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ABSTRACT 

 

 
Liver fibrosis is the common end stage of all chronic liver diseases, such as chronic viral 

hepatitis, alcoholism, nonalcoholic fatty liver disease, autoimmune hepatitis, α1 anti-trypsin 

deficiency and some rare metabolic diseases. Fibrosis is a major cause of morbidity and 

mortality worldwide. However, specific and efficient anti-fibrotic therapy is still lacking. Thus, 

better understanding the underlying mechanism of liver fibrosis is critical in order to find a cure.  

Liver fibrosis is histologically characterized by excessive deposition of extracellular matrix 

composed primarily of type I collagen. Type I collagen is a complex protein folded by two α1 (I) 

and one α2 (I) polypeptides into triple helix. The production of collagen polypeptides is 

regulated by the cis-acting sequence of their respective mRNAs, the 5’ stem loop (5’SL). In the 

5’ untranslated region (5’UTR) of collagen α1 (I) and α2 (I) mRNAs, there is a secondary 

structure forming a stem loop. This cis-acting element regulates type I collagen expression in 

fibrosis by binding an RNA binding protein, La ribonucleoprotein domain family, member 6 

(LARP6). LARP6 specifically binds to 5’SL of collagen mRNAs with high affinity and sequence 

specificity. The binding recruits several effector proteins to stimulate type I collagen production 

in fibrosis. LARP6 is a phospho-protein, however, how the phosphorylation of LARP6 is 

involved in the process of collagen biosynthesis has not been studied before.  

My dissertation focuses on the role of LARP6 phosphorylation in biosynthesis of type I 

collagen in fibrosis. I have identified eight serines in LARP6 that undergo phosphorylation and 

six of these serines have never been reported to be phosphorylated before. I have characterized 

the functional consequence of phosphorylation of these serines, identified the responsible 

kinases, and analyzed the role in collagen biosynthesis. These studies are presented in the 

dissertation as three logically connected chapters.  

In chapter two, I provide evidence that phosphorylation of LARP6 follows a hierarchical 

order; namely, that phosphorylation of S451 is the initial event, which is required for 

phosphorylations of other serines. Phosphorylation of S451 depends on the activity of PI3K/Akt 

signaling pathway. Akt inhibitor, GSK-2141795, which is in clinical trials for treatment of solid 

tumors, reduced collagen production with EC50 of 150 nM. This effect is explained by inhibition 

of LARP6 phosphorylation and suggests that Akt inhibitors may be effective in treatment of 

various forms of fibrosis. The S451A mutant of LARP6 lacks phosphorylation, not only at 451 
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position, but also at several other serines. Its overexpression has a dominant negative effect on 

collagen biosynthesis; the S451A mutant drastically reduces secretion of type I collagen and 

induces synthesis of aberrant and over-modified collagen polypeptides. This indicates that 

LARP6 phosphorylation at S451 is critical for activation of the protein in translation and folding 

of collagen polypeptides.  

In chapter three, I have characterized two other phosphorylations of LARP6, the 

phosphorylation of S348 and S409. These sites are phosphorylated by mammalian target of 

rapamycin complex 1 (mTORC1) and are redundant. Mutation of both these serines is required 

to inactivate LARP6. The double mutant, S348A/S409A, acts as a dominant negative protein in 

collagen biosynthesis, which retards secretion of type I collagen and causes excessive 

posttranslational modifications. Similar effects are seen using mTORC1 inhibitor rapamycin or 

by knocking down mTORC1 function by shRNA. The phosphorylation of S348 and S409 is 

needed for two processes: 1. To recruit an accessory protein serine threonine kinase receptor 

associated protein STRAP to collagen mRNAs, and 2. To enable normal subcellular trafficking 

of LARP6. STRAP is needed to coordinate translation of collagen α1 (I) and α2 (I) mRNAs, 

what becomes critical in fibrosis. In the absence of S348/S409 phosphorylation, LARP6 is 

sequestered in increasing amounts at the ER membrane. The mechanistic details and significance 

of the S348/S409 phosphorylation are described in chapter three. 

The role of transforming growth factor-β (TGF-β) in LARP6 phosphorylation is described in 

the fourth chapter. TGF-β is the most potent profibrotic cytokine and this discovery provides the 

link between the TGF-β activity and the LARP6 dependent mechanism of collagen synthesis. 

The phosphorylation of LARP6 at S396 is stimulated by TGF-β and it promotes the distribution 

of LARP6 into the nucleus. This is necessary for binding of the newly transcribed collagen 

mRNAs and their inclusion in the LARP6 dependent metabolic pathway, resulting in more 

efficient type I collagen expression. 

In chapter five, the interaction between STRAP and LARP6 in different subcellular 

compartments is presented. Association of LAPR6 with STRAP and translocon complex Sec61 

in the microsomal fraction is a novel finding, corroborating the important role of LARP6 and 

STRAP in coordinating collagen polypeptides biosynthesis by interaction with Sec61 translocon. 

In conclusion, my dissertation work has characterized different phosphorylation events on 

LARP6 and how they are involved in regulating the function of LARP6 in type I collagen 
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biosynthesis. These findings will contribute to better understanding of the mechanism underlying 

the overproduction of type I collagen in fibrosis, and provide a rationale for using kinase 

inhibitors for treating fibrotic disorders. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Abbreviations 

 

ECM-extracellular matrix; NASH-nonalcoholic steatohepatitis; NAFLD-nonalcoholic 

fatty liver disease; LARP6-La ribonucleoprotein domain family, member 6; PPAR-γ-peroxisome 

proliferator-activated receptor γ; NOXs-NADPH oxidase; UTR-untranslated region; 5’SL-5’ 

stem loop; HSC-hepatic stellate cell; LOXL2-Lysyl oxidase homologue 2; HLF-human lung 

fibroblasts; RHA-RNA helicase A; STRAP-serine threonine kinase receptor associated protein; 

mTOR-mammalian target of rapamycin; eIF4E-eukaryotic translation initiation factor 4E; 4EBP-

eukaryotic initiation factor 4E binding protein; S6K-p70 S6 ribosomal kinase; CIP-calf intestinal 

alkaline phosphatase; GFAP-glial fibrillary acidic protein; α-SMA-α smooth muscle actin; 

TIMP-tissue inhibitors of matrix metalloproteinase; TGF-β-transforming growth factor-β; 

PDGF-platelet derived growth factor; CTGF-connective tissue growth factor; ROS-reactive 

oxygen species; PI3K-phosphatidylinositol-3 kinase; PDK1-phosphoinositide-dependent kinase-

1; NF-κB-nuclear factor κB; YB-1-Y boxing binding protein 1; RTK-receptor tyrosine kinase; 

2DGE-two dimensional gel electrophoresis; pI-isoelectric point; CA Akt-constitutive active Akt; 

CTER-C-terminal domain; wt-wild type; EC50-half maximal effective concentration; ER-

endoplasmic reticulum; DAPI-4’, 6’-diamidino-2-phenylindole 

 
1.2 Overview Of Fibrosis 

 

Fibrosis is a nonphysiological scarring process, which is characterized by excessive 

deposition of extracellular matrix (ECM). Fibrosis also features many chronic autoimmune 

diseases, including scleroderma, rheumatic arthritis, systemic lupus erythematosus, Crohn’s 

disease, and ulcerative colitis. Even in tumorigenesis, stroma of solid cancers is composed of 

fibrotic tissue. The deposition and degradation of ECM contribute to confinement and metastasis 

of tumor cells [1-3]. Most importantly, fibrosis is the common end point of most chronic disease 

in various organs, contributing to an estimated 45% of all deaths in developed countries and the 

rate is even higher in underdeveloped countries. These organ systems include the skin, kidney, 

lung, and liver [2,4-8].  
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In the liver, fibrosis can advance to cirrhosis, the end stage of fibrosis of the hepatic 

parenchyma. The overall prevalence of cirrhosis in the United States is approximately 360 per 

100,000 population, or 900,000 total patients. In the US, it is the leading cause of death among 

hepatobiliary and digestive diseases, accounting for 40,000 deaths per year [9]. Nonalcoholic 

steatohepatitis (NASH) is the major cause of liver fibrosis in the US and is predicted to be the 

leading reason for liver transplantation in the year of 2020 [10,11]. Although fibrosis and 

cirrhosis of the liver are major causes of morbidity and mortality in worldwide [12], effective 

therapies to prevent or to even delay the progression of fibrotic lesions are not yet available in 

any organ. There is hope that an intense investigation of the underlying mechanism of fibrosis 

pathways will lead to the development of anti-fibrotic therapies that are effective in all of these 

organs in the future.  

 
1.3 Clinical Aspects Of Liver Fibrosis 

 

Liver fibrosis is the common end stage of most types of chronic liver diseases. The most 

common causes of liver fibrosis worldwide are alcohol abuse, drugs, toxins, parasites infection, 

hepatitis C virus infection, autoimmune liver diseases, congenital liver diseases, and NASH [4]. 

NASH is the most severe form of nonalcoholic fatty liver disease (NAFLD) and the major cause 

of liver fibrosis in the US. NASH is a component of the metabolic syndrome, which is associated 

with obesity, type 2 diabetes mellitus, and dyslipidemia. As the prevalence of obesity is rapidly 

increasing, a rise in the prevalence of NASH and liver fibrosis is anticipated [10,13,14]. The 

progression of liver fibrosis from underlying liver disease is slow, developing over 20-40 years, 

during which patients are mostly asymptomatic. Thus, the onset of liver fibrosis is usually 

insidious, and most of the related morbidity and mortality occur after the development of 

cirrhosis. 

Asymptomatic patients develop symptoms gradually, which are resulted from portal 

hypertension, the most severe complication of liver cirrhosis. Cirrhosis is defined as the 

advanced stage of fibrosis of the liver, when nodules form and the fundamental architecture of 

the liver is deformed leading to increased resistance of intrahepatic pressure and portal 

hypertension. Portal hypertension closely associates with refractory ascites, hepatic 

encephalopathy, and bleeding from esophageal varices. Decompensated cirrhosis is always a 

sign of short survival, and liver transplantation is often the only effective therapy. However, 
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limited donor organ availability and the high cost and morbidity of transplantation underscore 

the urgent need for more effective therapies [11].  

Since liver fibrosis is a bidirectional process, successful therapeutic approaches should aim 

at halting profibrotic and/or enhancing fibrolytic pathways. The following does not provide a full 

list, but rather highlights some novel targets that show promise or already in clinical trials. 

Transforming growth factor-β1 (TGF-β1) is the most potent fibrogenic cytokines playing 

fundamental role in fibrogenesis of various organs, including liver, making TGF-β1 a principle 

target anti-fibrotic therapy [15,16]. However, systemic inhibition of TGF-β1 signaling leads to 

many undesired effects due to the broad function of TGF-β1. These unwanted effects include 

enhanced inflammation (due to the strong anti-inflammatory effect of TGF-β1) [17], and 

tumorigenesis of gastrointestinal tract (due to the growth inhibitory effect of TGF-β1) [18-23]. 

Thus, it would be beneficial to target specific aspects in TGF-β1 activation.  

NAFLD is becoming the major health issue associated with type II diabetes with the 

worldwide epidemic of obesity. NAFLD associates closely with sedentary lifestyle, insulin 

resistance, and intestinal dysbiosis [24,25]. Besides lifestyle changes, antioxidants, such as 

resveratrol, is used to improve insulin resistance and lipid metabolism in patients with NAFLD 

in a clinical trial [26]. In a randomized, double-blind, placebo-controlled trial, peroxisome 

proliferator-activated receptor γ (PPAR-γ) agonist improved insulin sensitivity and liver 

histology [27]. And it has been shown that probiotic/microbiota transfer can be used to modulate 

the unbalanced gut microbiota [28]. However, the use of antioxidants proven to be effective in 

animal models is disappointing in humans due to their inability to reach relevant cellular 

compartment. The use of PPAR-γ agonists have deleterious side effects, such as weight increase 

and edema. 

NADPH oxidases (NOXs) have taken the stage as drug targets. Since their role in fibrogenic 

events is activating hepatic stellate cells (HSCs) [29], the central event of fibrogenesis (see later), 

NOX1, 2, and 4 serve as promising targets. GKT137831, a first inhibitor of NOX1 and 4, was 

granted orphan drug status for treating idiopathic pulmonary fibrosis in Europe in 2010 [30]. The 

attenuation of liver fibrosis in the CCl4 and bile duct ligation models by GSK137831 has been 

shown [31,32]. However, its antifibrotic efficacy in treating hepatic fibrosis still awaits a clinical 

trial. 
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Lysyl oxidase homologue 2 (LOXL2), involved in the cross-linking of collagen promoting 

the stability of fibrillary type I collagen [33,34], the major component of fibrotic tissue. 

Monoclonal antibody to LOXL2 was efficacious in liver and lung fibrosis models [35]. 

Currently, a LOXL2 inhibitor, simtuzumab, is being evaluated in Phase II clinical trials in 

idiopathic pulmonary fibrosis and advanced liver fibrosis secondary to NASH (NCT01452308).  

Taken together, all the current therapies are either unsatisfying or limited. It is believed that 

the most effective therapy for most diseases is targeting the causes. Although in some cases, 

removal of causative agents has been shown effective in hepatic fibrosis, such as anti-viral 

therapy in chronic hepatitis C, in many other cases including NASH, no definite causal factors 

have been identified. Thus it is urgent to elucidate the underlying mechanisms of liver fibrosis 

(the convergent pathway of fibrogenesis induced by various etiologies) and eventually find a 

target with high specificity. As many fibrogenic pathways are conserved across different organ 

systems, the findings in the liver may be extended to the studies of fibrosis in the skin, the lungs, 

the kidneys, and the heart.  

 
1.4 Current Understanding Of The Pathophysiology Of Liver Fibrosis 

 

Chronic liver injury of any causes results in fibrosis as a result of deregulation of the normal 

healing process with massive accumulation of ECM, in which type I collagen predominates. 

While wound healing is initially beneficial since it allows the ordered replacement of dead or 

injured cells during an inflammatory response, the healing process could become uncontrolled 

and pathogenic if inflammatory response continues unchecked, resulting in excessive 

accumulation of ECM and the formation of permanent scar tissue [4,36]. Therefore, liver fibrosis 

is defined as a wound-healing response that has gone awry when insults mentioned above persist. 

Regardless of the distinct triggers, a feature common to all liver fibrosis is deposition of ECM, 

including type I collagen and the activation of ECM-producing myofibroblasts [37].  

Myofibroblasts have been known as the major source of ECM components that accumulates 

during fibrotic conditions, and hepatic stellate cells (HSCs), or lipocytes, Ito cells, or 

perisinusoidal cells, which were first described by anatomist von Kupffer in 1876, are believed to 

be the major source of myofibroblasts in the liver in 1980s [38]. They express neural markers 

(such as glial fibrillary acidic protein (GFAP) and synaptophysin) [39,40]. However, their 

embryonic origin is still controversial. In normal liver, HSCs account for 5-8% of total cells, 
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serve as storage for vitamin A, and produce trace amount of type I collagen [41]. This state is 

designated as quiescent. Upon liver injury induced by various insults, HSCs undergo a process of 

activation, including dramatically phenotypic change, loss of vitamin A droplets, loss of neural 

marker signature, and expression of mesenchymal cell markers (such as α-smooth muscle actin 

(α-SMA)). In addition, HSCs acquire a wide repertoire of activities, including the ability to 

proliferate, contract and release proinflammatory, profibrogenic, and promitogenic cytokines. 

These activated HSCs are responsible for the deposition of ECM components, including type I 

collagen [42-44]. 

Fibrosis in most cases is associated with inflammation. While the infiltration of 

inflammatory cells reflects a specific immune response to an underlying infection, including 

hepatitis virus or schistosomiasis in the liver and bacteria in kidney, the prototypical fibrosis is 

associated with a sterile inflammation [45]. Current evidence suggests that the process of liver 

fibrosis is driven primarily by chronic inflammation in response to parenchymal injury, through a 

number of mechanisms and cell mediators.  

Foremost among these is TGF-β1, the major pro-fibrogenic cytokine and central mediator of 

fibrosis in multiple organs [15,16]. TGF-β1 was originally identified as a factor that induces the 

anchorage-independent growth, a hallmark of malignant transformation, on soft agar [46,47]. It 

is secreted in inactive form with latent associated protein (LAP) binding to TGF-β1 [48]. This 

small latent complex further associates with TGF-β1 binding protein to form large latent 

complex (LLC) [49]. This complex has no ability to bind TGF-β1 receptors until it dissociates 

from binding protein and LAP, mediated by protease or conformational change respectively (see 

later) [50-53]. Overexpressed of TGF-β1 in fibrotic tissues has been observed, the inhibition of 

TGF-β1 alleviated fibrosis in the kidney, heart and liver in animal models [54-56]. TGF-β1 

upregulates collagen expression in cultured fibroblasts, through different mechanisms. It not only 

promotes the transdifferentiation of quiescent stellate cells into activated myofibroblast-like 

HSCs [57,58], but also upregulates transcription, stability, and translation of collagen mRNAs 

[59]. In addition, TGF-β1 inhibits the degradation process of ECM by expressing tissue 

inhibitors of matrix metalloproteinases (TIMPs) [60]. Besides TGF-β1, other cytokines involved 

in fibrogenesis include platelet-derived growth factor (PDGF), the most potent proliferative 

stimulus towards HSCs [61], and connective tissue growth factor (CTGF), another mediator of 

fibrogenesis [62]. 
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Activation of HSCs is a result of a complex display between the parenchymal cells, immune 

cells, extracellular matrix mechanics and the extrahepatic milieu, including the gut microbome. 

Conditions such as NASH, dysregulation of insulin signaling, activate endoplasmic reticulum 

(ER) stress pathway and the unfolded protein response in order to reestablish homeostasis in the 

liver. If pathologic conditions persist, however, it results in necrosis of hepatocytes, which 

release damage associated molecular patterns (DAMPs), which serve as a dangerous signal to the 

host. DAMPs, such as high-mobility group box 1 (HMGB1), are recognized by pattern 

recognition receptors (PRRs) on the target cells, leading sterile inflammation responses [45,63]. 

This leads to the production of proinflammatory and profibrogenic cytokines, such as TGF-β1 by 

Kupffer cells, and the recruitment of inflammatory cells to activate HSCs. Chronic oxidative 

stress is an important factor in initiating the fibrogenic process in the liver. All known insults of 

liver disease can induce oxidative stress. Reactive oxygen species (ROS) promote hepatocyte 

apoptosis/necrosis which induces secretion of profibrogenic cytokines leading to the activation 

of HSCs indirectly. ROS can promote HSCs activation directly [45,64-66].  

A change in ECM stiffness is also a mediator of HSCs behavior [67]. The stiffness of 

fibrotic tissue modulates the character of residing cells, such as HSCs by driving 

transdifferentiation of HSCs into myofibroblast-like cells. It has been shown that a stiffness of 

about 12 kPa is necessary to activate HSCs into α-SMA expressing myofibroblasts. The 

physiologic stiffness of normal human lung is approximately 2 kPa, and the stiffness of normal 

rat and human liver are 0.3-0.6 kPa and 1.8-2.9 kPa respectively [68-70]. In addition, the activity 

of TGF-β1, which promotes the activation of HSCs, is affected by the matrix stiffness [53]. 

When the stiffness changes, TGF-β1 becomes activated and is released from its latent form. 

TGF-β isoforms (TGF-β1 and TGF-β3) can be activated by integrin that interacts with arginine-

glycine-aspartic acid (RGD) motif present in the amino terminal of TGF-β called LAP. The 

recently solved crystal structure of the latent complex of TGF-β1 demonstrates that mechanical 

force generated by actomyosin cytoskeleton and transmitted by integrin is a common mechanism 

for activating latent TGF-β1. And this activation required stiff ECM [51].  

Compounding these events, gut microbiota is also involved in HSCs activation. In alcoholic 

steatohepatitis, excessive consumption of alcohol not only changes the composition of gut 

microbita, but also induces overgrowth of bacteria, which might be contributed by alcohol 

induced reduced intestinal mobility [71]. In addition, alcohol and its metabolite, acetaldehyde, 
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destroy the tight junction of the intestinal epithelium [72]. Thus, gut bacterial and bacterial 

derived lipopolysaccharide (LPS) translocate from the disrupted intestinal barrier into portal vein 

and into the liver, where LPS binds to pattern recognition receptors, Toll like receptor 4 (TLR4). 

TLR4 is highly expressed on both Kuppfer cells and HSCs [73,74]. It has been shown that TLR4 

signaling in HSCs is important during liver fibrogenesis, in which TLR4 signaling pathway is 

involved in activating HSCs through crosstalk between TLR4 and TGF-β signaling. In quiescent 

HSCs, a protein called Bambi is highly expressed and inhibits TGF-β signaling. TLR4 activation 

results in a rapid downregulation of Bambi, allowing the activation of TGF-β and activation of 

HSCs [75].  

According to current concept, MicroRNA (miRNA) and epigenetic modulation also impact 

on HSCs activation and progression of fibrosis. HSCs transdifferentiation is promoted by the 

repression of adipogenic genes such as PPAR-γ [76,77]. During HSCs activation, PPAR-γ is 

epigenetically repressed by the recruitment of methyl-CpG binding protein 2. The increased 

expression of this protein is induced by depletion of miR-132 [78].  

Besides HSCs, portal fibroblasts, located in the portal area and under physiological 

conditions regulate the normal ECM turnover, are distinct from HSCs as they express elastin, 

fibulin-2, and glycophosphatidylinositol-linked glycoprotein (Thy 1.1) but do not store vitamin 

A. Portal fibroblasts are major source of myofibroblasts in cholestatic liver injury.  

 

1.5 Biosynthesis Of Type I Collagen 

 

Type I collagen is the predominant component of the extracellular matrix and the most 

abundant proteins in vertebrates. It comprises >90% of the organic mass of the bone and is the 

main constituent of tendon, skin, ligaments, cornea, arterial blood vessel walls and many 

interstitial connective tissues [79]. In parenchymal organs type I collagen is present in small 

amounts to maintain the structural integrity. In normal tissues type I collagen is a long-lived 

protein. In rats, labeling hydroxylproline with 18O, followed by mass spectrometry, demonstrated 

that the half-life of type I collagen has a range from 45 days in muscle to 244 days in intestine 

[80]. Pulse-chase studies with 3H labeled proline showed similar turnover rate of type I collagen 

in various tissue, with a half-life averaging 60-70 days [81]. Therefore, to maintain the steady 

state levels of type I collagen the replacement or constitutive type I collagen synthesis occurs at a 

low rate. However, in physiological wound healing or in non-physiological reactive fibrosis, type 
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I collagen synthesis can be upregulated several hundred fold; this is one of the characteristics of 

type I collagen regulation and the process is not completely understood.  

Type I collagen is the major fibrillar collagen composed of two α1 (I) and one α2 (I) 

polypeptide chains folded into a heterotrimeric helix [82]. Biosynthesis of type I collagen starts 

with transcription of unlinked loci of collagen α1 (I) and α2 (I) genes, followed by processing of 

the mRNAs, their export and translation on the membrane of the ER. Nascent collagen α1 (I) and 

α2 (I) chains have a signal peptide and are co-translationally inserted into the lumen of the ER. 

Cleavage of the signal peptides by signal peptidase is followed by translational elongation and 

insertion into the lumen. Procollagen polypeptides contain a central, triple helix-forming domain, 

with approximately 1000 amino acid having a continuous Gly-X-Y (X is frequently proline and 

Y is frequently hydroxyproline) repeat motif, flanked by globular N-terminal and C-terminal 

domains [83-86]. Before folding into triple helix, procollagen polypeptides undergo multiple 

steps of post-translational modification, including hydroxylation of prolines and lysines and 

glycosylation of selected hydroxyl-lysines [87]. Then, two α1 (I) and one α2 (I) procollagen 

polypeptides register together by hydrophobic and electrostatic interactions between the C-

terminal globular domains, followed by the formation of inter-chain disulfide bonds [88-90]. 

Requiring registration of three polypeptides, the folding of type I collagen is highly dependent on 

concentration of individual polypeptides. In addition, coordination of synthesis of α1 (I) and α2 

(I) polypeptides is necessary to prevent formation of α1 (I) homotrimers. Homotrimers of α1 (I) 

chains readily form if α2 (I) chain is not available [91]. The registration of the C-terminal 

domains ensures correct alignment of the chains and nucleates the folding of the chains into a 

triple helix [92]. Hydrogen bonding between hydroxyprolines and glycines stabilizes the triple 

helix, which is formed by propagation of the structure from the C-terminal to the N-terminal end 

[82,93-96]. After assembly, the triple helices of type I procollagen are sorted within the Golgi 

compartment into secretory vesicles and secreted into the extracellular space [97,98]. In the 

extracellular space the procollagen is cleaved by specific proteinases, procollagen N-proteinase 

and the procollagen C-proteinase, to form collagen which is polymerized into fibrils [99]. The 

arrangement fibrils are stabilized by the formation of covalent cross-links between lysine and 

hydroxylysine residues, which finally contribute to the mechanical resilience of the fibrils 

[100,101].  
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This part of the biosynthetic pathway of type I collagen has been well understood through 

many years of research. However, much less is known about the early events in the biosynthetic 

pathway; the molecular interactions which commit collagen α1 (I) and α2 (I) mRNAs for 

translation and regulate the coupled production of the polypeptides. These events determine the 

final quantitative and qualitative outcome of the biosynthesis. Elucidation of how it is possible to 

convert low grade constitutive synthesis into highly active synthesis is critical for understanding 

of fibrotic processes. The work in recent years has suggested that this is predominantly achieved 

by posttranscriptional regulation; by stabilization of collagen mRNAs and by stimulating their 

translation. Both of these processes are regulated by binding of RNA binding protein La 

ribonucleoprotein domain family, member 6 (LARP6) to the conserved structure found in the 

mRNAs encoding type I and type III collagens (see later).  

There are multiple independent means to regulate protein expression in eukaryotic cells. Our 

thinking of how eukaryotic cells control gene expression had been influenced for a long time by 

the prokaryotic paradigm and had been focused on transcription. This view has been increasingly 

challenged by growing number of discoveries that post-transcriptional mechanisms play a 

significant role. Therefore, while the steady state level of protein is determined by the amount of 

mRNA, which is regulated by the rate of transcription, the percentage of the transcripts that are 

processed and transported into the cytoplasm, it is also influenced by the rate of translation of 

mRNA and the stability of the mRNA. The posttranscriptional regulation of gene expression 

allows cells to respond to environmental stimuli more quickly than de novo transcription. The 

increase in collagen expression in wound healing and fibrosis is predominantly due to increased 

stability of collagen mRNAs and their regulated translation [102-105].  

The range of half-lives of different mRNAs varies from minutes to hours. In terminally 

differentiated fibroblasts collagen mRNAs have a long half-life and exhibit differential stability 

under different culture conditions. In rat fibroblasts, its half-life is >16 h [106]. In NIH 3T3 

fibroblasts, collagen α1 (I) mRNA has a half-life of 4 h in semi-confluent cells and 9 h in 

confluent cells. This long half-life can be further prolonged by treatment with transforming 

growth factor β (TGF-β); the most potent collagen inducing cytokine [107-112]. In cardiac 

fibroblasts, angiotensin II (Ang II), a component of renin-angiotensin-aldosterone system 

(RAAS), prolongs the half-life of collagen mRNAs indirectly via upregulation and activation of 

TGF-β [113,114]. The turnover rate of collagen α1 (I) mRNAs can also be regulated by cell 
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adhesion. Reattachment of fibroblasts onto solid matrix prolongs the half-life of collagen α1 (I) 

mRNAs from 2 h in suspended cells to 8 h in adherent cells [115].  

The best evidence that increase in half-life of collagen mRNAs is critical for development of 

fibrosis came from studies with hepatic stellate cells (HSCs). HSCs are the major cells 

responsible for high level of collagen synthesis in fibrotic liver. In normal liver HSCs maintain a 

quiescent state and synthesize trace amount of type I collagen. However, in the presence of 

profibrotic stimulators, such as TGF-β, HSCs transdifferentiate into myofibroblasts-like cells, 

acquiring the ability to migrate and to synthesize large amounts of type I collagen [42-44].  In 

vitro culturing of HSCs isolated from normal rat liver is widely accepted model to study 

activation of type I collagen expression and this process mimics the changes in fibrotic liver 

[116]. Freshly isolated HSCs are in quiescent state, but after culturing for 3 days on uncoated 

plastic dishes the activation process is triggered and after 7 days the transdifferentiation into 

myofibroblasts is completed. The 50-100 fold increase in type I collage expression seen after 7 

days in culture is a combination of increased transcription and increased half-life of collagen 

mRNAs. However, when the transcription rate of collagen α1 (I) gene was measured in quiescent 

HSCs and myofibroblasts by nuclear run-off assay, the transcription was increased 3 fold in 

myofibroblasts compared to quiescent HSCs. In contrast, the half-life of α1 (I) mRNA was 

prolonged from 1.6 h in quiescent HSCs to more than 24 h in myofibroblasts, an increase of 16 

fold [104]. Considering only 3 fold increase in the rate of transcription, the posttranscriptional 

regulation proved to be the predominant mechanism to account for 50-100 fold increase in the 

steady state level of collagen α1 (I) mRNA.  

 
1.6 Role Of LARP6 In Regulating Type I Collagen Biosynthesis 

 

Type I collagen is the most abundant structural protein in all vertebrates, but its constitutive 

rate of synthesis is low due to long half life of the protein. However, several hundred fold 

increased production of type I collagen is often seen in reparative or reactive fibrosis. The 

mechanism which is responsible for this dramatic upregulation is complex, including multiple 

levels of regulation. However, it became evident that the post-transcriptional regulation plays a 

predominant role. Post-transcriptional regulation comprises processing, transport, stabilization 

and translation of mRNAs and is executed by RNA binding proteins.  There are about 800 RNA 

binding proteins, but only one, LARP6, is specifically involved in type I collagen regulation. In 
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the 5’ untranslated region (UTR) of mRNAs encoding for type I and type III collagens there is an 

evolutionally conserved stem-loop (SL) structure; this structure is not found in any other mRNA. 

LARP6 binds to the 5’SL in sequence specific manner to regulate stability of collagen mRNA 

and their translatability. The current understanding of how is LARP6 involved in post-

transcriptional regulation of collagen mRNAs, and how other proteins recruited by LARP6 

contribute to this process is presented here. 

LARP6 is the specific RNA binding protein of collagen mRNAs. In the 5’UTR of collagen α1 

(I) and α2 (I) mRNAs there is a 5’stem loop structure encompassing the start codon (5’SL). The 

5’SL is 48 nucleotides long and is located 75-85nt from the cap. It is well conserved in collagen 

α1 (I) and α2 (I) mRNAs of all vertebrates, implying an important function in regulating type I 

collagen expression. A similar sequence is not found in any other mRNA, except type III 

collagen mRNA. Sequence of 5’SL of human collagen α1 (I) and α2 (I) mRNA is shown in Fig. 

1. The 5’SL is composed of two double stranded stems, flanking the central bulge. Cloning of 

LARP6 as the specific RNA binding protein which binds the 5’SL of collagen mRNAs with high 

affinity and specificity allowed functional characterization of this interaction. The nucleotides 

critical for LARP6 binding reside in the single stranded bulge, 2 nt in B1 and 3 nt in B2 region 

are critical for binding (Fig. 1, circled). Mutation of each of these nucleotides abolished the 

binding of LARP6 in gel mobility shift experiments [117,118].  

 
 

 

Figure 1. Sequence of the 5’SL of human collagen α1 (I) mRNA (left panel) and α2 (I) 

mRNA (right panel).  Nucleotides critical for LARP6 binding  are circled and translation start 
codon is boxed. 
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LARP6 contacts the 5’ SL with La module; containing the La domain and the RNA 

recognition motif (RRM) [117]. Although the La domain of LARP6 is similar to the La domain 

of other members of LARP superfamily, LARP6 utilizes different amino acids for binding 5’SL 

than, what the only other characterized LARP, LARP3, uses for binding RNA [119-121]. The 

most notable difference is the presence of T133 in LARP6, which is absolutely necessary for 

5’SL binding. The RRM has a predicted β-sheet structure, but one of the loops connecting the β-

strands is longer in LARP6 than in the other LARPs (loop 3, 22 amino acids compared to 3 

amino acids in LARP3) [122]. This loop proved to be critical for recognition of 5’SL and 

mutation of the loop 3 completely abolished binding to 5’SL.  The importance of loop 3 for 

binding was also corroborated by NMR studies of the LARP6 structure [118,123]. Thus, the 

unique sequence features of LARP6 allow specific recognition of 5’SL, however, identification 

of the exact contacts between LARP6 and 5’SL RNA must await resolution of the crystal 

structure.  

The equilibrium binding constant of LARP6 to the 5’SL of α1 (Ι) mRNA and α2 (I) mRNA 

is similar.  Fluorescence polarization measurements of Kd estimated the Kd of  ~0.5 nM, 

however, ITC measurements estimated the Kd of 40 nM [118,123]. Regardless of this 

discrepancy, the binding of LARP6 to 5’SL is of high affinity. No other RNA binding site for 

LARP6 has been identified, indicating that LARP6 is the specific RNA binding protein of 

collagen mRNAs.  When LARP6 was pre-bound to 5’SL RNA and challenged for dissociation 

by adding an excess of competitor 5’SL RNA, the LARP6/α2 (I)5’SL complex was more 

resistant to dissociation that the LARP6/α1 (I)5’SL complex [118]. This suggested that binding 

of LARP6 to collagen α2 (I) mRNA is more stable under competitive conditions that normally 

exist in the cell. I postulated that more stable binding to collagen α2 (I) mRNA secures coupling 

of this mRNA into the translational pathway with collagen α1 (I) mRNA for preferential  

synthesis of  heterotrimers of type I collagen over homotrimers of α1 (I) polypeptides. 

Binding of LARP6 to 5’SL of collagen mRNAs has been found both in the nucleus and in 

the cytoplasm. Nuclear localization signal of LARP6 has been mapped to the carboxyl terminal 

domain, between amino acids 297 to 303 [117,124]. The localization of LARP6 in the nucleus 

may function as a carrier of collagen mRNAs, transporting them from the nucleus into the 

cytoplasm.  
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Role of LARP6 binding in fibrosis development. The role of 5’SL in profibrotic response was 

analyzed in vitro using HSCs in culture and in vivo using a knock in mouse model. If trans-acting 

factors are needed for type I collagen expression in HSCs, then they can be titrated out by 

expressing a decoy RNA containing the binding site for these factors. Based on this premise, a 

molecular decoy was constructed that contained 5’SL structure at the 5’ end, followed by the 

sequence of U7 snRNA. The 5’SL was placed to titrate LARP6 and the U7 sequence to allow 

packaging with the Sm proteins to stabilize the hybrid RNA. When the decoy with 5’SL was 

expressed in HSCs, it reduced both collagen α1 (I) and α2 (I) mRNA, as well as protein 

expression, by 50-60%. The control decoy lacking the 5’SL had no effect, suggesting that 

sequestration of LARP6 reduces type I collagen synthesis by HSCs [125].  

The ultimate confirmation of the essential role of 5’SL in collagen expression was obtained 

when the 5’SL knock in mice were created. In these mice the collagen α1 (I) gene was mutated 

such that nucleotides encoding for 5’SL were substituted with an unrelated sequence, while the 

rest of the gene was intact.  The mutant gene encoded for α1 (I) mRNA with the intact open 

reading frame and which was expressed at normal levels; it just lacked the 5’SL regulatory 

element. Knock in mice were born and developed normally and type I collagen expression in the 

adult animals has not been drastically altered.  However, when liver fibrosis was induced in 

homozygous mutant animals, the mice developed only 20-30% of fibrosis seen in control mice. 

HSCs were also isolated from the mutant animals and subjected to activation in vitro. Mutant 

HSCs expressed low levels of type I collagen upon activation, when compared to HSCs from 

control mice [126]. This findings indicated that physiological amounts of type I collagen can be 

produced when α1 (I) mRNA lacks the 5’SL, but that hepatic tissues can not upregulate type I 

collagen after the profibrotic stimulus.  The conclusion was that binding of LARP6 to 5’SL is 

pivotal for high level of type I collagen expression in fibrosis, while it is dispensable for 

constitutive synthesis.  

Stabilization of collagen mRNAs by interaction of LARP6 and vimentin filaments. Early 

work on posttranscriptional regulation of type I collagen expression discovered that binding of 

another RNA binding protein, αCP (also known as hnRNPE), to the C-rich sequence located 

23nt 3’ to the stop codon of collagen α1 (I) mRNA stabilizes this mRNA [104]. Subsequently it 

was shown that αCP also binds C-rich regions in the 3’UTR of 15-lipoxygenase (LOX) and 

tyrosine hydroxylase mRNAs [127], suggesting that αCP is a common factor for stabilization of 
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several long-lived mRNAs. In contrast to the more general role of αCP in mRNA stabilization 

and its preference for C-rich sequences, the sequence specific binding of LARP6 to collagen 

mRNAs specifically regulates the half-life of collagen α1 (I) and α2 (I) mRNAs. 

Our work has discovered that LARP6 can interact with vimentin [128]; protein which forms 

type III intermediate filaments in cells of mesenchymal origin. Collagen mRNAs can be 

precipitated with vimentin and association of collagen mRNAs and vimentin filaments can also 

be visualized by RNA FISH. RNA FISH showed that about 30% of collagen α1 (I) mRNA and 

50% of α2 (I) mRNA are colocalized with vimentin filaments. The interaction of collagen 

mRNAs and vimentin filaments is 5’SL and LARP6 dependent. Mutation of the 5’SL abolished 

the interaction and knock down of LARP6 reduced the pull down of collagen α1 (I) and α2 (I) 

mRNAs with vimentin. This indicated that LARP6 serves as a bridge to tether collagen mRNAs 

to the vimentin filaments. The functional significance of this interaction was revealed when 

vimentin filaments were disrupted by β,β'-iminodipropionitrile (IDPN), a chemical that 

depolymerizes the filaments [129], or by overexpression of dominant negative form of desmin. 

Desmin is related to vimentin and dominant negative form of desmin disrupts organization of 

vimentin filaments [130-132]. Collagen mRNAs decayed faster in vimentin disrupted cells, with 

a half-life of 5 h for collagen α1 (I) mRNA and 8-9 h for α2 (I) mRNAs, compared to 18 h and 

24 h half lives in  control cells.  Thus, stabilization of collagen mRNAs is achieved through 

interaction of LARP6 and vimentin and association of the mRNAs with the filaments. 

Collagen mRNAs associated with vimentin are not translated. Vimentin is not found in 

polysomal fractions and precipitation of vimentin does not pull down ribosomes. These results 

suggested that the fraction of collagen mRNAs associated with vimentin is sequestered from 

translation and stored as a pool of stable mRNA. Based on the estimation by RNA FISH that 

30% to 50% of collagen mRNAs colocalize with vimentin, I concluded that mesenchymal cells 

contain large stores of collagen mRNAs, which can be quickly mobilized into the translational 

pathway as the demand for type I collagen increases (Fig. 2).  

Unique aspects of translation of collagen mRNAs. In general, long 5’UTRs, upstream open 

reading frames (uORFs) and secondary structure severely hamper cap-dependent ribosomal 

scanning and translation initiation [133,134]. mRNAs with these features are inefficiently 

translated, but their translational efficiency can be regulated by binding trans-acting factors, 

providing the ability to quickly change gene expression [135-141]. Collagen α1 (I) and α2 (I) 
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mRNAs have two short upstream open reading frames and the secondary structure of 5’SL. 

Therefore, they are subjected to regulation of translation by binding of LARP6 to 5’SL.  

Collagen biosynthesis requires translation of two polypeptides on the membrane of the ER, but 

the polypeptides are not randomly translated and their production is concentrated at discrete 

spots [117]. A reporter protein consisting of collagen α1 (I) polypeptide fused to green 

 
 

 

Figure 2. Stabilization of collagen mRNAs on vimentin filaments. Pools of collagen mRNAs 
on vimentin filaments can be activated for translation or subjected to degradation. 
 
 
fluorescent protein showed accumulation at well defined foci in the ER, but the focal 

accumulation was observed only when the polypeptide was translated from the mRNA with 

5’SL. If encoded by the mRNA without 5’SL, the accumulation of this reporter was diffuse. 

Knock down of LARP6 had a similar effect and converted the focal pattern of synthesis to a 

diffuse pattern.  

The explanation for this phenomenon came with the finding that collagen mRNAs are 

directly targeted to the ER membrane before the onset of translation (Fig. 2). It has been well 

accepted that mRNA encoding secretory proteins are targeted to the ER membrane by signal 

recognition particle (SRP) after translation of the signal peptide [142]. However, growing 

evidence has shown that many mRNAs are targeted to the ER membrane independently of 

translation and mediated by RNA binding proteins [143-148]. Collagen mRNAs showed 

association with the ER membrane in cells where translation initiation was inhibited by 

pateamine A or where polysomes were dissociated by puromycin. In contrast, mRNAs encoding 
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two other secreted proteins, fibronectin and matrix metalloproteinase 12, showed translation 

dependent partitioning.    Knock down of LARP6 by siRNA resulted in retention of collagen 

mRNAs in the cytosol [149]. These results are consistent with hypothesis that binding of LARP6 

prevents premature translation of collagen mRNAs and targets the mRNAs to discrete subregions 

of the ER membrane. LARP6 can interact with the ER protein translocation channel, SEC61 

translocon [118], raising a possibility that collagen mRNAs are directly delivered to a subset of 

translocons before translation initiation. It has been suggested that translocons associated with 

the accessory protein TRAM2 represent such a subset [150]. In this way collagen α1 (I) and α2 (I) 

mRNAs are delivered to closely positioned translocons for coordinated translation of α1 (I) and 

α2 (I) polypeptides. The close positional synthesis of the polypeptides would assure high local 

concentrations for effective folding into the triple helix. It is easy to envision that this process is 

activated when large amounts of type I collagen are synthesized, such as in fibrosis (Fig.3). 

A surprising finding that came from these studies was that the integrity of nonmuscle 

myosin filaments is also needed for partitioning of collagen mRNAs to the ER membrane [149]. 

Nonmuscle myosin forms bipolar filaments which interact with and move actin filaments. It has 

been extensively studied in relation to cell motility and contractility [151,152], but there have 

been no reports on involvement of nonmuscle myosin in translation. Depolymerization of 

nonmuscle myosin by the inhibitor of myosin light chain kinase, ML-7 [153], or by 

overexpression a dominant negative mutant of myosin light chain kinase [154] prevented 

partitioning of collagen mRNAs to the membrane. Inhibition of the motor function of myosin by 

blebistatin [155] had only minor effects, suggesting that the integrity of the filaments, rather than 

their motor function is required. Although it has been reported that LARP6 interacts with 

nonmuscle myosin [156], further studies are needed to elucidate the exact mechanism of 

nonmuscle myosin mediated partitioning of collagen mRNAs. HSCs highly upregulate 

expression of nonmuscle myosin when they activate into myofibroblasts [157]. Similar finding 

was described in a mouse model of cardiac fibrosis, where fibrotic tissue was found only in the 

areas of the heart which showed expression of nonmuscle myosin [158]. Thus, nonmuscle 

myosin may not only enable motility of profibrotic cells, but also facilitate synthesis of high 

levels of type I collagen.  

Coordinated translation of collagen mRNAs is regulated by interaction of LARP6 and 

STRAP. After partitioning to the ER membrane, translation of collagen mRNAs must be 
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initiated. Serine threonine kinase receptor associated protein, STRAP, also known as upstream of 

N-ras interacting protein (UNRIP), was initially identified as a protein involved in regulating 

cap-independent translation of human rhinovirus mRNA and in assembly of snRNPs [159,160]. 

Homozygous deletion of STRAP generated by a gene-trap mutagenesis in mice is embryonically 

lethal [161]. STRAP has no kinase activity or RNA binding activity, but contains 7 WD 
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Figure 3. Translation of collagen mRNAs on the membrane of the ER. (A) LARP6 
independent, constitutive synthesis of type I collagen. (B) LARP6 dependent, highly productive 
synthesis. Translating ribosomes are shown as dark ovals, posttranslational modifications of 
collagen polypeptides are indicated (OH, proline and lysine hydroxylations, GalGl, 
glycosylations) and dashed arrows point to folding of the triple helix. 
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domains, which are responsible for protein-protein interactions [162-164]. LARP6 interacts with 

the amino acids 294-338 in the C-terminus of STRAP, which are outside of the WD repeats.  The 

interaction with LARP6 recruits STRAP to collagen mRNAs. Immunoprecipitation of 

endogenous STRAP pulled down small amount of collagen mRNAs, but overexpressing LARP6 

increased the amount of collagen mRNAs pulled down, suggesting that LARP6 is the rate 

limiting factor for tethering STRAP to collagen mRNAs. In gel mobility shift experiments 

STRAP was found in complex with LARP6 and 5’SL RNA, although STRAP alone can not bind 

RNA. The recruitment of STRAP is critical for coordination of translation of collagen α1 (I) and 

α2 (I) mRNAs [165]. Embryonic fibroblasts derived from STRAP knock out mice preferentially 

synthesize and secrete homotrimers of α1 (I) polypeptides [165], suggesting that the STRAP 

knock out cells can not effectively incorporate α2 (I) polypeptide into type I collagen.  

Translational control executed by STRAP was revealed by comparison of polysomal 

loading of collagen mRNAs in control and STRAP knock out cells [165]. In control cells only 

about 50% of collagen α1 (I) and α2 (I) mRNAs were found loaded onto polysomes, while 50% 

was not actively engaged in translation. This indicated that translation of collagen mRNAs is 

normally restricted. In STRAP knock out cells similar restriction of translation was observed for 

collagen α1 (I) mRNA, but all of collagen α2 (I) mRNAs was found on polysomes. Unrestricted 

translation of collagen α2 (I) mRNA resulted in the inability of cells to incorporate α2 (I) 

polypeptide into the procollagen. Reexpression of STRAP in STRAP knock out cells restored 

incorporation of collagen α2 (I) polypeptide and secretion of the heterotrimers of type I collagen. 

These results suggested that translation of type I collagen mRNAs must be limited to allow 

coordination of production of α1 (I) and α2 (I) polypeptides and that recruitment of STRAP is 

necessary for secretion of normal procollagen heterotrimer.  

RNA helicase A increases translational competitiveness of collagen mRNA. In the cells there 

is always surplus of mRNAs compared to the amount of translational machinery; this implicates 

that mRNAs must compete to be translated. As mentioned earlier, type I collagen mRNAs have 

two short upstream open reading frames and the secondary structure of 5’SL in their 5’UTR, 

therefore they are not the optimal substrates for translation initiation. To compete with the other 

ER membrane associated mRNA for ribosomes, LARP6 recruits another accessory factor for 

translation, RNA helicase A (RHA) [166].  
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RHA, also known as DEIH motif helicase DHX9, is a well-conserved RNA binding protein 

with ATPase and RNA helicase activities [167,168]. It has been shown that RHA is required to 

facilitate translation initiation of structured mRNAs containing the so called posttranscriptional 

control element (PCE). PCE consists of a stem-loop followed by GC-rich sequences and has 

been first found in the 5’UTR of some retroviral mRNAs and in human JunD mRNA. RHA 

recognizes the secondary structure of PCE, unwinds it and enhances efficiency of translations of 

these mRNAs [167-171]. 5’SL is not a PCE and RHA can not bind the 5’SL, however, RHA can 

interact with LARP6. Depletion of RHA by siRNA reduced expression of collagen polypeptides, 

which was rescued by re-expression of RHA. The reduced expression of collagen polypeptides in 

the absence of RHA was due to poor loading of collagen mRNAs onto polysomes. While about 

50% of collagen mRNAs is normally found on polysomes, knockdown of RHA resulted in 

almost complete exclusion of collagen α1 (I) and α2 (I) mRNAs from polysomes and their 

accumulation in fractions containing ribosomal subunits [166]. Therefore, LARP6 enhances the 

translation type I collagen mRNAs by tethering RHA. If RHA unwinds the secondary structure 

of 5’SL and releases LARP6 to enhance translation elongation remains to be established.  

The role of RHA in promoting synthesis of type I collagen was also evidenced during the 

activation of HSCs. Quiescent HSCs do not express detectable levels of RHA, but after their 

activation RHA is highly upregulated and its expression parallels that of type I collagen [166].  

Interaction of LARP6 and FKBP3 increases the half life of LARP6. Little is known about 

how LARP6 is regulated itself in collagen producing cells and in fibrosis. Preliminary studies 

indicate that posttranslational modifications of LARP6 by phosphorylation play an important 

role in activation of LARP6 (see next paragraph).  LARP6 also interacts with a molecular 

chaperone, 25 kD FK506 binding protein (FKBP25 or FKBP3) [172]. FKBP3 is a member of 

FKBP superfamily, which is involved in transcriptional regulation, ribosome biogenesis, T-cell 

activation, and tumor suppression [173-176]. All members of the superfamily have cis-trans 

prolyl isomerase (PPIase) activity and can bind immunosuppressant drugs, such as FK506. 

PPIase activity catalyzes the isomerization of proline (cis-trans conformational change) in 

peptides and proteins, regulating their folding and structure [176,177].  

Knock down of FKBP3 or treatment of fibroblasts with its inhibitor, FK506, reduced 

expression of collagen polypeptides. The level of LARP6 protein in these cells was lower than in 

control cells and the half-life of LARP6 was reduced from 12 h in control cells to 6 h in FKBP3 
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knock down cells (unpublished). This suggested that the interaction between LARP6 and FKBP3 

may be needed to stabilize LARP6 and to increase its effective concentration in the cells. At 

present it is not known if cis-trans isomerization of a proline in LARP6 or formation of a stable 

complex between LARP6 and FKBP3 is responsible for this effect.  

In an in vivo model of hepatic fibrosis, treatment with FK506 reduced fibrosis. Inefficient 

translation of type I collagen mRNAs in the livers of FK506 treated animals was observed [172]. 

Although the levels of LARP6 could not be measured in the whole liver, it is plausible that the 

impaired translation of collagen mRNAs was due to the decreased LARP6 concentrations. No 

inflammation was seen in this model, suggesting that a novel anti-fibrotic mechanism of FK506 

involves indirect targeting of LARP6. Anti-fibrotic effect of FK506 has also been observed in a 

mouse model of pulmonary fibrosis [178], justifying further studies of the role of FKBP3 in 

LARP6 metabolism and fibrosis.  

Taken together, LARP6 dependent mechanism is very important in type I collagen 

production in fibrosis, phosphorylation of LARP6 has not been studied before and is the focus of 

this present dissertation. 

 

1.7 Role Of Phosphorylation In Regulating Biological Function Of Protein 

 

The maintenance of cellular integrity and regulation of various biological functions in cells 

is achieved by complicated conversion between thousands of biomolecules, among which 

proteins are always the modulatable molecules. Genes encode the proteins with basic biological 

functions; however, the dynamic regulation of the functions of proteins to accommodate 

environmental changes is accomplished through specific posttranslational modifications (PTMs) 

of proteins [179-183]. These PTMs include phosphorylation, glycosylation, SUMOylation, 

ubiquitination, and acetylation, to name but a few.  

Reversible phosphorylation is the most widely studied PTM of proteins. Far from being 

mere “decorations”, the phosphorylation of a protein regulates its behavior in almost every 

aspect [184]. These include alteration of its biological function, subcellular localization, stability, 

interaction with other proteins. In addition, phosphorylation of RNA binding proteins regulates 

their function in translation.  

Phosphorylation of RNA binding protein regulates translation of mRNAs. While activation 

of translation factors is important in modulation of mRNAs translation, inhibitory RNA binding 
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proteins involved in regulating translation of mRNAs are equally critical. The derepression of the 

inhibited mRNAs is mediated by phosphorylation of the inhibitory protein. Y box binding 

protein 1 (YB-1), originally identified as a transcription factor by binding to the Y-box promoter 

element in the nucleus, is now recognized as an RNA binding protein that inhibits translation of 

cellular mRNAs by antagonizing eukaryotic initiation factor 4E (eIF4E) function [185]. The 

derepression of mRNAs is accomplished via phosphorylation of YB-1 at S102 by Akt, which 

disrupts the binding of YB-1 to the capped 5’mRNAs [186,187]. Phosphorylated YB-1 is then 

displaced by the translation initiation complex driven by eIF4E. Since the features of YB-1 as a 

RNA binding protein upon binding to highly structured 5’UTR is analogous to LARP6 and 5’SL 

of collagen mRNA, it is possible that LARP6 is involved in translation of collagen mRNA 

through its phosphorylation, which is the focus of this dissertation. 

Taken together, phosphorylation provides a “molecular barcode” to regulate cellular 

processes. The latter can be operated in the same protein by multisite phosphorylation, which 

finely tune protein activities [188,189]. Even among these multiple phosphorylation sites, 

sequence conservation is observed, implying that high numbers of sites cannot be merely due to 

promiscuous phosphorylation. It is determined by the specificity of various protein kinases, 

which are involved in the hierarchical phosphorylation of a single protein. 

Protein kinases catalyze the transfer of the γ-phosphate from ATP to amino acids in 

proteins. These amino acids are Ser, Thr, and Tyr residues in eukaryotes. Kinases are encoded by 

one of the largest families of genes in the eukaryotes, accounting for roughly 2% of the genome. 

It has been estimated that 30% of the cellular proteins are phosphorylated on at least one residue. 

518 putative kinase genes have been predicted in human [190]. 

The amino acids that are located amino terminal and carboxyl terminal of the 

phosphorylation site often contribute substantially to kinase substrate recognition [191]. In most, 

if not all cases, the active site of the kinase interacts with these amino acids surrounding the 

phosphorylation sites. And the sequences further away from the phosphorylation sites may 

interact with the portions of the protein kinase that are not the active site [192]. Sophisticated 

methods have been used to successfully characterize the consensus phosphorylation sites for 

several protein kinases, such as RXRXXS/T for protein kinase B (PKB)/Akt [193]. The 

consensus phosphorylation site is useful to predict whether a protein is the substrate of a kinase. 

However, it is noteworthy that the presence of a consensus sequence in a protein does not 
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guarantee that that protein is a substrate in vivo, and it holds true that authentic phosphorylation 

sites in a protein do not always conform to the consensus sequence [194]. The interaction 

between other parts than the motifs containing consensus sequence of the substrate with domains 

other than the active enzymatic domain of the kinases, serves to increase the affinity for kinases 

for substrates. These docking interactions have been identified in various kinases, such as PDK1 

[195].  

In many cases the reaction between kinases and their substrates cannot occur in the absence 

of the adaptors or scaffolds proteins [196]. The latter is involved in recruiting both the kinase and 

the substrate to the same complex. Many MAPK and PKA pathways depend on scaffolding 

proteins to maintain kinase specificity [197]. 
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CHAPTER 2 

 

AKT MEDIATED LARP6 PHOSPHORYLATION, A CRITICAL STEP IN 

TYPE I COLLAGEN BIOSYNTHESIS 

 
 

Chapter 2 is adapted from: 

Zhang, Y.; Stefanovic, B. Akt mediated phosphorylation of larp6; critical step in biosynthesis of 

type i collagen. Sci. Rep. 2016, 6, 22597. doi:10.1038/srep22597 

 
2.1 Introduction 

 

The PI3K pathway starts from stimulation of cells by growth factors and hormones followed 

by phosphorylation of phosphatidylinositol lipids. Thus, PI3K signaling pathway regulates cell 

survival, proliferation, and growth, which determine that dysregulation of PI3K pathway leads to 

human diseases. These diseases include diabetes, cancer and recently fibrotic diseases. 

Understanding this pathway has provided and will further pave new avenues for therapeutic 

intervention.  

Ligand mediated activation and auto-phosphorylation of receptor tyrosine kinase (RTK) 

causes recruitment and activation of PI3K. PI3K is a heterodimer composed of a regulatory 

subunit p85, and a catalytic subunit p110. The recruitment of PI3K to RTK is mediated through 

the direct physical interaction between the Src-homology 2 (SH2) domain of p85 and the 

phospho-tyrosine residues in the RTK, or indirect interaction through bridge molecules, insulin 

receptor substrates, IRS1 and IRS2. These interactions bring p110 catalytic subunits in close 

proximity to its lipid substrate in the cell membrane and alleviate the inhibitory effect of p85 on 

the p110 catalytic subunit. The latter then mediates the activation of PI3K when there is a 

stimulus, such as growth factor [198,199].  

Activated PI3K converts PtdIns (4,5) P2 (PIP2) into PtdIns (3,4,5) P3 (PIP3). PIP3 recruits 

PH-domain-containing proteins to the cytoplasmic membrane. Originally defined on the basis of 

their existence in the cytoskeletal protein pleckstrin, PH domains serve as lipid binding modules. 

The well-studied PH-domain containing PIP3 target is Akt, also known as protein kinase B 

(PKB) [200]. Akt, a serine/threonine kinase, contains an amino terminal PH domain, a catalytic 

domain and a short carboxyl terminal regulatory domain. There are three members in Akt family, 
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Akt1, Akt2, and Akt3. Although they are broadly expressed and have poor substrate selectivity, 

they have isoform specific characteristics. While Akt1 is involved in cell motility, cell 

metabolism and proliferation, Akt2 mediates glucose uptake and skeletal muscle differentiation, 

Akt3 plays a role in brain development. Akt translocates to the plasma membrane where it is 

phosphorylated at Thr308 and Ser473. These two phosphorylation events are necessary for full 

activation of Akt and are carried out by two protein kinases, 3-Phosphoinositide-dependent 

PDK-1 and mammalian target of rapamycin complex 2 (mTORC2) [201-204]. When activated, 

Akt targets its downstream targets and regulates cell survival, proliferation, and growth.  

Activated Akt promotes cell survival through phosphorylation of several components of the 

cell death machinery. BAD is a pro-apoptotic factor of BCL-2 family. It promotes cell death by 

forming a heterodimer with survival factor BCL-XL, in which the function of BCL-XL is 

repressed. BAD has been shown as an Akt substrate, and phosphorylation of BAD disrupted this 

above interaction [205]. In addition, Akt phosphoraylates caspase-9, a pro-death protease, and 

inhibits its function [206]. Furthermore, Akt controls cell survival through regulating two 

important regulators of cell death, NF- κB [207,208] and p53 [209,210]. Akt phosphorylates IκB, 

the NF- κB inhibitor, and targets it to degradation by proteasome. As such, Akt exerts a positive 

effect on NF- κB, which is then free to translocate to nucleus and activate transcription of target 

genes. Akt can also affect the activity of tumor suppressor p53, which has pro-apoptotic activity, 

via phosphorylation of its binding protein MDM2. MDM2 is involved in targeting p53 for 

degradation by proteasome. Phosphorylated MDM2 by Akt translocates to the nucleus where it 

binds to p53 and mediates its degradation.  

Akt affects cell proliferation through signals to the cell-cycle machinery. Cell cycle is 

regulated by the action of cyclin, cyclin-dependent kinase (CDK), and CDK inhibitors (CKIs). 

Cyclin D1 levels are important in the G1/S phase transition. Akt regulates cyclin D1 levels by 

preventing its degradation. Phosphorylation of cyclin D1 by glycogen synthase kinase-3β (GSK-

3β) is targeted for degradation. Akt phosphorylates GSK3β and inhibits its activity, thereby 

allowing cyclin D1 to accumulate [211].  

Cell growth refers to the synthesis of macromolecules to increase cell size. The role of Akt 

in cell growth is mediated by mTOR, the central regulator of cell growth (see next chapter) (Fig. 

4). 
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Recently, increasing evidence has been implicated for the role of PI3K/Akt in fibrosis in 

various organs. TGF-β1 and its Smad dependent signaling pathway is well studied in the 

upregulation of type I collagen expression in fibrosis. PI3K/Akt is also activated by TGF-β1 and 

has been shown to enhance Smad3-stimulated collagen expression in human mesangial cells 

[212]. Thus, the most potent fibrogenic cytokine, TGF-β1 may promote kidney fibrosis in a 

manner that requires active PI3K/Akt.  

 
 

 

Figure 4. The PI3K/Akt/mTOR signaling pathway. 
 

 

The implication of PI3K/Akt in pulmonary fibrosis is derived from the studies in idiopathic 

pulmonary fibrotic fibroblasts. The differentiation of fibroblasts into myofibroblasts is a key 

event in the pathogenesis of pulmonary fibrosis. PPAR-γ inhibits TGF-β1 mediated 

differentiation of human lung fibroblasts to myofibroblasts via a Smad-independent, but rather a 

PI3K/Akt dependent pathway [213].  
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More importantly, PI3K/Akt signaling plays important role in the proliferaction of HSCs, 

the responsible cells in liver fibrogenesis. PDGF is the most potent proliferative cytokine for the 

HSCs, and induces tyrosine phosphorylation of PI3K. A constitutively active form of Akt 

stimulated HSC proliferation, whereas LY294002, a PI3K inhibitor, and dominant negative 

forms of Akt inhibited PDGF induced proliferation [214]. Taken together, these evidence implies 

the role of PI3K/Akt signaling pathway in fibrogenesis.  

In this Chapter, I provide a novel fibrogenic mechanism of PI3K/Akt signaling pathway 

thorough phosphorylating LARP6, the specific protein binding to collagen mRNAs and 

regulating high expression of type I collagen when large amount of collagen is demanded. 

La ribonucleoprotein domain family, member 6 (LARP6) is the RNA binding protein, which 

regulates translation of collagen mRNAs and synthesis of type I collagen. Posttranslational 

modifications of LARP6 and how they affect type I collagen synthesis have not been studied. We 

show that in lung fibroblasts LARP6 is phosphorylated at 8 serines, 6 of which are located within 

C-terminal domain. Phosphorylation of LARP6 follows a hierarchical order; S451 

phosphorylation being a prerequisite for phosphorylations of other serines. Inhibition of 

PI3K/Akt pathway reduced the phosphorylation of LARP6, but had no effect on the S451A 

mutant, suggesting that PI3K/Akt pathway targets S451 and we have identified Akt as the 

responsible kinase. Overexpression of S451A mutant had dominant negative effect on collagen 

biosynthesis; drastically reduced secretion of collagen and induced hyper-modifications of 

collagen α2 (I) polypeptides. This indicates that LARP6 phosphorylation at S451 is critical for 

regulating translation and folding of collagen polypeptides. Akt inhibitor, GSK-2141795, which 

is in clinical trials for treatment of solid tumors, reduced collagen production by human lung 

fibroblasts with EC50 of 150 nM. This effect can be explained by inhibition of LARP6 

phosphorylation and suggests that Akt inhibitors may be effective in treatment of various forms 

of fibrosis. 

Type I collagen is triple helical protein composed of two α1 (I) polypeptides and one α2 (I) 

polypeptide. The constitutive rate of collagen synthesis is low, because the protein is very stable 

with half life of 60 days [215]. Physiologically, type I collagen expression can be rapidly 

upregulated during wound healing, but excessive collagen expression results in fibrosis leading 

to organ failure [216]. Therefore, elucidating the mechanism of type I collagen expression is 
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important to our understanding of wound healing, pathogenesis of fibrosis and developing of 

anti-fibrotic drugs.  

The biosynthesis of type I collagen is involving translation of the individual polypeptides, 

their posttranslational modifications, folding of three polypeptides into a triple helix, secretion of 

the triple helix into the extracellular space and processing of the secreted procollagen into mature 

collagen [217,218]. Expression of collagen polypeptides is regulated at transcriptional and post-

transcriptional level [149,219-221]. Compelling evidence has been presented that 

posttranscriptional regulation plays important role in collagen expression [149,219,222-228]. 

Posttranscriptional regulation involves stabilization of collagen mRNAs and regulation of their 

translation and is mediated by two RNA binding proteins; αCP [229] and La ribonucleoprotein 

domain family, member 6 (LARP6) [230]. αCP stabilizes collagen α1 (I) mRNA by interacting 

with the cytosine-rich sequence in the 3’UTR, and prolongs the half life of collagen mRNA 

[220,231]. LARP6 regulates stability, subcellular localization and translation of collagen 

mRNAs by binding a secondary structure found in the 5’ UTR of collagen α1 (I) and α2 (I) 

mRNAs [149,219,222,230]. In the 5’ UTR of these mRNAs, there is an evolutionary conserved 

5’ stem-loop (5’SL) structure [232]. LARP6 binds the 5’SL with high affinity and specificity and 

functions as collagen mRNA specific adapter protein to tether the effectors of translation [233]. 

LARP6 interacts with nonmuscle myosin [156], vimentin [219], RNA helicase A (RHA) [224], 

and serine-threonine kinase receptor-associated protein (STRAP) [223]. The interaction with 

myosin and STRAP coordinates translation of α1 (I) mRNA to that of α2 (I) mRNA, the 

interaction with RHA increases translational competitiveness of collagen mRNAs, while 

interaction with vimentin filaments prolongs their half life. In addition, subcellular partitioning 

of collagen mRNAs to the ER membrane depends on LARP6 and on integrity of nonmuscle 

myosin filaments [149]. 

Collagen polypeptides are cotranslationally inserted into the ER lumen. During this process 

nascent polypeptides acquire several modifications, including hydroxylations of selected lysines 

and prolines and glycosylation of hydroxyl-lysine residues. Then, two pro α1 (I) and one pro α2 

(I) chains associate at the carboxyl terminus and initiate folding into triple helix, which is 

propagated towards the amino terminus in a zipper-like fashion to form a procollagen molecule 

[218,234,235]. Modification and folding of collagen polypeptides are in dynamic equilibrium and 

slow folding results in hyper-modification of the polypeptides. Hyper-modified collagen 
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polypeptides are unstable and phenotypically manifested as brittle bone disease, osteogenesis 

imperfecta [236,237]. The role of LARP6 in coupling translation of type I collagen polypeptides 

to their proper posttranslational modifications has been reported [149,156].  

There have been no reports on phosphorylation of LARP6 in the literature. The aim of this 

study was to determine if LARP6 is phosphorylated, to identify the phosphorylation sites, the 

kinase(s) involved and the role of LARP6 phosphorylation in type I collagen expression. We 

report that LARP6 is phosphorylated at multiple serines and that phosphorylation of S451 by Akt 

is critical for its regulation of type I collagen expression. We also propose a novel mechanism for 

the anti-fibrotic effect of Akt inhibition. 

 
2.2 Results 

 

Identification of LARP6 phosphorylation sites. To assess if LARP6 is phosphorylated, we 

analyzed LARP6 migration in SDS-PAGE gels. In one dimensional SDS-PAGE (1DGE) LARP6 

from human lung fibroblasts (HLFs) was resolved as two bands, which were reduced to a single, 

faster migrating, band after calf intestinal alkaline phosphatase (CIP) treatment (Fig. 5A), 

suggesting that the two bands represent phosphorylated forms of LARP6. To assess the extent of 

phosphorylations the isoelectric point of LARP6 was analyzed by two dimensional 

electrophoresis (2DGE; isoelectric focusing (IEF) followed by SDS-PAGE and Western blotting) 

(Fig. 5B). LARP6 was resolved as series of molecules having the pI between 6.2-7.0, suggesting 

that LARP6 exists as a series of isoforms carrying different charges. After CIP treatment a 

reduction in the abundance of the acidic isoforms and accumulation of a major isoform with pI of 

7.2 was observed, indicating dephosphorylation of LARP6 (Fig. 5B). The theoretical pI of non-

phosphorylated LARP6 is 8.4, however, after treatment with CIP LARP6 had pI of about 7.2. 

The discrepancy between the predicted and observed pI may be due to incomplete digestion of 

LARP6 by CIP or inaccurate pH calibration of the isoelectric focusing strips. We have observed 

that different batches of strips produce results that can differ by as much as 1 pH unit. Therefore, 

throughout this manuscript we only compared the pI of proteins when they had been resolved on 

the same batch of strips. Taken together, we concluded that LARP6 is phosphorylated at multiple 

sites.  

To determine which amino acids are modified by phosphorylation, we analyzed the 

phospho-peptides by Mass Spectrometry. In three independent experiments 8 phosphorylation 
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sites on LARP6 were identified; they are Ser56, Ser58, Ser348, Ser396, Ser409, Ser421, Ser447, 

and Ser451 (Fig. 5C) (Table 1). Identification of 8 phosphorylation sites is consistent with the 

range of pI values of endogenous LARP6 revealed by 2DGE (Fig. 5B).  

The sequence comparison between LARP3 and LARP6 is shown in Fig. 5D. LARP6 

contains four domains: the amino terminal domain, the La homology domain (LA domain) (full 

box), an RNA recognition motif (RRM) (dashed line box), and the carboxyl terminal domain 

[238]. The LA domain and RRM together are needed for binding 5’SL of collagen mRNAs 

[222]. Multiple phosphorylation sites at these domains were also observed by 2DGE. While 

carboxyl terminal deleted mutant LARP6 resolved as 6-7 phosphorylation species, LA/RBD and 

RBD only LARP6 mutant were observed as 5-6  and 4-5 different species (Fig. 5E). Similar 

amount of phosphorylation sites have also been identified by Mass Spectrometry but with low 

PTM score. The carboxyl terminal domain is involved in interactions with other proteins, such as 

STRAP, nonmuscle myosin, and FKBP3 [156,172,223]. This domain is also highly divergent 

from LARP3 and other LARP superfamily members [239] and all of the phospho-serine residues 

in this domain, except S409, do not have a counterpart in LARP3. We hypothesized that 

phosphorylations of LARP6 within the carboxyl terminal domain are important for its specific 

role in regulating translation of type I collagen mRNAs. 

 
 

 

Figure 5. LARP6 as phosphoprotein. (A) Phosphorylated isoforms of LARP6 resolved by one 
dimension SDS PAGE (1DGE). Cell lysates of HLFs were incubated with or without calf 
intestinal alkaline phosphatase (CIP), resolved by 1DGE and endogenous LARP6 was visualized 
by Western blotting.  (B) Phosphorylated isoforms of LARP6 resolved by 2DGE.  Top panel: 
cell lysates were resolved by isoelectric focusing in the first dimension and by SDS PAGE in the 
second dimension and endogenous LARP6 was visualized by Western blotting. Bottom panel: 
same extract after treatment with CIP. pH scale is shown on the top. (C) Identification of six 
novel phosphorylation sites by Mass Spectrometry. (D) Alignment of amino acid sequence of 
human LARP6 and LARP3. La homology domain is marked by full box and RNA recognition 
motif by dashed line box. The phosphorylated amino acids identified at the carboxyl terminus are 
indicated in bold. * indicate identities and dots indicate similarities between LARP6 and LARP3. 
(E) Phosphorylated species of different domains of LARP6 resolved by 2DGE. HEK293 cells 
were transfected with delta XCM, LA/RBD, and RBD mutant HA-LARP6 and cell extracts were 
resolved on 2DGE. pH scale is indicated on the top. 
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Figure 5-continued 
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Figure 5-continued 

 

 
Table 1. Identification of LARP6 phosphorylation sites by Mass Spectrometry 

Position  Target Modification PTM Score Peptide 

Confidence 

Sequence Motif 

56 S Phospho 100 High LSPGWGSASEEEP 

58 S Phospho 100 High PGWGSASEEEPSR 

396 S Phospho 100 High KGVSRKSPLAEEG 

421 S Phospho 99.8 High KCMDYSSDSSVTP 

447 S Phospho 98.6 High MGTQEKSPGTSPL 

451 S Phospho 97.3 High EKSPGTSPLLSRK 

409 S Phospho 96.4 High RLNCSTSPEIFRK 

348 S Phospho 92.7 High PESNPTSPMAGR 

 
 
Phosphorylation of Ser451 by PI3K/Akt signaling pathway as primary event in 

posttranslational modifications of LARP6. To confirm that the serines identified by Mass 

Spectrometry are phosphorylated we individually mutated the 6 serines within the C-terminal 

domain into alanines and subjected the mutants to 2DGE analysis (isoelectric focusing (IEF) 

followed by SDS-PAGE and Western blotting). The rationale was that if a serine is 

phosphorylated, its mutation into alanine will result in a loss of a negative charge, which can be 

scored as a shift of the pI spectrum into the more basic region of the isoelectric focusing strip.  

Consequently, if there is a gain of negative charge by phosphorylation the pI values will be 

shifted to the more acidic region. Fig. 6B shows the 2DGE analysis of HA-tagged full size 

LARP6 expressed in HLFs. The phosphorylation analysis of wt HA-LARP6 in nontreated cells 

showed molecular species (dots on 2DGE) with the pI between 6.8 and 7.4, revealing the 

spectrum of LARP6 phosphorylation states (Fig. 6B, panel 1). Mutations of the individual S348, 
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S396, S409, S421 and S447 caused small alteration of this spectrum, consistent with loss of a 

single negative charge (not shown). However, when S451 was changed into alanine, a dramatic 

change in the pI was observed, with loss of at least 3 phospho signals (dots on 2DGE) (Fig. 6B, 

compare panels 1 and 4). The S451A mutant was isoelectrically focused as homogeneous 

molecular species with pI of 7.3 (Fig. 6B, panel 4); this is in sharp contrast to the pI of  wt HA-

LARP6 which showed 3-4 phospho signals over pH range of 6.8-7.4 (Fig. 6B, panel 1). This 

result suggests that several phosphorylation events had been abolished and not just one and we 

concluded that the S451A mutation prevented, not only the phosphorylation at this serine, but 

also additional phosphorylation events. This is further verified when phosphorylations of the 

isolated C-terminal domain of LARP6 (CTER) were analyzed (see later, Fig. 6C). The phospho-

mimetic mutation of S451 (S451D) restored the normal pattern of LARP6 phosphorylation, 

including appearance LARP6 molecules with full spectrum of the pI values (Fig. 6B, compare 

panels 6 and 1), consistent with the notion that Ser451 must be phosphorylated for other 

modifications to take place. 

Based on the importance of S451 phosphorylation, the next step was to identify the kinase 

involved. We surmised that, if S451 phosphorylation is required for acquisition of other 

phosphorylations, inhibition of the kinase involved in phosphorylation of S451 would result in 

drastic hypophosphorylation of LARP6, which could be detected in 1DGE (see Fig. 5A). 

Therefore, we pre-treated HLFs with various kinase inhibitors, transfected HA-LARP6 and used 

1DGE to assess the change in electrophoretic mobility of the protein. In control cells HA-LARP6 

was resolved as two bands, as before, representing phosphorylated LARP6 (Fig. 6A, lane 1). The 

transfected S451A mutant migrated as a single band, consistent with the notion that this mutant 

has lost most of its phosphorylations (Fig. 6A, lane 3). Then, we assessed which kinase inhibitor 

will render the electrophoretic mobility of wt HA-LARP6 similar to that of the S451A mutant.  

We screened 19 kinase inhibitors and only PI3K inhibitor (LY294002) [240], PDK1 inhibitor 

[241] and Akt inhibitor (GSK-2141795) [242], reduced the migration of wt HA-LARP6 to a 

single band (Fig. 6A, lanes 2, 4 and 5). As control, we show that MEK1/2 inhibitor (U0126) 

[243-245] had no effect on electrophoretic mobility of wt HA-LARP6 (Fig. 6A, lane 6). All three 

kinases identified participate in the PI3K/Akt signaling pathway, with PI3K and PDK1 acting 

upstream of Akt, suggesting that PI3K/Akt pathway is involved in LARP6 phosphorylation at 

S451.  
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To provide additional evidence that PI3K/Akt signaling pathway phosphorylates LARP6 we 

analyzed the pI of HA-LARP6 after treatment of Akt inhibitor, GSK-2141795.  The inhibitor  

 
 

 

Figure 6. Identification of kinase involved in phosphorylation of S451 of LARP6. (A) 
Inhibition of LARP6 phosphorylation by kinase inhibitors. HLFs were pretreated with the 
indicated kinase inhibitors, wt HA-LARP6 or S451A mutant were expressed in the treated cells 
and proteins were analyzed by 1DGE and Western blotting. Cropped gels were run under the 
same experimental conditions, and indicated by vertical lines. (B) Isoelectric focusing of HA-
LARP6 analyzed by 2DGE and Western blotting. Panel 1: wt HA-LARP6 expressed in HEK293 
cells. Panel 2: wt HA-LARP6 in HEK293 cells treated with Akt inhibitor, GSK-2141795. Panel 
3: wt HA-LARP6 in HEK293 cells co-expressing CA Akt. Panel 4: S451A mutant of HA-
LARP6 expressed in HEK293 cells. Panel 5: S451A mutant in cells treated with Akt inhibitor, 
GSK-2141795. Panel 6: S451D mutant expressed in HEK293 cells. The scale at the top indicates 
pH. (C) Phosphorylation of the CTER of LARP6. HA-CTER of LARP6 (panel 1), HA-CTER 
having S451A mutation (panel 2) or CTER with S451D mutation (panel 3) were expressed in 
HEK293 cells and analyzed by 2DGE. The scale on the top indicates pH. 
 
 
shifted the pI of HA-LARP6 molecules from 6.8-7.4 (Fig. 6B, panel 1) to 7.3-7.4 (Fig. 6B, panel 

2). However, it failed to change the pI of the S451A mutant (Fig. 6B, compare panels 4 and 5), 

suggesting that this mutant has lost its responsiveness to the Akt dependent phosphorylation.  
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When constitutive active Akt (CA Akt) [246] was co-expressed with wt HA-LARP6, we 

observed a shift of the pI into a more acidic region (Fig. 6B, panel 3), suggesting that LARP6 

becomes hyperphosphorylated when CA Akt is present. 

C-terminal domain of LARP6 undergoes phosphorylations independently of the other 

parts of the protein. Because most of the phosphorylation sites were identified in the carboxyl 

terminal domain of LARP6, predicted to be unstructured, we assessed if this domain can undergo 

phosphorylations independently of the other domains of LARP6. 2DGE showed that HA-CTER 

was resolved with pI spectrum of 6.6-9.0 with multiple phospho signals, consistent with multiple 

phosphorylations (Fig. 6C, panel 1). The predicted pI of unphosphorylated HA-CTER is 9.21. 

The S451A mutant of HA-CTER was resolved as single predominant molecular species with pI 

around 9, with the absence of 3-4 phospho signals seen in wt HA-CTER (Fig. 6C, compare 

panels 1 and 2). This suggested that this mutant failed to acquire multiple phosphorylations and 

not only one. The pI spectrum of the HA-CTER S451D mutant was similar to that of wt HA-

CTER (Fig. 6C, compare panels 1 and 3), demonstrating that this phospho-mimetic mutation 

rescued normal pI spectrum of LARP6 molecules. These results with C-terminal domain of 

LARP6 further corroborate the hypothesis that phosphorylation of S451 is the prerequisite for 

other phosphorylations to take place. Thus, we concluded that: 1. CTER can be phosphorylated 

independently of other parts of the protein; this means also independently of binding collagen 

mRNAs, 2. a hierarchical phosphorylation of the C-terminal domain of LARP6 is evident in 

which Ser451 phosphorylation is the priming event.  

Akt dependent LARP6 S451 phosphorylation in vitro. In vitro kinase assay was used to 

corroborate that Akt is involved in phosphorylation of LARP6 at serine 451. As substrate, 

LARP6 had to be immunoprecipitated after expression in mammalian cells. In the 

immunoprecipitate containing HA-LARP6 radiolabeling of the protein was observed (Fig. 7A, 

left panel, lane 2), which was absent from control immunoprecipitate lacking HA-LARP6 (Fig. 

7A, left panel, lane 1). When the same samples were analyzed by Western blotting, HA-LARP6 

was visualized as the protein with identical electrophoretic mobility as the radiolabeled band in 

the kinase assay (Fig. 7A, right panel, lanes 2 and 4).    This verified that the protein radiolabeled 

in the immunoprecipitate was LARP6 and that the immunoprecipitate contained a kinase 

responsible for its phosphorylation.  
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To investigate if overexpression of Akt will increase LARP6 phosphorylation in the 

immunoprecipitate, we overexpressed HA-LARP6 with and without CA Akt. In these 

experiments CA Akt was also tagged with HA tag, so immunoprecipitation with anti-HA 

antibody pulled down both, LARP6 and CA Akt. When the immunoprecipitate without co-

expression of CA Akt was incubated with [γ-32P]ATP a weak phosphorylation of HA-LARP6 

was seen (Fig. 7B, top panel, lane 1). However, co-expression of CA Akt increased the 

phosphorylation of HA-LARP6 (Fig. 7B, top panel, lane 2). These results suggested that either 

the endogenous kinase present in the precipitate might have been Akt (the evidence for this is 

presented in Fig. 7E) and that expression of CA Akt increased the total Akt activity in the 

immunoprecipitate or that other kinase was pulled down with HA-LARP6 and that CA Akt 

might have stimulated its activity. 

To provide additional evidence that Akt is involved in phosphorylation of S451, two types 

of experiments were performed; addition of Akt inhibitor GSK-2141795 to the 

immunoprecipitate and addition of pure active Akt protein to the immunoprecipitate. Again, 

weak HA-LARP6 phosphorylation was observed in the absence of adding Akt protein to the 

precipitate (Fig. 7C, lane 1). Addition of the purified Akt kinase to the precipitate increased the 

HA-LARP6 phosphorylation (Fig. 7C, lanes 2 and 4). The phosphorylation in the absence or 

presence of exogenous Akt protein was abolished by preincubation of the immunoprecipitate 

with Akt inhibitor, GSK-2141795 (Fig. 7C, lanes 3 and 5). Thus, the results corroborated that 

Akt participates in phosphorylation LARP6.  

To verify that Akt dependent phosphorylation targets S451, we repeated the experiments using 

S451A mutant. In contrast to wt HA-LARP6 (Fig. 7D, lanes 1 and 2), phosphorylation of the 

S451A mutant was undetectable either with or without addition of purified Akt kinase to the 

precipitate (Fig. 7D, lanes 3 and 4). This strongly suggested that Akt dependent phosphorylation 

of LARP6 targets S451. 

Interaction of LARP6 and Akt. The presence of Akt activity in the immunoprecipitate could be 

explained if LARP6 and Akt form a complex. As shown in Fig. 7E, left panel, lane 2, 

endogenous Akt pulled down HA-LARP6, indicating that the two proteins co-

immunoprecipitate. The S451A mutant was also immunoprecipitated with Akt, albeit with lower 

efficiency (Fig. 7E, left panel, compare lanes 2 and 3).  This mutant showed undetectable 

phosphorylation in the immunoprecipitate (Fig. 7D), suggesting that the negative reaction was 
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due to absence of the phosphorylation site rather than to its inability to interact with Akt. This 

also suggests that interaction of Akt and LARP6 is phosphorylation independent and that 

unphosphorylated LARP6 can be the Akt substrate. These results are consistent with a notion 

that LARP6 and Akt can interact and that pull down of HA-LARP6 can coprecipitate Akt. 

 
 

 

Figure 7. Akt dependent phosphorylation of LARP6. (A) Phosphorylation of HA-LARP6 
after immunoprecipitation. Left panel: Immunoprecipitate of control HLFs (lane 1) and HLFs 
overexpressing HA-LARP6 (lane 2) was incubated with [γ-32P]ATP, followed by SDS PAGE 
and radioautography. Right panel: HA-LARP6 in the immunoprecipitate (lanes 3 and 4) or 10% 
of input (lanes 1 and 2) analyzed by Western blotting on the same gel as in the left panel. ACT: 
β-actin serves as loading control for input samples. (B) Increased phosphorylation of LARP6 
immunoprecipitated from HEK293 cells co-expressing CA Akt. Top panel: HA-LARP6 
immunoprecipitated from control HEK293 cells (lane 1) or from HEK293 cells co-expressing 
HA-tagged CA Akt (lane 2) and  immunoprecipitate was incubated with [γ-32P]ATP, followed by  
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Figure 7-continued  
SDS PAGE and radioautography. Middle panel: HA-LARP6 and CA Akt in the 
immunoprecipitate analyzed by Western blotting. HC, antibody heavy chain. Bottom panel: 
HA-LARP6 and CA Akt in 10% of input material. ACT: β-actin serves as loading control for 
input samples. (C) Akt inhibitor, GSK-2141795, abolishes in vitro phosphorylation of HA-
LARP6. Top panel: HA-LARP6 was immunoprecipitated from HLFs and immunoprecipitate 
supplemented with [γ-32P]ATP and buffer (lane 1), purified active Akt enzyme (lanes 2, 4 and 
5), GSK-2141795 (0.1 µM,  lanes 3 and 5) and radio-labeling of LARP6 was analyzed by SDS 
PAGE and autoradiography. Middle and bottom panels: HA-LARP6 in the immunoprecipitate 
and in 10% of input analyzed by Western blotting. (D) Lack of phosphorylation of S451A 
mutant. Top panel: wt HA-LARP6 (lanes 1 and 2) or HA-tagged S451A mutant of LARP6 (lanes 
3 and 4) were immunoprecipitated from HLFs. Purified active Akt was added in lanes 2 and 4 
and in vitro kinase assay was done as in (C).  Middle and bottom panels: HA-LARP6 in the 
immunoprecipitate and in 10% of input analyzed by Western blotting. (E) Interaction of LARP6 
and Akt.  Left panel: wt HA-LARP6 (lanes 1 and 2) and S451A mutant (lane 3) were expressed 
in HLFs. Immunoprecipitation was done with anti-Akt antibody (lanes 2 and 3) or control 
antibody (lane 1) and the pulled down material analyzed by Western blotting using anti-HA 
antibody. Expression of proteins in 10% of input material is shown in the right panel. 
 
 
Inhibition of Akt reduces secretion of type I collagen. The hallmark of deregulated translation 

of collagen mRNAs is reduced secretion of type I collagen and appearance of hyper-modified 

collagen polypeptides [149,223]. Collagen polypeptides are modified by hydroxylations of 

prolines and lysines, which are the major modifications providing H-bonding between the 

polypeptides when they are folded into the triple helix. Lysine hydroxylations are associated with 

masking of the positively charged lysine NH2 groups [247], causing a shift of the pI into the 

more acidic region. Excessive posttranslational modifications of individual polypeptides take 

place if the strict coordination of translation and folding of α1 (I) and α2 (I) polypeptides is not 

maintained. This coordination is regulated by LARP6 [149,156,223,224] and appearance of 

excessively modified collagen polypeptides can serve as a readout of perturbed LARP6 function. 

Therefore, if Akt dependent phosphorylation of LARP6 on S451 is functionally important, then 

the inhibition of Akt must affect secretion and modifications of type I collagen.  Therefore, we 

analyzed both of these readouts. 

When HLFs were treated with GSK-2141795, the intracellular level of collagen α1 (I) 

polypeptide was not significantly changed, while the level of α2 (I) polypeptide was slightly 

reduced. The densitometric scans of Western blots are shown in the bottom panel of Fig. 8A. 

However, the secretion of the both polypeptides into the cellular medium was drastically reduced 
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(Fig. 8A); quantification of the Western blots showed ~10-fold reduction of both collagen 

polypeptides in the cellular medium (Fig. 8A, bottom panel). 

We also analyzed modifications of collagen α2 (I) polypeptide by 2DGE in cells treated 

with GSK-2141795. Failure of the available antibody to recognize α1 (I) polypeptide after 

isoelectric focusing prevented the analysis of this polypeptide. In control cells the pI of the 

collagen α2 (I) polypeptide was distributed over a narrow pI range, centered around 8.8, 

indicating presence of uniformly modified molecules (Fig. 8B, top panel). The predicted pI value 

of unmodified collagen α2 (I) polypeptide with cleaved off signal peptide is 9.2.  When the cells 

were treated with GSK-2141795, a fraction of collagen α2 (I) polypeptides with more acidic pI 

appeared, with pI extending from 7.2-8.0 (Fig. 8B, bottom panel, arrows). Based on this acidic 

shift in the pI, we concluded that α2 (I) polypeptide underwent hyper-hydroxylations after 

inhibition of Akt. Overall, these results suggest that Akt inhibition results in poor secretion of 

type I collagen and uncoupling of translation and posttranslational modifications, resulting in 

over-modifications of the individual polypeptides. As these processes depend on LARP6, 

phosphorylation of LARP6 on S451 may serve to activate the protein in biosynthesis of type I 

collagen. 

S451A mutant of LARP6 acts as dominant negative protein in collagen synthesis. If S451 

phosphorylation activates LARP6 to regulate type I collagen synthesis, then overexpression of 

S451A mutant should have similar effects on type I collagen as Akt inhibition. The intracellular 

level of collagen α1 (I) and α2 (I) polypeptide was similar in mock transfected cells and cells 

overexpressing wt or S451A HA-LARP6 (Fig. 8C, compare lanes 1, 2 and 3). Expression of 

collagen α1 (I) and α2 (I) mRNAs was also unaffected by overexpression of S451A mutant (Fig. 

8E). However, the cells overexpressing the S451A mutant secreted type I collagen at reduced 

rate compare to mock transfected cells or cells overexpressing wt LARP6 (Fig. 8C, compare 

lanes 4, 5 and 6). In contrast to this dominant negative effect of S451A, when S451D mutant was 

overexpressed type I collage secretion was similar to that of mock transfected cells or cells 

overexpressing wt HA-LARP6 (Fig. 8D, compare lanes 4, 5 and 6). We concluded from these 

experiments that secretion of type I collagen can be reduced in two ways; by inhibiting Akt and 

by overexpressing S451A mutant of LARP6. This strongly argues that phosphorylation of S451 

by Akt is a critical step in this process. 
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We also analyzed modifications of collagen α2 (I) polypeptide in cells overexpressing 

S451A by 2DGE. Overexpression of S451A mutant induced appearance of α2 (I) molecules with 

more acidic pI, between 7.9 and 8.1 (Fig. 8F, middle panel, arrows). The accumulation of more 

acidic α2 (I) polypeptides was also seen after inhibition of Akt (Fig. 8B), suggesting that both 

 
 

 

 

Figure 8. Reduced secretion of type I collagen by Akt inhibition and S451A overexpression. 
(A) Top panels: the level of collagen α1 (I) (COL1A1) and collagen α2 (I) (COL1A2) 
polypeptides in HLFs was analyzed intracellularly and in the cellular medium by Western 
blotting after DMSO (-) or Akt inhibiton by GSK-2141795 (+). Loading controls: β-actin (ACT) 
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Figure 8-continued 

and fibronectin (FIB). Bottom panel: Western blots from 3 independent experiments as shown in 
top panels were quantified, normalized to β-actin (for intracellular collagen) and fibronectin (for 
medium collagen) and expressed as percentage of control cells. Error bars:  standard deviation 
(SD) (n=3). (B) Hyper-modifications of collagen α2 (I) polypeptide after Akt inhibition analyzed 
by 2DGE and Western blotting. Hyper-modifications are indicated by arrows. The scale on the 
top indicates pH. (C) Dominant negative effect of S451A mutant on secretion of type I collagen.  
COL1A1 and COL1A2 polypeptides were measured in cellular extracts (lanes 1-3) and medium 
(lanes 4-6) of HLFs overexpressing wt HA-LARP6, S451A mutant or in mock transfected cells. 
Loading controls: β-actin (ACT) and fibronectin (FIB). HA-LARP6: expression of transfected 
proteins. (D) Same experiment as in (C), except S451D mutant was analyzed. (E) Expression of 
collagen mRNAs. Total RNA extracted from cells overexpressing wt and S451A LARP6 was 
analyzed for expression of COL1A1 and COL1A2 mRNAs by real-time PCR and normalized to 
β-actin mRNA. Error bars: SD (n=3). (F) Modifications of collagen α2 (I) polypeptide in cells 
overexpressing wt HA-LARP6, S451A or S451D mutant analyzed by 2DGE and Western 
blotting. Hyper-modifications are indicated by arrows and pH scale is on the top. (G) GSK-
2141795 has no effect on cellular level of collagen polypeptides. HLFs were transfected with wt 
HA-LARP6 or S451D mutant and treated with DMSO (-) or GSK-2141795 (+) and collagen 
polypeptides (COL1A1 and COL1A2) were analyzed in cellular extracts by Western blotting.  
ACT: β-actin loading control.  HA-LARP6: expression of transfected proteins. (h) Rescue of 
collagen secretion by S451D mutant. The medium from cells in (g) was analyzed for collagen 
polypeptides (COL1A1 and COL1A2) by Western blotting. FIB: fibronectin loading control.  
 

 
ways result in similar alteration of collagen biosynthesis.  When S451D mutant was 

overexpressed, the pI of α2 (I) polypeptide was identical to that in wt HA-LARP6 expressing 

cells (Fig. 8F, lower panel). Overall, these results support the hypothesis that phosphorylation of 
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S451 by Akt is a necessary step to activate productive synthesis type I collagen and suggests that 

secretion and modifications of type I collagen are impaired if LARP6 is not phosphorylated on 

S451.  

Phospho-mimetic LARP6 mutant, S451D, rescues collagen expression after Akt inhibition. 

If the inhibition of Akt reduces secretion of type I collagen due to absence of S451 

phosphorylation, then expression of the LARP6 S451D mutant should overcome this inhibitory 

effect.  Therefore, we analyzed if the phospho-mimetic mutation, S451D, can rescue type I 

collagen secretion when Akt is inhibited. Inhibition of Akt by GSK-2141795 did not change the 

intracellular level of collagen α1 (I) and α2 (I) polypeptides in cells overexpressing either the 

S451D mutant or the wt HA-LARP6 (Fig. 8G). However, the inhibitor reduced secretion of type 

I collagen polypeptides from cells overexpressing wt HA-LARP6 (Fig. 8H, compare lanes 3 and 

4), but not from the cells overexpressing S451D mutant (Fig. 8H, compare lanes 1 and 2). This 

result suggests that phospho-mimetic mutation of S451 can overcome the effect of Akt inhibition 

and corroborate the hypothesis that phosphorylation of S451 by Akt is a critical step to activate 

productive type I collagen synthesis.  

Stress granule formation is impaired by S451D mutantion. Previous work from our lab found 

that LARP6 is sequestered into granule like structures when translation is repressed. This 

structures are likely stress granules. Stress granules are granules composed of messenger 

ribonucleoprotiens (mRNPs). They form when translation initiation is impaired, such as heat 

shock, ER stress, energy deprivation, UV, and drugs. Stress granules serve to protect cells from 

damaging under unfavorable conditions [248,249]. Based on the above results that 

phosphorylation of S451 activates LARP6, we were interested to find out if lack of 

phosphorylation at S451 affects sequestrations of LARP6 in stress granules. To show that 

LARP6 can be targeted into stress granules we overexpressed LARP6-GFP fusion protein in 

HLFs and treated cells with pateamine A, which inhibits eIF4A-eIF4G association and represses 

cap-dependent translation initiation. With translation ongoing, LARP6-GFP evenly distributed 

both in the cytoplasm and in the nucleus. However, after pateamine A treatment, LARP6-GFP 

exhibited granule like distribution in cytoplasm, and colocalized with G3BP, a marker of stress 

granule (Fig. 9A), indicating that LARP6 is targeted into stress granule when translation is 

inhibited.  
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Figure 9. LARP6 distribution pattern after translation inhibition.  (A) Distribution changes 
of LARP6-GFP fusion protein after patemaine A (PatA) treatment. HLFs were transduced with 
adenovirus expressing LARP6-GFP, treated with or without (CON) pateamine A, and 
immunostained with G3BP. (B) Subcellular distribution of S451A (left panel) and S451D (right 
panel) after pateamine A treatment. HLFs were transduced with adenovirus overexpressing 
S451A, treated with or without (CON) pateamine A, and immunostained with anti-HA antibody.  
 
 

When S451A, and S451D mutants of LARP6 were expressed in HLFs the S451A mutant 

was predominantly found in the cytoplasm, but also spontaneously  distributed into  granule like 

structures (Fig. 9B, left panel), indicating that S451A mimicked the effect of translation 

inhibition, and behaved as inactivated LARP6. The granular pattern of distribution was further 

enhanced by pateamine A treatment. We found that S451D was evenly distributed in both 

cytoplasm and in the nucleus, and this pattern did not change after pateamine A treatment (Fig. 

9B, right panel), suggesting that S451D can not be targeted into the stress granules. We 
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concluded that phosphorylation of S451 might serve as a signal to mobilize  LARP6 from stress 

granules and activate it in collagen mRNA translation. 

Effect of S451 phosphorylation on stability of LARP6 protein. While we have demonstrated 

that phosphorylation of S451 is a prerequisite for additional phosphorylations and for 

participation of LARP6 in collagen biosynthesis, we have also observed that the S451  

 
 

 

Figure 10. Regulation of LARP6 stability by phosphorylation.  (A) Decay of wt HA-LARP6 
and S451A and S451D mutants.  HLFs expressing wt HA-LARP6 and S451A and S451D 
mutants were treated with cycloheximide for the indicated time points and protein level analyzed 
by Western blotting. ACT: β-actin loading control. (B) Decay rate of wt HA-LAPR6 and 
mutants. Western blots from 3 independent experiments as shown in (A) were quantified and 
normalized to β-actin level. Each data point is presented as the mean±SD (n=3). (C) Increased  
 



44 

Figure 10-continued 

accumulation of LARP6 after proteasome inhibition is associated with reduced secretion of 
collagen polypeptides. HLFs were treated with DMSO (-) or MG132 (+) for 3 hours (lanes 1-4)  
and for 6 hours (lanes 5-8) and cellular level and secretion into the medium of collagen 
polypeptides (COL1A1 and COL1A2) was measured by Western blotting. LARP6: expression of 
endogenous LARP6. Loading controls:  β-actin (ACT) and fibronectin (FIB).  
 
 
phosphorylation regulates half life of the protein. wt HA-LARP6 decayed with a half life of 15.5 

hours, S451D mutant had a half life of 11.5 hours and S451A mutant had a half life of >18 hours 

(Fig. 10A,B). This indicated that S451 phosphorylation increases the turnover of the protein and 

suggests that activation of LARP6 by S451 phosphorylation is coupled to its more rapid 

degradation. 

To investigate if there is an association between the half life of LARP6 and collagen 

expression, we artificially prolonged the half life of endogenous LARP6 by treating HLFs with 

proteasome inhibitor, MG132. Between 3 hours and 6 hours of MG132 treatment we observed 

that LARP6 accumulated at the higher level in the cells, suggesting that its degradation has been 

retarded (Fig. 10C). When we compared collagen expression at 3 hours and 6 hours after the 

MG132 treatment, the intracellular level of collagen polypeptides was unaffected (Fig. 10C, 

compare lanes 2 and 6). However, at 6 hours secretion of both collagen polypeptides into the 

cellular medium was reduced when compared to the level seen at 3 hours (Fig. 10C, compare 

lanes 4 and 8). Although interpretation of these results may not be straightforward, because 

proteasome inhibition can have multitude of effects, the increased half life of LARP6 was 

associated with decreased collagen excretion. This points to the notion that proper turnover of 

LARP6 may be important for its function. 

Phosphorylation of S451 dissociates the complex of LARP6 and FKBP3. FK506 binding 

protein 3 (FKBP3, also known as FKBP25 (25 kD FK506 binding protein)), is a member of 

FKBP family. All FKBP members bind to FK506, an immunosuppressive drug, and have cis-

trans prolyl isomerase (PPIase) activity to catalyze the cis-trans isomerization at prolines of 

proteins, and thus regulates folding and function of the interacting protein [176,177]. Previous 

work from our lab has found that FKBP3 interacts with and is involved in stabilization of 

LARP6 ([172] and unpublished data). In order to investigate the underlying mechanism by which 

phosphorylation of LARP6 changes its stability, we were interested in assessing whether LARP6 

phosphorylation alters its interaction with FKBP3. To this end, we overexpressed HA-LARP6 
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wt, S451A, and S451D in HLFs, performed immunoprecipitation by using FKBP3 antibody and 

analyzed the immunoprcipitates by Western blotting. While FKBP3 pulled down similar levels 

of wt HA-LARP6 and S451D mutant, it interacted much stronger with S451A mutant LARP6 

(Fig. 11, left panel, lanes 2-5). This result indicated that this more efficient interaction of FKBP3 

and S451A might protect S451A from degradation, which might contribute to the longer half-life 

of S451A than wt and S451D mutant LARP6 observed. 

 
 

 

Figure 11. Increased interaction of S451A mutant LARP6 and FKBP3.  Left panel: HLFs 
were transduced with mock adenovirus (lane 1) or adenovirus expressing wt (lanes 2 and 5), 
S451A (lane 3), and S451D (lane 4) HA-LARP6. Immunoprecipitation was performed using 
control antibody (lane1) or anti-FKBP3 (lanes 2-5), and immunoprecipitates were analyzed by 
Western blotting. Right panel: 10% of input samples.  
 
 
Dose dependent reduction in type I collagen by Akt inhibitor, GSK-2141795. Akt inhibitor, 

GSK-2141795, has the IC50 for Akt1 of 180 nM, for Akt2 of 328 nM and for Akt3 of 38 nM 

[242,250]. This inhibitor is in clinical trials as an anticancer drug, but our results (Fig. 8) suggest 

that it may also have anti-fibrotic activity. To test if GSK-2141795 inhibits type I collagen 

production at the concentrations at which it inhibits various isoforms of Akt, we treated HLFs 

with GSK-2141795 in concentration range from 20 nM to 1.28 µM and analyzed type I collagen 

expression. At concentration of 320 nM or higher GSK-2141795 reduced intracellular level of 

collagen α2 (I) polypeptide, while it reduced intracellular α1 (I) polypeptide at concentrations 

>640 nM (Fig. 12A, left panels). These concentrations are above the IC50 for Akt isoforms and 

may reflect nonspecific effects seen at high concentrations of most inhibitors.  However, GSK-

2141795 reduced secretion of type I collagen at concentrations of 160 nM which is lower than 

IC50 for Akt1 and Akt2 (Fig. 12A, right panels). Quantitative analysis of type I collagen in the 
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cellular medium revealed that the effective concentration of GSK-2141795 for 50% reduction 

(EC50) was about 150 nM (Fig. 12B). This indicates that GSK-2141795 affects secretion of 

collagen peptides at concentrations that inhibit Akt.  We also measured the steady state levels of 

collagen mRNA and found that GSK-2141795 did not change their level at any concentration 

tested (Fig. 12C). Overall, these results provided the first evidence that this orally bioavailable 

Akt inhibitor, currently in phase II clinical trials for cancers, inhibits type I collagen production 

by inhibiting LARP6 phosphorylation.  

 
 

 

Figure 12. GSK-2141795 reduces secretion of type I collagen at concentrations that are 

inhibitory to Akt. (A) Intracellular levels (left panels) and secretion into the cellular medium 
(right panels) of COL1A1 and COL1A2 polypeptides was measured by Western blotting after 
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Figure 12-continued 

treating HLFs with the indicated doses of GSK-2141795. ACT and FIB: β-actin and  
fibronection, as loading controls. (B) EC50 of GSK-2141795 induced inhibition of type I collagen 
secretion. Western blots from 3 independent experiments as shown in (a, right panels) were 
quantified, normalized to fibronectin and presented as percent of control cells. Error bars: SD 
(n=3). (C) Expression of collagen mRNAs in GSK-2141795 treated cells. Total RNA from cells 
in (A) was analyzed for expression of COL1A1 and COL1A2 mRNAs by real-time PCR and 
normalized to β-actin mRNA. Error bars: SD (n=3). 
 
 

2.3 Discussion 

 

We provide the first description that LARP6 is phosphorylated at multiple sites and that 

phosphorylation of S451 is critical to activate the protein in type I collagen biosynthesis. We find 

that: (i) LARP6 is phosphorylated at eight serines, (ii) phosphorylation of LARP6 at S451 by Akt 

is required for phosphorylation of several other sites, (iii) the S451A mutant of LARP6 has 

dominant negative effect on type I collagen production by reducing secretion and causing hyper-

modifications of α2 (I) polypeptide, (iv) similar effect can be induced by Akt inhibiton, (v) Akt 

inhibitor GSK-2141795 reduces secretion of type I collagen at therapeutic concentrations. The 

results demonstrate that phosphorylation of LARP6 at S451 is an important step to activate 

LARP6 in collagen biosynthesis and to regulate translation and folding of type I collagen 

polypeptides.  

This is the first report on functional significance of phosphorylation of LARP6. Large scale 

mapping of phosphoproteins in A498 and Hela cells identified phosphorylation of LARP6 at S56 

and S58 [251,252], but not the other phosphorylation sites identified here. The reason for this 

may be that collagen producing cells have not been included in these phosphoproteome studies. 

In HLFs we have identified six additional phosphorylation events at the C-terminal domain of 

LARP6. The C-terminal domain of LARP6 is involved in interactions of LARP6 and other 

proteins involved in translation of collagen mRNAs, for example, STRAP, RHA, nonmuscle 

myosin and FKBP3 [156,172,223,224] and this domain is predicted to be unstructured. 

Therefore, phosphorylations in this domain may profoundly influence the interactions of LARP6 

with these proteins and their recruitment into collagen biosynthetic pathway. 

Phosphorylation of proteins at multiple sites is common, permitting the integration of 

distinct signaling pathways.  Our results are consistent with hypothesis that phosphorylation of 

S451 in LARP6 is an early phosphorylation event that is required for activation of other 
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phosphorylation sites. S451A mutant abolished accumulation of LARP6 phosphorylated at 

multiple sites, while a phospho-mimetic mutation, S451D, restored these events. This was 

observed in the context of full size as well as in C-terminal domain of LARP6 (Fig. 6B,C). C-

terminal domain does not bind 5’SL of collagen mRNAs, so phosphorylations in this domain are 

not dependent on binding collagen mRNAs. 

Our efforts to identify the kinase involved in LARP6 phosphorylation pointed to the 

PI3K/Akt pathway (Fig. 6A). Identification of the Akt dependent phosphorylation of LARP6 at 

S451 was supported by the evidence obtained using in vivo and in vitro approaches, but the 

evidence that Akt directly phosphorylates S451 is still lacking. Bacterially expressed LARP6 

could not be phosphorylated by purified Akt; although this could be due to a misfolded protein or 

to absence of some accessory factors, as described for other Akt substrates [253-255]. Therefore, 

we cannot conclude with certainty that S451 is the direct target of Akt. Regardless of this caveat, 

the importance of Akt mediated S451 phosphorylation in type I collagen synthesis is compelling. 

We  found that CA Akt increases the relative amount of LARP6 highly phosphorylated, while 

the Akt inhibitor reduces the phosphorylation of LARP6  (Fig. 6B). However, Akt inhibitor had 

no effect on the phosphorylation of S451A, suggesting that S451 is the major target of Akt (Fig. 

6B).  

We demonstrated that Akt can phosphorylate LARP6 in vitro. LARP6 was phosphorylated 

in the absence of co-expressed active Akt or pure Akt (Fig. 7A-D), suggesting that an 

endogenous kinase was pulled down with LARP6.  This phosphorylation was prevented by Akt 

inhibitor, GSK-2141795 (Fig. 7C) and the interaction of LARP6 and Akt was verified (Fig. 7E), 

suggesting that the kinase active in the immunoprecipitate may have been Akt. This does not 

exclude the possibility that yet another, Akt dependent, kinase was responsible for the reaction. 

When the immunoprecipitation reactions were supplemented with active purified Akt, an 

increase in phosphorylation was observed, but only when wild type LARP6 was pulled down and 

not with S451A mutant (Fig. 7C and D). Taken together, these results support the conclusion that 

Akt participates in phosphorylation of LARP6 at S451.  

Amino acid sequence surrounding S451 does not conform to the Akt consensus sequence, 

RXRXXS/T [256], we do not know the mechanism by which Akt recognizes this region. 

However, other proteins that do not harbor the Akt consensus motif have been shown to be 

phosphorylated by Akt, such as RARα, IRAK1, and YB-1 [187,257,258]. 
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In our study PDK1 inhibitor (not shown) and Akt inhibitor reduced predominantly type I 

collagen secretion into the cellular medium (Fig. 8A). Similar effect could be reproduced by 

overexpression of the S451A (Fig. 8C).  This clearly demonstrated the correlation between the 

phosphorylation of LARP6 at S451 and the ability of cells to excrete collagen. Overexpression of 

the S451D rescued collagen secretion after inhibition of Akt, suggesting that this mutant can 

override the inhibition of Akt signaling (Fig. 8H). 

In biosynthesis of type I collagen the rate of translation of polypeptides is synchronized to 

the rate of their modifications and folding into a triple helix [259]. Our previous work has 

demonstrated that LARP6 is essential for this process and that impaired translation results in 

poor secretion and hyper-modifications of the polypeptides [149]. When we analyzed the 

isoelectric point of α2 (I) polypeptide after Akt inhibiton by GSK-2141795, a fraction of 

molecules showed shift to more acidic pI (Fig. 8B), consistent with over-hydroxylations of this 

polypeptide [247]. Moreover, this acidic pI shift of the α2 (I) polypeptide could be recapitulated 

by overexpression S451A (Fig. 8F). This strongly suggests that lack of phosphorylation of 

LARP6 at S451 may interfere with coordination of translation and folding of collagen 

polypeptides.  

The role of phosphorylation of S451 in activating LARP6 in regulation of type I collagen 

expression was further corroborated by the resistance of the phosphomimetic mutant LARP6, 

S451D, to forming stress granules after translation inhibition (Fig. 9). This suggests that LARP6 

phosphorylation at S451 is required to prevent sequestration of LARP6 into the stress granules 

and activate its function in resuming translation of collagen mRNAs. 

We also found that S451A has longer half life than wt LARP6 (Fig. 10), and this is due to 

its more efficient interaction with FKBP3, essential to stabilization of LARP6 (Fig. 11). S451D 

has shorter half life than wt LARP6 or S451A mutant (Fig. 10). This implicates that activation of 

LARP6 by S451 phosphorylation is accompanied by faster turn over of the protein. This may 

enable the cells to rapidly tune type I collagen synthesis.  

Fibrosis is characterized by excessive synthesis of type I collagen. Several studies pointed to the 

role of PI3K/Akt in development of fibrosis [214,260-263]. We report for the first time that a 

potent Akt inhibitor, GSK-2141795, decreases type I collagen production. This inhibitor is 

currently in stage II clinical trials for treating a variety of solid cancers, including colon 

carcinoma, melanoma, ovarian carcinoma, breast cancer, and myeloma. We showed that GSK-
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214195 inhibited secretion of type I collagen with EC50 of 150 nM (Fig. 12), which is similar to 

its IC50 for all three Akt isoforms. We postulate that potential anti-fibrotic activity of GSK-

2141795 (and possibly other Akt inhibitors) is due to the inhibition of LARP6 phosphorylation at 

the activating phosphorylation site, S451. Our finding has two practical implications: 1. at low 

doses, GSK-2141795 may be tried as treatment of fibrosis, 2. GSK-2141795 treatment of solid 

tumors may not only reduce the tumor growth, but also reduce the fibrous stroma surrounding 

the tumor, allowing easier penetration of other chemotherapeutics to the tumor cells.  

In conclusion, we showed that phosphorylation of LARP6 plays an important role in 

regulating type I collagen biosynthesis. Primary phosphorylation of LARP6 at S451 requires 

Akt, although participation of some other accessory factors or kinases cannot be excluded. The 

phosphorylation of S451 is a prerequisite for phosphorylations of additional serines and for 

participation of LARP6 in translation and subsequent folding of collagen polypeptides and 

secretion of type I collagen. This findings support a novel mechanism for the anti-fibrotic effect 

of Akt inhibition through modulation of LARP6 phosphorylation. 

 
2.4 Materials And Methods 

 

Plasmid constructs and adenovirus construction. pcDNA3 vectors expressing human LARP6 

tagged with HA tag at the amino terminus (HA-LARP6) and the HA-tagged carboxyl terminal 

domain (HA-CTER) of LARP6 have been described previously [230]. Site directed mutagenesis 

of the single amino acids was done by QuickChange mutagenesis kit (Stratagene, 200523-5), 

according to the instructions from the manufacturer. The identity of all mutations was verified by 

sequencing and their expression by Western blotting. Plasmid expressing constitutive active Akt 

(myr Akt delta4-129, CA Akt) was from Addgene (10841) [246]. 

Adenoviruses were constructed by re-cloning the full-length wild type HA-LARP6  and 

HA-tagged LARP6 carrying single point mutations from pcDNA3 vectors into pAd-CMV-Track 

vector, followed by recombination with pAdEasy vector in BJ5183 E. coli cells [264]. 

Adenovirus were propagated in HEK293 cells and purified by cesium chloride density gradient 

centrifugation. The viruses expressed both LARP6 and GFP, which was encoded by an 

independent transcription unit [264]. Expression of GFP was used as a marker to monitor the 

efficiency of viral transduction. 
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Chemicals and antibodies. PDK1 inhibitor was from Calbiochem (124015). LY294002 was 

purchased from Cayman Chemical (154447-36-6). U0126 was from Calbiochem (662005). 

GSK-2141795 was from Activebiochem (A-1504). Pateamine A was from Southwestern 

Medical Center. Pure active Akt enzyme was purchased from SignalChem (A16-10G). Calf 

intestinal alkaline phosphatase (CIP) was from New England Biolabs (M0290S).  MG132 was 

from VWR International (89161566). Antibodies used were: anti LARP6 antibody from Abnova 

(H00055323-B01P), anti-HA antibody from Sigma-Aldrich (H9658), anti-collagen α1 (I) 

antibody from Rockland (600-401-103), anti-collagen α2 (I) antibody from Santa Cruz 

Biotechnology (sc-8786), anti-fibronectin antibody from BD Transduction Laboratories 

(610077), anti-β-actin antibody from abcam (ab8227), anti-pan Akt antibody from Cell Signaling 

(4691), anti-G3BP1 antibody from Santa Cruz Biotechnology (98561), and anti-FKBP3 antibody 

from abcam (ab16654). 

Cells and transfections. HEK293 cells and human lung fibroblasts (HLFs) immortalized by 

expression of telomerase reverse transcriptase [265] were grown under standard conditions. 

Transfections were done in 6-well plates with 1 μg of plasmid using TransIT-293 transfection 

reagent (Mirus, MIR2700). The cells were harvested 48 hours after the transfections. The 

inhibitors were added at the indicated concentrations for 12 hours prior to cell harvesting for 

analysis of LARP6 phosphorylation by two-dimensional gel electrophoresis (2DGE). 

Transduction of human lung fibroblasts with adenoviruses was done at multiplicity of 

infection (MOI) of 500. With this MOI, 95-100% of the cells were transduced, as visualized by 

the expression of GFP. 48 hours after the transduction, cell extracts were made and analyzed by 

Western blotting or 2DGE. The inhibitors were added at the indicated concentrations for 12 

hours prior to cell harvesting for analysis of collagen expression and for 6 hours when LARP6 

phosphorylation was analyzed by 1DGE. For estimation of half life of LARP6, HLFs were 

transduced with adenovirus for 6 hours and treated with cycloheximide (100 µg/ml) for 0, 6, 12, 

and 18 hours and analyzed by Western blotting. When needed, PatA (200 nM) was added and 

incubated for 3 hours followed by immunostaining. 

Real-time PCR analysis. RNA was extracted from cultured HLFs using Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions. 1 μg of RNA was used to prepare 

cDNA using the Superscript First Strand Synthesis System for RT-PCR (Invitrogen), according 

to the manufacturer’s instructions. 5 μl of 10-fold-diluted cDNA was used in SYBR Green qPCR 
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assay (Applied Biosystems) on LightCycler 480 Real-Time RCR instrument (Roche Applied 

Sciences). The primers used for PCR amplification were shown in Table 2. Expression of test 

genes was normalized to that of β-actin. The statistical significance of the qPCR results was 

calculated using Student’s t test, with P values of <0.05 as significant. The results are presented 

as mean±standard deviation (SD).  

 
 
Table 2. Primers used for qRT PCR 

Gene names Primer sequences 

human collagen α1 (I) F: 5’-AGAGGCGAAGGCAACAGTCG-3’ 

 R: 5’-GCAGGGCCAATGTCTAGTCC-3’ 

human collagen α2 (I) F: 5’-CTTCGTGCCTAGCAACATGC-3’ 

 R: 5’-TCAACACCATCTCTGCCTCG-3’ 

human β-actin F: 5’-GTGCGTGACATTAAGGAGAAG-3’ 

R: 5’-GAAGGTAGTTTCGTGGATGCC-3’ 

 

 

Western blotting analysis. For one dimensional Western blotting analysis of LARP6, HLFs 

were treated with DMSO or kinase inhibitors, PDK1 inhibitor (4 µM),  LY294002 (100 µM), 

U0126 (10 µM), and GSK-2141795 (0.1 µM) for 2 hours, adenovirus overexpressing wt HA-

LARP6 or S451A LARP6 mutant was added and incubated for additional 4 hours. When needed, 

HLFs were treated with MG132 (8 µM) for 3 and 6 hours. The cells were lysed in Tris-HCl (50 

mM), pH 7.5, NaCl (150 mM), 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 

Dithiothreitol (1 mM) and protein concentrations were estimated with the Bradford assay 

(Biorad, 500-0006), with bovine serum albumin (BSA) as the standard. 40 μg of total cellular 

protein was typically used for Western blotting analysis. 

For Western blotting analysis of cellular medium proteins, equal numbers of cells were 

seeded in 6-well plates and after 24-48 hours the cells were washed three times with serum free 

medium (washing with serum free medium was essential, as serum contains substantial amounts 

of collagen and fibronectin). 600 μl of serum free medium was then added to the cells and 

incubation continued for 3 hours. The medium was collected and an aliquot directly analyzed by 

Western blotting.  
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Western blot signals were quantified using ImageJ software using the results of at least three 

independent experiments (n=3). The level of LARP6 was normalized to the level of β-actin in 

each sample. The level of collagen α1 (I) (COL1A1) and collagen α2 (I) (COL1A2) polypeptides 

was normalized to the level of β-actin (intracellular) or fibronectin (cellular medium) . The 

statistical significance of the LARP6 and collagen results was calculated using Student’s t test, 

with P values of <0.05 as significant. The results are presented as mean±SD. 

Two-dimensional gel electrophoresis. Cells were lysed in 0.5% NP-40, Tris-HCl (50 mM), pH 

7.5, NaCl (150 mM), phenylmethylsulfonyl fluoride (170 μg/ml), 1×proteinase inhibitor, sodium 

fluoride (50 mM), β-glycerophosphate (5 mM) and sodium orthovanadate (1 mM) were added 

when phosphorylation of LARP6 was analyzed. Proteins were precipitated with 9 volumes of 

100% ethanol and recovered by centrifugation at 2,284 × g for 10 minutes at 4°C [266]. The 

protein pellet was solubilized in rehydration buffer (Urea (7 M), Thiourea (2 M), 2% CHAPS, 

0.8% Ampholytes, Dithiothreitol (65 mM), bromophenol blue) for 1 hour at room temperature, 

and loaded onto Immobiline Dry Strip strips (7 cm, pH 3 to 10, GE Healthcare, 17-6001-11). The 

first-dimension separation was on Ettan IPGphor 3 instrument (GE Healthcare), according to 

standard protocol [267,268]. The second-dimension separation was done by laying strips onto 

7.5% SDS PAGE, followed by Western blotting. Immobilized strips showed slight batch to batch 

variations in the ampholyte distribution, so only the samples run on the same batch of strips were 

directly compared.  

Immunoprecipitations. Cells were lysed in 500 µl of Tris-HCl (50 mM), pH 7.5, NaCl (150 

mM), 0.5% NP-40, Dithiothreitol (1 mM), phenylmethylsulfonyl fluoride (170 μg/ml), 

1×proteinase inhibitors and cleared lysate was incubated with 1 µg of antibody for 3 hours at 

4°C. 30 µl of equilibrated protein A/G-agarose beads (Santa Cruz Biotechnology) was added, 

and incubation continued for 1 hour. The beads were washed three times with lysis buffer and 

loaded onto SDS PAGE gels followed by Western blotting. 

Mass Spectrometry. HA-LARP6 was expressed and immunoprecipitated from HLFs in 

presence of phosphatase inhibitors. The immunoprecipitated protein was resolved on SDS PAGE 

gel and stained with GelCode Blue Stain Reagent (Thermo Scientific, 24590). The HA-LARP6 

band was excised and in-gel trypsin digest was done using ProteoExtract All-in-One Trypsin 

Digestion Kit (Calbiochem, 650212) for 2 hours at 37°C with shaking. Peptides were eluted in 

50 μl 0.1% formic acid, separated on LCMS and the LC eluent was directly nano-sprayed into an 
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LTQ Orbitrap Velos mass spectrometer (Thermo Scientific). The MS data were acquired using 

the following parameters: 10 data-dependent collisional-induced-dissociation (CID) MS/MS 

scans per full scan (400 to 2000 m/z) at a mass resolution for MS1 of 60000, minimum signal 

required to trigger MS2 was 500, MS mass range 0 to 1000000 and dynamic exclusion enabled 

with following parameters: Repeat count:1, Repeat Duration: 30.00, exclusion list size: 500, 

exclusion duration: 60.00, exclusion mass width relative to low and high mass: 10 ppm. All 

measurements were performed at room temperature and three technical replicates per sample 

were run to allow for statistical comparisons. The raw files were analyzed using Proteome 

Discoverer (version 1.4) software package with SequestHT and Mascot search nodes using 

Homo sapiens specific FASTA database and the Percolator peptide validator. Phosphorylation 

was detected by both SequestHT and Mascot and was verified by inbuilt phosphoRS node in 

proteome discoverer. Scaffold (version Scaffold_4.3.4, Proteome Software Inc., Portland, OR) 

was used to validate MS/MS-based peptide and protein identifications. Peptide identifications 

were accepted if they could be established at greater than 95.0% probability by the Scaffold 

Local FDR algorithm.  

In vitro kinase Assay. HLFs were transduced with adenovirus encoding wt HA-LARP6 and 

HA-LARP6 S451A mutant. After 48 hours the cell lysate was prepared and subjected to 

immunoprecipitation with anti-HA antibody. The immunoprecipitate was washed three times and 

resuspended in 30 μl of kinase reaction buffer (Τris-HCl (50 mΜ), pH 7.5, MgCl2 (10 mM), 

sodium fluoride (5 mM), β-glycerophosphate (5 mM), sodium orthovanadate (5 mM), ATP (50 

μM), [γ-32P]ATP (0.5 μCi). GSK-2141795 at 0.1 μM (diluted in kinase reaction buffer) was 

preincubated with the immunoprecipitate for 30 minutes at 37°C prior to addition of the kinase 

buffer. When the reaction was supplemented with exogenous Akt, 200 ng of pure, active Akt 

protein (SignalChem, A16-10G) was added to the kinase buffer. The kinase reactions were 

incubated at 37°C for 1 hour, stopped by adding 6×SDS protein loading buffer, heated and run 

on SDS polyacrylamide gel. The gel was dried and subjected to autoradiography. 

Immunostaining of cells. HLFs were seeded onto glass coverslips. Cells were fixed in 4% 

paraformaldehyde in PBS for 10 min, followed by 3 washes with PBS. Cells were permeabilized 

with PBST (PBS containing 0.1% Triton X-100) for 10 min and blocked with PBTG (PBS 

containing 0.1% Triton X-100, 10% normal goat serum and 1% bovine serum albumin (BSA)) at 

room temperature for 2 h. Coverslips were incubated with primary antibody at 4 °C overnight. 
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Isotype mouse IgG was used as negative control. After 4 washes with PBS, AlexaFluor 647-

conjugated secondary antibody diluted at 1:500 was added and incubated at room temperature 

for 1 h. Cells were washed 4 times with PBS and mounted with Prolong mounting solution 

containing 4’, 6’-diamidino-2-phenylindole (DAPI) (Invitrogen). Images were taken by the 

EVOS FL Color fluorescence imaging system with 60 × objective. 
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CHAPTER 3 

 

MTORC1 PHOSPHORYLATES LARP6 TO STIMULATE TYPE I 

COLLAGEN EXPRESSION 

 

 
3.1 Introduction 

 

Type I collagen is the most abundant protein in the human body. It is composed of two α1 (I) 

and one α2 (I) polypeptides which fold into triple helix [82]. Type I collagen is expressed at high 

levels in bone, skin, tendons and connective tissue [79]. In fibrosis, excessive synthesis of type I 

collagen occurs in parenchymal organs, leading to scarring and loss of function [269]. To 

understand normal tissue development, as well as pathogenesis of fibrosis, it is important to 

elucidate molecular mechanisms regulating expression of type I collagen. Compelling evidence 

has been presented that expression of type I collagen is primarily regulated at the 

posttranscriptional level, including regulation of half-life and translation of collagen mRNAs 

[105,270-272]. Binding of RNA binding protein LARP6 to the conserved structural element in 

the 5’UTR of collagen α1 (I) and α2 (I) mRNAs (5’ stem-loop) regulates their translation 

[117,118,128,149]. LARP6 tethers collagen mRNAs to the two types of cytoskeletal filaments 

nonmuscle myosin filaments and vimentin filaments [128,156].   The association with nonmuscle 

myosin is necessary for partitioning of collagen mRNAs to the membrane of the endoplasmic 

reticulum (ER) [149]. LARP6 also recruits two accessory factors for translation initiation; RNA 

helicase A and serine-threonine kinase receptor-associated protein (STRAP) [165,166]. These 

factors coordinate translation of collagen mRNAs in a manner that synthesis of collagen α1 (I) 

polypeptide is coupled to that of α2 (I) polypeptide. This allows efficient folding of the 

polypeptides into the heterotrimer of type I collagen. Association with vimentin filaments 

prolongs the half-life of collagen mRNAs, further contributing to the high level of synthesis. So, 

comprehensive understanding of the LARP6 dependent mechanism of type I collagen synthesis 

is needed to provide new therapeutic targets for fibrosis.  

mTOR (mammalian target of rapamycin) is a serine/threonine kinase that is assembled into  

two different multiprotein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 

(mTORC2) [273-277]. mTORC2 is involved in actin polymerization and cell spreading [276], 

while mTORC1 is activated by a variety of stimuli including growth factors, insulin, or amino 
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acids to regulate translation through phosphorylation of two well studied downstream effectors, 

translational factor 4E binding protein 1 (4E-BP1) and p70 ribosomal S6 kinase (S6K) [278-280]. 

Thus, activation of mTOR pathway results in stimulation of translation and in reorganization of 

cytoskeletal filaments. 

Rapamycin is an inhibitor of mTORC1, was initially introduced as an 

immunosuppressive drug [281,282].  We and others have shown that rapamycin has anti-fibrotic 

effect in animal models of hepatic, renal, and pulmonary fibrosis [283-286] and we have 

suggested that the underlying anti-fibrotic mechanism of rapamycin may involve alteration of 

LARP6 function. In the recent work, we have shown that LARP6 is phosphorylated at eight 

serines, but that phosphorylation of S451 by Akt is the modification necessary for other 

phosphorylations to take place and for activation of LARP6 in collagen biosynthesis.  Five of 

these other phosphorylation sites conform to the mTOR consensus sequence, so this study was 

performed to establish whether mTOR participates in activation of LARP6. Here, we report that 

mTOR phosphorylates LARP6 at S348 and S409 and that lack of these phosphorylations has a 

dominant negative effect on type I collagen biosynthesis. We also provide evidence that 

mTORC1 dependent phosphorylation of LARP6 is required for recruitment of STRAP and for 

proper subcellular trafficking of LARP6. 

 

3.2 Results 

 

Inhibitors of mTOR pathway alter phosphorylation of LARP6. We have reported previously 

that in HLFs LARP6 is phosphorylated at eight serine residues and that Akt activity is required 

for phosphorylation of S451. For full understanding of the role of LARP6 in regulating type I 

collagen expression it was important to characterize the other phosphorylation sites. Among the 

eight phosphorylation sites, five sites resemble mTOR consensus sequence, which prefers a 

proline, a hydrophobic residues (L, V) or an aromatic residue (F, W, Y) at the +1 position [287]. 

To assess if these sites are targets of mTOR mediated phosphorylation, HLFs were treated with 

inhibitors of mTORC1 and mTORC1/2, rapamycin and Torin 1, respectively [288].  After 

treatment, the electrophoretic mobility of endogenous LARP6 in one dimensional SDS-PAGE 

(1DGE) was compared to that in control cells. Endogenous LARP6 migrated as two bands in 

control cells (arrows, Fig. 13A), representing differently phosphorylated isoforms of LARP6 

[118]. The slower migrating band was markedly reduced by both mTOR inhibitors (Fig. 13A, 
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lanes 2 and 3), indicating that some phosphorylations of LARP6 may be mTOR dependent.  To 

verify that mTOR is involved in phosphorylation of LARP6, we employed 2DGE, followed by 

Western blotting. In the course of these experiments we found that different batches of 

isoelectric focusing strips produce results that can differ by as much as 1 pH unit. Therefore, we 

only compared the pI of proteins that had been resolved on the same batch of strips.  In 2DGE 

endogenous LARP6 was resolved as series of isoforms with isoelectric point (pI) ranging from 

6.0 to 7.0. The computed pI of unphosphoryalted LARP6 is 8.4. However, upon treatment with 

rapamycin LARP6 molecules showed a shift in pI towards the more basic region of the focusing 

strip, with pI now ranging from 6.2 to 7.2 (Fig. 13B). This is indicative of the loss of negatively 

charged phospho-groups and we concluded that mTOR inhibitors can alter the phosphorylation 

status of LARP6. 

 
 

 

Figure 13. Inhibitors of mTOR alter phosphorylation of LARP6. (A) Reduced 
phosphorylation of endogenous LARP6 in one dimensional gel electrophoresis (1DGE). HLFs 
were treated with DMSO (CON), rapamycin (RAPA) and Torin 1 (TOR), proteins were resolved 
by 1DGE and LARP6 visualized by Western blotting. Arrows: phosphorylated isoforms of 
LARP6. (B) Change in pI of endogenous LARP6 in cells treated with rapamycin. The cell 
lysates of HLFs treated with DMSO (CON) or rapamycin (RAPA) were subjected to two-
dimensional gel electrophoresis (2DGE) and LARP6 was visualized by Western blotting. The 
scale at the top indicates the pH.  
 
 
Inhibitor of mTORC1, rapamycin, decreases secretion of type I collagen into cellular 

medium. Having shown that mTOR is involved in phosphorylating LARP6, it was important to 

assess the effects of mTOR inhibition on type I collagen expression. To this goal, we treated 

HLFs with rapamycin and analyzed expression of collagen α1 (I) and α2 (I) polypeptides in the 

cellular extracts and in the medium. The intracellular level of type I collagen polypeptides was 
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not changed by rapamycin (Fig. 14A), but secretion of both collagen polypeptides into the 

cellular medium was drastically reduced (Fig. 14B). Secretion of fibronectin was similar in  

 
 

 

Figure 14. Inhibition of mTORC1 reduces secretion of type I collagen. (A) Intracellular level 
of collagen polypeptides in cells treated with rapamycin. HLFs were treated with or without 
rapamycin (RAPA) for 24 h and expression of collagen α1 (I) (COL1A1) and α2 (I) (COL1A2) 
polypeptides were analyzed in cellular extract (CELL) by Western blotting. Loading control: β-
actin (ACT).  (B) Level of collagen polypeptides in the cellular medium. Collagen α1 (COL1A1) 
and α2 (COL1A2) polypeptides in the cellular medium (MED) from cells in (A) were analyzed 
by Western blotting.  Loading control: fibronectin (FIB). (C) Rapamycin does not change 
expression of collagen mRNAs. Total RNA from cells in (A) was analyzed for expression of 
collagen α1 (I) (COL1A1) and α2 (I) (COL1A2) mRNA by real-time PCR. The relative 
expression was normalized to the internal control β-actin mRNA. Data was presented as 
mean±SD (n=3). (D) Change in pI of collagen α2 (I) polypeptide after rapamycin treatment. 
Collagen α2 (I) polypeptide from HLFs that were treated with DMSO (CON) or rapamycin 
(RAPA) for 24 h was analyzed by 2DGE and Western blotting. The scale at the top indicates pH.  
Arrow: isoelectric focusing of collagen α2 (I) polypeptide in control cells. 
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treated and untreated cells, suggesting the collagen specific effect of rapamycin. Rapamycin did 

not change the expression of collagen α1 (I) or α2 (I) mRNAs (Fig. 14C), consistent with the 

finding that the primary effect of mTORC1 inhibition is reduced excretion of collagen 

polypeptides. This result is in agreement with our previous finding that rapamycin protects 

against experimental liver fibrosis in rats and reduces type I collagen expression by hepatic 

stellate cells (HSCs) (unpublished data). Because LARP6 is the key regulator of coordinated 

translation of collagen mRNAs, we concluded that the reduced secretion of type I collagen may 

be due to the impaired LARP6 function.  

Type I collagen is produced by folding of two α1 (I) and one α2 (I) polypeptides into a triple 

helix after the individual polypeptides have been posttranslationally modified. Posttranslational 

modifications include hydroxylations of prolines and lysines and glycosylations [82] . Delayed 

folding of the triple helix results in excessive modification of the individual polypeptides, 

primarily due to excessive hydroxylations of prolines and lysines [82,289,290]. Although 

hydroxylations do not contribute to the charge of a protein, hydroxylations of lysines partially 

neutralize positive charge, resulting in more acidic pI of the polypeptides. Shift of pI of collagen 

polypeptides into acidic region has been observed in human subjects who have defect in folding 

of type I collagen [291,292], therefore, it can be used as a readout of perturbed collagen 

synthesis. To assess if reduced secretion of type I collagen is associated with hyper-

modifications of individual polypeptides we analyzed the pI of collagen α2 (I) polypeptide. α1 

(I) polypeptide was not amenable to analysis, because the antibody could not recognize this 

polypeptide after isoelectric focusing. In control cells α2 (I) polypeptide had the pI in narrow 

range around 9 (arrow, Fig. 14D), but in rapamycin treated cells the pI was shifted to more acidic 

region, suggesting that hyper-modified polypeptides had been produced. 

Serines 348 and 409 of LARP6 are targets of mTORC1 phosphorylation. To identify which 

serines are targets of mTOR phosphorylation, we individually mutated each of the serines (S348, 

S396, S409, S421, S447, and S451) into alanines and expressed the mutants in HLFs. Then, we 

treated the cells with rapamycin, and compared the pI of wt LARP6 and mutants with and 

without rapamycin. We surmised that if a serine is target of mTOR dependent phosphorylation, 

its mutation into alanine will abolish the alteration of the pI with rapamycin treatment; and the pI 

of the mutant will become rapamycin resistant. In these experiments we used HA-tagged 

LARP6, which in nontreated cells had the pI in 6.5-6.8 range, with minor species detected with 
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the pI of 7.0-7.2. After rapamycin treatment the phosphorylation of wt HA-LARP6 was shifted 

into more basic region with the pI in 6.9-7.2 range (Fig. 15A, panels 1 and 2). When the mutants 

having a single alanine change were analyzed, they all showed similar pI shift after rapamycin 

treatment as the wt HA-LARP6 (not shown), so we concluded that, perhaps, multiple serines 

need to be mutated to observe the effect. Therefore, we constructed a series of double mutants 

and tested them as above. The double alanine mutant, S348A/S409A, was found to be resistant to 

rapamycin; the pI of this mutant did not change with rapamycin treatment (Fig. 15A, panels 3 

and 4). This suggested that mTORC1 dependent phosphorylation can not be detected if serines 

S348 and S409 are changed into alanines.  

To provide further evidence that mTORC1 signaling pathway targets LARP6 on S348 and 

S409, we knocked down the regulatory protein of mTORC1, raptor, which is essential for the 

enzymatic activity [273,293,294]. Then, we compared the phosphorylation of wt and 

S348A/S409A mutant of LARP6 in raptor knock down cells using 2DGE. The knock down was 

achieved by lentivirus expressing shRNA specific for raptor, while control lenti virus expressed a 

scrambled shRNA. The knock down of raptor in two independent experiments is shown in the 

bottom panels of Fig. 15B. Raptor knock down reduced phosphorylation of wt HA-LARP6, as 

evidenced by pI shift into more basic region (Fig. 15B, compare panels 1 and 2). This shift in the 

pI was similar to that seen in rapamycin treated cells (Fig. 15A, panels 1 and 2). However, raptor 

knock down did not change the pI of S348A/S409A mutant (Fig. 15B, panels 3 and 4), strongly 

suggesting that S348 and S409 phosphorylations are mTORC1 dependent.  

To verify if the above results can be reproduced by expressing only the C-terminal domain 

of LARP6 we created single and double alanine mutations in the truncated HA-LARP6 

containing only amino-acids 296-491 (CTER). When analyzed by 2DGE, in control cells this 

domain showed a broad range of pI values (Fig. 15C, panel 1), which was reduced by rapamycin 

treatment (Fig. 15C, panel 2). However, when the double alanine mutant was tested in the 

context of the C-terminal domain (CTER-S348A/S409A), its pI spectrum was reduced and did 

not change with rapamycin treatment (Fig. 15C, panels 3 and 4). The pI of CTER-S348A/S409A 

(panel 3) resembled that of wt CTER in rapamycin treated cells (panel 2), strongly suggesting 

that serines S348 and S409 are phosphorylated by mTORC1 in the context of the C-terminal 

domain. 
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Figure 15. Identification of mTORC1 dependent phosphorylation sites. (A) Mutation of 
S348 and S409 confers resistance to rapamycin induced change in the pI. HA-tagged wt LARP6 
(panels 1 and 2) and HA-tagged S348A/S409A LARP6 mutant (panels 3 and 4) were expressed 
in HLFs and analyzed by 2DGE and Western blotting, with and without treatment of cells with 
rapamycin (RAPA or CON). The top scale indicates pH. (B) Change in the pI of HA-LARP6 in 
raptor knock down cells. Raptor was knocked down in HLFs by raptor specific shRNA (RPT) 
and pI of transfected wt HA-LARP6 (panels 1 and 2) and S348A/S409A mutant (panels 3 and 4) 
was analyzed by 2DGE and Western blotting. CON, scrambled shRNA.  Panels 5 and 6: 
expression of raptor (RPT) and loading control β-actin (ACT) in two knock down and control 
samples. (C) mTORC1 dependent phosphorylations of the carboxyl terminal domain of LARP6 
(CTER). wt CTER (panels 1 and 2) and CTER carrying S348A/S409A mutation (panels 3 and 4) 
were expressed in HEK293 cells and analyzed by 2DGE and Western blotting with and without 
treatment of rapamycin (RAPA or CON). The top scale indicates pH.  
 
 
LARP6 phosphorylation changes in activation of collagen nonproducing cells into collagen 

producing cells. HLFs used in the experiments above produce high level of type I collagen 
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constitutively and LARP6 phosphorylation in these cells reflects the LARP6 status in terminally 

differentiated fibroblasts, as representative of collagen producing cells.  To provide insight if 

LARP6 phosphorylation is a dynamic process that changes in differentiation of collagen 

nonproducing cells into collagen producing cells we took advantage of culture activation of 

HSCs. HSCs are liver cells responsible for type I collagen production in liver fibrosis [42]. After 

isolation from normal rat liver HSCs are in quiescent state and do not synthesized significant 

amount of type I collagen. However, after culturing in vitro, HSCs undergo spontaneous 

activation from the quiescent state into myofibroblasts, when they increase collagen expression 

50-100 fold [42-44]. The activation starts after 3 days in culture and is mostly completed by day 

5 in culture. This activation in vitro mimics the changes which HSCs undergo in liver fibrosis 

and culture activation of HSCs is well established model to study transdifferentiation of collagen 

nonproducing cells into collagen producing cells [116]. Therefore, we used HSCs after 3 days in 

culture and after 5 days in culture to investigate whether there is a change in LARP6 

phosphorylation during the critical time period during which type I collagen is highly 

upregulated.  

We isolated HSCs from normal rat livers and cultured them on uncoated plastic dishes. At 

day 2 after isolation HA-tagged wt LARP6 (HA-LARP6) was expressed in HSCs by 

transduction with adenovirus. One set of the transduced cells was treated with rapamycin and the 

other was left untreated and the phosphorylation of HA-LARP6 was analyzed at day 3. The cells 

from the same isolation were also cultured for 4 days, after which they were transduced with 

HA-LARP6, treated with rapamycin and collected at day 5 for analysis. Fig. 16A shows 

comparison of LARP6 phosphorylation in day 3 and day 5 HSCs, with and without treatment 

with rapamycin.  In day 3 HSCs, LARP6 had the pI ranging from 6.5 to 7.0 (Fig. 16A, panel 1), 

but by day 5 the pI shifted toward the more acidic range of 6.1 to 6.8 (Fig. 16A, panel 2). This 

alteration suggested that LARP6 undergoes additional phosphorylations in transition of HSCs 

from quiescent state into activated, high collagen producing state.  

When day 2 cells were treated with rapamycin and analyzed at day 3, LARP6 exhibited pI 

in the range 6.8-7.9, what is more basic that the pI in untreated cells (Fig. 16A, compare panel 1 

and 3). This is indicative that some phosphorylations of LARP6 are rapamycin sensitive even in 

quiescent HSCs. However, when day 4 HSCs were treated with rapamycin and analyzed at day 5 

a more dramatic shift of the pI was observed; the pI shifted from 6.1-6.8 range to 6.8-7.9 range 
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(Fig. 16A, compare panels 2 and 4). This suggested that the additional phosphorylations 

observed in day 5 HSCs are also abolished by inhibiting mTORC1.  

Mapping of the mTORC1 dependent phosphorylation sites to S348 and S409 allowed us to  

 
 

 

Figure 16. Dynamic changes in phosphorylation of LARP6 in HSCs. (A) Changes in 
phosphorylation of LARP6 in activation of HSCs. Primary rat HSCs were transduced by 
adenovirus expressing wt HA-LARP6 on day 2 and on day 4 and HA-LARP6 was analyzed by  
2DGE and Western blotting on day 3 and day 5 (CON) (panels 1 and 2). The same cells were 
also treated with rapamycin (RAPA) on day 2 and day 4 and analyzed on day 3 and day 5 (panels 
3 and 4). Panels 5 and 6; cells were transduced by adenovirus expressing S348A/S409A mutant. 
The scale on the top indicates pH. (B) Dominant negative effect of S348A/S409A mutant on 
collagen expression in HSCs. HSCs were transduced on day 3 by adenoviruses expressing wt 
HA-LARP6 and S348A/S409A mutant and the intracellular level (CELL) (lanes 1 and 2) and the 
level secreted into the medium (MED) (lanes 3 and 4) of collagen α1 (I) polypeptide (COL1A1) 
were analyzed on day 5 by Western blotting. Loading control: β-actin (ACT) and fibronectin 
(FIB). HA-LARP6, expression of the transduced proteins. 
 
 
test if this double mutant can undergo the dynamic changes in phosphorylation in activation of 

HSCs. When this mutant was analyzed in day 3 and day 5 HSCs, the pI did not reveal an 
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increase in phosphorylation at day 5 (Fig. 16A, panels 5 and 6). This suggested that mTORC1 

dependent phosphorylation of S348 and S409 is responsible for the increased phosphorylation of 

LARP6 during activation of HSCs. Thus, these experiments established a correlation of the 

mTORC1 dependent phosphorylations of S348/S409 of LARP6 to the ability of cells to 

upregulate type I collagen production. 

Dominant negative effect of LARP6 S348A/S409A on type I collagen expression. The 

experiments in HSCs suggested that mTOR dependent phosphorylation of LARP6 is important 

for activation of type I collagen expression. To assess the functional significance of LARP6 

phosphorylation we overexpressed the S348A/S409A mutant in HSCs and assessed a dominant 

negative effect on type I collagen expression. HSCs were transduced by adenoviruses and 

transduction of wt HA-LARP6 and S348A/S409A mutant resulted in comparable expression of 

the proteins (Fig. 16B, bottom panel). We transduced the proteins at day 3 and analyzed cellular 

level and secretion of collagen α1 (I) polypeptide into the cellular medium at day 5. We could 

not analyze α2 (I) polypeptide, because our antibody could not recognize the rodent polypeptide. 

At day 5, HSCs expressing wt HA-LARP6 showed high expression of α1 (I) polypeptide 

intracellularly and it was secreted into the medium (Fig. 16B, top panel, lanes 1 and 3). The 

cellular level and the secretion of α1 (I) polypeptide were undetectable in HSCs overexpressing 

S348A/S409A mutant (lanes 2 and 4).  The β-actin and fibronectin levels, as loading controls, 

were similar, suggesting the specific inhibition of collagen expression by the S348A/S409A 

mutant. Thus, the inability of LARP6 to be phosphorylated between days 3 and 5 by mTORC1 

reduces type I collagen expression by HSCs. 

To further corroborate the dominant negative effect of S348A/S409A mutant we repeated 

the experiment in HLFs. When S348A/S409A mutant was expressed in HLFs, the intracellular 

level of collagen α1 (I) polypeptide was reduced, but the level of α2 (I) polypeptide was 

unaffected. However, dramatically reduced secretion of both collagen polypeptides into the 

cellular medium was observed (Fig. 17A, top panels). The steady-state levels of both collagen 

mRNAs, α1 (I) and α2 (I), were similar in HLFs expressing wt and S348A/S409A LARP6 (Fig. 

17B). The reduced secretion of collagen α1 (I) and α2 (I) polypeptides caused by overexpression 

of S348A/S409A mutant resembles the result obtained with rapamycin treatment of HLFs (Fig. 

14). Thus, overexpression of mTOR resistant LARP6 has similar effect on type I collagen 
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expression as inhibition of mTORC1, suggesting that phosphorylation of S348/S409 of LARP6 

by mTORC1 regulates type I collagen production. 

 
 

 

 

Figure 17. Dominant negative effect of S348A/S409A mutant on type I collagen secretion 

from HLFs. (A) Dominant negative effect in HLFs. HLFs were transduced by adenoviruses 
expressing wt HA-LARP6 and S348A/S409A mutant and intracellular (CELL) (lanes 1 and 2) 
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Figure 17-continued 
and medium (MED) (lanes 3 and 4) levels of collagen α1 (I) (COL1A1) and α2 (I) (COL1A2) 
polypeptides were analyzed by Western blotting. Loading control: β-actin (ACT) and fibronectin 
(FIB).  HA-LARP6, expression of the transduced proteins. (B) S348A/S409A mutant does not 
change expression of collagen mRNAs. Total RNA from cells in (A) was extracted and 
expression of collagen α1 (I) (COL1A1) and α2 (I) (COL1A2) mRNAs were analyzed by real-
time PCR. Relative expression was calculated after normalization to β-actin mRNA internal 
control. Data are shown as mean±SD (n=3). (C) Low rate of secretion of type I collagen from 
HLFs expressing S348A/S409A mutant. wt HA-LARP6 and S348A/S409A mutant were 
expressed in HLFs, cellular medium (MED) was replaced by fresh medium and accumulation of 
collagen polypeptides was analyzed after 1 h, 2 h and 3 h (upper panels). The 3 h cellular 
medium (MED) samples were collected, further incubated for additional 6 hours (lower panels), 
and analyzed by Western blotting. Loading control: accumulation of fibronectin (FIB). (D) 
Collagen polypeptides are not subjected to degradation in the cellular medium. The cellular 
medium smaples from the 3 h time point in (C) (MED) were incubated for additional 6 hours at 
37°C and analyzed by Western blotting. Loading control: fibronectin (FIB). (E) S348A/S409A 
mutant does not change intracellular (CELL) level of collagen polypeptides. Cells from (C) were 
analyzed for intracellular level of type I collagen polypeptides by Western blotting. Loading 
control: β-actin (ACT) and fibronectin (FIB). HA-LARP6, expression of the transduced proteins. 
(F) Translation of collagen mRNA is not altered by the S348A/S409A mutant. Polysomes were 
prepared from HLFs overexpressing wt and S348A/S409A mutant HA-LARP6. The distribution 
of LARP6 was analyzed by Western blotting (Panels 1 and 2). Polysome fractions were also 
analyzed by RT-PCR for the distribution of collagen α1 (I) (COL1A1) and α2 (I) (COL1A2) 
mRNAs. The fractions representing polysomes, ribosome (80S), ribosomal subunits (40S and 
60S), and postpolysomal fraction (PPF) are indicated at the top. (G) Hyper-modifications of 
collagen α2 (I) polypeptide in cells expressing S348A/S409A mutant. The pI of collagen α2 (I) 
polypeptide in cells expressing wt HA-LARP6 (top panel) and S348A/S409A mutant (bottom 
panel) was analyzed by 2DGE and Western blotting. The top scale indicates pH. Arrow indicates 
pI of collagen α2 (I) polypeptide in control cells. 
 
 
S348A/S409A mutant decreases the rate of secretion of type I collagen. The decreased level 

of type I collagen found in the cellular medium after overexpression of S348A/S409A mutant, as  

well as after rapamycin treatment, suggests either the inefficient secretion of the protein or the 

accelerated degradation in the medium. To assess the secretion rate of type I collagen, we 

supplemented the cells with fresh medium and analyzed accumulation of collagen α1 (I) and α2 

(I) polypeptides after 1 h, 2 h and 3 h.  Accumulation of fibronectin served as control of efficacy 

of the general secretion pathway. In cells overexpressing wt LARP6, a continuous increase in 

accumulation of collagen α1 (I) and α2 (I) polypeptides in the cellular medium was observed 

within 3 h (Fig. 17C, lanes 1-3). However, accumulation of collagen α1 (I) and α2 (I) 

polypeptides  
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in the medium of cells overexpressing S348A/S409A mutant was greatly retarded (Fig. 17C, 

lanes 4-6).  Accumulation of fibronectin was similar in the medium of cells overexpressing wt 

and S348A/S409A LARP6, suggesting that the mutant specifically inhibited the rate of secretion 

of type I collagen.  

To exclude the possibility that collagen polypeptides are subjected to more rapid 

degradation in cells overexpressing S348A/S409A, we collected the cellular medium at 3 h time 

point and continued incubation of this medium without the cells present fro additional 6 hours. 

Then, we compared the levels of collagen α1 (I) and α2 (I) polypeptides before and after this 

additional incubation period (Fig. 17D). The level of collagen polypeptides remained unchanged, 

suggesting that cellular medium does not contain proteolytic enzymes that would degrade 

collagen. 

We also measured the intracellular level of collagen polypeptides, and it remained constant 

(Fig. 17E). When polysomal loading was analyzed in cells overexpressing wt and S348A/S409A 

mutant HA-LARP6, in consistent with previous results, LARP6 was not found in polysomal 

fraction, but rather in postpolysomal fraction, and the S348A/S409A mutant was also found in 

postpolysomal supernatant (Fig. 17F, panels 1 and 2). Both collagen α1 (I) and α2 (I) mRNA 

were found in polysomal fraction, in fraction containing ribosomal subunits and in 

postpolysomal supernant in cells overexpressing either wt or the mutant LARP6 (Fig. 17F, 

panels 3-6), indicating that LARP6 is not involved in the elongation process during translation, 

and that collagen peptides are made in the cell overexpressing the mutant LARP6 but not 

excreted. The slow excretion of collagen polypeptides from S348A/S409A expressing cells was 

not accompanied by the increased intracellular retention, probably because the excess of 

polypeptides was degraded. These results suggest that lack of mTORC1 dependent LARP6 

phosphorylation results in inefficient secretion of type I collagen. 

Next, we assessed if the slow secretion of type I collagen polypeptides in the presence of 

S348A/S409A mutant is associated with their hyper-modifications. If hyper-modifications are 

present, this would point to inefficient folding as the reason for slow secretion. Therefore, we 

analyzed the pI of α2 (I) polypeptide by 2DGE and Western blotting as a readout of 

modifications. The pI of collagen α2 (I) polypeptide in cells expressing wt LARP6 was 

distributed over a narrow range around 9.5 (Fig. 17G, upper panel, arrow). Overexpression of 

S348A/S409A resulted in the shift of the pI towards the more acidic region, with pI about 8.8, 



69 

indicating hyper-modifications (Fig. 17G, lower panel). A similar shift was observed after 

treatment of HLFs with rapamycin (Fig. 14D). Therefore, we concluded that inability to 

phosphorylate LARP6 by mTORC1 impairs proper folding of type I collagen, resulting in hyper-

modifications of polypeptides and their inefficient secretion.   

Phospho-mimic mutation S409D does not affect LARP6 binding to 5’SL. To better 

understand the dominant negative effect of S348A/S409A on collagen expression, we assessed if  

 
 

 

Figure 18.  S409D mutation does not affect collagen 5’SL binding. Upper panel: complex of 
5’SL RNA probe with wt and S409D mutant LARP6. Gel mobility shift assay with 5’SL RNA 
probe and extracts from HEK293 cells overexpressing wt (lane 2) and S409D mutant (lane 4) 
LARP6. Migration of the 5’SL RNA-protein complex and the free probe is indicated. Lane 1 is 
the probe alone, and lane 3 is control of HEK293 cells without transfection of LARP6. Lower 
panel: cell lysates from upper panel were analyzed by Western blotting to show comparable 
levels of expression of wt and S409D mutant LARP6. 
 
 

phosphorylations at these sites of LARP6 alter its collagen mRNAs binding. To this end, we took 

advantage of biochemical analysis of the formation of complex of LARP6 and radiolabeled 

5’SL, using gel mobility shift experiments. We overexpressed wt and S409D HA-LARP6 in 
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HEK293 cells, incubated the cell extracts with radiolabeled 5’SL RNA probe, and resolved the 

complexes on native acrylamide gels. Overexpressed wt HA-LARP6 formed complex with 5’SL 

RNA (Fig. 18, upper panel, lane 2). When cell extract from cells overexpressing S409D was 

used, a complex of protein-RNA was also observed, the intensity of which was similar to that of 

wt HA-LARP6 (Fig. 18, upper panel, lane 4). The expression levels of both wt and the S409D 

mutant HA-LARP6 were comparable, as shown in the lower panel of Fig. 18. This result 

indicated that phosphorylation of LARP6 at S409 does not affect collagen 5’SL binding.  

Phosphorylation of S348 and S409 is required for effective interaction with essential 

cofactor for translation of collagen mRNAs, STRAP. To elucidate the underlying mechanism 

of poor secretion of type I collagen caused by overexpression of S348A/S409A mutant, we 

analyzed if this mutation affects the interaction of LARP6 and accessory factors involved in 

translation of collagen mRNAs; nonmuscle myosin, STRAP and RHA [156,165,166]. STRAP is 

the cofactor which coordinates translation of collagen α1 (I) and α2 (I) mRNAs and in the 

absence of STRAP cells hyper-modify collagen polypeptides and inefficiently secrete type I 

collagen. When analyzed by immunoprecipitations, the interaction of S348A/S409A mutant with 

nonmuscle myosin and RHA was similar to that of wt HA-LARP6. However, when we 

performed co-immunoprecipitation with STRAP, we found that wt HA-LARP6 efficiently pulled 

down endogenous STRAP, while S348A/S409A mutant showed a weaker interaction (Fig. 19A, 

left panel, compare lanes 2 and 3).  

To provide further evidence we analyzed if the interaction between LARP6 and STRAP is 

also weaken by mTORC1 inhibitor, rapamycin, or in raptor knock down cells. Rapamycin 

decreased the interaction between wt HA-LARP6 and endogenous STRAP (Fig. 19B, left panel, 

compare lanes 2 and 3), however, it did not change the already weak interaction of 

S348A/S409A mutant with STRAP (Fig. 19C, left panel, compare lanes 2 and 3). This indicated 

that phosphorylation of LARP6 on S348 and S409 is required for stronger interaction with 

STRAP, but that a weak interaction can be maintained in the absence of this phosphorylation. 

Raptor knock down also reduced the interaction of wt LARP6 and STRAP (Fig. 19D, left panel, 

compare lanes 2 and 3). However, the weak pull down of STRAP by S348A/S409A mutant was 

not changed by the raptor knock down (Fig. 19E, left panel, compare lanes 2 and 3).  Taken 

together, these results suggest that mTORC1 dependent phosphorylation of LARP6 on 
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S348/S409 is required for efficient recruitment of STRAP to coordinate translation of collagen 

α1 (I) and α2 (I) polypeptides and to facilitate their folding.  

 
 

 

Figure 19. S348/S409 phosphorylation enhances the interaction of LARP6 and STRAP. (A) 
Weak interaction of S348A/S409A mutant with STRAP. HLFs were transduced by adenovirus 
expressing wt and S348A/S409A HA-LARP6. Immunoprecipitation was done by control 
antibody (lane 1) or anti-HA antibody (lanes 2 and 3) and the pulled down material was analyzed 
by Western blotting using anti-STRAP antibody (IP, left panel). Expression of proteins in 10% 
of input material is shown in the right panel. (B) Rapamycin decreases the interaction between 
LARP6 and STRAP. HLFs were transduced by adenovirus encoding wt HA-LARP6 and treated 
with (lane 3) or without (lanes 1 and 2) rapamycin (RAPA). Immunoprecipitation was done by 
using control antibody (lane 1) and anti-HA antibody (lanes 2 and 3) and the pulled down sample 
was analyzed using anti-STRAP antibody (IP, left panel). Expression of protein in 10% of input 
material is shown in the right panel. (C) Interaction of S348A/S409A and STRAP is not changed 
by rapamycin. Experiment as in (B), except that S348A/S409A mutant was overexpressed by 
adenovirus. (D) Reduced interaction between LARP6 and STRAP by raptor knock down. HLFs 
were infected with lentivirus expressing raptor specific shRNA (lane 3) or scrambled shRNA 
(lanes 1 and 2), followed by transduction with adenovirus expressing wt HA-LARP6. 
Immunoprecipitation was done by using control antibody (lane 1) or anti-HA antibody (lanes 2 
and 3), and the immunoprecipitated material was analyzed using anti-STRAP antibody (IP, left 
panel). Right panel, expression of the proteins in 10% of input. (E) Interaction of S348A/S409A 
and STRAP is not changed by raptor knock down. Experiment was done as in (D), except that 
S348A/S409A mutant was overexpressed.  
 
 



72 

Phosphorylation of S348 and S409 regulates subcellular distribution of LARP6. In HLFs the 

endogenous LARP6 is found in both, the nucleus and the cytosol, and it is uniformly distributed 

in both compartments [117]. To assess if S348A/S409A mutant has different subcellular 

distribution we immunostained HLFs expressing wt HA-LARP6 and S348A/S409A mutant 

using anti-HA antibody. We also treated these cells with rapamycin to assess if the inhibition of 

mTORC1 changes the subcellular distribution. wt HA-LARP6 accumulated in uniform pattern 

throughout the cytoplasm and the nucleus. After rapamycin treatment the protein was depleted in 

the nucleus and found predominantly in the cytosol, with more intense staining in the perinuclear 

regions (Fig. 20A, upper panels). When raptor was knocked down a similar preference for 

cytosolic distribution of wt HA-LARP6 was observed (Fig. 20B, upper panels). In contrast, the 

S348A/S409A mutant preferentially accumulated in the perinuclear region of the cytosol (Fig. 

20A and B, lower left panels). When the cells were treated with rapamycin (Fig. 20A, lower right 

panel) or when raptor was knocked down (Fig. 20B, lower right panel) the localization of the 

mutant was not changed. This indicated that phosphorylation of S348 and S409 is required for 

nuclear accumulation of the protein.  

The perinuclear localization of the S348A/S409A mutant and wt LARP6 after inhibition of 

mTORC1 is suggestive of its association with the ER membrane. We have previously reported 

that LARP6 targets collagen mRNAs to the ER membrane in the absence of translation [149] and 

that LARP6 can interact with Sec61 translocon [118]. To investigate the possibility that lack of 

S348/S409 phosphorylation sequesters the protein at the ER membrane we isolated the 

microsomal fraction, which represents ribosome-enriched endoplasmic reticulum membranes, 

and compared the relative levels of S348A/S409A mutant and wt HA-LARP6 in this fraction. 

The expression of both proteins in total cell lysate was similar (Fig. 20C, top right panel), 

however, the relative abundance of S348A/S409A in the microsomal fraction was much greater 

than that of wt LARP6 (Fig. 20C, top left panel). Sec61β and calnexin were analyzed as ER 

markers to show equal loading of the microsomal fraction. This result is consistent with the 

notion that S348A/S409A localization around the perinuclear region is due to its preference for 

the ER membrane.  

We also analyzed the microsomal accumulation of wt HA-LARP6 after rapamycin 

treatment. Fig. 20D, top left panel, shows that in rapamycin treated cells twice as much of 

LARP6 was found in the microsomal fraction compared to control cells. The microsomal 
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accumulation of S348A/S409A mutant was high and not further increased by rapamycin 

treatment (Fig. 20E, top left panel). In addition, when raptor was knocked down, wt HA-LARP6  

 
 

  

Figure 20. Association of LARP6 with ER membrane. (A) Perinuclear accumulation of 
LARP6 in rapamycin treated cells. wt HA-LARP6 and S348A/S409A mutant were expressed in 
HLFs and immunostained in nontreated cells (CON) and in rapamycin (RAPA) treated cells 
using anti-HA antibody. (B) Perinuclear accumulation of LARP6 in raptor knock down cells. 
Raptor was knocked down in HLFs using shRNA and wt HA-LARP6 and S348A/S409A mutant 
were expressed in control cells (left panels) and in raptor  knock down cells (right panels). 
Immunostaining was done with anti-HA antibody. The efficiency of raptor knock down (RPT) is 
shown in the bottom panel. (C) Increasing accumulation of S348A/S409A mutant in the 
microsomal fraction. wt HA-LARP6 and S348A/S409A mutant were expressed in HLFs and 
microsomal fraction (MIC, left panel) and total cell lysate (TOT, right panel) were analyzed by 
Western blotting. Calnexin (CNX) and Sec61β are shown as endoplasmic reticulum markers. (D) 
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Figure 20-continued  

Increasing accumulation of wt HA-LARP6 in microsomal fraction after rapamycin treatment. wt 
HA-LARP6 was expressed in HLFs and the cells were treated rapamycin (RAPA). Microsomal 
fraction (MIC, left panel) and total cell fraction (TOT, right panel) were prepared and LARP6 
was analyzed by Western blotting. (E) Rapamycin does not enhance microsomal accumulation of 
S348A/S409A mutant. Experiment as in (D), except S348A/S409A mutant was analyzed. (F) 
Increasing accumulation of wt HA-LARP6 in microsomal fraction after raptor knock down. 
Microsomal fraction (MIC, left panel) and total cell fraction (TOT, right panel) were prepared 
from control cells (CON) and raptor knock down cells (RPT) and LARP6 was analyzed by 
Western blotting. The efficiency of raptor knock down is shown in the bottom panel. (G) Raptor 
knock down does not change microsomal accumulation of S348A/S409A. Experiment as in (F), 
except S348A/S409A mutant was analyzed. (H) Interaction between LARP6 and Sec61 
translocon.  Microsomal fraction was prepared from cells expressing wt HA-LARP6 and 
S348A/S409A mutant, immunoprecipitation was done using anti-Sec61β antibody (left panel, 
lanes 2 and 3) or control antibody (lane 1) and the IP material was analyzed using anti-HA 
antibody and anti-Sec61β antibody (MIC IP, left panel).  Right panel, expression of the proteins 
in 10% of input.  
 
 
accumulated twice as much in the microsomal extract compared to control cells (Fig. 20F, top 

left panel), but the amount of S348A/409A mutant in the microsomal extract was not changed 

(Fig. 20G, top left panel). These results strongly suggest that phosphorylation of S348 and S409 

by mTORC1 is required for dissociation of LARP6 from the ER membrane and re-entry into the 

nucleus. Presence of raptor in the microsomal fraction (Fig. 20F and G) has been indicated 
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before [295,296] and suggests that phosphorylation of LARP6 by mTOR can take place on the 

membrane of the ER.  

Sec61 translocon is a hetero-oligomeric protein-conducting channel composed of Sec61α, 

Sec61β, and Sec61γ subunits that mediates co-translational insertion of most secretory and 

membrane proteins [297-299]. Our previous work has demonstrated that LARP6 tethers collagen 

mRNAs to the ER membrane, where it interacts with Sec61 translocon [118]. Therefore, we 

assessed if the interaction with Sec61 is correlated to the accumulation of LARP6 at the ER 

membrane.  We performed co-immunoprecipitation of wt HA-LARP6 or S348A/S409A mutant 

and Sec61 in microsomal fraction by pulling down the complex with anti-Sec61β antibody and 

analyzed the pulled down with anti-HA antibody (Fig. 20H).  Because greater amount of 

S348A/S409A mutant accumulates in the microsomal fraction, we adjusted the expression of wt 

HA-LARP6 and S348A/S409A mutant so that the similar amounts were found in the microsomal 

fraction (input in Fig. 20H). Under these conditions, more of S348A/S409A mutant was pulled 

down with Sec61 than wt HA-LARP6, suggesting higher affinity of interaction between the 

mutant and Sec61 translocon (Fig. 20H, left panel, compare lanes 2 and 3). We concluded that 

LARP6 phosphorylation reduces the affinity of the protein for Sec61 translocon, allowing its 

release from the ER membrane and shuttling into the nucleus.  

Highly phosphorylated LARP6 accumulates on the ER membrane. To further confirm that 

phosphorylation of LARP6 alters its subcellular localization, we analyzed whether LARP6 exists 

as differential phosphorylated isoforms in different intracellular compartments. To this end, we 

separated cytosolic and membrane fractions from HLFs overexpressing HA-LARP6 and 

analyzed the phosphorylation status of LARP6 by 2DGE.  While cytosolic LARP6 was resolved 

as a series of phosphorylation isoforms, with pI ranging from 6.5 to 7.6, LARP6 from membrane 

fraction was observed at more acidic pI (6.2 to 7.2), compared to that of cytosolic LARP6 (Fig. 

21A, compare panels 1 and 2). To corroborate this finding that there is more phosphorylation on 

the ER membrane, it is important to obtain pure ER membrane. We isolated microsomal fraction 

and analyzed LARP6 phosphorylation by 2DGE using microsomal extract. LARP6 from 

microsomal fraction was observed as a series of phosphorylation species, with pI range 6.2-7.2, 

in consistent with that of membrane fraction LARP6 (Fig. 21A, compare panels 2 and 3). When 

the pI of cytosolic and microsomal fraction LARP6 was combined, it equaled to the signal of 

LARP6 prepared from the whole cell extract (Fig. 21A, panel 4). 
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Figure 21. Increased phosphorylation of LARP6 on the ER membrane. (A)  LARP6 
phosphorylation status analyzed by 2DGE from different compartment of HLFs. HLFs were 
transduced with adenovirus expressing HA-LARP6, separated into cytosolic (CYT), membrane 
(MEM), and microsomal (MIC) fractions, and together with whole cell extract (TOT) were 
analyzed by 2DGE. pH is indicated at the top. (B) Phosphorylation of LARP6 during the 
activation of HSCs and the status of LARP6 in different compartment of quiescent and activated 
HSCs. HSCs were isolated from rat, cultured on plastic in vitro, transduced with adenovirus 
expressing HA-LARP6 at day 2 and day 4, separated into cytosolic (CYT) and membrane 
(MEM) fractions at day 3 and day 5 and subjected them to 2DGE. pH is shown at the top. 
 
 

To corroborate the finding from the HLFs, we used more relevant cells in the development 

of fibrosis, the HSCs. HSCs were isolated from rat, transduced with adenovirus expressing HA-

LARP6 at day 2 and day 4, representing quiescent and activated HSCs respectively, and 

separated into cytosolic and membrane fractions at day 3 and day 5. Fig. 21B shows LARP6 

phosphorylation changes during the activation of HSCs in vitro in the cytosolic and membrane 

fraction. In consistent with Fig. 16A, LARP6 undergoes additional phosphorylation during the 

transdifferentiation of HSCs from quiescent state to activate state capable of producing high 

amount of type I collagen. At day 3, LARP6 from cytosolic fraction was resolved at pI ranging 

from 6.8 to 7.2, the pI of the phosphorylation isoforms of membrane LARP6 was more acidic 
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with pI of 6.0 to 6.8, indicating increased phosphorylation on the ER membrane (Fig. 21B, 

panels 1 and 2). A similar phenomenon was observed for LARP6 from the membrane fraction at 

day 5 cultured HSCs, in which pI of cytosolic LARP6 was 6.4 to 7.0, and pI of membrane 

LARP6 was resolved at 6.0-6.2 (Fig. 21B, panels 3 and 4). Taken together, these findings 

support the notion that LARP6 undergoes additional phosphorylation during the activation of 

HSCs, which is consistent with the results shown as above, and that the highly phosphorylated 

LARP6 isoforms accumulate at the ER membrane, contributing to its critical role in translation 

of collagen mRNAs. 

S348A/S409A mutation increases the stability of LARP6. To assess the other effects of 

mTOR dependent phosphorylation of LARP6 we analyzed the half life of wild type and  

 
 

 

Figure 22. Phosphorylation changes the half life of LARP6.  (A) Decay of wt HA-LARP6 and 
S348A/S409A mutant after translational arrest.  HLFs expressing wt HA-LARP6 treated with or 
without rapamycin (RAPA or CON) and S348A/S409A mutant were treated with cycloheximide 
for the indicated time points and protein level was analyzed by Western blotting. Loading 
control: β-actin (ACT). (B) Estimation of half life. Western blots from 3 independent 
experiments (n=3), as shown in (A), were quantified and normalized to β-actin expression. Each 
data point is presented as the mean±SD. 
 
 
S348A/S409A mutant LARP6. We observed that wt HA-LARP6 decayed with a half life of 6-12 

h when transfected into HLFs. However, S348A/S409A mutant had a half life of >18 h,  

suggesting that the ability to phosphorylate S348 and S409 destabilizes the protein. When the 

cells were treated with rapamycin, the half life of wt HA-LARP6 was prolonged to 18 h and was 
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similar to that of S348A/S409A mutant (Fig. 22A and B). We concluded from these experiments 

that mTOR phosphorylation of LARP6, not only reduces its association with the ER membrane, 

but also increases its turnover.  

 

3.3 Discussion 

 

LARP6 is the RNA binding protein which specifically binds mRNA encoding type I 

collagen. The binding serves to target collagen mRNAs to the ER membrane and to tether 

accessory translational factors, RHA and STRAP [149,165,166]. These factors increase 

translational competitiveness of collagen mRNAs (RHA) and couple translation of collagen α1 (I) 

and α2 (I) mRNAs (STRAP). Coupled production of collagen α1 (I) and α2 (I) polypeptides 

facilitates their folding into triple helix and synchronizes the rate of folding to the rate of 

posttranslational modifications of the polypeptides [149,156,165,300]. LARP6 is the specific 

regulator of translation of collagen mRNAs as the protein does not bind any other sequence, 

except the 5’ stem-loop of collagen mRNAs. In contrast to the specific role of LARP6, mTOR 

pathway is involved in regulation of general translation by phosphorylating 4E-BP1 and S6K. 

Phosphorylated 4E-BP1 releases eIF4E to participate in the formation of eIF4F complex that is 

required for general initiation of translation [278,280]. Our results are the first demonstration that 

mTOR signaling pathway regulates production of type I collagen through phosphorylation of 

LARP6, providing an example how translation of specific mRNAs is coupled to the general 

activation of translation.  

In the previous work we have identified eight phosphorylation sites on LARP6 and 

characterized the phosphorylation of S451 by Akt. We showed that Akt dependent 

phosphorylation of S451 is required for phosphorylations of the other sites and we designated 

this modification as the priming event. In the present study we characterized the role of two 

additional phosphorylations of LARP6.  We show that (i) LARP6 is phosphorylated by 

mTORC1 on S348 and S409, (ii) increased phosphorylation of LARP6 is observed during 

activation of collagen producing cells (HSCs) and is concomitant  with increased type I collagen 

expression, (iii)  S348A/S409A mutant of LARP6 does not show the activation dependent 

phosphorylation in HSCs and has a dominant negative effect on type I collagen biosynthesis, (iv) 

the dominant negative effect is due to diminished rate of secretion of type I collagen, (v) the 

interaction of S348A/S409A mutant with STRAP, the protein which couples translation of α1 (I) 
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and α2 (I) mRNAs, is weakened, providing an explanation for its dominant negative effect. 

Rapamycin treatment and knock down of raptor have similar effect, (vi) S348A/S409A mutant 

predominantly accumulates at the ER membrane, while wt LARP6 shows such accumulation 

after inhibition of  mTORC1, suggesting that phosphorylation of LARP6 is also required for 

subcellular trafficking of the protein.  Together, these results prompted us to postulate that 

phosphorylation of LARP6 by mTORC1 has two functional consequences. First, the 

phosphorylation increases the affinity LARP6 for STRAP; this is needed to coordinate the 

translation of collagen α1 (I) and α2 (I) mRNAs. Second, the phosphorylation reduces the 

affinity of LARP6 for ER membrane, allowing the protein to redistribute into the nucleus for 

new round of binding of collagen mRNAs. The results also provide novel rationale for the anti-

fibrotic mechanism of rapamycin that has been demonstrated in animal models of fibrosis.  

Few previous reports implicated mTOR pathway in collagen biosynthesis. Leucine 

stimulated collagen α1 (I) mRNA translation in HSCs was reported to be mediated by mTOR 

activation [301]. mTOR was shown to contribute to the activation of HSCs by regulating 

expression of TGF-β1 mRNA; TGF-β is the most potent fibrotic cytokine and promoter of 

fibrosis [283,302]. Our work shows that mTORC1 phosphorylates LARP6 at S348 and S409 

during the activation of HSCs and that these changes are important for upregulation of type I 

collagen synthesis. First hint that LARP6 can be phosphorylated by mTOR was obtained when 

LARP6 phosphorylation sites were identified; five of the eight identified phosphorylation sites 

conformed to the mTOR consensus sequence [287]. This was further corroborated by altered 

electrophoretic mobility and pI of LARP6 after mTORC1 inhibition (Fig. 13), suggesting that 

there may be multiple mTOR dependent phosphorylation sites. Here we have identified two 

mTORC1 dependent phosphorylation sites, as the substitutions (S348A/S409A) which conferred 

resistance to the change in pI after rapamycin treatment. As an independent confirmation, knock 

down of raptor, a component of mTORC1 [273,293,294], also did not change the 

phosphorylation status of S348A/S409A mutant, further indicating that S348 and S409 of 

LARP6 are the targets of mTORC1 (Fig. 15A, 11B and 11C). However, these results could not 

confirm that mTORC1 directly phosphorylates S348 and S409 and we only concluded that 

mTORC1 is involved in LARP6 phosphorylation in vivo. 

Type I collagen biosynthesis is unique among the synthesis of secretory proteins, because it 

involves coordinated translation, modifications and folding of two α1 (I) polypeptides and one 
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α2 (I) polypeptides into a triple helix of procollagen [82,96,303]. Slow folding of collagen 

polypeptides results in hyper-modifications of the polypeptides and is seen in patients with 

osteogenesis imperfecta who have mutations in the domain involved in registration of collagen 

chains [289,290]. The mTOR resistant LARP6 mutant, S348A/S409A, acts as a dominant 

negative protein in collagen biosynthesis by affecting excretion of type I collagen from the cells 

(Fig. 17). The slow rate of collage secretion from S348A/S409A expressing cells is accompanied 

by hyper-modifications of collagen polypeptides (Fig. 17), indicating their inefficient folding 

into the collagen trimer. While phosphorylation at S409 of LARP6 did not change its binding to 

collagen mRNA (Fig. 18), it affected its interaction with accessory protein, STRAP. Our 

previous work has shown that STRAP is essential for coordinating translation of collagen 

mRNAs and that it is tethered to collagen mRNAs by interaction with the carboxyl terminal 

domain of LARP6. STRAP knock out cells poorly secrete type I collagen and produce hyper-

modified α2 (I) polypeptides and predominantly secrete homotrimers of α1 (I) polypeptides 

[165]. When the phosphorylation on S348 and S409 is prevented, either by inhibiting mTORC1 

(by rapamycin or raptor knock down) or by mutation into alanines, the interaction between 

LARP6 and STRAP is weakened and the cells poorly secrete type I collagen and produce hyper-

modified collagen polypeptides (Fig. 19). This suggests that mTORC1 phosphorylation of 

LARP6 is the mechanism which activates productive collagen synthesis. 

The S348A/S409A mutant accumulates in increasing amounts at the ER membrane, where it 

can interact with the protein translocation channel Sec61 (Fig. 20). This does not seem to affect 

the overall ability of cells to secrete proteins, but only type I collagen, because the secretion of 

fibronectin is not affected in S348A/S409A overexpressing cells (Fig. 17). Similar effect is 

observed when mTORC1 is inhibited (Fig. 20). Based on our previous finding that LARP6 

targets collagen mRNAs to the ER membrane and that it interacts with Sec61, we postulate that 

the S348A/S409A mutant has diminished ability to dissociate from the ER membrane. This 

prevents its shuttling into the nucleus and binding of newly synthesized collagen mRNAs 

[117,165,166]. Moreover, this membrane association may be enhanced by the prolonged half-life 

of this mutant (Fig. 22). And we provided evidence of accumulation of highly phosphorylated 

LARP6 isoforms on the ER membrane (Fig.21) and of the localization of raptor, the adaptor 

protein of mTORC1, on the ER (Fig. 20), supporting the possibility that phosphorylation of 

S348/S409 might occur at the ER. As the S348A/S409A mutant also weakly interacts with 
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STRAP, combination of these events results in uncoupled translation of collagen α1 (I) and α2 (I) 

mRNAs, the phenotype evident by hyper-modifications of polypeptides and inefficient secretion.  

Substantial evidence has been presented that rapamycin exerts anti-fibrotic effect in fibrosis 

of different organs, including skin, lung, kidney, heart and liver [283-286,304,305]. Various 

mechanisms have been proposed for the anti-fibrotic effect; reduced infiltration of inflammatory 

cells and decreased expression of TGF-β1 in renal fibrosis model [285], decreased platelet 

growth factor-induced proliferation of HSCs [283], and destabilization of collagen mRNA [306]. 

This report gives another rationale for anti-fibrotic effects of rapamycin; inhibition of LARP6 

phosphorylation by mTOR, resulting in inactivation of LARP6 in collagen biosynthesis. 

In conclusion, we propose a mechanism of LARP6 activation in collagen biosynthesis. 

Phosphorylation of LARP6 by mTORC1 at S348 and S409 increases the affinity of LARP6 for 

STRAP. By recruiting STRAP, LARP6 couples translation of collagen α1 (I) and α2 (I) mRNAs, 

facilitating folding of the polypeptides into triple helix and rapid secretion. At the same time this 

phosphorylation helps recycling of LARP6 from the ER membrane for another round of binding, 

partitioning and translation initiation of collagen mRNAs. The mTORC1 dependent 

phosphorylation of LARP6 takes place during the critical period of activation of HSCs, 

suggesting that it is one of the central events in development of fibrosis. 

 

3.4 Materials And Methods 

 

Plasmids and adenovirus construction. Human LARP6 cDNA was cloned into pcDNA3 vector 

with HA tag at the amino terminus. The carboxyl terminal LARP6 was made as described 

previously [117]. Site directed mutagenesis of the single amino acids was done by QuickChange 

mutagenesis kit (Stratagene, 200523-5), according to the manufacturer’s instructions. Double 

S348/S409 alanine mutant was generated on the background of S348 alanine mutation. The 

identity of all constructs was verified by sequencing by expression in HEK293 cells.  

Adenoviruses were generated by re-cloning of full-length LARP6 and LARP6 mutants from 

pcDNA3 vectors into pAd-CMV-Track vector, followed by recombination in BJ5183 E.coli cells 

[163]. Adenoviruses were amplified in HEK293 cells and purified by cesium chloride density 

gradient centrifugation, dialyzed and stored at -70°C. All adenoviral vectors expressed the 

protein of interest and GFP, the later was encoded by an independent transcription unit [163]. 

GFP was used as a marker to estimate the efficiency of cell transduction. 
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Chemicals and antibodies. Rapamycin was from Calbiochem (53123-88-9) and was prepared as 

100 µM stock in DMSO. Torin 1 was purchased from Cell Signaling (14379) and was dissolved 

as 100 µM stock in DMSO. Hexadimethrine bromide (Polybrene) was from Sigmal-Aldrich 

(107689). Antibodies used were: anti-LARP6 antibody from Abnova (H00055323-B01P), anti-

HA antibody from Sigma-Aldrich (H9658), anti-collagen α1 (I) antibody from Rockland (600-

401-103), anti-collagen α2 (I) antibody from Santa Cruz Biotechnology (sc-8786), anti-calnexin 

antibody, human anti-fibronectin antibody and anti-STRAP antibody from BD Transduction 

Laboratories (610523, 610077, and 611346, respectively), rat anti-fibronectin from Millipore 

(AB1954), anti-β-actin antibody from Abnova (ab8227), anti-Sec61β antibody from Thermo 

Scientific (PA3-015) and anti-raptor antibody from Bethyl Laboratories (A300-553A-M). 

Cells and transfections. HEK293 cells, HEK293T cells (kind gift from R. Tomko) and human 

lung fibroblasts (HLFs) were grown under standard conditions. Transfections were done in 6-

well plates with 1 μg of plasmid using TransIT-293 transfection reagent (Mirus, MIR2700). The 

cells were harvested 48 h after the transfections. Transduction of HLFs with adenoviruses was 

done at multiplicity of infection (MOI) of 500. With this MOI, between 95% and 100% of the 

cells were transduced, as visualized by the expression of GFP. mTOR inhibitors, rapamycin (100 

nM) or Torin 1 (100 nM) were added 24 h before collecting the cells. 48 h after the transduction, 

cell extracts were made and analyzed by protein gel blot, Western blotting or two-dimensional 

gel electrophoresis (2DGE), or by immunoprecipitation.  

Production of lentivirus expressing raptor specific shRNA. Plasmid expressing raptor specific 

shRNA was made by cloning of double stranded oligonucleotide into the LKO.1 vector 

AgeI/EcoRI sites [307]. The sequence of the oligonucleotide was: 

Raptor_shRNA sense:  

CCGGGGCTAG TCTGTTTCGA AATTTCTCGA GAAATTTCGA AACAGACTAG 

CCTTTTTG.  

Raptor_shRNA antisense:  

AATTCAAAAA GGCTAGTCTG TTTCGAAATT TCTCGAGAAA TTTCGAAACA 

GACTAGCC. 

Plasmid expressing raptor specific shRNA was co-transfected with pCMV-dR8.2 DVPR 

vector and pCMV-VSV-G vector at the ratio of 4:3:1 using LipoD293 Transfection Reagent 

(SignaGen Laboratories, SL100668) into HEK293T cells to allow packaging of the lentivirus.  



83 

Virus containing supernatants were collected at 24 h intervals for three consecutive days and 

were used as source of virus. Human lung fibroblasts were plated in 6-well plates and the 

lentivirus transduction was carried out in media containing 8 µg/ml hexadimethrine bromide 

(polybrene). Transduction efficiency was determined by monitoring the viral marker, RFP. The 

knock down of raptor was confirmed by Western blotting.  

Rat hepatic stellate cell isolation and culture. Rat hepatic stellate cells (rHSCs) were isolated 

by perfusion of rat liver with 0.5 mg of pronase and 0.04 mg of collagenase per gram of animal 

weight, followed by centrifugation of the cell suspension over 20% Nykodenz gradient, as 

described [308]. After isolation, the cells were cultured in uncoated plastic dishes in DMEM 

supplemented with 10% FBS. rHSCs were transduced by adenovirus expressing wild type HA-

LARP6 or HA-LARP6 mutants on day 2 or day 4 in culture and the cells and were harvested on 

day 3 or on day 5 for analysis.  

Isolation of polysomes. HLFs were transduced with adenovirus expression wt and 

S348A/S409A mutant HA-LARP6 for 48 h. Cells were treated with 100 µg/ml cycloheximide 

for 1 h before cell lysates were made using 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM 

MgCl2, 1% NP-40, 40 mM dithiothretitol (DTT), 1 mM PMSF. Clear cell lysates were layered 

on a continuous sucrose gradient (15% to 45% sucrose in 10 mM Tris-HCl (pH 7.5), 140 mM 

NaCl, and 1.5 mM MgCl2), and centrifuged at 38,000 rpm for 2 h at 4°C in a Beckman SW41 

rotor. Sixteen fractions (500 µl for each fraction) were collected followed by analysis by Western 

blotting for LARP6 distribution and isolation of total RNA from each fraction by phenol-

chloroform and isopropanol precipitation. The distribution of collagen mRNAs, both α1 (I) and 

α2 (I), were analyzed by RT-PCR. 

RT-PCR analysis. Total RNA isolated from each polysomes fractions were used for reverse 

transcription (RT)-PCR by using rTth reverse transcriptase (Boca Scientific , Boca Raton, FL), 

as reported. The primers used are shown in Table 1. [α-32P]dATP was incorporated in PCR 

amplifications for 25 cycles, and PCR products were resolved on sequencing gels and visualized 

by autoradiography.  

Real-time PCR analysis. RNA was extracted from human lung fibroblasts (HLFs) by using 

Trizol (Invitrogen). 1µg of total RNA was used to prepare cDNA using the Superscript First 

Strand Synthesis System for RT-PCR (Invitrogen), according to the manufacturer’s instructions. 

5 µl of 10-fold-diluted cDNA was used as in a SYBR Green qPCR assay (Applied Biosystems) 
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on the LightCycler 480 Real-Time RCR system (Roche Applied Sciences). The primers used for 

PCR amplification are shown in Table 1. Expression of collagen mRNAs was normalized to that 

of β-actin mRNA and statistical significance was determined using Student’s t test. P values of 

<0.05 were considered significant and the results are presented as means±1standard deviation 

(SD) (n=3).  

Gel shift assay. Double stranded oligonucleotides of 5’SL sequences  was cloned into the 

pGEM3 vector at the SmaI site, and was used as a template to prepare the 5’SL RNA probe by in 

vitro transcription, followed by linearization with BamHI. 40 µg protein from cell extract from 

HEK293 cells was incubated with 20 fM of the radiolabeled probe for 10 min on ice. The RNA-

protein complex was resolved on a 6% native gel and visualized by autoradiography. 

Subcellular fractionation of cytosolic and membrane fractions. Cytosolic and membrane 

fractions were isolated as reported before [309]. HLFs grown on 6-well plate washed with cold 

PBS once. 200ul of permeabilization buffer (110 mM KOAc, 25 mM HEPES (pH 7.2), 2.5 mM 

Mg(OAc)2, 1 mM EGTA, 0.015% digitoin, 1 mM DTT, 1mM PMSF) was added to cells on 

each well and incubated for 5 min on ice with gently rocking. Cytosolic fractions were collected, 

and cells were washed twice with wash buffer (110 mM KOAc, 25 mM HEPES (pH 7.2),  2.5 

mM Mg(OAc)2, 1 mM EGTA, 0.004% digitonin, 1 mM DTT, and 1 mM PMSF). Cells were 

lysed with lysis buffer (400 mM KOAc, 25 mM HEPES (pH 7.2), 15 mM Mg(OAc)2, 1% NP-

40, 0.5% DOC, 1 mM DTT, and 1 mM PMSF) on ice for 5 min, supernatant was collected as the 

membrane bound fraction. Cytosolic and membrane fractions were centrifuged at 7,500g for 10 

min at 4 °C. Both fractions were collected and analyzed by Western blotting. 

Preparation of microsomal fraction. Microsomal fraction was prepared as reported before 

[309], with minor modifications. Approximately 2 × 107 HLFs were resuspended in 0.35 ml of 

hypotonic buffer and homogenized in Dounce Homogenizer. The homogenate was adjusted to 

2.0 M sucrose, layered on the top of 2.5 M sucrose and overlayed with 1.9 M and 1.3 M sucrose 

and centrifuged at 260,000 × g for 3 h at 4°C. The band at the 1.3 M/1.9 M sucrose interface was 

recovered and centrifuged in a Beckman TLA120.2 rotor at 66,000 × g for 20 min at 4°C. The 

pellet was lysed in 0.5% NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Dithiothreitol 

and proteinase inhibitors and used for immunoprecipitations.  

Immunoprecipitations. HLFs were lysed in 500 µl of Tris-HCl (50 mM), pH 7.5, NaCl (150 

mM), 0.5% NP-40, Dithiothreitol (1 mM), phenylmethylsulfonyl fluoride (170 μg/ml), 1 × 
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proteinase inhibitors and cleared lysate was incubated with 1 µg of antibody for 3 hours at 4°C. 

30 µl of equilibrated protein A/G-agarose beads (Santa Cruz Biotechnology) was added, and 

incubation continued for 1 hour. The beads were washed 3 times with lysis buffer and loaded 

onto SDS PAGE gels followed by Western blotting. 

For microsomal immunoprecipitation experiment, 1 μg anti-Sec61β antibody was added and 

incubated with the microsomal fraction for 30 min at 4 °C. 30 µl of equilibrated protein A/G 

beads were then added and incubation continued for an additional 30 min. The beads were 

washed 4 times and the samples analyzed by Western blotting. 

Western blotting analysis. Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH7.5, 150 mM 

NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 1 mM DTT, protease inhibitors) and 

protein concentrations were estimated with the Bradford assay (Biorad, 500-0006), with bovine 

serum albumin (BSA) as standard. 40 µg of total cellular proteins was typically used for Western 

blotting. For analysis of the medium proteins, equal numbers of cells were seeded and after 24 to 

48 h the cells were washed 3 times with serum free medium. 600 μl of serum free medium was 

added per well and collagen accumulation was allowed to proceed for 3h. After 3h the medium 

was collected and an aliquot was directly analyzed by Western blotting. Use of serum free 

medium in analyzing secreted proteins was essential, as fetal calf serum contains substantial 

amounts of collagen and fibronectin. 

Two-dimensional gel electrophoresis. Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl, 

pH 7.5, 150 mM NaCl, 0.5% NP-40 with protease inhibitors). When phosphorylation of LARP6 

was analyzed, 50 mM sodium fluoride, 5 mM β-glycerophosphate, 1 mM sodium orthovanadate 

were added into the lysis buffer. Cellular proteins were precipitated with 9 volumes of 100% 

ethanol and recovered by centrifugation at 2,284 × g for 10 min at 4°C [266]. The protein pellet 

was solubilized in 120 μl of rehydration buffer (7 M Urea, 2 M Thiourea, 2% CHAPS, 0.8% 

Ampholytes, 65 mM Dithiothreitol, and trace amount of Bromophenol blue) for 1 h at room 

temperature, and loaded onto Immobiline Dry Strip strips (7 cm, pH 3 to 10, GE Healthcare, 17-

6001-11). An Ettan IPGphor 3 instrument (GE Healthcare) was used for the isoelectric focusing, 

according to the recommended protocol [267,268]. After focusing, the strips were equilibrated in 

Equilibration buffer A (0.375 M Tris-HCl, pH 8.8, 6 M Urea, 20% Glycerol, 2% SDS, 2% 

Dithiothreitol, bromophenol blue) for 10 min, followed by Equilibration buffer B (0.375 M Tris-

HCl, pH 8.8, 6 M Urea, 20% Glycerol, 2% SDS, 2.5% Iodoacetamide, bromophenol blue) for 2 
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× 10 min. The second-dimension separation was done by laying strips onto 7.5% SDS PAGE, 

followed by Western blotting.   Immobilized strips showed slight batch to batch variations in the 

ampholyte distribution, so only the samples run on the same batch of strips were directly 

compared. 

Immunostaining of cells. HLFs were seeded onto glass coverslips. After treatment, cells were 

fixed in 4% paraformaldehyde in PBS for 10 min, followed by 3 washes with PBS. Cells were 

permeabilized with PBST (PBS containing 0.1% Triton X-100) for 10 min and blocked with 

PBTG (PBS containing 0.1% Triton X-100, 10% normal goat serum and 1% bovine serum 

albumin (BSA)) at room temperature for 2 h. Coverslips were incubated with primary antibody 

(anti-HA, diluted 1:500 in PBTG) at 4 °C overnight. Isotype mouse IgG was used as negative 

control. After 4 washes with PBS, AlexaFluor 647-conjugated secondary antibody diluted at 

1:500 was added and incubated at room temperature for 1 h. Cells were washed 4 times with 

PBS and mounted with Prolong mounting solution containing 4’, 6’-diamidino-2-phenylindole 

(DAPI) (Invitrogen). Images were taken by the EVOS FL Color fluorescence imaging system 

with 60 × objective. 
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CHAPTER 4 

 

PHOSPHORYLATION OF LARP6 BY TGF-B SIGNALING PATHWAY 
 
 

4.1 Introduction 

 

Among all the fibrogenic cytokines, TGF- β1 is the most potent and plays a key role in the 

development of fibrosis in various organs, including liver [15,16]. TGF-β is a member of TGF-β 

superfamily, which includes the bone morphogenetic proteins/growth differentiation 

factor/muellerian inhibiting substance and TGF-β/activin/nodal subfamilies. It is expressed by 

many cell types and is a mediator of normal cellular physiology, embryogenesis, tissue repair, 

immune and inflammation regulation, ECM deposition, cell growth, and pathological conditions, 

such as tumorgenesis and fibrosis [310-312]. In mammals, there are 3 isoforms designated TGF-

β1, TGF-β2, and TGF-β3. TGF-β1 is the prevalent isoform in mammalian tissues. While in vitro 

studies show these three isoforms are similar, their in vivo effects are distinct. Although all three 

isoforms are detected in fibrotic tissue, the development of fibrosis is predominantly driven by 

TGF-β1 [313]. 

TGF-β1 is produced as an inactive latent complex, composed of a carboxyl terminal mature 

TGF-β1, and an amino terminal latency-associated peptide (LAP). Endopeptidase furin cleaves 

mature TGF-β1 from LAP before it is secreted and generates a small latent complex in which 

mature TGF-β1 is noncovalently associated with LAP [48]. This small complex is then bound by 

the latent TGF-β1 binding protein (LTBP) by disulfide bonding, forming large latent complex 

(LLC) [49]. TGF-β1 is then linked by LTBP to fibronectin and other ECM proteins. This 

complex prevents interactions of TGF-β1 with TGF-β receptors. Recently resolved crystal 

structure of the small latent complex demonstrated that LAP has a particular conformation, with 

a α1 helix and a latency lasso loop forming a “straitjacket” structure to trap mature TGF-β1. The 

release and activation of TGF-β1 can be achieved by unfolding of this restricted configuration. 

Integrins bind to arginine-glycine-asparate motif of the LAP and the cytoplasmic domain of 

integrin β subunit associates with the actin cytoskeleton. Actomyosin cytoskeleton contraction 

generates and transmits mechanical force from integrin to LAP, resulting in unfolding of the 

“straitjacket” and release of TGF-β1. This process also requires the association of small latent 

complex with LTBP in the ECM. Under normal condition, compliant ECM has insufficient 
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rigidity to facilitate the unfastening of the “straitjacket”, while stiff ECM formed in fibrosis has 

increased rigidity, favoring unfolding of this region to liberate TGF-β1 [51-53]. 

Active TGF-β1 binds to TGF-β type II receptor, which then forms a stable complex with 

type I receptor. The receptor complex autophosphorylates the subunit I and recruits the receptor 

regulated Smad proteins (R-Smads, Smad2 and 3), which are transcription factors. Receptor 

phosphorylates Smads, which then oligomerize with the common mediator of Smad (Co-Smad, 

Smad4). The Smad complex translocates into the nucleus, where it regulates gene transcription 

by direct DNA binding or by association with other transcription factors. These genes include 

type I collagen resulting in fibrotic scar, and those activating mitogen-activated protein kinase 8 

pathway, regulating apoptosis. Besides R-Smads and Co-Smad, there is a group of inhibitory 

Samds, Smad6 and 7, which antagonize TGF-β1 signaling by binding to type I receptor (Smad7) 

[314].  

As described earlier, TGF-β1 is the most potent fibrogenic cytokine which activates HSCs, 

causing their phenotypic transition into myofibroblasts and acquisition of contractility. TGF-β1 

upreguates transcription of collagen genes, prolongs the half-life of collagen mRNAs, and 

stabilizes collagen fibrils by enhancing their cross-linking. The induction of TIMPs by TGF-β1 

inhibits degradation of type I collagen, which further contributes to its increased expression and 

pathogenesis of fibrosis [57,59,60]. Phosphorylation of LARP6 plays an important role in 

overexpression of type I collagen in fibrosis, however, there is no report on whether TGF-β1 is 

involved in LARP6 phosphorylation and thus regulates type I collagen biosynthesis.  

In this Chapter I provide evidence that phosphorylation of LARP6 is induced by TGF-β1. 

Phosphorylation of S396 is enhanced by TGF-β1 treatment of lung fibroblasts. This 

phosphorylation promotes distribution of LARP6 into the nucleus. In contrast, the S396A mutant 

was predominantly distributed in the cytoplasm, and did not accumulate in the nucleus after 

TGF-β1 stimulation. The importance of TGF-β regulated phosphorylation on LARP6 function is 

discussed. 

 

4.2 Results 

 

Induction of LARP6 phosphorylation by TGF-β1. In the previous chapters I have described 

that LARP6 is phosphorylated at multiple sites within the carboxyl terminal domain. These 

phosphorylation events occur in a hierarchical order, with phosphorylation of S451 by Akt as the 
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prerequisite for phosphorylations of the other sites. S348/S409 are phosphorylated by mTORC1 

as described in chapter 3. TGF-β1 is well known for its role in upregulating collagen expression 

and based on the important role of LARP6 phosphorylation in this process I investigated if the 

pro-fibrotic effect of TGF-β1 is also mediated through phosphorylation of LARP6. To assess if 

TGF-β1 induces phosphorylation of LARP6 human lung fibroblasts (HLFs) were treated with 

recombinant TGF-β1 and cell extracts were subjected to two-dimensional gel electrophoresis 

(2DGE), followed by Western blotting. In 2DGE, transfected HA-tagged LARP6 was resolved 

as a series of isoforms with pI range from 6.5-7.2. TGF-β1 treatment drastically shifted HA-

LARP6 molecules toward the more acidic pI, the pI change was as large as 1 pH unit (Fig. 23A, 

compare upper and lower panels). I also analyzed the endogenous LARP6 by 2DGE. 

Endogenous LARP6 was resolved as several isoforms with isoelectric point ranging from 6.0-7.0 

in nonstimulated cells.  However, upon TGF-β1 treatment, most of the LARP6 molecules had the 

pI in 6.0-6.2 range (Fig. 23B, compare upper and lower panels). The dramatic shift of the pI into 

the acidic region indicated that LARP6 undergoes additional phosphorylations after TGF-β1 

stimulation.  

 
 

 

Figure 23. TGF-β involved in phosphorylation of LARP6. Change in pI of overexpressed HA-
LARP6 (A) or endogenous LARP6 (B) in human lung fibroblasts (HLFs) treated with TGF-β. 
The cell lysates of HLFs treated with DMSO (CON) or TGF-β (4 ng/ml) were subjected to two-
dimensional gel electrophoresis (2DGE) and HA-LARP6 was visualized by Western blotting. 
The scale at the top indicates the pH. 
 
 
Phosphorylation of LARP6 by TGF-β1 at S396. Having found that TGF-β1 causes LARP6 

phosphorylation, I mapped the responsible phosphorylation site(s). I individually mutated each 

of the serines (S348, S396, S409, S421, S447, and S451) into alanines, expressed the mutants in 

HLFs and HEK293 cells and treated the cells with TGF-β1. I surmised that if phosphorylation of 
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a serine depends on TGF-β1, its mutation into alanine would abolish the pI change after the 

stimulation with TGF-β1 and would maintain the similar pI as in control cells. In this set of 

experiments, I found that most of the alanine mutants responded to TGF-β1 treatment, with pI 

shifting towards the more acidic end of the strips (data not shown). However, the S396A mutant 

was resolved as 6 to 7 isoforms with pI range from 7.0-8.0 (Fig. 24A, upper panel), and after 

TGF-β1 treatment, the pI range of S396A remained the same as in control cells, suggesting that 

this mutant is insensitive to TGF-β1 (Fig. 24A, compare upper and lower panels). This result was 

also obtained in HEK293 cells (data not shown). Taken together, these findings indicate the 

dramatic pI shift of wt LARP6 by TGF-β1 was attributed to phosphorylation of S396 and 

possibly some other sites. In other words, S396 and other residues are the targets of TGF-β1 

dependent phosphorylation on LARP6. 

 
 

 

Figure 24. Identification of TGF-β dependent phosphorylation sites. (A) Mutation of S396A 
shows resistance to TGF-β treatment induced pI change. HLFs were transduced with adenovirus 
expressing HA-LAPR6 S396A mutant, treated with or without (CON) TGF-β, and cell extracts 
was analyzed by 2DGE followed by Western blotting. The top scale indicates pH. (B) Increase in 
abundance of phospho-S396 after TGF-β stimulation analyzed by Mass Spectrometry.  
 
 

To further corroborate the results from 2DGE, I employed mass spectrometry (MS) to 

analyze phosphorylation changes at each of the serines after TGF-β1 treatment. HLFs were 

transduced with adenovirus expressing wt HA-LARP6, treated with or without TGF-β1, LARP6 



91 

immunoprecipitated with HA-antibody, and subjected to MS. The TGF-β1 treatment did not 

change phosphorylations of most of the serines (less than 1.5 fold); however, it increased 

phosphorylation at S396 4.5 fold (Fig. 24B). This is consistent with the 2DGE result and 

convincingly demonstrates that phosphorylation of LARP6 at S396 is induced by TGF-β1. 

LARP6 phosphorylation by TGF-β1 is dependent on presence of STRAP. Previous work 

from our lab reported that LARP6 interacts with STRAP and brings STRAP to collagen mRNAs 

to coordinate biosynthesis of type I collagen [165]. Published reports showed that STRAP 

interacts with TGF-β1 receptor and negatively regulates TGF-β1 signaling by stabilizing the 

association between TGF-β receptor and the inhibitory Smad, Smad7 [315]. Therefore, I wanted 

to investigate if TGF-β1 mediated LARP6 phosphorylation involves STRAP. To this end, I took 

advantage of STRAP knock out (STRAP-/-) mouse embryonic fibroblasts (MEFs). Control and 

STRAP-/- MEFs were transduced with wt LARP6, treated with TGF-β1, and LARP6 was 

analyzed by 2DGE. In 2DGE, overexpressed LARP6 was resolved as a series of isoforms with pI 

ranging 6.5-7.0 (Fig. 25A, upper panel). Stimulation with TGF-β1 increased phosphorylation of  

 
 

 
Figure 25. Dependence of LARP6 phosphorylation by TGF-β on STRAP. (A) Mouse 
embryonic fibroblasts (MEFs) were transduced with adenovirus encoding wt HA-LARP6, 
treated with or without (DMSO) TGF-β, and cell extracts were analyzed by 2DGE following by 
Western blotting. The top scale indicates pH. (B) As in (A), except that MEFs used are MEFs 
with STRAP knocked out. 
 
 

HA-LARP6, as the pI changed to 6.5 (Fig. 25A, lower panel). However, in STRAP-/- MEFs the 

pI of HA-LARP6 remained unchanged after TGF-β1 treatment; the pI was 6.8-7.2 (Fig. 25B, 

compare upper and lower panels). Thus resistance to TGF-β1 treatment can be achieved in two 

ways; either by overexpressing S396A mutant, or by knocking down STRAP, indicating that 

phosphorylation of LARP6 by TGF-β1 at S396 might be STRAP dependent. This pointed to the 
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notion that while STRAP negatively regulates TGF-β1 canonical Smad-dependent signaling 

pathway, it may be involved in Smad-independent non-canonical TGF-β1 pathway mediated by 

other kinases, which might directly phosphorylate LARP6 at S396.  

Increased accumulation of collagen α2 (I) polypeptide when LARP6 lacks phosphorylation 

at S396. Having identified that S396 is the target of TGF-β1 induced phosphorylation of 

LARP6, I next wanted to investigate the functional significance of LARP6 phosphorylation on 

S396. I overexpressed wt and S396A mutant of LARP6 in HLFs and assessed the effect on type I 

collagen expression in the cells and in the cellular medium. While the intracellular collagen α1 

(I) polypeptide and its level in the cellular medium was not affected by overexpression of 

S396A, the cells overexpressing S396A increased collagen α2 (I) polypeptide both intracellularly 

and in the cellular medium (Fig. 26, upper two panels). This increase might be mediated by 

unrestricted polysomal loading of collagen α2 (I) mRNAs. The increased collagen α2 (I) 

polypeptide translation has also been seen in STRAP-/- MEFs. Knock out of STRAP resulted in 

uncontrolled polysomal loading of α2 (I) mRNA, indicating that STRAP is critical for restricting 

random synthesis of collagen α2 (I) polypeptides [165]. Thus, collagen α2 (I) polypeptides 

accumulate in increasing amounts when, either S396A is overexpressed or when STRAP is 

knocked down.  

 
 

   

Figure 26. Accumulation of collagen α2 (I) polypeptides by S396A overexpression. HLFs 
were transduced by adenovirus expressing wt HA-LARP6 and S396A mutant and intracellular 
(CELL) (lanes 1 and 2) and medium (MED) (lanes 3 and 4) levels of collagen α1 (I) (COL1A1) 
and α2 (I) (COL1A2) were analyzed by Western blotting. Loading control: β-actin (ACT) and 
fibronectin (FIB). HA-LARP6, expression of the transduced proteins.  
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TGF-β1 causes increased accumulation of LARP6 in the nucleus. Since phosphorylation of 

LARP6 changes its subcellular localization, as shown in chapter 3, and TGF-β1 is involved in 

LARP6 phosphorylation at S396, I also analyzed the effect of TGF-β1 on subcellular distribution 

of wt and S396A mutant of LARP6. HEK293 cells were transfected with wt and S396A mutant 

LARP6, serum starved and treated with TGF-β1. While wt LARP6 distributed both in cytoplasm 

and nucleus, but predominantly in the cytoplasm, in control treated cells (Fig. 27A left panels), 

LARP6 distributed predominantly in the nucleus after TGF-β1 treatment (Fig. 27A, right panels).  

Based on the findings that S396 phosphorylation is targeted by TGF-β1, I wanted to assess 

if TGF-β1 mediated LARP6 phosphorylation at S396 contributes to the nuclear distribution of wt 

LARP6. I transfected HEK293 cells with S396A mutant LARP6, treated the cells with or without 

TGF-β1, and analyzed its localization. I modulated the expression of S396A to be similar to that 

of wt LARP6 for better comparison. Overexpressed S396A was exclusively found in the 

cytoplasm (Fig. 27B, left panels) and this cytoplasmic localization was not changed with TGF-β1 

(Fig. 27B, right panels). This indicates that TGF-β1 mediated phosphorylation of LARP6 at 

S396 is required for nuclear accumulation of LARP6. 

To further corroborate these results, I analyzed the distribution of LARP6 by biochemical 

methods. HLFs were fractionated into cytoplasmic and nuclear fractions and the fractions were 

analyzed by Western blotting for LARP6. To verify that there was no cross-contamination of the 

fractions I analyzed the following proteins; tubulin as a cytosoplasmic marker and RNA Pol II as 

a nuclear marker. The analysis demonstrated that the fractions were devoid of significant cross-

contamination. Overexpressed LARP6 distributed both in the cytosoplasmic and nuclear 

fractions (Fig. 27C, lanes 1 and 2). Upon TGF-β1 treatment, there was twice as much LARP6 

observed in the nucleus as in control cells (Fig. 27C, lanes 3 and 4), verifying the results of 

immunofluorescence studies.  

To confirm these results obtained by using overexpressed LARP6, I analyzed the 

distribution of endogenous LARP6 with or without TGF-β1 treatment. I purified cytoplasmic and 

nuclear fractions from HLFs and analyzed endogenous LARP6 by Western blottong. Again, two 

markers, tubulin and RNA Pol II, for cytosolic and nuclear fraction, respectively, were used to 

verify the integrity of this analysis. In consistent with the results with overexpressed LARP6, in 

the control cells endogenous LARP6 distributed in the cytoplasmic and nuclear fractions, but 

more in the cytosol (Fig. 27D, upper panel, lanes 1 and 2). After TGF-β1 treatment twice as 
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much of LARP6 was found in the nucleus compared to control cells (Fig. 27D, upper panel, 

compare lanes 2 and 4). The total LARP6 level was not altered with TGF-β1 treatment (Fig. 

27D, bottom panel). As control, I also analyzed the distribution of STRAP with or without TGF-

β1 stimulation. Its distribution pattern was similar in control and TGF-β1 treated cells (Fig. 27D, 

second panel). These results indicated that TGF-β1 mediated phosphorylation of LARP6 is 

required for the distribution of LARP6 in the nucleus where it might bind to newly synthesized 

collagen mRNAs and thereafter regulate a new round of collagen biosynthesis. 

 
 

   

Figure 27. Alteration of distribution of LARP6 into nucleus by TGF-β. (A) Nuclear 
accumulation of LARP6 in TGF-β treated cells. wt HA-LARP6 were expressed in HEK293 cells, 
treated with or without (CON) TGF-β, and immunostained with anti-HA antibody. Two 
representative images were shown for each treatment. (B) As in (A), except that S396A mutant 
HA-LARP6 was used for transfection of HEK293 cells. (C) Increasing accumulation of HA-  
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Figure 27-continued  
LARP6 in nuclear fraction with TGF-β treatment. HLFs were transduced with wt HA-LARP6,  
treated with or without (CON) TGF-β, and cytoplasmic (CYT) and nuclear (NUC) fractions were 
analyzed by Western blotting. Tubulin (TUB) and RNA polymerase II (RNA Pol II) were used 
as markers for cytoplasmic and nuclear fraction. (D) As in (C), except that endogenous LARP6  
and STRAP proteins were analyzed. Lower panel: total LARP6 protein levels with or without 
(CON) TGF-β treatment.  
 
 

4.3 Discussion 

 

TGF-β1 is a potent fibrogenic mediator leading to transdifferentiation of HSCs and 

stimulation of type I collagen synthesis. The accumulation of type I collagen has long been 

attributed to TGF-β/Smad activation of transcription [15,16]. Recently I found that 

phosphorylation of LARP6 at S348/S409 by mTORC1 is required to recruit STRAP. Previous 

work from our lab has reported that STRAP coordinates translation, modifications, and folding 

of α1 (I) and α2 (I) polypeptides [165]. There has been no report on whether TGF-β1 regulates 

these processes. In the present study, I revealed a potential novel mechanism of profibrogenic 

effect of TGF-β1 via phosphorylation of LARP6. This phosphorylation may be mediated by 

Smad independent, but STRAP dependent, non-canonical signaling pathway.  

Multiphosphorylations of LARP6 occur in a hierachial manner. These phosphorylations are 

critical for either activating LARP6 by phosphorylation of S451 to play a role in collagen 

secretion and coupling of translation and modification [316] or promoting its association with 

effector proteins, such as STRAP (S348/S409). In the present study I characterized the role of 

another phosphoryaltion event of LARP6, mediated by TGF-β1. I demonstrated that i) TGF-β1 is 

involved in LARP6 phosphorylation; ii) LARP6 is phosphorylated by TGF-β1 at S396; iii) S396 

phosphorylation is STRAP dependent; iv) overexpression of S396A mutant results in 

overexpression of collagen α2 (I) polypeptides, mimicking the effect of STRAP knock out; v) 

distribution of LARP6 to nucleus is promoted by TGF-β1 and mutation of S396 results in 

cytoplasmic retention of LARP6. Together, I speculate from these results that TGF-β1 regulates 

type I collagen biosythesis in two ways. First, the phosphorylation of LARP6 mediated by TGF-

β1 is required for the distribution of LARP6 into the nucleus. Second, TGF-β1 might regulate 

coordianted translation of collagen mRNAs by phosphorylation of LARP6 at S396, which is 

dependent on STRAP.  
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TGF-β1 has long been considered a key molecule in the activation of fibrosis. However, 

there has been no report that TGF-β1 is involved in phosphorylation of LARP6. The first 

evidence came from the 2DGE assay, in which isoelectric point of LARP6 was drastically 

altered to the more acidic position on the isoelectric focusing strip by TGF-β1 treatment (Fig. 23), 

suggesting that phosphorylation of LARP6 is induced by TGF-β1. I further identified that one 

TGF-β1 dependent phosphorylation site is S396. Alanine mutation of serine 396 resulted in 

resistance to the change in pI after TGF-β1 treatment. As an independent confirmation, I used 

mass spectrometry, and found that phosphorylation of S396 was increased by 4.5 fold by TGF-

β1 (Fig. 24), further suggesting that S396 is the target of TGF-β1 dependent phosphorylation of 

LARP6. However, these results could not indicate the kinase in TGF-β1 signaling pathway 

which directly phosphorylates LARP6, and I could only conclude that TGF-β1 stimulates 

LARP6 phosphorylation. 

Previous work from our lab has reported that STRAP is an effector protein recruited by 

LARP6 to regulate biosynthesis of type I collagen [165]. STRAP was found to be a mediator 

protein that might be required for phosphorylation of LARP6, because TGF-β1 dependent 

phosphorylation of LARP6 was abolished in STRAP knock out MEFs (Fig. 25). It has been 

demonstrated that STRAP associates with TGF-β receptor  type I and type II, and that it 

negatively regulated TGF-β induced gene expression [315]. STRAP associates with inhibitory 

Smad7, and recruits it to TGF-β receptor, forming a complex. This complex prevents the 

activation and nuclear translocation of Smad2 and Smad3 [315]. TGF-β1 is also involved in 

fibrogenesis through Smad independent pathway, such as PI3K/Akt signaling pathway [317,318]. 

In PI3K/Akt signaling pathway, Akt activation is mediated by PDK1 (see chapter 2), and it has 

been shown that STRAP interacts with PDK1. Overexpression of STRAP increases the activity 

of PDK1, suggesting that STRAP mediates the cross-talk between TGF-β1 and PI3K/Akt 

pathways [319]. These results pointed to the notion that TGF-β1 mediated phosphorylation of 

LARP6 might not be mediated by the canonical Smad pathway, but rather by a noncanonical 

PI3K/Akt and STRAP dependent TGF-β1 signaling pathway. However, the direct kinase 

phosphorylating S396 needs further investigation. 

STRAP functions to restrict the random translation of α2 (I) collagen mRNA, and in the 

absence of STRAP, more α2 (I) collagen mRNA is loaded onto polysomes and translated [165]. 

The accumulation of intracellular collagen α2 (I) polypeptides was observed when S396A was 
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overexpressed (Fig. 26), suggesting a possibility that without TGF-β1 dependent 

phosphorylation of LARP6 at S396, the polysomal loading of collagen α2 (I) mRNA is 

unrestricted and translation of α2 (I) polypeptide is increased. The ratio of collagen α1 (I) and α2 

(I) polypeptides, both intracellularly and in the cellular medium, is always 2:1. However, the 

ratio of intracellular and secreted collagen polypeptides was changed to 1:1 when S396A mutant 

was overexpressed (Fig. 26). The observation of unproportional amount of α2 (I) polypeptide in 

the cellular medium was surprising, since only heterotrimeric 2:1 type I collagen is secreted. 

Homotrimer of α1 (I)3 can be formed in the absence of α2 (I) [91,320], but not vice versa. 

However, several studies reported that when the triple helical domains are close enough, 

tethering at the carboxyl terminus of the C-propeptides and thereafter nucleation and folding 

could occur, indicating homotrimeric α2 (I)3 can theoretically form. The association of α2 (I) at 

the carboxyl terminus formed dimer both in vivo and in vitro has also been reported. The 

interaction of C-propeptide α2 (I) with itself was weaker in vivo than in vitro, which might be 

due to the competing presence of other cellular protein binding to α2 (I) polypeptides [88,321]. 

Therefore, although the definite mechanism of how α2 (I) polypeptides were secreted is still 

unclear, it is possible that in cell culture system its highly accumulation in the cells might be able 

compete with other potential proteins and form homotrimer and secreted out of the cell.  

I have found that phosphorylation of LARP6 by TGF-β1 also alters the subcellular 

distribution of LARP6. TGF-β1 promoted the distribution of LARP6 into the nucleus. However, 

S396A mutant distributed exclusively in the cytoplasm and could not accumulate into the 

nucleus after TGF-β1 treatment (Fig. 27), suggesting that TGF-β1 dependent phosphorylation of 

LARP6 at S396 contributes to the nuclear distribution of LARP6.  

Thus in this study, I propose a novel pro-fibrotic mechanism by TGF-β1, via 

phosphorylation of LARP6 at S396. This phosphorylation is required for restricted polysomal 

loading of collagen α2 (I) mRNAs, and coordinated biosynthesis of type I collagen. In addition, 

phosphorylation of S396 regulates LARP6 localization in the nucleus where it may bind newly 

synthesized collagen mRNAs and thereafter regulate new round of collagen synthesis. 

 

4.4 Future Directions 

 

The finding that S396A increased accumulation of collagen α2 (I) polypeptides is surprising, 

but the underlying mechanism is still unclear, and might be due to the increased translation of 
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collagen α2 (I) mRNAs or to increased stability of this polypeptide. Polysome profiling is needed 

to assess polysomal loading and measurement of α2 (I) polypeptides half life to assess its 

stability. I speculate that the increase in collagen α2 (I) polypeptide might be due to increased but 

uncoordinated translation of collagen α2 (I) mRNAs and inability of LARP6 to interact with 

STRAP, because a similar phenotype was seen in STRAP-/- MEFs.  

The STRAP dependent phosphorylation of LARP6 by TGF-β1 needs to be further validated 

by evaluating the complex formation of TGF-β receptor I, STRAP, PDK1, and LARP6 using 

immunoprecipitations. Based on my preliminary results, it seems likely that TGF-β1 controls 

LARP6 phosphorylation via Smad-independent, noncanonical pathway which depends on 

STRAP. While PDK1 associated with STRAP might be involved in LARP6 phosphoryaltion at 

S396, it is less likely the responsible kinase since PDK1 prefers phosphorylating threonine 

residues.  

Analysis of the modifications of collagen α2 (I) polypeptides in cells overexpressing S396A 

mutant or in cells after inhibition of TGF-β1 signaling pathway is also a worthy approach. 

Excessive modifications of collagen polypeptides (quality) accompany unrestricted translation 

(quantity); and is an excellent readout for the integrity of the synthesis. Last but not least, it is 

important to identify the responsible kinase in the TGF-β1 signaling pathway phosphorylating 

LARP6 at S396. This can be achieved by small-scale screen using kinase inhibitors. This work 

might pave way for more specific anti-fibrotic therapy approaches, in contrast to the undesired 

side effects induced by general TGF-β1 inhibition. 

 

4.5 Materials And Methods 

 

Plasmid constructs and adenovirus construction. pcDNA3 vectors expressing human LARP6 

tagged with HA tag at the amino terminus (HA-LARP6) has been described previously [230]. 

Site directed mutagenesis of the Ser396 was done by QuickChange mutagenesis kit (Stratagene, 

200523-5), according to the instructions from the manufacturer. The identity of mutation was 

verified by sequencing and their expression by Western blotting. 

Adenoviruses were constructed by re-cloning the full-length wild type HA-LARP6  and 

HA-tagged LARP6 carrying single point mutations from pcDNA3 vectors into pAd-CMV-Track 

vector, followed by recombination with pAdEasy vector in BJ5183 E. coli cells [264]. 

Adenovirus were propagated in HEK293 cells and purified by cesium chloride density gradient 
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centrifugation. The viruses expressed both LARP6 and GFP, which was encoded by an 

independent transcription unit [264]. Expression of GFP was used as a marker to monitor the 

efficiency of viral transduction. 

Chemicals and antibodies. TGF-β1 was from Pepro Tech (100-21).Antibodies used were: anti 

LARP6 antibody from Abnova (H00055323-B01P), anti-HA antibody from Sigma-Aldrich 

(H9658), anti RNA pol II antibody from Santa Cruz Biotech (8WG16), anti-collagen α1 (I) 

antibody from Rockland (600-401-103), anti-collagen α2 (I) antibody from Santa Cruz 

Biotechnology (sc-8786), anti-fibronectin and anti-STRAP (mouse) antibody from BD 

Transduction Laboratories (610523, 610077, and 611346), anti-tubulin antibody from Cell 

Signaling Technology (2148), and anti-β-actin antibody from abcam (ab8227). 

Cells and transfections. Mouse embryonic fibroblasts (MEFs) were isolated from wild-type 

(WT) and STRAP knockout mice and were a kind gift of P. Soriano [161]. HEK293 cells and 

human lung fibroblasts (HLFs) immortalized by expression of telomerase reverse transcriptase 

were grown under standard conditions. Transfections were done in 6-well plates with 1 μg of 

plasmid using TransIT-293 transfection reagent (Mirus, MIR2700). The cells were serum starved 

for overnight, and treated with TGF-β1 (4ng/ml) for additional 24 h. The cells were analyzed by 

immunostaining.  

Transduction of human lung fibroblasts with adenoviruses was done at multiplicity of 

infection (MOI) of 500. With this MOI, 95-100% of the cells were transduced, as visualized by 

the expression of GFP. 24 hours after the transduction, cells were serum starved for overnight 

and treated with TGF-β1 (4ng/ml) for additional 24 h. Cell extracts were made and analyzed by 

Western blotting or by two-dimensional gel electrophoresis (2DGE).  

Purification of cytoplasmic and nuclear fractions. Fraction was prepared as reported before, 

with minor modifications [322]. Approximately 8.8 × 106  human lung fibroblasts were cultured 

on 100 mm plates and nuclei was isolated by washing cells twice with phosphate buffered saline 

(PBS) and adding 500 µl lysis buffer (10 mM Tris, pH7.5, 10 mM MaCl, 3 mM MgCl2, 1mM 

EGTA, 1mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM phenylmethylsulfonyl 

floride, 1×proteinase inhibitor). Lysed cells were collected and centriguged at 2,700 × g for 10 

min at 4 ºC. The supernatant was further centrifuged at 20,800 × g for 15 min at 4 ºC. The 

supernatant was collected as the cytosolic fraction and the pellet containing nuclei was washed 

three times with 200 µl wash buffer (10 mM PIPES, pH 6.8, 300 mM sucrose, 3 mM MgCl2, 1 
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mM EGTA, 25 mM NaCl, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor) and centrifuged at 2,700 × g for 5 min at 4 

ºC. For the third wash, 100 µl wash buffer containing nuclei was layered over a cushionof 1 ml 

of sucrose buffer (1 M sucrose, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor) followed by centrifugation at 2,700 × g for 

10 min at 4 ºC. The nuclei in the pellet was washed in 100 µl lysis buffer. The nuclear fraction 

was resolved with 20 mM HEPES, pH7.9, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1 

mM β-glycerophosphate, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor on ice for 30 min, followed by 

centrifugation at 20,800 × g for 15 min at 4 ºC to obtain the nuclear fraction. The cytosolic and 

nuclear fractions were further analyzed by Western blotting and immunoprecipitation. 

Western blotting analysis. For one dimensional Western blotting analysis of LARP6, HLFs 

were treated with DMSO or kinase inhibitors for 2 hours, adenovirus overexpressing wt HA-

LARP6 or S451A LARP6 mutant was added and incubated for additional 4 hours. When needed, 

HLFs were treated with MG132 (8 µM) for 12 hours. The cells were lysed in Tris-HCl (50 mM), 

pH 7.5, NaCl (150 mM), 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, Dithiothreitol (1 

mM) and protein concentrations were estimated with the Bradford assay (Biorad, 500-0006), 

with bovine serum albumin (BSA) as the standard. 40 μg of total cellular protein was typically 

used for Western blotting analysis. 

For Western blotting analysis of cellular medium proteins, equal numbers of cells were 

seeded in 6-well plates and after 24-48 hours the cells were washed 3 times with serum free 

medium (washing with serum free medium was essential, as serum contains substantial amounts 

of collagen and fibronectin). 600 μl of serum free medium was then added to the cells and 

incubation continued for 3 hours. The medium was collected and an aliquot directly analyzed by 

Western blotting.  

Two-dimensional gel electrophoresis. Cells were lysed in 0.5% NP-40, Tris-HCl (50 mM), pH 

7.5, NaCl (150 mM), phenylmethylsulfonyl fluoride (170 μg/ml), 1×proteinase inhibitors. 

sodium fluoride (50 mM), β-glycerophosphate (5 mM) and sodium orthovanadate (1 mM) were 

added when phosphorylation of LARP6 was analyzed. Proteins were precipitated with 9 volumes 

of 100% ethanol and recovered by centrifugation at 2,284 × g for 10 minutes at 4°C [266]. The 

protein pellet was solubilized in rehydration buffer (Urea (7 M), Thiourea (2 M), 2% CHAPS, 
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0.8% Ampholytes, Dithiothreitol (65 mM), bromophenol blue) for 1 hour at room temperature, 

and loaded onto Immobiline Dry Strip strips (7 cm, pH 3 to 10, GE Healthcare, 17-6001-11). The 

first-dimension separation was on Ettan IPGphor 3 instrument (GE Healthcare), according to 

standard protocol [267,268]. The second-dimension separation was done by laying strips onto 

7.5% SDS PAGE, followed by Western blotting. Immobilized strips showed slight batch to batch 

variations in the ampholyte distribution, so only the samples run on the same batch of strips were 

directly compared.  

Immunofluorescence staining. Cells were fixed in 4% paraformaldehyde in phosphate-buffered 

saline (PBS) at room temperature for 10 min followed by 3 times washes with PBS. Cells were 

permeabilized with PBST (PBS containing 0.1% Triton X-100) at room temperature for 10 min 

and blocked with PBTG (PBS containing 0.1% Triton X-100, 10% normal goat serum, and 1% 

bovine serum albumin (BSA)) at room temperature for 2 h. Cells were incubated with primary 

antibody, anti-HA (diluted in PBTG at 1:500) at 4 °C overnight. Isotype mouse IgG was used as 

negative control. After 4 washes with PBS, AlexaFluor 647-conjugated secondary antibody 

diluted at 1:500 was added and incubated at room temperature for 1 h. Cells were washed with 

PBS 4 times and mounted with Prolong mounting solution containing 4’, 6’-diamidino-2-

phenylindole (DAPI) (Invitrogen). Images were taken by the EVOS FL Color fluorescence 

imaging system.  

Mass Spectrometry. HA-LARP6 was expressed and immunoprecipitated from HLFs treated 

with or without TGF-β1, in presence of phosphatase inhibitors. The immunoprecipitated protein 

was resolved on SDS PAGE gel and stained with GelCode Blue Stain Reagent (Thermo 

Scientific, 24590). The HA-LARP6 band was excised and in-gel trypsin digest was done 

using ProteoExtract All-in-One Trypsin Digestion Kit (Calbiochem, 650212) for 2 hours at 37°C 

with shaking. Peptides were eluted in 50 μl 0.1% formic acid, separated on LCMS and the LC 

eluent was directly nano-sprayed into an LTQ Orbitrap Velos mass spectrometer (Thermo 

Scientific). The MS data were acquired using the following parameters: 10 data-dependent 

collisional-induced-dissociation (CID) MS/MS scans per full scan (400 to 2000 m/z) at a mass 

resolution for MS1 of 60000, minimum signal required to trigger MS2 was 500, MS mass range 

0 to 1000000 and dynamic exclusion enabled with following parameters: Repeat count:1, Repeat 

Duration: 30.00, exclusion list size: 500, exclusion duration: 60.00, exclusion mass width 

relative to low and high mass: 10 ppm. All measurements were performed at room temperature 
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and three technical replicates per sample were run to allow for statistical comparisons. The raw 

files were analyzed using Proteome Discoverer (version 1.4) software package with SequestHT 

and Mascot search nodes using Homo sapiens specific FASTA database and the Percolator 

peptide validator. Phosphorylation was detected by both SequestHT and Mascot and was verified 

by inbuilt phosphoRS node in proteome discoverer. Scaffold (version Scaffold_4.3.4, Proteome 

Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at greater than 

95.0% probability by the Scaffold Local FDR algorithm. 
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CHAPTER 5 

 

INTERACTION OF STRAP WITH LARP6 AT THE ER MEMBRANE: 

POSSIBLE ROLE IN BIOSYNTHESIS OF TYPE I COLLAGEN 

 
 

5.1 Introduction 

 

Integral membrane proteins and secretory proteins, including type I collagen, are inserted 

co-translationally into the endoplasmic reticulum through a transmembrane channel on the ER, 

Sec61. This protein conducting channel, translocon, is composed of three Sec61 subunits  

(Sec61α, β, and γ) and translocation-associated membrane protein (TRAM) and forms an 

aqueous pore [323-325]. Sec61 complex is not just a physical channel translocating nascent 

polypeptides, it is also involved in folding of membrane proteins [326]. Protein folding is a 

complex process in cells, and is influenced by pH, calcium concentration, and co-

/posttranslational modifications and is facilitated by chaperones in the ER which transiently 

associate with the translocon [327-330]. Thus, translocon serves not only as a conducting 

channel, but also as a critical structure that couples translation and protein folding and assembly 

and represents a connection between polysomes and ER resident chaperones. 

During type I collagen biosynthesis, the preferential production of heterotrimer of α1 (I)2 α2 

(I)1 over homodimer α1 (I)3 indicates that the transaltion, folding, and assembly of collagen 

polypeptides is not random but rather well regulated [233]. LARP6 and its associated protein, 

serine threonine receptor kinase associated protein-STRAP are involved in the tightly regulated 

process of deposition of type I collagen [165]. However, the underlying mechanism of how 

interaction of LARP6 and STRAP coordinates collagen mRNA translation and folding of 

collagen polypeptides is still unclear. 

In this present chapter, I present evidence that a complex of LARP6, STRAP, and Sec61 

forms at the ER membrane. This novel finding suggests that LARP6 and STRAP coordinate type 

I collagen translation at the translocon.  
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5.2 Results 

 

Interactions of LARP6 and STRAP in the nucleus, cytosol, and at the ER membrane. In 

previous chapter, I described that LARP6 and STRAP were found in the cytoplasm and in the 

nucleus. To further investigate if there is an interaction between LARP6 and STRAP in these two 

compartments, I separated the nuclear and cytoplasmic fractions of HLFs expressing FLAG-

STRAP and HA-LARP6. HA-LARP6 and FLAG-STRAP were expressed in both, the cytoplasm 

and the nucleus, allowing co-immunoprecipitation experiments to assess their interaction. The 

interaction between STRAP and LARP6 was observed in the cytoplasmic fraction (Fig. 28A) and 

in the nuclear fraction (Fig. 28B). Analysis of tubulin, a cytoplasmic marker, revealed that there 

was no cross-contamination of the nuclear fraction with the cytoplasmic fraction. These results 

indicated that the interaction between STRAP and LARP6 occurs when they are both present in 

the same subcellular compartment, suggesting that they may also interact on the ER membrane, 

where translation of collagen polypeptides takes place. 

STRAP is critical regulator of coordinated synthesis of type I collagen polypeptides, which 

are synthesized on the ER membrane [165], therefore, it was reasonable to speculate that STRAP 

also distributes to the ER membrane. To verify this, I fractionated HLFs into cytosolic and 

membrane fractions and analyzed the presence of endogenous LARP6 and STRAP in these 

fractions. The membrane fraction here was simply NP-40 soluble material after removal of the 

cytoplasm. LARP6 and STRAP were found in both, cytosolic and membrane fractions (Fig. 

28C). To exclude the possibility of cross contamination, I analyzed two membrane markers, 

calnexin and Sec61β, and one cytosolic marker, tubulin. To verify this result with more rigorous 

fractionation, I isolated microsomes, which represent ribosome rich ER membranes, and 

evaluated if the presence of LARP6 and STRAP in the crude membrane fraction was due to their 

localization on the ER membrane. When cytosolic, membrane bounded and microsomal fractions 

were analyzed on the same gel, I found that significant amount of LARP6 and STRAP co-

purified with the microsomal fraction (Fig. 28D). A similar result was obtained when LARP6 

and STRAP were overexpressed (Fig. 28E).  

After confirming that both LARP6 and STRAP are present in the ER membrane fraction, I 

assessed if they interact with each other in this fraction. Since the endogenous levels of both 

LARP6 and STRAP limit this analysis in the microsomal fraction, I overexpressed both proteins 
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and isolated the microsomal fraction. Microsomal extract was used in immunoprecipitation with 

anti-HA antibody and the pulled down material was analyzed by anti-FLAG antibody. The 

 
 

 

 

Figure 28. Association of LARP6 and STRAP in the nucleus, cytosol, and the ER 

membrane. HLFs were transduced with HA-LARP6 and FLAG-STRAP, cytoplasmic (CYT) 
(A) and nuclear (NUC) (B) fractions were separated, followed by immunoprecipitation with anti-
HA antibody. Immunoprecipitates were analyzed by Western blotting. Right panels: 10% of 
input.TUB: tubulin as a cytoplasmic marker. (C) Subcellular distribution of endogenous LARP6 
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Figure 28-continued 

and STRAP. HLFs were fractionated into cytosolic (CYT) (lanes 1 and 3), and membrane 
bounded (MEM) (lanes 2 and 4) fractions, and analyzed by Western blotting for LARP6 and 
STRAP. Sec61β and calnexin (CNX) were used as membrane fraction markers, and tubulin 
(TUB) as cytosolic fraction marker. (D) Microsomal distribution of endogenous LARP6 and 
STRAP. Total cell extract (TOT), cytosolic (CYT), membrane (MEM) fractions, and microsome  
(MIC) were prepared from HLFs and analyzed by Western blotting for LARP6 and STRAP. 
Sec61β/calnexin (CNX) and tubulin (TUB) were used as markers for membrane and cytosolic 
fractions. (E) As in (D), except that HLFs were transduced with adenovirus expressing HA-
LARP6 alone (lanes 1-4), or HA-LARP6 and FLAG-STRAP (lanes 5-8). (F) Interactions of 
LARP6 and STRAP on the ER membrane. Microsomal (MIC) fraction was prepared from HLFs 
overexpressing HA-LARP6 and FLAG-STRAP, immunoprecipitation was performed using anti-
HA antibody (lane 6) or control antibody (lane 5) and the immunoprecipitates and 10% of input 
from homogenates (TOT) (lanes 1 and 2) and microsomal extracts (lanes 3 and 4) were analyzed 
by Western blotting. (G) Interaction of LARP6 and Sec61 on the ER membrane. HLFs were 
transduced with adenovirus expressing HA-LARP6. Microsomal (MIC) fraction was isolated and 
subjected to immunoprecipitation by control antibody (lane 1) and Sec61β antibody, and the 
immunoprecipitates and 10% of microsomal input (right panel) were analyzed by Western 
blotting. (H) As in (G), except that FLAG-STRAP was overexpressed in HLFs. (I) Complex of 
LARP6, STRAP and Sec61 on the ER membrane. HLFs were transduced with HA-LARP6 and 
FLAG-STRAP and subjected to microsomal isolation. Microsomal extract (MIC) was used for 
immunoprecipitation by anti-Sec61β antibody (lane 3) or control antibody (lane 2). The 
immnoprecipitate and 10% of microsomal input (lane 1) were analyzed by Western blotting. 
 
 
FLAG-STRAP was found in immunoprecipitate of HA-LARP6, indicating that LARP6 

interacted with STRAP when extracted from the microsomal fraction (Fig. 28F). To investigate 

if LARP6/STRAP forms a complex with Sec61 translocon, I analyzed the complex formation 

between LARP6 and Sec61β and STRAP in the microsomal fraction. First, I isolated the 

microsomal fraction from cells overexpressing only HA-LARP6 or only FLAG-STRAP and 

performed co-immunoprecipitations using anti-Sec61β antibody. The interaction of HA-LARP6 

and Sec61β (Fig. 28G), and association of FLAG-STRAP with Sec61β (Fig. 28H) were 

observed. To find out if LARP6, STRAP and Sec61β are in the same complex in the microsomal 

fraction, I then overexpressed both, HA-LARP6 and FLAG-STRAP, and performed 

immunoprecipitations with anti-Sec61β antibody and analyzed the immunoprecipitates with anti-

HA and anti-FLAG antibodies. Pull down of HA-LARP6, FLAG-STRAP and Sec61β was seen 

(Fig. 28I), suggesting an interaction of LARP6, STRAP and Sec61 translocon in the microsomal 

extract.  
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To further validate the results of these biochemical fractionations, I performed 

immunostaining of the proteins to assess their colocalization. Since translocon consists of three 

subunits, Sec61α, β, and γ. I first evaluated the utility of different antibodies recognizing 

different Sec61 subunits by co-immunostaining Sec61 and calnexin, a transmembrane chaperone 

 
 

 

 

Figure 29. Subcellular localizaiton of LARP6 and STRAP. (A) Colocalization of Sec61α and 
calnexin. HLFs were co-immunostained with anti-Calnexin (green) and anti-Sec61α (red) 



108 

Figure 29-continued  
antibodies. (B) Co-localization of LARP6 and STRAP. As in (A), except anti-LARP6 (green) 
and anti-STRAP (red) antibodies were used. Two representative images were shown. (C) Co-
localization of LARP6 and Sec61. As in (A), except cells were immunostained with anti-LARP6 
(green) and Sec61α (red) antibodies. (D) Co-localization of STRAP and Sec61. Two 
representative images were shown. 
 
 
protein of the ER [331,332]. A reasonable co-localization signal of Sec61α with calnexin was 

observed at perinuclear region, representing the endoplasmic reticulum (Fig. 29A). The 

association of translocon complex Sec61 with calnexin through Sbh1p (Sec61β subunit 

homolog) has been reported in yeast [333]. Thus Sec61α was used to assess the colocalization of 

LARP6, STRAP, and Sec61. HLFs grown on coverslips were fixed with 4% paraformaldehyde, 

followed by incubation with combination of antibodies; anti-LARP6 and anti-STRAP, anti-

LARP6 and anti-Sec61α, and anti-STRAP and anti-Sec61α antibodies to evaluate if there is 

colocalization between these proteins. In consistent with immunoprecipitation results, LARP6 

co-localized with STRAP in perinuclear region (Fig. 29B, yellow). However, no co-localization 

signal was detected in the nucleus. This might be attributed to the low expression level of 

endogenous STRAP in the nucleus, as shown in Fig. 27. The association of LARP6 and Sec61, 

and STRAP and Sec61 was also suggested by immunostaining (Fig. 29C and D, yellow). Taken 

together, I concluded that the complex containing LARP6, STRAP, and Sec61 found in the 

microsomal fraction also forms at the ER membrane in the intact cells, where it might be 

involved in facilitating coordinated translation of collagen mRNAs.  

 

5.3 Discussion  

 

In this chapter, I found that i) LARP6 and STRAP are distributed in the cytosol, the nucleus, 

and on the ER membrane; ii) LARP6 associates with STRAP in the cytoplasmic, nuclear and 

microsomal fractions, iii) a complex of LARP6, STRAP and Sec61 translocon forms in the 

miscrosomal fraction. The findings that LARP6 is associated with STRAP in the nucleus, in the 

microsomal fraction, where they form complex with translocon Sec61 have not been reported 

before. This novel finding supports an important role of LARP6/STRAP in coordinating collagen 

biosynthesis, which was suggested before, and which may be mediated by interaction with 

Sec61.  
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Heterotrimeric type I collagen α1 (I)2 α2 (I)1 is the predominant form of type I collagen in 

tissues, indicating highly preferential and coordinated folding of two α1 (I) and one α2 (I) chains 

over formation of α1 (I) homotrimers. Collagen polypeptides are synthesized at discrete regions 

on the ER, and this focal synthesis pattern facilitates their folding into a heterotrimeric protein 

[117]. Targeting of collagen mRNA to the ER membrane is dependent on LARP6, rather than on 

translation of signal peptide [149], while STRAP is recruited by LARP6 to prevent random 

polysomal loading of collagen α2 (I) mRNAs [165]. The interaction between LARP6 and 

STRAP has been reported before, the subcellular compartments in which they associate have not 

been known. In this present study, I provided evidence that the interaction of LARP6 and 

STRAP is maintained in the microsomal fraction (Fig. 28 and 29), where translation of type I 

collagen polypeptides is initiated. This finding corroborates the proposed role of LARP6/STRAP 

in synchronizing translation and folding of α1 (I) and α2 (I) polypeptides. 

Sec61 and TRAM are two core components of the translocon [323-325]. It has been 

reported that TRAM2 is involved in collagen synthesis by interacting with the Ca2+ pump of the 

ER, SERCA2b. This coupling may increase the local Ca2+ concentration at the site of collagen 

synthesis. High concentration of Ca2+ may be crucial for the activity of chaperones involved in 

protein folding [150]. It remains to be determined if the TRAM2 containing translocons interact 

with LARP6 and STRAP. If this turn out to be true, then this subset of translocons has been 

specialized for type I collagen synthesis.  

While the trimeric complex formed on the ER membrane might be involved in regulating 

collagen coordinated biosynthesis, the functional significance of the physical interaction of 

LARP6 and STRAP in nucleus is still an open question.  

Taken all together, I now propose a mechanism by which LARP6 coordinates biosynthesis 

of heterotrimeric type I collagen. LARP6 interacts with translocon Sec61, and STRAP at the ER 

membrane. Thus LARP6 serves as a bridge between translocon and STRAP, coupling translation 

of collagen α1 (I) and α2 (I) mRNAs and folding of their polypeptides into type I collagen.  

 
5.4 Future Directions 

 

The functional significance of the association of LARP6 and STRAP in the nucleus needs to 

be further investigated. Their presence in the nuclear fraction suggests complex formation in the 

nucleus and binding to newly synthesized collagen mRNAs. To assess this, the binding of 
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endogenous LARP6/STRAP complex from nuclear fraction to 5’SL by gel mobility shift assays 

could be done.  

The requirement of LARP6 for formation of the trimeric LARP6/STRAP and Sec61 

complex needs to be investigated. This can be done by knocking down LARP6 followed by 

analysis of interaction between STRAP and Sec61.  

In the previous chapter I presented that TGF-β1 increased the distribution of LARP6 into the 

nucleus. The functional significance of this can be investigated by comparing interaction 

between LARP6 and STRAP, before and after TGF-β1 treatment in the nuclear fraction, as well 

as in the cytoplasmic fraction and microsomal extract. Also, association of LARP6, STRAP and 

Sec61 translocon after TGF-β1 stimulation should be assessed.   

Finally, identification of TRAM2 containing translocons as binders of LARP6 and STRAP 

will be important for complete understanding of translation and folding of type I collagen 

polypeptides. 

  
5.5 Materials And Methods 

 

Plasmid constructs and adenovirus construction. pcDNA3 vectors expressing human LARP6 

tagged with HA tag at the amino terminus (HA-LARP6) has been described previously [230].  

Adenoviruses were constructed by re-cloning the full-length wild type HA-LARP6 and FLAG-

STRAP from pcDNA3 vectors into pAd-CMV-Track vector, followed by recombination with 

pAdEasy vector in BJ5183 E. coli cells [264]. Adenovirus were propagated in HEK293 cells and 

purified by cesium chloride density gradient centrifugation. The viruses expressed both LARP6 

and GFP, which was encoded by an independent transcription unit [264]. Expression of GFP was 

used as a marker to monitor the efficiency of viral transduction. 

Chemicals and antibodies. Antibodies used were: anti LARP6 antibody from Abnova 

(H00055323-B01P), anti-HA antibody from Sigma-Aldrich (H9658), anti-FLAG antibody from 

Sigma (F3165), anti-calnexin antibody, anti-STRAP (mouse) antibody from BD Transduction 

Laboratories (610523, 611346), anti-STRAP (rabbit) from GeneTex (GTX118603), anti-tubulin 

antibody from Cell Signaling Technology (2148), anti-Sec61α from upstate (07-204), anti-

Sec61β was from Thermo Scientific (PA3-015), and anti-β-actin antibody from abcam (ab8227). 

Cells and transfections. Human lung fibroblasts (HLFs) immortalized by expression of 

telomerase reverse transcriptase were grown under standard conditions. Transduction of human 
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lung fibroblasts with adenoviruses was done at multiplicity of infection (MOI) of 500. With this 

MOI, 95-100% of the cells were transduced, as visualized by the expression of GFP. 48 hours 

after the transduction, immunostaining, subcellular fractionation or microsomal isolation was 

performed. 

Purification of cytoplasmic and nuclear fractions. Fraction was prepared as reported before, 

with minor modifications [322]. Approximately 8.8 × 106  human lung fibroblasts were cultured 

on 100 mm plates and nuclei was isolated by washing cells twice with phosphate buffered saline 

(PBS) and adding 500 µl lysis buffer (10 mM Tris, pH7.5, 10 mM MaCl, 3 mM MgCl2, 1mM 

EGTA, 1mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM phenylmethylsulfonyl 

floride, 1×proteinase inhibitor). Lysed cells were collected and centriguged at 2,700 × g for 10 

min at 4 ºC. The supernatant was further centrifuged at 20,800 × g for 15 min at 4 ºC. The 

supernatant was collected as the cytosolic fraction and the pellet containing nuclei was washed 

three times with 200 µl wash buffer (10 mM PIPES, pH 6.8, 300 mM sucrose, 3 mM MgCl2, 1 

mM EGTA, 25 mM NaCl, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor) and centrifuged at 2,700 × g for 5 min at 4 

ºC. For the third wash, 100 µl wash buffer containing nuclei was layered over a cushionof 1 ml 

of sucrose buffer (1 M sucrose, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor) followed by centrifugation at 2,700 × g for 

10 min at 4 ºC. The nuclei in the pellet was washed in 100 µl lysis buffer. The nuclear fraction 

was resolved with 20 mM HEPES, pH7.9, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1 

mM β-glycerophosphate, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 µM 

phenylmethylsulfonyl floride, 1×proteinase inhibitor on ice for 30 min, followed by 

centrifugation at 20,800 × g for 15 min at 4 ºC to obtain the nuclear fraction. The cytosolic and 

nuclear fractions were further analyzed by immunoprecipitation. 

Subcellular fractionation of cytosolic and membrane fractions. Cytosolic and membrane 

fractions were isolated as reported [309]. HLFs grown on 6-well plate washed with cold PBS 

once. 200ul of permeabilization buffer (110 mM KOAc, 25 mM HEPES (pH 7.2), 2.5 mM 

Mg(OAc)2, 1 mM EGTA, 0.015% digitoin, 1 mM DTT, 1mM PMSF) was added to cells on 

each well and incubated for 5 min on ice with gently rocking. Cytosolic fractions were collected, 

and cells were washed twice with wash buffer (110 mM KOAc, 25 mM HEPES (pH 7.2),  2.5 

mM Mg(OAc)2, 1 mM EGTA, 0.004% digitonin, 1 mM DTT, and 1 mM PMSF). Cells were 
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lysed with lysis buffer (400 mM KOAc, 25 mM HEPES (pH 7.2), 15 mM Mg(OAc)2, 1% NP-

40, 0.5% DOC, 1 mM DTT, and 1 mM PMSF) on ice for 5 min, supernatant was collected as the 

membrane bound fraction. Cytosolic and membrane fractions were centrifuged at 7,500g for 10 

min at 4 °C. Both fractions were collected and analyzed by immunoprecipitation. 

Preparation of microsomal fraction. Microsomal fraction was prepared as reported before 

[309], with minor modifications. Approximately 2 × 107 HLFs were resuspended in 0.35 ml of 

hypotonic buffer and homogenized in Dounce Homogenizer. The homogenate was adjusted to 

2.0 M sucrose, layered on the top of 2.5 M sucrose and overlayed with 1.9 M and 1.3 M sucrose 

and centrifuged at 260,000 × g for 3 h at 4°C. The band at the 1.3 M/1.9 M sucrose interface was 

recovered and centrifuged in a Beckman TLA120.2 rotor at 66,000 × g for 20 min at 4°C. The 

pellet was lysed in 0.5% NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Dithiothreitol 

and proteinase inhibitors and used for immunoprecipitations.  

Immunoprecipitations. Cytosoplasmic and nuclear fractions, cytosolic and membrane bound 

fractions was incubated with 1 µg of antibody for 3 hours at 4°C. 30 µl of equilibrated protein 

A/G-agarose beads (Santa Cruz Biotechnology) was added, and incubation continued for 1 hour. 

The beads were washed 3 times with lysis buffer and loaded onto SDS PAGE gels followed by 

Western blotting. 

For microsomal immunoprecipitation experiment, 1 μg anti-Sec61β antibody was added and 

incubated with the microsomal fraction for 30 min at 4 °C. 30 µl of equilibrated protein A/G 

beads were then added and incubation continued for an additional 30 min. The beads were 

washed 4 times and the samples analyzed by Western blotting. 

Western blotting analysis. For one dimensional Western blotting analysis of LARP6, HLFs 

were treated with DMSO or kinase inhibitors for 2 hours, adenovirus overexpressing wt HA-

LARP6 or S451A LARP6 mutant was added and incubated for additional 4 hours. When needed, 

HLFs were treated with MG132 (8 µM) for 12 hours. The cells were lysed in Tris-HCl (50 mM), 

pH 7.5, NaCl (150 mM), 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, Dithiothreitol (1 

mM) and protein concentrations were estimated with the Bradford assay (Biorad, 500-0006), 

with bovine serum albumin (BSA) as the standard. 40 μg of total cellular protein was typically 

used for Western blotting analysis. 

For Western blotting analysis of cellular medium proteins, equal numbers of cells were 

seeded in 6-well plates and after 24-48 hours the cells were washed 3 times with serum free 



113 

medium (washing with serum free medium was essential, as serum contains substantial amounts 

of collagen and fibronectin). 600 μl of serum free medium was then added to the cells and 

incubation continued for 3 hours. The medium was collected and an aliquot directly analyzed by 

Western blotting.  

Immunofluorescence staining. HLFs were seeded onto glass coverslips. For raptor knock down 

experiment, HLFs were infected with lentivirus expressing shRNA targeting raptor of control 

shRNA for 48 h, and transduced with adenovirus encoding wt or S348A/S409A mutant HA-

LARP6 for additional 24 h. For rapamycin treatment, HLFs were transduced with adenovirus 

expressing wt and mutant HA-LARP6 and treated with rapamycin (100 nM) for 24 h. Cells were 

fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at room temperature for 10 

min followed by 3 times washes with PBS. Cells were permeabilized with PBST (PBS 

containing 0.1% Triton X-100) at room temperature for 10 min and blocked with PBTG (PBS 

containing 0.1% Triton X-100, 10% normal goat serum, and 1% bovine serum albumin (BSA)) 

at room temperature for 2 h. Cells were incubated with primary antibody, anti-HA (diluted in 

PBTG at 1:500) at 4 °C overnight. Isotype mouse IgG was used as negative control. After 4 

washes with PBS, AlexaFluor 647-conjugated secondary antibody diluted at 1:500 was added 

and incubated at room temperature for 1 h. Cells were washed with PBS 4 times and mounted 

with Prolong mounting solution containing 4’, 6’-diamidino-2-phenylindole (DAPI) (Invitrogen). 

Images were taken by a Nikon A1 confocal microscope (Nikon, Janpan) with a 60X/NA1.49 oil 

immersion objective.  
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CHAPTER 6 

 

GENERAL CONCLUSION 

 
 

Progression of chronic diseases of the parenchymal organs such as liver, lung, heart, skin, 

and kidney lead to fibrosis. Fibrotic condition is incompatible with normal function. However, 

specific therapies to halt existing fibrosis are not yet available. Therefore, understanding the 

underlying mechanism of the development of fibrosis is urgently needed. Due to the 

histomorphological similarities (excessive accumulation of type I collagen) shared by fibrosis of 

various organs, understanding the mechanism of pathogenesis of liver fibrosis could provide a 

hope to find a cure for fibrosis of other organs.  

Fibrosis is induced by excessive accumulation of type I collagen. Type I collagen is 

composed of two collagen α1 and one α2 polypeptide translated from two collagen mRNAs. The 

binding of LARP6 to the 5’SL of collagen mRNAs regulates high level of type I collagen 

expression in fibrotic conditions. This regulation includes increasing stability of collagen 

mRNAs and increased translatability. The role of LARP6 is to tether vimentin to stabilize 

collagen mRNAs, to tether RHA to unwind the secondary structure of collagen mRNAs and 

increase their translatability, and to recruit nonmuscle myosin and STRAP to coordinate 

translation of collagen mRNAs.  In this dissertation I show that phosphorylation of LARP6 is 

indispensable for these roles. 

In the first part of this dissertation research, I identified multiple phosphorylation sites on 

LARP6, among which six are novel. The phosphorylations of LARP6 occur in a hierarchical 

order, with phosphorylation of S451 by Akt being a prerequisite for phosphorylations of other 

sites. The primary phosphorylation of S451 is important to activate LARP6 for functioning in 

translation and folding of collagen polypeptides. It also provides explanation for anti-fibrotic 

effect of Akt inhibitors.  

Other phosphorylation, S348 and S409, were also characterized. mTORC1 phosphorylates 

S348/S409, enabling LARP6 to associate with STRAP, the important effector protein to 

coordinate collagen biosynthesis. These results also provide explanation for the long known anti-

fibrotic effect of rapamycin, the mTORC1 inhibitor.  
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In the third part of my dissertation, I discovered that TGF-β1, the most potent fibrogenic 

cytokine, regulates the expression of type I collagen through phosphorylating of LARP6 at S396. 

I show that phosphorylation of S396 by TGF-β1 is STRAP dependent. This phosphorylation 

alters the subcellular localization of LARP6 and coordinates biosynthesis of type I collagen. 

These findings provide a novel pro-fibrotic mechanism of TGF-β1 in fibrogenesis. 

In the fourth part of the dissertation, I found that LARP6 and STRAP associate in the 

cytoplasm, nucleus, and microsomal fraction. LARP6, STRAP and Sec61 translocon form a 

complex on the ER membrane have not been reported before. This novel finding sheds light on 

the underlying mechanism by which LARP6/STRAP is involved in coordinated biosynthesis of 

type I collagen by interacting with Sec61 translocon. 

I believe that this dissertation significantly enhanced our understanding of the regulation of 

LARP6, importance of multiple phosphorylation events and the kinases involved and paved the 

way for discovery of novel antifibrotic drugs. 
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APPENDIX A 
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APPENDIX B 
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