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Succinate dehydrogenase deficiency-driven
succinate accumulation induces drug
resistance in acute myeloid leukemia via
ubiquitin-cullin regulation
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% Check for updates Drug resistance is vital for the poor prognosis of acute myeloid leukemia

(AML) patients, but the underlying mechanism remains poorly understood.
Given the unique microenvironment of bone marrow, we reasoned that drug
resistance of AML might rely on distinct metabolic processes. Here, we identify
succinate dehydrogenase (SDH) deficiency and over-cumulative succinate as
typical features in AML, with a marked function in causing the resistance of
AML cells to various anti-cancer therapies. Mechanistically, succinate pro-
motes the accumulation of oncogenic proteins in a manner that precedes
transcriptional activation. This function is mediated by succinate-triggered
upregulation of ubiquitin-conjugating enzyme E2M (UBC12) phosphorylation,
which impairs its E2 function in cullins neddylation. Notably, decreasing suc-
cinate by fludarabine can restore the sensitivity of anti-cancer drugs in SDH-
deficient AML. Together, we uncover the function of succinate in driving drug
resistance by regulating p-UBCI12/cullin activity, and indicate reshaping suc-
cinate metabolism as a promising treatment for SDH-deficient AML.

Acute myeloid leukemia (AML) is an aggressive hematological malig-
nancy, and drug resistance is closely intertwined with its poor prog-
nosis, resulting in a 5-year survival rate of only 27%". While some studies
have investigated drug resistance mechanisms in AML, they offer
limited insights and poor progress in overcoming clinical drug
resistance’.The bone marrow microenvironment causes AML cells to
rely on distinct metabolic pathways, making them susceptible to
metabolic changes’. Metabolic alterations not only fulfill the increased
energy requirements of cancer cells®, but also provide rapid defense
against external stresses’. It is of interest to investigate how metabolic
alterations influence the AML drug sensitivity.

Succinate dehydrogenase (SDH), isocitrate dehydrogenase (IDH),
and fumarate hydratase (FH) are classical tumor suppressors in the
tricarboxylic acid (TCA) cycle. When mutant or down-regulated, they
contribute to tumor progression by causing the accumulation of
oncometabolites®®. Among them, IDH mutations are closely asso-
ciated with the progression in around 20% of AML patients and are well
therapeutically exploited®'. This inspired us to explore whether SDH
or FH alterations also play a role in AML, which is largely unknown. SDH
deficiency, which leads to succinate accumulation, is frequently defi-
cient in solid tumors and associated with poor prognosis'™. Interest-
ingly, SDH deficiency has been associated with imatinib resistance in
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gastrointestinal stromal tumor (GIST) patients”, which raises the
intriguingly possible correlation between SDH deficiency and drug
resistance. However, the relationship between SDH deficiency and
drug resistance in cancer cells remains poorly understood.

Although the currently reported tumor-promoting mechanisms
of SDH deficiency and succinate are very similar with /IDH/FH altera-
tions, mainly through inhibiting alpha-ketoglutarate (aKG)-dependent
dioxygenase, thus activating HIF1a'*", it fails to explain all the primi-
tive and rapid adaptation of tumor cells to exogenous stresses™.
Additionally, HIF1a has also been found to act as a tumor suppressor,
especially in AML'*". Therefore, it is necessary to identify other
oncogenic mechanisms associated with SDH deficiency. In mammals,
approximately 20% of proteins undergo constant synthesis and
degradation, with the degradation process being regulated by ubi-
quitination mediated by cullins®. It is crucial for the proper function-
ing of cells to maintain homeostatic levels of these proteins,
particularly oncoproteins, to promote malignant phenotypes. Post-
translational modifications (PTMs), such as cullin-ring-ligases (CRLs)-
mediated ubiquitination can rapidly modulate abundant proteins
stability”. In this context, we are curious that in addition to tran-
scriptional activation, whether the rapid PTM-mediated regulation of
proteins may play a role in the ability of succinate and other onco-
metabolites to enable tumor cells to counteract external stressors.

Here, we have identified SDH was frequently deficient in AML,
highly possibly caused by transcription downregulation or gene
mutations. SDH deficiency-driven succinate accumulation can lead to
the resistance of AML cells to various anti-cancer therapies. We dis-
covered that UBC12, one of the two essential E2 enzymes involved in
neddylation, can be phosphorylated. This phosphorylation, enhanced
by succinate, negatively regulates the E2 enzyme activity of UBC12 and
cullins neddylation, thus comprehensively modulating oncoproteins
homeostasis like WEE1L, which plays an important role in the drug
resistance induced by SDH deficiency. This function of succinate in
promoting protein stability provides AML cells with a rapid defense
mechanism against anti-cancer therapies. Moreover, we have demon-
strated that reshaping dysregulated succinate metabolism by fludar-
abine significantly inhibits SDH-deficient AML both in vitro and in vivo,
and low concentrations of fludarabine can effectively enhance the anti-
cancer effects of the first-line drugs in AML treatment. Thus, we
uncover that SDH deficiency could serve as a potential molecular
subtype of AML that exhibits drug resistance, and propose that
blunting the metabolic collapse of succinate may generate an effective
strategy to overcome the clinical drug resistance in SDH-deficient
tumors.

Results

SDH deficiency is a common characteristic of AML and is closely
associated with a broad spectrum of drug resistance

To explore whether SDH or FH alterations also play a role in AML, we
first compared the mutation rates of SDH and FH with the typical
mutated /DH gene. SDHx (SDHA-SDHD) mutation was detected in
30.67% of AML patients (50/163), and all of them contained SDHA
mutations. It occurred more frequently than /DHI/2 mutations
(19.02%) or FH mutations (2.45 %) (Figs. 1a and Sla). Notably, 11.04% of
AML patients (18/163) displayed co-occurrence of SDHx and IDHI/2
mutations. 18 SDHA mutation sites were identified in AML cells, with 9
of them also identical to be the mutation sites in pheochromocytoma
and paraganglioma (PCPG), the classic SDH mutant cancer type
(Table S1, S2). Loss-of-function mutations and significantly reduced
mRNA levels could contribute to SDH deficiency. Subsequently, we
delved deeper into SDH deficiency by examining mRNA levels in AML.
Indeed, the expression levels of SDHx, as well as IDH1/2 and FH, were
significantly lower in AML patients compared to normal tissue, indi-
cating their inability to function as tumor suppressors (Fig. 1b). Similar
phenomenon was observed in PCPG, cholangiocarcinoma (CHOL),

renal cell carcinoma (RCC) and Sarcoma (SARC), where SDH deficiency
has been implicated as a key driving factor (Fig. 1c, Table S3). In
addition, there is a significant positive correlation between SDHA
mRNA levels and SDHA protein levels in primary AML samples, indi-
cating that low mRNA levels of SDH also can result in decreased protein
levels (Fig. S1c). Besides, most AML patients with SDHA mutations also
have lower SDHA protein levels. These results indicate that comparing
to IDH mutation, SDH is more frequently deficient in AML cells.

We then investigated the correlation between SDH deficiency and
drug sensitivity in AML. We found that SDH deficiency-associated gene
set was significantly enriched in the transcriptome of drug resistant
leukemia cells (Fig. 1d). Moreover, single-cell RNA-seq data showed
that SDH deficiency-associated genes were highly expressed in pri-
mary AML cells that survived after cytarabine treatment (Fig. 1e). These
results suggest that SDH deficiency may play an important role in the
self-protection of AML cells against anti-cancer therapies. Since we
found that gene mutations and transcriptional downregulation may
lead to SDH deficiency in AML, we next examined the drug sensitivity
of AML samples with SDH mutant or SDH low mRNA expression. For
SDH mutant samples, considering that SDHA mutation occurs at the
highest rate among the four subunits of SDH in AML patients, we
focused on SDHA mutant to investigate SDH deficiency in our sub-
sequent investigation. We classified AML cell lines into SDHAM" and
SDHx"* groups, and then analyzed their sensitivity to over 300 FDA
approved anti-cancer drugs. Higher Z scores indicate higher drug
resistance. We found that SDHAM" group exhibited higher Z scores for
91.30% of the drugs, indicating potential drug resistance (Fig. 1f,
Table S4). The IDHI/2 mutation group showed a drug resistance rate of
65.09%, and for AML cells with SDHA plus /DH1/2 mutations, this pro-
portion was 94.97%, slightly higher than 91.30%, suggesting that IDH1/2
mutations may weakly enhance drug resistance in AML cells with SDH
mutations, but the overall impact is not significant (Figs. 1f, S1d and
Table S5). These data suggest that SDHA mutation is highly correlated
with drug resistance in AML.

For SDH low mRNA expression samples, we evaluated the corre-
lation between SDHA expression levels and drug sensitivity in various
cancer types. Among them, SARC, CHOL as well as AML were selected
as they exhibited significantly lower SDHA expression. Specifically, the
tumor-to-normal tissue (T/N) ratios of SDHA expression were pre-
dominantly less than 1 (Fig. 1g). AML cell lines were then classified into
SDHA™" group and SDHA"" group based on the average mRNA levels
of SDHA. The Z scores of AML cell lines in the SDHA"" group for most
drugs (80.29%) were higher than those in the SDHA"" group. Similar
findings were also observed in SARC and CHOL (Fig. 1h). By contrast, in
those tumors where the majority of the T/N ratios of SDHA expression
were greater than 1, the majority of Z scores in the SDHA"*" group were
lower than those in the SDHA"" group (Fig. 1i, j). The above evidences
indicate that only when the expression of SDHA is severely low, leading
to its deficiency, lower expression positively correlates with drug
resistance in cancer cells. Collectively, our results indicate that SDH
deficiency, either caused by low expression or mutations, can cause
wide-ranging drug resistance in tumor cells, particularly in AML.

Succinate accumulates in SDH-deficient AML and drives drug
resistance

SDH deficiency could induce abnormal accumulation of succinate®.
Therefore, we subsequently analyzed the succinate levels in AML
models and its correlation with SDH deficiency. We first evaluated
succinate levels in patient-derived AML cells (PDCs). As expected, AML
blasts with lower mRNA levels or protein levels of SDHA exhibited
higher succinate content (Figs. 2a, S2a). We defined primary AML cells
as the SDHA™ group and SDHA"e" group based on SDHA protein
expression and found that the average succinate content in the
SDHA"™ group is 2.16 times than that of the SDHA"" group, compar-
able to the fold increase observed in succinate levels following SDHA
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knockdown in cell lines (Fig. S2b, c). Moreover, we compared succinate
levels in primary bone marrow from AML patients with those from
non-AML normal donors. AML blasts exhibited elevated succinate
levels than normal blasts, where succinate levels were 810.93 + 400.61
nmole/10° cells in AML patients v.s. 313.59 +112.35 nmole/10° cells in
non-AML control, representing a more than two-fold increase (Fig. 2b,

left). Given the potential secretion of succinate from cells into the
extracellular milieu, succinate levels were additionally assessed in
bone marrow plasma obtained from AML patients. It was observed that
succinate levels in the bone marrow plasma of AML patients were
significantly elevated compared to the control group (Fig. 2b, right).
Similarly, succinate levels in both bone marrow and peripheral blood
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Fig. 1| SDH deficiency is a common characteristic of AML and is closely asso-
ciated with a broad spectrum of drug resistance. a The mutation rates of SDHx,
IDHI/2 and FH in AML. The raw data is sourced from TCGA. *represents AML
samples with both FH and SDH mutations. 2represents AML samples with both FH
and /DH mutations. b The expression of SDHx, IDH1/2 or FH in AML samples and
normal tissues. ¢ The ratios of the median expression of SDHx, IDHI/2 or FH in
different cancer species (T) compared to their corresponding normal tissues (N).
The full names of different tumors were listed in the Supplementary table 1. b, c The
gene expression data for different cancer species, including AML, was obtained
from TCGA, while those for normal tissues were sourced from GTEx. The above
data were downloaded from the ‘A combined cohort of TCGA, TARGET, and GTEx
samples’ dataset on the UCSC Xena (https://xena.ucsc.edu/). d GSEA enrichment
plot for SDH deficiency signaling in drug resistant K562 vs drug sensitive K562.
(Data of K562 transcriptome is from GSE131823). SDH deficiency signaling is
defined by GSEA’s official “CERVERA_SDHB_TARGETS 1 _UP” set. The significance

analysis was conducted by two-tailed unpaired Student’s ¢-test. e, UMAP plot of
control (blue; n=1952) and cytarabine-treated AML cells (orange, n=2675) (Left).
UMAP plot displaying the signature scores for SDH deficiency signaling (Right).
(Single-cell RNA-seq data is from GSE146590). f-j The relationship between genes
expression or mutation and drug sensitivity in diverse tumor cells. The SDHAM™
group does not include cells with /DHI/2 mutations, and vice versa for the IDH1/2""*
group. The (SDH & IDH1/2)"" group includes cells that do not have mutations in SDH
and IDH1/2. Indicated tumor cells with higher-than-average of SDHA expression
values were classified into the SDHA"" group, and the opposite were classified into
the SDHA" group. Z scores of anticancer drugs on tumor cells in the same group
were averaged and marked by different colors. The T/N ratios of SDHA level were
exhibited in Fig. 1f, h. T: tumor; N: normal. RCC includes kidney renal papillary cell
carcinoma (KIRP) and kidney renal clear cell carcinoma (KIRC). Source data are
provided as a Source Data file.

of AML-bearing mice were significantly higher than those of non-AML-
bearing mice (Figs. 2c, S2d). These results indicate that AML cells
exhibit a distinctive metabolic feature characterized by elevated suc-
cinate levels, likely attributed to SDH deficiency. We also detected the
ICso values of the first-line chemotherapies on PDCs, and found a sig-
nificant association between elevated succinate levels and higher ICso
values for the most first-line chemotherapies (Fig. 2d). Similarly, lower
SDHA mRNA levels correspond to higher resistance indices of primary
AML cells to these chemotherapies (Fig. S2e). These results indicate
that succinate accumulation was strongly correlated with the reduced
drug sensitivity in AML cells.

We next investigated whether manipulating the levels of SDHA,
resulting in aberrant succinate accumulation, could achieve its
canonical pro-oncogenic effects in AML cells. SDHA was knocked
down in HL-60 cells to establish a model with high succinate level
(Fig. 2e). In line with previous findings in solid tumors®*, SDHA
knockdown in AML cells exhibited an enhancement in clone forma-
tion abilities, similar to the effect observed with succinate treatment
(Fig. 2f, g). To investigate whether SDH deficiency can similarly
promote AML progression in vivo, we evaluated the effect of SDHA
knockdown on tumor growth in HL-60 subcutaneous xenograft
mouse models. As expected, the tumor growth rate was significantly
accelerated in the two shSDHA groups compared to the shCtrl group
(Fig. 2h, i). These results indicate that succinate accumulation could
enhance the malignancy of AML cells, paralleling its tumor-
promoting effects in solid tumors.

We further examined whether SDHA knockdown could elicit a
novel function of inducing drug resistance in AML. We treated AML
cells with gradient concentrations of first-line chemotherapeutic drugs
and found SDHA knockdown could significantly induce AML resistance
to 72.73% of chemotherapies (8/11) (Fig. 2j). Strikingly, SDHA knock-
down could also obviously trigger AML resistance to 88.89% of tar-
geted drugs (64/72) (Fig. 2k), suggesting that SDHA knockdown-
caused drug resistance is broad-spectrum across multiple drugs. Fur-
thermore, supplementing SDHA in cells with low SDHA expression can
effectively reverse the drug resistance induced by SDHA deficiency
(Fig. S2f, g). Therefore, we can conclude that SDH deficiency caused
abnormal succinate accumulation in AML, which could promote tumor
progression in vitro and in vivo as well as provoking AML cell resis-
tance to broad anti-cancer drugs, probably contributing to the poor
prognosis of AML patients.

Succinate impairs the E2 enzyme function of UBCI2 to enhance
the stability of tumor-promoting proteins

Considering that succinate can induce AML resistance to various types
of anti-cancer drugs, we speculate that succinate might possess a
broad and rapid regulatory mechanism for a diverse range of sub-
strates. To explore this, HL-60 cells were treated with succinate for 3 h

or 24 h, followed by proteome and transcriptome sequencing. Pro-
teome analysis showed that 255 proteins (cluster I+II) were upregu-
lated after succinate treatment (Fig. 3a). Among these 255 proteins, the
majority did not exhibit an increase in their corresponding transcrip-
tion levels at either 3 h or 24 h after succinate treatment, while a small
portion showed an increase in transcription levels at 24 h, indicating
that the upregulation of proteins in succinate-treated cells was not
solely attributed to increased transcription (Fig. 3b). These results
reveal the function of succinate in modulating protein homeostasis,
which appears to be more rapid than transcriptional regulation. We
then investigate whether succinate-upregulated proteins contribute to
drug resistance and tumor progression. Firstly, we observed that
oncogenic signaling pathways, like E2F, G2M and MYC signaling, were
significantly enriched in the succinate treatment group (Fig. 3c), which
has been identified to be closely related with tumor progression and
drug resistance***, Then, 34 proteins that upregulated by succinate in
the above signaling were overlapped with the 255 proteins (cluster I+1I,
among which the high expression of WEE1 and TUBG1 were identified
to be significantly associated with the low survival rates of AML
patients. It has been widely reported that WEEI play an important role
with the drug resistance of cancer cells®*. Additionally, proteomics
data indicate that the upregulation of WEEI by succinate is higher than
that of TUBGI(Fig. 3d). Therefore, we next primarily investigate the
role of WEEL in SDH deficiency-induced drug resistance. We confirmed
that succinate treatment indeed upregulated the protein level of WEE1
without altering its transcript levels (Fig. 3e). Furthermore, knocking
down WEEL in SDHA knocked down HL-60 cells could reverse the drug
resistance caused by SDH deficiency (Fig. 3f,g). These findings suggest
that the accumulation of oncogenic proteins like WEEI regulated by
the p-UBC12/cullin pathway due to SDH deficiency may play a critical
role in the drug resistance process in AML.

We next investigated the molecular mechanisms underlying
succinate-induced accumulation of oncogenic proteins. GSEA analysis
revealed that the protein set associated with neddylation inhibitor
MLN4924 treatment” and proteasome inhibitors MG132 treatment?,
but not autophagy inhibitor CQ treatment®, were significantly enri-
ched after 3h and 24 h succinate treatment (Fig. 3h). CRLs are acti-
vated by neddylation modification, mainly functioning as E3 ligases in
ubiquitination'. This led us to speculate succinate may enhance pro-
tein stability through inhibiting cullins neddylation. Moreover, succi-
nate significantly impaired cullins neddylation (Fig. 3i), and
knockdown of SDHA exerted similar effects (Fig. 3j). These results
indicate that succinate has an inhibitory effect on neddylation, which
may strongly enhance protein stability.

Neddylation is a cascaded enzyme reaction, which is regulated by
E1/E2/E3 enzymes. We next explored whether succinate could block
the cascaded enzyme reaction to inhibit neddylation. The result illu-
strated that succinate treatment inhibited the interaction between
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neddylation E2 enzyme UBCI2 and E1 enzyme, NEDD8 activating Succinate promotes the phosphorylation of UBCI12 at serine-6
enzyme (NAE), which is formed by the heterodimerization of UBEIC  site through PKCa

and NAE1 (Fig. 3k). Succinate pre-treatment also inhibited UBCI2 Post-translational modifications (PTMs) provide a rapid response to
binding to recombinant UBEIC (Fig. 3I), indicating that succinate could  stimuli, finely tuning metabolism and protein expression. Since suc-
impact UBCI2 activity, rather than UBEIC. Overall, these findings cinate can rapidly cause protein accumulation by inhibiting UBCI12
demonstrated that succinate mediates rapid and ubiquitous drug function, we hypothesized that succinate may modulate UBCI2 func-
resistance in AML cells, mainly through increasing substantial tumor-  tion by affecting its PTMs. We screened a panel of PTM inhibitors and
promoting proteins by attenuating the function of UBC12 and inhi- found phosphatase enzyme inhibitor calyculin A could most effec-
biting cullins neddylation. tively inhibit cullin 3 neddylation (Fig. S3a), indicating phosphorylation
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Fig. 2 | Succinate accumulates in SDH-deficient AML and drives drug resistance.
a Correlation analysis between SDHA mRNA levels and succinate levels in primary
AML samples (n = 25). b The succinate levels of cells and plasma in the bone marrow
of primary AML sample and non-AML samples. ¢ The succinate levels of bone
marrow cells and peripheral plasma in AML orthotopic xenograft mice and normal
mice. d Correlation analysis between ICsq of different chemotherapy drugs on
primary AML samples and the succinate levels of these samples. a, d Pearson cor-
relation coefficient r was calculated by GraphPad Prism. Data are presented as mean
+95% confidence bands. The significance analysis was conducted by simple linear
regression. e SDHA was knocked down in HL-60 cells using lentiviral infection,
followed by two rounds of puromycin selection to establish stable SDHA knock-
down cell lines. Then the succinate levels of HL-60 shCtrl cells and HL-60 shSDHA
cells, and the effects of SDHA knock down were detected. The HL-60 shCtrl and HL-
60 shSDHA cells used in the following are the same as the cells used here. (f) The

clone formation rates of shCtrl cells and shSDHA HL-60 cells. g The clone formation
rates of HL-60 cells after treated with different concentrations of succinate for

10 - 14 days. Suc: succinate. h The effect of SDHA knocked down in the tumors of
AML xenograft models. i Tumor growth of the shCtrl and shSDHA HL-60 cells
derived xenografts in NSG mice. Tumor volume growth curves are based as
mean + SE (n=5). j, k shCtrl and shSDHA HL-60 cells were treated with three gra-
dient concentrations of chemotherapy drugs (j) or 50 % peak plasma concentration
(PPC) of targeted drugs for three days (k). The resistance index is calculated using
the area under the curve (AUC) of cell viability at three chemotherapy drug con-
centrations. A larger resistance index indicates greater drug resistance.

b-c, e-g, Data are presented as mean + SD; (b-c, e-g, i-k) The significance analysis
was conducted by two-tailed unpaired Student’s t-test. e-g Three independent
experiments were performed. Source data are provided as a Source Data file.

may regulate UBCI2 activity. Our subsequent experiments revealed
that UBCI2 can indeed undergo phosphorylation, as evidenced by the
detection of phosphorylation signals (Ser/Thr), which were diminished
by calf intestinal alkaline phosphatase (CIAP) treatment (Fig. 4a). Fur-
thermore, both succinate treatment (Fig. 4b) and calyculin A treatment
(Fig. S3b) dramatically increased Ser/Thr phosphorylation of UBC12.
Using Phos-tag, which selectively separates phosphorylated protein
from the non-phosphorylated counterparts on SDS-PAGE®, we
observed a distinct band corresponding to phosphorylated UBCI12
(Fig. S3c). Additionally, we did not detect any tyrosine phosphoryla-
tion signal of UBCI2 with the tyrosine phosphatase inhibitor NA;VO,
treatment (Fig. S3d). Collectively, these findings confirm that UBCI2
can undergo phosphorylation at serine Ser/Thr sites, which can be
further enhanced by succinate.

To identify the phosphorylation sites of UBC12, we conducted two
independent mass spectrometry experiments. S6, S28, and S175 were
detected as potential phosphorylation sites of UBCI12 in both experi-
ments, while S50 and S73 were potential sites in one experiment each
(Figs.4c, S3e). Further mutational analysis of above sites indicated S6 is
the preferential phosphorylation site for UBC12 (Fig. 4d). Moreover,
different mutant types at S6 did not show phosphorylated signals
under calyculin A treatment or phos-tag system (Figs.4e, f, S3f,g). We
then generated a custom-made anti-UBC12 (phosphor S6) antibody,
and confirmed that UBCI2 can indeed be phosphorylated at Sé6 site.
Additionally, both succinate treatment and SDHA knockdown
increased UBC12 phosphorylation at S6 (Fig. 4g,h). These findings
validate that UBC12 undergoes phosphorylation at site 6, and succi-
nate further enhances its phosphorylation.

To elucidate the mechanism underlying UBC12 phosphorylation,
we predicted the potential phosphokinases of UBC12 on NetPhos 3.1,
and identified PKC as the most likely candidate. Our experimental
findings demonstrated that PKC activator TPA treatment increased
UBC12 phosphorylation (Figs. 4i, S4a). Additionally, inhibition of PKC
using specific inhibitors attenuated UBCI2 phosphorylation
(Fig. S4b-f), indicating that PKC can phosphorylate UBCI2. To further
investigate which PKC isoform is responsible for UBC12 phosphoryla-
tion, we generated PKCa-CAT, which retained only the catalytic
domain (CAT) of PKC, and PKCa-CAT-DN, which contained a point
mutation abolishing ATP binding ability. Overexpression of PKCa-CAT
resulted in a noticeable increase in UBC12 phosphorylation (Figs. 4j,
S5a), while PKCa-CAT-DN had no influence on phosphorylation
(Fig. 4k). Importantly, while PKCa-CAT promoted the phosphorylation
of UBCI2"", no increase in phosphorylation was detected in the S6
mutant UBCI2 (Figs. 41, S5b). In contrast, PKCB and its variants
exhibited either no effect or a weaker effect on UBC12 phosphorylation
compared to PKCa (Fig. S5¢,d). An in vitro PKCa kinase assay con-
firmed that PKCa, not PKCP, phosphorylated UBC12 at S6 (Figs. 4m,
S5e). Finally, we observed that PKC inhibitor treatment significantly
decreased succinate-induced phosphorylation of UBC12 at S6 (Fig. 4n),
further supporting PKCa as the specific phosphokinase responsible for

UBCI12 phosphorylation at Sé6. In summary, these findings collectively
demonstrate that succinate promotes the phosphorylation of UBCI2 at
S6 site through PKCa activation.

Phosphorylation of UBC12 impairs cullins neddylation through
disrupting UBCI12/UBEIC interaction

We next explored whether phosphorylation of UBC12 would affect its
E2 enzyme function. We found while both UBCI2"T and UBCI125
(mimicking hypo-phosphorylation) could interact with E1 enzyme
UBEIC, UBCI2*® and UBCI2** (both simulating hyperpho-
sphorylation) exhibited significantly weaker interaction with UBEIC
(Figs. 5a, S6a,b). Interestingly, the mutation at S6 did not influence the
interaction between UBCI12 and the neddylation E3 enzyme DCNI1
(Figs. 5b, Sé6c). Furthermore, calyculin A treatment hindered the
UBC12/UBEIC interaction and this inhibition was further enhanced by
the addition of TPA treatment (Figs. 5¢, S6d). Moreover, PKCa-CAT
overexpression also reduced UBEIC/UBCI2 interaction, which was
rescued by the PKC inhibitor sotrastaurin (Fig. 5d), suggesting phos-
phorylation of UBCI2 inhibit its interaction with neddylation E1
enzyme UBEIC, rather than E3 enzyme DCNL.

To better characterize the effect of hyperphosphorylated UBC12
on the neddylation pathway, we detected NEDDS transfer ability of
UBCI2"T and UBCI1256#56P/S¢E iy vitro. While UBC12* exhibited similar
NEDDS transfer activity to UBCI2"", UBC12%" and UBC12%* showed
reduced NEDDS transfer (Fig. Se,f). In addition, overexpression of
UBCI12"" and UBC12°** could increase the neddylation of cullin 1 and
cullin 3, whereas UBC12%¢® and UBC12%% did not exhibit the same effect
(Fig. 5g). Moreover, calyculin A treatment impaired cullins neddyla-
tion, which was further promoted by PKCa overexpression (Fig. 5h).
Taken together, our findings suggest that phosphorylation of UBCI12
impairs NEDDS transfer and cullins neddylation. The role of succinate
in upregulating UBC12 phosphorylation provides an explanation for its
ability to inhibit cullin neddylation and promote the accumulation of
the CRLs downstream oncoproteins.

Reshaping succinate metabolism by fludarabine can antagonize
drug resistance in AML cells

Given that succinate accumulation induced multidrug resistance, it is
plausible that restoring succinate metabolism may potentially recover
drug sensitivity. To identify effective strategies for reducing succinate
levels, we conducted a screening of an FDA-approved anticancer drug
library and found that seven drugs exhibited more than a 50% sup-
pression in succinate levels (Fig. 6a). Further investigation identified
that among these drugs, fludarabine exhibited the most potent inhi-
bitory effect (Fig. 6b). Fludarabine is a purine nucleoside analog that
exerts antineoplastic effect primarily through inhibiting DNA
synthesis”. Here, we observed fludarabine treatment effectively
reversed the succinate increasement induced by SDHA knockdown
(Fig. 6¢), and restored the upregulated UBCI2 phosphorylation
(Fig. 6d) and inhibited cullins neddylation caused by succinate
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Fig. 3 | Succinate impairs the E2 enzyme function of UBC12 to enhance the
stability of tumor-promoting proteins. a Schematic view of the proteome and
transcriptome sequencing results of HL-60 cells treated by 6 mM succinate for 3 h
or 24 h. b Heat map display of the upregulated proteins (cluster I + 11 in Fig. 3a) both
in the proteome of succinate 3 h and 24 h groups, and their corresponding mRNA
levels. Three replicate results were demonstrated. ¢ NES scores of the most altered
gene signatures derived from GSEA in succinate-treated proteome compared to
control condition. The p-values of all results are less than 0.05. Overlaying the
proteins upregulated by succinate from the four pro-cancer gene signatures (in
red) with the 255 proteins in cluster (I+1I), 34 proteins were identified. Subse-
quently, we analyzed the correlation of these 34 proteins with AML prognosis and
found that high expression of WEE1 and TUBG1 was significantly associated with
AML prognosis. d The relative protein levels of WEE1 and TUBG1 in succinate group
compared to control group in proteome data. e Detection of WEEL protein level
(left) and mRNA level (right) in HL-60 cells after treated by 6 mM succinate.

GAPDH

GAPDH

25

293T

f, g WEE1 was knocked down in shSDHA and shCtrl HL-60 cells. Then cytarabine and
IDA of indicated concentrations were treated on the above cells for three days,
followed by the detection of cell viability. Cyta: cytarabine; IDA: idarubicin HCI.

h GSEA analysis for the upregulated proteins under MLN4924, MG132 or CQ
treatment in succinate v.s. control condition. The succinate group contains both
succinate 3 h treatment group and 24 h treatment group. i Detection of cullin
neddylation level in HL-60 and NB4 cells after treated with 6 mM succinate for
indicated time. j Detection of cullin neddylation in SDHA stably-knocked down HL-
60 and NB4 cells. k, I Detection of the interaction between exogenous UBCI2 and
endogenous UBEIC (k) or recombinant UBEIC (I) in 293 T cells after transfected
with UBCI12, followed by treatment with succinate. R: recombinant. a-g, i-1 Three
independent experiments were performed; d-f, Data are presented as mean + SD;
a-h The significance analysis was conducted by two-tailed unpaired Student’s ¢-
test. Source data are provided as a Source Data file.
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treatment (Fig. 6e). These results indicate that fludarabine can effec-
tively decrease succinate levels and antagonize the inhibitory effect of
succinate on neddylation.

We next explored whether reshaping succinate metabolism
through fludarabine treatment could specifically inhibit the malignant
phenotypes of SDH-deficient AML cells. Compared to shCtrl cells,
fludarabine exhibited a more pronounced inhibitory effect on the

proliferation of shSDHA cells (Fig. 6f). CB-839, which can reduce suc-
cinate levels, exhibits similar efficacy but demonstrated weaker inhi-
bition of shSDHA cells compared to fludarabine (Fig. 6g). Moreover,
fludarabine exhibited a more effective inhibition of clone formation in
shSDHA cells compared to shCtrl cells (Fig. 6h). Consistently, a higher
percentage of apoptotic cells was observed in shSDHA cells treated
with fludarabine compared to shCtrl cells (Fig. 6i). To exclude the
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Fig. 4 | Succinate promotes the phosphorylation of UBCI12 at serine-6 site
through PKCa. a, b Detection of the Ser/Thr phosphorylation level of UBC12 in
293 T cells after transfected with UBC12, followed by treatment with CIAP (a) or
succinate (b). ¢ Second order spectrums of UBCI2 S6 in two independent mass
spectrometry experiments. d-f Detection of the phosphorylation level of UBCI2V"
and different mutant UBCI2 in 293 T cells after treated by 25 nM calyculin A for
1.5 h. g Anti-UBC12 (phospho S6) antibody was customized and used to detect the
phosphorylation level of UBC12 in HL-60 and U-937 cells after treated with 6 mM
succinate for 3 days. h Detection of the phosphorylation level of UBC12 in HL-60
and NB4 cells after SDHA was stably knocked down. i Detection of the phosphor-
ylation level of UBCI2 in 293 T cells after transfected with UBCI2, followed by
treatment with different concentrations of TPA for 45 min. j-k Detection of the
phosphorylation level of UBCI2 in 293 T cells after transfected with UBCI12 and

PKCa CAT (j), or UBC12, PKCa CAT and PKCa CAT DN (k). I Detection of the
phosphorylation level of UBC12"" and different mutant types at S6 of UBC12 in
293 T cells after transfected with PKCa CAT. m Detection of the phosphorylation
level of recombinant UBC12"" or UBC12%** proteins after incubated with recombi-
nant PKCa protein. n Pre-treat HL-60 cells with 200 nM sotrastaurin for 24 h, then
treat with 6 mM succinate for 2 days, followed by detecting the phosphorylation
levels of UBC12. a-b, e, i-1 and m The samples derive from the same experiment but
different gels for p-T/S and another for a-HA or UBC12 were processed in parallel.
d and f, The samples derive from the same experiment but Phos-tag SDS-PAGE and
normal SDS-PAGE were used in parallel to detect UBC12 and p-UBCI2. g, h and

n, The samples derive from the same experiment but different gels for p-UBC12 and
another for UBC12 were processed in parallel. Source data are provided as a Source
Data file.

classic DNA synthesis inhibition effect of fludarabine from its impact
on killing shSDHA cells, we treated shSDHA cells with gradient con-
centrations of fludarabine and then measured intracellular succinate
levels as well as cell viability (Fig. 6j). The results showed that fludar-
abine, at low concentrations of 50-200 nM, could downregulate suc-
cinate levels without significantly inhibiting cell viability. At a
concentration of 300 nM, succinate levels did not decrease further,
but cell viability was significantly reduced. We also investigated whe-
ther low concentration of fludarabine could synergistically enhance
the inhibitory effect of other antitumor drugs (Fig. 6k,l). The results
showed that when cytarabine and idarubicin HCI were used alone, the
shSDHA groups exhibited resistance to these drugs compared to the
control group. However, when cytarabine or idarubicin HCI was
combined with low concentration of fludarabine, their anti-tumor
effects were significantly enhanced. These results suggest that low
concentrations of fludarabine do not kill AML cells but can enhance the
sensitivity to other drugs by downregulating succinate levels. At higher
concentrations, both the inhibition of succinate and DNA synthesis
contribute to the antitumor effects of fludarabine.

Fludarabine specifically inhibits SDH-deficient AML in both pri-
mary samples and in vivo models

We next investigated the potential of fludarabine as an effective
therapy for SDH-deficient AML. We determined the ICsq of fludarabine
on primary AML cells and observed a striking correlation between
higher succinate levels and lower ICsq values of fludarabine (Fig. 7a),
indicating that fludarabine specifically inhibits primary AML cells with
high succinate levels. To evaluate the therapeutic effect of fludarabine
on SDH-deficient AML in vivo, shSDHA or shCtrl HL-60 cells were used
to establish xenograft models, followed by treatment with fludarabine,
as well as cytarabine serving as a control (Fig. 7b). Both cytarabine and
fludarabine could inhibit the tumor growth of shCtrl group, with
inhibition rates of 52.47% and 84.34%, respectively. However, cytar-
abine had minimal impact on the tumor growth in the shSDHA group,
whereas fludarabine obviously inhibited the tumor growth in the
shSDHA group by 82.64% (Fig. 7c-e). These data demonstrate that SDH
deficiency can lead to drug resistance in AML cell in vivo, but fludar-
abine retains the ability to effectively suppress their growth. Addi-
tionally, fludarabine was also found to significantly decrease succinate
levels in tumor tissues derived from shSDHA cells, while cytarabine
had no effect on succinate levels (Fig. 7f), indicating that reshaping
succinate metabolism makes a significant contribution to the inhibi-
tory effect of fludarabine.

Furthermore, we evaluated whether fludarabine could improve
the prognosis of AML patient-derived xenograft (PDX) with high suc-
cinate levels. Remarkably, fludarabine significantly extended the sur-
vival time of these AML PDX mice, while cytarabine did not show any
significant difference compared to the control group (Fig. 7g). Taken
together, these findings illustrate that reshaping succinate metabolism
by fludarabine can effectively inhibit SDH deficient AML in both in vivo

models and primary samples, provides fludarabine as an attractive
therapeutic strategy for the treatment of SDH-deficient AML in clinical
practice.

Discussion

SDH deficiency is linked to poor prognosis in solid tumors, but limited
research has investigated its role in drug sensitivity and AML. In this
study, we identified that transcription downregulation or gene muta-
tions could highly possibly lead to the frequent deficiency of SDH in
AML. We demonstrated that the accumulation of oncometabolite
succinate caused by SDH deficiency is the critical reason contributing
to drug resistance in AML cells. We proposed that succinate activated
p-UBC12/cullin pathways, rapidly regulating oncoprotein homeostasis
as a first-line defense for AML cells against anticancer agents. Given the
important function of accumulated succinate in modulating drug
sensitivity, we suggested that reshaping succinate metabolism could
help overcome drug resistance in SDH-deficient tumors like AML.

Oncometabolites abnormally accumulate when TCA cycle
enzymes are altered, and although their tumor-promoting role is well-
established, their correlation with drug resistance remains uncertain.
Gene alterations have long-identified as a common mechanism
underlying resistance to specific anticancer therapies. In this study, we
elucidated the interplay between metabolism and protein alterations,
which significantly drive comprehensive drug resistance. We verified
that, in addition to IDH, SDH deficiency represents a strong candidate
molecular subtype in AML. Elevated succinate levels caused by SDH
deficiency positively correlated with reduced AML PDCs’ drug sensi-
tivity across drugs classes, indicating the potential of SDH deficiency
and succinate as important diagnostic and therapeutic markers in the
clinical management of AML.

One of the characteristics of metabolites is their ability to enable
cancer cells to respond rapidly to external stress, but the mechanism is
unclear. The regulatory function of succinate in modulating protein
homeostasis through activating UBCI12 phosphorylation is surprising,
which is independent and even earlier than transcription activation.
UBCI2 functions as the more important one of two E2 enzymes in
neddylation®, but the mechanism of its activity regulation is limited.
Intriguingly, our findings demonstrated, for the first time, that UBCI12
can be phosphorylated, and we discovered a solid link between
succinate-upregulated UBCI12 phosphorylation and the impairment of
E2 enzyme activity and cullins neddylation. We conjecture that the
rapid modulation of succinate on the stability of oncoproteins through
p-UBC12/cullin axis provides a primitive defense for AML cells in
response to anticancer therapies. These findings also highlight
p-UBCI2 as an attractive target for overcoming drug resistance in
tumor cells. Although the function of SDH deficiency in inhibiting
cullin activity has been reported®, our work first reveals the molecular
mechanism of SDH deficiency inhibiting cullin neddylation and the
resulting resistant phenotype. Besides of the upregulated proteins, we
also found that succinate can downregulate some proteins, probably
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through upregulating E3 ligase and downregulating DUBs. There are
some classic tumor suppressors among these downregulated proteins,
like CUX1 and SETD2, which may also play a role in inducing resistance
in AML and warrant further in-depth study.

The relationship between CRLs and cancers is diverse, exhibiting
both cancer-promoting and anticancer effects®*>°. The anticancer
effect of E1 enzyme inhibitor MLN4924 exhibits one aspect of this
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;

cul3-N8

35
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relationship. We consider that the degree of dependence on CRLs by
different tumors, as well as the activation levels of various CRL sub-
strates in different tumors, may influence the role of CRLs in cancer. In
AML, we are more inclined to consider that CRL inhibition may exert a
cancer-promoting effect based on our data. This is further validated
under the tumor-promotion effect of low concentrations of MLN4924
in AML cells, while the tumor-suppressing effect of high
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Fig. 5 | Phosphorylation of UBCI12 impairs cullins neddylation through dis-
rupting UBC12/UBEIC interaction. a, b, 293 T was transfected with UBC12"" and
its different mutant types at S6, and their interactions with UBELC (a) and DCNI (b)
were detected. ¢ Detection of UBC12/UBEIC interaction in 293 T cells after trans-
fected with UBELC, followed by treatment with 100 nM TPA and 25 nM calyculin A.
d Detection of UBC12/UBEIC interaction in 293 T cells after transfected with UBC12,
followed by treatment with 200 nM sotrastaurin for 24 h. The samples derive from
the same experiment but different gels for p-T/S and another for a-HA were pro-
cessed in parallel. e, f, Detection of the transferring ability of NEDD8 from E1
enzyme. Recombinant UBELIC, NAEL and NEDDS proteins were incubation with

recombinant UBCI12"", UBC12%%*, UBC12%® or UBCI2%* proteins at 2.5-15 min (e)
and for 25-400 nM UBCI2 (f). The samples derive from the same experiment but
different gels for UBC12 and another for NEDD8 were processed in parallel.

g, h Detection of cullin neddylation in PC9 cells after transfected with UBC12"" and
its different mutant types at Sé6 (g), or transfected with UBCI12 and PKCa, followed
by treatment with 25 nM calyculin A for 1.5 h (h). The samples derive from the same
experiment but different gels for cull, another for cul3 and another for cul4 were
processed in parallel. The different gels for p-UBC12 and UBCI2 in Fig. Sh were
processed in the same way. Source data are provided as a Source Data file.
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Fig. 6 | Reshaping succinate metabolism by fludarabine can antagonize drug
resistance in AML cells. a H1299 cells were treated with 82 FDA approved anti-
cancer drugs for three days (25% PPC). The final relative succinate Level= the suc-
cinate level /the survival rate. b HL-60 cells were treated with the top7 drugs (25 %
PPC, three days) in Fig. 6a. Two independent experiments were performed; Data are
presented as mean (n = 2). ¢ shCtrl and shSDHA HL-60 cells were treated with
500 nM fludarabine for three days. d Detection of UBC12 phosphorylation in HL-60
cells after treated with 500 nM fludarabine for three days, followed by treatment of
6 mM succinate for 3 h before collecting the samples. The samples derive from the
same experiment but different gels for p-UBC12 and another for UBC12 were pro-
cessed in parallel. e Detection of cullin neddylation in HL-60 cells after treated with
500 nM fludarabine for three days, followed by treatment of 6 mM succinate for
indicated time before collecting the samples. The samples derive from the same

experiment but different gels for cull and another for cul3 were processed in
parallel. f-g shCtrl and shSDHA HL-60 cells were treated with fludarabine (f) and
CB-839 (g) for three days respectively. h shCtrl and shSDHA HL-60 cells were
seeded in soft agar, followed by treatment with 200 nM fludarabine. After two
weeks, the clones were stained and counted. i, shCtrl and shSDHA HL-60 cells were
treated with 500 nM fludarabine for three days, and the apoptosis rates were
detected. j Detection of intracellular succinate levels (left) and cell viability (right)
of HL-60 shSDHA cells after treated by a series of concentrations of fludarabine for
three days. k-1 Cytarabine, IDA or fludarabine were treated individually or in
combination to indicated cells for three days. IDA: idarubicin HCI. ¢, f-1 Three
independent experiments were performed. Data are presented as mean + SD
(n=3); The significance analysis were conducted by two-tailed Student’s t-test or
one-way ANOVA for Fig. 6c, f-1. Source data are provided as a Source Data file.

concentrations of MLN4924 may be partly due to non-cullin NEDDy-
lation substrates, which requires further investigation. Therefore, it is
necessary to discuss the role of CRLs in specific cancers.

Fludarabine is a widely used chemotherapy in hematological
malignancies treatments®”®, Here, we found that SDH-deficient AML
PDC and PDX exhibited heightened sensitivity to fludarabine. This

increased vulnerability could be attributed to the greater dependence
of SDH-deficient AML cells on elevated succinate levels. We consider
that the reduction of succinate levels plays an important role in the
anticancer function of fludarabine, especially at low concentrations.
Although low concentrations of fludarabine may not inhibit tumor
cells, they can enhance the sensitivity of SDH-deficient AML cells to
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Fig. 7 | Fludarabine specifically inhibits SDH-deficient AML in both primary
samples and in vivo models. a Correlation analysis between ICs, of fludarabine on
primary AML samples and the succinate levels of these samples. Pearson correla-
tion coefficient r was calculated by GraphPad Prism. Data are presented as mean +
95% confidence bands. The significance analysis was conducted by simple linear
regression. b-f The effect of fludarabine and cytarabine on the tumor burden of
shCtrl group and shSDHA group NSG mice. (b) Tumor growth of the xenografts
models. (c) Relative tumor volumes of the xenograft models. d Effects of fludar-
abine and cytarabine on shCtrl group and shSDHA group tumor size and tumor

weight at pre-dose and post-dose. RTV, relative tumor volume; T/C

(%) = RTVrreatment/RTVeontrol X 100. Data are represented as mean + SE (n = 6); (e)
Images of tumors in each treatment group. f The succinate levels in sSh\SDHA group
tumor tissues. The significance analysis was conducted by two-tailed paired Stu-
dent’s t-test for (b) and unpaired Student’s t-test for (c, d, f). g The survival time of
AML PDX with high succinate levels treated by fludarabine (40 mg/kg) or cytar-
abine (60 mg/kg) by intraperitoneal injection every other day. The significance
analysis was conducted by Log-rank test. Source data are provided as a Source
Data file.

other anticancer drugs by reducing succinate levels. These findings
provide a possibility of overcoming drug resistance in malignancies
through disturbing the metabolic collapse of succinate, and highlight
the broader clinical implications for fludarabine. The mechanism by
which fludarabine reduces succinate levels still requires further study.

Overall, we identify SDH deficiency as a molecular subtype asso-
ciated with drug resistance in AML, and dissect the regulation of
oncoprotein homeostasis by succinate as a rapid and comprehensive
self-protection mechanism that facilities AML cells to resist anticancer
therapies.

Methods

Ethical statement

Our research complies with all relevant ethical regulations. The use of
the primary AML samples and information for researches purposes

was approved by the Institutional Research Ethics Committee of the
Children’s Hospital of Zhejiang University (Hangzhou, China). All
mouse studies are approved by the Center for Drug Safety Evaluation
and Research of ZJU.

Cells and cell culture

The HL-60 and NB4 cell lines were gifted from Dr. Lingtao Wu (Uni-
versity of Southern California, CA, USA). The COS-7 and PC9 cell lines
were purchased from the Shanghai Institute of Biochemistry and Cell
Biology (Shanghai, China). The 293 T and 293FT cell lines were pur-
chased from Invitrogen (Grand Island, NY, USA). Primary AML blasts
and primary non-AML blasts were partially extracted from the bone
marrow of child patients (the Children’s Hospital of Zhejiang Uni-
versity, Hangzhou, China) using Ficoll-Paque PREMIUM (Cytiva), and
the adult primary AML and primary non-AML samples used were from
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those previously reported by us*. Both adult and pediatric samples
were used for all the experiments. The non-AML samples used in this
study were from patients who underwent bone marrow examinations
due to clinical indications but were ultimately not diagnosed with AML.
Both primary AML samples and primary non-AML samples included
both sexes. No sex or gender analysis was carried out and the sex or
gender of participants was determined based on self-report. The
median age at diagnosis of AML patients was 10 years old, with ages
ranging from 1 to 82 years old. The median age of non-AML donors was
18 years old, with ages ranging from 7 to 80 years old. The detailed
information of these primary samples was provided in the Supple-
mentary table 6. All primary AML blasts and primary non-AML blasts
are from patients who signed informed consent and obtained partici-
pant compensation. For pediatric patients, consent from their guar-
dians were obtained.

The HL-60, NB4 and PC9 cell lines were cultured in RPMI 1640
medium. The 293 T, 293FT and COS-7 cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM). Primary AML blasts and
primary non-AML blasts were cultured in IMDM medium supple-
mented with recombinant human IL-6 (5ng/mL; R&D Systems),
recombinant human IL-3 (10 ng/mL; R&D Systems), recombinant
human SCF (50 ng/mL; R&D Systems), hydrocortisone (10 mmol/L;
Sigma Aldrich, St.Louis, MO, USA), L-glutamine (2 mmol/L), 20% fetal
bovine serum (Gibco BRL) and 1% penicillin/streptomycin. All of the
above mediums were supplemented with 10% fetal bovine serum
(Gibco BRL) and 1% penicillin/streptomycin. All cell lines were cultured
in a humidified atmosphere containing 5% CO, and at 37 °C.

Primary blasts extraction

Primary blasts were isolated using Ficoll density gradient centrifuga-
tion. First, add 6 ml of Ficoll to a centrifuge tube, then dilute the bone
marrow sample with PBS to a total of 6 ml. Mix well, and slowly layer
the sample onto the Ficoll. Centrifuge the sample at 1500 rpm for
30 min at 4 °C to separate plasma and mononuclear cells. Carefully
aspirate the plasma and mononuclear cells. Transfer the mononuclear
cells to a new centrifuge tube and add 10 ml of PBS. Centrifuge at
1600 rpm for 5 min, discard the supernatant, and proceed with red
blood cell lysis to obtain the primary blasts. For primary AML blasts,
perform CD45 detection on the mononuclear cells using flow cyto-
metry. If the percentage of primary AML blasts is greater than 80%, use
them directly; if it is less than 80%, isolate the primary AML blasts
through flow sorting before use.

Plasmids, reagents and antibodies

The shRNA oligonucleotides targeting SDHA were cloned into the
PLKO.1 vector. The target sequences of SDHA shRNA are: #I-
GATTTGCTGATGGAAGCATAA and #2-TCGCTATTGCACACCTTATAT,
which were synthesized by TSINGKE Biological Technology. Human
UBCI12, UBEIC, PKCa, PKCPBI and PKCBII were amplified from the 293 T
cDNA library and subsequently subcloned into a pCDNA3.0 plasmid.
UBC12 mutants (S6A, S6D and S6E) were produced by site-directed
mutagenesis. PKCa CAT and PKCa DN were produced from PKCo
plasmid. PKCBI CAT and PKCPII CAT were separately produced from
PKCBI and PKCpII plasmid.

The anti-cancer drugs library was purchased from Selleck Che-
micals. Fludarabine, cytarabine, cladribine, CB-839 and all PKC inhi-
bitors were purchased from Selleck Chemicals. TPA and calyculin A
were purchased from Cell Signaling Technology. Antibodies against
SDHA (abl4714), UBEIC (abl24728), DCNA (ab181233), NEDDS8
(ab81264), cullin 1 (ab75817) and WEE1 (ab307515) were purchased
from Abcam. Antibodies against cullin 3 (#2759) was purchased from
Cell Signaling Technology. Antibodies against UBC12 (SC-390064) was
purchased from Santa Cruz Biotechnology. Antibodies against HA
(db2603), GAPDH (db106) and B-actin (db10001) were purchased from

Diagbio. The anti-Flag antibody (HOAO12FLO1) was purchased from
HuiOu Biotechnology. FITC anti-human CD45 (Cat#555482) and PE
anti-mouse CD45 (Cat#553081) were purchased from BD Pharmingen.

Succinate determination

The succinate levels of plasma, cells and tumor tissues were detected
by the Succinate Colorimetric Assay kit (Sigma-Aldrich, MAK184). The
time points for succinate measurement: 1) Detection of succinate
levels in primary AML patient samples: Upon receipt of primary AML
samples, serum samples and mononuclear cell samples are obtained
through Ficoll separation on the same day, and succinate levels in
serum and cells are promptly detected. 2) Detection of succinate levels
in leukemia orthotopic xenograft model: After detecting the onset of
disease in mice using the CD45 marker, peripheral blood is collected
from mice before euthanasia, and bone marrow cells are obtained and
succinate levels are detected on the same day in both peripheral blood
and bone marrow cells from both control and model mice. 3) Detec-
tion of succinate levels in SDHA knockdown cells: SDHA is knocked
down in HL-60 cells using len