
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Li et al. Cell & Bioscience           (2024) 14:68 
https://doi.org/10.1186/s13578-024-01250-4

Background
The highly conserved serine/threonine protein kinase 
mammalian or mechanistic target of rapamycin (mTOR) 
plays a central role in cell metabolism by coordinating 
cellular and extracellular signals such as growth factor 
(GF) and amino acid (AA) [1, 2]. Dysregulation of mTOR 
signaling is associated with human diseases including 
cancer, diabetes, aging, and mTORopathies [3, 4].

mTOR nucleates two structurally and functionally dis-
tinct mTOR complexes (mTORCs), namely, mTORC1 
and mTORC2, to control cell growth and proliferation by 
phosphorylating substrates such as eukaryotic initiation 
factor 4E (eIF4E) binding protein 1 (4EBP1), ribosomal 
S6 kinase (S6K), and protein kinase B (PKB or AKT) 
[5]. Decades of research have established mTORC1 as a 
master regulator of cellular anabolic processes, including 
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Abstract
Background  Mammalian or mechanistic target of rapamycin complex 1 (mTORC1) is an effective therapeutic 
target for diseases such as cancer, diabetes, aging, and neurodegeneration. However, an efficient tool for monitoring 
mTORC1 inhibition in living cells or tissues is lacking.

Results  We developed a genetically encoded mTORC1 sensor called TORSEL. This sensor changes its fluorescence 
pattern from diffuse to punctate when 4EBP1 dephosphorylation occurs and interacts with eIF4E. TORSEL can 
specifically sense the physiological, pharmacological, and genetic inhibition of mTORC1 signaling in living cells and 
tissues. Importantly, TORSEL is a valuable tool for imaging-based visual screening of mTORC1 inhibitors. Using TORSEL, 
we identified histone deacetylase inhibitors that selectively block nutrient-sensing signaling to inhibit mTORC1.

Conclusions  TORSEL is a unique living cell sensor that efficiently detects the inhibition of mTORC1 activity, and 
histone deacetylase inhibitors such as panobinostat target mTORC1 signaling through amino acid sensing.
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the synthesis of proteins, lipids, and other macromol-
ecules, and of catabolic processes such as autophagy 
[2, 6]. mTORC1 is a lozenge-shaped dimer containing 
mTOR kinase, regulatory-associated protein of mTOR 
(RAPTOR), mammalian lethal with SEC13 protein 8 
(mLST8), DEP domain-containing mTOR-interacting 
protein (DEPTOR), and proline-rich Akt substrate of 
40 kDa (PRAS40) [4, 7]. Under nutrient-rich conditions, 
the Rag GTPases form heterodimeric complexes consist-
ing of RagA/B bound to RagC/D. The complexes bind to 
mTORC1 and are tethered by the LAMTOR complex to 
the lysosomal surface, where mTORC1 is activated by the 
allosteric binding of Rheb [8–10]. GTP loading of RheB 
is essential for mTORC1 activation, which is negatively 
regulated by the upstream GTPase-activating protein 
(GAP) tuberous sclerosis complex (TSC) [11, 12]. The 
tumor suppressor TSC (TSC1/TSC2) integrates GF and 
stress-sensing signaling pathways including the PI3K/
AKT, LKB1/AMPK, Wnt/GSK3, and ERK/RSK pathways, 
to regulate the interaction between RheB and mTORC1. 
Pathogenic mutations in these signaling pathways dereg-
ulate mTORC1 activity [3, 13]. AA sensing is another 
essential mechanism for mTORC1 activation, and essen-
tial amino acids (EAAs), such as leucine (Leu), arginine 
(Arg), and methionine (Met), are reported to bind to 
their sensor proteins to promote GTP loading of Rags via 
the inhibition of GATOR1 GAP activity [14]. Oncogenic 
mutations of GF signaling genes or AA-sensing genes 
such as PI3K, AKT, TSC, and GATOR1 lead to hyper-
activation of mTORC1 and promote uncontrolled cell 
growth and malignant transformation [2, 13]. The inhi-
bition of mTORC1 signaling has been shown to be clini-
cally effective in human cancer therapy [5, 15].

Given the essential roles of mTORC1 in cell growth 
and its high relevance to various diseases, it is impor-
tant to monitor the inhibition of mTORC1 in cells and 
exploit new inhibitors for precision medicine. Methods 
to detect mTORC1 activity are mostly immunochemi-
cal techniques based on antibodies recognizing specific 
phosphorylation sites of mTORC1 substrates, such as 
phospho-4EBP1 (T37/T46) antibodies, phospho-S6K1 
(T389) antibodies, and phospho-S6 (S235/S236 or S240/
S244) antibodies recognizing the downstream phosphor-
ylated ribosomal protein S6. However, techniques such as 
immunoblotting (IB), immunofluorescence (IF), immu-
nohistochemistry (IHC), and fluorescence-activated cell 
sorting (FACS) are strictly dependent on the specificity of 
these phosphor antibodies and require careful scaling to 
avoid background signals [16]; they typically require dis-
ruption or fixation of cells or tissues under nonphysiolog-
ical conditions, and using antibodies for high-throughput 
screening is also expensive and time-consuming. To 
overcome such limitations, fluorescent kinase reporters 
for mTORC1 have been recently developed. For example, 

TORCAR and AIMTOR are genetically encoded report-
ers that allow noninvasive detection of mTORC1 acti-
vation by live-cell imaging [17, 18]. These reporters are 
valuable tools for studying mTORC1 kinase signaling 
at subcellular resolution and have recently been used 
to localize compartmentalized mTORC1 activity in the 
nucleus [19, 20]. However, the minor change in the fluo-
rescence ratio between acceptor and donor fluorophores, 
and the substantial autofluorescence and light scattering 
effects limit their use in high-throughput drug screen-
ing and tissue applications [21]. In addition, TORCAR 
requires quantitative imaging of single cells, which lim-
its its application to heterogeneous cell populations [17, 
18]. Other kinase-dependent GFP translocation-based 
reporters (KTRs), such as GFP-LC3 or GFP-TFEB, which 
change their subcellular localization upon mTORC1 
inactivation, are flawed because of either their low spa-
tial resolution or nonspecific responses [22]. Therefore, 
alternative fluorescence reporters are needed to visual-
ize mTORC1 activity in living cells and tissues. Here, we 
developed a live-cell mTORC1 sensor (TORSEL) with 
simple manipulation and a high-contrast signal pattern 
to specifically detect mTORC1 inhibition in cultured cells 
and tissues.

Histone deacetylases (HDACs) remove acetyl groups 
from acetyl-lysine residues in histones and non-histone 
proteins and play important roles in a variety of biologi-
cal processes through epigenetic modification and gene 
transcription regulation [23, 24]. Histone deacetylase 
inhibitors (HDACis), such as panobinostat and enti-
nostat, have been approved for the treatment of hema-
tologic malignancies with broad target specificity via 
multiple mechanisms, including the induction of cell 
death, cell cycle arrest, apoptosis, differentiation, and 
the promotion of immunogenicity [23, 24]. Nonetheless, 
little is known about how HDACis affect critical meta-
bolic signaling pathways such as mTORC1. In this study, 
we used TORSEL to visually screen drugs that can inhibit 
mTORC1 in living cells. Our findings show that HDACis 
strongly inhibit mTORC1 in vitro and in vivo. Further 
mechanistic studies revealed that HDACis have a unique 
mechanism of action (MOA) that targets the amino acid-
sensing pathway.

Results
Design and characterization of TORSEL
To directly visualize the inactivation of mTORC1 in living 
cells, we created a synthetic fluorescent biosensor called 
TORSEL (mTORC1 sensor for live cells). TORSEL com-
prises two parts: HA-tagged 4EBP1, which is tagged with 
the fluorescent protein mCherry and homohexameric 
tag 3 (HOTag3); and Flag-eIF4E, which is tagged with 
homotetrameric tag 6 (HOTag6) [25, 26]. The two pieces 
are linked by a self-cleaving P2A peptide (Fig.  1A). The 



Page 3 of 17Li et al. Cell & Bioscience           (2024) 14:68 

Fig. 1 (See legend on next page.)
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17-kDa 4EBP1 is a high-quality mTORC1 substrate that 
binds strongly to the 25-kDa eukaryotic initiation factor 
4E (eIF4E) in its dephosphorylated form [27, 28]. To initi-
ate cap-dependent mRNA translation, mTORC1 hierar-
chically phosphorylates 4EBP1 at four major sites, Thr37, 
Thr46, Ser65, and Thr70, which free eIF4E from the 
tightly bound 4EBP1-eIF4E complex to form the trans-
lation initiation complex [29–31] (Fig. S1A). Under nor-
mal culture conditions, TORSEL is expressed diffusely 
in U2OS cells. When mTORC1 is suppressed by serum 
deprivation, EAA starvation, or rapamycin, 4EBP1 within 
TORSEL undergoes dephosphorylation; once dephos-
phorylated, 4EBP1 interacts with eIF4E and connects the 
two components of TORSEL. This protein-protein inter-
action (PPI), along with HOTag polymerization in each 
part, causes a multiplex PPI that creates bright fluores-
cent puncta similar to those of the SPPIER and SPARK 
reporters [25, 26]. Most cells (50-90%) showed visible 
puncta patterns under a fluorescence microscope with 
a 60x oil objective (Fig. 1A, B and C and Fig. S1B). The 
TORSEL response parameters were quantified in various 
cell lines treated with the mTOR kinase inhibitor Torin1, 
which induced a high percentage of puncta cells (70-
90%) (Fig.  1D); the number of puncta (10–100 per cell) 
dramatically increased with different mTOR inhibitors 
in each cell line (Fig. 1E). TORSEL responded to Torin1 
with a half-maximum inhibition time (t1/2) of 2.16 h and 
a half-maximum inhibitory concentration (IC50) of 11.37 
nM in U2OS cells (Fig.  1F and G). It is less sensitive in 
293T cells compared to U2OS cells (Fig. S1C). These 
results suggest that TORSEL exhibits different sensi-
tivities in different cells. The response of TORSEL to 
mTORC1 inhibition is independent of TORSEL expres-
sion levels. In stable clones of 293T reporter cells, a high 
TORSEL expression level resulted in a slight increase in 
the number of background puncta, but the percentage of 
cells with TORSEL puncta remained more than 5 times 
greater in response to Torin1 across all of the tested 
clones (Fig. S1D). We also observed a consistent response 
of TORSEL with increased expression levels induced by 
escalating doses of doxycycline (Dox) using an induc-
ible Tet-On TORSEL (Fig.  1H). These findings suggest 

that the expression level of TORSEL does not impact 
its responsiveness. In addition, identical 4EBP1 dephos-
phorylation kinetics were observed in response to Torin1 
treatment for TORSEL and endogenous 4EBP1 (Fig.  1I 
and J), which suggests that TORSEL authentically reflects 
the inhibition of cellular mTORC1 activity. The fluores-
cent puncta were quantified and plotted as a fluorescence 
histogram at the pixel level, showing high contrast in 
response to mTORC1 inhibition (Fig. 1K). The degree of 
clustering (Dc) was quantified by the ratio of fluorescence 
intensity between the puncta and the nearby cytosol [32]. 
Dc values in mTORC1-inhibited cells were 2–4 times 
greater than those in untreated cells (Fig. 1L), which sug-
gested a relatively high resolution of the reporter.

TORSEL responds to mTORC1-mediated 4EBP1 
phosphorylation in living cells and tissues
To determine whether TORSEL puncta formation is 
determined by the specific regulation of 4EBP1 phos-
phorylation by mTORC1, phosphomimetic and non-
phosphorylatable mutants of 4EBP1 with corresponding 
mutations in TORSEL at four major mTORC1 sites 
(Thr37, Thr46, Ser65, and Thr70) were generated and 
expressed by the Tet-On expression system [33, 34] 
(Fig.  2A, Table S1). We induced reporter expression at 
three levels (low, medium, and high, grouped by mean 
fluorescence intensity) in 293T cells by escalating doses 
of doxycycline (Dox), as shown in Fig. 1H and Fig. S2A. 
Then, we quantified the TORSEL responses in single 
cells with different fluorescence intensities that were 
directly correlated with the intracellular protein concen-
tration [35] (Fig.  2B–G). The TORSEL(4D) mutant with 
four mTORC1 phosphorylation sites that were mutated 
to Asp no longer responded to Torin1 except for a mild 
response with a high expression level (Fig.  2D); how-
ever, the TORSEL(4 A) mutant with four mTORC1 phos-
phorylation sites that were mutated to Ala continued 
to respond to Torin1 at all levels (Fig.  2C); this effect 
could be due to extra mTORC1-regulated sites (either 
directly or indirectly). To test this possibility, we gener-
ated TORSELMT with all 22 Thr/Ser sites mutated to Ala 
with the exception of four mTORC1 sites (Fig. 2A). This 

(See figure on previous page.)
Fig. 1  Design and characterization of TORSEL. (A) Schematic diagram of TORSEL puncta formation. (B) Representative images of TORSEL in U2OS cells 
(100 nM rapamycin, EAA or FBS starvation 12 h) (upper panel) and quantification of TORSEL-positive cells (defined as > 10 puncta/cell) (lower panel). (C) IB 
analysis of TORSEL-transfected U2OS cells (upper panel) and quantification of 4EBP1 (T37/T46) phosphorylation by signal ratios normalized to those of the 
untreated control (= 1.0) (lower panel). (D) Representative images of TORSEL in cell lines treated with Torin1 (50 nM, 12 h) (upper panel) and quantification 
of TORSEL-positive cells (lower panel). (E) Violin plots of puncta size in cell lines with various treatments. Red line, median; black line, interquartile range; 
15–20 cells were analyzed for each sample. (F) Time-response curve of TORSEL in U2OS cells treated with Torin1. t1/2 were calculated with nonlinear fit 
analysis. (G) Dose-response curve of TORSEL treated with various doses of Torin1 for 12 h. The IC50 was calculated with nonlinear fit analysis. (H) Tet-ON 
TORSEL responses in 293T cells induced by dose-escalating Dox (lower panel), and were quantified for each dose (upper panel). (I) IB analysis of 4EBP1 
dephosphorylation kinetics in response to Torin1 in 293T cells. The experiment was performed twice. (J) Quantified 4EBP1 dephosphorylation kinetics in 
(I). The p4EBP1/4EBP1 ratio was normalized to 1 at time point zero. (K) Representative images of TORSEL puncta in U2OS cells with various treatments; the 
fluorescence histograms are plotted with lines across the cells. (L) Violin plots of Dc values in U2OS cells with different treatments (n = 50 puncta). the Data 
are presented as the mean ± SEM. Approximately 50 cells in each sample were calculated by the percentage of TORSEL-positive cells. Scale bar, 10 μm. 
Statistical analysis was performed using two-tailed unpaired Student’s t-test. ns, no statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001
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mutant responded to mTORC1 inhibition in the same 
way as wild-type TORSEL at all expression levels (Fig. 2B 
and E). Notably, TORSELMT(4  A) or TORSELMT(4D) with 
all mutated phosphorylation sites abolished the response 
to Torin1, whereas TORSELMT(4 A) constitutively formed 
puncta with or without mTORC1 inhibition (Fig.  2F 
and G). Similar results were also obtained in U2OS 
cells with regular expression vectors (Fig. S2B). The dis-
crepancy between TORSEL(4  A) and TORSELMT(4  A) 
suggests that in addition to the four major phosphoryla-
tion sites of 4EBP1, there are other potential sites regu-
lated by mTORC1 that affect the formation of TORSEL 
puncta. We then compared TORSEL with TORSELMT 
and revealed that both responded similarly to various 
mTORC1 inhibitions in different cell lines including 
U2OS, MCF7, LO2, A549, and mouse embryonic fibro-
blasts (MEFs) (Fig. S2C, S2D). To reiterate the specific-
ity of TORSEL in response to 4EBP1 phosphorylation by 
mTORC1, we generated a TORSELAAAA mutant in which 
the RAIP motif was mutated to AAAA. This mutant 
could not be phosphorylated since RAIP is an anchor site 
for mTORC1 [36, 37]. Indeed, we observed constitutive 
puncta formation of the TORSELAAAA mutant with or 
without mTORC1 inhibition, while no puncta formation 
was observed for the YLAA (TORSELYLAA) mutant even 
with Torin1 treatment (Y and L mutated to A and ren-
dered the eIF4E binding motif “YxxxxLΦ” dysfunctional) 
[38] (Fig. 2A and H). These results indicate that TORSEL 
can effectively respond to mTORC1 inhibition through 
mTORC1-specific 4EBP1 phosphorylation. Additionally, 
TORSEL responded to RAPTOR or mTOR depletion but 
not to RICTOR depletion by shRNA knockdown (Fig. 2I), 
which suggested that TORSEL specifically responded to 
mTORC1 but not to mTORC2 deficiency. The GAP pro-
tein GATOR1 inhibits Rag GTPases in response to EAA 
starvation; sgRNA targeting DEPDC5, one of the sub-
units of GATOR1, blocked 4EBP1 dephosphorylation 
and the TORSEL responses induced by EAA starvation 
(Fig. S2E-S2G). These results indicate that TORSEL is a 
specific tool for visualizing genetic, pharmacological and 
physiological inhibition of mTORC1.

To further clarify the specificity of TORSEL, we 
screened a kinase inhibitor library containing 212 vali-
dated inhibitors of 103 frequently targeted protein 
kinases (Table S2), including those reported as mTOR-
dependent or mTOR-independent 4EBP1 kinases such as 
AKT, CDK1, and GSK3 [39–42] (Table S3). As expected, 
TORSEL specifically responded to inhibitors targeting 
PI3K/AKT/mTORC1 signaling (5 of 8 positive hits) or 
related upstream regulating kinases (3 of 8 positive hits) 
(Fig.  2J). Among them, PP121, MK-2206, GSK690693, 
and Buparlisib have previously been reported to inhibit 
mTORC1 (Table S4), which validated that TORSEL 
screening was effective. Other hits, such as GDC-0575 

(CHK1 inhibitor), SKI-178 (SPHK inhibitor), CCT128930 
(AKT inhibitor), and WNK464 (WNK inhibitor), simi-
larly inhibited mTORC1 via upstream signaling, as pre-
viously reported (Table S4). The inhibition of mTORC1 
by these inhibitors was also validated by immunoblotting 
(Fig.  2K). Further examination of the kinase inhibitor 
profiling data revealed that TORSEL did not respond to 
any of the mTOR-independent 4EBP1 kinases (Fig. S2H). 
Additionally, the effects of individual inhibitors targeting 
putative 4EBP1 kinases were compared using TORSEL 
and immunoblotting. AKT and MEK (mTOR-dependent 
4EBP1 kinase) inhibitors and various mTORC1 inhibi-
tors activated TORSEL with dephosphorylated 4EBP1 
(Fig. S2I). We did not detect TORSEL puncta formation 
or 4EBP1 dephosphorylation in response to inhibitors 
targeting putative mTOR-independent 4EBP1 kinases, 
such as CDK1, GSK3, ATM, or ATR, under normal cul-
ture conditions (Fig. S2I), as these kinases may require 
a specific precondition to phosphorylate 4EBP1. Hence, 
mTORC1 is the primary kinase responsible for 4EBP1 
phosphorylation in normal cultures, and TORSEL 
responds specifically to mTORC1 inhibition.

TORCAR is a FRET-based mTORC1 sensor that 
reports mTORC1 activity upon GF stimulation by FRET 
signals at the single-cell level [17] (Fig. S2J). However, 
neither insulin stimulation nor Torin1 inhibition caused 
FRET signal changes in 96-well plated cell population 
(Fig. S2K, S2L). These data suggest that TORCAR could 
not be used in plate-reading mode for high-throughput 
screening. In contrast, TORSEL kinase inhibitor screen-
ing showed a Z’ factor of 0.81, which suggests that 
TORSEL has excellent performance in living cell screen-
ing (Fig.  2J). TORSEL also demonstrated a substan-
tially stronger response (2-4-fold change in Dc values) 
in response to Torin1 than TORCAR at the single-cell 
level [43] (Fig. S2M). Therefore, TORSEL could be pref-
erentially applied as a high-throughput screening tool 
in plate-reading mode. The poor resolution and high 
background have limited the application of fluorescence 
sensors, such as TORCAR or AIMTOR, for reporting 
mTORC1 activity in mouse tissue. To test whether TOR-
SEL could report the mTORC1 inhibition in tissue, we 
expressed mTORC1 in the mouse liver by hydrodynamic 
injection (Fig.  2L). Cryosection imaging revealed that 
TORSEL was expressed in liver tissue in a diffuse pattern, 
and it was converted to bright puncta in mice subcutane-
ously injected with the mTOR kinase inhibitor AZD8055 
(Fig.  2M and N). These data suggest that the formation 
of TORSEL puncta is a 4EBP1 dephosphorylation-spe-
cific event that occurs in response to mTORC1 inhibition 
both in vitro and in vivo.
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Fig. 2 (See legend on next page.)
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TORSEL is modulated by mTORC1 kinase and protein 
phosphatase
The interaction between 4EBP1 and eIF4E is determined 
by 4EBP1 phosphorylation status, which is balanced 
by the mTORC1 kinase and the 4EBP1 phosphatase 
[27, 44] (Fig.  3A). To determine whether phosphatases 
play roles in the TORSEL response, we applied oka-
daic acid (OA) to inhibit PP1/PP2A, which are known 
4EBP1 protein phosphatases [45, 46]. Indeed, OA effi-
ciently blocked the formation of puncta induced by 
AZD8055 or rapamycin (Fig.  3B), and biochemical data 
verified its effects on 4EBP1 phosphorylation (Fig.  3C). 
These results confirm that 4EBP1 dephosphorylation 
by phosphatases is essential for TORSEL to respond 
to mTORC1 inhibition. AA restimulation of mTORC1 
did not immediately disperse all of the TORSEL puncta 
induced by EAA starvation; only approximately 10% of 
the punctate cells diffused within 1  h, 30% of them dif-
fused within 3  h, and 70% of them persisted for more 
than 3  h (Fig.  3D). This slow reversibility could be 
attributed to the biophysical properties of the TORSEL 
puncta, which could not fully recover from the fluores-
cence recovery after photobleaching (FRAP) experiment 
(Fig. S3A, S3B). Additionally, the puncta were insensitive 
to the protein droplet disperser 1,6-hexanediol (HEX) 
(Fig. S3C). These data suggest that TORSEL does not 
behave as the SPARK or SPPIER reporters in reversibil-
ity [25, 26, 47]. To determine whether these less revers-
ible puncta are toxic to cells, we generated stable 293T 
cell lines with mCherry, diffuse TORSEL (TORSEL, 
TORSELMT, and TORSELMT(4D)) and constitutive punc-
tate TORSEL (TORSELAAAA and TORSELMT(4 A) ); both 
diffuse and punctate reporter cells proliferated normally 
in one week, and no obvious cytotoxicity was observed 
(Fig. S3D). To test whether phosphatases are involved in 
TORSEL puncta diffusion, OA and CdCl2 were utilized 
to inhibit the phosphatases PP1/PP2A and phosphatase 
PPM1G, respectively [45, 46]. OA treatment promoted 
the diffusion of up to 75% of the puncta cells within 
3  h, although 25% of them remained puncta positive 
(Fig.  3D). OA also prevented puncta formation induced 

by the AKT inhibitor GSK690693 and promoted puncta 
diffusion after drug washout (Fig. S3E, S3F). The PPM1G 
inhibitor CdCl2 did not prevent puncta formation alone 
but promoted puncta diffusion as did OA (Fig. S3E, S3F), 
which implies that different types of phosphatases may 
affect the TORSEL response differently. TORSEL is local-
ized in the cytosol, and we also tested whether cell organ-
elle-located TORSELs could respond to Torin1 inhibition 
at specific subcellular sites, such as the mitochondria 
(Mit-TORSEL), plasma membrane (PM-TORSEL), endo-
plasmic reticulum (ER-TORSEL), and lysosome (Lyso-
TORSEL), but none of them showed the same response 
as TORSEL (Fig. S3G). Overall, these results suggest that 
TORSEL is regulated by mTORC1 and phosphatases in 
the cytosol but has slow kinetics in terms of response 
speed and reversibility; therefore, it may not represent 
the real-time kinetics of physiological mTORC1 regula-
tion but rather regulation over prolonged time.

TORSEL live-cell screening identified HDACis as mTORC1 
inhibitors targeting GATOR1-mediated AA signaling
mTOR inhibitors are therapeutically promising for tar-
geted therapy of cancer and other mTOR-related dis-
eases [48, 49]. Using TORSEL-expressing 293T cells, we 
visually screened a drug library containing 917 FDA-
approved drugs and 1059 natural antitumor ingredients 
(Fig. S4A). We found several clusters of drugs, including 
DNA damage agents, Ƴ-secretase inhibitors, and his-
tone deacetylase inhibitors (HDACis), that had notable 
puncta-promoting effects on TORSEL (Fig.  4A, Fig. 
S4B, and Table S4). Most hits were DNA damage agents 
that inhibit DNA topoisomerases; these compounds 
are known to inhibit mTORC1 signaling through the 
p53-AMPK-TSC pathway [50]. Other hits, such as rot-
tlerin and oridonin, have been reported as mTORC1 
signaling inhibitors [51–53], which validated the effec-
tiveness of this screening (Table S4). Positive hits were 
further selectively validated by immunoblotting (Fig. 
S4C), and the most potent hits, HDACi panobinostat 
and entinostat, blocked mTORC1 activity both in 293T 
cells and in MCF7 cells (Fig. 4B, Fig. S4D). To determine 

(See figure on previous page.)
Fig. 2  TORSEL specifically responded to mTORC1-mediated 4EBP1 phosphorylation. (A) Aligned sequences of 4EBP1 and mutants in TORSEL. The major 
mTOR sites are in pink; the sites mutated to Ala are in black; RAIP in yellow, and YxxxxLΦ in green. (B)-(G) Responses of TORSELs to Torin1 at different 
expression levels. TORSELs were induced by dose-escalating Dox (0.01, 0.05, or 1.0 µg/ml). The mean fluorescence intensities (MFIs) at low, medium, and 
high expression levels for TORSEL were 19.6 ± 11.22, 74.08 ± 18.5, and 148.24 ± 22.18 (B); for TORSEL4A, 20.14 ± 7.25, 52.64 ± 8.93, and 119.49 ± 8.88 (C); for 
TORSEL4D, 24.6 ± 4.68, 57.35 ± 9.57, and 134.14 ± 37.49 (D); for TORSELMT, 12.84 ± 6.83, 70.46 ± 7.29, and 116.95 ± 20.93 (E); for TORSELMT(4A), 18.71 ± 8.58 and 
70.18 ± 18.8 and 144.13 ± 18.95 (F); and for TORSELMT(4D), 21.84 ± 3.77 and 69.15 ± 21.11 and 117.03 ± 22.14 (G). (H) Responses of TORSELAAAA and TORSE-
LYLAA to Torin1 (50 nM, 12 h) in 293T cells. (I) TORSEL responses and IB analysis of mTORC subunit-knockdown 293T cells. (J) Scatter plots of kinase library 
screening by TORSEL. The red-highlighted inhibitors inhibit mTORC1; red dots denote known PI3K/AKT/mTOR inhibitors; cyan dots denote inhibitors that 
target mTORC1 upstream signaling as referenced in published literature summarized in Table S4; gray dots indicate no or weak inhibitory activity; and the 
dotted line shows the 30% threshold for screening. (K) IB validation of mTORC1 inhibition by positive hits targeting mTORC1 upstream in 293T cells. (L) 
Flow diagram of TORSEL delivery in mouse liver tissue (HDI: hydrodynamic injection, FS: frozen sectioning). (M) Representative images from frozen sec-
tions of mouse livers expressing TORSEL (left) and quantified punctate cells (right). Approximately 50 cells were calculated in each of the 3 liver samples. 
(N) IB analysis of mouse liver tissues (n = 3). The Data are presented as the mean ± SEM. About 50 cells were calculated by percentage of TORSEL-positive 
cells. Scale bar, 10 μm. Two-tailed unpaired Student’s t-test were used for statistical analysis; ns, no statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001
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whether other HDACis have general inhibitory effects 
on mTORC1, we tested seven HDACis, namely, SAHA, 
TSA, panobinostat, VPA, chidamide, romidepsin, and 
entinostat, across three cell lines. Our results showed 
that mTORC1 was generally inhibited, although cer-
tain inhibitors did not affect specific cell types (Fig. S4E, 
S4F). For example, panobinostat, a pan-HDACi, inhib-
ited mTORC1 in all three tested cell lines. SAHA and 
romidepsin had no effect on 293T cells, while VPA and 
chidamide had little effect on MCF7 cells. Similar to 
Torin1, panobinostat and entinostat induced significant 
autophagy as indicated by LC3 puncta induction, which 
is a commonly documented effect of HDACis [54, 55] 
(Fig. S4G). These results suggest that HDACis have a gen-
eral inhibitory effect on mTORC1, although the effects 
may differ depending on the cellular context.

Several studies have reported that some HDACis, 
such as TSA and SAHA, can affect AKT (S473) phos-
phorylation or TSC1 expression [56, 57]; however, no 
change in TSC1 expression or AKT (S473) phosphoryla-
tion was observed in our experiments (Fig. 4C, Fig. S4D, 
S4H), which suggests that these HDACis specifically 
inhibit mTORC1 but not mTORC2. There are three pos-
sible ways for HDACis to suppress mTORC1 signaling, 
as illustrated in Fig. 4D (upper panel): “AA” (AA signal-
ing), “GF” (GF signaling), and “AA + GF” (both pathways). 
Panobinostat nearly blocked mTORC1 activity upon 
AA restimulation but only partially inhibited mTORC1 

activity upon insulin stimulation (Fig. 4D, lower panel). In 
this case, panobinostat inhibits mTORC1 mainly through 
“AA” or “AA + GF” but less likely through “GF”. Constitu-
tively active mTORC1 in GATOR1-deficient cells can-
not be inhibited by panobinostat under AA stimulation 
conditions, which suggests that this inhibition requires 
GATOR1 and mainly acts through “AA” rather than “GF” 
(Fig. 4E). Panobinostat can inhibit GF-induced mTORC1 
activation in TSC1-deficient cells, which suggests that 
panobinostat acts through “AA” or “AA + GF” but less 
likely through TSC1-mediated “GF” (Fig.  4F). Similar 
results were obtained for entinostat (Fig. S4H, S4I). Addi-
tionally, both HDACis inhibited mTOR translocation to 
lysosomes in response to AA refeeding as indicated by 
the loss of mTOR and LAMP2 colocalization (Fig.  4G). 
Collectively, these data indicate that panobinostat inhib-
its mTORC1 mainly through GATOR1-mediated AA 
signaling.

Transcriptional induction of AA sensors by HDACis 
contributes to the inhibition of mTORC1
HDACs are key epigenetic regulators that control gene 
expression in cells. To explore the underlying mecha-
nisms of HDACis in mTORC1 inhibition, we performed 
transcriptomic RNA sequencing (RNA-seq) to pro-
file whole-genome expression changes upon panobi-
nostat treatment in 293T cells. We selected 89 genes 
in the mTOR KEGG pathway as a reference to analyze 

Fig. 3  Modulation of TORSEL by protein phosphatases. (A) Diagram of TORSEL regulation by mTORC1 and protein phosphatases. (B) Effect of OA on 
TORSEL puncta formation induced by rapamycin (upper panel) and AZD8055 (lower panel) in 293T cells. (C) IB analysis of the effect of OA on 4EBP1 
phosphorylation in response to 100 nM rapamycin or 100 nM AZD8055. (D) TORSEL puncta diffusion analysis upon refeeding of EAA with or without 20 
nM OA pretreatment. 293T cells were EAA starved of EAA for 12 h to induce TORSEL puncta, then, EAA or EAA + OA (20 nM) was added, and the percent-
age of TORSEL-positive cells was analyzed by imaging at regular intervals for 24 h. The Data are presented as the mean ± SEM. Approximately 50 cells in 
each sample were calculated as the percentage of TORSEL-positive cells; statistical analysis was performed using two-tailed unpaired Student’s t-test. 
***P < 0.001
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Fig. 4 (See legend on next page.)
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transcriptomic data and identify mTORC1 upstream 
targets of panobinostat (Table S5). Analysis of RNA 
sequencing data from our study and two previously pub-
lished microarray datasets (GSE191126 and GSE64689 
[58, 59]) revealed that the mRNA expression levels of 
amino acid sensor genes such as CASTOR, SAMTOR, 
and SESTRIN were consistently up-regulated across all 
three datasets, while RagA/C and NPRL2 were up-reg-
ulated and RagB/D and NPRL3 were down-regulated 
in the datasets (Fig.  5A and B, and Fig. S5A). To verify 
the sequencing data, we treated three cell lines with 
four HDACis and measured the mRNA levels of major 
mTORC1 inhibitory genes, such as AA sensor genes and 
GATOR1 subunit genes involved in AA-sensing signal-
ing, as well as genes downstream of GF and stress signal-
ing, such as TSC1, TSC2, REDD1, and PTEN (Fig. S5B). 
HDACis consistently increased the transcripts of AA 
sensor genes, including CASTOR1 (CASTOR2 in MCF7), 
SAMTOR, and SESTRIN3, in all cell lines (at least a 
2-fold change induced by 3 of 4 HDACis). Addition-
ally, SESTRIN3 mRNA levels were dramatically induced 
(Fig. S5B) as previously reported [60, 61]. In contrast, 
only PTEN mRNA levels were mildly induced by HDACi 
treatment in 293T cells, whereas TSC1 or TSC2 exhibited 
negligible changes under all conditions tested (Fig. S5B), 
which is consistent with the immunoblotting results 
(TSC1 in Fig. 4B and Fig. S4D).

Panobinostat completely prevents the activation of 
mTORC1 through the sensors SESTRIN3, CASTOR1, 
and SAMTOR via single amino acid (sAA) stimulation 
of Leu, Arg, or Met (Fig. S5C). SAMTOR and SESTRIN3 
mRNA induction was evident at 30  min, preceding 
CASTOR1 induction at 2  h, which indicated sequen-
tial induction of the sensor genes (Fig.  5C); addition-
ally, panobinostat was found to induce the expression 
of the endogenously tagged CASTOR13xHA, SESTRIN3, 
TSC2, and Raptor proteins but not the other subunits of 
mTORC1 (Fig. 5D, F and G and Fig. S5D). We carefully 
examined the time course of mTORC1 inhibition by pan-
obinostat and found that mTORC1 was partially inhibited 
before the 2-hour treatment, as evidenced by the partial 
decrease in pS6K and pS6 (Figs.  4C and 5E). However, 

there was no significant increase in the SENS3 or CAS-
TOR1 protein before the 2-hour treatment. SENS3 or 
CASTOR1 protein induction was initially observed at 
approximately 4 h and peaked at 8–12 h (Fig. 5F). More-
over, pS6K or pS6 were fully inhibited after 4 h (Figs. 4C 
and 5F). These findings suggest that other mechanisms, 
in addition to the transcriptional regulation of AA sen-
sors, might also be involved in the inhibition of AA sens-
ing, particularly in the early stages of inhibition. Notably, 
panobinostat likely inhibits mTORC1 via the combined 
effects of multiple AA sensors, as single knockouts of 
either CASTOR1 or SAMTOR did not abolish this inhi-
bition; double knockouts of both sensors alleviated the 
inhibitory effects (Fig. S5E-S5H). This result indicated 
that other sensors or mechanisms could also contribute 
to the inhibition of mTORC1 by panobinostat. Finally, 
we examined the physiological effects of panobino-
stat in mouse tissues. Compared to the kinase inhibitor 
AZD8055, panobinostat specifically inhibited mTORC1 
without interfering with mTORC2 activity, as indicated 
by AKT (S473) phosphorylation in liver and muscle tis-
sues (Fig.  5H and I). These data suggest that the FDA-
approved drug panobinostat inhibits mTORC1 without 
interfering with mTORC2 activity. As summarized in Fig. 
S5I, TORSEL is a reporter that reflects the 4EBP1 phos-
phorylation status balanced by mTORC1 and protein 
phosphatase (PPase), which results in a switch between 
diffuse and puncta patterns. Amino acid sensors, such as 
SESTRIN3, CASTOR, and SAMTOR, and the unknown 
target “X,” mediate the inhibitory effects of panobinostat 
on mTORC1.

Discussion
Basal-level mTORC1 activity is essential for maintain-
ing cellular metabolism under normal culture condi-
tions but is inhibited when organisms are exposed to 
internal and external stresses such as nutrient starvation, 
energy depletion, and genotoxic stress. This restriction 
of mTORC1 activity is critical for cells to maintain meta-
bolic homeostasis autonomously in response to environ-
mental stress and prevent uncontrolled cell proliferation 
and other pathological damage. Therefore, an inhibition 

(See figure on previous page.)
Fig. 4  TORSEL live-cell screening identified nutrient-sensing targets for panobinostat. (A) Bubble plot of dose-dependent responses of TORSEL to 
screened positive hits in 293T cells. (B) IB analysis of mTORC1 signaling in 293T cells treated with various doses of HDACis (0.1, 1, or 10 µM for 12 h). (C) IB 
analysis of mTORC1 and mTORC2 activity in response to panobinostat. 293T cells were treated with 10 µM panobinostat for 12 h, and mTOR activities were 
quantified by pS6K/S6K, pS6/S6, and pAKT/AKT ratios. Two independent experiments were performed. (D) Diagram of possible pathways for mTORC1 
inhibition by panobinostat (upper panel) and IB analysis of mTORC1 activity in response to panobinostat combined with AA or insulin stimulation (lower 
panel). 293T cells were pretreated with DMSO or 10 µM panobinostat for 12 h, starved of AA for 50 min and restimulated with AA for 15 min, or serum 
starved for 12 h and restimulated with 100 nM insulin for 15 min. (E) IB analysis of mTORC1 activity after panobinostat treatment in DEPDC5-deficient 
293T cells with or without AA stimulation. (F) IB analysis of mTORC1 activity in TSC1-deficient 293T cells treated with or without FBS stimulation and 
panobinostat inhibition. (G) The effect of HDACis on mTOR and lysosomal colocalization. 293T cells were pretreated with HDACis for 12 h and then starved 
and stimulated with AA as indicated. IF was performed with mTOR and LAMP2 antibodies, and the cells were imaged by confocal microscopy (left) and 
quantified by counting the percentage of cells costained with mTOR and LAMP2 (right), n = 50 cells. The Data are presented as the mean ± SEM. Scale bar, 
10 μm. Statistical analysis was performed using two-tailed unpaired Student’s t-test. ns, no statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5  AA sensor induction by HDACis contributes to mTORC1 inhibition. (A) Gene expression profiling of panobinostat-treated 293T cells. Heatmap 
analysis of differentially expressed genes (DEGs) in panobinostat-treated (10 µM, 12 h) 293T cells by high-throughput RNA-seq. The DEGs were grouped 
by positive and negative regulators of mTORC1 in the AA or GF signaling pathway. The color scale (− 2.0 to 2.0) represents the calculated Z score. (B) Venn 
diagram showing the DEGs shared by the three transcriptomic datasets in the AA pathway. (C) Time-course induction of AA sensor mRNA by panobino-
stat (10 µM) in 293T cells. (D) Induction of endogenously tagged CASTOR13XHA by panobinostat (10 µM, 12 h) in 293T cells. The endogenous tagging of 
CASTOR1 is described in the methods section. (E) Two-hour time course of mTORC1 inhibition by panobinostat in 293T cells. (F) Time course induction 
of AA sensor proteins by panobinostat in CASTOR1 3XHA-KI 293T cells. (G) Analysis of mTORC1 subunit expression by panobinostat treatment in 293T cells. 
(H) The IB analysis of mTOR signaling in mouse liver and muscle tissues treated with panobinostat; samples from 3 mice per group for each treatment. (I) 
The quantifications of mTOR activity (pS6K, pS6, p4EBP1, and pAKT were normalized to total S6K, S6, 4EBP1, and AKT protein levels, respectively) inhibited 
by panobinostat and Torin1 in mouse liver and muscle tissues in (H); the data were then normalized to the DMSO-treated control. The Data are presented 
as the mean ± SEM. Scale bar, 10 μm. Statistical analysis was performed using two-tailed unpaired Student’s t-test. ns, no statistical significance, *P < 0.05, 
**P < 0.01, ***P < 0.001
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reporter for mTORC1 in living cells could expand the 
toolbox to facilitate research on mTOR biology.

TORSEL functions similarly to fluorescent protein 
phase separation-based kinase reporters, such as SPPIER 
and SPARK [25, 26]. It exhibits a clear and highly con-
trasted puncta pattern upon mTORC1 inhibition in living 
cells and in mouse liver tissues, and it possesses sev-
eral advantages that make it a unique mTORC1 sensor. 
First, it can effectively report the inhibition of mTORC1 
through physiological stress (Fig. 1B and C), pharmaco-
logical inhibition (Fig. 1B and D), and genetic perturba-
tion of mTORC1 signaling in living cells (Fig. 2I and Fig. 
S2E, S2F). Second, TORSEL can be used as a preferential 
tool for visual screening of mTORC1 inhibitors by imag-
ing a heterogeneous cell population compared to the 
FRET-based TORCAR reporter (Fig.  2J, Fig. S4A, and 
Fig. S2J-S2M). Notably, TORSEL is also modulated by 
protein phosphatases (Fig.  3A and C), and phosphatase 
activators potentially interfere with the response of TOR-
SEL to mTORC1 inhibition in drug screening; therefore, 
additional target verification is needed after TORSEL pri-
mary screening. Finally, TORSEL effectively responded 
to mTORC1 inhibition in mouse liver tissues by taking 
advantage of its high signal/noise ratio and long diffusion 
time (Fig. 2L, M and N).

By applying the TORSEL reporter to a visual screen in 
living cells, we successfully identified dozens of drugs that 
exhibited obvious inhibitory effects on mTORC1. Among 
them, the HDACis panobinostat and entinostat were 
validated as mTORC1-specific inhibitors in cell lines 
and in mouse tissue (Fig. 4B, Fig. S4D, and Fig. 5H and 
I). Mechanistically, panobinostat induces the expression 
of nutrient sensor genes, including CASTOR, SAMTOR, 
and SESTRIN3, through transcriptional regulation. In 
addition, panobinostat inhibits GATOR1-mediated AA 
sensing, likely through multiple targets or mechanisms. 
Notably, the “X” factor in Fig. S5I in the early stage of 
mTORC1 inhibition before the transcriptional induction 
of AA sensors is still elusive. One possible mechanism 
is that panobinostat inhibits HDACs and induces acety-
lation of non-histone proteins that regulate mTORC1 
activation. As previously reported, HDAC6, which 
deacetylates and stabilizes TSC2 to inhibit mTORC1 
[62, 63], could be a target of panobinostat. Indeed, we 
detected an increase in the TSC2 protein level but not in 
the mRNA level upon panobinostat treatment (Fig.  5G, 
Fig. S5B), suggesting that HDAC6 may be involved in 
panobinostat-induced mTORC1 inhibition through 
TSC2 acetylation and stability regulation. The clinical 
benefits of conventional mTOR inhibitors are limited 
by the relief of feedback inhibition of receptor tyrosine 
kinase (RTK) signaling, which activates mTORC2-AKT 
(S473) [64, 65]. Although studies have reported that 
some HDACis might inhibit mTORC1 by inhibiting AKT 

(S473) phosphorylation or inducing TSC1 expression 
[56, 66], none of the HDACi treatments led to evident 
AKT (S473) inhibition or TSC1 protein changes in our 
experiments (Figs. 4B and C and 5H and I, and Fig. S4D, 
S4H). In contrast, we observed a prominent inhibition of 
GATOR1-mediated AA sensing; for example, panobino-
stat completely blocked the AA reactivation of mTORC1 
but no longer inhibited it in GATOR1-deficient cells 
upon AA refeeding (Fig. 4D and E). Interestingly, pano-
binostat still blocks mTORC1 activation through AA 
signaling in TSC1 knockout cells stimulated with serum 
(Fig. 4F), suggesting that panobinostat may be useful for 
treating TSC disease. Whether HDACis inhibit mTORC1 
through distinct signaling pathways in a dose-dependent 
or tissue-specific manner needs detailed verification in 
animal models and in HDACi-treated clinical samples. 
Overall, our data will inform further mechanistic dissec-
tion and clinical evaluation of HDACis in the treatment 
of mTORC1-related diseases, especially cancer and aging.

Conclusions
In summary, our study developed a unique geneti-
cally encoded live-cell reporter for mTORC1. Using this 
reporter, we found that HDACis such as panobinostat 
inhibit mTORC1 signaling via amino acid sensing target-
ing, suggesting that panobinostat could be a therapeutic 
agent for mTOR-related human diseases.

Materials and methods
Cell lines and cell treatments
HEK293T (293T), HeLa, U2OS, HCT116, LO2, MCF7, 
A549, and MEF cells were obtained from ATCC and cul-
tured in DMEM supplemented with 10% FBS, 100 µg/ml 
streptomycin, and 100 U/ml penicillin. All cells were cul-
tured at 37 °C with 5% CO2. Cells were transfected with 
polyethylenimine (PEI) or Lipofectamine 3000 accord-
ing to the manufacturer’s protocols. For serum starva-
tion, the cells were washed twice with PBS and cultured 
for 12  h in DMEM without FBS. For EAA starvation, 
cells were cultured in custom-ordered AA-free DMEM 
supplemented with NEAA overnight, and then EAA was 
added for stimulation. For whole-AA starvation, cells 
were cultured in AA-free DMEM for 50 min, and then an 
EAA and NEAA mixture was added for stimulation. All 
cell lines were confirmed to be mycoplasma-free before 
experiments. The cell culture reagents used in this study 
are listed in Table S6.

Animal work
Mice were maintained in a pathogen-free environ-
ment. For hydrodynamic injection, 6- to 8-week-old 
BALB/c mice (GemPharmatech Co., Ltd.) were sub-
jected to hydrodynamic tail-vein injections. pmCherry 
or pmCherry-TORSEL plasmids (40 µg) were diluted in 
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physiological solution (0.9% NaCl) to a volume equivalent 
to 10% of body weight (0.1 ml/g). The whole volume was 
intravenously injected quickly, within 5–8 s. After 2 days 
of recovery, the mice were fasted overnight and intraperi-
toneally injected with vehicle or AZD8055 (10  mg/kg/
per mouse). Two hours later, the mice were euthanized 
by cervical dislocation, and liver tissues were quickly dis-
sected and stored at -80  °C. Fluorescence images were 
taken of 5 μm liver cryosections prepared according to a 
standard protocol. To test the effects of AZD8055 or pan-
obinostat on mTOR signaling in vivo, grouped six-week-
old male C57BL/6J mice (GemPharmatech Co., Ltd.) 
(3–4 mice in each group) were injected intraperitone-
ally with DMSO, panobinostat (10 mg/kg), or AZD8055 
(10  mg/kg) in 30% Captisol. Eight hours postinjection, 
the mice were euthanized, and the tissues were collected. 
Liver and muscle tissues were homogenized and lysed 
with RIPA buffer; total protein was quantified with BCA 
reagent, and immunoblotting was performed with anti-
bodies as indicated.

Molecular cloning and plasmids
Nucleic acid fragments of TORSEL or TORCAR were 
synthesized by Tsingke Biotechnology, China, and sub-
cloned and inserted into the pmCherry vector. All 
mutants were generated by the standard site-directed 
mutagenesis method; TORSEL and related mutants were 
also subcloned and inserted into the pCDH lentiviral 
vector. Tet-On TORSELs were generated by subcloning 
TORSEL into the pCW57.1-teton. To generate membra-
nous organelle-targeted reporters, a plasma membrane 
targeting sequence of the Lyn protein (MGCIKSKRKDK) 
[17], a mitochondrial targeting sequence of the COX8 
protein (MSVLTPLLLRGLTGSARRLPVPRAK) [67], an 
endoplasmic reticulum targeting sequence of the prolac-
tin signal sequence (MDSKGSSQKGSRLLLLLVVSNLLL-
CQGVVS) [68], or a lysosomal targeting sequence of the 
Tmem192 protein [69] were fused to the N-terminus 
of the reporter. All plasmids were confirmed by Sanger 
sequencing. The oligos used for subcloning and mutagen-
esis are listed in Table S6.

Immunoblotting and immunofluorescence staining
IB and IF experiments were performed as described in 
[70]; briefly, cells were washed twice with ice-cold PBS 
and lysed with EBC buffer (50 mM Tris (pH 7.5), 120 mM 
NaCl, 0.5% NP-40) supplemented with 1 mM dithiothrei-
tol (DTT), protease inhibitors, and phosphatase inhibi-
tors; protein concentrations were measured by Bradford 
or BCA reagents (Beyotime Biotechnology, China); pro-
teins were resolved by 10 or 12% SDS-PAGE and ana-
lyzed by immunoblotting with antibodies as indicated. 
For IF, the cells were seeded on polylysine-coated glass 
coverslips and grown overnight; treated as indicated, the 

cells were fixed with 4% paraformaldehyde (PFA) in PBS 
for 10  min and permeabilized with 0.1% Triton X-100 
in PBS for 5 min. After blocking with 5% bovine serum 
albumin (BSA), the cells were incubated with primary 
antibodies and subsequently with anti-rabbit or mouse 
secondary antibodies conjugated with Alexa Fluor 488 
or Alexa Fluor 594. The cells were subsequently stained 
with DAPI (1  µg/mL) for 5  min, mounted with mount-
ing media (90% glycerol in PBS), and stored at 4 °C until 
imaging. The primary and secondary antibodies used in 
this study are listed in Table S6.

Lentivirus generation, shRNA knockdown, CRISPR/Cas9 
gene knockout, and 3xHA endogenous tagging
pLKO.1 lentiviral shRNA virus and pCDH-TORSEL len-
tiviral virus packaging and subsequent generation of sta-
ble cell lines by infection were performed as previously 
described [70]. Briefly, a 6-well plate of 293T cells was 
transfected with VSVG, psPAX2, and pLKO.1 shRNA 
plasmids with PEI. Forty-eight hours posttransfec-
tion, the supernatant containing the virus was collected 
and passed through a 0.45  μm filter, and the virus was 
stored at − 80  °C until use. For lentiviral transduction, 
cells were infected overnight with 8 µg/mL polybrene in 
virus-containing medium, and cells were selected with 
puromycin for 2 days (48 h) postinfection. For CRISPR/
Cas9 gene knockout, individual sgRNAs were subcloned 
and inserted into LentiCRISPRv2 at the BsmBI site as 
described in the standard protocol, and dual sgRNAs 
were subcloned and inserted into LentiCRISPRv2 as 
described previously [71]. 293T cells were transfected 
with 2  µg of sgRNA plasmids for each 35-mm dish. 
Twenty-four hours after transfection, 1  µg/ml puromy-
cin was added to the refreshed medium for 2 days, and 
puromycin-resistant cells were pooled and amplified for 
IB analysis. Single-cell clones were isolated using limit-
ing dilution in 96-well plates. For sequencing, genomic 
DNA was extracted from the clonal cells with lysis buf-
fer (50 mM Tris, pH 8.0, 1 mM EDTA, 0.5% Tween 20, 
proteinase K > 0.6 U/ml), and amplification of the edited 
sequence from genomic DNA was performed using Taq 
PCR mix. The purified PCR products were sequenced 
to identify the correctly edited clones. For 3xHA endog-
enous tagging of CASTOR1 in 293T cells, the sgRNA 
and donor sequences were designed with the online 
tool TrueDesign Genome (https://apps.thermofisher.cn/
apps/genome-editing-portal/#/summary), and construct 
generation, gene targeting, and 3xHA-tagged CAS-
TOR1 clone identification were performed as previously 
described [71]. The sgRNA sequences and primers used 
are listed in Table S6.

https://apps.thermofisher.cn/apps/genome-editing-portal/#/summary
https://apps.thermofisher.cn/apps/genome-editing-portal/#/summary
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Live-cell microscopic imaging and quantification
The cells were grown in 4-chamber glass-bottom 
microwell dishes (Cellvis, D35C4-20-1-N). After trans-
fection of TORSEL plasmids as indicated, live-cell imag-
ing was performed with a Nikon ECLIPSE Ti2 inverted 
microscope with a 60x oil objective. For time-lapse 
imaging, cells were placed in an incubation chamber 
maintained at 37  °C with 5% CO2, exposure times were 
approximately 100 ms for TORSEL, and images were 
taken at regular intervals. Confocal images were taken 
by a Zeiss LSM 880 confocal microscope with a 60x oil 
objective; the exposure times ranged from 50 to 700 ms. 
To measure the mean fluorescence intensity (MFI) of 
Tet-On TORSEL, regions of interest (ROIs) were manu-
ally defined for each cell in the image. The fluorescence 
intensity values of the ROIs were then measured in the 
corresponding channel of background-subtracted images 
[72]. Cells with saturated fluorescence intensity values 
were excluded from the analysis. For each of the five ran-
domly selected images, 20–30 cells were analyzed, and 
the MFI was reported as mean ± SEM. For cellular FRAP 
experiments, TORSEL puncta induced by rapamycin 
in U2OS cells were photobleached with a 560  nm laser 
by Zeiss LSM880 at room temperature. The fluores-
cence intensities in selected regions were collected every 
0.9456  s as the mean ROI, and the mCherry signal val-
ues were normalized to the initial intensity before photo-
bleaching. Recovery curves were plotted using GraphPad 
Prism software. For FRET analysis, cells were cultured 
in 4-chamber glass-bottom microwell dishes and trans-
fected with TORSEL plasmids as specified. Live-cell 
imaging was performed using a Zeiss LSM880 inverted 
microscope equipped with a 40x oil objective. CFP 
images were acquired using a 405  nm excitation wave-
length and an emission range of 450 nm to 521 nm, while 
YFP images were acquired using a 514  nm excitation 
wavelength and an emission range of 540 nm to 701 nm. 
The traces were normalized by setting the emission ratio 
before drug addition. For quantification of TORSEL-pos-
itive cells, three biological replicates were photographed; 
approximately 50 cells in each sample were calculated 
by the percentage of TORSEL-positive cells, which is 
defined by more than 10 visible puncta in one cell area. 
Based on Fig. 1E, 10 is an effective threshold for discrimi-
nating between the background and the responsive TOR-
SEL in these cell lines.

Compound library screening and data analysis
The screened compounds were stored at a concentration 
of 10 mM in DMSO. 293T cells stably expressing TOR-
SEL were seeded in 96-well glass bottom plates (P96-1.5P 
from Cellvis) at 8000 cells per well and grown in com-
plete medium overnight. Plated cells were treated with 
the test compounds (10 µM), Torin1 (100 nM), or DMSO 

(as a control) in complete medium for 24 hours. Live-
cell imaging was performed by a Nikon ECLIPSE Ti2 
inverted microscope with a 60x oil objective as described 
above. The screening quality was evaluated by the Z’ fac-
tor using the following formula:

	
Z ′factor = 1− 3(σp + σn)

|µp − µn|

µp and σp are the mean and standard deviation values of 
the positive control (Torin1), respectively, and µn and σn 
are the mean and standard deviation values of the nega-
tive control (DMSO), respectively. For the inhibitor vali-
dation experiment, the compounds were separated, and 
the dose and treatment time are specified in each Fig-
ure legend. The library compounds and other inhibitors 
used in this study are listed in Table S6. For the quantita-
tive analysis of the screening imaging data with ImageJ, 
the puncta pixel fluorescence intensity and the cell pixel 
intensity were measured using the “Analyze Particle” 
function. The puncta signal was first masked to calcu-
late the pixel intensity of the background cells, the back-
ground signal was subsequently masked to calculate the 
puncta signals, and the TORSEL signal was calculated by 
the following formula:

	
TORSELsignal =

∑
Puncta′s pixel intensity∑

Cel′s pixel intensity

To account for variability in the data, the values obtained 
above were normalized based on the minimum and max-
imum values, which were used to transform the data into 
values ranging between 0 and 1. For better accuracy, the 
positive hits were manually checked because the back-
ground signals were not always accurately masked during 
automatic processing using the ImageJ particle analysis 
function, and we chose the manual counting method to 
evaluate the TORSEL response in low-throughput imag-
ing data processing (< 100 images); the negative hits were 
also normalized to the percentage with Torin1 as the 
reference, and thresholds were set at 30% to effectively 
eliminate the noise signals. For automated image data 
analysis, we used the “Batch-Macro” function in ImageJ.

RNA-seq data analysis
The sequencing data were filtered with SOAPnuke by 
(1) removing reads containing sequencing adapters; (2) 
removing reads whose low-quality base ratio (base qual-
ity less than or equal to 15) is more than 20%; (3) remov-
ing reads whose unknown base (‘N’ base) ratio is more 
than 5%. Afterwards, clean reads were obtained and 
stored in FASTQ format. Bowtie2 was applied to align 
the clean reads to the gene set, in which known, novel, 
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coding and noncoding transcripts were included. Expres-
sion level of gene was calculated by RSEM (v1.3.1).

RT‒qPCR
Total RNA was extracted with TRIzol according to a stan-
dard RNA extraction protocol and dissolved in DEPC-
ddH2O. Reverse transcription was performed with 1 µg 
of total RNA using a 5X Evo M-MLV RT Reaction Mix 
Ver.2 kit (AG11728, Accurate Biology) according to the 
manufacturer’s instructions. RT‒qPCR analyses were 
performed using StepOnePlus with 2× RealStar Fast 
SYBR qPCR Mix (A303, GenStar). The mRNA levels were 
quantified with the ΔΔCt method, and the results were 
normalized to those of β-actin or UBC. All the experi-
ments were performed in triplicate three times. The PCR 
primers used are listed in Table S6.

Bioinformatic analysis
The two mRNA expression cohorts were downloaded 
from the Gene Expression Omnibus (GEO) database 
under accession numbers GSE191126 and GSE64689. 
The DEGs between the TSA-treated and untreated 
groups were identified using the R package “DESeq2”. 
DEGs were defined using a P value less than 0.05 and an 
absolute log2 (fold change) greater than 0.5.

Quantification and statistical analysis
ImageJ and GraphPad Prism 9.0 were used to analyze 
and quantify the data and to plot most of the graphics. 
The radar plot, bubble plot, scatter plot, and volcano plot 
were generated with R 4.2.1 (https://www.r-project.org/) 
(Table S7). Data from biological or technical replicates 
are shown with the standard error of the mean (SEM). 
The statistical analysis was performed using a two-tailed 
Student’s t test, and the IC50 and t1/2 values were deter-
mined by fitting to a standard four-parameter logistic 
analysis. *P < 0.05 was considered statistically significant. 
All data from representative experiments were repeated 
at least three times independently, except those specifi-
cally noted in the Figure legends.
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