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SUMMARY

Pleckstrin homology-like domain, family B, member 2
(PHLDB2) is up-regulated by chemotherapeutic agent–
induced oxidative stress in latent liver metastasis of colo-
rectal cancer. Moreover, up-regulated PHLDB2 stabilizes
epidermal growth factor receptor and promotes its nuclear
translocation, resulting in epidermal growth factor receptor
signaling activation and cetuximab resistance.

BACKGROUND & AIMS: Latent metastasis of colorectal cancer
(CRC) frequentlydevelopsmonthsoryearsafterprimarysurgery,
followed by adjuvant therapies, and may progress rapidly even
with targeted therapy administered, but the underlying mecha-
nismremainsunclear.Here,weaimtoexplore themolecularbasis
for the aggressive behavior of latent metastasis in CRC.

METHODS: Transcriptional profiling and pathway enrichment
analysis of paired primary and metastatic tumor samples were
performed. The underlying mechanisms of pleckstrin homol-
ogy-like domain, family B, member 2 (PHLDB2) in CRC were
investigated by RNA immunoprecipitation assay, immunohis-
tochemistry, mass spectrometry analysis, and Duolink in situ
proximity ligation assay (Sigma-Aldrich, Shanghai, China). The
efficacy of targeting PHLDB2 in cetuximab treatment was
elucidated in CRC cell lines and mouse models.

RESULTS: Based on the transcriptional profile of paired primary
and metastatic tumor samples, we identified PHLDB2 as a potential
regulator in latent liver metastasis. A detailed mechanistic study
showed that chemotherapeutic agent–induced oxidative stress
promotes methyltransferase-like 14 (METTL14)-mediated N6-
methyladenosine modification of PHLDB2 messenger RNA, facili-
tating its protein expression. Up-regulated PHLDB2 stabilizes
epidermal growth factor receptor (EGFR) and promotes its nuclear
translocation, which in turn results in EGFR signaling activation and
consequent cetuximab resistance. Moreover, Arg1163 (R1163) of
PHLDB2 is crucial for interaction with EGFR, and the R1163A
mutation abrogates its regulatory function in EGFR signaling.

CONCLUSIONS: PHLDB2 plays a crucial role in cetuximab resis-
tance and is proposed to be a potential target for the treatment of
CRC. (Cell Mol Gastroenterol Hepatol 2022;13:1223–1242; https://
doi.org/10.1016/j.jcmgh.2021.12.011)
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olorectal cancer (CRC) is one of the most common
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Abbreviations used in this paper: 5-FU, 5-fluorouracil; c-Cbl, Casitas B
lymphoma; cDNA, complementary DNA; co-IP, co-immunoprecipita-
tion; CRC, colorectal cancer; EGFR, epidermal growth factor receptor;
GFP, green fluorescent protein; IHC, immunohistochemical; LC-MS/
MS, liquid chromatography and high-throughput mass spectrometry;
LL, latent liver metastasis; METTL, methyltransferase-like; mRNA,
messenger RNA; m6A, N6-methyladenosine; MTT, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; OXA, oxaliplatin; P,
primary tumor; PBS, phosphate-buffered saline; PH, pleckstrin ho-
mology domain; PHLDB2, pleckstrin homology-like domain, family B,
member 2; qRT-PCR, quantitative reverse-transcription polymerase
chain reaction; ROS, reactive oxygen species; siRNA, small interfering
RNA; TCGA, The Cancer Genome Atlas; WT, wild-type.
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Ccancers and the leading cause of cancer-related
death worldwide.1 Although the clinical outcome of CRC
patients has improved with early screening and multidisci-
plinary therapy, metastasis is still the direct cause of death
in most CRC patients and frequently develops months or
years after treatment for locoregional CRC.2,3 Latent
metastasis is a major hurdle in CRC treatment because these
latency competent cancer cells are adaptively resistant to
chemotherapy and targeted therapy, retain tumor-initiating
potential, and can evolve into systemic metastasis rapidly.2,4

It has been determined that latent metastasis in patients
who already have been treated with chemotherapy is
associated with lower response rates,5 but the underlying
mechanism has remained elusive.

A minority of disseminated cancer cells may survive
months or years under selective pressure of chemothera-
peutic drugs, function as latent seeds, and contribute to
metastasis.6,7 This is of even greater importance given
recent evidence supporting early metastatic dissemination
in CRC.8 Latent metastatic cells may acquire survival-related
traits as a result of genomic alteration and epigenetic
regulation,9,10 which provides the rationale behind the
comparable analysis of paired primary and latent tumor
samples in a longitudinal setting. Because the driver gene
heterogeneity of metastasis is present only in limited
cases,9,11 most metastatic lesions are indeed regulated at the
transcriptional and post-transcriptional levels. As the most
prevalent and abundant post-transcriptional RNA modifi-
cation in eukaryotic messenger, N6-methyladenosine (m6A)
has been shown to play an essential role in human dis-
eases,12,13 but whether m6A modification contributes to
latent metastasis in CRC is largely unknown.

Cetuximab is a Food and Drug Administration–approved
anti–epidermal growth factor receptor (EGFR) monoclonal
antibody recommended for metastatic CRC patients with
wild-type KRAS/NRAS/BRAF tumors,14,15 but its efficacy re-
mains unsatisfactory, especially in patients with latent
metastasis who experience progression on adjuvant thera-
pies, which cannot be readily explained by genetic mecha-
nisms.14,16 To date, dysregulation of EGFR endocytic
trafficking has been linked to the pathogenesis of cancers, but
our understanding remains incomplete.17–20 Thus, it is of
paramount importance to elucidate the underlying mecha-
nism of cetuximab resistance in the latent metastasis of CRC.

To unearth themolecular mechanism of latent metastasis,
we performed RNA sequencing and transcriptional profiling
in tissues from CRC patients and found that the expression of
pleckstrin homology-like domain, family B, member 2
(PHLDB2) is up-regulated significantly in latent metastasis of
CRC tissues and highly correlated with poor prognosis.
Mechanistically, chemotherapeutic drugs, including 5-
fluorouracil (5-FU) and oxaliplatin (OXA), induce the
expression of PHLDB2 by promoting m6A modification of
PHLDB2 messenger RNA (mRNA). Further analysis showed
that PHLDB2 binds and stabilizes EGFR through the Arg1163
site, facilitating EGFR nuclear translocation, thus conferring
cetuximab resistance with therapeutic implications.

Results
Identification of PHLDB2 as a Novel Regulator of
CRC Progression

To explore the molecular basis for the aggressive behavior
of latent metastasis in CRC, latent liver metastasis (LL) that
occurred at least 6 months after primary surgery in conjunc-
tion with treatment-naïve primary tumors (P) was collected
from 5 patients who received postoperative adjuvant treat-
ment, such as capecitabine plus oxaliplatin or 5-fluorouracil,
leucovorin, oxaliplatin, while synchronous liver metastasis
(SL) with paired primary tumors from 5 CRC patients who
underwent simultaneous resection directly with no neo-
adjuvant treatment received also was obtained as a reference
(Figure 1A, Supplementary Table 1). To identify potential
regulators associated with latent CRC progression, we per-
formed a transcriptomic analysis of paired primary and met-
astatic tumor tissues from CRC patients. Comparative genome-
wide expression analysis yielded a list of genes that were
differentially expressed among synchronous or latent liver
metastases and their matched primary tumors (ie, SL vs P, SL/
P; LL vs P, LL/P; and LL vs SL, LL/SL) using an interaction
term between patient group (synchronous or latent) and
sample type (primary tumor or liver metastasis) (Figure 1B).
Based on pathway enrichment analysis, we found concurrent
pathways such as cholesterol metabolism enriched in liver
metastasis, possibly owing to metabolic reprogramming in
liver colonization (Figure 1C), which is consistent with previ-
ous studies.21 On the other hand, latent liver metastasis was
characterized by enriched signaling pathways, including the
phosphatidylinositol 3-kinase protein kinase B (PI3K-AKT)
signaling pathway and EGFR tyrosine kinase inhibitor resis-
tance, supporting the rapid progressive course of latent
metastasis in response to adjuvant treatment, including EGFR-
targeted therapy (Figure 1A).

Among the genes that were differentially expressed in
both LL/SL and LL/P, PHLDB2 was the most significant gene
(log fold change, >2; adjusted P < 1 � 10-7) (Figure 1D,
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Figure 1. Identification of PHLDB2 as a novel regulator of CRC progression. (A) Clinical course. Latent liver metastasis (LL)
that occurred after primary surgery in conjunction with treatment-naïve primary tumors (P) were collected from 5 patients who
received postoperative adjuvant treatment, such as CAPEOX or FOLFOX, while synchronous liver metastasis (SL) with paired
primary tumors from 5 CRC patients who underwent simultaneous resection directly with no neoadjuvant treatment also were
obtained as a reference. Numbers on the timeline indicate months relative to the primary surgery. (B) Heatmap representation
of a list of genes differentially expressed among P, SL, and LL (adjusted P < .005, significance was determined using DESeq2
analysis using an interaction term). (C) KEGG analysis representing signaling pathways enriched in SL vs P (LL/P), LL vs P (SL/
P), and LL vs SL (LL/SL). (D) Identification of PHLDB2 as the most significant gene that was increased significantly in latent liver
metastasis compared with primary tumor and synchronous liver metastasis (log fold change, >2; adjusted P <1 � 10-7). (E)
Relative mRNA levels of PHLDB2 in paired P, SL, and LL (log2 [TPMþ 1]). (F) Left: The relative protein level of PHLDB2 in P, SL,
and LL. Right: Representative image of immunohistochemical staining of PHLDB2 in P, SL, and LL. Scale bars: 50 mm. (G)
Kaplan–Meier curves representing the proportion of progression-free or overall survival stratified according to PHLDB2 mRNA
levels in CRC patients from 3 independent cohorts (TCGA, GSE17536, and GSE28722). Survival analysis was performed using
the log-rank test in panel G. **P < .01, ***P < .001. Akt, protein kinase B; CAPEOX, capecitabine plus oxaliplatin; CTX,
cetuximab; ECM, extracellular matrix; FOLFIRI, folinic acid, 5-fluorouracil and irinotecan; FOLFOX, 5-fluorouracil, leucovorin,
oxaliplatin; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; Ras, Ras GTPase; Rap1, Rap1
GTPase; TPM, transcripts per million.

2022 PHLDB2 Mediates Cetuximab Resistance 1225



1226 Luo et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 4
Supplementary Table 2), whose mRNA expression was
increased significantly in latent liver metastasis compared
with primary tumor and synchronous liver metastasis
(Figure 1E). Consistently, the protein levels of PHLDB2 also
were up-regulated in latent liver metastasis, as evidenced by
immunohistochemical (IHC) staining (Figure 1F). To further
address the association between PHLDB2 and CRC pro-
gression, we assessed the prognosis of CRC patients in
relation to the mRNA level of PHLDB2 in 3 independent
cohorts (ie, The Cancer Genome Atlas, GSE17536, and
GSE28722). The results indicated that high expression of
PHLDB2 confers poor overall and progression-free survival
(Figure 1G). Taken together, these results suggest a poten-
tial role of PHLDB2 in latent CRC progression.
Oxidative Stress-Induced m6A Modification
Promotes the Expression of PHLDB2

To investigate the mechanism underlying the up-
regulation of PHLDB2 in the latent metastasis of CRC pa-
tients, we examined both the protein and mRNA levels of
PHLDB2 after administration of 5-FU or OXA in 3 CRC cell
lines (ie, SW480, DLD-1, and NCI-H508). Consistently higher
levels of PHLDB2 were observed after treatment with 5-FU
or OXA (Figure 2A and B). Because the generation of reac-
tive oxygen species (ROS) is a common effect of 5-FU and
OXA (Figure 2C),22 we determined whether the ROS scav-
enger N-acetyl-L-cysteine may reverse this phenomenon. To
this end, we found that N-acetyl-L-cysteine attenuated 5-
FU–induced or OXA-induced PHLDB2 expression
(Figure 2A and B). Furthermore, Western blot analysis
showed that when treated with hydrogen peroxide (H2O2)
to mimic oxidative stress, PHLDB2 was increased in a time-
dependent manner (Figure 2D), which also was confirmed
by quantitative reverse-transcription polymerase chain re-
action (qRT-PCR) (Figure 2E and F). These results support
that overproduction of ROS is responsible for the chemo-
therapeutic drug 5-FU– or OXA-induced PHLDB2.

Next, we explored the mechanism by which ROS regulate
the expression of PHLDB2. In the presence of the transcrip-
tion inhibitor actinomycin D, the PHLDB2mRNA degradation
ratewas evaluated using qRT-PCR for the indicated times.We
found that H2O2 reduced the degradation of PHLDB2 mRNA
(Figure 2G), which suggests that treatment with H2O2 may
facilitate the expression of PHLDB2 by improving its mRNA
stability. Because m6A modification is one of the most prev-
alent modifications in eukaryotic mRNAs and is highly asso-
ciated with mRNA stability, we investigated the level of m6A
modification in PHLDB2 mRNA and found that it was
increased significantly in CRC cells treated with H2O2

(Figure 2H). To determine the underlying mechanism, we
analyzed the correlation betweenPHLDB2 andm6Awriters in
CRC using TCGA data. Notably, we found that the m6A writer
methyltransferase-like 14 (METTL14) was associated
significantly with PHLDB2 mRNA levels (R ¼ 0.34; P < .001,
Pearson correlation analyses) (Figure 2I and J), which was
validated further by Western blot assays (Figure 2K). To
confirm whether METTL14 is required for H2O2-induced
high expression of PHLDB2, we knocked down METTL14 in
NCI-H508cells and foundthat lossofMETTL14repressedH2O2-
induced expression of PHLDB2 at both the protein and mRNA
levels (Figure 2L andM). Collectively, these data suggested that
up-regulated PHLDB2 in latent metastatic tumor samples may
be attributed to METTL14-mediated m6A modification of
PHLDB2 mRNA in response to chemotherapeutic treatment.
PHLDB2 Enhances Cetuximab Resistance and
Metastatic Potential In Vitro and In Vivo

To ascertain the function of PHLDB2, we constructed
DLD-1 and NCI-H508 cells stably overexpressing PHLDB2,
and SW480 cells stably knocked down PHLDB2. We found
that knockdown of PHLDB2 significantly reduced the levels
of EGFR and the phosphorylation levels of EGFR down-
stream signaling molecules. In contrast, ectopic expression
of PHLDB2 led to the activation of EGFR signaling
(Figure 3A). The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay and colony formation
assay were performed, showing that PHLDB2 had no sig-
nificant effect on CRC cell proliferation (Figure 3B and C).
We next evaluated the effects of PHLDB2 on the metastatic
potential of CRC cells and found that migration and invasion
were enhanced in PHLDB2-overexpressing cells (Figure 3D).
In contrast, knockdown of PHLDB2 showed opposite effects
(Figure 3E). The regulation of metastasis by PHLDB2 in vivo
was determined further: DLD-1-Vector or -PHLDB2 cells
were injected into the spleen of BALB/c nude mice, and liver
metastatic lesions were analyzed by H&E staining. Consis-
tent with the in vitro results, overexpression of PHLDB2
promoted the metastatic capacity of CRC cells (Figure 3F).

Given the aggressive nature of latent metastasis in
response to adjuvant therapy, including EGFR-targeted ther-
apy, we next analyzed the mRNA expression of PHLDB2 in 19
CRC cells using the Cancer Cell Line Encyclopedia database in
combination with their cetuximab sensitivity based on pub-
lished reports.23 As shown in Figure 4A, a negative correla-
tion was observed between PHLDB2 expression and
cetuximab efficacy (r ¼ -0.52; P ¼ .023, Pearson correlation).
As such, we hypothesized that PHLDB2 may contribute to
cetuximab resistance in CRC cells. To confirm the impact of
PHLDB2 on cetuximab efficacy, MTT assays, colony formation
assays, and soft agar colony formation assays were per-
formed, showing that PHLDB2 knockdown sensitized SW480
cells to cetuximab, whereas the exogenous expression of
PHLDB2 led to a reduction in the cetuximab response rate in
DLD-1 and NCI-H508 cells (Figure 4B–E).

To determine whether PHLDB2 promotes cetuximab
resistance by regulating EGFR signaling, the activation of
EGFR signaling was evaluated in PHLDB2 overexpression or
knockdown cells with or without cetuximab treatment. In
the absence of cetuximab, overexpression of PHLDB2
significantly up-regulated the expression of EGFR and the
phosphorylation of EGFR downstream molecules, including
Akt and extracellular signal–regulated kinase, suggesting
activation of EGFR signaling (Figure 4F and G). In the
presence of cetuximab, EGFR signaling was inhibited in
PHLDB2-low cells (NCI-H508-vector and SW480-
shPHLDB2), but remained unchanged in PHLDB2-high



Figure 2. Oxidative stress-induced m6A modification promotes the expression of PHLDB2. (A) Protein expression of
PHLDB2 was measured by immunoblotting after treatment with 5-FU (2.5 mmol/L) or OXA (5 mmol/L) with or without N-acetyl
cysteine (NAC, 2.5 mmol/L) for 24 hours. (B) qRT-PCR assays showing the mRNA level of PHLDB2 in the treatment same as
Figure 2A. (C) The level of ROS in CRC cells was measured by flow cytometry after treatment with 5-FU (2.5 mmol/L) or OXA (5
mmol/L) with or without NAC (2.5 mmol/L) for 24 hours. (D) The protein level of PHLDB2 was determined by Western blot after
treatment with 0.1 mmol/L H2O2 for the indicated times. (E) The mRNA level of PHLDB2 was determined by qRT-PCR after
treatment with 0.1 mmol/L H2O2 for 24 hours. (F) The level of ROS in CRC cells was measured by flow cytometry after the
treatment of 0.1 mmol/L H2O2 for the indicated time. (G) qRT-PCR assays showing the mRNA degradation rate of PHLDB2
after treatment with actinomycin D (Act D, 2 mg/mL) with or without 0.1 mmol/L H2O2 for the indicated time. (H) Methylated
RNA immunoprecipitation-qPCR (MeRIP-qPCR) analysis was performed to show H2O2-mediated PHLDB2 m6A modifications.
(I) The correlation between PHLDB2 and mRNA expression of m6A writers was analyzed in CRC using TCGA data. (J) The
correlation between PHLDB2 and METTL14 mRNA expression was analyzed in CRC using TCGA data (r ¼ 0.34; P < .001,
Pearson correlation). (K) Protein levels of METTL3 and METTL14 were determined by immunoblotting after treatment with 0.1
mmol/L H2O2 for the indicated times. (L and M) The protein and mRNA levels of PHLDB2 were detected by Western blot or
qRT-PCR with or without H2O2 treatment (0.1 mmol/L, 24 hours) in CRC cells transfected with siRNA targeting METTL14. *P <
.05, **P < .01, ***P < .001. Ctr, Control; siNC, small interfering negative control; TPM, transcripts per million.
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Figure 3. PHLDB2 enhances the metastatic potential of CRC cells. (A) PHLDB2-overexpressing and PHLDB2-knockdown
stable cells were constructed. (B and C) Viability of CRC cells were measured by MTT assays at the indicated time and colony
formation assays were performed at the indicated time point. (D and E) Transwell migration and invasion assays were per-
formed with cells transfected with (D) PHLDB2 overexpression plasmid, or (E) PHLDB2 knockdown plasmid. Scale bars: 100
mm. (F) Mouse intraspleen injection models of CRC liver metastasis (left), and intrasplenic injections assays showing the effects
of PHLDB2 on CRC liver metastasis (right). P values were calculated with the Student t test. *P < .05, **P < .01. ERK,
extracellular signal–regulated kinase; p-AKT, phosphorylated protein kinase B; p-EGFR, phosphorylated epidermal growth
factor receptor; PH, PHLDB2; shNC, noncoding shRNAs; shPH, shPHLDB2; Vec, Vector.
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cells (NCI-H508-PH and SW480-shNC) (Figure 4F and G).
These results indicate that PHLDB2 is sufficient to activate
EGFR signaling, and this function overcomes the inhibitory
effect of cetuximab on EGFR, thus conferring cetuximab
resistance and enhancing metastatic potential in CRC cells.
Meanwhile, we evaluated the in vivo impact of PHLDB2 on
cetuximab resistance of CRC in BALB/c nude mice in which
NCI-H508-Vector or -PHLDB2 cells were injected



Figure 4. PHLDB2 promotes cetuximab resistance in vitro and in vivo. (A) The correlation between the PHLDB2 mRNA
level and cetuximab inhibition rate was analyzed in CRC cell lines using Cancer Cell Line Encyclopedia data. (B) The inhibition
effect of cetuximab (25 mg/mL) was detected by soft agar colony formation assays (3 weeks). Scale bars: 100 mm. (C–E) The
inhibition rate of cetuximab was detected by MTT (48 hours) or colony formation assays (1 wk). (F and G) Western blot analysis
showing the effects of PHLDB2 on EGFR downstream signaling in (F) NCI-H508 and (G) SW480 cells treated with cetuximab
(25 mg/mL) for the indicated times. (H) A subcutaneous xenograft model was established in BALB/c nude mice injected with
NCI-H508 vector and NCI-H508 PHLDB2 cells. One week after injection, the diameters of tumors were measured every 3 days.
Twenty-one days later, the mice were killed, and the tumors were dissected and photographed. (I and J) Tumor xenografts in
panel H were evaluated for the proliferation markers Ki67 and cleaved caspase 3 by immunohistochemistry. Scale bars: 50 mm.
(K) Representative immunohistochemical images showing the PHLDB2 protein levels in human CRC cases treated with
cetuximab. *P < .05, **P < .01, ***P < .001. P values were calculated as follows: (A) Pearson correlation, (B–E, and H–J)
Student t test, or (K) chi-square test, and data are presented as the means ± SD from at least 3 independent experiments. CTX,
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subcutaneously in the right flank region. Upon treatment
with cetuximab, the anticancer efficacy was decreased
significantly in the PHLDB2-overexpression group
compared with the vector group (Figure 4H). Moreover,
overexpression of PHLDB2 led to increased cell proliferation
and decreased apoptosis in the presence of cetuximab, as
evidenced by IHC staining analysis (Figure 4I and J). To
further explore the correlation between PHLDB2 and
cetuximab response, we collected tumor samples from 15
CRC patients administered cetuximab, including 6 progres-
sive disease cases, 6 stable disease cases, and 3 partial
response cases. Consistently, patients with higher PHLDB2
expression were enriched significantly in the progressive
disease group (Figure 4K). Taken together, these results
underscore a potential causal role of PHLDB2 in promoting
cetuximab resistance and metastasis of CRC cells.
PHLDB2 Protects EGFR From Ubiquitin-
Mediated Degradation and Mediates EGFR
Nuclear Localization

To understand how PHLDB2 regulates EGFR expression,
the protein synthesis inhibitor cycloheximide and protea-
some inhibitor MG132 were used to inhibit protein synthesis
or block proteasome-mediated protein degradation, respec-
tively. In PHLDB2 knockdown cells, EGFR underwent rapid
degradation upon cycloheximide treatment (Figure 5A),
whereas overexpression of PHLDB2 was shown to stabilize
EGFR protein (Figure 5B). Consistently, administration of
MG132 restored the protein level of EGFR in PHLDB2-low
cells (Figure 5C and D), suggesting that PHLDB2 protects
EGFR from proteasome-mediated degradation. In addition,
PHLDB2 resulted in a significant decrease in ubiquitin
(Figure 5E) and the E3 ligase Casitas B-lineage lymphoma
(c-Cbl) (Figure 5F) conjugated to EGFR, suggesting that
PHLDB2 competitively binds with EGFR, dissociates it from
its E3 ligase c-Cbl, and thus protects it from degradation.
Overall, these data showed that PHLDB2 interacts with
EGFR and protects it from ubiquitin-mediated degradation.

Given that cetuximab targets EGFR only in the cell
membrane, we postulated that PHLDB2 induces cetuximab
resistance by promoting EGFR internalization. Therefore, we
determined the localization of EGFR in cells with or without
overexpression of PHLDB2. Immunofluorescence assays
showed significant enrichment of EGFR in the nucleus in
PHLDB2-overexpressing cells (Figure 5G and H). Moreover,
the nuclear localization of EGFR was validated further by a
nuclear–cytoplasmic fractionation assay (Figure 5I and J).
To explore the molecular mechanism by which PHLDB2
promotes the nuclear translocation of EGFR, we detected
the expression of Rab11A, a well-known EGFR recycling
protein involved in EGFR recycling back to the plasma
membrane,24 and found that PHLDB2 reduced the binding
affinity between Rab11A and EGFR (Figure 5K). In addition,
cetuximab; ERK, extracellular signal–regulated kinase; P-AKT,
epidermal growth factor receptor; p-ERK, phosphorylated ex
PHLDB2; PR, partial response; SD, stable disease; shNC, nonco
Vec, Vector.
overexpression of PHLDB2 enhanced the activation of Src
kinase (Src) (Figure 5L), which has been reported to
mediate the nuclear translocation of EGFR.25 To further
confirm the phenotype by which PHLDB2 promotes EGFR
nuclear translocation, we determined the expression of the
nuclear EGFR downstream target genes Myb-related pro-
tein B (B-myb), Aurora A kinase (AURKA), Aurora B ki-
nase (AURKB), and cyclin D1. As shown in Figure 5M,
qRT-PCR analysis showed that PHLDB2 promotes nuclear
EGFR-mediated transcription, as evidenced by the increased
mRNA levels of nuclear EGFR downstream target genes.
Overall, these data confirmed that PHLDB2 facilitates EGFR
nuclear localization, which might contribute to cetuximab
resistance.
Arg1163 Is Required for the Interaction of
PHLDB2 With EGFR

To elucidate the mechanism underlying PHLDB2-
mediated EGFR nuclear localization, PHLDB2 interactors
were coimmunoprecipitated (Figure 6A) and subjected to
rounds of liquid chromatography and high-throughput
mass spectrometry (LC-MS/MS). Then, the identified bind-
ing partners overlapped with the structure-based
protein–protein interaction database,26 suggesting EGFR as
the top hit among the 4 potential PHLDB2 interactors
(Figure 6B, Supplementary Tables 3 and 4). The interaction
of PHLDB2 with EGFR was confirmed further by co-
immunoprecipitation (co-IP) (Figure 6C and D) and prox-
imity ligation assays (Figure 6E). To investigate the molec-
ular basis for the interaction between PHLDB2 and EGFR,
we first produced a series of Flag-tagged PHLDB2 truncated
mutants according to the literature27 (Figure 6F). In
HEK293T cells, each truncated mutant reached a similar and
reproducible intensity of protein. Co-immunoprecipitated
green fluorescent protein (GFP)-tagged EGFR was
observed only in fragments containing the Pleckstrin ho-
mology domain (ie, full-length, O1-305, O306-562, and
O563-916), indicating that the PH domain of PHLDB2 is
required for binding to EGFR (Figure 6G). To further identify
the binding site mediating the interaction, molecular dock-
ing with ZDOCK calculations was conducted to make a
prediction. As a result, we found that the Arg1163 site of
PHLDB2, which is localized in the PH domain, may be
responsible for its binding to EGFR (Figure 6H). This pre-
diction was validated further by co-IP assays in cells
transfected with wild-type (WT) or R1163A mutant
PHLDB2, in which the R1163A mutation significantly abol-
ished the binding of PHLDB2 to EGFR (Figure 6I). Moreover,
the R1163A-mediated binding behavior in CRC cells also
was confirmed by Duolink (Sigma-Aldrich, Shanghai, China)
in situ proximity ligation assays (Figure 6J).

In addition, we also investigated the binding sites of
EGFR based on molecular docking modeling, which
phosphorylated protein kinase B; p-EGFR, phosphorylated
tracellular-regulated kinase; PD, progressive disease; PH,
ding shRNAs; shPH, shPHLDB2; TPM, transcripts per million;
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suggested that the H988 and S991 residues of EGFR mediate
the interaction with PHLDB2 (Figure 6H). To confirm this,
Flag-tagged WT, H988A mutated, S991A mutated, and
H988A/S991A double-mutated EGFR were tested for the
interaction with PHLDB2. Co-IP assays showed that S991A
and H988A/S991A double-mutated EGFR significantly
abolished the binding of EGFR to PHLDB2 (Figure 6K),
indicating that S991 of EGFR is required for the interaction
with PHLDB2. Together, these data showed that R1163 of
PHLDB2 and S991 of EGFR mediate their interaction.
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R1163A Mutation Diminishes PHLDB2-Mediated
Cetuximab Resistance Both In Vitro and In Vivo

To determine whether the R1163-mediated interaction
with EGFR confers the biological function of PHLDB2, we
first evaluated the effect of the R1163A mutation on EGFR
signaling, and found that R1163A mutation significantly
reduced the levels of EGFR and the phosphorylation levels
of EGFR downstream signaling molecules compared with
ectopic expression of WT PHLDB2 (Figure 7A). Notably, the
R1163A mutation also attenuated the PHLDB2-enhanced
metastatic potential of CRC cells (Figure 7D and E), but
neither WT PHLDB2 nor R1163A-mutant PHLDB2 affected
cell proliferation (Figure 7B and C). On the other hand,
R1163A-mutated PHLDB2 failed to activate EGFR signaling
regardless of the presence of cetuximab (Figure 8A and B).
In addition, mutation of R1163 abrogated the function of
PHLDB2 to promote the nuclear localization of EGFR
(Figure 8C). Consistently, R1163A-mutated PHLDB2 no
longer conferred a phenotype resistant to cetuximab in CRC
cells compared with WT PHLDB2 (Figure 8D–G).

To determine the effects of the PHLDB2 R1163A muta-
tion in vivo, a xenograft mouse model was used to evaluate
the cetuximab response rate. Consistent with the in vitro
findings, overexpression of WT PHLDB2 conferred cetux-
imab resistance, whereas the R1163A mutant failed to
induce obvious cetuximab resistance compared with the
vector group (Figure 8H). In addition, overexpression of
PHLDB2 with mutated R1163A led to increased apoptosis
and decreased cell proliferation in response to cetuximab
compared with overexpression of WT PHLDB2, as evidenced
by IHC staining analysis (Figure 8I and J). Taken together,
these data supported that Arg1163 of PHLDB2 mediated its
function in EGFR signaling and cetuximab resistance both
in vitro and in vivo.
Discussion
The clinical observation thatmetastasesmaydevelopafter

months or years on adjuvant therapy after primary surgery
underscores the necessity to evaluate the impact of adjuvant
therapy on the development of latent metastasis.2,4 In the
present work, we describe a mechanism involved in latent
metastasis of CRC. Based on the transcriptional profiling of
paired primary tumors and synchronous or metachronous
Figure 5. PHLDB2 protects EGFR from ubiquitin-mediated d
Effects of PHLDB2 on EGFR protein stability were detected in P
treated with (A and B) 10 mg/mL cycloheximide (CHX) or (C and D
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myb, Myb-related protein B; C, cytoplasm; DAPI, 40,6-diamidin
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metastases, we identified PHLDB2 as a potential regulator of
latent metastasis that is up-regulated in response to adjuvant
treatment. Our further work uncovered a role for PHLDB2 in
regulating EGFR signaling pathways, thereby facilitating
cetuximab resistance and tumor progression.

PHLDB2 (pleckstrin homology-like domain, family B,
member 2), a 160-kilodalton protein that contains a PH
domain and 2 coiled-coil domains,27,28 has been shown to
regulate the migration and invasion of cancer cells.28–30

Here, we show that PHLDB2 is up-regulated significantly
in latent metastasis of CRC, and increased PHLDB2 levels
are associated with poor survival outcomes, possibly owing
to aggressive behavior and treatment resistance. Mecha-
nistically, chemotherapeutic agent–induced ROS promote
m6A modification of PHLDB2 mRNA. As one of the most
prevalent and abundant post-transcriptional RNA mod-
ifications in mRNA, m6A modification appears to be an
early adaptive mechanism by which cancer cells respond
to chemotherapeutic agent–induced oxidative stress.31–33

Together, our data show that chemotherapeutic
agent–induced ROS promote the expression of PHLDB2
via m6A modification, resulting in latent metastasis.

As a key driver of CRC tumorigenesis, the aberrant ac-
tivity of EGFR in the initiation and progression of CRC un-
derscores the importance of characterizing its regulatory
network. Known as a prototypic receptor tyrosine kinase,
EGFR endocytic trafficking also has been implicated in the
regulation of EGFR activation, including recycling and
degradation. In this study, we identified that PHLDB2 binds
to the Ser991 site of EGFR, resulting in a significant
decrease in ubiquitin and the E3 ligase c-Cbl conjugated to
EGFR, thus suppressing ubiquitin-mediated degradation of
EGFR. This is consistent with previous quantitative mass
spectrometric analyses showing the association between
Ser991 and ubiquitin-mediated degradation of EGFR, in
which the S991A mutation decreases conjugated ubiquitin
on EGFR.34 The activation of EGFR and its downstream
signaling pathways ultimately may promote CRC cell pro-
liferation and migration, thus making it one of the most
important molecular targets in CRC treatment.35–37

Cetuximab is a Food and Drug Administration–approved
EGFR monoclonal antibody that binds to the extracellular
domain of EGFR and promotes receptor internalization and
degradation.35,38 Although cetuximab currently is
egradation and mediates EGFR nuclear localization. (A–D)
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Figure 6. Arg1163 is required for the interaction of PHLDB2 with EGFR. (A) Total lysates from HEK293T cells with or
without ectopic expression of Flag-tagged PHLDB2 were co-immunoprecipitated with anti-Flag affinity agarose, followed by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and Coomassie brilliant blue staining. (B) The overlap between the
protein–protein interactome and LC–MS/MS data show the potential interaction partners of PHLDB2. (C and D) Co-IP assays
indicate the interaction between PHLDB2 and EGFR in CRC cells. (E) Proximity ligation assay (PLA) showing the interaction
between PHLDB2 and EGFR in NCI-H508 cells. Scale bar: 10 mm. (F) Schematic diagram of PHLDB2 and the truncated
PHLDB2 fragments. The numbers represent amino acid residues. (G) Co-IP assay showing the interaction between EGFR and
PHLDB2 truncations in HEK293T cells. (H) Molecular docking of 3-dimensional structures predicts the binding of PHLDB2 (red)
with EGFR (gray). (I and J) The interaction between EGFR and WT or R1163A-mutated PHLDB2 was determined by (I) co-IP
assays and (J) PLA assays. (K) Co-IP assays were performed to evaluate the interaction between PHLDB2 and WT or mutated
EGFR in HEK293T cells. **P < .01, ***P < .001. (E) P value was calculated by Student t test, and data are presented as the
means ± SD from at least 3 independent experiments. CC, coiled-coil domain; Ctr, control; DAPI, 40,6-diamidino-2-
phenylindole; PH, pleckstrin homology-like domain; Vec, vector; WCL, whole cell lysate.
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Figure 7. R1163A mutation abrogates PHLDB2-mediated tumor metastasis. (A) Immunoblotting assays determined the
effects of WT and R1163A (RA)-mutated PHLDB2 on EGFR downstream signaling. (B and C) MTT assays and colony formation
assays were performed to determine cell growth of CRC cells. (D and E) Transwell migration and invasion assays were per-
formed in cells transfected with vector, PHLDB2 WT, or R1163A. Scale bars: 100 mm. Values are means ± SD. P values were
calculated with the Student t test. **P < .01. AKT, protein kinase B; ERK, extracellular signal–regulated kinase; JNK, c-Jun N-
terminal kinase; P-AKT, phosphorylated protein kinase B; p-ERK, phosphorylated extracellular signal–regulated kinase; p-JNK,
phosphorylated c-Jun N-terminal kinase.
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recommended for metastatic CRC patients who experience
progression on therapies such as 5-fluorouracil, leucovorin,
oxaliplatin or capecitabine plus oxaliplatin without EGFR
inhibitors, the results of our study justify a negative role of
adjuvant therapy with respect to cetuximab efficacy in
latent metastasis. As the direct target of cetuximab, EGFR
expression has been proposed as a potential marker of
clinical efficacy in early trials with cetuximab.39 However,
the correlation between EGFR expression and cetuximab
response is not evident in CRC,14,40,41 and the underlying
mechanism that mediates resistance to EGFR-targeted
therapy remains largely elusive.

Although EGFR is retained primarily along the plasma
membrane, several studies have documented the nuclear
localization of EGFR, wherein it functions as a transcription
factor and a potential mechanism of resistance to EGFR in-
hibitor.42,43 Nuclear translocation of EGFR has been
observed in cetuximab-resistant non–small cell lung cancer
cells,42 but its role in CRC remains unclear, thus under-
standing the mechanism of EGFR nuclear translocation may
enable the development of a new therapeutic strategy for
CRC. Here, we found that PHLDB2 interacts with and sta-
bilizes EGFR, facilitating its nuclear translocation and lead-
ing to cetuximab resistance in CRC cells. It has been
determined that the phosphorylation-deficient variant
S991A may impair receptor endocytosis, and phosphoryla-
tion of EGFR at site Ser991 determines the trafficking of
EGFR.34 Consistently, we found that PHLDB2 reduced the



Figure 8. R1163A mutation diminishes PHLDB2-mediated cetuximab resistance both in vitro and in vivo. (A and B)
Immunoblotting showing the phosphorylation and expression of the indicated proteins in WT or R1163A-mutated (RA) cells
with or without 20 mg/mL cetuximab (CTX) treatment for 24 hours. (C) Cell nucleus/cytoplasm fractions were immunoblotted to
determine EGFR localization in WT or R1163A-mutated cells. (D and E) MTT and colony formation assays were performed to
determine the viability of the indicated cells in response to cetuximab treatment. (F and G) Soft agar colony formation assays
were performed to determine the viability of the indicated cells in response to CTX (20 mg/mL) treatment. (H) A subcutaneous
xenograft model was established in BALB/c nude mice injected with vector, PHLDB2 WT, and PHLDB2 RA NCI-H508 cells.
One week after injection, the diameters of the tumors were measured every 3 days. Twenty-one days later, the mice were
killed, and the tumors were dissected and photographed. (I and J) The protein levels of Ki67 and cleaved caspase 3 were
detected by immunohistochemistry. Scale bars: 50 mm. **P < .01. (D–J) P values were calculated by Student t test. Data are
presented as the means ± SD from at least 3 independent experiments. AKT, protein kinase B; C, cytoplasm; Ctr, control; ERK,
extracellular signal–regulated kinase; N, nucleus; p-AKT, phosphorylated protein kinase B; p-ERK,
phosphorylated extracellular signal–regulated kinase; Vec, vector.
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Table 1.Antibodies and Reagents

Reagent Source Identifier

Antibodies
PHLDB2 (1:200 [IF],1:1000 [WB]) Novus NBP2-38238
METTL3 (1:1000) Abcam ab195352
METTL14 (1:1000) Abcam ab220030
b-actin (1:2000) Santa Cruz Biotechnology sc-69879
ERK (1:1000) Cell Signaling Technology 4695
p-ERK (1:1000) Cell Signaling Technology 4370
JNK (1:1000) Cell Signaling Technology 9252
AKT (1:1000) Cell Signaling Technology 9272
p-AKT (1:1000) Cell Signaling Technology 4060
P38 (1:1000) Cell Signaling Technology 8690
p-P38 (1:1000) Cell Signaling Technology 4511
EGFR (1:1000) Cell Signaling Technology 4267
EGFR (1:100) Santa Cruz Biotechnology sc-373746
p-EGFR (1:1000) Cell Signaling Technology 3777
Ki67 Abcam ab16667
Cleaved caspase 3 Cell Signaling Technology 9664
HA (1:1000) Abcam ab18181
c-Cbl (1:1000) Cell Signaling Technology 2747
GFP (1:1000) Cell Signaling Technology 2955
a-tubulin (1:1000) Cell Signaling Technology 2144
Histone H3 (1:1000) Cell Signaling Technology 4499
Src (1:1000) Cell Signaling Technology 2109
p-Src (1:1000) Cell Signaling Technology 59548
Rab11A (1:1000) Cell Signaling Technology 5589
Flag (1:1000) Cell Signaling Technology 14793

Reagents
Cycloheximide Beyotime SC0353
MG132 Beyotime S1748
Actinomycin D Sigma-Aldrich SBR00013
Hydrogen peroxide solution Sigma 323381
Lipo3000 Transfection Reagent Thermo Fisher Scientific L3000015
DAPI Thermo Fisher Scientific 62248
MTT Sigma M2128
DMSO Sigma D2650

AKT, protein kinase B; DAPI, 40,6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide; ERK, extracellular signal–regulated
kinase; HA, hemagglutinin; JNK, c-Jun N-terminal kinases; p-AKT, phosphorylated protein kinase B; p-EGFR, phosphory-
lated epidermal growth factor receptor; p-ERK, phosphorylated extracellular signal–regulated kinase; p-SRC,
phosphorylated Src kinase; SRC, Src kinase; WB, western blot.
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binding affinity between EGFR and Rab11A, a well-known
EGFR recycling protein involved in EGFR trafficking.20

Together, our findings provide a molecular basis for
PHLDB2-mediated nuclear translocation of EGFR.

In summary, our data suggest a key role of PHLDB2 in
mediating latent progression of CRC by modulating EGFR
signaling. The up-regulation of PHLDB2 is attributed to
METTL14-mediated m6A modification induced by chemo-
therapeutic agents. Mechanistically, PHLDB2 interacts with
and stabilizes EGFR, facilitating its nuclear translocation and
leading to cetuximab resistance. Thus, our findings implicate
PHLDB2 as a potential marker and therapeutic target for
latent metastatic CRC, providing a rationale for designing
inhibitors targeting PHLDB2 as a novel approach for CRC
treatment.
Materials and Methods
Antibodies and Reagents

The antibodies and reagents used in this study are listed
in Table 1.
Patients
Human CRC tissue samples were obtained from the

BioBank of West China Hospital (Chengdu, China). To
investigate the molecular characteristics of latent metas-
tases, we selected 5 CRC cases with latent metastasis and
collected their treatment-naïve primary tumor and liver
metastasis that occurred at least 6 months after primary
surgery. Tumor tissues from 5 patients who underwent
concurrent resection of the primary tumor and liver me-
tastases without neoadjuvant therapy also were collected
as a reference. To validate the expression of PHLDB2, 38
tumor samples from 31 metastatic CRC patients who
underwent surgical resection also were obtained for
immunohistochemistry (Figure 1F). In addition, tumor
samples from 15 CRC patients administered cetuximab
were included to address the association between
PHLDB2 expression and cetuximab response (Figure 3K).
Written informed consent was obtained from all patients.
This study was approved by the Ethics Committee of
West China Hospital, Sichuan University (2019 [338];
2020 [374]).
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Cell Lines
SW480, DLD-1, NCI-H508, and HEK293T cells were

purchased from the American Type Culture Collection. Short
tandem repeat analysis was performed for each of these cell
lines. SW480, DLD-1, and HEK 293T cell lines were propa-
gated in Dulbecco’s modified Eagle medium (Gibco,
Shanghai, China); the NCI-H508 cell line was propagated in
RPMI (Gibco, Shanghai, China). All cell lines were main-
tained in media supplemented with 10% fetal bovine serum
(Biological Industries), 100 U/mL penicillin, and 100 mg/mL
streptomycin (HyClone, Logan, UT) in a humidified incu-
bator at 37�C under 5% CO2.
Animal Studies
All animal procedures were approved by the Institu-

tional Animal Care and Treatment Committee of Sichuan
University. BALB/c nude female mice (age, 6 wk) were
purchased from HFK Bioscience Co, Ltd (Beijing, China).
Mice were housed in laminar flow cabinets under specific
pathogen-free conditions with free access to water and food,
under the room illumination cycle for a 12-hour light-dark
cycle. For the subcutaneous CRC xenograft model, suspen-
sions of the corresponding NCl-H508 cells were injected
subcutaneously into the flanks (1 � 107 tumor cells/100 mL
phosphate-buffered saline [PBS] per spot; 6 mice in each
group). When the tumor volume reached approximately 100
mm3, mice were administered 0.2 mL cetuximab (50 mg/kg
in physiological saline, intraperitoneal injection, every 3
days). Animals were weighed, and the tumor size was
measured using caliper measurements daily. Tumor volume
was calculated using the following formula: volume ¼ (L �
W2)/2, where L ¼ length and W ¼ width. For spleen in-
jection, mice were anesthetized with chloral hydrate and
the spleen was exteriorized via a small left-side abdom-
inal incision. DLD-1 cells (-vector or -PHLDB2) were
injected slowly into the spleen (1 � 106 tumor cells/50
mL PBS per spot). The muscle incision was closed with
continuous absorbable sutures and the skin incision was
closed with simple nonabsorbable sutures. To measure
the luciferase intensity of injected cells, 2.25 mg/mL
luciferin was injected intraperitoneally and luciferase ac-
tivity was assessed 5 minutes after luciferin injection
using an IVIS Spectrum Pre-clinical in vivo Imaging Sys-
tem (IVISSPE; PerkinElmer, Waltham, MA) machine.
Immunoblotting and Immunoprecipitation
Proteins were extracted using RIPA buffer (150 mmol/L

NaCl, 50 mmol/L Tris-HCl [pH 7.5], 1 mmol/L EDTA, 0.25%
Na-deoxycholate, and 1% NP-40) supplemented with
protease inhibitors and phosphatase inhibitors (B14001
and B15001; Beyotime, Shanghai, China), and quantified
using the BCA assay (23250; Thermo Fisher Scientific,
Waltham, MA). Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis was performed to separate proteins, which
then were transferred to polyvinylidene difluoride mem-
branes (ISEQ00010; EMD Millipore, Burlington, MA). Next,
the membranes were blocked in 5% fat-free milk for 2
hours and incubated with primary antibodies at 4�C over-
night. After washing the membranes, secondary antibodies
labeled with horseradish peroxidase (Santa Cruz Biotech-
nology, Dallas, TX) were applied at room temperature for 2
hours and the immunoreactivity was visualized by ECL
(WBKLS0500; EMD Millipore, Burlington, MA). For immu-
noprecipitation, cells were collected and lysed with IP lysis
buffer (100 mmol/L NaCl, 20 mmol/L Tris-HCl, 0.5 mmol/L
EDTA, pH 7.4, and 0.5% NP-40). After centrifugation, the
indicated antibodies (1 mg) were subjected to rotation
overnight at 4�C. Then lysates were incubated with protein
A Sepharose (17–0963-03; GE Healthcare, Chicago, IL) or
protein G agarose (16-266; Millipore) for 3 hours, followed
by centrifugation, washed 4 times using binding buffer (150
mmol/L NaCl, 20 mmol/L Tris-HCl, 0.5 mmol/L EDTA, pH
7.4, and 0.5% NP-40), and boiled with loading buffer for
immunoblotting analysis.

MTT and Colony Formation Assay
For MTT assay, cells were seeded at 3 � 103 cells/100

mL/well in 96-well plates and treated as indicated. A total of
10 mL MTT (5 mg/mL in PBS) was added to each well and
cells were incubated at 37�C for 3 hours. To dissolve the
precipitation, 150 mL dimethyl sulfoxide was added per well
and the absorbance of the wells was measured at a 570-nm
wavelength using a microplate reader. For the colony for-
mation assay, cells were seeded at 5 � 102 cells/500 mL/
well in 24-well plates for approximately 3 days and treated
with the indicated agents. After incubation at 37�C for 10
days, colonies were fixed with 4% paraformaldehyde at
room temperature for 30 minutes, stained with 0.2% crystal
violet for 1 hour, and washed in double-distilled water
(ddH2O). For the soft agar colony formation assay, cells
were suspended at low density in top agar (0.6%) with cell
culture medium containing 10% fetal bovine serum, seeded
on a layer of bottom agar (1.2%), and then grown for 3
weeks.

Measurement of Intracellular ROS Levels
The level of ROS in cells was measured by a ROS Assay

Kit (S0033; Beyotime), following the manufacturer0s in-
structions. Briefly, cells were incubated with 10 mmol/L
DCFH-DA (Sigma-Aldrich, Shanghai, China) in serum-free
medium at 37�C for 15 minutes and then rinsed twice
with PBS, followed by trypsinization and centrifugation.
Then, cells were suspended in 500 mL PBS after 3 washes
with PBS, and were analyzed with a BD FACS LSRII flow
cytometer (BD Biosciences, San Jose, CA). Data analysis was
performed with FlowJo VX software (Ashland, OR).

Cell Migration and Invasion Assays
Cell migration and invasion were performed by using

8.0-mm pore polycarbonate membrane inserts (CLS3422;
Corning, Shanghai, China). A total of 1 � 105 cells in serum-
free culture medium were added to the chamber, and cul-
ture medium containing 10% fetal bovine serum as a che-
moattractant was added to the 24-well plate. The chamber
then was incubated at 37�C for 24 hours to allow cells to
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penetrate an uncoated membrane or a Matrigel-coated
membrane (cat. 356234; BD Biosciences, Heidelberg, Ger-
many). Cells remaining on the upper surface of the mem-
brane were removed with a cotton swab, and those on the
underside of the membrane were fixed with 4% para-
formaldehyde and stained with 0.2% crystal violet. Migrated
cells were visualized using a DM2500 fluorescence micro-
scope (Leica, Vista, CA).

Plasmid Construction and Generation of Stable
Cell Lines

For PHLDB2-Flag-tagged constructs, PHLDB2 comple-
mentary DNA (cDNA) was inserted into the pcDNA3.1 vec-
tor (Addgene) with 3� Flag at the C-terminus. For
EGFR–GFP–tagged constructs, EGFR cDNA was inserted into
a modified pcDNA3.1 vector containing GFP tags. For
Ubiquitin (UB)-Hemagglutinin (HA)-tagged constructs, UB
cDNA was inserted into modified pcDNA3.1 vector con-
taining HA tags. Single-point and truncated mutants were
generated by the Fast Mutagenesis System (FM111; Trans-
gene, Beijing, China). For the generation of PHLDB2-
overexpressed or PHLDB2-silenced CRC cells, HEK293T
cells were co-transfected with pSPAX2, pMD2.G, and pCDH-
CMV-MCS-EF1-Puro-PHLDB2, or shPHLDB2, or control
pCDH-CMV-MCS-EF1-Puro plasmid, or control shRNA
pLKO.1 plasmid. At 48 hours after transfection, lentivirus-
containing medium was collected, filtered (0.45-mm filter),
and supplemented with 8 mg/mL Polybrene (Sigma-
Aldrich). CRC cells subsequently were transduced and
selected with 2 mg/mL puromycin (540411; Calbiochem,
San Diego, CA) for 2 weeks. The primer sequences are listed
as follows: shPHLDB2 1: CCGGCCCTGTAGTGATGTAA-
GACTACTCGAGTAGTCTTACATCACTACAGGGTTTTTTG; and
shPHLDB2 2: CCGGGCAGACGGCAATAATCTCTTACTCGAGTAA
GAGATTATTGCCGTCTGCTTTTTTG.

RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted from the CRC lines using TRIzol

reagent (15596018; Thermo Fisher Scientific), and then was
reverse-transcribed using the PrimeScript RT reagent Kit
with genomic DNA (gDNA) Eraser (RR047A; Takara, Beijing,
China). The iTaq Universal SYBR Green Supermix (1725120;
Bio-Rad, Hercules, CA) were used to quantitate the mRNA
levels of the indicated genes in triplicate on a CFX Connect
Real-Time PCR Detection System (Bio-Rad). The primer se-
quences are described as follows: PHLDB2: forward: 5’-
CCTGTTGGATGTTGAAAGCA-3’, reverse: 5’-GAGCCTGCT-
GAACAATGTGA-3’; B-myb: forward: 5’-AGCTGCACTACCAG-
GACACAGATT-3’, reverse: 5’-
TGACCTTGCACTTGCTATCCCTCT-3’; AURKA: forward: 5’-
CAAAGTTTGATGAGCAGAGAACTG-3’, reverse: 5’-CAGGG-
CATTTGCCAATTCTGTTA-3’; AURKB: forward: 5’-
CTGGCCCTACGGCCGACAGA-3’, reverse: 5’-CAGGCTCTTTCCG-
GAGGACTCG-3’; CyclinD1: forward: 5’-TATTGCGCTGC-
TACCGTTGA-3’, reverse: 5’-CCAATAGCAGCAAACAATGTGAAA-3’;
and glyceraldehyde-3-phosphate dehydrogenase: for-
ward: 5’-AGCCACATCGCTCAGACAC-3’, reverse: 5’-
GCCCAATACGACCAAATCC-3’.
Gene Silencing by Small Interfering RNA
The target sequences of siMETTL14 were chemically

synthesized and are shown as follows: METTL14 small
interfering RNA (siRNA) 1: 5’-GCUAAAGGAUGAGUUAAU-3’;
METTL14 siRNA 2: 5’-GGACUUGGGAUGAUAUUAU-3’. Nega-
tive control siRNA (small interfering scramble, siScramble)
sequence was used as follows: 5’-UUCUCCGAACGUGU
CACGU-3’.
RNA Sequencing Alignment and Quality Control
RNA sequencing was performed with an Illumina HiSeq

2000 (Beijing Genomics Institute, Shenzhen, Guangdong,
China). A total of 20 RNA sequencing libraries were aligned
with Spliced Transcripts Alignment to a Reference (STAR)
software (version 2.7.4a) in 2-pass mode. First alignment
pass was used to identify nonannotated junctions in the
input data, allowing for the construction of a genome index
containing nonannotated junctions. The second pass align-
ment then was performed against the junction-aware index,
allowing for a more sensitive recovery of nonannotated
splice junction from the data. The human genome reference
used was GRCh37.p13 and GENCODE v34 (GENCODE proj-
ect, https://www.gencodegenes.org/) was used as the
transcriptome reference.
Quantification of Gene-Level and Transcript-
Level Expression Gene Expression

Quantification was performed using RSEM (version 1.3.3,
https://deweylab.github.io/RSEM/) on STAR-aligned reads.
The human reference sequence and gene transfer format
(GTF) file used for build RSEM index was the same as
described previously, and gene expression was quantified as
transcripts per million.
Differential Expression Analysis
Differential expression analysis was performed using the

DESeq2 R package (https://bioconductor.org/) to compare
paired primary tumor, synchronous liver metastasis, and
latent liver metastasis with available gene expression data.
Briefly, each patient group was categorized as a synchro-
nous and latent group according to the timing of metastasis.
Sample type was defined as primary tumor and liver
metastasis, respectively. The design formula was set as
type þ group þ type:group. Differential expressed genes
were extracted using the results function (ie, type:group
interaction; SL vs P, SL/P; LL vs P, LL/P; and LL vs SL, LL/
SL).
Pathway Enrichment Analysis
The genes significantly expressed between SL/P, LL/P,

and LL/SL (adjusted P < .005) were analyzed for pathway
enrichment using gprofileR (https://biit.cs.ut.ee/gprofiler/
gost). All statistically significant pathways from the data
source Kyoto Encyclopedia of Genes and Genomes (KEGG)
were obtained using a threshold of 0.05 of the g:SCS (Set
Counts and Sizes) threshold.

https://www.gencodegenes.org/
https://deweylab.github.io/RSEM/
https://bioconductor.org/
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
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Immunofluorescence
Cells were seeded onto the glass coverslips (WHB-24-CS;

WHB Scientific, Shanghai, China) in 24-well plates. Cells
were fixed with 4% paraformaldehyde in PBS for 30 mi-
nutes, permeabilized, and blocked with 0.3% Triton X-100
(T8200; Solarbio, Beijing, China) and 5% goat serum
(G9023; Sigma-Aldrich) for 1 hour. After the incubation with
primary antibodies at 4�C overnight, cells then were incu-
bated further with the appropriate secondary antibodies
(35552; Invitrogen for DyLight 594-conjugated goat anti-
rabbit IgG, and 35511; Invitrogen for DyLight 488-
conjugated goat antimouse IgG, Carlsbad, CA) for 2 hours
at room temperature. Nuclei were finally stained with 40,6-
diamidino-2-phenylindole (C0060; Solarbio) for 5 minutes
at a 1:5000 dilution. Fluorescence images were captured
using confocal laser scanning microscopy (Carl Zeiss
Microimaging, Thornwood, NY) fitted with a 63� oil im-
mersion objective. Image analysis was performed
with ImageJ software (National Institutes of Health,
Bethesda, MD).
Immunohistochemistry
For immunohistochemistry (IHC), paraffin-embedded

slides were deparaffinized in xylenes, followed by hydra-
tion in ethanol with gradient-decreased concentrations.
Endogenous peroxidase was blocked by 3% H2O2. Then, the
sections were boiled in antigen retrieval buffer for 3 mi-
nutes within a pressure cooker. Next, slides were incubated
with the primary antibody: PHLDB2 (1:100, NBP2-38238;
Novus, Littleton, CO), Ki67 (1:100, ab16667; Abcam, Cam-
bridge, UK), or cleaved caspase-3 (1:100, 9664S; Cell
Signaling Technology, Shanghai, China) at 4�C overnight,
followed by treatment with MaxVision horseradish-
peroxidase solution (cat. 5020; MXB Biotechnology) for 30
minutes at room temperature. After 3 washes with PBS,
sections were stained with 3,30-diaminobenzidine tetra
hydrochloride peroxidase substrate (0031; MXB Biotech-
nology, Fuzhou, China) and counterstained with hematoxy-
lin. Images were captured by a Pannoramic MIDI Slide
scanner (3D HISTECH, Budapest, Hungary). Ki67 and
cleaved caspase-3 staining was quantified by calculating
positively stained cells in at least 5 randomly chosen high-
power fields of each sample.
Immunoprecipitation Followed by MS
Cell lysates were prepared using IP lysis buffer (100

mmol/L NaCl, 20 mmol/L Tris-HCl, 0.5 mmol/L EDTA, pH
7.4, and 0.5% NP-40). After centrifugation to remove
insoluble materials, lysates were incubated with PHLDB2
antibody at 4�C overnight. The next day, lysates were
incubated with protein G–Agarose beads (16-266; Millipore)
for 3 hours. The immunoprecipitated proteins were sub-
jected to short-gel sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and stained for 20 minutes with Coo-
massie brilliant blue G-250 (175 A100615; Sangon Biotech,
Shanghai, China). The protein bands of interest were
excised, carefully washed, and dehydrated by acetonitrile
(A955-4; Fisher Scientific). Then, 10 mmol/L dithiothreitol
(D0632, Sigma-Aldrich) was applied for reduction and 55
mmol/L iodoacetamide (V900335; Sigma-Aldrich) for
alkylation. Proteins were digested with trypsin (V5071;
Promega, Madison, WI) for 12 hours.

After being desalted using C18 ZipTip (Millipore) ac-
cording to the manufacturer’s instructions, the peptide
samples were loaded onto a 75 mm � 2 cm trap column and
a 75 mm � 12 cm analytical column, which was packed with
C18 resin (200 A, 5 mm; Michrom Bioresources, Auburn, CA)
in-house. LC-MS/MS analysis was executed using an EASY-
NLC 1000 nanoflow LC instrument coupled to a Q Exac-
tive quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific). Peptide samples were analyzed with a 65-
minute gradient from 4% to 90% high-performance liquid
chromatography buffer B (95% acetonitrile, 0.1% formic
acid) at a flow rate of 300 nL/min. Data-dependent acqui-
sition was performed in positive ion mode. Survey full-scan
MS spectra (from m/z 350–1800) were acquired in the
Orbitrap with a resolving power of 70,000 at m/z ¼ 200.
The automatic gain control value setting was set at 3e6, with
maximum fill times of 20 ms. For MS/MS scans, the top 20
most intense parent ions were selected with a 1.6 m/z
isolation window and fragmented with a normalized colli-
sion energy of 27%. The automatic gain control value for
MS/MS was set to a target value of 1e5, with a resolution of
17,500 and a maximum fill time of 64 ms. Parent ions with a
charge state of z ¼ 1, 8, or with unassigned charge states
were excluded for fragmentation. A dynamic exclusion
period for the data-dependent scan was 50 seconds. All the
raw files were searched against the Swiss-Prot human
protein sequence database (updated in April 2019, 20,431
sequences) in Maxquant (version 1.6, https://maxquant.
org). The precursor peptide mass tolerance was 10 ppm
and a fragment ion mass tolerance was 0.02 daltons. Two
missed trypsin cleavages were allowed. Cysteine carbami-
domethylation was set as a fixed modification. Oxidation of
methionine and protein N-terminal acetylation were set as
variable modifications. A label-free quantification algorithm
was used for protein quantification. Peptides with less than
1% false-discovery rate were chosen. A minimum of 7
unique peptides at the protein level within the full data set
was required for further data processing.
Duolink In Situ Proximity Ligation Assay
Cells were seeded onto glass coverslips (WHB-24-CS;

WHB Scientific) in 24-well plates, and then fixed with 4%
paraformaldehyde in PBS for 30 minutes, permeabilized,
and blocked with 0.3% Triton X-100 (T8200; Solarbio) and
5% goat serum (G9023; Sigma-Aldrich) for 1 hour. Cells
then were incubated with mouse EGFR antibody (1:100;
Santa Cruz Biotechnology) and rabbit PHLDB2 antibody
(1:100, NBP2-38238; Novus) or Flag antibody (1:100,
14793S; Cell Signaling Technology) at 4�C overnight. The
fluorescence signals were detected by the Duolink in situ
proximity ligation assay probe (DUO92101-1KT; Sigma-
Aldrich, Shanghai, China) according to the manufacturer’s
instructions and visualized using confocal laser scanning

https://maxquant.org
https://maxquant.org
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microscopy (Carl Zeiss Microimaging) fitted with a 63� oil
immersion objective. Image analysis was performed with
ImageJ software.

Public Data Analysis
For Gene Expression Omnibus (GEO) data, the gene

expression data were obtained from GSE17536 and
GSE28722 as well as their corresponding clinical data using
the GEO query R package. For TCGA data, the mRNA
expression of each tumor was obtained from the cBioportal
feature mRNA Expression, RSEM (Batch normalized from
Illumina HiSeq_RNASeqV2), while survival data were ob-
tained from the TCGA Pan-Cancer Clinical Data Resource.
The mRNA expression (transcripts per million) of CRC cell
lines was obtained from the Broad Institute Cancer Cell Line
Encyclopedia, and cetuximab sensitivity was obtained based
on published reports.23

Statistical Analysis
All data were analyzed by GraphPad Prism 8.0 software

(San Diego, CA). Survival analysis was performed using the
log-rank test. The survcutpoint function of the survminer
package in R (https://cran.r-project.org/) was used to
determine the optimal cut-off point based on the maximally
selected log-rank statistics. The minimal proportion of ob-
servations per group was set to 30% to avoid too few pa-
tients in a certain group. Data are representative of at least 3
biologically independent experiments. Comparisons be-
tween 2 groups were performed by a 2-tailed Student t test.
For 3 or more group analyses, the 1-way analysis of vari-
ance multiple comparison test was used. Pearson correla-
tion and linear regression were used to determine the
concordance. Data are expressed as means ± SD.
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