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Hepatocellular carcinoma (HCC) is frequently characterized by
metabolic and immune remodeling in the tumor microenviron-
ment. We previously discovered that liver-specific deletion of
fructose-1, 6-bisphosphatase 1 (FBP1), a gluconeogenic enzyme
ubiquitously suppressed in HCC tissues, promotes liver tumor-
igenesis and induces metabolic and immune perturbations
closely resembling humanHCC.However, the underlyingmech-
anisms remain incompletely understood. Here, we reported that
FBP1-deficient livers exhibit diminished amounts of natural
killer (NK) cells and accelerated tumorigenesis. Using the dieth-
ylnitrosamine-induced HCC mouse model, we analyzed poten-
tial changes in the immune cell populations purified from con-
trol and FBP1-depleted livers and found that NK cells were
strongly suppressed.Mechanistically, FBP1 attenuation in hepa-
tocytes derepresses an zeste homolog 2 (EZH2)-dependent tran-
scriptional program to inhibit PKLR expression. This leads to
reduced levels of PKLR cargo proteins sorted into hepatocyte-
derived extracellular vesicles (EVs), dampened activity of EV-
targetedNKcells, and accelerated liver tumorigenesis.Our study
demonstrated that hepatic FBP1 depletion promotesHCC-asso-
ciated immune remodeling, partly through the transfer of hepa-
tocyte-secreted, PKLR-attenuated EVs to NK cells.

INTRODUCTION
Liver cancer is among the leading malignancies worldwide and ranks
third in cancer-related death in Asian countries.1,2 Hepatocellular car-
cinoma (HCC) is the predominant subtype of liver cancer, frequently
developed from liver regions with metabolic steatosis and severe
fibrosis.3 Various infiltrated immune cells form a unique and complex
immune microenvironment in the neoplastic region and are generally
associated with the initiation and progression of HCC pathology.4,5

For example, several studies exhibited that increased infiltrations of nat-
ural killer (NK), T, and NK T cells are positive prognostic factors in
HCC, whereas the enhanced infiltration of regulatory T cells is a nega-
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tive factor.6 Nonetheless, the underlying mechanisms orchestrating the
immune landscape of HCC remain largely unknown.

Recently, we discovered that fructose-1, 6-bisphosphatase 1 (FBP1), a
gluconeogenic enzyme harboring non-canonical functions in the cell
nucleus, is uniformly suppressed in HCC tumors relative to normal
adjacent tissues.7We further demonstrated that hepatic Fbp1 deletion
closely resembled the hepatic abnormalities predisposing HCC, with
increased glycolysis, lipid accumulation, and enhanced fibrosis in
mouse livers. Hepatic Fbp1 loss strongly promotes HCC initiation
and progression, largely by inducing inflammatory responses in
the peritumoral region and senescence in hepatic satellite cells, in
a diethylnitrosamine (DEN)-induced HCC mouse model.8 These
data implied an underappreciated link between metabolic and im-
mune remodeling that frequently co-occurred in HCC and provided
a perspective for understanding the disease biology of this common
malignancy. However, little is known about the exact role of FBP1
in causing the protumorigenic immune perturbations in HCC.

NK and CD8 T cells play pivotal roles in antitumor immunity.9–11 It
has been well established that NK cells perform tumor surveillance
and function as cytotoxic lymphocytes in opposing multiple tumor
an Society of Gene and Cell Therapy.
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types, including lung cancer,9 prostate cancer,12 breast cancer,13 liver
cancer,7,8 etc. In the current study, we identified liver-infiltrating NK
cells as the most diminished immune population in FBP1-depleted
livers upon tumor initiation, suggesting that hepatic FBP1 attenuation
may result in the suppression of NK-mediated tumor surveillance.
We further discovered that extracellular vesicles (EVs) secreted
from FBP1-depleted hepatocytes target infiltrated NK cells and
induce NK dysfunction, thereby promoting tumor initiation and pro-
gression in HCC.

RESULTS
Hepatocyte-specific FBP1 loss restrains NK cells in DEN-

induced liver tumorigenesis

To decipher the role of FBP1 in modulating the immune microenvi-
ronment in HCC, we exploited a well-established HCC mouse model
using DEN as the carcinogen, with hepatic FBP1 conditionally
depleted as previously reported (Figure 1A). The complete abolish-
ment of FBP1 expression was confirmed in hepatic tissues of Cre
mice (Figures 1B and 1C). As expected, hepatic FBP1 loss significantly
advanced tumorigenesis, demonstrated by increased numbers of
surface tumors (Figures 1D and 1E), more microscopic lesions with
steatosis (Figures 1F and 1G), and enhanced cell proliferation rates
(Figure 1H) as early as 24 weeks in the DEN-treated Cre cohort
compared to the control GFP cohort. We then examined the popula-
tion changes of infiltrating leukocytes in harvested tumor tissues (Fig-
ure S1). Interestingly, we found that the NK cell population declined
significantly in the FBP1-deficient livers relative to the control,
whereas other leukocyte cell populations exhibited negligible varia-
tions between these two groups (Figure 1I). We further discovered
that the NK cell effector function was similarly suppressed in the tu-
mor microenvironment, as validated by IHC staining of the NK acti-
vation marker NKp46 in tumor tissues (Figure 1J). In addition, the
difference in NK cell population with or without hepatic FBP1 deple-
tion at week 36 is less than the difference at week 24 (Figure S2). These
results are consistent with the notion that NK cells compose the early
immune surveillance for tumorigenesis and are attenuated during
later stages of tumor development.14 In conclusion, these data suggest
that inhibition of NK cells may cause immune remodeling in the tu-
mor microenvironment mediating the hepatic tumorigenesis fostered
by FBP1 depletion.

EVs secreted by FBP1-deficient hepatocytes impair NK cell

function

To explore the mechanisms of NK cell inhibition upon hepatic FBP1
depletion, we first investigated cell-to-cell communication events be-
Figure 1. Hepatocyte-specific FBP1 loss restrains NK cells in DEN-induced liv

(A) Flow chart of generating DEN-induced liver cancer mouse model with or without hepa

in indicated mouse livers. (D�H) Representative liver images (scale bar, 1 cm) (D), the

100 mm) (F), numbers ofmicroscopic tumors (G), and Ki67+ cells per field (H) of liver tissue

of activated NK cells (CD3�NKP46+), B cells (B1a cells: CD19+ IgM+CD43+CD5+, B1b

(Breg) cells: CD19+tCD5+tCD1d+t), T cells (CD4 cells: CD3+tCD4+t, CD8 cells: CD3+tCD

F4/80+tCD11b+t, CD206 cells: F4/80+tCD206+t) in aforementioned liver tissues, n = 3.

cations (right) in 24-week DEN/GFP and DEN/Cre livers. n = 3. Scale bar, 100 mm. Dat

0.0001. See also Figures S1 and S2.
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tween NK cells and hepatocytes. Different cells communicate with
each other using various mediators, such as cell-cell contact, growth
factors, cytokines, EVs, etc. EVs represent an important type of
communication carriers in the tumormicroenvironment, transferring
various biomolecules between tumor and immune cells.15,16 To study
this, we employed an in vitro co-culture system. Briefly, EVs released
from hepatocytes were separated from cell culture supernatants con-
taining cytokines and growth factors, which were respectively sub-
jected to co-incubation with NK cells before examining the NK
effector activities (Figure 2A). We found that silencing FBP1 expres-
sion with short hairpin (sh)RNAs did not affect EV production (Fig-
ure 2B). However, the effector function of NK cells was strongly
restrained after co-incubationwith EVs released by FBP1-deficient he-
patocytes, based on attenuated expression of CD107a, granzyme B,
and perforin (Figure 2C). In contrast, EV-free supernatants did not in-
fluence theNK effector function regardless of FBP1 status (Figure 2D).
Similar results were obtained by CRISPR-mediated FBP1 knockout
(KO) using 2 distinct single guide RNAs (sgRNAs) (Figures 2E and
2F). Moreover, when NK cells and hepatocytes were separated by
Transwell membranes, NK cells consistently exhibited attenuated
effector activities (Figures S3A�S3C), which suggests that cell-cell
contact is not the key communication mediator for hepatocytes and
NK cells. However, the repression of NK cell function was abolished
when the co-cultured hepatocytes were pre-treated with GW4869 to
block the EV release (Figure S3D). Moreover, the anti-tumor cytotox-
icity ofNK cells was also reduced post-co-incubationwith EVs derived
from FBP1-deficient hepatocytes, as demonstrated by flow cytometry
analysis of K562 target cell viabilities (Figure 2G). To make the results
more context relevant, we also tested Hep3B, a liver cancer cell line, as
NK-targeting cells to compare the cytotoxicity of NK cells treated with
EVs secreted fromHHL5 cells with or without FBP1 (Figures S3E and
S3H). Hep3B as NK-targeting cells exhibited similar results as K562,
although overall, less cytotoxicity was observed. Interestingly, periph-
eral blood mononuclear cells (PBMCs) harbor comparable cytotoxic
effects as purified NK cells, which can be similarly regulated by EVs
derived from hepatocytes with or without FBP1 (Figures S3F and
S3H). More importantly, such cytotoxic effects were blunted by NK
cell depletion using a NK-specific antibody (Figure S3G). Taken
together, these data suggested that EVs secreted by FBP1-deficient he-
patocytes specifically impair the cytotoxic function of NK cells.

NK cells act as major immune cell recipients of hepatocyte-

derived EVs

We next investigated whether hepatocyte-derived EVs are capable of
fusing with NK cells through internalization. Purified EVs under
er tumorigenesis

tic Fbp1 deletion. (B and C) The mRNA (B) and protein (C) expression levels of FBP1

number of liver surface tumor nodules (E), representative H&E staining (scale bar,

s fromDEN-treated GFP andCremice at 24 weeks; n = 5. (I) Flow cytometry analysis

cells: CD19+ IgM+CD43+CD5�, B2 cells: CD19+t IgM+tCD43�CD5�, Regulatory B
8+t, gdT cell receptor (TCR) cells: CD3+tgdTCR+t), and macrophages (CD11b cells:

(J) Representative NKp46 immunohistochemical staining images (let) and quantifi-

a are presented as mean ± SD. Unpaired Student’s t test, ***p < 0.001 and ****p <
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electron microscopy appeared as clusters of vesicles with 40�300 nm
in diameter (Figure 3A), which peaked around 150 nm based on par-
ticle analysis (Figure 3B). To examine potential fusion events, EVs
were stained with the Dir dye, purified, and co-incubated with NK
cells (Figure 3C). We observed that NK cells were rapidly labeled
by the Dir-stained EVs yet not by mock EV preps generated from
the Dir-containing, EV-free medium (Figure 3D), indicating that
the fluorescent labeling of NK cells is not due to Dir carryover but
to the specific internalization of EVs. To examine whether EV activity
is affected by the Dir dye, we performed flow analysis of recipient NK
cell activity in the presence or absence of EV staining. As a result,
there was no significant difference observed in NK cells treated
with naked EVs or Dir-labeled EVs (Figure S4), suggesting that Dir
staining did not affect EV activity in this context. More importantly,
NK cells, but few of other immune cells in the liver, were primarily
targeted by hepatocyte-derived EVs delivered through the tail vein
(Figures 3E�3G), suggesting that NK cells may act as predominant
immune cell recipients of hepatocyte-derived EVs, at least in normal
hepatic tissues.

PKLR delivered by hepatocyte-derived EVs regulates NK cell

function

To elucidate the molecular mechanism by which hepatocyte-derived
EVs modulate NK cell function, we performed the proteomic
profiling of cargo proteins in EVs collected from hepatocytes. Inter-
estingly, a group of central carbon metabolism-related proteins
were specifically enriched in isolated EVs, especially those involved
in canonical glycolysis (Figures 4A and 4B). It is noted that glucose
metabolism produces most of the cellular energy to fuel immune
cell growth and activation, which may help explain the functional dif-
ference between control and FBP1-depleted, EV-treated NK cells.
Furthermore, we analyzed the correlation between these canonical
glycolytic cargo proteins and FBP1 and found that PKLR exhibits
the strongest correlation with FBP1 (Figures 4C and 4D). A previous
report shows that increased expression of FBP1 in NK cells impairs
NK cell function, at least in themouse model of Kras-driven lung can-
cer.9 In contrast, we confirmed that EVs secreted by hepatocytes do
not contain FBP1 (Figure 4E). Moreover, previous studies demon-
strated that transforming growth factor b (TGF-b) is frequently upre-
gulated in tumors and may affect tumor progression.17 To further
examine the possibility of TGF-b inducing the changes of FBP1 levels
in NK cells, we analyzed TGF-b expression in HCC tumor and
normal tissues by immunohistochemistry (IHC) staining. We found
Figure 2. EVs secreted by FBP1-deficient hepatocytes impair NK cell function

(A) Flowcharts illustrating the experimental design to examine the communication even

knockdown efficiencies of FBP1 shRNAs. (C) Representative histograms (left) and quant

secreted from HHL5 cells with control PLKO.1 or FBP1 shRNAs. The quantification gra

cells. (D) Representative histograms (left) and quantifications (right) of indicated markers

cells with control PLKO.1 or FBP1 shRNAs. The quantification graphs display average rel

histograms (left) and quantifications (right) of indicated markers in NK cells incubated w

sgRNAs. (F) Western blots of TSG101 and CD63 expression in EVs secreted from FBP1

derived from hepatocytes with or without FBP1 against K562 target cells. The repre

succinimidyl amino ester+ 7-Aminoactinomycin D+ (CFSE+7AAD+) K562 cells were show

0.001, and ****p < 0.0001 by unpaired Student’s t test. See also Figure S3.
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that TGF-b expression is significantly increased in the late stage but
not early stage of HCC relative to normal tissues (Figure S5A),
implying that TGF-b expression may not play a role in promoting
liver cancer initiation. This is consistent with previous findings that
TGF-b confers protumorigenic functions only in advanced HCC.17

In addition, we also confirmed that EVs secreted by hepatocytes
with or without FBP1 depletion did not affect the endogenous expres-
sion of FBP1 in NK cells (Figure S5B). Conversely, PKLR but not
FBP1 was readily detected in the EVs derived from hepatocytes (Fig-
ure 4E), suggesting that PKLR, instead of FBP1, is delivered by EVs.
Then we asked whether cellular FBP1 depletion may regulate PKLR
protein levels in secreted EVs. Indeed, expression levels of PKLR
and FBP1 are positively correlated in HCC tumor tissues, as analyzed
by the Cancer Genome Atlas (TCGA) (Figure 4D), and PKLR protein
levels are markedly reduced in whole-cell lysates and EVs derived
from FBP1-deficient hepatocytes (Figure 4F).

Notably, PKLR mRNA levels remain unchanged in NK cells incu-
bated with EVs derived from hepatocytes regardless of the FBP1
status, suggesting that FBP1 may signal through the delivered
PKLR protein to influence NK cell function (Figure 4G). Consistently,
the effector function of NK cells is suppressed by co-incubation with
EVs released from PKLR-inhibited hepatocytes, as confirmed by the
flow analysis of CD107a and perforin levels in examined NK cells
(Figures 4H and 4J). Whereas FBP1 attenuation in hepatocytes results
in secreted EVs that curb NK function, forced expression of PKLR in
FBP1-deficient hepatocytes largely rescues such phenotype (Figures
4I and 4J). To elucidate how reduced PKLR in EVs inhibits NK cell
function, we measured glycolytic changes in NK cells since PKLR
catalyzes the conversion of phosphoenolpyruvate to pyruvate, a
rate-limiting step of glycolysis.18–20We observed that PKLR delivered
by EVs upregulates the rate of glycolysis in NK cells, which could ac-
count for the inhibitory effect of PKLR-depleted EVs onNK activities.
Conversely, forced PKLR expression in FBP1-deficient hepatocytes
restores glycolysis in NK cells (Figure 4K). Together, these data
demonstrated that PKLR, which is regulated by FBP1 in hepatocytes,
is a key protein cargo delivered to NK cells via EVs, thereby regulating
the glycolysis and function of target NK cells.

EZH2 suppresses PKLR expression upon FBP1 loss in

hepatocytes

Next, we investigated how PKLR is exactly regulated in FBP1-defi-
cient hepatocytes. We previously reported that a nuclear pool of
ts between hepatocyte-derived EVs and NK cells. (B) Western blots confirming the

ifications (right) of indicated markers in NK cells incubated with equal amounts of EVs

phs display average relative frequencies of perforin+, CD107a+, or granzyme B+ NK

in NK cells incubated with equal amounts of vesicle-free supernatants from HHL5

ative frequencies of perforin+, CD107a+, or granzymeB+NK cells. (E) Representative

ith equal amounts of EVs secreted from HHL5 cells with or without FBP1-targeting

-depleted HHL5 cells. (G) Cytotoxicity assay of primary NK cells incubated with EVs

sentative flow cytometry (FCM) profiles and quantifications of carboxyfluorescein

n. Data are the mean ± SD. ns, no significant difference; *p < 0.05, **p < 0.01, ***p <
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FBP1 directly binds and inhibits the polycomb group protein EZH2,
which is a methyltransferase inducing the trimethylation of histone
H3 lysine 27 (H3K27me3) and inhibiting target gene transcription.21

To examine the possibility that FBP1 may regulate PKLR expression
through EZH2, we analyzed the chromatin immunoprecipitation
sequencing (ChIP-seq) data of EZH2 and H3K27me3 retrieved
from the ENCODE project and found that both EZH2 and
H3K27me3 signals are co-enriched at the beginning of the reading-
frame region of the PKLR gene (Figure 5A). We validated this result
in hepatocytes by performing ChIP-PCR to detect site-specific bind-
ing signals at the PKLR locus using a EZH2 or H3K27me3 antibody,
in the presence or absence of EZH2 (Figure 5B). The reciprocal inter-
action between FBP1 and EZH2 further supports this mechanism
(Figure 5C). Moreover, FBP1 KO reduces the mRNA levels of
PKLR, as well as other EZH2 downstream genes, which can be largely
restored by EZH2 knockdown (Figures 5D and 5E). Either knock-
down or pharmacological inhibition of EZH2 rescues the protein
expression of PKLR in FBP1-depleted hepatocytes (Figures 5F and
5G). Consistently, forced FBP1 expression abrogates the inhibitory ef-
fects of EZH2 overexpression on PKLR levels (Figure 5H). To exclude
the role of other methyl transferases in this process, we treated FBP1-
depleted hepatocytes with the DNAmethyltransferas (DNMT) inhib-
itor decitabine and found that decitabine failed to rescue the protein
expression of PKLR in FBP1-depleted hepatocytes (Figure S6).
Together, these data demonstrated that PKLR expression is inhibited
in FBP1-deficient hepatocytes through the FBP1-EZH2 axis.

EVs with low PKLR levels secreted by FBP1-depleted

hepatocytes accelerate liver tumorigenesis in vivo

To examine the effects of EVs derived from FBP1-deficient hepato-
cytes on liver tumorigenesis in vivo, we utilized the DEN-induced
HCC mouse model and injected EVs purified from control (FBP1
wild-type [WT]) or FBP1-depleted (FBP1 KO) hepatocytes through
the tail vein (Figures 6A and 6B). Previous studies suggested that
tail vein-injected EVs efficiently target hepatic tissues through circu-
lation. As a result, DEN-treated mice in the FBP1 KO group exhibited
higher tumor burden and accelerated tumorigenesis than in the WT
group, based on enlarged tumor volumes, increased surface tumor
numbers, elevated Ki67 expression, and reduced TUNEL staining
(Figures 6C�6E). Moreover, a decreased population of NK cells but
not T cells was observed in the liver and periphery blood, consistent
with our previous finding that NK cells are the primary immune cell
population targeted by hepatocyte-derived EVs (Figure 6F). Further-
more, activated (tumor necrosis factor [TNF]+) NK cells in the liver
were specifically attenuated in the KO group (Figure 6G). Previous
studies revealed that endogenous and exogenous reactive oxygen spe-
cie (ROS) induces apoptosis of NK cells.22 We next sought to ask
Figure 3. NK cells act as major immune cell recipients of hepatocyte-derived E

(A) Representative image of HHL5 cell-derived EVs by transmission electron microsco

nanoparticle tracking analysis (NTA). (C) Experimental scheme illustrating EV uptake proc

-unlabeled, HHL5 cell-derived EVs. Dir-alone samples represent mock EV preps genera

in various immune cell populations (NK, T, and B cells, for instance) in liver. (F and G) R

hepatic CD4 T cells, CD8 T cells, B cells, and NK cells using different concentrations o
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whether the decreased population of NK cells in the FBP1 KO group
results from the change of intracellular ROS levels in NK cells. To test
whether ROS induces the apoptosis of NK cells in our model, we
examined the effect of EVs secreted by hepatocytes on ROS produc-
tion in NK cells. We injected EVs secreted by hepatocytes with or
without FBP1 into C57BL/6 mice through the tail vein and found
that ROS levels of hepatic NK cells isolated from these mice remained
comparable (Figures S7A and S7B), indicating that ROS in NK cells
may not play a role in this context.

Recent studies showed that FBP1 can downregulate PD-L1 in cancer
cells,12 which may affect the activity of tumor-infiltrating T cells. In
particular, we examined whether EVs secreted by hepatocytes, with
or without FBP1, affect the population of exhausted CD8 T cells
in vivo. C57BL/6 mice were first subcutaneously inoculated with syn-
geneic Hepa1-6 cells. EVs secreted from Hepa1-6 cells, with or
without FBP1, were then applied through intratumoral injection
twice per week until the endpoint. We found that the amount of
exhausted CD8 T cells remained unchanged regardless of the FBP1
status in EV-producing hepatocytes (Figure S7C). In addition, non-
transformed hepatocytes expressed undetectable levels of pro-
grammed death ligand 1 (PD-L1) compared to HCC cells (Fig-
ure S7D). These data suggested that FBP1-mediated PD-L1
regulation may not occur during the initiation stage of liver cancer.

Consistent with the DEN-induced HCC model, the similar effect of
EVs derived from FBP1-depleted cells on tumor growth was observed
in a xenograft model, suggesting that these EVs also exert function in
established tumors (Figures S8A�S8E). Furthermore, considering
that CD8 T cells play pivotal roles in antitumor immunity, we exam-
ined the potential role of T cells in liver tumorigenesis accelerated by
FBP1-depleted hepatocytes using the CB17-severe combined immu-
nodeficiency (SCID) immunocompromised mice model. The CB17-
SCID mouse strain carries dysfunctional T cells yet retains most
NK cells, dendritic cells (DCs), and macrophages. We treated these
mice with DEN weekly for 10 weeks and harvested their hepatic tis-
sues 14 weeks after the first DEN treatment. EVs secreted from hepa-
tocytes, with or without FBP1, were administrated throughout this
course (Figure S8F). We observed that the CB17-SCID mouse strain
showedmoderate resistance to DEN and developed smaller tumors in
the liver (Figure S8G). Nevertheless, consistent with the C57BL/6
model (Figures 6C and 6F), the CB17-SCID mouse livers treated
with EVs secreted from FBP1-depleted hepatocytes exhibited signifi-
cant increases in surface tumor numbers as accompanied by a
reduced functional NK pool (Figures S8G, S8H, and S9). These in vivo
data further demonstrated that EVs with low PKLR levels derived
from FBP1-deficient hepatocytes promote liver tumorigenesis mainly
Vs

py (TEM). Scale bar, 100 nm. (B) Size distribution of HHL5 cell-derived EVs using

ess by NK cells. (D) Flow cytometry analysis of NK cells incubated with Dir-labeled or

ted from Dir-labeled, EV-free medium. (E) Experimental scheme of EV uptake assays

epresentative histograms (F) and quantifications (G) of Dir fluorescence intensities in

f EVs. See also Figure S4.
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through targeting NK cells. Ultimately, the protein levels of FBP1 and
PKLR, as well as the extent of NK cell infiltration, are all positively
correlated with each other in early-stage human HCC tissues (Fig-
ure 6H), and low PKLR and FBP1 levels are both associated with
poor overall survival of HCC patients (Figure 6I), confirming the crit-
ical role of the FBP1-PKLR axis in regulating liver tumorigenesis.

DISCUSSION
Recently, we and others focused on FBP, a rate-limiting gluconeo-
genic enzyme, and identified its multi-faceted roles in breast cancer,13

colon cancer,23 renal cell carcinoma,7 liver cancer,8 lung cancer,9 etc.
FBP1 is the major isoform of FBP, in which its expression and activity
are under intensive regulation at different physiopathological circum-
stances, and significantly contributes to the development of liver and
kidney cancer.7 FBP1 is universally depleted in multiple tumor tis-
sues, due in part to the fact that FBP1 strongly inhibits glycolysis in
cancer cells through its metabolic activity.7,13 In addition, FBP1
harbors non-enzymatic functions in the cell nucleus, binding, and
regulating a variety of transcription factors such as hypoxia-inducible
factors,7 Myc,24 and Wnt/b-catenin.25 The pleiotropic roles of FBP1
in cancer highlight the regulatory mechanism of this enzyme in
normal and transformed entities. Previous data revealed limited hy-
permethylation in the FBP1 promoter in both hepatic and renal tu-
mors, suggesting the existence of additional regulatory events to
inhibit FBP1 expression.23,26 We further identified EZH2, a core
component of polycomb-repressive complex 2, as a critical player
in suppressing FBP1 in tumorigenic livers and kidneys.21 EZH2 can
be upregulated by oncogenic genotoxins that induce EZH2 acetyla-
tion and stability, which subsequently repress FBP1 to potentiate tu-
mor initiation and progression.

In the past decade, EVs have emerged as an interesting form of cell-
cell communication modules, which are lipid bilayer-enclosed vesi-
cles containing a variety of functional biomolecules such as DNA,
RNA, and protein.27,28 Through intercellular transport of biomole-
cules from source to target cells, another dimension of the regulatory
network can be achieved in complex tissues. EVs were demonstrated
to participate in the systemic homeostasis of the human body, as well
Figure 4. PKLR delivered by hepatocyte-derived EVs regulates NK cell functio

(A) Pathway clustering analysis of identified proteins in hepatocyte-derived EVs base

functional annotation. (B) Pathway clustering analysis of metabolism-related proteins i

annotation. (C) Correlation analysis between canonical glycolytic proteins identified in

Expression (GTEx) project. (D) A scatterplot showing the positive correlation between PK

Transcripts per kilobase of exonmodel per millionmapped reads (TPM) represents the no

of whole-cell lysates (WCLs) and EVs, confirming that PKLR but not FBP1 protein is pre

(KO) in HHL5 cells results in decreased protein expression of PKLR in both WCLs and E

collected from hepatocytes, with or without FBP1, relative to no EV-treated control,

histograms (upper) and quantifications (lower) of indicated makers in NK cells incubate

confirming the efficiencies of PKLR knockdown were shown in (J). (I) Representative his

with EVs secreted fromHHL5 cells using FBP1WT or FBP1 KO clones in the presence or

KO and PKLR re-expression were shown in (J). (J) Western blots confirming the efficienc

re-expression as shown in (I). (K) Analysis of glucose uptake and lactic acid production in

or with EVs secreted from HHL5 cells using FBP1WT or FBP1 KO clones in the presence

***p < 0.001, and ****p < 0.0001 by unpaired Student’s t test. See also Figure S5.
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as the progression of multiple diseases such as cancers,29 cardiovascu-
lar syndromes,30 neurodegenerative disorders,31 etc. By far, most EV-
centered roles were attributed to the intercellular transfer of nucleo-
tides,32 whereas the functional contribution of EV-encapsulated
proteins was underappreciated. In the current study, we identified
the hepatocyte-specific metabolic enzyme PKLR as a critical protein
cargo sorted into EVs, transferred to nearby NK cells, and thereby
composing a regulatory event toward NK cell metabolism and
activity.

An array of cytotoxic lymphocytes is combined to form the first-line
surveillance force against cancer. Whereas T cells and macrophages
predominately regulate the immune microenvironment of pre-formed
tumors, the NK cell population is the key component of the innate im-
mune system to confront tumor initiation.9–11 Metabolic reprogram-
ming is one of the earliest pathological events during tumor onset
and is therefore coincident with the attenuation of patrolled NK cells
upon tumorigenesis.8 Based on these observations, there are a growing
body of evidences linking tumor-associated metabolic abnormalities to
NK dysfunction. For instance, accumulated lactate in the neoplastic
microenvironment reduces the cytotoxic activity of resident NK cells
by inhibiting the production of interferon (IFN)-g,33 a potent NK-
stimulating cytokine. Moreover, transformed cells uptake and
consume a large quantity of glucose, which is equally essential to sup-
port NK cell proliferation and activation.34 This type of metabolic
competition severely limits the functionality of infiltrating NK cells.
Interestingly, our study pointed to an additional route to lower the
NK cytotoxic activity in terms of metabolic management, that is,
through EV-mediated transport of metabolic enzymes that regulate
the glycolytic activity of NK cells. We eventually identified PKLR as
a key component to exert such function. Notably, the deciphered
mechanisms involve no detectable transfer of FBP1 protein itself via
EVs, which differs from a recent study where direct FBP1 upregulation
in NK cells was observed to antagonize the glycolysis and activity of
these innate immune effectors during lung cancer progression.9

Given the pivotal roles of EVs in different physiological and patho-
logical conditions, numerous efforts have been devoted to exploiting
n

d on the Dtabase for Annotation, Visualization and Integrated Discovery (DAVID)

dentified in (A) based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)

(B) and FBP1 in normal liver tissues collected by TCGA and the Genotype-Tissue

LR and FBP1 levels in normal liver tissues collected by TCGA and the GTEx project.

rmalized sequencing depth of RNA sequencing (RNA-seq). (E) Western blot analysis

sent in hepatocyte-derived EVs. (F) Western blot analysis showing FBP1 knockout

Vs. (G) Real-time qPCR analysis of PKLR mRNA levels in NK cells treated with EVs

using primers targeting multiple PKLR 30 UTR or coding sites. (H) Representative

d with EVs secreted from HHL5 cells with PLKO.1 or PKLR shRNAs. Western blots

tograms (upper) and quantification (lower) of indicated makers in NK cells incubated

absence of PKLR overexpression. Western blots confirming the efficiencies of FBP1

ies of PKLR knockdown as shown in (H) and the efficiencies of FBP1 KO and PKLR

NK cells incubated with EVs secreted fromHHL5 cells with or without PKLR shRNAs

or absence of PKLR overexpression. Data are the mean ± SD. *p < 0.05, **p < 0.01,
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the therapeutic application of EVs in clinics.35 The most-studied
EVs from this perspective are those derived from mesenchymal
stromal cells (MSCs), as multiple studies reported that the biological
activities of MSCs can be mimicked by MSC-produced EVs, which
are under intensive tests to treat human diseases including pulmo-
nary hypertension, acute kidney injury, liver fibrosis, etc.36 Our data
demonstrate that hepatic FBP1 depletion leads to reduced PKLR
levels in hepatocyte-derived EVs, which inactivate liver-resident
NK cells and promote hepatic tumorigenesis. Therefore, EVs iso-
lated from nontransformed hepatocytes with normal PKLR levels
may have the clinical potential to inhibit tumor initiation and pro-
gression by recovering NK activity in the tumor microenvironment.
Nevertheless, caution is warranted to employ these purified EVs, as
certain hepatic progenitor cell lines instead of primary hepatocytes
are required to generate the prerequisite amount of EVs for clinic
application,37 which may lead to an unpredicted immune response
and rapid EV clearance in recipient patients.38 An alternative
approach is to use biocompatible nanoparticles as EV mimics, given
that a majority of infused EVs or nanoparticles are intercepted
by the liver.37 Therefore, FBP1-incapsulated EV mimics can be
applied through infusion to enhance the FBP1 level in recipient he-
patocytes and upregulate PKLR expression in hepatocyte-secreted
EVs, ultimately leading to the same therapeutic consequence as pu-
rified EVs.

In summary, our findings reveal that an unexpected crosstalk from
the metabolic disorder to malfunctioned immunity co-existed in
the HCC microenvironment and highlight the importance of
gluconeogenic suppression during the tumorigenic course of this ma-
lignancy. From the therapeutic perspective, our study underscores the
clinical potential to treat liver cancer with EZH2 antagonists, hepato-
cyte-derived EVs, or FBP1-incapsulated EV mimics.

MATERIALS AND METHODS
Animal model

All animal procedures were approved by the Sun Yat-sen University
Institutional Animal Care and Use Committee and performed in
accordance with the Declaration of Helsinki. The mouse model of
HCC was constructed as previously described.8 Fbp1floxed/floxed mice
were generated on the C57BL/6 background mice (Beijing Vital River
Lab Animal Technology). For establishing the model of HCC in
Fbp1floxed/floxed mice, the GFP and Cre mice were subjected to 23 or
35 injections of 6 mg/kg DEN (Sigma-Aldrich, St. Louis, MO, USA)
into 15-day-old male mice intraperitoneally once per week (average
of n = 6 mice).
Figure 5. EZH2 suppresses PKLR expression upon FBP1 loss in hepatocytes

(A) EZH2 and H3K27me3 ChIP-seq results at the PKLR loci in HepG2 cells retrieved from

from left to right, are exons 10 to 1 of PKLR. The red box shows that both EZH2 and H3K

(left) and H3K27me3 (middle) ChIP qPCR results at the PKLR loci in HHL5 cells tran

Immunoprecipitation analysis by co-transfecting HHL5 cells with FBP1 and EZH2-avi ta

target gene expression in HHL5 cells. EZH2 target genes were selected based on the EN

WT and KO clones followed by EZH2 knockdown. (F and G) Western blot analysis of FB

GSK126 with indicated doses (G). (H) Western blot analysis of HHL5 cells with EZH2 a
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For the DEN-induced HCC model of C57BL/6 mice, 50 mg/kg DEN
was intraperitoneally injected into 15-day-old male mice once per
week for 8 weeks. Meanwhile, tail-vein injections of EVs (25 mg in
100 mL PBS) were performed every week (average of n = 6 mice).
For the DEN-induced HCC model of CB-17-SCID mice, 50 mg/kg
DEN was intraperitoneally injected into 21-day-old male mice once
per week for 10 weeks. Meanwhile, tail-vein injections of EVs
(25 mg in 100 mL PBS) were performed every week (average of n =
5 mice).

For the xenograft model of C57BL/6 mice, Hep1-6 HCC cells (5� 105

cells) were inoculated to subcutaneous grafts in 3- to 4-week-old male
mice, which were treated with EVs secreted fromHep1-6 cells with or
without FBP1 through intratumoral injections (average of n = 6
mice).

Cell culture

HHL5, HL7702, Hep3B, Hepa1-6, and K562 cell lines were obtained
from the American Type Culture Collection (ATCC; Manassas, VA,
USA) and cultured in the Roswell Park Memorial Institute (RPMI)
medium (Gibco, Gaithersburg, MD, USA) containing 10% fetal
bovine serum (FBS; Corning Life Sciences, Corning, NY, USA), peni-
cillin (100 U/mL; Gibco, Gaithersburg, MD, USA), and streptomycin
(0.1 mg/mL) at 37�C with 5% CO2.

EV isolation and quantification

To purify EVs, cultured cells were grown to 70% confluency, washed
with PBS 3 times, and cultured with serum-free RPMI for 48 h. Next,
the collected medium was centrifuged at 300� g for 10 min, followed
by 2,000 � g for 10 min to deplete cell debris. The supernatants were
filtered with a 0.22-mm filter membrane (SLGP033RB; Millipore, Bur-
lington, MA, USA) and then centrifuged at 100,000� g for 2 h at 4�C
using an ultracentrifuge (Optima XE-100; Beckman Coulter, Brea,
CA, USA) equipped with a SW32 Ti rotor (369694; Beckman Coulter,
Brea, CA, USA). Pelleted EVs were washed with PBS, resuspended,
and quantified by a Bicinchoninic Acid (BCA) Protein Assay Kit
(P0011; Beyotime, Shanghai, China).

EV labeling and uptake assay

For the EV-labeling assay, the collected EVs were resuspended with
PBS and incubated with 5 mg/mL Dir (D12731; Thermo Fisher Scien-
tific, Waltham, MA, USA), at 37�C for 1 h. The stained EVs were
washed with PBS twice, accompanied by ultracentrifugation to re-
move the unincorporated dyes. As a control, PBS alone was mock
incubated with Dir, according to the above procedures, to
the Encyclopedia of DNA Elements (ENCODE) project. At the bottom of the graph,

27me3 signals are enriched at the beginning of the PKLR genomic region. (B) EZH2

sfected with or without EZH2 shRNAs. Western blots are shown on the right. (C)

g (left) or EZH2 and FBP1-avi (right). (D) Heatmap showing FBP1 KO inhibits EZH2

CODEChIP-seq data. (E) Real-time qPCR analysis of indicated genes in HHL5 FBP1

P1 WT and KO HHL5 clones together with EZH2 shRNAs (F) or the EZH2 inhibitor

nd/or FBP1 overexpression. See also Figure S6.
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demonstrate that the unincorporated dyes can be completely washed
off with PBS by ultracentrifugation. For the EV uptake assay, Dir-
labeled or naked EVs were incubated with NK cells at 37�C for 4 h,
and flow cytometry analysis was performed using a CytoFLEX S
flow cytometer (Beckman Coulter, Brea, CA, USA).

Plasmids

Expression plasmids of FBP1 and PKLR were constructed by insert-
ing corresponding cDNAs into the PCDH vector. PLKO.1-shPKLR
and shFBP1 vectors were constructed by inserting shRNA sequences
into polyclonal sites of the PLKO.1 vector (Addgene; 10878). FBP1
sgRNAs were cloned into the lentiCRISPR version 2 (v.2) vector
(Addgene; 52961). The recognition sequences of shRNAs and
sgRNAs were listed in Table S1.

Quantitative real-time PCR

Total RNA from cultured cells and EVs was extracted with Trizol
(15596026; Thermo Fisher Scientific,Waltham,MA, USA), according
to the manufacturer’s protocol. cDNA was obtained using a Reverse
Transcription Kit (RR036A; Takara, Dalian, China). The glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and ribosomal 18S were
used as internal reference controls. The sequences of all used primers
were listed in Table S2.

Isolation and characterization of NK cells

Peripheral blood of healthy donors was from the Guangzhou Blood
Center. The study protocol was approved by the Institute Research
Medical Ethics Committee at Sun Yat-Sen University. Primary NK
cells were isolated from periphery blood referring to standard proced-
ures.39 Briefly, PBMCs were isolated using Ficoll through density
gradient centrifugation. The middle layer was collected and washed
with pre-cold PBS, then centrifuged at 450 � g for 10 min. Human
NK cells were purified (or depleted) using a MACS NK Cell Isolation
Kit (130-050-401; Miltenyi Biotec, Auburn, CA, USA) and incubated
with HHL5 cell-derived EVs together with interleukin (IL)-2 (200 IU/
mL, 200-02; Proteintech, Chicago, IL, USA). After stimulation with
the Leukocyte Activation Cocktail (550583; BD Biosciences, Franklin
Lakes, NJ, USA) for 5 h, NK cells were stained with various florescent
antibodies and analyzed by flow cytometry as described below.

NK cell cytotoxicity assay

K562 cells (2� 106 cells/mL) were treated with 5 mMCFSE (65-0850-
84; Thermo Fisher Scientific, Waltham, MA, USA) for 6 min in the
Figure 6. EVs with low PKLR levels secreted by FBP1-depleted hepatocytes ac

(A) Experimental scheme examining the effect of hepatocyte-derived EVs in a DEN-induc

EVs secreted by indicated clones. (C) Representative image of whole livers (left) and the n

secreted by indicated clones, n = 6. (D and E) Representative images (left) and quantifica

in DEN-induced HCC mouse livers treated with EVs secreted by indicated clones, n = 6

harvested from DEN-treated mice after injecting EVs secreted by indicated clones, n =

cells (TNF-a positive) in aforementioned livers and spleens, n = 6. (H) Representative IHC

infiltrated NK cells in early-stage human HCC tissues. (I) Kaplan-Meier overall survival an

tumor tissues as sequenced by TCGA. Data are presented asmean ±SD. *p < 0.05, **p <

S7–S9.
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dark after washing with PBS. The purified NK cells were incubated
with EVs secreted from hepatocytes with or without FBP1 for
3 days and then co-cultured with CFSE-labeled K562 cells at the ratio
of 5:1 supplemented with IL-2 (200 IU/mL) for 6 h. Cells were
collected and treated with 7AAD (559925; BD Biosciences, Franklin
Lakes, NJ, USA), and cytotoxic target cells (CFSE+7AAD+) were
analyzed by flow cytometry. As the control, NK cells or CFSE-labeled
cells cultured alone were also treated with 7AAD and analyzed. NK
cell cytotoxicity assays against Hep3B cells were measured using the
CyQUANT LDH Cytotoxicity Assay (C20301; Thermo Fisher Scien-
tific, Waltham, MA, USA).

Flow cytometry

Tissues harvested from mice were cut into small pieces, digested
with collagenase I for 1 h, and then filtered through a 100-mm
strainer.40 Leukocytes were isolated with Ficoll via gradient centrifu-
gation. For flow cytometry analysis, cell surface markers were
directly stained with fluorescent antibodies, whereas intracellular
markers were stained after cells were fixed and permeabilized by a
fixation/permeabilization kit (88-8824; BD Biosciences, Franklin
Lakes, NJ, USA). Flow cytometry analysis was performed using Cy-
toFLEX S (Beckman Coulter, Brea, CA, USA). Applied antibodies
were listed in Table S3.

Transmission electron microscopy and nanoparticle tracking

analysis (NTA)

Purified EVs were processed and observed under electron microscope
according to previous reports.41 The EV size distribution was
measured by NanoSight NS300, according to the instructions of the
manufacturer.

Immunohistochemistry and immunofluorescence staining

Assays were performed according to previous procedures.21 For
immunohistochemistry, the slides were stained using antibodies
including anti-Ki67 (ab16667; Abcam, Cambridge, UK), anti-PKLR
(22456-1-AP; Proteintech, Chicago, IL, USA), anti-FBP1
(HPA005857; Sigma-Aldrich, St. Louis, MO, USA), and anti-CD56
(MA1-06801; Thermo Fisher Scientific, Waltham, MA, USA), fol-
lowed by a secondary antibody (K4003; Dako, Glostrup, Denmark)
and 3,3’-diaminobenzidine (DAB) (K3467; Dako, Glostrup,
Denmark) treatments. For TUNEL staining, a TUNEL Apoptosis
Detection Kit (40306ES20; Yeason, Shanghai, China) was used
following standard instructions.
celerate liver tumorigenesis in vivo

ed HCCmodel using C57BL/6mice. (B) Western blot analysis of PKLR expression in

umber of surface tumor nodules (right) in DEN-induced HCCmice after injecting EVs

tions (right) of Ki67 (D; scale bar, 100 mm) and TUNEL staining (E; scale bar, 100 mm)

. (F) Quantifications of NK and T cells in mouse livers, spleens, and periphery blood

6. (G) Representative histograms (top) and quantifications (bottom) of activated NK

staining (top; scale bar, 100 mm) and correlations (bottom) among FBP1, PKLR, and

alysis of two HCC patient groups based on PKLR and FBP1 expression levels in their

0.01, ***p < 0.001, and ****p < 0.0001 by unpaired Student’s t test. See also Figures
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Immunoprecipitation and western blot

Briefly, whole-cell lysates and EVs were lysed with RIPA lysis buffer
supplemented with 1� Protease Inhibitor Cocktail (HY-K0010; Med-
ChemExpress [MCE], Princeton, NJ, USA) on ice for 30 min, centri-
fuged at 12,000� g for 30 min at 4�C, and then quantified by the BCA
assay. The immunoprecipitation and western blot assays were carried
out according to previous procedures.21 Anti-histone H3K27me3
(9733; Cell Signaling Technology [CST], Danvers, MA, USA), anti-
TSG101 (ab125011; Abcam, Cambridge, UK), anti-PKLR (22456-1-
AP; Proteintech, Chicago, IL, USA), anti-FBP1 (ab109020; Abcam,
Cambridge, UK), anti-EZH2 (5246; CST, Danvers, MA, USA), anti-
CD9 (ab92726; Abcam, Cambridge, UK), and anti-CD81 (ab79559;
Abcam, Cambridge, UK) were used as primary antibodies. Proteins
were quantified using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Proteomic analysis

Isolated EV cargo proteins were identified using proteomic analysis,
according to procedures described in our previous study.8 Our raw
proteomic data have been deposited in the Proteomics Identifications
(PRIDE) database, and the accession ID is RRIDE: PXD026822.

ChIP

The ChIP assay was performed following standard protocols.21 Pro-
tein-DNA complexes were immunoprecipitated by antibodies recog-
nizing H3K27me3 (9733; CST, Danvers, MA, USA), EZH2 (5246;
CST, Danvers, MA, USA), or immunoglobulin G (IgG; 2729; CST,
Danvers, MA, USA) and then incubated with protein A/G beads
(HY-K0202; MCE, Princeton, NJ, USA). The enriched DNA frag-
ments were detected by qRT-PCR using the following primers: 50-
CCTAGTGCACAAGTGGAAAGA-30 and 50-AGGCCTGAGGTCA
CTGTATGGGC-30.

Statistical analysis

All statistics were performed using GraphPad Prism (GraphPad, La
Jolla, CA, USA). All results were presented as mean ± SD unless
otherwise indicated. Statistical analysis was performed using two-
tailed unpaired Student’s t test. A survival curve was plotted with
the Kaplan-Meier method and analyzed using the log-rank test.
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