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SUMMARY

The dysregulation of the metabolic regulator TOR complex I (TORC1) contributes to a wide array 

of human pathologies. Tuberous sclerosis complex (TSC) is a potent inhibitor of TORC1. Here we 

demonstrate that the Rag GTPase acts in both the amino acid sensing and growth factor signaling 

pathways to control TORC1 activity through the regulation of TSC dynamics in HeLa cells and 

Drosophila. We find that TSC lysosomal/cytosolic exchange increases in response to both amino 

acid and growth factor restriction. Moreover, the rate of exchange mirrors TSC function, with 

depletions of the Rag GTPase blocking TSC lysosomal mobility and rescuing TORC1 activity. 

Finally, we show that the GATOR2 complex controls the phosphorylation of TSC2, which is 

essential for TSC exchange. Our data support the model that the amino acid and growth factor 

signaling pathways converge on the Rag GTPase to inhibit TORC1 activity through the regulation 

of TSC dynamics.

eTOC Blurb

The metabolic regulator TORC1 responds to numerous upstream signals. Yang et al. report a 

unified model of TORC1 regulation in which the Rag GTPase integrates information from the 

amino acid and growth factor signaling pathways to control the activation of the TORC1 inhibitor 

TSC by regulating its lysosomal/cytosolic exchange rate.
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INTRODUCTION

Cells must sense and adapt to a constantly changing external environment. Accordingly, in 

both single celled and multicellular organisms the ability to switch between anabolism, 

which supports growth, and catabolism which is activated in response to stress, is critical to 

the maintenance of metabolic homeostasis. The highly conserved Target Of Rapamycin 

(TOR) Complex 1 (TORC1) is central to the regulation of metabolism in eukaryotes (Dibble 

and Manning, 2013; Kim and Guan, 2019; Sabatini, 2017). TORC1 serves as a hub to 

integrate multiple upstream signaling inputs and regulates the execution of downstream 

metabolic pathways which control growth, proliferation and cell death (Laplante and 

Sabatini, 2012; Saxton and Sabatini, 2017). TORC1 consists of five subunits including 

mTOR, which functions as a serine threonine kinase, as well as Deptor, Raptor, mLST8 and 

PRAS40 (Aylett et al., 2016). In the presence of positive upstream inputs, TORC1 promotes 

anabolic metabolism by phosphorylating downstream effectors such as 4E-BP1 and S6K to 

increase mRNA translation and protein synthesis (Hara et al., 1998; Schalm et al., 2003). 

Concurrently, TORC1 inhibits catabolic pathways such as autophagy, by phosphorylating 

essential autophagic proteins including ULK1 and Atg13 (Ganley et al., 2009; Hosokawa et 
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al., 2009). Thus, through the regulation of mTORC1 activity, cells can rapidly react to a 

diverse array of positive and negative environmental cues.

An important aspect of TORC1 regulation is its recruitment to and activation on lysosomes. 

These two processes require different Ras-related small GTPases, Rag and Rheb 

respectively. In the presence of amino acids, TORC1 is translocated from the cytosol to 

lysosomal membrane by the Rags (Sabatini, 2017; Sancak et al., 2010; Yang et al., 2017). 

Specifically, RagA or RagB dimerizes with RagC or RagD to form a heterodimeric complex 

that recruits TORC1 to lysosome by directly interacting with the Raptor subunit in an amino 

aciddependent manner (Kim et al., 2008; Sancak et al., 2008). Once on the lysosome, Rheb 

binds to the subunit mTOR resulting in a conformational change that exposes active site 

resides allowing TORC1 to bind and phosphorylate a wide array of substrates (Yang et al., 

2017).

As small GTPases, the functions of Rags and Rheb are regulated by their guanine nucleotide 

binding cycle, which is tightly controlled by upstream signals (Avruch et al., 2006; Inoki et 

al., 2003; Lee et al., 2018; Nicastro et al., 2017; Roccio et al., 2006; Shen and Sabatini, 

2018; Shen et al., 2019). The Rags switch their TORC1-recruiting function by changing 

their guanine nucleotide binding status. When cells lack access to appropriate levels of 

amino acids, the GTPase-activating protein toward Rags 1 (GATOR1) complex blocks the 

function of TORC1 by acting as a GTPase-activating protein (GAP) toward RagA/B (Bar-

Peled et al., 2013; Panchaud et al., 2013a). Thus, under amino acid starvation the guanine 

nucleotide binding status of RagA/B changes to GDP inhibiting the ability of the Rag 

heterodimer to recruit TORC1 onto lysosomes (Bar-Peled et al., 2013). Another GATOR 

subcomplex GATOR2, functions to oppose GATOR1 activity and is composed of five highly 

conserved proteins (Mio, Wdr24, Wdr59, Seh1 and Sec13) several of which have been 

shown to localize to lysosomes (Cai et al., 2016; Dokudovskaya and Rout, 2011, 2015; Wei 

et al., 2014). In the presence of sufficient amino acids, the GATOR2 complex activates 

TORC1 activity by opposing the activity of the GATOR1 complex (Bar-Peled et al., 2013; 

Panchaud et al., 2013b; Wei et al., 2014). The mechanistic details of how the GATOR2 

complex opposes the activity of the GATOR1 complex to activate TORC1 remain unclear.

The small GTPase Rheb is inhibited by a three subunit complex, called the Tuberous 

Sclerosis Complex (TSC), comprised of the proteins TSC2, TSC1 and TBC1D7 (Dibble and 

Manning, 2013). In the absence of insulin, TSC2 possesses a GAP activity toward Rheb 

(Inoki et al., 2003). TSC serves as a potent inhibitor of the TORC1 signaling pathway. 

Mutations or deletions in TSC subunits result in the growth of benign tumors, epilepsy and 

developmental delay (Curatolo et al., 2008). The upstream signals controlling TSC have 

been extensively studied (Manning and Toker, 2017). Essentially, growth factors including 

insulin, activate class I phosphatidylinositol-3-kinase (PI3K), which in turn stimulates the 

protein kinase AKT. AKT inhibits TSC by directly phosphorylating multiple serine residues 

in TSC2 (Inoki et al., 2002; Manning et al., 2002). Thus, growth factors and insulin 

positively regulate the TORC1 signaling pathway by preventing TSC from inhibiting the 

TORC1 activator Rheb.
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While the model that TSC controls TORC1 activity through the inhibition of Rheb is well 

established, the detailed mechanism of how TSC is regulated remains poorly understood. It 

is widely accepted that TSC responds to insulin and other growth factors through a PI3K-

AKT circuit (Cai et al., 2006; Inoki et al., 2002). However, the role of TSC in response to 

changes in amino acid levels is unclear. One possibility is that TORC1 is regulated by two 

independent pathways; the PI3K-AKT pathway which regulates the activity of the TORC1 

inhibitor TSC in response to growth factors and the Rag GTPase pathway that responds to 

amino acid levels (Bar-Peled and Sabatini, 2014; Lawrence and Zoncu, 2019). However, 

multiple laboratories have reported an essential role for TSC in the response to amino acid 

starvation (Avruch et al., 2006; Demetriades et al., 2014; Gao et al., 2002; Smith et al., 2005; 

Wei et al., 2014). Additionally, it is unclear exactly how intracellular TSC dynamics impact 

the ability of TSC to inhibit TORC1. Several studies have shown that TSC shuttles between 

lysosomes and the cytoplasm in response to amino acid availability (Carroll et al., 2016; 

Demetriades et al., 2014), whereas others have reported that the lysosomal localization of 

TSC is independent of amino acid status with the TSC complex being released from 

lysosomes in response to high levels of insulin (Menon et al., 2014). Notably, in some cell 

types, such as HeLa cells, TSC is constitutively present on lysosomes even in the presence 

of physiological concentrations of insulin (Demetriades et al., 2016; Menon et al., 2014). 

Thus, whether the recruitment of TSC from the cytosol to the lysosomes is a common 

feature of TSC regulation in all cell types remains unclear. Finally, the detailed mechanism 

of how the phosphorylation of TSC2 by AKT affects TSC’s function is not well understood. 

Several studies proposed that TSC2 undergoes proteasomal degradation after 

phosphorylation by AKT (Cai et al., 2006; Dan et al., 2002; Plas and Thompson, 2003). 

However, more recent work suggests that TSC is not regulated at the level of protein 

stability but that the entire TSC complex is released from lysosomes upon phosphorylation 

of the TSC2 subunit by AKT (Menon et al., 2014). Thus, a full understanding of TSC 

regulation requires further exploration.

Here we demonstrate that the regulation of TSC lysosomal dynamics by the Rag GTPase is 

required for the full response to both amino acid and growth factor restriction. Moreover, 

using Fluorescence Recovery After Photobleaching (FRAP) and a photoconvertible 

fluorescently tagged TSC2 we demonstrate that in response to negative stimuli, the Rag 

GTPase drives the rapid cycling of TSC on and off lysosomes in both HeLa cells and 

Drosophila. Importantly, we find that GATOR2 and the Rag GTPase impact the lysosomal 

cycling of TSC2 by regulating its inhibitory phosphorylation by AKT. Our data support the 

model that the Rag GTPase works in concert with the PI3/AKT/TSC pathway to regulate 

TORC1 activity in response to both amino acid and growth factor restriction.

RESULTS

Knockdowns of the Rag GTPase increase TORC1 activity in GATOR2 mutant ovaries and 
HeLa cells

In order to identify additional genes that function in the GATOR pathway we performed a 

suppression screen in Drosophila. In null mutants of the GATOR2 component seh1, low 

TORC1 activity in the female germline results in a block to oocyte growth and development 
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(Senger et al., 2011; Wei et al., 2014). Expressing a short hairpin RNA specifically against 

the germline seh1 transcript, recapitulates the seh1 mutant ovarian phenotype (Figure 1A). 

We previously demonstrated co-depleting the GATOR1 components nprl2, nprl3, and iml1 
dramatically rescues the seh1RNAi ovarian phenotype, consistent with the model that a 

primary function of the GATOR2 component seh1 is to promote TORC1 activity through the 

inhibition of GATOR1 activity (Bar-Peled et al., 2013; Panchaud et al., 2013b; Wei et al., 

2014). Using this epistatic relationship, we performed an RNAi based screen to identify 

additional genes that when co-depleted with seh1, rescued the seh1 ovarian phenotype. We 

predicted this screen would identify additional genes that act with GATOR1 to inhibit 

TORC1 activity. Surprisingly, we found that co-depleting the components of Rag GTPase, 

RagA and RagC, robustly rescued the seh1 ovarian growth deficit (Figure 1A). Moreover, 

the rescue of the seh1 ovarian growth phenotype was accompanied by a rescue of TORC1 

activity (Figure 1B).

The results from our Drosophila RNAi screen indicated that the RagA/RagC heterodimer 

acts to inhibit TORC1 activity in seh1 mutant ovaries. To obtain a mechanistic 

understanding of this observation, we turned to a mammalian cell culture system. We 

previously determined that HeLa cell knockouts for the GATOR2 component WDR24 have 

decreased TORC1 activity relative to WT HeLa cells (Cai et al., 2016). Consequently, we 

utilized a WDR24 HeLa cell knockout (WDR24-KO) line to examine how depleting RAGA 

and RAGC impacts TORC1 activity when the GATOR2 complex is compromised (Cai et al., 

2016). First, we explored how siRNA knockdowns of RAGA or RAGC affects TORC1 

activity in WT and WDR24-KO cells by examining the phosphorylation status of the 

TORC1 downstream target S6K. Consistent with our results in the Drosophila ovary, siRNA 

knockdowns of RAGA (RAGA-KD) (Figure 1C) or RAGC (RAGC-KD) (Figure 1D) 

restored TORC1 activity in WDR24-KO, WDR59-KO and MIOS-KO cells as indicated by 

increased p-S6K levels (Figures 1C, D and S1). Interestingly, RAGA-KD or RAGC-KD in 

WT HeLa cells under fed conditions, had little effect on p-S6K levels. These data indicate 

that consistent with previous work, the Rags are dispensable for maintaining TORC1 activity 

under conditions of metabolic homeostasis (Demetriades et al., 2014; Jewell et al., 2015).

One explanation for how depleting the Rag GTPase might restore TORC1 activity in 

WDR24-KO cells is that knockdowns of the Rag GTPases allow for the return and activation 

of TORC1 on lysosomes in the WDR24-KO background. To test this hypothesis, we 

examined the localization of the TORC1 subunit mTOR and the lysosomal marker LAMP1 

by immunofluorescence staining. We observed that under fed conditions, mTOR is largely 

colocalized with LAMP1 in WT HeLa cells while in WDR24-KO cells mTOR is diffusely 

localized in the cytosol (Bar-Peled et al., 2013) (Figure 1E). Importantly, knockdowns of 

either RAGA or RAGC in WDR24-KO cells significantly increased the colocalization 

between mTOR and LAMP1 (Figure 1E), indicating that TORC1 is recruited back to 

lysosomes in WDR24-KO cells in the absence of Rag GTPase. In contrast, consistent with 

the minimal impact on TORC1 activity, knockdowns of RAGA or RAGC had only a minor 

effect on the lysosomal localization of TORC1 in WT HeLa cells under fed condition. In 

summary, our data support the idea that in WDR24-KO HeLa cells, RAGA and RAGC act as 

inhibitors of TORC1 by preventing its activation on lysosomes.
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The GATOR2 complex inhibits the dynamic recruitment of TSC to lysosomes

How might the Rag GTPase function as an inhibitor of TORC1 in the GATOR2 mutant 

background? In HeLa cells, deletions of GATOR2 components result in a dramatic decrease 

in TORC1 activity, presumably due to de-inhibition of the GATOR1 complex and 

conversion of the Rag GTPase into its “inactive” RAGAGDP form (Bar-Peled et al., 2013; 

Cai et al., 2016). Previous studies demonstrated that when amino acids are limited, the Rag 

GTPase, in its RAGAGDP: RAGCGTP form, recruits the TORC1 inhibitor TSC to lysosomal 

membranes (Demetriades et al., 2014). Thus, one possible explanation for our results, is that 

in the absence of the GATOR2 complex, knocking down components of the Rag GTPase 

prevents the recruitment of TSC to lysosomes, thus allowing TORC1 to bind directly to its 

activator Rheb (Demetriades et al., 2014). Whereas TSC shuttles on and off lysosomes in 

response to multiple stimuli in several cell lines, in HeLa cells, lysosomes retain a pool of 

TSC under conditions that favor growth (Figure S2) (Demetriades et al., 2016; Menon et al., 

2014); However, analysis of steady-state distributions of proteins rarely inform whether they 

are static or dynamic. Therefore, we used an alternative technique to examine the regulation 

and functional importance of TSC lysosomal dynamics in the regulation of TORC1 activity 

in HeLa cells and Drosophila. Because of the known role of TSC in the regulation of 

TORC1 activity in response to multiple upstream inputs, we reasoned that the lysosomal 

pool of TSC in HeLa cells may mask changes in the rate of recruitment of TSC to lysosomes 

in response to upstream inputs (Demetriades et al., 2016). To test this hypothesis, we used 

the Fluorescence Recovery After Photobleaching (FRAP) (Lippincott-Schwartz et al., 2018) 

technique to examine the dynamic behavior of the TSC subunit TSC2 in various nutrient 

conditions and genetic backgrounds.

We tagged TSC2 with a Halo tag and labeled it with the fluorescence dye Halo Ligand-

Oregon Green. First, we transiently expressed the Halo tagged TSC2 in HeLa cells. We 

confirmed that the Halo-TSC2 protein localizes to lysosomes in both WT and WDR24-KO 

cells using the lysosomal marker LAMP1 (Figure S3). To eliminate the effect of microtubule 

based lysosomal movement, we treated cells with nocodazole as suggested by a previous 

study (Lawrence et al., 2018). We then photobleached a single Halo-TSC2 labeled lysosome 

and used lysosomal FRAP to determine the rate of recruitment of TSC2 to lysosomes in WT 

versus WDR24-KO cells under fed versus starved conditions. First, we examined if nutrient 

conditions control TSC2 dynamics in WT HeLa cells (Figures 2A, C and D). In nutrient 

replete (+FBS, +AA) conditions photobleached lysosomes reached 40% of their original 

fluorescence fraction with a 150s half-time (t1/2) (Figure 2D). The partial recovery of Halo-

TSC2 indicates that there is also a significant immobile fraction of TSC present on 

lysosomes under conditions that favor growth. Under nutrient-depleted conditions TSC2 had 

a higher exchange rate as indicated by the decreased half-time (around 100s). These results 

indicated that the rate of recruitment of TSC2 to lysosome dramatically increases upon 

nutrient limitation. Next, we used FRAP to examine the mobility of TSC2 in WDR24-KO 

HeLa cells (Figure 2B). We predicted that WDR24-KO cells cultured under fed conditions 

(+FBS, +AA) would have TSC2 dynamics similar to those observed in starved (−FBS, 

−AA) cells. Consistent with this prediction, TSC2 recovered to approximately 80% of pre-

bleach fluorescence fraction with a half-time around 100s in both fed and starved conditions 

(Figure 2D). Thus, we conclude that in HeLa cells the exchange of TSC2 between the 
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cytoplasm and the lysosome is increased in response to nutrient stress downstream of the 

GATOR2 component WDR24.

Metabolism is often deregulated in cancer and cancer cell lines (Cornu et al., 2013; Efeyan 

and Sabatini, 2010; Mossmann et al., 2018). Thus, to complement our studies in HeLa cells, 

we examined TSC1-GFP dynamics in the Drosophila ovary. We noted that in the Drosophila 
ovary, consistent with what is observed in HeLa cells, lysosomes contain a stable pool of 

TSC1 under nutrient replete conditions (Figure S4). To define the dynamics of TSC1 in 

response to nutrient inputs we performed lysosomal FRAP of TSC1-GFP in the germline 

derived nurse cells of stage 6 egg chambers in cultured ovaries. We determined that, as we 

observed in HeLa cells, TSC1-GFP rate of recovery after lysosomal photobleaching 

increased in response to nutrient deprivation (Figures 2E and G). Additionally, depleting the 

GATOR2 component wdr24 in the female germline by RNAi partially phenocopied the 

response to nutrient stress (Figures 2F and G). Taken together these data demonstrate that in 

both HeLa cells and the Drosophila ovary, nutrient stress increases the dynamic recruitment 

of TSC to lysosomes. Moreover, in non-starvation conditions the GATOR2 component 

WDR24 opposes the dynamic exchange of TSC between the lysosome and the cytoplasm.

The GATOR2 complex acts through the Rag GTPase to regulate TSC recruitment to 
lysosomes

One model to explain our data is that the increased rate of recruitment of TSC to lysosomes 

observed during nutrient stress, and in WDR24-KO cells, requires the activity of the Rag 

GTPase. Consistent with this model, RAGA-KD or RAGC-KD in WDR24-KO cells, but not 

WT HeLa cells, significantly decreased the rate of fluorescence recovery of Halo-TSC2 after 

lysosomal FRAP relative to a control siRNA (mCh) (Figures 3A-D). Similarly, in the 

Drosophila ovary, co-depleting ragA with wdr24 in the female germline, reversed the rapid 

exchange of TSC1-GFP between the lysosome and the cytoplasm observed in wdr24RNAi 

ovaries (Figures 3E–G). These data suggest that the Rag GTPase drives the rapid lysosomal 

exchange of TSC in GATOR2 mutants. Notably, siRNA knockdowns of RAGA or RAGC 

did not affect the slow recruitment of TSC2 to lysosomes in WT HeLa cells cultured in 

nutrient replete condition (+FBS. +AA) (Figure 3A). This is consistent with RAGA and 

RAGC having minimal effect on TORC1 activity under fed (AA+, FBS+) conditions. Taken 

together our data demonstrate that the Rag GTPase promotes the recruitment of the TSC to 

lysosomes in the absence of GATOR2 activity.

TSC2 inhibits TORC1 by serving as a GAP for the TORC1 activator Rheb (Inoki et al., 

2003). As presented above, the Rag GTPase promotes the dynamic recruitment of TSC to 

lysosomes in the absence of the GATOR2 component WDR24, a condition that mimics 

nutrient stress. We performed co-immunoprecipitations (co-IPs) to explore if the changes in 

TSC2 dynamics documented above, correlate with changes in the interaction of Rheb with 

TSC2 and mTOR. In WT HeLa cells expressing a non-targeting (NT) siRNA, Rheb readily 

co-IPs mTOR, but not the TORC1 inhibitor TSC2, both in the presence or absence of RAGA 

and RAGC (Figures 3H, I). These data are consistent with the ability of mTOR to directly 

bind Rheb in the absence of the Rag GTPase under nutrient replete conditions (Demetriades 

et al., 2014). Conversely, in WDR24-KO cells, Rheb co-IPs the TORC1 inhibitor TSC but 
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not mTOR, consistent with the low TORC1 activity observed in WDR24-KO cells (Figures 

3H, I). Moreover, knocking down RAGA or RAGC in WDR24-KO cells, restored the 

interaction between mTOR and Rheb while decreasing the interaction between TSC2 and 

Rheb (Figures 3H, I). These data support the model that in GATOR2 mutant cells, the Rag 

GTPase recruits TSC to lysosomes where it binds and inhibits Rheb. However, knockdowns 

of the Rag GTPase components RAGA or RAGC block recruitment of TSC2 to lysosomes 

thus allowing for the recruitment of TORC1 to lysosomes and rescue of the WDR24-KO 

phenotype.

The GTP/GDP status of RAGA and RAGC control the recruitment of TSC to lysosomes

As small GTPases, the Rags are cycled between GTP-bound and GDP-bound forms. To 

formally test the hypothesis that GDP/GTP binding to the Rag GTPase affects TSC2 

recruitment to lysosome, we knocked down endogenous RAGA and RAGC with siRNAs 

targeting their 3’ UTR (untranslated region), then used point mutations in RAGA and RAGC 

to lock the two proteins into either a GTP bound (RAGA-Q66L and RAGC-Q120L) or GDP 

bound (RAGA-T21N and RAGC-S75N) forms. Subsequently, the dynamics of TSC2 were 

examined by FRAP for each RAGA and RAGC point mutant. First, we examined if the Rag 

GTPase needs to be in the RAGAGDP: RAGCGTP configuration to facilitate the rapid 

recruitment of TSC2 to lysosomes. We found that in contrast to the empty vector (EV) 

control, expression of GDP-bound RAGA-T21N in WT and WDR24-KO HeLa cells 

increased the recovery rate of Halo-TSC2, while expression of the GTP-bound RAGA-Q66L 

had no effect (Figures 4A, B, E and F). From these data, we conclude that GDP bound 

RAGA facilitates the dynamic recruitment of TSC to lysosomes. Conversely with RAGC, 

which is in the GDP-bound form under nutrient replete conditions, we observed the opposite 

effect. Expression of the GTP-bound RAGC-Q120L increased the exchange rate of the 

Halo-TSC2 in both WT and WDR24-KO cells, while the GDP-bound RAGC-S75N had no 

effect (Figures 4C, D, G and H). These results demonstrate that the guanine nucleotide 

binding status of both RAGA and RAGC impacts the dynamic recruitment of TSC to 

lysosomes.

Next we examined whether GDP/GTP binding of RAGA or RAGC affected the ability of 

TSC2 and TORC1 to associate with Rheb. As shown in Figure 4I, we determined that the 

GDP-bound RAGA-T21N and the GTP-bound RAGC-Q120L increased the interaction 

between TSC2 and Rheb in both WT and WDR24-KO HeLa cells (Figure 4I). In contrast, 

the interaction between mTOR and Rheb increased with the transfection of the GTP-bound 

RAGA-Q66L and the GDP-bound RAGC-S75N (Figure 4J). Thus as previously suggested 

(Demetriades et al., 2014), our data indicate that the guanine nucleotide binding status of the 

Rag GTPases regulates the dynamic recruitment of TSC to the lysosome and its ability to 

interact with and inhibit Rheb.

TSC2 rapidly cycles on and off lysosomes in GATOR2 mutant and starved cells

There are two models to explain the rapid association of TSC2 with lysosomes in WDR24-

KO cells as well as in WT HeLa cells cultured in starved conditions. One model is that 

during starvation and in WDR24-KO cells, TSC2 is rapidly and stably recruited to 

lysosomes, where it remains and functions as a GAP for lysosomal Rheb. A second model 
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posits that after acting as a GAP for lysosomal Rheb, TSC2 rapidly dissociates from the 

lysosome. In order to distinguish between these two models, we took advantage of the 

photoconvertible fluorescence tag mEOS4b (Paez-Segala et al., 2015). Before 

photoconversion, mEOS4b is detected at the wavelength of 488 nm, however after 

photoconversion with a 405 nm laser, mEOS4b emits at wavelength of 568 nm. By 

monitoring the changes in fluorescence signals at these two wavelengths after 

photoconversion, it is possible to determine both the “on-rate” and the “off-rate” of the 

mEOS4b tagged TSC2 on lysosomes in various nutrient conditions and genetic 

backgrounds.

First, we examined the behavior of lysosomal TSC2-mEOS4b in WT Hela cells cultured in 

nutrient replete (+FBS, +AA) conditions (Figures 5A, E). After photoconversion, the red 

fluorescence of the converted mEOS4b-TSC2 remained high, with minimal fluorescence 

loss over time. These data indicate that most of the TSC2 present on lysosomes is immobile 

under fed conditions. Additionally, consistent with our FRAP results, we observed minimal 

new recruitment of unconverted green mEOS4b-TSC2 to lysosomes from the cytoplasmic 

pool (Figure 5A, E). In contrast, nutrient depletion (−FBS, −AA) resulted in the rapid 

recruitment of the cytoplasmic green TSC2 to the lysosome, while the fluorescence of the 

converted “old” red TSC2 rapidly diminished (Figures 5B, F). The simplest explanation for 

these results is that under starvation conditions, TSC2 rapidly cycles on and off lysosomes. 

As predicted by our previous results, in WDR24-KO Hela cells TSC2-mEOS4b had on and 

off rates similar to WT HeLa cells cultured in starvation in both nutrient conditions (Figures 

5C, D, G, H). In summary, by using a photoconvertible fluorescence protein, we 

demonstrated that TSC2 rapidly cycles between the cytoplasm and the lysosome in 

GATOR2 mutants and in WT cells subject to starvation.

The Rag GTPase controls the dynamic recruitment of TSC to lysosomes in response to 
both amino acid and growth factor restriction

The insulin-PI3K-AKT signaling pathway is a critical upstream regulator of TSC activity 

(Cai et al., 2006; Dan et al., 2002; Inoki et al., 2002). To obtain a better understanding of the 

regulation of TSC dynamics we examined the behavior of Halo-TSC2 in WT HeLa cells 

under either amino acid or growth factor (FBS) restriction using lysosomal FRAP. From 

these experiments, we determined that independently restricting either amino acids (−AA 

+dFBS) or serum (+AA −FBS) increased the rate of recruitment of Halo-TSC2 to lysosomes 

relative to complete media (WT FED) (NT images in Figures 6A, C, E). Additionally, in all 

three nutrient conditions depleting RAGA-KD significantly decreased the rate of TSC2 

fluorescence recovery in WT HeLa cells (Figures 6C, E). These data indicate that the Rag 

GTPase regulates TSC dynamics downstream of both amino acid and growth factor 

restriction.

As predicted by our previous results (Figure 3) WDR24-KO cells exhibited a high rate of 

Halo-TSC2 fluorescence recovery after lysosomal FRAP in both fed and nutrient depleted 

conditions (Figure 6B). Additionally, similar to what is observed in WT HeLa cells, 

knockdowns RAGA in individually restricted conditions (-AA +dFBS) and (+AA - FBS), 

impedes the recovery of TSC2 to lysosomes (Figures 6D, F).
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Moreover, in amino acid or serum restriction (−AA +dFBS or +AA- FBS) conditions, 

removing RAGA in WT or WDR24-KO HeLa cells restored TORC1 activity as measured by 

the level of pS6K (Figure 7A). These results again indicate in nutrient or growth factor 

depletion conditions, the Rag GTPase prevents TORC1 activity. In summary, we find that 

both amino acids and growth factors individually impact the rate of exchange of TSC 

between the cytosol and lysosomes as well as TORC1 activity through the Rag GTPase.

WDR24 opposes the AKT-dependent inhibition of TSC activity and lysosomal dynamics

In the presence of adequate insulin, AKT phosphorylates TSC2 on multiple sites, including 

T1462, resulting in TSC inhibition and release from the lysosome (Menon et al., 2014). 

Thus, levels of P-TSC2 (T1462) reflect the functional status of TSC2. As reported by others 

(Inoki et al., 2002), we find that in WT HeLa cells TSC2-T1462 phosphorylation is 

dependent on the presence of FBS (Figure 7A). Additionally, we determined that pTSC2-

T1462 levels were modestly diminished in HeLa cells grown under conditions of amino acid 

starvation relative to HeLa cells grow in complete media (Figure 7A). These data are 

consistent with previous work demonstrating a role for TSC in the response to amino acid 

stress (Demetriades et al., 2014). Surprisingly, we found that in WDR24-KO cells, pTSC2-

T1462 levels were below detection in all three media conditions (+AA +FBS), (+AA -FBS) 

and (−AA +dFBS) (Figure 7A). Thus, TSC2-T1462 phosphorylation is dependent on the 

presence of the GATOR2 component WDR24, suggesting that the GATOR2 complex is an 

upstream inhibitor of TSC.

Next, we examined if the downregulation of TSC2-T1462 phosphorylation observed in 

WDR24-KO cells is dependent on the function of the Rag GTPase. First, we demonstrated 

that knocking down RAGA in wild-type HeLa cells had no effect on pTSC2-T1462 levels 

(Figure 7A). In contrast, levels of pTSC2-T1462, were nearly undetectable in WDR24-KO 

cells (Figure 7A). pTSC2-T1462 levels were restored in WDR24-KO cells depleted for 

RAGA regardless of nutrient inputs (Figure 7A). Similar to WDR24-KO, RagA is required 

for the reduction in TSC2 phosphorylation observed upon either amino acid or FBS removal 

(Figure 7A). Phosphorylation of pTSC2 on T1462 occurs via AKT (Dan et al., 2002; Inoki 

et al., 2002; Potter et al., 2002). AKT is activated by phosphorylation at its Thr308 and 

Ser473 sites. Interestingly, we found in WDR24-KO cells, the levels of both P-AKT T308 

and S473 were lower than WT. Moreover, knockdowns of RAGA and RAGC restore AKT 

phosphorylation (Figure 7B). Thus, these data support the idea that in WDR24-KO cells the 

Rag GTPase prevents, either directly or indirectly, the AKT-dependent inhibitory 

phosphorylation of TSC2.

Conditions that favor the formation of the inactive pTSC2-T1462 correlate with increased 

mobility of TSC2 on lysosomes and decreased TORC1 activity (Figures 3, 6 and 7). Thus, 

we hypothesized that the phosphorylation of TSC2 by AKT decreases the lysosomal 

mobility of TSC. To test this model, we made point mutations of TSC2 that are resistant to 

AKT phosphorylation. AKT phosphorylates TSC2 at T1462 and S939 (Inoki et al., 2002). 

We mutated these two amino acids to alanine either together or individually and tagged each 

construct with a Halo tag. First, we confirmed that the three proteins mutants TSC2 T1462A, 

TSC2 S939A and TSC2 T1462A/S939A were localized on lysosomes by immunostaining, 
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through colocalization with the lysosomal marker LAMP1 (Figure S5). Next, we performed 

FRAP to compare the dynamics of the Halo-TSC2 point mutants relative to control WT 

HaloTSC2. Consistent with our prediction, in WT HeLa cells cultured in nutrient replete 

conditions, all three Halo tagged TSC2 point mutants exhibited faster fluorescence recovery 

after lysosomal FRAP relative to WT TSC2 (Figures 7C, D and E). In contrast, the TSC2 

point mutants had similarly high rates of fluorescence recovery relative to WT TSC2 in 

WDR24-KO HeLa cells (Figures 7F, G and H). In summary, our results suggest that AKT 

phosphorylation state correlates with TSC2 dynamics and that AKT may inhibit TSC2 

function by opposing its dynamic exchange between lysosome and cytosol.

DISCUSSION

TSC is a critical inhibitor of TORC1 signaling (Dibble and Manning, 2013; Tee et al., 2002). 

Currently there are two working models for the role of TSC in the inhibition of TORC1 

activity. The first model posits that TSC lies exclusively downstream of the PI3K-AKT 

growth factor signaling pathway while the second model proposes that TSC is a critical 

downstream effector of both the growth factor signaling and amino acid sensing pathways 

(Demetriades et al., 2014; Gao et al., 2002; Laplante and Sabatini, 2012; Roccio et al., 2006; 

Smith et al., 2005). Our findings on the function of the GATOR2 complex are consistent 

with the second model, which implicate different nucleotide states of the Rag GTPase in the 

recruitment of TORC1 versus TSC to lysosomes in response to amino acid starvation 

(Demetriades et al., 2014; Gao et al., 2002). Moreover, we find that the Rag GTPase, which 

has previously been thought to exclusively function in amino acid sensing, regulates the 

recruitment of TSC to lysosomes in response to growth factor restriction. Thus, our data 

support a model in which both the amino acid sensing pathway and growth factor signaling 

pathway converge on the Rag GTPase to recruit TSC to lysosomes in response to inhibitory 

signals. Notably, we found in both HeLa cells and Drosophila, the Rag GTPase promotes the 

rapid exchange of TSC between the lysosome and cytosol in response to negative inputs. 

Finally, demonstrating further integration of the amino acid sensing and growth factor 

signaling pathways, we show that the GATOR2 complex acts upstream of the Rag GTPase 

to promote both, the activating phosphorylation of AKT and the AKT-dependent inhibitory 

phosphorylation of TSC2.

An important outstanding question in the field of TORC1 regulation concerns the role of the 

Rag GTPase and TSC (Demetriades et al., 2014; Dibble and Manning, 2013).Our data 

indicate that in both Drosophila and HeLa cells, the GATOR-Rag GTPase axis inhibits 

TORC1 activity through the regulation of the dynamic behavior of TSC. We find that in cells 

without a functional GATOR2 complex, the Rag GTPase, locked in its RAGAGDP: 

RAGCGTP-bound form due to the activation of GATOR1, recruits TSC to lysosomes 

precluding the recruitment and activation of TORC1. This inhibited state is relieved by 

depleting RAGA or RAGC, resulting in the recruitment and activation of TORC1 on 

lysosomes. Mutations in GATOR2 components mimic amino acid starvation (Bar-Peled et 

al., 2013; Wei and Lilly, 2014). Thus, our results are consistent with reports from the 

Teleman laboratory indicating that amino acid starvation promotes the Rag GTPase-

dependent recruitment of TSC to lysosomes (Demetriades et al., 2014). Moreover, our data 

confirm that under conditions of metabolic homeostasis TORC1 can be recruited to 
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lysosomes and activated by Rheb in the absence of the Rag GTPase (Demetriades et al., 

2014; Jewell et al., 2015).

Intriguingly, in budding yeast, which do not have TSC, the homolog of the Rag GTPase, 

GTRl1/GTRL2, has a similar dual role in the regulation of TORC1 activity with the 

verexpression of GTR1GTP promoting TORC1 activity while GTR1GDP is associated with 

low TORC1 activity (Binda et al., 2009). Thus, the Rag GTPase may have a conserved role 

in the inhibition of TORC1 activity that goes beyond the regulation of TSC dynamics.

Surprisingly, we also demonstrate a central role for the Rag GTPase in the recruitment of 

TSC to lysosomes in response to growth factor restriction. Specifically, the low TORC1 

activity and reduced TSC mobility associated with growth factor depletion were rescued by 

depleting the Rag GTPase component RagA. Taken together, our data argue that the Rag 

GTPase and TSC are critical components of both the amino acid sensing and growth factor 

signaling pathways.

The idea that TSC acts downstream of the GATOR-Rag GTPase pathway is consistent with 

our previous observations in Drosophila showing that depleting components of TSC rescue 

the low TORC1 activity observed in GATOR2 mutant ovaries (Cai et al., 2016; Wei et al., 

2014). Indeed, in Drosophila TSC is epistatic to the GATOR2 complex with respect to 

TORC1 activity, in that depleting TSC in GATOR2 mutant cells resulted in high TORC1 

levels similar to those observed in TSC single mutants (Cai et al., 2016; Gao and Pan, 2001; 

Wei et al., 2014). As indicated above, our data are also consistent with several previous 

reports that TSC acts in the amino acid sensing pathway (Demetriades et al., 2014; 

Demetriades et al., 2016; Gao et al., 2002; Wei and Lilly, 2014).

Recent reports indicate that the recruitment of TSC to lysosomes is a common response to 

cellular stress in many mammalian cell types (Demetriades et al., 2014; Demetriades et al., 

2016; Menon et al., 2014). However, these studies have not examined if TSC remains static 

on lysosomes or actively exchanges with the cytoplasmic pool during periods of TORC1 

inhibition. Using FRAP and a photoconvertible TSC2 to follow the intracellular dynamics of 

TSC components, we determined that the rate of exchange of TSC between the lysosome 

and the cytosol increases in response to nutrient deprivation and growth factor restriction. 

This rapid increase in cycling on and off lysosomes requires the Rag GTPase in both HeLa 

cells and the Drosophila ovary. Notably, increased cycling of TSC correlates with its 

increased interaction with Rheb, and with a concomitant decrease in TORC1 activity. 

Depleting components of the Rag GTPase in cells grown in amino acid or growth factor 

restricted media dramatically reduced the lysosomal/cytosol TSC rate of exchange, 

decreased its binding with Rheb, and rescued TORC1 activity. Thus, our data support the 

model that the Rag GTPase increases the exchange rate of TSC between the lysosome and 

the cytoplasm in response to both amino acid starvation and growth factor restriction.

It has long been established that AKT controls TSC activity through the inhibitory 

phosphorylation of TSC2 (Inoki et al., 2002; Manning et al., 2002; Potter et al., 2002). More 

recent studies indicate that AKT controls TSC activity by regulating its association with 

Rheb on the surface of lysosomes (Menon et al., 2014). We find that in nutrient replete 
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conditions, the inhibitory phosphorylation of TSC2 by AKT slows the rate of lysosomal/

cytosolic exchange of TSC and allows for TORC1 activation. When TSC2 is rendered 

resistant to AKT-dependent phosphorylation, TSC rapidly cycled on and off lysosomes 

independent of growth factor and amino acid status. Importantly, cells expressing AKT 

resistant TSC have low TORC1 activity (Inoki et al., 2002; Menon et al., 2014). We 

determined that in WDR24-KO cells, in which the RAG GTPase is in the RAGAGDP: 

RAGCGTP state, the AKT dependent phosphorylation of TSC2 is strongly diminished, 

resulting in the increased mobility of the TSC complex on lysosomes and decreased TORC1 

activity. Depleting components of the Rag GTPase in WDR24-KO cells, rescued these 

phenotypes resulting in increased AKT-dependent phosphorylation of TSC, decreased TSC 

lysosomal motility and increased TORC1 activity (Inoki et al., 2002; Menon et al., 2014). 

Further examination revealed that levels of activated AKT are kept low in WDR24-KO cells 

by a Rag GTPase dependent mechanism. These data are consistent with previous 

observations that RAGA-KO cells have increased levels of activated AKT while WDR24-

KO cells fail to increase AKT activation after Sestrin2 overexpression (Efeyan et al., 2014; 

Kowalsky et al., 2020). Taken together, our data indicate that the GATOR2 complex 

promotes the activation of AKT, which facilitates the AKT-dependent inhibitory 

phosphorylation of TSC, upstream of the Rag GTPase. Moreover, they demonstrate that the 

rate of TSC cycling on and off lysosomes reflects TSC activity.

Based on our data, as well as data from others (Demetriades et al., 2014; Demetriades et al., 

2016; Menon et al., 2014), we propose the following model (Figure 7I). Under conditions of 

amino acid and growth factor sufficiency GATOR2 inhibits GATOR1 resulting in the Rag 

GTPase adopting the RAGAGTP: RAGCGDP configuration which favors the recruitment and 

activation of TORC1 on lysosomes and results in the limited exchange of TSC between the 

lysosome and the cytoplasm. In contrast, under conditions of amino acid or growth factor 

depletion, or in GATOR2 mutant cells, GATOR1 is active, resulting in the Rag GTPase 

adopting the RAGAGDP: RAGCGTP configuration, which promotes the rapid exchange of 

TSC between the lysosome and the cytoplasm and decreases TORC1 activity. Under these 

restricted conditions (AA-, serum- or WDR24-KO), knockdowns of RAGA or RAGC 

prevent the rapid cycling of TSC allowing for the recovery of TORC1 activity due to the 

inherent ability of TORC1 to bind Rheb directly (Demetriades et al., 2014). Currently, 

whether the rapid cycling of TSC on and off lysosomes in response to upstream signals 

directly promotes TSC activity, or serves a regulatory role, has not been definitively 

established. In summary, our data support a model in which both the amino acid sensing and 

growth factor signaling pathways utilize the Rag GTPase to inhibit TORC1 activity through 

the regulation of TSC lysosomal dynamics.

A recent study reported that RAGA rapidly cycles between the lysosome and the cytosol in 

response to nutrients (Lawrence et al., 2018). Notably, RAGAGTP cycles on and of 

lysosomes while RAGAGDP remains more tightly associated with the Ragulator at the 

lysosomal surface. Intriguingly, we find that RAGAGDP promotes the rapid cycling of the 

TSC complex on and off the lysosome. Thus, in the future it will be important to determine 

precisely how the dynamic behavior of RAGA and TSC are coordinated to control TORC1 

activity.
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STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Mary Lilly (lillym@helix.nih.gov).

Materials Availability—Drosophila stocks, HeLa cell knockout lines and other reagents 

generated in this study will be available upon request from the Lead Contact Mary Lilly 

(lillym@helix.nih.gov).

Data and Code Availability—Original data are deposited in Mendeley Data: http://

dx.doi.org/10.17632/n8gztd29sv.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and treatments—All mammalian cells were maintained and cultured at 

37°C, 5% CO2, in high-glucose Dulbecco’s modified Eagle’s medium GlutaMAX™-I with 

pyruvate, supplemented with 10% Fetal bovine serum (FBS) and 100 IU/ml Penicillin-

Streptomycin (refer as the completed DMEM thereafter). For amino acid starvation, cells 

were cultured in the completed DMEM medium until 80% confluency, then were washed 

twice with 1x phosphate buffered saline (PBS), medium was changed to DMEM without 

amino acids (glucose was adjusted to 4.5g/l), with 10% dialyzed FBS for 2 hr. For FBS 

starvation, the medium was changed to DMEM without adding FBS, the cells were cultured 

for 16 hrs. Wild-type (WT) HeLa cell was obtained from ATCC. Its identity was verified and 

tested for mycoplasma.

Drosophila stocks—All Drosophila stocks were maintained at 25°C on JAZZ-mix 

Drosophila food (Fisher Scientific). The germline specific driver nanos-Gal4 was obtained 

from Ruth Lehmann (Van Doren et al., 1998). The TSC1-GFP fTRG transgenic line (VDRC 

#318377) was obtained from Vienna Drosophila Resource Center. The stocks UAS-Wdr24 

RNAi (BDSC #62393), UAS-RagA RNAi (BDSC #34590), UAS-RagC RNAi (BDSC 

#32342) and UAS-mCherry RNAi (BDSC #35787) were obtained from Bloomington Stock 

Center. The seh1Δ15 line is made previously (Senger et al., 2011).

Generation MIOS and WDR59 knockout HeLa cells by CRISPR-Cas9—MIOS 

and WDR59 were knocked out in WT HeLa cells by using CRISPR/Cas9 based on the 

protocol by Ran et al., 2013 (Ran et al., 2013). Briefly the following sense or antisense 

nucleotide (sgDNA) encoding single guide RNAs (sgRNA) were assembled in vitro and 

cloned into the px459 (pSpCas9(BB)-2A-Puro) plasmid.

sgMIOS_1_For: CACCGTGTGATCAAAGGGTCCACTC sgMIOS_1_Rev: 

aaacGAGTGGACCCTTTGATCACAC

sgMIOS_2_For: CACCGCTAGCCAGTTACTATCCAG

sgMIOS_2_Rev: aaacCTGGATAGTAACTGGCTAGC
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The combination of the sgMIOS_1 and 2 guides Cas9 to cut through the Exon 4 of the 

MIOS protein coding sequence including its start codon.

sgWDR59_1_For: CACCGACTCGGCCTCTAGCTCACCT sgWDR59_1_Rev: 

aaactccccAGTATCCCGGGACCGC

sgWDR59_2_For: CACCGACTCGGCCTCTAGCTCACCT sgWDR59_2_Rev: 

aaacAGGTGAGCTAGAGGCCGAGTC

The combination of the sgWDR59_1 and 2 guides Cas9 to cut through the Exon 1 of the 

WDR59 protein coding sequencing including its start codon.

The resulted px459 sgDNA constructs were verified by sequencing.

On day one, 1 million WT HeLa cells were seeded into 10-cm dish in the completed DMEM 

medium without antibiotics. After 24 hrs, a total of 500 ng px459 guide constructs (250 ng 

for each sgDNA assembly) were transfected into HeLa cells by using the Lipofectamine 

3000 reagent. Untransfected cells were eliminated by puromycin (puromycin 

dihydrochloride, Thermo Fisher, A1113802) on the next day. 48 hrs later, the culture 

medium was changed into fresh completed DMEM without antibiotics. Cells were 

disassociated by trypsin and serial diluted to the concentration of 0.5 cells per 100 ul 

medium. The diluted cells were passed into 96-well plates in the amount of 100 ul per well. 

1 week after plating, the plates were examined and wells with a single cell colony were 

marked. After expansion for another 2 weeks, genome of each cell colony was collected and 

their MIOS or WDR59 genome loci were analyzed by PCR. Cells with PCR products of the 

expected size after editing by Cas9 were collected and their genome were sent for further 

sequencing. Finally, the protein level of MIOS or WDR59 was verified by immunoblot using 

the antibodies against the two protein respectively. Those cells with undetectable level of 

MIOS or WDR59 were marked as MIOS-KO and WDR59-KO cells.

METHOD DETAILS

Immunofluorescence microscopy for mammalian cells—HeLa cells were seeded 

onto the 8-well Nunc™ Lab-Tek™ II Chamber Slide™ System (Thermo Fisher, 154534) 

coated with fibronectin in the density of 104 per well and cultured in the completed DMEM 

medium overnight. Cells were washed 3 times with 1 × PBS and fixed with 4% 

paraformaldehyde (PFA) in 1 × PBS at room temperature for 15 mins. Cells were washed 3 

times with PBS and permeabilized with 0.2% Trition X-100 in PBS for 10 mins at room 

temperature. Then cells were blocked in blocking buffer (0.1% BSA, 0.2% Trition X-100 in 

PBS) for 1 hr at room temperature. The chamber slides were incubated overnight at 4°C in 

blocking buffer containing diluted primary antibody. Then they were washed 3 times in 1 × 

PBS and incubated in blocking buffer containing secondary antibody conjugated with 

fluorophore for 1 hr in dark at room temperature, following by a 10 mins’ incubation with 

300 nM 4’,6-diamidino-2-phenylindole (DAPI). The chamber slides were washed 3 times in 

PBS and then mounted on slides using the ProLong™ Diamond Antifade solution (Thermo 

Fisher, P36970) after remove the chamber well. All confocal images were captured by a 

Zeiss 880 laser scanning microscopy with a Plan-Apochromat 63X/1.4 oil immersion 
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objective. Pearson’s correlation coefficients of different fluorophores were calculated by 

using ImageJ with Fiji plugin. 30 cells per condition were analyzed. Each set of 

immunofluorescence experiments was repeated at least three times.

Fluorescence recovery after photobleaching (FRAP) and mEOS4b 
photoconversion—FRAP experiments were performed on HeLa cells transfected with 

plasmid constructs as descried in the “Plasmid transfections for mammalian cell” section, 

two days before imaging. 40 min before the experiment, HeLa cells were cultured in 

imaging buffer with 2.5 μg/ml nocodazole as indicated previously (Lawrence et al., 2018), 

with or without serum or amino acids. FRAP live cell images were acquired at 5 s intervals 

for 10 min after photobleaching a single lysosome to background fluorescence level, using a 

Zeiss 880 system with a 100% laser power. The FRAP data were processed in GraphPad 

Prism 8. The recovery fraction and half-time (t½) were calculated by fitting the FRAP 

fluorescence recovery curve into the model Y=Y0 + (Plateau-Y0)*(1-exp(−K*x)) through 

using one-phase association as described before (Sprague and McNally, 2005; Zheng et al., 

2011). Photoconversion of mEos4b was performed by using a 405 nm laser. Red signal after 

conversion was acquired at 50 s intervals for 10 min. The kinetic of red decline (post-

conversion) and green recovery (pre-conversion) on lysosome represent the off and on rate 

of protein respectively. The acquired images were processed by using Imaris 9.3 software.

Plasmid transfections for mammalian cell—Plasmid transfections into HeLa cells 

were performed by using the Xfect™ Transfection reagent, according to manufacturer’s 

protocol. A total of 5 μg plasmid was used in transfection for 0.8 million cells.

Mammalian cell siRNA transfections and knockdowns—siRNAs against RAGGA, 

RAGGC and LAMTOR1/p18 in HeLa cells were from the SMARTpool ON-TARGETplus 

siRNA set (GE Healthcare). All siRNAs were transfected by the Xfect™ RNA Transfection 

reagent, according to manufacturer’s protocol. An ON-TARGETplus Non-targeting Control 

siRNAs was used as the control. 0.3 million HeLa cells were seeded into 6-well plates and 

cultured in completed DMEM medium overnight. For next two days, each day a 

combination of 5 ul siRNA stock (20 μM) and 9 ul of the transfection reagent was added into 

culture medium per well. Cells were assayed in the third day for immunoblotting or 

imaging.

Mammalian protein extraction and immunoblot—HeLa cells were seeded into 6-

well plates. 1.2 million HeLa cells from each well were washed twice by PBS. Cells were 

then covered by 600 ul of the M-PER mammalian protein extraction buffer plus proteinases 

inhibitor cocktail with or without phosphatases inhibitor cocktail, followed by gently 

shaking at room temperature for 5 mins. The solutions were collected, and the soluble parts 

were separated by centrifugation. Target proteins in the soluble part were detected by 

immunoblot using specific antibodies. To detect phosphorylated protein, Pierce™ Protein-

Free T20 (TBS) Blocking Buffer was used to block the membrane and dilute the antibodies. 

HRP signals were visualized by using a Clarity™ Western ECL substrate kit (Biorad) and 

detected with a Biorad ChemiDoc™ MP imaging system. The grey scale of each band was 
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quantified by Photoshop CC. Each set of immunoblot experiments was repeated at least 

three times. Representative examples are shown in each figure.

Mammalian protein co-immunoprecipitation—Proteins from HeLa cells were 

extracted in buffer with proteinase and phosphatase inhibitor cocktail as mentioned above. 

Antibody against endogenous TSC2 or mTOR was crosslinked to Dynabeads™ Protein A 

by disuccinimidyl suberate (DSS) according to manufacturer’s protocol. Protein extracts 

were incubated overnight at 4°C with the antibody linked protein A beads. After incubation 

beads were washed three times with protein extraction buffer, then proteins were eluted by 

heating the beads in protein sample buffer [60 mM Tris (pH 6.8), 10% glycerol, 100 mM 

DTT, 0.2% bromophenol blue, 2% SDS] at 70°C for 10 mins, followed by immunoblot. An 

anti- Rheb antibody was used to detect the interactions between TSC2- Rheb or mTOR- 

Rheb from different conditions. For pulling down the Myc tagged protein, Pierce™ c-Myc-

Tag IP/Co-IP Kit from Thermo Fisher was used according to manufacturer’s instruction. For 

pulling down Halo tagged protein, the Halo-Trap kit from Chromotek was used based on 

manufacturer’s instruction.

Lysosomal FRAP assay in Drosophila germline—The FRAP experiments were 

performed on stage 6 egg chambers in Drosophila ovaries. Briefly, flies were cultured in 

standard media for 2–3 days before dissection. The ovaries were dissected in Schneider’s 

medium supplemented with 10% FBS, 10 μg/ml insulin,100 nm nocodazole and 1μg/ml 

Hoechst. For acute starvation, the ovaries were dissected in amino acid starvation media as 

previously described (Wilson et al., 2004) and suppled with 100 nM nocodazole and 1μg/ml 

Hoechst 33342. 100% laser was used for lysosomal photobleaching, images were acquired 

at 10 seconds intervals for 7 mins.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample Size and Statistical Analysis—Detailed sample size can be found in figure 

legends. All graphs report the mean ± SEM and represent data from three independent 

experiments. Unless otherwise indicates. Statistical comparisons were made using Unpaired 

Student’s t-test provided by GraphPad Prism 8 software.

Supplementary Material

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

• The Rag GTPase recruits TSC to lysosomes in response to growth factor 

restriction

• The Rag GTPase functions as an inhibitor of TORC1 in GATOR2 knockouts

• GATOR2 opposes the Rag-GTPase-dependent cycling of TSC on and off 

lysosomes

• GATOR2 promotes the phosphorylation of AKT upstream of the Rag GTPase
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Figure 1. The Rag GTPase inhibits TORC1 in GATOR2 mutant Drosophila and HeLa cells
(A) Co-depletions of ragA or ragC rescue the small ovary phenotype of seh1RNAi females. 

ragARNAi, ragCRNAi and seh1RNAi TRiP constructs were driven by the germline specific 

driver nanos-GAL4VP16. mchRNAi: mCherry-RNAi. Scale bar: 1 mm.

(B) Knockdowns of ragA or ragC increase pS6K levels in seh1RNAi ovaries, error bars in 

pS6K quantification graph represent standard deviation. Unpaired Student’s t-test was used 

to calculate p values. mchRNAi: mCherry-RNAi. **: p < 0.01.

(C) Immunoblot for P-S6K (T389) in WT and WDR24-KO HeLa cells treated with control 

(NT) or RAGA siRNAs. Error bars represent standard deviation.
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(D) Immunoblot for P-S6K (T389) in WT and WDR24-KO HeLa cells treated with control 

(NT) or RAGC siRNAs.

(E) mTOR and LAMP1 immunostaining and colocalization analysis in WT and WDR24-KO 

HeLa cells treated with control (NT), RAGA or RAGC siRNA. Scale bar: 10 μm. The 

colocalization coefficient was calculated based on 30 cells per condition. Error bars 

represent standard deviation. See also Figure S1.
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Figure 2. The GATOR2 complex inhibits the recruitment of TSC to lysosomes
(A) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells. The 0 s 

image represents photobleaching. Scale bar: 0.5 μm.

(B) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO cells.

(C) Fluorescence recovery versus time curves in A and B. A total of 30 lysosomes from 

different cells were used to plot the curves for each treatment. Error bars represent standard 

error.
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(D) Plot showing the relation between the recovery fraction versus half time (t1/2) from 

curves in C. Error bars represents standard error.

(E) Time point pictures from the GFP-TSC1 FRAP experiment in WT Drosophila ovary.

(F) Time point pictures from the GFP-TSC1 FRAP experiment in wdr24RNAi Drosophila 
ovary. Scale bar: 2 μm.

(G) Fluorescence recovery versus time curves in E and F. A total of 10 lysosomes in 

different ovaries from each treatment were used in plotting the curve. Error bars represent 

standard error. See also Figure S2, S3 and S4.
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Figure 3. The GATOR2 complex regulates the recruitment of TSC to lysosomes via the Rag 
GTPase
(A) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells treated 

with Non-targeting, RAGA and RAGC siRNAs. Scale bar: 0.5 μm.

(B) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

treated with Non-targeting, RAGA and RAGC siRNAs.
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(C) Fluorescence recovery versus time curves in A and B. A total of 30 lysosomes in 

different cells were used to plot the curve for each treatment. Error bars represent standard 

error.

(D) Plot showing the relationship between the recovery fraction versus half time (t1/2) from 

the curves in C. Error bars represent standard error.

(E) Time point pictures from the GFP-TSC1 FRAP experiments in WT and ragARNAi 

Drosophila ovaries. Scale bar: 2 μm.

(F) Time point images from the GFP-TSC1 FRAP experiments in wdr24RNAi and 

wdr24RNAi ragARNAi Drosophila ovaries.

(G) Fluorescence recovery versus time curves in H and I. A total of 10 lysosomes from 

different ovaries were examined. Error bars represent standard error.

(H) Knockdowns of RAGA or RAGC increase the interaction between mTOR and Rheb in 

WDR24-KO cells. Cell lysates were immunoprecipitated by an anti-mTOR antibody and 

immunoblotted by an anti-Rheb antibody.

(I) Knockdowns of RAGA or RAGC decrease the interaction between TSC2 and Rheb in 

WDR24-KO HeLa cells. Cell lysates were immunoprecipitated by an anti-TSC2 antibody 

and immunoblotted by an anti-Rheb antibody.
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Figure 4. The guanine nucleotide binding status of RAGA and RAGC control the recruitment of 
TSC to lysosomes
(A) Time point images from Halo-TSC2 FRAP experiment in WT HeLa cells transfected 

with GDP or GTP bound RAGA. Scale bar: 0.5 μm.

(B) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

transfected with GDP or GTP bound RAGA.

(C) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells transfected 

with GDP or GTP bound RAGC.
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(D) Time point pictures from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

transfected with GDP or GTP bound RAGC.

(E) Fluorescence recovery versus time curves in A and B. A total of 30 lysosomes from 30 

different cells were used to plot the curves for each treatment. Error bars represent standard 

error.

(F) Plot showing the relation between the recovery fraction versus half time (t1/2) from the 

curves in E. Error bars represent standard error.

(G) Fluorescence recovery versus time curves in C and D. A total of 30 lysosomes from 

different cells were used in plotting the curves for each treatment. Error bars represent 

standard error.

(H) Plot showing the relation between the recovery fraction versus half time (t1/2) from the 

curves in G. Error bars represent standard error.

(I) Co-IP experiments showing that GDP-bound RAGA and GTP-bound RAGC increased 

the interaction between Halo-TSC2 and HA-GST-Rheb. Cell lysates were 

immunoprecipitated by an anti-Halo antibody and immunoblotted by an anti-GST antibody. 

(Short: blot was exposed for 10 s; Long: 1 min)

(J) Co-IP experiment showing GTP-bound RAGA and GDP-bound RAGC increased the 

interaction between Myc-mTOR and HA-GST-Rheb. Cell lysates were immunoprecipitated 

by an anti-Myc antibody and immunoblotted by an anti-GST antibody.
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Figure 5. TSC2 rapidly cycles on and off lysosomes in GATOR2 mutant and starved cells
(A) Time point images from photoconversion experiment in WT Hela cells transfected with 

mEOS4b-TSC2 in nutrient replete conditions. The 0s image represents photoconversion. 

Scale bar: 0.5 μm.

(B) Time point images from photoconversion experiment in WT Hela cells transfected with 

mEOS4b-TSC2 under starvation condition.

(C) Time point images from photoconversion experiment in WDR24-KO Hela cells 

transfected with mEOS4b-TSC2 subjected to nutrient replete conditions.
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(D) Time point images from photoconversion experiment in WDR24-KO Hela cells 

transfected with mEOS4b-TSC2 under starvation condition.

(E-H) Change in relative fluorescence of unconverted mEOS4b-TSC2 at 488 nm (green 

curve) and photo converted protein in 568 nm (red curve) over 600s period corresponding to 

the results shown in A-D. A total of 30 lysosomes in each condition were used. Error bars 

represent standard error.

(I) Comparisons of the half-time (t1/2) for mEOS4b-TSC2 at 488 nm and 568 nm in 

corresponding to panels A-D. Scale bars represent standard error.
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Figure 6. The Rag GTPase controls the dynamic recruitment of TSC to lysosomes in response to 
both amino acids and growth factor restriction
(A) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells treated 

with control or RAGA siRNA in FED condition (+AA, +FBS). Scale bar: 0.5 μm. 

Fluorescence recovery versus time curve was plotted by using a total of 30 lysosomes in 

cells. Error bars represent standard error.

(B) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

treated with control or RAGA siRNA in FED condition (+AA, +FBS).
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(C) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells treated 

with control or RAGA siRNA in amino acid starvation (-AA, +dFBS).

(D) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

treated with control or RAGA siRNA in amino acid starvation (-AA, +dFBS).

(E) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells treated 

with control or RAGA siRNA in serum starvation (+AA, -FBS).

(F) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

treated with control or RAGA siRNA in serum starvation (+AA, -FBS).
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Figure 7. Phosphorylation by AKT decreases the lysosomal dynamics of TSC2
(A) Immunoblots to detect the level of P-S6K (T389), P-TSC2 (T1462) in WT and WDR24-

KO HeLa cells treated with control (NT) or RAGA siRNA, cultured in +AA +FBS, +AA -

FBS and AA +dFBS conditions.

(B) Immunoblots show knockdowns of RAGA and RAGC in WDR24-KO cells increase the 

level of P-AKT (T308) and P-AKT (S473).
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(C) Time point images from the Halo-TSC2 FRAP experiment in WT HeLa cells transfected 

with Halo-TSC2 T1462A, Halo-TSC2 S939A and the Halo-TSC2 T1462A/S939A. Scale 

bar: 0.5 μm.

(D) Fluorescence recovery versus time curves in C. A total of 30 lysosomes from 30 

different cells were used in plotting the curve for each treatment. Error bars represent 

standard error.

(E) Plot showing the relation between the recovery fraction versus half time (t1/2) from the 

curves in D. Error bar represents standard error.

(F) Time point images from the Halo-TSC2 FRAP experiment in WDR24-KO HeLa cells 

transfected with Halo-TSC2 T1462A, Halo-TSC2 S939A and the Halo-TSC2 T1462A/

S939A.

(G) Fluorescence recovery versus time curves in F. A total of 30 lysosomes from 30 

different cells were used in plotting the curve for each treatment.

(H) Plot showing the relation between the recovery fraction versus half time (t1/2) from the 

curves in G.

(I) Proposed model: The GATOR complex regulates TORC1 activity by controlling the 

exchange rate of TSC between lysosome and cytosol through the Rag GTPase and TSC2 

phosphorylation. Refer to Discussion for details. See also Figure S5.

Yang et al. Page 36

Dev Cell. Author manuscript; available in PMC 2021 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yang et al. Page 37

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

LAMP1 Mouse monoclonal, H4A3 Developmental Studies Hybridoma 
Bank

Cat# H4A3, RRID:AB_2296838

mTOR (7C10) Rabbit mAb Cell Signaling Technology Cat# 2983, RRID:AB_2105622

RagA (D8B5) Rabbit mAb Cell Signaling Technology Cat# 4357, RRID:AB_10545136

RagC (D31G9) XP Rabbit mAb Cell Signaling Technology Cat# 5466, RRID:AB_10692651

RHEB (E1G1R) Rabbit mAb Cell Signaling Technology Cat# 13879, RRID:AB_2721022

TSC2 (D93F12) XP Rabbit mAb Cell Signaling Technology Cat# 4308, RRID:AB_10547134

Phospho-Tuberin/TSC2 (Thr1462) Antibody Cell Signaling Technology Cat# 3611, RRID:AB_329855

P70 S6 kinase (49D7) Rabbit mAb Cell Signaling Technology Cat# 2708, RRID:AB_390722

Phospho-p70 S6K (T389) Rabbit mAb Cell Signaling Technology Cat# 9025, RRID:AB_2734746

Phospho-Drosophila p70 S6K (T389) Rabbit Ab Cell Signaling Technology Cat# 9209, RRID:AB_2269804

GAPDH (14C10) Rabbit mAb Cell Signaling Technology Cat# 2118, RRID:AB_561053

β-Actin (D6A8) Rabbit mAb Cell Signaling Technology Cat# 8457, RRID:AB_10950489

Mios (D12C6) Rabbit mAb Cell Signaling Technology Cat# 13557, RRID:AB_2798254

WDR59 (D4Z7A) Rabbit mAb Cell Signaling Technology Cat# 53385, RRID:AB_2799432

HA-Tag (C29F4) Rabbit mAb Cell Signaling Technology Cat# 3724, RRID:AB_1549585

DYKDDDDK Tag (D6W5B) Rabbit mAb Cell Signaling Technology Cat# 14793, RRID:AB_2572291

Myc-Tag (9B11) Mouse mAb Cell Signaling Technology Cat# 2276, RRID:AB_331783

GST (26H1) Mouse mAb Cell Signaling Technology Cat# 2624, RRID:AB_2189875

Anti-Rabbit IgG, HRP-linked Cell Signaling Technology Cat# 7074, RRID:AB_2099233

Anti-Mouse IgG, HRP-linked Cell Signaling Technology Cat# 7076, RRID:AB_330924

Akt (pan) (C67E7) Rabbit mAb Cell Signaling Technology Cat# 4691, RRID:AB_915783

Phospho-Akt (Thr308) (D25E6) XP Rabbit mAb Cell Signaling Technology Cat# 13038, RRID:AB_2629447

Phospho-Akt (Ser473) (D9E) XP Rabbit mAb Cell Signaling Technology Cat# 4060, RRID:AB_2315049

Anti HaloTag Mouse mAb Promega Cat# G9211, RRID:AB_2688011

Anti-Rabbit IgG AlexaFluor 488 conjugated Thermo Fisher Cat# A-11008, RRID:AB_143165

Anti-Rabbit IgG AlexaFluor 594 conjugated Thermo Fisher Cat# A-11037, RRID:AB_2534095

Anti-Mouse IgG AlexaFluor 488 conjugated Thermo Fisher Cat# A-11029, RRID:AB_138404

Anti-Mouse IgG AlexaFluor 594 conjugated Thermo Fisher Cat# A-11005, RRID:AB_141372

Chemicals, Peptides, and Recombinant Proteins

Fibronectin human plasma Sigma-Aldrich Cat# F0895

Paraformaldehyde Electron Microscopy Sciences Cat# 15714

Triton X-100 Sigma-Aldrich Cat# T8787

Disuccinimidyl suberate Thermo Fisher Cat# 21555

Proteinases inhibitor cocktail Thermo Fisher Cat# 78430

Phosphatases inhibitor cocktail Thermo Fisher Cat# 78420

4’,6-diamidino-2-phenylindole (DAPI) Thermo Fisher Cat# D1306
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Hoechst 33342 Thermo Fisher Cat# H3570

Nocodazole Sigma-Aldrich Cat# M1404

Critical Commercial Assays

Pierce™ c-Myc-Tag IP/Co-IP Kit Thermo Fisher Cat# 23630

Halo-Trap kit Chromotek Cat# otak-20

Experimental Models: Cell Lines

HeLa (Wild type) ATCC Cat# CCL-2

HeLa, WDR24-KO (Cai et al., 2016) N/A

HeLa, WDR59-KO This paper N/A

HeLa, MIOS-KO This paper N/A

Experimental Models: Drosophila Stocks

seh1Δ15 (Senger et al., 2011) N/A

UAS-Wdr24 RNAi Bloomington Drosophila Stock Center Cat# 62393

UAS-RagA RNAi Bloomington Drosophila Stock Center Cat# 34590

UAS-RagC RNAi Bloomington Drosophila Stock Center Cat# 32342

UAS-mCherry RNAi Bloomington Drosophila Stock Center Cat# 35787

Nanos-Gal4 (Van Doren et al., 1998) N/A

TSC1-GFP Vienna Drosophila Resource Center Cat# 318377

Lamp1–3xmCherry (Hegedus et al., 2016) N/A

Oligonucleotides

ON-TARGETplus Non-targeting siRNA control GE Healthcare D-001810-01-05

SMARTpool: ON-TARGETplus LAMTOR1 
siRNA

GE Healthcare L-020916-02-0005

SMARTpool: ON-TARGETplus RRAGA siRNA GE Healthcare L-016070-00-0005

SMARTpool: ON-TARGETplus RRAGC siRNA GE Healthcare L-017822-01-0005

Recombinant DNA

FLAG-TSC2 (Tee et al., 2002) Addgene plasmid #8996

mPlum-LAMP1 (Shaner et al., 2008) Addgene plasmid #55982

mEOS4b-TSC2 This paper N/A

Halo-TSC2 This paper N/A

Halo-TSC2 T1462A This paper N/A

Halo-TSC2 S939A This paper N/A

Halo-TSC2 T1462A/S939A This paper N/A

FLAG-RAGA(T21N) (Shen et al., 2017) Addgene plasmid #99715

FLAG-RAGA(Q66L) (Shen et al., 2017) Addgene plasmid #99716

FLAG-RAGC(Q120L) (Shen et al., 2017) Addgene plasmid #99725

FLAG-RAGC(S75N) (Shen et al., 2017) Addgene plasmid #112757

HA-GST-RHEB1 (Sancak et al., 2007) Addgene plasmid #14951

Myc-mTOR (Sarbassov et al., 2004) Addgene plasmid #1861
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA-RAGA (Shen et al., 2017) Addgene plasmid #99710

FLAG-RAGC (Shen et al., 2017) Addgene plasmid #99723

Software and Algorithms

Microsoft Excel Microsoft https://products.office.com/en-us/excel

GraphPad Prism 8 GraphPad Software Inc. https://www.graphpad.com/
scientificsoftware/prism/

Imaris 9.3.0 Bitplane Inc. https://imaris.oxinst.com/products/imaris-
forcell-biologists

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Photoshop CC Adobe https://www.adobe.com/products/
photoshop.ht ml

Other

Dulbecco’s modified Eagle’s medium 
GlutaMAX™-I with pyruvate

Thermo Fisher Cat# 10569010

Fetal bovine serum Thermo Fisher Cat# A3160602

Penicillin-Streptomycin Thermo Fisher Cat# 15140122

DMEM without amino acids MyBioSource Cat# MBS653087

Fetal bovine serum, dialyzed Thermo Fisher Cat# A3382001

TrypLE™ Express Thermo Fisher Cat# 12605010

Xfect™ Transfection reagent Takara Cat# 631318

Xfect™ RNA Transfection reagent Takara Cat# 631450

Dynabeads™ Protein A Thermo Fisher Cat# 1001D

M-PER mammalian protein extraction buffer Thermo Fisher Cat# 78503

Pierce™ Protein-Free T20 (TBS) Blocking Buffer Thermo Fisher Cat# 37571

Clarity™ Western ECL substrate Biorad Cat# 170–5060
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