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Abstract 22 

The activation of hepatic stellate cells (HSCs) which comprise distinct clusters, 23 

is the main cause of liver fibrogenesis in response to different etiologies of 24 

chronic liver injuries. In this study, we constructed a novel ReelinCreERT2 25 

transgenic mouse in which cells expressing Reelin were fully marked and 26 

demonstrated that about 50% HSCs were labeled. These ReelinCreERT2-27 

labeled HSCs displayed distinct characteristics in migration, activation and 28 

proliferation compared to Desmin+ HSCs (total HSCs) in cholestatic (bile duct 29 

ligation; BDL) or hepatotoxic (carbon tetrachloride; CCl4) liver injuries. In BDL-30 

induced fibrotic livers, Desmin+ HSCs were activated with increased 31 

proliferation and accumulation activities around the portal triad, but mGFP+ 32 

HSCs did not show proliferation or accumulation activity around the portal triad, 33 

and only a small part was activated. In CCl4-induced fibrotic livers, most of 34 

Desmin+ and mGFP+ HSCs were activated along with proliferation and 35 

accumulation potential around the central vein, however fewer mGFP+ HSCs 36 

were activated compared to Desmin+ HSCs. Moreover, in the regression of 37 

CCl4-induced fibrosis, mGFP+ HSCs were apoptosed whereas Desmin+ HSCs 38 

recovered to normal state. Besides, we didn’t find evidence that mGFP+ HSCs 39 

transdifferentiated into hepatocytes or cholangiocytes through mesenchymal-40 

epithelial transition (MET).  41 
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Introduction 44 

Reelin, a secreted extracellular glycoprotein with a molecular weight of 420 kDa, 45 

owns two cell surface receptors, the very low-density lipoprotein receptor and 46 

the apolipoprotein E receptor (1-3). In vivo and vitro studies show that Reelin is 47 

expressed in hepatocytes and up-regulated in patients with liver cirrhosis in the 48 

liver and plasma(2, 4). However, some studies reveal that Reelin is expressed 49 

both in hepatocytes and hepatic stellate cells (HSCs)(5, 6). Others demonstrate 50 

that Reelin is expressed only in HSCs, but not in hepatocytes(7, 8). 51 

Besides these, studies show that Reelin is detected in hepatoblasts and oval 52 

cells, which differentiate into hepatocytes and cholangiocytes following liver 53 

damage(9). Thus, there exists a huge debate over Reelin localization in liver 54 

cells and few detailed functions of Reelin in livers have been investigated. 55 

HSCs belonging to mesenchymal cells exhibit fibroblast and pericyte 56 

characteristics, and compose one third of nonparenchymal cells and 15% of 57 

resident cells(10, 11). In normal livers, HSCs laden with retinoid droplets 58 

maintain quiescent state and are located in the sinusoidal space of Disse where 59 

hepatocytes exchange biomolecules with portal blood(12, 13). Following liver 60 

injury, quiescent HSCs are activated and transdifferentiated into migratory, 61 

contractile, and proliferative myofibroblasts (MFs) to secrete extracellular 62 

matrix (ECM)(14, 15). HSC activation leads to fiber scars accumulation in the 63 

space of Disse, which further results in endothelial fenestration loss(12, 16). 64 

Numerous specific markers, such as desmin, lecithin-retinol acyltransferase 65 
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(LRAT), collagen type I (Col1a1), vimentin, glial fibrillary acidic protein (GFAP), 66 

smooth muscle actin (-SMA) and cytoglobin have been used to characterize 67 

HSCs genetic targeting, imaging, histological detection, and cell fate tracing(17). 68 

Genetic cell lineage tracking labeling of MFs with Col1a1, a major component 69 

of the extracellular matrix, has showed that HSCs are the primary source of 70 

MFs, occupying approximately 87% of MFs in carbon tetrachloride (CCl4)-71 

induced liver injury(18). Another study has shown that 82% ~ 96% of MFs are 72 

originated from HSCs labeled with LRAT in mice treated with CCl4, 3,5 73 

diethoxycarbonyl-1,4-dihydro-collidin diet or bile duct ligation (BDL)(19). All of 74 

these suggest that HSCs are the major source of MFs and the activation of 75 

HSCs is the main cause of liver fibrogenesis in response to diverse etiologies.  76 

Several studies have reported that mesenchymal-to-epithelial transition (MET) 77 

occurs following liver injury and chronic liver inflammation to reduce fibrosis(20-78 

22). Studies using GFAPCre and ACTA2CreERT2-marked mice have 79 

demonstrated that HSCs differentiate into hepatocytes and cholangiocytes 80 

through MET in injured livers(23-25). Other studies using LratCre- and 81 

VimentinCreER-labeled mice have documented no HSCs undergo MET during 82 

liver injury(19, 26, 27). So far, whether HSCs undergo MET is still a scientific 83 

question to be addressed. After underlying etiology of liver fibrosis is removed, 84 

fibrosis scars are gradually regressed(10, 13, 15). In the course of this 85 

regression, the activated HSCs undergo apoptosis or revert to a quiescent-like 86 

state(28, 29). The apoptosed and inactivated HSCs in the regression of liver 87 
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fibrosis may be originate from different subsets(30). Promoting HSC apoptosis 88 

and repressing HSC activation through pharmacological treatment contributes 89 

to liver fibrosis resolution (31). Therefore, facilitating HSC apoptosis and 90 

repressing HSC activation have been viewed as a therapeutic target for liver 91 

fibrosis(32, 33).  92 

Although HSCs play a major role in response to various types of liver fibrosis, 93 

the fibrogenic phenotype and mechanisms are different according to the various 94 

kinds of etiologies(34, 35). Therefore, a variety of models, such as BDL and 95 

CCl4, are used to mimic hepatopathy of different types to develop better 96 

therapeutic strategies (36). BDL and CCl4 induced liver injuries are two distinct 97 

liver fibrosis models that mimics cholestasis (such as primary sclerosing 98 

cholangitis and primary biliary cirrhosis) and hepatotoxicity (such as 99 

nonalcoholic steatohepatitis and chronic viral hepatitis) respectively(37, 38). 100 

Additionally, single-cell RNA sequencing reveals that HSCs are heterogeneous 101 

and comprised of distinct populations with different gene-expression in normal 102 

and a variety of disease livers and divided into different clusters according to 103 

their distinct characteristics of position and function(30, 39, 40). These findings 104 

indicate that liver fibrosis treatment should suit the remedy to the case based 105 

on fibrogenetic etiologies in different etiologies of liver disease(14). 106 

In this study, our genetic cell fate tracking data revealed that ReelinCreERT2-107 

labeled HSCs displayed different characteristics compared to Desmin+ HSCs 108 

(total HSCs) in BDL-induced and CCl4-induced fibrotic livers. 109 
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Results 110 

ReelinCreERT2 labels HSCs in sham-operated and BDL-induced fibrotic 111 

mouse livers. 112 

In order to achieve accurate labelling of Reelin-expressing cells, we constructed 113 

ReelinCreERT2; Rosa26mTmGflox (R26T/Gf) mouse model. In this model, after 114 

TAM treatment, tomato sequence was excised by Cre, and membrane-tagged 115 

green fluorescence protein (mGFP) started to be expressed (Figure 1A). When 116 

ReelinCreERT2; R26T/Gf mice were injected with TAM, ReelinCreERT2-marked 117 

cells in the livers expressed mGFP (Figure 1B). Then, we verified whether 118 

ReelinCreERT2-mediated mGFP expression matched endogenous Reelin 119 

expression in sham-operated and BDL-induced fibrotic mouse livers. Obvious 120 

collagen fiber was accumulated after BDL operation (Supplemental Figure 121 

1A), and -SMA and Col1a1 expression was significantly increased 122 

(Supplemental Figure 1B) compared to those in sham-operated livers, 123 

indicating livers developed significant fibrosis following BDL operation. 124 

Immunostaining of mGFP and Reelin in serial section indicated that 125 

ReelinCreERT2-mediated mGFP expression almost fully matched endogenous 126 

Reelin both in sham-operated and BDL-induced fibrotic mouse livers (Figure 127 

1C). These findings suggest that ReelinCreERT2; R26T/Gf mouse was a credible 128 

model to precisely label cells expressing Reelin. Next, we explored what types 129 

of cells Reelin located in in mouse livers. Immunohistochemistry of the adult 130 

ReelinCreERT2; R26T/Gf mouse livers for mGFP and Desmin showed almost all 131 
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of mGFP+ cells were Desmin+ but some Desmin+ cells were not mGFP+ (Figure 132 

1D), indicating that Reelin was expressed in HSCs and only part of HSCs 133 

expressed Reelin rather than hepatocytes, hepatoblasts or oval cells in sham-134 

operated and BDL-induced fibrotic mouse livers. 135 

ReelinCreERT2-labeled HSCs do not migrate or accumulate and only a 136 

small fraction is activated in BDL-induced fibrotic livers. 137 

As Reelin was expressed only in part of HSCs by immunostaining of mGFP and 138 

Desmin, we investigated whether there were differences between Desmin+ 139 

HSCs and mGFP+ HSCs. Immunohistochemistry of mGFP and Desmin with 140 

Glutamine Synthetase (GS, a marker of central vein) showed that both mGFP+ 141 

and Desmin+ HSCs were scattered throughout the parenchyma in sham-142 

operated livers (Figure 2A). Whereas in BDL-induced fibrotic livers, Desmin+ 143 

HSCs were accumulated around the portal triad, and mGFP+ HSCs were 144 

scattered throughout the parenchyma (Figure 2B). These findings suggest 145 

significant differences exist in migration capacity and location between Desmin+ 146 

and mGFP+ HSCs in BDL-induced liver fibrosis. Next, we explored activation 147 

ability of mGFP+ HSCs. Immunostaining of mGFP with -SMA showed that 148 

mGFP+ HSCs did not express -SMA in sham-operated livers, however, -149 

SMA was expressed in mGFP+ HSCs in BDL-induced fibrotic livers (Figure 2C), 150 

which indicated that mGFP+ HSCs were activated in fibrotic livers induced by 151 

BDL. Immunostaining of -SMA with Desmin and mGFP in serial sections 152 

showed that a large proportion of Desmin+ HSCs (72.35% Desmin+ HSCs) 153 
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expressed -SMA, but only 31.01% mGFP+ HSCs expressed -SMA in BDL-154 

induced fibrotic livers (Figure 2D). To confirm the finding that fewer mGFP+ 155 

HSCs were activated than Desmin+ HSCs, we analyzed serial sections 156 

immunostaining of Col1a1 with mGFP or Desmin, and got similar results as 157 

shown in Figure 2E that Col1a1 was expressed in 48.53% mGFP+ HSCs while 158 

expressed in 89.34% Desmin+ HSCs. 159 

ReelinCreERT2-labeled HSCs do not show distinguished proliferation 160 

activity in BDL-induced fibrotic livers. 161 

The migration, proliferation and activation of HSCs are an accompanying 162 

process(10, 12). There were significant differences in migration and activation 163 

activities between mGFP+ and Desmin+ HSCs, so we want to know the 164 

proliferative capacity difference between mGFP+ and Desmin+ HSCs. 165 

Immunohistochemical staining of Desmin and mGFP showed the number of 166 

Desmin+ HSCs increased remarkably in BDL-induced fibrotic livers compared 167 

to sham-operated livers (Figure 3A), but the number of mGFP+ HSCs were 168 

comparable (Figure 3B). Co-staining of mGFP and Desmin showed the 169 

percentage of mGFP+ HSCs accounted for Desmin+ HSCs was 49.83% in 170 

sham-operated livers but decreased to 23.84% in BDL-induced fibrotic livers 171 

(Figure 3C), which further confirmed that the number of Desmin+ HSCs 172 

increased remarkably but the number of mGFP+ HSCs had no significant 173 

difference in BDL-induced fibrotic livers. Bromodeoxyuridine (BrdU) labeling 174 

showed the percentage of Desmin+ HSCs with BrdU was 4.74% in sham-175 
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operated livers and increased to 9.58% in BDL-induced livers, but the 176 

percentage of mGFP+ HSCs labeled by BrdU did not change much (4.34% in 177 

sham-operated livers and 3.31% in BDL-induced livers) (Figure 3D). 178 

Immunostaining of Ki67 and mGFP or Desmin got a similar result that the 179 

proliferation ratio of Desmin+ HSCs increased greatly (6.57% in sham-operated 180 

livers and increased to 10.59% in BDL-induced fibrotic livers), but the ratio of 181 

mGFP+ HSCs had no notable difference (5.84% in sham-operated livers and 182 

5.33% in BDL-induced fibrotic livers) (Figure 3E). Considering the factors, such 183 

as changes of cell number, proliferation rate, and the percentage of mGFP+ 184 

HSCs accounted for Desmin+ HSCs in normal and BDL-induced fibrotic livers, 185 

we conclude that the number of Desmin+ HSCs increased greatly, but the 186 

proliferative ratio of mGFP+ HSCs in BDL-induced fibrotic livers was not 187 

remarkably different from sham-operated livers.  188 

mGFP+ HSCs accumulate around central vein in CCl4-induced liver injury. 189 

BDL initially induced biliary duct hyperplasia and further caused biliary fibrosis, 190 

however, CCl4-induced liver fibrosis started on pericentral cell injury and formed 191 

fibrous septum (Supplemental Figure 1C). For this reason, we explored 192 

whether there were differences in migration, activation and proliferation 193 

potentials between mGFP+ HSCs and Desmin+ HSCs in CCl4-induced liver 194 

injury. After treated with CCl4 for 6 weeks, obvious collagen fiber was observed 195 

by Sirius red staining (Supplemental Figure 2A) and immunostaining showed 196 

that the expression of -SMA and Col1a1 was significantly increased. 197 
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(Supplemental Figure 2B), which indicated that ReelinCreERT2; R26T/Gf mice 198 

developed severe fibrosis. Serial section immunohistochemistry of Reelin and 199 

mGFP in normal and CCl4-induced fibrotic livers of TAM-treated ReelinCreERT2; 200 

R26T/Gf mice showed mGFP expression almost fully matched endogenous 201 

Reelin, which was similar to immunohistochemistry staining of Reelin and 202 

mGFP in sham-operated and BDL-induced fibrotic livers (Figure 4A). 203 

Immunohistochemistry for mGFP with Desmin and -SMA also showed mGFP 204 

was expressed in HSCs in normal and CCl4-induced fibrotic livers (Figure 4B) 205 

and mGFP+ HSCs were activated in CCl4-induced fibrotic livers (Figure 4C). 206 

Besides, we observed that mGFP+ and Desmin+ HSCs were scattered 207 

throughout the parenchyma in normal livers (Figure 4D), but both of them were 208 

accumulated around the central vein in CCl4-induced fibrotic livers (Figure 4E). 209 

These findings indicate that the migration activity of Reelin+ HSCs in CCl4-210 

induced fibrotic livers was significantly different with that in BDL-induced fibrotic 211 

livers. 212 

mGFP+ HSCs share similarity with Desmin+ HSCs in proliferation but 213 

fewer cells are activated compared to Desmin+ HSCs in CCl4-induced 214 

fibrotic livers.   215 

Next, we explored mGFP+ HSC’s activation and proliferation properties in CCl4-216 

induced fibrotic livers. In CCl4-induced fibrotic livers of ReelinCreERT2; 217 

R26T/Gf mice, the Immunohistochemistry results showed that 60.43% mGFP+ 218 

HSCs expressed -SMA and the proportion of Desmin+ HSCs expressed -219 
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SMA was 80.37% (Figure 5A). Meanwhile, 75.38% mGFP+ HSCs and 85.42% 220 

Desmin+ HSCs expressed Col1a1 (Figure 5B). The above results indicated that 221 

fewer mGFP+ HSCs were activated than Desmin+ HSCs in CCl4-induced fibrotic 222 

livers. And immunostaining of Desmin and mGFP showed that the number of 223 

Desmin+ HSCs and mGFP+ HSCs was increased greatly in CCl4-treated fibrotic 224 

livers (Figure 5C and D). However, co-staining of mGFP and Desmin revealed 225 

that the percentage of mGFP+ HSCs accounted for Desmin+ HSCs had no 226 

significant difference in CCl4-treated fibrotic livers compared to that in normal 227 

livers (Figure 5E), which indicated there was no significant difference between 228 

Desmin+ and mGFP+ HSCs in regarding to proliferative property. So, we further 229 

investigated the proliferative property of mGFP+ HSCs and Desmin+ HSCs by 230 

BrdU labeling and Ki67 staining in normal and CCl4-treated livers. Our results 231 

documented that Desmin+ and mGFP+ HSCs had superior proliferation ability 232 

in CCl4-treated livers compared to normal livers, but the proliferation rate was 233 

comparable between Desmin+ and mGFP+ HSCs (Figure 5F and G). Based on 234 

the immunohistochemistry staining for mGFP and Desmin with -SMA, Col1a1, 235 

BrdU and Ki67, we conclude that, in CCl4-induced injured livers, mGFP+ HSCs 236 

shared similarities with Desmin+ HSCs in proliferation property but still fewer 237 

mGFP+ HSCs were activated compared to Desmin+ HSCs. 238 

ReelinCreERT2-labeled HSCs do not transdifferentiate into hepatocytes 239 

or cholangiocytes in healthy or injured livers. 240 
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HSCs transdifferentiating into hepatocytes or cholangiocytes in injured livers is 241 

controversial(21, 27, 41). To verify whether HSCs are able to transdifferentiate 242 

into hepatocytes and cholangiocytes, we tested ReelinCreERT2-labeled HSCs 243 

transformation in sham-operated and BDL-induced fibrotic livers. However, 244 

analyzed immunohistochemistry for mGFP with hepatocyte nuclear factor 4 245 

alpha (HNF4α) showed no mGFP+ HSCs were observed with typical 246 

hepatocyte nuclear morphology or expressed HNF4α both in sham-operated 247 

and BDL-induced fibrotic livers (Figure 6A). Moreover, immunostaining of 248 

mGFP with cytokeratin 19 (CK19) observed no mGFP+ HSCs expressed CK19 249 

either (Figure6B). Although we did not observe ReelinCreERT2-labeled HSCs 250 

transdifferentiated into hepatocytes or cholangiocytes in BDL-induced fibrotic 251 

livers, in consideration of the different mechanism between BDL-induced and 252 

CCl4-induced liver fibrosis, we tested whether ReelinCreERT2-labeled HSCs 253 

transdifferentiate into hepatocytes or cholangiocytes through MET in CCl4-254 

induced fibrotic livers. Immunostaining of mGFP with HNF4 or CK19 in normal, 255 

CCl4-treated, CCl4-treated following 7 days recovery or CCl4-treated following 3 256 

weeks recovery livers showed no mGFP+ HSCs expressed HNF4 or CK19 257 

(Figure 6C and 6D). Collectively, these findings exclude the possibility that 258 

ReelinCreERT2-marked HSCs transdifferentiated into hepatocytes or 259 

cholangiocytes through MET in healthy or injured livers. 260 

ReelinCreERT2-labeled HSCs undergo apoptosis in CCl4-induced liver 261 

fibrosis regression.  262 
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We further investigated mGFP+ HSC’s cell fate in livers recovered from CCl4-263 

induced injury. Sirius red staining showed collagen fiber deposited obviously in 264 

CCl4-treated livers and regressed markedly in livers recovered from CCl4-265 

induced injury (Supplemental Figure 2C). Immunostaining of Desmin and 266 

mGFP showed, in CCl4-induced fibrotic livers, Desmin+ and mGFP+ HSCs 267 

proliferated notably and after 5 week’s recovery from CCl4-induced injury the 268 

number of Desmin+ HSCs returned to normal, whereas few mGFP+ HSCs were 269 

left (Figure 7A and B). The percentage of mGFP+ HSCs accounted for 270 

Desmin+ HSCs was 48.08% in normal livers and 50.49% in CCl4-induced 271 

fibrotic livers, but decreased to 5.60% in livers recovered from CCl4-induced 272 

injury for 5 weeks (Figure 7C). Early study reported that HSCs underwent 273 

apoptosis in livers 7 days after CCl4 cessation. We speculated the disappeared 274 

mGFP+ HSCs were due to apoptosis, and our immunohistochemical results 275 

approved that mGFP+ HSCs underwent apoptosis in livers recovered from 276 

CCl4-induced injury for 7 days (Figure 7D). Moreover, serial section 277 

immunohistochemistry showed 3.83% Desmin+ HSCs underwent apoptosis 278 

and 7.26% mGFP+ HSCs underwent apoptosis which was almost 2 times as 279 

high as the percentage of Desmin+ HSCs undergoing apoptosis (Figure 7E). 280 

These findings indicated that mGFP+ HSCs were more susceptible to apoptosis 281 

than Desmin+ HSCs. 282 

To ensure our findings that mGFP+ HSCs were a different subset compared to 283 

total HSCs, we chose Vimentin as another total HSC marker(17). 284 
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Immunohistochemistry of Desmin and Vimentin in sham-operated and BDL-285 

induced livers showed that Vimentin+ HSC’s characteristics were similar to 286 

Desmin+ HSC’s (Supplemental Figure 3A), and immunostaining of mGFP and 287 

Desmin or Vimentin showed that the percentage of mGFP accounted for 288 

Vimentin+ HSCs had no difference compared to Desmin+ HSCs 289 

(Supplemental Figure 3B). And the results of immunohistochemistry of mGFP 290 

and Desmin or Vimentin in normal and CCl4-treated livers were consistent with 291 

results in sham-operated and BDL-induced livers (Supplemental Figure 3C 292 

and D). 293 

Discussion 294 

Reelin as a serine protease, play an important role in brain (42, 43). But which 295 

type of cells in livers expressing Reelin was controversial. Cell lineage tracing 296 

is a technique to track cell fate based on cre-lox system, revealing self-renewal, 297 

differentiation and migration of specific types of cells in development, disease 298 

and regeneration(23). Early studies applied cell lineage tracing to confirm a 299 

certain cell lineage is stem cells or investigate epithelial-to-mesenchymal 300 

transition (EMT) and MET(21). In our study, we pioneeringly changed the 301 

conventional usage of cell lineage tracing and applied this technique to 302 

demonstrate that Reelin was expressed in HSCs using ReelinCreERT2; R26T/Gf 303 

mouse model and these ReelinCreERT2-labled HSCs were a new subset, 304 

which displayed different characteristics compared to Desmin+ HSCs in vivo. 305 

We investigated properties of mGFP+ (Reelin+) HSCs and Desmin+ HSCs in 306 
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activation, migration, and proliferation in BDL-induced and CCl4-induced fibrotic 307 

livers. Our results showed that in BDL-induced fibrotic livers, Desmin+ HSCs 308 

accumulated around the portal vein with significant proliferation and activation, 309 

whereas Reelin+ HSCs did not migrate either proliferate, and only a small part 310 

was activated compared to Desmin+ HSCs. HSC’s activation and proliferation 311 

usually are considered as a companying process(10), but our results indicate 312 

that the processes of activation and proliferation of HSCs are independent in 313 

some degree under certain conditions. And we observed that CCl4-Reelin+ 314 

HSCs exhibited similarity to CCl4-Desmin+ HSCs rather than BDL-Reelin+ HSCs. 315 

In CCl4-induced fibrotic livers, both of Desmin+ HSCs and Reelin+ HSCs 316 

accumulated around the central vein with remarkable proliferation activity, but 317 

the proliferative rate between Desmin+ and Reelin+ HSCs had no significant 318 

differences. The activation potential analysis of Desmin+ HSCs and Reelin+ 319 

HSCs showed Desmin+ HSCs and Reelin+ HSCs were both activated markedly, 320 

but fewer mGFP+ HSCs were activated compared to Desmin+ HSCs. Single-321 

cell RNA sequencing is also a powerful method to identify a certain type of cell’s 322 

characteristics and has demonstrated distinct HSC clusters exist in normal or 323 

injured livers(9, 30). But physiological conditions are different from in vitro 324 

culture environments, for instance, cellular microenvironment, cytokines, cell-325 

cell junction, et al, which might change the gene expression and chromatin state 326 

of HSCs(44, 45). So, single-cell RNA sequencing might get an incorrect result 327 

because of the difference of physiological conditions and in vitro culture 328 
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environments. Compared to Single-cell RNA sequencing, our cell lineage 329 

tracing findings are closer to Reelin+ HSCs physiological properties in vivo.  330 

To verify HSCs transforming into hepatocytes and cholangiocytes through MET, 331 

we traced Reelin+ HSC’s fate both in BDL-induced and CCl4-induced injured 332 

livers and we observed no Reelin+ HSCs expressed CK19 or HNF4 In 333 

consideration of ReelinCreERT2 only marked about 50% HSCs, it is still 334 

possible that HSCs not marked by ReelinCreERT2 differentiate into 335 

cholangiocytes or hepatocytes through MET.  Whether HSCs differentiating 336 

into cholangiocytes or hepatocytes through MET should be further investigated. 337 

Unexpectedly, in the regression of fibrosis, Desmin+ HSC’s number decreased 338 

to normal, but Reelin+ HSCs accounting for about 50% Desmin+ HSCs almost 339 

all disappeared because of apoptosis. Combining the early researches which 340 

reported that 50% of HSCs underwent inactivation during the liver injury 341 

recovery(28, 29), we speculated that Reelin+ HSCs underwent apoptosis and 342 

Reelin- HSCs underwent inactivation in the regression of fibrosis.  343 

We have not elucidated why there are marked differences in migration, 344 

activation and proliferation among BDL-Reelin+ HSCs, CCl4-Reelin+ HSCs, 345 

BDL-Desmin+ HSCs, and CCl4-Desmin+ HSCs. HSCs are main source of MFs 346 

independent of etiologies. In consideration of the heterogeneity of HSCs, 347 

properties of distinct clusters of HSCs are various in the same or different 348 

etiologies(30, 40). Portal fibroblasts (PFs) also are activated in BDL-induced 349 

liver injury, which are accumulated around the portal area and play a crucial 350 
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part at the early stage of BDL-induced liver fibrosis(46, 47)，and promote HSCs 351 

activation(18). Based on the findings that both of PFs and HSCs accumulating 352 

around the portal area(8, 47), and Reelin+ HSCs scattered throughout the 353 

parenchyma, we speculate PFs may have more effects on Desmin+ HSCs 354 

rather than Reelin+ HSCs though we did not investigate the interaction between 355 

PFs, Desmin+ HSCs, and Reelin+ HSCs. Additionally, the mechanisms of 356 

fibrogenesis are different in BDL and CCl4 induced liver injuries(35). BDL mainly 357 

results in obstruction of bile flow and increased biliary pressure which further 358 

gives rise to hyperplasia of biliary epithelial cells, causing cholestatic injury that 359 

progress to periportal fibrosis and cirrhosis(36). While CCl4 is hepatotoxic, 360 

leading to free radical reactions, lipid peroxidation, inflammatory response and 361 

necrosis of hepatocytes, and gives rise to an initial pericentral matrix 362 

deposition(38, 48). The differences in migration, activation and proliferation 363 

activities between Reelin+ HSCs and Desmin+ HSCs in BDL and CCl4 induced 364 

liver fibrosis maybe also caused by the model-specific influence.  365 

In conclusion, we pioneeringly using cell lineage tracing have demonstrated that 366 

ReelinCreERT2-labled HSCs are a new cluster which displays different 367 

characteristics compared to Desmin+ HSCs in BDL-induced and CCl4-induced 368 

fibrotic livers. And our findings enlighten that treating liver fibrosis caused by 369 

different etiologies should suit the remedy to the case, for instance, focusing on 370 

Reelin+ HSCs may be a good therapy target in CCl4-induced liver fibrosis 371 
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(hepatotoxic injury), however, controlling the Reelin- HSCs may optimize the 372 

therapeutic effects in BDL-induced liver fibrosis (cholestatic injury).  373 

Materials and methods 374 

Mice 375 

The animals in this study were against a C57BL6/J background. Rosa26mTmG 376 

reporter mice were obtained from Jackson Laboratory. ReelinCreERT2 mice 377 

were constructed by Biocytogen (Beijing, China). The P2A-iCreERT2 cassette 378 

was inserted after the stop codon TGA of Exon64 of Reelin and the knock-in 379 

mice were prepared based on the CRISPR/Cas9-based system developed by 380 

Biocytogen. ReelinCreERT2 mice were crossed with Rosa26mTmG reporter 381 

mice to generate ReelinCreERT2; Rosa26mTmGflox (R26T/Gf) mice used for 382 

subsequent experiments. ReelinCreERT2 genotype identification was 383 

performed by using forward primer 5’-CTCTGCTGCCTCCTGGCTTCT and 384 

reverse primer 5’-TCAATGGGCGGGGGTCGTT. Rosa26mTmG reporter mice 385 

genotype identification was conducted by using forward primer 5’- 386 

TATTCTGTCCCTAGGCGGTGAAGTCT and reverse primer 5’- 387 

CCTGTCCCTGAACATGTCCATCAG. All animal experiment procedures were 388 

in accordance with guidelines of Huazhong Agricultural University Guidelines 389 

for the Care and Use of Laboratory Animals. 390 

Fibrosis Induction and Tamoxifen Injection 391 
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Hepatic fibrosis was induced by intraperitoneal injections of carbontetrachloride 392 

(CCl4) (Aladdin, C112043, Shanghai, China) at the dose of 1ml/kg body weight, 393 

two times a week for 6-week (n=7), followed by 7-day (n=4), 3-week (n=6), or 394 

5-week (n=6) recovery or induced by BDL for 2 weeks (n=5). CCl4 was 395 

dissolved in corn oil (Aladdin, C116023) at a ratio of 1:4. The number of mice 396 

treated with vehicle was 6 and the number of sham-operated mice was 3. 397 

ReelinCreERT2 activity was induced by intraperitoneal injections of tamoxifen 398 

(Sigma, T5648, Missouri, USA) at the dose of 100 mg/kg on daily basis for 3 399 

days starting 7 days before the first CCl4 injection. Bromodeoxyuridine (BrdU) 400 

(Sigma, B5002) was injected at the dose of 50 mg/kg body weight every two 401 

hours for 4 times, the last injection was taken 24 hours before sacrifice. 402 

Tunel (terminal deoxynucleotidyl transferase dUTP nick end labeling)  403 

We detected DNA fragmentation resulting from apoptotic signaling cascades 404 

with the In Situ Cell Death Detection Kit Fluorescein (Roche, 11684795910, 405 

Basel, Switzerland) according to manufacturer's instructions. The presence of 406 

nicks in the DNA was identified by terminal deoxynucleotidyl transferase (TdT), 407 

an enzyme that catalyzed the addition of labeled dUTPs. The samples were 408 

digested with DNAse and used as staining positive control. 409 

Immunofluorescent Assay 410 

Samples were fixed in 4% paraformaldehyde (PFA), embedded in paraffin, cut 411 

into 4 m sections, dewaxed, hydrated, and subsequently incubated with 412 
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antibodies. Fluorescence was bleached with 3% H2O2 in methanol for 15 413 

minutes. For antigen retrieval, samples were heated in 10 mM sodium citrate 414 

buffer (pH 6.0) for 20 minutes. Sections were blocked with 10% goat serum for 415 

30 minutes and incubated with primary antibodies, anti-GFP (Proteintech, 416 

50430-AP, Wuhan, China), anti-GFP (Santa Cruz, sc-9996, Texas, USA), anti-417 

desmin (Servicebio, GB12081, Wuhan, China), anti-GS(glutamine synthetase) 418 

(Santa Cruz, sc-74430), anti-CK19 (Servicebio, GB12197), and anti-419 

HNF4 (Abcam, Ab41898, Cambridgeshire, UK), anti-Vimentin (Abcam, 420 

Ab92547), anti-Casp3 (Proteintech, 19677-1-AP)， anti-BrdU (Servicebio, 421 

GB12051), anti-Ki67(Invitrogen, PA5-19462, Massachusetts, USA). 422 

Subsequently, sections were incubated with fluorophore-conjugated secondary 423 

antibodies (2.5 μg/ml, Invitrogen, A-11034, A-21424), nuclei co-staining with 4, 424 

6-diamidino-2-phenylindole (DAPI) (Abcam, ab104139). Images were acquired 425 

with a laser scanning confocal microscope (Carl Zeiss Microscopy, LSM710, 426 

Jena, Germany), and were analyzed by Zen software with fixed parameters.  427 

Histology and immunohistochemistry  428 

Liver tissues were immobilized with 4% PFA, dehydrated, embedded in paraffin, 429 

sectioned at 4 m, and processed for Sirius red staining and 430 

immunohistochemistry. Immunohistochemistry was performed with antibodies, 431 

anti-GFP (Santa Cruz, sc-9996) and anti-Reelin (NOVUS, NB600-1081, 432 

Minneapolis, USA). Subsequently sections were incubated with 433 

diaminobenzidine (Gene Tech Company Limited, GK347011, Shanghai, China) 434 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2022. ; https://doi.org/10.1101/2022.02.06.479312doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.06.479312
http://creativecommons.org/licenses/by/4.0/


21 
 

and counterstaining with hematoxylin (Servicebio, GB1004). All steps of 435 

immunohistochemistry are according to manufacturer's instructions. 436 

Software–Intensity measurement 437 

Image Pro Plus (Image Pro Plus v.7: Media Cybernetics; Bethesda, MD), as an 438 

analysis program, was used to analyze and quantify data from 439 

photomicrographs. In this study, the analyses were performed as follows: 440 

Integrated Optical Density (IOD) Image Pro Plus was used to quantify the 441 

intensity of probes binding to the structures. We used the confocal series to 442 

calculate the total binding intensity of the probes (IOD-intensity value).  443 

Statistical analysis  444 

Statistical analyses were performed using the GraphPad Prism 6(GraphPad). 445 

Data are expressed as means ± SEM. Comparisons between two groups were 446 

performed using the two-tailed Student’s t-test. Comparisons between multiple 447 

groups were performed using ordinary one-way ANOVA with the Dunnett’s 448 

multiple comparison test. Statistical significance was presented at the level of 449 

*p < 0.05, **p < 0.01, ***p < 0.001.   450 
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Figures 478 

 479 

Figure 1. Reelin is expressed in HSCs in the sham and BDL treated livers. 480 

A. Schematic diagram showing mTom/mGFP reporter gene expression in the absence and presence of 481 

tamoxifen-inducible CreERT2-mediated recombination. B. After treated with TAM, mGFP was induced in 482 

ReelinCreERT2; R26T/Gf mice. C. Livers from sham or BDL-operated ReelinCreERT2; R26T/Gf mice were 483 

stained with anti-Reelin and anti-GFP antibodies, and analyzed immunohistochemistry demonstrating 484 

overlap between ReelinCreERT2-induced mGFP expression and endogenous Reelin expression in serial 485 

sections. D. Immunohistochemistry of the sham or BDL-operated adult ReelinCreERT2; R26T/Gf mouse 486 

livers for mGFP with Desmin demonstrated that Reelin was expressed in HSCs and only part of HSCs 487 

expressed mGFP. Scale bar in B and D represents 20 m. Scale bar in C represents 50 m.  488 
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 489 

Figure 2. ReelinCreERT2 labeled HSCs do not accumulate and fewer cells are activated compared 490 

to Desmin+ HSCs in BDL-induced fibrotic livers. 491 

A. mGFP and Desmin costaining with GS in sham-operated ReelinCreERT2; R26T/Gf mouse liver 492 

determined that mGFP+ HSCs and Desmin+ HSCs were scattered throughout the parenchyma. B. mGFP 493 

and Desmin costaining with GS in BDL-operated ReelinCreERT2; R26T/Gf mouse liver for 2 weeks indicated 494 

that Desmin+ HSCs accumulated around the portal vein (pv), whereas mGFP+ HSCs were scattered 495 

throughout the parenchyma. C. mGFP+ HSCs were activated in BDL-induced ReelinCreERT2; R26T/Gf 496 

mouse fibrotic livers observed by immunohistochemistry of mGFP and -SMA. D. Immunohistochemistry 497 

of the BDL-induced fibrotic livers for Desmin with -SMA and mGFP with -SMA observed that fewer 498 

mGFP+ HSCs expressed -SMA. E. Analyzed immunohistochemistry of the BDL-induced fibrotic livers for 499 

Desmin with Col1a1 and mGFP with Col1a1 determined that fewer mGFP+ HSCs expressed Col1a1. Data 500 

are reported as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar in A and B represents 50 m. 501 

Scale bar in C, D, and E represents 20 m.  502 
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Figure 3. ReelinCreERT2 labeled HSCs do not show proliferation capacity in BDL-induced fibrotic 503 

livers. 504 

A. The number of Desmin+ HSCs increased significantly in BDL-induced liver injury observed by 505 

immunohistochemistry of Desmin+ HSCs. B. Analyzed immunohistochemistry of mGFP+ HSCs indicated 506 

that the number of mGFP+ HSCs was not increased in injured livers induced by BDL. C. The percentage 507 

of mGFP+ HSCs accounted for Desmin+ HSCs was significantly reduced in ReelinCreERT2; R26T/Gf mouse 508 

fibrotic livers determined by BDL Immunostaining of mGFP and Desmin. D. Proliferative properties of 509 

Reelin+ HSCs and Desmin+ HSCs determined by immunohistochemistry for BrdU with Desmin or mGFP 510 

demonstrated that Desmin+ HSCs proliferative properties significantly increased in BDL-induced liver 511 

fibrosis comparing to sham-operated livers, but mGFP+ HSCs proliferative properties had no difference. 512 

E. Immunohistochemistry for Ki67 with Desmin or mGFP demonstrated that Desmin+ HSCs proliferative 513 

properties significantly increased in BDL-induced liver fibrosis comparing to sham-operated livers, but 514 

mGFP+ HSCs proliferative properties had no difference. Data are reported as means ± SEM. *p < 0.05; 515 

**p < 0.01; ***p < 0.001. Scale bar represents 20 m.  516 
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Figure 4. Genetically labeled Reelin+ HSCs accumulate around the central veins and fibrous septa 517 

in CCl4-induced injured livers. 518 

A. Immunostaining of Reelin and mGFP in vehicle-treated or CCl4-treated ReelinCreERT2; R26T/Gf mouse 519 

livers for 6-week demonstrated overlap between endogenous Reelin expression and ReelinCreERT2-520 

induced mGFP expression in serial sections. B. Immunohistochemistry of normal or fibrotic livers induced 521 

by CCl4 for mGFP and Desmin showed that mGFP was located in part of HSCs. C. Activated mGFP+ 522 

HSCs were observed in CCl4-induced fibrotic livers by immunostaining of mGFP and -SMA. D. 523 

Immunohistochemistry of normal livers for GS with mGFP or Desmin showed mGFP+ HSCs and Desmin+ 524 

HSCs were scattered throughout the parenchyma. E. Immunohistochemistry of CCl4-induced fibrotic livers 525 

for GS with mGFP or Desmin showed both mGFP+ HSCs and Desmin+ HSCs accumulated around the 526 

central veins (cv) and fibrous septa. Scale bar in A represents 100 m. Scale bar in B and C represents 527 

100 m. Scale bar in A represents 50 m. 528 
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Figure 5. Fewer GFP+ HSCs are activated compared to Desmin+ HSCs in CCl4-induced injured 529 

livers.   530 

A. Analyzed immunohistochemistry of ReelinCreERT2; R26T/Gf mice treated with CCl4 for 6-week for -SMA 531 

with mGFP or Desmin demonstrated that fewer mGFP+ HSCs expressed -SMA. B. Immunostaining for 532 

Col1a1 with mGFP or Desmin observed that fewer mGFP+ HSCs expressed Col1a1. C. Immunostaining 533 

of mGFP and Desmin displayed that the number of Desmin+ HSCs and mGFP+ HSCs was significantly 534 

increased in CCl4-induced fibrotic livers. D. Quantification data of Desmin+ HSCs and mGFP+ HSCs. E. 535 

Analyzed immunostaining of mGFP and Desmin indicated that the percentage of mGFP+ HSCs accounted 536 

for Desmin+ HSCs had no significant difference in fibrotic livers induced by CCl4 compared to in normal 537 

livers. F. Proliferative properties of Reelin+ HSCs were determined by BrdU costaining with desmin or 538 

mGFP in serial sections of the mice treated with vehicle or CCl4 for 6-week, and Desmin+ HSCs and 539 

mGFP+ HSCs showed significant proliferation activity following CCl4 injection. G. Proliferative properties 540 

of Desmin+ HSCs and GFP+ HSCs were determined by Ki67 in Desmin+ HSCs and GFP+ HSCs. Data are 541 

reported as means ± SEM. *p < 0.05; **p< 0.01; ***p < 0.001. Scale bar represents 20 m.  542 
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 543 

Figure 6. Genetically labeled Reelin+ HSCs do not undergo MET in response to chronic liver injury 544 

or recovery from fibrosis.  545 

A. No genetically labeled mGFP+ HSCs was observed expressing hepatocytes marker HNF4 in sham-546 

operated livers or BDL-induced fibrotic livers. B. Genetically labeled mGFP+ HSCs did not express 547 

cholangiocytes marker CK19 in sham-operated livers or BDL-induced fibrotic livers. C. Genetically labeled 548 

mGFP+ HSCs in livers treated with vehicle or in livers in response to CCl4 for 6-week, recovery from CCl4 549 

for 7-day or 3-week did not express hepatocytes marker HNF4 in ReelinCreERT2 mice. D. Genetically 550 

labeled mGFP+ HSCs in normal livers or in livers in response to CCl4 for 6-week, recovery 7-day or 3-551 

week from CCl4 in ReelinCreERT2 mice did not express cholangiocytes marker CK19. Scale bar 552 

represents 20 m. 553 
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 554 

Figure 7. Reelin+ HSCs undergo apoptosis during recovery from CCl4-induced liver fibrosis.  555 

A. Immunostaining of Desmin in ReelinCreERT2; R26T/Gf mouse livers indicated that the number of Desmin+ 556 

HSCs recovered to normal level after CCl4 treatment was terminated for 5 weeks. B. Few mGFP+ HSCs 557 

existed after 5 weeks recovery from chronic CCl4 injury by analyzing immunohistochemistry of liver for 558 

mGFP. C. Immunohistochemistry for mGFP with Desmin observed that the percentage of mGFP+ HSCs 559 

accounted for Desmin+ HSCs was reduced significantly during recovery from CCl4-induced liver fibrosis. 560 

D. Apoptosed mGFP+ HSCs were observed by Tunel in ReelinCreERT2; R26T/Gf mouse livers recovery 7 561 

days from CCl4-induced liver fibrosis. E. Immunohistochemistry for Tunel with mGFP or Desmin 562 

demonstrated that mGFP+ HSCs were more likely to undergone apoptosis than Desmin+ HSCs in serial 563 

sections. Data are reported as means ± SEM. *p < 0.05; **p< 0.01; ***p < 0.001. Scale bar represents 564 

20 m.  565 
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566 

Figure 8. Graphical Abstract. 567 

⚫ Cell lineage tracing reveals that about 50% HSCs are marked by ReelinCreERT2, and properties of 568 

these ReelinCreERT2-marked HSCs (Desmin+ Reelin+ HSCs) are different from Desmin+ Reelin- 569 

HSCs. 570 

⚫ In cholestatic injury model, Desmin+ Reelin- HSCs are accumulated around the portal triad with a 571 

significant activation and proliferation activity, but Desmin+ Reelin+ HSCs do not show proliferation 572 

or migration to the portal triad, and only a small part is activated. 573 

⚫ In hepatotoxic injury model, Desmin+ Reelin+ HSCs share similarities with Desmin+ Reelin- HSCs in 574 

migration, proliferation and activation, nonetheless, still fewer Desmin+ Reelin+ HSCs are activated. 575 

⚫ In the regression of liver fibrosis, Desmin+ Reelin+ HSCs are apoptosed.  576 

 577 
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Supplemental Figures 578 

 579 

Supplemental Figure 1. BDL induces severe biliary fibrosis. 580 

A. Sirius red staining displayed that severe biliary fibrosis was induced by BDL for 2 weeks in ReelinCreERT2; 581 

R26T/Gf mice. B. -SMA and Col1a1 expression was significantly increased in BDL-operated 582 

ReelinCreERT2; R26T/Gf mice. C. Immunohistochemistry for CK19, GS and Sirius red indicated that BDL 583 

caused biliary duct hyperplasia and biliary fibrosis, whereas CCl4 led to pericentral cell injury and fibrosis 584 

and forming fibrous septum. Data are reported as means ± SEM. *p < 0.05; **p< 0.01; ***p < 0.001. Scale 585 

bar in A represents 100 m. Scale bar in B represents 20 m. Scale bar in C immunohistochemistry 586 

pictures represents 50 m and in Sirius red staining represents 100 m. 587 
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 588 

Supplemental Figure 2. CCl4 induces severe pericentral fibrosis. 589 

A. Severe pericentral fibrosis was induced by CCl4 for 6 weeks in ReelinCreERT2; R26T/Gf mice observed 590 

by sirius red staining. B. -SMA and Col1a1 expression were significantly increased in CCl4-treated 591 

ReelinCreERT2; R26T/Gf mice for 6 weeks. C. Sirius red staining indicated that after 5 weeks recovery from 592 

CCl4, fibrotic livers recovered to normal state. Data are reported as means ± SEM. *p < 0.05; **p< 0.01; 593 

***p < 0.001. Scale bar in A and C represents 100 m. Scale bar in B represents 20 m. 594 
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 595 

Supplemental Figure 3. The characteristics of Vimentin+ HSCs are consistent with Desmin+ HSCs 596 

in BDL-induced and CCl4-induced liver fibrosis. 597 

A. Serial sections immunostaining of Vimentin and Desmin indicated that the number and distribution of 598 

Vimentin+ HSCs were consistent with Desmin+ HSCs in sham-operated and BDL-operated ReelinCreERT2; 599 

R26T/Gf mouse livers. B. Serial sections immunostaining of mGFP and Desmin or Vimentin determined 600 

that the percentage of mGFP+ HSCs accounted for Desmin+ HSCs was similar to accounted for Vimentin+ 601 

HSCs in sham-operated and BDL-operated ReelinCreERT2; R26T/Gf mouse livers. C. Serial sections 602 

immunostaining of Vimentin and Desmin indicated that the number and distribution of Vimentin+ HSCs 603 

were consistent with Desmin+ HSCs in normal and CCl4-treated ReelinCreERT2; R26T/Gf mouse livers. D. 604 

Serial sections immunostaining of mGFP and Desmin or Vimentin indicated that the percentage of mGFP+ 605 

HSCs accounted for Desmin+ HSCs was similar to accounted for Vimentin+ HSCs in in normal and CCl4-606 

treated ReelinCreERT2; R26T/Gf mouse livers. Data are reported as means ± SEM. *p < 0.05; **p< 0.01; ***p 607 

< 0.001. Scale bar represents 20 m. 608 
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