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ABSTRACT 

 

S-adenosylmethionine (SAMe) is the principal methyl donor synthesized by methionine 

adenosyltransferase 1A (MAT1A)-encoded enzyme in the liver. Mice lacking Mat1a have hepatic 

SAMe depletion, spontaneous development of non-alcoholic steatohepatitis (NASH) and 

hepatocellular carcinoma (HCC). To understand how SAMe depletion drives liver pathologies we 

performed phospho-proteomics in Mat1a knockout (KO) mice livers and the most striking change 

was hyperphosphorylation of La-Related Protein 1 (LARP1), which in the unphosphorylated form 

negatively regulates translation of 5'-terminal oligopyrimidine (TOP)-containing mRNAs. 

Consistently, multiple TOP proteins are induced in the KO livers. We identified LARP1-T449 as a 

novel, SAMe-sensitive phospho-site of cyclin-dependent kinase 2. LARP1-T449 phosphorylation 

induced global translation, cell growth, migration, invasion, and expression of oncogenic TOP-

ribosomal proteins in HCC cells. LARP1 expression is increased in human NASH and HCC. Our 

results reveal a novel SAMe-sensitive mechanism of LARP1 phosphorylation that may be 

involved in the progression of NASH to HCC. 
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INTRODUCTION 

 

The methionine adenosyltransferase 1A (MAT1A)-encoded enzyme, MATα1, uses methionine as 

a substrate for the synthesis of the biological methyl donor, S-adenosylmethionine (SAMe) in the 

liver1. MAT1A is downregulated in non-alcoholic fatty liver disease (NAFLD) with advanced 

fibrosis, emphasizing an important role of SAMe metabolism in NAFLD pathogenesis in humans2. 

Patients with NAFLD with or without cirrhosis are at higher risk for hepatocellular carcinoma 

(HCC) development3. Such patients have impaired methionine metabolism as demonstrated by 

hypermethioninemia and reduced levels of SAMe3.  

 

Mice lacking Mat1a have chronic hepatic SAMe deficiency, spontaneous development of non-

alcoholic steatohepatitis (NASH) at 8 months of age and HCC by 18 months1,4. Replenishment of 

SAMe reserves in the Mat1a-knockout (KO) not only prevents NASH progression, it also inhibits 

the development of proliferative nodules5. Importantly nearly 50% of NAFLD patients have a 

similar serum metabolomics signature as Mat1a-KO mice5. We previously observed Mat1a-KO 

livers have activation of multiple kinases, some of which may be involved in the liver pathology 

observed1. However, how deficiency of the methyl donor impacts on the phospho-proteome has 

not been examined. 

 

La Ribonucleoprotein Domain Family Member 1 (also known as La-Related Protein 1, LARP1) 

belongs to a family of La-motif containing proteins that regulate the translation of a class of 

mRNAs containing a 5’-terminal oligopyrimidine tract (TOP) such as those encoding ribosomal 

proteins (RPs) and translation initiation/elongation factors6. LARP1 inhibits translation of TOP 

mRNAs by simultaneously binding to their 5’-TOP and 3’-UTR elements7,8. Recently LARP1 has 

been identified as the missing link between mammalian target of rapamycin C1 (mTORC1) and 

ribosome biogenesis. Phosphorylation of LARP1 by mTORC1 (at S689 and T692) and AKT/S6K1 
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(at S770 and S979) induces its dissociation from the oligopyrimidine tract relieving its inhibitory 

activity on RP mRNA translation7,9. Phosphorylated LARP1 enhances mTORC1 occupancy on 

the 3'-UTR of RP mRNAs to facilitate mTORC1-dependent translation initiation9. LARP1 stabilizes 

TOP mRNAs because its silencing is known to induce TOP mRNA decay6,10. In essence, LARP1 

acts as a control point for RP mRNA translation. The switch of LARP1 between phosphorylated 

and unphosphorylated states regulates RP mRNA translation and subsequent ribosome 

biogenesis7. 

 

During ribosomal biogenesis, RPs are synthesized in the cytoplasm and assembled with 

ribosomal RNA in the nucleolus11. Free RPs not used for ribosome assembly are rapidly turned 

over. However, stimuli such as nutrient deprivation, gene mutations and chemical agents may 

cause ribosomal stress leading to accumulation of free RPs11. Accumulating evidence suggests 

that free RPs exhibit extra-ribosomal functions associated with oncogenesis or tumor 

suppression12, and their dysregulation has been reported in NAFLD and HCC13,14. LARP1 as well 

as many oncogenic RPs are induced in HCC12,14,15. HCC patients with high LARP1 expression 

have lower survival16. 

 

In this work we identified LARP1 protein is hyperphosphorylated at specific sites in Mat1a-KO 

livers and SAMe-deficient cell line derived from Mat1a-KO HCC (SAMe-D). These SAMe 

deficiency models exhibit enhanced LARP1 content and TOP mRNA-encoded protein expression. 

SAMe treatment in these models inhibits LARP1 expression, LARP1 phosphorylation, and TOP-

protein expression. Importantly, LARP1 content and several TOP-proteins are upregulated in 

human NASH and HCC. Taken together, our results suggest activation of LARP1 during SAMe 

deficiency may cause dysregulation of oncogenic TOP protein translation favoring progression of 

NASH to HCC.   
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RESULTS 

 

Phosphoproteomics show SAMe deficiency results in an increase in protein translation 

machinery and hyperphosphorylation of LARP1 

Using phospho-peptides enriched via TiO2 affinity chromatography, we identified specific 

serine/threonine phospho-sites affected in 4-month or 10-month old WT, 4-month or 10-month 

Mat1a-KO treated with SAMe or vehicle. Phosphorylation of unique peptides was normalized to 

that of total protein and the fold change of KO versus WT or KO+SAMe versus KO was calculated. 

Out of a repertoire of 4,172 phospho-peptides quantified, 355 phospho-peptides exhibited an 

induction in Mat1a KO compared to WT, which was reversed upon SAMe administration. Skyline 

documents containing extracted XIC from phospho-peptide enrichment experiments are available 

at Panorama (proteome exchange ID: PXD020015, https://panoramaweb.org/Larp1). We found 

that LARP1 phospho-sites were significantly represented in this repertoire. These 

phosphorylation sites were conserved between mouse and human (Table 1). Out of nine LARP1 

sites identified, four (T449, S471, S697, S250) exhibited significant enhancement of 

phosphorylation in 4-month (pre-disease condition) and 10-month (NASH condition) compared to 

their respective WT controls (Table 1). Moreover, the phosphorylation of these sites was strongly 

inhibited by SAMe administration (Table 1). Since many physiologically relevant phosphorylation 

sites in vivo may not be abundant enough to accurately detect by mass spectrometry, we mapped 

SAMe-sensitive LARP1 phosphorylation sites in SAMe-D cells overexpressing LARP1 (Table 2). 

The T449, S471, and S697 sites were inhibited by 40-70% upon SAMe treatment; however, in 

this system the S250 site was not significantly inhibited by SAMe (Table 2). Other novel sites, 

S843 and S444 that were not accurately detectable in the Mat1a-KO system (Table 1), were found 

to be significantly inhibited by SAMe in LARP1-overexpressing SAMe-D cells (Table 2). The T101-

LARP1 site that exhibited strong induction (9-fold versus WT) in 10-month KO and was inhibited 

by SAMe (Table 1), could not be detected in the LARP1-overexpressing SAMe-D cells (Table 2). 

https://panoramaweb.org/Larp1
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Out of the nine sites, seven are novel sites not reported previously. Using multiple prediction 

algorithms17,18, four of these novel sites were predicted to be phosphorylated by cyclin-dependent 

kinase 2 (CDK2), two by casein kinase 2 (CK2) and one site could not be assigned to a kinase. 

A previously published mTOR site (S689)7 was neither responsive to SAMe deficiency nor 

inhibited by SAMe treatment (Tables 1 and 2). Consistent with LARP1 hyperphosphorylation, we 

found an enrichment in the total proteome of translational factors (RPs and translation 

initiation/elongation) whose expression was normalized by SAMe treatment 

(https://panoramaweb.org/Larp1), some of these are known to be regulated by LARP16. 

 

LARP1 protein expression is increased during SAMe deficiency and reduced by SAMe 

treatment 

Total LARP1 protein levels and mTOR activity (pSer-2448 phosphorylation) were higher in Mat1a-

KO livers compared to WT and were inhibited by SAMe administration (Figure 1A). SAMe 

deficiency did not influence Larp1 mRNA levels (Figure 1A). PhosTag™ analysis confirmed the 

phosphoproteomics data showing that LARP1 phosphorylation (indicated by phospho-shift or 

retarded band) was increased in Mat1a-KO livers and inhibited by SAMe administration (Figure 

1B). Removal of LARP1’s phosphate groups by alkaline phosphatase treatment prevented its 

binding to phosTag™ and caused loss of phospho-shift (Figure 1B). Low SAMe level raised 

LARP1 expression (Figure 1A) as well as overall phosphorylation (Figure 1B). Treatment of liver 

cancer cell lines, SAMe-D, HepG2 or Huh7 with SAMe inhibited LARP1 protein expression by 45-

60% compared to control (Figure 1C). LARP1 mRNA levels remained unchanged upon SAMe 

treatment (Figure 1C). However, SAMe did not alter LARP1 protein or mRNA levels in normal 

mouse hepatocytes (Figure 1C). 

 

SAMe treatment inhibits global and LARP1-mediated translation induction in liver cancer 

cell lines 

https://urldefense.com/v3/__https:/panoramaweb.org/Larp1__;!!KOmnBZxC8_2BBQ!gN_i2HVrgyaHga-o3RWnmdxxHCzk7cfBWRyvi4s8F3pKRLTx4M59XQM1MPOTPBM$
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SAMe treatment lowered protein translation rate (OPP fluorescence) by 58% in SAMe-D cells and 

by 83% in Huh7 cells compared to control but had no influence in normal mouse hepatocytes 

(Figure 2A). SAMe treatment did not exert any toxicity under the experimental conditions. SAMe 

treatment inhibited endogenous and over-expressed LARP1 protein expression in Huh7 cells by 

60-70% compared to empty vector (EV) control without a change in mRNA level (Figure 2B). 

LARP1 overexpression in Huh7 cells increased translation rate by 1.7-fold compared to 

EV+control (Figure 2C). SAMe treatment inhibited basal translation by 88% when compared to 

EV and LARP1-mediated translation by 75% when compared to LARP1 OV (Figure 2C).  

 

LARP1 induces growth, migration, and invasion of liver cancer cell lines 

LARP1 overexpression increased growth of Huh7 and Hep3B cells by 1.2-1.3-fold compared to 

EV whereas silencing LARP1 had the opposite effect (Figure 3A). LARP1 overexpression induced 

the migration of Huh7 and Hep3B cells by 1.3-fold compared to EV, whereas LARP1 silencing 

inhibited migration by 30-40% compared to negative control siRNA (NC) (Figure 3B). The 

invasiveness of Huh7 and Hep3B cells was induced upon LARP1 overexpression (2-2.5-fold vs. 

EV) and reduced by 45-65% upon LARP1 silencing (Figure 3C). 

 

TOP mRNA-encoded proteome induced in Mat1a-KO and in LARP1-overexpressing SAMe-

D cells, is inhibited by SAMe administration  

Phosphorylated LARP1 is known to induce translation of mRNAs containing TOP sequences7. 

Since we found LARP1 phosphorylation to be induced during SAMe deficiency and inhibited by 

SAMe treatment (Figure 1, Tables 1 and 2), we examined whether TOP mRNA-encoded protein 

expression was influenced under these conditions. Proteomics of Mat1a-KO livers showed a 1.4-

1.5-fold induction of several TOP-proteins compared to WT that were strongly inhibited by SAMe 

administration (Figure 4A). LARP1 overexpression in SAMe-D cells enhanced TOP-protein 

expression and SAMe treatment inhibited LARP1-mediated TOP induction (Figure 4B). 
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LARP1 expression is induced in human NAFLD and HCC 

Immunohistochemical analysis and western blotting of human NAFLD tissues (simple steatosis, 

NASH, cirrhosis) revealed that LARP1 protein was induced by 4-15-fold in NAFLD compared to 

normal liver (Figure 5A). LARP1 protein was highly induced in human HCC (10-fold) compared to 

adjacent non-tumorous liver tissues without a change in mRNA level ((Figure 5B). This was 

associated with an induction of several TOP-proteins (RPL15, RPS3, RPL14, and EEF1A1) 

(Figure 5B). 

 

Effects of site-specific phosphorylation of LARP1 on translation, growth, migration, and 

TOP protein expression in liver cancer cells 

Out of several LARP1 phosphorylation sites that were responsive to SAMe treatment, we 

identified four sites (T449, S471, S697, and S250) whose phosphorylation was induced both in 

4-month Mat1a-KO (pre-disease condition) and 10-month Mat1a-KO (NASH condition). All four 

sites were sensitive to SAMe treatment. These sites were tested for their functional effect on 

translation, growth, and migration capacity, and TOP-protein expression of liver cancer cell lines. 

Using site-directed mutagenesis to generate T449A, S471A, S697A, and S250A phospho-

mutations, we showed that the T449A and S471A mutations strongly inhibited the ability of WT 

LARP1 to induce translation (Figure 6A). The S697A and S250A mutations did not significantly 

alter the translational activity of WT LARP1 (Figure 6A). The T449A and S471A mutations were 

further evaluated for their effect on cell growth, cell migration, and TOP-protein expression. 

Compared to WT LARP1, the T449A mutation was unable to induce growth in Huh7 and Hep3B 

cells (Figure 6B). The S471A mutation was still able to induce growth comparable to WT in Huh7 

cells and was not as inductive as WT in Hep3B (Figure 6B). Consistent with its effect on growth, 

the T449A mutation significantly inhibited LARP1-mediated cell migration by 25-30% in both Huh7 

and Hep3B cells (Figure 6C). Like the pattern observed for cell growth, the S471A mutation 
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inhibited LARP1-mediated migration of Hep3B but not of Huh7 cells (Figure 6C). We further 

evaluated the effect of T449A/S471A phospho-mutations and their corresponding phospho-

mimetic mutations (T449E/S471E) on expression of oncogenic TOP ribosomal proteins, RPS3 

and RPL15 in SAMe-D cells. RPL15 was not induced by LARP1 itself; however, the T449E 

phospho-mimetic mutant induced whereas a T449A phospho-mutation inhibited RPL15 

expression (Figure 6D). The S471A mutation did not alter RPL15 expression (Figure 6D). Over-

expression of LARP1 increased RPS3 protein level by 1.5-2-fold compared to EV. The S471A, 

but not the T449A mutation, inhibited LARP1-mediated RPS3 induction whereas S471E, the 

phospho-mimetic mutant, sustained RPS3 expression (Figure 6D). No changes in RP mRNA 

levels were observed with either WT or mutant over-expression (Figure 6D). Some TOP proteins 

induced in human HCC (RPL14 and EEF1A1, Figure 5B) were not significantly altered by T449 

or S471 LARP1 phospho-site modifications (data not shown). 

 

CDK2 and CK2 phosphorylate LARP1 protein 

Since CDK2 and CK2 are predicted to phosphorylate LARP1 at sites that are SAMe sensitive 

(Table 1 and 2), we next investigated these kinases in direct phosphorylation of LARP1. 

Phosphorylation of recombinant LARP1 was significantly enhanced in the presence of active 

CDK2 or CK2 enzymes at 30°C compared to 0°C controls or in the absence of active kinases 

(Figure 7A). The in vitro kinase reactions of LARP1-CDK2 and LARP1-CK2 were further analyzed 

by mass spectrometry to identify CDK2 and CK2 phospho-sites. Out of five sites identified, four 

were confirmed to be CDK2 sites and one site was a CK2 site (Table 3). Silencing of CDK2 in 

Huh7 cells lowered phospho-immunoprecipitated LARP1 by 65% compared to NC with a 23% 

decrease in total LARP1. The phospho/total ratio was decreased by 60% compared to NC (Figure 

7B). The phospho-proteome of CDK2-silenced cells showed an inhibition of several LARP1 

phospho-sites compared to NC (Figure 7C). This was associated with a decrease in expression 

of several TOP-encoded proteins (Figure 7D). Even though CK2 phosphorylated recombinant 
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LARP1 (Figure 7A and Table 3), silencing CK2 did not alter the phosphorylation or content of 

LARP1 in Huh7 cells (data not shown). 

 

  



10 
 

DISCUSSION 

 

Downregulation of MAT1A in human NAFLD, HCC, and in mouse models causes depletion of 

liver SAMe reserves1,3,4. We have previously observed several kinases are sensitive to SAMe 

content, specifically they become activated when SAMe level falls and inhibited upon SAMe 

repletion1. This prompted us to investigate the liver phosphoproteome under SAMe deficiency to 

better understand the consequences of SAMe deficiency. We focused our investigation on LARP1 

because the most striking pathway upregulated is protein translation and LARP1 

hyperphosphorylation, both of which were inhibited by SAMe. We therefore focused on the 

phospho-sites of LARP1 that are SAMe sensitive. 

 

LARP1 is the link between mTORC1 and protein translation, as phosphorylation of LARP1 by 

mTORC1 releases the inhibition that LARP1 exerts on protein translation. Subsequently phospho-

LARP1 facilitates mTORC1-dependent translation initiation7. We have found LARP1 

hyperphosphorylation and increased translational machinery components in the Mat1a-KO 

model. LARP1 modulation during SAMe deficiency has not been examined before but recent work 

provided a link between SAMe levels and mTORC1 signaling19. Using in vitro HEK293-

overexpression systems, it was shown that SAMTOR is a novel regulator of mTORC1 signaling. 

SAMe directly interacts with SAMTOR at a dissociation constant of ~ 7µM. SAMe concentrations 

lower than 7µM facilitate SAMTOR binding to GATOR1 (GTPase activating protein for RagA/B, 

that translocates mTORC1 to the lysosomal surface when activated by amino acids). Binding of 

GATOR1 to SAMTOR inhibits mTORC1 signaling19. According to this scenario, low SAMe 

reserves may inhibit whereas high SAMe level may enhance mTORC1 signaling. However, from 

our data in the Mat1a-KO liver, it appears that mTORC1 activity (Ser-2448 phosphorylation) is 

higher during SAMe deficiency and is strongly inhibited by increasing SAMe levels in the liver. 

We speculate that the mechanism of SAMe-sensing described by Gu et al19 may not be applicable 
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in the liver because the MATα1 enzyme provides a much higher steady state SAMe level of 50-

100µM in hepatocytes20. This would cause constitutive mTORC1 activation in hepatocytes and 

this does not appear to be true under normal conditions. In fact, chronic mTORC1 activation 

results in HCC development due to ER stress and autophagy dysregulation21. We have 

discovered that LARP1 phosphorylation as well as protein content is induced during SAMe 

deficiency and not only does SAMe inhibit LARP1 phosphorylation and protein level, it also inhibits 

LARP1’s translational activity. SAMe strongly suppressed LARP1 protein in multiple HCC cell 

lines but did not seem to alter its content in normal hepatocytes. One plausible explanation is that 

normal hepatocytes have high SAMe level20 so that SAMe treatment may not be effective in 

regulating LARP1 as in the SAMe-deficient conditions of HCC cell lines. 

 

Novel phospho-sites of LARP1 that are responsive to SAMe deficiency under pre-disease 

conditions (4-month Mat1a-KO) or in NASH (10-month KO) include T449, S471, S697, and S250. 

These sites were inhibited by SAMe treatment and most of them were predicted to be 

phosphorylated by CDK2 or CK2 kinases. We did not find any novel, mTOR-predicted phospho-

site in this repertoire. A known mTOR-responsive site, S6897 was found to show phosphorylation 

in the liver and in SAMe-D cells overexpressing LARP1 but did not respond to SAMe deficiency 

or replenishment. Interestingly, this site does not appear to be responsive to the changes in mTOR 

activity we found during SAMe deficiency. We found LARP1 content to be higher in human NASH, 

which has not been reported. We also found LARP1 to be enhanced in human HCC consistent 

with published findings15.  

 

We tested the hypothesis that alteration in LARP1 content and functionality during SAMe 

deficiency may regulate oncogenic activity. Increased LARP1 content by forced expression 

induced growth, migration, and invasiveness of liver cancer cell lines whereas silencing had the 

reverse effect. LARP1 phosphorylation by mTOR or AKT is known to increase its translational 
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activity on TOP mRNAs7. We therefore examined whether the novel LARP1 phospho-sites that 

we found during SAMe deficiency modulated its translational activity. Phospho-site mutations of 

LARP1-T449 and S471 dramatically reduced its ability to induce global translation whereas other 

sites such as S697 and S250 had no effect. We examined the effect of LARP1 phosphorylation 

on growth and migration in Huh7 cell line that grows aggressively with a doubling time of 23-27 

hours and a slow growing Hep3B cell line with a doubling time of 41-53 hours22. The T449A 

mutation completely prevented LARP1’s ability to induce growth and migration in both Huh7 and 

Hep3B cells. Despite its strong influence on global translation, the S471A mutation did not 

influence growth in Huh7 cells and only partially inhibited growth in Hep3B cells compared to WT 

LARP1. Consistent with its lack of effect on growth, the S471A mutant did not influence migratory 

potential of Huh7 cells but did inhibit LARP1’s effect on Hep3B cell migration. The S471 phospho-

site appeared to regulate growth/migration of slow growing Hep3B cells but was ineffective in 

modulating the phenotype of aggressively growing Huh7 cells. In contrast, the T449 phospho-site 

regulated HCC properties regardless of the cell’s baseline growth characteristics.  

 

In conjunction with LARP1 hyperphosphorylation, we found an overall surge in TOP mRNA-

encoded protein expression under SAMe-deficient conditions (Mat1a-KO) that was sensitive to 

SAMe treatment. The data suggest a role of LARP1 hyperphosphorylation in inducing TOP-

protein expression during SAMe deficiency and is further supported by the fact that forced 

expression of LARP1 in SAMe-D cells enhanced TOP protein expression. Based on these data, 

we hypothesized that LARP1 phospho-sites control TOP translation activity causing increased 

expression of oncogenic RPs during SAMe deficiency. To evaluate the effect of LARP1 

phosphorylation on TOP expression we chose two TOPs, RPS3 and RPL15 that we found to be 

highly induced in human HCC tissues23. RPS3 was also found by other researchers to be induced 

in HCC and associated with aggressive phenotype24. Recently, both RPL15 and RPS3 were found 

to be part of a 24-gene pro-oncogenic ribosomal gene signature that could be used for prognosis 
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of resectable HCC14. We found that forced expression of LARP1 increased RPS3 protein level. 

The S471A but not the T449A mutant, inhibited LARP1-mediated RPS3 induction whereas 

S471E, the phospho-mimetic mutant, sustained RPS3 expression, suggesting that the LARP1-

S471 site is important in regulating the translation of RPS3. RPL15 was not induced by LARP1 

itself. One probable explanation for this could be that the over-expressed protein might not be 

completely phosphorylated in SAMe-D cells, allowing unphosphorylated LARP1 to interfere with 

RPL15 translation through 5’-UTR binding. This notion was supported by the finding that 

sustained phosphorylation caused by a T449E phospho-mimetic mutant induced RPL15 

expression and a T449A phospho-mutant had the reverse effect. Despite its effect on the RPS3 

protein, S471A mutations did not significantly influence RPL15 expression. Also, some other 

TOPs induced in HCC (RPL14 and EEF1A1) did not seem to be influenced by LARP1 phospho-

sites. Hence only a subset of oncogenic TOPs appeared to be responsive to site-specific LARP1 

phosphorylation. 

 

By in vitro kinase/mass spectrometry-based assays, we confirmed that predicted kinases, CDK2 

and CK2, phosphorylated LARP1. The T449 along with S697, T101, and S444 sites were 

confirmed as CDK2 sites. Only one site (S843) of LARP1 was phosphorylated by CK2 kinase. 

CDK2 emerged as a novel kinase phosphorylating LARP1 at multiple sites. In line with this result, 

CDK2 silencing in Huh7 cells reduced overall LARP1 phosphorylation and site-specific 

phosphorylation at several sites including T449 that is a functional CDK2 site. This was associated 

with a dramatic drop in several oncogenic TOPs including RPS3, RPL15 and RPL14 that we 

found to be induced in HCC. CK2 silencing did not significantly alter LARP1 phosphorylation. This 

could be explained by the smaller number of phosphorylation events mediated by this kinase.  

 

In summary, our overall results show that modulation of the LARP1-T449 phospho-site and its 

associated kinase, CDK2, under SAMe deficient conditions regulates a subset of pro-oncogenic 
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RPs. The LARP1-T449 phosphorylation event is highly induced during SAMe deficiency, a 

condition known to be associated with NASH and HCC pathologies2,3. The T449 site positively 

regulates HCC parameters of growth, migration and invasiveness in liver cancer cells and may 

be a potential driver of NASH to HCC development during SAMe deficiency. 
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METHODS 

 

Cell culture and treatments 

Human HCC cell line, Huh7 was purchased from ThermoFisher Scientific (Rockford, IL). Human 

HCC cell lines, HepG2 and Hep3B were purchased from American Type Cell Collection (ATCC, 

Manassas, VA). The SAMe-D cell line, derived from HCC of a Mat1a-KO mouse, was previously 

described25. All cell lines were authenticated by the short tandem repeat profiling (STR) service 

(ATCC) and cultured according to our published methods26. Normal mouse hepatocytes were 

isolated from 3-4-month-old C57BL/6 mice according to an established protocol and plated on 

collagen-coated dishes26. S-adenosyl methionine (SAMe), in the stable form of disulfate p-toluene 

sulfonate dried powder was kindly provided by Gnosis SRL (Cairate, Italy). Cells cultured in 6-

well plates (0.2 million per well) or 96-well plates (0.01 million cells per well) were treated with 

0.5mM SAMe for 16 hours.  

 

Mat1a-KO mouse model 

The Mat1a-KO mice and wild type (WT) littermate controls were described previously27. Mat1a-

KOs at 4-months (pre-disease condition) and 10-months of age (NASH) were used in this study. 

For the 4-month old group, SAMe at 100mg/kg/day was administered by oral gavage for 7 days, 

which we showed normalized hepatic SAMe levels28. The 10-month old group consists of mice 

that had fatty liver on small animal ultrasound and elevated alanine aminotransferase and 

aspartate aminotransferase levels at 8-months of age and subsequently treated with vehicle or 

SAMe (30mg/kg/day by gavage 5 days per week) for 8 weeks5. All procedures for the care and 

use of mice were reviewed and approved by the Institutional Animal Care and Use Committee at 

Cedars-Sinai Medical Center (CSMC) and the CIC bioGUNE, Bilbao, Spain.  

 

Human liver specimens 
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Normal human liver, NAFLD, HCC and adjacent non-tumorous tissues were procured from the 

Biobank and Translational Discovery Core at CSMC. The procedure for tissue collection and de-

identification are approved by the Institutional Review Board at CSMC. All tissues were 

pathologically verified, snap frozen in liquid nitrogen and stored at −80°C. Some were also 

provided as unstained paraffin-embedded slides. 

 

Plasmid Vectors and siRNA 

Myc-DDK tagged LARP1 vector and corresponding empty vector (EV) controls were purchased 

from Origene (Rockville, MD). Silencer select validated siRNAs for LARP1, cyclin-dependent 

kinase 2 (CDK2) and negative control (NC) were purchased from ThermoFisher Scientific. 

 

Site-directed mutagenesis 

Single amino acid changes that cause phospho-site mutations of serine/threonine to alanine (S/T 

to A) or phospho-mimetic mutations of serine/threonine to glutamic acid (S/T to E) were generated 

in the WT LARP1 vector using the Quick Change II XL Site-Directed Mutagenesis Kit (Stratagene, 

La Jolla, CA) according to previously published protocols29. 

 

Transient transfection assays 

Two micrograms of EV, LARP1, T449A/E-LARP1, S471A/E-LARP1, S697A-LARP1, S250A-

LARP1 vectors were transfected into 0.2 million cells in 6-well plates using jetPRIME® reagent 

(Polyplus-transfection, Radnor, PA) for 48 hours. For transfections in 10-cm dishes or 96-well 

plates, reagents and cells were scaled up or down according to manufacturer guidelines. NC, 

LARP1, CDK2 or CK2 siRNA was reverse transfected into 0.2 million cells at a concentration of 

15nM using Lipofectamine® RNAiMAX (Invitrogen, Carlsbad, CA) for 48 hours according to the 

manufacturer’s protocol. Transfection efficiencies were verified by real-time RT-PCR and western 

blotting. 
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Real-time RT-PCR 

Total RNA was subjected to real-time RT-PCR using a published protocol30. Validated TaqMan 

gene expression probes for human or mouse LARP1, housekeeping genes, HPRT1 (human), and 

Gapdh (mouse) were purchased from ThermoFisher Scientific. The thermal profile of real-time 

PCR consisted of the following: initial denaturation: 95°C for 3 minutes, 45 cycles; 95°C, 3 

seconds; 60°C, 30 seconds. The CT (cycle threshold value of the target genes was normalized 

to that of control gene to obtain the ΔCT. The ΔCT was used to find the relative expression of 

target genes, according to the following formula: relative expression = 2−ΔΔCt, where ΔΔCT = 

ΔCT of target genes in experimental condition − ΔCT of target gene under control condition. 

 

Western blotting and phostag™ assay 

Total protein from cells or tissues was prepared using EDTA-free radioimmunoprecipitation assay 

buffer (RIPA) and subjected to western blotting30. Western blots probed with antibodies 

(Supplemental table 1) were quantified by densitometry using the ImageJ densitometry program 

(NIH). To detect phosphorylation of LARP1, phospho-protein was separated from 

unphosphorylated protein using phosTag™ molecule (Fujifilm Wako Chemicals, Richmond, VA) 

bound to zinc ions in a neutral gel system. Phostag binds to phosphorylated proteins and retards 

their mobility on a gel. Following an established protocol29, proteins were run on 15uM-phostag 

gels. Separated proteins were immunoblotted with LARP1 antibody. Extracts treated with alkaline 

phosphatase (Sigma, St. Louis, MO) were used as a negative control to prove that the retarded 

bands were phosphorylated29. 

 

Co-Immunoprecipitation (Co-IP) 
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Co-IP of phospho-LARP1 from Huh7 cells with anti-phospho serine (PSer) antibodies was 

performed by incubating 500μg of cell extract with 2μg of antibody in RIPA buffer according to 

previously established protocols30. 

 

O-propargyl-puromycin (OPP) translation rate assay 

Cells cultured in 96-well plates were treated with OPP-containing medium for 2 hours. The 

incorporation of OPP into actively translating polypeptides was detected by a fluorescent FAM-

Azide based reaction following the instructions in the protein synthesis assay kit (Cayman 

Chemicals, Ann Arbor, MI). A fluorescence plate reader with a filter used to detect FITC 

(excitation/emission= 485/535nm) was used to measure OPP fluorescence. 

 

Azido-homoalanine (AHA) translation assay 

Cells transfected in 10-cm dishes for 48 hours were treated with the methionine analog, AHA 

(ThermoFisher Scientific), during the last 18 hours of transfection. A parallel set of cells cultured 

without AHA served as controls for AHA labeling. Cells were lysed in 1% SDS prepared in 50 mM 

Tris-HCl, pH 8.0, sonicated for 30 seconds and rotated at 4°C for 30 minutes. Proteins were 

estimated by A280 measurement. AHA-labeled and control extracts were subjected to a copper-

catalyzed, biotin-alkyne labeling reaction to tag the AHA with biotin-alkyne via a click-chemistry 

reaction as reported31. Copper sulfate and other cofactors for the reaction (Tris(2-carboxyethyl) 

phosphine, Tris [(1-benzyl-1H-1,2, 3-triazol-4-yl) methyl]amine) were purchased from Sigma. 

Biotin-alkyne was purchased from ThermoFisher Scientific. The biotin-AHA labeled proteins were 

subjected to western blotting and probed with streptavidin-HRP antibody31. 

 

Cell Proliferation Assay 

To assay for cell proliferation, cells plated in 96-well plates under different treatment conditions 

were incubated with bromodeoxyuridine (BrDU) according to our previously published method32. 
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BrDU incorporation into DNA was measured using a plate reader at dual wavelengths of 450-

540nm according to manufacturer’s instructions (Millipore-Sigma, Burlington, MA). 

 

Cell migration and invasion assays 

Two-dimensional cell migration was measured using inserts for 6-well plates (Ibidi Inc., Fitchburg, 

WI) following manufacturer’s instructions. Briefly, 0.4 million cells were seeded onto the radius of 

a 6-well plate using 2-D inserts and treated under different conditions described above. 

Photographic images of the cells were acquired immediately (0 hour) and after a 24 hour time 

period using an inverted microscope (EVOS XL core, Life technologies). The migration-occupied 

area at 24 hours was measured using the Image J software (NIH) and normalized to the area 

value at 0 hours for each condition. The invasion assay was performed using the BioCoat Matrigel 

Invasion Chamber (Corning, Tewksbury, MA). Briefly, 0.25 million cells were placed on the top 

insert. The bottom of the cell insert was covered with a filter containing multiple 8-μm pores and 

coated with a basement membrane matrix (Matrigel). Cells were seeded in the cell insert and 

placed in the wells. After 16 hours of attachment, the cells were treated under different conditions 

(described above) for an additional 24 hours. Invaded cells on the bottom of the insert membrane 

were detached and subsequently lysed and stained by CyQuant GR dye (ThermoFisher 

Scientific). 

 

Immunohistochemistry 

Paraffin-embedded sections of human liver tissue were subjected to antigen retrieval using a citric 

acid-based heating method (Abcam, Cambridge, MA). Slides were incubated with LARP1 

antibody (1:50) or a normal rabbit IgG isotype control antibody (1:50) and developed using the 

HRP/DAB detection immunohistochemistry kit (Abcam). Stained slides were imaged at 20X 

magnification using an inverted microscope (EVOS XL core, Life technologies).   
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In vitro kinase assays 

Full-length, human recombinant LARP1 protein (100ng, Novus Biologicals, Littleton, CO) was 

incubated with 225ng of active CDK2 or 8.3ng of active CK2 enzyme (Millipore-Sigma) in the 

presence of a magnesium/ATP cocktail (Millipore-Sigma) at 0°C or 30°C for 1 hour. The reaction 

mixture was immunoprecipitated with 0.5μg PSer antibody and immunoblotted with LARP1 

antibody. LARP1 immunoprecipitated without incubation with CDK2 served as a -kinase control 

for the reaction. In vitro kinase reactions were subjected to mass spectrometry to identify LARP1 

residues phosphorylated by CDK2 or CK2. 

 

Data independent acquisition mass spectrometry analysis 

Frozen mouse livers were homogenized under liquid nitrogen. Cells or homogenized livers were 

denatured in 8M urea buffer, sonicated (QSonica) at 4 ºC for 10 minutes in 10 second pulses and 

centrifuged at 16,000 x g for 10 minutes at 4 ºC. 100µg of the soluble extract from each sample 

was reduced with DTT (15mM) for 1 hour at 37 ºC, alkylated with iodoacetamide (30mM) for 

30min at room temperature in the dark, diluted to a final concentration of 2M Urea with 100mM 

Tris-HCl, pH 8.0 and digested for 16 hours on a shaker at 37 ºC with a 1:40 ratio of Trypsin/Lys-

C mix (Promega, Madison, WI). Each sample was de-salted using HLB plates (Oasis HLB 30µm, 

5mg sorbent, Waters). Data independent acquisition mass spectrometry analysis was performed 

by preparing Lys PTM enriched peptide assay libraries as we recently reported33. For 

quantification of individual specimen DIA files, raw intensity data for peptide fragments was 

extracted from DIA files using the open source openSWATH workflow against the sample specific 

strong cation exchange (SCX) fractionated peptide assay as previously described34. The total ion 

current (TIC) associated with the MS2 signal across the chromatogram was calculated for 

normalization. This ‘MS2 Signal’ of each file was used to adjust the transition intensity of each 

peptide in a corresponding file. Normalized transition-level data were then processed using the 

mapDIA software35 to perform pair-wise comparisons between groups. 
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Phosphorylation mass spectrometry analysis 

Titanium Dioxide (TiO2) phospho enrichment was performed as previously described36. Briefly, 

400ug of sample were digested as described above and individually de‐salted on Oasis HLB 

cartridges (Water, 10mg) and eluted in 300μL of 80% acetonitrile (CAN), 5% trifluoroacetic acid 

(TFA), 1M glycolic acid. Each sample was then incubated in 50μL titanium dioxide (TiO2) slurry 

(30mg/mL, Glygen Corp, Columbia, MD) at room temperature on a shaker overnight. Then the 

TiO2 beads were washed twice with 200 μL of 80% ACN, 5% TFA, once with 200μL of 80% ACN, 

0.1% TFA, and eluted in 180 μL of 30% ACN/ 1% NH4OH and neutralized with 200μL of 10% 

formic acid (FA). Samples were then desalted on Oasis HLB μ‐elution plates (Waters) and eluted 

in 80% ACN, 0.1% FA, dried in speedvac, then resuspended in 0.1% FA for LC–MS/MS analysis.  

 

Results from spectral searching through Trans-Proteomic Pipeline (TPP)37 with a probability score 

of > 95% from the entire experimental dataset were imported into Skyline software for 

quantification of precursor extracted ion intensities (XICs)38. Precursor XICs from each 

experimental file were extracted against the Skyline library, and peptide XICs with isotope dot 

product scores>0.8 were filtered for final statistical analysis of proteomic differences. The Skyline 

documents containing precursor XICs from each experimental file are available at Panorama 

(Proteome exchange ID: PXD020015, https://panoramaweb.org/Larp1).  

 

Statistical analysis 

Data are represented as mean ± standard error (Mean±S.E.) from at least three experiments. 

Real-time PCR and densitometric analysis (as shown with each western blot) are expressed as 

percentage of controls. Statistical analysis was performed using analysis of variance followed by 

Fisher's test for multiple comparisons, and two-tailed Student’s t-test for paired comparisons. For 

https://panoramaweb.org/Larp1
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changes in mRNA and protein levels, ratios of genes or proteins to housekeeping genes or 

proteins densitometric values were compared. Significance was defined as P<0.05. 
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Table 1: Phospho-proteome analysis of LARP1 in 4-month and 10-month old WT and Mat1a-KO 

treated with SAMe or vehicle. 

  

 

Livers were processed for mass spectrometry analysis as described under Methods. The 

intensity of phospho-enriched peptides was normalized to that of total LARP1. Results 

represent Mean±SE from 5 experiments expressed as a percentage of WT. *p<0.05 vs. WT. 

**p<0.05 vs. KO. #=known phosphorylation events7. ND=not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 4-month 10-month 

Conserved 
phospho-site 

(mouse/human) 
Phospho-peptide sequence 

Kinase 
prediction 

WT 
Mat1a 
KO vs. 

WT 

Mat1a 
KO+SAMe 

vs. KO 
WT 

Mat1a 
KO vs. 

WT 

Mat1a 
KO+SAMe 

vs. KO 

T503/T449-LARP1 AVTPVPTKTEEVSNLK CDK2 100 250 63 100 *190 **85 

S525/S471-LARP1 GLSASLPDLDSEQIEVK Unknown 100 *234 **54 100 *113 **51 

S751/S697-LARP1 SLPTTVPESPNYR CDK2 100 *199 **75 100 *182 **54 

S302/S250-LARP1 
VEPAWHDQDETSSVKSDG 

AGGAR 
CK2 100 146 114 100 *283 **40 

T151/T101-LARP1 VGDFGDAINWPTPGEIAHK CDK2 ND ND ND 100 *900 **19 

S897/S843-LARP1 FWSFFLR CK2 ND ND ND ND ND ND 

S498/S444-LARP1 ETESAPGSPR CDK2 100 85 124 100 ND ND 

#S743/S689-LARP1 SLPTTVPESPNYR mTOR 100 70 80 100 175 74 

#S824/S770-LARP1 
TASISSSPSEGTPTVG 

SYGCTPQSLPK 
AKT ND ND ND ND ND ND 
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Table 2: Phospho-proteome analysis of LARP1 in LARP1-overexpressing SAMe-D cells with 

or without SAMe treatment. 

 

SAMe-D cells were processed for mass spectrometry analysis as described under Methods. 

The intensity of phospho-enriched peptides was normalized to that of total LARP1. Results  

represent Mean±SE from 4 experiments expressed as percentage of LARP1-OE. *p<0.05 vs.   

LARP1-OE. #=known phosphorylation events7. ND=not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

Conserved 
phospho-site 

(mouse/human) 
Phospho-peptide sequence 

Kinase 
prediction 

LARP1-OE 
SAMe-D 

cells 

LARP1-OE 
SAMe-

D+SAMe 

T503/T449-LARP1 AVTPVPTKTEEVSNLK CDK2  100 *40 

S525/S471-LARP1 GLSASLPDLDSEQIEVK Unknown 100 31 

S751/S697-LARP1 SLPTTVPESPNYR CDK2  100 *62 

S302/S250-LARP1 VEPAWHDQDETSSVKSDGAGGAR CK2 100 112 

T151/T101-LARP1 VGDFGDAINWPTPGEIAHK CDK2  ND ND 

S897/S843-LARP1 FWSFFLR CK2 100 *41 

S498/S444-LARP1 ETESAPGSPR CDK2  100 *77 

#S743/S689-LARP1 SLPTTVPESPNYR mTOR 100 114 

#S824/S770-LARP1 TASISSSPSEGTPTVGSYGCTPQSLPK AKT ND ND 
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Table 3: Mass spectrometry evaluation of CDK2 or CK2 phosphorylation sites in recombinant 

LARP1 protein. 

 

Recombinant LARP1 protein was incubated with active CDK2 or CK2 in an in vitro kinase 

reaction as described under Methods. Kinase reactions were processed by mass spectrometry 

to evaluate the sites phosphorylated by CDK2 or CK2. Results represent the average 

percentage of phospho-residues versus total protein from 3 experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conserved 
LARP1 

phospho-site 
(mouse/human) 

Phospho-peptide 
sequence 

% phospho- 
residues 

LARP1+CDK2 

% phospho-
residues 

LARP1+CK2 

% phospho-
residues 

LARP1 alone 

Kinase for 
site 

T503/T449 AVTPVPTKTEEVSNLK 75.6 10.9 19.6 CDK2 

S751/S697 SLPTTVPESPNYR 70.3 25.9 30 CDK2 

T151/T101 VGDFGDAINWPTPGEIAHK 47 0 0 CDK2 

S897/S843 FWSFFLR 47 90 42 CK2 

S498/S444 ETESAPGSPR 79 33 46 CDK2 
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Figure 1. LARP1 protein expression is increased during SAMe deficiency and reduced by 
SAMe treatment. A. Left panel: LARP1 and phospho-mTOR (pSer 2448) protein levels in 10-
month WT and Mat1a-KO livers±SAMe were measured by western blotting. Right panel: Total 
RNA was analyzed by real-time RT-PCR for Larp1 or Gapdh (normalizing control). Mean±SE 
expressed as percentage of WT from 4 experiments. *p<0.05 vs. WT, #p<0.05 vs. WT and KO. 
B. LARP1 phosphorylation was assayed in WT or KO±SAMe protein using phostag™ western 
blotting as described under Methods. Extracts treated with alkaline phosphatase were used as a 
negative control to prove that the shifted bands were phosphorylated. C. SAMe-D, HepG2, Huh7, 
and primary mouse hepatocytes were treated with 0.5mM SAMe for 16 hours. Left panel: Total 
protein was analyzed by western blotting for LARP1 or actin (normalizing control). Right panel: 
LARP1 mRNA was measured by real-time PCR. Mean±SE expressed as percentage of control 
from 3 experiments, *p<0.05 vs. control. 
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Figure 2. SAMe treatment inhibits global and LARP1-mediated translation induction in liver 
cancer cell lines. A. Translation rate in SAMe-D, Huh7, and primary mouse hepatocytes was 
measured by O-propargyl-puromycin (OPP) fluorescence as described under Methods. The 
incorporation of OPP into the C-terminus of translating polypeptides and its fluorescence 
detection using FAM-Azide as a readout of protein synthesis rate was measured using a plate 
reader. Mean±SE of OPP fluorescence from 4 experiments, *p<0.05 vs. control. B. Huh7 cells 
were transfected with LARP1-DDK vector in the absence or presence of SAMe treatment as 
described under Methods. Left panel: Western blot of LARP1 overexpression (LARP1 OV). 
Mean±SE as percentage of empty vector (EV) from 4 experiments, *p<0.05 vs. EV; Right panel: 
Real-time PCR of LARP1 OV. Mean±SE as percentage of empty vector (EV) from 4 experiments, 
#p<0.01 vs. EV C. Translation rate in Huh7 cells by OPP florescence measurement as in ‘A’ 
above. Mean±SE of OPP fluorescence from 4 experiments. #p<0.01 vs. EV, *p<0.05 vs. EV or 
LARP1 vector. 
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Figure 3. LARP1 induces growth, migration, and invasion of liver cancer cell lines. A. Huh7 
or Hep3B cell lines were transfected with EV, LARP1 vector (LARP1 OV), negative control siRNA 
(NC) or LARP1 siRNA (siLARP1) as described under Methods. Cell growth was assayed by the 
incorporation of bromodeoxyuridine (BrDU) into DNA as described under Methods. Mean±SE 
expressed as percentage of control from 3 experiments in duplicates. #p<0.01 vs. EV or NC. B. 
Huh7 and Hep3B cells were transfected as in ‘A’ and 2-D migration was assayed as described 
under Methods. Mean±SE expressed as percentage of control from 3 experiments in duplicates. 
*p<0.05 vs. EV or NC.  C. Huh7 and Hep3B cells were transfected as in ‘A’ and invasion assays 
were performed as described under Methods. Mean±SE expressed as percentage of control from 
3 experiments in duplicates. *p<0.05 vs. EV or NC. 
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Figure 4. TOP mRNA-encoded proteome induced in Mat1a-KO and LARP1-overexpressing 
SAMe-D cells, is inhibited by SAMe administration. A. Total proteome of 10-month WT, 
Mat1a-KO or Mat1a-KO±SAMe was evaluated by mass spectrometry to identify TOP mRNA-
encoded proteins. The data is represented as a heat map of fold changes of Mat1a-KO vs. WT 
and Mat1a-KO+SAMe vs. KO from 5 animals per group. P value less than 0.05 defines 
significance vs. respective controls. B. Total proteome of SAMe-D cells transfected with EV, 
LARP1 vector or LARP1 vector+SAMe treatment was evaluated by mass spectrometry to identify 
TOP-encoded proteins. The data is represented as a heat map of fold changes of LARP1 vector 
vs. EV and LARP1 vector+SAMe vs. LARP1 from 4 experiments. P value less than 0.05 defines 
significance vs. respective controls. 
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Figure 5. A. Top panel: LARP1 is induced in human NAFLD. Sections of NAFLD tissues (n=2 
each) were stained for LARP1 protein using immunohistochemistry as described under Methods. 
Bottom panel: Western blotting of LARP1 was performed from liver extracts of different NAFLD 
stages and compared to normal liver. Mean±SE from 4 normal, 4 simple steatosis, 2 NASH and 
2 cirrhosis livers are expressed as percentage of normal. *p<0.05 vs. normal. B. LARP1 and 
TOP-encoded proteins are induced in human HCC. Human HCC tissue and adjacent non-
tumorous liver (NL) extracts were subjected to western blotting for LARP1, TOP-encoded proteins 
(RPL15, RPS3, RPL14, EEF1A1) and actin loading control (left panel) or real-time PCR for 
LARP1 mRNA using HPRT1 as a normalizing control (right panel). Mean±SE from 6 normal and 
6 HCC tissues is expressed as a percentage of NL. *p<0.05 vs. NL. Three representative sets 
are shown in the figure. 
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Figure 6. Effects of site-specific phosphorylation of LARP1 on translation, 
growth,migration, and TOP protein expression in liver cancer cells. A. Huh7 cells were 
transfected with empty vector (EV), WT LARP1 vector or its phospho-site mutants, T449A, 
S471A, S697A, and S250A for 48 hours during which AHA was added to the culture medium. 
AHA-labeled proteins were detected as described under Methods. A representative western blot 
of AHA labeled proteins from 3 experiments is shown. B. Huh7 or Hep3B cells were transfected 
with EV, WT LARP1, T449A, and S471A mutants and BrDU incorporation was measured as 
described under Methods. Mean±SE expressed as percentage of EV from 4 experiments, *p<0.05 
vs. EV, #p<0.05 vs. WT LARP1. C. Huh7 or Hep3B cells were transfected as in ‘B’ above and 
migration assays were performed as described under Methods. Mean±SE expressed as 
percentage of EV from 3 experiments in duplicates. *p<0.01 vs. EV, #p<0.01 vs. WT LARP1. D. 
SAMe-D cells were transfected with EV, LARP1 or its phospho-site mutant vectors as described 
in Methods. Left panel:  LARP1, TOP proteins (RPS3 and RPL15) and Actin were measured by 
western blotting. Right panel: LARP1 or Gapdh (normalizing control) mRNA was measured by 
real-time PCR. Mean±SE expressed as percentage of EV from 3 experiments, *p<0.05 vs. EV. 
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Figure 7. CDK2 and CK2 phosphorylate LARP1 protein. A. Recombinant, full-length LARP1 
protein (rLARP1) was incubated with active CDK2 or CK2 enzymes in an in vitro kinase reaction 
at 0°C or 30°C (optimal kinase reaction temperature) as described under Methods. Samples 
without kinase were used as controls. The western blot represents phospho-serine (PSer) 
antibody immunoprecipitated LARP1 from three determinations. B. Huh7 cells were transfected 
with a negative control or CDK2 siRNA for 48 hours as described under Methods. Phosphorylation 
of LARP1 (PSer immunoprecipitation), LARP1 and CDK2 expression was measured by western 
blotting. Mean±SE expressed as percentage of negative control from 3 experiments, *p<0.05, 
#p<0.01 vs. negative control. C. The phospho-proteome of negative control or CDK2 siRNA-
transfected Huh7 cells was evaluated by mass spectrometry for changes in LARP1 phospho-sites 
as described under Methods. The heat map represents fold changes versus negative control (NC) 
from 4 experimental groups. P value less than 0.05 defines significance vs. NC. D. The total 
proteome from negative control or CDK2 siRNA-transfected cells was compared for TOP protein 
expression as described under Methods. The heat map is representative of fold changes vs. NC 
from 4 experiments. P value less than 0.05 defines significance vs. NC. 
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Supplemental Table 1: Antibodies used in this study. 

Name 
Citation 

(Pubmed ID) 
Supplier Cat no. Clone no. 

LARP1 29039571 Abcam ab86359 Polyclonal IgG 

Phospho-mTOR 
(pSer2448) 

30794695 
Cell Signaling 
Technology 

2971 Polyclonal IgG 

RPL15 29887867 Proteintech 16740-1-AP Polyclonal IgG 

RPS3 31620119 Proteintech 11990-1-AP Polyclonal IgG 

RPL14 24723395 Proteintech 14991-1-AP 
Polyclonal IgG 

 

EEF1A1 31561740 Proteintech 11402-1-AP Polyclonal IgG 

Anti-DDK (FLAG) 31831069 OriGene 
TA50011-

100 
Monoclonal 

(Clone OTI4C5 

Anti-Phosphoserine 
(PSer) 

31938062 Abcam Ab9332 Polyclonal IgG 

CDK2 31985024 Proteintech 10122-1-AP Polyclonal IgG 

Anti-β-
Actin−Peroxidase 

antibody (Control for 
in vitro experiments) 

 
31772626 

Millipore-
Sigma 

A3854 
Monoclonal 

Clone (AC-15) 

Normal rabbit IgG 21486814 Santa Cruz Sc-207 
Isotype control 

antibody 

 
 

 

 

 

 

 

 

 

 

 

 


