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Elevated nuclear PIGL disrupts the cMyc/BRD4 axis and
improves PD-1 blockade therapy by dampening tumor immune
evasion
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To improve the efficacy of lenvatinib in combination with programmed death-1 (PD-1) blockade therapy for hepatocellular
carcinoma (HCC), we screened the suppressive metabolic enzymes that sensitize HCC to lenvatinib and PD-1 blockade, thus
impeding HCC progression. After analysis of the CRISPR‒Cas9 screen, phosphatidylinositol-glycan biosynthesis class L (PIGL) ranked
first in the positive selection list. PIGL depletion had no effect on tumor cell growth in vitro but reprogrammed the tumor
microenvironment (TME) in vivo to support tumor cell survival. Specifically, nuclear PIGL disrupted the interaction between cMyc/
BRD4 on the distant promoter of target genes and thus decreased the expression of CCL2 and CCL20, which are involved in shaping
the immunosuppressive TME by recruiting macrophages and regulatory T cells. PIGL phosphorylation at Y81 by FGFR2 abolished
the interaction of PIGL with importin α/β1, thus retaining PIGL in the cytosol and facilitating tumor evasion by releasing CCL2 and
CCL20. Clinically, elevated nuclear PIGL predicts a better prognosis for HCC patients and presents a positive correlation with
CD8+ T-cell enrichment in tumors. Clinically, our findings highlight that the nuclear PIGL intensity or the change in PIGL-Y81
phosphorylation should be used as a biomarker to guide lenvatinib with PD-1 blockade therapy.
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INTRODUCTION
The high incidence and recurrence of hepatocellular carcinoma (HCC)
have perplexed experts in the field. The currently available first-line
therapeutic drugs, such as the tyrosine receptor kinase inhibitor
lenvatinib and immunotherapies targeting the programmed death-1
(PD-1)/PD-L1 axis, are still insufficient to significantly improve the five-
year survival rate of HCC patients [1, 2], reflecting the need to sensitize
liver cancer to this combination treatment and explore HCC patients
who are suitable for this treatment.
The immunosuppressive environment in tumor tissue, which is

regulated by chemokine-directed pro-oncogenic immune cells, is
considered a major obstacle to tumor therapy. For example,
CCL2 secreted by tumor tissues, including tumor cells and
macrophages, recruits tumor-associated macrophages into tumor
tissue. CCL20 secreted by dendritic cells, macrophages or tumor cells
recruits regulatory T cells that counteract the expansion and
activation of cytotoxic T lymphocytes. The cell types described above
create an immunosuppressive microenvironment in tumor tissues
[1, 3, 4] that facilitates tumor cell evasion from immunosurveillance.
We aimed to elucidate whether lenvatinib affected the tumor

immune microenvironment and discovered the metabolic
enzyme phosphatidylinositol-glycan biosynthesis class L (PIGL). PIGL
is a member of the phosphatidylinositol-glycan biosynthesis (PIG)
family and is involved in the second step of GPI biosynthesis by
removing an acetyl group from N-acetyl-glucosaminyl-
phosphatidylinositol (GPI) [5]. However, in this study, the function
of PIGL depended on nuclear localization to inhibit the tumor
immune-suppressive microenvironment rather than its enzyme
activity. Although most metabolic enzymes are localized in the
cytosol, particularly in the mitochondria and endoplasmic reticulum,
some metabolic enzymes, such as UGDH, PKM2, and PGK1, exhibit
obvious nuclear localization and function in the nucleus [6–8].
cMyc controls global gene expression and regulates cell

proliferation, cell differentiation, the cell cycle, metabolism and
apoptosis. According to some estimates, Myc, including cMyc and
nMyc, is dysregulated in approximately 70% of human cancers,
and strong evidence implicates aberrantly expressed Myc in both
tumor initiation and maintenance [9, 10]. cMyc cooperates with its
partners, such as bromodomain-containing (BRD) family proteins,
to efficiently regulate gene expression and specifically and
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robustly upregulate its target genes. BRD4 is a chromatin reader
protein that recognizes and binds acetylated histones, and BRD4
also presents acetyl-transferase activity [11]. BRD4 and cMyc are
broadly cobound to the regulatory regions of active genes in
promoters or distant promoters. The closeness of cMyc to BRD4
determines the expression levels of some cMyc target genes
[12, 13]. However, cMyc is considered an undruggable target
because of the peculiar characteristics of the shallow binding
pockets on the cMyc protein [14–16]. Thus, disruption of the
cMyc/BRD4 complex may be a potential strategy to delay cancer
progression.
Here, we used C57BL/6 wild-type and C57BL/6 TCRα−/− mice in

which T cells were depleted to screen the metabolic enzyme PIGL,
which connects lenvatinib treatment to enhance the efficiency of
subsequent PD-1 immunotherapy.

RESULTS
PIGL synthetically induces HCC cell death with the
combination of lenvatinib plus PD-1 blockade therapy
Hepa1-6 cells were infected with a lentivirus containing the
metabolic enzyme sgRNA sublibrary and then orthotopically
transplanted into C57BL/6 wild-type and C57BL/6 TCRα−/− mice.
Next, we applied lenvatinib plus an anti-PD-1 antibody to discover
the metabolic enzymes that synthetically induce HCC cell death
upon exposure to lenvatinib plus immunotherapy. (Fig. 1A).
Compared with C57BL/6 TCRα−/− mice, in C57BL/6 wild-type mice,
all three sgRNAs targeting metabolic enzyme PIGL were sig-
nificantly upregulated 8–17-fold after multiple-testing corrections,
and we found that PIGL ranked first in the positive target list
(Fig. 1B and S1A). We measured whether PIGL affected cell viability
upon lenvatinib treatment and excluded the possibility that PIGL
depletion exerted a significant effect on cell viability upon drug
treatment (Fig. S1B, C).
We observed that PIGL depletion in Hepa1-6 cells slightly drove

tumor growth and induced significant resistance to the combination of
lenvatinib and anti-PD-1 therapy comparedwith control cells. However,
these phenotypes were not observed in subcutaneously transplanted
Hepa1-6 cells in C57BL/6 TCRα−/− mice (Fig. 1C, D). We also used in
vitro and in vivo competitive growth experiments to identify the
survival advantage of PIGL-deficient tumor cells under immune
conditions (Fig. S1D), implying the potential role of PIGL in the TIME.
The in vivo cell proliferation and cell death assays showed that PIGL
depletion had no effect on cell proliferation but upregulated the
survival rate of Hepa1-6 cells forming tumors in WT-C57BL/6 mice
(Fig. 1E, F) but not in C57BL/6 TCRα−/−mice (Fig. S1E, F). Therefore, we
suspect that PIGL modulates TIME remodeling. After PD-1 blockade,
single-cell RNA sequencing data indicated that the proportion of
macrophages increased while the T-cell proportion decreased in PIGL-
depleted tumors (Fig. 1G). Next, we performed flow cytometry to
further detect the variation in T-cell subpopulations. As shown, PIGL
depletion decreased the proportion of cytotoxic T lymphocytes
(CD3+CD8+), and the overall percentage of helper T cells (CD3+CD4+)
showed no significant change, while the percentage of regulatory
T cells (CD4+CD25+) increased (Fig. S1G, H and Fig. 1H). In addition to
the complicated regulatory circuit between T cells and macrophages,
we also detected the proportion of macrophages in the solid tumor
immune microenvironment by performing F4/80 staining and found
that PIGL depletion increased the percentage of F4/80+ macrophages
in solid tumors (Fig. 1I).
Taken together, the in vivo CRISPR screen and animal studies

indicated that a member of the PIG family, PIGL, repressed the
reprogramming of the solid TIME.

Nuclear PIGL was negatively correlated with the prognosis of
HCC patients
To explore the clinical significance of PIGL in HCC, we extracted
information on PIGL mRNA expression in normal and tumor

tissues from TCGA and GTEx cohorts. As shown in Fig. 2A, PIGL
mRNA levels were downregulated in HCC tumor samples.
Consistently, PIGL mRNA expression was also downregulated in
our own collection of paired tumor and adjacent normal tissue
samples (Fig. 2B). Consistent with the trend in mRNA levels, PIGL
protein levels in tumor tissue were also decreased, with a slight
difference (Fig. 2C). The subcellular localization of metabolic
enzymes is often tightly associated with their functions and
clinical significance. We found that in HCC samples, the PIGL
protein was enriched in the nucleus in normal tissue but mainly
distributed in the cytosol in tumor tissue. Notably, the total PIGL
protein level in normal tissue was also slightly higher than that in
tumor tissue (Fig. 2D). With increasing tumor grade, PIGL also
showed a trend of a disappearance of nuclear localization and an
overall decrease in expression (Fig. 2E).
We separated the HCC patients into two groups termed high and

low, according to the level of total (Fig. S2A) or nuclear localized
(Fig. 2F) proteins based on IHC scores, and then performed a Kaplan‒
Meier survival analysis to discover whether the PIGL total protein levels
or nuclear enrichment predicted the patients’ prognosis. Patients with
higher levels of total PIGL protein or nuclear localization had better
outcomes, especially patients with greater nuclear localization (Figs.
S2A and 2F). Similar results were observed in the survival analysis of
nuclear PIGL in TCGA-HCC samples (Fig. S2B). Importantly, nuclear PIGL
expression was positively associated with CD8+ T-cell enrichment or
recruitment in tumor tissues (Fig. 2G, H), further supporting the
speculation that PIGL functions as a tumor suppressor in HCC.

PIGL hampers liver tumor growth independent of its enzyme
activity, likely by suppressing CCL2/20 expression
PIGL acts in the second step of GPI biosynthesis, and many eukaryotic
proteins bind to membranes using a glycosylphosphatidylinositol (GPI)
anchor, which contributes to TME remodeling. We constructed the
mutant L167P-PIGL, which substantially impaired the enzyme activity
(Fig. S3A) in driving GPI biosynthesis and glycolysis. Hence, we
measured GPI and lactate levels in inactive PIGL-overexpressing cells
and found that, compared with the WT group, GPI levels in the L167P
group were considerably decreased and lactate levels were slightly
decreased (Fig. 3A, B). Upon lenvatinib treatment in vitro, the cells
forcibly expressing WT- or L167P-PIGL showed a similar trend of cell
viability as the cells expressing the empty vector control (Fig. S3B),
while the in vivo tumor growth assay showed that the cells forcibly
expressing WT- or L167P-PIGL formed smaller solid tumors than the
cells expressing the empty vector control. Notably, the tumor volume
was not obviously different between the WT- and L167P-mutant PIGL
groups (Fig. 3C). Compared with the empty vector group, the in vivo
cell proliferation and cell death assays presented similar proliferation
rates but lower survival probabilities in theWT- and L167P-PIGL groups.
Of note, the tumor cells in both the WT- and L167P-PIGL groups
showed the same proliferation and survival probability (Fig. 3D, E). We
also detected the proportion of T-cell subsets, namely, helper T cells
(CD3+CD4+), cytotoxic T lymphocytes (CD3+CD8+), and regulatory
T cells (CD4+CD25+), in the solid tumors formed by the indicated
Hepa1-6 cells in C57BL/6 mice. Compared with the empty vector
control, overexpression of both WT-PIGL and L167P-PIGL in Hepa1-6
cells efficiently increased CD8+ T-cell populations but repressed
regulatory T-cell populations in solid tumors (Figs. S3C and 3F).
Additionally, the proportion of F4/80+macrophages decreased in solid
tumors formed by Hepa1-6 cells overexpressing WT- or L167P-PIGL
(Fig. 3G).
To explore the mechanism by which PIGL disturbs the immuno-

suppressive TME in solid tumors, we profiled the total RNA in PIGL-
overexpressing and control tumor cells. CCL2 and CCL20 were the only
two chemokines among the top 10 downregulated genes. qRT‒PCR
confirmed the RNA sequencing results (Fig. 3I) obtained using PIGL-
overexpressing and control cells. The levels of the secreted CCL2/20
proteins, as measured using ELISA, also showed a consistent trend with
that of the mRNA level (Fig. S3D). Furthermore, the mRNA levels of
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Fig. 1 PIGL synthetically induces HCC cell death with the combination of lenvatinib plus PD-1 blockade therapy. A, B The strategy using a
sublibrary of metabolic enzyme sgRNA to screen the suppressive metabolic enzymes that improve the treatment efficiency of lenvatinib and
PD-1 immunotherapy in liver cancer (A). The enrichment of positive and negative candidates in the sgRNA screen (B). C, D Subcutaneous
transplantation of Hepa1-6 cells with the indicated genetic manipulation into C57BL/6 mice (n= 6) or C57BL/6 TCRα−/− mice (n= 6). P, PD-1
antibody. E, F Cell proliferation (E) and cell death (F) were measured in vivo by Ki67 and TUNEL staining, respectively. Scale bar, 200 μm. G The
tumors were subjected to single-cell sequencing. The subtypes of immune cells, macrophages (M), CD8+ T cells, CD4+ T cells, fibroblasts (Fb)
and dendritic cells (DC) are shown. H, I The proportions of the T-cell subsets helper T-cell (CD3+CD4+), cytotoxic T lymphocytes (CD3+CD8+),
regulatory T cells (CD4+CD25+) (H) and F4/80+ macrophages (I) were analyzed using flow cytometry (FCM). Len, lenvatinib; PD-1 Ab, antibody
against PD-1; +, positive. C, one-way ANOVA; E-F and H-I, two-tailed Student’s t test. (N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001)
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both CCL2 and CCL20 were negatively correlated with PIGL mRNA
expression in our own clinical HCC samples (Fig. 3J). Taken together, we
proposed that independent of its activity, PIGL constrained tumor
immune microenvironment (TIME) remodeling, probably by suppres-
sing CCL2/20 expression.

The combination of CCL2/20 neutralization plus PD-1
blockade immunotherapy blocked PIGL depletion-driven liver
cancer progression
We primarily determined that PIGL depletion in Hepa1-6 cells
increased CCL2/20 expression (Fig. 4A) and increased the levels of the
secreted soluble CCL2/20 protein (Fig. S4A). Secreted CCL2 and

CCL20 in tumor tissues mainly facilitate the recruitment of TAMs and
regulatory T cells, respectively [17]. We observed that the medium
from cultured PIGL-depleted Hepa1-6 cells recruited more regulatory
T cells and macrophages, while the addition of antibodies neutraliz-
ing CCL2/20 impaired this recruitment (Figs. 4B and S4B, C).
We injected the CCL2/20 antibody into the tail veins of mice

to neutralize CCL2/20 in vivo, and ELISA showed that neutraliza-
tion was successfully achieved (Fig. S4D). The recruitment of
TAMs and regulatory T cells reflected an immunosuppressive
microenvironment that drove cancer progression, especially by
facilitating tumor cell evasion from immune checkpoint block-
ade. As expected, Hepa1-6 cells with PIGL depletion formed the

Fig. 2 Nuclear PIGL was negatively correlated with HCC patient prognosis. A. PIGL mRNA was extracted from the TCGA-HCC database and
analyzed. B PIGL mRNA levels from HCC patients (n= 25) were measured using qRT‒PCR. C PIGL protein levels in HCC samples were analyzed.
D IHC staining for total PIGL and nuclear PIGL was obtained and analyzed. E The HCC patients were grouped into high or low grades
according to pathological diagnosis. Representative images are shown, and the IHC scores for total PIGL and nuclear PIGL were calculated and
analyzed. F The survival curves were plotted using the best cutoff of the IHC score. G, H CD8+ T-cell infiltration was measured using FCM and
immunofluorescence (IF) and analyzed by calculating the Pearson correlation coefficient. D–F Scale bar, 200 μm; (H), scale bar, 50 μm;
A–E, one-way ANOVA; F, two-way ANOVA; G–H Pearson correlation coefficient test (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 3 PIGL hampers liver tumor growth independent of its activity, likely by suppressing CCL2/20 expression. A, B GPI and lactate levels were
measured in Hepa1-6 cells overexpressing control, WT-PIGL or L167P-PIGL. C Subcutaneous transplantation of Hepa1-6 cells with the
indicated genetic manipulation into C57BL/6 mice (n= 6). D, E In the solid tumors shown in (C), in vivo cell proliferation (D) and cell death (E)
were measured by performing Ki67 and TUNEL staining, respectively. Scale bar, 200 μm. F, G The proportions of the T-cell subsets helper T-cell
(F) and F4/80+ macrophages (G) were analyzed using flow cytometry. The gray peaks in (G) are negative isotype controls. H–J Using Hepa1-6
cells overexpressing WT-PIGL or EV, RNA profiling was performed. The differentially expressed genes (DEGs) were analyzed, and the top 10
DEGs are presented (H). qRT‒PCR was performed using specific primers against CCL2/20 mRNAs (I). The correlation between PIGL mRNA
expression and CCL2 mRNA or CCL20 mRNA expression was analyzed by calculating the Pearson correlation coefficient (J). A, B, D–H Two-
tailed Student’s t-test.; C Two-way ANOVA; J Pearson correlation coefficient test (N.S., not significant; *p < 0.05; **p < 0.01)
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largest tumors and resisted PD-1 blockade immunotherapy,
while the addition of CCL2/20 antibody reversed this resistance
and effectively improved the efficiency of PD-1 antibody
treatment in PIGL depletion-driven liver cancer (Fig. 4C). Ki67

and TUNEL staining of tumor samples showed a consistent result
that the addition of CCL2/20 antibody enhanced the efficiency
of PD-1 antibody-induced cytotoxic T lymphocyte expansion,
which exerted no effect on tumor cell proliferation but

Fig. 4 The combination of CCL2/20 neutralization plus anti-PD-1 therapy blocked PIGL depletion-driven liver cancer progression. A CCL2/20
mRNA levels were detected in Hepa1-6 cells with or without PIGL depletion using qRT‒PCR. B After treatment with or without CCL2/20
neutralizing antibodies, the effect of conditioned medium (CM) from the indicated genetically manipulated Hepa1-6 cells on regulatory T-cell
recruitment was detected by performing a transwell migration assay. Scale bar, 20 μm. C Subcutaneous transplantation of Hepa1-6 cells with
the indicated genetic manipulation into C57BL/6 mice (n= 6). The treatment was performed as described in the supplementary methods.
D, E In the solid tumors shown in (C), in vivo cell proliferation (D) and cell death (E) were measured by performing Ki67 and TUNEL staining,
respectively. Scale bar, 200 μm. F, G In the solid tumors shown in (C), the proportions of the T-cell subsets (F) and F4/80+ macrophages (G)
were analyzed using FCM. C One-way ANOVA; A, B, D–G Two-tailed Student’s t-test. (N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001)
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promoted tumor cell death (Fig. 4D, E). Flow cytometry showed
that the addition of the CCL2/20 antibody increased the
cytotoxic T lymphocyte population but blocked the recruitment
of TAMs (Fig. 4F, G).
In summary, the administration of the CCL2/20 antibody

rescued PIGL deficiency by enhancing cytotoxic T lymphocyte
expansion, thereby improving the efficacy of immune checkpoint
PD-1 blocking therapy.

PIGL targeted cMyc to disrupt the cMyc/BRD4 axis and then
reduced H3K27ac levels on the distant CCL2/20 promoter
The mechanism by which PIGL regulates CCL2/20 expression in
tumor cells remains elusive. We enriched PIGL and its associated
proteins in Hepa1-6 cells and subjected them to LC‒MS analysis to
explore the mechanism by which PIGL modulates CCL2/20
expression. As shown in Fig. 5A, two transcription factors, cMyc
and RelB, which directly regulate gene expression, were dis-
covered to potentially interact with PIGL (Fig. 5A). Forward co-IP
confirmed the interaction between PIGL and cMyc or RelB to
different degrees (Fig. 5B). Luciferase assays showed that PIGL
overexpression inhibited cMyc but not RelB/A, p53 or HIF1α
transactivation (Fig. 5C). Conversely, PIGL depletion upregulated
cMyc transactivation in Hepa1-6 cells (Fig. S5A).
Then, Ch-IP using an antibody against cMyc profiled the region to

which cMyc bound to the CCL2/20 promoters (Fig. S5B, C). Upon PIGL
depletion, cMyc targeted the distant promoters of CCL2/20, while PIGL
overexpression abolished this targeting (Fig. 5D and S5D, E), indicating
that the interaction of cMyc with the distant promoters of CCL2/20
genes depends on the nuclear PIGL level. cMyc forms a complex with
BRD4 at the promoters of target genes; thus, BRD4 and cMyc are
broadly bound to the regulatory regions of active genes [13]. We
suspected that PIGL enters the nucleus and disrupts the cMyc/BRD4
complex. We gradually overexpressed PIGL in both Hepa1-6 and H22
cells to test this hypothesis and observed that cMyc gradually lost its
association with BRD4, accompanied by increased PIGL expression
(Fig. 5E). Conversely, in Hepa1-6 cells with PIGL depletion, the
interaction of cMyc with BRD4 was reinforced (Fig. 5F). In an in vitro
binding assay, GST pulldown showed that PIGL directly interacted with
cMyc but not BRD4 (Fig. 5G). The gradual increase in PIGL physically
extruded BRD4 from cMyc (Fig. 5H).
BRD4 is a chromatin reader protein that recognizes and binds

acetylated histones, and BRD4 presents acetyl-transferase activity.
Hence, we tested the acetylation levels at the following sites:
H3K9, H3K14 and H3K27. As shown in Fig. 5I, loss of PIGL increased
H3K27 acetylation (H3K27ac), while overexpression of PIGL
moderately blocked acetylation of this site (Fig. 5I). H3K27ac
levels on the distant promoters of CCL2/20 were inversely
regulated by PIGL levels in both Hepa1-6 and H22 cells (Fig. 5J
and S5F).
Taken together, we ascertained that cMyc physically interacts

with PIGL, the level of which determines the closeness between
cMyc and BRD4.

FGFR2-mediated PIGL-Y81 phosphorylation promoted PIGL
retention in the cytosol and reinforced the cMyc/BRD4 axis
Previous data indicate that PIGL disrupts the cMyc/BRD4 complex
on the distant promoters of CCL2/20 genes. We enriched cytosolic
and nuclear PIGL and subjected them to LC‒MS analysis to explore
the mechanism by which PIGL enters the nucleus. As shown,
cytosolic PIGL had a much stronger intensity of phosphorylation at
Y81, while other phosphorylated sites showed no significant
differences in intensity in cytosolic and nuclear PIGL (Fig. 6A). We
mimicked Y81 phosphorylation as Y81E mutant PIGL, which was
mainly located in the cytosol, while WT-PIGL was located in both
the cytosol and nucleus (Fig. 6B). We restored the expression of
WT- or Y81E-PIGL in Hepa1-6 and H22 cells with PIGL depletion
(Fig. S6A). Cytosol and nucleus fractionation showed that Y81
phosphorylation mainly occurred in the cytosol, which was tested

using a specific antibody against phosphorylated Y81 (Fig. 6C and
S6B).
As the number of tyrosine phosphorylation kinases is currently

limited, by analyzing nuclear PIGL-GFP levels with tyrosine kinase
overexpression, we observed that the five indicated tyrosine
kinases should have the potential to phosphorylate PIGL at Y81
(Fig. 6D). Using siRNAs to deplete the respective tyrosine kinases
(Fig. S6C), we primarily verified that FGFR2, a target of lenvatinib,
may contribute to Y81 phosphorylation (Fig. 6E). An in vitro kinase
assay ascertained that the FGFR2 C-terminus presented tyrosine
kinase activity for PIGL-Y81 (Fig. 6F).
We mimicked dephosphorylation at Y81 by mutating Y81 to F81

or P81, and immunofluorescence (IF) staining showed that the
mimicked dephosphorylation mutant PIGL was almost completely
retained in the cytosol (Fig. 6G), which might be explained by the
results from the Co-IP assay between importin α/β1 and the
mimicked dephosphorylation mutant PIGL (Fig. 6H). We also
restored the expression of WT-, Y81F-, and Y81P-PIGL in Hepa1-6
and H22 cells with PIGL depletion (Fig. S6D). After mimicking
dephosphorylation at Y81, the interaction between cMyc and PIGL
was substantially increased, and the cMyc/BRD4 axis was heavily
impaired (Figs. 6I and S6E). Consequently, the intensity of the
H3K27ac signal on the distant promoters was decreased upon
mimicking dephosphorylation of Y81 in PIGL (Figs. 6J and S6F), and
CCL2/20 expression was also downregulated (Fig. 6K and S6G, H).
Overall, FGFR2-mediated PIGL-Y81 phosphorylation retains PIGL

in the cytosol by blocking the interaction of importin α/β1 with
Y81-phosphorylated PIGL and reinforces the formation of the
cMyc/BRD4 complex to promote CCL2/20 expression.

The alteration of PIGL-Y81 phosphorylation upon lenvatinib
treatment predicts resistance to PD-1 blockade therapy
A clear mechanism or molecular marker for determining HCC
patients who are suitable for combination therapy with lenvatinib
and PD-1 blockade is still unavailable. We established a xenograft
model to test whether PIGL-Y81 phosphorylation affects tumor
growth following anti-PD-1 antibody treatment. As shown in
Fig. 7A, compared with tumors formed by control Hepa1-6 cells,
tumors formed by Hepa1-6 cells expressing the Y81-
dephosphorylated PIGL mimic were much more sensitive to
anti-PD-1 antibody treatment (Fig. 7A). Consistent with this
finding, in vivo assays of cell proliferation and cell death, as
measured by Ki67 and TUNEL staining, respectively, showed that
the tumors formed by Hepa1-6 cells expressing the Y81-
dephosphorylation mimic PIGL presented a similar proliferation
rate but higher cell death (Fig. 7B). The proportion of intratumor
cytotoxic T lymphocytes was increased when PIGL-Y81 in Hepa1-6
cells was not phosphorylated (Fig. 7C). Additionally, ELISAs
showed that less CCL2/20 was secreted in the tumors formed by
Hepa1-6 cells expressing the Y81-dephosphorylation mimic PIGL
(Fig. S7A).
We further explored the clinical significance of PIGL-Y81

phosphorylation in determining HCC patient prognosis and
treatment strategies. We grouped HCC patients into two groups
according to their PIGL-Y81 phosphorylation level, which was
detected by a specific antibody (Fig. S7B). The survival curves were
plotted by the best cutoff of the PIGL-Y81 phosphorylation level in
the aforementioned HCC patients, and a lower PIGL-Y81
phosphorylation level predicted a better prognosis (Fig. 7D).
Additionally, PIGL-Y81 phosphorylation was increased in tumor
tissue compared with paired normal tissues (Fig. S7C). Lenvatinib
constrained FGFR2 activation and further determined PIGL-Y81
phosphorylation, which should be a marker for HCC responding to
PD1 blockade therapy. We collected 20 paired HCC samples from
patients treated with lenvatinib and grouped them into two
groups based on the change in PIGL-Y81 phosphorylation in the
HCC samples before (collected as primary HCC samples) and after
(collected as recurrent HCC samples) lenvatinib treatment (Fig. 7E).
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Fig. 5 PIGL targeted cMyc to disrupt the cMyc/BRD4 axis and then reduced H3K27ac levels on the distant CCL2/20 promoter. A, B FLAG-PIGL-
associated proteins were identified using LC‒MS/MS (A) and ascertained by Co-IP (B). C Dual luciferase reporter assay. Five major transcription
factors, p53, cMyc, HIF1α and RelA/B, were cotransfected with pGL3-response element and Renilla internal control plasmids into Hepa1-6 cells
with or without PIGL overexpression. D ChIP‒qPCR assay. In Hepa1-6 cells with PIGL depletion or overexpression, an antibody against cMyc
was used to enrich the corresponding DNA fragment. E, F Co-IP assay. In Hepa1-6 or H22 cells, PIGL was gradually expressed (E), and PIGL was
depleted or overexpressed (F). An antibody against cMyc was used to enrich its associated complex. G In vitro pulldown assay. GST-tagged
BRD4, cMyc and His-tagged PIGL were purified from E. coli and incubated together. Antibodies against His were used to enrich PIGL, and
antibodies against GST were used to test the direct interaction between PIGL and cMyc or BRD4. H In vitro pulldown assay. GST-tagged cMyc,
MBP-tagged BRD4 and His-tagged PIGL with gradually increasing levels were incubated together. Antibodies against GST were used to enrich
cMyc, and antibodies against MBP or His were used to test the direct interaction between cMyc and BRD4 or PIGL. I In Hepa1-6 or H22 cells
with PIGL depletion or overexpression, histone H3 acetylation at K9, K14 and K27 was detected. J ChIP‒qPCR assay. In Hepa1-6 or H22 cells
with PIGL depletion or overexpression, an antibody against H3K27ac was used to enrich the corresponding DNA fragment. C One-way
ANOVA; E, F, H, I Two-tailed Student’s t-test. (N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001)
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The survival curves of the two groups showed that a lower change
in Y81 phosphorylation predicted a worse prognosis (Fig. S7D),
indicating that HCC patients with a lower change in Y81
phosphorylation are not suitable for PD-1 blockade therapy. This
result was further confirmed using a patient-derived organoid
(PDO) model (Fig. 7F).
Overall, we explored the molecular symptoms of HCC patients

who are suitable for the combination of lenvatinib and PD-1
immunotherapy in the clinic.

DISCUSSION
In summary, we ascertained that PIGL, a member of the PIG family,
functionally suppressed tumor immune evasion. After lenvatinib
treatment, the alterations in PIGL phosphorylation at Y81
determined whether HCC patients were suitable for subsequent
PD-1 blockade immunotherapy. In detail, FGFR2 phosphorylates
PIGL at Y81 and retains PIGL in the cytosol. Once lenvatinib
treatment is executed, the tyrosine kinase activity of FGFR2 is
constrained, and PIGL is dephosphorylated at Y81, probably

Fig. 6 FGFR2-mediated PIGL-Y81 phosphorylation promoted PIGL retention in the cytosol and reinforced the cMyc/BRD4 axis. A PIGL-FLAG
from the cytosol and nucleus was subjected to LC‒MS to identify posttranslational modifications. The detected modifications with strong
intensity are summarized in the heatmap. B WT- or Y81E-PIGL-FLAG was expressed in Hepa1-6 cells and stained with an antibody against
FLAG. C The cytosol and nucleus of Hepa1-6 cells expressing restored WT-PIGL or Y81E-PIGL were fractioned. D Hepa1-6 cells expressing GFP-
tagged PIGL were transfected with a tyrosine kinase (TK) overexpression vector (OV), and nuclear GFP intensity was captured. The ratio of GFP
intensity in the TK OV group to that in the EV group was determined and analysed. E siRNAs targeting five TK coding genes were transiently
transfected into Hepa1-6 cells. F The GST-tagged intracellular C-terminus of FGFR2 was incubated with His-tagged PIGL in the kinase reaction
system. G, H WT-, Y81F- or Y81P-PIGL-FLAG was stably overexpressed in Hepa1-6 cells. An antibody against FLAG was used to stain PIGL-FLAG
in these cells (G), and the association of WT- and PIGL-FLAG with importin α1/β1 was ascertained using Co-IP with FLAG antibody or IgG as a
blank control (H). I–K Using Hepa1-6 cells with restored expression of WT-, Y81F- or Y81P-PIGL, Co-IP with cMyc antibody or IgG as a blank
control was performed to test the association of cMyc with BRD4 and PIGL (I). J, K In the indicated Hepa1-6 cells, ChIP‒qPCR using an anti-
H3K27ac antibody was performed to test H3K27ac enrichment on the distant promoters of CCL2/20 (J). Readout gene expression was
detected using qRT‒PCR (K). C, D, J Two-tailed Student’s t-test. (N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 7 PIGL-Y81 phosphorylation predicts potential resistance to combined lenvatinib plus anti-PD-1 therapy. A Subcutaneous transplantation of
Hepa1-6 cells with the indicated genetic manipulation into C57BL/6 mice (n= 6). B Cell proliferation (B, upper panel) and cell death (B, lower
panel) were measured in vivo by performing Ki67 and TUNEL staining, respectively. Scale bar, 200 μm. C The CD8+CD3+ T-cell proportion in solid
tumors shown in (A) was determined using FCM.D A total of 112 HCC patients were divided into two groups, indicated as high and low according
to the IHC score for pPIGL-Y81 in HCC tissues. The survival curve was plotted with the best cutoff for the aforementioned IHC scores. Scale bar,
200 μm. E Twenty HCC patients who received lenvatinib treatment were separated into two groups by the median cutoff according to the change
in IHC intensity in pPIGL-Y81 after lenvatinib treatment. A representative IHC image is shown (E, left panel). The change in the IHC score for HCC
pPIGL-Y81 was analyzed (E, right panel). Scale bar, 200 μm. F Patient-derived organoids (PDOs) from three HCC samples with lower changes in
pPIGL-Y81 and three HCC samples with higher changes in pPIGL-Y81 were prepared, and ectopic transplantation was performed for the
combined treatment of lenvatinib and anti-PD-1 antibody with the indicated dosage described in the Methods section.G Schematicmodel of the
mechanism by which FGFR2/PIGL axis-mediated CCL2/20 expression determines the efficiency of lenvatinib plus PD-1 therapy. A, D One-way
ANOVA; B-C and E, two-tailed Student’s t-test; F Two-way ANOVA (**p < 0.01; ***p < 0.001)
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exposing areas for importin α/β1 binding. The import of PIGL into
the nucleus indicates a new role for PIGL that is enzyme activity-
independent. In detail, nuclear PIGL physically interacts with cMyc
and disrupts the cMyc/BRD4 complex, in turn suppressing the
expression of cMyc downstream genes, such as CCL2/20. CCL2
and CCL20 are secreted by tumor tissues and generally recruit
TAMs and regulatory T cells, respectively, which remodel the TME
and aid in the evasion of tumor cells from the immune checkpoint
(Fig. 7G). Therefore, our study guided lenvatinib treatment in
advanced HCC patients. Lenvatinib is required to drive nuclear
PIGL accumulation in HCC cells with high FGFR2 activity. For HCC
cells with low FGFR2 activity, lenvatinib may not be required to
present the function of nuclear PIGL. After summarizing the
significance of this study, we explored the implications of our
findings.
The immunosuppressive TME is an obstacle to tumor immu-

notherapy. In recent years, numerous basic and clinical studies
have explored strategies to improve the efficacy of tumor
immunotherapy, such as developing immune checkpoint inhibi-
tors, which are represented by PD-1/PD-L1 antibodies. These
strategies are based on the study of resistance mechanisms of
immune checkpoint inhibitors combined with targeted therapy to
overcome resistance and promote the effects of immunotherapy.
For example, the combination of the anti-PD-L1 antibody
atezolizumab and BRAF/MEK inhibitor in patients with BRAF-
mutated melanoma significantly improved progression-free survi-
val (PFS) [18]. Moreover, the high rate of angiogenesis in the TME
and the resulting abnormal vasculature and high interstitial
pressure within the tumor can impair the infiltration of immune
cells and checkpoint inhibitors. The combined treatment strategy
exerted a significant effect on enhancing the antitumor immune
response [4]. In addition to the intrinsic characteristics of tumors
that lead to immunotherapy resistance, immune cells in the TME
also regulate the effect of immunotherapy. Some studies have
shown that inhibiting TAM activity enhances the response to
immunotherapy and antitumor therapeutic effects because TAMs
express anti-inflammatory cytokines and chemokines, inhibit
cytotoxic T lymphocyte expansion and activation, promote the
recruitment of regulatory T cells and contribute to the immune
escape of tumor cells [19, 20].
In this study, an in vivo CRISPR-based screen of genes encoding

metabolic enzymes that increased the sensitivity of liver tumors to
anti-PD-1 antibody treatment was executed. A positive screen was
performed to select the potential metabolic enzymes improving
PD-1 antibody treatment. We selected PIGL, which ranked first
among the positive candidate list. PIGL is a member of the PIG
family, which generally localizes to the endoplasmic reticulum and
regulates GPI biosynthesis [5]. GPI-anchored proteins were
enriched in the membrane and mainly involved in regulating
the TME. Interestingly, in this study, PIGL did not hamper TME
remodeling through its enzyme activity but adjusted its function
by changing its subcellular localization to the nucleus. In fact,
many metabolic enzymes that are localized in the nucleus play
important regulatory roles through their enzymatic activities
[21, 22].
Another important finding from this study is that PIGL physically

interacts with cMyc. The physical interaction between PIGL and
cMyc indicates that PIGL might regulate the expression of cMyc
target genes. cMyc induces gene expression at two levels: basal
expression through the promoter and robust expression from
enhancer regulation, which activates the expression of a series of
genes that promote tumor cell survival under stress conditions.
Epigenetically, cMyc competes with AR for coactivators, and AR/
cMyc binding sites have markedly higher levels of H3K27ac,
indicating the enrichment of AR/cMyc sites in functional distant
promoters. Additionally, cMyc recruits histone acetyltransferases
to hyperacetylate chromatin, facilitating the binding of RNA polII
[23]. The ability of distant promoters to regulate gene expression

depends on their epigenetic status: active distant promoters are
enriched in H3K27ac, whereas a loss of H3K27ac and gain of
H3K27me3 results in poised or repressed distant promoters [24].
Since changes in H3K27ac levels correlate with enhancer activity
and gene expression [25, 26], cMyc overexpression consistently
results in global transcriptional amplification with widespread
increases in transcript levels, combined with elevated H3K27ac
levels and enhancer activation [23].
In this study, the interaction between PIGL and cMyc prevented

cMyc from forming a complex with BRD4 at the promoter regions
of CCL2/20 and decreased CCL2/20 expression. BRD4 functions
not only as a reader but also as a HAT enzyme because BRD4
contains two bromo domains in the N-terminus and one histone
acetyltransferase domain (HAT) that presents HAT activity in the
C-terminus. Additionally, BRD4 was tightly associated with the
acetyltransferase complex p300/CBP and affected its acetyltrans-
ferase activity [11, 27]. Hence, BRD4 probably affects H3K27ac
levels by integrating p300/CBP or exerts histone acetyltransferase
activity in itself. ChIP sequencing would be more efficient in
selecting the regulatory region where PIGL disrupts the cMyc/
BRD4 complex. However, we screened the cMyc binding region
upstream of the transcriptional start sites of CCL2/20 using ChIP‒
qPCR and observed that cMyc bound the distant promoters of
CCL2/20. As a result, the constrained expression of CCL2/20 was
not sufficient to recruit large numbers of TAMs and regulatory
T cells to reshape the TIME. The TIME promotes the survival of
tumor cells during anti-PD-1 antibody treatment, especially in HCC
[1, 3]. Therefore, tumor cells actively respond to anti-PD-1
antibody treatment, and weakening or inhibiting this response
of tumor cells may substantially improve the effect of anti-PD-1
antibodies.
Chemokines are a family of small, secreted proteins with

pleiotropic roles in inflammation-related pathological diseases,
including cancer [28]. The chemokine CCL2 is a multifunctional
factor involved in various aspects of liver pathogenesis, including
acute liver injury, chronic HBV/HCV infection, cirrhosis and
tumorigenesis [29, 30]. In the liver, CCL2 is secreted by hepatic
stellate cells, hepatocytes, Kupffer cells and biliary epithelial cells
[29]. CCR2, the only known receptor for CCL2, is expressed on
monocytes and macrophages within the liver. When CCL2 and
CCR2 are upregulated in the liver, they promote macrophage
accumulation, inflammation, fibrosis and steatosis [29]. Hence, the
CCL2/CCR2 axis influences tumor cell growth, angiogenesis,
invasion and metastasis [31, 32]. In some preclinical cancer
models, targeting CCL2 is an effective therapeutic approach. For
example, carlumab, a neutralizing antibody against CCL2, has
entered clinical trials for the treatment of prostate cancer [33].
CCL20 also plays an important role in tumor progression. Hepatitis
C virus-induced CCL20 is a direct proangiogenic factor that binds
to endothelial CCR6, suggesting that the CCL20/CCR6 axis
contributes to hepatic angiogenesis and potential hepatocellular
carcinoma [34]. CCL20 signaling promotes tumor growth, inva-
siveness, and chemoresistance by recruiting regulatory T cells
[35, 36]. Disruption of the CCL20/CCR6 axis relieves T-cell
exhaustion and extends survival. Some tumor-infiltrating cells
expressing CCL20/CCR6 have previously been suggested to act as
tumor-promoting cells by recruiting regulatory T cells or exhaust-
ing killer T cells [37]. In this study, according to the well-
established roles of different immune cells, we selected TAMs,
CD3+CD8+ T cells, CD3+CD4+ T cells and CD4+CD25+ T cells as
candidate immune cells that are likely affected by CCL2/20.
Conclusively, we screened PIGL, which forms an axis with cMyc

and impedes CCL2/20 expression upon lenvatinib treatment by
epigenetically remodeling the state of the CCL2/20 promoters.
FGFR2, one of the targets of lenvatinib, phosphorylates PIGL at
Y81 to retain PIGL in the cytosol and then releases CCL2/20. Tumor
cell-secreted CCL2/20 builds the TIME and further dampens the
efficiency of PD-1 immunotherapy. Hence, the response to
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lenvatinib indicated by PIGL-Y81 phosphorylation is a potential
clinical marker for the applicability of PD-1/PD-L1 blockade.

MATERIALS AND METHODS
HCC patients and tissue specimens
Tumor tissues and their matched adjacent tissues were collected from HCC
patients who were pathologically diagnosed at The Third Affiliated
Hospital of Sun Yat-sen University from September 2018 to July 2019. All
patients received standardized treatment for HCC. All patients signed the
informed consent form and agreed to participate in the experiment. The
research content and implementation plan of this experiment strictly
complied with the Declaration of Helsinki and was approved by the ethics
committee of The Third Affiliated Hospital of Sun Yat-sen University
(Medical Ethics 2022-02-333-01).

In vivo CRISPR knockout screening of metabolic enzymes
The in vivo CRISPR screen was performed as previously described [38].
Briefly, the library containing 1516 mouse metabolic enzyme-encoding
genes targeting sgRNAs (each gene has been targeted by 3 sgRNAs, and a
very small number of genes with only 2 sgRNAs) and 91 nontargeting
sgRNAs were also cloned into the LentiCRISPR-v2 vector. Lentiviruses were
produced in 293 T cells using a pooled library, psPAX2, and pMD2.G at a
ratio of 4:3:1 (m/m/m). Polycation polyethylenimine (PEI) was used as a
transfection reagent with a ratio of 3:1 (m/m) to total plasmids. After
lentivirus packaging, concentration, and titre determination, the target
cells expressing luciferase were infected at an MOI= 0.3 and kept at a
coverage of > 500 cells expressing each sgRNA. After 6 days of puromycin
selection, positive cells were collected for orthotopic transplantation into
the mouse liver, with 6 mice in each group. Seven days after
transplantation, the mice were injected with drugs as indicated. After
2 weeks, the mouse liver tumors were collected and snap-frozen in liquid
nitrogen for further manipulation. Each tumor’s genomic DNA was
extracted and pooled together as templates for PCR amplification and
next-generation sequencing. The screening data analysis was conducted
using the well-established method MAGeCKFlute that includes read
mapping, normalization, quality check, hit identification and functional
analysis, as previously reported [39].

Mouse tumor model and treatments
A mouse liver tumor orthotropic transplantation model was established
using the mouse HCC cell line Hepa1-6 or patient-derived organoids
(PDOs) as previously described [40]. Briefly, 6- to 8-week-old C57BL/6 WT or
TCRa−/− mice were anesthetized by isoflurane and injected in the
subcapsular region of the liver with 50 μl of cell/Matrigel solution
(containing 1 × 106 Hepa1-6 cells) using a syringe with a 33 G needle.
PDOs were digested by trypsin for a short time and mixed with Matrigel.
Six- to eight-week-old humanized huHSC-NCG mice were purchased from
GemPharmatech, anesthetized by isoflurane, and then injected into the
subcapsular region of the liver with 50 μl of cell/Matrigel solution
(containing 25 μl of PDOs). After surgery, mice were incubated at 37 °C
until awakening. A subcutaneous tumor transplantation model was
established using Hepa1-6 cells. A total of 2 × 106 cells were injected
subcutaneously into 6- to 8-week-old C57BL/6 WT or TCRa−/− mice. Mice of
different sexes were used randomly in the experiment. All mice were
maintained on a 12/12 h day/night cycle and allowed free access to food
and water. All mouse experiments were approved by the Research Ethics
Committee of Guangzhou University.
Lenvatinib and mouse or human PD-1 or CCL2/20 antibody treatment

were executed at Day 20 when the tumor size exceeded 250mm3 by
intraperitoneal injection twice a week as indicated in the related figures.
The dosages of drugs or antibodies were 0.2 μg lenvatinib/ml in mouse
serum, 10 μg anti-PD-1 antibody/ml in mouse serum and 2 μg anti-CCL2 or
anti-CCL20 antibody/ml in mouse serum.

Tumor-infiltrating immune cell isolation and flow cytometry
The mouse tumor was perfused using cold PBS, dissociated with 2mg/mL
collagenase A (Sigma) and 1× DNase I (Sigma) in RPMI-1640 medium at
37 °C for 30min, and then filtered through a 70 μm strainer. Cells were
centrifuged at 600 × g for 8 min, and the cell pellet was collected. Percoll
cell separation medium (37.5%) was prepared. The cell pellet was
resuspended in 10ml Percoll in a 15mL tube. After centrifugation at
500 × g for 30min at 22 °C, the supernatant was removed, and the cell

pellet was collected. One milliliter of erythrocyte lysis solution was added
to the cell pellet, pipetted evenly, and placed on ice for 1–3min to lyse the
erythrocytes. The lysis was terminated by adding 9ml of PBS and
centrifuged at 600 × g for 8 min, and the cell pellet was collected.
For antibody staining, the cell pellet was resuspended in 250 µl

PBS+ 2% FBS solution. Before staining, single-cell suspensions were
blocked with anti-mouse CD16/CD32 antibodies (Thermo Fisher) for
15min. Then, the fluorophore-conjugated antibody mixture was added
and stained on ice for 30min in the dark. Isotype controls were used as
negative controls to determine the specification of the primary antibodies.
The flow cytometry antibodies used in this study were anti-mouse CD45-
Brilliant Violet 412 (1:200, Biolegend, #103134), anti-mouse CD3-APC
(1:200, Biolegend, #100312), anti-mouse CD8-Alexa Fluor 700 (1:200,
eBioscience, #56-0081-82), anti-mouse CD4-PE-Cyanine7 (1:200, Biolegend,
#100528), anti-mouse CD25-PerCP-Cyanine5.5 (1:100, Biolegend, #101912),
and anti-mouse F4/80-FITC (1:200, Biolegend, #123107).
Flow cytometry analysis was then performed using BD FACSAria™ III.

FlowJo v.10.4.2 was used for further analysis.

Single-cell RNA sequencing
The shNT or shPIGL fresh tumor single cell count was approximately
1 × 106 cells/mL, and cell viability greater than 95% was used for library
preparation. The library preparation procedure was performed according
to the standard manual of the 10X Genomics system. After library
quantification and quality-checking using a DNA 1000 chip (Agilent
Technologies), samples were diluted and loaded onto a HiSeq 4000
(Illumina). Next, raw data demultiplexing, barcode processing, alignment,
filtering, and UMI counting were performed using the Cell Ranger analysis
pipeline (v2.0). Then, the count data were used for downstream analysis in
R 4.2.1 using Seurat (v.4.2.0). Cells with fewer than 200 features or higher
than 5% mitochondrial gene content were removed prior to further
analysis. The data were integrated using Harmony v0.1.0 [41] and then
normalized using Seurat. Principal component analysis was performed
using the top 3,000 variable genes to identify the number of significant
components before clustering. Clustering was performed by calculating a
shared nearest neighbor graph using a resolution of 0.8, which is shown as
a UMAP. Subsetting into different cell types and cell type annotations were
performed using the singleR package [42]. The percentage of each cell
type was calculated and shown as a stacked bar plot using a set of
packages in tidyverse v1.3.2.

RNA sequencing
Total RNA was extracted for RNA sequencing using an Illumina HiSeq
2500 system. Sequencing data analysis and management were performed
with BaseSpace Sequence Hub. The KEGG pathway analysis was performed
using the software clusterProfiler [43], and the plot was generated using
ggplot2 in R (3.5.0). GSEA was conducted using GSEA software (v4.1.0), as
described in a previous report [44].

Mass spectrometry analysis
Immunoprecipitated FLAG-PIGL from the cytosol or nuclei of Hepa1-6 cells
was boiled with 40 μl of 1× loading buffer at 95 °C for 8 min and then
loaded onto an SDS‒PAGE gel. The gel samples were processed through a
series of routine flows, such as reductive alkylation, trypsin digestion and
peptide extraction. The peptides were analyzed by liquid chromatogra-
phy‒mass spectrometry (LC‒MS/MS) on a Q Exactive™ mass spectrometer
(Thermo Fisher Scientific, Waltham, MA). Proteins were identified by a
database search of the fragment spectra against the National SwissProt
protein database (EBI) using Mascot Server 2.4 (Matrix Science, London,
UK). After database searching, the intensity of each identified protein was
used for further analysis. The data were normalized by log2 transformation,
and the log2-fold fold change and p-value were calculated between the
Vec-FLAG and PIGL-FLAG groups using a two-tailed Student’s t test.
Phosphopeptide matches were analyzed by using MaxQuant v1.5.2.8
implemented in Proteome Discoverer and manually curated. The heatmap
plot was constructed using the “pheatmap” package in R 4.2.1, and the
color bar represents the normalized expression level of each site.

Statistical analysis
GraphPad Prism 9.0 software was used to analyze the experimental data.
Each experiment was independently repeated at least three times, and the
results are represented as the means ± S.D.s or means ± S.E.M.s. Compar-
isons were analyzed using an unpaired two-tailed Student’s t-test or
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ANOVA. Paired two-tailed Student’s t-tests were used to compare tumors
and adjacent tissues. The p values are indicated in the related figures;
*p < 0.05, **p < 0.01, ***p < 0.001 and NS, not significant (p > 0.05).
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