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Abstract

Mechanistic target of rapamycin (mnTOR) complex 1 (mTORCL1) integrates diverse intracellular
and extracellular growth signals to regulate cell and tissue growth. How the molecular
mechanisms regulating mTORCL1 signaling established through biochemical and cell biological
studies function under physiological states in specific mammalian tissues are unknown. Here, we
characterize a genetic mouse model lacking the 5 phosphorylation sites on the tuberous sclerosis
complex 2 (TSC2) protein through which the growth factor-stimulated protein kinase AKT can
active mTORC1 signaling in cell culture models. These phospho-mutant mice (TSC2-5A) are
developmentally normal but exhibit reduced body weight and the weight of specific organs, such
as brain and skeletal muscle, associated with cell intrinsic decreases in growth factor-stimulated
MTORC1 signaling. The TSC2-5A mouse model demonstrates that TSC2 phosphorylation is a
primary mechanism of mMTORC1 activation in some, but not all, tissues and provides a genetic
tool to facilitate studies on the physiological regulation of MTORCL1.
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Cell intrinsic growth factor-stimulated signaling pathways are believed to coordinate organ
development, growth, and function in metazoans. While the molecular mechanisms underlying
key signaling pathways have been established through previous biochemical and cell biological
studies, how these mechanisms function in physiological settings at the organismal and tissue
level are poorly understood. Genetic evidence indicates that the PI3K-mTORC1 pathway is a
critical determinant of cell and tissue growth, including in rodents and humans. However, how
PI3K signals to mTORC1 to influence the physiological growth of mammalian tissues is
unknown.

In addition to being central to the control of insulin-responsive glucose metabolism?, PI3K-
AKT signaling can promote anabolic metabolism and tissue growth, in part, through activation
of the mechanistic target of rapamycin (mMTOR) complex 1 (mTORC1), which has the capacity
to integrate signals from multiple additional pathways that can also reflect local and systemic
nutrient and energy status®. Through cell culture studies, several molecular mechanisms have
been proposed for AKT signaling to activate mTORC1 (Fig-1A). The core essential components
of MTORC1 are the Ser/Thr kinase mTOR, lethal with SEC13 protein 8 (LST8), and regulatory-
associated protein of mMTORC1 (RAPTOR). Originally, AKT was found to directly
phosphorylate mTOR on S2448%%, a phosphorylation event that correlates with increased
mTORC1 signaling. However, a molecular effect of S2448 phosphorylation on mTORC1
signaling has yet to be found, and it can occur on mTOR within both mTORC1 and a second
mTOR-containing complex, mTORC2, which functions upstream of AKT®’. Furthermore,
MTOR-S2448 is now believed to be primarily phosphorylated by S6K1, an AKT-related protein
kinase that is activated downstream of mTORC18°, AKT also directly phosphorylates a
dispensable component of mMTORC1 dubbed proline-rich AKT substrate of 40 kD (PRAS40)™¥,
which can associate with mTORC1 in an inhibitory manner but is also a direct substrate of
mTORC1*1, AKT-mediated phosphorylation of T246 on PRAS40 has been suggested to
relieve an inhibitory effect of PRAS40 on mTORC1, thereby contributing to mTORC1 activation
downstream of AKT314,

mMTORC1 is activated through a ubiquitously expressed small GTPase named RAS-homolog
enriched in brain (RHEB), which in its GTP-bound state directly engages and activates mTOR
within mTORC13. The only known regulator of RHEB is the tuberous sclerosis complex (TSC)
protein complex, which is comprised of the TSC1, TSC2, and TBC1D7 proteins and acts as a
GTPase-activating protein (GAP) for RHEB through a C-terminal domain on TSC2. The GAP
activity of the TSC complex maintains RHEB in its GDP-bound state, thereby serving as an
essential negative regulator of mTORC1 signaling. Importantly, AKT can promote the RHEB-
mediated activation of mMTORC1 by phosphorylating 5 residues on TSC2 (human full-length
numbering: S939, S981, S1130, S1132, T1462) within the TSC complex, thereby relieving its
inhibition of RHEB (Fig-1A,B)*-18, Other growth factor signaling pathways, including the
ERK-RSK pathway, can also activate mTORC1 via phosphorylation of both distinct and
overlapping residues on TSC2%2, |llustrating the importance of the TSC complex in
suppressing mTORCL activation, genetic loss of TSC complex components result in constitutive,
growth-factor independent activation of mTORC1 signaling and an increase in cell size?*24,

Intracellular energy and nutrients also play an essential role in the regulation of mTORC1. While
there are multiple mechanisms through which mTORCL1 can sense even subtle decreases in
intracellular ATP?®, the initial mechanisms involve the AMP-activated protein kinase (AMPK).
AMPK phosphorylates and activates TSC2 within the TSC complex while also phosphorylating
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RAPTOR within mTORC1, both events serving to inhibit mTORCL in response to energy
depletion (Fig-1A,B)?28. In some settings, AKT can phosphorylate and inhibit AMPK?°,
suggesting yet another possible route from AKT to enhanced mTORC1 signaling. mTORC1
activation is also exquisitely sensitive to the depletion of specific nutrients, including amino
acids and glucose. A major mechanism by which mTORC1 senses these nutrients is through the
RAG family of GTPases, which under nutrient-replete conditions are in the proper GTP/GDP-
bound state to directly bind mTORC1 and dock the complex to the surface of the lysosome®*-=°,
Unlike RHEB, the RAG GTPases do not activate mTORC1 but bring it to the lysosome where it
can be activated by a subpopulation of RHEB that is present there. As AKT signaling can
promote glucose and amino acid uptake into cells®, it could, theoretically, also influence the
RAG pathway to indirectly promote mTORC1 activation (Fig-1A). Thus, AKT signaling appears
to influence the activation state of mMTORCL in cells through multiple mechanisms, the
importance of which have yet to be established in vivo.

While the physiological functions of the specific signaling mechanisms described above are
unknown, several mouse models have been generated to help define the general role of the core
mTORCL1 signaling components. Germline knockout of Tscl, Tsc2, or Rheb, encoding the key
mTORC1-proximal components involved in growth factor signaling to mTORC1, or genes
encoding components of mMTORCL1 itself, such as Mtor, MIst8, or Rptor, result in embryonic
lethality at various early stages of development, thus preventing a broader ability to study the
role of these proteins in organismal growth and physiology?>3"~#*. Homozygous knockout of the
third core component of the TSC complex, TBC1D7, does not influence viability but results in
increases in brain and muscle fiber size, illustrating the sensitivity of these tissues to even modest
changes in mTORC1 signaling*. Several conditional deletion models have been used to study
the tissue-specific consequences of either complete constitutive activation of mMTORC1 (Tscl or
Tsc2 knockouts)**® or complete loss of mMTORC1 activity (Rheb or Rptor knockouts)**-52,
While these models are helpful to understand the consequences of extreme, all or nothing, effects
on mTORC1 signaling, the highly integrative nature of mTORCL1 regulation is lost and the
phenotypes arising are often secondary to ablation of these essential signaling components. For
instance, chronically elevated mTORCL signaling from loss of the TSC complex in specific
tissues can yield an initial increase in tissue size but ultimately results in proteotoxic stress and
tissue damage with age and is accompanied by a strong feedback inhibition of PISK-AKT
signaling**45485455 effects that do not necessarily reflect physiological consequences of
regulated mTORCL1 signaling.

Here, we describe the generation and initial characterization of a novel genetic mouse model that
conditionally replaces endogenous TSC2 with a phospho-mutant of TSC2 that cannot be
phosphorylated and regulated by AKT (TSC2-5A), thus eliminating a major mode of AKT
signaling to mTORC1. We find that TSC2-5A embryos have normal mTORC1 signaling and are
born at mendelian ratios, indicating that this regulation is dispensable for mouse development.
However, primary cells derived from these embryos and mice display defects in both basal and
growth factor-stimulated mTORC1 signaling, and TSC2-5A mice exhibit a decrease in lean body
mass and the weight of specific organs relative to their TSC2-WT counterparts. We characterize
the brain and skeletal muscle phenotypes and find cell intrinsic changes in mTORCL1 signaling
and function accompanying these differences in organ size. Thus, this study demonstrates the
physiological importance of AKT-mediated phosphorylation of TSC2 for the tissue-specific
control of mMTORC1 signaling and organ growth.
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Results
A genetic mouse model to disconnect AKT signaling from TSC2 regulation

Support for the several previously proposed mechanisms of AKT-mediated activation of
mTORC1, discussed above, stems largely from studies performed in immortalized proliferating
cell lines. To begin to understand the physiological relevance of AKT-dependent regulation of
mTORC1 by growth factor signaling, we examined this regulation in non-proliferative,
terminally differentiated cells. Primary hepatocytes, myotubes and neurons were isolated from
C57BL/6J mice and stimulated with insulin or insulin-like growth factor 1 (IGF1) in the presence
or absence of the AKT inhibitor MK2206, the MEK inhibitor trametinib, or the mTORC1
inhibitor rapamycin. While the level of basal mTORC1 signaling varied between these primary
cells, insulin/IGF1 acutely stimulated mTORCL in all cell types, as scored by phosphorylation of
the direct mMTORC1 substrates S6K1 and 4EBP1 (indicated by immunoblot mobility shift) (Fig-
S1A-C). In all cell types, this stimulated activity was entirely dependent on AKT, but not MEK,
and correlated with the phosphorylation of TSC2 and PRAS40, but not mTOR, on established
AKT sites. As expected, rapamycin inhibited mTORC1 signaling to levels below the
unstimulated state. These results confirm that AKT is the critical growth factor-stimulated kinase
regulating mTORC1 in these primary cells in response to insulin/IGF1 and that multiple
mechanisms previously described for the AKT-mediated activation of mMTORCL1 can be
simultaneously activated in such cells.

To critically define the role of the TSC complex as a downstream target of AKT in the control of
tissue and organismal mTORCL signaling, we generated two novel knock-in mouse models
conditionally expressing either wild-type TSC2 (TSC2-WT) or phospho-mutant TSC2
containing alanine mutations at the five residues directly phosphorylated by AKT (TSC2-5A).
Flag-tagged human TSC2 cDNA was inserted into the Rosa26 locus using the previously
described targeting vector Stop-EGFP-Rosa TV*¢, which encodes transcriptional and
translational stop sequences flanked by loxP sites (Lox-Stop-Lox or LSL cassette), allowing for
temporal and spatial control of TSC2 expression from the ubiquitous Rosa26 promoter upon Cre
recombinase expression (Fig-1C). Proper 5’ and 3’ insertions of the transgene into the Rosa26
locus were confirmed using PCR (Fig-S1D,E). Mice containing the Rosa26-LSL-TSC2-WT or -
5A insertion were crossed into a Tsc2™ line, where exons 2 through 4 of the endogenous mouse
Tsc2 locus are flanked by loxP sites*?, allowing coordinated deletion of the endogenous gene and
expression of the TSC2 transgenes to entirely replace endogenous TSC2 in a given tissue upon
expression of CRE recombinase (Fig-1C). In this study, we describe the effects of whole-body
allele replacement by crossing the mice into a strain expressing Cre from the ubiquitous
cytomegalovirus (CMV) promoter®’.

We confirmed that the CMV-Cre led to simultaneous whole-body deletion of the endogenous
mouse Tsc2 gene and complementation with either the human TSC2-WT or -5A transgene using
gPCR (Fig-1D) and PCR (Fig-S1F,G) analyses of whole embryos. Importantly, while higher
expression of total TSC2 protein was observed in the transgene-activated embryos (Fig-1E,F
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and Fig-S1H), there were no changes in TSC1 abundance and very similar levels of assembled
TSC complexes between transgene-expressing (Cre*) and non-expressing (Cre’) mice and no
difference between TSC2-WT and TSC2-5A mice (Fig-1E,F). This finding is consistent with the
fact that free pools of TSC2 exist in cells and that TSC1 sets the overall level of TSC complex,
which is the functional Rheb-GAP*. Somewnhat surprisingly, we found that ubiquitous
expression of either the TSC2-WT or TSC2-5A transgene fully complements the early
embryonic lethality of Tsc2”- mice*!, with no overt developmental phenotype. Indeed,
heterozygous crosses between Rosa26-TSC2"5A: Tsc2” mice yielded offspring genotypes in the
expected F1 mendelian ratios (Table 1). Consistent with this rescue of lethality, normal whole
embryo AKT and mTORCI1 signaling, as revealed by AKT and S6 phosphorylation,
respectively, was detected across three litters from these crosses, with genotyping done in
parallel (Fig-1G,H). As expected, phosphorylation of TSC2 on the AKT site T1462 was absent
specifically in TSC2-5A embryos, but there was no difference in TSC2 phosphorylation at the
ERK site S664° between TSC2-WT and -5A embryos (Fig-1G). These results demonstrate that
the five AKT-mediated phosphorylation sites on TSC2 are dispensable for normal mammalian
development, similar to that described in Drosophila®®=°,

TSC2-5A cells have decreased AKT-stimulated mTORC1 signaling

To further investigate the role of AKT-mediated phosphorylation of TSC2 in the dynamic
regulation of mMTORCL signaling, we isolated three primary mouse embryonic fibroblast (MEFs)
lines for each genotype from littermates derived from heterozygous crosses between Rosa26-
TSC2WT5A:Tsc27 mice, with all quantifications representing the average of the three biologically
independent MEFs lines. TSC2-WT and -5A cells displayed indistinguishable S6K1
phosphorylation (Fig-2A,B), cell size (Fig-2C,D), and rate of proliferation (Fig-2E) under
standard nutrient-replete, serum-fed cell culture conditions. However, acute signaling studies
revealed a significant general decrease in mTORCL activation by exogenous growth factors in
the TSC2-5A cells. Despite similar AKT activation, TSC2-5A MEFs exhibit a significant
decrease in S6K1 phosphorylation compared to TSC2-WT cells in response to acute stimulation
with serum, epidermal growth factor (EGF), and insulin (Fig 2F-H). This defect in mTORC1
activation was independent of the stimulus concentration used, as the decrease in the TSC2-5A
cells was retained even when using a supraphysiological level of insulin (1 uM) (Fig-21).
Interestingly, TSC2-5A cells exhibit a 40% reduction in S6K1 phosphorylation compared to
TSC2-WT cells even at baseline, following serum starvation (Fig 2F-1). We hypothesized that
this difference is due to residual AKT signaling to mTORC1 following growth factor withdrawal
and that this signal involves AKT-mediated phosphorylation of TSC2. Indeed, TSC2-WT MEFs
displayed basal TSC2 phosphorylation at two AKT sites (S939 and T1462) under serum
starvation conditions, which was eliminated with the AKT inhibitor MK2206 but not the MEK
inhibitor trametinib, the latter of which did decrease the basal phosphorylation of ERK and the
ERK site on TSC2 (S664) (Fig-S2A). Importantly, the AKT inhibitor, but not the MEK inhibitor,
decreased the basal phosphorylation of S6K1, a decrease that was significant in the TSC2-WT
cells but not the TSC2-5A cells (Fig-S2A,B), indicating that the basal activation of AKT and its
phosphorylation of TSC2 is partially responsible for the basal mTORCL1 signaling observed in
these primary MEFs.

To determine the specificity of the model for mTORCL regulation by growth factors, rather than
intracellular energy and nutrients, we compared the effects of AMPK activity and amino acids on
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MTORC1 signaling between TSC2-WT and -5A cells. When treated with a small molecule
allosteric AMPK activator (compound 991°), both TSC2-WT and 5A MEFs displayed activating
AMPK phosphorylation, TSC2 phosphorylation at the AMPK-regulated site S1387, and
decreased S6K1 phosphorylation, with these reciprocal effects on TSC2 and S6K1
phosphorylation blocked by pre-treating cells with an AMPK inhibitor (BAY-3827%%) (Fig-2J).
In addition, amino acid starvation and acute refeeding led to a robust activation of mMTORCL1 in
cells of both genotypes (Fig-2K). While the fold-induction by amino acids was greater in the
TSC2-5A cells, the maximal stimulation was partially reduced relative to TSC2-WT cells.
Interestingly, as with growth factor deprivation, the TSC2-5A cells demonstrated greater
mMTORC1 inhibition in response to both AMPK activation and amino acid starvation (Fig-2J,K).
Altogether, these results suggest that while dispensable for steady-state activation of mMTORC1,
the 5 AKT phosphorylation sites on TSC2 are important for the maintenance of basal mMTORC1
activity during growth factor or nutrient withdrawal and for acute growth factor-stimulated
mTORCL1 activation in primary MEFs.

TSC2-5A mice display reduced body weight and weight of specific organs

While exhibiting no developmental abnormalities, the TSC2-5A male mice weigh significantly
less than their TSC2-WT littermates by 8 weeks of age (Fig-3A). A similar body weight
difference is apparent in female mice albeit after 6 months of age (Fig-3B). However, the
decreased body weight observed in TSC2-5A mice was not associated with reduced overall body
size, as measured by body length (Fig-3C,D), but rather was due to a decrease in the weight of
several internal organs (Fig-3E, S3A-C). Organ weight differences between TSC2-WT and -5A
mice were maintained even when normalized to total body weight. This phenotype is temporal in
its presentation, with the brain, heart, spleen, and testes being the first organs to show significant
reductions in weight in the TSC2-5A male mice at 9 weeks of age (Fig-S3A). By 16 weeks, the
skeletal muscle, pancreas, and kidneys of TSC2-5A mice also weigh significantly less than those
of TSC2-WT mice (Fig-3E, S3B). Paradoxically, both the inguinal (IWAT) and epididymal
(eWAT) white adipose tissue of TSC2-5A mice weighed more than their WT counterparts, while
liver and lung weights were unaffected (Fig-3E). In females, the brain and kidneys were the only
organs that weighed less in TSC2-5A compared to WT mice at 9 weeks of age (Fig-S3C).
Together, these results demonstrate that phosphorylation of TSC2 on the 5 AKT-regulated sites
promotes postnatal growth in a sex- and organ-specific manner.

TSC2-5A mice display decreased brain weight, with neuron-intrinsic differences in cell size
and mTORCL1 signaling

Previous studies using genetic mouse models with increased or decreased mTORC1 signaling in
the brain demonstrate that mTORC1 activity promotes brain growth*>6283, Given that the brain
was the first organ to exhibit a weight decrease in both male and female TSC2-5A mice relative
to TSC2-WT mice (Fig-S3A,C) and that this growth defect was sustained out to 26 months of
age (Fig-3F), we investigated mTORCL signaling in TSC2-WT and -5A brain tissue and
cultured primary neurons. A modest, but significant, 20% decrease in mTORC1 signaling was
detected in whole-brain extracts from ad libitum fed TSC2-5A mice at 9 weeks of age, as
revealed by S6 phosphorylation (Fig-3G, S3D). To determine whether these size and signaling
changes extend to individual neurons, primary hippocampal and cortical neurons were cultured


https://doi.org/10.1101/2024.09.23.614519
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.23.614519; this version posted September 23, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

from litters of TSC2-WT and TSC2-5A embryos. Cultured primary TSC2-5A hippocampal
neurons were significantly smaller than their TSC2-WT counterparts after both 4 and 7 days in
vitro (Fig-3H). While both brain-derived neurotrophic factor (BDNF) and IGF1 acutely activated
AKT signaling in these primary cortical neurons, BDNF also stimulated ERK signaling, with
similar upstream stimulation observed between TSC2-WT and -5A neurons (Fig-3-1,J). Despite
BDNF stimulating both AKT and ERK, the stimulation of mMTORC1 signaling (S6K1
phosphorylation and 4EBP1 mobility shift) by either BDNF or IGF1 was completely blocked
with an AKT inhibitor, but not a MEK inhibitor, in TSC2-WT neurons. Consistent with the
AKT-dependence of these neuronal growth signals, TSC2-5A neurons exhibited strongly
attenuated mTORCL activation in response to both BDNF and IGF1(Fig-31,J). It is worth noting
that we detected a small induction of S6K1 phosphorylation in response to BDNF in the TSC2-
5A neurons that remained sensitive to AKT inhibition, suggesting a minor role for parallel AKT-
dependent mechanisms in neuronal mTORCL activation (Fig-3l), as detected in primary MEFs.
Altogether, these results demonstrate that AKT-mediated phosphorylation of TSC2 is the
dominant signal regulating neuronal growth factor-mediated mMTORC1 activation and growth and
that the AKT-TSC2-mTORCI signaling circuit regulates brain and neuron size.

Tissue-specific effects on feeding-induced mTORC1 signaling and organ size in the TSC2-
5A mice

AKT and mTORC1 are well established to be activated by insulin signaling, but in our
comparison of organ weights between TSC2-WT and TSC2-5A mice two major insulin-
responsive tissues had distinct phenotypes, with the skeletal muscle weighing less and the liver
exhibiting no change in weight (Fig-3E). In contrast to the brain, mTORCL signaling in skeletal
muscle and liver tissue from TSC2-WT and -5A mice was not significantly different under ad
libitum fed conditions (Fig-4A,S4A). It is worth noting that these tissues exhibit much more
variability in mTORC1 signaling under such conditions than does the brain. However, nMTORC1
signaling is known to be highly sensitive to fasting and feeding in these tissues, and we found
that acute mTORC1 activation by feeding was significantly reduced in skeletal muscle
(quadriceps and gastrocnemius) from TSC2-5A mice, despite robust stimulation of AKT
activation (Fig-4B,C). In contrast, while fasting mTORCL signaling was significantly lower in
liver tissue from TSC2-5A compared to TSC2-WT mice, feeding-induced mTORC1 activation
was normal (Fig-4D). These results demonstrate that stimulated phosphorylation of TSC2 is
required for feeding-induced mTORC1 activation in muscle, but dispensable in the liver,
highlighting key differences in mTORCL1 regulation in these metabolic tissues.

As mammalian lean mass is comprised of ~40% skeletal muscle®*, we determined whether the
overall body weight changes in the TSC2-5A mice reflected a specific decrease in lean mass.
Indeed, a significant decrease in lean mass was measured at 3, 6, and 12 months of age in the
TSC2-5A males compared to their WT littermates (Fig-4E), with no significant change in fat
mass (Fig-S4B). The substantial lean mass gain observed between 3 and 6 months of age in
TSC2-WT mice was reduced by 15% in the TSC2-5A mice (Fig-4F), suggesting a general
decrease in muscle growth in these mice. Consistent with the delayed onset of the body weight
phenotype (Fig-3B), female TSC2-5A mice also displayed a significant decrease in lean mass at
12 months of age, but not at 3 months (Fig-S4C). Like the gastrocnemius (shown in Fig-3E), the
quadriceps and tibialis anterior were decreased in weight in the TSC2-5A mice, whereas no
measurable change was observed in the small soleus muscle (Fig-4G). These changes in muscle
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weights were driven by a decrease in myofiber size, as measured by cross-sectional area, in the
gastrocnemius and quadriceps muscles, but not the soleus (Fig-4H). A significant shift toward
smaller fibers in both muscles of the TSC2-5A mice compared to TSC2-WT was observed (Fig-
41). Altogether, the differences observed between primary MEFs, brain, skeletal muscle, and
liver demonstrate a signal- and tissue-specific dependency on TSC2 phosphorylation for full
MTORC1 activation and growth.

TSC2-5A myotubes display a cell intrinsic defect in mTORC1 signaling and protein
synthesis

To determine whether the skeletal muscle and myofiber phenotypes described were associated
with muscle cell-intrinsic changes, we isolated satellite cells from the muscles of TSC2-WT and
5A mice and differentiated them into myotubes in vitro. There was no apparent difference in
myotube differentiation between the cultured TSC2-WT and -5A satellite cells (Fig-5A).
However, insulin-stimulated mTORC1 signaling (S6K1 phosphorylation and 4EBP1 mobility
shift) was severely blunted in TSC2-5A compared to -WT myotubes, despite strong activation of
AKT over this time course (Fig-5B). As in neurons stimulated with BDNF, a small degree of
mMTORC1 activation with insulin was detected in TSC2-5A myotubes that was sensitive to an
AKT inhibitor, but not a MEK inhibitor, suggesting a minor role for parallel AKT-dependent
mechanisms for mTORC1 activation in this setting (Fig-5C). Previous studies found that
MTORC1 is a key regulator of muscle mass downstream of AKT, at least in part by controlling
protein synthesis®. Indeed, mirroring the effects on mTORC1 signaling, protein synthesis, as
scored by relative incorporation of puromycin, was decreased in TSC2-5A myotubes both under
serum starvation and insulin stimulation compared to TSC2-WT myotubes (Fig-5D,E). The
small insulin-stimulated increase in puromycin incorporation detected in TSC2-5A myotubes
was still lower than that detected in unstimulated TSC2-WT myotubes (Fig-5D,E). These results
demonstrate that phosphorylation of TSC2 promotes muscle mTORC1 activation, protein
synthesis, and growth.

Discussion

This study describes a genetic mouse model designed to define the role of the TSC complex as a
downstream target of growth-factor regulated PI3K-AKT signaling in the physiological in vivo
regulation of mMTORCL1 and its effects on tissue growth. Unlike previous mouse models with
complete loss of the essential components of the TSC complex, TSC1 and TSC2, which are
embryonic lethal®# or, when deleted in a tissue-specific manner, give rise to constitutive
maximal activation of mMTORC1224348 the TSC2-5A model represents a partial gain-of-function
setting for the TSC complex in that it cannot be inhibited by the growth factor-stimulated protein
kinases, such as AKT, which phosphorylate these 5 specific sites on TSC2. The TSC2-5A mice
are viable, appear to develop normally, and are born at expected mendelian ratios. While this
finding was unexpected, it is consistent with genetic studies in Drosophila lacking AKT
phosphorylation sites on TSC complex components, which are also developmentally viable®®°,
However, while TSC2-5A mice exhibit decreased postnatal body weight and organ-specific
growth, the similar Drosophila models maintained normal body weight, wing size, and cell size,
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suggesting key differences in tissue growth regulation between species kept under standard
laboratory conditions.

The normal embryonic development of TSC2-5A mice correlates with unaltered mTORC1
signaling in whole embryo extracts, suggesting that other mechanisms of mMTORC1 regulation
are dominant or redundant during mammalian embryogenesis. For instance, it is possible that
other AKT-dependent mechanisms contribute, such as PRAS40 phosphorylation'? >, However,
unlike Tscl or Tsc2 knockout, Pras40™ mice are viable, suggesting that this mode of regulation
is also dispensable for development®®. Importantly, TSC2-WT and TSC2-5A embryos showed no
difference in TSC2 phosphorylation at S664, a site attributed to ERK activity'®, leaving open the
possibility that alternative growth factor signaling pathways may contribute to mTORC1
activation during embryonic growth. It is also possible that the mechanisms of nutrient regulation
of mMTORC1, which occur independent of the 5 AKT phosphorylation sites on TSC2, are
sufficient for the proper control of mTORCL1 signaling during development.

It is interesting to consider the major growth phenotypes of the TSC2-5A mice, including
decreased muscle fiber and brain size, in light of other genetic models influencing the activation
state of MTORCL. For instance, whole body knockout of Tbc1d7, the only non-essential
component of the TSC complex, leads to a specific increase in muscle fiber and brain size,
associated with a modest elevation in mTORC1 signaling*?, thus emphasizing the relative
sensitivity of the growth of these tissues to changes in mTORCL regulation. Genetic
perturbations leading to stronger tissue-specific changes in mTORC1 signaling that either fully
activate (Tsc1 or Tsc2 loss)®”8 or fully inhibit (Rptor loss)®> mTORC1 signaling in neurons
leads to a pronounced increase (megalencephaly) or decrease (microcephaly), respectively, in
brain size. The critical role of mMTORCL1 in promoting muscle growth and fiber size is supported
by the muscle-specific knockouts of Rptor®® or Mtor®®, which exhibit early-onset myopathy.
Interestingly, however, deletion of either Raptor or mTOR specifically in adult muscle does not
affect muscle mass in sedentary mice but leads to defects in overload-induced hypertrophy?.
These findings suggest that mMTORC1 may play different roles in developing and adult skeletal
muscle.

Tissue-specific deletion of essential components of mMTORCL signaling in either the brain or
skeletal muscle results in more severe phenotypes than those observed in TSC2-5A mice. This
difference aligns with the fact that the TSC2-5A model disrupts a specific mode of mMTORC1
activation rather than causing its complete inhibition. Indeed, a modest but significant induction
of growth factor-mediated mTORCL activation is still detectable in primary cells isolated from
TSC2-5A mice, which could explain the absence of more pronounced defects. These alternate
routes of MTORC1 activation in TSC2-5A cells may be due to other AKT-dependent
mechanisms, such as the phosphorylation of PRAS40 or perhaps additional, uncharacterized
AKT-mediated phosphorylation sites on the TSC complex. Another possible explanation
includes crosstalk between the growth factor signaling and nutrient-sensing arms of mMTORC1
regulation, for instance by AKT controlling nutrient uptake in some contexts*. Additionally,
AKT has been found to phosphorylate the DEPDC5 component of GATOR1, a nutrient-sensing
GAP complex for the Rag GTPases, which has been suggested to contribute to mTORC1
regulation in cells’. The in vivo characterization of alternate mechanisms of growth-factor
mediated mTORC1 activation, both AKT-dependent and independent, awaits further
investigation but is likely to vary between different cell and tissue types and stimuli.
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Unlike skeletal muscle, liver size and feeding-induced mTORC1 signaling was found to be
indistinguishable between TSC2-WT and -5A mice. These findings are aligned with a previous
study showing that induction of hepatic mTORCL signaling upon refeeding was normal in mice
with liver-specific deletion of the insulin receptor’. Together with our results, this suggests that
additional upstream signals, independent of insulin and AKT-mediated phosphorylation of
TSC2, can contribute to mTORC1 activation and growth in the liver and potentially other organs
not displaying weight reduction in the TSC2-5A mice. Liver size is known to be dynamically
regulated by nutrient status, with liver weight decreasing by ~25% upon fasting®>. mTORC1
signaling likely contributes to changes in liver size as mice with constitutive hepatic mMTORC1
activation through TSC1 loss have larger livers that do not shrink upon fasting, while mice with
liver-specific Raptor deletion have smaller livers both in the fed and fasted state®. Interestingly,
mouse models with either liver-specific Tsc1 loss* or active Rag GTPase signaling” display
sustained liver mTORCL1 signaling upon fasting, indicating that the dynamic regulation of
mTORCL1 in the liver by fasting and feeding involves input from both the growth factor-
stimulated TSC-Rheb and nutrient-sensing Rag branches. However, the dominant mechanisms
contributing to hepatic mTORCL1 regulation remain unclear. The heterogeneous nature of liver
tissue with gradients of nutrients and hormones across liver zones’* might exert additional spatial
cues into the regulation of hepatic mMTORC1 signaling, as has been demonstrated for nTORC1
regulation by the amino acid leucine™.

The results described here demonstrate that AKT-mediated phosphorylation of TSC2 is a key
signal promoting mTORCL1 activation and the growth of some, but not all, organs. Availability of
the conditional TSC2-5A mouse model will allow further investigation into the physiological and
tissue-specific functions of hormone- and growth factor-induced mTORCL1 signaling in a
mammalian system. This is particularly interesting in the areas of metabolic homeostasis and
aging, where mTORC1 is known to play key roles’®"8 . How mTORC1 activation upon AKT-
mediated TSC2 phosphorylation contributes to physiological and pathological phenotypes and
which tissues are relevant can be investigated with various tissue-specific TSC2-5A models in
future studies.

Limitations of the study

While the whole-body TSC2-5A mice serve as an unbiased screen to reveal the tissues where
AKT-mediated phosphorylation of TSC2 is a major mode of mTORC1 activation, the systemic
nature of the model limits our interpretations, as some changes observed could stem from tissue-
extrinsic factors. While the decreased brain and skeletal muscle weight characterized in the
TSC2-5A mice is correlated with cell-intrinsic defects in isolated neurons and myotubes, it
remains unclear whether the inability to phosphorylate these 5 sites on TSC2 in other cell types
or tissues is directly contributing to these or other growth phenotypes. Unlike other tissues that
are distinct between the TSC2-WT and -5A mice, we see an increase in the weight of specific fat
pads from the TSC2-5A mice without an overall significant change in fat mass. While we do not
currently know the underlying cause of this difference, it seems likely that this specific increase
is secondary to a change elsewhere in these animals. Furthermore, TSC2-5A males display an
earlier onset and more pronounced body-weight phenotype than females from the same cohort.
The basis for this sex-specific difference in body weight with age observed in the TSC2-5A mice
remains unknown. Future studies will help address these limitations and take advantage of the
conditional nature of these mice to generate tissue-specific TSC2-5A models that facilitate a
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deeper investigation of the in vivo role of AKT-mediated phosphorylation of TSC2 for the
control of mMTORC1 and for the characterization of tissue-specific downstream functions.
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Table:
WT/WT WT/5A 5A/5A x2/p-value
Obtained 157 321 156
Total 0.10/0.94
Expected 158.5 317 158.5
Obtained 90 171 82
Males 0.38/0.83
Expected 85.75 171.5 85.75
Obtained 67 150 74
Females 0.62/0.74
Expected 72.75 145.5 72.75

Tablel: TSC2-5A mice are born at mendelian ratios.

Genotypes of 634 offspring of crosses between Rosa26-TSC2WTA: Tsc2” mice
Statistical analysis Chi squared (x?) test.
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Methods

Mice and diets:

All animal studies were reviewed and approved by the Harvard Medical Area Standing
Committee on Animals IACUC, an AAALAC International and USDA-accredited facility. All
animal care and protocols were in accordance with the principles of animal care and
experimentation in the Guide for the Care and Use of Laboratory Animals. Mice were separated
by gender, group housed (3-4 per cage) in temperature controlled, pathogen-free facilities with a
12:12 h light:dark cycle in standard static microisolator top cages. Autoclaved food (Lab Diet
#5053, St Louis MO) and water were provided ad libitum

Generation of the Rosa26-LSL-Flag-TSC2-WT and -TSC2-5A transgene knock in mice
The full length human Flag-TSC2-WT or Flag-TSC2-5A (S939A, S981A, S1130A, S1132A,
T1462A) cDNAs, derived from TSC2 transcript P49815-4 and previously described’®, were
recombined into intron 1 of the mouse Rosa26 locus using the targeting vector STOP-eGFP-
ROSA26TV (Addgene #11739)%. The TSC2-WT and -5A targeting vectors were introduced into
C57BL/6-129 Hybrid ES cells and G418-resistant ES clones were screened for homologous
recombination with the Rosa26 locus by PCR using the following primers (see Fig-S1D for
primer position): 5 junction forward P1 (5’-ttggtgcgtttgcggggatg-3°), reverse P2 (5°-
catcaaggaaaccctggactactg-3’); 3’ junction forward P3 (5'- atggccacaaccatggtgagc-3’), reverse P4
(5°- actcgcgacactgtaatttcatac-3’). Chimeric mice were generated by injection of one ES cell clone
of each genotype into C57BL/6J blastocysts and transferred into recipient foster mothers.
Chimeric mice were mated with C57BL/6J mice to obtain germline transmission. Genotyping for
the presence of the transgene (Tg) or wild type Rosa26 (R26) locus was performed using the
following 3 primers: P5 (5’°-ttgctctcccaaagtcgctctga-3°), P6 (5°-aatctgtgggaagtcttgtcc-3’) and P2
(5’-catcaaggaaaccctggactactg-3”). To confirm the presence or Cre-mediated deletion of the LSL
cassette the following primers were used: Presence: P7 (5’-gtccagggtttccttgatgatgt-3°) P8 (5°-
ttcctcgtgcetttacggtatcge-3), deletion: P7 and P9 (5°-cacattccatgctcagttctctca-3”). As the S939A
mutation in the TSC2-5A transgene was designed to eliminate an Spel restriction enzyme site,
we took advantage of this mutation to differentiate between the TSC2-WT and -5A transgenes
between littermates. The following primers were used to amplify the S939 region: P10 (5°-
cgtcatagccatgtggttca-3’), P11 (5°- atcatgtccagacaggtttcc-3’); the PCR product was then purified
(Qiagen, 28106), digested with Spel enzyme (NEB, R3133L), and resolved on an agarose gel.
Location of the primers and representative PCR results are displayed in Fig-S1D-G.

Isolation and culturing of primary mouse embryonic fibroblasts

The following protocol was adapted from Durkin et al.®. Briefly, E13.5-15.5 embryos were
harvested and transferred individually to Petri dishes containing sterile phosphate-buffered saline
(PBS). Each embryo was kept separate to generate independent MEF lines. The head, heart, and
liver were removed, and the remaining embryo was placed into a Petri dish with 0.25% trypsin-
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EDTA. The embryos were then minced into 1-2 mm pieces using a razor blade and placed in a
37 °C tissue culture incubator for 10 min, followed by pipetting up and down several times with
a 5 ml pipette before an additional 5-10 min incubation at 37 °C. The dispersed cell suspension
was then transferred to a 50 ml conical tube containing 20-ml warmed Dulbecco's Modified
Eagle Medium (DMEM 4.5 g/L glucose, without sodium pyruvate; Corning, 15-017-CV), 10%
FBS, 1X Pen/Strep, and 2 mM glutamine. The cell suspension was allowed to sit for 5 minutes to
let larger fragments settle, and the supernatant was transferred to a 60-mm cell culture dish. The
following day, fresh medium was added, and the cells were monitored for confluency. When
confluent, the cells were transferred to 10 or 15 cm dishes to expand. Cells of fewer than 7
passages were used for the described experiments. For signaling experiments, primary MEFs
were serum-starved for 16 h, followed by stimulation with FBS (10%), EGF (100 ng/ml), or
insulin (100 nM) after a 30-minute pretreatment with vehicle, MK2206 (2 uM), trametinib (5
uM), both, or rapamycin (20 nM), where indicated.

Primary neuron isolation and culture

The cortex and hippocampus were dissected from the brains of E16.5 TSC2-WT and -5A mouse
embryos and dissociated in 0.25% trypsin (Thermo #25200114) for 15-min at 37C. Four washing
steps were performed, two in Hank’s balanced salt solution buffer (Life Tech #14170-120), one
in Neurobasal A medium (Life Tech #10888-022) supplemented with 1% Glutamine, 2% B27
(Invitrogen #17504-044), 1% penicillin/streptomycin and 100 mM b-mercaptoethanol (growth
media), and one in Neurobasal A supplemented with 10% horse serum (Sigma #H1138). Tissue
pieces were then triturated in growth medium using sterile fire-polished Pasteur pipettes (VWR
#14672-380). Single-cell suspensions of hippocampal neurons were plated on glass coverslips
previously washed with 100% methanol, 70% ethanol and 100% ethanol, dried, and coated with
30 ng/mL poly-ornithine (Sigma #P3655). For biochemical experiments, cortical neurons were
plated in 12-well plates at a density of 300,000 cells per well. For microscopy experiments,
hippocampal neurons were plated in 24-well plates at 40,000 cells per well. Neurons were
maintained in a humidified incubator at 37 °C and 5% CO2 for 4 to 7 Days In Vitro (DIV) before
performing signaling and immunofluorescence assays. For signaling experiments, primary
neurons were starved in HBSS media for 4 h followed by BDNF (100 ng/ml) or IGF1 (100
ng/ml) stimulation with a 30-min vehicle, MK2206 (2 um), trametinib (5um), both, or rapamycin
(20 nM) pretreatment where indicated.

Primary hepatocyte isolation and culture

Primary hepatocytes were isolated from C57/BL6J male mice at 8 weeks of age (Jackson Labs)
as previously described®. Portal vein perfusion of buffer A (10 mM HEPES, 150 mM NaCl, 5
mM KCI, 5 mM glucose, and 2.5 mM sodium bicarbonate, and 0.5 mM EDTA, pH 8.0) was
performed for 5-7 min at a rate of 5 ml/min followed by buffer B (buffer A minus EDTA, with
35 mM CaCl2 and Liberase TM, Sigma—Aldrich, 5401127001) for 5-7 min at a rate of 5 ml/min.
Livers were placed in Dulbecco's Modified Eagle Medium (DMEM 4.5 g/L glucose, w/o sodium
pyruvate; Corning, 15-017-CV), 2.5% FBS, 1X Pen/Strep, and Glutamax (ThermoFisher,
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35050061) or Glutagro (Corning, 25-015-Cl), and the liver capsule was disrupted to release
hepatocytes. Hepatocytes were centrifuged at 1000 rpm for 5 min and then resuspended in a
mixture of 10 ml DMEM, 9 ml Percoll (Sigma—Aldrich, P4937), and 1 ml 10x PBS. Following
centrifugation at 2000 rpm for 7 min, hepatocytes were washed once with media, centrifuged at
1000 rpm for 5 min, and then resuspended in 10 ml media per liver. Viability was determined by
Trypan blue exclusion and cell counts. Hepatocytes were plated at 1.25-1.5 x 10° cells/well in 6-
well collagen-coated dishes (BioCoat, Corning). After 46 h, media were changed to serum-free
media (DMEM, 2 mM I-glutamine) overnight followed by insulin stimulation (100 nM human
insulin, Sigma-Aldrich, 19278), with a 30-min vehicle, MK2206 (2 um), trametinib (5 um), both,
or rapamycin (20 nM) pretreatment, where indicated.

Satellite cell isolation, culture, and differentiation into myotubes

The following protocol was adapted from Wright et al.®? In brief, lower limb muscles were
dissected from newly sacrificed 8-week-old male mice, finely minced, and digested in DMEM
(4.5 g/L glucose) containing 2mg/mL collagenase type Il (ThermoFischer Scientific; 17101015)
and 0.5 mg/mL dispase (ThermoFischer Scientific; 17105041) for 60 min at 37°C. During
digestion, solutions were pipetted periodically in descending order using 25 mL, 10 mL, 5 mL,
and 2 mL serological pipettes until the solution passed through without resistance. Digestion was
halted using 2X solution volume of growth medium (DMEM [4.5 g/L glucose]/Ham’s F-10
supplemented with 20% FBS, 1Xpenicillin/streptomycin [R&D Systems; B21210]) then passed
through a 100-um filter. Samples were centrifuged at 1500 rpm for 10 min. Red blood cells were
lysed for 2 min at room temperature using Red Blood Cell Lysis Solution (Milteny Biotec; 130-
094-183). Samples were passed through a 40-um filter, then centrifuged as above. Samples were
subjected to Debris Removal Solution (Milteny Biotec; 130-109-398) according to manufacturer
instructions. Samples were depleted of non-satellite cell populations using MACS Mouse
Satellite Cell Isolation Kit (Milteny Biotec; 130-104-268) according to manufacturer
instructions. Satellite cells were plated on laminin-511 (Biogems; RL511) coated 10 cm plates in
growth medium supplemented with 10 ng/mL bFGF (PeproTech; 450-33), refreshed daily.
Satellite cells were expanded in growth medium and passaged prior to any region reaching
greater than 60% confluence. All experiments were performed at or before passage 4. Cells were
plated on laminin-511 (Biogems; RL511) coated 6-well plates at 200,000 cells per well and
allowed to recover for one day in growth medium. 24 h after plating, media was changed to
differentiation medium (DMEM [1 g/L glucose]/Ham’s F-10 supplemented with 2% FBS and 1X
penicillin/streptomycin [R&D Systems; B21210]), changed daily for 5 days. After 5 days,
medium was changed to experimental medium (Ham’s F-12 supplemented with 4% HS and 1X
penicillin/streptomycin [R&D Systems; B21210]) for 24 hours, after which experiments were
initiated. DIC images of differentiated myotubes were taken on a tabletop light microscope. For
insulin signaling experiments, myotubes were serum starved in Ham’s F-12 supplemented with
1X penicillin/streptomycin [R&D Systems; B21210] for 6 h. Following serum starvation, cells
were treated with 100nM insulin for 15 minutes. 30 minutes prior to insulin treatment, cells were
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treated with or without the following MK2206 (2 um), trametinib (5 um), both, or rapamycin (20
nM), where indicated.

Confocal immunofluorescence microscopy of primary neurons

Cultured primary hippocampal neurons were fixed on glass coverslips in warm 4%
paraformaldehyde (PFA) in PBS for 15 min at room temperature and permeabilized and blocked
in Intercept PBS blocking buffer (Licor #927-70001) with 0.1% Triton for 1 h at room
temperature. Coverslips were incubated in blocking buffer containing primary antibodies 1 h at
room temperature. Following three 5-min washes with PBS, coverslips were incubated in
blocking buffer with secondary antibodies for 30 min at room temperature. Following three 10-
min washes with PBS, with DAPI (Thermo #62248) added to the last wash, coverslips were
mounted to slides using Fluoromount-G (Southern Biotech #0100-01). antibodies to MAP2
(Synaptic Systems #188004) and guinea pig IgG (Cy3-conjugated; 1:500; Jackson
ImmunoResearch #706-165-148) were used as primary and secondary antibodies, respectively.
Slides were imaged with a Nikon Ti-E inverted microscope (Nikon Instruments, Melville, NY),
using a 60x objective lens with a Zyla 4.2 cMOS camera and NIS elements software for
acquisition parameters, shutters, filter positions and focus control. Neuronal soma area was
determined by manually measuring MAP2 staining in Fiji.

Confocal immunofluorescence microscopy of skeletal muscle

The following was adapted from Wu et al.®, Skeletal muscles were dissected and immediately
frozen in isopentane cooled in liquid nitrogen for 10-30 sec depending on muscle size. Samples
were immediately placed on dry ice then transferred to -80°C for storage. Frozen tissues were
transferred on dry ice from -80°C to -20°C cryostat (Microtome HM 505N Cryostat). After tissue
temperature equilibrated to cryostat temperature, they were cut transversely at the mid-belly.
Half of the tissue was embedded in Tissue-Tek O.C.T. Compound (Sakura; 4583), and the other
was returned to -80°C. Serial sections were collected at 10 um thickness onto Superfrost
microscope slides (VWR; 48311-703) and stored at -80°C until staining.

The following was adapted from Esper et al.2*. To measure cross-sectional area (CSA) of the
gastrocnemius, quadriceps, and soleus muscles, slides were removed from -80°C and allowed to
dry for 30 min at RT. Slides were then fixed in 4% paraformaldehyde for 15 min at 4°C. Slides
were washed 3 times for 5 min each in 1X PBS. Heat-induced antigen retrieval (HIAR) was
performed in 1-L 10 mM citrate buffer (2.94g sodium citrate tribasic, dihydrate, 0.5mL Tween
20, pH 7, to 1L in water). Slides were place in pre-warmed citrate buffer and microwaved to
maintain a low boil for 10 min. Citrate buffer was washed out with cold, running, distilled water
for 10 min. Slides were placed in permeabilization buffer (1X PBS, 0.1 M glycine, 0.1% Triton-
X, syringe filtered) for 10 min, then blocking buffer (1X PBS, 5% goat serum (Jackson
ImmunoResearch; 005-000-121), 2% bovine serum albumin (Sigma-Aldrich; A9647), 1:40
Mouse on Mouse (Vector Laboratories; MKB-2213-1), syringe filtered) for 1 h at room
temperature. HIAR was performed for quadriceps and gastrocnemius muscles only; soleus
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sections proceeded directly from fixation to permeabilization. Slides were incubated overnight at
4°C with Alexa Fluor 594-conjugated wheat germ agglutinin (WGA, ThermoFischer; W11262),
Type 2B fibers were stained in the gastrocnemius and quadriceps with BF-F3 (concentrate,
Developmental Studies Hybridoma Bank; 1:40). Slides were washed 3 times for 5 min each in
1X PBS, then incubated for 60 min at room temperature with Alexa Fluor 488 Goat anti-Mouse
IgM, p-chain specific (Jackson ImmunoResearch; 115-545-075). Slides were washed 3 times for
5 each with 1X PBS, then mounted in VectaShield Hardset with DAPI (Vector Laboratories; H-
1500-10). Slides were incubated at room temperature for 30 min, then sealed with clear nail
polish.

Slides were imaged on Nikon Eclipse Ti microscope with X-Cite 120LED lamphouse. Images
were captured on an ANDOR Zyla 5.5 SCMOS camera using NIS-Elements software. All
images were captured under 20X magnification under 27% iris intensity. Images for
gastrocnemius and quadriceps were composed of 3x3 fields (whole soleus was imaged with 4x4
field) with 15% overlap and stitched on NIS-Elements software. Three composite images were
taken of the gastrocnemius, one within each head and one deep image. Four composite images
were taken of the quadriceps, one image composed primarily of each individual muscle (vastus
lateralis, vastus intermedius, vastus medialis, and rectus femoris). Type 2B staining and tissue
landmarks were used to ensure images came from the same regions of the gastrocnemius or
quadriceps. One composite image of the entire soleus was captured and analyzed.

All images used for cross sectional area (CSA) calculations were analyzed in a blinded fashion,
using solely the TRITC channel, WGA images. Brightness of images were uniformly adjusted
for analysis. Semi-automatic muscle analysis using segmentation of histology (SMASH) was
used to analyze CSA of each image. Images were analyzed with the following parameters, pixel
size (um/pixel) 0.326, minimum fiber area (um?) 400, maximum fiber area (um?) 9000,
maximum eccentricity 0.95, minimum convexity 0.8. Manual outlining was used to compensate
for differences in WGA intensity. Myofibers damaged by sectioning, overlapping myofibers,
incomplete myofibers, and any non-myofiber selections were manually removed as necessary.

Protein Extraction and Immunoblotting

Protein extracts were prepared from tissues and cells using ice-cold NP-40 lysis buffer (20 mM
Tris pH8, 150 mM NaCl, 10% Glycerol, 1% NP-40 (Igepal CA-630), protease (Sigma #P8340)
and phosphatase (Sigma #P2850) inhibitors), Samples were centrifuged at 20,000 g for 15-min
at 4 °C, and protein concentration in the supernatant was determined by Bradford assay (Thermo
Fisher Scientific). Equal amounts of protein (Cells: 5-10 pg, Tissues: 30-40 ug) were loaded per
well and separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted
with indicated primary antibodies. Primary antibodies: phospho (P)-S6K1 T389 (Cell Signaling
Technologies (CST), 9234), S6K1 (CST, 2708) P-AKT S473 (CST, 4060), Pan-AKT (CST,
4691), P-S6 S240/44 (CST, 2215), S6 (CST, 2217), 4E-BP1 (CST, 9644), TSC2 (CST, 3612), P-
TSC2 S664 (CST, 40729), P-TSC2 S939 (CST, 3615)), P-TSC2 S1387 (CST, 9644), P-TSC2
T1462 (CST, 3617), ERK1/2 (CST, 9102) P-ERK1/2 (CST, 4370), PRAS40 (CST, 2610), P-
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PRAS40 (CST, 2997), mTOR (CST, 2983), P-mTOR S2448 (CST, 2971), AMPKa. (CST, 2603),
P-AMPKa (CST, 2535)and Puromycin (Millipore, MABE343). Secondary antibodies were
IRDye 800CW donkey anti-rabbit 1gG (LI-COR, 925-32213) and IRDye 800CW donkey anti-
mouse IgG (LI-COR, 926-32212). Immunoblots were imaged with a LI-COR Odyssey CLx
imaging system (LI-COR Biosciences) and quantified using the L1-COR software.

Protein synthesis assay

The following was adapted from Schmidt et al.®>. Myotubes were serum starved in Ham’s F-12
supplemented with 1X penicillin/streptomycin [R&D Systems; B21210] for 6 h. Following
serum starvation, cells were treated with 100 nM insulin for a total of 1.5 h with addition of 1
uM puromycin (Sigma, P7255) for the final 30 min. Protein was extracted and immunoblotted as
described above. Total protein was assessed using Revert™ 700 Total Protein Stain (LI-COR,
926-11011) in the 700 nm channel using LI-COR Odyssey CLx imaging system (LI-COR
Biosciences). Puromycin incorporation was assessed by immunoblotting for puromycin
(Millipore, MABE343) on the same membrane, assessed in the 800 nm channel. Protein
synthesis was quantified using ImageJ by normalizing puromycin intensity to total protein
intensity.

Gene expression analysis.

RNA was isolated from whole E15.5 embryos using TRIzol Reagent (ThermoFisher 15596026).
1 ng RNA was reverse transcribed using the Advanced cDNA Synthesis Kit (Bio-Rad). Skirted
plates and iTaq SYBR green for gPCR were purchased from Bio-Rad. The QPCR analysis was
performed in biological duplicates or triplicates and with technical duplicates. Analysis was
performed using the CFX96 Real-Time PCR Detection System. Samples were normalized to
Rplp0 (36b4) for AACt analysis using the Bio-Rad CFX96 software. Primers: human-TSC2-
forward (5’-GGCTCTATTCTCTCAGGAACTC-3), human-TSC2-reverse (5’-
GATGGACAGGACGATCTCATAG-3’), mouse-TSC2-forward (5°-
GCATGCAGTTCTCACCTTAT-3’), mouse-TSC2-reverse (5°-
GGGTAGTCCTTGATCACTTTG-3’), mouse-36b4-forward (5°-
AGATGCAGCAGATCCGCAT-3"), mouse-36b4-reverse (5’-GTTCTTGCCCATCAGCACC-
37).

TSC1 immunoprecipitation assay

Protein extracts were prepared from whole E15.5 embryos using 1% Triton X-100 lysis buffer
(40mM HEPES pH 7.4, 120 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1X protease inhibitor
cocktail (Sigma), 1X phosphatase inhibitor cocktail (Roche)). Samples of 500 pg protein extract
were pre-cleared with 50 ul of 50% protein A/G beads (Pierce) for 30 min on a rotator at 4 °C
and then transferred to a new tube with 5 pl TSC1 antibody (R&D Systems, MAB4379) or 25 pl
mouse IgG Control (SC-2025) and incubated overnight on a rotator at 4 °C . 50 uL of 50% pre-
washed protein A/G beads (Pierce) were added to each sample and incubated for 1 h on a rotator
at 4 °C . The beads were then washed 5 times for 5 min each with lysis buffer (0.1X
protease/phosphatase inhibitors) on a rotator at 4 °C, followed by final centrifugation. Pelleted
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immune complexes on beads were resuspended in 2X Laemmli sample buffer and denatured at
95 °C for 5 min. Samples were then subjected to SDS-PAGE and immunoblotting, where 10 ug
of protein extract served as the input controls and 40% of each immunoprecipitation was loaded.

EchoMRI scan

Animals were placed in a ventilated clear plastic holder (vertical bore) without sedation or
anesthesia with restricted movement during the procedure. The holder is inserted into a tubular
space within the EchoMRI™ system to measure lean and fat mass. After scanning, animals were
immediately returned to normal caging.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 10 software. Data are presented as
mean + standard error of mean (SEM). When analyzing two groups, a Mann-Whitney test was
used. For comparison between signaling time courses, a repeated measurement two-way
ANOVA with Greenhouse—Geisser correction was performed. For body weight measurements
over time, a mixed model effect with Sidak's multiple comparisons test was performed. For
comparisons between three or more groups, a Kruskal-Wallis or an ordinary two-way ANOVA
with Tukey’s multiple comparisons test, with a single pooled variance were performed.
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Figure Titles and Legends

Figure 1: A genetic mouse model to disconnect AKT signaling from TSC2 regulation
(A) Schematic of proposed mechanisms of mMTORC1 regulation.
(B) Schematic of the domain structure and phosphorylation sites on TSC2.

(C) Schematic of the strategy for generating conditional TSC2-WT and -5A mice, involving
transgene knock-ins at the Rosa26 locus and a Tsc2-floxed allele.

(D) gPCR quantification of mRNA expression of the mouse and human TSC2 transcripts in
R0sa26-LSL-TSC2-WT; Tsc2¥ (WT Flox) or Rosa26-LSL-TSC2-5A; Tsc2"M (5A Flox) and
following expression of CMV-Cre, Rosa26-TSC2-WT; Tsc2”- (WT Cre) or Rosa26-TSC2-5A;
Tsc2”- (5A Cre) 15.5 dpc whole embryos. Data are graphed as mean + SEM; N = 2 biological
replicates per genotype.

(E) Immunoblots of total protein (Input) and immunoprecipitations (IP) with TSC1 or IgG
control antibodies from protein extracts from Rosa26-LSL-TSC2-WT or -5A; Tsc2" (Cre -) and
R0sa26-TSC2-WT or -5A; Tsc2”- (Cre +) 15.5 dpc whole embryos are shown.

(F) Quantification of the TSC2/TSC1 ratio observed in (E), graphed as mean fold change from
Cre- control + SEM; N = 2 biological replicates per genotype.

(G) Immunoblots of protein extracts from 15.5 dpc whole embryos obtained from 3 independent
litters from heterozygous Rosa26-TSC2WTSA Tsc27 crosses are shown.

(H) Quantification of pS6/S6 ratios from the data in (G), graphed as mean £ SEM; N =7 TSC2-
WT/WT, 11 TSC2-WT/5A, and 6 TSC2-5A/5A.

Statistical analysis in (H) was performed using the Kruskal-Wallis test: ns (not significant), p >
0.5.

Figure 2: TSC2-5A cells have decreased growth factor-stimulated mTORC1 signaling

(A) Immunoblots of lysates from primary TSC2-WT and TSC2-5A MEFs cultured for 16 h in
full serum media (10% FBS). N = 3 biological replicates per genotype.

(B) Quantification of pS6K1/S6K1 ratio from (A) expressed as percentage of TSC2-WT MEFs
and graphed as mean + SEM; N = 3 biological replicates per genotype.

(C) Representative cell size (diameter) distribution between TSC2-WT and TSC2-5A MEFs
cultured as in (A).

(D) Mean volume of TSC2-WT and TSC2-5A MEFs cultured as in (A). Data are graphed as
mean £ SEM ; N = 3 biological replicates per genotype

(E) Proliferation curve of the TSC2-WT and TSC2-5A MEFs cultured in full serum media for 3
days. Data are expressed as fold change in cell number relative to day 0 and graphed as mean +
SEM; N = 3 biological replicates per genotype.

(F-H) Representative immunoblots and pS6K1/S6K1 ratio quantifications (below) of lysates
from primary TSC2-WT and TSC2-5A MEFs serum-starved and then stimulated with time
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courses of FBS (10%; F), EGF (100 ng/ml; G), or insulin (100 nM; H). Graphed as mean
percentage of serum-starved TSC2-WT MEFs + SEM; N = 3 biological replicates per genotype.

() Representative immunoblots and pS6K1/S6K1 ratio quantifications (below) of lysates from
primary TSC2-WT and TSC2-5A MEFs serum-starved and then stimulated with the indicated
concentrations of insulin. Graphed as mean percentage of serum-starved TSC2-WT MEFs +
SEM; N = 3 biological replicates per genotype.

(J) Representative immunoblots and pS6K1/S6K1 ratio quantifications (below) of lysates from
primary TSC2-WT and TSC2-5A MEFs treated for 1 h with vehicle (-) or an AMPK activator
(compound 991, 100 uM) with or without 30 min pretreatment with an AMPK inhibitor (BAY -
3827, 1 uM). Graphed as mean percentage of vehicle-treated TSC2-WT MEFs + SEM; N =3
biological replicates per genotype.

(K) Representative immunoblots and pS6K1/S6K1 ratio quantifications (below) of lysates from
primary TSC2-WT and TSC2-5A MEFs deprived of amino acids for 1 h and then, where
indicated (+), refed amino acids for 15 min. Graphed as mean percentage of amino acid deprived
TSC2-WT MEFs = SEM; N = 3 biological replicates per genotype.

Statistical analysis: (B, D) by Mann-Whitney test; (E-I) repeated measurement two-way
ANOVA with Greenhouse—Geisser correction; and (J, K) ordinary two-way ANOVA with
Tukey’s multiple comparisons test. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001.

Figure 3: TSC2-5A mice display decreased body and organ-specific weight, including the
brain with associated differences in mTORC1 signaling and neuron size

(A) Body weight measured over 12 months in a cohort of TSC2-WT and TSC2-5A littermate
males, graphed as mean + SEM; N = 12 TSC2-WT and 10 TSC2-5A.

(B) Body weight measured over 12 months in a cohort of TSC2-WT and TSC2-5A littermate
females, graphed as mean + SEM; N = 10 TSC2-WT and 7 TSC2-5A.

(C) Body length of male littermates measured at 11 weeks of age and graphed as mean + SEM,;
N =12 TSC2-WT and 10 TSC2-5A.

(D) Body length of female littermates measured at 11 weeks of age and graphed as mean + SEM;
N =10 TSC2-WT and 7 TSC2-5A.

(E) Male organ weights normalized to body weight (BW) measured in 16-week-old TSC2-5A
mice, graphed as mean percentage of TSC2-WT littermates + SEM; N = 6 TSC2-WT and 8
TSC2-5A.

(F) Brain weight measurement of male littermates at 9 weeks (N = 7 per genotype), 16 weeks (N
=6 TSC2-WT and 8 TSC2-5A), and 26 months (N =7 TSC2-WT and 5 TSC2-5A), graphed as
mean + SEM.

(G) Ad libitum pS6/S6 ratio measured in brain lysates of 9-week-old TSC2-5A mice (N = 7),
graphed as mean percentage of TSC2-WT littermates (N = 7) £ SEM. Quantification of
immunoblots in Figure S3D.
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(H) Soma size (area) of primary hippocampal neurons after 4 and 7 days in vitro, graphed as
mean + SEM for 2 independent experiments each. 4 days: N = 149 TSC2-WT and 191 TSC2-
5A; 7 days: N =103 TSC2-WT and 117 TSC2-5A.

(1, J) Representative immunoblots of lysates from primary TSC2-WT and TSC2-5A cortical
neurons following 4 h of growth factor and amino acid withdrawal, followed by a 15-min
stimulation with BDNF (100 ng/mL; I) or IGF1 (100 ng/mL; J) after a 30-min pretreatment with
vehicle (-), MK2206 (2 uM, AKTi), trametinib (5 uM, MEK:i), or both, as indicated.

Statistical analysis: (A, B) by mixed model effect with Sidak's multiple comparisons; (C-E, G,
H) by Mann-Whitney test; and (F) by ordinary two-way ANOVA with Tukey’s multiple
comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 4: Tissue-specific effects on feeding-induced mTORCL signaling and organ size in
skeletal muscle from TSC2-5A mice.

(A) Quantification of male skeletal muscle (gastrocnemius) and hepatic ad libitum pS6/S6 ratios
in lysates from 9-week-old TSC2-5A mice (N = 7), graphed as mean percentage of TSC2-WT
littermates (N = 7) £ SEM. Quantification of immunoblots in Figure S4A.

(B-D) Immunoblots and pS6/S6 ratio quantifications of lysates from skeletal muscle (quadriceps

(B) and gastrocnemius (C)) and liver (D) from mice subjected to a 12-h daytime fast, or similarly
fasted then refed for 2 h. Graphed as mean percentage of fasted TSC2-WT littermates £ SEM; N

= 3 fasted and 4 refed per genotype.

(E) Echo-MRI lean mass measurements of male littermates at 3, 6, and 12 months of age,
graphed as mean £ SEM; N =12 TSC2-WT and 9 TSC2-5A.

(F) Lean mass change of the measurements in (E) from 3 to 6 months of age, graphed as mean +
SEM.

(G) Skeletal muscle weights in 16-week-old male TSC2-5A mice (N = 8), graphed as mean
percentage of TSC2-WT littermates (N = 6) + SEM.

(H, 1) Pooled (H) and binned (1) fiber cross-sectional area (CSA) distribution of the skeletal
muscles of 16-week-old male TSC2-WT (N = 6) and TSC2-5A (N = 8) littermates. Data are
represented as mean £ SEM.

Statistical analysis by Mann-Whitney or ordinary two-way ANOVA with Tukey’s multiple
comparisons tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 5: TSC2-5A myotubes display a cell intrinsic defect in mTORC1 signaling and
protein synthesis.

(A) Bright-field images of isolated satellite cells from TSC2-WT and TSC2-5A skeletal muscle
before (DO) and after 6 days of differentiation into myotubes (D6). Scale bars: satellite cells, 100
pim; myotubes, 500 pum.

(B) Representative immunoblots of lysates from primary TSC2-WT and TSC2-5A myotubes
serum-starved for 6 h and then stimulated with time courses of insulin (100 nM).
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(C) Representative immunoblots of lysates from primary TSC2-WT and TSC2-5A myotubes
serum-starved for 6 h followed by a 15-min stimulation with insulin (100 nM) after a 30-min
pretreatment with vehicle (-), MK2206 (2 uM, AKTi), trametinib (5 uM, MEK:i), or both, as
indicated.

(D) Representative immunoblots of lysates from primary TSC2-WT and TSC2-5A myotubes
serum-starved for 6 hours and then stimulated with insulin (100 nM) for 1.5 h. Puromycin was
added for the final 30 min of insulin stimulation to measure protein synthesis. N = 2 technical
replicates.

(E) Quantification of puromycin incorporation in TSC2-5A myotubes, graphed as percentage of
TSC2-WT £ SEM. N = 2 independent biological experiments, each with 2 technical replicates.
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