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Fine-tuning p53 activity by modulating the
interaction between eukaryotic translation
initiation factor eIF4E and RNA-binding
protein RBM38
Wenqiang Sun,1 Kyra Laubach,1 Christopher Lucchessi,1 Yanhong Zhang,1 Mingyi Chen,2 Jin Zhang,1

and Xinbin Chen1

1Comparative Oncology Laboratory, School of Veterinary Medicine, School of Medicine, University of California at Davis, Davis,
California 95616, USA; 2Department of Pathology, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA

p53 is critical for tumor suppression but also elicits detrimental effects when aberrantly overexpressed. Thus,
multiple regulators, including RNA-binding protein RBM38, are found to tightly control p53 expression. Interest-
ingly, RBM38 is unique in that it can either suppress or enhance p53mRNA translation via altered interaction with
eIF4E potentially mediated by serine-195 (S195) in RBM38. Thus, multiple RBM38/eIF4E knock-in (KI) cell lines
were generated to investigate the significance of eIF4E-RBM38 interaction in controlling p53 activity. We showed
that KI of RBM38-S195D or -Y192C enhances, whereas KI of RBM38-S195K/R/L weakens, the binding of eIF4E to
p53 mRNA and subsequently p53 expression. We also showed that KI of eIF4E-D202K weakens the interaction of
eIF4E with RBM38 and thereby enhances p53 expression, suggesting that D202 in eIF4E interacts with S195 in
RBM38. Moreover, we generated an Rbm38 S193D KI mouse model in which human-equivalent serine-193 is
substituted with aspartic acid. We showed that S193D KI enhances p53-dependent cellular senescence and that
S193D KI mice have a shortened life span and are prone to spontaneous tumors, chronic inflammation, and liver
steatosis. Together, we provide in vivo evidence that the RBM38-eIF4E loop can be explored to fine-tune p53 ex-
pression for therapeutic development.
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Supplemental material is available for this article.

Received October 28, 2020; revised version accepted February 2, 2021.

p53 tumor suppressor plays a pivotal role in maintaining
genome integrity (Ko and Prives 1996). In response to cel-
lular stress, p53 is activated and transcriptionally regu-
lates a plethora of genes that are involved in multiple
biological processes, including in cell cycle arrest, apopto-
sis, DNAdamage repair, and senescence (Harms andChen
2006). Due to its potent growth suppressive activity, p53
expression must be tightly controlled. Indeed, p53 expres-
sion is exquisitely regulated by several positive and nega-
tive regulators, often creating feedback loops (Harris and
Levine 2005). For example, p53 forms a negative feedback
loop with several E3 ligases including Mdm2, COP-1, and
Pirh2 (Picksley and Lane 1993; Leng et al. 2003; Dornan
et al. 2004), in that each of E3 ligases is induced by p53
and in turn lowers p53 activity. In addition, we showed
previously that RNA-binding protein RBM38 is a target
of p53 and can in turn repress p53 mRNA translation

(Shu et al. 2006; Zhang et al. 2011). These positive and
negative regulatory loops add more complexity to the
p53 network. Thus, understanding of how p53 is regulated
under normal and stress conditions, and the molecular
mechanisms governing these regulatory processes, will
lay a foundation to understand p53 biology and ultimately
for the development of novel therapeutic strategies to tar-
get the p53 network for cancer management.

The RNA-binding protein RBM38 belongs to the RRM-
containing RBP family. RBM38 has been implicated in
multiple cellular processes, such as cell cycle arrest and
differentiation, by regulating its downstream targets
(Miyamoto et al. 2009; Zhang et al. 2010; Heinicke et al.
2013; Yin et al. 2013). Our group discovered that p53 tran-
scriptionally activates RBM38, which in turn binds to p53
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mRNA, interacts with eIF4E on the p53 mRNA, and re-
presses p53 mRNA translation by blocking eIF4E from
binding to the p53 m7G cap (Zhang et al. 2011). Thus,
the mutual regulation between p53 and RBM38 forms
a negative feedback loop (Zhang and Chen 2008). Inter-
estingly, we also found that phosphorylation of RBM38
at Ser-195 by glycogen synthase kinase-3 (GSK3) facili-
tates the assembly of the eIF4F complex on p53 mRNA
and, subsequently, enhances p53 mRNA translation,
which is mediated by either promoting its interaction
with eIF4G or disrupting the interaction between
RBM38 and eIF4E (Zhang et al. 2013). Thus, RBM38 is
a unique regulator of p53 as it can either enhance or in-
hibit p53 expression depending on the phosphorylation
status of Ser-195. However, the critical residue in eIF4E
that mediates interaction with Ser-195 in RBM38 has
not yet been identified, and even less is known about
the physiological significance of the RBM38-eIF4E loop
in the p53 network.
In this study, we took advantage of CRISPR technology

and generated multiple RBM38 and eIF4E knock-in (KI)
cells lines. We found that the interaction between Ser-
195 in RBM38 and aspartic acid (Asp) 202 in eIF4E is crit-
ical for modulating p53 mRNA translation. We also
showed that two tumor-derived RBM38 mutants, Y192C
and S195L, were capable of modulating p53 expression
by altering their interaction with eIF4E. To further ana-
lyze the biological function of Ser-195 phosphorylation
in RBM38, we generated amutant Rbm38KI mousemod-
el in which Ser-193 (equivalent to Ser-195 in human) is
substituted with aspartic acid (S193D). We found that
S193D KI mice had a shortened life span and were prone
to spontaneous tumors, chronic inflammation, and liver
steatosis.

Results

RBM38 S195D KI leads to growth suppression in a p53-
dependent manner

We showed previously that RBM38 interacts with eIF4E
through its C terminus (Zhang et al. 2013). In support of
this, replica exchange molecular dynamics simulations
(REMDS) showed that a potential binding pocket in
eIF4E can interactwithRBM38 protein through eight ami-
no acids at its C terminus (Fig. 1A, left panel; Lucchesi
et al. 2019). Based on the REMDS model, Ser-195 in
RBM38 is predicted to interact with Asp-202 in eIF4E
(Fig. 1A, right panel). Thus, to determine whether phos-
phorylation status of Ser-195 in RBM38 would modulate
p53 expression in vivo, we generated multiple RBM38 KI
cell lines in which Ser-195 in RBM38 is substituted with
Asp (S195D, a phosphomimetic mutant). Two different
RBM38-S195D KI HCT116 cell lines were generated.
The first cell line was named D/D in that both alleles are
S195D KI (Fig. 1B). The second cell line was named D/−,
in which one RBM38 allele is S195D KI and the other is
null (Supplemental Fig. S1A). Interestingly, we found
that the level of p53 protein, alongwith its bona fide target
p21 (el-Deiryet al. 1993),was increased inbothD/D andD/

− cells as compared with isogenic control cells (Fig. 1B;
Supplemental Fig. S1A, p53 and p21 panels). Next, RNA-
chip analysis was performed to examine whether S195D
KIcould alter thebindingof eIF4E top53mRNA.We found
that the binding of eIF4E to p53 mRNA was enhanced in
bothD/D andD/− cells as comparedwith isogenic control
cells (Fig. 1C; Supplemental Fig. S1B, p53panels, cf. lanes 5
and 6). As a negative control, S195DKI hadno effect on the
binding of eIF4E to actin mRNA (Fig. 1C; Supplemental
Fig. S1B, actin panels, cf. lanes 5 and 6). Moreover, colony
formation was performed and showed that the number of
colonies was markedly reduced in D/D and D/− cells as
comparedwith isogenic control cells (Fig. 1D; Supplemen-
tal Fig. S1C). Similarly, we also found that transient ex-
pression of S195D was able to enhance p53 and p21
expression and subsequently inhibit colony formation
(Supplemental Fig. S1D,E), consistent with our previous
report (Zhang et al. 2013). To verify this, isogenic control
andD/D cells were used for three-dimensional (3D) spher-
oid culture. We found that the number of spheroids and
cell viability were decreased in D/D cells as compared
with isogenic control cells (Fig. 1E). Furthermore, to exam-
inewhether p53 is required for the suppressed cell prolifer-
ation inD/D andD/− cells, two p53 siRNAs along with a
control siRNAwere used for transient transfection intoD/
D orD/− cells, followed by colony formation assay. As ex-
pected, the level of p53 protein was markedly decreased
upon transfection with each p53 siRNA, together with a
reduced expression of p21 (Fig. 1F; Supplemental Fig.
S1F,H,J, p53 and p21 panels). Importantly, we found that
the inhibited cell proliferation mediated by S195D KI
was abrogated by knockdown of p53 in both D/D and
D/− cells (Fig. 1G; Supplemental Fig. S1G,I,K). Together,
these data suggest that RBM38 S195D KI leads to growth
suppression in a p53-dependent manner.

RBM38 S193D KI mouse embryonic fibroblasts (MEFs)
are prone to cellular senescence in a p53-dependent
manner

Toexaminewhether phosphorylationofRbm38atSer-195
modulates p53 activity in vivo, an Rbm38 S193D KI
mouse model in which human-equivalent serine-193 is
substituted with aspartic acid was generated by a conven-
tional embryonic stem cell-mediated homologous recom-
bination strategy (Supplemental Fig. S2A,B). Next, a
cohort of wild-type and S193D/S193D (D/D) MEFs was
generated to examine whether S193D KI affects p53
expression. The Rbm38−/− MEFs were also used as a con-
trol since loss of Rbm38 is known to enhance p53 expres-
sion (Zhang et al. 2011). We found that, like Rbm38−/−

MEFs, D/D MEFs expressed higher levels of p53 protein
thanWTMEFs (Fig. 2A, p53panel).Next, SA-β-gal staining
was performed and showed that the percentage of SA-β-gal
positive cells was much higher in D/D (56.5%) and
Rbm38−/− (41.9%) MEFs than in WT MEFs (11.8%) (Fig.
2B). In line with this, the levels of p21 and p130, both of
which are senescence markers (Campisi and di Fagagna
2007; Fiorentino et al. 2009), were increased in both
Rbm38−/− and D/D MEFs as compared with WT MEFs
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(Fig. 2A, p21 and p130 panels). Similarly, the level of
Cdnk2a (also known as p16INK4A), another well-defined
senescence marker (Krishnamurthy et al. 2004), was in-
creased in Rbm38−/− and D/D MEFs as compared with
WT MEFs (Fig. 2C, Cdkn2a panel). We also noticed that
the level of Trp53 transcript was not altered in both
Rbm38−/− and D/D MEFs (Fig. 2C, p53 panel), consistent
with the notion that p53 is increased via mRNA transla-
tion in these MEFs (Zhang et al. 2011). To verify that the
increased p53 expression is responsible for the enhanced
cellular senescence in D/D MEFs, we generated a cohort
of Trp53+/− andD/D;Trp53+/− MEFs (Fig. 2D). Interesting-
ly, we found that in theTrp53-heterozygosity background,
S193DKI still led to enhancedp53 expression inMEFs (Fig.
2D). Moreover, despite the fact that the overall cellular

senescence was decreased in Trp53+/− MEFs, D/D;
Trp53+/− MEFs (29.1%) were more prone to senescence
than Trp53+/− MEFs (2%) (Fig. 2E). Consistent with this,
we found that the levels of senescence markers, p21
(Fig. 2D) and Cdkn2a (Fig. 2F), were increased in D/D;
Trp53+/−MEFsas comparedwithTrp53+/−MEFs.Toverify
that p53 is required for theenhancedcellular senescence in
D/D MEFs, a cohort of Trp53−/− and D/D;Trp53−/− MEFs
were generated (Fig. 2G). We found that both Trp53−/−

andD/D;Trp53−/− MEFs were not prone to cellular senes-
cence (<2%) (Fig. 2H). Moreover, the level of Cdkn2a tran-
scriptwasnot alteredbetweenTrp53−/− andD/D;Trp53−/−

MEFs (Fig. 2I). These data suggest that S193DKI increases
p53 expression in MEFs and, subsequently, enhances cel-
lular senescence in a p53-dependent manner.
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Figure 1. RBM38 S195D KI leads to growth suppression in a p53-dependent manner. (A, left panel) Representative docking image of
eight-amino-acid fragment (amino acids 190–197) from Rbm38 to eIF4E based on replica exchange molecular dynamics simulations
(REMDS). (Right panel) Predicted interaction between Ser-195 in RBM38 with Asp-202 in eIF4E. (B) The levels of RBM38, p53, and actin
proteinswere examined in isogenic control andD/DHCT116 cells. The first actin blotwas the loading control for Rbm38 and p53 proteins
whereas the second actin blot was for p21 protein. (C ) An RNA-ChIP assay was performed to detect the binding of eIF4E to p53mRNA in
isogenic control andD/DHCT116 cells. The polysomal lysates from control andD/DHCT116 cells were immunoprecipitated with iso-
type control IgG or anti-eIF4E antibody, and the protein–RNA complexes were brought down by protein A/G beads, followed by RT-PCR
analysis to detect p53 or actin mRNA. (D) Colony formation assay was performed with isogenic control andD/DHCT116 cells. The rel-
ative density was quantified and shown below each image. P <0.05 indicates significance (Student’s t-test). (E) Tumor spheroid assay was
performed with isogenic control and D/D HCT116 cells. (Left panel) Representative images of spheroids from isogenic control and D/D
cells. (Right panel) The viability of spheroids from isogenic control andD/D cells was analyzed by CellTiter-Glo assay. P<0.05 indicates
significance (Student’s t-test). (F ) Isogenic control and D/D cells were transfected with control or p53 siRNA #1 for 3 d and the levels of
RBM38, p53, p21, and actin proteins were analyzed by Western blot analysis. (G) Colony formation assay was performed with isogenic
control and D/D cells transfected with a control or p53 siRNA #1. The relative density was quantified and shown below each image.
P < 0.05 indicates significance (Student’s t-test).
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Knock-in of S195K or S195R decreases p53 expression
by blocking the binding of eIF4E to p53 mRNA

Based on the REMDSmodel, Ser-195 in RBM38 is predict-
ed to interactwithAsp-202 in eIF4E (Fig. 1A). If Asp-202 in
eIF4E truly interacts with Ser-195 in RBM38, substitution
of Ser-195 by a positively charged amino acid, such as ly-
sine or arginine, might lead to better interaction between
RBM38 and eIF4E since KI of lysine or arginine not only
disrupts phosphorylation of RBM38 but also forms hydro-
gen boundwith the negatively chargedD202 in eIF4E (Fig.
3A). To test this, we generated RBM38 KI cell lines in that
Ser-195 is substituted by lysine (S195K) or arginine
(S195R). One representative K/+ line, in which one allele
is S195K KI and the is other wild type (Fig. 3B), and one
representative R/R line, in which both alleles are S195R
KI (Fig. 3C), were chosen for further analysis. We found
that the levels of p53 and p21 proteins were decreased in
bothK/+ andR/RHCT116 cells as compared with isogen-

ic control cells (Fig. 3B,C, p53 and p21 panels). Moreover,
we showed that the binding of eIF4E to p53mRNAwas de-
creased in both K/+ and R/R HCT116 cells as compared
with isogenic control cells (Fig. 3D,E, p53 panels, cf. lanes
5 and 6). Next, a colony formation assay was performed
and showed that the number of colonies wasmarkedly in-
creased inK/+ andR/R cells (Fig. 3F,G). These data suggest
that substitution of Ser-195 by lysine or arginine enhances
its interactionwithAsp-202 in eIF4E and thereby prevents
eIF4E from binding to p53 mRNA, resulting in decreased
p53 expression.

Tumor-derived RBM38 mutants, S195L and Y192C,
exhibit distinct interactionswith eIF4E and differentially
modulate p53 expression

RBM38 has been found to be altered in several types of hu-
man cancer, such as lymphoma, acute myeloid leukemia,
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Figure 2. RBM38 S193D KI mouse embryonic fibroblasts (MEFs) are prone to cellular senescence in a p53-dependent manner. (A) The
levels of Rbm38, p53, p21, p130, and actin proteins were examined inWT,Rbm38−/−, andD/DMEFs. (B) SA-β-gal-staining was performed
with WT, Rbm38−/−, and D/D MEFs. The percentage of SA-β-gal-positive cells are shown inβ the bottom right corner in each image.
(C ) The levels of Rbm38, Trp53, Cdkn2a, and actin transcripts were examined in WT, Rbm38−/−, and D/D MEFs. (D) The levels of
Rbm38, p53, p21, and actin proteins were examined in Trp53+/−, and D/D;Trp53+/− MEFs. The first actin was a loading control for
Rbm38 and p53 and the second actin was a loading control for p21. (E) SA-β-gal-staining was performed with WT, D/D, Trp53+/−, and
D/D;Trp53+/− MEFs. The percentage of SA-β-gal-positive cells are shown in the bottom right corner of each image. (F ) The levels of
Rbm38, p53, Cdkn2a, and actin transcripts were examined in Trp53+/−, and D/D;Trp53+/− MEFs. (G) The levels of Rbm38 and actin pro-
teins were examined in Trp53−/− and D/D;Trp53−/− MEFs. (H) SA-β-gal-staining was performed with WT, D/D, Trp53−/−, and D/D;
Trp53−/− MEFs. The percentage of SA-β-gal-positive cells are shown in the bottom right corner in each image. (I ) The levels of Rbm38,
Cdkn2a, and actin transcripts were examined in Trp53−/− and D/D;Trp53−/− MEFs.
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and breast cancer (Zhang et al. 2011; Xue et al. 2014;
Wampfler et al. 2016). Upon searching the COSMIC data-
base (https://cancer.sanger.ac.uk/cosmic), we found sev-
eral RBM38 mutations surrounding Ser-195 in cancer
patients, including a Ser-195 to leucine mutation
(S195L) (Fig. 4A). Since leucine is not a substrate for phos-
phorylation, we postulated that the S195L mutant may
have a stronger interaction with eIF4E than wild-type
RBM38 (Fig. 4A). To test this, we generated S195L KI
HCT116 cell lines, and one representative L/L line, in
which both alleles are S195L KI, was chosen for further
analysis. We found that S195L KI leads to decreased ex-
pression of p53 and p21 in HCT116 cells (Fig. 4B, p53
and p21 panels). In support of this, the binding of eIF4E
to p53 mRNA was decreased by S195L KI in L/L cells as
compared with isogenic control cells (Fig. 4C, p53 panel,
cf. lanes 5 and 6). Consequently, cell proliferation was en-
hanced in L/L cells as compared with isogenic control
cells (Fig. 4D).

Tyr-192, which is three residues N-terminal of Ser-195,
was found to be mutated to Cys (Y192C) in cancer. Tyro-
sine is a neutral amino acid, whereas cysteine is a smaller
and hydrophobic amino acid. Based on the REMDSmodel,
Tyr 192 is predicted to form hydrogen bonds with Thr-203
and Thr-204 in eIF4E (Fig. 4E). Thus, Y192C mutation in
RBM38 would alter the local hydrogen bonding environ-
ment and subsequently affect RBM38’s interaction with
eIF4E. To test this, a Y192C expression vector was gener-
ated and then transiently transfected into HCT116 cells
along with a control vector. We found that ectopic expres-
sion of Y192C led to increased expression of p53 and p21

(Supplemental Fig. S3A, p53 and p21 panels) and subse-
quently inhibited colony formation (Supplemental Fig.
S3B). To verify this, RBM38 Y192C KI cell lines were gen-
erated and one C/+ line, in which one allele is Y192C KI
and the other wild type (Fig. 4F), was chosen for further
analysis. We found that the levels of p53 and p21 proteins
were increased in C/+ cells as compared with isogenic
control cells (Fig. 4F, p53 and p21 panels). Consistently,
the binding of eIF4E to p53 mRNA was increased by
Y192C KI in C/+ cells as compared with that by WT
RBM38 in isogenic control cells (Fig. 4G, p53 panel, cf.
lanes 5 and 6). Moreover, we found that the number of col-
onies was markedly decreased by Y192C KI inC/+ cells as
compared with isogenic control cells, presumably due to
enhanced p53 expression (Fig. 4H). Furthermore, we
showed that Y192C/+ cells were prone to cellular senes-
cence along with increased expression of senescence
markers (p130 and p21) as compared with isogenic control
cells (Supplemental Fig. S3B–E).

Asp-202 is critical for eIF4E to interact with RBM38

The REMDSmodel predicts that Ser-195 in RBM38 inter-
acts with Asp-202 in eIF4E (Fig. 1A). So far, we showed
that substitution of Ser-195 with other amino acids alters
the binding of eIF4E to p53mRNAand subsequentlymod-
ulates p53 expression (Figs. 1–4). Thus, it is worthwhile to
determine whether Asp-202 in eIF4E is required for inter-
action with Ser-195 in RBM38. In this regard, we generat-
ed amutant eIF4E-D202K inwhich the negatively charged
Asp-202 was substituted with a positively charged lysine.

A

D
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B

Figure 3. Knock-in of S195K or S195R decreases p53 expression by blocking the binding of eIF4E to p53mRNA. (A) Schematic represen-
tation of the interactions between Asp-202 in eIF4E and Ser-195, S195K, or S195R in RBM38. (B,C ) The levels of RBM38, p53, p21, and
actin proteins were examined in an isogenic control (B,C ), K/+ (B), or R/R (C ) HCT116 cells. The first actin was a loading control for
Rbm38 and the second actin was a loading control for p53 and p21. (D,E) RNA-ChIP analysis was performed with an isogenic control
(D,E), K/+ (D), and R/R (E) cells. The polysomal lysates from control, K/+ and R/R cells were immunoprecipitated with isotype control
IgG or anti-eIF4E antibody, and the protein-RNA complexes were brought down by protein A/G beads, followed by RT-PCR analysis.
(F,G) A colony formation assaywas performedwith an isogenic control (F,G), K/+ (F ), andR/R (G) cells. The relative densitywas quantified
and is shown below each image. P<0.05 indicates significance (Student’s t-test).
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First, we performed a cap-binding assay and found that,
like wild-type eIF4E, mutant eIF4E-D202K was compe-
tent to bind to m7GTP-sepharose beads, suggesting that
D202K mutation does not interfere with its cap-binding
activity (Supplemental Fig. S4A). Next, a GST pulldown
assay was performed to test the ability of eIF4E-D202K
to interact with wild-type RBM38 or mutant RBM38-
S195D (Fig. 5A). We showed that eIF4E-D202K had a
weakened activity to interact with RBM38 as compared
with wild-type eIF4E (Fig. 5B, eIF4E panel, cf. lanes 3
and 4). In contrast, eIF4E-D202K had a stronger interac-
tion with RBM38-S195D than wild-type eIF4E (Fig. 5C,
eIF4E panel, cf. lanes 3 and 4). These results suggest that
D202K substitution restores the ability of eIF4E to inter-
act with RBM38-S195D, consistent with the observation

that Asp-202 in eIF4E is required for the interaction
with Ser-195 in RBM38 (Fig. 5A,B).
To further examine whether Asp-202 in eIF4E is re-

quired for interacting with Ser-195 in RBM38, mutant
eIF4E KI HCT116 cell lines were generated (Fig. 5D,E).
One representative D202K/D202K line, in which both al-
leles are D202K KI, and one representative D202K/−
line, in which one eIF4E allele is D202K-KI and the other
allele null, were chosen for further analysis. We found
that both p53 and p21 were highly induced in D202K/
202K and D202K/− cells compared with isogenic control
cells (Fig. 5D,E). Interestingly, we were able to obtain a
HCT116 cell line expressing a truncated eIF4E protein,
called ΔC17/−, in which one allele is eIF4E-null and
the other a deletion mutant eIF4E lacking the last 17

A

D

C

E

F G H

B

Figure 4. Tumor-derived RBM38 mutants, S195L and Y192C, exhibit distinct interactions with eIF4E and differentially modulate p53
expression. (A) Schematic representation of the interactions between Asp-202 in eIF4E and S195L or Y192C in RBM38. (B) The levels
of RBM38, p53, p21, and actin proteins were analyzed in an isogenic control and L/L HCT116 cells. The first actin was a loading control
for Rbm38 and p53 and the second actin was a loading control for p21. (C ) RNA-ChIP analysis was performed to examine the binding of
eIF4E to p53 mRNA in an isogenic control and L/L HCT116 cells. (D) A colony formation assay was performed with an isogenic control
and L/L cells. The relative density was quantified and is shown below each image. P<0.05 indicates significance (Student’s t-test).
(E) Schematic representation of how Tyr to Cys substitution at position 192 affects the interaction between RBM38 and eIF4E. (F ) The
levels of RBM38, p53, p21, and actin proteins were analyzed in an isogenic control and Y192C/+ HCT116 cells. The first actin was a load-
ing control for Rbm38 and the second actin was a loading control for p53 and p21. (G) RNA-ChIP analysis was performed to examine the
binding of eIF4E to p53 mRNA in an isogenic control and Y192C/+ HCT116 cells. (H) A colony formation assay was performed with an
isogenic control and Y192C/+ cells. The relative density was quantified and is shown below each image. P<0.05 indicates significance
(Student’s t-test).
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amino acids (amino acids 201–217). As expected, a small-
er eIF4E protein was detected in ΔC17/− cells as com-
pared with the full-length wild-type protein in isogenic
control cells (Fig. 5F, eIF4E panel). We found that the lev-
els of p53 and p21 proteins were increased in ΔC17/−
cells as compared with that in isogenic control cells
(Fig. 5F, p53 and p21 panels). These data suggest that
the ΔC17 mutant, which lacks Asp-202 and would not
interact with RBM38, is able to increase p53 mRNA
translation, as does eIF4E-D202K (Fig. 5D,E). Next,

RNA-chip analysis was performed and showed that the
binding of eIF4E to the p53 mRNA was increased in
D202K/D202K cells as compared with isogenic control
cells (Fig. 5G, p53 panel, cf, lanes 5 and 6). Moreover, a
colony formation assay was performed and showed that
the number of colonies was reduced in D202K/D202K
cells as compared with isogenic control cells (Fig. 5H).
Similarly, a 3D organoid assay showed that the number
and viability of tumor spheroids were decreased by KI
of D202K (Fig. 5I,J). Furthermore, two p53 siRNAs were
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Figure 5. Asp-202 is critical for eIF4E to interact with RBM38. (A) Schematic representation of the interactions between eIF4E or eIF4E-
D202K and wild-type RBM38 or RBM38-S195D. (B) A GST pull-down assay was performed using recombinant wild-type RBM38 with
eIF4E or eIF4E-D202K. (C ) A GST pull-down assay was performed using recombinant RBM38-S195D with eIF4E or eIF4E-D202K.
(D–F ) The levels of eIF4E, p53, p21, and actin proteins were analyzed in isogenic control (D–F ), D202K/D202K (D), D202K/− (E), and
ΔC17/− (F ) cells. (G) An RNA-ChIP assay was performed with isogenic control and D202K/D202K cells to examine the binding of
D202KKI to p53mRNA. (H) A colony formation assay was performedwith an isogenic control andD202K/D202K cells. The relative den-
sity was quantified and shown below each image. P<0.05 indicates significance (Student’s t-test). (I ) Representative images of tumor
spheroids formed by isogenic control and D202K/D202K HCT116 cells. (J) The viability of tumor spheroids from isogenic control and
D202K/D202K HCT116 cells was analyzed by CellTiter-Glo assay. P< 0.05 indicates significance (Student’s t-test). (K ) Isogenic control
andD202K/D202K cells were transfected with a control or p53 siRNA #1 for 3 d and the levels of eIF4E, p53, p21, and actin proteins were
analyzed byWestern blot analysis. (L) A colony formation assaywas performedwithHCT116 cells treated as inK. The relative densitywas
quantified and shown below each image. P<0.05 indicates significance (Student’s t-test).
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used to confirm that p53 is required for growth suppres-
sion in D202K/D202K cells. We showed that the level of
p53 protein was decreased by each p53 siRNA, but not
scramble siRNA, which was accompanied with de-
creased expression of p21 (Fig. 5K; Supplemental Fig.
S4B, p53 and p21 panels). Importantly, we found that
the number of colonies reduced by D202K KI was abro-
gated upon knockdown of p53 in D202K/D202K cells
(Fig. 5L; Supplemental Fig. S4C).

Rbm38-S193DKImice have a shortened life span and are
prone to spontaneous tumors, chronic inflammation, and
liver steatosis

To understand the physiological activity of Ser-195 phos-
phorylation in vivo, Rbm38S193D/S193D (D/D) mice were
generated (Supplemental Fig. S2B) and used to test p53 ex-
pression. We found that that the level of p53 protein was
increased in the spleen tissue from a D/D mouse as com-

pared with that from a wild-type mouse (Fig. 6A), consis-
tent with the observation that S195D KI increases p53
expression (Figs. 1, 2). Next, a cohort of WT, Rbm38−/−,
and D/D mice was generated and monitored for potential
pathological abnormalities. We would like to mention
that in order to minimize the number of animals used,
the survival and tumor data for WT mice were adapted
from two previous studies (Yang et al. 2017; Zhang et al.
2017). For Rbm38−/− mice, seven were generated for this
study and 23 were generated previously (Zhang et al.
2014). All of the mice were derived from the same
C57BL/6 background and maintained in the same animal
facility. The median life span was 117 wk for WT mice,
101 wk for Rbm38−/− mice, and 101 wk for D/D mice
(Fig. 6B; Supplemental Tables S1–S3). Like Rbm38−/−

mice, D/D mice had a shortened life span as compared
with WT mice (P< 0.01 by log rank test). However, the
life span of D/D mice was not statistically different from
that of Rbm38−/− mice (P= 0.153 by log rank test). Next,

A
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D E F

B Figure 6. Rbm38-S193DKImice have a short-
ened life span and are prone to spontaneous tu-
mors, chronic inflammation, and liver
steatosis. (A) The levels of Rbm38, p53, p21,
and actin proteins were analyzed in the spleen
tissues from 4-wk-old WT and D/D mice. The
first actin was a loading control for Rbm38 and
p53, and the second actin was a loading control
for p21. (B) Kaplan–Meier survival curves of
WT (n =56), Rbm38−/− (n =30), and D/D (n=
32) mice. (C ) Tumor spectrum and burden in
WT (n= 51), Rbm38−/− (n= 30), and D/D (n=
31) mice. (D) The numbers and percentages of
WT, Rbm38−/−, and D/D mice with EMH. (E)
The numbers and percentages of WT,
Rbm38−/−, andD/Dmicewith chronic inflam-
mation in three or more organs. (F ) The num-
bers and percentages of WT, Rbm38−/−, and
D/D mice with liver steatosis.

p53 activity is controlled by eIF4E-RBM38 complex

GENES & DEVELOPMENT 549

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.346148.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.346148.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.346148.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.346148.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.346148.120/-/DC1


histopathological analysis was performed and showed
that, like Rbm38−/− mice, D/D mice were prone to spon-
taneous tumors. The tumor incidence was significantly
higher in D/D (14 out of 31, 45%) mice than in WT
mice (11 out of 51, 21.5%; P= 0.0291 by Fisher’s exact
test) (Fig. 6C). Similarly, the tumor incidence of
Rbm38−/−mice (15 out of 30, 50%)was significantly high-
er than that of WTmice (P = 0.0131 by Fisher’s exact test),
consistent with a previous report (Zhang et al. 2014). No-
tably, in addition to the common types of tumors, such as
lymphomas, histiocytic sarcomas, and angiosarcomas,D/
D and Rbm38−/− mice were prone to benign tumors. For
example,D/Dmice developed lipoma, granuloma, and ad-
enoma, whereasRbm38−/−mice developed hepatoma and
hemangioma (Fig. 6C).

Histopathology analysis showed that, unlike Rbm38−/−

mice, which exhibited splenomegaly and extramedullary
hematopoiesis (Zhang et al. 2014), D/D mice were not
prone to extramedullary hematopoiesis (Fig. 6D; Sup-
plemental Tables S2, S3). Instead, D/D mice showed
profound chronic inflammation in multiple organs, in-
cluding kidney, lung, pancreas, and salivary gland (Sup-
plemental Fig. S5A; Supplemental Table S3). We found
that 67.7% of D/D mice (21 out of 31) exhibited inflam-
mation in three or more organs as compared with 0% of
wild-type mice and 33% of Rbm38−/− mice (10 out of
30) (Fig. 6E; Supplemental Tables S2–S3). In line with
this, several proinflammatory cytokines, such as IL6,
IL-17A, IL-1A, IL-2, and TNF-α, were increased in the
livers of D/D mice as compared with WT mice (Supple-
mental Fig. S5B). Moreover, 38.7% D/D mice (12 out of
31) developed liver steatosis (Supplemental Fig. S5C),
which was significantly higher than that in 5.9% of
WT mice (three out of 51) and 13.3% of Rbm38−/−

mice (four out of 30) (Fig. 6F; Supplemental Tables
S1–S3). As several studies suggest that p53 promotes he-
patic steatosis in mice (Derdak et al. 2013; Zhang et al.
2020), we asked whether p53 expression is increased in
D/D mice with liver steatosis. To address this, p53 ex-
pression was examined in a D/D liver with steatosis
along with a normal liver from age- and gender-matched
wild-type mice. We found that p53 expression was in-
creased in the D/D liver as compared with the WT liver
(Supplemental Fig. S5D). Together, these data suggest
that D/D mice had a shortened life span and were prone
to spontaneous tumors, chronic inflammation, and liver
steatosis.

Discussion

Our previous in vitro studies indicate that the phosphory-
lation status of Ser-195 in RBM38 acts as a switch tomod-
ulate p53 expression (Fig. 7; Zhang et al. 2013). To verify
these findings in vivo, we used multiple biochemical
and genetic approaches and showed that substitution of
Ser-195 with Asp (S195D) enhances the binding of eIF4E
to the p53 mRNA, leading to increased expression of
p53, potentially via weakened interaction with eIF4E
(Figs. 1, 2). In contrast, substitution of Ser-195with lysine,
arginine, or leucine (S195K, S195R, or S195L) decreases
the binding of eIF4E to the p53 mRNA, leading to de-
creased p53 expression, potentially via enhanced interac-
tion with eIF4E (Figs. 3, 4). Furthermore, we showed that
substitution of Asp-202 with lysine in eIF4E weakens
the ability of eIF4E to interact with RBM38 and leads to
enhanced binding of eIF4E to p53 mRNA and increased
p53 expression (Fig. 5). In line with this, we found that
p53 expression was increased in ΔC17/− cells, which ex-
press a mutant eIF4E lacking the C-terminal 17 amino ac-
ids, including residue D202 (Fig. 5F). Together, these data
and our early studies provide evidence for a model (Fig. 7)
that a strong interaction between RBM38 with eIF4E
would decrease, whereas a weak interaction would in-
crease, the binding of eIF4E to p53 mRNA and subse-
quently p53 mRNA translation.

The REMDS model predicts that eight amino acids
(amino acids 190–197; YPYAASPA; called Pep8) are in-
volved in RBM38’s interaction with eIF4E (Fig. 1A). Previ-
ously, we showed that Pep8 and Pep23, a 23-amino-acid
peptide derived from eIF4E (amino acids 195–217), can dis-
rupt the interaction between eIF4E and RBM38 and subse-
quently increase p53 expression (Lucchesi et al. 2019).
Thus, the data from this study would provide an insight
into how tomodify Pep8 and Pep23 for stronger p53 induc-
tion. For example, since S195K and S195R showed a stron-
ger interaction with eIF4E than wild-type RBM38 (Fig. 3),
substitution of serine with lysine or arginine in Pep8 may
further enhance its interaction with D202 in eIF4E and
thereby elicit a stronger p53 induction. Our data also pro-
vide a foundation for developing small molecules that can
disrupt RBM38-eIF4E interaction and thereby increase
p53 expression for tumor suppression. Similarly, as
S195-phosphorylated RBM38 is able to increase p53 ex-
pression (Zhang et al. 2013), we postulate that substitu-
tion of aspartic acid 202 with lysine in Pep23 (Pep23-

Figure 7. Amodel for how the RBM38-eIF4E complex
modulates p53-dependent tumor suppression. A pro-
posed model to elucidate how phosphorylation of
RBM38 at serine-195 and various RBM38 and eIF4E
mutants modulate the interaction between RBM38
and eIF4E and thereby regulate p53 mRNA translation.
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D202K) would inhibit p53 expression as suggested by the
observation that eIF4E-D202K has an enhanced interac-
tion with RBM38-S195D and possibly S195-phosphorylat-
ed RBM38 (Fig. 5A,C). Inhibition of p53 expression is
known to have therapeutic benefits, such as reduced tox-
icity during chemotherapy/radiotherapy (Komarov et al.
1999).
The COSMIC mutation database showed several

RBM38 mutations surrounding Ser-195. In this study,
we tested two tumor-derived RBM38 mutants, S195L
and Y192C, for their abilities to regulate p53. We found
that the S195L KI mutant inhibited p53 expression (Fig.
4B) whereas the Y192C KI mutant increased p53 expres-
sion (Fig. 4F). In support of this, we also found that the
S195L KI mutant decreased, whereas the Y192C KI mu-
tant enhanced, the binding of eIF4E to p53 mRNA (Fig.
4C,G). One interesting question is whyRBM38mutations
elicit opposing effects on p53 expression in cancer. A po-
tential answer to this question is that it may be related
to p53 genetic status.Wewould like tomention that since
Rbm38 regulates p53 mRNA translation (Zhang et al.
2011), it is not surprising that RBM38-Y192C would in-
crease mutant p53 expression. Indeed, we found that p53
is mutated as p53-N239D in the same tumor with the
RBM38-Y192C mutation, suggesting that tumor cells
may select certainmutations for tumor progression. Addi-
tionally, we showed previously that loss of Rbm38 cooper-
ates with mutant p53 to promote lymphomagenesis
(Zhang et al. 2018). Several other RBM38 mutations, in-
cluding A193T, A194T, and A197V, were detected in var-
ious tumors. Notably, residues A193, A194, and A197 are
adjacent to Ser-195 and are predicted to modulate the in-
teraction between RBM38 and eIF4E based on the REMDS
model. These mutations are likely to alter the binding af-
finity of RBM38 to eIF4E. Unfortunately, due to the small
numbers of these mutations found in human cancer sam-
ples, it is hard to correlatewith p53 status at thismoment.
Nevertheless, further studies are needed to elucidate how
these mutations would affect the RBM38-eIF4E interac-
tion and, subsequently, p53-depedent tumor suppression.
With the novel Rbm38-S193D KI mouse model, we

found that phosphormimetic Rbm38-S193D predisposes
D/D mice to a shortened life span and spontaneous tu-
mors, both of which are induced by loss of Rbm38 in
Rbm38−/− mice (Fig. 6B,C). Interestingly, D/D mice
were also prone to chronic inflammation and liver steato-
sis (Fig. 6E,F). In contrast, unlike Rbm38−/− mice, D/D
mice were not prone to EMH (Fig. 6D). These data suggest
that the pathways being altered byD/D knock-in are sim-
ilar to, but also distinct from, the ones altered by loss of
Rbm38. Interestingly, one common phenotype is that
p53 expression is enhanced in both Rbm38−/− and D/D
mice while these mice were also prone to spontaneous tu-
mors (Fig. 6A; Zhang et al. 2014). Thus, we postulate that
the increased tumor incidence in thesemice is likely to be
p53-independent. For Rbm38−/− mice, the susceptibility
to tumors is likely due to premature aging and splenome-
galy upon loss of Rbm38 (Zhang et al. 2014). Since prema-
ture aging and splenomegaly were not or rarely observed
in D/D mice, we hypothesize that the prevalence of the

chronic inflammation induced by Rbm38-S193D, which
is often associated with SASP (senescence-associated
secretory phenotype) and tends to promote tumor growth
at a later stage (Coppé et al. 2010), is likely to counter the
tumor suppressive activity by increased WT p53 expres-
sion, ultimately making D/D mice prone to spontaneous
tumors. Alternatively, since p53 has been shown to en-
hance aging-associated chronic inflammation and pro-
gression of liver steatosis (Tomita et al. 2012; Derdak
et al. 2013; Gudkov and Komarova 2016), it remains pos-
sible that increased p53 by Rbm38-S193D, possibly via
premature senescence, may be responsible for chronic in-
flammation and, subsequently, spontaneous tumors ex-
hibited in D/D mice. Nevertheless, these data suggest
that increased expression of tumor suppressor p53 does
not necessarily lead to tumor suppression and that other
abnormalities, such as cellular senescence, chronic in-
flammation, and liver steatosis, may counter p53 tumor
suppressive activity in a physiological setting. Thus, fur-
ther studies are needed to address other biological func-
tions of RBM38 Ser-195 phosphorylation and the biology
of the p53-RBM38 regulatory loop. For example, does
Ser-195 phosphorylation modulate p53-dependent tumor
suppression in D/D mice with one or both null alleles of
theTrp53 gene? Does p53 play a role in chronic inflamma-
tion and liver steatosis inD/Dmice?Does RBM38 Ser-195
phosphorylation correlate with p53 mutation and tumor
progression in various human cancers?

Materials and methods

Reagents

Anti-actin (1:3000; sc-47778), anti-p130 (1:3000; sc-374521), anti-
p21 (1:3000; sc-53870), and anti-eIF4E (1:2000; sc-9976) were pur-
chased from Santa Cruz Biotechnology. Anti-p53 (1C12) (1:2000;
2524S) was purchased from Cell Signaling Technology. Anti-
Rbm38 was custom-made as described previously (Shu et al.
2006). Scrambled siRNA (5′-GCAGUGUCUCCACGUACUA-3′)
and TP53 siRNA#1(5′-GAAAUUUGCGUGUGGAGUA-3′) and
TP53 siRNA#2 (5′-GCACAGAGGAAGAGAAUCU-3′) were
purchased from Dharmacon. For siRNA transfection, RNAiMax
from Life Technologies was used according to the
user’s manual. Proteinase inhibitor cocktail was purchased
from Sigma-Aldrich. Magnetic Protein A/G beads were
purchased fromMedChem.RiboLockRNase inhibitor andRever-
tAid first strand cDNA synthesis kit were purchased from
Thermo Fisher.

Mice

Rbm38−/− mice (on a pure C57BL/6 background) were previously
generated (Zhang et al. 2011). Trp53+/− mice (Jacks et al. 1994)
were purchased from The Jackson Laboratory. Rbm38-S193D KI
mice were generated by the University of California at Davis
mouse biology program using traditional gene targeting tech-
niques in embryonic stem cells. Specifically, the “knock-in cas-
sette” consisted of LoxP sites that flanked the “WT exon 4
insert” and the neomycin (Neo) marker, followed by a “mutant
exon 4 insert” with serine-193 replaced by aspartic acid. The
knock-in cassette replaced the endogenous exon 4 through ho-
mologous recombination (HR). When bred with a Cre mouse
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(Jackson Laboratories 003314), the WT exon 4 insert was deleted
and the mutant exon 4 was transcribed and expressed (Supple-
mental Fig. S2A). The genotyping primers for the WT allele
were forward primer 5′-CAGTACCCATATGCTGCCTCA-3′

and reverse primer 5′-AGGGCTGCAGAAGAAACTTG-3′. The
genotyping primers for the S193D KI allele were forward primer
5′-CAGTACCCCTATGCTGCCGAC-3′ and the same reverse
primer as for the WT allele. All animals and use protocols were
approved by the University of California at Davis Institutional
Animal Care and Use Committee.

MEF isolation

MEFs were isolated from 13.5-d-old embryos as described previ-
ously (Scoumanne et al. 2011) and cultured in Dulbecco′s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Invitrogen), 55 μM β-mercaptoethanol, and 1× non-
essential amino acids (NEAA) solution (Cellgro). To isolate
Rbm38−/− MEFs, Rbm38+/− mice were intercrossed. To isolate
D/D MEFs, D/+ mice were bred with each other. To isolate
Trp53+/−, Trp53+/−;D/D, Trp53−/−, and Trp53−/−;D/D MEFs, D/
+ mice were first bred with Trp53+/− mice to generate Trp53+/−;
D/+ mice. Next, Trp53+/−;D/+ mice were bred with each other
for MEF isolation.

Western blot analysis

Western blot procedures were as previously described (Dohn et al.
2001). Briefly, cell lysates were preparedwith 2× SDS sample buff-
er. Proteins were separated in an 8%–12% SDS PAGE gel, trans-
ferred to nitrocellulose membrane, and incubated with indicated
antibodies, followed by detection with enhanced chemilumines-
cence and visualized by VisionWorks LS software.

Plasmids

The pGEX vector expressing GST-tagged RBM38 was previously
generated (Zhang et al. 2010). To generate the pGEX vector ex-
pressing GST-tagged Rbm38-S195D, two-step PCR reactions
were performed. The first-step PCR reaction was performed to
separately amplify two PCR fragments by using Rbm38 cDNA
as a template. Fragment #1 was amplified with forward primer
5′-AAAGAATTCATGCTGCTGCAGCCCGCGCC-3′ and re-
verse primer 5′-CGTGGCAGGGTCGGCGGCGTATGGG-3′.
Fragment #2 was amplified with forward primer 5′-CCGCCGA
CCCTGCCACGGCTGCCAG-3′ and reverse primer 5′-AAAC
TCGAGTCACTGCATCCTGTCAGGCTG-3′. The second-step
PCRwas performed by using fragments #1 and #2 as templates to-
gether with the forward primer for fragment #1 and the reverse
primer for fragment #2. These PCR products were inserted into
the pGEX vector through EcoRI and XhoI sites and confirmed
by sequencing. To generate pTXB1-eIF4E, PCR product was am-
plified by using full-length eIF4E cDNA as a template with for-
ward primer 5′-GGTGGTCATATGGCGACTGTCGAACCGG
AAACC-3′ and reverse primer 5′-GGTGGTTGCTCTTCC
GCAAACAACAAACCTATTTTTAGTGGTGGAG-3′. To gen-
erate pTXB1-eIF4E-D202K, two-step PCR reactions were per-
formed. The first-step PCR reaction was performed to
separately amplify two PCR fragments by using eIF4E cDNA as
a template. Fragment #1 was amplified with the same forward
primer of eIF4E and reverse primer 5′-GTAGCTGTCTTT
GCGTGGGACTG-3′. Fragment #2 was amplified with forward
primer 5′-CAGTCCCACGCAAAGACAGCTAC-3′ and the
same reverse primer of eIF4E. The second-step PCRwas amplified
using fragments #1 and #2 as templated with the forward and re-

verse primers of eIF4E. The PCR product of eIF4E and eIF4E-
D202K was cloned into the pTXB1 vector through NdeI and
SapI sites.
To generate plasmids containing various homologous recombi-

nation templates (S195D/K/R/L and Y192C mutant), an 800-bp
DNA fragment was amplified using HCT116 cell genomic
DNAas a templatewith forward primer 5′-CCGCCGTCGTGGC
TTCAAACT-3′ and reverse primer 5′-GAATGCCCGAGC
GGTCTTCG-3′. This DNA fragment was then cloned into the
pGEMT vector and used as a template for generating Rbm38- KI
HR templates using two-step PCR. To generate the HR template
containing S195DKI, the first-step PCRwas to separately amplify
two DNA fragments #1 and #2. The primers to amplify fragment
#1 were forward primer 5′-CCGCCGTCGTGGCTTCAAACT-3′

and reverse primer 5′-CAGCAGTGGCAGGATCCGCGGCGTA
TGGGTAC-3′. The primers for fragment #2 were forward primer
5′-CGCGGATCCTGCCACTGCTGCCAGCTTCGTG-3′ and
reverse primer 5′-GAATGCCCGAGCGGTCTTCG-3′. The sec-
ond-step PCR was amplified using fragments #1 and #2 as tem-
plates with the forward primer of fragment #1 and the reverse
primer of fragment #2. The PCR products were then cloned into
the pGEMT vector and confirmed by sequencing. To generate
the HR template with S195K KI, the same strategy was used ex-
cept with the reverse primer 5′-GGCAGGCTTGGCGGCAT
ATGGGTACTGGTCATAGGTG-3′ used for fragment #1 and
forward primer 5′-CATATGCCGCCAAGCCTGCCACGGC
TGCCAGCTTC-3′ used for fragment #2. To generate the HR
template with S195R KI, the same strategy was used except
with reverse primer 5′-GGCAGGCCTGGCGGCATATGGGT
ACTGGTCATAGGTG-3′ used for fragment #1 and forward
primer 5′-CATATGCCGCCAGGCCTGCCACGGCTGCCAGC
TTC-3′ used for fragment #2. To generate the HR template with
S195L KI, the same strategy was used except with reverse primer
5′-GGCAGCCGTGGCAGGGAGTGCGGCATATGGGTACTG
ATCATATG-3′ used for fragment #1 and forward primer 5′-CAT
ATGATCAGTACCCATATGCCGCACTCCCTGCCACGGCT
GCC-3′ used for fragment #2. To generate the HR template with
Y192CKI, the same strategy was used except with reverse primer
5′-CTGTAGCCCACGAACGACGCAGCCGTGGCAGGCGAC
GCGGCACATGGGTACTGATCATATGTGGCCGG-3′ used
for fragment #1 and forward primer 5′-CCGGCCACATATGAT
CAGTACCCATGTGCCGCGTCGCCTGCCACGGCTGCGTC
GTTCGTGGGCTACAG-3′ used for fragment #2. To generate
the HR template with eIF4E-D202K KI, a 1200-bp DNA fragment
was amplified using HCT116 cell genomic DNA with forward
primer 5′-TATTTGCTAGGGTTCAGACGTGAAATG-3′ and
reverse primer 5′-CAGCCATCAGCAAGAGTACAGCAAAG-
3′. The PCR product was then cloned into the pGEMT vector
and used as a template for the eIF4E-D202K HR template. The
first step was to amplify fragments #1 and #2. The primers for
fragment #1 were forward primer 5′-GGGACTGTCCTTAC
TTTGTTCACTGTTG-3′ and reverse primer 5′-CAAATCTAT
TTTTAGTGGTGGAGCCTGATTTAGTAGCTGTCTTTGCG
TGAGA-3′. The primers to amplify fragment #2 were forward
primer 5′-TCTCACGCAAAGACAGCTACTAAATCAGGCTC
CACCACTAAAAATAGATTTG-3′ and reverse primer 5′-CAG
CCATCAGCAAGAGTACAGCAAAG-3′. The second-step PCR
was amplified using fragments #1 and #2 as templatewith the for-
ward primer for fragment #1 and the reverse primer for fragment
#2. The PCR products were then cloned into the pGEMT vector.

Cell culture and cell line generation

HCT116 cells were cultured in DMEM supplemented with 10%
fetal bovine serum. HCT116 KI cell lines were generated using
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CRISPR-Cas9 technology along with an asymmetric donor DNA
as previously described (Richardson et al. 2016). Briefly, HCT116
cells were cotransfected with a single-stranded oligodeoxynu-
cleotide (ssODN) together with sgRNA, followed by puromycin
selection for 3 wk. Individual clones were picked and confirmed
by sequencing. It should be mentioned that the sequence of
ssODN should be the same as the target strand to achieve the
best HDR efficiency as previous described (Richardson et al.
2016). To generate a vector expressing a single-guide RNA
(sgRNA), two 25-nt oligos were annealed and then cloned into
pSpCas9(BB) (Ran et al. 2013). Two sgRNAs were used
for RBM38 KI cell line generation: The sequence for sgRNA#1
was 5′-GCGAGGCGGCGTATGGGTAC-3′, and the sequence
for sgRNA#2 was 5′-GGCGTATGGGTACTGGTCAT-3′. Two
sgRNAswere used for eIF4EKI cell line generation: The sequence
for sgRNA#1 was 5′-CTTAGTAGCTGTGTCTGCGT-3′, and
the sequence for sgRNA#2 was 5′-GCGGCTCCACCACTAA
AAAT-3′. To generate various RBM38 KI ssODNs, asymmetrical
PCR was performed as previously described (Pagratis 1996).
Briefly, the first round of PCR was to amplify double-stranded
DNAs using various RBM38 KI templates (S195D/K/R/L and
Y192C) with forward primer 5′-AACCATTCAAGATTTT
TATTTTTGCACCAG-3′ and reverse primer 5′-GAATGCCC
GAGCGGTCTTCG-3′. The products from the first-round PCR
were then used as a template for a second-round PCR with only
a forward primer. To generate eIF4E KI ssODNs, the same strat-
egy was used. The double-stranded DNAs from the first round
of PCR were amplified with forward primer 5′-GGGACTGTC
CTTACTTTGTTCACTGTTG-3′ and reverse primer 5′-CAGC
CATCAGCAAGAGTACAGCAAAG-3′. To generate ssODNs,
either the forward or reverse primer from the first round PCR
was used for asymmetrical PCR.

GST pull-down assay

To purify recombinant eIF4E and eIF4E-D202K protein, pTXB1-
eIF4E or pTXB1-eIF4E-D202K was transformed into bacteria
BL21, which were induced with 0.1 mmol/L IPTG for 4
h. Bacteria lysates were incubated with chitin beads rocking at 4°
C for 1 h, washed with column buffer (500 mMNaCl), and the re-
combinant protein was eluted in an elution buffer. For GST pull-
down assay, pGEX-Rbm38 or pGEX-Rbm38-S195D was trans-
formed into bacteria BL21 and induced with 0.1 mmol/L IPTG
for 4 h. Bacteria lysates were then incubated with GST beads for
2 h at 4°C, washed with PBST, and resuspended in cold PBS. The
RBM38 or RBM38-S195D bead slurry was incubated with purified
recombinant eIF4E or eIF4E-D202K overnight at 4°C and washed
three times with PBST. The samples were then eluted with 60
µL of 1× SDS-loading buffer for Western blot analysis.

Tumor spheroid culture

HCT116 cells (∼2500) were washed five times with PBS, resus-
pended in MammoCult (Stemcell) media, and then mixed with
Matrigel (Corning). The ratio for Mammocult versuss Matrigel
was 3:4 with a total volume of 15 µL. Each mixture was pipetted
in triplicate around the rim of each well in a 96-well plate and in-
cubated 15 min at 37°C, followed by adding100 µL of Mammo-
Cult media. Six days later, 50 µL of dispase (5 mg/mL; Stem
Cell Technologies) was added to each well at 37°C and cell viabil-
ity was measured by using a CellTiter-Glo 3D cell viability assay
kit (Promega) according to the manufacturer’s guidelines.

RT-PCR analysis

Total RNAs were isolated with Trizol reagent (Invitrogen Life
Technologies), followed by cDNA synthesis using RevertAid first

strand cDNA synthesis kit (Thermo Fisher Scientific). The PCR
program used for amplification was (1) 5 min at 94°C, (2) 45 sec
at 94°C, (3) 45 sec at 60°C, (4) 45 sec at 72°C, and (5) 10 min at
72°C. From steps 2 to 4, the cycle was repeated 22–35 times de-
pending on the transcripts amplified. The primers used to amplify
mouse ACTIN was forward primer 5′-TCCATCATGAAGTGT
GACGT-3′ and reverse primer 5′-TGATCCACATCTGCTGG
AAG-3′. The primers used to amplify mouse Rbm38 were for-
ward primer 5′-GACGCATCGCTCAGAAAGT-3′ and reverse
primer 5′-GAGGAGTCAGCCCGTAGGT-3′. The primers used
to amplify mouse Trp53 were forward primer 5′-CTTCCTCCAG
AAGATATCCTG-3′ and reverse primer 5′-GCCATAGTTG
CCCTGGTAAG-3′. The primers to amplify mouse Cdkn2a
were forward primer 5′-ATGGAGTCCGCTGCAGACAGAC
TG-3′ and reverse primer 5′-GAAGGTAGTGGGGTCCTCGCA
GTTC-3′.

RNA-ChIP assay

RNA chromatin immunoprecipitation (RNA-ChIP) was per-
formed as described (Peritz et al. 2006). Briefly, cells extracts
were prepared with immunoprecipitation buffer (10 mM HEPES
at pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.5% NP40, 1 mM DTT)
and then incubated with 2 µg of anti-eIF4E or an isotype control
IgG overnight at 4°C. The RNA-protein immunocomplexes
were brought down by protein A/G beads. RT-PCR analysis
was carried out to determine the levels of TP53 and Actin
transcripts. The primers to amplify human Actin were forward
primer 5′-CTGAAGTACCCCATCGAGCACGGCA-3′ and re-
verse primer 5′-GGATAGCACAGCCTGGATAGCAACG-3′.
The primers to amplify human TP53 were forward primer
5′-GACCGGCGCACAGAGGAAGAGAATC-3′ and reverse
primer 5′-GAGTTTTTTATGGCGGGAGGTAGAC-3′.

Colony formation

HCT116 cells and their derivatives (∼1000 per well) were seeded
in triplicate in a six-well plate and then maintained in fresh me-
dium for 2 wk. The clones were fixed usingmethanol/glacial ace-
tic acid (7:1) followed by crystal violet staining. The color density
of clones was scanned and analyzed using ImageJ software with
theColonyArea plugin installed as previously described (Guzmán
et al. 2014).

SA-β-gal staining

The senescence assay was performed as described previously
(Qian et al. 2008). Briefly, primaryMEFs at passage 5 were seeded
into a six-well plate and maintained in fresh medium for
72 h. Cells were then washed with 1× phosphate-buffered saline
and fixedwith a fixing solution (2% formaldehyde, 0.2% glutaral-
dehyde in PBS) for 15 min at room temperature, followed with
fresh β-gal staining solution (1 mg/mL 5-bromo-4-chloro-3-
indolyl-b-d-galactopyranoside, 40 mM citric acid/sodium phos-
phate at pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 150 mM NaCl, 2 mM MgCl2) overnight at 37°C
without CO2.

Histological analysis

Mouse tissues were fixed in neutral buffered formalin for 18 h and
embedded in paraffin blocks. Tissue blocks were sectioned and
stained with hematoxylin and eosin.
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Statistical analysis

The log rank test was used for Kaplan–Meier survival analysis.
Two-tailed Student’s t-tests was performed for the statistical
analysis of the SA-β-gal staining assay, RT-PCR, and colony for-
mation assay. Values of P< 0.05 were considered significant.
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