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The mechanistic target of rapamycin complex 1 (mTORC1), a central regulator of cell growth, 

is activated by Rheb small GTPase. Our recent studies have demonstrated that polyubiquitinated 

Rheb enhances its interaction with mTORC1, resulting in the activation of mTORC1. Here, we 

demonstrate that the HECT, UBA, and WWE domain containing E3 ubiquitin protein ligase 1 

(HUWE1), an E3 ubiquitin ligase, preferentially interacts with ubiquitinated Rheb and facilitates 

Rheb’s binding to mTORC1 and its subsequent activation. The ablation of HUWE1 results in 

reduced ubiquitination of Rheb and decreased mTORC1 activity in cultured cells and mouse liver. 

HUWE1 is also necessary for Rheb to interact with carbamoyl-phosphate synthetase 2, aspartate 

transcarbamoylase, dihydroorotase (CAD), a key enzyme in pyrimidine biosynthesis, and for CAD 

activation through the activation of the mTORC1-S6K1 pathway. Moreover, HUWE1 maintains 

CAD expression by increasing its transcript in cells and liver tissues. Therefore, HUWE1 acts as 

a key organizer of the ubiquitinated Rheb complex, playing a vital role in enhancing mTORC1 

activity and pyrimidine synthesis by increasing both CAD activity and expression.

In brief

Ikeda et al. identified that HUWE1 interacts with ubiquitinated Rheb, enhancing Rheb’s binding 

to mTORC1 and CAD, leading to their activation. The study proposed that HUWE1 acts as a key 

organizer of the ubiquitinated Rheb complex, playing a vital role in enhancing mTORC1 activity 

and de novo pyrimidine synthesis.

Graphical Abstract
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INTRODUCTION

The mechanistic target of rapamycin complex 1 (mTORC1) plays a central role in 

stimulating cellular anabolic processes, including the biogenesis of proteins, lipids, and 

nucleotides, which are essential for cell growth and proliferation.1 In response to amino 

acids and growth factors, mTORC1 is primarily activated by two distinct Ras-related 

small guanosine triphosphatase (GTPases), Ras-related GTP-binding proteins (Rags), and 

Ras homolog enriched in brain (Rheb), on the lysosomal membrane.2 While Rags recruit 

mTORC1 to the lysosomal membrane in response to amino acid availability, growth factors 

activate Rheb, which directly interacts with and stimulates mTORC1 on the lysosome.3–7 

For Rheb activation, growth factor-induced active protein kinase B (PKB/Akt) directly 

phosphorylates and inhibits the function of tuberous sclerosis complex 2 (TSC2), the 

GTPase-activating protein (GAP) for Rheb, by dislocating the TSC complex away from the 

lysosomal membrane, thereby providing a permissive condition to Rheb for its GTP-loading 

and activation.8–17 In addition, recent studies demonstrated that the lysosomal localization 

of TSC2 is also reduced by amino acids.18 However, guanine-nucleotide exchange factors 

(GEFs) for Rheb, which convert inactive Rheb to active Rheb, have not been convincingly 

demonstrated. Our recent studies have demonstrated that polyubiquitinated Rheb, induced 

by amino acids, facilitates the interaction between Rheb and mTORC1 and subsequent 

mTORC1 activation.19,20 However, it has not been well understood what ubiquitin ligases 

contribute to Rheb polyubiquitination and its subsequent modifications, which support 

mTORC1 activation.

The homologous to E6-associated protein (E6-AP) carboxyl terminus (HECT), ubiquitin-

associated (UBA), and tryptophan-tryptophan-glutamate (WWE) domain containing E3 

ubiquitin protein ligase 1 (HUWE1) is a large E3 ubiquitin ligase containing multiple 

protein-protein interaction domains.21 HUWE1 is known to ubiquitinate multiple lysine 

residues (e.g., K6, K48, and K63) to generate either polyubiquitin chains or branches on 

target proteins, leading to protein degradation or stabilization, respectively.22,23 Known 

HUWE1-mediated degradation targets include both oncogenic proteins (e.g., c-Myc) and a 

tumor suppressor protein (p53), indicating that HUWE1 functions in both pro-apoptotic and 

anti-apoptotic pathways.24–28 HUWE1 also inhibits autophagy induction by degrading WD 

repeat domain phosphoinositide-interacting protein 2 (WIPI2), a key protein that promotes 

autophagosome formation.29 In contrast to its role in protein degradation, HUWE1 can 

generate K63-linked ubiquitin on c-Myc, facilitating its activation. Additionally, HUWE1 

also forms K48 branches to K63 ubiquitin chains of tumor necrosis factor receptor-

associated factor 6 (TRAF6), thereby amplifying nuclear factor κB (NF-κB) signaling.23,24

The carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase (CAD) 

is a multifunctional enzyme that catalyzes the first three steps of de novo pyrimidine 

synthesis.30 The enzyme activity of CAD is stimulated by S6K1-dependent phosphorylation, 

indicating that CAD is a key substrate of the mTORC1-S6K1 pathway.31,32 A recent 

study also reported that Rheb and RhebL1 interact with CAD and stimulate its activity 

independently of mTORC1 activity.33 The colocalization of CAD with RhebL1 on the 

lysosome membrane is diminished by a farnesyltransferase inhibitor that blocks membrane 

localization of RhebL1, suggesting that RhebL1 plays an important role in the lysosomal 
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localization of CAD. Inhibition of dehydroorotate dehydrogenase (DHODH) and uridine 

monophosphate synthetase (UMPS) in the de novo pyrimidine pathway showed little effect 

on cellular mTORC1 activity.34,35 These observations suggest that CAD is a downstream 

effector of RhebL1 and Rheb and a substrate of the mTORC1-S6K1 pathway.

In this report, we identified that HUWE1 functions as a positive regulator for mTORC1 

activation upstream of Rheb. The ablation of HUWE1 reduced levels of polyubiquitinated 

Rheb and mitigated cellular mTORC1 activity without affecting mTORC1 or TSC2 

lysosomal localization and phosphorylation status of Akt and TSC2. Importantly, the 

ablation of HUWE1 diminishes the interaction of Rheb with mTOR and CAD. Furthermore, 

we found that HUWE1 also plays a key role in maintaining CAD expression. We propose 

that HUWE1 serves not only as a key organizer of the ubiquitinated Rheb-associated 

protein complex, which facilitates Rheb-dependent mTORC1/CAD activation, but also as 

an upstream positive regulator of CAD mRNA expression, thereby amplifying de novo 
pyrimidine synthesis.

RESULTS

Ubiquitinated Rheb displays a strong binding preference for HUWE1 and CAD

To identify Rheb ubiquitin ligases and possible Rheb GEFs, which have a strong binding 

preference for nucleotide-free small GTPases in general, we generated a nucleotide-free 

Rheb mutant in which the conserved glycine in the phosphate-binding loop was replaced 

with alanine (Figure 1A). An equivalent mutation of Ras (G15A) abrogates guanine 

nucleotide binding and promotes stable interaction with cdc25, a GEF for Ras.36 As 

expected, the G18A Rheb mutant failed to bind guanine nucleotides, while the S16H and 

D60I mutants exclusively bound to GTP and GDP, respectively, as previously reported 

(Figure 1B).37–40 The D60K mutant exhibited a largely diminished nucleotide binding 

capacity, with a small amount of remaining GDP (Figure 1B). Simultaneously, we observed 

that while all the Rhebs generated their polyubiquitinated forms mainly with K48-linked 

chains, which were migrated above 250 kDa, the Rheb D60I and G18A mutants displayed 

significantly higher levels of ubiquitination compared to those in the wild-type and S16H 

mutant (Figure 1C and S1A). The blockade of membrane tethering of Rheb by introducing a 

C181S mutation on the Rheb G18A mutant reduced the levels of ubiquitination, suggesting 

that membrane localization plays a role in supporting the ubiquitination of the Rheb G18A 

mutant, while cytoplasmic Rheb is also subjected to ubiquitination (Figure 1C). Thus, 

nucleotide-free Rheb G18A mutant would act as a potential bait to capture ubiquitin 

ligases for Rheb on the membrane and possible Rheb GEF proteins. To isolate such Rheb 

regulators, we performed protein purification using the Rheb G18A mutant and the Rheb 

S16H mutant as a control (Figure 1D). Silver staining demonstrated that two specific bands 

were predominantly co-immunoprecipitated (coIPed) with the Rheb G18A mutant. Through 

mass spectrometry analyses, we identified that these bands are HUWE1 and CAD. Among 

these Rheb mutants, G18A and D60I Rheb, which are highly ubiquitinated (Figure 1C), 

displayed a strong binding preference for endogenous HUWE1 and CAD (Figure 1E). 

Furthermore, as the blockade of membrane localization of Rheb reduced its ubiquitination 

(Figure 1C), levels of coIPed endogenous HUWE1 and CAD with the Rheb G18A/C181S 
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mutant were largely decreased compared to those with the Rheb G18A mutant (Figure 1F). 

These observations suggest that, rather than the nucleotide-binding status of Rheb, levels of 

ubiquitination or membrane localization may play a role in enhancing the binding of Rheb 

to HUWE1 and CAD. We also tested the interaction of endogenous Rheb with HUWE1 

and CAD. While endogenous Rheb could coIP a very small amount of endogenous HUWE1 

and CAD, levels of coIPed HUWE1 and CAD with endogenous Rheb were significantly 

increased when levels of ubiquitinated Rheb were maintained by N-ethylmaleimide (NEM), 

a deubiquitinase (DUB) inhibitor, during cell lysis and immunoprecipitation (Figures 1G and 

1H). These results suggest that the preservation of the ubiquitinated form of Rheb maintains 

its binding affinity to both HUWE1 and CAD.

Similar to TSC2, both HUWE1 and CAD are primarily expressed in the cytoplasmic and 

membrane fractions (Figure S1B) and partially co-localize with Rheb in the perinuclear 

region (Figure S2A–S2E). Moreover, both HUWE1 and CAD could be detected in the 

purified lysosome, suggesting that certain levels of HUWE1 and CAD are expressed on the 

lysosome (Figure S2F, S2G, and S2H).

HUWE1 is required for Rheb to interact with CAD and mTOR

To understand the nature of HUWE1 and CAD interactions with Rheb, we first asked if 

HUWE1 interacts with CAD. HUWE1 coIPed CAD, and this interaction was modestly 

enhanced by growth factor/amino acid stimulation (Figure 2A). This result suggests that 

HUWE1 and CAD may be in the same complex with Rheb. To determine the key domains 

of CAD or HUWE1 that interact with Rheb, we generated various truncation mutants of 

CAD and HUWE1. CAD is a multifunctional enzyme that contains domains encoding 

glutaminase (GLN), carbamoyl phosphate synthetase (CPSase II), dihydroorotase (DHO), 

and aspartate transcarbamoylase (ATC) and catalyzes the first three steps of de novo 
pyrimidine biosynthesis (Figure 2B and also see Figure 6B). coIP experiments demonstrated 

that the Rheb G18A mutant effectively coIPed wild-type CAD and the mutants that contain 

the CPSase B domain (Figure 2B), which is consistent with previous observations.33 On 

the other hand, the HECT domain, but not the UBA domain, of HUWE1 effectively coIPed 

Rheb G18A mutant (Figure 2C). The interaction of HUWE1 with Rheb G18A did not 

require HUWE1’s catalytic activity, as the catalytically inactive HUWE1 C4341S mutant 

or the HECT domain with a C4341S mutation displayed an equivalent affinity to their 

wild-type proteins to interact with Rheb (Figure 2C). The HECT domain of HUWE1 was 

also coIPed with endogenous Rheb, and the levels of coIPed HECT domain were increased 

by NEM treatment (Figure 2D). Interestingly, both the full-length and the HECT domain of 

HUWE1 effectively coIPed the CPSase domains of CAD (Figures 2E and 2F). These data 

suggest that the HECT domain of HUWE1 or the CPSase domain of CAD may play a key 

role in assembling the HUWE1-Rheb-CAD complex.

To determine whether CAD is required for Rheb interaction with HUWE1, or vice versa, we 

depleted either CAD or HUWE1 using short hairpin RNA (shRNA)-mediated knockdown 

(KD) and monitored Rheb interactions with the other. While CAD KD had little effect 

on the interaction between Rheb G18A and HUWE1, HUWE1 KD largely diminished 

Rheb G18A interaction with CAD, indicating that HUWE1 is required for CAD to interact 
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with Rheb G18A mutant (Figure 3A). Importantly, HUWE1 KD but not CAD KD also 

disrupted the interaction between Rheb G18A mutant and mTOR, suggesting that HUWE1 

may play a key role in the association between Rheb and mTOR (Figure 3A). Similar 

to the observations in HEK293T cells using Rheb G18A, CAD KD demonstrated little 

effect on growth factor/amino acid-induced interaction between endogenous Rheb and 

mTOR or TSC2 in mouse embryonic fibroblast (MEFs) (Figure 3B). Importantly, HUWE1 

KD largely inhibited growth factor/amino acid-induced endogenous Rheb interaction with 

mTOR (Figure 3B). In contrast, HUWE1 KD had little effect on growth factor/amino 

acid-induced dissociation of TSC2 from Rheb (Figure 3B). These observations indicate that 

HUWE1 plays a key role in enhancing the interaction between Rheb and mTORC1 as well 

as CAD.

HUWE1 regulates Rheb ubiquitination

HUWE1 preferentially interacts with nucleotide-free or GDP-bound forms of Rheb mutants, 

which are highly ubiquitinated in the cells (Figures 1B–1E). We examined whether HUWE1 

displays any GEF-like activity toward Rheb using purified HUWE1 and Rheb protein in 
vitro and found that HUWE1 did not exhibit a detectable guanine-nucleotide exchange 

activity for Rheb (Figure S3A).

Previous studies demonstrated several distinct ubiquitin ligases, including Siah1,41 

RNF152,42 and DCAF1,43 that ubiquitinate and degrade Rheb in response to nitric oxide, 

growth factor starvation, and glucose scarcity, respectively. Interestingly, we observed 

that while polyubiquitinated Rheb (Ub-Rheb) is gradually subjected to proteasomal 

and lysosomal degradation, Ub-Rheb forms a heteromultimer with non-ubiquitinated 

Rheb, facilitating their interaction with mTORC1 on the lysosome and leading to 

its subsequent activation. We recently identified that the CUL3-Rbx1-KLHL9 complex 

ubiquitinates Rheb to form “active” Ub-Rheb for mTORC1 activation,20 whereas ataxin 3 

(ATXN3) deubiquitinates Rheb and inhibits mTORC1 activation under amino acid-starved 

conditions.19 To investigate if HUWE1 affects levels of Rheb ubiquitination, the effect of 

HUWE1 KD on wild-type and G18A Rheb ubiquitination was monitored in HEK293T. 

Under Rheb overexpressed conditions, while the effect was moderate, levels of total or 

K48-linked ubiquitination of both wild-type and G18A Rheb were consistently reduced in 

HUWE1 KD HEK293T cells (Figure 3C). Similarly, levels of polyubiquitinated endogenous 

Rheb were also reduced in HUWE1 KD or knockout (KO) HEK293T cells (Figure 3D and 

S3B). The trend of reduction in Ub-Rheb was also observed in HUWE1 KD HepG2 cells 

(Figure 3E). The ubiquitin ligase activity of HUWE1 is important for Rheb to interact with 

mTOR, as the reduced interaction of Rheb with mTOR in HUWE1 KD cells was partially 

restored by exogenous wild-type HUWE1 but not the C4341S HUWE1 mutant (Figure 3F). 

Since the ablation of HUWE1 did not eliminate Ub-Rheb, it suggests that HUWE1 is not a 

primary E3 ubiquitin ligase to generate the main polyubiquitinated form of Rheb; instead, 

it may act as a key ubiquitin modifier working with other ubiquitin ligases. The idea is 

also supported by the fact that HUWE1 showed a stronger binding preference for the Rheb 

mutants, which are highly ubiquitinated (Figures 1C–1F), or endogenous Rheb when its 

ubiquitination was maintained (Figures 1G and 1H). Together, these observations suggest 

that HUWE1 may play a key role in the interaction between Rheb and mTOR or CAD 
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through its ubiquitin ligase activity, likely by modifying (e.g., branching) the ubiquitinated 

form of Rheb (Figure 3G).

HUWE1 plays an important role in growth factor/amino acid-induced mTORC1 activation

Given the important role of HUWE1 in stimulating the interaction between Rheb and 

mTOR, we tested the effect of HUWE1 ablation on cellular mTORC1 activity in MEFs. 

Importantly, HUWE1 KD showed a substantial decrease in mTORC1 activity under normal 

cell culture conditions (basal) and in response to growth factor/amino acid stimulation 

(Figure 4A). Similar observations were also seen in HEK293T and HeLa cells (Figures 

S3C and S3D). Time course studies also demonstrated that the activation of mTORC1 was 

largely delayed and mitigated in HUWE1 KD MEFs (Figure 4B). While the initial induction 

of Akt, TSC2, or extracellular signal-regulated kinase (ERK) phosphorylation was slightly 

reduced 5 min after growth factor/amino acid stimulation in HUWE1 KD MEFs, it quickly 

recovered to similar or higher levels of phosphorylation in later time points compared to 

those in control cells (Figure 4B). Growth factor stimulation leads to the dissociation of 

TSC2 from the lysosome membrane in MEFs.44 Consistent with the negligible effect of 

HUWE1 KD on TSC2 phosphorylation (Figure 4B) or TSC2 dissociation from Rheb (Figure 

3B), insulin treatment sufficiently induced TSC2 dissociation from the lysosome in HUWE1 

KD MEFs as in wild-type MEFs (Figure S3E). Despite these observations, the effect of 

HUWE1 KD on reducing mTORC1 activity was mitigated in cells lacking the TSC complex 

(Figure S3F). The observation suggests that the implication of HUWE1 in regulating the 

Rheb-mTORC1 activity requires an intact GDP-GTP cycle of Rheb, which is consistent with 

the observation that HUWE1 has a very weak affinity with GTP-bound Rheb, which is less 

ubiquitinated (Figures 1C and 1E). It is well known that HUWE1 ubiquitinates and degrades 

p53, a tumor suppressor that negatively regulates mTORC1 activity.25,45 However, similar 

to the effects in wild-type MEFs, HUWE1 KD significantly inhibited growth factor-induced 

mTORC1 activity without affecting Akt phosphorylation in MEFs derived from p53 KO 

embryos (Figure 4C).46 Together, these observations suggest that HUWE1 plays a crucial 

role in regulating mTORC1 activity independently of p53 function, acting downstream of 

Akt and TSC2. This is consistent with the observations that HUWE1 acts at the point 

of Rheb interaction with mTORC1 (Figures 3A and 3B). Consistently, HUWE1 KD also 

inhibited leucine-induced mTORC1 activation in MEFs (Figure 4D) without affecting 

amino acid-induced lysosomal mTOR localization (Figure 4E). Furthermore, the ablation 

of HUWE1 did not affect the levels of ubiquitination of Rag A and Rag C (Figure S3G) 

and effectively inhibited mTORC1 activity in HEK293T cells lacking nitrogen permease 

regulator 2-like protein (NPRL2), an essential catalytic component of GAP activity towards 

Rags-1 (GATOR1) (Figure 4F), supporting the notion that HUWE1 facilitates mTORC1 

activation following its localization to the lysosome. To investigate if the ligase activity of 

HUWE1 plays an important role in the activation of mTORC1, we transiently introduced 

wild-type or the catalytically inactive HUWE1 C4341S mutant with HA-S6K1 as a reporter 

in HUWE1 KD HEK293T cells. Consistent with the observation that wild-type HUWE1, 

but not the C4341 HUWE1 mutant, restored Rheb interaction with mTOR in HUWE1 KD 

HEK293T cells (Figure 3F), the reduction of S6K1 phosphorylation in the HUWE1 KD 

cells was also restored by re-expressing wild-type HUWE1 but not by the HUWE1 C4341S 

mutant (Figure 4G). Notably, HUWE1 KD resulted in a slight but consistent decrease in 
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CAD expression (Figures 4A–4D). However, increasing CAD expression with exogenous 

CAD in HUWE1 KD cells did not influence the effects of wild-type HUWE1 or HUWE1 

C4341S mutant on mTORC1 activity, indicating that the E3 ubiquitin ligase activity of 

HUWE1 contributes to the mechanism underlying HUWE1-dependent mTORC1 activation.

HUWE1 plays a key role in stimulating mTORC1 activation in vivo

To test the role of HUWE1 in the regulation of mTORC1 activity in a more physiologically 

relevant setting, hepatocyte-specific HUWE1 KO mice were generated. The Huwe1f/y 

male mice (Huwe1 is an X-linked gene), as well as Huwe1f/f female mice, expressing 

Alb-Cre (Huwe1 LKO mice), grew normally and lived at least 2 years as wild-type 

mice (unpublished observations). Consistent with the observation in the cultured cells, 

12-week-old male Huwe1 LKO mice fed normal chow displayed significantly reduced 

mTORC1 activity monitored by levels of phosphorylated S6 (S240/244), the sites directly 

phosphorylated by S6K1 in their liver tissues47,48 (Figure 5A) without affecting Akt 

phosphorylation (S479) and hepatocyte nucleolus number (Figure S4A), supporting the 

idea that HUWE1 specifically enhances mTORC1 activity downstream of Akt. Immunoblot 

analyses also demonstrated that levels of S6K1 and 4EBP1 phosphorylation, two known 

direct mTORC1 substrates, and S6 phosphorylation were significantly decreased in the liver 

tissue lysates from Huwe1 LKO mice (Huwe1−/y) compared to those from control mice 

(Huwe1f/y) (Figure 5B).

Since Alb-Cre has been shown to start expressing in fetal liver tissues,49 we also 

examined the effect of acute HUWE1 ablation on mTORC1 activity in adult liver tissues 

(12-week-old) using the adeno-associated viral-thyroxine binding globulin promoter-Cre 

recombinase (AAV-TBG-Cre) system.50 Firstly, Huwe1f/y mice were injected with AAV-

TBG-Cre or AAV-TBG-GFP (control) (Figure 5C). Secondly, the Huwe1f/y or control wild-

type Huwe1+/y mice were injected with the AAV-TBG-Cre (Figure 5D). After 10 days of 

infection, levels of mTORC1 activity in the liver or kidney tissues were monitored. The 

expression of HUWE1 was effectively and specifically reduced in only the liver tissues of 

Huwe1f/y mice treated with AAV-TBG-Cre (Figures 5C, 5D, S4B, and S4C). Consistent 

with the observations in the Alb-Cre system (Figures 5A and 5B), mTORC1 activity in 

the liver tissues was reduced under both fasted and fed conditions in mice treated with 

the AAV-TBG-Cre but not with AAV-TBG-GFP (Figure 5C). Similarly, levels of mTORC1 

activity in the liver tissues of Huwe1f/y mice treated with AAV-TBG-Cre were lower than 

those of control Huwe1+/y mice treated with the same AAV-TBG-Cre (Figure 5D). Together, 

these observations suggest that HUWE1 plays a crucial role in facilitating mTORC1 activity 

in liver tissues in response to food intake.

HUWE1 increases levels of CAD transcript and protein in liver tissues

The ablation of HUWE1 slightly but consistently decreased CAD expression in cultured 

cells (Figures 4A, 4B, 4D, and S3C). Similarly, CAD expression was drastically reduced in 

the liver tissues of Huwe1 LKO mice compared to that in Huwe1f/y control mice (Figure 

6A). However, expression levels of other enzymes in the de novo pyrimidine synthesis 

pathway (Figure 6B), including DHODH or UMPS in Huwe1 LKO liver, remain unchanged 

(Figure 6C). Significant reduction of CAD protein expression was also observed in the liver 
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tissues in which the Huwe1 gene was knocked out in the adult mice by the AAV-TBG-Cre 

(Figures 5C and 5D).

It has been reported that HUWE1 ubiquitinates c-MYC itself or ubiquitinates and degrades 

MIZ1, a suppressor of c-MYC, thereby enhancing c-MYC-dependent gene expression.24,51 

Furthermore, the transcription of the CAD gene is positively regulated by c-MYC.52,53 

To test if HUWE1 positively regulates CAD expression through its transcriptional activity, 

levels of CAD mRNA were monitored in HUWE1 KD HEK293T cells. As expected, 

HUWE1 KD reduced levels of not only CAD mRNA but also other c-MYC-target 

transcripts, such as CDK6, PPIE, and SLC16A1 (Figure S4D). Furthermore, the stability 

of CAD mRNA was not affected by the ablation of HUWE1 (Figure S4E), suggesting that 

HUWE1 enhances the transcriptional activity of the CAD gene in HEK293T cells, likely 

through c-Myc activation. We also tested whether the level of Cad gene expression was 

decreased in hepatocytes of Huwe1 LKO liver tissues. While levels of CAD mRNA were 

significantly reduced in Huwe1 LKO liver tissues compared to those of control Huwe1f/y 

liver tissues, as expected, we did not observe the reduction of other c-Myc-induced gene 

expressions, including DHODH, UMPS, and SLC16A1 in Huwe1 LKO liver tissues (Figure 

6D and S4F).54,55 Levels of LDHa and PKM2 mRNA, other known transcripts driven by 

c-Myc, were rather enhanced in Huwe1 LKO liver tissues compared to control Huwe1f/y 

liver tissues (Figure S4F).56,57 These observations suggest that the mechanism underlying 

the reduction of CAD mRNA is not mainly due to the inhibition of c-Myc activity in Huwe1 
LKO liver tissues. We observed that the stability of CAD mRNA was significantly decreased 

in the primary cultured hepatocytes from Huwe1 LKO liver tissues compared to the control 

hepatocytes (Figure 6E). These observations suggest that the mechanism by which CAD 

transcript is reduced in cells lacking HUWE1 expression differs between HEK293T cells 

and murine hepatocytes. Nevertheless, these observations suggest that HUWE1 plays a 

crucial role in maintaining CAD protein expression and its activity by increasing mRNA 

levels and enhancing mTORC1 activity, a key stimulator of CAD. To determine whether de 
novo pyrimidine synthesis is downregulated in the tissue lacking HUWE1 expression, we 

monitored the levels of metabolites, such as N-carbamoyl-L-aspartate (NCLA) and UMP 

(Figure 6B), in Huwe1 LKO and control liver tissues. As expected, levels of NCLA and 

UMP concentrations were slightly but consistently lower in the liver tissues of Huwe1 
LKO mice compared to control mice (Figure 6F). Levels of lactate in the liver tissues, 

a metabolite indicating glycolysis status and hepatocyte functions, were not changed in 

Huwe1 LKO liver tissues.

Taken together, the data presented in this study propose a model in which HUWE1 

functions as a key modulator of Ub-Rheb, acting as an mTORC1 activator by facilitating 

the interaction between mTORC1 and Rheb. Furthermore, our data indicate that HUWE1 

also functions as a key player in supporting de novo pyrimidine synthesis by recruiting CAD 

into the Rheb-mTORC1 complex and maintaining CAD mRNA levels (Figure 6G).

DISCUSSION

In this study, we identified HUWE1 as a novel positive regulator of mTORC1 activity. 

HUWE1 plays a key role in the association of Rheb with mTOR and CAD, a known 
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substrate of Rheb and the mTORC1-S6K1 signaling.31–33 Furthermore, HUWE1 is required 

to maintain the levels of CAD expression in both in vitro and in vivo. Given that HUWE1 

shows a strong binding preference for inactive Rheb species, which are highly ubiquitinated 

when overexpressed, and display its positive role in activating mTORC1 activity, we 

suspected that HUWE1 might have a GEF-like activity toward Rheb. However, we failed to 

detect any nucleotide exchange activity of HUWE1 for Rheb in vitro (Figure S3A). Instead, 

we found that the E3 ligase activity of HUWE1 is required for HUWE1-induced mTORC1 

activation (Figure 4G).

Our previous studies have indicated that the CUL3-Rbx1-KLHL9 ubiquitin ligase 

polyubiquitinates Rheb and supports its interaction with mTORC1 and subsequent 

mTORC1 activation on the lysosome.19,20 The Rheb mutant with four lysine residues 

(K109/135/151/178A) displayed an impairment of its poly-ubiquitination, association with 

non-ubiquitinated Rheb and mTORC1, and the ability to enhance mTORC1 activity in 

response to amino acids and growth factors.19,20 HUWE1-mediated protein ubiquitination 

contributes not only to the destabilization of target proteins through its K48-linked 

ubiquitination but also to the amplification of ubiquitin chain-mediated signal transduction. 

For instance, HUWE1 can activate c-Myc by catalyzing the assembly of K63-linked 

polyubiquitination chains, thereby inducing the transcriptional activation of a subset of 

c-Myc target genes.24 In addition, HUWE1 also generates K48-linked branched ubiquitin 

chains on the K63 ubiquitin chains of TRAF6, leading to the amplification of the NF-κB 

signaling.23 We propose that HUWE1 may act as a ubiquitin modifier of polyubiquitinated 

Rheb, likely forming branched chains that play a crucial role in amplifying the interaction 

between Rheb and mTORC1, leading to subsequent mTORC1 activation.

Interestingly, a recent study identified that Rheb also undergoes neddylation, a ubiquitin-like 

NEDD8 conjugation, through the ubiquitin-conjugating enzyme E2F (UBE2F)-sensitive to 

apoptosis gene (SAG) ligase on the same lysine residue that is subject to ubiquitination. 

The neddylation of Rheb positively regulates its function to stimulate mTORC1 activity.19,58 

These new observations also raise the possibility that, in addition to ubiquitin, HUWE1, 

which also acts as an E3 ligase for NEDD8,59 may transfer NEDD8 to Rheb to confer 

Ub-Rheb resistance to immediate proteasome-mediated degradation, thereby supporting the 

interaction between Rheb and mTORC1 on the lysosome.

CAD is a known substrate of S6K1, and its activity is enhanced by S6K1-dependent 

phosphorylation.31,32 A recent study postulated that GTP-bound active Rheb interacts with 

CAD and stimulates the CPS activity of CAD in a manner independent of mTORC1 

activity.33 Consistently, we also found that Rheb preferentially interacts with the CPSase 

domain of CAD. However, contrary to the model proposed in the previous paper, our 

observations suggest that the binding of Rheb to CAD is dependent on Rheb’s ubiquitination 

status, regardless of its nucleotide-binding state. In support of this, the ablation of HUWE1 

diminished the interaction of CAD with both wild-type and the highly ubiquitinated 

nucleotide-free Rheb mutant (Figures 3A and 3B). Given the critical role of mTORC1-

S6K1 activity in stimulating CAD activity, it is conceivable that the formation of a multi-

protein complex, including mTORC1 and CAD, induced by HUWE1-dependent Rheb 
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ubiquitination would be beneficial for amplifying mTORC1 signaling and expediting the 

transduction of mTORC1 signal to the de novo pyrimidine synthesis pathway.

Interestingly, we observed that ablation of HUWE1 also reduced CAD protein expression 

in cultured cells and tissues. Thus, HUWE1 stimulates not only the enzymatic activity 

of CAD through the activation of the mTORC1-S6K1 pathway but also CAD expression 

to support de novo pyrimidine synthesis. The mechanisms underlying HUWE1-induced 

CAD expression may differ across various cell types. For instance, HUWE1 increased 

CAD mRNA with little effect on its stability in HEK293T cells (Figure S4D and S4E), 

suggesting that HUWE1 may stimulate the transcription of the CAD gene. Transcriptional 

upregulation of the CAD gene, which contains the E-box sequence in its promoter, is 

known to be driven by the c-Myc transcription factor.53,60 Notably, it has been reported 

that HUWE1-dependent ubiquitination of c-Myc or Miz1, a suppressive component of the 

c-Myc/Myc-associated factor X (MAX) complex, enhances E-box-associated c-Myc-target 

gene expression.24,51 In fact, the ablation of HUWE1 in HEK293T cells suppressed the 

levels of many c-Myc-dependent transcripts bearing the E-box in their promoter (Figure 

S4D). Thus, it is conceivable that HUWE1 may enhance CAD gene expression through the 

activation of the c-Myc/MAX complex. Intriguingly, while the level of CAD mRNA was 

also significantly decreased in HUWE1 LKO liver tissues, we did not observe a reduction 

in the expressions of other known c-Myc-induced genes, such as DHODH, LDHA, and 

SLC16A1. Instead, we observed a decrease in CAD mRNA stability in HUWE1 KO primary 

hepatocytes. These observations indicate that HUWE1 maintains CAD transcripts through 

distinct mechanisms in HEK293T cells and murine hepatocytes.

HUWE1 has been shown to inhibit autophagy by degrading WIPI2, a key protein that is 

required for autophagosome formation in liver hepatocytes.29,61 Interestingly, the study 

identified that mTORC1-dependent WIPI2 phosphorylation triggers HUWE1-dependent 

WIPI2 degradation.62 However, the observations in this study suggest that HUWE1 may 

exert a broader role in inhibiting the processes of autophagy by supporting mTORC1 

activity, which inhibits autophagy at several steps.63–66 Finally, it has recently been reported 

that mice lacking HUWE1 in their hepatocytes (Huwe1 LKO) exhibited a significant 

reduction in lipid biogenesis and resistance to age- and high-fat diet-induced hepatic 

steatosis.67 Interestingly, a recent study found that uridine 5’-triphosphate (UTP), a key 

metabolite derived from UMP, plays a crucial role in supporting pyruvate dehydrogenase 

activity and subsequent acetyl-CoA synthesis and fatty acid biogenesis, indicating another 

role of pyrimidine synthesis in lipid biogenesis.68 Since the mTORC1-S6K1 pathway 

stimulates both lipid and pyrimidine biogenesis pathways through the activation of SERBPs 

and CAD, respectively,31,32,69,70 it is conceivable that the reduction of mTORC1 activity 

and CAD expression in Huwe1 LKO liver tissues may contribute to protecting against 

aberrant lipid biogenesis and diet-induced non-alcoholic hepatic steatosis.

Limitations of the study

This study has not determined the key ubiquitin modifications of Rheb by HUWE1, which 

help assemble the Ub-Rheb complex consisting of Ub-Rheb, non-Ub Rheb, mTORC1, and 

CAD. We demonstrated that HUWE1 also plays a role in maintaining CAD expression 
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levels in cultured cells and liver tissues. However, the mechanisms underlying HUWE1-

induced CAD expression differ and are dependent on the cell type. The detailed molecular 

mechanisms by which HUWE1 supports the levels of cellular CAD mRNA warrant future 

investigation.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will be fulfilled by 

the lead contact, Ken Inoki (inokik@umich.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a 

completed materials transfer agreement.

Data and code availability

• Raw western blotting and immunofluorescence (IF) data from Figures 1, 2, 3, 4, 

5, and 6 and western blotting data from supplemental figures were deposited on 

Mendeley Data: https://data.mendeley.com/preview/snppdxjf2s, https://doi.org/

10.17632/snppdxjf2s.1

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model: Huwe1f/f (B6) and Albumin Cre (B6) mice were obtained from the Jackson 

Laboratory.78 Congenital male HUWE1 liver-specific KO mice (Huwe1f/y, Alb-Cre) were 

generated by crossing male Albumin Cre (B6) and female Huwe1f/f mice (Huwe1 is a 

gene located on the X chromosome). Inducible male HUWE1 liver-specific KO mice were 

generated by infecting male Huwe1f/y mice (12-week-old) with AAV-TBG-Cre virus via 

the tail vein. In analyses of AAV-TBG-Cre-induced HUWE1 KO mice, after ten days of 

infection with control (AAV-TGB-GFP) and AAV-TBG-Cre, mice were starved for 16 h 

and fed for 5 h. The liver and kidney cortex tissues were homogenized with Triton X-100 

lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10% glycerol, 

10 mM NaF, 10 mM pyrophosphate, 10 mM glycerophosphate, and a mixture of protease 

inhibitor (Roche)). All animal experiments were approved by the Institutional Animal Care 

and Research Advisory Committee at the University of Michigan.

Mammalian cell culture: HEK293T, HeLa, HepG2, wild-type mouse embryonic 

fibroblasts (MEFs), and p53−/− MEFs, p53−/− TSC2−/− MEFs (gifts from Dr. David 

Kwiatkowski, Brigham and Women’s Hospital Boston, MA, USA) were cultured in 

DMEM (Thermo Fisher Scientific) with 10% fetal bovine serum (FBS, Corning) and 100 
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units/ml penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific). Primary mouse 

hepatocytes were cultured in Williams E (Thermo Fisher Scientific) with 5% FBS and 

100 units/ml penicillin and 100 μg/mL streptomycin. All cell lines used in the study were 

regularly checked for mycoplasma.

METHOD DETAILS

Cell treatment, transfection, and fractionation: For growth factor/nutrient starvation, 

cells were incubated with HBSS (Hank’s Balanced Salt Solution, Invitrogen) for the 

indicated times. For growth factor or nutrient starvation, cells were incubated with FBS-free 

or leucine (Leu)-free media (Crystalgen) for the indicated time, respectively. For stimulation 

of these, growth media, insulin (Sigma-Aldrich), or Leu (RPI Corp.) were added for the 

indicated times. Transfection was performed using Lipofectamine (Invitrogen). MEFs were 

fractionated into the cytoplasmic, membrane, and nuclear fractions using the Subcellular 

Protein Fractionation Kit for Cultured Cells (Pierce).

Primary hepatocyte isolation: Control (Huwe1f/y) and Huwe1 L KO (Huwe1−/y) liver 

tissues were perfused with HBSS and then with the collagenase-containing solution (HBSS 

with 1% BSA and 0.05% collagenase (Sigma-Aldrich)) for 10 min. Dispersed cells were 

resuspended and culture in the plate coated with 0.01% type I collagen (Sigma-Aldrich).

shRNAs, sgRNAs, lentivirus production: shRNAs or sgRNAs were cloned into the 

lentivirus plasmid pLKO.1-puro or Lenti-CRISPR v2, respectively. HEK293T cells were 

transfected with these plasmids with psPAX2 and pMD2.G to generate lentivirus carrying 

the shRNA or shRNA. Media containing lentivirus were collected and spun at 26,000 rpm 

for 100 min. Virus pellets were resuspended with Opti-MEM (Invitrogen) and stored at 

−80°C until use. Cells were infected for 24 h and selected with 2 μg/mL puromycin. 72 h 

post-infection, cells were harvested and processed for further analysis.

siRNA experiments: TriFECTa RNAi Kits were purchased from 

Integrated DNA Technologies (IDT). Two sequences for human HUWE1 

were used: GCAGAUAAAUCUGAUCCUAAACCTG (hs.Ri.HUWE1.13.1) and 

GAUUCUGAAGCAAGUAGUCAAUCAG (hs.Ri.HUWE1.13.2). Non-targeting DsiRNA 

included in the kit was used as a negative control. siRNAs were pre-mixed with RNAiMAX 

(Invitrogen) for 10 min. HeLa cell suspension was seeded onto a 6-well plate at 2–3 × 105 

cells/2.5 mL. siRNA/RNAiMAX mixture was added to the cells, and then the cells were 

incubated for 48 h.

Cell lysis and immunoprecipitation: Cells were harvested with NP40 lysis buffer 

(10 mM Tris-HCl [pH 7.5], 2 mM EDTA, 100 mM NaCl, 1% NP-40, 60 mM NaF, 

10 mM pyrophosphate, 10 mM glycerophosphate, and a mixture of protease inhibitor 

(Roche)) for western blot analyses, CHAPS lysis buffer (40 mM HEPES [pH 7.5], 120 

mM NaCl, 1 mM EDTA, 0.3% CHAPS, 50 mM NaF, 10 mM pyrophosphate, 30 mM 

glycerophosphate, and a mixture of protease inhibitor) for immunoprecipitation to assess 

protein-protein interaction, or RIPA lysis buffer (25 mM Tris-HCl [pH7.6], 50 mM NaCl, 

1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 10 mM pyrophosphate, 
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10 mM glycerophosphate, and a mixture of protease inhibitor) for in vivo crosslinking 

samples. For immunoprecipitation using Flag-agarose beads, 15 μL of anti-FLAG M2 

affinity gel (Sigma-Aldrich) was added and incubated with gentle rocking for 3 h at 4°C. 

For immunoprecipitation using the specific antibodies, 1 μg of antibody was added and 

incubated with gentle rocking for 3 h at 4°C. 15 μL of 50% slurry of protein G Sepharose 

(GE Healthcare) was added and incubated for an additional 1 h. Immunoprecipitates were 

washed with lysis buffer five times and then denatured at 100°C for 5 min in 1X SDS sample 

buffer.

Immunofluorescence staining of cultured cells: MEFs were plated on glass 

coverslips in a 6-well plate. Coverslips were rinsed with PBS and fixed with 4% 

paraformaldehyde (PFA) for 15 min and then permeabilized with 0.1% saponin and 2% BSA 

in PBS. After three washes with PBS, coverslips were incubated with the indicated primary 

antibodies in PBS containing 0.1% saponin and 2% BSA overnight at 4°C. The coverslips 

were washed 3 times with PBS and incubated with secondary antibodies (1:500) in 0.1% 

saponin/2% BSA for 2 h at room temperature. After 3 washes with PBS, the coverslips were 

mounted on the glass slides using Prolong Gold antifade reagent with DAPI (Invitrogen) 

and analyzed with a Leica TCS SP5 confocal microscope. The colocalization ratio was 

measured using the Fiji package of ImageJ (https://fiji.sc). Briefly, a binary image was 

created by Otsu’s Threshold algorithm. The overlapped pixels were obtained by merging 

two binary images. The total pixel particles of each binary image and the merged image 

were measured by Analyze Particles. The ratio was calculated by the endogenous Rheb 

co-localized with endogenous HUWE1 or CAD to total endogenous Rheb, and the HUWE1 

or CAD co-localized with Rheb to total HUWE1 or CAD.

Immunofluorescence staining of tissues: The liver tissues (right posterior segment 

VI) were fixed with PBS containing 4% PFA. The fixed tissues were embedded in paraffin 

and sectioned at 5 μm, and then subjected to immunofluorescence staining. Antibodies 

were used at the following dilutions: pS6 (1:400; Cell Signaling Technology); pAkt S473 

(1:400; Cell Signaling Technology). Prolong Gold antifade reagent with DAPI (Invitrogen) 

was used for nucleus staining. The number of hepatocytes and the intensity of fluorescence 

signals were measured by ImageJ software. Briefly, the area was calculated with a standard 

measurement bar of 20 μm in each image. Vascular regions were eliminated from the area. 

Relative TRITC intensity (pS6 and pAkt) in the area was determined through ImageJ’s 

measurement analysis tool. The DAPI channel was used to determine the number of 

hepatocyte nuclei by counting the particles of an area larger than 20 μm2.

RT-qPCR: Cells were collected and lysed with TRIzol reagent (Invitrogen). Total RNA 

was purified using the RNeasy Mini Kit (QIAGEN). RT-qPCR was performed to determine 

the relative mRNA levels of human CAD, CDK6, PPIE, and SLC16A1 and murine CAD, 

DHODH, and UMPS using gene-specific primers (Supplemental information), the One Step 

TB Green PrimeScript PLUS RT-PCR kit (Takara), and the StepOnePlus Real-time PCR 

System (Applied Biosystems).
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In vivo labeling: GTP- and GDP-bound Rheb was determined by in vivo labeling with 

phosphorus-32 (32P) radionucleotide as described previously.10,38 Briefly, cells were washed 

once and incubated with phosphate-free DMEM (Invitrogen) for 90 min and incubated with 

phosphate-free DMEM containing 10% dialyzed FBS and 25 μCi 32P-phosphate/mL for 4 

h. Cells were lysed with cell lysis buffer (0.5% NP-40, 50 mM Tris-HCl [pH 7.5], 100 mM 

NaCl, 10 mM MgCl2, 1 mM DTT, and a mixture of protease inhibitor) at 4°C for 30 s. 

The lysate was then centrifuged at 16,000 × g for 15 min at 4°C. To immunoprecipitate 

Flag-tagged Rheb, 10 μL of anti-FLAG M2 affinity gel was added to the supernatant and 

incubated with gentle rocking for 2 h at 4°C. The beads were washed with wash buffer 

1 (50 mM Tris-HCl [pH 8.0], 500 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.5% Triton 

X-100) three times at 4°C and then with wash buffer 2 (50 mM Tris-HCl [pH 8.0], 100 

mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.1% Triton X-100) three times at 4°C. GTP and 

GDP nucleotides bound to Rheb were eluted with the elution buffer (2 mM EDTA, 0.2% 

SDS, 1 mM GDP, and 1 mM GTP) for 10 min at 68°C. Aliquots were spotted on PEI 

cellulose plates (Millipore) and resolved by thin-layer chromatography (TLC) with 0.75 M 

KH2PO4 (pH 3.4). Radionucleotides were detected with PhosphorImager (GE Healthcare) 

and quantified by ImageJ. The following formula is used to calculate the percentage of GTP: 

%GTP = (GTP/[(GDP x 1.5) + GTP]) × 100.

Protein identification by LC-Tandem MS: In-gel digestion: Immunoprecipitants with 

the indicated Flag-Rheb mutants were separated by SDS-PAGE and stained with Pierce 

Silver Stain for Mass Spec (ThermoFisher Scientific). Gel slice, including the specific 

bands co-IPed with Flag-Rheb G18A mutant, was destained with 30% methanol for 4 

h. Upon reduction (10 mM DTT) and alklylation (65 mM 2-Chloroacetamide) of the 

cysteines, proteins were digested overnight with 500 ng of sequencing grade, modified 

trypsin (Promega) at 37°C. Peptides were extracted by incubating the gel with 150 μL of 

50% acetonitrile/0.1% TFA for 30 min at room temperature. A second extraction with 150 

μL of 100% acetonitrile/0.1% TFA was also performed. Both extracts were combined and 

dried in a vacufuge.

Liquid Chromatography and tandem mass spectrometry (LC-MS/MS): The resulting 

peptides were dissolved in 9 μL (for in-gel digest) or an appropriate volume of 0.1% 

formic acid/2% acetonitrile solution (to achieve ~500ng peptide/ul), and 2 μLs of the peptide 

solution were resolved on a nano-capillary reverse phase column (Acclaim PepMap C18, 

2 μm, 50 cm, (ThermoFisher Scientific)) using a 0.1% formic acid/2% acetonitrile (Buffer 

A) and 0.1% formic acid/95% acetonitrile (Buffer B) gradient at 300 nL/min over a period 

of 90 min (2–25% buffer B in 45 min, 25–40% in 5 min, 40–90% in 5 min followed by 

holding at 90% buffer B for 5 min and reequilibration with Buffer A for 30 min). Eluent 

was directly introduced into the Orbitrap Fusion tribrid mass spectrometer (ThermoFisher 

Scientific) using an EasySpray source. MS1 scans were acquired at 120K resolution (AGC 

target = 1 × 106; max IT = 50 ms). Data-dependent collision-induced dissociation MS/MS 

spectra were acquired using the Top speed method (3 s) following each MS1 scan (NCE 

~32%; AGC target 1 × 105; max IT 45 ms).

Database Search: Proteins were identified by searching the data against the UniProt 

Homo sapiens protein database appended with a standard contaminant protein list (ftp://
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ftp.thegpm.org/fasta/cRAP) using Proteome Discoverer (v2.0, ThermoFisher Scientific). 

Search parameters included MS1 mass tolerance of 10 ppm and fragment tolerance of 

0.1 Da; two missed cleavages were allowed; carbamidomethylation of cysteine, oxidation 

of methionine, and deamidation of asparagine and glutamine were considered as potential 

modifications. The FixedPSM validator of Proteome Discoverer was used to filter and retain 

high-quality proteins/peptides.

The protein samples were processed and analyzed at the Mass Spectrometry Facility of the 

Department of Pathology at the University of Michigan.

Metabolite measurement: Central Carbon Metabolism and Glycolysis/TCA sample 

preparation: Liver samples were removed from −80°C storage and maintained on wet ice 

throughout the processing steps. Samples were carefully resected and weighed to 30 mg 

+/− 3mg into a microtube containing stainless steel beads for tissue disruption, and the 

extraction solvent (1:1:1:1 = Methanol:Acetonitrile:Acetone:Water) was added at a ratio 

of 50 μL/mg of tissue. Tissue disruption was performed in a Precellys Evolution Touch 

homogenizer set to 0°C, 6200 rpm, for 3 cycles (20 s shake time and 30 s rest time 

per cycle.) After removal from the homogenizer, samples were incubated on ice for 10 

min, vortexed to remix, then centrifuged at 14,000 RPM for 10 min at 4°C. 20 μL of the 

supernatant from each sample was removed to create a pooled sample for QC purposes. 

For both the pool and samples, 200 μL of the extract was transferred to an autosampler 

vial and dried under a gentle stream of nitrogen at room temperature. Dried samples were 

reconstituted in 100 μL of 80/20 water/methanol for LC-MS analysis. TCA and Central 

Carbon Metabolism LC-MS analysis: Samples were analyzed on an Ion Pairing LC-MS 

system consisting of an Agilent Infinity Lab II UPLC coupled with a 6545 QTOF mass 

spectrometer in negative ion mode, as previously described.79 Semi-quantitative data for 

UMP and Lactate were obtained by manual integration using Profinder v8.00 (Agilent 

Technologies, Santa Clara, CA). Metabolites were identified by matching the retention time 

(±0.1 min), mass (±10 ppm), and isotope profile (peak height and spacing) to authentic 

standards run at the same time as the samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis: The significance of differences was determined using an unpaired 

two-tailed Student’s t-test or one-way ANOVA. p values of less than 0.05 were considered 

statistically significant: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HUWE1 and CAD preferentially interact with ubiquitinated Rheb

• HUWE1 further ubiquitinates Rheb and supports Rheb interaction with 

mTORC1 and CAD

• HUWE1 stimulates mTORC1 activity through its E3 ligase activity

• HUWE1 also supports pyrimidine synthesis by enhancing CAD expression
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Figure 1. The ubiquitinated nucleotide-free or GDP-bound form of Rheb preferentially interacts 
with endogenous HUWE1 and CAD
(A) The GXXXXGKS/T domain (P loop) is conserved in the Ras family of small GTPases. 

Rheb has a conserved Gly18 residue (blue).

(B) G18A mutation leads to nucleotide dissociation from Rheb. HEK293T cells transiently 

expressing the indicated Rheb mutants were labeled with 32P orthophosphate. The levels of 

GTP and GDP bound to the IPed FLAG-Rheb were determined.

(C) Nucleotide-free and GDP-bound form of Rheb mutants are highly ubiquitinated. 

HEK293T cells were co-transfected with HA-Ub and the indicated FLAG-Rheb constructs. 
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FLAG-Rheb was IPed, and levels of high-molecular-weight Rhebs were monitored by Rheb 

or HA antibody. A short exposure of the non-ubiquitinated Rheb blot was included in the left 

panel.

(D) Highly ubiquitinated nucleotide-free Rheb G18A mutant strongly interacts with 

endogenous HUWE1 and CAD. HEK293T cells were transfected with FLAG-Rheb S16H or 

G18A mutant. FLAG-Rheb was IPed, and coIPed proteins were visualized by silver staining 

and followed by mass spectrometry analyses.

(E) Nucleotide-free or GDP-bound form of Rheb preferentially interacts with endogenous 

HUWE1 and CAD. The indicated FLAG-Rhebs were IPed, and co-IPed endogenous 

HUWE1 and CAD were monitored.

(F) Blocking membrane tethering of Rheb G18A mutant mitigates its interaction with 

HUWE1 and CAD. The C181S mutation was introduced in wild-type Rheb and the G18A 

Rheb mutant. The experiments were performed as in (1E).

(G) Inhibition of DUB activity maintains levels of ubiquitinated endogenous Rheb. 

Endogenous Rheb was IPed in the lysis buffer without or with NEM (100 mM), and the 

levels of ubiquitinated Rheb were monitored. Quantification was expressed as the ratio of 

Ub-Rheb to non-Ub-Rheb. *p < 0.05, mean ± SEM, n = 3. s.e. and l.e. indicate short and 

long exposure, respectively.

(H) Inhibition of DUB activity increases interaction between endogenous Rheb and HUWE1 

or CAD. The interaction between endogenous Rheb and HUWE1 was monitored in the 

presence or absence of NEM (100 mM) in the lysates from HEK293T or HeLa cells.
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Figure 2. Characterization of binding modules of Rheb-HUWE1-CAD interaction
(A) HUWE1 interacts with CAD. HEK293T cells transiently expressing HA-CAD and 

FLAG-HUWE1 were starved with Hank’s Balanced Saline (HBSS) and then stimulated with 

DMEM containing 10% fetal bovine serum (FBS). FLAG-HUWE1 was IPed, and levels of 

coIPed HA-CAD were monitored.

(B) The Rheb G18A mutant interacts with the CPSase domain of CAD. HEK293T cells 

expressing FLAG-Rheb G18A and the indicated HA-CAD and HA-CAD fragments were 

lysed and IPed with FLAG-beads. coIPed HA-CAD was monitored. HC denotes IgG heavy 

chain.

(C) The Rheb G18A mutant interacts with the HECT domain of HUWE1. HEK293T cells 

expressing the indicated FLAG-HUWE1 and FLAG-HUWE1 fragments and HA-GST-Rheb 

G18A were lysed and IPed with FLAG-beads. coIPed HA-GST-Rheb G18A was monitored. 

The arrow indicates coIPed Rheb.
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(D) Inhibition of DUB activity increases interaction between endogenous Rheb and the 

HECT domain of HUWE1. Endogenous Rheb was IPed, and levels of coIPed HECT-domain 

of HUWE1 were determined in the presence or absence of NEM in the lysates from 

HEK293T cells.

(E and F) HUWE1 and its HECT domain interact with the CPSase domain of CAD. 

HEK293T cells expressing FLAG-HUWE1 (E) or FLAG-HUWE1-HECT (F) with the 

indicated HA-CAD and HA-CAD fragments were lysed and IPed with FLAG-beads. coIPed 

HA-CAD was monitored. The arrows indicate coIPed CAD fragments.
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Figure 3. HUWE1 is required for Rheb to interact with CAD and mTOR
(A) HUWE1 is required for the Rheb G18A mutant to interact with CAD and mTOR. 

HEK293T cells expressing control, HUWE1, or CAD shRNA were transfected with the 

FLAG-Rheb S16H or FLAG-Rheb G18A mutant. FLAG-Rhebs were IPed, and levels of 

coIPed endogenous HUWE1, CAD, and mTOR were monitored.

(B) HUWE1, but not CAD, is required for endogenous Rheb to interact with mTOR. 

Endogenous Rheb was IPed from MEFs expressing control, CAD, or HUWE1 shRNA 
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under in vivo crosslinking conditions. Levels of coIPed endogenous mTOR and TSC2 were 

monitored.

(C) Ablation of HUWE1 decreases Rheb ubiquitination. HUWE1 is knocked down with 

the shRNA in HEK293T cells expressing FLAG-tagged wild-type Rheb and G18A Rheb 

mutant. Levels of ubiquitinated Rheb were monitored using pan-ubiquitin (FK2) or K48-

linked ubiquitin antibodies.

(D and E) Ablation of HUWE1 decreases endogenous Rheb ubiquitination. HUWE1 is 

knocked down with the shRNA in HEK293T cells (D) and HepG2 cells (E). Levels of 

ubiquitinated endogenous Rheb (Ub-Rheb) were monitored. Quantification was displayed as 

a ratio of Ub-Rheb/non-Ub-Rheb. ****p < 0.0001, mean ± SEM, n = 3 (D) and p = 0.0768, 

mean ± SEM, n = 3 (E). Note that the KD efficiency of HUWE1 in HepG2 cells was low.

(F) The E3 ligase activity of HUWE1 is required for Rheb to interact with mTOR. 

HEK293T cells ablated HUWE1 were transiently transfected with HA-GST-Rheb and 

FLAG-HUWE1 or FLAG-HUWE1 C4341S mutant. Cell lysates were subjected to a GST 

pull-down assay, and the levels of endogenous mTOR co-precipitated with HA-GST-Rheb 

were monitored.

(G) Hypothetical model of HUWE1 function in forming Ub-Rheb-mTORC1-CAD complex. 

The HECT domain of HUWE1, which recognizes its substrates and ubiquitinated residues, 

and the CPSase domain of CAD are required for the interactions between HUWE1, CAD, 

and Rheb. The ablation of HUWE1 or its ubiquitin ligase activity disrupts the interaction 

between Rheb and mTOR or CAD. These observations suggest that HUWE1 plays a critical 

role in enhancing Rheb to interact with both mTORC1 and CAD, possibly through Rheb 

ubiquitin modification.
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Figure 4. HUWE1 enhances mTORC1 activity
(A) HUWE1 is required for growth factor/amino acid-induced mTORC1 activation. MEFs 

were infected with control (scramble) or two distinct HUWE1 shRNAs, and levels of 

mTORC1 and mTORC2 activity and the indicated protein expression were monitored 

under steady-state culture (basal), HBSS starved (1 h, HBSS), or growth factor/amino 

acid-stimulated (20 min, DMEM containing 10% FBS) conditions.
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(B) KD of HUWE1 delays and reduces growth factor/amino acid-induced mTORC1 

activation (time course). MEFs expressing HUWE1 shRNA were starved with HBSS for 

60 min and then stimulated with DMEM containing 10% FBS for the indicated times.

(C) HUWE1 promotes growth factor-induced mTORC1 activation independent of p53. 

MEFs derived from a p53 null embryo were infected with control or two distinct HUWE1 

shRNAs, and levels of mTORC1 and mTORC2 activity were monitored.

(D) HUWE1 is required for amino acid-induced mTORC1 activation. MEFs were infected 

with HUWE1 shRNA, and the levels of the indicated protein expression were monitored 

under leucine-starved (50 min) or leucine-stimulated (10 or 20 min) conditions.

(E) HUWE1 is dispensable for amino acid-induced lysosomal mTOR localization. MEFs 

expressing control or HUWE1 shRNA were amino acid-starved for 50 min and then 

stimulated with 1× amino acids for 10 min. Double IF staining with mTOR (red) and 

LAMP2 (green) antibodies was performed. Pearson’s correlation coefficient, R value, was 

determined for quantifying the colocalization of mTOR and LAMP2 and graphed as a ***p 
< 0.001, ns (not significant), mean ± SEM, n = 28 (sh control, −AA), n = 38 (sh control, 

+AA), n = 23 (sh HUWE1, −AA), and n = 29 (sh HUWE1, +AA). Scale bars, 10 μm.

(F) Ablation of HUWE1 inhibits mTORC1 activity in cells lacking NPRL2 expression. 

HUWE1 was ablated in control and NPRL2 KO HEK293T cells using two distinct shRNAs, 

and the effect of amino acid-induced mTORC1 activation was determined.

(G) The E3 ligase activity of HUWE1 is required for mTORC1 activation. HEK293T 

cells ablated endogenous HUWE1 were transiently transfected with FLAG-HUWE1 or 

the catalytically inactive FLAG-HUWE1 C4341S mutant in the presence or absence of 

HA-CAD with HA-S6K1 as a reporter. Cells were starved for 60 min and stimulated with 

DMEM containing 10% FBS for 60 min. Levels of pS6K1/HA-S6K1 were quantified (right 

graph). Data were expressed as *p < 0.05, mean ± SEM, n = 3.
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Figure 5. HUWE1 supports mTORC1 activity in the murine liver tissues
(A and B) Congenital ablation of HUWE1 in hepatocytes reduced the mTORC1 activity 

in the murine liver tissues. Male control (Huwe1f/y) and Huwe1 LKO (Huwe1−/y) mice 

(12-week-old) were starved for 16 h and fed for 5 h. The mTORC1 activity and nucleus 

number of liver tissues (right posterior segment VI) were monitored by staining with pS6 

(S240/S244) antibody and DAPI. Quantification was demonstrated as the nucleus number 

of hepatocytes/area (counts/μm2) and the intensity of pS6/nucleus number of hepatocytes 

(arbitrary unit). ***p < 0.001, mean ± SEM, n = 16–20 images, Scale bars, 20 μm 

(A). Levels of mTORC1 activity were determined by immunoblot of the liver lysates. 

Quantification was demonstrated as a ratio of the phosphorylated protein/total protein, *p < 

0.05 and **p < 0.01, mean ± SEM, n = 3 (B).
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(C and D) Inducible ablation of HUWE1 in hepatocytes suppresses mTORC1 activity in the 

adult murine liver tissues under fasted and fed conditions. AAV-TBG-Cre or AAV-TBG-GFP 

(control) was administered into Huwe1f/y male mice (12-week-old) via the tail vein (C). 

AAV-TBG-Cre was administered into control (Huwe1+/y) or Huwe1f/y mice (D). Levels of 

mTORC1 activity and the indicated protein expression in the liver tissues were monitored.
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Figure 6. HUWE1 supports de novo pyrimidine synthesis by maintaining CAD expression
(A) HUWE1 is required for maintaining CAD protein expression in liver tissues. Levels of 

CAD protein expression were determined in Huwe1 LKO (Huw−/y) and control (Huwe1/y) 

liver tissues. Experiments were performed as in Figure 5A. Quantification of CAD protein 

was expressed as a ratio of CAD/Actin, **p < 0.01, mean ± SEM, n = 3.

(B) Scheme of de novo and salvage pyrimidine synthesis pathways. CAD catalyzes the 

first three steps of de novo pyrimidine synthesis and generates intermediate metabolites, 

carbamoyl phosphate, N-carbamoyl-L-aspartate, and dihydroorotate.

(C) HUWE1 KO does not affect the levels of DHODH and UMPS in the liver tissues. Levels 

of DHODH and UMPS protein expression were determined in Huwe1 LKO (Huwe1−/y) and 

control (Huwe1f/y) liver tissues. Quantification of the proteins was expressed as a ratio of 

DHODH/actin or UMPS/actin, mean ± SEM, n = 3.

(D) HUWE1 KO specifically reduces the levels of CAD mRNA in the liver tissues. Levels 

of CAD, DHODH, and UMPS mRNA were determined in the liver tissues of the indicated 
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mice. Data were expressed as a ratio of the indicated mRNA/actin, ***p < 0.001, mean ± 

SEM, n = 6–10.

(E) HUWE1 maintains the stability of CAD mRNA. Primary cultured hepatocytes were 

obtained from Huwe1 LKO (Huwe1−/y) and control (Huwe1f/y) liver tissues. Levels of CAD 

mRNA were determined by qPCR after the indicated time of treatment with actinomycin D 

(1 μg/mL). Data were expressed as a ratio of CAD/actin, *p < 0.05, mean ± SEM, n = 3.

(F) The ablation of HUWE1 reduced the levels of N-carbamoyl-L-aspartate and UMP in 

the liver tissues. Levels of N-carbamoyl-L-aspartate, UMP, and lactate were determined in 

the Huwe1 LKO (Huwe1−/y) and control (Huwe1f/y) liver tissues by mass spectrometry 

analyses. ***p < 0.001, mean ± SEM, n = 5.

(G) The hypothetical model for HUWE1-dependent regulation of mTORC1 activity and de 
novo pyrimidine synthesis. Both HUWE1 and CAD preferentially interact with ubiquitinated 

Rheb. HUWE1-dependent modification of Ub-Rheb may play key roles in supporting Rheb-

mTORC1 interaction and subsequent mTORC1-S6K1 activation, leading to CAD activation. 

Simultaneously, HUWE1 increases levels of CAD mRNA and maintains CAD protein 

expression, as well as de novo pyrimidine synthesis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-p-S6K1 T389 Cell Signaling Technology Cat#9205; RRID:AB_330944

Rabbit monoclonal anti-S6K1 (49D7) Cell Signaling Technology Cat#2708; RRID:AB_390722

Rabbit monoclonal anti-p-4EBP1 Thr37/46 (236B4) Cell Signaling Technology Cat#2855; RRID:AB_560835

Rabbit monoclonal anti-4EBP1 (53H11) Cell Signaling Technology Cat#9644; RRID:AB_2097841

Rabbit polyclonal anti-p-S6 S240/244 Cell Signaling Technology Cat#2215; RRID:AB_331682

Rabbit monoclonal anti-p-S6 S235/236 (2F9) Cell Signaling Technology Cat#4856; RRID:AB_2181037

Rabbit monoclonal anti-S6 (5G10) Cell Signaling Technology Cat#2217; RRID:AB_331355

Rabbit monoclonal anti-p-Akt S473 (193H12) Cell Signaling Technology Cat#4058; RRID:AB_331168

Rabbit polyclonal anti-Akt Cell Signaling Technology Cat#9272; RRID:AB_329827

Rabbit monoclonal anti-p-TSC2 T1462 (5B12) Cell Signaling Technology Cat#3617; RRID:AB_490956

Rabbit monoclonal ant-TSC2 (D93F12) Cell Signaling Technology Cat#4308; RRID:AB_10547134

Rabbit monoclonal anti-p-p44/42 MAPK T202/Y204 (20G11) Cell Signaling Technology Cat#4376; RRID:AB_331772

Rabbit monoclonal anti-p44/42 MAPK (137F5) Cell Signaling Technology Cat#4695; RRID:AB_390779

Rabbit polyclonal anti-PRAS40 Cell Signaling Technology Cat#2610; RRID:AB_916206

Rabbit monoclonal anti-Rheb (E1G1R) (for IP and WB) Cell Signaling Technology Cat#13879; RRID:AB_2721022

Rabbit monoclonal anti-mTOR (7C10) (for IF and WB) Cell Signaling Technology Cat#2983; RRID:AB_2105622

Rabbit monoclonal anti-Rab9 (D22A6) Cell Signaling Technology Cat#5133; RRID:AB_10634754

Rabbit polyclonal anti-NPM1 Cell Signaling Technology Cat#3542; RRID:AB_2155178

Mouse monoclonal anti-Rheb (M01) (for IF and WB) Abnova Cat#H00006009-M01; 
RRID:AB_1112097

Rabbit polyclonal anti-Lasu1/Ureb1 (WB) Bethyl Laboratories Cat#A300-486A; RRID:AB_2264590

Rabbit polyclonal anti-HUWE1 (for IF) Millipore Sigma Cat#AHPA002548; 
RRID:AB_1080489

Rabbit polyclonal anti-HUWE1 (for WB) Novus Cat#NB100-652; RRID:AB_2264587

Rabbit polyclonal anti-CAD (for IP and WB) Thermo Fisher Scientific Cat#A301-372A; RRID:AB_2798079

Rabbit polyclonal anti-CAD (for WB) Cell Signaling Technology Cat#11933; RRID:AB_279777

Mouse monoclonal anti-beta Actin (AC15) Sigma-Aldrich Cat#A1978; RRID:AB_476692

Mouse monoclonal anti-beta Actin (8H10D10) Cell Signaling Technology Cat#3700; RRID:AB_2242334

Rabbit monoclonal anti-K48-linkage specific polyubiquitin 
(D9D5)

Cell Signaling Technology Cat#8081; RRID:AB_1085989

Rabbit monoclonal anti-K63-linkage specific polyubiquitin 
(HWA4C4)

Enzo Biochem Cat#BML-PW0600-0025; RRID: 
AB_2052278

Rabbit polyclonal anti-DHODH Proteintech Cat#14877-1-AP; RRID:AB_2091723

Rabbit polyclonal anti-UMPS Proteintech Cat#14830-1-AP; RRID:AB_2212392

Mouse monoclonal anti-Rheb (clone 2C11) (for WB) Novus Biologicals Cat#H00006009-M01; 
RRID:AB_1112097

Rabbit polyclonal anti-GST Novus Biologicals Cat#NB600-326; 
RRID:AB_10001229

Rabbit polyclonal anti-LAMP1 Abcam Cat#ab24170; RRID:AB_775978

Mouse monoclonal anti-LAMP2 (clone H4B4) Abcam Cat#ab25631; RRID:AB_470709

Mouse monoclonal anti-Flag (clone M2) Sigma-Aldrich Cat#1804; RRID:AB_262044
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse monoclonal anti-FLAG®M2 Affinity Gel Sigma-Aldrich Cat#A2220; RRID:AB_10063035

Mouse monoclonal anti-c-Myc (clone 9E10) Covance Cat#MMS-150P-500; 
RRID:AB_291324

Mouse monoclonal anti-HA (clone 16B12) Covance Cat#MMS-101R; RRID:AB_291262

Mouse monoclonal anti-ubiquitinylated proteins (FK2) MilliporeSigma Cat#04–263; RRID:AB_612093

Alexa Fluor 594-goat polyclonal anti-rabbit IgG Thermo Fisher Scientific Cat#A11012; RRID:AB_141359

Alexa Fluor 488-goat polyclonal anti-mouse IgG Thermo Fisher Scientific Cat#A11029; RRID:AB_138404

Alexa Fluor 594-goat polyclonal anti-mouse IgG Thermo Fisher Scientific Cat#R37121; RRID:AB_2556549

Anti-rabbit IgG HRP-Linked Whole Ab GE Healthcare Cat#NA934; RRID:AB_772206

Anti-mouse IgG HRP-Linked Whole Ab GE Healthcare Cat#NA931; RRID:AB_772210

Bacterial and virus strains

One Shot™ Stbl™ Chemically Competent E. coli Thermo Fisher Scientific Cat#C737303

Chemicals, peptides, and recombinant proteins

Amino acid mixtures Sigma-Aldrich Cat#R7131

L-Glutathione reduced Sigma-Aldrich Cat#G4251

N-Ethylmaleimide (NEM) Sigma-Aldrich Cat#E3876

Saponin Sigma-Aldrich Cat#S4521

Actinomycin D Sigma-Aldrich Cat#A9415

Lipofectamine 3000 Invitrogen Cat#L3000001

Amino acid-free DMEM medium US Biological Life Sciences Cat#D9800-27

Leucine-free DMEM medium Crystalgen Cat#226-024

L-leucine RPI Cat#L22000

Dialyzed Fetal Bovine Serum Thermo Fisher Scientific Cat#26400044

Pierce™ Glutathione Agarose Thermo Fisher Scientific Cat#16100

Prolong Gold antifade reagent with DAPI Thermo Fisher Scientific Cat#P36931

Protein G Sepharose 4 Fast Flow GE Healthcare Cat#17061801

Flag peptide LifeTein Cat#LT12022

Insulin Sigma-Aldrich Cat#10908

Phosphorus-32 NEN Radiochemicals Cat#NEX011

MgATP Solution R&D Systems Cat#B-20

Critical commercial assays

Subcellular Protein Fractionation Kit Thermo Fisher Scientific Cat#78840

TriFECTa RNAi Kits Integrated DNA Technologies 
(IDT)

N/A

Experimental models: Cell lines

Human: HEK293T ATCC Cat#CRL-3216

Human: HeLa Yoshida et al.71 N/A

Human: HepG2 Sakasai-Sakai et al.72 N/A

Mouse: embryonic fibroblasts Yoshida et al.71 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: embryonic fibroblasts p53−/− Dr. David J Kwiatkowski46 N/A

Experimental models: Organisms/strains

B6.129P2(Cg)-Huwe1tm1.1Mak/J The Jaxon Laboratory Hao et 
al.73

Strain#029254; 
RRID:IMSR_JAX:029254

B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J The Jaxon Laboratory Postic et 
al.74

Strain#003574; 
RRID:IMSR_JAX:003574

Oligonucleotides

shRNA targeting HUWE1-1 (H and M) 5′-
GCATCTGTACAGTTCCATAGA

This paper N/A

shRNA targeting HUWE1-2 (H and M) 5′-
TGCCGCAATCCAGACATAT

This paper N/A

shRNA targeting HUWE1-3 (H and M) 5′-
GCTCAATACTAGCCGTCTACA

This paper N/A

shRNA targeting HUWE1-4 (H) 5′-
GGGAATTTCCCACCAGGATGA

This paper N/A

sgRNA targeting HUWE1 (H) 5′-
GCTGAACTTCACCTGAATCG

This paper N/A

sgRNA targeting GFP 5′-CTTGTCACTACTTTCGGTTA Yao et al.20 N/A

shRNA targeting CAD-1 (M) 5′-
GCTCAGATCCTAGTGCTAACG

This paper N/A

shRNA targeting CAD-2 (M) 5′-
GGTGGTGATGGACATCTATGA

This paper N/A

siRNA sequences for HUWE1, see Table S1 Integrated DNA Technologies 
(IDT)

N/A

RT-qPCR primer sequences, see Table S2 This paper N/A

Recombinant DNA

pLKO1-Sc (Scramble shRNA) Sarbassov et al.75 Addgene plasmid #1864

Lenti-CRISPR v2 Sanjana et al.76 Addgene plasmid #52961

psPAX2 Dr. Didier Trono Addgene plasmid #12260

pMD2.G Dr. Didier Trono Addgene plasmid #12259

pcDNA3-HA-Ubiquitin Kamitani et al.77 Addgene plasmid #18712

pcDNA3-Flag-HA-CAD Ben-Sahra et al.31 Addgene plasmid #46238

pENTR1A-HUWE1 Dr. Jeanette G Cook Addgene plasmid #37431

pENTR1A-HUWE1 C4341S Dr. Jeanette G Cook Addgene plasmid #37432

pRK7-Flag-human Rheb This paper N/A

pRK7-Flag-human Rheb C181S This paper N/A

pRK7-Flag-human Rheb S16H This paper N/A

pRK7-Flag-human Rheb G18A This paper N/A

pRK7-Flag-human Rheb G18A C181S This paper N/A

pRK7-Flag-human Rheb S20N This paper N/A

pRK7-Flag-human Rheb S20A This paper N/A

pRK7-Flag-human Rheb D60K This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pRK7-Flag-human Rheb D60I This paper N/A

pRK7-Flag-human Rheb Q64L This paper N/A

pRK5-HA-GST-human Rheb This paper N/A

pcDNA3-Flag-CAD This paper N/A

pcDNA3-HA-CAD This paper N/A

pcDNA3-HA-CAD GLN This paper N/A

pcDNA3-HA-CAD CPSase A This paper N/A

pcDNA3-HA-CAD CPSase B This paper N/A

pcDNA3-HA-CAD GLN CPSase This paper N/A

pRK7-Flag-HUWE1 This paper N/A

pRK7-Flag-HUWE1 C4341S This paper N/A

pRK7-Flag-HUWE1 UBA-NLS This paper N/A

pRK7-Flag-HUWE1 HECT This paper N/A

pRK7-Flag-HUWE1 HECT C4341S This paper N/A

pGEX-KG-GST-Rheb Inoki et al.10 N/A

AAV-TBG-GFP This paper N/A

AAV-TBG-Cre This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/

Adobe Photoshop CS6 Adobe https://www.adobe.com/products/
photoshop.html

Adobe Illustrator 2023 Adobe https://www.adobe.com/products/
illustrator.html

Deposited Data

Mendeley Data (Blots, Immunofluorescence) This paper https://data.mendeley.com/preview/
snppdxjf2s, https://doi.org/10.17632/
snppdxjf2s.1
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