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Oxoglutarate dehydrogenase-like (OGDHL) is considered to be the isoenzyme of oxyglutarate dehydrogenase (OGDH) in the OGDH
complex, which degrades glucose and glutamate. OGDHL was reported to reprogram glutamine metabolism to suppress HCC

progression in an enzyme-activity-dependent manner. However, the potential subcellular localization and non-canonical function
of OGDHL is poorly understood. We investigated the expression of OGDHL and its effect on HCC progression. By employing a

variety of molecular biology techniques, we revealed the underlying mechanism of OGDHL-induced DNA damage in HCC cells in
vitro and in vivo. AAV loaded with OGDHL exerts therapeutic effect on mouse HCC and prolongs survival time. OGDHL induces DNA
damage in HCC cells in vitro and in vivo. We also observed that OGDHL possesses nuclear localization in HCC cells and OGDHL-
induced DNA damage was independent of its enzymatic activity. Mechanistically, it was demonstrated that OGDHL binds to CDK4
in the nucleus to inhibit the phosphorylation of CDK4 by CAK, which in turn attenuates E2F1 signaling. Inhibition of E2F1 signaling
downregulates pyrimidine and purine synthesis, thereby inducing DNA damage through dNTP depletion. We clarified the nuclear
localization of OGDHL and its non-canonical function to induce DNA damage, which demonstrated that OGDHL may serve as a

select potential therapeutic target for HCC.
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INTRODUCTION

Hepatocellular carcinoma is one of the most common and deadly
malignant tumors in the world [1, 2], especially in Asia [3].
Metabolic reprogramming is one of the hallmarks of tumor cells
[4], evoked by carcinogenic factors to ensure that tumor cells
obtain sufficient nutrients from the external environment [5].
Unsurprisingly, whether glycolysis [6, 7], the tricarboxylic acid
cycle [8, 9], the pentose phosphate pathway [10, 11], or amino acid
metabolism [12-14] and lipid metabolism [15], mitochondria are
at the core. Therefore, it is meaningful to focus on dysregulated
metabolic enzymes in mitochondria of HCC cells.

OGDHL is downregulated in a variety of cancers [16-18] and
exerts tumor suppressor effects through multiple mechanisms
[19, 20]. OGDHL has been reported to inhibit HCC progression by
reprogramming glutamine metabolism, in an enzymatic activity-
dependent manner [20]. However, the regulatory effects of
metabolic enzymes arise not only from their canonical activities,
but also from their non-canonical or non-metabolic activities [21].
In preliminary experiments, we accidentally discovered that
OGDHL, which was originally thought to be localized in
mitochondria, has nuclear localization in HCC cells, according to

which we speculated that OGDHL may retain potential non-
canonical functions.

Obviously, this phenomenon is widespread. In details, Lactate
dehydrogenase A (LDHA), whose tetrameric structure is altered by
reactive oxygen species (ROS), then translocates into the nucleus and
induces histone methylation by interacting with telomere silencing
1-like (DOT1L) [22]. Further, Glycolytic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) directly binds to OCT-1 in the nucleus to
promote H2B transcription in S phase [23]. In addition, nuclear
fructose-1,6-bisphosphatase 2 (FBP2) interacts with c-Myc and
inhibits c-Myc-dependent Transcription of mitochondrial transcrip-
tion factor A (TFAM) to repress mitochondrial function [24]. Clearly,
the presence of non-canonical functions of metabolic enzymes
is often associated with their aberrant subcellular localization.
Therefore, this study was designed to evaluate the non-
canonical function of OGDHL and its application in the treatment
of HCC.

We identified the downregulation of OGDHL in human and
mouse HCC, explored its therapeutic potential using AAV loaded
with OGDHL. We further determined the nuclear localization of
OGDHL and its potential nuclear localization sequences.
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Functionally, we observed that OGDHL induced DNA damage in
HCC cells in vitro and in vivo. More importantly, OGDHL-mediated
DNA damage in HCC cells was independent on its enzymatic
activity. Mechanistically, OGDHL in the nucleus interacts with CDK4,
suppressing the phosphorylation of CDK4 by CAK, thereby inhibiting
E2F1 signaling. E2F1 is a key protein involved in DNA synthesis
[25, 26], cell proliferation, apoptosis [27], metabolism and cell cycle
[28], and its function is regulated by RB1. Unphosphorylated RB1
binds to and mediates E2F1 transcriptional repression [29].
Attenuated E2F1 signaling hinders pyrimidine and purine biosynth-
esis, which leads to DNA damage in HCC cells through dNTP
depletion. Overall, these findings clarify the tumor suppressor effect
of OGDHL's non-canonical function on HCC, and reveal that OGDHL
may serve as a suitable therapeutic target for HCC.

RESULTS

OGDHL possesses nuclear localization

OGDHL was significantly down-regulated in clinical HCC samples
(Fig. S1A, B), which also occurred in mouse HCC specimens
(Fig. S1C, D).

In the human cervical epithelial cell line ME180, OGDHL was
observed in mitochondria [19]. Hep3B was selected for confocal
immunofluorescence of OGDHL, and it was clear that a large
fraction of OGDHL's fluorescence coincided with the nucleus
(Fig. 1A). This was also confirmed by subcellular fractionation of
HCC cells (Fig. 1B). Further, a nuclear localization sequence(NLS)
(560SKDKKsg4) for OGDHL was predicted [30] and validated. By
replacing 3 lysines in NLS with alanines, we generated a nuclear-free
form of OGDHL, annotated OGDHL/3KA (Fig. 1C, D). 293T cells were
transfected with the WT and 3KA plasmids of OGDHL, Flag tag
carried by the plasmids was used for immunofluorescence assay.
Impressively, the 3KA mutation significantly restricted the nuclear
localization of OGDHL (Fig. 1E). Additionally, we constructed AAV-
OGDHL vector containing liver-specific transthyretin promoter and
its control AAV vector. The Flag tag carried by AAV-OGDHL was used
for more precise in vivo subcellular localization analysis. The staining
results of mouse liver and clinical HCC samples further confirmed
the fact that OGDHL possesses nuclear localization (Fig. 1F, G).

Increased OGDHL induces DNA damage in HCC cells
OGDHL inhibits the proliferation of HCC cells in vitro and in vivo
(Fig. 2A-C). Subsequent KEGG enrichment analysis revealed marked
downregulation of signals such as “DNA replication” and “pyrimi-
dine metabolism” (Fig. 2D, E). Therefore, OGDHL may exert a tumor
suppressor effect by mediating DNA damage in HCC cells. Comet
assay (Fig. 2F) andyH2AX immunofluorescence confocal imaging
(Fig. 2G) proved that OGDHL could induce DNA damage in HCC
cells. Besides, elevated OGDHL downregulated FANCD2, which co-
localizes with EdU representing active DNA synthesis (Fig. 2H).
Activation of DNA damage response proteins such as ATM
(pSer1981), ATR (pSer428), CHK1 (pSer317), CHK2 (pThr68) provides
direct evidence for OGDHL-mediated DNA damage (Fig. 2I).
Hydrodynamic tail vein injection was adopted to construct a
spontaneous HCC model in mice. AAV-OGDHL could also induce
DNA damage in HCC cells (Fig. S2a) and activate DDR proteins
(Fig. S2b) in vivo. However, our data indicated that OGDHL-3KA
did not induce DDR proteins upregulation in HepG2, as did
OGDHL-WT (Fig. S3).

Intranuclear OGDHL induces DNA damage, independent of its
enzyme activity

To clarify the significance of OGDHL nuclear translocation on DNA
damage of HCC cells, we constructed an OGDHL variant carrying MYC
NLS signal peptide at N-terminal, OGDHL-NLS (Fig. 3A). The
verification of its nuclear positioning efficiency has obtained
satisfactory results (Fig. 3B, C). OGDHL-NLS can also induce DNA
damage and inhibit HCC progression in vitro and in vivo (Fig. 3D, F, G),
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which is independent of its enzyme activity (Fig. 3E). The IHC of
subcutaneous tumor further confirmed the efficient nuclear translo-
cation of OGDHL-NLS (Fig. S4).

OGDHL mediates dNTP depletion in HCC cells

Since transcriptomics showed that OGDHL down-regulated
nucleotide metabolism, we speculated that dNTP depletion might
be the primary factor of OGDHL-mediated DNA damage in HCC
cells. The MS results in HCC cell line confirmed our hypothesis
(Fig. 4A, B). Further, the additional dNTPs compensated for the
OGDHL-mediated upregulation of DDR proteins in HCC cell
(Fig. S5). Moreover, OGDHL induced the decrease of other types
of nucleotides in HCC cells. (Fig. S6).

Besides, We found that OGDHL could promote HCC cell
apoptosis and G1 phase arrest (Fig. S7), as well as activate p53
signaling in vitro and in vivo (Fig. S8). Taken together, OGDHL
mediates DNA damage in HCC cells by triggering dNTP depletion.

Nuclear OGDHL interacts with CDK4 through its
Dehydrogenase, E1 component domain

To explore the interacting proteins of OGDHL, we searched on
IntAct (https://www.ebi.ac.uk/intact/home), of which CDK4 caught
our attention (Fig. 5A). Immunofluorescence colocalization assays
in HCC cells indicated that OGDHL and CDK4 share a common and
striking nuclear localization, revealing that they may interact in the
nucleus (Fig. 5B). Exogenous co-immunoprecipitation experiments
provide further confirmation (Fig. 5C, D). We also validated the
direct interaction between OGDHL and CDK4 in LSPR assays.
Human OGDHL protein has a relatively conserved domain
structure: a small N-terminal domain, a Dehydrogenase, E1
component domain, a Transketolase-like, pyrimidine-binding
domain and a C-terminal domain. CDK4 contains only one protein
kinase domain (Fig. 5E). We found that OGDHL bound CDK4
through its Dehydrogenase, E1 component domain (Fig. 5F).

OGDHL suppresses CAK-mediated phosphorylation of CDK4 at
Thr172

Uncontrolled cell proliferation is a hallmark of cancer, and
dysregulated cell cycle progression is common [4]. CDK4, a
member of the Ser/Thr protein kinase family, is essential for
progression in the G1 phase of the cell cycle. CDK4 has been
shown to be responsible for the phosphorylation of the
retinoblastoma gene product (Rb) [28, 31], in which CAK
(MNAT1-CCNH-CDK7)-mediated phosphorylation of CDK4 at
Thr172 is required [32, 33].

Elevated OGDHL in HCC cells greatly inhibited the phosphor-
ylation of CDK4 at Thr172 (Fig. 6A, B). AAV-OGDHL also induces
pCDK4 (Thr172) reduction in HCC cells in vivo (Fig. 6C, D).
Moreover, IHC data from our clinical HCC samples revealed a
negative correlation between OGDHL and pCDK4 (Thr172) at
the protein level (Fig. 6E). To directly test whether OGDHL
binding specifically blocks CDK4 phosphorylation, we con-
structed an in vitro CDK4 phosphorylation system. As expected,
gradual addition of OGDHL protein to the in vitro CDK4
phosphorylation system inhibited the phosphorylation of CDK4
in a dose-dependent manner (Fig. 6F). Intranuclear OGDHL also
induced the decrease of CDK4 phosphorylation in HCC cells
(Fig. S9).

OGDHL inhibits the expression of rate-limiting enzymes of the
nucleotide synthesis pathway by targeting CDK4-pRB-
E2F1signaling

OGDHL was negatively associated with genes involved in
pyrimidine metabolism at the mRNA level (Fig. 7A), although we
focused on the rate-limiting ones (Fig. 7B). Overexpression of
OGDHL in HCC cells not only reduced phosphorylated RB1, but
also attenuated the rate-limiting enzymes in the nucleotide
synthesis pathway (Fig. 7C-E).
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Fig. 1

OGDHL possesses nuclear localization. A Confocal images in Hep3B cells showed that OGDHL has nuclear localization. B Western

blotting further revealed the nuclear localization of OGDHL in HCC cell lines. C Western blotting of WT and 3KA mutants of OGDHL in
293T cells. D The nuclear localization of the 3KA mutant of OGDHL was significantly attenuated. E Confocal images further revealed the
subcellular localization of WT and 3KA mutants of OGDHL. F Immunofluorescence images after AAV-OGDHL treatment, and Flag tags were
used to trace OGDHL. G Immunohistochemical staining results of OGDHL in clinical HCC samples.

By knocking down or up-regulating E2F1 in HCC cells, we
found that both nucleotide synthesis rate-limiting enzymes and
p53 were affected (Fig. 7F, G). CDK4/6 inhibitor reduced the
levels of pRB1 and the aforementioned rate-limiting enzymes in
a dose-dependent manner (Fig. 7H). Moreover, we demonstrated
that OGDHL-mediated downregulation of nucleotide synthesis
rate-limiting enzymes is CDK4-dependent (Fig. 71). We selected
CAD and ADSL as representatives, and further CHIP-PCR
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confirmed the binding of E2F1 to their promoter regions
(Fig. 7J).

OGDHL inhibits tumor growth and prolongs overall survival in
vivo

More importantly, we assessed the effect of OGDHL on HCC
progression and overall survival in mice in vivo (Fig. 8A). Each
tumor-bearing mouse was injected with 7 X 10A10 virus particles
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Fig. 2 Increased OGDHL induces DNA damage in HCC cells. A Clonogenic assay in Huh7 cells, suggesting that upregulation of OGDHL

inhibits HCC cell proliferation. **p < 0.01. B CCK8 assay in Huh7 cells also demonstrated that OGDHL inhibited HCC cell proliferation. *p < 0.05.
C OGDHL could inhibit HCC cell growth in vivo. ***p <0.001. D Results of KEGG enrichment analysis of transcriptome sequencing after
overexpression of NC or OGDHL in Huh7 cells. These are up-regulated signals. E These are down-regulated signals. F The results of the comet
assay suggested that OGDHL could induce DNA damage in HCC cells. **p < 0.01. G Confocal images of yH2AX in Huh7 cells further confirmed
OGDHL-mediated DNA damage in HCC cells. *p < 0.05. H Confocal images indicated that the co-localization of FANCD2 foci with EAU in Huh7
cells was significantly reduced after OGDHL overexpression. *p < 0.05. | Western blotting revealed that upregulation of OGDHL in Huh7 cells

triggered the activation of DDR proteins.

through the tail vein, and sacrificed after 2 or 4 weeks. On the
gross image of liver, the tumors of the mice in the AAV-OGDHL
group were more regression (Fig. 8B). The tumor number and
largest diameter were also smaller than those of AAV-NC group
(Fig. 8C, D). Histologically, we further confirmed the in vivo
inhibitory effect of AAV-OGDHL on HCC cells (Fig. 8E, F). Not only
that, we found that AAV-OGDHL prolonged the overall survival
time of tumor-bearing mice compared to the AAV-NC group
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(Fig. 8G). Taken together, our data suggest that OGDHL has a
reliable in vivo therapeutic effect on HCC in vivo.

DISCUSSION

Tumor-specific promoter methylation is considered to be an
important inducement for the down-regulation of OGDHL in
various cancers [16, 17]. The expression of other components of
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Fig. 3

Intranuclear OGDHL induces DNA damage, independent of its enzyme activity. A Western blotting of WT and NLS mutants of

OGDHL in HCCLM3 cells. B Confocal images in HCCLM3 cells showed that OGDHL-NLS has Strict nuclear enrichment. C Western blotting
further revealed the nuclear localization of OGDHL-NLS in HCC cell lines. D Western blotting showed that OGDHL-NLS could also induce DNA
damage in HCC cells. E OGDHL-NLS variant has no enzymatic activity in HCC cells. ***p < 0.001. F OGDHL-NLS can inhibit the growth of HCC
cells in vivo. ***p < 0.001. G Representative images of immunohistochemical staining results of mouse HCC.

OGDHC (Fig. S10A) in HCC was not as unambiguous as OGDHL.
There was no significant difference between DLST and DLD in HCC
cell lines and normal immortalized hepatocyte L02. Only OGDH,
like OGDHL, was more abundant in L0O2 than in HCC cell lines
(Fig. S10B, C). Curiously, OGDH showed no expression difference in
TCGA-LIHC database (Fig. S10D). However, overexpression of
OGDHL in Huh7 cells resulted in altered expression of OGDH and
DLST (Fig. S10E). Theoretically, both the enzymatic and non-
enzymatic functions of OGDHL can inhibit the biological behavior

Cell Death & Differentiation (2023) 30:1931 - 1942

of HCC cells. However, whether the two are completely
independent or intermingled is unknown.

A key observation of this study is the nuclear localization of
OGDHL in HCC cells. Unlike the N-terminal signal peptides of
proteins localized within the mitochondrial or endoplasmic
reticulum, nuclear localization signals are always stable and may
appear anywhere in the protein’s amino acid sequence [34].
Nuclear localization signals are generally divided into two
categories: classical (cNLS) and non-classical (ncNLS) [30, 35]. cNLS

SPRINGER NATURE



X. Jiang et al.

1936

A Huh7

o i =i =

g dTTP E Ci g*TP t df TP E dATP

g 100- + g 4 T g 1.5+ + g 1.5 -

S 80 5 S S ==

© © T 1.0 ® 1.0

g 60q = = =

3 8 24 3 8

5w 5 : :

S S . 8 o051 8 05

g g 3 g

© & © ©

3 0- c 3 0- N c 3 0.0- o 5 3 0.0- o :

© O Vv © N © NV © N\
O 0¥ Q7 O

) ) ) @
(@) @) O (@)
B HCCLM3

iy - Ty i}

E dTTP g df TP g dg TP § d/:\ TP

= 6y * 2 20+ * 2 49 ns 2 49 3

.5 40+ . .S 154 EJ 3 .5 3]

© © © ©

2 30- - = =

3 g 10 8 2z 3 2

c 204 c = =

(&) (@] [e] @]

O O g a3 g S —

g o) 10+ © © ©

@ o} @ 9

© © © T

=] 0- = 0- = 0- =] 0-

2 6 = & sv 8 & R & s B

§ Py 8§ Ty 8§ IR 8§ S
0¥ & O &\ O & O\
o o7 o X o7
& &> > &>
(@) @) @) O

Fig. 4 OGDHL mediates dNTP depletion in HCC cells. A Intracellular dNTP pool assay in Huh7 cells. *p <0.05, **p <0.01, ***p < 0.001.

B Intracellular dNTP pool assay in HCCLM3 cells. *p < 0.05.

possess one or two clusters of positively charged amino acid
sequences, typically arginine (R), lysine (K) or proline (P) [36].
However, ncNLS does not have the above characteristics, and a
large number of ncNLS do not have regular feature structures.
Even, some proteins do not have NLS, but can use an independent
nuclear transport mechanism to achieve entry into the nucleus,
such as B-catenin [37]. The function and regulation of proteins are
highly complex and unpredictable, precise and efficient metho-
dological changes and in-depth exploration will bring light to this.
Interestingly, the subcellular localization of OGDHL in different
tissues and cell lines varies greatly. OGDHL-deficient 293T cells were
transfected with the OGDHL plasmid, and subsequent immuno-
fluorescence images indicated that the signals were all observed in
the nucleus, whereas in liver cells, they were mainly localized in the
cytoplasm. Unexpectedly, the subcellular localization of OGDHL in
HCC cell lines was also different. The intracellular translocation
process of OGDHL should be regulated. How OGDHL translocation
is regulated and whether subcellular shuttling of OGDHL implies
better prognosis in HCC patients remains unclear and will be part of
our future studies. Exploring the potential role of OGDHL in liver
diseases such as NASH and liver failure is also of high priority.
Abnormal nuclear localization suggests that OGDHL has abun-
dant and undefined capabilities. Not only mediating DNA damage,

SPRINGER NATURE

our pilot experiments observed that OGDHL enhances antitumor
immunity in HCC. Oncolytic adenovirus is a popular and promising
treatment for solid tumors. Oncolytic adenovirus expressing OGDHL
may have stronger intratumoral proliferation and oncolytic ability.
Further exploration and verification are needed.

In conclusion, Our data reveal that OGDHL triggers down-
regulation of E2F1 signaling by binding to CDK4 and inhibiting its
phosphorylation, which in turn leads to reduced nucleotide
synthesis, dNTP depletion, and subsequent DNA damage. Not only
that, we also demonstrated that OGDHL-induced DNA damage in
HCC cells, independent of its enzymatic activity, is a non-canonical
function. In particular, our animal experiments suggest that OGDHL
may serve as a potential therapeutic target for HCC.

MATERIALS AND METHODS

Cell culture

All cell lines used in this study were cultured in Dulbecco’s modified Eagle’s
medium (Gibco, USA) containing 10% fetal bovine serum (Hyclone, USA).
and 5% dual antibodies(Beyotime, China). A 37 °C, 5% CO, incubator was
used to provide a suitable culture environment. Contamination-free cells
with normal growth status were used for subsequent detection and
experiments.

Cell Death & Differentiation (2023) 30:1931-1942



A C
PARRY P 1gG Flag
/ 1 _
/ @ 1 CDK4GFP + + - +
@ Il I OGDHL-Flag + - + +
/
@ II / IB:GFP —
I @// @ IB:Flag =
\ ;-
@ 2 rg IB:GFP | — -—
@,1](‘ . IB:Flag e —
ACBD7 -
IB:a-tubulin [ S a—

293T
B D
DAPI OGDHL

IP 119G GFP
CDK4-GFP - - +
OGDHL-Flag + - + +
IB:GFP —— —
%’_ I1B:Flag 8 ,
B IB:GFP |- -—
IB:Flag = e

293T

10um

CDK4 Merge

IB:a-tubulin /SN ——

X. Jiang et al.

RU
E 2204

Affynity(KD):39.4nM
200 4 ——200 nM
180
160 o
140 ]
§ 120
S 1004
I
2 80
© 0]
40
20 4
0]
T T T T T T T
0 100 200 300 400 500 600
Time(s) Freg-C
E Freg-M2 == ——
O Freg-M1 —
m F Freg-N
4]5 80 2?4 573 6:147 aTz 1nlno
OGDHL [ —t I |
|N-terminal Dehydrogenase E1 Transketolase-like | C-terminal |
1 855 1010

6 295

CDK4 m
Protein kinase domain
1 303

N O
SRR AR

IP: Flag I1B: CDK4 36kDa
—
IB: Flag Pr— s
s =
% —
= =
1B: atubuin M S G . | < G2

Fig. 5 Nuclear OGDHL interacts with CDK4 through its Dehydrogenase, E1 component domain. A We identified potential interacting
proteins of OGDHL from IntAct(https://www.ebi.ac.uk/intact/search?query=id:Q9ULDO*#interactions). B The immunofluorescence confocal
experiments of OGDHL and CDK4 in Hep3B cells suggested that the binding of the two may be mainly in the nucleus. C Results of exogenous
co-immunoprecipitation assay in 293 T cells, IP: OGDHL-Flag, IB: CDK4-GFP. D Results of exogenous co-immunoprecipitation assay in 293T cells,
IP: CDK4-GFP, IB: OGDHL-Flag. E OGDHL-GST captured on COOH chip can bind CDK4-MBP with an affinity constant of 39.4 nM as determined
in a LSPR assay. F Schematic diagram of the protein domains of OGDHL and CDK4, and the specific domain that binds to CDKA4.

Reagents and antibodies

jetPRIME® (lllkirch, France) was used for plasmid and siRNA transfection.
dNTP Mixture (25 mM each)(Beyotime, China). Abemaciclib(Selleck, USA).
The primary antibodies used in this study are listed in Table S1.

Vector construction

All plasmids for in vitro HCC cell experiments used in this study were
synthesized by Wuhan GeneCreate Biological Engineering Co.Ltd and
cloned after the CMV promoter of the pcDNA3.1(+) vector. Plasmids for
protein purification and expression were synthesized and provided by
GeneCodex (Wuhan, China).

Mouse models

pAAV-TBG-MCS-3xFlag and pAAV-TBG-OGDHL-3xFlag-tWPA, were con-
structed by OBiO Technology (Shanghai) Corp., Ltd. The 5-week-old C57BL/
6J mice were induced to develop a spontaneous HCC model by high-
pressure hydrodynamic injection into the tail vein (30). Based on our
laboratory’s observations, the combination regimen of NRas/cMYC/SB can
induce overt HCC in C57BL/6J mice at around 8 weeks. Therefore, after
8 weeks, each tumor-bearing mouse was injected with 7 x 10A10 virus
particles of AAV-NC or AAV-OGDHL by tail vein injection. It should only be
injected once to avoid an immune response against AAV. Samples were
collected after 2 weeks and 4 weeks of AAV treatment, respectively, to
determine the growth status of liver tumors in the two groups. In addition,
some mice were used to measure survival time.

LC-MS/MS

HPLC-MS/MS (shimadzu LC20AD - APl 3200MD TRAP) was used to detect
intracellular dNTPs and NTP alterations. The liquid nitrogen quick-frozen
cell samples were resuspended, centrifuged, diluted with methanol
aqueous solution, and then directly tested on the machine. Observe the
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ion chromatogram and standard curve of each index, and obtain the
experimental data.

Comets assay

Reagent Kit for Single Cell Gel Electrophresis Assay (elkbiotech,Wuhan)
was used for comet assay to identify cellular DNA damage. According to
the manufacturer’s instructions. Briefly, cells were washed with ice-cold
PBS, centrifuged, and coated on slides of triple agarose gel. Pre-chilled
Lysis Bufffer fully lyses cells. Place the slide in a horizontal electrophoresis
tank. Pour into the freshly prepared alkaline electrophoresis buffer and
place at room temperature for 20 ~ 60 min, in order to unwind the DNA
under alkaline conditions and generate an alkali-labile segment, so that
the DNA fragment can easily migrate in the electric field. Voltage 25V,
electrophoresis for 20 ~ 30 min, after neutralization and staining, observed
under excitation light of 515~560nm wavelength by fluorescence
microscope.

Recombinant protein expression

Both GST-tagged and MBP-tagged recombinant proteins were expressed
in E. coli strain BL21. Cells were harvested by centrifugation and lysed in
ice-cold PBS containing 1% Triton X-100 and 1% w/v protease inhibitor.
Lysates were purified by affinity chromatography. Elutes was concen-
trated and stored at —80 °Cfor further analysis. CAK complex (CDK7 &
CCNH & MNAT1 Protein, Human, Recombinant (His Tag)) was purchased
from SinoBiological (Beijing Yigiao Shenzhou Technology Co., Ltd.,
China).

ChIP-qPCR

ChlIP assays were performed using the ChIP Assay Kit (Beyotime, China)
following manufacturer’s instructions. Briefly, formaldehyde was added to
the cell culture medium to sufficiently cross-link the target protein and
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Fig. 6 OGDHL suppresses CAK-mediated phosphorylation of CDK4 at Thr172. A The results of Western blotting indicated that
overexpression of OGDHL in Huh7 resulted in decreased phosphorylation of CDK4. ***p < 0.001. B Overexpression of OGDHL in HepG2 also
resulted in decreased phosphorylation of CDK4. *p < 0.05; **p < 0.01. C AAV-OGDHL induces downregulation of the phosphorylation level of
CDK4 in HCC cells in vivo. *p < 0.05; **p < 0.01. D Representative images of IHC of HCC tissue from AAV-treated mice, detecting pCDK4.
E Relative expression of OGDHL and pCDK4 in clinical HCC samples. F Results of in vitro phosphorylation assays. The loading amounts of
OGDHL-GST were: 0, 0.8 ug, 1.6 ug, 2.4 ug, 3.2 ug. The loading amount of CDK4-MBP was 1ug. The loading amount of CAK complex was 1.5 ug.
With the gradual increase of OGDHL-GST, the phosphorylation of CDK4 gradually decreased.

genomic DNA, washed and lysed, and then sonicated to shear the genomic
DNA. After centrifugation, the supernatant was collected and mixed with
IgG and E2F1 antibodies, respectively, and mixed overnight at 4 °C with
slow rotation or rocking. Then, after washing and de-crosslinking, it can be
used for PCR detection of the target gene.
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LSPR assay

Install the COOH chip according to the OpenSPRTM instrument standard
operating procedure and start running at the maximum flow rate (150 pl/
min) with the detection buffer PBS (pH 7.4). After the signal baseline has
stabilized, the sample loop is flushed with buffer and emptied. Adjust the
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Fig. 7 OGDHL inhibits the expression of rate-limiting enzymes of the nucleotide synthesis pathway by targeting CDK4-pRB-
E2F1signaling. A Heatmap showing the effect of OGDHL on genes involved in the de novo pyrimidine synthesis pathway in Huh7 cells. B A
brief illustration of the de novo synthesis pathway of pyrimidine. C WB was used to identify the effect of OGDHL on the expression of pRB1
and the rate-limiting enzymes in the de novo pyrimidine and purine synthesis pathways in HCC cell lines. D AAV-OGDHL induced the down-
regulation of pRB1 and rate-limiting enzymes in the de novo pyrimidine and purine synthesis pathways in vivo. E Relative protein

quantification results. *p < 0.05; **p < 0.01; ***p < 0.001. F Knockdown

of E2F1 modulates the expression of rate-limiting enzymes in the de

novo synthesis pathway of pyrimidine and purine in HepG2. G Overexpression of E2F1 induces up-regulation of the rate-limiting enzymes in
the de novo synthesis pathway of pyrimidine and purine in HepG2. H Effects of CDK4/6 inhibitors on the expression of pRB1 and rate-limiting
enzymes in the de novo synthesis pathway of pyrimidine and purine in HepG2. | OGDHL inhibits the expression of rate-limiting enzymes in
the de novo pyrimidine and purine biosynthesis pathway in a CDK4-dependent manner. J CHIP-PCR assay confirmed that E2F1 directly

combined with the promoter regions of CAD and ADSL.

buffer flow rate to 20 pl/min. Load the EDC/NHS (1:1) solution to activate
the chip. Diluted 200 pl of ligand protein was run for 4 min, and after
binding stabilized, the sample loop was flushed with buffer. 200 pL of
Blocking Solution was loaded, the sample loop was flushed with buffer,
and evacuated with air. The baseline was observed for 5 minutes to
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ensure stability. The analyte was diluted with buffer, and the concentra-
tion was shown in the experimental results. The sample was loaded at
20 pl/min. The binding time of protein and ligand was 240 s; the natural
dissociation was 360 s. Increase the flow rate to 150 pl/min and inject the
appropriate regeneration buffer to remove the analyte. The analysis
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Fig. 8 OGDHL inhibits tumor growth and prolongs overall survival in vivo. A Schematic representation of in vivo experiments to judge the
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software used in this experiment was TraceDrawer (Ridgeview Instru-
ments ab, Sweden), and the analysis method was the One To One
analysis model.

Immunohistochemistry (IHC)

Briefly, the paraffin sections were dewaxed to water, placed in a retrieval
box filled with citric acid antigen retrieval buffer (pH 6.0) for antigen
retrieval in a microwave oven. Next, the sections were placed in 3%
hydrogen peroxide solution, incubated at room temperature for 25 min in
the dark, and then washed 3 times in PBS (pH 7.4) to block endogenous
peroxidase. After serum blocking, the primary antibody can be added and
incubated overnight at 4°C in a humidified chamber. After secondary
antibody incubation, DAB color development and counterstaining of
nuclei, dehydration and mounting. Finally, the results were judged. The
hematoxylin-stained nuclei were blue, and the positive expression of DAB
was brown.

Western blot (WB)

Briefly, samples after quantification of BCA protein concentration were
loaded on SDS-PAGE gel, and electrophoresis was performed at 80V on
the stacking gel and 120V on the separating gel until bromophenol blue
reached the lower edge of the gel plate. Cut the gel, transfer the
membrane at a constant current of 300 mA, and adjust the transfer time
according to the molecular weight of the target protein. The transferred
membrane was blocked by adding blocking solution at room temperature
for 1 h, removing the blocking solution, and adding the primary antibody
diluted with primary antibody diluent at 4°C overnight. The diluted
primary antibody was recovered, washed three times with TBST, 5min
each time, added the diluted secondary antibody with secondary antibody
diluent, incubated at room temperature for 30 min, and washed four times
with TBST on a shaker at room temperature, 5 min each time. Finally, a
freshly prepared ECL mixed solution (A:B = 1:1) was added dropwise to the
protein side of the membrane, exposed in a dark room, and the exposure
conditions were adjusted according to different light intensities, develop-
ing and fixing. The AlphaEaseFC software processing system analyzes the
optical density value of the target band.

Statistical analyses

The western blots were analyzed with Image)J software (National Institute
of Health, USA) and the data from more than three independent
experiments were averaged. Significance was determined with 2-tailed
Student’s t test. All p<0.05 values were considered significant. Kaplan-
Meier analysis was used for survival studies. All recipient mice were age
and gender-matched, therefore no formal randomization was performed.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files.
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