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SUMMARY

Cells maintain and dynamically change their proteomes according to the environment and their
needs. Mechanistic target of rapamycin (mTOR) is a key regulator of proteostasis, homeostasis of
the proteome. Thus, dysregulation of mMTOR leads to changes in proteostasis and the consequent
progression of diseases, including cancer. Based on the physiological and clinical importance

of mTOR signaling, we investigated mTOR feedback signaling, proteostasis, and cell fate.

Here, we reveal that mTOR targeting inhibits elF4E-mediated cap-dependent translation, but
feedback signaling activates a translation initiation factor, eukaryotic translation initiation factor
3D (elF3D), to sustain alternative non-canonical translation mechanisms. Importantly, elF3D-
mediated protein synthesis enables cell phenotype switching from proliferative to more migratory.
elF3D cooperates with mRNA-binding proteins such as heterogeneous nuclear ribonucleoprotein
F (hnRNPF), heterogeneous nuclear ribonucleoprotein K (hnRNPK), and Sjogren syndrome
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antigen B (SSB) to support selective mRNA translation following mTOR inhibition, which
upregulates and activates proteins involved in insulin receptor (INSR)/insulin-like growth factor
1 receptor (IGF1R)/insulin receptor substrate (IRS) and interleukin 6 signal transducer (IL-6ST)/
Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling. Our study
highlights the mechanisms by which cells establish the dynamic change of proteostasis and the
resulting phenotype switch.
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In brief

mTOR is the primary regulator of the cellular proteome, thereby governing cell growth and
proliferation. Shin et al. reveal that cells dynamically change their proteome in response to
mTOR inhibition by promoting elF3D-dependent selective mRNA translation in cooperation with
RNA-binding proteins while inhibiting elF4E-mediated translation.

INTRODUCTION

Individual cells possess intricate mechanisms to create unique protein composition profiles
and to dynamically alter these profiles in response to countless stimuli. The dynamic
regulation of protein levels to create a state of balance is called proteostasis or protein
homeostasis,! which is essential for the body’s homeostasis. Dysregulation of proteostasis
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can cause unintended levels of proteins, leading to disruption of protein homeostasis, which
ultimately results in diseases such as cancer and neurological disorders.1:2

The mechanistic target of rapamycin (mTOR) is a central regulator of cellular proteostasis.
mTOR has two complexes: mTOR complex (MTORC) 1 and mTORC2.3 The major
components of mMTORC1 are mTOR and the adapter protein raptor, which provides

mTOR with specificity to phosphorylate mMTORC1 substrates, such as eukaryotic translation
initiation factor 4E (elF4E)-binding protein 1 (4E-BP1), S6 kinase (S6K) 1, and growth
factor receptor bound protein 10 (Grb10).3 Rapamycin-insensitive companion of mTOR
(Rictor) and stress-activated protein Kinase-interacting protein 1 (Sinl) are the defining
components of mTORC2, which is known as the primary regulator of AKT. Both mTORCs
respond to environmental cues, with mTORCL1 particularly sensitive to cues such as the
availability of nutrients, growth factors, hormones, and stress. mMTORC1 and mTORC2
integrate these signals and accordingly regulate myriad anabolic and catabolic processes.
Among these processes, mMTORC1 exerts control over proteostasis through the regulation

of mRNA translation and protein degradation. mRNA translation is mainly regulated at the
initiation step,* with a significant portion of mMTORC1-mediated mRNA translation initiation
being mediated by the eukaryotic translation initiation factor 4F (elF4F) complex.® elF4F
consists of eIFAE (a5 cap-binding protein), elF4G (a scaffolding protein), and eukaryotic
translation initiation factor 4A(elF4A; an RNA helicase). The elF4F heterotrimer binds

to the 7-methylguanosine (m’G) 5" cap modification of eukaryotic mMRNAs and recruits

the 40S ribosomal subunit through elF3 to initiate translation.> However, a family of 4E-
BPs can bind elF4E, inhibiting the elF4F complex from initiating mRNA translation.5:’

By directly phosphorylating and inhibiting 4E-BPs, mTORCL1 plays an essential role in
promoting mRNA translation (Figure 1A).37:8 The ribosomal protein S6K, another substrate
of mMTORCY1, also facilitates mRNA translation initiation by promoting the action of

elF3 and by degrading programmed cell death 4 (PDCD4), an inhibitor of elF4A RNA
helicase.®11 In addition to protein synthesis, mTOR also regulates protein degradation,
which is mediated by two major pathways, the ubiquitin-proteasome system (UPS) and
autophagy-lysosomal proteolysis. The UPS degrades individual cellular proteins that are
misfolded or damaged, while autophagy is involved in the degradation of protein aggregates
and whole organelles.1:2 mTOR suppresses autophagy-mediated degradation by regulating
key initiating components such as unc-51 like autophagy activating kinase 1 (ULK1)

and autophagy-related protein 13 (ATG13) (Figure 1A).12 The function of mTOR on
proteasome-mediated degradation is controversial, with mTOR shown to increasel3 or
decreasel* proteasomal degradation.

Because of its role as a central regulator of cellular proteostasis, dysregulation of mTOR

is directly linked to various diseases, including cancer.1® Thus, in clinics, mTOR inhibitors
such as rapamycin analogs (rapalogs) are used to treat patients with tumors and those who
receive transplantation. Considering the physiological and clinical importance of mTOR

and its pharmacological targeting, we were interested in determining dynamic changes in
proteostasis following mTOR inhibition. We find that although mTOR inhibition blocks
elF4E-mediated translation, this inhibition also enables alternative mRNA translation largely
mediated through the cooperation between the eukaryotic translation initiation factor 3D
(elF3D) and RNA-binding proteins (RBPs).
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MRNA translation is still active when mTOR is blocked

To study mTOR feedback signaling, we used different mTOR inhibitors, rapamycin,
Torinl, INK128, and RapaLink-1. Rapamycin is an allosteric inhibitor that partially
blocks mMTORCL1. Rapamycin and its analogs efficiently inhibit mMTORC1-dependent
phosphorylation of S6Ks, but not 4E-BPs.16 Torin1 and INK128, dual mnTORC1/2
inhibitors, are catalytic inhibitors of mTOR that block both mTORC1 and mTORC2
completely.17.18 Torin1 is specific to mTOR over 450 kinases tested.19 RapaLink-1 is

a bivalent inhibitor that combines the dual mMTORCZ1/2 inhibitor INK128 (MLNO0128;
sapanisertib) with rapamycin through an inert chemical linker.20 This design gives
RapaLink-1 a higher avidity and makes it effective at inhibiting both wild-type (WT) mTOR
and various mTOR mutants found in cancers.2 We used different cell lines, including
621-101, an important model of human angiomyolipoma, a condition that is responsive to
mTOR inhibitors in the clinic.?!

Using these mTOR inhibitors, we investigated the levels of cyclin D3, a protein whose
expression is regulated by elF4E-mediated cap-dependent translation.22 Dual mTORC1/2
inhibition by Torinl or RapaLink-1 decreased cyclin D3 levels in 4E-BP1/2 WT cells,

but not in 4E-BP1/2 knockout (KO) cells (Figure 1B), consistent with mTOR inhibition
blocking elF4E-mediated translation through 4E-BP1/2.22 As expected, rapamycin, a partial
mTORC1 inhibitor, did not suppress 4E-BP1 phosphorylation or cyclin D3 expression
(Figures 1B and S1A). mRNA translation is essential for cell proliferation. As shown

in Figures 1C and S1B, mTOR inhibitors, especially dual mTORC1/2 inhibitors, and
cycloheximide, an mRNA translation inhibitor, dramatically decreased cell proliferation.
However, cell numbers still increase in the presence of dual mMTORCZ1/2 inhibitors,
suggesting that inhibition of mMTOR-mediated mRNA translation is ineffective at blocking
cell proliferation completely. We, therefore, wondered how effective mTOR inhibition is
for blocking mRNA translation. For this, we measured nascent protein synthesis after
mTOR inhibition. As shown in Figure 1D, cycloheximide completely blocked mRNA
translation. Although dual mTORCZ1/2 inhibition dramatically reduced protein synthesis,
MRNA translation machinery was still active (Figure 1D). Rapamycin did not show a
profound effect on new protein synthesis (Figure 1D). Taken together, these data suggest
that cells can still induce an mMRNA translation mechanism in response to the inhibition of
mMTOR, a major regulator of mMRNA translation. We, therefore, examined the effect of mTOR
inhibition on proteome composition using a quantitative proteomics approach. Among about
7,650 proteins quantified, we analyzed around 6,650 proteins, excluding those quantified

by only one peptide, to minimize errors in data analysis. Among these, we identified 101
(1.5%), 729 (11%), and 727 (11%) differentially expressed proteins (Log-1 5(fold change)

> 1 or < -1, adjusted p < 0.05) by treatment with rapamycin, Torinl, and RapaLink-1,
respectively (Figure 1E). We first analyzed proteins downregulated by dual mTORC1/2
inhibitors, Torinl and RapaLink-1. Around 83% and 84% of proteins downregulated by
Torinl and RapaL.ink-1, respectively, overlap (Figure S1C), and some examples are shown
in Figure 1F. These indicate that these two inhibitors function similarly as dual mTORC1/2
inhibitors, although their structures are quite different. Despite a more modest effect on
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the proteome by rapamycin (Figures 1E), 81% of proteins downregulated by rapamycin
overlapped with those also downregulated by Torinl or RapaLink-1 (Figure 1G). Because
rapamycin did not induce dephosphorylation of 4E-BP1, the observed downregulation of
proteins following rapamycin treatment is likely not through inhibition of elF4E-dependent
mRNA translation. Interestingly, mTOR inhibition also upregulated proteins. Around 77%
and 76% of proteins upregulated by Torinl and RapaLink-1, respectively, overlap (Figure
S1D), and some examples are shown in Figure 1H. Around 90% of upregulated proteins by
rapamycin also were upregulated by Torinl and/or RapalLink-1 (Figure 11). Taken together,
these data suggest that although mTOR is a major positive regulator of mMRNA translation,
and thus mTOR inhibition blocks protein synthesis, cells still synthesize proteins in response
to mTOR inhibition.

Proteome changes downstream of mTOR inhibition are largely independent of changes in
corresponding mRNA levels

We were next interested in any transcriptome changes following mTOR inhibition that might
contribute to the observed upregulation or downregulation of proteins. Using next-generation
RNA sequencing, we obtained information on global changes of around 15,000 RNAs,
including mRNAs and non-coding RNAs. Among these, we identified 397 (3%), 2,548
(17%), and 2,215 (15%) differentially expressed RNAs (Log,(fold change) > 1 or < -1,
adjusted p < 0.05) by treatment with rapamycin, Torinl, and RapalLink-1, respectively
(Figure 2A). We first analyzed downregulated transcripts. As shown in Figure 2B, around
74% and 83% of MRNAs downregulated by Torinl and RapaLink-1, respectively, overlap
each other. Some examples are shown in Figure 2C. Also, 80% of mRNAs downregulated
by rapamycin are also downregulated by Torinl or RapaLink-1 (Figure 2D). There were
also a number of mMRNAs that were upregulated following treatment with mTOR inhibitors.
Around 69% and 85% of mRNAs upregulated by Torinl and RapaLink-1, respectively,
overlap each other (Figure 2E). Some examples are shown in Figure 2F. Also, 88% of
mRNAs upregulated by rapamycin are also upregulated by Torinl or RapaLink-1 (Figure
2G). Because the three mTOR inhibitors used have highly divergent structures, the high
level of overlap in these datasets suggests that these three mTOR inhibitors affect mMTOR
activity quite selectively. We then analyzed around 6,300 mRNAs, which encode proteins
that were seen in proteome analysis. As shown in Figures 2H and 21, more than 80%

of proteins that were downregulated (Figure 2H) or upregulated (Figure 2I) following
rapamycin treatment did not show dramatic changes in mRNA levels. In the case of

dual mMTORC1/2 inhibition, around 30% of proteins that showed perturbed levels had
corresponding mRNA changes (Figures 2H and 21), suggesting that about 70% of the protein
expression changes following Torinl or RapaLink-1 treatment could not be attributed to
changes in mMRNA levels. Along with the data on proteins whose levels were not changed
following mTOR inhibition (Figure S2), these all indicate that transcriptome alterations

do not solely explain changes of the cellular proteome caused by mTOR inhibition. In
addition, how an increase in mMRNA would lead to an increase in protein expression under
mTORC1/2 blockade is hard to explain, given that mTOR inhibition leads to suppression of
elF4F-mediated cap-dependent mRNA translation.

Cell Rep. Author manuscript; available in PMC 2023 September 27.
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mMTOR inhibition increases protein levels of INSR, IGF1R, and IRS and activates INSR/
IGF1R/IRS regulatory complex and its downstream AKT signaling

Analysis of downregulated proteins from both Torinl and RapaLink-1 conditions revealed
these proteins belong to pathways involved in DNA metabolism, cell-cycle progression, and
cholesterol biosynthesis (Figure 3A). Although the downregulated proteins are interesting
themselves, we were more interested in proteins upregulated by mTOR inhibition based

on our hypothesis that protein upregulation may be responsible for cell survival following
mTOR inhibition. Analysis of upregulated proteins by both Torinl and RapaLink-1 revealed
proteins involved in peptidase/proteolysis and enzyme-linked receptor protein signaling
pathway (Figure 3B). Further examination using interaction enrichment analysis revealed
many of these upregulated proteins belong to directly interacting protein networks, including
the proteins involved in the insulin receptor (INSR)/insulin-like growth factor 1 receptor
(IGF1R) pathway, such as INSR, IGF1R, and IRS1/IRS2 (Figure 3C). We confirmed that
dual mMTORC1/2 inhibition (Figures 3D and S3A) and mTOR knockdown (Figures 3E and
S3B) led to an increase in their levels and fibroblast growth factor receptor (FGFR) (Figure
S3C).

We were then curious whether mTOR inhibition would impact the phosphorylation status
and, therefore, the activity of INSR/IGF1R. As shown in Figures 3F, 3G, S3D, and S3E, dual
mTORC1/2 inhibition and mTOR knockdown increased total and phosphotyrosine levels of
IGF1R and INSR, in which phospho-IGF1R antibody also binds to phosphorylated INSR. In
the case of IRS, while tyrosine phosphorylation at Y608 (mouse)/Y612(human) increases its
activity,23 serine phosphorylation at $636/S639 is known to inhibit its activity.24 As shown
in Figures 3H, S3F, and S3G, the serine phosphorylation of IRS1 decreased, but tyrosine
phosphorylation was increased after dual mMTORC1/2 inhibition. All these data suggest that
dual MTORC1/2 inhibition upregulates and activates INSR/IGF1R/IRS.

We and others showed that long-term inhibition of mMTORC1/2 by Torin1 led to
hyperactivation of AKT activity in mTOR targeting drug-resistant cell lines by increasing
phosphorylation at Thr308 (activation loop) by 3-phosphoinositide-dependent kinase

1 (PDK1),2526 35 well as by inducing mTORC2-independent phosphorylation at

S473 (hydrophobic motif),26 although mTORC1/2 dual inhibition completely blocked
both mTORC1 and mTORC2. As shown in Figure S3H, 4-h treatment with dual
mTORC1/2 inhibitors blocked AKT phosphorylation profoundly. However, expectedly,
24-h treatment with dual mMTORC1/2 inhibitors, Torin1 and RapaLink-1, did not inhibit
AKT phosphorylation dramatically even though these inhibitors completely blocked

the phosphorylation of mMTORC1 substrates S6K1 and 4E-BP1 (Figures 3l and S3lI-

S3L). In agreement with these findings, mTOR knockdown also led to increased AKT
phosphorylation (Figures 3J, S3M, and S3N). We next used Rictor KO cells to specifically
block mTORC?2 activity. As shown in Figures 3K, S30, and S3P, Rictor KO cells in growing
conditions display a decrease in S473 phosphorylation compared with WT, suggesting that
mTORC2 is crucial for AKT phosphorylation under growing conditions. However, the fact
that dual mMTORC1/2 inhibition did not abolish AKT phosphorylation in WT cells and

the finding of increased phospho-AKT levels by dual mMTORC1/2 inhibition in Rictor KO
cells compared with control confirms that AKT phosphorylation at S473 following dual

Cell Rep. Author manuscript; available in PMC 2023 September 27.
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mTORC1/2 inhibition is not dependent on mTORC2. These findings and our previous
report28 suggest that dual mMTORCZ1/2 inhibitors, although effective at blocking mTOR
activity, cause feedback signaling, which allows for mTORC2-independent activation of
AKT.

As shown in Figure S3Q, all dual mTORCZ1/2 inhibitors in our study increased the

levels and activities of INSR/IGF1R and upregulated Akt phosphorylation. We obtained

the same results with mTOR inhibition for 48 h when mTORC1 activity is still blocked
(Figure S3R). The receptor tyrosine kinase (RTK)/phosphatidylinositol 3-kinase (P13K)
pathway is major signaling that activates AKT. We found that RTKs such as INSR,

IGF1R, and FGFR are upregulated by mTOR inhibition. We tested the role of RTKSs in

the mTOR-inhibition-induced increase in AKT phosphorylation. We used various RTK
inhibitors in combination with dual mMTORC1/2 inhibition and found that INSR/IGF1R
inhibition blocked the mTOR-inhibition-induced increase in AKT phosphorylation at both
the activation loop and hydrophobic motif (Figures 3L, 3M, S3S, and S3T). Similarly, INSR/
IGF1R inhibitors blocked mTOR-inhibition-mediated glycogen synthase kinase 3p (GSK3p)
phosphorylation at the AKT site (Figure 3N), which suggests that AKT activation is mainly
mediated by INSR/IGF1R signaling. Taken together, these suggest that mTOR inhibition
induces upregulation and activation of INSR/IGF1R/IRS signaling, which mediates Akt
activation.

mMTOR inhibition activates the JAK/STAT pathway by increasing the levels of proteins
involved in this signaling

In addition to IRS/PI3K/AKT signaling, we were also interested in JAK/STAT signaling
because these two pathways are the main signalings initiating from INSR/IGF1R and

are critical for cell growth, proliferation, and migration.2” We found that JAK2 protein
levels and tyrosine phosphorylation at Tyr1007/1008 (Figures 4A, 4B, S4A, and S4B),

an indicator of JAK2 activity, were increased by dual mTORC1/2 inhibition or mTOR
knockdown. We performed a mini-phosphorylation analysis and found that phosphorylation
of STAT3 at Tyr705, a key site for STAT3 activation, which is known to be modified

by JAK2, was increased by dual mTORC1/2 inhibitors, but not by rapamycin (Figure
S4C). We examined this phosphorylation using immunoblot analysis and confirmed its
increase by mTOR inhibitors or knockdown (Figures 4C, 4D, S4D, and S4E). Using JAK
inhibitors, we also found that mTOR-inhibition-mediated JAK activation was involved in
STAT3 phosphorylation (Figures 4E and S4F). We then wondered whether the increase in
JAK2 phosphorylation by mTOR inhibition was mediated by INSR and IGF1R. Unlike our
expectation, INSR/IGF1R inhibition did not block JAK2 phosphorylation induced by mTOR
inhibition (Figures 4F and S4G). JAK signaling is known to be initiated downstream of
growth factor receptor and cytokine receptor activation. However, JAK2 phosphorylation
was not reduced by inhibition of other growth factor receptors (Figure 4G), suggesting

that cytokine receptors, not RTKs, may mediate JAK signaling following mTOR inhibition.
We selected several candidates using the data analysis from proteome, phospho-proteome,
and transcriptome. After testing them, we identified IL-6ST (glycoprotein 130: gp130)

as an important mediator of JAK2 activation following mTOR inhibition. IL-6ST is a
transmembrane receptor that serves as a signal transducer of various cytokines, including

Cell Rep. Author manuscript; available in PMC 2023 September 27.
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IL-6, IL-11, and oncostatin M, in which IL-6ST binds to and activates JAK.28 We found that
mMTOR inhibition increased the IL-6ST protein levels (Figure 4H), and inhibition of IL-6ST
blocked the phosphorylation of JAK2 induced by mTOR inhibition (Figure 41). STAT3 is a
transcription factor, and the IL-6 promoter has a STAT binding site. Also, there is a positive
feedback loop between IL-6, JAK, and STAT.2® As shown in Figure 4J, IL-6 mRNAs were
upregulated by mTOR inhibition but downregulated by STAT3 inhibition. These findings
suggest that mTOR inhibition activates IL-6ST/JAK/STAT/IL-6 signaling.

Inhibition of MTOR leads to the activation of elF3D-dependent mRNA translation

Considering mTOR has been regarded as a positive regulator of anabolism and a negative
regulator of catabolism, it is surprising that mTOR inhibition by dual mMTORC1/2 targeting
drugs and knockdown led to the upregulation of select proteins. One possible mechanism
to explain this would be through the release from proteasomal degradation. It is known
that mMTORC1 promotes proteasome-dependent degradation of IRS by increasing its
Ser/Thr phosphorylation.3%:31 In line with this model, complete mTOR inhibition with

dual MTORC1/2 inhibitors increased IRS levels (Figures 3D, 3E, and 3H). In contrast

with IRS, we found that mTOR increased Grb10 stability, with rapamycin inducing Grb10
proteasomal degradation32 and mTOR inhibitors and knockdown decreasing Grb10 protein
levels (Figure 5A). Therefore, mTOR inhibition can either impede or promote proteasomal
degradation of targets to upregulate or downregulate expression, respectively. However, little
is known about how the levels of other proteins in our study involved in INSR/IGF1R and
IL-6ST (gp130)/JAK signaling are regulated by mTOR. To study this, we first examined
MRNA levels of RTKs whose protein levels were increased by mTOR inhibition. Given that
significant mMRNA upregulation is set as Logy(fold change) > 1, their mRNA levels were
not substantially increased following mTOR inhibition (Figure 5B). Specifically, IGF1R
mRNA levels did not reach the threshold for significant increases at any time point during
treatment (Figure 5C), although IGF1R protein levels were still upregulated following 24-h
(Figures 3D, 3F, and S3Q) and 48-h (Figure S3R) treatment with mTOR inhibitors. As in
the global analysis of mMRNA levels and protein levels (Figures 2H and 21), these results
suggest that mRNA levels cannot fully explain protein levels. We next used the general
mRNA translation inhibitor cycloheximide and found that INSR and IGF1R levels were
not increased by mTOR inhibition in the presence of cycloheximide, suggesting that their
upregulation may be through mRNA translation (Figures 5D and S5A).

Our main question was how mTOR inhibition could increase mRNA translation when

the elF4F-dependent translation was blocked. Dual mTORC1/2 inhibition completely
blocked 4E-BP1 phosphorylation, indicating inhibition of elFAE, the primary regulator
of cap-dependent translation. Because we observed nascent protein synthesis in the
presence of mTOR inhibitors (Figure 1D), we hypothesized that inhibition of this elF4F-
dependent translation could lead to compensatory activation of elF4AF-independent modes
of mRNA translation. We first tested whether 4E-BP-dependent elFAE inhibition is
required to induce upregulation of proteins when mTOR activity is blocked. For this,

we performed quantitative proteomics using 4E-BP1/2 WT and 4E-BP1/2 null mouse
embryonic fibroblasts (MEFs). As in the examples shown in Figure 5E, dual mTORC1/2
inhibition led to the downregulation of proteins in WT cells, including collagens and cyclin
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D3 (CCND3), but the same treatment in 4E-BP1/2 null cells produced a much smaller
change, in line with mTOR regulating translation primarily through 4E-BP/elF4F-mediated
translation. Some proteins were downregulated by dual mTORCZ1/2 inhibition in both WT
and 4E-BP1/2 null cells, suggesting that additional mechanisms, independent of 4E-BP/
elF4E, are involved in this regulation (Figure 5F). Some of this regulation may be taking
place post-translationally as in the case of Grb10 (Figures 5A and 5G), whereby we showed
that mTOR inhibition promotes Grb10 proteasomal degradation.32 We next investigated
the upregulation of proteins following mTOR inhibition and found proteins involved in
INSR/IGF1R/IRS and IL-6ST (gp130)/JAK2 signaling to be upregulated in both WT and
4E-BP1/2 null cells (Figures 5G and 5H). This suggests that the upregulation of these
proteins is not induced by the inhibition of elF4E-mediated cap-dependent translation.
elF4E interaction with elFAG, a scaffold protein that recruits elF4A helicase and elF3/43S
pre-initiation complex,® is required to initiate cap-dependent translation. We used elF4E/
elF4G inhibitor 1 (4EGI-1) to inhibit the interaction between elF4G and elF4E (Figure

51), which suppresses elFAE-mediated cap-dependent translation. Treatment with 4EGI-1
did not block mTOR-inhibition-mediated upregulation of IGF1R (Figure 5I). We also
knocked down the major forms of elFAE and elF4G, elF4E1 and elF4G1, and found that
their decrease did not significantly inhibit the upregulation of IGF1R or INSR following
mMTOR inhibition (Figures S5B and S5C). Isoforms of elF4E and elF4G, such as elF4E2
and elF4G2 (DAPS), are known to regulate the translation of general or specific mMRNA
species.33-35 However, the knockdown of elF4E2 (Figure S5D) and elF4G2 (DAPS5) (Figure
S5E) did not block mTOR-inhibition-induced IGF1R expression.

We next directed our attention to the multi-subunit elF3 complex. elF3 is well-known for its
role in general MRNA translation38; however, evidence is accumulating that elF3 subunits
are also engaged in non-canonical and selective mRNA translation aselF4 molecules.36
Thus, we investigated whether any elF3 subunits are responsible for the upregulation of
proteins following mTOR inhibition. Interestingly, of several components we tested, we
found that knockdown of elF3D (Figures 5J and S5F), but not elF3B (Figure S5G), elF3K
(Figure S5H), and elF3I (Figure S5I), significantly blocked mTORCL1/2-inhibition-induced
upregulation of INSR, IGF1R, IL-6ST, and JAK2. elF3D knockdown did not block the
upregulation of IRS and PDCD4 following mTOR inhibition (Figure 5K), which agrees with
that their levels are regulated by mTOR-mediated protein degradation.11:31 We also found
that tyrosine phosphorylation of IGF1R, an indicator of IGF1R activity, was decreased in
elF3D knockdown cells following mTOR inhibition (Figures 5L and S5J).

elF3D cooperates with RBPs to promote selective mRNA translation when mTOR activity is

inhibited

Our results suggest that elF3D mediates selective mMRNA translation when mTOR is
inhibited. To gain more direct evidence, we performed RNA immunoprecipitation (RIP) to
test whether elF3D binds to the mMRNA species we found to have increased translation under
mTOR inhibition. Analysis of the RIP data showed that INSR, IGF1R, FGFR1, IL-6ST,

and JAK2 mRNAs bind to elF3D protein significantly compared with control, and that

this interaction, except IL-6ST mRNA, is increased when mTOR is inhibitec (Figures 6A
and S6A). We next performed elF3D interactomics to identify molecules cooperating with
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elF3D to promote mRNA translation under mTOR-inhibited conditions and found several
proteins that interacted with elF3D in an mTOR-inhibitor-dependent manner. Interestingly,
some identified proteins (Figure 6B), heterogeneous ribonuclear protein F (nnRNPF),
heterogeneous nuclear ribonucleoprotein K (hnRNPK), and SSB (La autoantigen), are
mRNA frans-acting factors that bind to mMRNAs and regulate mRNA translation.37 We first
analyzed interacting molecules ol these RBPs when mTOR is inhibited. The functional
enrichment analysis reveals that the major function of their interacting proteins, which
include other RBPs, ribosomes, and TIFs (Figures S6B-S6D), is RNA metabolism (Figures
6C-6E). We then investigated whether hnRNPF, hnRNPK, and SSB regulate the levels of
the proteins in this study. Intriguingly, each of these proteins had a unique but somewhat
overlapping effect on the expression of proteins. As shown in Figures 6F-6K, hnRNPF
knockdown affected levels of IGF1R, INSR, and FGFR, but not IL-6ST and JAK2. hnRNPK
knockdown reduced expression ol IGF1R, FGFR, IL-6ST, and JAK2 induced by mTOR
inhibition. SSB knockdown significantly blocked the upregulation of IL-6ST and JAK2
when mTOR is inhibited but did not affect IGF1R, INSR, and FGFR expression. To
investigate whether binding of elF3D to mRNAs was affected by these RBPs, we performed
RIP using RBP knockdown cells. Analysis of the RIP data showed that the binding of INSR,
IGF1R, FGFR1, IL-6ST, and JAK2 mRNAs to elF3D was profoundly decreased by the
knockdown of RBPs (Figure 6L). Using the RBP knockdown cells, we also measured the
levels of mRNAs in this study. Although the RBP knockdown decreased mMRNA levels, the
effects were not as dramatic as those observed in RIP (Figure 6M). Together, these findings
suggest that when mTOR is inhibited, elF3D, a TIF, cooperates with its interacting partners,
especially RBPs, to upregulate proteins involved in INSR/IGF1R and IL-6ST/JAK signaling,
and these RBPs are involved in the further selection of mMRNAs.

mMTOR inhibition mediates elF3D-dependent phenotypic switching from proliferative to

migratory

Interested in this finding, we performed quantitative proteomics using control and two
different elF3D short hairpin RNAs (shRNAs) to identify additional proteins regulated by
elF3D during mTOR inhibition. In addition to the molecules we identified, such as IGF1R
and IL-6ST, elF3D knockdown blunted or blocked increases in approximately half of the
proteins that were upregulated by mTOR inhibition, and examples are shown in Figure 7A.
We also found that FGFR, which was identified in interaction enrichment analysis (Figure
3C), was upregulated in an elF3D-dependent manner (Figure S7). The other half of the
proteins were upregulated in an elF3D-independent manner following mTOR inhibition.
As shown in examples in Figure 7B, this group also includes IRS, which we found to be
regulated by mTOR-mediated degradation, suggesting that upregulated proteins in this group
following mTOR inhibition are at least partly regulated by suppression of degradation.
Analysis of elF3D-dependent upregulation of proteins showed that many upregulated
proteins are involved in cell migration and related processes, such as cell-matrix adhesion,
cell morphogenesis, and actin dynamics (Figure 7C). Analysis of the proteins showing
elF3D-independent upregulation revealed enrichment of proteins involved in carbohydrate-
derivative catabolism, lipid breakdown, lysosome organization, and autophagy (Figure 7D),
suggesting that degradation of molecules such as lipids and proteins is one of the functions
of elF3D-independent upregulation of proteins following mTOR inhibition.
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mTOR is known as a major regulator of cell growth and proliferation. Correspondingly,
mTOR inhibition reduces cell proliferation dramatically. However, surprisingly, our results
show that mTOR inhibition upregulates proteins involved in cell migration, suggesting that
once cancer cells become resistant to dual mTORC1/2 inhibition, they promote cell motility.
As shown in Figures 7E and 7F, A375 cells, invasive cancer cells, that were preincubated
with dual mMTORC1/2 inhibitors for 48 h showed a marked increase in migration and
invasion in the presence of mMTORCL/2 inhibitors during the assay. INSR/IGF1R/AKT
signaling and JAK/STAT signaling are well-known for increasing cell migratory and invasive
potential 2738 We used inhibitors of those signaling networks and found them able to
inhibit cell migration (Figures 7G and 7H) and invasion (Figures 71 and 7J) induced

by mTOR inhibition. These findings suggest that although mTOR inhibition reduces cell
proliferation partly through 4E-BP1/elFAE-dependent mRNA translation, mTOR inhibition
simultaneously induces cell matility through elF3D-dependent mRNA translation.

DISCUSSION

mRNA translation is a complex process that requires orchestrated coordination between
MRNAs, ribosomes, aminoacyl-tRNAs, and frans-acting molecules such as translation
initiation, elongation, and termination factors and other RBPs.> mRNA translation is mainly
regulated at the initiation step.>9:3% Therefore, TIFs, including elF3 and elF4, are essential
regulators of mRNA translation efficiency. This study specifically investigated the link
between elF4F, elF3, and mTOR. It has been thought that most mRNA TIFs are involved

in general global MRNA translation. However, growing evidence indicates that initiation
factors regulate the translation of specific transcripts leading to selective mRNA translation
depending on the cellular context. For example, isoform-specific functions of elF4F factors,
such as elF4G2 (DAP5), in the translation of specific sets of MRNAs are becoming
recognized more recently and are of great interest from both basic science and therapeutic
standpoints.33-3540-42 The existence of alternative elF4F components provides a reasonable
explanation as to how cells maintain protein production capacity in the absence or inhibition
of the canonical elF4F.3° Like the elF4F complex, the elF3 complex, which recruits the
43S preinitiation complex containing a small ribosomal subunit to the 5" cap bound elF4F,>
has also been regarded as a general global TIF complex for cap-dependent translation.36
However, growing evidence suggests that in addition to its role in global translation, elF3
can be customized with variant components to contribute to the translation of specific
mRNA transcripts.34:36

The elF3 complex is composed of 12 subunits: elF3A-1, K, L, and M.36:43 Of note, albeit
elF3J was initially considered to be an integral part of the elF3 complex, mounting evidence
shows that it mostly acts independently of elF3.34:36:44 Specific mRNAs rely on different
subunits of elF3 for their translation; therefore, specific subunits allow for the specialization
of the elF3 complex to promote the translation of select sets of mRNAs instead of global
cap-dependent initiation.344345 However, not much is known about the subunit-specific
functions of elF3, including the exact stimuli that induce them and what transcripts they
regulate. Among elF3 subunits, elF3D functions as an intermolecular bridge between elF3
and 40S ribosomal subunit.46 Although elF3D knockdown affects cell proliferation, this
knockdown does not regulate protein levels of other elF3 subunits or the integrity of
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the elF3 complex.*” Thus, it has been suggested that instead of being involved in the
general translation of elF3, elF3D may promote the translation of specific MRNAs whose
proteins play vital roles in cells.*347-49 A recent report shows that transforming growth
factor B (TGF-B) induces T cell differentiation through regulation of elFAG2 (DAP5)/
elF3D-dependent mRNA translation when mTORCIL is partially inhibited by rapamycin,
but not when it is fully inhibited by dual mTORC1/2 inhibitor.2? Also, elF3D induces
cap-dependent translation of Jun and the mTORC1 subunit raptor under glucose-deprived,
but not serum- or glutamine-deprived, conditions.>! Furthermore, elF3D appears to play a
major role in the reactivation of translation during the chronic phase of integrated stress
response caused by endoplasmic reticulum (ER) stress.4? Our results suggest that the elF3D
provides an alternative translation system for specific sets of mMRNAs during proteostasis
stress induced by mTOR inhibition.

Changes in mRNA levels do not always correlate with corresponding protein levels.

For instance, although stress conditions such as hypoxia, nutrient deprivation, and anti-
cancer drug treatment, including mTOR inhibitor treatment in our study, can increase the
transcription of stress-induced genes, protein levels may not always increase.52-54 This
phenomenon arises from a buffering mechanism in translation that maintains constant
protein levels despite fluctuations in mRNA levels.®® In addition, certain proteins are
upregulated or downregulated without significant changes in their corresponding mRNAs.
The discrepancy between mRNA and protein levels can be attributed to several factors,
including translational efficiency and protein degradation rates in cells.253 Translational
efficiency is determined by a complex process that requires orchestrated coordination

of resources such as energy, nutrients (e.g., amino acids), ¢/s-acting factors (MRNAS),

and trans-acting factors that include ribosomes, tRNAs, translation initiation/elongation/
termination factors, and other RBPs.52:23 This suggests that mMRNA translation efficiency
and protein levels cannot be solely determined by the levels of cis-acting factors (MRNAS).
Instead, the availability and modification of these resources, which rely on intra- and
extra-cellular environments, are critical for the regulation of protein levels. Thus, lack

of energy, RNA modification, and/or inhibition of the mRNA translation system under
stress conditions, for example, explain the discrepancy between mRNA levels and protein
levels.52-54 Among these resources governing mRNA translation, we were interested in
trans-acting factors such as TIFs and other RBPs. Each RBP usually has multiple RNA-
binding domains, which have specific binding modalities with mMRNAs, and therefore tend to
bind to mRNAs selectively. It is also known that each different mRNA has distinct RBPs and
even the same mRNAs with different cellular contexts giving rise to varying combinations
of RBP binding, allowing for complex but specific regulation of the mRNAs.5¢ We have
found that the TIF elF3D interacts with RBPs such as hnRNPF, hnRNPK, and SSB

(La autoantigen) in which these RBPs provide further specificity to mRNA translation in
addition to that afforded by elF3D. Our data indicate that cooperation between the trans-
acting factors, especially between TIFs and RBPs, is essential for efficient and transcript-
specific mMRNA translation to adapt or escape stress conditions.

In cancer, the INSR/IGF1R and JAK/STAT signaling pathways induce cancer survival and
phenotype switching through increased stemness characterized by decreased proliferation
and increased cell motility and resistance to stress.2”>” Qur current and previous findings
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show that mTOR inhibition synergistically activates INSR/IGF1R/IRS/AKT signaling
networks by inducing (1) cooperation of elF3D and RBPs for INSR/IGF1R protein synthesis
and inhibition of IRS degradation (Figures 5 and 6); (2) integrin adhesome/focal adhesion
complex-mediated activation of INSR/IGF1R;26 and (3) degradation of a cellular INSR

and IGF1R inhibitor, Grb10.32 We also show that mTOR inhibition induces elF3D- and
RBP-mediated IL-6ST (gp130)/JAK/STAT signaling, which is involved in autoimmune
disease, malignancy, and cancer stemness.>” Overall, our findings suggest that following
mTOR inhibition, cells undergo dynamic and fine-tuned proteostasis changes that regulate
specific signaling networks by (1) inhibiting elF4E/4E-BP1-dependent mRNA translation
to suppress cell proliferation and (2) stimulating elF3D-mediated INSR/IGF1R/IRS/PI3K
and gp130/JAK/STAT signaling for cooperative effects on cell motility and stress resistance.
These findings are consistent with previous observations that, akin to hypoxia, mMTOR
inhibitors cause translational reprogramming that selectively induces the levels of NANOG,
SNAIL, and NODAL proteins and increases the plasticity of breast cancer cells.58

It has long been known that mTOR is positively involved in anabolism by promoting
protein synthesis and negatively involved in catabolism by inhibiting autophagy-mediated
protein degradation. Our study shows that when mTOR is inhibited, cells shut down elF4F-
dependent mRNA translation but operate selective mRNA translation in addition to selective
protein stabilization or degradation mechanisms to dynamically change their proteome,
which induces phenotype switching and stress resistance. This suggests that mTOR is a key
molecule for cellular proteostasis and phenotype determination by regulating anabolism and
catabolism simultaneously to dictate cell fate. Selective and targeted protein stabilization/
degradation has the potential to be a critical therapeutic target node to treat diseases,
including neurological disorders, aging, and cancer that are characterized by an excess of
disease-promoting proteins. A combined strategy using inhibitors against selective protein
synthesis and selective stabilization/degradation holds promise as a tool for combating
diseases. Progressing far from its original clinical use as an organ transplant anti-rejection
drug, the use of mTOR inhibitors is currently a promising and validated strategy in clinics
to target many types of cancer and other diseases such as tuberous sclerosis complex

(TSC) that shows a high risk of causing epilepsy and autism. Considering the physiological
function of mMTOR as a key regulator of cell metabolism, cell proliferation, and survival

and the clinical importance of mTOR targeting, our studies provide invaluable insight into
mTOR’s feedback signaling, proteome remodeling, and phenotype switching that can be
translated into clinical application.

Limitations of the study

MRNA translation is controlled by a combination of cellular resources, including energy,
nutrients, mMRNAs, ribosomes, tRNAs, TIFs, and other RBPs. Thus, depending on the
expression profile of mMRNAs, TIFs, and RBPs in a given cell type, in addition to the
availability of energy and nutrients under certain conditions, different cells and different
inner and outer cellular environments may exert distinct changes in mRNA translation
efficiency. This can result in unique adaptive proteome profiles between different tissue and
cell types to the same stress, such as MTOR inhibition.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Sang-Oh Yoon (syoonl@uic.edu).

Materials availability—Newly generated materials associated with this manuscript are
available from the lead contact without restrictions.

Data and code availability

. Proteomics and RNA-seq data have been deposited to PRIDE and GEO with
accession numbers PXD041933 and GSE229623, respectively.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Cell lines—Melanoma cell line, A375, was obtained from ATCC. 621-101 cells were
kindly provided by Dr. Jane Yu (University of Cincinnati, OH). 4E-BP1&2 WT and KO
MEFs were generously provided by Dr. Nahum Sonenberg (McGill University, Canada).
Rictor WT and KO MEFs were kindly provided by Dr. Brendan Manning (Harvard Medical
School, MA). 293T cells and lentiviral packaging and envelope plasmids were generous gifts
from Dr. Andrew L. Kung (Memorial Sloan Kettering Cancer Center, NY) and Dr. David
Baltimore (California Institute of Technology, CA). MEFs and melanoma were maintained
in DMEM containing 10% FBS at 37°C with 5% CO,. 621-101 cells were grown in
DMEM/F12 media supplemented with 10% FBS, 50 nM sodium selenite, 25 pg/mL insulin,
200 nM hydrocortisone, 10 pg/mL transferrin, 1 nM triiodothyronine, 10 uU/ml vasopressin,
10 nM cholesterol, 1.6 pM ferrous sulfate, and 20 ng/mL EGF.

METHOD DETAILS

Reagents—Anti-phospho-S473-AKT, anti-phospho-T308-AKT, anti-AKT, anti-
phospho-4E-BP1, anti-4E-BP1, anti-4E-BP2, anti-phospho-S6K1, anti-S6K1, anti-phospho-
S6, anti-S6, anti-phospho-IGF1R, anti-IGF1R, anti-INSR, anti-phospho-Ser636/639-1RS1,
anti-IRS1, anti-IRS2, anti-phospho-JAK2, anti-JAK2, anti-phospho-Stat3, anti-mTOR, anti-
Rictor, anti-PDCD4, anti-elF4E, anti-elF4E2, anti-elF4G, anti-elF4G2, anti-cyclin D3,
anti-FGFR, anti-SSB (La), anti-phospho-GSK3, anti-GSK3p, anti-GP130 (IL6ST), and
anti-Grb10 antibodies were purchased from Cell Signaling Technology. Anti-Stat3, anti-
hnRNPK, and anti-hnRNPF antibodies were obtained from Proteintech. Anti-elF3D was
from Santa Cruz, and anti-elF3B and anti-Grb10 antibodies were from Novus Biologicals.
An anti-elF3K antibody was purchased from Abclonal. Anti-actin and anti-phospho-
Tyr612-IRS1 antibodies, cycloheximide, SC144, qPCR primers, lentiviral ShRNAs, and
imprint RNA immunoprecipitation (RIP) were obtained from Sigma. Biocoat Matrigel
invasion chamber, cell culture inserts, and collagen | were purchased from Corning,

Falcon, and Gibco, respectively. Rapamycin, Torinl, sapanisertib, erlotinib, BMS754807,
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infigratinib, crenolanib, ruxolitinib, momelotinib, 4EGI-1, and C188-9 were purchased

from Selleckchem. Click-iT AHA (I-Azidohomoalaine), tetramethylrhodamine (TAMRA)
Alkyne, and Click-iT protein reaction buffer kit were obtained from Invitrogen and Click
Chemistry Tools. The protease inhibitor cocktail and phosphatase inhibitor cocktail are from
Thermo Scientific.

Plasmids and generation of stable cells—Lentivirus was generated as described
previously.28 Shortly, shRNA plasmids or overexpression plasmids were transfected into
293T cells using Lipofectamine 2000 (Thermo Fisher Scientific) with the expression
plasmids for packaging (A8.9) and envelope (VSVG), and the medium was changed the
next day. After ~30 h, viral supernatants were harvested, and the new medium was added.
Viral supernatants were collected the next day. Cells were infected with viral supernatants
in the presence of a serum-containing medium supplemented with 8 pg/mL polybrene. The
viral-containing medium was removed after 24 h, and cells were grown in serum-containing
media for another day. Cells were then treated with puromycin (A375: 2 pg/mL, MEFs:

4 ug/mL, 621-101: 10 pg/mL) for selection. The knockdown efficiency was confirmed by
immunoblot analysis.

Immunoblot analysis—Immunoblot analysis was performed as described previously.>®
Cells were extracted in lysis buffer containing Triton X-100 (25 mM HEPES (pH

7.4), 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM EGTA, 10 mM B-
glycerophosphate, proteases inhibitor cocktail, and phosphatase inhibitor cocktail), and
samples were resuspended in SDS sample buffer (Thermo Scientific). Samples were
boiled and electrophoresed by SDS-PAGE. Proteins were then transferred to nitrocellulose
membranes (Whatman). The membranes were blocked with TBST (25 mM Tris-HCl,

pH 7.5, 150 mM NacCl, 0.05% Tween 20) containing 5% nonfat dried milk or 5%

BSA and probed overnight with primary antibodies, followed by 2 h incubation with
secondary antibodies coupled to peroxidase. Blots were developed by using enhanced
chemiluminescence.

RT-gPCR analysis—RT-gPCR analysis was performed as described previously.>® Total
RNA was isolated using the RNeasy mini kit (Qiagen), and the first-strand cDNA was
prepared using superscript I first-strand synthesis supermix kit (Invitrogen) according to
the manufacturers’ protocol. gPCR was performed using QuantiTech SYBR green PCR kit
(Qiagen) on CFX96 real-time PCR (Bio-Rad) and ABI ViiA7 real-time PCR systems (Life
Technologies). Pre-designed KiCqStart SYBR Green Primers were purchased from Sigma,
and melting curve analysis was performed at the end of PCR.

RNA sequencing and data analysis—RNA extraction, RNA sequencing, and data
analysis were performed at Genewiz. Briefly, after investigating the quality of the raw data,
sequence reads were trimmed to remove possible adapter sequences and nucleotides with
poor quality using Trimmomatic v.0.36. The trimmed reads were mapped to the reference
genome available on ENSEMBL using the STAR aligner v.2.5.2b. The STAR aligner uses a
splice aligner that detects splice junctions and incorporates them to help align the entire read
sequences. BAM files were generated as a result of this step. Unique gene hit counts were

Cell Rep. Author manuscript; available in PMC 2023 September 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shin et al.

Page 16

calculated by using feature Counts from the Subread package v.1.5.2. Only unique reads
that fell within exon regions were counted. After extraction of gene hit counts, the gene

hit counts table was used for downstream differential expression analysis. Using DESeg2,
a comparison of gene expression between the groups of samples was performed. The Wald
test was used to generate p values and Log, (fold changes). Genes with adjusted p values
<0.05 and absolute log, (fold changes) > 1 were called as differentially expressed genes for
each comparison. A gene ontology analysis was performed on the statistically significant set
of genes by implementing the software GeneSCF. The mgi GO list was used to cluster the
set of genes based on their biological process and determine their statistical significance. A
PCA analysis was performed using the "plotPCA" function within the DESeg2 R package.
The plot shows the samples in a 2D plane spanned by their first two principal components.
The top 500 genes, selected by highest row variance, were used to generate the plot.

Tandem mass tag (TMT) mass spectrometry

Sample preparation for tandem mass tag (TMT) mass spectrometry: Samples for
protein and “mini-phos” analysis were prepared as previously described.89-61 Following
lysis, protein precipitation, reduction/alkylation and digestion, peptides were quantified by
micro-BCA assay and 300ug of peptide per sample were labeled with TMTPro reagents
(Thermo-Fisher) for 2 h at room temperature. Labeling reactions were quenched with 0.5%
hydroxylamine and acidified with TFA. Acidified peptides were combined and desalted

by Sep-Pak (Waters). “mini-phos” enrichment was performed as previously described.50
Peptides from the flow-through were further fractionated for full proteome analysis.

Basic pH reversed-phase separation (BPRP) of TMT-labeled peptides: TMT-labeled
peptides were solubilized in 5% ACN/10 mM ammonium bicarbonate, pH 8.0, and 300 pg
of TMT-labeled peptides were separated by an Agilent 300 Extend C18 column (3.5 pm
particles, 4.6 mm ID and 250 mm in length). An Agilent 1260 binary pump coupled with

a photodiode array (PDA) detector (Thermo Scientific) was used to separate the peptides.

A 45-min linear gradient from 10% to 40% acetonitrile in 10 mM ammonium bicarbonate
pH 8.0 (flow rate of 0.6 mL/min) separated the peptide mixtures into a total of 96 fractions
(36 s). A total of 96 Fractions were consolidated into 24 samples in a checkerboard fashion,
acidified with 20 pL of 10% formic acid, and vacuum dried to completion. Each sample was
desalted via Stage Tips and re-dissolved in 5% FA/5% ACN for LC-MS3 analysis.

Liguid chromatography separation and tandem mass spectrometry (LC-

MS3): Proteome data were collected on an Orbitrap Eclipse mass spectrometer
(ThermoFisher Scientific) coupled to a Proxeon EASY-nLC 1200 LC pump (ThermoFisher
Scientific). Fractionated peptides were separated using a 120 min gradient at 500 nL/min
on a 35 cm column (i.d. 100 pm, Accucore, 2.6 um, 150 A) packed in-house. High-

field asymmetric-waveform ion mobility spectrometry (FAIMS) was enabled during data
acquisition with compensation voltages set as —40, —60, and —80 V.62 MS1 data were
collected in the Orbitrap (60,000 resolution; maximum injection time 50 ms; AGC 4 x
105). Charge states between 2 and 5 were required for MS2 analysis, and a 120 s dynamic
exclusion window was used. Cycle time was set at 1.2 s. MS2 scans were performed

in the ion trap with CID fragmentation (isolation window 0.5 Da; Turbo; NCE 35%;
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maximum injection time 35 ms; AGC 1 x 104). An online real-time search algorithm
(Orbiter) was used to trigger MS3 scans for quantification.®3 MS3 scans were collected

in the Orbitrap using a resolution of 50,000, NCE of 45%, maximum injection time of

150 ms, and AGC of 1.5 x 105. The close-out was set at two peptides per protein per
fraction.53 Phosphorylated peptides were separated using a 120 min gradient with FAIMS
enabled during data acquisition with compensation voltages set as —40, —60, and —80 V for
the first shot and —45 and —65 V for the second shot.52 MS1 data were collected in the
Orbitrap (120,000 resolution; maximum injection time 50 ms; AGC 4 x 105). Charge states
between 2 and 5 were required for MS2 analysis, and a 90 s dynamic exclusion window was
used. Cycle time was set at 1.25 s. MS2 scans were performed in the Orbitrap with HCD
fragmentation (isolation window 0.5 Da; 50,000 resolution; NCE 36%; maximum injection
time 250 ms; AGC 1.5 x 105).

TMT and phosphorylation data analysis: Raw files were converted to mzXML, and
monoisotopic peaks were re-assigned using Monocle.54 Searches were performed using the
Comet search algorithm against a mouse database downloaded from Uniprot in May 2021.
We used a 50 ppm precursor ion tolerance and 0.9 Da product ion tolerance for MS2

scans collected in the ion trap and 0.02 Da product ion tolerance for MS2 scans collected
in the Orbitrap. TMTpro on lysine residues and peptide N-termini (+304.2071 Da) and
carbamidomethylation of cysteine residues (+57.0215 Da) were set as static modifications,
while oxidation of methionine residues (+15.9949 Da) was set as a variable modification.
For phosphorylated peptide analysis, +79.9663 Da was set as a variable modification on
serine, threonine, and tyrosine residues. Each run was filtered separately to 1% False
Discovery Rate (FDR) on the peptide-spectrum match (PSM) level. Then proteins were
filtered to the target 1% FDR level across the entire combined dataset. Phosphorylation site
localization was determined using the AScore algorithm.5% For reporter ion quantification,
a 0.003 Da window around the theoretical m/z of each reporter ion was scanned, and the
most intense m/z was used. Reporter ion intensities were adjusted to correct for isotopic
impurities of the different TMTpro reagents according to manufacturer specifications.
Peptides were filtered to include only those with a summed signal-to-noise (SN) = 100
across all TMT channels. An extra filter of an isolation specificity (“isolation purity”) of at
least 0.5 in the MS1 isolation window was applied for the phosphorylated peptide analysis.
For each protein or phosphorylation site, the filtered peptide TMTpro SN values were
summed to generate protein or phosphorylation site quantification values. To control for
different total protein loading within a TMTpro experiment, the summed protein quantities
of each channel were adjusted to be equal within the experiment. The functional enrichment
analysis using TMT data was performed by Metascape.

RNA-binding protein immunoprecipitation—RNA-binding protein
immunoprecipitation (RIP) was performed using an imprint RIP kit (Sigma) according to
the manufacturer’s protocol with some modifications. Briefly, stable cells infected with
vector control or HA-elF3D plasmids treated with or without an mTOR inhibitor were lysed.
Immunoprecipitation was performed using anti-HA magnetic beads (Thermo Scientific).
After washing with RIP wash buffer five times, proteins and DNA were removed by
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proteinase K and DNasel, respectively. RNA was collected by acidic phenol extraction
followed by precipitation with ethanol, sodium acetate, and GlycoBlue.

Nascent protein synthesis assay—Nascent protein synthesis assay was performed
using Click-iT AHA (I-Azidohomoalanine), Tetramethylrhodamine (TAMRA) Alkyne, and
Click-iT protein reaction buffer kit according to the manufacturer (Invitrogen)’s protocol.
Briefly, cells were incubated with AHA in methionine-free media. Cells were lysed, and
the lysate was incubated with TAMRA in a click-iT protein reaction buffer. After protein
collection with methanol/chloroform precipitation and wash with methanol, protein gel
electrophoresis was performed.

Mass spectrometry analysis for elF3D interacting molecule identification—
Cells stably expressing HA-elF3D were lysed, and immunoprecipitation with anti-HA
magnets (Thermo Scientific) was performed according to the manufacturer’s protocol. The
beads were washed, and proteins were eluted with HA peptide (Pierce). Elute was mixed
with 100% TCA (final 20%), vortexed, and incubated on ice for 25 min. After centrifugation
at 14,000 rpm at 4°C for 25 min, the supernatant was removed. The clear pellet was

washed with 10% TCA one time and ice-cold acetone three times with centrifugation at
14,000 rpm at 4°C for 25 min and removal of supernatant each time. Pellet was air-dried

at room temperature. For mass spectrometry analysis, the protein pellets were re-suspended
in 50 uL of 8 M urea, 50 mM ammonium bicarbonate (ambic), then reduced and alkylated
with dithiothreitol and iodoacetamide. They were diluted to 2 M urea with 50 mM ambic,
digested with LysC (10 ng/uL, Wako Chemicals) overnight, then diluted to 1 M urea and
digested with Trypsin (10 ng/uL, Promega). Peptides were desalted on C18 STAGE tips
[PMID: 12585499], eluted, and dried in sample vials. Dry peptides were resuspended in 5%
FA and separated using an Easy nLC-1000 HPLC (Thermo) on a self-packed 40 cm, 75

um inside diameter, column packed with 1.8 um, C18 resin (SEPAX) using a gradient of
5-26% buffer B (95% ACN, 0.1% FA) at a flow rate of 350 nL/min for 75 min. Peptides
were analyzed on a Thermo Orbitrap Fusion mass spectrometer equipped with a FAIMS
Pro ion mobility cell. The FAIMS was used to cycle through five different compensation
voltages (CV: —40, -50, —60, —70, —80). We collected one precursor MS1 scan for each

CV at 120K resolution, with 4e5 AGC target, and a 50 ms max ion accumulation time.

For each MS1, peptides were fragmented using HCD with a normalized collision energy

of 28% and scanned in the ion trap using the “rapid” scan rate with AGC = 1e4 and max
ion accumulation = 35 ms. Dynamic exclusion was enabled to exclude ions that had already
been selected for MS/MS in the previous 45 s. lons with a charge of +1 and those whose
charge state could not be assigned were also excluded. MS2 spectra were searched using
COMET (version 2020.01 rev. 4) against a composite database containing the canonical
Swiss-Prot reviewed mouse protein sequences (17,009 www.uniprot.org) and their reversed
complement, using the following parameters: a precursor mass tolerance of +25ppm;

1.0 Da product ion mass tolerance; tryptic digestion; up to two missed cleavages; static
modifications of carbamidomethylation on cysteine (+57.0214); a dynamic modification of
methionine oxidation (+15.9949). Peptide spectral matches (PSMs) were filtered to 1% FDR
using the target-decoy strategy®6 combined with linear discriminant analysis (LDA)®’ using
several different parameters, including the Comet Expect score, AExpect, precursor mass
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error, and observed ion charge state. The data were further filtered to control protein level
FDRs. Peptides were combined and assembled into proteins. Protein scores were derived
from the product of LDA peptide probabilities. The FDR of the remaining peptides fell
dramatically after protein filtering. We required all peptides to have a signal-to-noise ratio
(SN) 2 5. Protein ratios were calculated as the logs ratio of the total SN of all experimental
sample peptide values over that for 1IgG control sample peptides.

Migration and invasion assay—Cell migration and invasion assays were performed as
described previously.26 Cells were pre-incubated with or without mTOR inhibitors for 48 h
in 10 cm plates. Cells were then trypsinized and collected. Media were aspirated, and cells
were resuspended in serum-free media. For migration assays, media with 10% FBS was
added to the bottom chamber of the cell culture inserts. Cells (5 x 104/200 uL) were added
to the top chamber of cell culture inserts (8 um pore size) in a 24-well companion plate.
Specifically, cells incubated in 10 cm plates in the absence of mTOR inhibitors were used as
a control for migration assay that was performed with DMSO (control for inhibitors) in the
upper and lower chamber. Cells grown in 10 cm plates in the presence of mTOR inhibitors
were used with mTOR inhibitors and other inhibitors in the upper and lower chamber for
migration assay in the cell culture inserts. After 12-h incubation, the cells that migrated to
the lower surface of the membrane were fixed with methanol and stained with 0.2% crystal
violet in 2% ethanol. The number of migrated cells was quantified by counting random
distinct fields using a light microscope. For cell invasion assays, BD BioCoat invasion
chambers coated with Matrigel were used. Invasion chambers were prepared according to
the manufacturer’s specifications, and assays were performed as described in migration
assays, except the assay was performed for 23 h.

Image analysis—Band intensities from Western blot analysis were determined by
GelQuantNet VV1.8.2. Statistical analysis was performed using GraphPrism 9 and Microsoft
Excel.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 9 and Microsoft Excel. Data were
presented as means and error bars representing standard deviations. Statistical significance
was defined as a p value of 0.05 or lower, which was assessed by the unpaired t test.
Statistical details of experiments, including numbers of biological or technical replicates, are
described in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
mTOR inhibition promotes elF3D-dependent mRNA translation
elF3D cooperates with RNA-binding proteins for selective mRNA translation
Insulin receptor and insulin-like growth factor 1 receptor are targets of elF3D

elF3D-dependent protein upregulation promotes cancer cell migration and
invasion
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Figure 1. mTOR inhibition increases the expression of select proteins
(A) mTOR signaling pathways. (B) 4E-BP1/2 WT and double-KO (DKO) MEFs were

treated with rapamycin (20 ng/mL), Torinl (250 nM), and RapaLink-1 (10 nM) for 24 h, and
immunoblot analysis was performed.

(C) Cells were treated with/without mTOR inhibitors, including INK128 (10 uM) and
cycloheximide (CHX; 10 ug/mL), for 48 h, and cell numbers were counted. Data are the
mean + SD of three biological replicates. Statistical significance (*p < 0.05) was assessed by
t test.

(D) The nascent protein synthesis rate was measured following mTOR inhibition.

(E-1) MEFs were treated with mTOR inhibitors for 24 h. Quantitative 11-plex mass
spectrometry for complete protein profiling and data analysis was performed. (E) Statistical
analysis was performed using data from three biological replicates for the control,
rapamycin, and Torin1 treatments and two biological replicates for the RapaLink-1
treatment. The pie chart shows differentially (Log, 5(fold change) >1 or < -1, false
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discovery rate (FDR)-adjusted p < 0.05) and non-differentially expressed proteins. The
heatmap and Venn diagram show (F and G) downregulated or (H and I) upregulated
proteins.

See also Figure S1.
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Figure 2. mTOR-inhibition-mediated proteome change is independent of transcriptome change
(A-G) MEFs were treated with rapamycin (20 ng/mL), Torinl (250 nM), and RapaLink-1

(10 nM) for 24 h. RNA sequencing and data analysis were performed. (A) Statistical
analysis was performed using data from three biological replicates. The pie chart shows
differentially (Logy(fold change) > 1 or < -1, FDR-adjusted p < 0.05) and non-differentially
expressed mMRNAs. The Venn diagram and heatmap show (B-D) downregulated or (E-G)

upregulated mRNAs.

(H and I) Data from proteome and transcriptome profiling were analyzed together. The pie
charts show (H) downregulated or (I) upregulated proteins by mTOR inhibition and the
levels of their corresponding mRNAS.

See also Figure S2.
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Figure 3. mTOR inhibition activates INSR/IGF1R/IRS/AKT signaling
(A and B) Enrichment analysis with (A) downregulated and (B) upregulated proteins by both
Torinl and RapaLink-1.

(C) Interaction enrichment analysis with upregulated proteins by both Torinl and

RapaLink-1.
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(D-J) Cells treated with/without rapamycin (20 ng/mL), Torinl (250 nM), and RapaL.ink-1
(10 nM) for 24 h (D, F, H, and 1) or stably knocked down cells with mTOR shRNAs (E, G,

and J) were lysed, and immunoblot analysis was performed.

(K) Rictor WT or KO cells were treated with mTOR inhibitors for 24 h, and immunoblot
analysis was performed.
(L-N) Cells were treated with Torinl for 6 h, after which BMS754807 (10 uM, IGF1R
inhibitor), erlotinib (5 uM, epidermal growth factor receptor(EGFR) inhibitor), crenolanib
(0.5 pM, platelet-derived growth factor receptor (PDGFR) and FLT3 inhibitor), infigratinib
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(0.5 uM, FGFR inhibitor), or OSI-906 (5 uM, IGF1R inhibitor) was treated for an additional
18 h in the presence of Torinl. Cells were lysed, and immunoblot analysis was performed.
See also Figure S3.

Cell Rep. Author manuscript; available in PMC 2023 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shin et al.

Figure 4. mTOR inhibition activates the JAK/STAT pathway
(A-D) Cells treated with/without rapamycin (20 ng/mL), Torinl (250 nM), and RapaLink-1

(10 nM) for 24 h (A and C) or stable knockdown cells with mTOR shRNAs (B and D) were
lysed, and immunoblot analysis was performed.
(E-G) Cells were treated with Torinl for 6 h, after which (E) JAK1/2 inhibitors (ruxolitinib:
2.5 UM, momelotinib: 5 uM), (F) IGF1R inhibitors, or (G) RTK inhibitors as described in
Figure 3 were treated for an additional 18 h in the presence of Torinl. Cells were lysed, and
immunoblot analysis was performed.
(H) Cells were treated with/without mTOR inhibitors for 24 h, and immunoblot analysis was
performed.
(I'and J) Cells were treated with Torinl for 6 h, after which (I) IL-6ST inhibitor (SC144:
10 uM) or (J) STAT3 inhibitor (C188-9: 10 uM) was treated for an additional 18 h in the
presence of Torinl. (I and J) Immunoblot analysis (1) or gRT-PCR (J) was performed. Data
are the mean + SD of three technical replicates. Statistical significance (*p < 0.05) was

assessed by t test.
See also Figure S4.
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Figure 5. mTOR inhibition induces elF3D-dependent mRNA translation
(A) Cells treated with/without rapamycin (20 ng/mL), Torinl (250 nM), and RapaLink-1 (10

nM) for 24 h or stable mTOR knockdown cells were lysed, and immunoblot analysis was

performed.
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(B and C) MEFs were treated with mTOR inhibitors for (B and C) 24 h and (C) 48 h, and
gRT-PCR was performed. Data are the mean + SD of three technical replicates.
(D) MEFs were treated with cycloheximide (10 pg/mL) for 1 h, after which mTOR
inhibitors were treated for an additional 23 h in the presence/absence of cycloheximide.
Immunoblot analysis was performed.
(E-G) 4E-BP1/2 WT and DKO MEFs were treated with Torinl for 24 h. Quantitative mass

spectrometry for full protein profiling and data analysis were performed. The heatmaps show
examples of (E) 4E-BP-dependent downregulation, (F) 4E-BP-independent downregulation,

and (G) 4E-BP-independent upregulation of proteins following mTOR inhibition.
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(H) 4E-BP1/2 WT and DKO MEFs were treated with mTOR inhibitors for 24 h, and
immunoblot analysis was performed.

(I) MEFs were treated with 4EGI-1 (25 uM) for 1 h, after which mTOR inhibitors were
treated for an additional 23 h in the presence/absence of 4EGI-1. Cells were lysed, and
immunoblot analysis was performed.

(J-L) Stably knocked-down cells with elF3D shRNAs were treated with Torin1 for 24 h, and
immunoblot analysis was performed.

See also Figure Sb.
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Figure 6. elF3D and RBPs cooperate to regulate mRNA translation following mTOR inhibition
(A) MEFs stably expressing HA-elF3D proteins were treated with/without Torinl (250 nM)

for 24 h, and RNA immunoprecipitation and gRT-PCR were performed. Data are the mean +
SD of three technical replicates. Statistical significance (*p < 0.05) was assessed by t test.

(B) elF3D interacting RBPs identified by mass spectrometry.

(C-E) MEFs stably expressing control, HA-hnRNPF (C), HA-hnRNPK (D), and HA-SSB
(E) were treated with Torinl for 24 h, and their interacting proteins were identified and

analyzed.

(F-K) Stably knocked down MEFs with indicated sShRNAs were treated with/without Torinl

for 24 h, and immunoblot blot analysis was performed.

(L) RBP knockdown MEFs expressing HA-elF3D were treated with Torinl for 24 h, and
RNA immunoprecipitation and qRT-PCR were performed. Data are the mean £ SD of three
technical replicates. Statistical significance (*p < 0.05) was assessed by t test.
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(M) Stably knocked-down MEFs with indicated shRNAs were treated with/without Torinl
for 24 h, and gRT-PCR was performed. Data are the mean + SD of three technical replicates.
Statistical significance (*p < 0.05) was assessed by t test.

See also Figure S6.
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Figure 7. mTOR inhibition increases the migratory and invasive potential of cells
(A-D) Quantitative protein profiling was performed with stable control or elF3D-

knockdown MEFs treated with/without Torinl (250 nM) for 24 h. The heatmaps show
examples of (A) elF3D-dependent upregulation or (B) elF3D-independent upregulation of
proteins following mTOR inhibition. The graphs show enrichment analysis of proteins
upregulated in a (C) elF3D-dependent or (D) elF3D-independent manner following mTOR
inhibition.

(E-J) A375 cells were grown with/without Torinl or RapaLink-1 for 48 h, after which (E, G,
and H) migration and (F, I, and J) invasion assays were performed as described in the STAR
Methods. IGF1R inhibitors (BMS754807: 5 pM, OSI-906: 5 uM), IL-6ST inhibitor (SC144:
5 uM), and JAK1/2 inhibitors (ruxolitinib: 2.5 uM, momelotinib: 5 uM). Scale bars: 500 pm.
Data are the mean + SD of three biological replicates. Statistical significance (*p < 0.05)
was assessed by t test.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-phospho-T308-Akt
Anti-phospho-S473-Akt
Anti-total Akt
Anti-phospho-S65-4E-BP1
Anti-4E-BP1

Anti-4E-BP2
Anti-phospho-T389-S6K1
Anti-S6K1
Anti-phospho-5235/236-S6
Anti-S6
Anti-phospho-Y980-IGF1R
Anti-IGF1R
Anti-phospho-S636/639-IRS1
Anti-IRS1

Anti-IRS2

Anti-insulin receptor

Anti-mTOR

Anti-phospho-Y1007/1008-JAK2

Anti-JAK2
Anti-phospho-Y705-STAT3
Anti-Rictor

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

13038, RRID: AB_2629447
4060, RRID: AB_2315049
4691, RRID: AB_915783
9451, RRID: AB_330947
9644, RRID: AB_2097841
2845, RRID: AB_10699019
9234, RRID: AB_2269803
2708, RRID: AB_390722
2211, RRID: AB_331679
2317, RRID: AB_2238583
4568S, RRID: AB_2122279
3018, RRID: AB_560943
2388, RRID: AB_330339
2382, RRID: AB_330333
3407, RRID: AB_2127860
3025, RRID: AB_2280448
2983, RRID: AB_2105622
3771, RRID: AB_330403
3230, RRID: AB_2128522
9145, RRID: AB_2491009
2140, RRID: AB_2179961

Anti-PDCD4 Cell Signaling Technology 9535, RRID: AB_2162318
Anti-elF4E Cell Signaling Technology 9742, RRID: AB_823488
Anti-elF4E2 Cell Signaling Technology 79940, RRID: AB_2936837
Anti-elF4G Cell Signaling Technology 2469, RRID: AB_2096028
Anti-elF4G2 Cell Signaling Technology 5169, RRID: AB_10622189
Anti-cyclin D3 Cell Signaling Technology 2936, RRID: AB_2070801
Anti-FGFR Cell Signaling Technology 9740, RRID: AB_11178519

Anti-La Antigen (SSB)
Anti-phospho-S9-GSK3
Anti-GSK3

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

5034, RRID: AB_10620954
9323, RRID: AB_2115201
9315, RRID: AB_490890

Anti-GP130 Cell Signaling Technology 3732, RRID: AB_2125953
Anti-Grb10 Cell Signaling Technology 3702, RRID: AB_2112883
Anti-Grb10 Novus Biologicals NBP2-41159, RRID:N/A
Anti-elF3B Novus Biologicals NBP2-24571, RRID:N/A
Anti-hnRNPK Proteintech 11426-1-AP, RRID: AB_2264314
Anti-hnRNPF Proteintech 67701-1-1G, RRID: AB_2882893
Anti-STAT3 Proteintech 10253-2-AP, RRID: AB_2302876
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Anti-phospho-Tyr612-IRS1

Millipore Sigma

09-432, RRID: AB_1163457
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-actin Millipore Sigma A5441, RRID: AB_476744
Anti-elF3D Santa Cruz Biotechnology SC-271515, RRID: AB_10659103

Chemicals, peptides, and recombinant proteins

Rapamycin Selleckchem S1039
Torinl Selleckchem 52827
Rapalinkl Dr. Kevan Shokat N/A

Sapanisertib Selleckchem S2811
Erlotinib Selleckchem $1023
BMS754807 Selleckchem S1124
Infigratinib Selleckchem S2183
Crenolanib Selleckchem S2730
Ruxolitinib Selleckchem S1378
Momelotinib Selleckchem $2219
C188-9 Selleckchem S8605
0S1906 Selleckchem $1091
4EGI-1 Selleckchem S7369
Cycloheximide Millipore Sigma C4859

Critical commercial assays

Click-IT AHA (L-Azidohomoalanine) ThermoFisher Scientific C10102
Tetramethylrhodamine (TAMRA) Alkyne  ThermoFisher Scientific T10183

Click-iT Protein Reaction Buffer Kit ThermoFisher Scientific C10276
Deposited data

Raw and processed data This paper GEO: GSE229623

Raw data This paper ProteomeXchange: PXD041933

Experimental models: Cell lines

1duosnuey Joyiny
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A375 ATCC CRL-1619
621-101 Dr. Jane Yu N/A
4E-BP1&2 WT and KO MEFs Dr. Nahum Sonenberg N/A
Rictor WT and KO MEFs Dr. Brendan Manning N/A
293T Dr. Andrew L. Kung N/A

Recombinant DNA

pLKO.1-mTOR shRNAs
pLKO.1-mTOR shRNAs
pLKO.1-elF3D shRNAs
pLKO.1-elF3D shRNAs
pLKO.1-hnRNPF shRNAs
pLKO.1-hnRNPK shRNAs
pLKO.1-SSB shRNAs

Millipore Sigma
Millipore Sigma
Millipore Sigma
Millipore Sigma
Millipore Sigma
Millipore Sigma
Millipore Sigma

SHCLNG-NM_004958
SHCLNG-NM_020009
SHCLNG-NM_003753
SHCLNG-NM_018749
SHCLNG-NM_133834
SHCLNG-NM_025279
SHCLNG-NM_009278

Software and algorithms

Metascape

GelQuantNet VV1.8.2

Open source

Open source

https://metascape.org

http://biochemlabsolutions.com/GelQuantNET.html
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REAGENT or RESOURCE SOURCE

IDENTIFIER

GraphPad Prism 9

GraphPad Software, Inc.

RRID: SCR_002798

Excel Microsoft RRID: SCR_016137
BioRender BioRender RRID: SCR_018361
Other

Mass Spectrometry

Mass Spectrometry

Dr. Noah Dephoure

Multiplexed Proteomics Center at Harvard
Medical School

N/A
N/A
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