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Abstract

All-trans retinoic acid (RA) is a potent inducer of regeneration. Because the liver is the principal 

site for storage and bioactivation of vitamin A, the current study examines the effect of RA in 

mouse hepatocyte proliferation and liver regeneration. Mice that received a single dose of RA (25 

μg/g) by oral gavage developed hepatomegaly with increased number of Ki67-positive cells and 

induced expression of cell cycle genes in the liver. DNA binding data revealed that RA receptors 

retinoic acid receptor β (RARβ) and retinoid x receptor α (RXRα) bound to cell cycle genes Cdk1, 

Cdk2, Cyclin B, Cyclin E, and Cdc25a in mice with and without RA treatment. In addition, RA 

treatment induced novel binding of RARβ/RXRα to Cdk1, Cdk2, Cyclin D, and Cdk6 genes. All 

RARβ/RXRα binding sites contained AGGTCA-like motifs. RA treatment also promoted liver 

regeneration after partial hepatectomy (PH). RA signaling was implicated in normal liver 

regeneration as the mRNA levels of RARβ, Aldh1a2, Crabp1, and Crbp1 were all induced 1.5 

days after PH during the active phase of hepatocyte proliferation. RA treatment prior to PH 

resulted in early up-regulation of RARβ, Aldh1a2, Crabp1, and Crbp1, which was accompanied by 

an early induction of cell cycle genes. Western blotting for RARβ, c-myc, Cyclin D, E, and A 

further supported the early induction of retinoid signal and cell proliferation by RA treatment. 

Taken together, our data suggest that RA may regulate cell cycle progression and accelerates liver 

regeneration. Such effect is associated with an early induction of RA signaling, which includes 

increased expression of the receptor, binding proteins, and processing enzyme for retinoids.
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1. Introduction

All-trans retinoic acid (RA) has long been recognized as a regeneration-inducing derivative 

of vitamin A. In amphibians, RA causes “super-regeneration” of naturally regenerative 

organs, while in mammals, RA induces regeneration of organs that do not normally 

regenerate, such as the adult mammalian lung (1–3). Interestingly, the liver is the only 

mammalian organ with highly regenerative properties, making it a prime target for 

accelerated regrowth through RA. As the principal site for storage and bioactivation of 

vitamin A in the body, the liver experiences constant RA exposure. Lecithin:retinol 

acyltransferase-deficient mice, completely lacking in hepatic retinoid stores, have reduced 

RA levels and impaired liver regeneration in response to partial hepatectomy (PH). Thus, 

hepatic retinoid storage is required for normal liver regeneration (4).

Despite the essential role of endogenous RA on liver regeneration, there lacks a consensus 

on the effects of exogenous RA on hepatocyte proliferation in vivo, since previous studies 

have yielded conflicting results (5–8). Early in vitro studies reported that RA is a potent 

inhibitor of DNA synthesis in primary rat hepatocytes (9). Similarly, when administered 

after PH, RA disrupted rat hepatocyte proliferation in vivo by repressing early response 

genes and increasing the activity of transglutaminase and ornithinedecarboxylase (10–14). In 

contrast to these findings, other studies have shown that RA enhances hepatocyte 

proliferation and survival. RA augmented TNFα-stimulated mouse hepatocyte DNA 

synthesis in vitro (15). The direct mitogenic effect of RA has also been demonstrated in 

normal hepatocyte proliferation of both mice and rats (16, 17). Post-operative administration 

of RA or synthetic retinoid NIK33 enhanced hepatocyte proliferation in the regenerating rat 

liver (18).

It is problematic that the existing literature has such contradictory findings since RA is 

considered a chemotherapeutic agent against certain types of cancer. Despite its anti-

proliferative and differentiation effects against malignant cells, it is necessary to 

acknowledge the role of RA in proliferation and regeneration as well as the clinical 

implications. Although RA is often used to treat patients with acute promyelocytic leukemia 

(APL), major complications can manifest in the form of hepatomegaly and hepatotoxicity 

(19). The conflicting results from previous studies may be attributable to differences in 

dosage, route of administration, and animal species. Another important factor to consider is 

the timing of exogenous RA administration. In the previous studies, RA was administered 

after surgical resection of the liver (10–14, 18). The hepatoprotective role of RA 

preconditioning has recently been proposed in an ischemic/reperfusion injury model (20), 

but there is no evidence in the literature that clearly documents the effects of RA treatment 

prior to PH-induced liver regeneration. Therefore, this study aims to clarify the role of RA in 

the regenerating liver by demonstrating, for the first time, the effects of RA administration 

prior to PH.
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In this study, RA pretreatment is shown to accelerate PH-induced liver regeneration in mice 

by increasing the expression of genes encoding Cyclin-Cdk complexes. Moreover, the data 

indicate that RA pretreatment promoted hepatocyte proliferation in the regenerating mouse 

liver by modulating cell cycle progression through direct binding by retinoic acid receptor β 

(RARβ) and retinoid x receptor α (RXRα). Together, these findings emphasize the potential 

utility of employing retinoids to facilitate liver regrowth following injury.

2. Materials and Methods

2.1 Mice, partial hepatectomy, and sample preparation

Wild type (WT) male mice (3–5 months old) were housed in steel micro-isolator cages (4 

mice per cage) at 22°C with a 12-hr/12-hr light/dark cycle. Food and water were provided 

ad libitum throughout the entire study. RA (25 μg/g) (Sigma-Aldrich Corp., St. Louis, MO) 

or vehicle control (carboxymethyl cellulose) (Sigma-Aldrich Corp., St. Louis, MO) was 

administered by oral gavage 48 hours prior to surgery. Standard two-thirds liver resection 

was performed using the procedure previously described (21–23). Sham-operated mice were 

included as controls. Surgeries were performed between 9:00 to 11:00 AM. Mice were killed 

at indicated time points and their liver and body weight recorded at the time of death were 

used to calculate liver-to-body weight ratio. The data presented were calculated from the 

mean of three to five mice per time point. Liver tissues were collected and snap frozen in 

liquid nitrogen and stored at −80°C. A section of each liver was fixed in 10% formalin, 

embedded in paraffin, and stained with hematoxylin and eosin for histological analysis. All 

animal experiments were conducted in accordance with the National Institutes of Health 

(NIH) Guide for the Care and Use of Laboratory Animals and the Institutional Animal Care 

and Use Committee (IACUC) at the University of California, Davis.

2.2 Ki67 immunostaining

To assess hepatocyte proliferation, immunostaining was performed with anti-Ki67 antibody 

(NeoMarkers, Fremont, CA). The number of Ki67-labeled nuclei was counted in at least 15 

microscopic fields (20X) for each liver section.

2.3 Chromatin immunoprecipitation followed by sequencing (ChIP-Seq)

ChIP analyses were performed as described previously (5). Briefly, chromatin lysate was 

precleared before incubation with a ChIP-quality anti-RARβ antibody (Santa Cruz, CA). 

Anti-IgG (Santa Cruz, CA) and anti-RNA Polymerase II antibodies (Millipore, MA) were 

used as negative and positive controls, respectively. Target sequences were aligned to the 

mouse genome based on USC genome browser with Bowtie 0.12.7 (24) followed by peak-

calling using Model-based Analysis of ChIP-Seq (MACS) 1.4.1 (25). The called peaks were 

annotated against the database (GRCm38/mm10) by Peak Analyzer (26). Motif Analysis of 

Large DNA Datasets (MEME-ChIP) was used to identify potential motifs for target binding.

2.4 Quantification of hepatic mRNA

Hepatic RNA isolated by TRIzol (Invitrogen, Carlsbad, CA) was reverse transcribed to 

generate cDNA followed by amplification using the ABI Prism 7900HT sequence detection 

system (Applied Biosystems, Foster City, CA). Hepatic mRNA levels were normalized to 

Liu et al. Page 3

Biochem Pharmacol. Author manuscript; available in PMC 2015 September 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the mRNA expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers 

were designed using Primer3 Input Software (v0.4.0) and sequences are available upon 

request.

2.5 Western blot

Liver protein (40 μg) was electrophoresed on SDS-polyacrylamide gels under reducing 

conditions. Proteins from the gels were transferred to the polyvinylidene fluoride 

membranes. Anti-Cyclin A, Cyclin D, Cyclin E (Cell Signaling Technology, MA), c-myc, 

RARβ, and β-Actin (Santa Cruz, CA) antibodies were used for detection of proteins. Protein 

expression levels were quantified using ImageJ.

2.6 Statistical Analysis

Data are given as mean ± SD. Statistical analysis was performed using Student’s t test or 

one-way analysis of variance. Statistical significance was defined by p < 0.05.

3. Result

3.1 RA induces hepatocellular proliferation in mice

WT mice received oral gavage with RA or vehicle 48 hours prior to a sham operation. Liver-

to-body weight ratio was significantly higher in RA-treated versus control mice 1 to 7 days 

after sham operation (Fig. 1A). The RA-induced increase in liver mass correlated with 

greater hepatocellular proliferation, as shown by increased numbers of Ki67-positive 

hepatocytes at studied time points (Fig. 1B, C). Together, results from the sham-operated 

RA treatment group indicate that the administration of RA promotes hepatomegaly and cell 

proliferation in the normal mouse liver.

3.2 RA enhances RARβ/RXRα binding to cell cycle genes

RARβ is a RA-inducible receptor that has been shown to be up-regulated during the early 

phase of liver regeneration (27). RARβ forms a heterodimer with RXRα to bind target genes 

and regulate their transcription. RA-induced hepatomegaly and hepatocyte proliferation 

were studied on a genomic level by analyzing RARβ and RXRα common DNA binding sites 

in livers derived from WT mice with or without RA treatment (5, 28). The results suggest 

that RARβ/RXRα binding mediates the effect of RA on cell cycle regulation. In the vehicle-

treated group, 34 out of 129 cell cycle genes obtained from the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) cell cycle pathway database were bound by RARβ/RXRα 

heterodimer. In the RA-treated group, there was a significant increase in both the number of 

cell cycle genes (50 vs. 34) that were bound by RARβ/RXRα as well as the number of peaks 

(66 vs. 41). These findings are consistent with the observation that RA treatment enhanced 

cell proliferation. Cell cycle regulatory genes were modulated by RA treatment in a manner 

supportive of accelerated cell cycle progression. From the KEGG pathway database, the 

expression of 18 cell cycle genes was studied and 11 of them demonstrated significantly 

higher mRNA levels following RA treatment (Fig. 2A). Of these 11 genes, five (Cyclin-

dependent kinase 1 (Cdk1), Cdk2, Cyclin B, Cyclin E, Cell division cycle 25a (Cdc25a)) 

shared common RARβ/RXRα binding in both control and RA-treated groups. Additional 

RARβ/RXRα binding was noted in the Cdk1 and Cdk2 genes after RA treatment. RARβ/
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RXRα binding was absent in the Cyclin D and Cdk6 genes in the control group, but was 

induced in the RA treatment group (Fig. 2B). All aforementioned RARβ/RXRα binding 

regions contained AGGTCA-like motifs as hormone response elements. However, RARβ/

RXRα binding was not found in forkhead box M1 (Foxm1), Cyclin A, Cdc25b, and Cdc25c 

genes even though RA treatment induced their mRNA levels (Fig. 2A).

3.3 RA treatment accelerated liver regeneration in response to PH

Based on the RA treatment experiments in sham-operated mice, the proliferative effect 

exerted by exogenous RA in the regenerating liver was studied. WT mice were treated with 

RA or vehicle control 48 hours prior to the surgery. In agreement with findings from sham-

operated groups, RA administration increased the liver-to-body weight ratio in regenerating 

livers 1 to 5 days after PH (Fig. 3A). In addition, the increase in liver-to-body weight ratio 

was accompanied by greater hepatocyte proliferation, as demonstrated by the higher number 

of Ki67-positive cells in RA-treated mouse livers (Fig. 3B, C). Thus, these results indicate 

that RA administration prior to hepatic resection accelerated regeneration in the mouse liver.

3.4 Regenerating livers in RA-treated mice displayed early induction of RA signaling

Because RA signaling has been implicated in liver regeneration, the expression of genes 

involved in the RA signaling pathway including RARβ, Aldehyde dehydrogenase family 1 

member A2 (Aldh1a2), Cellular retinoic acid binding protein 1 (Crabp1), and Cellular 

retinol binding protein 1 (Crbp1) were studied in regenerating livers from control and RA-

treated mice (29). RARβ is a RA receptor whose expression is inducible by RA (7) while 

Aldh1a2 is responsible for producing RA (29). Crbp1 and Crabp1 are binding proteins for 

retinoids with Crabp1 also being a RA target gene (30). The expression of all four genes was 

transiently induced 1.5 days after PH in control mice. The coordinated induction of all four 

genes at the same time point suggests the importance of RA signaling in hepatocyte 

proliferation, which peaked 1.5–2 days after PH (Fig. 4). RA treatment prior to the surgery 

resulted in early induction of RARβ, Aldh1a2, Crbp1, and Crabp1 1 day after PH. Western 

blotting showed elevated RARβ protein levels resulting from RA treatment 1 day after PH 

(Fig. 4E). Moreover, Crbp1 induction was sustained for up to 5 days following surgery. The 

accelerated liver regeneration in RA-treated mice was accompanied by early activation of 

RA signaling via increased expression of the receptor, binding proteins, and oxidation 

enzyme for retinoids.

3.5 RA modulates cell cycle gene expression during liver regeneration

To gain further insights into the effect of RA on cell cycle progression, the expression of cell 

cycle genes in regenerating mouse livers was studied. Foxm1 and its target genes Cdc25a, b 

and c as well as the E2f family have been implicated in regulating Cyclin/cdk activity at key 

cell cycle checkpoints (31). RA treatment facilitated the induction of Foxm1, Cdc25a, 

Cdc25b, Cdc25c, and E2f transcription factor 1 (E2f1), E2f2, E2f7, E2f8 mRNA levels as 

early as 1 day after PH, peaking 1.5 days after PH when the hepatocytes are actively 

proliferating (Fig. 5A–H). RA treatment did not alter the expression of E2f3, 4, 5, and 6 

(Fig. 5I–L). In accordance with Ki67 staining data, Proliferating Cell Nuclear Antigen 

(Pcna) mRNA levels were markedly higher in RA-treated than the control group 1 to 5 days 

after PH (Fig. 6A). Quantification of cyclins and cdks expression revealed that in the vehicle 
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control mice, hepatic induction of these key cell cycle genes is observed 1.5 days after PH, a 

well-established indicator of peak hepatocyte proliferation in regenerating mouse liver (32). 

In RA-treated mice, hepatic expression of cyclins and cdks was significantly elevated 1 day 

after PH compared to control (Fig. 6B–H). Consistently, western blotting showed higher 

protein levels of c-myc, Cyclin D, Cyclin E, and Cyclin A 1 day after PH in RA-treated 

group relative to the control group (Fig. 7). Taken together, RA treatment accelerated the 

expression of a panel of cell cycle genes in the regenerating mouse liver.

4. Discussion

RA is well known for its roles in differentiation, anti-proliferation, and regeneration. The 

complex and pleiotropic effects of RA have yielded conflicting findings on its many 

functions. Our data showed that oral gavage of RA increased liver size and hepatocyte 

proliferation. This mitogenic effect was also observed in the regenerating liver when mice 

were treated with RA prior to PH. Furthermore, new insights into the role of RA and its 

receptor RARβ in vivo were obtained. Although RARβ is generally considered as a tumor 

suppressor gene, this study demonstrated that hepatic RARβ binding is also implicated in 

cell cycle signaling. RA treatment accelerates liver cell proliferation and these effects are 

facilitated by early induction of cell cycle genes, which were accompanied by early 

activation of RA-mediated signaling.

To determine the molecular basis by which RA promotes hepatocellular proliferation, 

RARβ/RXRα binding to cell cycle genes was analyzed before and after RA treatment. 

Within the identified RARβ/RXRα binding sites that contain an AGGTCA-like motif, 

additional transcription factor binding motifs for SP1, GABPA, and FOXA2 were detected 

(data not shown). Of particular interest is SP1, which has previously been shown to interact 

with RARβ and whose binding sites have been identified in genes associated with growth 

and cell cycle regulation as well as RA signaling. For instance, RA-induced expression of 

the retinol binding protein gene is regulated by a SP1-RARβ/RXRα complex (33). 

Moreover, RA can regulate SP1 phosphorylation (34), and SP1 down-regulation leads cell 

cycle arrest in human cancer cells (35). Specifically, SP1 modulates the activity of 

checkpoint proteins p21 and p27 in human hepatoma cells (36). Therefore, it appears that 

the action of RA-RARβ in regulating the cell cycle could be exerted through SP1 or other 

transcriptional factors. Further study will be necessary to determine whether these additional 

transcription factors indeed contribute to enhanced hepatocyte proliferation by interacting 

with RARβ and transcriptionally activating cell cycle genes.

Liver regeneration is a complex process regulated by many signals from the hepatic 

environment. Different signaling pathways will lead to the activation of transcription factors 

that either stimulate hepatocyte proliferation or promote cell survival to facilitate liver 

regrowth (21, 23, 37, 38). The presented data suggest that one such pathway is the RA 

signaling pathway itself. Our findings indicate that RA signaling is highly orchestrated in 

the regenerating liver. This coordinated up-regulation of RARβ, ALDH1A2, CRBP1, and 

CRABP1 peaked earlier in the RA-treated group than the control group, suggesting the 

important role of RA signaling in promoting and even accelerating hepatocyte proliferation. 

Since vitamin A is stored in the liver, it is likely that endogenous RA is mobilized in 
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regenerating liver to up-regulate its direct target genes including CRABP1 and RARβ and 

their proliferative downstream pathways.

Accelerated regeneration was also associated with elevated expression of cell cycle 

regulators and increased hepatocyte DNA replication and mitosis. RA-mediated activation 

of Foxm1 facilitates a coordinated induction of several common target genes through RARβ 

binding. Foxm1 also regulates Cdc25, Cyclin E/Cdk2, and Cyclin B/Cdk1, making it a 

critical gatekeeper of G1/S and G2/M cell cycle transitions, as well as mitotic spindle 

assembly (39). The E2f transcription factor family plays an important role in regulating 

cellular proliferation by activating a panel of genes involved in progression through the G1 

phase as well as DNA replication (23). The E2f family includes transcription activators and 

repressors. Activators such as E2f1-3 promote cell cycle progression, while repressors 

(E2f4-8) inhibit cell cycle. E2f7-8 can inhibit the action of E2f1 via a negative feedback 

loop (40). Cyclins and Cdks are E2f transcriptional targets (41). RA treatment increased the 

induction of Foxm1, E2f1, and E2f2 expression. Furthermore, RA treatment elevated the 

expression of Cyclin D-Cdk 4/6, Cyclin E-Cdk2, and Cyclin A-Cdk2 kinase complexes 

suggesting increased hepatocellular G1/S phase entry activities, all of which are associated 

with enhanced hepatocyte DNA replication. Finally, RA treatment induced up-regulation in 

Cyclin B-Cdk1 complex and Cdc25s mRNA levels in regenerating livers, which are 

indicative of mitotic entry.

Our findings run contrary to the hallmark anti-proliferative characteristics of RA, which has 

been used as a chemotherapeutic treatment against certain forms of cancer (42–44). Among 

the RAR isoforms (α, β, γ), RARβ is the predominant receptor mediating the inhibitory 

effects of RA on cancer cell proliferation and is considered as a tumor suppressor gene (45, 

46). However, the application of RA and other retinoids does not always demonstrate 

efficacy in preventing or treating cancer (47–54). On the contrary, RA and other retinoids 

can promote rather than inhibit cancer cell survival and growth as well as increase the 

incidence of certain cancers in mouse models and human subjects (46, 47, 49, 53). Among 

the most notable examples are large scale trials on the incidence of lung cancer that found 

no benefit and even potentially adverse effects of RA or retinoid supplementation (55, 56). 

Similarly, retinoid chemoprevention did not have a significant effect on lung cancer patients 

(47). Furthermore, the presence of RARβ actually promotes the growth of mammary 

carcinoma in the stromal cell compartment (57). The conflicting data on the proliferative 

effect of RA underscores the need to exercise caution when evaluating RA as a 

chemotherapeutic agent. Nevertheless, this does not discount the potentially beneficial 

applications of RA, particular in the context of liver regeneration. The accelerated liver 

regeneration previously demonstrated sheds additional light on a promising approach to 

protect the liver during transplants or when challenged with acute or chronic injury. Because 

efficient liver regeneration is vital for improving surgical outcomes, the pivotal role of RA 

in enhancing hepatocyte proliferation makes it a strong candidate for reducing post-

operative hepatic failure.

In summary, RARβ is implicated as a key component in RA-induced stimulation of cell 

cycle signaling pathways that promote hepatocyte proliferation. We anticipate that future 

studies will employ a RARβ liver-specific knockout mouse model as well as use receptor 

Liu et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2015 September 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



specific ligands to further characterize the role of hepatic RARβ in cell cycle progression. A 

better mechanistic understanding of the proliferative effects exerted by RA may lead to the 

development of therapeutics to promote liver regeneration in the clinical setting.
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Abbreviations

Aldh1a2 aldehyde dehydrogenase family 1 member A2

Cdk1 Cyclin-dependent kinase 1

Cdc25 cell division cycle 25

ChIP-seq chromatin immunoprecipitation followed by next generation sequencing

Crabp1 cellular retinoic acid binding protein 1

Crbp1 cellular retinol binding protein 1

E2f E2f transcription factor

Foxm1 forkhead box M1

KEGG Kyoto encyclopedia of Genes

Pcna proliferating cell nuclear antigen

PH partial hepatectomy

qRT-PCR real-time quantitative reverse transcription PCR

RA all-trans retinoic acid

RAR retinoic acid receptor

RXR retinoid X receptor

WT wild type
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Figure 1. Increased hepatocyte proliferation in RA-treated mouse liver
WT mice were treated with RA or vehicle by oral gavage 48 hours prior to a sham 

operation. (A) Mice were sacrificed and weighed 1, 1.5, 2, 5 and 7 days after surgery to 

calculate differences in liver to body weight ratio between the groups. (B) Representative 

photomicrographs of Ki67 immunohistochemical staining of liver sections from WT mice 

with and without RA treatment at indicated time points (n≥4). (C) Ki67-positive cells in the 

livers of WT mice with and without RA pre-treatment after sham operation. The number of 

proliferating hepatocytes was determined by counting Ki67-positive hepatocytes in at least 

15 microscopic fields (20X) per liver sample. Liver sections from all mice were used for 

analyses. Means ± SD are graphed with * indicating p < 0.05.
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Figure 2. Differential RARβ/RXRα binding in cell cycle genes after RA treatment
(A) Quantitative RT-PCR analysis of a panel of cell cycle genes derived from the KEGG 

pathway database. From a selection of 18 cell cycle genes, 11 showed significantly 

increased expression following RA treatment. (B) The effects of RA were studied on a 

genomic level by analyzing RARβ and RXRα common DNA binding sites with AGGTCA-

like motifs from mouse livers with or without RA treatment. Of the 11 cell cycle genes that 

were up-regulated after RA treatment, five genes (Cdk1, Cdk2, Cyclin B, Cyclin E, Cdc25a) 

had common RARβ/RXRα binding in both the control and RA treatment groups, as 

demonstrated by the concurrent blue (control) and red (RA treatment) bars. Novel RARβ/

RXRα binding was observed on Cdk1 and Cdk2 genes after RA treatment. Unique RARβ/

RXRα binding was found on Cyclin D and Cdk6 genes in the RA-treated group.

Liu et al. Page 13

Biochem Pharmacol. Author manuscript; available in PMC 2015 September 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. RA treatment accelerated hepatocyte proliferation in regenerating mouse liver
WT mice were treated with RA or vehicle by oral gavage 48 hours prior to partial 

hepatectomy. (A) Mice were sacrificed and weighed at 1, 1.5, 2, 5 and 7 days after surgery 

to calculate differences in liver to body weight ratio between treatment groups. (B) 

Representative photomicrographs of Ki67 immunohistochemical staining of liver sections 

from wild type mice with and without RA treatment at indicated time points (n≥4). (C) 

Ki67-positive cells in the livers of wild type mice with and without RA pre-treatment after 

PH. The number of proliferating hepatocytes was determined by counting Ki67-positive 

hepatocytes in at least 15microscope fields (20X) per liver sample. Liver sections from all 

mice were used for analyses. Means ± SD are graphed with * indicating p < 0.05.
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Figure 4. Early induction of RA signaling in RA-treated regenerating mouse livers
(A–D) RARβ, Aldh1a2, Crbp1, and Crabp1 are genes encoding the RA receptor, retinoid 

oxidation enzyme, and binding proteins, respectively. mRNA levels of these genes were 

quantified at indicated time points after PH in control and RA treatment groups. The 

expression of all four genes was transiently induced 1.5 days after PH in the control 

treatment group. The introduction of RA treatment 48 hours prior to surgery led to an earlier 

induction of these RA signaling genes. (E) Western blotting analysis of RARβ protein levels 

in regenerating liver 1 day after PH from control and RA treatment groups. Means ± SD are 

graphed with * indicating p < 0.05.
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Figure 5. RA modulated the expression of cell cycle regulators during liver regeneration
WT mice with or without RA treatment received PH and were killed at indicated time 

points. The expression of cell cycle regulating genes was studied. These genes include 

transcriptional regulators (A) Foxm1, (B–D) Cdc25a, b, c, and (E–H) the E2f family of cell 

cycle regulators. The peaks in gene expression between 1.5 and 2 days after PH in control 

mice correspond with the peak in hepatocyte proliferation in regenerating livers. RA 

treatment facilitated early induction of these cell cycle genes 1 day after PH compared with 

the control group. (I–L) E2f3-6 did not demonstrate a significant change in gene expression 

levels with RA treatment. Means ± SD are graphed with * indicating p < 0.05.
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Figure 6. RA up-regulated cell cycle gene expression during liver regeneration
WT mice with or without RA treatment received PH and were killed at indicated time 

points. The expression of cell cycle genes was studied. (A) mRNA levels of Pcna, an 

indicator of DNA synthesis, were consistently higher in the RA treatment group compared 

to the control group from 1 to 5 days after PH. (B–G) mRNA levels of Cyclins and Cdks 

were measured by quantitative RT-PCR. In the control group, characteristic induction of 

these key cell cycle genes is observed between 1.5–2 days after PH. RA treatment led to an 

earlier induction of cyclins and cdks 1 day after PH compared to control. Means ± SD are 

graphed with * indicating p < 0.05.
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Figure 7. Effect of RA on cell cycle protein expression during liver regeneration
WT mice with or without RA treatment received PH and were killed 1 day after surgery. 

Western blots showed hepatic protein levels of c-myc, Cyclin D, Cyclin E, and Cyclin A in 

both groups. The protein levels were quantified by densitometry. Values for individual 

mouse were normalized to β-actin levels and were expressed relative to untreated mice. RA 

treatment led to higher hepatic induction of c-myc, Cyclin D, Cyclin E, and Cyclin A 1 day 

after PH compared to control. Means ± SD are graphed with * indicating p < 0.05.
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