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Abstract

Background—Liver transplantation remains the primary treatment for primary sclerosing 

cholangitis (PSC). Mdr2−/− mice provide a reliable in vivo model of PSC and develop 

characteristic biliary inflammation and fibrosis. We tested the hypothesis that the tumor suppressor 

protein menin is implicated in the progression of liver fibrosis and that menin expression can be 

regulated in the liver via microRNA-24 (miR-24).

Materials and methods—Menin expression was measured in human PSC and Mdr2−/− mice. 

Twelve-week-old FVB/NJ wild-type (WT) and Mdr2−/− mice were treated with miR-24 Vivo-

Morpholino to knockdown miR-24 expression levels. Liver fibrosis was evaluated by Sirius Red 

staining and quantitative polymerase chain reaction (qPCR) for genes associated with liver 

fibrosis, such as fibronectin 1, collagen type 1 alpha 1, transforming growth factor-β1 (TGF-β1), 

and α-smooth muscle actin. Studies were also performed in vitro using immortalized murine 

cholangiocyte lines treated with miR-24 hairpin inhibitor and mimic.

Results—Menin gene expression was increased in Mdr2−/− mice and late-stage human PSC 

samples. Treatment of FVB/NJ WT and Mdr2−/− mice with miR-24 Vivo-Morpholino increased 

menin expression, which correlated with increased expression of fibrosis genes. In vitro, inhibition 

of miR-24 also significantly increased the expression of fibrosis genes.
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Conclusions—Inhibition of miR-24 increases menin and TGF-β1 expression, subsequently 

increasing hepatic fibrosis in FVB/NJ WT and Mdr2−/− mice. Modulation of the menin/miR-24 

axis may provide novel targeted therapies to slow the progression of hepatic fibrosis into cirrhosis 

in PSC patients by altering TGF-β1 expression.
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Introduction

Cholangiocytes represent 3%–5% of nucleated cells within the liver and are the targets of 

cholangiopathies, such as primary sclerosing cholangitis (PSC).1,2 These cholangiopathies 

are characterized by the classical findings of cholestatic liver injury: increased intrahepatic 

bile duct mass, polymorphonuclear leukocytes, and the deposition of extracellular matrix 

that lead to portal fibrosis and biliary cirrhosis.3 PSC in particular is characterized by 

chronic inflammation and obliterative fibrosis of the intrahepatic and/or extrahepatic biliary 

tree.4 This results in bile stasis and hepatic fibrosis that will progress to cirrhosis and the 

need for liver transplantation.4 PSC is also associated with a 5%–10% lifetime risk for the 

development of cholangiocarcinoma, 160-fold higher than the general population.5 

Currently, there are no medical therapies that have been proven to alter the natural course of 

PSC, and liver transplantation before the onset of end-stage liver disease remains the 

recommended treatment strategy.5,6 Improved understanding of the cellular mechanisms that 

lead to biliary proliferation and portal fibrosis is needed to develop novel therapeutic 

strategies to diminish disease progression.

Menin is the protein product of the MEN1 gene, a tumor suppressor gene located on 

chromosome 11q13.1.7 It is a 67 kDa nuclear protein that is ubiquitously expressed in all 

tissues and evolutionarily conserved, but shares little sequence homology with other 

proteins.8 Several studies suggest that menin acts as a scaffold protein involved in diverse 

cell functions including binding and regulating transcription factor activity,9 modifying 

histone proteins and chromatin structure,10,11 and DNA repair.12,13 Germline mutations in 

the MEN1 gene cause the MEN1 syndrome, a neuroendocrine tumor syndrome that 

predisposes patients to neoplasms of the parathyroid glands, pancreas, and the pituitary 

gland.7 In the setting of cholestatic liver injury, cholangiocytes represent a neuroendocrine 

cell population within the liver that respond to a variety of hormones, neurotransmitters, and 

growth factors that have been shown to regulate cholangiocyte proliferation and the ductular 

reaction associated with hepatic fibrosis.14,15 Because of its implications in neuroendocrine 

signaling, we hypothesized that MEN1 gene expression may play an important role in the 

progression of hepatic fibrosis.

MicroRNA-24 (miR-24) has previously been shown to bind to the 3′ untranslated region 

(UTR) of the MEN1 gene and regulate menin expression through a negative feedback loop 

in parathyroid and pancreatic tissues.16,17 In addition, menin has been shown to interact with 

SMAD3 to block transforming growth factor-β1 (TGF-β1) signaling.18 SMAD3 
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phosphorylation and TGF-β1 have previously been shown to contribute to hepatic fibrosis19; 

however, the role of menin in this pathway is unknown.

The multidrug resistance gene-2 knockout mouse (Mdr2−/−) is a widely used murine model 

of cholestatic liver disease characterized by the development of PSC with features of biliary 

proliferation and portal fibrosis.14,19,20 Mdr2−/− mice are deficient in a canalicular 

phospholipid flippase and develop liver injury due to the absence of phospholipids in bile.21 

The bile ducts of these mice are characterized by tight junction and basement membrane 

destruction, which creates widened intracellular spaces between biliary endothelial cells and 

results in bile acid leakage, periductular inflammation, and fibrosis.22 Studies in these mice 

from 2 wk to 12 mo of age have shown that they develop chemical and histologic evidence 

of endothelial disruption, hepatic inflammation, and fibrosis.22,23 Mdr2−/− mice also develop 

hepatic malignancies with nearly 100% incidence by 16 mo of age.24 Unlike PSC, however, 

these tumors resemble hepatocellular carcinoma (HCC) rather than a primary biliary 

malignancy, such as cholangiocarcinoma. Using this model, we hypothesized that the 

miR-24/menin regulatory feedback loop could be manipulated to alter the progression of 

hepatic fibrosis.

Materials and methods

All reagents were purchased from Sigma (St. Louis, MO) unless otherwise indicated. Cell 

culture reagents and media components were purchased from Invitrogen Corporation 

(Carlsbad, CA). Total RNA and miRNA were isolated from cells and liver tissue using the 

mirVana miRNA isolation kit from Thermo-Fisher Scientific (Waltham, MA). 

Complementary DNA was generated from 1200 μg of total RNA using iScript Reverse 

Transcription Supermix for qPCR (Bio Rad, Hercules, CA). Primers for qPCR were 

purchased from Qiagen (Valencia, CA) unless otherwise indicated. The qPCR experiments 

were performed using SYBR Green PCR Master Mix from SABiosciences on the Agilent 

Technologies Mx3005P qPCR system.

MEN1 gene expression was quantified by qPCR using RNA isolated from immortalized 

murine cholangiocyte lines (IMCLs), mouse and human liver tissues. Liver fibrosis was 

evaluated by qPCR using mouse primers for fibronectin 1 (FN1), collagen type 1 alpha 1 

(COL1α1), TGF-β1, and α-smooth muscle actin (α-SMA). Proliferation was evaluated by 

qPCR using mouse primers for Ki-67. Glyceraldehyde-3-phosphate dehydrogenase gene 

expression was used as a relative control. Data are expressed as relative messenger RNA 

levels ± standard error of the mean (SEM).

In vitro studies

In vitro studies were performed using our IMCLs.19,25 Cell were cultured under standard 

conditions and treated with 75 nM of mirVana miR-24 inhibitor, mimic, or the standard 

control for 24 h according to the manufacturer’s protocol. Cells were collected after 

treatment using TrypLE solution (Gibco) and used for RNA isolation. miRNA inhibitors are 

single stranded, modified RNAs that bind to and inhibit endogenous function of the target 

miRNA. Whereas, the miRNA mimics are double stranded RNAs that mimic the functional 

activity of endogenous RNAs once transfected into the cell. The inhibitor and mimic 
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controls are mismatched miRNAs that lack endogenous function. These products enable us 

to regulate miR-24 activity in vitro and study the downstream signaling mechanisms.

miR-24 expression was measured in cholangiocytes and murine liver tissue by qPCR. 

Isolation of miRNAs was performed using the mirVana RNA isolation kit. Complementary 

DNA was synthesized using the TaqMan microRNA Reverse Transcription Kit from Applied 

Biosystems (Foster City, CA). Sequence specific primers for miR-24 and U6 control were 

purchased from Qiagen.

The luciferase assay was performed to determine if miR-24 directly interacts with the MEN1 
gene to alter its expression in cholangiocytes. Luciferase constructs were obtained from Dr 

Judy S. Crabtree (Louisiana State University, Baton Rouge, LA). These constructs consisted 

of a 1600-bp fragment of human MEN1 3′-UTR cloned into a pmirGLO vector (pmirGLO-

MEN1). 5 × 105 IMCLs per assay were co-transfected with pmirGLO-MEN1 at 5 × 1 

pmol/0.5 mL medium. Luciferase levels were measured after 24 h using Dual-Glo Stop & 

Glo per vendor’s instructions (Promega, Madison, WI), imaged using Thermo Scientific 

Varioskan Lux and analyzed using Thermo Scientific SkanIt 4.1 software. Data are 

expressed as fold-change of firefly/Renilla luminescence ± SEM.

Human samples

Control and late-stage PSC samples were obtained as a gift form Dr Invernizzi under a 

protocol approved by the ethics committee by the Humanitas Research Hospital (Rozzano, 

Italy) and also reviewed by the Central Texas Veteran’s Health Care System IRB and R&D 

Committee. The protocol was also approved by the Texas A&M HSC College of Medicine 

Institutional Review Board. Total RNA was extracted from formalin-fixed, paraffin-

embedded sections using the RNeasy FFPE kit from Qiagen.19 Menin expression in control 

and late-stage PSC samples was verified by qPCR.

In vivo studies

All animal experiments were performed according to protocols approved by the Baylor Scott 

& White Institutional Animal Care and Use Committee. Male FVB/NJ wild-type (WT) mice 

were purchased from The Jackson Laboratory (Sacramento, CA). These mice served as the 

nondiseased control animals and are the background strain for the Mdr2−/− model.22 The 

Mdr2−/− mouse colony is established in our facility. Animals were maintained in a 

temperature and light controlled environment with free access to drinking water and rodent 

chow.

Immunohistochemistry (IHC) was used to evaluate the expression of TGF-β1 in FVB/NJ 

WT and Mdr2−/− liver tissues. The tissues were stained with rabbit polyclonal TGF-β1 

antibody purchased from Abcam (Cambridge, MA) using a 1:200 dilution. The rabbit IgG 

Vectastain ABC Kit from Vector Laboratories, INC (Burlingame, CA) was used for 

secondary staining. Light microscopy and IHC observations were taken with a BX-40 light 

microscope (Olympus; Tokyo, Japan). Semiquantitative analysis of IHC images was 

performed using Adobe Photoshop.
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Inhibition of miR-24 signaling in vivo was performed using an miR-24 Vivo-Morpholino 

purchased from Gene Tools, LLC (Philomath, OR).26 Similar to our in vitro studies using 

the miR-24 inhibitor, the miR-24 Vivo-Morpholino is a systemically stable, miRNA 

blocking reagent that provides quantifiable knockdown of the selected miRNA. The Vivo-

Morpholino allows us to inhibit miR-24 function for our in vivo studies and measure the 

affects within organ systems. The purchased miR-24 Vivo-Morpholino sequence was 5′-

TCCTGTTCCTGCTGAACTGAGCCAG -3. Twelve-week-old FVB/NJ WT and Mdr2−/− 

mice were treated with the miR-24 Vivo-Morpholino (12.5 mg/kg) via tail vein injection 

every other day for 1 wk. Mice were euthanized, and tissues were collected on the seventh 

day after the first treatment.

Liver fibrosis was evaluated by Sirius Red staining in liver sections (5 μm thick) and by 

qPCR of RNA isolated total liver samples for the aforementioned genes associated with liver 

fibrosis. Sirius Red images were taken with a BX-40 light microscope (Olympus). 

Semiquantitative analysis of intrahepatic collagen deposition was performed using Adobe 

Photoshop.

Statistical analysis

All data are expressed as mean ± SEM. Differences between groups were analyzed by 

Student’s unpaired t-test when two groups were analyzed and analysis of variance when 

more than two groups were analyzed, followed by an appropriate post hoc test. P < 0.05 was 

considered to be statistically significant.

Results

MEN1 expression is increased in advanced stage PSC and 66-wk Mdr2−/− mice

Expression of the MEN1 gene was measured by qPCR in total liver tissues from FVB/NJ 

WT and Mdr2−/− mice at 12 and 66 wk of age. MEN1 expression was significantly 

decreased in the 12-wk-old Mdr2−/− mice compared with the FVB/NJ WT control, but was 

significantly upregulated in the 66-wk-old Mdr2−/− mice (Fig. 1A). This corresponded with 

increased expression of miR-24 in total liver at 12 wk and decreased expression of miR-24 

at 66 wk in the Mdr2−/− mice (Fig. 1B) compared with the FVB/NJ WT control mice. 

MEN1 expression measured in human liver with advanced-stage PSC was also upregulated, 

similar to the 66-wk-old Mdr2−/− mouse (Fig. 1C). Pathologic and descriptive data for the 

human samples are shown in Table 1. These data show that menin expression is variable 

throughout the lifespan of the Mdr2−/− mouse and is higher in mice with advanced disease.

miR-24 regulates MEN1 expression in mouse cholangiocytes

Inhibition of miR-24 in IMCLs corresponded with a significant increase in MEN1 gene 

expression (Fig. 2A and B). Treatment of IMCLs with miR-24 mimic resulted in 

downregulation of MEN1 expression (Fig. 2C and D). These results demonstrate that 

miR-24 participates in a negative feedback loop within cholangiocytes to alter the expression 

of menin. Results of the luciferase assay are shown in Figure 2E. Treatment of 

cholangiocytes with miR-24 inhibitor significantly increased luminescence, whereas 

treatment with the miR-24 mimics significantly decreased luminescence. These results 
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confirm that miR-24 directly interacts with the 3′ UTR of MEN1 messenger RNA transcript 

to regulate protein expression.

Expression of MEN1 correlates with changes in fibrosis gene expression

The expression of fibrotic genes was evaluated by qPCR in IMCLs treated with miR-24 

inhibitor. When MEN1 expression was increased (Fig. 2A), expressions of FN1, COL1α1, 

TGF-β1, and α-SMA were also increased (Fig. 3A). Inhibition of MEN1 with the miR-24 

mimic resulted in decreased expression of these fibrosis genes (Fig. 3B). These results 

demonstrate in vitro that the negative feedback loop between miR-24 and menin also 

contributes to the expression of genes associated with liver fibrosis.

Inhibition of miR-24 in vivo regulates expression of MEN1 and drives hepatic fibrosis

Treatment of FVB/NJ WT and Mdr2−/− mice with miR-24 Vivo-Morpholino significantly 

increased MEN1 expression in total liver tissues as measured by qPCR (Fig. 4A). 

Expression of Ki-67 significantly increased in FVB/NJ WT mice treated with miR-24 Vivo-

Morpholino, but this change was not seen after treatment of the Mdr2−/− mice (Fig. 4B).

Similar to our in vitro results, inhibition of miR-24 resulted in significantly increased 

expression of fibrosis-related genes, including TGF-β1 in both the FVB/NJ WT and Mdr2−/− 

mice (Fig. 5A). Sirius Red staining and semiquantitative analysis of liver sections were 

performed to evaluate degree of hepatic fibrosis. FVB/NJ WT and Mdr2−/− mice treated with 

miR-24 Vivo-Morpholino demonstrated significantly more collagen deposition than the 

FVB/NJ WT and untreated Mdr2−/− mice (Fig. 5B). IHC demonstrates increased TGF-β1 

staining in FVB/NJ WT and Mdr2−/− livers treated with miR-24 Vivo-Morpholino compared 

with the untreated control mice (Fig. 5C).

Discussion

The findings of this study suggest that the miR-24/menin regulatory system may play a key 

role in the progression of hepatic fibrosis, in the setting of cholestasis. Figure 6 represents a 

working model of these results. We demonstrated in vitro that miR-24 directly interacts with 

the MEN1 gene in murine cholangiocytes. Also, we demonstrated that inhibition of miR-24 

signaling in vitro and in vivo increases MEN1 gene expression and subsequently promotes 

expression of fibrotic genes in cultured cholangiocytes and liver tissues. We demonstrate 

increased hepatic fibrosis in Mdr2−/− mice, as well as the nondiseased FVB/NJ control 

strain, with miR-24 Vivo-Morpholino treatment.

These findings correlate with increased MEN1 expression in a patient with late-stage PSC 

and the 66-wk-old Mdr2−/− mice. Our animal data do suggest that MEN1 gene expression 

varies throughout the life cycle of the Mdr2−/− mouse. We saw decreased MEN1 expression 

at 12 wk, but increased expression at 66 wk. This correlated with increased miR-24 levels at 

12 wk and decreased miR-24 levels at 66 wk. More human studies in early stage and late-

stage PSC are needed to elucidate the mechanisms behind MEN1 gene transcription. 

Because menin is highly involved in cell cycle regulation, we hypothesize that decreased 

MEN1 expression at 12 wk may reflect an adaptive response to cell injury that becomes 

dysfunctional as the liver injury progresses. Hussein et al. demonstrated that increasing 
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menin expression in Leydig tumor cells blocked the transition of G0/G1 into the S phase of 

the cell cycle and increased apoptosis.27 It is possible that similar mechanisms are occurring 

within the liver in advanced-stage disease. Studies have shown that cytokeratin-18 fragments 

(K18), a marker of apoptosis, are elevated in patients with PSC and correlate with disease 

severity.28 Our data add to these studies and suggest that increased menin expression may 

help promote apoptosis in late-stage PSC.

Menin has traditionally been characterized as a nuclear tumor suppressor protein because of 

its involvement in MEN1 syndrome, an autosomal dominant disorder that is characterized by 

the development of tumors of the pituitary, parathyroid glands, and pancreatic 

neuroendocrine cells.29 Early studies suggested that menin inactivation contributes to 

parathyroid tumorigenesis through a loss of TGF-β1 signaling.30 Previous studies have also 

shown that menin interacts with SMAD3 to regulate TGF-β1 signaling.18 Specifically, 

inactivation of menin disrupts SMAD3 binding to its cognate DNA element and blocks 

TGF-β1 signaling.18,29 This pathway has been supported by other studies that suggest 

SMAD3 may also act as a tumor suppressor that regulates menin and TGF-β1 signaling in 

parathyroid adenomas and pancreatic endocrine tumors.31

Increased SMAD3/TGF-β1 signaling contributes to the development of hepatic fibrosis in 

cholestatic liver disease,19,32 but menin’s role in liver pathology has not been well defined. 

We have previously shown that menin expression is downregulated in cholangiocarcinoma 

and overexpressing menin in a xenograft model inhibits cholangiocarcinoma growth.33 We 

believe menin expression may become dysregulated in PSC resulting in the development of 

cholangiocarcinoma; however, additional studies with human PSC and cholangiocarcinoma 

samples are needed to establish these mechanisms.

Zindy et al. demonstrated that MEN1 expression is upregulated in HCC and in adjacent 

cirrhotic liver tissue.34 Particularly, menin was a key regulator of hepatic fibrosis through 

TGF-β1 signaling and activation of hepatic stellate cells.34 Xu et al. also demonstrated that 

menin expression is upregulated in HCC and expression correlates with a poor prognosis.35 

Furthermore, a recent study by Cao et al. suggested that deletion of MEN1 in hepatocytes 

induced lipid accumulation and liver steatosis in aging mice.36 Our study contributes to 

growing evidence that suggests menin is involved in liver disease. We have shown that 

upregulation of menin increases TGF-β1 expression and promotes fibrosis in cholangiocytes 

and in a murine model of cholestatic liver disease. Additional research in this model is 

needed to further elucidate menin’s involvement and characterize the interactions between 

hepatocytes, cholangiocytes, and hepatic stellate cells.

This study also demonstrates that a negative feedback loop between miR-24 and menin 

exists within the liver and may play a role in the progression of liver disease. miR-24 was 

downregulated in the advanced disease 66-wk Mdr2−/− mice when MEN1 gene expression 

was increased. In the 12-wk-old Mdr2−/− mice, miR-24 expression was significantly 

increased, although not as much as we expected for the observed decrease in MEN1 gene 

expression. MiR-24 has previously been shown to regulate menin expression within 

pancreatic islet cells, which affects the cells’ overall viability and proliferation.17 This 

negative feedback loop has also been demonstrated within parathyroid tissues and may 
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contribute to the tumorigenesis of MEN1 syndrome.16 The interactions between miR-24, 

menin, and TGF-β1 have not been previously described; however, previous studies have 

reported a link between miR-24 and TGF-β1 signaling. Wang et al. demonstrated that 

miR-24 downregulates TGF-β1 signaling and mitigates cardiac fibrosis after myocardial 

infarction.37 Furthermore, miR-24 has been shown to decrease TGF-β1 signaling that results 

from mechanical stress.38

Currently, there is limited research on the expression profile of miR-24 in liver disease. It 

has been shown that miR-24 is downregulated in cholangiocytes isolated from a rat model of 

polycystic liver disease.39 One study has also shown that miR-24 is downregulated in a 

model of acute cholestatic hepatitis produced by alpha-naphthylisothiocyanate (ANIT) 

administration.40 Our study suggests that using miR-24 to target the menin and TGF-β1 

pathways may also have a therapeutic affect within the liver; however, additional studies are 

needed to support this hypothesis. With more research, miR-24 may be added to the growing 

list of miRNAs (miR-29, miR-21, and miR-122) that provide a therapeutic benefit by 

mitigating the progression of liver fibrosis.41

The role of miR-24 and menin in the progression of liver disease that we present in this 

study is a novel concept with therapeutic potential, but we must consider the limitations of 

the study. The amount of human data in this study is limited to one human sample because 

of the low availability of human tissues. The Mdr2−/− mouse is a valid model of cholestatic 

liver disease, but additional studies with human tissues are necessary to explore expression 

patterns and signaling pathways of miR-24 and menin throughout the progression of 

cholangiopathies, such as PSC. Our data show that MEN1 expression changes with disease 

progression in the Mdr2−/− mice. We hypothesize that decreased MEN1 expression at 12 wk 

may promote cellular proliferation in the early stages of disease and becomes dysfunctional 

as the hepatic injury progresses. Increased MEN1 expression at 66 wk may represent 

decreased cellular proliferation and a blunted response to cholestatic liver injury. 

Furthermore, we have shown that inhibition of miR-24 increases menin expression and 

drives hepatic fibrosis. The therapeutic potential of this pathway may involve upregulating 

miR-24 expression or inhibiting menin function. This could involve the delivery of miR-24 

to liver tissues or the systemic administration of a menin inhibitor.42

We acknowledge that hepatic fibrosis is a complex process with numerous cell types 

involved, including cholangiocytes, hepatocytes, hepatic stellate cells, and immune cells. 

The goal of this article was to broadly investigate the miR-24/menin regulatory axis and its 

contribution to liver fibrosis; however, more work is needed to explore these pathways and 

the involved cell types. In addition, we need to consider other models of liver disease, such 

as alcohol-induced cirrhosis, nonalcoholic steatohepatitis, and viral-induced hepatitis to 

determine whether or not other types of liver disease may benefit from targeting this 

pathway.

Conclusions

In conclusion, the miR-24/menin regulatory axis regulates TGF-β1 and the progression of 

hepatic fibrosis in Mdr2−/− mice. This pathway has not been previously described within 
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Hepatology literature and has therapeutic potential for the management of cholestatic liver 

diseases, such as PSC.
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Fig. 1. 
(A) Hepatic Men1 gene expression is decreased in 12-wk Mdr2−/− mice and increased in 66-

wk Mdr2−/− mice compared with the FVB/NJ WT control mice via qPCR (n = 3). (B) 

Hepatic miR-24 expression is significantly increased in 12-wk Mdr2−/− and decreased in 66-

wk Mdr2−/− compared with FVB/NJ WT control mice via qPCR (n = 3). (C) Men1 gene 

expression is increased in human liver with advanced-stage PSC compared with normal 

control liver (n = 1). Demographic and pathologic data from human samples are shown in 

Table 1. (* = P < 0.05 versus FVB/NJ WT control samples; # = P < 0.05 versus 12-wk 

Mdr2−/− samples).
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Fig. 2. 
(A) Inhibition of miR-24 in IMCLs increases Men1 gene expression by qPCR (n = 3). (B) 

Treatment of IMCLs with miR-24 inhibitor decreases expression of miR-24 by qPCR (n = 

1). (C) Treatment of IMCLs with miR-24 mimic decreases Men1 gene expression by qPCR 

(n = 3). (D) Treatment of IMCLs with miR-24 mimic significantly increases miR-24 

expression (n = 1). (E) Luciferase assay demonstrates increased luminescence when mouse 

cholangiocytes are treated with miR-24 inhibitor, suggesting an increase in Men1 

transcription. Treatment with miR-24 mimic decreases luminescence by inhibiting Men1 

transcription (n = 1; * = P < 0.05).
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Fig. 3. 
(A) Expression of fibrotic genes (FN1, COL1a1, TGF-β1, and α-SMA) is increased in 

IMCLs treated with miR-24 inhibitor (n = 3). (B) Expression of fibrotic genes (FN1 and 

COL1α1) is decreased in mouse cholangiocytes treated with miR-24 mimic. Expression of 

TGF-β1 and α-SMA did not significantly change with miR-24 mimic (n = 3; * = P < 0.05).
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Fig. 4. 
(A) Treatment of FVB/NJ WT and Mdr2−/− with miR-24 Vivo-Morpholino significantly 

increases hepatic Men1 expression compared with untreated FVB/NJ WT and Mdr2−/− 

control mice by qPCR (n = 3). (B) Ki-67 expression is significantly upregulated in FVB/NJ 

WT mice treated with miR-24 Vivo-Morpholino (n = 3). (* = P <0.05 versus FVB/NJ WT 

control samples; # = P < 0.05 versus Mdr2−/− samples).
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Fig. 5. 
(A) Hepatic expression of fibrotic genes (FN1, COLα1, TGF-β1, and α-SMA) increases in 

FVB/NJ WT and Mdr2−/− mice treated with miR-24 Vivo-Morpholino compared with 

untreated FVB/NJ WT and Mdr2−/− untreated control mice (n = 3). (B) Sirius Red staining 

shows increased hepatic collagen deposition in FVB/NJ WT and Mdr2−/− mice treated with 

miR-24 Vivo-Morpholino compared with untreated FVB/NJ WT and Mdr2−/− mice. (C) IHC 

shows increased TGF-β1 staining in FVB/NJ livers treated with miR-24 Vivo-Morpholino 

compared with the untreated FVB/NJ mice. (* = P < 0.05 versus FVB/NJ WT control 

samples; # = P < 0.05 versus Mdr2−/− samples).
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Fig. 6. 
Working model of miR-24/menin regulatory axis in cholangiocytes. Menin binds with 

SMAD3 to promote transcription of TGF-β1, α-SMA, FN1, and COL1α1, which act to 

promote hepatic fibrosis. miR-24 inhibits transcription of MEN1 gene, decreasing 

transcription of downstream fibrotic genes. Inhibition of miR-24 with miR-24 Vivo-

Morpholino increases MEN1 gene expression and subsequently increases hepatic fibrosis.
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