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The gene encoding the proto-oncogene GTPase RAS is fre-
quently mutated in human cancers. Mutated RAS proteins trig-
ger antiapoptotic and cell-proliferative signals and lead to
oncogenesis. However, RAS also induces apoptosis and senes-
cence, which may contribute to the eradication of cells with
RASmutations.We previously reported that Ras association do-
main family member 6 (RASSF6) binds MDM2 and stabilizes
the tumor suppressor p53 and that the active form of KRAS pro-
motes the interaction between RASSF6 and MDM2. We also
reported that Unc-119 lipid-binding chaperone (UNC119A), a
chaperone of myristoylated proteins, interacts with RASSF6
and regulates RASSF6-mediated apoptosis. In this study, using
several human cancer cell lines, quantitative RT-PCR, RNAi-
based gene silencing, and immunoprecipitation/-fluorescence
and cell biology assays, we report that UNC119A interacts with
the active form of KRAS and that the C-terminal modification
of KRAS is required for this interaction. We also noted that the
hydrophobic pocket of UNC119A, which binds the myristoylated
peptides, is not involved in the interaction. We observed that
UNC119A promotes the binding of KRAS to RASSF6, enhances
the interaction between RASSF6 and MDM2, and induces apo-
ptosis. Conversely, UNC119A silencing promoted soft-agar col-
ony formation, migration, and invasiveness in KRAS-mutated
cancer cells. We conclude that UNC119A promotes KRAS-medi-
ated p53-dependent apoptosis via RASSF6 andmay play a tumor-
suppressive role in cells with KRASmutations.

Humans have two homologues of unc-119 of Caenorhabditis
elegans, UNC119 and UNC119B (1, 2). UNC119 was first identi-
fied as a retina-enriched gene and was named human retina gene
4 (HRG4) (3).UNC119 is conventionally calledUNC119A and has
two splicing variants,UNC119Aa andUNC119Ab, which have dif-
ferent C-terminal sequences (4). Themiddle portion of UNC119A
has a structure similar to that of the hydrophobic pockets of
cGMP phosphodiesterase (PDEd) and Rho GDP-dissociation in-
hibitor (RhoGDI), which bind lipid-modified proteins, such as

RAS, RAB3, and RHO (5–8). However, unlike PDEd and RhoGDI,
UNC119A interacts with myristoylated proteins, including SRC,
FYN, LCK, ABL1, ABL2, and GNAT (transducin-a) (9–13).
UNC119A also binds RIBEYE, encoded by CTBP2, a component
of ribbon synapses, and ARL2/3, the GTP-binding proteins (2, 5,
14). A series of studies have revealed that UNC119A plays versatile
roles in ribbon synapse formation, T cell activation/differentiation,
myoblast differentiation, cilia formation, endocytosis, cytokinesis,
SRC activation, andABL inhibition (2, 9, 11, 14–19).
UNC119A is reported to promote hepatocellular carcinoma

through WNT signaling (20). A small molecule that interferes
with the interaction between UNC119A and SRC has attracted
attention as a potential anticancer drug (21). However, in certain
cancers, a low expression of UNC119A is associated with poor
patient prognosis (22).We identified UNC119A as a binding pro-
tein of RASSF6, one of the members of tumor suppressor RASSF
proteins (22). RASSF6 has a Ras association (RA) domain, binds
the GTP-bound form of RAS, and is involved in RAS-mediated
apoptosis and senescence (23). RASSF6 also has a coiled-coil
motif, named the SARAH domain, and interacts with mamma-
lian Ste20-like kinases, the core kinases of the tumor suppressor
Hippo pathway (24). In a previous study, we revealed that
UNC119A promotes the binding of RASSF6 to MDM2, inhibits
the MDM2-mediated p53 degradation, and functions as a tumor
suppressor (22). In this study, we investigated the implication of
RAS in the UNC119A-RASSF6-MDM2-p53 axis. We found that
UNC119A binds KRAS in a nucleotide-dependent manner.
Mutation in the C-terminal cysteine of KRAS abrogates the inter-
action; however, UNC119A with mutations in the hydrophobic
pocket still binds KRAS, suggesting that farnesylated KRAS binds
to UNC119A in a differentmanner than that of themyristoylated
proteins. We also demonstrated that UNC119A enhances the
interaction between RASSF6 and MDM2 via KRAS and pro-
motes the KRAS-induced p53-mediated apoptosis.

Results

UNC119A interacts with KRAS

PDEd, a KRAS-binding protein, has a hydrophobic pocket
into which the farnesylated peptide is inserted. Although PDEd
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and UNC119A have similar structures, the residues forming
the hydrophobic pockets of PDEd and UNC119A are only par-
tially conserved. Accordingly, a previous study using fluores-
cent synthetic peptides revealed that UNC119A binds only the
myristoylated peptides and does not interact with the preny-
lated peptides (25). However, when we performed immunopre-
cipitation with anti-UNC119 antibody using the lysates of
SW480 cells harboring KRASB G12V, KRAS was detected in
the immunoprecipitates (Fig. 1A). To further characterize the
interaction, we exogenously expressed various FLAG-UNC119
proteins andMyc-KRASBG12V inHEK293FT cells and immu-
noprecipitated Myc-KRASB G12V. UNC119Aa, UNC119Ab,
and UNC119B coimmunoprecipitated with KRASB G12V (Fig.
1B). As the interaction with UNC119Aa was weaker than that
with UNC119Ab, we focused on UNC119Ab. UNC119B, which
was previously demonstrated not to bind RASSF6, interacted
with KRASB G12V (22). Therefore, it is unlikely that RASSF6
is involved in the interaction between KRASB G12V and
UNC119A. Neither RASSF6 silencing nor RASSF6 coexpres-

sion had any effects on the interaction between UNC119Ab
and KRASB G12V (Fig. S1A and B). Compared with the WT
KRASA and KRASB, the active mutants, KRASA G12V and
KRASB G12V, interacted with UNC119Ab more efficiently,
but the negative mutant, KRASB S17N, did not (Fig. 1C). This
is in stark contrast to PDEd, which does not recognize the
GTPase switch region and interacts with RAS, independent of
the GTP/GDP-bound state (6, 26, 27). Among RAS-related
proteins, HRAS and NRAS also interacted with UNC119Ab,
whereas RAP1B did not (Fig. 1D).

Molecular requirements of KRAS to interact with UNC119Ab

To characterize the difference between KRASB and RAP1B,
we prepared chimeric constructs (Fig. 2A). The chimeric pro-
teins, KRASB G12V(1–63)/RAP1B(64–184), KRASB G12V(1–
76)/RAP1B(77–184) and KRASB G12V(1–86)/RAP1B(87–
184), could bind to UNC119Ab, whereas KRASB G12V(1–60)/
RAP1B(61–184) did not (Fig. 2B). This result implies that the
N-terminal region of KRASB covering 63 residues is involved

Figure 1. Interaction between UNC119A and RAS proteins. A, UNC119A was immunoprecipitated (IP) from SW480 cells and immunoblotted (IB) with anti-
UNC119 and anti-KRAS antibodies. Single and double asterisks indicate IgG heavy and light chains, respectively. UNC119A and KRAS are indicatedwith arrows.
B, C, and D, Myc-tagged proteins were coexpressed with FLAG-tagged proteins in HEK293FT cells, and 48 h after transfection, immunoprecipitation was per-
formed with anti-Myc antibody. B, pCIneoMyc-KRASB G12V, pCIneoFH-UNC119Aa (FLAG-UNC119Aa), pCIneoFHF-UNC119Ab (FLAG-UNC119Ab), and pCI-
neoFHF-UNC119B (FLAG-UNC119B) were used. UNC119Aa, UNC119Ab, and UNC119B were coimmunoprecipitated with KRASB G12V. C, pCIneoMyc-KRASA
WT, pCIneoMyc-KRASA G12V, pCIneoMyc-KRASB WT, pCIneoMyc-KRASB G12V, pCIneoMyc-KRASB S17N, and pCIneoFHF-UNC119Ab (FLAG-UNC119Ab) were
used. KRASA G12V and KRASB G12V more efficiently trapped UNC119Ab than KRASA WT and KRASB WT. KRASB S17N did not bind UNC119Ab (the last lane).
D, pCIneoMyc2-KRASA WT, pCIneoMyc2-KRASB WT, pCIneoMyc2-HRAS WT, pCIneoMyc2-NRAS WT, pCIneoMyc2-RAP1B, and pCIneoFHF UNC119Ab (FLAG-
UNC119Ab) were used. KRASA and NRAS efficiently bound UNC119Ab compared with KRASB and HRAS. The interaction between UNC119Ab and RAP1B was
not detected. Five experiments for panels A and D and three experiments for panels B and Cwere performed by twomembers.
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in the interaction. In this regard, UNC119Ab is different from
PDEd, which binds only the C-terminal region of KRAS (28).
The C-terminal region of KRASB undergoes farnesylation at
Cys185, followed by the removal of 3 amino acids and carboxy-
methylation (29). KRASA is similarly modified but is addition-
ally palmitoylated at Cys180 (30). As we expected that
UNC119Ab would bind KRAS independently of the C-terminal

modification, we examined the interaction of UNC119Ab with
KRASB G12V C185S, which does not undergo farnesylation
and subsequent modification (Fig. 2A). Surprisingly, KRASB
G12V C185S did not bind to UNC119Ab (Fig. 2C). Similarly,
KRASA G12V C186S did not bind to UNC119Ab, whereas
KRASA G12V C180S did (Fig. 2D). Moreover, atorvastatin,
which suppresses farnesylation, attenuated the binding of

Figure 2. Molecular requirement of KRAS for the interactionwith UNC119Ab. A, schematic diagram of KRAS (dark gray) and RAP1B (light gray) constructs.
C, G, S, and V stand for cysteine, glycine, serine, and valine, respectively. Numbers indicate amino acid residue numbers. B, C, D, and E, Myc-tagged proteins
were coexpressed with FLAG-UNC119Ab in HEK293FT cells, and 48 h after transfection, immunoprecipitation was performed with anti-Myc antibody. B and C,
pCIneoMyc-KRASB G12V, pCIneoMyc-2 KRASB G12V, pCIneoMyc2-KRASB G12V 60/RAP1B, pCIneoMyc2-KRASB G12V 63/RAP1B, pCIneoMyc2-KRASB G12V 76/
RAP1B, pCIneoMyc2-KRASB G12V 86/RAP1B, pCIneoMyc-KRASB G12V C185S, and pCIneoFHF-UNC119Ab (FLAG-UNC119Ab) were used. KRASB G12V 63/
RAP1B bound to UNC119Ab, but KRASB G12V 60/RAP1B did not. KRASB G12V C185S did not bind UNC119Ab either. D, pCIneoMyc-KRASA G12V, pCIneoMyc-
KRASA G12V C180S, pCIneoMyc-KRASA C186S, pCIneoMyc-KRASA G12V C180/186S, and pCIneoFHF-UNC119Ab (FLAG-UNC119Ab) were used. KRASA lacking
C186 did not interact with UNC119Ab. E, HEK293FT cells were pretreated with the indicated concentration of atorvastatin for 18 h, and then transfection was
performed. Cells were cultured in the medium containing the same concentration of atorvastatin until immunoprecipitation. The signals were measured by
use of ImageJ (numbers under the image). Three experiments for panels B,D, and E and five experiments for panel Cwere performed by twomembers.
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KRAS G12V to UNC119Ab (Fig. 2E). Hence, the C-terminal
modification of KRASB is required for the interaction with
UNC119Ab. To exclude the possibility that UNC119Ab binds
KRASB via PDEd, we knocked down PDE6D and confirmed
that the interaction between UNC119Ab and KRASB was not
suppressed (Fig. S1C).

Molecular requirement of UNC119Ab to interact with KRASB
G12V

We next analyzed the KRAS-binding region of UNC119Ab.
UNC119A has 2 beta sheets composed of 9 beta strands (12).
Similar to KRAS, ARL3 interacts with UNC119A depending on
the GTP-GDP state. A previous study suggested that the switch
I region of ARL3 binds to Lys92 and Arg94, whereas the inter-
switch region and switch II region bind to the residues between
Phe179 and Asp195, which cover the 7th beta strand. We
mutated Lys92/Arg94 to alanine and Phe177/Phe179/Phe181
to aspartic acid in UNC119Ab (UNC119Ab K92/R94A and
UNC119Ab F177/F179/F181D). The latter mutation decreased
the interaction, whereas the former had no effect (Fig. 3A and
B, arrow). We also mutated Tyr137/Tyr194/Phe196 to aspartic
acid (UNC119Ab Y137/Y194/F196D). Although these residues
are important in forming the hydrophobic pocket, the mutant
could bind KRASB G12V (Fig. 3C). To exclude the possibility
that these mutations have undesired consequences, we con-
firmed that there was no change in the stabilities of UNC119Ab
F177/F179/F181D and UNC119Ab Y137/Y194/F198D and that
these proteins interacted with RASSF6 as well as the WT of

UNC119Ab (Fig. S2). UNC119A interacts with myristoy-
lated tyrosine kinases, such as ABL1 and SRC. During this
study, we found that UNC119Ab is tyrosine phosphorylated
by ABL1 and SRC. UNC119Ab has 5 tyrosine residues. To
determine which residue is phosphorylated, we prepared 5
mutants in which each tyrosine was mutated to phenylala-
nine. We found that only UNC119Ab Y194F was not phos-
phorylated (Fig. S3A, arrow). We hypothesized that if the
hydrophobic pocket is important for the interaction, phos-
phorylation of Tyr194 should attenuate the interaction. We
coexpressed FLAG-tagged UNC119Ab and Myc-tagged
KRASB G12V with N terminus-truncated ABL1b (ABL1b
del N), which is more active than the full-length ABL1b, and
performed immunoprecipitation analysis. ABL1b-del N did
not weaken but rather strengthened the interaction (Fig.
S3B, left). SRC similarly enhanced the interaction (Fig. S3B,
right). The immunoblotting with anti-phosphotyrosine anti-
body confirmed that tyrosine-phosphorylated UNC119Ab
coimmunoprecipitated (Fig. S3B, P-Tyr, arrows).

Localization of KRASB on the plasma membrane may be
important for the interaction

The above findings support the notion that the C terminus
of KRASB is involved in the interaction but binds to a region
other than the hydrophobic pocket of UNC119Ab. Because of
the observed requirement of the C-terminal modification of
KRASB, we considered the possibility that the membrane
anchoring of KRASB is a prerequisite for the interaction with

Figure 3. Molecular requirement of UNC119Ab for the interaction with KRASB. A, B, and C, various FLAG-tagged UNC119Ab proteins were coexpressed
with GFP- or Myc-KRASB G12V in HEK293FT cells. pCIneoFHF-UNC119Ab, pCIneoFHF-UNC119Ab K92/R94A, pCIneoFHF-UNC119Ab F177/F179/F181D, pCI-
neoFHF-UNC119Ab Y137/Y194/F196D, pCIneoGFP-KRASB G12V, and pCIneoMyc-KRASB G12Vwere used. KRASB G12V bound to UNC119Ab K92/R94A (A) and
UNC119Ab Y137/Y194/F196D (C) but not UNC119Ab F177F179F181D (B) (arrow). The interaction of KRASB G12V with UNC119Ab Y137/Y194/F196D, in which
Y194 wasmutated to aspartic acid, was slightly high. Three experiments for panels A, B, and Cwere performed by twomembers.
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UNC119Ab. To address this question, we fused the N-terminal
sequence of PSD-95, which is palmitoylated, to KRASB G12V
C185S (Palm-Myc-KRASB G12V C185S) (31). We also prepared
Myr-GFP-KRASB G12V C185S with the mouse Lck-derived my-
ristoylation signal sequence at the N terminus. Both Palm-Myc-
KRASB G12V C185S and Myr-GFP-KRASB G12V C185S were
recovered in the membrane fraction, whereas Myc-KRASB
G12V C185S was exclusively detected in the soluble fraction (Fig.
S4, A and B). However, as shown by the immunofluorescence
analysis, Myr-GFP-KRASB G12V C185S and Palm-Myc-KRASB
G12V C185S were differentially distributed. The former was
accumulated on the plasma membrane, whereas the latter was
not (Fig. S4C). As shown in the immunoprecipitation analysis,
UNC119Ab could bind Myr-GFP-KRASB G12V C185S but not
Palm-Myc-KRASBG12VC185S (Fig. 4,A and B, arrow). Control
myristoylated-GFP did not bind to UNC119Ab. Myristoylated-
GFP-KRASB G12V C185S could bind to UNC119Ab Y137/
Y194/F196D (Fig. 4C). Hence, the possibility that the myristoy-
lated N terminus artificially fits into the hydrophobic pocket of
UNC119Ab can be excluded. These findings suggest that the
plasma membrane localization is important for the interaction
between KRAS andUNC119Ab.

UNC119Ab enhances the interaction between RASSF6 and
KRASB

As shown in Fig. S1, RASSF6 had no effect on the interaction
between UNC119Ab and KRASB G12V. As a reverse experi-
ment, we examined the effect of UNC119A silencing and
UNC119Ab coexpression on the interaction between RASSF6
and KRASB G12V. UNC119A silencing attenuated the inter-
action (Fig. 5A, arrows), whereas UNC119Ab coexpression
enhanced it (Fig. 5B, arrow).UNC119A silencing also abolished
the interaction between KRASB WT and RASSF6 (Fig. S5A).
UNC119Ab coexpression augmented the interaction between
RASSF6 and KRASB WT (Fig. S5B). However, UNC119A
silencing had no effect on the interaction between KRASB
G12V and RAF1 (Fig. S5C). As shown in Fig. S3, ABL1 and SRC
enhanced the binding of KRASBG12V to UNC119Ab. Consist-
ent with this, KRASB G12V did not bind to UNC119Ab Y194F
as efficiently as UNC119Ab (Fig. S6A). UNC119Ab Y194F did
not enhance the interaction between RASSF6 and KRAS G12V
as much as UNC119Ab, although UNC119Ab and UNC119Ab
Y194F interacted with RASSF6 with similar affinity (Fig. S6B
and C). This means that when KRASB does not bind to
UNC119A, the interaction between KRASB and RASSF6 is
compromised. We next tested the possibility that RASSF6
indirectly associates with KRAS via UNC119A. We depleted
UNC119A in SW480 cells using CRISPR/Cas9. KRAS coimmu-
noprecipitated with RASSF6 from UNC119A-depleted cells,
supporting the idea that although UNC119A enhances the
interaction between RASSF6 and KRAS, RASSF6 can interact
with KRAS independently of UNC119A (Fig. S7).

UNC119Ab promotes the binding of RASSF6 to MDM2 via
KRAS

We previously reported that UNC119A promotes the
binding of RASSF6 to MDM2 (22). We also reported that

the RA domain of RASSF6 binds to MDM2 and triggers apo-
ptosis by stabilizing p53 (32). The binding of the RA domain
to MDM2 is intramolecularly inhibited by the SARAH do-
main, and KRASB eliminates this inhibition (32). Therefore,

Figure 4. The effect of lipid modification on the interaction between
KRASB and UNC119Ab. A, Myc-KRASB G12V, Myc-KRASB G12V C185S, and
Palm-Myc-KRASB G12V C185S were coexpressed with FLAG-UNC119Ab in
HEK293FT cells. Immunoprecipitation was performed with anti-Myc anti-
body. UNC119Ab coimmunoprecipitated with neither Myc-KRASB G12V
C185S nor Palm-Myc-KRASB G12V C185S. B, FLAG-UNC119Ab was coex-
pressed with GFP-KRASB G12V, GFP-KRASB G12V C185S, Myr-GFP, and Myr-
GFP-KRASB G12V C185S in HEK293FT cells and was immunoprecipitated.
GFP-KRASB G12V and Myr-GFP-KRASB G12V C185S coimmunoprecipitated
with FLAG-UNC119Ab (arrow), whereas GFP-KRASB G12V C185S or Myr-GFP
was not. C, Myr-GFP-KRASB G12V C185S coimmunoprecipitated with FLAG-
UNC119Ab Y137/Y194/F196D, which excludes the possibility that the artifi-
cial myristoylated sequence binds to the hydrophobic pocket. Four experi-
ments for panel A and three experiments for panels B and C were performed
by twomembers.
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we surmised that UNC119Ab promotes the binding of
RASSF6 to MDM2 via KRAS. As expected, UNC119Ab
failed to enhance RASSF6-MDM2 interaction under KRAS
silencing in HEK293FT cells (Fig. 5C, white arrow). We also
performed the same experiment in SW480 cells harboring
KRASB G12V and obtained similar results (Fig. 5D). These
findings imply that UNC119Ab promotes the binding of
KRASB G12V to RASSF6, subsequently augmenting the
binding of RASSF6 to MDM2.

MDM2 is recruited to the cytoplasm in the presence of active
KRASB, which depends on UNC119A and RASSF6
The nuclear export of MDM2 is required for the nuclear

export of p53, as shown in HeLa cells (33). In osteosarcoma
SJSA, breast cancer MCF-7, and neuroblastoma cells, leptomy-
cin B treatment or the masking of the nuclear export signal
(NES) of p53 stabilized p53, indicating that p53 is not degraded
unless it is exported to the cytoplasm (34, 35). Consistent with
this, the NES mutant of MDM2, which cannot export p53 to

Figure 5. UNC119Ab enhances the interactions between RASSF6 and KRASB G12V and between RASSF6 and MDM2. A, B, and C, Myc-tagged,
FLAG-tagged, and HA-tagged proteins were expressed in HEK293FT cells as indicated. D, mCherry-MDM2 was expressed in SW480 cells. A,
HEK293FT cells were plated at 8 3 105 cells/well in a 6-well plate and transfected with control siRNA (siCont.) or UNC119A siRNA (siUNC119A#1 and
#2). 24 h later, cells were transfected with pCIneoMyc-KRASB G12V and pCIneoFHF-RASSF6 (FLAG-RASSF6). 48 h after transfection, immunoprecipi-
tation was performed. UNC119A silencing, which suppressed UNC119A expression (arrowhead), abolished the interaction between RASSF6 and
KRASB G12V (white arrows). B, pCIneoMyc-KRASB G12V, pCIneoFHF-RASSF6 (FLAG-RASSF6), and pCIneoFHF-UNC119Ab (FLAG-UNC119Ab) were
used. In this experiment, immunoprecipitation was performed 24 h, not 48 h, after transfection. The interaction between RASSF6 and KRASB G12V
was barely detectable without UNC119Ab but visible with UNC119Ab (white arrow). The signals were measured by use of ImageJ (numbers under
the image). HEK293FT cells (C) and SW480 cells (D) were transfected with control siRNA (siCont.) or KRAS siRNA (siKRAS). 24 h later, transfection was
performed with pCIneoFHF-RASSF6 (FLAG-RASSF6), pCIneoMyc-UNC119Ab (Myc-UNC119Ab), pCIneoHAHA-MDM2 (HA-MDM2), or iPS-mCherry-
MDM2 (mCherry-MDM2). 48 h after transfection, FLAG-RASSF6 was immunoprecipitated to evaluate the coimmunoprecipitation of HA-MDM2 or
mCherry-MDM2. UNC119Ab enhanced the interaction between RASSF6 and MDM2, but KRAS silencing, which suppressed KRAS expression (black
arrow), abolished the effect (white arrow). Single asterisks indicate IgG light chains. Three experiments for panels A, B, and C were performed by two
members. Three experiments were performed for panel D.
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the cytoplasm, could not induce p53 degradation (33). This
implies that MDM2 export antagonizes p53 signaling in these
cells. However, it has also been shown that the NES mutant of
MDM2 induces ubiquitination and degradation of p53 inside
the nucleus in U2OS cells (36). In this case, MDM2 nuclear
export segregated MDM2 from p53 and enhanced the p53
signaling. Consistent with this, the clinical study of human
breast cancers concludes that the cytoplasmic MDM2-posi-
tive cases show better prognosis than the nuclear MDM2-
positive cases (37). These controversial reports indicate that
the effect of MDM2 export on p53 signaling is cell dependent.
In HEK293FT cells, MDM2 was mainly recovered in the nu-
cleus even when overexpressed (22), whereas in the p53-null
H1299 cells, GFP-MDM2 was also detected in the cytoplasm.
Notably, when mCherry-RASSF6 was coexpressed, MDM2
shifted to the cytoplasm (Fig. 6A). The mCherry-KRASB
G12V mutant showed a similar effect (Fig. 6B). KRASB
G12V-mediated shift was suppressed by the silencing of
RASSF6 or UNC119A, indicating that KRASB G12V indu-
ces the shift of MDM2 depending on both RASSF6 and
UNC119A in H1299 cells (Fig. 6C).

UNC119Ab and KRAS cooperatively induce apoptosis, which
depends on RASSF6

UNC119Ab regulates the RASSF6-MDM2-p53 axis to in-
duce cell cycle arrest and apoptosis (22). RASSF6 synergizes
with KRASB and induces p53-mediated apoptosis (23). Con-
sistent with this, we observed that KRASB triggered the interac-
tion between RASSF6 and MDM2 (32). As we found that
UNC119Ab promotes the binding of KRASB to RASSF6, we
predicted that UNC119Ab enhances KRASB-mediated apopto-
sis via RASSF6. We first confirmed the effect of RASSF6 on
KRASB-induced apoptosis in HCT116 cells (Fig. S8). We next
examined whether UNC119Ab also cooperates with KRASB to
induce apoptosis. The p53-positive HCT116 cells expressing
UNC119Ab exhibited nuclear condensation, cytochrome c
release, and apoptosis-inducing factor release (Fig. 7A, first and
second bars). Although KRASB expression did not significantly
induce apoptosis, KRASB enhanced theUNC119A-induced ap-
optosis (Fig. 7A, second and fourth bars). RASSF6 silencing atte-
nuated the synergistic effect of UNC119Ab and KRASB (Fig.
7B). UNC119Ab expression increased the nuclear p53 expres-
sion, which was blocked byKRAS silencing or RASSF6 silencing
(Fig. 8A). KRASB WT augmented the effect of UNC119Ab
on p53 expression, and RASSF6 silencing abolished the effect
(Fig. 8B). As shown in the immunoblotting data, UNC119Ab
increased the protein expression levels of p53, p21, and BAX,
whereas silencing of KRAS and RASSF6 reduced those levels
(Fig. 8C). These findings are consistent with the model that

UNC119Ab promotes the binding of KRAS to RASSF6 and
activates the KRAS–RASSF6–p53 axis.

UNC119A antagonizes oncogenic potency of KRAS

Based on the above data, we hypothesized that UNC119A
plays a tumor-suppressive role in cells with KRAS mutations.
To test this idea, we expressed KRASB G12V in mouse
NIH3T3 cells to induce transformation and evaluated the effect
of UNC119A silencing. NIH3T3 cells expressing KRASB G12V
formed colonies in soft-agar culture, and UNC119A silencing
significantly enhanced colony formation (Fig. 9A). We next
knocked down UNC119A in human lung cancer A549 cells
expressing KRASBG12S.UNC119A silencing promoted colony
formation in soft-agar culture and sphere formation, and it
enhanced migration and invasion in a transwell assay (Fig. 9B,
C, andD). The additional silencing ofKRAS abolished the effect
of UNC119A silencing (Fig. 9B, C, and D). We also suppressed
UNC119A and KRAS in SW480 cells and obtained similar
results (Fig. S9A, B, andC). To exclude the off-target effects, we
reintroduced RNAi-resistant mutants derived from UNC119A
(UNC119A-R-#1, -#2) and UNC119A F177/F179/F181D
(UNC119A-FD-R-#1, #2) in A549 cells (Fig. S10). UNC119A-
R-#1 and -#2 suppressed the effect of UNC119A silencing with
siUNC119A#1 and #2, respectively, although UNC119A-FD-R-
#1 or -#2 had no effect (Fig. S11).

Frequency of KRAS mutation is lower in cancer cells with
UNC119A-high expression

To discuss the physiological relevance of our observations,
we finally examined whether UNC119A contributes to the
eradication of cells with KRAS mutations using data from The
Cancer Genome Atlas (TCGA). We selected pancreatic, colon,
and lung adenocarcinoma, which are frequently associated
with KRASmutations. In pancreatic and lung adenocarcinoma,
the ratio of cancer cells withKRASmutations was lower in cells
expressing UNC119A at high levels (Table S1). In colon adeno-
carcinoma, although the deviation was not statistically signifi-
cant, the ratio of mutations was relatively low in cells with
UNC119A-high expression. In contrast, the frequencies of
TP53 mutations in pancreatic adenocarcinoma and APC
mutations in colon adenocarcinoma were not altered based
on the UNC119A expression level. The ratio of mutations of
LRP1B, which is the second most frequently mutated gene
in TCGA lung adenocarcinoma, is higher in cancers with
UNC119A-high expression. These observations are consist-
ent with the assumption that UNC119A promotes apoptosis
in cells with KRASmutations.

Figure 6. KRASB G12V induces the cytoplasmic shift of MDM2 depending on RASSF6 and UNC119A. A, B, and C, H1299 cells were transfected with pCI-
neoGFP-MDM2, pCIneomCherry-RASSF6, and pCIneomCherry-KRASB G12V as indicated. C, cells were first transfected with control siRNA, UNC119A siRNAs
(siUNC119A#1 and #2), or RASSF6 siRNAs (siRASSF6#1 and #2). The efficiency of knockdown was evaluated for UNC119A by Western blotting and for RASSF6 by
quantitative RT-PCR. 24 h later, the cells were replated in a 12-well plate and transfection was performed. A, B, and C, 24 h after transfection, cells were treated
with 30 mM MG132 for 6 h and fixed. The nuclei were visualized with Hoechst 33342 (Hoechst). GFP signals in cytoplasm and nucleus were measured as
described in Experimental procedures, and the ratio was calculated for each cell. Dot plots exhibit the ratios of cytoplasmic signal intensity over cytoplasmic
plus nuclear signal intensity for each cell. Numbers indicate numbers of counted cells. Horizontal bars show the averages. ***, p , 0.001. Bar, 10 mm. Three
experiments were performed. The data are means with S.E. Numbers of samples are shown. Statistical analyses were performed with one-way ANOVA with
Tukey’s test. Arcsine transformation was applied for panels A, B, and C.
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Discussion

Although PDEd, a chaperone for farnesylated proteins, and
UNC119A have similar structures, UNC119A is a chaperone of
the myristoylated proteins (38, 39). Previous studies revealed
how myristoylated peptides fit into the hydrophobic pocket,
whereas farnesylated peptides fail to bind the hydrophobic
pocket (25). However, UNC119A also interacts with proteins
that are not modified by myristoylation. RIBEYE recruits
UNC119A to ribbon synapses (14). Small GTP-binding pro-
teins, ARL2 and ARL3, which do not have myristoylated sig-
nals, also bind to UNC119A (2, 5, 40). We reported the interac-
tion between UNC119A and RASSF6 (22). RASSF6 has an RA
domain that interacts with the GTP-bound RAS (23). RAS pro-
motes the binding of RASSF6 to MDM2 (32). RAS presumably
induces a conformational change in the RA domain, which sub-
sequently binds to the RING-finger E3 ligase region of MDM2
and blocks the MDM2-mediated p53 degradation (32). Conse-
quently, RAS triggers p53-mediated apoptosis through the
RASSF6-MDM2-p53 axis (32). In this way, RASSF6 potentially
antagonizes RAS signaling and plays a tumor-suppressive role
in cells with RAS mutations. We also found that UNC119A
promotes the interaction between RASSF6 and MDM2 and
induces apoptosis via p53 (22). Therefore, we wanted to exam-
ine whether and how the KRAS-RASSF6-MDM2-p53 axis and
UNC119A-RASSF6-MDM2-p53 axis are related to each other.
We first addressed the question of whether UNC119A inter-

acts with KRAS. We detected the coimmunoprecipitation of
endogenous UNC119A and KRAS in colon cancer SW480 cells.
We attempted to rule out the possibility that UNC119A and
KRASB interact with each other through a certain third mole-
cule. To this end, we confirmed that the silencing of RASSF6 or
PDEd had no effect on the interaction between UNC119A and
KRASB G12V. UNC119B, which does not interact with
RASSF6, also binds KRASB (22). UNC119A interacts with
KRAS depending on the GTP-GDP state, whereas PDEd binds
both the GTP-bound and GDP-bound KRAS (6). These find-
ings also support that neither RASSF6 nor PDEd is involved in
the interaction between UNC119A and KRASB.
To further confirm the interaction between UNC119A and

KRAS, we mapped the molecular determinants of the interac-
tion. Unexpectedly, KRAS mutants lacking farnesylated cyste-
ine failed to bind to UNC119A. Nevertheless, the mutations in
the hydrophobic pocket of UNC119A had no effect on the
interaction, which implies that the farnesylated C-terminal
region binds to the other region of UNC119A. The replacement
of Phe177, Phe179, and Phe181 by aspartic acid abolished the
interaction. We speculate that the sequence including these
residues is involved in the interaction with KRASB. Notably,
these residues are conserved in UNC119B. The interaction
between UNC119Aa and KRASB is weaker than that between
UNC119Ab and KRASB. A possible explanation for this obser-

vation is that the longer C-terminal region of UNC119Aa inter-
feres with the access of KRASB to the RAS-binding region of
UNC119A. Not only KRAS but also HRAS and NRAS bind to
UNC119A, whereas RAP1B does not. Although RAP1B has a
geranyl-geranylated cysteine, the failure to bind is not because
of the difference in lipid modification, as the chimeric proteins
composed of the N-terminal KRASB and C-terminal RAP1B
bind to UNC119A. The N-terminal 60 amino acids of KRAS
are not sufficient, and 63 amino acids must be included in the
chimeric protein. Gln61 is one of the frequently mutated resi-
dues in KRAS and is involved in GTP hydrolysis (41). As
UNC119A binds the GTP-bound KRAS, the region around
Gln61may be important for the interaction with UNC119A.
The interaction between RASSF proteins other than NORE1/

RASSF5 and RAS proteins is weak and is still a matter of
debate. However, as RASSF6 and KRAS coimmunoprecipi-
tate from the lysates of UNC119A-depleted SW480 cells, we
could conclude that RASSF6 can interact with KRAS inde-
pendent of UNC119A, and UNC119A enhances the basal
interaction between RASSF6 and KRAS. Interestingly, ABL1
and SRC strengthen the binding of KRASB G12V to UNC119Ab,
whereas UNC119Ab Y194F does not enhance the interaction
between KRASB and RASSF6 as efficiently as UNC119Ab. This
finding suggests that tyrosine phosphorylation at Y194 has a
regulatory role in the UNC119A–KRAS–RASSF6–MDM2–
p53 axis.
The expression of UNC119A is regarded as a biomarker for

predicting both good and poor prognosis in cancer patients.
UNC119A promotes cell proliferation andmigration in hepato-
cellular cancer cell lines (20). UNC119A regulates the distribu-
tion and activation of SRC (9). A small molecule targeting the
interaction of UNC119A with myristoylated proteins sup-
presses cell proliferation in SRC-dependent cancer cells (21).
On the contrary, we reported earlier that UNC119A regulates
p53 through the interaction with RASSF6 and acts as a tumor
suppressor in colon cancer cells (22). We have extended our
observations in this study. UNC119A enhances the response of
the RASSF6-MDM2-p53 axis in the presence of KRAS. Hence,
UNC119A contributes to the tumor-suppressive role of
RASSF6 in cancer cells with KRAS mutations. UNC119A
silencing in cells expressing KRASB G12V promotes malignant
transformation. The analysis of the human cancer database
supports the assumption that UNC119A plays a tumor-sup-
pressive role in cells expressing mutated KRAS proteins. In
contrast, UNC119A is neutral against the mutations of TP53
and APC. The frequency of mutations of LRP1B, which is
regarded as an oncogene in lung adenocarcinoma, is associated
with a high expression of UNC119A (42). Therefore, to target
UNC119A in cancer therapy, it is important to evaluate
whether UNC119A plays an oncogenic or a tumor-suppressive
role in each cancer type.

Figure 7. UNC119Ab and KRASB WT synergistically induce apoptosis, which depends on RASSF6. A and B, HCT116 cells were transfected with
pBudCGFP-SUMO (Cont), pCIneoGFP-UNC119Ab (UNC119Ab), and pCIneoMyc2-KRASB WT (KRASB WT). B, cells were transfected with control siRNA (siCont)
or RASSF6 siRNA (siRASSF6#1 and #2). 24 h later, cells were replated in a 12-well plate and transfection was performed. 24 h after transfection, cells were immu-
nostained with anti-cytochrome c (Cyt C) and anti-apoptosis-inducing factor (AIF) antibodies. Nuclei were visualized with Hoechst 33342. 50 GFP-positive cells
were observed. Ratios of cells with nuclear condensation, cytochrome c release, and AIF release were calculated. The validation of RASSF6 silencing was per-
formed by quantitative RT-PCR. Data are means with S.E. *, p, 0.05; **, p, 0.01; and ***, p, 0.001. Bar, 10mm. Three experiments were performed. Fifty cells
were evaluated for each condition. Statistical analyses were performedwith one-way ANOVAwith Tukey’s test.

UNC119 regulates RAS-mediated apoptosis[url]

J. Biol. Chem. (2020) 295(32) 11214–11230 11223



UNC119 regulates RAS-mediated apoptosis[url]

11224 J. Biol. Chem. (2020) 295(32) 11214–11230



Experimental procedures

DNA constructs and virus production

pCIneoMyc, pCIneoGFP, pCIneoFHF, pCIneomCherry,
pCIneoFHF-RASSF6, pCIneoFH-UNC119Aa, pCIneoFHF-
UNC119Ab, pCIneoFHF-UNC119B, pCIneoGFP-MDM2,
pCIneoHAHA-MDM2, pCIneomCherry-MDM2, pBudCGFP-
SUMO, and pQCXIP EF were described previously (22, 32, 43–
46). Oligonucleotides are listed in Table S2. Oligonucleotides
(H4222 andH4223) were phosphorylated by T4 kinase, annealed,
and ligated into EcoRI/MluI sites of pCIneoMyc to generate pCI-
neoMyc2, in which the N-terminal Myc-tag is followed by seven
glycine residues. Human cDNAs of KRASA, KRASB, HRAS,
NRAS, RAP1B, and RAF1 were obtained by PCR from a human
lung and kidney cDNA library (Clontech) with the indicated pri-
mers (Table S2). Products were digested with MluI/Sall and
ligated into the same sites of pCIneoMyc2, pCIneoFHF, and
pCIneomCherry to generate pCIneoMyc2-KRASAWT, pCIneo-
Myc2-KRASB WT, pCIneoMyc2-HRAS, pCIneoMyc2-NRAS,
pCIneoMyc2-RAP1B, pCIneoFHF-RAF1, and pCIneomCherry-
C-SRC. KRASA G12V, KRASB G12V, and KRASB S17N were
generated by a two-step PCRmethod with the indicated primers.
For instance, the first PCR was performed with the primers
H4065/H4069 and H4068/H4066 on pCIneoMyc2-KRASB WT.
The products were isolated, mixed, and used as the template for
the second PCR with the primers H4065/H4066 to generate
KRASB G12V, which was ligated into MluI/Sall sites of pCIneo-
Myc. Other constructs with mutations were prepared in a similar
manner. To generate KRASA G12V C186S and KRASB G12V
C185S, PCR was conducted by using primers H4065/H4074 and
H4065/H4067 on KRASA G12V and KRASB G12V, respectively.
KRASA G12V C180/186S was generated from KRASA G12V
C180S. Chimeric constructs of KRASB/RAP1B were also pre-
pared by a two-step PCRmethod. For instance, the first PCR was
performed with H4065/H4385 on KRASB G12V and H4384/
H4251 on RAP1B, and the mixture of products was amplified
with H4065/H4251 to generate KRASB G12V 60/RAP1B. Five
UNC119Ab mutants, in which each tyrosine is replaced by ala-
nine, were prepared by using the PrimeSTAR mutation basal kit
(Takara Bio Inc.) on pCIneoFHF-UNC119Ab with the indicated
primers. The other three UNC119Ab mutants, UNC119Ab K92/
R94A, F177/F179/F181D, and Y137/Y194/F196D, were prepared
by a two-step PCR method. For UNC119Ab Y137/Y194/F196D,
Tyr137 and Tyr194/Phe196 were mutated sequentially. pLenti-
CRISPR2-UNC119ACR1 was generated by ligating the indicated
primers to lentiCRISPR ver2 (Addgene, 52961, a gift from Feng
Zhang) (47). RNAi-resistant constructs were generated with PCR
using the indicated primers to introduce three mutations in the
target sequences in either UNC119Ab or UNC119Ab Y177/179/
181D. The products were subcloned into pCIneoGFP and then

into pQCXIP. cDNA of human ABL1b was obtained from Owen
N. Witte (University of California, Los Angeles) through Yoshiro
Maru (Tokyo Women’s Medical University School of Medicine).
PCR was performed with primers H3818/H3819 to generate
ABL1b-delN, which lacks the myristoylated N terminus. To gen-
erate Palm-Myc-KRASB G12V C185S, the first PCR was per-
formed by using H4540/H4544 on pCMV rat PSD-95 (44). The
product was mixed with pCIneoMyc2-KRASBG12VC185S. The
second PCR was performed with H4540/H4520. The second
product was digested with NheI/NotI and ligated into the same
sites of pCIneo. To generate Myr-GFP, the first PCR was per-
formed by using H2962/H543 on pCIneoGFP. The product was
ligated into NheI/NotI sites of pCIneo to generate pCIneoMyr-
GFP. The MluI/Sall fragment from pCIneoMyc2 KRASB G12V
C185S was ligated into the same sites of pCIneoMyr-GFP to gen-
erate pCIneoMyr-GFP-KRASB G12V C185S. NheI/NotI frag-
ments from pCIneoGFP, pCIneoGFP-UNC119Ab, and pCIneo-
Myc KRASB G12V were ligated into XbaI/NotI sites of pQCXIP
to generate pQCXIP-GFP, pQCXIP-GFP-UNC119Ab, and
pQCXIP-Myc-KRASB G12V. The NheI/NotI fragment from
pCIneomCherry-MDM2 was ligated into XbaI/NotI sites
of iPSC hNanog (System Biosciences) to generate piPS-
mCherry-MDM2.

Antibodies and reagents

UNC119 antibody was described previously (22). Other anti-
bodies and reagents were obtained from commercial sources.
The primary antibodies used are listed in Table S3. Other anti-
bodies and reagents are Hoechst 33342 and epidermal growth
factor (E9644) (Sigma-Aldrich, St. Louis, Dallas, TX, USA);
MG-132 (09494-64) and cycloheximide (06741-04) (Nacalai
Tesque, Tokyo, Japan); anti-DYKDDDDK-tag beads (016-
22784), 4-amidinophenylmethanesulfonyl fluoride (APMSF),
leupeptin (334-40414), basic fibroblast growth factor (064-
04541), and fibronectin solution from human plasma (063-
00591) (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan); Matrigel matrix basement membrane growth factor
reduced (354230) (Corning Inc.); protein G-Sepharose 4 fast
flow (GE Healthcare); peroxidase-conjugated anti-rabbit
(0855676) secondary antibodies (MP Biomedicals, Santa Ana,
CA, USA); Alexa Fluor® 488 goat anti-rabbit IgG (A11034),
Alexa Fluor® 568 goat anti-rabbit IgG (A11036), and Alexa
Fluor® 647 goat anti-mouse IgG (A21235) (Thermo Fisher Sci-
entific, Waltham, MA, USA); and atorvastatin (A2476) (Tokyo
Medical Industry, Tokyo, Japan).

Cell cultures and transfection

HEK293FT, HCT116, H1299, SW480, A549, and NIH3T3
cells were cultured in Dulbecco’s modified Eagle medium

Figure 8. UNC119Ab and KRASBWT synergistically enhance p53 expression, which depends on RASSF6. KRAS silencing and RASSF6 silencing were per-
formed in HCT116 cells as described for Fig. 7. GFP-UNC119Ab and Myc2-KRASB WT were expressed, and endogenous p53 was immunostained. Nuclear p53
signal was measured by ImageJ in the indicated number of cells. A, UNC119Ab augmented the signal of p53 in the nucleus (siCont), but the silencing of KRAS
and RASSF6 reduced it. B, KRASB WT further enhanced the nuclear p53 signal in UNC119Ab-expressing cells (UNC119Ab1KRASB WT, siCont), whereas RASSF6
silencing abolished the effect. C, HCT116 cells were infected with retrovirus vectors harboring GFP or GFP-UNC119Ab and cultured in the medium containing
1 mg/liter of puromycin. 2 days later, the silencing of KRAS and RASSF6 was performed. 72 h later, whole-cell lysates were immunoblotted with the indicated
antibodies.White and black arrows indicate GFP-UNC119Ab and its degraded product. The efficiency of knockdown was evaluated for KRAS by Western blot-
ting and for RASSF6 by quantitative RT-PCR. The data are means with S.E. *, p, 0.05; ***, p, 0.001; n.s, not significant. Bar, 10 mm. Three experiments were
performed. Numbers of samples are shown. Statistical analyses were performedwith one-way ANOVAwith Tukey’s test.
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(DMEM) containing 10% (v/v) fetal bovine serum (FBS) and
10 mM Hepes-NaOH, pH 7.4, under 5% CO2 at 37 °C. Lipo-
fectamine 2000 (ThermoFisher Scientific) was used for trans-
fection. SW480 cells were infected with lentivirus vector
(pLenti-CRSIRP2-UNC119A-CR1) and cultured with 1 mg/liter
puromycin for 4 days. Clones were isolated and UNC119A
knockout clones were selected.

Viral infection

HEK293FT cells were used for generating retrovirus and len-
tivirus vectors. The medium was collected and used for the
infection.

Quantitative RT-PCR

Cells were harvested with TRI Reagent (Molecular Research
Center, Inc.), and mRNA was extracted according to the manu-
facturer’s protocol. cDNA was prepared from mRNA using
ReverTra Ace (TOYOBO). Quantitative RT-PCR analysis was
performed by using SYBR Green (Roche) and an ABI7500 real-
time PCR system (Applied Biosystems). PCR conditions were 2
min at 50 °C, 10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 1
min at 60 °C. The primers used are human GAPDH, 59-
CCACTCCTCCACCTTTGAC-39 and 59-ACCCTGTTGCTG-
TAGCCA-39; human RASSF6, 59-ACGTCTTCTCCAGCAA-
AGGA-39 and 59-CAGAGCTGCTTCACTCATGG-39; and
human PDE6D, 59-ATCCTGAGGGGCTTCAAACTA-39
and 59-TGCACTTGAGGATTTTCTTGG-39.

RNAi

RNA interference was performed by use of Lipofecta-
mine RNAiMAX (Thermo Fisher Scientific). The small
interfering RNAs (siRNAs) used are Silencer Select Negative
Control No. 2 (4390846), human UNC119A#1 (s17350),
human UNC119A#2 (s17351), human RASSF6#1 (s46639),
and human RASSF6#2 (s46640) (Thermo Fisher Scientific), and
human KRAS (sc-35731), mouse UNC119A (sc-75763), and
human PDEd (sc-61309) (Santa Cruz Biotechnology). The valid-
ity of the knockdown was confirmed by quantitative RT-PCR
(RASSF6 and PDEd) or immunoblotting (UNC119A andKRAS).

Western blotting

Samples were separated on 8–12% acrylamide gels and trans-
ferred to nitrocellulose membranes. Membranes were blocked
with 5% (w/v) milk in TBS–Tween buffer (50 mM Tris, 138 mM

NaCl, 2.7 mM KCl, 0.1% [v/v] Tween 20, pH 7.4) and incubated
overnight at 4 °C with the indicated antibodies. Membranes
were washed in TBS–Tween buffer, incubated with appropriate
horseradish peroxidase-conjugated secondary antibodies for 1
h at room temperature, and washed again in TBS–Tween
buffer. Signals were detected using ECL (GE Healthcare) re-
agent and X-ray films.

Immunoprecipitation of UNC119A and RASSF6 from SW480
cells

SW480 cells at 50 to 60% confluence in two 100-mm dishes
were suspended in buffer A (50 mM Tris-HCl [pH 8.0], 50 mM

NaCl, 0.5% [w/v] CHAPS, 7.5 mM MgCl2, 5 mM EDTA) con-
taining 50 mM APMSF and 10 mg/liter leupeptin and lysed by
sonication at high power 6 times for 10 s each time with 1-min
intervals. The lysates were centrifuged at 20,0003 g for 10 min
at 4 °C. The supernatant was incubated with mouse anti-
UNC119 antibody (Abnova) or control mouse IgG for 4 h at 4 °
C and further incubated with protein G-Sepharose 4 fast flow
beads (GE Healthcare) for 1 h at 4 °C. The beads were washed
four times with buffer A, and the precipitates were analyzed by
SDS-PAGE and immunoblotting with anti-UNC119 and anti-
KRAS antibodies. The immunoprecipitation of RASSF6 from
UNC119A knockout SW480 cells was conducted in a similar
manner.

Coimmunoprecipitation from HEK293FT and SW480 cells

To detect the interaction of exogenously expressed proteins,
HEK293FT cells were plated at 8 3 105 cells/well in a 6-well
plate, and 24 h later, the indicated plasmids were transfected
with Lipofectamine 2000 to express various tagged proteins. 48
h later, cells were lysed in buffer D (25 mM Tris-HCl [pH 8.0],
100 mM NaCl, 1% [w/v] Triton X-100, 7.5 mM MgCl2, 5 mM

EDTA, 50mM APMSF, and 10 mg/liter leupeptin). Lysates were
centrifuged at 20,0003 g for 10 min at 4 °C. To immunopreci-
pitate FLAG-tagged proteins from the supernatant (input),
anti-DYKDDDDK tag beads were used. For Myc-tagged pro-
teins, anti-Myc antibody was added to the supernatant and
incubated for 2 h. Protein G-Sepharose 4 fast flow beads then
were added. After 30 min of incubation, beads were washed
four times with buffer D. Proteins in the inputs and in the
immunoprecipitates were detected with appropriate antibod-
ies. In the experiments to evaluate the coimmunoprecipitation
of MDM2, cells were pretreated with 30 mMMG132 for 6 h and
then lysed in buffer D containing 30 mM MG132. Beads were
washed four times with buffer D containing 500 mM NaCl. In
the experiments including ABL1 and SRC, cells were lysed in
buffer D containing 50 mM NaF, 25 mM b-glycerophosphate,
and 2mMNa3VO4, and beads were rinsed with the same buffer.
SW480 cells were plated at 1.1 3 106 cells in a 6-cm dish, and
two dishes were used for each immunoprecipitation in the
same manner, except that cells were lysed by sonication at high
power 3 times for 10 s each time with 1-min intervals.

Subcellular fractionation

Cells were rinsed with ice-cold PBS, harvested by scraping,
and centrifuged at 600 3 g at 4 °C for 3 min. The cells were
resuspended with 560 ml of the hypotonic buffer (20 mMHepes-
NaOH [pH 7.4], 10 mM KCl, 2 mM MgCl2, 1 mM EDTA, 1 mM

EGTA, 50 mM APMSF, 10 mg/liter leupeptin, 1 mM DTT), kept
at 4 °C for 15 min, lysed by sonication at high power 3 times for
10 s each time with 10-s intervals, and kept at 4 °C for 20 min.
60 ml of the lysate was saved as the whole-cell lysate, and the
remaining lysate was centrifuged at 100,000 3 g at 4 °C for 60
min. The supernatant was collected as the cytoplasmic fraction.
The pellet was rinsed twice with the hypotonic buffer, sus-
pended with 500 ml of the hypotonic buffer, and used as the
membrane fraction.
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Immunofluorescence

HCT116 cells were fixed with 3.7% (w/v) formaldehyde in PBS
at room temperature for 15 min and quenched with 50 mM gly-
cine in PBS. The samples were incubated with 0.2% (v/v) Triton
X-100 in PBS for 15 min and subsequently with PBS containing
1% (w/v) BSA and 0.1% (v/v) Triton X-100. The samples then
were incubated with various primary antibodies and secondary
antibodies and were counterstained with Hoechst 33342 (Sigma-
Aldrich) to visualize cell nuclei. The images were obtained with
Keyence BZ-X700 (Keyence Cooperation, Osaka, Japan) or Leica
TCS SP8 (Leica Biosystems,Wetzlar, Germany).

Analysis of MDM2 distribution

GFP-MDM2 was expressed in H1299 cells. GFP fluorescence
intensity in each well was measured with ArrayScan VTI (Cello-
mics). An algorithm for data acquisition was designed by using
vHCS Scan software. In brief, Hoechst 33342 staining was used to
identify the nucleus. Each cell was identified within the field, and
the nuclear boundary was drawn. The nuclear area was defined as
the area 2 pixels inside the nuclear boundary to minimize the
cytoplasmic contamination. The cytoplasmic area was defined as
the ring with a width of 5 pixels around the nuclear boundary.
The intensity of GFP fluorescence was averaged over the meas-
ured nuclear and cytoplasmic area. The ratio of the cytoplasmic
GFP to the nuclear GFP was calculated by using BioApplication
Compartment Analysis V4 (Thermo Fisher Scientific). 50 to 150
cells were analyzed for each sample. The images were obtained
with a Leica TCS SP8 (Leica Biosystems,Wetzlar, Germany).

Soft-agar colony formation assay

1 ml melted agar solution containing DMEM, 10% (v/v) FBS,
and 0.5% (w/v) agarose (STAR agarose) (RSV-AGRP)
(RIKAKEN, Tokyo, Japan) was plated in one well of a 12-well
plate. 500 ml DMEM containing 1 3 104 NIH3T3, A549, or
SW480 cells, 10% (v/v) FBS, and 0.3% (w/v) agarose then was
overlaid and kept for 30min at room temperature. After agarose
solidified, 400 ml DMEM containing 10% (v/v) FBS was further
overlaid and cultured for 7 days. The images were obtained with
a fluorescence microscope BZ-X700 (Keyence, Osaka, Japan)
and analyzed by the BZ-H3C Hybrid Cell Count Module. The
area of cells wasmeasured in 15 independent fields.

Sphere formation assay

A549 and SW480 cells were plated at 1,000 cells/well in a 96-
well microplate with a cell-repellent surface (655970) (Greiner
Bio-One International) and cultured in serum-free DMEM–
F12 containing 0.4% (w/v) BSA, 10 ng/ml basic fibroblast
growth factor, 20 ng/ml epidermal growth factor, 5 mg/ml insu-

lin, and 1% (w/v)methylcellulose for 10 and 7 days, respectively.
Cell aggregates larger than 50mmwere defined as spheres.

Transwell migration and invasion assays

Transwell assays were performed according to the protocol by
Corning, Inc. Briefly, transwell inserts (Falcon® permeable sup-
port for 24-well plate with 8.0-mm transparent PET membrane)
(353097) (Corning Inc.) were coated with 10 mg/cm2 fibronectin
solution. The inserts used for invasion assay were further coated
with 30 mg Matrigel in 100 ml of 10 mM Tris-HCl (pH 8.0) con-
taining 0.7% (w/v) NaCl. 4 3 104 A549 cells/200 ml serum-free
DMEMwere seeded on the inserts. 750 ml DMEMwith 10% FBS
was added. 36 h later, nonmigrating or noninvading cells on the
upper surface were removed with a cotton swab. Migrating or
invading cells on the lower surface were fixed with methanol and
stained with 0.2% (w/v) crystal violet. SW480 cells were used in a
similar manner, except that cells were seeded at 13 105 cells/200
ml and fixed after 144 h. The area of migrating or invading cells
was quantified using ImageJ in 5 independent fields.

Human cancer database analyses

Datasets of pancreatic adenocarcinoma, colon adenocarci-
noma, and lung adenocarcinoma were obtained from TCGA
and PanCancer-Atlas through cBioPortal for Cancer Genomics
(RRID:SCR_014555) (48). After the samples lacking the infor-
mation regarding KRAS gene status were omitted, pancreatic
adenocarcinoma, colon adenocarcinoma, and lung adenocarci-
noma contained 172, 532, and 510 samples, respectively. The
samples were stratified into three groups depending on
UNC119A gene expression level. The numbers of samples with
or without KRASmutations were determined in each group. As
references, the frequency of mutations of TP53, APC, and
LRP1B were evaluated in pancreatic, colon, and lung adenocar-
cinomas, respectively.

Statistical analysis

Statistical analyses were performed with Student’s t test for
comparison between two samples and analysis of variance
(ANOVA) with Tukey’s test for multiple comparison using
GraphPad Prism 5.0 (GraphPad Software). Chi-square analysis
was performed by usingMicrosoft Excel.

Data availability

All data are contained within themanuscript.
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