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Abstract

Background & Aims—The ratio of liver size to body weight (hepatostat) is tightly controlled, 

but little is known about how the physiologic functions of the liver help determine its size. Livers 

of mice repopulated with human hepatocytes (humanized livers) grow to larger than normal; the 

human hepatocytes do not recognize fibroblast growth factor-15 (FGF15) produced by mouse 

intestine. This results in upregulation of bile acid synthesis in the human hepatocytes and 

enlargement of the bile acid pool. We investigated whether abnormal bile acid signaling affects 

the hepatostat in mice.

Methods—We crossed Fah−/−, Rag2−/−, Il2r−/− mice with NOD mice to create FRGN mice, 

whose livers can be fully repopulated with human hepatocytes. We inserted the gene for human 

FGF19 (ortholog to mouse Fgf15), including regulatory sequences, into the FRGN mice to create 
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FRGN19+ mice. Livers of FRGN19+ mice and their FRGN littermates were fully repopulated 

with human hepatocytes. Liver tissues were collected and bile acid pool sizes and RNA sequences 

were analyzed and compared with those of mice without humanized livers (controls).

Results—Livers were larger in FRGN mice with humanized livers (13% of body weight), 

compared to control FRGN mice; they also had much larger bile acid pools and aberrant bile acid 

signaling. Livers from FRGN19+ normalized to 7.8% of body weight, and their bile acid pool and 

signaling more closely resembled that of control FRGN19+ mice. RNA sequence analysis showed 

activation of the Hippo pathway, and immunohistochemical and transcription analyses revealed 

increased hepatocyte proliferation, but not apoptosis, in the enlarged humanized livers of FRGN 

mice. Cell sorting experiments showed that although healthy human liver does not produce 

FGF19, non-parenchymal cells from cholestatic livers produce FGF19.

Conclusions—In mice with humanized livers, expression of an FGF19 transgene corrects bile 

acid signaling defects, resulting in normalization of bile acid synthesis, the bile acid pool, and 

liver size. These findings indicate that liver size is, in part, regulated by the size of the bile acid 

pool that the liver must circulate.
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Introduction

The mammalian liver is capable of marked growth after liver injury, typified by partial 

hepatectomy, in which the remnant liver grows back to within 5% of the original size in 7–

10 days in rodents1 and 4–8 weeks in humans. Many studies have demonstrated that liver 

mass is proportional to body size,2 a phenomenon termed the “hepatostat.”3 Some molecular 

signals for control of organ size have been elucidated, including the YAP/Hippo signaling 

pathway.4–6 It is presumed, however, that liver-to-body weight ratio depends on some 

physiologic function(s) the liver performs.7

Mice with humanized livers have aberrant bile acid signaling, wherein the rate-controlling 

enzyme for bile acid synthesis, CYP7A, is highly upregulated in the human hepatocytes.8 

Human CYP7A expression could be downregulated with administration of FGF19, human 

ortholog to mouse Fgf15, thus demonstrating that human hepatocytes do not recognize 

Fgf15 and explaining the aberrant signaling in this model. Unregulated bile acid synthesis 

led to an enlargement of the bile acid pool, and we hypothesized that the increased liver size 

we and others see in humanized chimeric livers might be due to this short-circuit in bile acid 

signaling.

Bile acids and attendant signaling have recently gained traction as potential drivers of liver 

regeneration9–13 and the related governance of liver size. Mice fed cholic acid had modest 

increases in liver size,9 while rats undergoing partial hepatectomy after drainage of the bile 

acid pool had significantly less regrowth of the liver which could be reversed with 

administration of bile acids.10
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In order to determine whether abnormal bile acid signaling was related to the hepatostat we 

introduced a long segment of human genomic DNA into the immune-deficient Fah−/− 

(FRGN) mouse model for liver repopulation. The human DNA fragment contained the entire 

genomic FGF19 sequence and its regulatory sequences, thus conferring physiological 

control of the FGF19 gene. When human hepatocytes were transplanted into these 

FRGN19+ mice, we found near-normalization of CYP7A in the human hepatocytes, a 

significant decrease in the total bile acid pool, and a marked reduction in liver size to near-

expected size for body weight. We thus propose that one of the main determinants of the 

hepatostat is the amount of bile acids the liver must circulate.

Materials and Methods

Additional methods are available in Supplemental Materials and Methods.

Animals

Fah−/−, Rag2−/−, Il2r−/− mice (“FRG”)14 were crossed onto the NOD mouse strain to create 

“FRGN” mice (Yecuris)15, whose livers can be fully repopulated with human hepatocytes.8 

Using the FRGN background, we generated mice with a bacterial artificial chromosome 

(BAC, RP11-266K14, Invitrogen) containing ~164 kb of human genomic DNA in the 

middle of which sits the genomic sequence for FGF19 (see Supp. Material & Methods for 

full details). Presence of the entire BAC was confirmed with a mapping strategy using 

specific PCR primer sets designed to detect relevant sequences in the human genome 

(Figure 1). FRGN FGF19+ (“FGF19+”) and their FRGN littermates without the transgene 

(“FGF19-“) were used in these experiments.

Human hepatocytes (Celsis) were transplanted via intrasplenic technique and allowed to 

repopulate the mouse liver by withdrawing NTBC, a medication that prevents hepatocyte 

death when FAH deficiency is present.14 In this model, donor (in this case human) 

hepatocytes with intact FAH have a selective advantage compared to the recipient FAH 

deficient hepatocytes, leading to repopulation of the liver with donor cells. The success and 

degree of human hepatocyte repopulation is noted by absence of liver failure and monitoring 

production of human albumin via specific ELISA.8 Mice with human hepatocyte 

repopulated livers (“humanized”) were sacrificed after serum human albumin levels 

indicated a high degree of repopulation (4 months post-transplant).

Bile duct ligation, bile acid infusion, intestinal bile acid pool and tissue analysis methods are 

described in Supplemental Materials and Methods.

All studies were approved by the Oregon Health & Science University Institutional Animal 

Care and Use Committee as set forth in the Guide for the Care and Use of Laboratory 

Animals published by the National Institutes of Health.

Analysis and visualization of RNA sequencing data

After transformation of RNA sequencing data in to standardized Reads Per Kilobase Million 

(RPKM), data was analyzed using Gene Set Enrichment Analysis (GSEA) as described.16 

Hierarchical cluster analysis was performed with GENE E.17
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Statistical Analysis

Prism 6 (GraphPad Prism) was used to graph all noted data except for RNA sequence data 

(see Supplementary Materials and Methods). Results are expressed as mean values ± SD. P 

values were calculated by two-sided independent t-test, and a p value < 0.05 was considered 

significant.

Results

Generation of transgenic mice with human FGF 19

Bacterial artificial chromosome (BAC) RP11-266K14 contains a 164 kb fragment of human 

DNA containing the genomic sequence for the FGF19 gene, along with its promoter and 

regulatory elements. This BAC was linearized and introduced into Fah−/−, Rag2−/−, Il2r−/−, 

NOD mice (“FRGN”), whose livers can be fully repopulated with transplanted human 

hepatocytes.8 The presence of the full human sequence in the transgenic mice was 

confirmed by specific PCR amplicons (Fig. S1a and S1b) present in transgenic (FRGN19+) 

mice but not their non-transgenic littermates (FRGN).

FRGN19+ transgenic mice demonstrate physiological regulation of FGF19 and bile acid 
signaling

RT-PCR of intestines from FRGN19+ and FRGN mice showed presence of Fgf15 (mouse 

ortholog of human FGF19) in both strains, while FGF19 RNA transcripts were found only in 

transgenic mice (Fig. 1a). Scatterplot comparison of complete mouse liver transcriptomes of 

FRGN19+ and FRGN mice are nearly identical, showing that introduction of the human 

genomic DNA did not significantly alter homeostatic liver gene expression (Fig. 1b).

Intestinal Fgf15 and FGF19 expression were assayed in two different physiologic 

experiments. Sodium taurocholate (NaTCA) was infused into the portal vein (PV) for 24 

hours at three times the normal PV bile acid concentration, exceeding the liver’s capacity for 

bile acid uptake and secretion, and resulting in liver cholestasis and markedly increased 

intestinal bile acid concentrations. As expected, both Fgf15 and FGF19 mRNA were 

significantly upregulated in this example of intestinal bile acid excess. Seven days after bile 

duct ligation (BDL), both Fgf15 and FGF19 in the intestine were nearly undetectable 

consistent with absence of bile acids in the intestine (Fig. 1c).

Humans express FGF19 in the liver as well as the intestine,18 but mice express Fgf15 only 

in the intestine.19 The cellular source of FGF19 (human) and Fgf15 (mouse) in the intestine 

is the ileal enterocyte;20 the cellular source of FGF19 in human liver under cholestatic 

conditions, however, is unclear.18 Human liver under normal conditions does not produce 

FGF19.21 Consistent with this expression pattern, FGF19 RNA was expressed in the 

transgenic mouse liver in both cholestatic conditions, PV bile acid infusion and BDL, and no 

Fgf15 was detected in the livers of any mice (Fig. 1d). An ELISA for FGF19 protein did not 

detect the hormone in normal human blood nor in the blood of the FRGN19+ transgenic 

mice. Increasing levels of serum FGF19 were detectable, however, with increasing states of 

cholestasis (Fig. 1e). Histology (H&E) of FRGN19+ and FRGN mice 7 days after BDL 

showed proliferation of bile ducts and a decrease in bile infarcts in FRGN19+ mice (Fig. 1f), 

Naugler et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consistent with a prior report where recombinant FGF19 protected mice from injury 

associated with BDL.22 RNA sequence data showed that the bile acid machinery in the liver 

(Fig. S5a) and intestine (Fig. S5b) responded appropriately to cholestasis (liver) and bile 

acid excess (intestine) in FRGN19+ transgenic mice.

Taken together, the above data show that the FRGN19+ mice generated here responded in a 

physiologically relevant human-specific manner in regards to bile acid signaling, including 

with tissue specificity known to be different between humans and mice.

Liver size is corrected in humanized FRGN19+ mice

FRGN19+ transgenic mice and their FRGN littermates were transplanted with human 

hepatocytes (two cohorts transplanted at different times with different single donor human 

hepatocytes), and the mice killed when liver repopulation was complete. Ex vivo appearance 

of the repopulated livers revealed larger livers in FRGN mice (Fig. 2a). In this model, 

repopulating hepatocytes are FAH positive and stain brown, as shown in repopulated livers 

from both mouse genotypes (Fig. 2b). Microscopically the repopulated livers appeared 

similar in FRGN and FRGN19+ mice, with most parenchymal cells replaced by brown FAH

+ human hepatocytes. When mouse Fah + hepatocytes are transplanted, repopulated livers 

had a similar appearance microscopically regardless of recipient mouse FGF19 status (Fig. 

2c).

Overall bodyweight was similar in FRGN19+ and FRGN littermates when livers were 

repopulated with human hepatocytes. Surprisingly, the FRGN19+ mice had livers that were 

about half the size of their FRGN littermates (Fig. 2d). We have previously noted that FRG 

and FRGN mice transplanted with human hepatocytes have large livers, roughly three times 

the expected size, similar to human chimeric livers in uPA/SCID mice.23 When Fah + 

mouse donor hepatocytes were used to repopulate the liver, there was no difference in liver 

size between FRGN and FRGN19+ mice, and the repopulated livers were the expected size 

(~5% of body weight) (Fig. 2d). Morphometric analysis of human hepatocyte repopulated 

livers showed that there was no difference in the percentage of repopulation between FRGN 

and FRGN19+ mice (Fig. 2e). Together, these data indicate human hepatocyte repopulated 

mouse livers are significantly larger (~14% body weight) than normal mouse livers (~5% 

body weight), and that this phenomenon could be largely corrected with the introduction of 

the human FGF19 gene under physiological control. Similar high degrees of repopulation 

argue against a defect in regeneration or repopulating ability for human hepatocytes 

transplanted in FRGN19+ mice. Serum human albumin production was lower in FRGN19+ 

mice, but human albumin mRNA expression per cell was much higher (Fig. 2f) suggesting 

that transplanted human hepatocytes in FRGN mice made less albumin mRNA on a per cell 

basis, but more albumin overall due to the increase in hepatocyte mass.

FRGN19+ mice with humanized livers show normalized bile acid signaling

CYP7A in livers of human hepatocyte transplanted mice is highly up-regulated, and was 

correctable by exogenous FGF19 administration.8 This finding was confirmedhere as shown 

by a marked increase in human CYP7A in humanized livers of FRGN mice. Importantly, 

however, CYP7A in repopulated livers of FRGN19+ mice, however, was 70 times lower, 
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near levels of normal control human liver (Fig. 3a). FGF19 RNA was detected at robust 

levels in FRGN19+ human hepatocyte repopulated livers, but not in livers of FRGN 

littermates (Fig. 3b). These findings clearly indicate that FGF19 production in FRGN19+ 

mice down-regulates CYP7a in transplanted human hepatocytes, correcting a bile acid 

signaling short-circuit in mice expressing only Fgf15, which is not recognized by human 

hepatocytes. Correction of aberrant bile acid signaling was confirmed by measuring the bile 

acid pool, markedly enlarged in FRGN mice (a phenomenon not seen when livers are 

repopulated with mouse donor hepatocytes) and restored near normal levels in FRGN19+ 

mice (Fig. 3c). Measurement of other contributors to the bile acid pool (portal venous, 

systemic venous, and hepatic compartments, Fig. S6a–c) showed findings similar to those 

seen in the intestinal compartment. Importantly, the elevated portal venous bile acid 

concentration in non-transgenic humanized livers indicates a significant increase in the 

circulating bile acid pool, suggesting that the increased bile acid production in the liver is 

not simply being lost in the stool. As expected from the enlarged bile acid pool in FRGN 

mice, expression of intestinal Fgf15 was upregulated compared to controls, and normalized 

when the bile acid pool returns toward normal in FRGN19+ mice (Fig. 3d).

Gallbladders of FRGN19+ mice expressed more FGF19 RNA than either ileum or liver, 

with highest expression occurring in the BDL model. FGF19 expression was modestly but 

significantly higher in FRGN19+ mice and human hepatocyte repopoulated livers compared 

to mouse repopulated livers (Fig. 3e). This finding is consistent with the still modestly 

increased bile acid pool size in human hepatocyte repopulated livers. FGF19 has been found 

at high levels in human bile,24 a finding also observed in FRGN19+ mice (Fig. 3f). We 

assessed Fgf15 (RT-PCR and RNA sequencing) in the gallbladders of mice after BDL and 

humanization of the liver, and no measureable Fgf15 was detected.

In sum, these results indicate an uncoupling of bile acid signaling between mouse intestine 

and transplanted human hepatocyte resulting in upregulation of bile acid synthesis in 

transplanted human hepatocytes. The aberrant signaling was corrected with the FGF19 

transgene.

Transcriptional and proliferative differences in human hepatocytes when transplanted into 
FRGN or FRGN19+ mice

Livers of FRGN or FRGN19+ mice have nearly no hepatocyte proliferation in the quiescent 

state (Fig. 4a). Human hepatocyte repopulated livers, however, showed significant 

proliferation as shown by BrdU incorporation; the proliferation was significantly decreased 

in FRGN19+ mice versus their non-transgenic littermates (Fig. 4a, 4b). Activation of gene 

pathways for DNA replication and cell cycle are significantly increased in FRGN mice 

compared to FRGN19+ mice, but there was no difference in apoptosis pathways (Fig. S2). 

These results suggest that the larger liver size in FRGN mice with human hepatocyte 

repopulated livers was the result of increased hepatocyte proliferation absent increased 

apoptosis.

The Hippo pathway is important for regulation of liver size,4, 25, 26 so it was not surprising 

to find activation of this pathway in the enlarged FRGN human hepatocyte repopulated mice 

(Fig. 4c). A recent study linked bile acids to YAP activation through a scaffolding 
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intermediate, IQGAP1.27 RNA sequence data showed IQGAP1 to be significantly elevated 

in livers exposed to bile acid excess (portal vein bile acid infusion, Fig. S7), though there 

was no difference between the two genotypes. In human hepatocyte repopulated livers, 

however, IQGAP1 was elevated in FRGN compared to FRGN19+ mice, paralleling the 

activation of YAP genes. As expected, the transcriptiona signature for bile acid synthesis 

also was significantly different between the two genotypes. The FGF19 receptor FGFR4 was 

significantly upregulated in FRGN mice, as expected in absence of FGF19 (Fig. 4c).

Examination of other gene pathways involved in liver regeneration showed that only the 

FOXM1 pathway was significantly upregulated in human hepatocytes in the larger FRGN 

livers (Fig. S3). This is not surprising given that FOXM1 is a transcriptional target of 

FXR,28 and increase in FOXM1 expression increases hepatocyte proliferation,29 and 

suggests a potential mechanism by which increased bile acids ultimately lead to hepatocyte 

proliferation in vivo. Western blot of FOXM1 from fully repopulated livers showed only 

modest levels of expression for FRGN mice, and no significant expression in FRGN19+ 

mice, while normal human liver also had no significant expression (Fig. S3). Interestingly, 

in mice undergoing active repopulation (two months prior to full repopulation), FoxM1 

protein was significantly increased in both genotypes, paralleling the increase in hepatocyte 

proliferation in this phase.

A recent study wherein siRNA was used to knock down Fgfr4 in the liver prior to partial 

hepatectomy also found Foxm1 to increase with hepatocyte proliferation, which was initially 

reduced in Fgfr4 knockdown mice after hepatectomy. These mice had massive hepatocyte 

necrosis thought due to the marked bile acid excess seen with Fgfr4 knockdown, with 

hepatocyte proliferation markedly attenuated at 48 hours, but significantly increased 

hepatocyte proliferation at 72 hours, along with elevated Foxm1 expression.30

Notably, gene sets specific for inflammatory pathways were not different between the two 

genotypes. The IL6 pathway (Fig. S3) was slightly (though not significantly) less activated 

in the FRGN19+ humanized mice, but gene sets reflecting AKT, NFκB, AP1, p38, and ERK 

pathways were not activated (data not shown).

Hierarchical clustering of human hepatocyte RNA transcriptomes from FRGN and 

FRGN19+ mice showed differential clustering, highlighting the influence of external 

signaling on human hepatocytes originating from a single donor (Fig. 4d). The overall 

transcriptomes were remarkably similar in a scatterplot of the two data sets, though CYP7A 

and FGF19 could clearly be distinguished as outliers (Fig. 4e). Multiple genes involved with 

various hepatic functions were compared (Fig. S4) in human hepatocytes from FRGN and 

FRGN19+ mice, mostly showing similar regulation of functions, with the exception of bile 

acid synthesis and transport. RNA for the membrane bile acid receptor TGR5 was not 

present in any of the liver samples (but was noted at high levels in the gallbladders of mice 

that underwent BDL).

Location of FGF19 expression in human liver

We obtained several human liver samples, and separated the hepatocytes from the non-

parenchymal cell (NPC) fraction. In control liver, nearly no FGF19 RNA was detected. In 2 
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patients with HCV cirrhosis and 2 patients with biliary cirrhosis (explant livers), FGF19 

RNA was increased, but this was found to originate in the NPC rather than hepatocyte 

fraction (Fig. 5a). Sorted bile duct cells from a human liver with biliary cirrhosis had the 

highest levels of FGF19 RNA (Fig. 5b,c). FGF19 produced in transgenic FGF19 mice 

(BDL, Fig. 5d) also comes from the non-parenchymal cells (NPCs), not hepatocytes. We 

thus conclude that FGF19 produced in the human liver in vivo likely originates not from 

hepatocytes but from the NPC fraction, mostly from biliary ductal cells. The FGF19 

transgenic mouse described will be useful for studying human cholestatic diseases compared 

to mice absent this signaling mechanism.

Discussion

The liver-to-body weight ratio is tightly regulated (hepatostat), but the mechanism for this 

homeostatic regulation of liver size remains uncertain. Signaling pathways implicated in 

hepatostat governance include cytokines responsible for termination of liver regeneration 

(TGFβ31 and others3), involvement of the extracellular matrix (e.g. integrin receptors32) and 

general mechanisms controlling organ size (YAP/hippo4, 25, 33). While these signaling 

pathways are undoubtedly involved in the complex regulation of liver size, it seems likely 

that performance of some metabolic function ultimately drives the necessity for a particular 

hepatic mass. Given the hundreds of metabolic functions the liver performs, identification of 

the function(s) responsible for regulating the hepatostat has been challenging.

Herein we used a mouse model where the liver was repopulated with human hepatocytes.14 

We confirmed our previous findings that human hepatocyte repopulated livers are 

significantly larger than livers repopulated with mouse hepatocytes or control livers. We 

further found a marked increase in the size of the bile acid pool, driven by unregulated bile 

acid synthesis from transplanted human hepatocytes. In a prior study8 we hypothesized that 

the unregulated bile acid synthesis in this model was due to failure of human hepatocytes to 

recognize Fgf15, the mouse inhibitory hormone produced in the intestine, and showed that 

the transplanted human hepatocytes were responsive to exogenous FGF19, the human 

ortholog to Fgf15.34 Here we produced a transgenic mouse with genomic human DNA 

containing the FGF19 gene and regulatory sequences. At baseline, FRGN19+ mice behaved 

phenotypically the same as control mice with regard to bile acid signaling, and had similar 

baseline liver gene expression compared to control mice. When donor mouse hepatoctyes 

repopulated FRGN19+ mice livers, liver size remained the same as in controls, and there 

were no perturbations in bile acid pool size or signaling. When repopulating hepatocytes 

were human, however, FRGN19+ mice exhibited a marked normalization of bile acid 

synthesis and pool size compared to FRGN littermates. Importantly, this also led to 

reduction of liver size to near-normal expected for the mouse.

Though continually circulating, the bile acid pool is relatively fixed in size and proportional 

to the size of the organism (mice and rats 13 µmol/gram liver,35, 36 humans 50–60 mmol/kg 

body weight37). The size of the bile acid pool is controlled by concentrations in the ileum, 

where enterocytes reabsorb bile acids and provide negative feedback for bile acid synthesis 

in the liver by elaborating Fxr-dependent Fgf15 (rodent)20 or FGF19 (human). In addition, 

the liver has a finite capacity to secrete bile acids (e.g. maximum secretory rate for rodent 
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liver is 120 nmol/min/gram liver35). Our data provide novel support for a model (Fig. 6) 

where liver growth occurs when the bile acid pool exceeds the liver’s maximum secretory 

capacity, and thus provides insight into a metabolic function of the liver that regulates the 

hepatostat. We have previously shown that mice with humanized livers have a relatively 

hydrophobic composition of the bile acid pool (Ellis et al), a finding reversed with 

administration of recombinant FGF19. Further studies are underway to understand if similar 

findings occur in FGF19+ transgenic mice, and if such bile composition changes may affect 

the hepatostat.

Data from prior studies from mice with genetically altered bile acid signaling have produced 

mixed results in regard to liver size. Mice lacking Fgfr4, the primary receptor for Fgf15, 

have enlarged bile acid pools but normal sized livers.38 These mice, however, have an 

enormous daily fecal bile acid loss, and it is thus unclear if there is a significant increase in 

bile acids returning to the liver for circulation.39 Similarly, transgenic mice overexpressing 

Cyp7a1 had an enlarged bile acid pool and normal liver size,40 but hepatic bile acid 

concentrations were not elevated,41 suggesting the measured bile acid pool may be largely 

excreted in feces rather than circulated. Conversely, mice lacking Asbt, responsible for 

intestinal reabsorption of bile acids have smaller bile acid pools as well as significantly 

smaller livers than controls.42 Rats with depletion of the bile acid pool do not grow to 

normal size after partial hepatectomy,10, 43 and mice fed cholic acid have a modest increase 

in liver size.9, 18 A recent study examining mice with FXR deficiency and repletion in the 

intestine strongly support our conclusions.44 In this study, mice with deletion of intestinal 

FXR had little Fgf15, abrogating the negative regulation of bile acid synthesis in the liver, 

similar to our model though by a different mechanism. Consistent with our findings, these 

mice had enlarged bile acid pools as well as markedly enlarged livers, similar to findings 

presented here. Interestingly, restoration of bile acid regulation prevented the development 

of liver tumors otherwise seen when the bile acid pool was deranged.

Models of robust hepatocyte proliferation pose a potential for hepatocarcinogenesis. Our 

laboratory has been transplanting hepatocytes for repopulation in this model for many years, 

and has yet to uncover a liver cancer originating from transplanted hepatocytes (rat, mouse, 

or human). Occasionally, however, a cancer will arise from recipient Fah−/− hepatocytes in 

aged (> 1 year) transplanted mice.

This study has also expanded our understanding of human FGF19 signaling. While mice 

express Fgf15 only in the intestine,19 humans clearly produce FGF19 in the gallbladder24 

and liver,18 especially under cholestatic conditions. The cell of origin for FGF19 production 

outside the intestine has however been unclear. Primary human hepatocytes exposed in vitro 

to chenodeoxycholic acid or an FXR agonist reportedly induced FGF19 mRNA,45, 46 but in 

vivo confirmation is lacking. Our data shows that human hepatocytes after liver repopulation 

in the mouse produce no FGF19 despite the condition of marked CYP7A upregulation and 

bile acid excess (Fig. 3b). We found that FGF19 was expressed mainly in the non-

parenchymal cells in human viral hepatitis and biliary cirrhosis, and further specification by 

FACS sorting revealed the cell of origin to be biliary ductal cells. Some FGF19 did seem to 

arise from hepatocytes in the biliary cirrhosis samples, though the amount was much smaller 

than seen arising from biliary ductal cells in the same donor.
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Mice with humanized livers have been developed over the last 20 years by taking advantage 

of methods to selectively injure recipient hepatocytes thus producing a regenerative milieu 

for transplanted hepatocytes.47 In the context of genetic immune suppression, hepatocytes 

from different species, including human, can be transplanted into these mouse models, and 

high levels of human hepatocyte repopulation attained. At least 4 mouse models have been 

constructed in which the recipient mouse liver can be significantly repopulated with human 

hepatocytes.14, 48–50 Such human hepatocyte repopulated liver mice have a growing 

portfolio of applications, including the study of infectious diseases, gene therapy, stem cell 

biology, drug metabolism, and disease modeling.47 We have shown that humanized liver 

mice have aberrant liver-intestine bile acid signaling, a phenomenon which is likely present 

in all such models. For example, human hepatocyte repopulated uPA transgenic mice had 

livers 3 times the size of livers repopulated by rat hepatocytes,23 but bile acids/signaling 

were not measured in this study. We anticipate that genetic correction (transgenic human 

FGF19) of bile acid signaling in this model will further extend its applicability to human 

diseases, especially relevant given the recent connection of Non-Alcoholic Fatty Liver 

Disease (NAFDL) to bile acid homeostasis and FGF19 signaling.51–53
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Figure 1. FRGN19+ transgenic mice demonstrate physiological regulation of FGF19 and bile 
acid signaling
(a) RT-PCR shows presence of RNA for Fgf15 in the small intestine and colon of both 

FRGN19+ transgenic mice and their FRGN littermates, while only showing FGF 19 RNA in 

the transgenic mice. (b) Scatterplot of RNA sequencing of mouse transcriptomes from 

FRGN19+ transgenic mice and their FRGN littermates are near indistinguishable (Pearson r 

= 1 signifies identical datasets). (c) Intestinal regulation of Fgf 15 and FGF 19 under 3 

conditions: control, portal vein (PV) bile acid infusion and bile duct ligation (BDL), n = 3 

mice of each genotype for each condition. (d) Liver regulation of Cyp 7a and FGF 19 under 

3 conditions: control, portal vein (PV) bile acid infusion and bile duct ligation (BDL), n = 3 

mice of each genotype for each condition. (e) ELISA for serum FGF19 on human and 
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mouse serum. (f) H&E histology of liver (10×) with BDL for 7 days in FRGN19+ and 

FRGN mice, showing typical biliary ductal proliferation seen in BDL. Scale bar = 100 µm.
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Figure 2. Human hepatocyte repopulated mouse livers are larger in FGF 19 – mice compared to 
FRGN19+ mice
(a) Representative gross pictures of human hepatocyte repopulated mouse livers 4 months 

after hepatocyte transplantation. (b) Low powered view of representative lobes of human 

hepatocyte repopulated livers stained for FAH (brown) in FRGN and FRGN19+ mice. (c) 

FAH staining (brown) identifies transplanted human or mouse hepatocytes in FRGN and 

FRGN19+ transgenic mice. H&E staining of repopulated livers shows normal parenchymal 

architecture. Scale bar = 100 µm. (d) Body and liver weights of mice with livers fully 
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repopulated with either human or mouse hepatocytes in FRGN and FRGN19+ mice. (e) 

Percent of liver lobes positive for FAH (indicating level of repopulation) by morphometric 

analysis. (f) ELISA for human albumin in serum of FRGN and FRGN19+ mice transplanted 

with human hepatocytes, n = 10 FRGN mice and n = 9 FRGN19+ mice. Human albumin 

RNA quantified by RNA sequencing from human hepatocytes 4 months after transplant in 

FRGN and FRGN19+, n = 6 FRGN and n = 6 FRGN19+ mice.
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Figure 3. FRGN19+ mice with humanized livers show normalized bile acid signaling compared 
to FRGN mice
(a) Complete RNA sequencing of chimeric human hepatocyte repopulated mouse livers 

showed a marked decrease in human CYP7A in FRGN19+ compared to FRGN mice, 

indicating restoration of intestine-liver signaling of bile acid homeostasis (n = 3 each 

genotype; n = 1 each for human liver and human hepatocytes). (b) RNA sequencing of 

chimeric livers revealed FGF 19 in liver tissue from FRGN19+ mice, but no FGF 19 in 

chimeric livers from FRGN mice, indicating that human hepatoctyes do not produce FGF 19 
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in this model (n = 3 each genotype). (c) Intestinal contents were collected from control 

C57/B6 (n = 3), human hepatocyte-transplanted FRGN (n = 5) and FRGN19+ mice (n = 5), 

and mouse hepatocyte-transplanted FRGN (n = 4) and FRGN19+ (n = 3) mice, and the bile 

acid pool quantitated after ethanol extraction of bile acids. (d) Fgf 15 and FGF 19 RNA was 

quantitated by qPCR in small intestine tissue, fold change normalized to un-transplanted 

controls; human hepatocyte-transplanted FRGN (n = 10), FRGN19+ (n = 9), and mouse 

hepatocyte-transplanted FRGN (n = 4) and FRGN19+ (n = 3) mice. (e) FGF 19 RNA was 

quantitated by qPCR in gallbladder tissue, normalized to FGF 19 RNA in the ileum of an 

FRGN19+ mouse; FRGN19+ controls (n = 4), human GB controls (n = 3), FRGN19+ mice 

after 7 days of BDL (n = 3), FRGN19+ mice repopulated with human hepatocytes (n = 4) 

and FRGN19+ mice repopulated with mouse hepatocytes (n = 3). (f) FGF 19 ELISA of bile 

from human controls (n = 3, obtained during resection of hepatic hemangioma n = 1 or 

adenoma n = 2), and FRGN19+ mice (controls, 7 days after BDL, liver repopulated with 

human hepatocytes or liver repopulated with mouse hepatocytes).
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Figure 4. Transcriptional and proliferative differences in human hepatocytes when transplanted 
into FRGN and FRGN19+ mice
(a) Immunohistochemistry showing BrdU or FAH staining in untransplanted or human-

hepatocyte repopulated livers 4 months after transplant. Serial sections used for BrdU and 

FAH staining in repopulated livers, and arrows indicate BrdU positive hepatocyte nuclei in 

FAH + hepatocytes. Scale bar = 100 µm. (b) Quantitation of BrdU positive nuclei in FAH + 

hepatocytes in FRGN and FRGN19+ mice, controls (n = 3 each), human hepatocyte-

transplanted FRGN (n = 4) and FRGN19+ (n = 4) mice, and mouse hepatocyte-transplanted 

Naugler et al. Page 20

Gastroenterology. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FRGN (n = 3) and FRGN19+ (n = 3) mice. (c) Gene pathways indicated from RNA 

sequencing data (human transcriptome only) from liver tissue of human hepatocyte 

repopulated mice, either FRGN (n = 3) or FRGN19+ (n = 3) mice; statistics generated 

through GSEA, heatmap generated with GENEE. (d) Clustering heatmap of human 

transcriptomes from liver tissue of human hepatocyte repopulated FGF 19 – or + mice (n = 3 

each); Ward’s unsupervised hierarchical clustering shows two distinct transcriptome clusters 

for single-donor human hepatocytes when transplanted into FRGN versus FRGN19+ mice. 

(e) Scatterplot of RNA sequencing of human hepatoctye transcriptomes (single donor) from 

FRGN19+ transgenic mice and their FRGN littermates are similar; arrows indicate specific 

genes.
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Figure 5. Location of FGF 19 expression in human liver
(a) Quantitative RT-PCR (qPCR) for FGF 19 was performed on whole liver tissue or 

specific populations of cells (hepatocytes or non-parenchymal cells, NPCs) from the same 

liver tissue; control humam liver, n = 3, obtained during resection of hepatic hemangioma n 

= 1 or adenoma n = 2, HCV cirrhotic liver and biliary cirrhosis liver (n = 2 each) obtained 

from explants prior to liver transplantation. (b) Flow cytometry isolated pure biliary ductal 

cells from an explanted human liver with biliary cirrhosis from biliary atresia. (c) 

Quantitative RT-PCR for FGF19 RNA done on human biliary cirrhosis liver, NPC cell 

fraction, and sorted bile duct cells (all from 1 liver, 3 qPCR replicates). (d) Similar FGF 19 
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qPCR was done in FRGN19+ transgenic mice 7 days after bile duct ligation (BDL) had been 

performed (n = 3 mice).
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Figure 6. Relationship between bile acid pool size and liver size
(a) Aberrant signaling perturbs bile acid homeostasis when transplanted human hepatocytes 

fail to recognize Fgf15, the mouse intestinal signal for inhibiting bile acid synthesis in the 

liver. This leads to an enlarged bile acid pool and consequent increase in hepatocyte mass 

needed to circulate the pool. (b) Introduction of the human inhibitory signal, FGF19, allows 

transplanted human hepatocytes to properly regulate bile acid synthesis, and the bile acid 

pool is normalized. Hepatocyte mass is decreased, proportional to the bile acid pool which is 

circulated.
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