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Summary 
 
 
The mammalian target of rapamycin complex 1 (mTORC1) is tightly controlled by 

tuberous sclerosis complex-2 (TSC2) that is regulated by phosphorylation from kinases 

responding to environmental cues. Protein kinase G specifically modifies serine-1365 

(S1364, human), and its phosphorylation (or phosphomimetic SE mutant) potently 

blocks mTORC1 co-activation by pathological stress, while a phospho-silenced (SA) 

mutation does the opposite. Neither alter basal mTORC1 activity. Here we show S1365 

exerts biased control over mTORC1 activity (S6K phosphorylation) modifying ERK1/2 

but not Akt-dependent stimulation. Whereas mTORC1 activation by endothelin-1 is 

potently modified by S1365 status, insulin or PDGF stimulation are unaltered. TSC2-

S1365 is also phosphorylated upon ET-1 but not insulin stimulation in a PKG-dependent 

manner, revealing intrinsic bias. Neither energy or nutrient modulation of mTORC1 are 

impacted by S1365. Consistent with these results, knock-in mice with either TSC2 SA or 

SE mutations develop identical obesity, glucose intolerance, and fatty liver disease from 

a high fat diet. Thus, S1365 provides an ERK1/2-selective mTORC1 control mechanism 

and a genetic means to modify pathological versus physiological mTOR stimuli.  
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Introduction 
 

The mechanistic target of rapamycin complex 1 (mTORC1) controls cell growth, 

synthetic activity, metabolism, and protein homeostasis (Liu & Sabatini, 2020; Valvezan 

& Manning, 2019). Activation of mTOR is tightly regulated by the G-protein Rheb (Ras 

homolog enriched in brain) which upon GTP binding stimulates mTORC1. This in turn is 

negatively controlled by the GTPase-activating protein (GAP) tuberin (tuberous 

sclerosis complex-2, TSC2) (Huang & Manning, 2008). TSC2 complexes with TSC1, 

and their influence over mTORC1 activity in either direction is prominently regulated by 

TSC2 phosphorylation from multiple serine/threonine kinases(Huang & Manning, 2008). 

Prominent kinases that release constitutive TSC inhibition to activate mTORC1 are 

Akt(Inoki et al, 2002; Menon et al, 2014) and extracellular response kinase 

(ERK1/2)(Ma et al, 2005). Each modifies specific multiple serines (5 for Akt, 3 for 

ERK1/2), all but one residing in amino acids 500-1150 of TSC2. TSC2-mediated 

reduction of Rheb-GTP binding is enhanced by phosphorylation of serines within amino 

acids 1300-1450 by AMP activated protein kinase (AMPK), glycogen synthase kinase 

3b (GSK3b)(Inoki et al, 2006), and cGMP-stimulated protein kinase G (PKG)(Ranek et 

al, 2019).  

The multitude of different and potentially opposing inputs all convergent on TSC2 

raises questions as to how they interact and with what hierarchy. Prior studies have 

established that a dominant control mechanism involves altered intracellular localization 

of TSC1/TSC2 at or away from the lysosomal membrane where Rheb and mTORC1 

both reside(Carroll et al, 2016; Demetriades et al, 2016; Fitzian et al, 2021; Menon et 

al., 2014). Nutrient starvation or depletion of growth stimuli sends the TSC complex to 
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lysosomes in a TSC1-dependent manner(Fitzian et al., 2021) to inhibit mTORC1. By 

contrast, the complex translocates to the cytosol with Akt stimulation to stimulate 

mTORC1, though this is blocked with concomitant nutrient depletion(Menon et al., 

2014). Far less is known regarding how different phosphorylation sites on TSC2 

themselves selectively regulate one another, and whether they provide amplitude 

modulation or more of an on/off switch. An example of the latter is AMPK activation that 

depresses mTORC1 even in the presence of growth stimuli(Inoki et al, 2003). More 

nuanced control seems likely given system needs to balance multiple signaling inputs.   

Proof of a regulatory influence by various kinase modifications of TSC2 were 

each initially confirmed by genetic mutations to mimic or block phosphorylation. In one 

or the other direction, these manipulations altered resting mTORC1 activity(Inoki et al., 

2002; Inoki et al., 2006; Ma et al., 2005; Manning et al, 2002; Potter et al, 2002), that 

made studying their interactions harder to explore. An exception are conserved tandem 

serines in TSC2 at S1364 or S1365 (human, S1365, 1366 in mouse) phosphorylated by 

PKG(Ranek et al., 2019). If either is mutated to an alanine (SA, phospho-null) or a 

glutamic acid (SE, phospho-mimetic), basal mTORC1 activity remains unchanged in 

vitro and in vivo (Ranek et al., 2019). However, upon co-activation by a Gq,11-GPCR 

agonist such as endothelin-1 (ET-1), or by pathological pressure stress in intact hearts, 

mTORC1 activity is greatly amplified if the SA mutation is expressed and equally 

potently attenuated by the SE mutation (Ranek et al., 2019). Here, the major mTORC1 

effectors modified pathological muscle growth, hypertrophy, and autophagy, though 

other studies have revealed control over metabolism in ischemic-reperfusion injury 

(Oeing et al, 2021). Thus, these serine modifications act as rheostats, amplifying or 
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attenuating TSC2-modulated mTORC1 co-activation but not basal activity, and 

conferring similar potency in either direction. These features could prove useful for 

evolving cell-therapies where bi-directional mTORC1 modulation and regulation of 

mTOR that does not risk losing its homeostatic roles as occurs with allosteric and 

catalytic inhibitors (Pallet & Legendre, 2013) are desired.  

In this study, we tested whether TSC2-S1365 broadly modulates mTORC1 co-

stimulation or exhibits selectivity in its regulation. Using TSC2 SA and SE mutants, we 

find that S1365 provides bi-directional modulation of ERK1/2-dependent stimuli yet has 

negligible influence over Akt-mediated activation of mTORC1. This is paralleled by 

differences in intrinsic S1365 phosphorylation, and lack of modulation of diet-induced 

obesity and liver steatosis.  S1365 also has negligible influence on mTORC1 activity in 

response to ischemic conditions, or altered nutrient/energy supply. Thus, TSC2 S1365 

provides novel biased bi-directional modulation of mTORC1 activity when co-activated 

by ERK1/2 but not Akt or nutrient signaling.  
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Results 

TSC2 S1365 bidirectionally regulates ERK1/2 activation of S6K 

 The TSC2 SA mutant amplifies ET-1 stimulated mTORC1 in cardiac myocytes 

whereas TSC2 SE attenuates the response(Ranek et al., 2019). Here we tested the 

specific role played by ERK1/2 activation. NRMVs were exposed to ET-1 ± a selective 

ERK1/2 inhibitor (SCH772984, vehicle, or 0.01-10 µM; Figure 1A). ET-1 induced S6K 

(S389) phosphorylation that corresponded with ERK1/2 but not Akt phosphorylation (the 

latter at T308 relevant to mTORC1 activity). Inhibiting ERK1/2 blocked the ET-1 S6K 

response in a dose-dependent manner without altering ERK1/2 phosphorylation. 

ERK1/2 inhibition also dose-dependently increased Akt T308 phosphorylation likely by a 

feedback signal, but this had no apparent impact on pS6K that still declined to baseline. 

By contrast, ET-1 stimulated S6K was not significantly affected by the allosteric pan-Akt 

inhibitor MK2206 (0.15-15 µM, Figure 1B), leaving ERK1/2 phosphorylation unchanged 

while reducing Akt T308 phosphorylation(Iida et al, 2013).   

 We next tested the dose-dependent impact of TSC2 phospho-state mutations on 

these responses. ET-1 stimulated S6K declined markedly with incremental SE 

expression (Figure 1C) as ERK1/2 phosphorylation remained elevated and unchanged, 

and Akt phosphorylation again increased modestly.  By contrast, SA expression 

resulted in amplified pS6K from ET-1 at the same ERK1/2 activation level, and this was 

fully blocked by either inhibiting ERK1/2 or mTOR (rapamycin) in cells expressing WT or 

SA TSC2 (Figure 2A, 2B).  

To further explore the importance of ERK1/2 activation, we examined a setting 

where ET-1 stimulated S6K was differentially suppressed by co-activation of PKG. We 
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compared inhibitors of cGMP-selective phosphodiesterase type 5 (PDE5A), type 9 

(PDE9A), or direct soluble guanylate cyclase stimulators, each activating PKG. We 

recently showed the latter two but not PDE5A inhibition suppress pS6K activation by 

ET-1 even when the TSC2 SA mutation is present (Oeing et al, 2020). This was initially 

surprising, as PKG is activated by each method, but they do so in different intracellular 

domains(Lee et al, 2015; Nakamura et al, 2018); PDE5A is cytosolic whereas PDE9A 

and sGC also localize to the sarcolemmal membrane(Lee et al., 2015; Nakamura et al., 

2018; Tsai et al, 2012) where the ET-1 receptor resides. We hypothesized this might 

translate to differentially blockade of ERK1/2 activity proximal to TSC2, that would 

obviate the role of TSC2 S1365. This was tested in NRVMs expressing the TSC2 SA 

mutation and a redox-dead PKG (C42S) to enhance localization to the sarcolemmal 

membrane (Nakamura et al, 2015). Cells were stimulated by ET-1 to activate S6K, and 

this activity was unchanged by PDE5A inhibition yet prevented by PDE9-I or sGC 

activation. There were matching disparities in ERK1/2 activation, being reduced by the 

latter interventions but not PDE5A inhibition (Figure 2C). Figure 2D combines results 

from experiments in Figures 1B and 2A, showing a significant dose-response relation 

between S6K and ERK1/2 but not Akt activity. Together, these studies identify ERK1/2 

is a major S6K co-stimulant bi-directionally regulated by TSC2 S1365 (SE or SA 

mutation).  

 

TSC2 S1365 minimally reguates Akt-stimulated S6K  

 We next tested if physiological growth factors that are biased to activate Akt 

more than ERK/1/2 are also regulated by S1365. Two tyrosine-kinase growth factor 
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agonists - insulin and PDGF were examined. Insulin activated Akt and S6K in mouse 

embryonic fibroblasts (MEFs), while also co-activating ERK1/2 (Mohan et al, 2017) to a 

much lesser extent (Figure 3A). Importantly, blocking ERK1/2 did not change pS6K, 

whereas it returned to baseline levels from Akt inhibition, identifying the latter as the 

primary stimulus. The insulin response was then examined in TSC2 KO-MEFs infected 

by adenovirus expressing empty vector, or WT, SE, or SA TSC2. KO-cells had higher 

basal S6K activation that  fell similarly by expression of any of the TSC2 genotypes. 

Insulin induced S6K activation, yet strikingly, there was no decline in cells expressing 

SE (Figure 3B). This contrasts to full suppression of insulin-stimulated S6K by either an 

allosteric (rapamycin) or catalytic (torkinib) mTOR inhibitor (Figure 3C). Cells expressing 

the SA mutation exhibited a modest increase in pS6K over WT, that could reflect co-

activated ERK1/2. In each condition, Akt phosphorylation and level of exogenous TSC2 

protein expressed were similar.  The insulin results were further confirmed using 

another tyrosine kinase receptor ligand – platelet derived growth factor (PDGF, 20 

ng/mL x 30 min) in the same cell model. PDGF also induced robust pAkt and pS6K and 

both were unaltered by the TSC2 S1365 genotype co-expressed (Figure 3D). Together, 

these findings show that mTORC1 activation via Akt-dominant pathways is little 

modified by S1365 TSC2. 

 

Influence of S1365 modulation on balanced ERK1/2 and Akt co-stimulation  

 To further assess biased TSC2 S1365 regulation of ERK1/2 versus Akt, we 

examined thrombin which co-activates both pathways similarly in MEFs (Figure 4A). 

Cells lacking TSC2 had no S6K activation from thrombin despite ERK1/2 activation, but 
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pS6K rose in cells re-expressing WT-TSC2 (Figure 4B). Blocking Akt reduced thrombin-

stimulated pS6K in WT but not the KO cells, while pERK1/2 was unchanged. 

Alternatively, blocking ERK1/2 in TSC2-WT expressing cells (Figure 4C) reduced 

thrombin-stimulated pS6K without changing pAkt, supporting dual contributions from 

both pathways. We then tested if TSC2 SE expression that potently blocks ERK1/2 

stimulated S6K also altered Akt activity if both were similarly co-stimulated. While SE 

expressio reduced the rise in pS6K versus WT (Figure 4D, 4E), reduction in pS6K from 

Akt inhibition was achieved similarly in each group (Figure 4F). This further supports a 

negligible impact of S1365 on Akt signaling when co-activated with ERK1/2.  

 

Increased pS1365 is coupled to ET-1 but not insulin stimulated mTORC1 

 The amplification by the SA mutation of mTORC1 activation by ET1-ERK1/2 but 

not insulin-Akt stimulation suggested pS1365 is normally engaged as a counter-brake 

by the former but not latter pathway. To test this, we studied NRVMs exposed to either 

ligand for 15 min, with vehicle, ERK1/2 or Akt inhibitor respectively, or the PKG inhibitor 

DT3 (1 µM) which is known to phosphorylate the site in cardiomyoctes(Ranek et al., 

2019). S1365 phosphorylation increased after ET-1 stimulation, and this was unaltered 

with ERK1/2 inhibition but prevented by PKG inhibition (Figure 4G). By contrast, Ins did 

not increase pS1365, nor was this modified further by adding either Akt or PKG 

inhibitors. Thus ET-1 but not Ins stimulation results in PKG-dependent S1365 

phosphorylation, supporting intrinsic differential regulation of the pathways.  

 

S1365 minimally controls mTORC1 via energy/nutrient depletion/repletion  
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 Energy depletion activates AMPK, and its phosphorylation of TSC2 at S1387 

suppresses S6K activity equally in TSC2WT or TSC2SA expressing KO-MEFs (Ranek et 

al., 2019). Here we tested a simulated ischemia (SI) model combining reduced glucose, 

acidosis, and hypoxia that stimulates AMPK (Mungai et al, 2011) and REDD1 (protein 

regulated in development and DNA damage) (DeYoung et al, 2008) to reduce S6K 

activation. Figure 5A shows marked reduction in S6K phosphorylation with SI that was 

negligibly altered by expressing TSC2 SA or SE.  

 Depletion or abundance of growth factors and/or nutrients are also potent 

modulators of mTORC1 activity by altering TSC2 localization to or from the lysosome, 

respectively (Demetriades et al., 2016; Menon et al., 2014). To test the impact of TSC2 

S1365 modification to these stimuli, NRVMs expressing each form were cultured in FBS 

followed by serum-free conditions (each 1 hr). Cells in FBS had slightly higher S6K 

activity if they expressed SA (Fig. 5B) consistent with the presence of multiple growth 

factors. However, with serum depletion, levels declined markedly and independent of 

TSC2 genotype. We also tested the effects of amino acid depletion, with cells placed in 

dialyzed FBS removing free amino acids, and then switched to media containing amino 

acids (each 1 hr). S6K activation was low with amino acid depletion and increased 

similar in all TSC2 groups with its repletion (Figure 5C). Together, these data indicate 

that TSC2 1365 modification does not influence energy or nutrient stimuli associated 

with S6K activation or inhibition.  

 

S1365 phosphosite mutagenesis does not alter diet-induced obesity  
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 In hearts subjected to either pressure-overload and ischemia-reperfusion injury, 

the status of S1365 (e.g. SA or SE) potently alters the consequent levels of mTORC1 

activity and corresponding pathophysiology(Oeing et al., 2021; Ranek et al., 2019). Both 

stresses engage ERK1/2 stimulation, the former in conjunction with activation of 

multiple pathogenic kinases(Bueno et al, 2000), and the latter as a protective 

mechanism(Lips et al, 2004), both directions being concordant with the detriment or 

benefit respectively from SA expression. Another stress, diet-induced obesity, also 

stimulates mTORC1 in fat, liver, and skeletal muscle(Khamzina et al, 2005); however, 

this is primarily achieved by Akt(Dann et al, 2007; Khamzina et al., 2005; Zhang et al, 

2009b) - S6K signaling to stimulate adipogenesis and obesity, fatty liver, and metabolic 

syndrome(Jia et al, 2014; Um et al, 2004). Based on the current results, we 

hypothesized that mice harboring a WT, SA or SE TSC2 mutation would respond 

similarly to diet-induced obesity.   

After 18 weeks of a HFD, each genotype developed superimposable increases in 

body weight (Figure 6A). Resting plasma glucose was also similarly elevated in each 

group (P=and the response to a glucose challenge was essentially identical (Figure 6B). 

In all models, there was extensive lipid deposition in the liver in marked contrast to livers 

from aged-matched mice in each group fed a control diet (Figure 6C). Together, these 

results in a relevant model known to involve Akt-mediated mTORC1 activation as a 

major component of its pathophysiology was unaltered by SA or SE mutations.  
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Discussion 

 Modulation of mTORC1 activation by TSC2 involves balancing multiple signaling 

inputs, the majority being transduced by phosphorylation at specific serines and 

threonines within a 900 amino acid mid-region of the protein. Unlike Akt, ERK1/2, 

AMPK, or GSK3b that require altering multiple residues to modulate mTORC1 (Inoki et 

al., 2002; Inoki et al., 2006; Inoki et al., 2003; Ma et al., 2005; Manning et al., 2002),  

modification of one serine at S1365 is sufficient to confer regulatory effects – not on 

basal but on co-stimulated mTORC1 activity. Here we show this regulation applies to 

ERK1/2 but not Akt activation pathways, nor does it modulate mTORC1 modulation by 

nutrient or amino-acid supply. The latter differs from Akt-TSC2 phosphorylation and S6K 

activation(Menon et al., 2014) that is blocked by nutrient depletion. Figure 7 

summarizes the signaling revealed in our study. While we tested several growth factors, 

there are many receptor tyrosine kinases, cytokines, immune antigen receptors, and G-

protein coupled receptors that also stimulate Akt(Manning & Toker, 2017)  We suspect 

these are also unlikely to be altered by S1365 modulation. Alternatively, many pathways 

that engage ERK1/2, including GPCRs, oxidant stress, protein kinase C and RSK1 

stimulation (Ma et al., 2005) are likely modified by S1365. These findings reveal a new 

means of nuanced mTOR1 regulation via TSC2 to regulate some forms of co-activation 

but not others.  

 The strong bias for S1365 to control ERK1/2 but not Akt modulation of mTORC1 

is consistent with its intrinsic phosphorylation by the former but not latter stimulus. Gq-

coupled GPCRs activate ERK1/2 by phospholipase Cb-PKC and Ras dependent 

pathways. Both ET-1(Kapakos et al, 2010; Nakamura et al., 2015)  and Ins(Anfossi et 
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al, 2009; Yu et al, 2011) co-activate nitric oxide synthase dependent cGMP-PKG 

activation via Akt-dependent signaling. Yet we only observed pS1365 with ET-1 

stimulation. This is intriguing and may result from locally constrained PKG signaling, a 

property of the kinase.  It indicates S1365 is likely an intrinsic and selective counter-

brake on certain mTORC1 activation pathways, with those that themselves lead to 

enhanced pS1365 being modulated by its phospho-status (or site mutagenesis) and 

those that do not alter pS1365 little impacted. PKG is not the only kinase that can 

phosphorylate S1365, as PKC can do this as well(Ballif et al, 2005), and other kinases 

may also play a role in other cell types.   

 Evidence to date shows that rather than altering TSC2-GAP activity, the primary 

mechanism by which TSC2 modulates mTORC1 is by altering intracellular localization 

to or away from the lysosomal membrane. As first reported by Manning and 

Demetriades, starvation and growth factor or amino acid depletion moves TSC2 to the 

lysosome to reduce Rheb-GTP binding and suppress mTORC1, whereas Akt activation 

does the opposite(Demetriades et al, 2014; Demetriades et al., 2016; Menon et al., 

2014). In 2021, Fitzian et al. reported that TSC1 is important for this translocation, 

binding to phosphoinositol phospholipid PI3,5P2 at the lysosomal membrane and 

thereby positioning TSC2 for mTORC1 inhibition. Whether this or other mechanisms 

apply to TSC complex movement from lysosomes upon Akt or ERK1/2 activation or 

their selective modulation by S1365 is the subject of ongoing research. However, the 

lack of basal phenotypes with both SA and SE mutants, and preservation of nutrient, 

energy, and physiological growth factor signaling via Akt suggests something else is 

involved. To our knowledge, evidence that ERK1/2 activation translocates TSC1/TSC2 
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complex to the cytosol is not reported, but if it did, then the SE mutation would appear to 

reverse it and SA augment the translocation. Mechanisms for such bi-directional and 

biased control have not yet been identified.   

 MTORC1 activation in diet-induced obesity (DIO) has long been thought to play a 

major pathophysiological role, contributing to abnormal tissue fat deposition particularly 

in liver (Han & Wang, 2018; Wang et al, 2015), type-2 diabetes and insulin 

desensitization(Bar-Tana, 2020), lypogenesis(Zhang et al, 2009a), and other changes. 

Mice lacking S6K are resistant to this stress and consequent metabolic syndrome(Um et 

al., 2004). Yet, none of these abnormalities were altered by preventing or mimicking 

S1365 phosphorylation. When we first performed this in vivo study, we expected SA 

mice to exhibit worse DIO and metabolic syndrome, and SE mice the opposite. While 

the results seemed puzzling at first, they later made sense in light of the dichotomy 

between S1365 regulation of ERK1/2 but not Akt stimulated mTORC1. They also help 

clarify potential targets for S1365 modulation, suppressing Gq-GPCR, ROS, and other 

pathological stimuli, while preserving physiological signaling mediated by insulin and 

other receptor tyrosine kinases (RTKs). It is interesting that PKG stimulation is known to 

counter pathological vascular and cardiac growth/remodeling as with chronic 

hypertension, but not to impair physiological growth adaptations as with 

exercise(Takimoto et al, 2009). Furthermore, though activating PKG suppresses 

pressure-overload cardiac disease, it does not block analogous pathology due to 

overexpressed Akt activation(Takimoto et al, 2005).   

 Most of the experiments presented in this study stimulated pathways using 

receptor ligands as opposed to over-expressing a constitutively active kinase.  We 
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chose this approach to generate acute changes rather than prolonged signaling that can 

itself trigger compensations. While these ligands did not purely trigger one pathway, 

(ERK1/2 vs Akt), their balance was sufficiently different to address the hypothesis. We 

also used selective kinase inhibitors rather than genetic silencing methods, as the latter 

can also induce feedback loops via other signaling to make interpretations less direct. 

We have not yet identified the intra-molecular mechanism by which S1365 on TSC2 can 

selectively modulate ERK1/2 but not Akt signaling.  However, recent molecular structure 

data and ongoing efforts should pave the way for such insights in the future. The finding 

of parallel disparities in the phosphorylation of S1365 with ET-1 but not Insulin 

stimulation may help identify this mechanism. PKG is a primary S1365-modifying kinase 

in both cardiomyocytes and fibroblasts that results in suppressing mTORC1 co-

activation. Other kinases reported to modify the site such as PKC also activate 

mTORC1 so this maybe another example of a co-stimulated brake. Control by S1365 of 

several other TSC2-regulatory pathways, including p38 MAP kinase and 14-3-3 

(DeYoung et al., 2008; Huang & Manning, 2008) that inhibit TSC2 to activate mTORC1, 

remains to be determined.  

 To our knowledge, S1365 is the first TSC2 regulatory site revealed that not only 

leaves basal mTORC1 signaling intact despite mutagenesis to phospho-silenced or 

mimetic forms but is also selective to modulating mTORC1 activity when pathological 

ERK1/2 co-stimulation is present yet preserving signaling coupled to many other 

modulators. While first revealed in cardiomyocytes and MEFs, this pathway is 

ubiquitous and likely has regulatory significance in all cells. Only single gene mutations 

are needed to generate SA or SE forms, making gene editing for adoptive cell therapy 
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quite tractable. Ongoing studies are assessing the use of these gene modifications to 

enhance immunological treatment of diseases such as cancer, and the present findings 

help clarify what type of signal amplification/attenuation one can expect.  
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Materials and methods 

Cell culture models  

Rat neonatal cardiomyocytes (NRVMs) were freshly isolated as previously 

described(Lee et al., 2015) and cultured at 1 million cells per well in six-well plates for 

24 hr in DMEM with 10% FBS and 1% penicillin/streptomycin before study. In addition, 

studies were performed using TSC2 knockout mouse embryonic fibroblasts (MEFs) 

were cultured in DMEM with 10% FBS and 1% pen/strep to 50-60% confluence. Both 

NRVMs and TSC2 KO MEFs were modified to express WT, SA, or SE TSC2 mutant 

protein using either adenovirus or plasmid expression vectors applied at reported 

MOI(Oeing et al., 2020) for 3 to 4 hours in serum free media. Plasmids were applied 24 

hours after plating, (5 μg with Takara Clontech Xfect in NRVMs, 2.5 ug and 7.5ul 

Lipofectamine LTX reagent, Thermo Fisher’s Lipofectamine LTX & PLUS Reagent, 

MEFs) following manufacturer’s protocol. All cells were provided 48 hours to express 

the TSC2 proteins prior to study. To assess intrinsic TSC2 S1365 phosphorylation, 

NRCMs were cultured in no-serum media for 24 hours prior to study, then pre-treated 

with SCH772984 (10 uM), Akt (MK-2206, 150 nM), PKG (DT3, 1 uM), or vehicle for one 

hour prior to ET-1 (100 nM), insulin (10 ug/ml), or vehicle stimulation for 15 minutes. 

They were then lysed and examined for TSC2 S1365 phosphorylation. 

 

Stimulation and Kinase Modulation:  

ERK1/2 stimulation was achieved using either endothelin-1 (ET-1) in s, or 

thrombin in MEFs. Selective ERK1/2 inhibition was achieved with 10 μM SCH772984 

and Akt inhibition using 150 nM MK-2206 (unless otherwise indicated), each provided 1 
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hour prior to stimulation by 100 nM ET-1 or 100 nM thrombin for 15 min. In additional 

NRVM studies, PKG was stimulated using a selective inhibitor of either 

phosphodiesterase type 9 (PF-04449613, 0.1 μM), type 5 (sildenafil, 1 μM), or 

guanylate cyclase activator (Bay-602770, 0.1 μM).   

Effects from Akt stimulation was tested using insulin or platelet derived growth 

factor (PDGF) in MEFS or TSC2-KO MEFs, the latter also infected with AdV expressing 

WT, SE, or SA TSC2. Cells were serum starved overnight and then stimulated with 

insulin (0.5 μM) or PDGF (20 ng/ml) for 30 minutes. Doses were based on screening 

dose response assays assessing for Akt and S6K activation.   

Simulated ischemia, serum withdrawal, and amino acid depletion/repletion were 

studied in NRVMs. To simulate ischemia, NRVMs were subjected to 30 minutes of 

hypoxia, acidosis, and reduced glucose using a hypoxia chamber and ischemia-

mimicking buffer containing 125 mM NaCl, 6.25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM 

CaCl2, 1.25 mM MgSO4, 5 mM sodium lactate, 8 mM KCl, 20 mM HEPES, and 20 mM 

2-deoxyglucose (pH adjusted to 6.6) as described(Oeing et al., 2021). For serum 

withdrawal, cells were provided fresh DMEM supplemented with 10% FBS for 1 hour 

followed by incubation with DMEM lacking FBS for 1 hour. Amino acid 

depletion/repletion used DMEM deplete of amino acids and supplemented with 10% 

dialyzed FBS and 1% pen/strep for 1 hour, followed by medium containing the full 

complement of amino acids, DMEM, and supplemented with 10% dialyzed FBS and 1% 

pen/strep.  

 

Reagents, constructs, and antibodies 
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Primary antibodies used were anti-phospho-p70 S6 kinase (Thr389) (Cell Signaling 

Technology, 1:1000), anti-p70 S6 kinase (Cell Signaling Technology, 1:1000), anti-

phospho-4E-BP1 (Ser65) (Cell Signaling Technology, 1:1000), anti-phospho-ULK1 

(Ser757) (Cell Signaling Technology, 1:1000), anti-4E-BP1 (Cell Signaling Technology, 

1:1000), anti-phospho-Akt (Ser473) (Cell Signaling Technology, 1:1000), anti-phospho-

Akt (Thr308) (Cell Signaling Technology, 1:1000), anti-Akt (Cell Signaling Technology, 

1:1000), anti-Tuberin/TSC2 (Cell Signaling Technology, 1:1000), anti-phospho-p44/42 

MAPK (ERK1/2) (Thr202/Tyr204) (Cell Signaling Technology, 1:1000), and anti-p44/42 

MAPK (ERK1/2) (Cell Signaling Technology, 1:1000). Total protein stain used was 

Revert Total Protein Stain (Licor). We generated N-terminally HA tagged TSC2 

constructs as previously described (Ranek et al., 2019). Adenovirus was developed 

expressing the HA-tagged wild type human TSC2, TSC2 (S1364A) or TSC2 (S1364E) 

as previously described (Ranek et al., 2019).  

 

Immunoblotting 

Cells were lysed in lysis buffer (Cell Signaling Technology, 9803) and the protein 

concentrations were determined by BCA assay (Pierce). Samples were prepared in 

Licor protein sample loading buffer and run on TGX 7.5% and 4-20% Tris-glycine gels 

(Bio-Rad) and blotted onto a nitrocellulose membrane. Membranes were incubated with 

primary antibodies overnight at 4°C, followed by incubation with secondary antibodies 

(Licor). Membranes were imaged with infrared imaging (Odyssey, Licor) and quantified 

with Licor Image Studio Software 3.1.  
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In Vivo High-fat diet induced Obesity 

Age matched male mice harboring homozygous KI mutations for SA (n=8), SE (n=14) or 

littermate WT controls (n=14) were fed 60% high fat diet (Research Diets, D12492, 60 

kcal% fat) for 18 weeks, starting at age 10-12 weeks. An additional group of n=3-5 mice 

of each genotype were placed on regular diet for the same time. Serial weights were 

obtained every other week. After 18 weeks resting plasma glucose and glucose 

tolerance tests were obtained after overnight fasting (18 hours). For the glucose 

tolerance test, the mice injected with 10 µl/gm body weight sterile 10% glucose in 

normal saline. Blood glucose was then measured serially by standard blood glucose 

meter from a tail-tip clip-bleed.   

 

Statistical Analysis 

Data are mostly analyzed by 1- or 2-way ANOVA,  or by non-parametric Kruskal Wallis 

or Mann Whitney U tests, as appropriate. Each test is identified in the figure legends. 

Multiple comparisons tests (Sidak, Dunns, or Tukey) were used to obtain within group 

comparisons, and area also identified in the legends. Statisitcal analysis was performed 

using Prism Version 9.0.  
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Figure Legends: 
 
Figure 1) ET-1 stimulates S6K by ERK1/2 Activation blocked by TSC2-S1365E.  

A) Example immunoblots and summary data of dose dependent decline in ET-1 

induced S6K phosphorylation by ERK1/2 inhibition (SCH) in NRVMs. ERK1/2 

phosphorylation does not significantly change but Akt phosphorylation rises at higher 

doses. N=6/group; **** P<1e-4, *** P≤ 0.0006, ** P≤ .006, * P=0.01; Welch ANOVA, 

Dunnet’s test for multiple comparisons. B) Inhibition of Akt does not significantly reduce 

S6K activation by ET-1. * p=0.002 Mann Whitney; for pAktp-AktpAkt; N=6/group; 

Kruskal Wallis test, Dunns MCT; * P = 0.02. C) Expression of TSC2-SE mutant reduces 

ET-1 stimulated S6K in dose dependent manner; ERK1/2 activity is unchanged, and Akt 

activity rises with higher SE expression. N= 4/group; ANOVA, Sidak’s MCT: * P<10-7 

versus WT vehicle control; † P= 0.003.  

 

Figure 2. ET-1 stimulated S6K amplified by TSC2-S1365A is ERK1/2 dependent. 

A) Example immunoblots and B) summary data showing ET-1 stimulated S6K in 

NRVMs is augmented by expression of a S1365A (SA) mutation without altering 

ERK1/2 phosphorylation. This is equally blocked by ERK1/2 (SCH) or mTOR 

(rapamycin, Rapa) inhibition. N=4/group; P values from 2-way ANOVA for genotype and 

interaction of genotype and condition. **** p<0.0001 by MCT. C)  Effect of ET-1 

stimulation on S6K and ERK1/2 phosphorylation in NRMVs co-expressing TSC2-

S1365A and PKG C42S mutations exposed to PKG activation by different mechanisms.  

Cells are treated with vehicle (Veh), PDE5 (P5-i) or PDE9 (P9-i) inhibitor, or soluble 

guanylate cyclase activator (sGC). P9-i and sGC but not P5-i suppress pS6K that 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452249doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452249


 28 

corresponds to differential ERK1/2 activation and occurs despite the TSC2-SA mutation 

that prevents pS1365 modification. N=6/group; Welch ANOVA, Dunnett’s MCT; *** P≤ 

0.001; **** P=0.00006. D) Summary analysis from data in Figure 1B and 2A revealing 

how S6K phosphorylation correlates with ERK1/2 but not Akt phosphorylation. Data are 

replot with baseline normalized to 1.0 and peak ET-1 response to 4.0. P values 

displayed are for linear regression of each respective relation.  

 

Figure 3. S1365 modulation does not regulate Akt-stimulated pathways.  

A) Insulin stimulated pS6K in MEFs is not altered by ERK1/2 inhibition but is by Akt 

inhibition; example  immunoblot (left) and summary data (right) shown. N=6/group; 

ANOVA, Holm Sidak MCT: ** P £ 0.004, *** P=0.0002; **** P**** P≤ 0.00002. B) 

Example immunoblot and summary results for insulin stimulation in TSC2 KO-MEFs 

infected with AdV expressing empty vector (KO), or WT, SA, or SE TSC2. N=12/group; 

2-Way ANOVA, Sidak’s MCT; * P<2-7 versus Vehicle KO; † P<3-7 vs KO+ insulin; ‡ P≤6-

7 versus KO+insulin. C) Insulin stimulated S6K is fully blocked by rapamycin (Rapa) or 

torknib (Tork), contrasting to effect from SE mutant.  N=6/group; Welch ANOVA, 

Dunnet’s test; * p<0.0003 vs other groups.  D) PDGF stimulation potently activates Akt 

and S6K and this response is not significantly altered by TSC2 mutants vs WT. 

N=6/group; 2WANOVA, P=2.6x10-12 for PDGF effect, 0.7 for genotype effect, and 0.8 

for genotype-PDGF interaction.  
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Figure 4. Effect of S1365 on ERK1/2 - Akt Co-activation and impact of each on 

pS1365. 

A) Immunoblot of MEFs exposed to thrombin showing balanced activation of ERK1/2 

and Akt.  B)  Immunoblot and summary data for TSC2 KO-MEFs and cells with WT 

TSC2 re-expressed, exposed to thrombin ± Akt inhibition (MK2206). N=4/group TSC2-

KO; N=11/group WT. P values displayed are for Kruskal Wallis test, **** P= .00009, ** 

P=0.009 by Dunns’ MCT. C) Example immunoblot and summary data for the same 

experiment but ± ERK1/2 inhibitor (SCH).  N=6/group; KW test P-values displayed; 

Dunns MCT: † P=0.1, ** P=0.007. D) Example immunoblot for KO-MEFs re-expressing 

either TSC2-WT or TSC2-SE, stimulated with thrombin ± Akt inhibitor (MK2206). E) 

Summary data from this experiment showing percent rise in P/T S6K from thrombin in 

SE vs WT TSC2 expressing KO-MEFs. N=7-8/group; P value displayed Mann Whitney 

U test. F) Effect of Akt inhibition on P/T S6K in response to thrombin in cells expressing 

WT versus SE TSC2. N=8/group; 2W-ANOVA, Sidak’s MCT - P-values displayed. G) 

Differential effect of ET1 or insulin stimulation on TSC2 pS1366 (equivalent to S1365 in 

mouse), and impact of ERK1/2 or Akt inhibition, or PKG activation. N=6/group; 

1WANOVA, Sidak’s MCT. * P=0.004; ** P=0.002; † - p=0.0027; ‡ P=0.018; § P=0.94.   

 

Figure 5. TSC2 S1365 has minimal influence on energy or nutrient regulation of 

S6K. 

A)  NRMVs exposed to simulate ischemia (SI) display marked suppression of S6K 

activation that is similar regardless of the TSC2 S1365 genotype. There is slightly less 

activation after SI in SA expressing cells. N=4/group; Kruskal Wallis test, Dunns MCT: * 
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P=0.03 vs WT-SI. B) Effect of serum depletion on S6K activation. With serum, pS6K 

was somewhat greater in SA expressing cells, but all decline markedly with serum 

depletion regardless of genotype. N=6-7/group; 2WANOVA P-values provided; Sidak’s 

MCT: P values shown. C) Amino acid repletion stimulates S6K similarly regardless of 

S1365 genotype expressed. P value for 2WANOVA genotype effect displayed. Effect of 

genotype: P= 0.72; Genotype x AA repletion - P=0.44.  

 

Figure 6. TSC2 S1365 does not regulate response to diet induced obesity. 

A)  Body weight increased similarly in SA or SE homozygous KI mice or littermate 

controls over 18 week duration. N: Control: WT=3, SE=5, SA-3, high fat diet (HFD): 

WT=14; SE=14, SA=8; 2WANOVA, P=0.23 for time x genotype; p=0.11 for genotype; 

P<10-10 for time. B) Basal glucose is similarly elevated in each genotype group. 

Replicates as in panel A. ANOVA: P=0.9 for genotype x diet interaction; HFD vs control: 

* P=0.002, † P=0.0003; ‡ P=001. C) Glucose response test also displayed very similar 

responses indicating similar insulin desensitization. N=6/group; 2WANOVA: P=0.31 for 

time x genotype, 0.57 genotype, P=10-9 time). D) Examples of H/E-stained liver from 

WT, SA, and SE KI mice with control versus HFD. There is similar marked steatosis 

independent of the TSC2 genotype.  Controls on standard diet are shown below each 

panel. Data reflect total n=6-8/group, with P>0.6 for genotype effect on steatosis (c2 

test).   

 

Figure 7. Schematic of TSC2-1365 regulated and non-regulated signaling. A Gq,11 – 

GPCR typified by ET-1 receptor and TKR typified by insulin receptor are depicted along 
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with their downstream signaling. ET-1 prominently activated PLCb-PKC-ERK and Ras-

ERK pathways leading to TSC2 phosphorylation and mTORC1 activation indexed by 

pS6K. Insulin more prominently activates PI3K-Akt also leading to mTORC1 activation. 

However, the former but not latter results in concomitant phosphorylation of TSC2 

S1365. An SA mutation of this site blocks this and amplifies ET-1 but not insulin 

mediated mTORC1 activation, while an SE mutation mimics pS1365, also blunting ET-1 

but not insulin stimulated mTORC1. ET-1 stimulated pS1365 is PKG but not ERK-

dependent and involves kinase activation upstream of ERK as it is unaltered despite 

ERK1/2 inhibition. This correlates with the capacity of S1365 modulation to potently 

alter ET-1 activation of mTORC1.  By contrast, insulin does not lead to pS1365 and its 

activation of mTORC1 is correspondingly insensitive to S1365 phospho-mutations.  
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