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Loss- of- Function Genetic Screening 
Identifies Aldolase A as an Essential 
Driver for Liver Cancer Cell Growth 
Under Hypoxia
Yi Niu,1 Ziyou Lin,1 Arabella Wan,2 Lei Sun,1 Shijia Yan,1 Heng Liang,1 Siyue Zhan,1 Dongshi Chen,3 Xianzhang Bu,1 Peiqing Liu,1 
Ceshi Chen,4 Weiling He,2,5 Xiongbin Lu,6,7 and Guohui Wan 1

BaCKgRoUND aND aIMS: Hypoxia is a common fea-
ture of the tumor microenvironment (TME), which promotes 
tumor progression, metastasis, and therapeutic drug resistance 
through a myriad of cell activities in tumor and stroma cells. 
While targeting hypoxic TME is emerging as a promising 
strategy for treating solid tumors, preclinical development of 
this approach is lacking in the study of HCC.

appRoaCH aND ReSUltS: From a genome- wide 
CRISPR/CRISPR- associated 9 gene knockout screening, we 
identified aldolase A (ALDOA), a key enzyme in glycolysis 
and gluconeogenesis, as an essential driver for HCC cell growth 
under hypoxia. Knockdown of ALDOA in HCC cells leads 
to lactate depletion and consequently inhibits tumor growth. 
Supplementation with lactate partly rescues the inhibitory effects 
mediated by ALDOA knockdown. Upon hypoxia, ALDOA 
is induced by hypoxia- inducible factor- 1α and fat mass and 
obesity– associated protein– mediated N6- methyladenosine modi-
fication through transcriptional and posttranscriptional regula-
tion, respectively. Analysis of The Cancer Genome Atlas shows 
that elevated levels of ALDOA are significantly correlated with 
poor prognosis of patients with HCC. In a screen of Food and 
Drug Administration– approved drugs based on structured hier-
archical virtual platforms, we identified the sulfamonomethoxine 
derivative compound 5 (cpd- 5) as a potential inhibitor to target 

ALDOA, evidenced by the antitumor activity of cpd- 5 in pre-
clinical patient- derived xenograft models of HCC.

CoNClUSIoNS: Our work identifies ALDOA as an  
essential driver for HCC cell growth under hypoxia, and 
we demonstrate that inhibition of ALDOA in the hypoxic 
TME is a promising therapeutic strategy for treating HCC. 
(Hepatology 2021;74:1461-1479).

HCC accounts for the majority of primary 
liver malignancies and is the fourth leading 
cause of cancer- related death worldwide.(1) 

The incidence of HCC is increasing due to the preva-
lence of HBV infection, HCV infection, alcohol abuse, 
and the increase of NAFLD.(2) Surgical resection 
and transplantation are the main curative treatments 
for patients with HCC at the early- onset stage with 
long- term survival rates.(3) Because most patients with 
HCC are diagnosed at the late stage, systemic thera-
pies such as sorafenib treatment have been used as the 
frontline therapy for advanced HCC but still with lim-
ited clinical benefits for patients.(4) Recently, emerging 
targeted therapies have produced potent and specific 
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responses and minimized the toxicity in the treatment 
of advanced HCC. For example, lenvatinib, a multi-
ple tyrosine kinase inhibitor against VEGF receptor 1 
(VEGFR1), VEGFR2, and VEGFR3, received Food 
and Drug Administration (FDA) approval for the 
treatment of advanced HCC in 2018.(5) Therefore, it 
is of great clinical importance and urgency to develop 
efficacious targeted intervention for advanced HCC.

Intratumoral hypoxia or oxygen deprivation is a com-
mon survival state of human advanced solid tumors, 
including HCC. The median O2 partial pressure in 
HCC is 6 mm Hg compared with 30 mm Hg in normal 
liver.(6) The homeostatic response to the intratumoral 
hypoxic environment is mediated by hypoxia- inducible 
factor (HIF- 1), consisting of an α- subunit and a β- sub-
unit,(7) which triggers a variety of cellular responses 
such as angiogenesis,(8) erythropoiesis,(9) apopto-
sis,(10) metastasis,(11) drug resistance,(12) autophagy,(13) 
and stemness.(14) In a recent study, we reported that 
hypoxia induces sorafenib resistance in HCC in an N6- 
methyladenosine (m6A)– dependent manner and that 
methyltransferase- like 3 (METTL3) depletion enhances 
forkhead box O3– mediated autophagy under hypoxia.(15) 
Targeting the hypoxic tumor microenvironment (TME) 
by specifically blocking glutamine metabolism enhances 
T- cell oxidative phosphorylation and anticancer immune 
responses,(16) highlighting the importance of developing 

effective therapies under hypoxic conditions. Loss- of- 
function genetic screening approaches have been widely 
used to study the molecular mechanisms and functional 
consequences of gene deletion in various tumor cells.(17,18) 
These approaches include pooled RNA interference 
(RNAi) screens using a short hairpin RNA (shRNA) 
library for gene knockdown and pooled genetic screens 
using a CRISPR/CRISPR- associated 9 (Cas9) system 
for gene knockout that simultaneously investigate the 
role of a group of genes on tumor cell growth, viabil-
ity, metastasis, and drug resistance.(19,20) However, these 
screens have not been applied to directly assess the role 
of the hypoxic TME in HCC. Examining the role of 
hypoxia in HCC can provide comprehensive insights 
into the molecular mechanisms of the occurrence and 
the hypoxia- induced tumor growth in HCC and identify 
potential therapeutic targets specific for advanced HCC.

In this study, we performed a genome- wide screen 
using a CRISPR/Cas9 genome editing system in 
HCC cells to identify genes that are required for cell 
growth and viability under hypoxic conditions and 
integrate with differentially expressed genes in patients 
with HCC from The Cancer Genome Atlas (TCGA) 
and a local cohort and in HCC cells responding to 
hypoxia. We identified aldolase A (ALDOA), a key 
enzyme in the glycolytic pathway by catalyzing the 
reversible conversion of fructose- 1,6- bisphosphate to 
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glyceraldehyde- 3- phosphate (G3P) and dihydroxy-
acetone phosphate,(21) as an essential gene for HCC 
under hypoxia. Up- regulation of ALDOA promoted 
HCC cell proliferation and migration under hypoxia in 
vitro and in vivo. By metabolomics analysis, we found 
that the level of lactate was significantly decreased in 
ALDOA- depleted HCC cells and that rescue of lac-
tate accumulation in ALDOA- depleted HCC cells 
alleviated inhibitory effects on tumor growth under 
hypoxia. Our findings suggest that targeting ALDOA 
is a promising strategy to challenge the hypoxic tumor 
microenvironment in patients with advanced HCC.

Materials and Methods
plaSMID CoNStRUCtIoNS, Cell 
tRaNSFeCtIoN, aND INFeCtIoN

The human CRISPR Knockout Pooled Library was 
obtained from Addgene (1000000049). The library 
was amplified and used according to instructions, as 
described.(18) Model- based analysis of genome- wide 
CRISPR/Cas9 (MAGeCK) of the library sequencing 
data was performed by Novogene (Beijing, China). 
Stable knockdown of target genes was achieved by 
lentivirus- based shRNA delivery. PLKO.1 vectors 
with antipuromycin or antihygromycin plasmid were 
constructed, while doxycycline (DOX)– induced sta-
ble knockdown of ALDOA was achieved by Tet- 
pLKO- puro (21915; Addgene). Stable knockout 
of ALDOA was accomplished by lentiCRISPRv2 
(52961; Addgene). All primer sequences are listed in 
Supporting Table S1. For the ALDOA overexpressing 
system, ALDOA complementary DNA (KR709337) 
was cloned into pCDH- puro lentiviral vector 
(CD510B- 1; System Biosciences). For shRNA knock-
down and overexpression, pLKO.1, Tet- pLKO- puro, 
lentiCRISPRv2, and pCDH constructs together with 
packing and helper plasmids PAX2 and MD2G were 
cotransfected into HEK- 293T cells by the Calcium 
Phosphate Transfection Kit (CAPHOS- 1KT; Sigma). 
Viruses were collected, filtered, and titrated before 
infecting target cells with 8  mg/mL polybrene (TR- 
1003, Sigma). The infected cells were screened by 
puromycin or hygromycin accordingly. Small inter-
fering RNA (siRNA) duplexes were synthesized by 
TSINGKE (Guangzhou, China) and transfected into 
cells by Lipofectamine3000 (Thermo Fisher).

SeaHoRSe
Liver cancer cells (shCtrl, shALDOA#1, and shAL-

DOA#2) were seeded to a 96- well Seahorse XF Cell 
Culture Microplate (8,000 cells per well). After 24 hours 
in hypoxia, the cell culture growth medium was changed 
to a prewarmed assay medium, and the cell culture 
microplate was placed into a 37°C non- CO2 incubator 
for 45 minutes. Glycolysis (extracellular acidification rate 
[ECAR]) was measured in the XF Analyzer according 
to the manual of the Seahorse XF Cell Mito Stress Test 
Assay (Seahorse Bioscience of Agilent Technologies).

lIVeR CaNCeR patIeNt SaMpleS
The liver tumor and normal tissues (fresh tissues 

and paraffin- embedded specimens) were obtained from 
the First Affiliated Hospital of Sun Yat- Sen University 
which were approved by the institutional review board of 
the hospital. The study was compliant with all relevant 
ethical regulations regarding research involving human 
participants and the informed consents were collected.

The liver tumor and normal tissues (fresh tissues 
and paraffin-embedded specimens) were obtained 
from the First Affiliated Hospital of Sun Yat-Sen 
University which were approved by the institutional 
review board of the hospital. The study was compliant 
with all relevant ethical regulations regarding research 
involving human participants and the informed con-
sents were collected. The detailed methodology can be 
found in the Supporting Materials and Methods.

Results
geNoMe- WIDe CRISpR/CaS9 
lIBRaRy SCReeNINg aND 
tRaNSCRIptoMe SeQUeNCINg 
IDeNtIFIeD alDoa aS aN 
eSSeNtIal DRIVeR FoR HCC 
Cell gRoWtH UNDeR HypoXIa

Hypoxia is a hallmark of the solid TME with 
poor prognosis, which contributes to the plasticity 
and the heterogeneity of tumors, generates therapeu-
tic resistance, and promotes malignant progression.(22) 
Targeting the hypoxic TME is an unexplored strategy 
for cancer therapy. In this study, we performed tran-
scriptome sequencing analysis of human HCC tumors 
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and human HCC cell lines under hypoxia (Fig. 1A) and 
used a genome- wide CRISPR/Cas9 knockout library 
to identify essential genes responding to hypoxia in 

HCC tumor cells (Fig. 1B). HCC cells were cultured in 
20% O2 and 1% O2 for 3 days to mimic normoxia and 
hypoxia, respectively. We hypothesized that knockout 
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of hypoxia- responding essential genes would sensitize 
HCC cells to a hypoxic microenvironment and induce 
cell death or cell growth retardation. Under hypoxia, 
cells carrying single- guide RNA (sgRNA) targeting 
hypoxia- adaptation genes will be negatively selected in 
the knockout mutant cell pool and their correspond-
ing sgRNA will be depleted in the library, determined 
by deep sequencing and MAGeCK analysis. From our 
CRISPR/Cas9 knockout library screening, we identi-
fied a subset of sgRNAs targeting 3,103 genes including 
protein- coding genes; noncoding RNAs were signifi-
cantly depleted (log fold change <−1.5) under hypoxia 
compared to those under normoxia (GSE16 8544), 
among which 215 genes were consistent with the ones 
with previous screening results for essential genes in 
K562 cells in hypoxia(23) (Supporting Fig. S1A, GSE14 
4527), and 227 genes harbored putative HIF1α bind-
ing elements in the promoters(24) (Supporting Fig. S1B, 
GSE16347), respectively. From transcriptome analysis, 
we identified 613 genes with significant up- regulation 
under hypoxia in the human cell line (GSE16 8544). 
Differentially expressed genes under hypoxia from 
transcriptome analysis and CRISPR/Cas9 knockout 
screening were then compared with the databases of 
our local pairs of HCC tumors (GSE14 3235) and of 
cancer/HCC- related genes from TCGA. Based on the 
comparison, two genes were overlapped and associated 
with the hypoxic response in HCC (Fig. 1C- E). We 
further validated the up- regulation of these overlapped 
genes under hypoxia compared to normoxia by RT- 
PCR (Supporting Fig. S1C). Knockdown of these two 
genes by shRNAs was performed to validate their essen-
tial role in hypoxia (Supporting Fig. S1D). Among the 
list of genes, fructose- bisphosphate ALDOA, the key 
enzyme of glycolysis and gluconeogenesis, was identi-
fied as the most negatively selected gene under hypoxic 
conditions in HCC. Depletion of ALDOA dramat-
ically inhibited growth of SMMC- 7721 cells under 
hypoxia (Fig. 1F). To assess the sensitivity of various 

ALDOA levels in HCC cells to hypoxia, we generated 
inducible ALDOA- knockdown HCC cells and mea-
sured their response to hypoxia (Supporting Fig. S1E). 
Treatment with DOX at a high dose caused signifi-
cant HCC cell death under hypoxia, and the inhibi-
tory effects were shown in a dose- dependent manner 
in hypoxia compare to those in normoxia (Fig. 1G,H). 
The results suggest that ALDOA may be an essential 
driver for HCC cell growth under hypoxia and indicate 
a potential therapeutic window by targeting ALDOA 
under hypoxia in HCC cells.

KNoCKDoWN oF alDoa 
INHIBIteD HCC Cell 
pRolIFeRatIoN aND 
MIgRatIoN UNDeR HypoXIa IN 
VITRO aND IN VIVO

To investigate the functional roles of ALDOA in 
HCC under hypoxia, we generated the stable ALDOA- 
knockdown cell lines SMMC- 7721 and HepG2 by 
two distinct shRNA lentiviruses (shALDOA#1 and 
#2). Successful knockdown of ALDOA was veri-
fied at both the protein and RNA levels (Supporting  
Fig. S2A,B). Knockdown of ALDOA significantly 
inhibited growth of SMMC- 7721 and HepG2 cells 
under hypoxia (Fig. 2A,B) and induced cell cycle arrest  
(Fig. 2C). The 5- ethynyl- 2′- deoxyuridine (EdU) 
staining assay showed that knockdown of ALDOA 
suppressed cell proliferation under hypoxia (Fig. 2D).  
Furthermore, knockdown of ALDOA impaired 
HCC colony- formation abilities and mammosphere- 
formation abilities under hypoxia, as indicated by the 
reduced number and size (Fig. 2E,F). We further gen-
erated the ALDOA- knockout HCC cell lines using 
the CRISPR/Cas9 system (Supporting Fig. S2C) and 
confirmed that knockout of ALDOA resulted in cell 
growth retardation and decrease of colony formation 
under hypoxia in HCC cells (Supporting Fig. S2D,E). 

FIg. 1. Genome- wide CRISPR/Cas9 library screening and RNA sequencing identified ALDOA as an essential driver for HCC cell 
growth under hypoxia. (A) Strategy to screen targets for HCC under hypoxia in vivo and in vitro by RNA sequencing. (B) Schematic 
diagram of genome- wide CRISPR/Cas9 knockout library for HCC cells under hypoxia. (C) Venn diagrams show overlapped essential 
driver genes for HCC cell growth in response to hypoxia. (D) Volcano plots reveal that ALDOA and milk fat globule EGF and factor 
V/VIII domain containing (MFGE8) targeting sgRNAs were negatively selected under hypoxia, indicating their essential role for HCC 
cells to survive in response to hypoxia. (E) ALDOA and MFGE8 were identified as the overlapped gene in the library screening as 
indicated by the black dot from volcano plots. (F) Cell viability of overlapped expressed genes in SMMC- 7721 cells under hypoxia. (G,H) 
Dox- induced suppression of ALDOA inhibited the proliferation of HepG2 and SMMC- 7721 cells under hypoxia but not of cells under 
normoxia (G), and quantification analyses (H) are shown. ***P < 0.001. Abbreviations: KO, knockout; OD, optical density.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168544
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144527
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144527
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE16347
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168544
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143235
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FIg. 2. ALDOA promoted HCC cell proliferation and migration under hypoxia in vitro and in vivo. (A,B) Knockdown of ALDOA 
significantly reduced numbers (A) and growth (B) of SMMC- 7721 cells and HepG- 2 cells under hypoxia. (C) Knockdown of ALDOA 
induced HCC cell cycle arrest under hypoxia. (D) Knockdown of ALDOA significantly reduced HCC cell proliferation under hypoxia by 
EdU assay. Quantification of fold change is shown in D- 1. (E) Knockdown of ALDOA impaired colony formation in HCC cells under 
hypoxia. (F) Knockdown of ALDOA impaired mammosphere formation of HepG2 cells under hypoxia. Quantification of fold change 
is shown in F- 1. (G) Knockdown of ALDOA dramatically suppressed liver tumor growth in orthotopic xenograft mouse models. Stable 
ALDOA- knockdown Hepa1- 6 cells (5 × 106), and control cells were injected into the liver of each female C57 mouse. Three weeks after 
injection, livers were separated for pathological analysis. Liver weights are shown in G- 1. (H) Knockdown of ALDOA abolished lung 
metastasis from HCC. Hepa1- 6 cells (5 × 106) were tail vein– injected into female C57 mice. Formation of metastatic foci in the lung 
was pictured after 2 weeks. Metastases were confirmed by pathological analysis. Lung weights are shown in H- 1. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Abbreviations: H&E, hematoxylin and eosin; OD, optical density.
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However, overexpression of ALDOA in HCC cells 
failed to promote cell growth under hypoxia, which 
may be due to the high basal level of ALDOA under 
hypoxia (Supporting Fig. S2F,G).

To determine whether the oncogenic role of 
ALDOA in HCC depends on hypoxia, we performed 
cell proliferation assays in normoxic conditions. We 
noticed a slightly reduced capacity for HCC cell growth 
in ALDOA- knockdown or ALDOA- knockout HCC 
cells under normoxia (Supporting Fig. S2H- J), indi-
cating that ALDOA is a hypoxia- dependent onco-
gene in HCC. Moreover, because there is a total of 
three aldolase isozymes in humans,(25) we further 
examined whether the other two aldolase enzymes, 
ALDOB and ALDOC, play similar roles as ALDOA 
does in HCC under hypoxia. ALDOB was unde-
tectable in HCC cells, and knockdown of ALDOC 
failed to suppress cell growth in HCC under hypoxia 
(Supporting Fig. S2K,L).

Next, we investigated whether ALDOA plays a 
critical role in HCC migration under hypoxia. A 
wound- healing assay and a transwell cell migra-
tion assay showed that depleting ALDOA resulted 
in suppression of HCC migration under hypoxia 
(Supporting Fig. S3A,B). By examining the epithelial– 
mesenchymal transition markers, we found that knock-
down of ALDOA significantly induced expression of 
E- cadherin at both the RNA and protein levels, while 
conversely it reduced expression of vimentin at both 
the RNA and protein levels (Supporting Fig. S3C,D). 
To further verify the oncogenic role of ALDOA in 
HCC in vivo, we performed an orthotopic xeno-
graft mouse model and a tail vein injection metastasis 
model to test the effect of ALDOA- knockdown on 
HCC tumorigenicity. Stable knockdown of ALDOA 
in Hepa1- 6 cells effectively suppressed tumor growth 
in the orthotopic liver microenvironment in C57 mice 
and attenuated lung metastasis as indicated by sig-
nificant reductions of tumor size in liver and tissue 
weight when compared to the nonspecific shRNA 
control (Fig. 2G,H; Supporting Fig. S3E).

To determine the essentiality of ALDOA in nor-
mal cells, we generated two stable ALDOA- knockout 
cell lines using the parental normal liver cell line LO2 
in the CRISPR/Cas9 system (Supporting Fig. S4A). 
Knockout of ALDOA in LO2 cells had little effect 
on cell growth and colony formation under hypoxia 
(Supporting Fig. S4B,C). In vivo, we applied two 
mouse- specific siRNAs to target ALDOA in normal 

mice to assess the effects caused by ALDOA deple-
tion (Supporting Fig. S4D). Knockdown of ALDOA 
in vivo by siRNA showed no obvious effects on the 
visible pathological features of mouse livers and body 
weight (Supporting Fig. S4E,F). Targeting ALDOA 
by siRNAs in vivo had no impact on liver function 
according to liver function tests (Supporting Fig. S4G). 
Taken together, these data indicate that ALDOA 
plays a crucial role in promoting tumor growth and 
migration under hypoxia as a unique aldolase enzyme 
induced by hypoxia in HCC but has no effects in nor-
mal liver cells.

tRaNSCRIptoMe SeQUeNCINg 
aND MetaBoloMICS aNalySIS 
IDeNtIFIeD laCtate aS a 
MaJoR MetaBolIC playeR IN 
HCC MeDIateD By alDoa

To delineate the functional implications of 
ALDOA in HCC, transcriptome sequencing was 
performed to interrogate the differential gene expres-
sion in ALDOA- knockdown HepG2 cells under 
hypoxia. We identified 313 genes with significant 
up- regulation and 493 genes with significant down- 
regulation (Fig. 3A, GSE16 8544). Gene enrichment 
analysis revealed gene sets involved in metabolic 
pathways, glycolysis/gluconeogenesis, biosynthesis of 
amino acids, and so on (Fig. 3B). Pathway relation 
networks of all enriched gene sets were analyzed by 
Cytoscape (Supporting Fig. S5), highlighting that the 
metabolic pathway functions as the core of the net-
work mediated by ALDOA under hypoxia, which 
is listed in the heatmap (Fig. 3C). To examine the 
ultimate metabolite changes, we performed metabo-
lomics analysis in the ALDOA- knockdown HepG- 2 
cells under hypoxia using gas chromatography- mass 
spectrometry and carried out multivariate statistical 
analysis by principal component analysis (PCA), par-
tial least squares discriminant analysis (PLS- DA), and 
orthogonal PLS- DA (OPLS- DA) (Fig. 3D). In total, 
we identified 170 metabolites with significant changes 
in the ALDOA- knockdown HepG2 cells under 
hypoxia. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis of these 170 metabo-
lites highlighted dysregulation of key metabolomes 
in the ALDOA- knockdown HCC cells (Fig. 3E). 
By systematic integration of these metabolomic path-
ways, we observed the majority of variable pathways 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE168544
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enriched in downstream pathways modulated by gly-
colysis (Fig. 3F), as indicated by the metabolites rep-
resented in this core pathway (Fig. 3G- J). Among 

these, lactate, the terminal product of glycolysis, was 
identified as the major target in ALDOA- mediating 
metabolism in HCC under hypoxia (Fig. 3F,J).
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ReSCUe oF laCtate alleVIateD 
alDoa- DepeNDeNt lIVeR 
tUMoR gRoWtH UNDeR 
HypoXIa IN HCC CellS

To validate that the effects of ALDOA- dependent 
tumor inhibition are mainly mediated by lactate, we 
first measured glycolysis metabolism in ALDOA- 
deficient HCC cells. Significant reduction of ECAR 
levels was detected in the ALDOA- knockdown HCC 
cells under hypoxia, indicating the direct influence 
on glycolysis by ALDOA (Fig. 4A). Depletion of 
ALDOA significantly decreased both intracellular and 
extracellular lactate levels in HCC cells under hypoxia, 
which was consistent with our previous metabonomic 
analysis (Fig. 4B,C). Next, we rescued lactate levels in 
the ALDOA- depleted HCC cells by addition of 4 mM 
lactate in cell culture medium. Supplementation of lac-
tate partly rescued cell growth and cell proliferation 
in the ALDOA- knockdown HCC cells (Fig. 4D,E), 
as well as restored partial mammosphere formation 
and colony formation (Fig. 4F,G) under hypoxia. To 
determine the effects of ALDOA- dependent lac-
tate in vivo, we performed subcutaneous implanta-
tion with stable ALDOA- knockdown H22 cells into 
4- week- old female Balb/c mice. Intratumoral injection 
of lactate (6 mmol/L) every 3 days in stable ALDOA- 
knockdown tumors promoted HCC tumor growth in 
mice as indicated by the increase of tumor size and 
tumor weight, comparing to the stable ALDOA- 
knockdown tumors with intratumoral injection of 
PBS (Fig. 4H- J). Collectively, our results suggest that 
the lactate levels mediated by ALDOA affected HCC 
tumor growth under hypoxia and that restoration of 

the lactate levels in ALDOA- knockdown HCC cells 
could alleviate the inhibitory effects mediated by 
depletion of ALDOA in vitro and in vivo.

alDoa WaS RegUlateD By HIF- 
1α aND tHe M6a MoDIFICatIoN 
UNDeR HypoXIa

We next questioned the detailed molecular mech-
anisms by which ALDOA was up- regulated under 
hypoxia. Previously, HIF- 1α, the transcriptional acti-
vator upon hypoxia stimulation, was found to be 
highly expressed in HCC and to activate a series of 
downstream targets that play important roles in clin-
ical outcome in patients with HCC.(26,27) Correlation 
analysis of the data set of HCC tumors revealed a 
significant positive correlation between ALDOA and 
HIF- 1α (Fig. 5A). Knockdown of HIF- 1α abrogated 
the induction of ALDOA in HCC cells under hypoxia 
by RT- PCR assay (Fig. 5B; Supporting Fig. S6A). To 
further verify the correlation of ALDOA and HIF- 1α 
in vivo, we performed subcutaneous implantation of 
SMMC- 7721 in mice and measured the protein levels 
by immunofluorescence microscopy. A positive correla-
tion of ALDOA and HIF- 1α was found at protein 
levels in vivo, and ALDOA was coexpressed with 
HIF- 1α in tumors, mostly in the nucleus (Fig. 5C). We 
further confirmed the coexpression of ALDOA and 
HIF- 1α in tumors of patients with HCC and HCC 
cell lines by an immunofluorescent localization assay 
(Fig. 5D; Supporting Fig. S6B). Interestingly, some 
of the HIF- 1α was located in the cytoplasm of vari-
ous cells in the TME, indicating the heterogeneity in 
tumors of patients with HCC. By systematic analysis 

FIg. 3. Transcriptome sequencing and metabonomic analysis identified lactate as a terminal metabolic player in HCC mediated by ALDOA. 
(A) Differentially expressed genes were identified in ALDOA knockdown HepG2 cells by RNA sequencing. (B) KEGG enrichment 
analysis of genes altered by ALDOA in HepG- 2 cells. (C) Heatmap of altered genes in metabolic pathway in ALDOA- knockdown HepG2 
cells under hypoxia. (D) Metabonomic analysis of ALDOA- knockdown HepG2 cells under hypoxia by PCA, PLS- DA, and OPLS- DA. 
(E) KEGG enrichment analysis of metabolites altered by ALDOA in HepG2 cells under hypoxia. (F) Systematic integration of altered 
metabolites in ALDOA- knockdown HepG2 cells under hypoxia. (G- J) Levels of ATP (G), G3P (H), glucose 6- phosphate (I), and lactate 
( J) in ALDOA- knockdown HepG2 cells under hypoxia. Data were obtained from metabonomic analysis. ***P < 0.001. Abbreviations: 
ACOT1/2, acyl- CoA thioesterase 1/2; ADP, adenosine diphosphate; ALDOA/B/C, fructose- bisphosphate aldolase A/B/C; ALG6, 
alpha- 1,3- glucosyltransferase; ATP, adenosine triphosphate; DUT, deoxyuridine triphosphatase; ECM, extracellular matrix; ENO1/2/3, 
enolase 1/2/3; FC, fold change; FH, fumarate hydratase; G3P, glyceraldehyde 3- phosphate; G6P, glucose 6- phosphate; GAPDH, 
glyceraldehyde 3- phosphate dehydrogenase; H6PD, hexose- - phosphate dehydrogenase; HEXA, hexosaminidase subunit alpha; LDHA, 
lactate dehydrogenase A; OAT, ornithine aminotransferase; PC, principal component; PGAM1/2/4, phosphoglycerate mutase 1/2/4; 
PGD, phosphogluconate dehydrogenase; PGK1/2, phosphoglycerate kinase 1/2; PGM1, phosphoglucomutase 1; PGP, phosphoglycolate 
phosphatase; PKM, pyruvate kinase M1/2; PPOX, protoporphyrinogen oxidase; PRPS1/2, phosphoribosyl pyrophosphate synthetase 
1/2; RBKS, ribokinase; RPIA, ribose 5- phosphate isomerase A; SC5D, sterol- C5- desaturase; SEPHS2, selenophosphate synthetase 2; 
SGMS1, sphingomyelin synthase 1; TCA, tricarboxylic acid; TKT, transketolase.
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of the HIF- 1α chromatin immunoprecipitation (ChIP) 
sequencing profiles of HepG2 (GSE16347),(28) we 
identified three putative hypoxia- responsive elements 
(HREs) containing the HIF- 1α- binding consensus 

sequence 5′- A/GCGTG- 3′ in the promoter region of 
ALDOA (Fig. 5E). Subsequently, we generated three 
deleted mutants of the ALDOA promoter and cloned 
them into the pmirGLO vector with a dual luciferase 
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reporter (Fig. 5E). Upon hypoxia treatment, we found 
a significant induction of luciferase signal in the wild- 
type form of the ALDOA promoter compared with 
the normoxia treatment. However, deletion of sites 1 
and 2 resulted in a dramatic decrease of luciferase sig-
nal, indicating that sites 1 and 2 were the functional 
elements recognized by HIF- 1α (Fig. 5F).

Next, we measured the half- life of ALDOA mRNA 
under hypoxia by pretreating the cells with actinomy-
cin D. In the presence of actinomycin D, significant 
decay of ALDOA mRNA was observed under hypoxia 
compared with the normoxia treatment, suggesting 
that ALDOA may be modulated in a posttranscrip-
tional way under hypoxia as well (Fig. 5G). Previous 
reports have shown that the m6A modification plays 
important roles in regulating precursor mRNA mat-
uration, translation, and degradation.(29- 32) In this 
regard, we tested whether the m6A modification was 
involved in posttranscriptional regulation of ALDOA 
under hypoxia. The m6A levels in HCC cell lines were 
decreased under hypoxia compared with those under 
normoxia, along with the decreased level of m6A in the 
HCC tumor tissues with a hypoxic microenvironment 
(Fig. 5H). We knocked down the key regulators of the 
m6A modification METTL3, METTL14, fat- mass 
and obesity– associated protein (FTO), and alpha- 
ketoglutarate- dependent dioxygenase alkB homolog 5 
(ALKBH5) in SMMC- 7721 cells and found that silenc-
ing FTO significantly reduced the mRNA expression 
level of ALDOA under hypoxia (Fig. 5I). As the m6A 
demethylase, FTO, but not ALKBH5, was induced 
in HCC cells under hypoxia (Supporting Fig. S6C),  
indicating the potential role of FTO in hypoxia. 
Knockdown of FTO caused elevated levels of m6A 
modification in HCC cells under hypoxia (Supporting 
Fig. S6D). We further validated the down- regulation of 
ALDOA at both the RNA and protein levels in FTO- 
knockdown HCC cells under hypoxia (Fig. 5J,K),  

indicating that ALDOA was posttranscription-
ally regulated by FTO- mediated m6A modification. 
Interestingly, silencing of FTO accelerated degrada-
tion of the mRNA of ALDOA under hypoxia com-
pared with the control group (Fig. 5L).

To determine ALDOA as a bona fide target of 
FTO- mediated m6A modification, we performed the 
m6A RNA immunoprecipitation (RIP) sequencing 
and identified the m6A site (GGAC) in the coding 
region of ALDOA mRNA (Fig. 5M, GSE14 3235). 
We performed the m6A- RNA immunoprecipitation 
assay and analyzed with RT- PCR. As expected, knock-
down of FTO dramatically promoted the m6A level 
of ALDOA mRNA (Fig. 5M). One potential m6A 
site was identified in the coding regions of ALDOA 
and conserved among different species (Supporting 
Fig. S6E,F), and we generated the mutant form of 
ALDOA by replacing the adenosine base in the m6A 
consensus sequences with thymine to abolish the m6A 
modification (Supporting Fig. S6G). The m6A mutant 
ALDOA could partly rescue the reduction of mRNA 
expression level of ALDOA in FTO- knockdown 
HCC cells upon hypoxia treatment compared with 
wild- type ALDOA, indicating the functional role 
of the m6A modification in ALDOA under hypoxia 
(Supporting Fig. S6H). To delineate the detailed 
molecular mechanism by which ALDOA was regu-
lated by the m6A modification, we silenced FTO and 
two m6A binding proteins, YTH N6- methyladenosine 
RNA binding protein 1 (YTDHF1) and YTDHF2, 
in SMMC- 7721 cells by siRNAs (Supporting  
Fig. S6I- K). Our results demonstrated that knock-
down of YTHDF2, but not YTHDF1, rescued the 
expression level of ALDOA in FTO- silenced HCC 
cells (Fig. 5N), suggesting that the posttranscriptional 
regulation of ALDOA under hypoxia was regulated 
by FTO- mediated m6A modification in a YTHDF2- 
dependent manner. Taken together, our results 

FIg. 4. Rescue of lactate alleviated ALDOA- dependent tumor growth under hypoxia in HCC cells. (A) Knockdown of ALDOA 
effectively decreased ECAR in HCC cells under hypoxia. (B) Knockdown of ALDOA decreased intracellular lactate levels in HCC cells 
under hypoxia. (C) Knockdown of ALDOA decreased extracellular lactate levels in HCC cells under hypoxia. (D) Supplementation of 
lactate in cell culture medium (4 mM) rescued cell proliferation in ALDOA- knockdown HCC cells under hypoxia by Cell Counting 
Kit- 8 assays. (E) Supplementation of lactate in cell culture medium (4 mM) rescued cell proliferation in ALDOA- knockdown HCC 
cells under hypoxia by EdU assay. Quantification of fold changes is shown in E- 1. (F) Supplementation of lactate in cell culture medium 
(4 mM) rescued mammosphere formation phenotype of ALDOA- knockdown HepG2 cells under hypoxia. Quantification of fold changes 
is shown in F- 1. (G) Supplementation of lactate in cell culture medium (4 mM) rescued colony formation in ALDOA- knockdown HCC 
cells under hypoxia. (H) Intratumoral injection of lactate (6 mM) effectively promoted ALDOA- knockdown Hepa1- 6 cell growth in 
mice. (I,J) Tumor growth curve (I) and tumor weight ( J) in ALDOA- knockdown H22 cell– derived xenografts treated with lactate 
injection. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: 2DG, 2- deoxyglucose; LAC, lactate.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE143235
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demonstrated that ALDOA was transcriptionally reg-
ulated by HIF- 1α and posttranscriptionally regulated 
by m6A modification under hypoxia.

ClINICal SIgNIFICaNCe oF 
alDoa INHIBItIoN IN HCC

To determine the clinical significance of ALDOA 
in human cancers, we systematically analyzed the 
transcriptomic profiles of multiple tumors (GSE5364) 
and found that ALDOA was up- regulated not only 
in HCC but also in breast cancer, lung cancer, and 
esophageal cancer (Fig. 6A). We further demon-
strated the up- regulation of ALDOA in TCGA and 
the HCC database (Fig. 6B; Supporting Fig. S7A), 
and the up- regulated level of ALDOA was depen-
dent on pathologic grades of HCC (Fig. 6C). By 
examining our local clinical cohort, we performed 
an immunohistochemistry (IHC) staining assay to 
detect the protein expression level of ALDOA in our 
clinical human HCC tissues and the corresponding 
nontumor adjunct liver tissues (Fig. 6D; Supporting 
Fig. S7B). Consistently, ALDOA protein was sig-
nificantly overexpressed in HCC tissues compared to 
their adjunct normal tissues according to the quanti-
fication of IHC results (Fig. 6E). Moreover, as lactate 
was identified as the terminal metabolite mediated by 
ALDOA in HCC, we measured the level of lactate 
in our local patients with HCC. As indicated, a sig-
nificantly higher level of lactate was found in patients 
with HCC compared to those in healthy people  
(Fig. 6F). We next examined the clinical prognostic 
impact of ALDOA in TCGA patients with HCC. 

Higher levels of ALDOA were associated with poorer 
overall survival in patients with HCC (Fig. 6G).

To verify whether ALDOA acts as a potential thera-
peutic target in HCC, we performed two HCC patient- 
derived xenograft (PDX) models in nude mice and used 
siRNAs to target ALDOA (Fig. 6H). Notably, deple-
tion of ALDOA using two in vivo– optimized RNAis 
significantly reduced HCC- PDX tumor growth in vivo, 
as indicated by decreased tumor size and tumor weight 
(Fig. 6I- K). Pathologic analysis of ALDOA expression 
and cell proliferation (Ki67) by IHC assay was per-
formed to confirm the effects of the RNAi treatment 
in HCC- PDX models (Fig. 6L). Collectively, ALDOA 
was highly expressed in HCC and may act as a poten-
tial therapeutic target for HCC treatment.

IDeNtIFICatIoN oF 
SUlFaMoNoMetHoXINe aS 
a poteNtIal INHIBItoR 
to taRget aloDa IN HCC 
MeDIatINg MetaBolIC 
RegUlatIoN oF laCtate

To identify potential ALDOA inhibitors from 
FDA- approved drugs, we applied a structure- based 
hierarchical virtual screening strategy that was devel-
oped (Supporting Fig. S8A).(33) We found sulfamono-
methoxine to be a potential compound to inhibit 
ALDOA enzymatic activity at a 50% inhibitory con-
centration (IC50) of 349.6 ± 69.2 μM in HepG2 cells 
under hypoxia (Supporting Fig. S8B- D). To improve 
the selectivity and potency of the ALDOA inhibitor, 
we performed a proof- of- concept structure– activity 

FIg. 5. ALDOA was regulated by HIF- 1α and the m6A modification under hypoxia. (A) Correlation analysis of the RNA levels of 
HIF- 1α and ALDOA in HCC tumor samples. (B) Silencing of HIF- 1α decreased ALDOA expression at the mRNA level in HCC cells 
under hypoxia. (C) Correlation and colocalization analysis of ALDOA and HIF- 1α in a subcutaneous xenograft HCC mouse model. 
(D) Correlation and colocalization analysis of ALDOA and HIF- 1α in tumor tissues of patients with HCC by immunofluorescence 
histochemistry. (E) Wild- type and mutants of HIF- 1α binding elements of ALDOA promoter were fused into a firefly luciferase reporter. 
Three potential HIF- 1α binding elements were found in the ALDOA promoter region, and mutant forms of ALDOA promoter were 
deleted as indicated. (F) Relative luciferase activity of the wild- type and three mutant forms of ALDOA promoter in SMMC- 7721 cells 
under hypoxia. (G) Half- life of ALDOA mRNA in SMMC- 7721 cells under normoxia or under hypoxia treated with actinomycin D. 
(H) Global mRNA m6A levels in SMMC- 7721 cells under hypoxia and in subcutaneous xenograft HCC tumors were determined by 
RNA m6A dot- blotting assay. (I) Knockdown of key regulators of m6A modification affected the expression of ALDOA mRNA under 
hypoxia. ( J) Knockdown of FTO significantly reduced the expression of ALDOA mRNA under hypoxia in HCC cells. (K) Knockdown 
of FTO significantly reduced the expression of ALDOA protein under hypoxia in HCC cells. (L) Half- life of ALDOA mRNA in FTO- 
knockdown SMMC- 7721 cells under hypoxia treated with actinomycin D. (M) Knockdown of FTO promoted m6A methylation in 
ALDOA mRNA by the m6A methylated RIP analysis in SMMC- 7721 cells. (N) Knockdown of YTHDF2, but not YTHDF1, rescued 
expression of ALDOA in FTO- depleted SMMC- 7721 cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: ACTD, 
actinomycin D; CDS, coding sequence; FC, fold change; WT, wild type.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5364
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relationship test, the results of which accorded with 
the crystallographically determined binding mode of 
sulfamonomethoxine and its derivatives (Supporting 
Fig. S8E). Specifically, addition of a methoxy group 
on the pyrimidine ring along with an additional ben-
zenesulfonylation on the aniline motif (compound 5 
[cpd- 5]) was designed to improve sulfamonomethox-
ine’s interaction with ALDOA, as indicated by the 
predicted docking pose (Fig. 7A,B). Cpd- 5 increased 
the potency of the ALDOA IC50 to 106.7 ± 18.1 μM 
in HepG2 cells under hypoxia (Fig. 7C) but showed 
no potency in HepG2 cells with null ALDOA under 
hypoxia (Fig. 7D). To test the therapeutic effects of 
cpd- 5 in vivo, we treated the mice bearing HCC- 
PDX tumors with intratumoral injection of cpd- 5 
(10 mg/kg) 3 times per week. Notably, treatment with 
cpd- 5 significantly inhibited tumor growth in the 
HCC- PDX model, as indicated by decreased tumor 
size, tumor weight, and lactate level (Fig. 7E- H).  
However, treatment with cpd- 5 could also cause a 
reduction of the lactate level in non- tumor- bearing 
mice, suggesting its potential metabolic action in vivo 
(Fig. 7I). Collectively, our study identified a potential 
inhibitor (cpd- 5) to target ALDOA for therapeutic 
treatment of HCC, providing an alternative treatment 
strategy for patients with advanced HCC.

Discussion
The TME is a rapidly evolving environment whose 

arrangement varies in the light of different anatom-
ical regions of = tumor formation and the genetics 
and morphology of tumor cells.(34) The proportion 
and composition of the TME shape tumor evolution 
and play an integral part in cancer biology, including 
tumorigenesis, tumor progression, and response to 
therapy.(35) As the rapid growth of tumor cells causes 
a constraint in oxygen and nutrients that cannot be 
supplied by adjacent blood vessels, the hypoxic TME 

is subject to HIF- driven responses in tumor cells to 
activate expression of specific genes involved in angio-
genesis, metabolism, cell proliferation and migration, 
and immunosuppression.(36) Emerging evidence has 
focused on targeting the TME as a rising strategy to 
impede tumor progression. In this scenario, we used 
an in vitro pooled loss- of- function genetic system 
to screen out the potential genes that were essential 
for HCC tumor cells under hypoxia, providing an 
approach for hypoxic TME target discovery. Deletion 
of ALDOA significantly retarded tumor growth and 
migration and sensitized the tumor cells to hypoxic 
treatment. ALDOA encodes a protein, fructose- 
bisphosphate ALDOA, that regulates the key chem-
ical reaction in glycolysis and gluconeogenesis.(25) 
Previous studies have found that ALDOA was highly 
expressed in lung cancer, pancreatic cancer, and gas-
tric cancer.(37- 39) Hu et al. showed that the activity of 
ALDOA was increased under stimulation of phos-
phoinositide 3- kinase– dependent activation of Rac by 
releasing filamentous actin- bound ALDOA, linking 
actin remodeling to glycolysis.(40) Overexpression of 
ALDOA promoted formation of a cancer- associated 
proton pump inhibitor with γ- actin and acceler-
ated lung cancer metastasis,(37) suggesting its role as 
an oncogene in tumor progression. Grandjean et al. 
reported the critical role of ALDOA in connecting 
a feed- forward mechanism of glycolysis– HIF- 1α sig-
naling in hypoxic cancer cells and highlighted it as a 
potential therapeutic target to treat intractable hypoxic 
cancer cells.(41) Consistently, our study identified 
ALDOA as a promising and essential target in HCC 
tumors under hypoxia, which was also recognized as 
an essential fitness defect of low oxygen in the leuke-
mic cell line K562,(23) indicating that ALDOA may 
not be a hepatocyte- specific essential gene but high-
lighting the importance of mitochondrial metabolism 
in response to low oxygen. Although we observed 
no obvious damage in the liver with knockdown of 
ALDOA in normal mice, we could not exclude the 

FIg. 6. Clinical significance of ALDOA inhibition in HCC. (A) ALDOA expression in multiple tumors. (B) Up- regulation of ALDOA 
in HCC tissues compared with normal liver tissues. (C) The expression level of ALDOA was correlated with pathological stages of 
HCC. (D) ALDOA expression level in clinical patients and their pericarcinomatous normal tissues by IHC assay. (E) Quantification of 
ALDOA expression in HCC tissues and normal liver tissues from IHC results. (F) Levels of blood lactate acid in patients with clinical 
HCC compared to healthy people. (G) Prognostic significance of ALDOA up- regulation in HCC. (H) Schematic diagram of targeting 
ALDOA by siRNAs in vivo. (I) Inhibition of ALDOA by RNAi in two HCC- PDXs. ( J,K) Tumor growth curve (I) and tumor weight 
( J) of HCC- PDXs treated with two in vivo– optimized siRNAs. (L) Hematoxylin and eosin staining and IHC images of ALDOA and 
Ki67 in randomly selected HCC- PDX#1 and HCC- PDX#2 tumors. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviation: 
H&E, hematoxylin and eosin.
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possibility of potential toxicity toward other organs 
through indirect effects or other functions. As for 
liver cancer, knockdown of ALDOA inhibited cell 
growth under hypoxia and led to tumor growth retar-
dation and suppression of migration in vivo and in 

vitro. ALODA was overexpressed in HCC tumors, 
and its level was highly associated with poor clinical 
outcome, indicating its potential role as a therapeutic 
target against HCC.
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Previous studies have shown the influence of cellu-
lar metabolites on epigenetics and diseases including 
cancer.(42,43) The metabolism of acyl- CoA modulates 
the regulation of gene expression in various physiolog-
ical processes by eight forms of histone acylation.(44) 
By metabolomics analysis, we identified lactate as a 
terminal metabolic player driving tumor growth under 
hypoxia. Knockdown of ALDOA in HCC signifi-
cantly affected glycolysis metabolism, leading to a 
dramatic reduction of lactate under hypoxia. Lactate 
was previously found to impact cancer- related mor-
tality, to function as a fuel for tumor metabolism, and 
to promote tumor progression and metastasis.(45,46) 
A recent study reported that lactate connects to 
macrophage polarization in response to hypoxia and 
bacterial stimulation in the form of epigenetic modi-
fication. Lactate serves as a resource of lactylation of 
histone lysine residues and turns on gene expression 
to promote homeostasis of macrophage activity.(47) 
Importantly, high levels of lactate in the TME derived 
from tumor cells are known to stimulate the recruit-
ment of myeloid- derived suppressor cells, dampening 
immunosurveillance and thus promoting immunosup-
pression.(48) In our study, we demonstrated that rescue 
of lactate in ALDOA- knockdown HCC cells partly 
restored tumor growth and migration in vitro and in 
vivo, suggesting the direct role of lactate, derived from 
ALDOA- mediated glycolysis, in promoting HCC 
tumor growth and progression in a hypoxic TME.

We next delineated the molecular mechanisms 
by which ALDOA was up- regulated under hypoxia 
in HCC cells. The main executors of the cellular 
response to hypoxia are HIF- 1 and HIF- 2, consisting 
of an O2- regulated HIF- 1α or HIF- 2α subunit and 
a constitutively expressed HIF- 1β subunit.(49) Upon 
hypoxia, HIF- 1α is stabilized by reducing its hydrox-
ylation and translocated into the nucleus, where it 
forms the HIF- 1α/β dimer and binds with p300/
cAMP response element– binding protein coactivator 

in the HRE to initiate a subset of downstream target 
gene activation in response to hypoxia.(50) In analysis 
of an HIF- 1α ChIP- chip database,(24) we identified 
ALDOA as a potential direct target of HIF- 1α, sug-
gesting its role in facilitating metabolic adaptation to 
hypoxia. As expected, we identified three HRE sites 
that are located in the promoter region of the ALDOA 
gene and validated the first two sites with functional 
effects on activation of ALDOA under hypoxia tran-
scriptionally. Meanwhile, we found that ALDOA was 
regulated by the m6A modification in a posttran-
scriptional way. The m6A modification is the most 
pervasive internal modification of mRNA in human 
cells and mediated mRNA splicing, stability, degra-
dation, and translation.(29,31,32) Previously, ALKBH5, 
an alternative demethylase of m6A, was found to be 
induced upon hypoxia in breast cancer stem cells 
and mediated the m6A demethylation of NANOG 
mRNA, phonocopying the effect of hypoxia.(51) In 
our study, we found that FTO instead of ALKBH5 
was induced in HCC cells under hypoxia despite 
the presence of the functional redundancy between 
ALKBH5 and FTO in mediating m6A demethyla-
tion. Further, we showed that silencing FTO, a key 
demethylase of m6A, reduced ALDOA expression at 
both the mRNA and protein levels. The half- life of 
ALDOA mRNA in FTO- knockdown cells was sig-
nificantly shorter than in control cells, indicating the 
negative regulation of stability of ALDOA mRNA by 
FTO- mediated m6A modification. Previous reports 
have shown that YTHDF2 affects the localization 
and stability of targeted mRNAs.(52,53) We identified 
YTHDF2 as a direct m6A reader for m6A- methylated 
ALDOA mRNA, as indicated by the fact that silenc-
ing of YTHDF2 rescued ALDOA expression in 
FTO- knockdown HCC cells. Our results suggested 
that the posttranscriptional regulation of ALDOA 
under hypoxia was regulated by FTO- mediated m6A 
modification in a YTHDF2- dependent manner.

FIg. 7. Identification of sulfamonomethoxine derivative cpd- 5 as a lead compound to inhibit ALDOA in HCC mediating metabolic 
regulation of lactate. (A) Structure of sulfamonomethoxine derivative cpd- 5. (B) Hydrogen interaction of ALDOA enzyme (Protein Data 
Bank code 5KY6) active site with cpd- 5 (left). Lipophilic potential surface (using a channel method) of ALDOA enzyme active site with 
cpd- 5 (right). Cpd- 5 and residues of ALDOA are represented by sticks and colored by atom type. (C) Viability of HepG2 cells treated 
with cpd- 5 under hypoxia. (D) Viability of ALDOA- null HepG2 cells treated with cpd- 5 under hypoxia. (E) Inhibition of ALDOA by 
cpd- 5 suppressed tumor growth in the HCC- PDX model. (F,G) Tumor growth curve (H) and tumor weight (I) of HCC- PDX treated 
with cpd- 5. (H) Levels of blood lactate in HCC- PDX mice treated with cpd- 5. (I) Levels of blood lactate in non- tumor- bearing mice 
treated with cpd- 5. ( J) Working model. Under hypoxic conditions, ALDOA is up- regulated by HIF- 1α and the m6A modification, 
leading to an increased level of glycolysis- derived lactate, which promotes HCC tumor progression and migration. Cpd- 5 was developed 
as a potential ALDOA inhibitor for HCC therapy. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: WT, wild type.
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Using a structure- based hierarchical virtual screen-
ing approach, we identified sulfamonomethoxine as a 
potential inhibitor of ALDOA from FDA- approved 
drugs. Sulfamonomethoxine is a common antibiotic 
widely used in human and veterinary medicine which 
inhibits dihydropteroate synthetase to block the syn-
thesis of folic acid in bacteria.(54) From the structural 
binding analysis, the metaposition methyl groups on 
the pyrimidine ring and aniline motif form hydro-
gen bonds to Asp33 and Glu189 at the active site of 
ALDOA, while a gap in the interaction remains on 
the surface. In this regard, we have designed a series 
of sulfamonomethoxine derivatives to improve the 
interaction. Cpd- 5 with introduction of a methoxy 
group on the pyrimidine ring along with an addi-
tional benzenesulfonylation on the aniline motif rep-
resented with higher binding score of interaction with 
ALDOA, where the metaposition methoxy group on 
the pyrimidine forms a hydrogen bound to Ser38 and 
the interaction gap was filled with benzenesulfonyla-
tion. We further validated the enhancement of cpd- 5 
with lower IC50 and tested its therapeutic application 
in our HCC- PDX mouse model and its impact on 
non- tumor- bearing mouse models. Reduction of lac-
tate was further confirmed with the effects of cpd5 
in vivo through targeting ALDOA- mediated glycoly-
sis, indicating that the pharmacological mechanism of 
action may have important implications in the devel-
opment of a treatment strategy for HCC.

In summary, our study employed an unbiased 
genome- wide CRISPR/Cas9 knockout screening 
pool to systematically identify ALODA as the essen-
tial driver gene for HCC cell growth under hypoxia. 
Knockdown of ALDOA led to depletion of lactate, 
a terminal metabolic player in HCC mediated by 
ALDOA, and thus suppressed HCC tumor growth 
and migration under hypoxia. Upon hypoxic condi-
tions, ALDOA was up- regulated by HIF- 1α- mediated 
transcriptional activation and by FTO- mediated m6A 
modification at the posttranscriptional level (Fig. 7J). 
Inhibition of ALDOA by the sulfamonomethoxine 
derivative cpd- 5 suppressed HCC tumor growth in 
vivo, highlighting a potential therapeutic strategy for 
HCC treatment.
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