure. Black arrows point to SIX1 transcript signal. Dash dot 931 

outlines denote the interior periphery of adipocytes. c) Representative morphometric 932 

quantification for dual positive FABP4/SIX1 cells in healthy vs SSc tissue. Significant 933 

levels * P ≤0.05 refer to Mann-Whitney comparisons between healthy (N=4) vs SSc 934 

(N=8). 935 

 936 

 937 

Figure 3. Dermal white adipose loss precedes fibrosis in the murine model of 938 

bleomycin induced skin  fibrosis. a) Schematic representation of SQ bleo model of 939 

skin fibrosis in mice (Created with BioRender) b) Representative images of Masson’s 940 

trichrome staining of dorsal mouse skin after 7, 14, 21, and 28 days of SQ vehicle or 941 

bleo treatment. White arrows indicate dermal thickness. Scale bar = 200µm. c) Dermal 942 

thickness and d) area of DWAT at 7, 14, 21, and 28 days reported in a dot plot SD of 943 

bleo-injected mice normalized to the average of all vehicle-injected mice at that time 944 

point N=4-5 for each time point. Transcript expression levels for sine oculis homeobox 945 

homolog 1 (Six1, e),collagen 1a1 (Col1a1, f), collagen 1a2 (Col1a2, g), collagen 6a1 946 

(Col6a1, h), transforming growth factor beta 1 (Tgfb1, i), serpin family E member 1 947 

(Serpine1, j) and peroxisome proliferator activated receptor gamma (Pparg, k) in 7-day 948 



skin samples by RT-qPCR. Expression was normalized to 18s rRNA. DWAT = dermal 949 

white adipose tissue. Significance levels * P ≤0.05, ** P ≤0.01, *** P ≤0.001, and **** P 950 

≤0.0001 refer to a simple linear regression for panels c-d and an unpaired t-test for 951 

panels e-k. Each individual plot represents a biological N number. N=3-7. 952 

 953 

Figure 4. Adipocyte Six1 expression precedes white adipose loss in SQ bleomycin-954 

treated mice.  955 

Representative images of mouse dorsal skin injected with SQ bleo for 7 days (n=6). a): 956 

Masson’s trichrome staining. b): Dual in situ hybridization for Adiponectin (pink) and 957 

Six1 (teal). Arrows point to Six1 signal. DWAT=dermal white adipose tissue. c) 958 

Quantification of Six1 puncta in Adiponectin expressing cells from vehicle (PBS, N=4) or 959 

Bleo treated mice (N=7). d) Quantification of Six1 puncta in smooth muscle actin (SMA) 960 

expressing cells from vehicle (PBS, N=5) or from Bleo (N=4) treated mice.  e) Dual 961 

immunohistochemistry for SMA (blue signals) and RNAScope for Six1, magenta puncta 962 

fibroblasts f denote fibroblasts and  v refer to vessels. Scale bar represents 50μm panel 963 

a, 10μm panel b and 20μm  panel e. Signifiance level  * P ≤0.05 refers to an un 964 

unpaired t-test for panels c and d.  965 

 966 

Figure 5. Inducible global deletion of Six1 inhibits fibrotic gene expression in SQ 967 

bleomycin treated mice. 968 

a) Schematic representation of experimental design (Created with BioRender). 969 

Following IP tamoxifen administration, iUbcCre and iUbc-Six1-/- were given 28 days of SQ 970 

vehicle (PBS) or bleo. b) Representative dual Six1 RNAscope (teal) and adiponectin 971 



(magenta) from bleomycin iUbcCre and iUbcSIX1-/- treated mice and c) corresponding 972 

Six1 puncta quantification. Arrows point at Six1 signals and scale bar represent 20μm. 973 

Transcript expression levels for sine oculis homeobox homolog 1 (Six1, d),collagen 1a1 974 

(Col1a1, e), collagen 1a2 (Col1a2, f), fibronectin (Fn1, g), elastin ( h), actin alpha 2 975 

(Acta2, i), serpin family E member 1 (Serpine1, j),  transforming growth factor beta 1 976 

(Tgfb1, k), macrophage migration inhibitory factor (Mif, l), Latent Transforming growth 977 

factor beta binding protein (Ltbp1, m), (Ltbp2, n), (Ltbp3, o), (Ltbp4, p), adiponectin (q), 978 

CCAAT enhancer binding protein alpha (Cebpa, r), peroxisome proliferator activated 979 

receptor gamma (Pparg, s) at day 28 of bleomycin treatment. Expression was 980 

normalized to 18s rRNA.. Significance levels * P ≤0.05, ** P ≤0.01, *** P ≤0.001, and 981 

**** P ≤0.0001 refer to an unpaired t-test for panels c-s Each individual plot represents a 982 

biological n number. N=3-8. 983 

 984 

Figure 6. Global Six1-deletion prevents lipolysis and collagen 6 accumulation 985 

induced by SQ bleomycin a) Masson’s trichrome staining of skin biopsies from 986 

iUbcCre and iUbc-Six1-/- mice treated with 28 days of SQ bleo. b) High-magnification 987 

Masson’s trichrome images of DWAT area marked by square bracket. c) 988 

Representative brightfield (left panels) and dual immunofluorescent staining for collagen 989 

6 (yellow signals) and perilipin 1 (red signals) in skin from 28-day bleo-injected iUbcCre 990 

and iUbc-Six1-/- mice (right panels). d) Quantification of droplet size of perilipin 1-991 

positive adipocytes in the DWAT. Left: High magnification (100X, zoomed) image of lipid 992 

droplet within DWAT stained with perilipin 1. e) Quantification of collagen 6 as percent 993 

positive area in the DWAT. Significance levels * P ≤0.05 refer to an unpaired t-test. 994 



Each individual plot represents a biological N number. N=4-6.V denotes vessels; SM 995 

denotes skeletal muscle. Scale bar represents 200 μm (panel a), 50 μm (panel b), and 996 

20 μm (panel c).    997 

 998 

Figure 7. Adipocyte SIX1 deletion prevented bleomycin-induced dermal white 999 

adipose atrophy and dermal thickness. a) Representative images of Masson’s 1000 

trichrome staining from full-thickness skin biopsies.  b) Quantification of dermal 1001 

thickness from Masson’s trichrome staining on day 14 of vehicle (PBS) or Bleo SQ 1002 

administration from iAdipoCre and iAdipo-Six1-/- mice c) Representative dual Six1 1003 

RNAscope (teal) and adiponectin (magenta) from bleomycin iAdipoCre and iAdipo-SIX1-/- 1004 

treated mice and d) corresponding Six1 puncta quantification. Arrows point at Six1 1005 

signals and scale bar represent 20μm. Transcript expression levels for Serpine 1 (e), 1006 

adiponectin (f), collagen 1a1 (Col1a1, g), or collagen 1a2 (Col1a2, h), from SQ Bleo 1007 

treated from iAdipoCre and iAdipo-Six1-/- mice on day 14 (panels e, f) or day 28 (panels 1008 

g, h). Significance levels * P ≤0.05 and ***P≤0.001 refer to a One-way ANOVA with a 1009 

Bonferroni correction for panel b or un-paired t-test for panels d-h. Each individual plot 1010 

represents a biological N number. N=5-13 1011 

 1012 

Figure 8. Lipid droplets are preserved in bleomycin-treated adipocyte-Six1 1013 

deficient mice treated with bleomycin. a) Representative images of 1014 

immunofluorescent staining for perilipin 1 in skin from iAdipocCre and iAdipo-Six1-/- mice 1015 

treated with 14 days of SQ vehicle (PBS) or bleo. Left: brightfield image,  Right: 1016 

Iimmunofluorescence for perilipin (red signals) images. b) Quantification of droplet size 1017 



of perilipin-positive adipocytes in the DWAT. Significance levels ** P ≤0.01 and 1018 

***P≤0.001 refer to a Two-way ANOVA with multiple comparison employing a Sidak 1019 

correction for panel b. Each individual plot represents a biological N number V denotes 1020 

vessels; SM denotes skeletal muscle. Scale bar represents 20μm.  1021 

 1022 

Figure 9. iAdipoCre -Six1 KO mice have decreased collagen 6 deposition in the 1023 

DWAT after 14 days of SQ bleomycin. a) Representative images of 1024 

immunofluorescent staining for collagen 6 (yellow) in skin samples from iAdipoCre or 1025 

iAdipo-Six1-/- mice treated with 14 days of SQ bleo. Left: Brightfield image and .Right: 1026 

Immunofluorescence for collagen 6 (yellow signals). Area within dotted lines represents 1027 

DWAT. b). Quantification of collagen 6 as brightness intensity within the DWAT. 1028 

Significance levels  ***P≤0.001 refer to a Two-way ANOVA with multiple comparison 1029 

employing a Sidak correction for panel b. Each individual plot represents a biological N 1030 

number N=5. c) representative dual immunofluorescence for collagen 6 (red signals) or 1031 

perilipin (green signals) focusing on the DWAT area of either Bleomycin treated 1032 

iAdipoCre  (upper panel) iAdipoCreSIx1-/- mice (lower panel). V denotes vessels; SM 1033 

denotes skeletal muscle. Scale bar represents 20μm (panel a) and  50μm (panel b).  1034 

 1035 

 1036 

Figure 10. PAI-1 levels are upregulated in bleomycin induced skin fibrosis and 1037 

track with SIX1 expression levels  (a) protein levels for β-actin, SIX1 and PAI-1, and 1038 

from 3T3L1 cells treated with a differentiation cocktail for adipocytes and transfected 1039 

with either control plasmic (blue bars, panel b) or CRISPR/Cas9 Six1 plasmid (green 1040 



bars, panel a). b) Serpine1 transcript levels and c) quantification of PAI-1 signals in 1041 

DWAT from (d) IHC for PAI-1 from bleomycin exposed mouse skin for from 2 1042 

independent iAdipoCre or iAdipoSix1-/- mice. PAI-1 signals are shown in magenta. 1043 

Significance levels  ***P≤0.001  refer to a Two-way ANOVA with multiple comparison 1044 

employing a Sidak correction for panel b. Significance levels  *P≤0.05  refer to an 1045 

unpaired  t-test for panel c. (e) Ratios of Gaussian luciferase/secreted embryonic 1046 

alkaline phosphatase (G-Luc/SEAP) showing levels of SERPINE1-promoter activity 1047 

from Six1OE cells compared with GFP controls at 12 hours. N=3 (panels b and e) and 1048 

N=8 (panel c). Scale bars represent 20μm. 1049 

  1050 



Table 1. SERPINE1 expression levels in GENISOS and PRESS cohorts 1051 
 1052 
 1053 
Cohort GENISOS PRESS 

Ensembl_ID ENSG00000106366.8 

Gene name SERPINE1 

Gene type Protein coding 

logFC 1.928211 3.524306 

logCPM 2.589225 4.593314 

PValue 2.64E-12 4.17E-33 

FDR 2.05E-09 9.2E-30 

FC 3.805831 11.50593 

CPM 6.017755 24.13933 

Regulation in SSc 
group 

Up up 

 1054 
FC: Fold Change, CPM: Counts per million 1055 
 1056 
  1057 
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