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Abstract

Hepatic stellate cells (HSCs) drive hepatic fibrosis. Therapies that inactivate HSCs have clinical 

potential as antifibrotic agents. We previously identified acid ceramidase (aCDase) as an 

antifibrotic target. We showed that tricyclic antidepressants (TCAs) reduce hepatic fibrosis by 

inhibiting aCDase and increasing the bioactive sphingolipid, ceramide. We now demonstrate that 

targeting aCDase inhibits YAP/TAZ activity by potentiating its phosphorylation-mediated 

proteasomal degradation via the ubiquitin ligase adaptor protein, β-TrCP. In mouse models of 

fibrosis, pharmacologic inhibition of aCDase or genetic knockout of aCDase in HSCs reduces 

fibrosis, stromal stiffness, and YAP/TAZ activity. In patients with advanced fibrosis, aCDase 

expression in HSCs is increased. Consistently, a signature of the genes most downregulated by 

ceramide identifies patients with advanced fibrosis who could benefit from aCDase targeting. The 

findings implicate ceramide as a critical regulator of YAP/TAZ signaling and HSC activation and 

highlight aCDase as a therapeutic target for the treatment of fibrosis.
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Introduction

Fibrosis develops in response to chronic injury in nearly all organs and is characterized by 

progressive matrix stiffening. Tissue fibrosis is associated with high morbidity and 

mortality: severe fibrosis is estimated to account for almost half of all deaths in the 

developed world (1). Treatment options for fibrosis are limited, and organ transplantation is 

the only effective option for end-stage disease. There is an urgent need to understand 

mechanisms of fibrosis and identify new therapeutic strategies.

Activation of fibrogenic effector cells represents a key step in the pathogenesis of fibrosis. 

Several factors promote persistent fibroblast activation, including matrix stiffening (2-5). 

Central to the mechanosensing regulation of fibroblast activation are the Hippo-related 

transcriptional co-activators Yes-associated protein/Transcriptional coactivator with PDZ-

binding motif (YAP/TAZ) (6-9). Activation of YAP/TAZ mechanosignaling promotes 

fibrosis in multiple organs, including the liver, kidney, skin, and lung (6, 8, 10-21). Selective 

targeting of YAP/TAZ in fibroblasts has been shown to attenuate fibrosis: fibroblast-selective 

deletion of YAP/TAZ reduced kidney fibrosis (9) and dopamine receptor D1 agonism 

reversed lung fibrosis (22) in mice. Strategies to interrupt the feed-forward cycle of matrix 

stiffness and fibroblast activation by inhibiting YAP/TAZ signaling provide an important 

framework to reduce fibrosis.

In this study, we identify a therapeutic strategy to promote fibroblast inactivation and reduce 

fibrosis. We demonstrate the sphingolipid ceramide as a potent inhibitor of YAP/TAZ 

signaling and show that acid ceramidase (aCDase) inhibition and deficiency in hepatic 

stellate cells (HSCs) reduce fibrosis in mice. Our study also highlights the therapeutic 

potential of aCDase targeting in patients with liver fibrosis.

Results

Ceramide regulates the Hippo signaling pathway in human hepatic stellate cells

Hepatic stellate cells (HSCs) are the primary cell type responsible for liver fibrosis (23, 24). 

In their quiescent state, HSCs store vitamin A in lipid droplets (25). In response to chronic 

injury, HSCs undergo activation, characterized by loss of lipid droplets and production of 

extracellular matrix (ECM) proteins. The deposition and cross-linking of ECM by activated 

HSCs leads to liver fibrosis and subsequent liver failure (26-28).

To identify novel antifibrotic targets, we previously performed a small molecule screen to 

detect compounds that promote HSC inactivation. We observed multiple screen hits in one 

class of compounds: tricyclic antidepressants (TCAs). We found that TCAs promote HSC 

inactivation by increasing the sphingolipid ceramide through inhibition of the enzyme 

responsible for ceramide metabolism, acid ceramidase (aCDase). We demonstrated that 25 

μM ceramide-C6 inactivated HSCs, with minimal evidence of apoptosis or necrosis (29). 

This is consistent with other studies that demonstrated preserved viability at this dose in 

multiple cell types, including fibroblasts (30-32). Here, we sought to determine how 

ceramide promotes HSC inactivation. We analyzed RNA sequencing (RNAseq) data from 

culture-activated human HSCs treated with 25 μM ceramide-C6 or vehicle, and performed 
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Ingenuity pathway analysis (IPA) on the differentially expressed genes. IPA confirmed actin 

cytoskeleton signaling (P = 1.0 x 10−10) and HSC activation (P = 1.21 x 10−10) as key 

pathways regulated by ceramide (Fig. 1A, table S1, and data file S1).

Using gene set enrichment analysis (GSEA), we confirmed that ceramide promotes a gene 

expression pattern consistent with HSC inactivation after comparing the ceramide dataset 

with a public dataset of human activated and quiescent HSCs (33). We observed significant 

enrichment of genes downregulated in activated HSCs amongst those upregulated by 

ceramide treatment (P = 1.27 x 10−18) (Fig. 1, B and C). Conversely, there was significant 

enrichment of genes upregulated in activated HSCs amongst those downregulated by 

ceramide (P = 0.006) (Fig. 1, B and C). We similarly observed that genes up- and 

downregulated in reverted HSCs, as compared to activated HSCs, were enriched amongst 

genes up- and downregulated by ceramide treatment, respectively (P = 5.91 x 10−6 and 9.02 

x 10−9) (fig. S1, A and B). These findings corroborate our prior findings that ceramide 

inactivates human HSCs (29). Furthermore, we confirmed that ceramide promotes 

inactivation of culture-activated human HSCs after treatment with transforming growth 

factor-beta (TGF-β), a potent stimulus of fibrosis (34) (fig. S1, C and D).

Moreover, IPA revealed the Hippo pathway as a significant canonical pathway increased by 

ceramide (P = 3.2 x 10−7, Fig. 1A, table S1, and data file S1). In addition, IPA identified 

YAP as a significant upstream regulator of the gene expression changes inhibited by 

ceramide (P = 1.0 x 10−17), suggesting that YAP regulates these ceramide-repressed gene 

expression changes.

The Hippo pathway and its effectors, YAP and TAZ, have been identified as key regulators 

of fibrosis. Specifically, YAP was shown to drive the earliest changes in gene expression 

during HSC activation, and YAP inhibition leads to HSC inactivation and fibrosis reduction 

(10-13). We next aimed to understand the relationship between the genes regulated by 

ceramide and those regulated by YAP/TAZ. Using GSEA, we compared our dataset of HSCs 

treated with ceramide or vehicle with a public dataset of HepG2 cells transfected with 

siRNAs targeting YAP and TAZ in combination (35). We found significant enrichment of 

genes downregulated after YAP and TAZ knockdown amongst genes downregulated by 

ceramide treatment (P = 6.1 x 10−23) (Fig. 1, D and E), suggesting that ceramide mediates its 

transcriptional response by inhibiting YAP and TAZ. We repeated these analyses using 

public datasets of YAP and TAZ knockdown in HaCAT cells, observing similar findings (fig. 

S1, E and F). We confirmed in culture-activated human HSCs that ceramide suppresses 

expression of YAP/TAZ transcriptional targets, including ANKRD1 and CTGF (Fig. 1F).

Ceramide promotes β-TrCP-mediated proteasomal YAP/TAZ degradation

The transcriptional activity of YAP/TAZ is influenced by their localization in the nucleus or 

cytoplasm, which is regulated by multiple inputs including mechanical stimuli, cell-cell 

contact, and G protein-coupled receptor signaling (36-38). Many of these inputs are relayed 

through the LATS1/2 kinase cascade, where activated phospho-LATS1/2 phosphorylate 

YAP/TAZ on serine residues, including serine 127 (S127 in YAP; S89 in TAZ), which 

promotes YAP/TAZ cytoplasmic retention, and serine 397 (S397 in YAP; S311 in TAZ), 

which promotes YAP/TAZ degradation (39). We next asked whether ceramide treatment 
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regulates YAP/TAZ localization in HSCs. Indeed, ceramide treatment for 6 hours 

significantly inhibited YAP/TAZ nuclear localization (P < 0.0001, Fig. 2, A and B). 

Furthermore, treatment with ceramide led to increased YAP phosphorylation at serine 397 

and promoted YAP/TAZ degradation (Fig. 2C and fig. S2, A to C). Ceramide did not affect 

YAP phosphorylation at serine 127 (fig. S2D). The effect of ceramide on YAP/TAZ nuclear 

localization persisted 48 hours after treatment (fig. S2, E and F). Similarly, treatment with an 

aCDase inhibitor, B13, inhibited YAP/TAZ nuclear localization and promoted YAP/TAZ 

degradation (fig. S2, G to K). These results suggest that aCDase inhibition and ceramide 

accumulation promote Hippo signaling to inhibit nuclear accumulation of YAP/TAZ in 

HSCs.

Degradation of YAP/TAZ is regulated by several phosphorylation events. Phosphorylation of 

S397 in YAP (S311 in TAZ) by LATS1/2 primes for additional phosphorylation of YAP on 

S400 by CK1ε/δ, which generates a phosphodegron motif located in the C-terminal region 

of YAP/TAZ (39). This motif targets YAP/TAZ for polyubiquitination by recruiting β-TrCP, 

a key adaptor of SCF E3 ubiquitin ligase, which subsequently promotes proteasomal 

degradation (39). To determine whether ceramide treatment promotes this degradation 

pathway of YAP/TAZ, we transfected HSCs with siRNAs targeting BTRC (β-TrCP). 

Depletion of β-TrCP abrogated the effect of ceramide on YAP/TAZ nuclear localization and 

TAZ degradation (Fig. 2, D to G and fig. S3A). Similarly, treatment with a proteasome 

inhibitor, MG132, inhibited the effect of ceramide on YAP/TAZ nuclear localization and 

TAZ degradation (fig. S3, B to E). Taken together, these findings suggest that ceramide 

regulates YAP/TAZ localization by promoting β-TrCP-mediated proteasomal degradation.

LATS1/2 mediates ceramide regulation of YAP/TAZ localization and HSC activation

We then asked whether ceramide regulation of YAP/TAZ localization is mediated by the 

LATS1/2 kinases. Depletion of LATS1 and LATS2 mitigated the effect of ceramide on 

YAP/TAZ nuclear localization (Fig. 3A and B and fig. S3F and G). We next used a mutant 

allele of human YAP, hYAPS397A, which cannot be phosphorylated at serine 397 and thus 

cannot be degraded. We nucleofected human HSCs with control hYAP or hYAPS397A. In 

cells over-expressing the control hYAP, immunostaining showed that ceramide inhibited 

nuclear localization compared to vehicle. However, in cells expressing hYAPS397A, the 

effect of ceramide on YAP/TAZ nuclear localization was attenuated (Fig. 3C and D). 

Furthermore, expression of hYAPS397A inhibited the effect of ceramide on HSC inactivation 

(Fig. 3E and F) and downregulation of YAP/TAZ transcriptional targets (fig. S3H and I). 

These studies show that constitutive activation of YAP overcomes the effect of ceramide on 

YAP/TAZ localization and HSC inactivation. Taken together, our findings suggest that 

ceramide promotes LATS1/2-mediated proteasomal degradation of YAP/TAZ to inactivate 

HSCs.

aCDase deficiency in HSCs reduces fibrosis development

To determine the role of aCDase in HSCs in the setting of liver fibrosis, we generated an 

HSC-specific aCDase-deficient mouse by crossing Asah1flox/flox mice with Pdgfrb-Cre 

(Asah1cko, cACKO) mice. HSCs isolated from Asah1cko mice had reduced expression of 

Asah1 and YAP/TAZ transcriptional targets compared to HSCs isolated from control mice 
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(Asah1flox/flox lacking Pdgfrb-Cre) (fig. S4A). To determine whether aCDase deficiency in 

HSCs reduces fibrosis, we used the carbon tetrachloride (CCl4) mouse model of fibrosis 

(Fig. 4A). Asah1cko mice receiving CCl4 developed reduced fibrosis compared to control 

mice (Fig. 4B to D). We observed a reduction in α-smooth muscle actin (α-SMA) staining 

in liver tissue from CCl4-treated Asah1cko mice compared to control mice (fig. S4B and C), 

suggesting decreased HSC activation. We did not observe differences in liver toxicity or 

inflammation between the two groups after CCl4 treatment (fig. S4D and E). We also 

observed a reduction in YAP nuclear localization in HSCs from Asah1cko mice compared to 

HSCs from control mice after CCl4 treatment (Fig. 4E and F), suggesting that HSC 

depletion of aCDase inhibits YAP signaling in vivo.

Activation of YAP/TAZ stimulates collagen deposition by augmenting feed-forward cycles 

that stiffen the ECM microenvironment (6). To further investigate the relationship between 

aCDase and matrix stiffness, we performed atomic force microscopy (AFM) to measure 

matrix stiffness along fibrotic tracts as previously described (40). We observed that the 

stiffness was reduced in Asah1cko mice compared to control mice in the CCl4 model (Fig. 

4G to I). Taken together, our data showing decreased YAP nuclear localization in HSCs and 

reduced stiffness in Asah1cko mice suggest that the feed-forward cycle of matrix stiffness 

and fibroblast activation regulated by YAP/TAZ is likely attenuated with aCDase depletion 

in vivo.

We next asked whether aCDase depletion in HSCs modulates fibrosis development in the 

context of nonalcoholic steatohepatitis (NASH). NASH was modeled by a choline-deficient, 

L-amino acid-defined, high-fat diet (CDAHFD), which results in steatosis, inflammation, 

and fibrosis (Fig. 5A) (41). In response to CDAHFD, Asah1cko mice developed less fibrosis 

compared to control mice (Fig. 5B to D). Asah1cko mice and control mice developed similar 

degrees of hepatic steatosis and inflammation (Fig. 5E to G). Liver to body weight ratio, 

serum alanine aminotransferase (ALT), and hepatic triglycerides were also similar between 

the two groups (Fig. 5H to J). Consistent with impaired VLDL-triglyceride secretion in the 

CDAHFD model, we observed decreased serum triglycerides and total cholesterol in mice 

fed CDAHFD compared to those fed a normal diet (ND) but no differences between the 

groups fed CDAHFD (fig. S5A and B). Our data demonstrate that aCDase depletion in 

HSCs reduces NASH-induced fibrosis without worsening of steatosis or inflammation.

Moreover, we observed increased expression of YAP/TAZ targets, Ankrd1 and Ctgf, in 

control mice fed CDAHFD compared to Asah1cko mice or control mice fed ND, consistent 

with activation of YAP/TAZ signaling in fibrosis (fig. S5C and D). Among mice fed 

CDAHFD, Asah1cko mice had decreased expression of Ankrd1 and Ctgf compared to 

control mice, further suggesting YAP/TAZ inhibition in vivo. Our studies show that targeting 

aCDase in HSCs reduces fibrosis in two models of fibrosis, including diet-induced NASH.

aCDase inhibition reduces fibrosis

We next aimed to determine the therapeutic potential of aCDase inhibition in fibrosis. Our 

previous studies demonstrated that the aCDase inhibitor B13 inactivates human HSCs (29). 

B13 is an analogue of ceramide, the substrate of aCDase, and has been shown to inhibit 

aCDase and increase ceramide (42-47). Here, we confirmed that treatment with B13 or 
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ceramide increased ceramide in human HSCs (fig. S6A). Treatment with B13 or ceramide 

also increased downstream sphingolipid metabolites, sphingosine and sphingosine 1-

phosphate (S1P) (fig. S6B and C).

To determine whether aCDase inhibition reduces fibrosis development in vivo, we tested the 

antifibrotic effects of B13 in the CCl4 model of fibrosis. In the CCl4 model, mice receiving 

CCl4 were concomitantly treated with B13 or B13 vehicle. As a control group for fibrosis 

induction, mice received olive oil (fig. S7A). Among CCl4-treated mice, B13 treatment 

promoted YAP degradation and decreased fibrosis development (fig. S7B to E). B13 

treatment also reduced α-SMA staining and decreased Col1a1 expression in liver tissue (fig. 

S7F to H), suggesting that aCDase inhibition prevents HSC activation to reduce fibrosis 

development. Treatment with B13 increased total hepatic ceramide, demonstrating aCDase 

inhibition in vivo (fig. S7I), and increased hepatic sphingosine and S1P (fig. S7J and K). 

There were no differences in steatosis or inflammation between mice treated with B13 and 

those treated with vehicle (fig. S7L). In addition, we tested nortriptyline in a CCl4 model of 

fibrosis (fig. S8A). We previously identified that nortriptyline, a TCA, inhibited aCDase and 

increased ceramide in human HSCs (29). Nortriptyline similarly reduced CCl4-induced 

fibrosis development (fig. S8B to G).

We then asked whether aCDase inhibition regulates fibrogenesis in models where fibrosis is 

already established. We treated mice with CCl4 for 6 weeks to establish fibrotic disease and 

then with B13 or vehicle for an additional 3 weeks of CCl4. Mice receiving olive oil for 6 

weeks and then B13 or vehicle for an additional 3 weeks of olive oil were included as 

controls (Fig. 6A). B13 treatment reduced liver fibrosis even after fibrotic disease was 

established (Fig. 6B to D). Among mice treated with CCl4, there were no differences in liver 

toxicity, steatosis, or inflammation between mice receiving B13 or vehicle (fig. S9A to D).

Next, we measured whether aCDase inhibition reduces fibrogenesis using precision cut liver 

slices (PCLS) from both rats and humans. PCLS are viable explants containing all types of 

liver cells in their natural environment, and have been used as an ex vivo method to study 

drug metabolism, toxicity, and fibrogenesis (48-52). We prepared PCLS from rats fed 

CDAHFD and treated the fibrotic slices with aCDase inhibitors for 48 hours (Fig. 6E). Rats 

fed CDAHFD for 18 weeks developed fibrosis as evidenced by picrosirus red staining (fig. 

S9E). B13 treatment reduced expression of profibrotic genes, including Acta2, Col1a1, and 

Col1a2 (Fig. 6F). Similarly, Ceranib 1, another aCDase inhibitor (53), led to a dose-

dependent reduction in profibrotic gene expression (Fig. 6G). Viability of the PCLS was 

confirmed at 48 hours (fig. S9F and G). Our data demonstrate that aCDase inhibition 

reduces fibrogenesis in the setting of established NASH fibrosis ex vivo.

Furthermore, we prepared PCLS from the livers of 2 patients undergoing liver 

transplantation (1 with alcoholic cirrhosis and 1 with primary biliary cirrhosis, PBC) (Fig. 

6H). Consistent with the rat data, we observed that Ceranib 1 reduced expression of 

profibrotic genes (Fig. 6I). These data suggest that aCDase inhibition reduces established 

liver fibrosis in tissue from rats and humans with multiple etiologies of liver disease (NASH, 

alcohol, and PBC).
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aCDase and the ceramide responsiveness score are increased in patients with advanced 
liver fibrosis

Given our findings that ceramide regulates the Hippo pathway to promote YAP/TAZ 

cytoplasmic localization and degradation, inhibit HSC activation, and reduce fibrosis, we 

asked whether these pathways are dysregulated in patients with advanced hepatic fibrosis. 

Staining of liver sections from patients with chronic hepatitis C virus infection (HCV) and 

advanced fibrosis showed increased aCDase expression in HSCs compared to those with no 

fibrosis (Fig. 7A and B). In addition, we did not observe aCDase staining in hepatocytes.

Next, we determined whether the expression of the 100 genes most downregulated by 

ceramide in our experiments were altered by fibrosis severity in patients with nonalcoholic 

fatty liver disease (NAFLD). We examined a public dataset of 72 patients with NAFLD, of 

whom 40 had mild fibrosis (stage 0-1) and 32 had advanced fibrosis (stage 3-4) (54). Using 

GSEA, we found significant enrichment of genes downregulated by ceramide amongst those 

upregulated in advanced fibrosis (P = 0.00002) (Fig. 7C). We used gene set variation 

analysis (GSVA) to then generate a gene set enrichment score on a per-patient basis of these 

100 ceramide-downregulated genes (the “ceramide responsiveness score”) (data file S2). The 

ceramide responsiveness score was 1.2 log fold higher in patients with NAFLD and 

advanced fibrosis as compared to those with mild fibrosis (P < 0.0001) (Fig. 7D).

We also generated enrichment score metrics in the NAFLD dataset for gene sets of 

ceramide-responsive genes in the YAP and HSC activation pathways as these are the 

biological pathways of greatest interest. The genes included for each pathway were those 

genes that were differentially expressed in response to ceramide and identified by IPA to be 

associated with each biological function (data file S2). A heatmap shows that all metrics, 

including the ceramide responsiveness score, were coordinately upregulated in patients with 

advanced fibrosis (Fig. 7E). These data show that the biological pathways of interest (YAP, 

HSC activation) are upregulated in association with advanced fibrosis, corroborating their 

importance in fibrosis progression. Moreover, the coordinately upregulated expression of the 

ceramide responsiveness score suggests that the transcriptional response associated with 

increasing fibrosis could be reversed with aCDase inhibition.

Discussion

Fibrosis is a pathological feature of disease in virtually all organs, and accounts for 

considerable morbidity and mortality. In patients with organ fibrosis, a feed forward cycle of 

matrix stiffness, fibroblast activation and proliferation, and matrix accumulation perpetuates 

fibrosis progression (2). YAP/TAZ mechanosignaling promotes fibrosis in multiple organs, 

including the liver, kidney, skin, and lung (6, 8, 10-20), suggesting its relevance as a core 

pathway. In this study, we uncovered a signaling network through which aCDase inhibition 

regulates phosphorylation and degradation of YAP/TAZ. Pharmacologic inhibition or genetic 

knockout of aCDase in HSCs attenuated fibrosis in mice, and targeting aCDase reduced 

fibrogenesis in the setting of established fibrosis. This work highlights aCDase inhibition as 

a potential therapeutic strategy for the treatment of hepatic fibrosis. We also demonstrated 

that targets of ceramide- and YAP/TAZ signaling have the potential to serve as markers of 

fibrosis.
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The Hippo-YAP/TAZ network plays an important role in regulating organ size, regeneration, 

and cell fate (55-59). In the liver, the regulation and biological functions of YAP/TAZ 

signaling are complex and cell type specific (60). YAP drives HSC activation, and inhibition 

of YAP by verteporfin reduced HSC activation and fibrogenesis (10-12). In hepatocytes, 

YAP/TAZ activity is increased in chronic liver injury and deletion of YAP/TAZ attenuated 

liver inflammation and fibrosis (61). TAZ expression is increased in mouse and human 

NASH, and silencing of hepatocyte TAZ ameliorated NASH fibrosis (62). YAP/TAZ 

hyperactivation promotes tumorigenesis in the liver (63, 64) and correlates with poor 

prognosis (65-67). However, YAP/TAZ activation in peritumoral hepatocytes has been 

shown to exert a tumor-suppressive function (68). Furthermore, YAP is essential for adult 

biliary cell survival under homeostatic conditions and is required in hepatocytes for the 

ductular response during regeneration (69, 70). The diversity of functions mediated by 

YAP/TAZ within and between different cell types highlights the need for cell-specific 

approaches to inhibit their pathologic functions in liver disease. Additionally, the 

redundancy in the roles of YAP and TAZ remains to be fully elucidated.

Our studies demonstrate increased aCDase expression in activated HSCs in patients with 

advanced fibrosis, with little aCDase expression in other cell types of the liver including 

hepatocytes. This suggests that targeting aCDase may represent a fibroblast-specific 

approach to inhibit YAP/TAZ signaling and reduce fibrosis, with potentially minimal effects 

on hepatocytes in vivo. Additional studies are needed to elucidate the factors that promote 

aCDase activity in HSCs and assess the effects of targeting aCDase on YAP/TAZ in other 

cell types of the liver.

Our work illustrates the potential clinical relevance of aCDase inhibition and ceramide 

accumulation in reducing fibrosis. Studies have suggested that ceramide promotes insulin 

resistance to increase hepatic steatosis (71-74). Ceramide accumulation in the liver and 

plasma correlates with insulin resistance and hepatic steatosis (75-80), and inducible 

overexpression of aCDase in hepatocytes prevented hepatic steatosis in mice receiving a 

high-fat diet (73). However, in our studies deletion of aCDase in HSCs reduced fibrosis in a 

mouse model of NASH and did not worsen steatosis or lobular inflammation. Similarly, we 

did not observe increased steatosis or lobular inflammation in Asah1cko mice or mice treated 

with the aCDase inhibitor B13 compared to their respective controls. ACDase inhibition 

reduced active fibrogenesis in NASH fibrotic liver slices from rats. Furthermore, we 

demonstrated in patients with NAFLD that genes downregulated by ceramide treatment in 

HSCs were enriched amongst genes upregulated in patients with advanced compared to mild 

fibrosis. This suggests that ceramide could ameliorate fibrosis-induced gene expression 

changes in the context of NAFLD. Taken together, this suggests that targeting aCDase may 

be beneficial in reducing fibrosis without worsening other aspects of NASH. This is 

particularly relevant for patients, since fibrosis is the histologic feature associated with long-

term progression of NASH (81).

Our previous studies highlighted the role of aCDase and ceramide in HSC activation (29). 

ACDase is an enzyme in the lysosomal sphingolipid degradative pathway, in which 

sphingomyelin and cerebrosides are first converted to ceramide through the actions of acid 

sphingomyelinase and acid cerebrosidase, respectively. Ceramide is then hydrolyzed by 
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aCDase to sphingosine, which is then able to escape the lysosome where it can be 

phosphorylated by sphingosine kinases 1 and 2, resulting in S1P. The sphingolipid S1P 

promotes YAP/TAZ nuclear localization (38) and HSC activation (82-84), contrary to the 

effects of ceramide observed in our studies. We sought to determine how S1P is modulated 

by ceramide treatment and aCDase inhibition. In HSCs, we observed that ceramide or B13 

treatment increased total ceramide, sphingosine, and S1P. Similarly, treatment with B13 

increased hepatic ceramide, sphingosine, and S1P in mice. Our data thus suggest that the 

antifibrotic effect of aCDase inhibition is mediated by ceramide rather than by a decreases in 

S1P. Additional studies to examine alterations in the other axes of sphingolipid metabolism 

(de novo pathway or salvage pathway) and changes in specific ceramide species are 

warranted in the context of targeting aCDase.

We developed a gene signature score, the ceramide responsiveness score, which correlates 

with advanced fibrosis. The ceramide responsiveness score may serve as a potential 

biomarker to identify patients with a higher fibrotic burden of disease and those who would 

benefit from aCDase inhibition. Similarly, the YAP score and HSC activation score could 

serve as biomarkers and warrant further investigation. Integration of these scores in clinical 

practice could facilitate a precision medicine-based approach to the treatment of fibrosis.

This study has several limitations. Our mechanistic studies involving human HSCs were 

limited by the difference in stability of YAP and TAZ (12, 85, 86). Our data suggest that 

ceramide inhibits nuclear localization of YAP/TAZ by promoting LATS1/2-mediated 

proteasomal degradation. Consistently, in the presence of siRNAs targeting β-TrCP or a 

proteasome inhibitor, the effect of ceramide on TAZ degradation was attenuated. However, 

the slower time course of the effects of ceramide on YAP prevented us from demonstrating 

similar findings because of the effects of β-TrCP depletion or proteasome inhibition on cell 

viability over a longer time course. We acknowledge that additional studies are needed to 

decipher the relationship between targeting aCDase and YAP/TAZ activity on fibroblast 

activation, collagen deposition, and matrix stiffness in vivo. These studies include 

manipulation of matrix stiffness and YAP/TAZ activity in Asah1cko mice, and will be 

pursued in future analyses. Regardless, the reduction of tissue stiffness we observed provides 

compelling evidence that inhibition of aCDase may interrupt the previously characterized 

feed-forward cycle involving YAP/TAZ activation, HSC activation, and matrix stiffness. We 

also acknowledge that additional studies using different models of NASH are necessary to 

characterize the effects of targeting aCDase in vivo. Although CDAHFD-fed mice develop 

steatosis, inflammation, and fibrosis, they do not display several features of metabolic 

syndrome such as hypercholesterolemia, hypertriglyceridemia, and hyperglycemia. Finally, 

to proceed with clinical development of aCDase inhibitors, pharmacokinetic and 

pharmacodynamic studies of candidate inhibitors will be required. It will also be important 

to determine the impact of targeting aCDase for the treatment of fibrosis in other organs, 

including the lung, kidney, and skin.

In summary, our studies highlight the role of aCDase inhibition in reducing fibrosis. Further 

elucidation of upstream and downstream components of the ceramide and YAP/TAZ 

pathway may provide additional strategies to halt fibrosis progression.
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Materials and Methods

Study design

The goals of this study were threefold: to identify how aCDase inhibition promotes 

inactivation of HSCs; to determine whether targeting aCDase ameliorates fibrosis in vivo; 

and to identify the clinical relevance of this pathway in patients with hepatic fibrosis. RNA 

sequencing and gene set enrichment analyses identified the Hippo/YAP signaling pathway as 

a key pathway regulated by ceramide. This led to the main hypothesis that ceramide 

regulates YAP/TAZ signaling to inactivate HSCs and reduce fibrosis. In cell-based assays, 

we treated human HSCs with ceramide and observed a profound shift in the nuclear 

localization of YAP/TAZ. For in vivo mouse studies, carbon tetrachloride and CDAHFD 

models were chosen as well-established and relevant models of liver fibrosis. Sample sizes 

were calculated by power analysis based on prior experience and feasibility, and a minimum 

of 6 mice were included in each group. Mice were randomly assigned to treatment groups. 

Biochemical and histological outcomes were analyzed with the investigator blinded to the 

treatment received. No animals were excluded as outliers from the reported dataset. All in 

vitro and in vivo experiments were performed in two to four technical replicates, and the 

number of biologically independent samples is identified in each figure. Detailed methods 

for the computational analyses, in vitro studies, and tissue analyses are provided in the 

Supplemental Materials.

Animal experiments

Animal experiments were approved by the Institutional Animal Care and Use Committee at 

Massachusetts General Hospital, University of California, San Francisco, and Pliant 

Therapeutics. All animals received humane care according to the criteria outlined in the 

Guide for the Care and Use of Laboratory Animals of the National Academy of Sciences.

For the therapeutic B13 experiment, male C57BL/6J mice (age 6 weeks, Jackson 

Laboratory, Bar Harbor, ME) received 0.1cc of a 6.66 percent solution of CCl4 (Sigma) in 

olive oil or olive oil alone by IP 3 days/week for 9 weeks. Mice were concomitantly treated 

with 50 mg/kg B13 or vehicle 5 days/week by IP for the last 3 weeks of olive oil or CCl4 

treatment.

To generate the HSC depletion of aCDase, we crossed Asah1flox/flox (provided by Lina 

Obeid) (87) with Pdgfrb-Cre (88) (Asah1cko, cACKO). Control mice were Asah1flox/flox 

lacking Pdgfrb-Cre. In the CCl4 model, 6- to 8-week old sex-matched control and cACKO 

mice were treated with 0.1 cc of a 6.66 percent solution of CCl4 (Sigma) in olive oil or olive 

oil alone by IP 3 times a week for 6 weeks. In the CDAHFD model, 6- to 8-week old sex-

matched mice received either normal chow (PicoLab Rodent Diet 20; LabDiet #5053) or 

CDAHFD (L-amino acid diet with 60 kcal% fat with 0.1% methionine without added 

choline; Research Diets A06071302) ad libitum for 14 weeks.

All animals were anesthetized and sedated at the time of sacrifice. A terminal blood 

collection was performed by cardiac puncture. Livers were weighed, and were subsequently 

fixed in formalin or 4% paraformaldehyde or snap frozen for further analysis. HSC isolation 

was performed using the Mederacke protocol (89).
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Statistics

All data are represented as the mean of at least 3 independent experiments ± s.e.m. 

Statistical analysis was performed using GraphPad Prism 8 with unpaired two-sided student 

t-tests, one-way ANOVA with Tukey’s method for multiple comparisons, or Kruskal-Wallis 

test with Dunn’s multiple comparisons test. CAMERA was used for GSEA. Statistical 

significance was defined as P < 0.05. All experiments were repeated a minimum of three 

times, unless otherwise stated.

Data and Materials Availability:

All data associated with this study are present within the main text or the Supplementary 

Materials. RNA-seq data analyzed for this study are available at GSE78853.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ceramide regulates the Hippo signaling pathway in human hepatic stellate cells.
(A) Heatmap of genes profiled by RNASeq induced (red) or repressed (blue) at ≥1.5-log fold 

change (false discovery rate (FDR) < 0.05) in HSCs treated with ceramide-C6 (25 μM, Cer) 

compared to ethanol vehicle (Veh). Canonical pathways downregulated by ceramide are 

shown to the right. (B) The genes most up- (red, n=97) and downregulated (blue, n=48) in 

activated as compared to quiescent human HSCs (33) overlaid on the mean difference plot 

for all genes (additional genes: black) profiled in HSCs treated with ceramide versus vehicle 

(downregulated below x-axis). Genes downregulated with HSC activation are enriched 

amongst genes upregulated by ceramide (blue points mostly above the x-axis, GSEA P < 

0.01). Genes upregulated with HSC activation are enriched amongst genes downregulated by 

Alsamman et al. Page 18

Sci Transl Med. Author manuscript; available in PMC 2021 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ceramide (red points mostly below the x-axis, GSEA P < 0.0001). (C) A barcode plot in 

which the vertical lines represent the same genes most up- (red) and downregulated (blue) 

after HSC activation positioned by rank amongst all genes in ceramide-treated HSCs ordered 

from least to most upregulated with ceramide (light blue to pink in the underlying color bar). 

Red lines are clustered to the left and the enrichment score line plot below crosses the 

dashed line once, showing enrichment of genes upregulated with HSC activation amongst 

genes downregulated by ceramide. Blue lines are clustered to the right, showing enrichment 

of genes downregulated with HSC activation amongst genes upregulated by ceramide. 

Similar (D) mean difference and (E) barcode plots as in (B and C) but using genes most up- 

(red, n=61) and downregulated (blue, n=92) after YAP/TAZ depletion by siRNAs in HepG2 

cells (35) at FDR < 0.05 for the comparison to genes up- and downregulated with ceramide 

treatment in HSCs. Genes downregulated with YAP/TAZ depletion are enriched amongst 

genes downregulated by ceramide (P < 0.0001). (F) qRT-PCR quantified expression (mean ± 

s.e.m.) of the indicated genes after treatment with ethanol vehicle or ceramide-C6 (25 μM) 

for 48 hours, compared using unpaired two-sided student t-tests. Samples are normalized to 

GAPDH. n = 6 biologically independent samples and results are representative of 3 

independent experiments. Data are expressed as mean ± s.e.m. For GSEA, statistical 

analysis was performed with CAMERA. (* P < 0.05; ** P < 0.01, *** P < 0.001, **** P < 

0.0001).
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Fig. 2. Ceramide inhibits YAP/TAZ nuclear localization and promotes β-TrCP-mediated 
proteasomal degradation of YAP/TAZ.
(A, B) Human HSCs were treated with ethanol vehicle (left) or ceramide-C6 (25 μM, right) 

for 6 hours. (A) Immunofluorescence (IF) with anti-YAP/TAZ antibody (top, green) and 

DAPI (bottom, blue). Scale bar: 10 μm. (B) Quantification of YAP/TAZ mean fluorescence 

nucleocytoplasmic intensity ratio (N/C ratio) was performed for 50 cells per condition. (C) 
Expression of Phospho-YAP (Ser397), TAZ, and GAPDH were quantified by Western blot 

from HSCs treated with ethanol vehicle (left) or ceramide-C6 (25 μM, right) for 6 hours. 

Expression of YAP and GAPDH were quantified by Western blot after treatment for 72 

hours. Cropped gel images are shown. (D-G) HSCs were transfected with a nontargeting 
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(control) siRNA or siRNA targeting BTRC (β-TrCP). After 48 hours, cells were treated with 

ethanol vehicle or ceramide-C6 (25 μM) for 6 hours. (D) IF with anti-YAP/TAZ antibody 

(top, green) and DAPI (bottom, blue). Scale bar: 10 μm. (E) Quantification of IF staining 

showing YAP/TAZ N/C ratio measured in 50 cells for each condition. (F) Expression of 

TAZ and GAPDH were quantified by Western blot. Cropped gel images are shown. (G) The 

ratio of TAZ to GAPDH is shown.n = 3 biologically independent samples and results are 

representative of 3 independent experiments. Data are expressed as mean ± s.e.m. 

Subsequent statistical analysis was performed with unpaired two-sided student t-tests or one-

way ANOVA with Tukey’s method for multiple comparisons. (* P < 0.05; ** P < 0.01, *** 

P < 0.001, **** P < 0.0001).
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Fig. 3. Ceramide regulation of YAP/TAZ localization and HSC activation is mediated by 
LATS1/2.
(A, B) HSCs were transfected with nontargeting siRNAs (control) or siRNAs targeting 

LATS1 and LATS2. After 72 hours, cells were treated with ethanol vehicle or ceramide-C6 

(25 μM) for 6 hours. (A) IF with anti-YAP/TAZ antibody (top, green) and DAPI (bottom, 

blue). Scale bar: 10 μm. (B) Quantification of YAP/TAZ N/C ratio was performed for 50 

cells per condition. (C-F) HSCs were nucleofected with FLAG-tagged hYAP or hYAPS397A. 

After 24 hours, cells were treated with ethanol vehicle or ceramide-C6 (25 μM) for 6 hours. 

(C) IF with anti-FLAG antibody (top, green) and DAPI (bottom, blue). Scale bar: 10 μm. 

(D) Quantification of FLAG N/C ratio was performed for 50 cells per condition. (E, F) qRT-
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PCR was performed to quantify expression of the indicated genes. Samples were normalized 

to GAPDH. n = 8 biologically independent samples and results are representative of 3 

independent experiments. Data are expressed as mean ± s.e.m. Subsequent statistical 

analysis was performed with one-way ANOVA with Tukey’s method for multiple 

comparisons. (* P < 0.05, ** P < 0.01, **** P < 0.0001).
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Fig. 4. aCDase deficiency in HSCs reduces CCl4-induced liver fibrosis in mice.
(A) Olive oil (OO) or CCl4 was administered three times a week by IP injection for 6 weeks 

to control (Ctrl) and cACKO mice. (B) Hepatic hydroxyproline was measured in mice from 

each treatment group. (C) Representative images of liver tissues with Sirius-red staining. 

Scale bar: 100 μm. (D) Morphometric assessment of the collagen proportional area (CPA) on 

Sirius-red stained slides. n=6 in each group. (E) Representative IF images of liver tissues for 

α-SMA (ACTA2, green), DAPI (blue), and YAP (red). Scale bar: 30 μm. (F) Quantification 

of YAP N/C ratio was performed for at least 200 α-SMA positive cells per mouse. n=3 Ctrl

+OO, n=3 cACKO+ OO, n=5 Ctrl+CCl4, n=7 cACKO+CCl4. (G) Images of liver tissues 

stained with picrosirius red and Weigert's hematoxylin viewed under brightfield (left) and 
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orthogonal polarizing filters (right). Scale bar: 100 μm. White box (50x50 μm) area is 

representative of an area where an AFM Force Map indentation of 8x8 points was 

performed. (H) Scatter plot of elastic modulus (a measure of stiffness) values in Pascals (Pa) 

measured by AFM in tissue sections of livers of Ctrl and cACKO mice treated with CCl4 (n 
= 3 mice per group and 2 tissue sections from each mouse, 3 to 4 50 x 50 μm regions per 

section, 64 indentations per map). Mean ± SD. (I) Histograms of elastic modulus values 

from (F) from livers of Ctrl and cACKO mice treated with CCl4. Data are expressed as mean 

± s.e.m unless indicated and results are representative of 2 independent experiments. 

Subsequent statistical analysis was performed with one-way ANOVA with Tukey’s method 

for multiple comparisons or nonparametric two-sided Mann-Whitney test. (* P < 0.05; ** P 
< 0.01, **** P < 0.0001).

Alsamman et al. Page 25

Sci Transl Med. Author manuscript; available in PMC 2021 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. aCDase deficiency in HSCs reduces NASH fibrosis in mice.
(A) Ctrl or cACKO mice were fed normal diet (ND) or choline-deficient, L-amino acid-

defined, high-fat diet (CDAHFD) for 14 weeks. (B) Hepatic hydroxyproline was measured 

in mice from each treatment group. (C) Representative images of liver sections with Sirius-

red staining. Scale bar: 100 μm. (D) Morphometric assessment of CPA on Sirius-red stained 

slides. n=10 Ctrl+ND, n=7 cACKO+ND, n=10 Ctrl+CDAHFD, n=7 cACKO+CDAHFD. (E) 
Representative images of liver sections with H&E staining. Scale bar: 300 μm. (F, G) 
Histologic evaluation of steatosis and lobular inflammation. n=11 in Ctrl+ND, n=7 cACKO

+ND, n=10 Ctrl+CDAHFD, n=7 cACKO+CDAHFD. (H) Liver weight to body weight ratio. 

n=11 in Ctrl+ND, n=10 cACKO+ND, n=8 Ctrl+CDAHFD, n=8 cACKO+CDAHFD. (I) 
Serum alanine aminotransferase (ALT). n=11 Ctrl+ND, n=10 cACKO+ND, n=11 Ctrl+ 

CDAHFD, n=10 cACKO+CDAHFD. (J) Quantitative hepatic triglycerides. n=5 Ctrl+ND, 
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n=5 cACKO+ND, n=11 Ctrl+CDAHFD, n=10 cACKO+CDAHFD. Data are expressed as 

mean ± s.e.m and results are representative of 2 independent experiments. Subsequent 

statistical analysis was performed with one-way ANOVA with Tukey’s method for multiple 

comparisons or Kruskal-Wallis test with Dunn’s multiple comparisons test. (** P < 0.01, 

*** P < 0.001, **** P < 0.0001).
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Fig. 6. aCDase inhibition ameliorates liver fibrosis.
(A) C57BL/6J mice received olive oil (OO) or CCl4 three times a week by IP injection for a 

total of 9 weeks. B13 (50 mg/kg) or vehicle (Veh) were concomitantly administered by IP 

injection five times per week for the last 3 weeks of OO or CCl4 treatment. (B) Hepatic 

hydroxyproline was measured in mice from each treatment group. n=9 OO+Veh, n=7 OO

+B13, n=9 CCl4+Veh, and n=8 CCl4+B13.(C) Representative images of liver sections with 

Sirius-red staining. Scale bar: 100 μm. (D) Morphometric assessment of CPA on Sirius-red 

stained slides. n=9 OO+Veh, n=7 OO+B13, n=9 CCl4+Veh, and n=7 CCl4+B13. (E) Rats 

were fed CDAHFD for 18 weeks, and precision cut liver slices (PCLS) were prepared. Rat 

PCLS were treated with ethanol vehicle (Veh), B13 150 μM, or B13 450 μM; or DMSO 

vehicle (Veh), Ceranib1 5 μM, or Ceranib1 50 μM for 48 hours. (F, G) Gene expression 

assessment using nCounter technology was performed to quantify expression of the 

indicated genes. mRNA counts were normalized to housekeeping genes (Hprt1, Polr1b, 
Rplp0, Srfs4, Ubc and Gusb), and expression relative to the appropriate vehicle control 
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group from the same rat liver is reported. n = 4 rats per treatment group, and three slices 

from each rat were included in each treatment group. (H) PCLS were prepared from the 

livers of 2 patients with cirrhosis undergoing liver transplantation, one with alcoholic 

cirrhosis and one with primary biliary cirrhosis. Human cirrhotic PCLS were treated with 

DMSO vehicle (Veh) or Ceranib1 50 uM for 48 hours. (I) Gene expression assessment using 

nCounter technology was performed to quantify expression of the indicated genes. mRNA 

counts were normalized to housekeeping genes (HPRT1, POLR1B, RPLP0, SRFS4, UBC, 

and GUSB), and expression relative to the appropriate vehicle control group from the same 

patient is reported. n = 2 patients per treatment group, and three slices from each patient 

were included in each treatment group. Data are expressed as mean ± s.e.m. Subsequent 

statistical analysis was performed with unpaired two-sided student t-tests or one-way 

ANOVA with Tukey’s method for multiple comparisons. (* P < 0.05; ** P < 0.01, *** P < 

0.001, **** P < 0.0001).
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Fig. 7. aCDase and the ceramide responsiveness score are increased in patients with advanced 
liver fibrosis.
(A) Representative IF images for albumin (ALB), α-SMA (ACTA2), aCDase (ASAH1), and 

DAPI in liver sections from patients with chronic hepatitis C virus (HCV) infection and no 

fibrosis (top) and those with chronic HCV and advanced fibrosis (bottom). Scale bar: 150 

μm (top), 50 μm (bottom)μm. (B) Quantification of aCDase staining among activated HSCs. 

n = 5 in no fibrosis and n = 5 in advanced fibrosis. (C) The barcode plot represents the 100 

genes most downregulated by ceramide as blue vertical lines positioned by rank amongst all 

genes profiled by microarray in an NAFLD dataset ordered by genes most downregulated to 

most upregulated by log fold change in participants with advanced fibrosis (stage 3-4, n=32) 
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as compared to mild fibrosis (Stage 0-1, n=40) (54). Blue lines are clustered to the right and 

the enrichment score line plot below crosses the dashed line once, indicating enrichment of 

genes downregulated by ceramide amongst genes upregulated in advanced fibrosis (GSEA P 
<0.0001). (D) A ceramide responsiveness score was generated by combining the 100 genes 

most downregulated by ceramide treatment into one metric using gene set variation analysis 

(GSVA). The boxplots compare this score between NAFLD patients with mild fibrosis (left) 

and advanced fibrosis (right). (E) Heatmap of gene signature scores for the specified 

biologic pathways generated in GSVA (rows) clustered by participants in the NAFLD 

dataset (columns), with high signature expression in red and low in blue. Participants with 

advanced and mild fibrosis are indicated by yellow and purple, respectively, in the above 

color bar. Clustering is by Euclidean distance with average linkage. Statistical analysis was 

performed with unpaired two-sided student t-tests or with CAMERA for GSEA. (*** P < 

0.001, **** P < 0.0001).
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