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A MicroRNA-21 Surge Facilitates Rapid Cyclin D1 
Translation and Cell Cycle Progression in Mouse Liver 

Regeneration. 

 

Raymond Ng 

 
 
 
 

Abstract 
 
MicroRNA-21 (miR-21) has been labeled as an oncomir because it promotes 

cancer cell proliferation, migration and survival. miR-21 is also expressed in normal 

cells, however its physiological role is poorly understood. Recently, we found that miR-

21expression is rapidly induced in hepatocytes during liver regeneration after 2/3 

partial hepatectomy (2/3 PH). Here, we investigated miR-21’s function in 

regenerating hepatocytes by inhibiting it with an antisense oligonucleotide. To 

ascertain normal hepatocyte viability and function, we antagonized the miR-21 

surge induced by 2/3 PH while preserving baseline expression. We found that 

knockdown of miR-21 impaired progression of hepatocytes into S phase of the cell 

cycle mainly through a decrease in cyclin D1 protein but not mRNA. As for the 

underlying mechanism, we discovered that increased miR-21 expression facilitates 

cyclin D1 translation in the early phase of liver regeneration by relieving 

Akt1/mTOR complex 1 signaling and thus eIF-4F-mediated translation initiation 

from suppression by Rhob. Our findings reveal that miR-21 accelerates cyclin D1 

translation in hepatocytes, thereby enabling rapid liver regeneration. 
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Chapter1:Introduction 
 
 

1.1 Liver Regeneration 

The liver is unique in its ability to regenerate itself in response to injury.  Hepatocytes and other 

fully differentiated cells within the adult liver can re-enter the cell cycle and proliferate to generate 

new tissue to replace the cells lost during injury. Liver regeneration is a very complex and well-

orchestrated phenomenon (1). Loss of liver mass can be induced by the administration of different 

hepatotoxic chemicals such as carbon tetrachloride or 3,5-diethoxycarbonyl-1,4-dihydro-collidine 

(DDC). These chemicals lead to inflammation, which removes tissue debris, followed by a 

regenerative response. However, liver regeneration is most commonly studied by performing two-

thirds partial hepatectomy (2/3 PH), a surgical procedure which removes two-thirds of the liver 

mass in rats and mice (2, 3). Since the mouse liver consists of multiple lobes, three of the five lobes 

(representing 2/3 of the total liver mass) can be removed by an easy surgical procedure without 

causing any tissue damage to the two remaining lobes (3). The cells, including hepatocytes and 

cholangiocytes, within the remaining lobes proliferate to restore the liver to its original mass. 2/3 

PH has been the method of choice to study liver regeneration due to its reproducibility and the 

precision of timing of the sequence of ensuing events since all remaining hepatocytes are forced to 

enter the cell cycle and replicate in order for the organism to survive.  

 

What happens immediately after2/3 PH is a complex program of responses involving growth 

factors, cytokines, hormones, extracellular matrix components and other factors. These 

extracellular mediators activate a carefully orchestrated sequence of intracellular signals resulting 

in a system-wide coordinated program of gene expression alterations and associated changes in the 

hepatocytes and other mature cell types in the liver (4). The first cells to enter the cell cycle and 

undergo DNA synthesis are hepatocytes. All remaining hepatocytes go through a first round of 
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DNA synthesis, which peaks at 36 hours after 2/3 PH in mice. This restores about 60% of the total 

hepatocyte mass. A smaller percent of hepatocytes enter into a second round of cell division to 

establish the original amount of cells. The proliferation of hepatocytes advances from the periportal 

to pericentral areas of the hepatic lobule as a wave of mitoses with the hepatocytes near the central 

vein being the last to undergo cell replication (5, 6). Proliferation of biliary epithelial cells occurs 

slightly later than hepatocytes whilst that of endothelial cells, Kupffer cells and stellate cells starts 

48 hours after 2/3 PH. Unlike other forms of organ or tissue regeneration such as skin and small 

intestine replacement of lost hepatic mass after 2/3 PH does not involve proliferation of stem or 

progenitor cells. The process of cell proliferation during liver regeneration is complete within 5-7 

days after 2/3 PH in mice and 8-15 days in humans.  

 

1.2 Hepatocyte cell cycle entry and progression 

In normal adult liver, hepatocytes are highly differentiated and rarely undergo cell division, but 

they retain the ability to proliferate in response to liver injury. Immediately after 2/3 PH, changes in 

gene expression occurs within hepatocytes to prime quiescent (G0) hepatocytes to enter the cell 

cycle (7). This priming phase includes the activation of transcription factors nuclear factor for κ-

chain in B cells (NFκB), signal transducer and activator of transcription-3 (STAT3), activator 

protein-1 (AP1) and CCAAT enhancer binding protein (C/EBPβ) as well as expression of 

immediate early genes (8). The priming phase is reversible and is neither sufficient to cause DNA 

replication nor specific for hepatocyte proliferation (8). However, priming is required to make 

hepatocytes respond fully to at least two different growth factors, hepatocyte growth factor (HGF) 

and transforming growth factor-α (TGFα), which are highly expressed during liver regeneration (9). 

HGF is present as an inactive, single-chain molecule bound to the extracellular matrix within the 

liver. Cleavage by urokinase plasminogen activator (uPA) allows formation of activated HGF 

heterodimers as early as 30 minutes after 2/3 PH (10, 11). Mitogen-stimulated hepatocytes exit 

from their quiescent (G0) state and enter G1 phase of the cell cycle. The hepatocytes eventually 
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encounter a critical checkpoint in mid-late G1 phase, after which they become committed to 

replication, even if growth factors are withdrawn (12). Passage through this check point in late G1 

phase, which is called the restriction point, allows cells to progress through the cell cycle in an 

autonomous and mitogen-independent manner. Expression of cyclin D1 during liver regeneration is 

a good marker to indicate when hepatocytes have become autonomous in their replication capacity 

(13). Progression through the G1 phase is regulated by holoenzyme complexes consisting of D-type 

cyclins and their cyclin-dependent kinase (Cdk) partners (14-16). In hepatocytes, induction of 

cyclin D1 protein by extracellular signals appears to be a key intracellular event that regulates 

passage through G1 phase (14, 17). Overexpression of cyclin D1 increased expression genes 

implicated in cell cycle progression and DNA replication (18). In addition, transient expression of 

cyclin D1 in hepatocytes stimulated assembly of active cdk4/cyclin D1 complexes leading to 

hepatocyte proliferation and liver growth in adult mice(14). These studies suggest that cyclin D1 

alone can drive hepatocyte cell cycle progression in vivo. Transition through the G1 checkpoint is 

followed by induction of cyclins E, A and B which regulate progression through late G1, S, G2 and 

M phases (18). 

 

1.3 Akt/mTOR signaling and translational control 

Immediately after 2/3 PH, hepatocytes are primed by numerous cytokines such as tumor necrosis 

factor-α (TNFα) and interleukin 6 (IL-6) (1, 19-21). This is then followed by growth factor 

stimulation which leads to hepatocyte cell cycle entry and progression from G1 to S phase (1, 20). 

Three growth factors of major importance are hepatocyte growth factor (HGF) produced by 

nonparenchymal cells of the liver, transforming growth factor-α (TGFα) produced by hepatocytes 

and epidermal growth factor (EGF), the major source of which is the salivary glands in rodents (22). 

HGF, TGFα and EGF signaling occurs through receptor tyrosine kinases which when activated 

associate with cytosolic proteins rich in Src homologies such as phosphatidylinositol 3-kinase 

(PI3K) (1, 22, 23). Activation of PI3K catalyzes the production of phosphatidylinositol-3,4,5-
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triphosphate (PIP3)(24-26).AKT is recruited near to the plasma membrane by PIP3 and is then 

phosphorylated at Thr308 by phosphoinositide-dependent kinase 1 (PDK1). In order to fully 

activate AKT, it is subsequently phosphorylated at Ser473 (27, 28). Activated AKT translocates to 

the nucleus and activates mTOR and downstream targets.The PI3K/Akt pathway has been shown to 

be dysregulated in many forms of cancers and strongly promotes cell proliferation, growth, survival 

and protein synthesis by activation of multiple downstream pathways and transcription factors(29, 

30).Phosphorylation of Akt leads to the subsequent phosphorylation of downstream targets such as 

mammalian target of rapamycin (mTOR), eventually affecting cell growth and survival (31). 

mTOR has emerged as a major effector of cell growth and proliferation via the regulation of protein 

synthesis, in particular protein translation, through a large number of downstream targets (32, 33). 

Some of these targets are directly phosphorylated by mTOR. In response to mitogen stimulation, 

mTOR regulates translation initiation through 2 distinct pathways: (1) phosphorylation and 

activation of ribosomal p70 S6 kinase (S6K1), and (2) cap-dependent translation via eukaryotic 

initiation factor 4E (eIF4E), which binds the 7me GpppN cap of mRNA and directs the correct  

positioning of ribosomal subunits to initiate translation (32, 33). In the case of eIF4E, mTOR 

directly phosphorylates the eIF4E binding protein (4E-BP1),which acts as a repressor of eIF4E, 

causing it to dissociate from eIF4E. eIF4E is then free to bind to eIF4G thereby promoting the 

assembly of the eIF4F initiation complex (32).  Two oncogenes cyclin D1 and Myc are targets of 

eIF4E-mediated cap-dependent translation and thus regulated by mTOR. These results suggest that 

the Akt/mTOR pathway, which is activated after 2/3 PH,may control hepatocyte cell cycle 

progression through S6K1 and 4E-BP1/eIF4E (32, 34). 

 

1.4 microRNA biogenesis and microRNA-21 

microRNAs (miRNAs) are a class of naturally occurring small non-coding RNAs (approximately 

20-23 nucleotides long) that target protein-coding mRNAs by repressing translation or causing 

mRNA degradation (35, 36). miRNA genes are transcribed by either RNA polymerase II or III into 
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primary miRNA transcripts (37-39). The primary miRNAs are then trimmed into hairpin 

intermediates (pre-miRNAs) by the microprocessor complex consisting of RNAse III Drosha and 

DiGeorge syndrome critical region gene 8 (DGCR8) (40). The pre-miRNAs, which have a stem-

loop structure, are then exported out of the nucleus into the cytoplasm after being recognized by the 

nuclear export factor exportin-5 (41-43).  Following export, the cytoplasmic endonuclease Dicer 

cleaves the pre-miRNA stemloop to produce miRNA duplexes. The duplex strand is separated and 

one strand is selectively incorporated into the RNA-induced silencing complex (RISC) to function 

as a guide molecule in translational control or mRNA cleavage. Although miRNAs operate in a 

similar fashion as short interfering RNAs (siRNAs), they typically target a cluster of genes instead 

of one specific gene. It has been predicted that an average miRNA can have more than 100 targets 

(44). In mammals, miRNAs are predicted to control the activity of approximately 50% of all 

protein-coding genes. Functional studies indicate that miRNAs participate in the regulation of 

almost every cellular process investigated so far and that changes in their expression are associated 

with many human pathologies (45). However, it has become increasingly clear that not all miRNAs 

are equally important; diverse high-throughput screenings of various systems have identified a 

small number of key functional miRNAs repeatedly (46). Evidence is rapidly accumulating for a 

prominent role of microRNA-21 (miR-21) in cancer. Since its identification as the miRNA most 

commonly and strongly upregulated in the human brain tumor glioblastoma (47), miR-21 has been 

further shown to be overexpressed in almost all types of cancer and has been shown to promote 

cancer cell proliferation, migration and survival (46, 48-50). The mature miR-21 is perfectly 

conserved in mammals and is encoded by a single gene. The human miR-21 gene is mapped to 

chromosome 17q23.2 where it overlaps with the protein-coding gene vacuole membrane protein 

(VMP1) (38, 51). Several primary transcripts of miR-21 (pri-miR-21) have been identified in a 

number of different cell types including a 3.5kb and 4.3 kb transcript which were detected due to 

the presence of different miR-21 promoters (38, 51). Bioinformatic and functional analysis of the 

consensus sequences within the miR-21 promoter region identified activation protein 1 (AP-1) and 

signal transducer and activator of transcription 3 (STAT3) as transcription factors which can bind 
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tothe miR-21 promoter and enhance its transcriptional activation (51, 52). miR-21 has also been 

shown to negatively regulate tumor suppressor genes such as PTEN, programmed cell death 4 

(PDCD4) as well as BTG2 further cementing its role as an oncomiR (53-55). Since a single 

miRNA can regulate multiple target genes, the question remains what other target genes does miR-

21 suppress and if the identified mechanisms are conserved during normal cell proliferation and 

migration occurring during development. 
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Chapter 2: Induced miR-21 expression is needed for cyclin D1 
translation in the early phase of liver regeneration 

 
 

2.1 Introduction 

Many genes are differentially expressed immediately after 2/3 PH, during the immediate early response 

phase (1, 7, 8, 20). Many of these genes have been identified by performing microarrays or high 

throughput RNA sequencing that can measure the expression of entire transcriptomes of hepatocytes. 

In order to determine which of these genes play a crucial role in hepatocyte proliferation, scientists 

have made use of transgenic mice in which the gene of interest was deleted or overexpressed. Such 

studies were successful in contributing new knowledge about the early phases of liver regeneration (8). 

However, even though miRNAs have been shown to regulate almost every cellular process in the 

organism (45), their functions during liver regeneration has not been thoroughly examined. Recently, 

we showed that hepatocyte-specific loss of miRNAs leads to a delay in G1 to S phase progression 

during liver regeneration suggesting that miRNAs may play a role in regulating cell proliferation 

during liver regeneration (56). Hepatocytes of mice with inactivated DGCR8 were miRNA-deficient 

and exhibited a delay in cell cycle progression involving the G1 to S phase transition(55).We and 

others also found that the expression of miR-21 is induced during the early phase of liver regeneration 

in mice (55, 57) and rats (58). This rapid surge in miR-21 expression during the first 18 hours of liver 

regeneration corresponds to the time during which hepatocytes exit G0 phase and enter the cell cycle 

suggesting that this surge in miR-21 and a corresponding decline in target gene expression may 

promote hepatocyte cell cycle entry and G1 to S phase transition.  

 

Because miR-21 expression levels are high in the quiescent hepatocytes of the normal liver (55), we 

reasoned that complete miR-21 depletion by genetic deletion may disturb normal hepatocyte 

physiology, which may confound analyses of miR-21’s role in cell cycle regulation. However, the 
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advent of chemically modified antisense oligonucleotides (ASOs), especially those containing locked 

nucleic acids (LNAs), allows for dose-dependent, temporally controlled specific inhibition of 

endogenous miRNAs because LNAs exhibit high binding affinity to complementary RNA target 

molecules by forming stable heteroduplexes with mature miRNAs and high stability in 

vivo(59).Therefore, we took an alternative approach and antagonized specifically the miR-21 surge 

induced by 2/3 PH in hepatocytes with a miR-21 antisense oligonucleotide (miR-21-ASO). This 

approach allowed us to antagonize the increase in miR-21 expression whilst keeping miR-21 

expression at physiological levels and also to temporally regulate miR-21 expression levels. Thus, in 

this study, the unique ability of ASOs to specifically suppress miRNA expression in cells or tissues 

was exploited to study miR-21’s function during early liver regeneration (60, 61).  

 

2.2 Results 

 

Global miRNA deficiency in hepatocytes impairs G1 to S phase progression of hepatocytes after 2/3 

PH.To identify miRNAs regulating hepatocyte S phase entry during liver regeneration, analysis of 

global miRNA expression was performed during the first 36 hours after 2/3 PH in wildtype mice. Pilot 

analyses allowed further studies to focus on miRNA expression changes during the first 18 hours after 

2/3 PH. Previous studies showed that many genes are differentially expressed after 2/3 PH. However, 

when a stringent cut-off of P< 0.001 was used, only 7 of ~430 mouse miRNAs analyzed were found to 

have significantly altered expression after 2/3 PH (Fig. 1A). Intriguingly, miR-21, a known promoter 

of proliferation in cancer,(46) was most significantly induced. miR-21 peaked at 18 hours after 2/3 PH, 

that is after hepatocytes transitioned from G0 into G1 but before they passed the restriction point and 

entered S phase (Fig. 1B). Recent studies showed that miR-21 is transcriptionally regulated by AP-

1(51) and STAT3(52),proteins activated early in liver regeneration(1). Since both sets of findings fit 

well with a lack of miR-21 impairing the transition of regenerating hepatocytes from G1 to S phase, 

further analyses were focused on miR-21. 
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miR-21-ASO is effective in timed and dosed antagonism of miR-21 in the regenerating liver. 2/3 PH in 

mice caused increased miR-21 expression that was detectable at 6 hours, peaked between 18 and 24 

hours, and returned to almost normal levels by 36 hours after the surgery (Figure 2A). The timing of 

the miR-21 surge suggests that it plays a role in the regulation of cell cycle events preceding S phase, a 

hypothesis that is indirectly supported by our previous finding of delayed S phase entry after 2/3 PH in 

hepatocytes lacking all miRNAs(55). 

 

To determine whether and how miR-21 contributes to regulation of the early phase of liver 

regeneration, 2/3 PH would have to be performed in mice incapable of increased miR-21 expression in 

hepatocytes. Fully depleting miR-21 could prohibit unbiased analysis of miR-21’s effect on hepatocyte 

proliferation because miR-21 is expressed at high levels in quiescent hepatocytes and little is known 

about its role in cellular homeostasis (55). Thus, the experiment was designed to antagonize the miR-

21 surge occurring in the liver after 2/3 PH while maintaining physiological miR-21 expression levels.  

 

For this purpose, a miR-21-ASO stabilized with LNAs similar to a miR-122-ASO that was recently 

reported to efficiently inhibit this highly abundant miRNA in hepatocytes in vivo was generated (61, 

62). To establish timed and dosed miR-21 inhibition in vivo, we determined the onset, extent and 

duration of changes in liver miR-21 expression after tail vein injection of the miR-21-ASO. We found 

that a single dose of 25 µg/g body weight miR-21-ASO decreases liver miR-21 levels 4-fold by 6 hours 

after injection, and that the suppression of miR-21 increases with time and lasts for at least 36 hours 

(Figure 3A).  

 

Knowing that miR-21-ASO inhibits miR-21 in the liver rapidly and progressively, we decided to inject 

it after 2/3 PH to antagonize the surge in miR-21 expression, but avoid complete knockdown of miR-

21 during the early phase of liver regeneration. We aimed at suppressing miR-21 to uninduced levels at 
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18 hours after 2/3 PH, that is, at the peak of the rapid surge in miR-21 expression (Figure 2A). We 

reasoned that, due to increased portal vein flow, uptake of intravenously injected miR-21-ASO into 

hepatocytes after 2/3 PH could be even more efficient than into hepatocytes in the normal liver. 

Therefore, we used a single dose of 25 µg/g body weight miR-21-ASO as in normal mice, but tested 2 

injection time points, 6 and 10 hours after 2/3 PH (Figure 1A). However, we found that the levels of 

liver miR-21 suppression at 18 hours after 2/3 PH were indistinguishable between the 2 time points 

(Figure 2B). Residual miR-21 levels in livers of these mice were within 50% of that of control mice 

(injected with the carrier NaCl 0.9%), which resulted in normal liver function tests (data not shown). 

Considering that miR-21 is induced approximately 2-fold after 2/3 PH, this finding suggests an almost 

linear relationship between miR-21-ASO dose and miR-21 suppression in both regenerating and 

normal liver (Figure 2B and Figure 1A). Importantly, we found that mRNA levels of B-cell 

translocation gene 2 (Btg2), a known miR-21 target gene that is normally repressed at 18 hours after 

2/3 PH (55), were de-repressed in mice injected at either of the 2 time points (Figure 2C). These results 

establish that miR-21-ASO can be used to specifically antagonize the increased expression of miR-21 

and its downstream effects in the regenerating liver.  

 

Induced miR-21 expression is needed for cyclin D1 translation in the early phase of liver regeneration. 

Next, we analyzed the livers of the mice injected with miR-21-ASO for expression of cell cycle phase-

specific markers by immunostaining (Figure 4, A and B). One of the earliest cell cycle events after 2/3 

PH is induction of cyclin D1 expression by extracellular mitogenic signals (1, 7). Cyclin D1 controls 

transition of hepatocytes through checkpoints in G1 phase. Subsequent sequential activation of cyclins 

E1, A2 and B1 allows hepatocytes to progress into late G1, S, G2 and M phase. As expected, many 

hepatocytes in control mice expressed cyclin D1, indicating that they were progressing through G1 

phase at 18 hours after 2/3 PH. A small subset of the cells was already in late G1 or S phase, as evident 

from positive Ki67 or proliferating cell nuclear antigen (PCNA) staining, respectively. In contrast, 

cyclin D1, Ki67 and PCNA expression was rarely or not detectable in hepatocytes of mice injected 
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with miR-21-ASO at 6 hours after 2/3 PH. This finding suggests that cyclin D1 expression and G1 

phase transition of hepatocytes after 2/3 PH depend on induced miR-21 expression.  

 

However, when we analyzed the mice injected with miR-21-ASO at 10 hours after 2/3 PH, we found 

that their hepatocytes stained normally for all 3 cell cycle markers (Figure 4, A and B). This finding 

was surprising because miR-21 levels were indistinguishable between livers of mice injected with miR-

21-ASO at 10 versus 6 hours after 2/3 PH (Figure 2B). Considering that miR-21-ASO de-represses 

miR-21 target genes in hepatocytes by 8 hours after tail vein injection (Figure 2C), this finding reveals 

that the miR-21 surge promotes the expression of cyclin D1 before and around 14 hours, but is not 

needed anymore around 18 hours after 2/3 PH.  

 

To confirm the discrepancy in cyclin D1 expression between mice injected with miR-21-ASO at 6 

versus 10 hours after 2/3 PH, we analyzed their livers using immunoblotting and qRT-PCR. In control 

mice, the induction of Ccnd1 mRNA after 2/3 PH mirrored that of miR-21 and Ccnd1 mRNA was 

rapidly translated into protein (Figure 2B, Figure 3A and Figure 4C). After treatment with miR-21-

ASO, cyclin D1 protein levels were normal in mice injected at 10 hours after 2/3 PH but low in mice 

injected at 6 hours after 2/3 PH (Figure 4C). Ccnd1 mRNA levels, however, were identical in livers of 

mice injected at the 2 time points (Figure 4D). The uncoupling of Ccnd1 mRNA and protein levels in 

mice injected with miR-21-ASO at 6 hours after 2/3 PH indicated that miR-21 either promotes the 

translation or prevents the degradation of cyclin D1.  

 

The activity of the enzyme mainly responsible for degradation of cyclin D1, glycogen synthase kinase 

3 beta (Gsk3b), is inhibited by phosphorylation (63). Because Gsk3b was expressed normally and did 

not show inhibitory phosphorylation in miR-21-ASO-injected mice at 18 hours after 2/3 PH (Figure 

5A), we reasoned that the effect of miR-21 on cyclin D1 expression is due to promotion of translation. 
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To test this hypothesis, we determined whether cyclin D1 translation is miR-21-dependent. First, we 

investigated whether altering the levels of miR-21 in Hepa1,6 mouse hepatoma cells affects cyclin D1 

protein levels. For this purpose, we transfected the cells with miR-21-ASO or miR-21 mimic (Figure 

6A and Figure 5, B and C). We found that inhibiting miR-21 decreased cyclin D1 protein levels 

whereas adding miR-21 increased them. Next, we performed polysome analysis to determine whether 

miR-21 acts on cyclin D1 translation (64). We fractionated cytoplasmic lysates from Hepa1,6 cells 

transfected with miR-21-ASO and control cells by sucrose density gradient centrifugation and 

distinguished fractions containing no ribosomes (untranslated fractions), single ribosomes (monosomal 

fractions) or multiple associated ribosomes (polysomal fractions) (Figure 5D and Figure 6B). Using 

qRT-PCR, we found that overall Ccnd1 mRNA levels in unfractionated RNA of Hepa1,6 cells were 

not altered by miR-21-ASO transfection (Figure 5E), which was in accordance with our findings in 

vivo (Figure 4D). However, Ccnd1 mRNA levels were decreased in RNA isolated from polysomal 

fractions of miR-21-depleted Hepa1,6 cells, which are most actively translated (Figure 6C). Viewed 

together, our results show that the miR-21 surge induced by 2/3 PH functions to facilitate translation of 

cyclin D1 in the early phase of liver regeneration. 

 

Hepatocyte entry into S phase after 2/3 PH is delayed when promotion of cyclin D1 translation by miR-

21 is absent. Considering that cyclin D1 initiates the cyclin activation cascade after 2/3 PH (1, 7), we 

next asked whether impaired cyclin D1 translation due to miR-21 inhibition limits the ability of 

hepatocytes to progress beyond the restriction point in late G1 and enter S phase. As expected, many 

hepatocytes in control mice continued to express cyclin D1 at 36 hours after 2/3 PH (Figure 7, A and 

B). Staining for Ki67 and PCNA both showed a large number of positive hepatocytes, indicating that 

many hepatocytes had not only progressed to late G1 but had already entered S phase in these mice. In 

contrast, Ki67 and PCNA staining showed significantly fewer hepatocytes in S phase in mice injected 

with miR-21-ASO at 6 hours after 2/3 PH than in control mice (Figure 7, A and B), which we 

confirmed by 5-bromo-2-deoxyuridine (BrdU) labeling (Figure 8, A-D).  
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In accordance with our findings at 18 hours after 2/3 PH, cyclin D1 protein levels were lower in miR-

21-ASO-injected mice than in control mice (Figure 7C and Figure 4C). Ccnd1 mRNA levels remained 

equal (Figure 7D and Figure 4D), which showed that cyclin D1 translation was still impaired. To 

ascertain that decreased cyclin D1 levels were responsible for impaired S phase entry of hepatocytes in 

miR-21-ASO-injected mice after 2/3 PH, we directly inhibited cyclin D1 with a Ccnd1-ASO. Tail vein 

injection of Ccnd1-ASO at 6 hours after 2/3 PH markedly blunted the increase in cyclin D1 mRNA and 

protein levels normally observed at 36 hours after 2/3 PH (Figure 9, A and B). Quantification of BrdU-

labeled hepatocytes in Ccnd1-ASO-injected mice revealed that cyclin D1 deficiency impaired S phase 

entry to a similar degree as miR-21 deficiency (Figure 9, C and D). The result suggests that miR-21 

acts mainly through cyclin D1 to promote hepatocyte proliferation in the early phase of liver 

regeneration.  

 

To further ascertain that the hepatocyte cell cycle defect observed in miR-21-ASO-injected mice is due 

to miR-21 deficiency, and not toxicity caused by the ASO, we generated miR-21-MM-ASO, a control 

ASO that differs from miR-21-ASO in 4 mismatched base pairs. As was done with miR-21-ASO, we 

injected miR-21-MM-ASO into the tail vein of mice at 6 hours after 2/3 PH and analyzed their livers at 

18 or 36 hours after the surgery. As expected, we found that the modification prohibited miR-21-MM-

ASO from binding and inhibiting miR-21, as was evident from unaltered levels of miR-21 and its 

target genes (Figure 10A). Furthermore, injection of miR-21-MM-ASO did not alter cyclin D1 protein 

levels or hepatocyte cell cycle entry and progression during liver regeneration (Figure 10, B-F). These 

results rule out miR-21-unrelated effects as the cause of impaired cyclin D1 translation and cell cycle 

progression in hepatocytes of mice injected with miR-21-ASO. 
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Interestingly, we noted that the difference in liver cyclin D1 protein levels between controls and miR-

21-ASO-injected mice grew smaller with time after 2/3 PH (Figure 7C and Figure 4C), indicating that 

cyclin D1 translation was improving. Because miR-21 was still repressed and its target genes de-

repressed (Figure 8, C and D), the finding suggested that increased miR-21 levels were no longer 

essential for translation of cyclin D1 at 36 hours after 2/3 PH. To investigate the possibility that 

impaired S phase entry was eventually compensated for in miR-21-ASO-injected mice, we analyzed 

mice at later time points after 2/3 PH. We found that the number of BrdU-labeled hepatocytes was 

similar between miR-21-ASO-injected and control mice at 72 hours after 2/3 PH (Figure 11, A and B). 

Moreover, both groups showed the same number of hepatocytes staining positive for phosphorylated 

histone H3 (phH3), a marker of mitosis (Figure 11, A and C). In miR-21-ASO-injected mice, miR-21 

continued to be inhibited, although its levels had increased 2-fold compared to 36 hours after 2/3 PH 

(Figure 11D). These findings indicated that miR-21-depleted hepatocytes had overcome the G1 phase 

arrest and transitioned through S and into M phase. Moreover, normal levels of mitosis at 72 hours 

after 2/3 PH suggested that hepatocytes in miR-21-ASO-injected mice had compensated for the delay 

in S phase entry. This interpretation was supported by the finding that the extent of liver mass 

restoration was similar between miR-21-ASO-injected and control mice at this time point (Figure 11E). 

Indeed, at 192 hours after 2/3 PH, when normal liver regeneration is complete, miR-21-ASO-injected 

mice had the same ratio of liver to body weight as control mice (Figure 12A). In addition, hepatocytes 

in miR-21-ASO-injected mice had returned to normal quiescence and expressed almost normal levels 

of miR-21 by that time (Figure 12, B-D).  

 

In findings similar to ours, a previous study reported delayed, but not permanently blocked, S phase 

entry in Ccnd1-/- mice after hepatomitogen application (65). The study suggested that overexpression of 

cyclin E can compensate for the lack of cyclin D1 and facilitate cell cycle progression. Thus, we 

decided to determine the expression levels of cyclins downstream of cyclin D1 in livers of miR-21-

ASO-injected mice after 2/3 PH. We found that Ccne1 was 8-fold higher in miR-21-ASO-injected 

mice than in control mice at 18 hours after 2/3 PH and continued to be overexpressed until 72 hours 
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(Figure 13A). Ccna2 and Ccnb1 were also overexpressed in miR-21-ASO-injected mice, most likely as 

a consequence of Ccne1 overexpression (Figure 13, B and C). These results suggest that cyclin E1 

overexpression, potentially aided by emerging translation of cyclin D1, can overcome the G1 phase 

arrest in miR-21-depleted hepatocytes.  

 

2.3 Discussion 

Previously, we and others observed a surge in miR-21 expression in G1 phase in hepatocytes after 2/3 

PH (55, 66, 67). Here, we investigated the function of induced miR-21 expression in liver regeneration 

by specifically antagonizing the miR-21 surge, but not baseline miR-21 expression, with miR-21-ASO, 

a short LNA-stabilized antisense oligonucleotide inhibitor of miR-21. This partial knockdown strategy 

revealed that increased miR-21 expression facilitates cyclin D1 translation in early liver regeneration.  

 

Our results further show that promotion of cyclin D1 translation by miR-21 is important for rapid G1 

phase progression and S phase entry of hepatocytes after 2/3 PH. In mice in which the miR-21 surge 

was antagonized by miR-21-ASO, the number of hepatocytes in S phase at 36 hours after 2/3 PH was 

markedly reduced as compared to controls. In addition, our finding that the hepatocyte cell cycle defect 

in miR-21-ASO-injected mice phenocopied that of mice in which cyclin D1 was suppressed with 

Ccnd1-ASO further suggests that miR-21’s effect on hepatocyte cell cycle progression in early liver 

regeneration is mainly mediated by cyclin D1. However, hepatocyte cell cycle progression was not 

permanently blocked in miR-21-ASO-injected mice and the cells eventually entered S phase and 

restored the lost liver mass. Impaired hepatocyte proliferation, particularly if it is caused by single gene 

deficiencies, is typically compensated for in liver regeneration. Compensation is the result of redundant 

signaling pathways providing the missing function, which leads to delayed rather than failed liver mass 

restoration (20). A previous study suggested that overexpression of cyclin E can compensate for lack of 

cyclin D1 in Ccnd1-/- mice, thereby facilitating normal hepatocyte proliferation (65). In accordance 

with this result, we found that cyclin E1 and downstream cyclins involved in liver regeneration were 
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overexpressed as early as 18 hours after 2/3 PH, when cyclin D1 protein deficiency was most 

prominent in miR-21-depleted hepatocytes. In addition, we observed that cyclin D1 translation was 

slowly improving between 18 and 36 hours after 2/3 PH. Because miR-21 was still depleted at 36 

hours after 2/3 PH, the finding suggests miR-21-independent cyclin D1 translation as another 

mechanism that helps rescue liver regeneration in miR-21-ASO-injected mice. 
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2.4 Figures and Tables 

 

 
 
Figure 1 miRNA expression changes in livers of wildtype mice in response to 2/3 PH.(A) Heatmap of 

the miRNAs that are significantly differentially expressed in livers of wildtype mice during the first 18 

hours after 2/3 PH. The miRNA clustering tree is shown on the left and the sample clustering tree 

appears at the top. The color scale in the bottom illustrates the relative expression level of a miRNA 

across all samples. Red color represents an expression level above mean, blue color represents 

expression lower than mean. The clustering is performed on log2 (Hy3/Hy5) ratios that passed the 

filtering criteria of P< 0.001 (Supplementary Table 1). (B) qRT-PCR shows that expression of miR-21 

peaks at 18 hours after 2/3 PH in wildtype mice. Error bars represent ± SEM. *P< 0.005. 
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Figure 2 miR-21-ASO injected into the tail vein facilitates inhibition of increased miR-21 expression 

and de-repression of its target genes after 2/3 PH. (A) Time course of miR-21 expression after 2/3 PH. 

miR-21 levels were determined by quantitative reverse transcription-PCR (qRT-PCR). Arrows indicate 

time points of miR-21-ASO or carrier (Control) injection and liver analysis relative to 2/3 PH. Liver 

samples obtained by 2/3 PH (Analysis 0h after 2/3 PH) were used to define baseline levels in the 

quiescent liver. (B) qRT-PCR shows that miR-21-ASO injections at 6 or 10 hours after 2/3 PH are 

similarly effective in antagonizing the peak of the surge in miR-21 expression after 2/3 PH. (C) The 

repression of Btg2 mRNA levels in livers of control mice after 2/3 PH is reversed in mice injected with 

miR-21-ASO at 6 or 10 hours after 2/3 PH. At least 3 mice were analyzed for each time point and 

treatment. Control mice were injected with carrier. Data represent mean ± SEM. *P< 0.05.  
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Figure 3 Time course of miR-21 and Ccnd1 levels in livers of mice after miR-21-ASO injection or 2/3 

PH. (A) Time course of miR-21 levels after a single tail vein injection of miR-21-ASO.(B) Time 

course of Ccnd1 mRNA levels after 2/3 PH. At least 3 mice were analyzed for each time point and 

treatment. Data represent mean ± SEM.  
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Figure 4 Inhibition of miR-21 decreases cyclin D1 protein but not mRNA in hepatocytes after 2/3 PH. 

(A) Immunostainings show that hepatocytes are normally quiescent but proliferate at 18 hours after 2/3 

PH in control mice. Hepatocytes of mice injected with miR-21-ASO at 6 hours, but not at 10 hours, 

after 2/3 PH fail to express markers of progression through G1 (cyclin D1 and Ki67, brown) and into S 

(Ki67 and PCNA, brown) phase of the cell cycle. (B) Quantification of hepatocytes expressing markers 

of cell cycle progression. For each immunostaining, approximately 1,500 hepatocytes (250 per frame) 

were analyzed per time point and treatment. (C) Immunoblotting shows failure to increase cyclin D1 

protein levels in livers of mice injected with miR-21-ASO at 6 hours, but not at 10 hours, after 2/3 PH. 

Numbers indicate protein levels relative to controls. Gapdh was analyzed as a loading control. (D) 

qRT-PCR shows that miR-21-ASO injection does not interfere with induction of liver Ccnd1 

transcription after 2/3 PH. At least 3 mice were analyzed for each time point and treatment. No 

differences were observed between control mice injected with carrier at 6 versus 10 hours after 2/3 PH. 

Data represent mean ± SEM. *P< 0.05, **P< 0.01.   
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Figure5 miR-21 promotes expression of cyclin D1 by facilitating its translation, not by preventing its 

degradation. (A) Phosphorylation at Ser9 prevents Gsk3b from triggering proteosomal degradation of 

cyclin D1. Immunoblotting shows that, 18 hours after 2/3 PH, the levels of Gsk3b phosphorylated at 

Ser9 (pGsk3b) are not increased in livers of mice injected with miR-21-ASO at 6 or 10 hours after 2/3 

PH as compared to controls. Total Gsk3b protein levels are indistinguishable between controls and 

mice injected with miR-21-ASO at 6 hours after 2/3 PH and slightly decreased in mice injected with 

miR-21-ASO at 10 hours after 2/3 PH. Numbers indicate protein levels relative to time point 0 hours 

after 2/3 PH. At least 3 mice were analyzed for each time point and treatment. Control mice were 

injected with carrier. Gapdh was analyzed as a loading control. (B and C) qRT-PCR shows that 

transfection of miR-21-ASO or miR-21 mimic into Hepa1,6 cells increases or decreases Btg2 mRNA 

levels, respectively. (D) qRT-PCR shows 5-fold suppression of miR-21 48 hours after transfection with 

miR-21-ASO in Hepa1,6 cells used for polysome analysis. (E) qRT-PCR shows Ccnd1 mRNA levels 

are unaltered in Hepa1,6 cells 48 hours after transfection with miR-21-ASO. Data represent mean ± 

SEM. *P< 0.05.  
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Figure 6 miR-21 regulates cyclin D1 translation. (A) Transfection of 40 nM miR-21-ASO decreases 

cyclin D1 levels in Hepa1,6 cells approximately 2-fold (a). Transfection of 40 nM miR-21 mimic 

increases cyclin D1 levels in Hepa1,6 cells approximately 2-fold (b). Results representative of 3 

separate experiments are shown. (B) Elution profile of fractionated cytoplasmic lysates from Hepa1,6 

cells transfected with miR-21-ASO or non-targeting ASO (Control). Untranslated fractions, containing 

40S or 60S ribosomal subunits, are eluted first, followed by monosomal fractions containing 80S single 

intact ribosomes and polysomal fractions containing multiple associated ribosomes. Absorbance 

readings at 254 nm were automatically converted into potential values, which were plotted against the 

eluted fractions. (C) qRT-PCR shows that Ccnd1 mRNA levels in RNA isolated from the actively 

translated polysomal fractions are lower in miR-21-ASO-transfected cells than in control cells. 

Relative levels of Ccnd1 mRNA in fractions were determined by normalization to Gapdh. These values 

were further normalized to Ccnd1 mRNA levels in unfractionated samples to account for potential 

differences in starting cell numbers. Data represent mean ± SEM. *P< 0.05.   
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Figure 7 Inhibition of miR-21 delays S phase entry of hepatocytes after 2/3 PH. (A and B) 

Quantification of Ki67 and PCNA immunostainings (both brown) shows that many hepatocytes have 

entered S phase at 36 hours after 2/3 PH in control mice. Significantly fewer hepatocytes stain positive 

for these markers or cyclin D1 (all brown) in mice injected with miR-21-ASO. For each 

immunostaining, approximately 1,500 hepatocytes (250 per frame) were analyzed per time point and 

treatment. (C) Immunoblotting shows lower cyclin D1 protein levels at 36 hours after 2/3 PH in livers 

of mice injected with miR-21-ASO as compared to controls. Numbers indicate protein levels relative to 

time point 0 hours after 2/3 PH. Gapdh was analyzed as a loading control. (D) qRT-PCR shows that 

miR-21-ASO injection does not interfere with induction of liver Ccnd1 transcription at 36 hours after 

2/3 PH. At least 3 mice were analyzed for each time point and treatment. miR-21-ASO was injected at 

6 hours after 2/3 PH. Control mice were injected with carrier at 6 hours after 2/3 PH. Data represent 

mean ± SEM. *P< 0.05, **P< 0.01.   
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Figure 8 Impaired S phase entry and miR-21 depletion 36 hours after 2/3 PH in hepatocytes of miR-

21-ASO-injected mice. (A and B) BrdU immunostaining shows that many hepatocytes synthesize 

DNA 36 hours after 2/3 PH in control mice. Significantly fewer hepatocytes are BrdU-positive in mice 

injected with miR-21-ASO. Approximately 1,500 hepatocytes (250 per frame) were analyzed for each 

treatment. Original magnification, x200. (C) qRT-PCR shows strong inhibition of miR-21 36 hours 

after 2/3 PH in livers of miR-21-ASO-injected mice. (D) The repression of Btg2 mRNA levels in livers 

of control mice 36 hours after 2/3 PH is reversed in mice injected with miR-21-ASO. At least 3 mice 

were analyzed for each time point and treatment. Control mice were injected with carrier at 6 hours 

after 2/3 PH.Data represent mean ± SEM. *P< 0.05.   
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Figure 9 Knockdown of cyclin D1 in hepatocytes during the early phase of liver regeneration impairs 

S phase entry. (A-D) Comparison of liver cyclin D1 mRNA and protein levels and number of BrdU-

positive hepatocytes at 36 hours after 2/3 PH between mice injected with Ccnd1-ASO and mice 

injected with control NT-ASO at 6 hours after 2/3 PH. qRT-PCR shows that Ccnd1 mRNA levels are 

2-fold lower in Ccnd1-ASO-injected mice than in NT-ASO-injected mice (A). Immunoblotting shows 

that cyclin D1 protein levels are also lower in Ccnd1-ASO-injected mice than in NT-ASO-injected 

mice. Numbers indicate protein levels relative to time point 0 hours after 2/3 PH. Gapdh was analyzed 

as a loading control (B). BrdU immunostaining shows that fewer hepatocytes are synthesizing DNA in 

Ccnd1-ASO-injected mice than in NT-ASO-injected mice (C). For quantification, approximately 1,500 

hepatocytes (250 per frame) were analyzed for each treatment (D). At least 3 mice were analyzed for 

each time point and treatment. Original magnification, x200. Data represent mean ± SEM. *P< 0.05.   
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Figure 10 Impaired cyclin D1 translation and cell cycle progression of hepatocytes of miR-21-ASO-

injected mice after 2/3 PH are not due to unspecific effects or toxicity caused by the ASO. (A-D) Mice 
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received tail vein injection of carrier or miR-21-MM-ASO at 6 hours after 2/3 PH; livers were 

analyzed at 18 or 36 hours after 2/3 PH. qRT-PCR shows that carrier and miR-21-MM-ASO injection 

have indistinguishable effects on expression of miR-21 and its target genes. Average carrier levels 

were set to 1 (A). Immunostainings show that the number of hepatocytes expressing markers of 

progression through G1 (cyclin D1 and Ki67, brown) and into S (Ki67 and PCNA, brown) phase of the 

cell cycle is indistinguishable between mice injected with carrier and mice injected with miR-21-MM-

ASO (B). Quantification of hepatocytes expressing markers of cell cycle progression (C). 

Immunoblotting shows that cyclin D1 protein levels increase equally in mice injected with carrier and 

mice injected with miR-21-MM-ASO. Numbers indicate protein levels relative to carrier at time point 

18 hours after 2/3 PH. Gapdh was analyzed as a loading control (D). (E and F) BrdU immunostaining 

shows a similar number of hepatocytes synthesizing DNA 36 hours after 2/3 PH in mice injected with 

carrier and mice injected with miR-21-MM-ASO at 6 hours after 2/3 PH. For each immunostaining, 

approximately 1,500 hepatocytes (250 per frame) were analyzed per time point and treatment. At least 

3 mice were analyzed for each time point and treatment. Original magnification, x200. Data represent 

mean ± SEM.  
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Figure 11 Normal mitosis and liver mass restoration despite miR-21 depletion 72 hours after 2/3 PH in 

hepatocytes of miR-21-ASO-injected mice. (A-C) BrdU and phH3 immunostainings. BrdU 

immunostaining shows a similar number of hepatocytes synthesizing DNA in miR-21-ASO-injected 

and control mice 72 hours after 2/3 PH (A and B). phH3 immunostaining shows a similar number of 

hepatocytes in mitosis in miR-21-ASO-injected and control mice 72 hours after 2/3 PH (A and C). For 

each immunostaining, approximately 1,500 hepatocytes (250 per frame) were analyzed per treatment. 

Original magnification, x200. (D) qRT-PCR shows that miR-21 is still inhibited in livers of miR-21-

ASO-injected mice 72 hours after 2/3 PH. (E) The extent of liver mass restoration 72 hours after 2/3 

PH is similar in mice injected with miR-21-ASO and control mice. At least 3 mice were analyzed for 

each time point and treatment. Control mice were injected with carrier at 6 hours after 2/3 PH.Data 

represent mean ± SEM. *P< 0.05.   
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Figure 12 Complete liver mass restoration 192 hours after 2/3 PH in miR-21-ASO-injected mice. (A) 

The liver to body weight ratio is indistinguishable between miR-21-ASO-injected mice and control 

mice 192 hours after 2/3 PH. (B and C) BrdU immunostaining shows a similarly small number of 

hepatocytes synthesizing DNA in miR-21-ASO-injected mice and control mice 192 hours after 2/3 PH. 

Approximately 1,500 hepatocytes (250 per frame) were analyzed for each treatment. Original 

magnification, x200. (D) qRT-PCR shows near-complete normalization of miR-21 levels in miR-21-

ASO-injected mice 192 hours after 2/3 PH. At least 3 mice were analyzed for each time point and 

treatment. Control mice were injected with carrier at 6 hours after 2/3 PH.Data represent mean ± SEM. 
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Figure 13 Overexpression of Ccne1, Ccna2 and Ccnb1 in miR-21-ASO-injected mice. (A-C) qRT-

PCR shows that Ccne1 (A), Ccna2 (B) and Ccnb1 (C) mRNA levels are induced from 18 to 72 hours 

after 2/3 PH in miR-21-ASO-injected mice as compared to control mice. At least 3 mice were analyzed 

for each time point and treatment. Control mice were injected with carrier at 6 hours after 2/3 PH.Data 

represent mean ± SEM. *P< 0.05, **P< 0.01.   
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Chapter 3: miR-21 suppresses Rhob in the regenerating liver 
 
 

3.1 Introduction 

In the previous chapter, we established that miR-21 inhibition during early liver regeneration can 

reduce cyclin D1 translation leading to delayed hepatocyte cell cycle entry into S phase. miRNAs are 

short RNAs that post-transcriptionally regulate the expression of target genes by binding to the target 

mRNAs. Although a large number of animal miRNAs has been defined, only a few targets are known. 

Animal miRNAs, in contrast to plant miRNAs which usually bind nearly perfectly to their targets, bind 

less tightly, with a few nucleotides being unbound, thus producing more complex secondary structures 

of miRNA/target duplexes. The combinatorial nature of secondary structure formation, that is, the huge 

number of possible bindings as a result of loops of unpaired nucleotides, makes prediction of miRNA 

targets by simple pattern matching or BLAST searches impossible(68). However, in recent years, a 

variety of miRNA target prediction algorithms such as PicTar, Targetscan, DIANA-microT, miRanda 

and rna22 have become available(69-71). Unfortunately, the results from these algorithms are often 

inconsistent(70). Hence, it is still a difficult task to find a functional miRNA target and direct 

validation of miRNA target genes is required. Experimental validation of putative target genes are 

often based on (1) quantification of a luciferase reporter construct linked to the 3’ UTR of the putative 

target gene after introduction of a miRNA into the cell, or (2) monitoring mRNA levels of the putative 

target gene in the cell after overexpression or inhibition of a miRNA(72). After confirming the 

miRNA:mRNA interaction, site-directed mutagenesis of the 3’ UTR within the reporter construct can 

be integrated into the reporter assay to validate the results and identify the miRNA recognition 

elements. In our case, the problem of correctly identifying miR-21 putative target geneswas partially 

overcome by putting the list of predicted target genes through a gene ontology analysis to further sift 

out genes which do not function as negative regulators of cell cycle. Using this strategy, we managed 

to narrow down a list of 63 predicted miR-21 target genes to 6 genes which function as negative 

regulators of cell cycle and/or cellular functions. This allowed us to functionally test these 6 genes to 
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identify Rhob, a tumor suppressor gene that plays an important role in cell proliferation and migration, 

as a true target of miR-21. 

 

3.2 Results 

After confirming that miR-21 promotes hepatocyte proliferation during liver regeneration, we sought to 

identify the mechanism of how miR-21 facilitates cyclin D1 translation in the early phase of liver 

regeneration. Few instances have been reported where a miRNA directly enhances the translation of a 

target gene (73, 74). Because we failed to detect the necessary miR-21 binding sites in the message of 

Ccnd1 (data not shown), we reasoned that miR-21 promotes cyclin D1 translation indirectly by 

targeting a cell cycle inhibitor. Thus, we used gene ontology analysis (75) to identify candidate genes 

that negatively regulate the cell cycle among 63 genes previously predicted to be highly probable 

targets of miR-21 (Table 1) (55).  

 

One of the candidate genes, programmed cell death protein 4 (Pdcd4), is an established target of miR-

21 in cancer cells (54). We found that miR-21 targets Pdcd4 also in normal liver, as was evident from 

increased Pdcd4 mRNA levels in livers of mice at 6 hours after tail vein injection of miR-21-ASO 

(Figure 15A). Moreover, we found that the surge in miR-21 expression induced by 2/3 PH was 

associated with a decrease in Pdcd4 mRNA levels (Figure 14B). However, Pdcd4 protein levels were 

increased at 6 hours after 2/3 PH and only moderately decreased at 18 hours after 2/3 PH (Figure 14C), 

which suggests that Pdcd4 is not effectively suppressed by miR-21 in the regenerating liver. Because 

of this result and, more importantly, previous findings that Pdcd4 overexpression does not affect cyclin 

D1 mRNA or protein levels (76), we reasoned that Pdcd4 de-repression is not the cause of impaired 

cyclin D1 translation in hepatocytes of miR-21-ASO-injected mice. Therefore, we focused our 

investigations on Rhob, the candidate gene with the highest probability of targeting by miR-21 (Table 

1). Rhob is a GTPase that functions as a tumor suppressor by inhibiting cancer cell proliferation, 

migration and survival (77). We found that both Rhob mRNA and protein levels were inversely 
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correlated with the expression of miR-21 after 2/3 PH (Figure 15A). Bioinformatic analysis revealed 

that the 3’ UTR of Rhob contains a highly probable miR-21 binding site that is conserved in 

mammalian species (Figure 15B). In support of this prediction, we found that tail vein injection of 

miR-21-ASO into mice caused increased Rhob mRNA levels in the liver 6 hours later (Figure 15C). To 

prove that the inverse correlation between miR-21 and Rhob expression in vivo was due to direct 

interaction, we investigated whether miR-21 targets Rhob in Hepa1,6 cells in vitro (Figure 15D). 

Indeed, we found that Rhob mRNA levels and the activity of a luciferase reporter gene linked to the 3’ 

UTR of mouse Rhob decreased or increased in response to transfection of miR-21 mimic or inhibitor, 

respectively. Mutation of the miR-21 binding site in Rhob’s 3’UTR completely abolished the ability of 

miR-21 mimic and inhibitor to regulate luciferase activity, further confirming Rhob as a direct target of 

miR-21 (Figure 15D). The conservation of Rhob targeting by miR-21 is further supported by a recent 

study showing that miR-21 promotes the defining features of the metastatic phenotype, migration, 

elongation and invasion, by inhibiting the human gene in a breast cancer cell line (50). Viewed 

together, our findings suggest that Rhob is directly suppressed by the surge in miR-21 expression 

occurring in the early phase of liver regeneration.  

 

3.3 Discussion 

 

In this chapter, we identified Rhob as a target gene of miR-21. Using a combination of bioinformatics 

prediction and gene ontology analysis, we narrowed down 63 predicted target genes to 6 genes. We 

then chose to focus on Rhob because, of the 6 predicted miR-21 target genes with established 

proliferation-inhibiting function, Rhob had one of the highest scores and free energy, and was shown to 

be a conserved miR-21 target gene in both mice and humans by multiple sequence alignment. Rhob has 

also been shown to function as a tumor suppressor gene that plays an important role in cell 

proliferation and migration by regulating diverse cellular processes, including cytoskeletal organization, 

gene transcription and cytokinesis (78-80). Our data shows that Rhob mRNA and protein levels 

correlate inversely with miR-21 levels after 2/3 PH. In addition, in vitro studies performed using a 
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mouse hepatoma cell line show that transfection of miR-21 mimic can lower endogenous Rhob mRNA 

levels. Transfection of miR-21 mimic can also reduce luciferase protein expression when the 3’ UTR 

of Rhob was cloned downstream of the luciferase gene. Conversely, addition of miR-21-ASO led to an 

increase in endogenous Rhob levels and also rescued the decrease in luciferase activity caused by miR-

21 mimic. These results confirm that Rhob is a target gene of miR-21. Since Rhob has not been shown 

to directly regulate translation, an analysis of Rhob and its downstream signaling targets was required 

to elucidate the link between Rhob and cyclin D1 translation. 
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3.4 Figures and Tables 

Accession Symbol Gene name 

NM_007483 Rhob Ras homolog gene family, member B 

NM_011446 Sox7 SRY-box containing gene 7 

NM_016678 Reck Reversion-inducing cysteine-rich protein with Kazal motifs 

NM_001168491 Pdcd4 Programmed cell death protein 4 

NM_177687 Crebl2 cAMP-responsive element-binding protein-like 2 

NM_009741 Bcl2 B-cell leukemia/lymphoma 2 

 

Table 1 Predicted miR-21 target genes that are negative regulators of the cell cycle. 63 target genes of 

miR-21 predicted by both the TargetScan and the PicTar algorithm (55) were functionally categorized 

using g:Profiler gene ontology analysis (75). The 6 genes in the category “negative regulators of the 

cell cycle” are shown. Genes are listed in order of decreasing probability of targeting by miR-21.  
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Figure 14 Moderate suppression of the miR-21 target Pdcd4 in early liver regeneration. (A) qRT-PCR 

shows a 2-fold increase in Pdcd4 mRNA levels in livers of mice 6 hours after a single tail vein 

injection of miR-21-ASO. Control mice were injected with carrier. (B) qRT-PCR shows a rapid and 

continuous decrease in Pdcd4 mRNA levels after 2/3 PH. (C) Immunoblotting shows that 

Pdcd4protein levels undulate after 2/3 PH and are moderately decreased at 18 hours after 2/3 PH when 

miR-21 expression peaks. Numbers indicate protein levels relative to time point 0 hours after 2/3 PH. 

Gapdh was analyzed as a loading control. At least 3 mice were analyzed for each time point and 

treatment. Data represent mean ± SEM.*P< 0.05.
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Figure 15 Induction of miR-21 in liver regeneration decreases Rhob expression by direct targeting. (A) 

Inverse correlation of miR-21 and Rhob expression levels after 2/3 PH. Induction of miR-21 after 2/3 

PH is associated with decreased Rhob mRNA (a) and protein (b) levels. Numbers indicate protein 

levels relative to time point 0 hours after 2/3 PH. Gapdh was analyzed as a loading control. (B) High 

prediction score and favorable binding energy suggest that miR-21 targets the 3’ UTR of Rhob. The 

complementary sequence in the Rhob 3’ UTR and the seed region of miR-21 (red letters) is conserved 

between mammalian species. (C) Rhob mRNA levels in the liver are increased 6 hours after a single 

tail vein injection of miR-21-ASO. Control mice were injected with carrier. At least 3 mice were 
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analyzed for each time point and treatment. (D) Direct inhibition of Rhob by miR-21. Transfection of 

miR-21 mimic into Hepa1,6 cells decreases Rhob mRNA levels (a). The activity of a luciferase 

reporter gene linked to the Rhob 3’ UTR is inhibited by miR-21 mimic in a dose-dependent fashion. 

This effect was completely abolished by mutating the miR-21 binding site in Rhob 3’ UTR (b). 

Conversely, transfection of miR-21 inhibitor into Hepa1,6 cells increases Rhob mRNA levels (c).  

  



 

39 

 

Chapter 4: miR-21 promotes cyclin D1 translation and cell cycle 
progression in early liver regeneration by suppressing Rhob and 

promoting Akt1-mediated activation of mTORC1 

 
 

4.1 Introduction 

In the previous chapters, we have shown that miR-21 inhibition leads to decreased cyclin D1 

translation which leads to delayed hepatocyte cell cycle entry. We have also shown that Rhob is a 

target gene of miR-21. Rho proteins are Ras superfamily GTPases that regulate actin cytoskeleton, cell 

adhesion, motility, proliferation and apoptosis (81, 82). In higher vertebrates, there are three different 

Rho GTPases, RhoA, RhoB and RhoC, which share 85% amino acid sequence identity (83). However, 

Rhob is located in a different cellular compartment as RhoA and has a unique function in cells. Rhob is 

located in early-endosome and nuclear membranes and has a specialized function related to 

intracellular trafficking of cytokine receptors such as EGF receptor (EGFR) (84). Importantly, Rhob 

can also inhibit the cell cycle and its expression can be upregulated in response to cell stress (85, 86). 

In cultured cells, Rhob expression is induced by a variety of stimuli such as UV irradiation, cytokines 

or growth factors (87).Rhob levels also vary through the cell cycle and the protein has a short half life 

of approximately 30 minutes(88). Rhobhas also been shown to regulate diverse cellular processes, 

including cytoskeletal organization, gene transcription and cytokinesis (78-80). Furthermore, Rhob has 

been shown to antagonize Ras/PI3K/Akt malignancy (89). Overexpression of Rhob inhibits Akt-

dependent cell transformation, migration and invasion in an animal model (89).Since activation of Akt 

leads to the phosphorylation of mTOR which has been shown to affect cell growth and survival, we 

hypothesized that it might be possible that Rhob signals through the Akt/mTOR pathway (31). In 

addition, mTOR has emerged as a major effector of cell growth and proliferation via the regulation of 

protein synthesis, in particular protein translation, through a large number of downstream targets (32, 



 

40 

33). Hence, these previous studies led us to investigate whether Rhob can antagonize the Akt/mTOR 

pathway and thus inhibit cap-dependent translation of cyclin D1. 

 

4.2 Results 

 

Rhob inhibits cyclin D1 translation by preventing Akt1-mediated activation of mTORC1.After 

confirming Rhob as a direct target of miR-21, we investigated whether Rhob inhibition is responsible 

for miR-21’s effect on cyclin D1 translation. Although Rhob had not been implicated in the regulation 

of cyclin D1 expression, several lines of evidence suggested this possibility: First, Rhob inhibits 

activating phosphorylation of Akt1 (90, 91). Then, activated Akt1 regulates cyclin D1 expression 

through mTORC1 (92, 93). Finally, mTORC1 promotes assembly of the eIF-4F complex, which 

mediates translation initiation of genes like Ccnd1(34, 92). In fact, mTORC1 has been shown to be 

needed for eIF-4F assembly and cyclin D1 translation in hepatocytes after 2/3 PH (17, 94). Further 

considering that Akt1 activation is critical for the early phase of liver regeneration (95), we 

hypothesized that miR-21 facilitates rapid cyclin D1 translation in liver regeneration by relieving Akt1, 

and thus mTORC1, from inhibition by Rhob. To test this hypothesis, we overexpressed Rhob by 

transient plasmid transfection in Hepa1,6 cells that normally express Rhob at low levels (Figure 16A 

and Figure 17A). We used immunoblotting to determine the effects on cyclin D1 and Akt1. Moreover, 

as a read-out for mTORC1-mediated activation of eIF-4F-dependent translation initiation, we 

measured phosphorylation of 4E-BP1. mTORC1 initiates 4E-BP1 phosphorylation, which disables its 

ability to bind and inhibit eIF-4E and thus facilitates eIF-4F complex assembly (34, 92).  

 

We found that overexpression of Rhob decreased cyclin D1 protein levels and levels of Akt1 activated 

by phosphorylation (Figure 16A). Moreover, as evidence for impaired mTORC1 activity, we found 

decreased inhibitory phosphorylation of 4E-BP1. In accordance with the hypothesized mechanism, 

Rhob overexpression decreased cyclin D1 protein but not Ccnd1 mRNA levels (Figure 17B). To 
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confirm these results, we transfected Hepa1,6 cells with both the plasmid overexpressing Rhob and a 

plasmid inhibiting Rhob by RNA interference (RNAi). This resulted in decreased Rhob mRNA and 

protein levels, which caused increased levels of cyclin D1 protein and activated Akt1 (Figure 16A and 

Figure 17C). As expected, phosphorylation of 4E-BP1 was increased in response to Akt1 activation. 

Moreover, Ccnd1 mRNA levels were not altered and thus dissociated from cyclin D1 protein levels 

(Figure 17D). Rhob overexpression or knockdown similarly inhibited or activated another target of 

mTORC1, S6 kinase 1 (S6K1) (Figure 17, E and F). These results reveal that Rhob inhibits eIF-4F-

mediated initiation of cyclin D1 translation by preventing activation of Akt1 and its downstream 

mediator mTORC1.  

 

miR-21 promotes cyclin D1 translation in early liver regeneration by suppressing Rhob. To further 

confirm that miR-21’s ability to promote cyclin D1 translation was mediated by Rhob, we knocked 

down both miR-21 and Rhob in Hepa1,6 cells and examined cyclin D1 protein levels. We found that 

the decreased cyclin D1 protein levels observed in cells transfected with miR-21-ASO alone 

normalized after additional Rhob RNAi (Figure 16B and Figure 17G), which establishes Rhob as the 

critical target of miR-21 in promotion of cyclin D1 translation. We also performed cell cycle analysis 

using the same cells and showed that introduction of miR-21-ASO causes accumulation of cells in G1 

phase and a corresponding decrease of cells in S phase whereas Rhob knockdown can ameliorate this 

phenotype, furthering confirming Rhob’s ability to repress cell cycle progression (Figure 16C). 

 

Finally, we determined whether miR-21 prevents Rhob from inhibiting Akt1/mTORC1 signaling and 

thus cyclin D1 translation in early liver regeneration. Our initial analyses showed that miR-21-ASO 

injection at 6 hours after 2/3 PH impaired expression of cyclin D1 in the liver at 18 and 36 hours after 

2/3 PH (Figure 4, A-C and Figure 7, A-C). When we analyzed these samples further, we found that 2/3 

PH suppressed Rhob, activated Akt1 and inhibited 4E-BP1 in control mice and miR-21-MM-ASO 

injected mice, but not in mice injected with miR-21-ASO 6 hours after 2/3 PH (Figure 16, D and E and 
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Figure 17H). To ascertain that miR-21 regulates Akt1/mTORC1 signaling in liver regeneration through 

Rhob, we analyzed the expression of phosphatase and tensin homolog (PTEN) because inhibition of 

PTEN by miR-21 was previously shown to cause Akt1 activation in cancer cells (53, 96). We found 

that miR-21 targets PTEN in normal liver, as was evident from increased Pten mRNA levels at 6 hours 

after tail vein injection of miR-21-ASO into mice (Figure 18A). However, we also found that PTEN 

mRNA and protein levels markedly increased in the liver after 2/3 PH (Figure 18, B and C), which 

shows that the miR-21 surge induced by 2/3 PH does not effectively antagonize the expression of 

PTEN in early liver regeneration. In addition, the finding reveals that accumulation of PTEN does not 

prevent Akt1 activation in liver regeneration. Viewed together, our results exclude suppression of 

PTEN by miR-21 as the reason for Akt1 and mTORC1 activation in liver regeneration and confirm our 

hypothesis that miR-21 facilitates rapid translation of cyclin D1 by relieving Akt1 and its mediator 

mTORC1 from inhibition by Rhob (Figure 19). 

4.3 Discussion 

Recently, Rhob was shown to form a ternary complex with the Rho effector kinase (PRK) and the 

pivotal Akt regulatory kinase PDK1(97).Given the emerging regulatory connections between Rhob and 

the Akt pathway, Rhob’s ability to inhibit Akt1 phosphorylation (98, 99), and the Akt pathway’s ability 

to regulate cap-dependent translation, we postulated that Rhob’s effects on cyclin D1 may be a result of 

it inhibiting the Akt pathway. Overexpression and knockdown of Rhob led to a corresponding decrease 

and increase in cyclin D1 protein levels thus showing that Rhob can regulate cyclin D1 expression. 

Since Cyclin D1 translation is mediated by the eIF-4F translation initiation complex, which is activated 

by Akt1/mTORC1 signaling (34, 92), we decided to examine levels of phosphorylated-Akt1 and 

phosphorylated-4E-BP1 to determine whether cap-dependent translation of cyclin D1 was affected by 

Rhob expression.Our data suggests that Rhob can inhibit cyclin D1 translation by antagonizing 

Akt1/mTOR signaling. Furthermore, loss of cyclin D1 expression caused by miR-21-ASO can be 

rescued by treatment with siRNAs against Rhob. This result confirmed that miR-21 promotes cyclin 

D1 translation by inhibiting Rhob and activating mTOR-mediated cap-dependent translation. Finally, 
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we showed that mice injected with miR-21-ASO after 2/3 PH fail to downregulate Rhob and hence 

activate Akt/mTOR signaling resulting reduced cyclin D1 expression.  

 

Our finding that miR-21 promotes cyclin D1 translation in liver regeneration by activating 

Akt1/mTORC1 prompted us to investigate whether PTEN, a miR-21 target known to inhibit Akt1 (53, 

96), is also involved in this process. After performing 2/3 PH on normal mice we found that PTEN 

protein accumulates during G1 phase despite the surge in miR-21 expression induced by 2/3 PH. The 

finding reveals that accumulation of PTEN does not prevent Akt1 activation in normal liver 

regeneration. Moreover, the finding shows that suppression of PTEN by miR-21 is not involved in 

Akt1 activation and thus cyclin D1 translation in early liver regeneration. Nevertheless, viewing miR-

21’s previously reported ability to activate Akt1 by inhibiting PTEN in cancer cells (53, 96) together 

with our results suggests the intriguing possibility that miR-21 acts as a central regulator of 

Akt1/mTORC1 signaling in other contexts.  
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Figures and Tables 
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Figure 16 miR-21 promotes cyclin D1 translation in liver regeneration by relieving Akt1-mediated 

activation of mTORC1 from suppression by Rhob. (A) Immunoblotting shows that transfecting a Rhob 

overexpression (OE) plasmid into Hepa1,6 cells decreases the level of cyclin D1, the level of Akt1 

activated by phosphorylation at Ser473 (pAkt1) and the level of 4E-BP1 inhibited by phosphorylation 

at Thr37 and/or Thr46 (p4E-BP1). Hepa1,6 cells transfected with empty OE plasmid were used as 

control (a). Rhob knockdown (KD) with a short hairpin RNA (shRNA) plasmid increases the levels of 

cyclin D1, pAkt1 and p4E-BP1 in Hepa1,6 cells overexpressing Rhob (Control) (b). Numbers indicate 

protein levels relative to control. Results representative of 3 separate experiments are shown 

(Supplemental Figure 12A). Gapdh was analyzed as a loading control. (B) Immunoblotting shows that 

miR-21-ASO transfection into Hepa1,6 cells increases Rhob and decreases cyclin D1 levels. This is 

accompanied by decreased Akt1 and 4E-BP1 phosphorylation. Additional Rhob knockdown with 

small interfering RNA (siRNA) restores cyclin D1 levels with a corresponding increase in Akt1 and 

4E-BP1 phosphorylation. Hepa1,6 cells transfected with miR-21-MM-ASO and non-targeting control 

siRNA were used as control. Numbers indicate protein levels relative to control. Results representative 

of 3 separate experiments are shown. Gapdh was analyzed as a loading control. (C) Cell cycle analysis 

was carried out using cells transfected with miR-21-ASO and rescued with Rhob KD. miR-21-MM-

ASO and control siRNA were used as controls. Inhibition of miR-21 by miR-21-ASO led to 

accumulation of cells in G1 phase and a corresponding decrease of cells in S phase. This can be 

rescued by knocking down Rhob. (D) Immunoblotting shows that Rhob levels decrease and pAkt1 and 

p4E-BP1 levels increase after 2/3 PH in livers of control mice and miR-21-MM-ASO injected mice. 

Liver samples were obtained by 2/3 PH and 18 hours later. Livers of mice injected with miR-21-ASO 

show failure to decrease Rhob levels and increase pAkt1 and p4E-BP1 levels at 18 hours after 2/3 PH. 

Numbers indicate protein levels relative to time point 0 hours after 2/3 PH. Gapdh was analyzed as a 

loading control. (E) Confirmation of the immunoblotting results by immunostaining for Rhob, pAkt1 

and p4E-BP1 (all red). At least 3 mice were analyzed for each time point and treatment (Supplemental 

Figure 12B). miR-21-ASO was injected at 6 hours after 2/3 PH. Control mice were injected with 

carrier or miR-21-MM-ASO at 6 hours after 2/3 PH.  
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Figure 17 Further evidence that miR-21 promotes cyclin D1 translation by relieving Akt1-mediated 

activation of mTORC1 from suppression by Rhob. qRT-PCR was used to determine Rhob and Ccnd1 

mRNA levels in Hepa1,6 cells transfected with Rhob OE or Rhob OE and KD plasmids. (A) Increased 

Rhob mRNA levels in Hepa1,6 cells transfected with Rhob OE plasmid as compared to cells 

transfected with empty OE plasmid (Control). (B) Despite Rhob overexpression, Ccnd1 mRNA levels 

are unchanged. (C) Decreased Rhob mRNA levels in Hepa1,6 cells transfected with both Rhob OE and 

Rhob KD plasmids (Rhob KD) as compared to cells transfected with Rhob OE plasmid alone (Control). 
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(D) Despite Rhob knockdown, Ccnd1 mRNA levels are unchanged. (E) Immunoblotting shows that 

transfection of Rhob OE plasmid into Hepa1,6 cells decreases the level of S6K1 phosphorylated at 

Thr389 (pS6K1). Hepa1,6 cells transfected with empty OE plasmid were used as control. (F) 

Transfection of Rhob KD plasmid into Hepa1,6 cells overexpressing Rhob (Control) increases the 

level of pS6K1. Numbers indicate protein levels relative to control. Results representative of 3 separate 

experiments are shown. Gapdh was analyzed as a loading control. (G) qRT-PCR shows that de-

repressed Rhob mRNA levels in Hepa1,6 cells transfected with miR-21-ASO are normalized after 

additional transfection of Rhob siRNA. (H) qRT-PCR shows a 3-fold increase in Rhob mRNA levels 

at 18 hours after 2/3 PH in mice injected with miR-21-ASO as compared to control mice. Control mice 

were injected with carrier at 6 hours after 2/3 PH.At least 3 mice were analyzed for each time point 

and treatment. Data represent mean ± SEM. *P< 0.05.   
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Figure18 Overexpression of the miR-21 target PTEN in early liver regeneration. (A) qRT-PCR shows 

a 2.5-fold increase in Pten mRNA levels in livers of mice 6 hours after a single tail vein injection of 

miR-21-ASO. Control mice were injected with carrier. (B) qRT-PCR shows a rapid and continuous 

increase in Pten mRNA levels after 2/3 PH. (C) Immunoblotting shows that PTENprotein levels also 

increase after 2/3 PH, which excludes effective inhibition by miR-21. Numbers indicate protein levels 

relative to time point 0 hours after 2/3 PH. Gapdh was analyzed as a loading control. At least 3 mice 

were analyzed for each time point and treatment. Data represent mean ± SEM.*P< 0.05.  
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Figure 19 Model of the proposed mechanism of how miR-21 promotes cyclin D1 translation in liver 

regeneration. By directly inhibiting Rhob expression, miR-21 facilitates Akt1-mediated activation of 

mTORC1, which promotes cyclin D1 translation initiation. This effect of mTORC1 involves 

phosphorylation of 4E-BP1, which disables its inhibitory binding of eIF-4E and allows assembly of the 

eIF-4F complex that additionally contains eIF-4G and eIF-4A (90, 92, 93).  
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Chapter 5: Conclusions and Future Directions 
 

In conclusion, our results reveal that the increased expression of miR-21 during liver regeneration 

functions to kick-start cyclin D1 translation in hepatocytes. We found that timing the in vivo 

application of miR-21-ASO so that it antagonized the initial phase of induced miR-21 expression after 

2/3 PH prevented cyclin D1 translation in hepatocytes, leading to impaired progression through G1 and 

into S phase. This effect of miR-21 is mediated by a novel mechanism that integrates inhibition of 

Rhob by miR-21 with a previously unrecognized function of Rhob, the suppression of eIF-4F-

mediatedtranslation initiationthrough suppression of Akt1/mTORC1 signaling. Viewing our results 

together with miR-21’s ability to activate Akt1 by inhibiting PTEN (53, 96) suggests miR-21 as a key 

regulator of mTORC1. Moreover, our finding that miR-21 de-represses eIF-4F, which mediates the 

rate-limiting ribosomal binding step of translation initiation, reveals its profound impact on cell 

proliferation. Our findings reveal that the induction of miR-21 expression in the early phase of liver 

regeneration functions to accelerate hepatocyte proliferation by facilitating cyclin D1 translation, a 

mechanism that may also be effective in other regenerative cell types and cancer cells.  

 
Our finding that miR-21-ASO can be used to partially inhibit miR-21 and de-repress its target genes 

within 8 hours after intravenous injection has important implications: First, it highlights a method of 

miRNA inhibition in hepatocytes that avoids unspecific changes due to compensation or adaptation, 

which can mask or confound the phenotype caused by deficiency of the miRNA. Compensation of 

impaired hepatocyte proliferation by redundant signaling pathways occurs not instantaneously, but 

typically within a day after 2/3 PH (20). The rapid onset of miR-21 inhibition by miR-21-ASO limits 

the time available for activation of redundant pathways and may therefore be more effective for studies 

of liver regeneration than genetic deletion. In addition, limiting the extent of miRNA inhibition in 

hepatocytes may help to maintain homeostasis and avoid secondary changes and adaptation. Then, our 

study shows that the rapid onset of miR-21-ASO’s effect allows the dynamic processes that occur 
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during liver regeneration to be dissected: miR-21 and Ccnd1 expression are concomitantly induced 

after 2/3 PH and our results reveal that promotion of cyclin D1 translation is critical for the early phase 

of liver regeneration when Ccnd1 mRNA levels are still low, but not for later phases. Finally, our 

results raise the possibility of using oligonucleotide mimics of miR-21 for therapy of liver failure. 

Provided that miR-21 mimics enter hepatocytes and exert their function as quickly as miR-21-ASO, 

they may be effective in accelerating progression of hepatocytes through G1 and into S phase, which is 

critical for survival from liver injury (100).  
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Chapter 6: Materials and Methods 
 
 
 
miR-21-ASO and miR-21-MM-ASO generation 

Both oligonucleotides were produced byExiqon. To prevent toxicity and facilitate efficient 

cellular uptake, a short (< 16mer)design was chosen. Both oligonucleotides had a fully 

phosphorothioate-modifiedbackbone. The sequence of miR-21-ASO is 

TCAGTCTGATAAGCT. High targetaffinity was ensured by LNA modifications. miR-21-

MM-ASO is identical to miR-21-ASO, except for 4 base-pair changes that prevent binding to 

miR-21. Its sequence isTCAGTATTAGCAGCT. Both oligonucleotides were purified by 

reverse-phase highperformanceliquid chromatography and lyophilized. 

 

miR-21-ASO and miR-21-MM-ASO intravenous injection 

Lyophilized oligonucleotidewas resuspended in NaCl 0.9% to a final concentration of 30 

μg/μl. A dose of 25 μg/gbody weight oligonucleotide in a total volume of 100 μl NaCl 0.9% 

was injected via thetail vein into 8 to 12-week-old male C57BL/6 mice (Jackson Laboratory). 

Control micewere injected with 100 μl NaCl 0.9% (carrier). All procedures involving mice 

wereapproved by the Institutional Animal Care and Use Committee at UCSF. 

 

2/3 partial hepatectomy 

Two-thirds of the liver was surgically removed under isofluraneanesthesia as previously 

described (3). 
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BrdU labeling 

50 μg/g body weight BrdU (Roche) dissolved in PBS were injected intraperitoneally 2 hours 

before the mice were killed for analysis. 

 

Quantitative Real-Time PCR 

Total RNA was isolated with the miRNAeasy kit (Qiagen) and treated with 

DNase I (Ambion) to eliminate genomic DNA. Superscript III reverse transcription 

reagent (Invitrogen) was used to generate cDNA using 1 μg of total RNA. PCR 

amplification was performed as previously described (55). Primers for qRT-PCR were 

designed using Beacon Designer (Premier Biosoft). miRNA isolation, amplification and 

analysis were performed as previously described including normalization to sno202RNA 

(55). Relative changes in mRNA and miRNA expression were determined using the 2- 

ΔΔCt method(101). 

 

Immunostaining 

Paraffin-embedded liver samples were sectioned and stained with theantibodies rabbit anti-

cyclin D1 (NeoMarkers), mouse anti-PCNA (Biosource) and rabbitanti-Ki67 (Lab Vision) at 

1:100 dilutions. Immunostainings of sections of frozen liversamples embedded in optimum 

cutting temperature compound (Tissue-Tek, SakuraFinetek) were performed with rabbit anti-

Rhob (Santa Cruz Biotechnology), rabbit anti-Akt1 phosphorylated at Ser473, rabbit anti-4E-

BP1 phosphorylated at Thr37 and/orThr46 (both Cell Signaling),rat anti-BrdU (Abcam) and 



 

54 

rabbit anti-cyclin D1 (Neomarkers) antibodies at 1:100dilutions. For fluorescence microscopy, 

the secondary antibody goat anti-rabbitconjugated with Alexa Fluor 594 (Invitrogen) and goat 

anti-rat conjugated with Alexa Fluor 594 (Invitrogen)was used at 1:500 dilutions. Nuclear 

DNAwas stained with 300 nM Dapi (Millipore). 

 

Immunoblotting 

Liver samples were immediately frozen in liquid nitrogen andhomogenized in 20 mM Tris 

buffer, pH 7.4, containing 150 mM NaCl, 1% Triton X-100,10 mM EDTA and Complete 

Protease Inhibitor Cocktail (Roche Applied Science). Afterhomogenization, tissue extracts 

were centrifuged at 14,000 x g at 4°C and supernatantswere collected. Protein concentration 

was measured using the Bradford assay (Biorad).50 μg of protein per well was loaded on 13% 

sodium dodecyl sulfate-polyacrylamidegels. After electrophoresis, gels were 

electrotransferred onto polyvinylidene fluoridemembranes (Biorad). Membranes were blocked 

with 5% bovine serum albumin (BSA) inTris-buffered saline with 0.1% Tween 20 (Sigma; 

TBST) and incubated with primaryantibodies in 5% BSA in TBST. In addition to the 

antibodies listed above, rabbit anti-Rhob, rabbit anti-Akt1, rabbit anti-Gsk3b, rabbit anti-

Gsk3b phosphorylated at Ser9, rabbit anti-PTEN, rabbit anti-Pdcd4, rabbit anti-S6K1 and 

rabbit anti-S6K1 phosphorylated at Thr389 and rabbit anti-Gapdh (all Cell Signaling) 

antibodies were used.After 3 washes with TBST, membranes were incubated with the 

secondary antibody goatanti-rabbit-HRP (Jackson ImmunoResearch) at 1:10,000 dilutions in 

5% BSA in TBSTand developed with ECL or ECLplus Western Chemiluminescent HRP 

substrate (Pierce).Signal intensities were quantified and normalized to Gapdh using ImageJ. 
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Ccnd1-ASO generation and intravenous injection 

The Ccnd1-ASO was produced by Isis Pharmaceuticals. The 20mer was stabilized by 

replacing oxygen with sulphur throughout the backbone and making methoxyethyl 

modifications on the 2’ position of the sugar of the first 5 nucleotides at the 5’ and 3’ end. 

Lyophilized Ccnd1-ASO and a non-targeting control ASO (NT-ASO) were resuspended in 

NaCl 0.9% to a final concentration of 20 μg/μl. A dose of 50 μg/g body weight ASO in a total 

volume of 100 μl NaCl 0.9% was injected via the tail vein into 8 to 12-week-old male 

C57BL/6 mice (Jackson Laboratory). 

 

miRNA mimic and inhibitor transfection 

miR-21 mimic or hairpin inhibitor (bothDharmacon), miR-21-ASO or miR-21-MM-ASO was 

introduced into Hepa1,6 cells at afinal concentration of 20, 40 or 80 nM. Hepa1,6 cells were 

plated in 24-well plates(Corning; 5 x 104 cells/well) and transfected 24 hours later using 

Lipofectamine 2000(Invitrogen). Equal concentrations of double-stranded or single-stranded 

oligonucleotidessense or antisense to cel-miR-67 were used as non-targeting controls for miR-

21 mimicor inhibitor, respectively. 

 

Polysome analysis 

Isolation and analysis of polysomal fractions was performed aspreviously described (13) with 

some modifications. Hepa1,6 cells (ATCC) were seededinto 15 cm tissue culture plates and 

transfected at 50% confluency with 40 nM miR-21-ASO using Lipofectamine 2000 and 

harvested 48 hours later. Control cells weretransfected with 40 nM non-targeting ASO. Cells 

were lysed in ice-cold buffer A (10 mMTris-HCl pH 8, 140 mM NaCl, 1.5 mM MgCl2, 0.25% 
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NP-40, 0.5% Triton X-100supplemented with 40 U/ml RNase inhibitor (Promega), 150 μg/ml 

cycloheximide and 20mM dithiothreitol) for 40 minutes on ice. Lysates were centrifuged at 

10,000 x g for 10minutes at 4°C and supernatants of equal volume were loaded onto 10-60% 

sucrosegradients in buffer B (25 mM Tris-HCl, 25 mM NaCl and 1.5 mM MgCl2). Sucrose 

density gradient centrifugation was carried out at 100,000 x g for 3 hours at 4°C using an 

SW41Ti rotor (Beckman). Fractions were collected using an ISCO gradient fraction 

collector. RNA from each fraction and unfractionated samples was isolated using Trizol 

(Invitrogen), purified using Purelink RNA mini kit (Invitrogen) and treated with Turbo 

DNase (Ambion) before reverse transcription. Ccnd1 mRNA levels in fractionated and 

unfractionated RNA were determined by qRT-PCR and were normalized to Gapdh 

expression. To account for potential variations in overall Ccnd1 mRNA levels between 

samples caused by differences in cell numbers, Ccnd1 mRNA levels of fractionated RNA 

were further normalized to Ccnd1 mRNA levels of the respective unfractionated RNA. 

Unless specified, reagents were from Sigma. 

 

Rhob overexpression 

Rhob cDNA was amplified from mouse liver total RNA and clonedinto pIRES-GFP 

(Clontech) to generate the Rhob OE plasmid. Hepa1,6 cells were platedin 6-well plates 

(Corning; 5 x 105cells/well) and transfected 24 hours later with 3 μgRhob OE plasmid using 

Lipofectamine 2000. Rhob expression was determined usingqRT-PCR and immunoblotting 48 

hours later. 



 

57 

 

Rhob inhibition 

shRNA sequences for mouse Rhob were designed using the Hush-27algorithm (Origene) and 

cloned into pGFP-V-RS (Origene). Hepa1,6 cells were plated in6-well plates (5 x 

105cells/well) and transfected 24 hours later with 2 μg pGFP-V-RScontaining Rhob-shRNA 

and 2 μg Rhob OE plasmid using Fugene HD (Roche). Cellswere collected 72 hours later and 

Rhob expression was analyzed using qRT-PCR andimmunoblotting. To determine the 

consequences of knockdown of both miR-21 andRhob, Hepa1,6 cells were plated in 6-well 

plates (5 x 105cells/well) and transfected 24hours later with miR-21-ASO and Rhob siRNA or 

negative control siRNA (both Qiagen)at a final concentration of 40 and 10 nM, respectively. 

Cells transfected with miR-21-MM-ASO and negative control siRNA at 40 and 10 nM final 

concentrations were used ascontrol. Cells were collected 24 hours later for analysis by qRT-

PCR and immunoblotting. 

 

Luciferase assay 

Rhob 3’ UTR was amplified from mouse genomic DNA and clonedinto the pMIR-REPORT 

vector (Ambion). To generate the mutant Rhob 3’ UTR,mutations were introduced into the 

sequence complimentary to the miR-21 seed sequenceusing the QuickChange Site-directed 

Mutagenesis Kit (Stratagene). Constructs werevalidated by sequencing. Hepa1,6 cells were 

plated in 24-well plates (5 x 104 cells/well)and transfected 24 hours later with miR-21 mimic 

or inhibitor and 30 ng of the pMIRREPORTvector containing the wildtype or mutant Rhob 3’ 

UTR and 30 ng of the pSV-β-Galactosidase Control Vector (Promega) to monitor transfection 

efficiencies. 24 hoursafter transfection, luciferase and β-galactosidase activities were 
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measured using theLuciferase Assay System and Beta-Glo Assay System (both Promega) in a 

Synergy 2Microplate Reader (BioTek Instruments). Luciferase activities were normalized to 

β-galactosidase activities for each well. 

 

Cell cycle phase distribution analysis 

Hepa1,6 cells were plated in 6-well plates (1 x 106cells/well) and cultured for 24 hours before 

the indicated oligonucleotides weretransfected at the same final concentrations as for 

immunoblotting. 24 hours aftertransfection, cells were fixed by incubation in ice-cold 70% 

ethanol for at least 16 hours.After fixation, 2 x 105cells were stained in 10 μg/ml propidium 

iodide (Sigma) for 30minutes at room temperature in the dark. Flow cytometry was performed 

on a LSR II anddata was analyzed by CellQuest software (both BD Biosciences). 

 

Data analysis 

Statistical significance was determined with two-tailed Student’s t-tests. P< 0.05 was 

considered significant. 
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