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C A N C E R

Phosphorylation of human TRM9L integrates  
multiple stress-signaling pathways for tumor  
growth suppression
Chen Gu1, Jillian Ramos2, Ulrike Begley3, Peter C. Dedon1,4*, Dragony Fu2*, Thomas J. Begley3*

The human transfer RNA methyltransferase 9–like gene (TRM9L, also known as KIAA1456) encodes a negative 
regulator of tumor growth that is frequently silenced in many forms of cancer. While TRM9L can inhibit tumor cell 
growth in vivo, the molecular mechanisms underlying the tumor inhibition activity of TRM9L are unknown. We 
show that oxidative stress induces the rapid and dose-dependent phosphorylation of TRM9L within an intrinsically 
disordered domain that is necessary for tumor growth suppression. Multiple serine residues are hyperphosphorylated 
in response to oxidative stress. Using a chemical genetic approach, we identified a key serine residue in TRM9L 
that undergoes hyperphosphorylation downstream of the oxidative stress–activated MEK (mitogen-activated 
protein kinase kinase)–ERK (extracellular signal–regulated kinase)–RSK (ribosomal protein S6 kinase) signaling 
cascade. Moreover, we found that phosphorylated TRM9L interacts with the 14-3-3 family of proteins, providing 
a link between oxidative stress and downstream cellular events involved in cell cycle control and proliferation. 
Mutation of the serine residues required for TRM9L hyperphosphorylation and 14-3-3 binding abolished the tumor 
inhibition activity of TRM9L. Our results uncover TRM9L as a key downstream effector of the ERK signaling path-
way and elucidate a phospho-signaling regulatory mechanism underlying the tumor inhibition activity of TRM9L.

INTRODUCTION
A tumor suppressor gene has long been suspected on the short arm 
of chromosome 8, given the high frequency for loss of heterozygosity 
within that region of many cancer genomes (1–4). One candidate for 
this tumor suppressor is the transfer RNA (tRNA) methyltransferase 
9–like gene (TRM9L, also known as KIAA1456) located at chromo-
some position 8p22 (5). The TRM9L gene locus is prone to rearrange-
ment or deletion in many types of cancer, with TRM9L expression 
being greatly reduced or silenced by epigenetic mechanisms in breast, 
bladder, colorectal, cervical, and testicular carcinomas (5–8). In further 
support of a tumor suppressor role for TRM9L, clinical data indi-
cate that TRM9L expression strongly predicts prognosis, with low 
expression significantly correlated with early relapse or progression 
in breast and ovarian cancers (fig. S1) (6, 9, 10).

We have previously shown that re-expression of TRM9L in colon 
cancer cells reduces their proliferative capacity and confers sensitivity 
to the tumor environment of hypoxia (8). In addition to colon cancer 
cells, expression of TRM9L can also inhibit the proliferation, invasion, 
and metastasis of lung and ovarian cancer cells (11, 12). In the case 
of colon and ovarian cancer cells, the decrease in cellular proliferation 
caused by TRM9L expression has been linked to increased activity of 
the LIN-9 tumor suppressor pathway, along with decreased hypoxia-
inducible factor 1-α response to hypoxic stress (8, 12). Moreover, 
re-expression of TRM9L can substantially reduce tumor formation 
in vivo, consistent with a tumor suppressor function for TRM9L (8). 
However, the specific molecular mechanisms underlying the tumor 
inhibition activity of TRM9L are unclear.

Mammalian TRM9L, along with its paralog, AlkB homolog 8 
(ALKBH8), are predicted homologs of the Saccharomyces cerevisiae 
tRNA methyltransferase 9 (Trm9) enzyme (fig. S2A). In S. cerevisiae, 
Trm9 converts the modified wobble uridine, 5-carboxymethyluridine 
(cm5U), into 5-methoxycarbonylmethyluridine (mcm5U) in a subset 
of tRNAs (13). Human ALKBH8 has also been shown to catalyze the 
generation of mcm5U at the wobble position of tRNA and can par-
tially rescue the formation of mcm5U in S. cerevisiae cells lacking Trm9 
(8, 14, 15). These results indicate that ALKBH8 is a functional Trm9 
homolog. In contrast to ALKBH8, however, TRM9L is unable to rescue 
the formation of mcm5U in Trm9-deficient S. cerevisiae cells, and 
no methyltransferase activity has yet been demonstrated for TRM9L 
in vitro (8). Thus, TRM9L could require additional cofactors for methyl-
transferase activity or have acquired functions different than canonical 
Trm9 enzymes.

Here, we demonstrate that TRM9L is a phosphoprotein with 
phosphorylation playing a key role in its tumor inhibition behavior. 
Stress-dependent phosphorylation at multiple serine residues was 
found to increase sensitivity to tumorigenic stresses, control protein-
protein interactions, and suppress tumor growth. In particular, hyper-
phosphorylation of at least one TRM9L serine residue was found to 
be mediated by the MEK [mitogen-activated protein (MAP) kinase 
kinase]–ERK (extracellular signal–regulated kinase)–RSK (ribosomal 
protein S6 kinase) signaling pathway. Our results position TRM9L 
as a new signaling node linking oxidative stress with a tumor growth 
suppression phenotype.

RESULTS
TRM9L contains an intrinsically disordered domain that 
undergoes dynamic phosphorylation
Using multiple protein folding and prediction algorithms, we exam-
ined the protein sequence of TRM9L for features that could provide 
insight into its mechanism of tumor suppression. Intriguingly, 
TRM9L is predicted to contain an intrinsically disordered region 
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embedded within the methyltransferase domain that is distinct in 
homology from yeast Trm9 and human ALKBH8 (Fig. 1A and figs. S2, 
A and B) (16). Further in silico analysis revealed the presence of >30 
predicted kinase phosphorylation motifs located within the disordered 
domain of TRM9L, with only one predicted phosphorylation motif 
lying outside this domain (fig. S2, C and D) (17). These predictions 
suggest that TRM9L could play a signaling role in tumor suppression 
as a phosphoprotein (18, 19).

Previous studies have shown that phospho-signaling pathways 
involved in tumor suppression are readily activated by loss of 
anchorage due to cell detachment (20–25). Thus, we investigated 
whether the phosphorylation status of TRM9L in human HCT116 + 
TRM9L colon carcinoma cells was altered by trypsin-induced cell 
detachment, a standard tissue culture procedure. A rapid mechanical 
collection method that minimizes signaling changes was used as the 
control. The HCT116 + TRM9L cell line was constructed by stably 
transducing the parental HCT116 colorectal carcinoma cell line, in 
which native TRM9L expression is undetectable (8), with a retroviral 
vector carrying FLAG-tagged TRM9L. For the mechanical collection 
method, cells were chilled on ice before scraping. The chilling step 
was presumed to slow down the activities of intracellular kinases and 
phosphatases and to help with preservation of basal TRM9L phos-
phorylation status. To monitor the phosphorylation status of TRM9L, 
we used a gel mobility shift assay based on the differential electro-

phoretic migration of phosphorylated proteins during sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
after treatment with calf intestinal phosphatase (CIP) (26). Notably, 
we found that CIP treatment of lysates prepared from HCT116 cells 
detached by trypsinization led to an increase in TRM9L mobility, which 
is consistent with phosphorylation of TRM9L (Fig. 1B, “trypsin”). 
In contrast, in cells collected by direct mechanical detachment, no 
major difference in TRM9L mobility was detected in lysates treated 
with CIP relative to untreated lysates (Fig. 1B, “scraping”). As addi-
tional evidence for phosphorylation, we carried out two-dimensional 
(2D) isoelectric focusing (IEF)/SDS-PAGE to resolve the phospho
rylated isoforms of TRM9L based on their isoelectric point (pI) 
using lysate from cells treated with trypsinization. Using this ap-
proach, we also detected the CIP-induced disappearance of multiple 
low-pI TRM9L isoforms and the appearance of high-pI isoforms, 
again consistent with removal of phosphates from TRM9L (Fig. 1C). 
Thus, TRM9L is a phosphoprotein that undergoes inducible phos-
phorylation to generate multiple phosphorylated isoforms.

To validate and identify the phosphorylated residues, we mapped 
TRM9L phosphorylation sites by a mass spectrometry (MS)–based 
phosphoproteomic approach. From lysate of HCT116 + TRM9L cells 
harvested through trypsinization, TRM9L protein was enriched by 
anti-FLAG immunoprecipitation and hydrolyzed into peptides by tryp-
sin. Phosphorylated peptides were further enriched by immobilized 

Fig. 1. Phosphorylation of the TRM9L disordered domain. (A) Schematic of human TRM9L with conserved N- and C-terminal methyltransferase domains labeled in 
blue. The nonhomologous internal domain predicted to be an intrinsically disordered is in green. (B) Immunoblot analysis of total lysate of HCT116 cells expressing FLAG-
TRM9L harvested either by trypsin or mechanical dislodgement (scraping). Lysates were treated without (−) or with (+) CIP. Red and black arrows denote phosphorylated 
and unphosphorylated forms of TRM9L, respectively. (C) Two-dimensional immunoblot analysis of HCT116 cell lysates showing multiple phosphorylation states. Lysates 
from cells harvested through trypsin were subject to IEF, followed by SDS-PAGE and finally probed by immunoblotting against FLAG-TRM9L. Lysates were treated without 
(−) or with (+) CIP as in (B). Red and black arrows denote phosphorylated and unphosphorylated forms of TRM9L, respectively. (D) Representative MS/MS spectrum of the 
tryptic TRM9L peptide spanning phosphorylated Ser214 (SHpSVGYEPAMAR). b and y ions detected in the MS/MS spectrum were labeled in red. Phosphorylation of Ser214 is 
established by the presence of y10, y10-H3PO4, b3, and b3-H3PO4 ions. (E) Primary sequence of the intrinsically disordered domain of TRM9L with phosphorylated residues 
labeled in red. Sequences consistent with the canonical 14-3-3 binding motif and the RSK phosphorylation motif were boxed. amu, atomic mass unit; m/z, mass/charge ratio.
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metal affinity chromatography and analyzed by MS. After manual 
validation of the tandem MS (MS/MS) spectra, six sites of TRM9L 
phosphorylation were assigned with high confidence, all at serine 
residues in the disordered domain: Ser214, Ser255, Ser279, Ser291, Ser306, 
and Ser380 (Fig. 1, D and E, and fig. S3). These results demonstrate 
that TRM9L undergoes phosphorylation on multiple serine residues 
and suggest a potential role for phosphorylation in the biological 
function of TRM9L.

Oxidative stress induces the hyperphosphorylation of 
TRM9L at Ser380

Besides loss of anchorage-dependent growth, oxidative stress con-
stitutes another feature of cancer. Many tumor cells are characterized 
by elevated levels of reactive oxygen species (ROS) due to the Warburg 
effect and hypoxia-induced disruption of mitochondrial electron 
transport (27, 28). On the basis of the critical role of oxidative stress 
management in tumor growth and metastasis (29, 30), we examined 

whether oxidative stress could also trigger the phosphorylation of 
TRM9L.

Using hydrogen peroxide (H2O2) as a model for oxidative stress, 
we observed a H2O2-induced shift in TRM9L migration to a lower 
mobility form in SDS-PAGE, indicative of TRM9L hyperphosphor-
ylation (Fig. 2A). The hyperphosphorylated form of TRM9L, in-
creased in an H2O2 dose–dependent manner (Fig. 2A), was detectable 
at H2O2 concentrations below the median lethal dose of ~700 M 
(Fig. 2B) and was rapid (<5 min post-H2O2) (Fig. 2C). Further 2D gel 
analysis revealed multiple H2O2-dependent phosphorylation states 
of TRM9L that could be abrogated by CIP treatment (Fig. 2D). 
Moreover, we found that exposure to menadione, a superoxide 
generator (31), could also increase the cellular phosphorylation of 
TRM9L (Fig. 2E, top). In contrast, treatment with -radiation had 
no detectable effect on TRM9L phosphorylation (Fig. 2E, bottom). 
Quantitative phosphoproteomic analysis revealed that HCT116 + 
TRM9L cells treated with H2O2 increased phosphorylation at Ser255 

Fig. 2. Oxidative stress induces hyperphosphorylation of TRM9L. (A) HCT116 + FLAG-TRM9L cells treated at the indicated concentration of H2O2 were harvested by 
mechanical dislodgement and analyzed by immunoblot for FLAG-TRM9L. (B) TRM9L phosphorylation status in HCT116 cells after 10 min of exposure with the indicated 
dose of H2O2. (C) Kinetics of TRM9L hyperphosphorylation in HCT116 cells after exposure to 880 M H2O2. For (B) and (C), relative phosphorylation represents the ratio of 
phosphorylated TRM9L to unphosphorylated TRM9L signal at each time point or dose; data represent means ± SD (n = 3). (D) Two-dimensional gel analysis reveals mul-
tiple sites of H2O2-induced TRM9L phosphorylation. HCT116 + FLAG-TRM9L cells were mock-treated or treated with 880 M H2O2, harvested by mechanical dislodgement, 
and analyzed by 2D gel. Lysates prepared from cells treated with H2O2 were treated without (−) or with (+) CIP. (E) Menadione (Men) and H2O2, but not -radiation, induce 
TRM9L phosphorylation. HCT116 + FLAG-TRM9L cells were mock-treated or treated with the indicated dose of menadione, H2O2, or -radiation followed by mechanical 
harvesting and immunoblot analysis of cell lysates for FLAG-TRM9L. (F) Quantitative phosphoproteomic reveals a H2O2-induced increase in TRM9L phosphorylation at 
Ser255 (white) and Ser291 (hatched) but not Ser214 (black) in HCT116 + FLAG-TRM9L cells; data represent means ± SD (n = 3 at each dose of H2O2). (G) H2O2-induced Ser380 
phosphorylation, but not other sites, determines the 1D gel mobility shift. HCT116 cells expressing the indicated TRM9L variants were mock-treated or exposed to 880 M 
H2O2 followed by immunoblot analysis of cell lysates for FLAG-TRM9L. Gy, gray.
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and Ser291 in TRM9L with no significant change in Ser214 phosphor-
ylation (Fig. 2F). Phosphorylation at other serine residues could not 
be confidently quantified because of limitations of the phosphopro-
teomic method.

To determine which phosphorylation sites contributed to the 
TRM9L mobility shift observed by SDS-PAGE, we generated serine-
to-alanine mutants of TRM9L at residues 214, 255, 291, and 380. 
These serine residues were chosen because they reside within the 
consensus sequences of known kinase phosphorylation sites that 
could be tested using chemical inhibitors. We found that mutation 
of Ser380 abolished the TRM9L gel mobility shift induced by H2O2, 
with no such effect detected for the other mutants (Fig. 2G). Further 
analysis of purified TRM9L-S380A mutant protein from H2O2-treated 
cells via MS revealed that phosphorylation of Ser214, Ser255, Ser291, 
and Ser306 was still detected even though position 380 was unable to be 
phosphorylated (fig. S4). These results indicate that the H2O2-induced 
low-mobility form of TRM9L apparent by SDS-PAGE resulted from 
H2O2-induced phosphorylation of Ser380. Thus, the relative mobility 
shift of TRM9L in SDS-PAGE reflects the degree of Ser380 phos-
phorylation. Together, our results uncover an oxidative stress–induced 
phospho-signaling pathway that triggers the phosphorylation of mul-
tiple serines within TRM9L, including a major TRM9L isoform gen-
erated by hyperphosphorylation of Ser380.

Hyperphosphorylation of TRM9L Ser380 is dependent on 
activation of the ERK-RSK signaling pathway
ROS leads to the activation of several intracellular signaling networks 
that are required for maintaining ROS homeostasis and cellular 
proliferation (32, 33). To decipher the signaling pathways that mod-
ulate phosphorylation of TRM9L, we used a chemical genetic approach 
based on a panel of kinase inhibitors to look for molecules that 
could inhibit formation of the low-mobility hyperphosphorylated form 
of TRM9L in SDS-PAGE (table S1). We found that H2O2-induced 

hyperphosphorylation of TRM9L Ser380 was diminished in cells 
pretreated with inhibitors of the MAP kinase kinase MEK1 and 
MEK2 (table S1, U0126 and PD98059). Although commonly thought 
to be downstream of growth factors, ERKs have been reported to 
be activated by oxidative stress; for instance, oxidative stress in-
cluding H2O2 can activate membrane-associated receptor tyrosine 
kinases, such as the epidermal growth factor receptor (EGFR), to 
initiate the ERK signaling cascade (Fig. 3A) (34–36). We confirmed 
that H2O2 can induce the activation of the ERK signaling pathway 
in HCT116 + TRM9L cells based on H2O2-induced Thr202/Tyr204 
dual phosphorylation of ERK1/2 (p-ERK1/2) (Fig. 3B, +H2O2). More-
over, we validated that preincubation with the MEK1/2 inhibitor 
U0126 abolished the H2O2-induced phosphorylation of ERK1/2 
and the hyperphosphorylation of TRM9L Ser380 (Fig. 3B, +H2O2 and 
+U0126). In contrast to inhibitors of the ERK signaling pathway, no 
major effect on TRM9L hyperphosphorylation was detected for the 
other kinase inhibitors, including inhibitors of the related MAP 
kinases, p38, and c-Jun N-terminal kinase (table S1). These results 
support the idea that oxidative stress–induced hyperphosphorylation 
of TRM9L is primarily dependent on activation of the MEK-ERK 
signaling pathway.

As a major transducer of the ERK signaling pathway, RSK phos-
phorylates numerous downstream targets, including those that activate 
the oxidative stress response (Fig. 3A) (37, 38). Among the TRM9L 
phosphorylation sites confirmed here, we found that Ser380 lies within 
a consensus motif (RRIpS) for RSK phosphorylation (Fig. 1E) (39). 
To test the role of RSK in hyperphosphorylation of TRM9L Ser380, 
we inhibited all four isoforms of RSK using the cell permeable 
inhibitor BI-D1870 and found that RSK inhibition can indeed 
decrease H2O2-induced hyperphosphorylation of TRM9L Ser380 
(Fig. 3C). A similar inhibition of H2O2-induced hyperphosphoryla-
tion of TRM9L Ser380 was also observed for a different compound, 
AZD7762, which was initially developed as a CHEK1/2 inhibitor 

Fig. 3. H2O2-induced hyperphosphorylation of TRM9L is dependent on the ERK- and RSK-signaling pathways. (A) Simplified schematic of the MEK/ERK signaling 
pathways transduced through RSK. Kinase inhibitors used in this study are denoted. (B) H2O2-induced Thr202/Tyr204 dual phosphorylation of ERK1/2 and hyperphosphor-
ylation of TRM9L are dependent on MEK1/2 activation. HCT116 + FLAG-TRM9L cells that were untreated or exposed to 880 M H2O2 with or without the pretreatment of 
MEK1/2 inhibitor U0126 were harvested by mechanical dislodgement and analyzed by immunoblot for the indicated proteins. (C and D) H2O2-induced hyperphosphor-
ylation of TRM9L is inhibited by pretreatment of the RSK inhibitors BI-D1870 (C) and AZD7762 (D). Top: HCT116 + FLAG-TRM9L cells were left untreated or treated with 
the indicated concentration of H2O2 in the presence of vehicle [dimethyl sulfoxide (DMSO)] or the indicated RSK inhibitor followed by immunoblot analysis. Bottom: 
Quantification of H2O2-induced hyperphosphorylation of Ser380 in the presence of DMSO or RSK inhibitor. Data represent means ± SD (n = 3).
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but was later found to be a potent inhibitor of RSK2 and RSK3 as 
well (Fig. 3D) (40). Collectively, these findings reveal TRM9L as a 
phosphorylation target downstream of the MEK-ERK-RSK signal-
ing pathway in response to oxidative stress.

TRM9L interacts with 14-3-3 signaling proteins in a 
phosphorylation-dependent manner
The H2O2-induced phosphorylation of TRM9L could promote protein-
protein interactions with further downstream effectors to carry out 
the tumor inhibition role of TRM9L. To identify TRM9L-interacting 
proteins, we transiently expressed and affinity-purified TRM9L from 
human embryonic kidney (HEK) 293T cells detached by trypsin, 
followed by analysis of associated proteins. The HEK 293T cell line 
was chosen as it was able to achieve a high expression level of TRM9L 
via transient transfection. As a control study, we also purified 
ALKBH8, a paralog of TRM9L (14). Silver stain analysis of the eluted 
fractions revealed the presence of several bands at ~28 kDa spe-
cifically in the TRM9L pulldown, but not with vector control or 
ALKBH8 (Fig. 4A). MS analysis of the gel-excised 28-kDa bands 
revealed the presence of the 14-3-3 family of signaling proteins 
(Fig. 4B). To ensure that the copurification of 14-3-3 proteins was 
not simply due to overexpression, we also investigated the interaction 
of 14-3-3 proteins with TRM9L expressed at lower levels in a stable 
293T cell line. Analysis of copurifying proteins by silver stain and by 
liquid chromatography (LC)–MS also revealed the copurification of 
14-3-3 proteins with stably expressed TRM9L (Fig. 4, C and D). We 
note that the increased background of contaminants was due to the 
much longer exposure time necessary to develop the silver stain to 
visualize the lower levels of TRM9L purified from stable cell lines.

Since the primary sequence of 14-3-3 proteins contains a high 
degree of identity to each other and cannot be easily distinguished 
by MS, we validated the identity of each 14-3-3 protein using immu-
noblotting with antibodies specific to each 14-3-3 protein. Here, we 
detected the specific copurification of 14-3-3 gamma, epsilon, and 
eta with TRM9L, while no signal was detected for the other 14-3-3 
proteins (Fig. 4E). The 14-3-3 family of signaling proteins, via binding 
to target motifs containing phospho-serine or phospho-threonine, 
are well-known regulators of proteins phosphorylated by RSK (41–43). 
Moreover, 14-3-3 proteins form homo- or heterodimers that interact 
with phosphorylated serine/threonine residues of client proteins (44). 
Notably, the phosphorylated Ser214 site of TRM9L lies within a 
canonical 14-3-3 binding motif (RSHpSVG), while Ser255 is a partial 
match for a consensus 14-3-3 binding motif (Fig. 1E) (45). Using the 
TRM9L serine-to-alanine mutants described above, we found that 
mutation of either Ser214 or Ser255 abrogated binding of all 14-3-3 
proteins to TRM9L as detected by immunoblotting (Fig. 4E). In 
contrast, mutation of either Ser380 or Ser291 had no effect on 14-3-3 
binding to TRM9L (Fig. 4F). The interaction of 14-3-3 gamma, 
epsilon, and eta with TRM9L that are dependent on either Ser214 or 
Ser255 was also confirmed using a completely different affinity puri-
fication approach with the FLAG tag system (fig. S5). Since we were 
interested in the potential role that TRM9L-14-3-3 interaction may 
play in the tumor inhibition activity of TRM9L, we also investigated 
the interaction between 14-3-3 proteins and TRM9L in the SW620 
colorectal cancer cells. Using SW620 cells stably expressing TRM9L, 
we were also able to show that 14-3-3 proteins interact with TRM9L 
(Fig. 4G). Furthermore, we were able to show that TRM9L expres-
sion sensitizes SW620 cells to the 14-3-3 antagonist BV02, leading 
to decreased viability in cell culture (fig. S6). Altogether, our results 

identify 14-3-3 proteins as interacting partners of TRM9L, with 
binding dependent on the phosphorylation of serine residues Ser214 
and Ser255 in TRM9L.

TRM9L phosphorylation is required for oxidative stress 
hypersensitization and tumor suppression
Given the critical roles played by 14-3-3 proteins (45) and MEK-ERK-
RSK signaling (46) in modulating cell cycle progression and apop-
tosis in response to developmental and environmental cues, the 
results to this point suggest a key role for TRM9L phosphorylation 
in controlling cell fate in response to tumorigenic conditions. To 
test the cellular function of TRM9L phosphorylation, we quantified 
the effect of TRM9L on oxidative stress survival in two types of 
colorectal carcinoma cells with distinct origins, HCT116 and SW620. 
In both cell lines, expression of native TRM9L is undetectable (8). 
We found that re-expression of TRM9L in either human HCT116 
or SW620 colon carcinoma cells leads to increased sensitivity to ox-
idative stress induced by H2O2 (Fig. 5, A and C). In contrast, TRM9L 
expression had no effect on cellular sensitivity to ionizing radiation 
(Fig. 5, B and D), consistent with the lack of TRM9L hyperphos-
phorylation induced by -radiation (Fig. 2E, bottom). In addition, 
H2O2 treatment of HCT116 + TRM9L cells pretreated with an 
RSK inhibitor, AZD7762, resulted in increased survival compared 
to HCT116 + TRM9L cells treated with H2O2 alone (Fig. 5E), 
whereas the AZD7762 pretreatment did not cause significant dif-
ference in the survival of HCT116 + LacZ cells treated with H2O2 
(Fig. 5F). This suggested that the increase in the survival of HCT116 + 
TRM9L cells mediated by AZD7762 was due to its effect on TRM9L 
protein and not due to other effects that the molecule might have on 
the cell. Thus, re-expression of TRM9L in colorectal cancer cells leads 
to oxidative stress hypersensitization, with TRM9L phosphorylation 
playing a key role in determining cell survival.

Finally, we tested whether the phosphorylation of TRM9L plays 
a role in tumor suppression using an in vivo xenograft model based 
on the chicken chorioallantoic membrane (CAM) tumor formation 
assay (47). We tested the tumor-forming potential of SW620 colon 
cells expressing either LacZ, wild-type (WT) TRM9L, or the TRM9L 
mutants S214A, S255A, S291A, and S380A. The SW620 cell line was 
chosen for its ability to form a solid tumor in the CAM model (48). 
All TRM9L mutants were found to express at or above the level of 
WT in the cells used for this assay (fig. S7). Confirming our previ-
ous results (8), re-expression of WT TRM9L could greatly suppress 
SW620 tumor cell growth relative to control SW620 cells expressing 
LacZ alone (Fig. 5G). Strikingly, the TRM9L mutants S214A, S255A, 
and S380A were greatly impaired for tumor growth suppressor 
activity relative to WT TRM9L (Fig. 5G). In contrast, mutation of 
Ser291 had no effect on the tumor suppressor activity of TRM9L, 
consistent with the lack of a detectable function for that particular 
phosphorylated residue. Altogether, these findings unveil a pivotal 
role for TRM9L hyperphosphorylation in determining cancer cell 
survival and tumor growth suppression through the activation of 
the MEK-ERK-RSK signaling pathway.

DISCUSSION
Here, we show that TRM9L is phosphorylated at multiple serine 
residues and that certain types of oxidative stress induce the hyper-
phosphorylation of TRM9L. Furthermore, we provide evidence that the 
effect of TRM9L on cell proliferation is mediated by ROS-dependent 
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phosphorylation linked to ERK-RSK signaling and 14-3-3 binding. 
Collectively, our studies establish that the tumor growth suppressing 
activity of TRM9L is dependent on at least three of six phosphory-
lation sites linked to these pathways. These results support a model in 
which an ERK/RSK-dependent phospho-signaling regulatory mecha-
nism underlies the tumor-inhibiting behavior of TRM9L, with oxida-
tive stress capable of activating the regulatory pathway (Fig. 6).

The activation of ERK by H2O2 cannot be overlooked, given the 
central role of ERK as a proto-oncogene and the association of muta-
tions in EGFR-Ras-Raf-MEK-ERK pathway components with tumor-

igenesis and metastasis (49), as well as the central role of ROS in 
tumorigenic inflammation (50) and the hypoxic tumor microenvi-
ronment (27). Previous studies have demonstrated H2O2 activation 
of ERK1 in hepatocytes, with functional distinctions between EGFR- 
and ROS-induced ERK activation (38). Studies in H2O2-treated glioma 
cells further revealed ERK-dependent RSK activation (51). While 
further work is needed to delineate the molecular mechanism, our 
studies provide a contextual link between ROS, the ERK-RSK path-
way, TRM9L phosphorylation–dependent 14-3-3 binding, and 
tumor growth suppression. This is consistent with the observation 

Fig. 4. Phosphorylation-dependent interaction of TRM9L with 14-3-3 proteins. (A) Silver stain of FLAG-SBP–tagged ALKBH8 or TRM9L affinity-purified from transiently 
transfected HEK 293T cells. Arrows point to bait proteins, while p28 indicates copurifying proteins processed for LC-MS peptide identification. “*” denotes antibody heavy/
light chain from acid elution. (B) LC-MS identification of proteins in the p28 gel band. The 14-3-3 proteins that were identified, number of unique peptides, and total number 
of peptides from the p28 gel slice are noted. (C) Silver stain of FLAG affinity purifications from extracts prepared from HEK 293T cells stably expressing either empty vector or 
FLAG-SBP-TRM9L. Arrow points to bait protein, while p28 represents copurifying proteins processed for LC-MS protein identification. “*” is antibody heavy/light chain from 
acid elution. (D) LC-MS identification of proteins present in total elutions from purifications in (C). All 14-3-3 proteins that were identified are noted with the number of 
unique peptides and total number of peptides. (E) Immunoblot verification of 14-3-3 proteins copurifying with Strep-tagged TRM9L variants transiently expressed in HEK 
293T cells. Strep-TRM9L-WT copurifies biotin elution with 14-3-3 gamma, epsilon, and eta, while TRM9L S214A and S255A lacked copurification of 14-3-3 proteins. “Input” 
represents 2% of total protein extract, while biotin elution represents 15% of total purification. (F) Immunoblot showing that all, while “biotin elution” represents 30% of 
total purification. TRM9L variants except S214A and S255A copurify with 14-3-3 epsilon when transiently expressed in HEK 293T cells. “Input” represents 4% of total protein 
extract , while “biotin elution” represents 30% of total purification. (G) Immunoblot verification of 14-3-3 copurification with TRM9L from SW620 cells. One hundred percent 
of elutions from FLAG affinity purifications from SW620 cells stably expressing FLAG-SBP-TRM9L were loaded. For “input,” 4% of starting input extracts were loaded.
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that TRM9L expression promotes cellular senescence and sensitivi-
ty to hypoxia as well as ROS (8), with phospho-signaling now added 
as a modulator of TRM9L activity.

Another major consequence of TRM9L phosphorylation involves 
putative conformational changes controlling protein-protein inter-
actions. The intrinsically disordered domain of TRM9L, which is 
absent in yeast Trm9 and human ALKBH8, is host to >30 kinase 

recognition and protein-binding motifs (fig. S2C). Emerging evidence 
points to disordered domains as critical features of many signaling 
and regulatory proteins, with phosphorylation and protein-protein 
interactions stabilizing and organizing the domains for functional 
activity (18, 19). Of these 30 sites, we demonstrated functional ac-
tivity for three serine residues in RSK phosphorylation and 14-3-3 
binding. Through mutagenesis studies, we found that 14-3-3 binding 
depends on phosphorylation of both Ser214 positioned in a 14-3-3 
binding motif and the Ser255 site lying in a partial 14-3-3 consensus 
motif (Fig. 4E), with only Ser255 phosphorylation between the two 
sites increasing during oxidative stress (Fig. 2F). This raises the pos-
sibility that 14-3-3 binding to TRM9L increases during oxidative stress 
as part of the H2O2-activated ERK/RSK pathway. Considering that 
chaperone-like stabilization of binding partners is one of the many 
functions of 14-3-3 proteins (45), the binding of 14-3-3 proteins 
could further stabilize the intrinsically disordered domain of TRM9L 
to facilitate an active conformation.

Finally, a surprising feature of TRM9L is its hyperphosphoryla-
tion induced by H2O2 but not by ionizing radiation, at least for Ser380. 
The observation that TRM9L expression sensitizes cells to H2O2 
exposure (Fig. 5, A and C) is consistent with our previous observa-
tion that TRM9L promotes senescence and increases hypoxia sensi-
tivity to suppress tumor growth (8). However, the lack of an effect of 
TRM9L on ionizing radiation–induced cytotoxicity points to very 
different chemical mechanisms underlying H2O2 and ionizing radi-
ation stress. Both agents can form hydroxyl radical (HO•), but this 
reaction requires a redox-active metal for H2O2, which localizes the 
damage to within 100 Å of the metal due to the high reactivity of HO• 
(50). On the other hand, the HO• and other radical species produced 
along the essentially random cellular tracks of photons during -
radiation are not targeted (52, 53). Differences between H2O2 and 
ionizing radiation are also apparent at the level of transcriptional 

Fig. 5. Multiple TRM9L phosphorylation sites link ROS signaling and tumor growth suppression. (A to D) TRM9L re-expression sensitizes colon cancer cell lines to 
oxidative stress but not -radiation. Survival of the indicated human cell lines 24 hours after treatment with H2O2 or ionizing radiation was measured by trypan blue 
staining. Data represent means ± SD, and asterisks denote significance (P ≤ 0.05) in a Student’s t test. (E and F) Sensitization of colon cancer cell lines by TRM9L re-expression 
to H2O2 is dependent on MEK-ERK signaling. Survival of the indicated human cell lines 24 hours after treatment with H2O2 with or without the pretreatment of the RSK 
inhibitor was measured as in (A) to (D). (G) Tumor growth suppression is dependent on TRM9L hyperphosphorylation. Xenografts of SW620 cell lines expressing the indi-
cated TRM9L variants or LacZ (as a negative control) were implanted onto chick CAMs followed by analysis of tumor cell growth. Relative to WT TRM9L–expressing cells, 
tumor growth (CAM xenografts) is suppressed by phosphorylation at Ser214 (P < 0.0007), Ser255 (P < 0.0001), and Ser380 (P < 0.01). Bars represent means ± SD for the data 
representing individual tumor samples, with a Mann-Whitney test for significance.

Fig. 6. Phosphorylation of human TRM9L is a critical regulator of oxidative 
stress survival and tumor growth suppression. Oxidative stress conditions in-
duce TRM9L hyperphosphorylation through the MEK-RSK signaling pathway. Hy-
perphosphorylation of TRM9L inhibits cell proliferation and suppresses tumor cell 
growth.
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activation and repression in human cells (54, 55). Along with the 
well-established signaling function of H2O2 by virtue of selective 
oxidation of cysteines in signaling proteins (56), these differences 
may explain how the signaling pathways that lead to hyperphos-
phorylation of TRM9L, including the MEK-ERK-RSK pathway, 
differentiate between H2O2 and ionizing radiation in TRM9L’s 
decision-making function to influence cell survival and promote 
senescence. Future studies will be devoted to understanding this 
distinction at a molecular and atomic level.

MATERIALS AND METHODS
Primary sequence analysis
The primary amino acid sequence corresponding to UniProt #Q9P272-1 
was used for all in silico analyses. Prediction of phosphorylation sites 
was made by entering the primary amino acid sequence into DIS-
PHOS 1.3 (www.dabi.temple.edu/disphos/) with setting on “default 
predictor”. For the same purpose, the PHOSIDA predictor for 
phosphorylation in Homo sapiens (http://141.61.102.18/phosida/
index.aspx, select “tools” tab) was also used. Prediction intrinsic 
disorder in protein structure was made by entering the primary 
amino acid sequence into FoldIndex (https://fold.weizmann.ac.il/
fldbin/findex) with the following settings: window = 51 and step = 1.

Reagents
Unless otherwise stated, reagents were of American Chemical Society 
(ACS) reagent grade or better (Sigma-Aldrich). Antibodies included: 
anti-FLAG M2 and goat anti-mouse horseradish peroxidase (HRP) 
(Sigma-Aldrich); anti–-actin (13E5), anti–phospho-ERK1/2 (Thr202/
Tyr204), anti-ERK1/2, anti-RSK2, anti–poly(ADP-ribose) polymerase 
1, and the anti–14-3-3 Alpha/Beta, Gamma, Delta/Zeta, Eta, Tau 14-3-3 
Family Antibody Sampler Kit (Cell Signaling Technology); monoclonal 
anti-Streptag II (Thermo Fisher Scientific); anti-TRMT112 (F-7), 
anti–14-3-3 Epsilon (T-16), goat anti-rabbit HRP (Santa Cruz Biotech-
nology); anti–14-3-3 Sigma (Bethyl Laboratories); goat anti-rabbit 800 
(Thermo Fisher Scientific); and goat anti-mouse 680 (LI-COR Biosciences).

Cell line construction
HCT116 and SW620 cells expressing LacZ or FLAG-tagged TRM9L 
were prepared as described previously (8). The FLAG-tagged TRM9L 
coding sequence contains three naturally occurring single-nucleotide 
polymorphisms that differ from the SwissProt (www.uniprot.org) 
reference sequence: H150R, C207G, and G304E. Cell lines were main-
tained in Dulbecco’s minimal essential medium (DMEM) [glucose 
(4.5 g/liter), glutamine-free, Lonza] supplemented with 10% fetal 
bovine serum (FBS) (Atlantic Biologicals), penicillin (100 U/ml) with 
streptomycin (100 g/ml) (pen/strep, Lonza), and 2 mM glutamine 
(Lonza) in humidified 5% CO2 at 37°C. For TRM9L point mutants, 
site-directed mutagenesis was performed using polymerase chain 
reaction (PCR)–based approaches and verified by DNA sequencing. 
DNA primers were designed to replace the appropriate bases in the 
coding sequence of TRM9L: serine (AGT) to alanine (GCC) at 
position 214 (S214A mutant), serine (TCT) to alanine (GCT) at 
position 255 (S255A mutant), serine (AGT) to alanine (GCT) at po-
sition 291 (S291A mutant), and serine (TGT) to alanine (GCA) at 
position 380 (S380A mutant). Stable SW620 and HCT116 cells ex-
pressing TRM9L mutant constructs were made by retroviral trans-
duction as described previously (8). The HEK 293T and derivative 
cell lines were cultured in DMEM containing 10% FBS (Thermo 

Fisher Scientific), 2 mM l-alanyl-l-glutamine (GlutaMAX, Gibco), 
and 1% penicillin/streptomycin (Gibco).

Treatment with oxidants
Cells (1 × 106) were seeded in six-well plates and covered with medium 
(2 ml). After overnight incubation at 37°C, medium was aspirated, 
washed once with phosphate-buffered saline (PBS) (tissue-culture 
grade, Lonza), and covered with 2 ml of ambient-temperature FBS-
free medium, followed by addition of oxidants (H2O2 diluted in PBS, 
menadione diluted in DMSO, or PBS alone as a control). The plate 
was immediately incubated at 37°C. At various times, medium was 
aspirated, and cells were washed with PBS before proceeding to lysis.

Kinase inhibitor treatments
Cells (1 × 106) were seeded in six-well plates and covered with me-
dium (2 ml). After overnight incubation, kinase inhibitors diluted 
in DMSO were added: U0126 (10 M), a selective MEK1/2 inhibitor 
(Cell Signaling Technology); AZD7762 (150 nM), a selective inhibitor 
of checkpoint kinases 1 (Chk1) and Chk2, which also inhibits RSK2/3 
(Cayman Chemicals); and BI-D1870 (10 M), a potent inhibitor of the 
N-terminal kinase domain of RSK 1, 2, 3, and 4 (Cayman Chemicals). 
Cells were incubated at 37°C for an additional 75 min and then treated 
with oxidants as described above. Kinase inhibitors were also added 
in the FBS-free medium used for H2O2 treatment.

Survival measurement
After cells were treated with oxidants as described above or irradiated 
with the desired dose of 137Cs -radiation, they were washed with PBS 
once and replenished with fresh medium. Cells were continuously 
incubated for 24 hours before being trypsinized. The number of 
surviving cells was determined by resistance to trypan blue staining. 
For each cell line, the number of surviving cells in each treatment 
condition was compared against that in the untreated control sample 
to obtain the percentage survival. Statistical significance was deter-
mined by a Student’s t test at each dose of treatment.

Cell lysate preparation
Unless otherwise stated, cells were detached from tissue culture plates 
by trypsinization (0.05% trypsin-EDTA without Ca2+/Mg2+, Lonza) 
at 37°C and collected by centrifugation (500g, 5 min, 4°C). After 
aspirating medium, the cell pellet was resuspended in lysis buffer con-
sisting of PBS, 1% Triton X-100, 2 mM EDTA, 1:100 mammalian cell 
protease inhibitors (Sigma-Aldrich), and 1:100 phosphatase inhibitor 
(Halt, Thermo Fisher Scientific). Cells were lysed by incubation on 
ice for 20 min, followed by pipetting to further disrupt the cells. The 
lysate was cleared by centrifugation (5000g, 10 min, 4°C).

For studies with H2O2 or menadione, cells were washed once with 
PBS after treatment, covered with PBS, and immediately placed on 
ice for 10 min. They were then mechanically dislodged from plates 
using a cell scraper and collected by centrifugation (500g, 5 min, 4°C). 
Whole-cell lysates were prepared as described above.

Dephosphorylation reactions
Cell lysates (~100 g of total protein) prepared in the absence of phos-
phatase inhibitor were diluted with CIP reaction buffer consisting 
of 50 mM tris-HCl (pH 7.9), 5 mM MgCl2, 0.1 mM dithiothreitol 
(DTT), and 1:100 protease inhibitor (Sigma-Aldrich) to a total vol-
ume of 150 l. CIP (15 l, 150 units, New England Biolabs) was then 
added, and the reaction mixture was incubated at 30°C for 15 min. 

http://www.dabi.temple.edu/disphos/
http://141.61.102.18/phosida/index.aspx
http://141.61.102.18/phosida/index.aspx
https://fold.weizmann.ac.il/fldbin/findex
https://fold.weizmann.ac.il/fldbin/findex
http://www.uniprot.org
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The reaction was terminated by addition of Laemmli buffer (Bio-Rad 
Laboratories) for SDS-PAGE or by adding a 6× volume of ice-cold 
acetone for 2D gel analysis.

One-dimensional SDS-PAGE Western blots
Cell lysate was mixed with 4× Laemmli buffer (3:1) and heated at 
95°C for 5 min before loading onto a 1.5-mm-thick 8% acrylamide 
gel [bisacrylamide/acrylamide = 1:37.5, 375 mM tris-HCl (pH 8.8), 
0.1% (w/v) SDS, 0.1% (w/v) ammonium persulfate (APS), and 0.01% 
(v/v) tetramethylethylenediamine (TEMED)], with a 4% acrylamide 
stacking layer [bisacrylamide/acrylamide = 1:37.5, 125 mM tris-HCl 
(pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) APS, and 0.01% (v/v) TEMED] 
poured in Bio-Rad Mini-PROTEAN short plates and left at ambient 
temperature overnight before use. After loading, the gel was run 
in a Bio-Rad Mini-PROTEAN III electrophoresis system at 150 V for 
1 hour, followed by electrotransfer to polyvinylidene difluoride 
(PVDF) membrane (0.2-m pore, Bio-Rad Laboratories) using the 
standard tank transfer method at 300 mA for 1 hour. The PVDF 
membrane was then blocked with 3% milk at room temperature for 
30 min, probed by the primary antibody at 4°C overnight and sec-
ondary antibody at room temperature for 1 hour, and finally visual-
ized using enhanced chemiluminesence (SuperSignal West Dura, 
Thermo Fisher Scientific) and a charge-coupled device camera 
(FluorChem 8900, Alpha Innotech). The degree of phosphorylation 
was calculated as the ratio of the intensity of the slower band to that 
of the faster band. Each data point represents the mean ± SD for 
three biological replicates. Samples were compared using an un-
paired Student’s t test (P < 0.05).

Two-dimensional IEF–SDS-PAGE Western blots
Ice-cold acetone was added to cleared cell lysate (~100 g of total 
protein) at 6:1 v/v, and the mixture was stored at −20°C overnight 
to precipitate proteins. The suspension was centrifuged (16,000g, 
20 min, 4°C), and the resulting pellet was washed with ice-cold 
80% acetone and air-dried to remove acetone. The pellet was fully 
dissolved in 125-l immobilized pH gradient (IPG) dissolution buffer 
[7 M urea, 2 M thiourea, 1% (w/v) DTT, 5% glycerol, and 1% IPG 
solution (pH 4 to 7, GE Amersham)], and the solution was loaded 
evenly onto a 70-mm IPG strip (pH 4 to 7, GE Amersham). IEF 
was performed on an Agilent 3100 OFFGEL Fractionator (Agilent 
Technologies) with the following settings: 8 kV⋅ hour, maximum 
current = 50 A, maximum voltage = 4500 V, 4°C. After the desired 
run time was reached, the IPG strip was removed from the frac-
tionator and soaked in 10 ml of equilibration buffer [6 M urea, 2% 
(w/v) SDS, 50 mM tris-HCl (pH 8.8), 20% glycerol, 1% (w/v) DTT, 
and bromophenol blue] for 10 min at ambient temperature. It was 
then positioned atop a 1.5-mm 8% acrylamide gel and encased in 
molten agar (1% agarose in 1× tris-glycine running buffer). Following 
agar solidification, the gel (second dimension) was run, and the mul-
tiple isoforms of TRM9L were eventually visualized in Western blot, 
as described above.

MS-based phosphoproteomics
Studies were initiated by immunoprecipitation of TRM9L. Protein 
G magnetic beads (New England Biolabs) were covalently cross-linked 
to anti-FLAG M2 using the dimethyl pimelimidate procedure (www.
neb.com/protocols/1/01/01/cross-linking-of-igg-to-protein-a-or-g-
beads). Whole-cell lysates from treated and untreated HCT116 cells 
stably expressing TRM9L were diluted with cold lysis buffer to a 

volume of 300 l [protein (~3 g/l)]. Antibody-linked protein G 
beads (15 l) were added, and the mixture was shaken gently at 4°C 
overnight. The next morning, the depleted lysate was aspirated, and 
the magnetic beads were washed four times with 800 l of cold PBS. 
Antibody-bound proteins were eluted once with 40 l and twice with 
20 l of 6 M urea at ambient temperature for 10 min.

Proteins in the 6 M urea eluate were reduced (10 mM DTT; 
56°C, 45 min) and alkylated (50 mM iodoacetamide; ambient tem-
perature, dark, 1 hour) and subsequently digested with 2.5 g of 
trypsin (sequencing grade, Promega; ambient temperature overnight, 
100 mM ammonium acetate (pH 8.9)]. Following trypsin quenching 
with formic acid (5%), peptides were desalted using C18 SpinTips 
(Protea), lyophilized, and stored at −80°C.

Peptides were labeled with tandem mass tag (TMT) 10plex 
(Thermo Fisher Scientific) by dissolving lyophilized samples in 70 l 
of ethanol and 30 l of 500 mM triethylammonium bicarbonate 
(pH 8.5), and then adding the TMT reagent in 30 l of anhydrous 
acetonitrile. The solution was vortexed and incubated at ambient 
temperature for 1 hour. Labeled samples were combined and con-
centrated in a vacuum centrifuge.

Phosphorylated peptides were enriched using a modification of 
a published Fe–nitrilotriacetic acid (NTA) affinity purification pro-
tocol (57). Briefly, following nickel removal from Ni-NTA agarose 
(Qiagen) with 100 mM EDTA, 100 mM FeCl3 was added to gener-
ate Fe-NTA. Acidified peptides were then added and incubated for 
1 hour at ambient temperature. Phosphopeptides were eluted with 
250 mM sodium phosphate. The flow-through of total peptides was 
also collected.

For LC-MS/MS analysis, reversed-phase high-performance LC 
was performed using an in-house generated precolumn (6 cm) 
packed with C18 (10-m particle size) and a self-packed 12-cm, 
10-m-tip analytical column (New Objective) packed with C18 
(5-m particle size), mounted in an EASY- nLC1000 (Thermo 
Fisher Scientific), and eluted with a 70-min gradient (200 nl/min) 
for enriched phosphopeptides and a 140-min gradient for flow-
through total peptides. The eluent was directed into a nanoelectro-
spray ionization-mode QExactive Plus mass spectrometer (Thermo 
Fisher Scientific). The mass spectrometer was operated in a data-
dependent mode with the following parameters for the full-scan 
MS: resolution of 70,000 across 350 to 2000 mass/charge ratio, 
automatic gain control set to 3 × 106, and maximum injection time 
of 50 ms. The full MS scan was followed by MS/MS for the top 10 
precursor ions in each cycle, with a normalized collision energy of 
28 for unlabeled samples and 34 for TMT-labeled ones and a dynamic 
exclusion of 30 s. Raw mass spectral data files (.raw) were searched 
using Proteome Discoverer (Thermo Fisher Scientific) and MASCOT 
v2.4.1 (Matrix Science). MASCOT search parameters were as follows: 
10–parts per million mass tolerance for precursor ions; 10 milli 
mass unit for fragment ion mass tolerance; two missed trypsin 
cleavages; fixed modifications: carbamidomethylation of cysteine 
and TMT 10plex modification of lysines and peptide N termini; 
variable modifications: oxidized methionine, Ser phosphorylation, 
Thr phosphorylation, and Tyr phosphorylation. Only peptides with 
a MASCOT score ≥25 and an isolation interference ≤30 were 
included in data analysis. TMT quantification was performed using 
Proteome Discoverer and isotopically corrected per manufacturer’s 
instructions, and the values were normalized to the median of each 
channel. Phosphopeptides were manually validated using CAMV 
software (58).

http://www.neb.com/protocols/1/01/01/cross-linking-of-igg-to-protein-a-or-g-beads
http://www.neb.com/protocols/1/01/01/cross-linking-of-igg-to-protein-a-or-g-beads
http://www.neb.com/protocols/1/01/01/cross-linking-of-igg-to-protein-a-or-g-beads
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Proteomics data analysis
After preprocessing and summing signals from multiple spectra of 
the same peptide, TMT reporter ion signals of all unique TRM9L pep-
tides were selected, and, for each of the 10 channels, the geometric 
mean across all unique TRM9L peptides was calculated to represent 
the relative abundance of TRM9L across all 10 channels. This was 
repeated for each unique TRM9L phosphopeptide. The abundance 
of each phosphopeptide was normalized by dividing each channel 
value by the abundance of the TRM9L protein in that channel. This 
ratio was reported as the “relative degree of phosphorylation” for each 
phosphopeptide in each channel. Data represent means ± SD for 
three biological replicates. For comparing the degree of phosphory-
lation of a particular residue between two conditions, an unpaired 
Student’s t test was performed (P ≤ 0.05).

TRM9L binding partners
The coding region for TRM9L was cloned from complementary 
DNA (cDNA) isolated from HEK 293T cells. The S214A, S255A, 
and S214A/S255A mutants of TRM9L were generated by Gibson 
cloning. TRM9L constructs were cloned into a pcDNA3.1-FLAG-
SBP expression vector or a pcDNA3.1-TWIN-STREP expression 
vector (14) S291A, and S380A mutants were PCR-amplified from 
FLAG constructs (under the “Cell line construction” section), cloned 
into pcDNA3.1-TWIN-STREP, and verified by Sanger sequencing. 
For stable expression, FLAG-SBP-TRM9L was cloned into pENTR.
CMV.ON (Addgene, #32687) and then recombined into pLKO.
DEST.hygro (Addgene, #32685) using Gateway LR clonase II Enzyme 
Mix (Life Technologies, 11791-020). The resulting pDest.hygro-
FLAG-SBP-TRM9L plasmid was cotransfected with packaging 
plasmids (psPAX2 and pMD2.G) into 293T cells for lentivirus 
production. The 293T or SW620 cell lines were subsequently infected 
with the lentivirus in the presence of polybrene followed by stable 
clone selection using hygromycin.

Transient transfection and cellular extract production were per-
formed as previously described (14). Whole-cell extract from tran-
siently transfected cells cell lines (1 mg of total protein) was rotated 
with 20 l of Anti-DYKDDDDK Magnetic Beads (Takara Bio USA, 
Clontech) or Strep-Tactin XT–coated magnetic beads (#2-4090-002, 
IBA GmbH) for 2 hours at 4°C in lysis buffer [20 mM Hepes-HCl 
(pH 7.9), 2 mM MgCl2, 0.2 mM EGTA, 10% glycerol, 1 mM DTT, 
0.1 mM phenylmethylsulfonyl fluoride, 0.1% NP-40, and 150 mM 
NaCl]. Resin was washed three times using the same buffer. Elution 
was carried out by acid elution [0.1 M glycine HCl (pH 2.68) and 
neutralized by tris-HCl (pH 8.5)] or boiling of beads in sample buffer 
for FLAG constructs. Elution for TWIN-STREP constructs was per-
formed by using 5× biotin elution buffer (#2-1040-050, IBA GmbH) 
at a final concentration of 1× in lysis buffer. Cellular extracts and 
purified protein samples were fractionated on NuPAGE Bis-Tris poly-
acrylamide gels (Thermo Fisher Scientific), followed by transfer to 
an Immobilon-FL PVDF membrane (EMD Millipore) for immuno-
blotting using antibodies noted earlier. Immunoblots were scanned 
using direct infrared fluorescence on the Odyssey system (LI-COR 
Biosciences).

For silver staining compatible with MS, gels were fixed for 1 hour 
at ambient temperature in 40% ethanol/10% acetic acid. Gels were 
sensitized using 30% ethanol/0.2% sodium thiosulphate/6.8% so-
dium acetate. Three 5-min washes with H2O followed. Gels were 
stained for 20 min with 0.25% silver nitrate followed by two 1-min 
washes with H2O. The gel was developed with 2.5% sodium carbonate 

and 0.015% formaldehyde and stopped with 5% acetic acid. In-gel 
trypsin digestion and MS were carried out at the University of 
Rochester Medical Center Mass Spectrometry Resource Laboratory. 
After the digestion, sample was desalted with a C18 column and 
injected onto a Q Exactive Plus mass spectrometer operating in a 
data-dependent mode. Raw data were searched against the SwissProt 
human database (www.uniprot.org) using MaxQuant (Max Planck 
Institute of Biochemistry) to identify proteins.

Tumor formation assay
Fertilized White Leghorn chicken eggs (Charles River Laboratories) 
were incubated for 10 days at 37°C in a humidified atmosphere 
inside a hatching incubator equipped with an automatic rotator 
(Octagon 20, Brinsea). On the day of the experiment, each eggshell 
was punctured in two locations: the long side of the egg and the side 
over the natural air sac. Using a suction device, an artificial air sac 
was created to separate the CAM from the eggshell. A square window 
of ~1 cm was opened over the displaced CAM and sealed with a 
piece of sterile tape. SW620 cells expressing LacZ, WT TRM9L, and 
TRM9L mutants were detached from the plate with 2 mM EDTA in 
PBS and washed twice in PBS. Cells (5 × 105) were resuspended in 50 l 
of PBS containing 1 mM MgCl2, 0.5 mM CaCl2, penicillin (100 U/ml), 
and streptomycin (100 g/ml) and then inoculated into each CAM. 
The opening was resealed with tape, and the eggs were placed in a 
stationary incubator at 37°C for 7 days. The resulting tumors were 
excised and minced in a clean petri dish and then collagenased (type 
IA, Sigma-Aldrich) for 30 min at 37°C. The number of tumor cells 
was counted with a hemocytometer. Each data point represents an 
independent biological sample, with error bars representing SDs and 
statistical significance determined using a Mann-Whitney test.
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