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Abstract 

Background Acute myeloid leukemia (AML) with biallelic (CEBPAbi) as well as single mutations located in the bZIP 
region is associated with a favorable prognosis, but the underlying mechanisms are still unclear. Here, we propose 
that two isoforms of C/EBPα regulate DNA damage-inducible transcript 3 (DDIT3) transcription in AML cells corpo-
rately, leading to altered susceptibility to endoplasmic reticulum (ER) stress and related drugs.

Methods Human AML cell lines and murine myeloid precursor cell line 32Dcl3 cells were infected with recombi-
nant lentiviruses to knock down CEBPA expression or over-express the two isoforms of C/EBPα. Quantitative real-time 
PCR and western immunoblotting were employed to determine gene expression levels. Cell apoptosis rates were 
assessed by flow cytometry. CFU assays were utilized to evaluate the differentiation potential of 32Dcl3 cells. Lucif-
erase reporter analysis, ChIP-seq and ChIP-qPCR were used to validate the transcriptional regulatory ability and affinity 
of each C/EBPα isoform to specific sites at DDIT3 promoter. Finally, an AML xenograft model was generated to evalu-
ate the in vivo therapeutic effect of agents.

Results We found a negative correlation between CEBPA expression and DDIT3 levels in AML cells. After knockdown 
of CEBPA, DDIT3 expression was upregulated, resulting in increased apoptotic rate of AML cells induced by ER stress. 
Cebpa knockdown in mouse 32Dcl3 cells also led to impaired cell viability due to upregulation of Ddit3, thereby 
preventing leukemogenesis since their differentiation was blocked. Then we discovered that the two isoforms 
of C/EBPα regulate DDIT3 transcription in the opposite way. C/EBPα-p30 upregulated DDIT3 transcription when C/
EBPα-p42 downregulated it instead. Both isoforms directly bound to the promoter region of DDIT3. However, C/
EBPα-p30 has a unique binding site with stronger affinity than C/EBPα-p42. These findings indicated that balance 
of two isoforms of C/EBPα maintains protein homeostasis and surveil leukemia, and at least partially explained why 
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AML cells with disrupted C/EBPα-p42 and/or overexpressed C/EBPα-p30 exhibit better response to chemotherapy 
stress. Additionally, we found that a low C/EBPα p42/p30 ratio induces resistance in AML cells to the BCL2 inhibitor 
venetoclax since BCL2 is a major target of DDIT3. This resistance can be overcome by combining ER stress inducers, 
such as tunicamycin and sorafenib in vitro and in vivo.

Conclusion Our results indicate that AML patients with a low C/EBPα p42/p30 ratio (e.g., CEBPAbi) may not benefit 
from monotherapy with BCL2 inhibitors. However, this issue can be resolved by combining ER stress inducers.

Keywords CCAAT-enhancer-binding protein α, CEBPA mutation, Acute myeloid leukemia, DNA damage-inducible 
transcript 3, Unfolded protein response, Endoplasmic reticulum stress, Venetoclax resistance

Background
Acute myeloid leukemia (AML) is a rapidly-progress-
ing heterogeneous hematologic malignancy charac-
terized by infiltration of the bone marrow, blood, and 
other tissues by myeloblasts or progranulocytes that 
fail to undergo normal differentiation [1, 2]. Over the 
past decade, advances in next-generation sequencing 
(NGS) have greatly improved our understanding of the 
molecular heterogeneity of AML [3]. Driven by these 
discoveries, improved disease classification and several 
new promising targeted therapies for AML have been 
developed [4, 5].

CCAAT-enhancer-binding protein α (C/EBPα) is the 
first characterized member of the C/EBP family tran-
scription factors (TFs) and one of the most essential lin-
eage-specific TFs involved in myeloid differentiation [6]. 
The mRNA encoding C/EBPα contains three AUGs that 
share a common open reading frame and produces two 
major protein isoforms via alternative translation initia-
tion [7]. Translation from AUG1/2 produces full-length 
42  kDa C/EBPα isoform p42 (CEBPα-p42), while trans-
lation from AUG3 produces the N-terminal truncated 
isoform p30 (C/EBPα-p30). The typical structure of C/
EBPα consists of two main parts: transactivation domains 
(TADs) located at the N-terminal that are responsible for 
interactions with the transcription initiation complex and 
other proteins, and a basic region leucine zipper domain 
(bZIP) situated at the C-terminal in charge of binding to 
the specific DNA region [7]. C/EBPα-p30 lacks the first 
major TAD and inhibits the function of C/EBPα-p42 
in a dominant-negative manner [8–10]. CEBPA muta-
tions were found in approximately 10% of patients with 
AML [11]. N-terminal frameshift mutations usually lead 
to the termination of primary translation and shifting of 
translation to the downstream start codon, eventually 
generating an overexpressed C/EBPα-p30 isoform. C-ter-
minal mutations are mostly insertion/deletion in-frame 
mutations, leading to impaired DNA-binding function 
[7]. Among AML patients with CEBPA mutations, 70% 
have both alleles affected, termed as CEBPA bialleli-
cally mutated (CEBPAbi) AML, where one allele usually 
carries an out-of-frame N-terminal mutation, while the 

other carries an in-frame C-terminal mutation [6, 12]. 
AML with biallelic (CEBPAbi) as well as single mutations 
located in the bZIP region has been identified to be asso-
ciated with a favorable prognosis, but the mechanisms 
are still unclear [13, 14].

The unfolded protein response (UPR) is a conserved 
adaptive signal transduction pathway triggered by endo-
plasmic reticulum (ER) stress, which responds to the 
accumulation of unfolded or misfolded proteins in harsh 
physiological or pathological environments [15]. UPR 
first strives to restore protein homeostasis and maintain 
cell survival through a pro-survival arm called “adaptive 
UPR” [15]. However, in the setting of irremediable ER 
stress, the UPR transforms into pro-apoptotic “termi-
nal UPR” signaling that promotes cell apoptosis [15, 16]. 
UPR signaling is reported to be important for the home-
ostasis of hematopoietic stem cells (HSCs) and their early 
transition to preleukemic stem cells (pre-LSCs) [17]. At 
the same time, it largely determines several biological 
properties of AML cells, including their ability to adapt 
and develop drug resistance, which are indicative of the 
clinical outcome of patients. AML-associated oncogenic 
proteins, such as MLL-AF6, MLL-AF9 and FLT3-ITD, 
can induce intrinsic ER stress in AML cells, resulting in 
higher sensitivity to the ER stress-inducing drug tuni-
camycin (TM) and the oxidative stress inducer arsenic 
trioxide (ATO) [18]. These studies strongly suggest the 
relationship between UPR signaling and AML-associated 
genetic abnormalities, as well as their potential in leuke-
mia treatment.

DNA damage-inducible transcript 3 (DDIT3) is a key 
TF for terminal UPR as it regulates the expression of 
BCL2 family genes to induce apoptotic cell death [19]. 
DDIT3 is also known as C/EBP homologous protein 
(CHOP) and belongs to the C/EBP family. Several stud-
ies have revealed the mutual regulatory effects among 
members of this family. For instance, C/EBPγ acts as a 
trans-dominant negative inhibitor of C/EBPα and C/
EBPβ [20, 21]. C/EBPα exerts its differentiation pro-
moting function by interacting with the promoter of 
CEBPG and inhibiting its expression in AML [22]. This 
regulatory effect among members of C/EBP family 
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inspired us to explore whether C/EBPα has a regulating 
effect on DDIT3, and the difference between two iso-
forms of C/EBPα as well as their effects on the response 
of AML cells to ER stress.

In the present study, we revealed that the two iso-
forms of C/EBPα exert antagonistic regulatory effects on 
DDIT3 expression. The C/EBPα-p30 isoform activates 
DDIT3 transcription by binding to a unique site on its 
promoter. Meanwhile, C/EBPα-p42 suppresses DDIT3 
transcription, thereby impeding terminal UPR induc-
tion and helping normal myeloid progenitor cells to 
successfully complete the differentiation process. AML 
cells with suppressed C/EBPα-p42 and overexpressed C/
EBPα-p30 exhibit increased susceptibility to apoptosis 
under ER stress. We further showed that a low p42/p30 
ratio reduces the sensitivity of AML cells to the BCL2 
inhibitor venetoclax, suggesting that AML patients with 
a low C/EBPα p42/p30 ratio (e.g., CEBPAbi) may not 
benefit from monotherapy using venetoclax. Moreo-
ver, we found that ER stress inducers tunicamycin and 
sorafenib could reverse venetoclax resistance through 
MCL1 inhibition and cell cycle regulation.

Materials and methods
AML patient samples
Bone marrow was aspirated from seven patients with 
de novo AML and seven healthy volunteers. The Ficoll 
density gradient was then used to recover viable mono-
nuclear cells from the BM aspirates, and the cells were 
viably frozen and thawed for each experiment. The clini-
cal characteristics of patients are described in Supple-
mentary Table 1.

Approval for these studies was obtained from the ethics 
review committee of the First Affiliated Hospital, Zheji-
ang University School of Medicine (2020–385). Written 
informed consent was obtained from all the participants 
in accordance with the Declaration of Helsinki.

Cell lines and cell culture
Human myeloid leukemia cell lines (Kasumi-1, 
K562, HEL, NB4, KG-1, MOLM-13, MV4-11, HL-60, 
and THP-1), 32Dcl3 murine myeloid cell line, and 
HEK293T cells were routinely cultured in our labora-
tory. Myeloid leukemia cells were maintained in RPMI-
1640 medium (Corning, NY, USA) supplemented with 
10% heat-inactivated fetal bovine serum (FBS; Gibco, 
Carlsbad, CA, USA). Murine 32Dcl3 cells were main-
tained in RPMI-1640 medium supplemented with 10% 
FBS and murine IL-3 (5 ng/ml; Peprotech, Rocky Hill, 
USA). HEK293T cells were maintained in Dulbecco’s 

modified Eagle medium (DMEM; Corning) supple-
mented with 10% FBS.

Plasmids and lentivirus infection
Human AML cell lines and 32Dcl3 murine myeloid cell 
line were transduced with recombinant lentiviruses and 
the plasmids used in this study have been previously 
described [23]. Detailed information is described in Sup-
plemental Materials and Methods.

Cell apoptosis assay
The Annexin V Apoptosis Detection Kit (Multi Sci-
ences, Hangzhou, China) was used to detect apoptotic 
cell death according to the manufacturer’s instructions. 
Briefly, the cells were harvested and resuspended in 500 
μL 1 × binding buffer with 5 μL APC-Annexin V and 
incubated for 5  min at room temperature in the dark. 
The cell apoptosis rate was determined as the percentage 
of Annexin V-positive cells by flow cytometry (Beckman 
Coulter, Inc., Miami, FL, USA), and data were processed 
using Flowjo V10.7.1. The drug-induced apoptosis rate 
was calculated as follows:

Cell cycle analysis
The cells (2 ×  105) were seeded in a 6-well plate and col-
lected 24 h after incubation with the drugs or the corre-
sponding volumes of DMSO. A Cell Cycle Staining Kit 
(Multi Sciences, Hangzhou, China) was used according 
to the manufacturer’s instructions for the detection of 
the living cell cycle. Analysis was conducted using flow 
cytometry (Beckman Coulter, Inc.), and the results were 
analyzed using FlowJo V10.7.1.

Colony‑forming unit (CFU) assays
Murine 32Dcl3 cells with Cebpa knockdown or scram-
bled control were plated in MethoCult™ GF M3434 
medium (STEMCELL Technologies, Vancouver, Canada),  
which allows enumeration of BFU-E, CFU-GM, and 
CFU-GEMM based on morphology. After incubation for 
12 days at 37°C and 5%  CO2, colonies were photographed 
(× 40 magnification) using an inverted microscope, and 
manually counted, scored, and averaged.

Quantitative real‑time PCR
RNA analysis was extracted as previously described [23]. 
Specific procedures are described in Supplemental Materi-
als and Methods. Sequences of the primers used are listed 
in Supplementary Table 2–3. The relative levels of mRNA 
in this study were analyzed using  2−ΔΔCt method where Ct 
is the threshold cycle [24]. The Ct value of the target gene 

Drug induced apoptosis% = Apoptosis by drug%− Apoptosis by DMSO%
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was normalized to that of GAPDH/S16 (housekeeping 
genes) and the control (e.g., kasumi-1, scrambled, scram-
bled IL-3, and Vector). ΔΔCt was calculated as follows:

Western immunoblotting
Western immunoblotting analyses were carried out 
as previously described [23]. Detailed information is 
included in Supplemental Materials and Methods.

Chromatin immunoprecipitation coupled 
with high‑throughput sequencing (ChIP‑seq) 
and ChIP‑qPCR
The detailed information for ChIP-seq and ChIP-qPCR of 
HEK293T cells transfected with wild-type C/EBPα expres-
sion vector (p3 × FLAG-Myc-CMV-C/EBPα-p42) or empty 
vector was provided previously [23] and is included in Sup-
plemental Materials and Methods. Sequences of primers 
used for ChIP-qPCR are listed in Supplementary Table 4.

Luciferase reporter assays
Luciferase reporter assays were performed in HEK293T 
cells as described previously [23]. Specific procedures 
and construct information are included in Supplemental 
Materials and Methods.

Leukemia xenograft assays
Male immune-deficient NOD/ShiLtJGpt-Prkdcem26/IL2rg 
em26/Gpt (NCG) mice (GemPharmatec, Jiangsu, China) 
were housed and bred at the Zhejiang Academy of Medi-
cal Sciences Central Animal Laboratory and used in the 
experiments at 8 weeks of age. Seven days after IV (tail vein) 
transplantation of 1 ×  106 luc/GFP-labeled NB4 cells, lumi-
nescence (AML burden) was quantified on treatment day 0 
in each NCG mouse using bioluminescence imaging (BLI). 
Mice were then allocated to four treatment groups (Vehicle, 
Venetoclax, Sorafenib and Combo; five mice per group) so 
that each group had similar average luminescence on day 
0. Then the mice in each group were orally administered 
the corresponding medication (by mouth; gavage). Lumi-
nescence of each mouse was assessed over time (day 7 and 
day 14) to reflect treatment response. The clinical behavior, 
appearance, body weight, and survival were also monitored.

The experiments were conducted in accordance with 
the protocols approved by The Experimental Animal Eth-
ics Committee of the First Affiliated Hospital, Zhejiang 
University School of Medicine (2020–556).

Statistical analysis
Data are expressed as mean ± SD of at least three inde-
pendent experiments, and each group had three 

��Ct = (Ct,Target − Ct,Housekeeping )Sample
− (Ct,Target − Ct,Housekeeping )Control

replicates. Different groups were compared using inde-
pendent sample t-tests and Fisher’s exact tests. Linear 
regression analysis was used to determine the correla-

tion between the expression of the two genes and other 
indicators. Statistical analyses were performed using 
the SPSS software (version 16.0). All probability values 
were generated using two-tailed tests. For in vivo experi-
ments, the overall survival was depicted using a Kaplan–
Meier curve, and the Log-rank test for trend was used 
to compare survival differences between the groups. 
P < 0.05 was considered as statistically significant, and P 
values between 0.05 and 0.1 were characterized as rep-
resenting a trend. *P < 0.05; **P < 0.01, ***P < 0.001, and 
****P < 0.0001.

Results
The endogenous expression of CEBPA in AML cells 
is negatively correlated with DDIT3 and cell susceptibility 
to terminal UPR
In order to determine whether the expression of DDIT3 
is associated with CEBPA in AML, we first detected the 
endogenous expression of DDIT3 and CEBPA in nine AML 
cell lines (Fig. 1A). Pearson’s correlation analysis revealed a 
significant negative correlation between the mRNA levels 
of CEBPA and DDIT3 (r = -0.4606, P = 0.0179) (Fig.  1B). 
We then analyzed the gene expression profile in bone mar-
row mononuclear cells from patients with de novo AML 
and healthy volunteers. This analysis revealed that the 
mRNA level of CEBPA in AML cells from patients was 
significantly lower than that in healthy controls, as we pre-
viously reported [23], whereas the mRNA level of DDIT3 
was significantly higher in AML cells (Fig.  1C). Pearson’s 
correlation analysis confirmed a negative correlation 
between CEBPA and DDIT3 expression in primary AML 
cells (r = -0.5809, P = 0.0058) (Fig.  1D). To further verify 
the negative correlation between CEBPA and DDIT3 gene 
expression, the publicly available RNA-seq data from Beat 
AML project and microarray data from GEO (GSE38987) 
(https:// www. ncbi. nlm. nih. gov/ gds) of AML patients were 
analyzed, and negative linear correlation trends were also 
observed in these cases (Supplementary Fig.  1A-1B). We 
then induced ER stress in AML cell lines using tunicamy-
cin, a canonical compound that disrupts protein matu-
ration [25]. We found that cells with lower endogenous 
CEBPA expression, such as NB4, showed higher sensitivity 
to the terminal UPR, resulting in increased apoptosis (Sup-
plementary Fig. 2A-2C). To further confirm the regulatory 
relationship between CEBPA and DDIT3 expression, we 
knocked down CEBPA gene using shRNA in the THP-1 

https://www.ncbi.nlm.nih.gov/gds
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Fig. 1 The endogenous expression of CEBPA in AML cells is negatively correlated with DDIT3 and cell susceptibility to terminal UPR. A Quantitative 
PCR analysis of endogenous expression of CEBPA and DDIT3 in AML cell lines. B Correlation analysis using the Pearson model revealed a significant 
negative correlation between the mRNA levels of CEBPA and DDIT3. (C) Quantitative PCR analysis of endogenous CEBPA and DDIT3 expression 
in cells from patients with de novo AML and healthy volunteers. Three technical replicates were performed for each sample. (D) The mRNA levels 
of DDIT3 in primary AML cells were negatively correlated with CEBPA. E–F The CEBPA gene in THP-1 cells, with high endogenous C/EBPα expression 
and relatively low sensitivity to tunicamycin, was knocked down by shRNA lentiviral vector transfection. The down-regulated level of CEBPA 
and up-regulated level of DDIT3 were confirmed by quantitative PCR (E) and western immunoblotting analysis (F). G The mRNA levels of several 
genes encoding proteins in the pro-survival arm of the UPR were decreased after CEBPA knockdown in THP-1 cells. H Compared with the negative 
control group, THP-1 cells with CEBPA knockdown displayed a significantly increased apoptosis rate after the treatment with tunicamycin (100 ng/
ml) for 48 h. Data represent Mean ± SD (n = 3); *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001
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cell line, which has high endogenous C/EBPα expression 
(Fig.  1E-F). As expected, DDIT3 expression was signifi-
cantly upregulated after CEBPA knockdown (Fig.  1E-F). 
In addition, the spliced form of X-box binding protein 1 
(XBP1s) levels in the pro-survival arm of the UPR were 
significantly reduced (Fig.  1G). These alterations prefer-
entially lead the ER stress to terminal UPR manifested as 
mitochondria-dependent apoptotic pathway. Accord-
ingly, the apoptosis rate of THP-1 cells under tunicamy-
cin-induced ER stress increased after CEBPA knockdown 
(Fig. 1H and Supplementary Fig. 3). Taken together, these 
results suggest that C/EBPα is potentially involved in the 
regulation of expression of DDIT3 in AML cells, which 
in turn affects the sensitivity of AML cells to ER stress-
induced cell death.

Cebpa knockdown up‑regulates Ddit3 expression 
and enhances myeloid progenitor cells susceptibility to ER 
stress mediated apoptosis
According to the pivotal role of Cebpa in granulocytic 
differentiation, we knocked down Cebpa in 32Dcl3 
myeloid progenitor cells to study whether the effect of 
Cebpa on inducing myeloid differentiation was asso-
ciated with its role in regulating UPR. After Cebpa 
knockdown (Fig.  2A), the expression of granulocytic 
differentiation markers Mpo, Elane and Prtn3 in 32Dcl3 
cells was significantly inhibited (Fig.  2B). CFU assays 
after 12  days of culture in proliferative environment 
revealed that the total number of clones of 32Dcl3-
shCebpa cells was significantly less than that of 32Dcl3-
scrambled cells, and rare mature CFU-GM clones could 
be detected for 32Dcl3-shCebpa cells (Fig.  2C). After 
inducing the granulocytic differentiation of 32Dcl3 
cells by changing IL-3 in the culture medium to G-CSF 
for 48  h, the expression of granulocytic differentia-
tion markers Mpo, Elane and Prtn3 was upregulated 
in 32Dcl3-scrambled cells but still somewhat inhibited 
in 32Dcl3-shCebpa cells (Fig.  2D). Upregulated Ddit3 
expression accompanied by an increased rate of apop-
tosis was observed in 32Dcl3-shCebpa cells compared 
with 32Dcl3-scrambled cells after inducing granulo-
cytic differentiation (Fig.  2E-G and Supplementary 
Fig.  4). In addition, several pro-survival UPR-related 
genes, including Grp78, Grp94, Xbp1u, and Xbp1s, were 
inhibited in 32Dcl3-shCebpa cells during granulocytic 
differentiation (Fig.  2H). We did not find an increase 
in the expression of Atf4, a positive regulator of Ddit3, 
indicating that Atf4 was not responsible for the activa-
tion of Ddit3 in this process (Fig. 2H). Generally, knock-
down of Cebpa impairs the granulocytic differentiation 
potential of 32Dcl3 cells and makes them susceptible to 

spontaneous apoptosis by increasing the expression of 
Ddit3, eventually avoiding leukemogenesis.

Overexpression of C/EBPα‑p42 and C/EBPα‑p30 in AML 
cells have different effects on regulating the UPR gene 
expression and the cell susceptibility to ER stress mediated 
apoptosis
Full length C/EBPα protein is composed of the two 
TAD domains at the N-terminal and the bZIP domain 
at the C-terminal (Fig. 3A). Specially, C/EBPα-p30 lacks 
the first major TAD and shares a common bZIP com-
pared to C/EBPα-p42 [26]. Increasing evidence has 
suggested that the regulatory effects of C/EBPα-p42 
and C/EBPα-p30 on several genes are different or even 
opposite [27–29]. Correspondingly, a negative correla-
tion trend was observed in AML cell lines between the 
C/EBPα p42/p30 ratio and DDIT3 at the protein level 
(Fig.  3B and Supplementary Fig.  5), which implied dif-
ferent functions of these two isoforms. To investigate the 
respective function of the two isoforms of C/EBPα in the 
regulation of DDIT3 expression, we overexpressed the 
full-length protein C/EBPα-p42 (pHIV7/SFFV-GFP-C/
EBPα-p42) and truncated protein C/EBPα-p30 (pHIV7/
SFFV-GFP-C/EBPα-p30) in NB4 cells (Fig.  3C-3D), 
which have relatively low levels of endogenous C/EBPα. 
The expression of DDIT3, both at the mRNA and pro-
tein levels, decreased after C/EBPα-p42 overexpres-
sion and increased after C/EBPα-p30 overexpression in 
NB4 cells (Fig. 3C-3D). In addition, the expression levels 
of several pro-survival genes in the UPR were signifi-
cantly promoted by C/EBPα-p42, including GRP78 and 
XBP1s (Fig.  3E). In contrast, after overexpression of C/
EBPα-p30, the expression levels of the pro-survival genes 
GRP94 and XBP1u significantly reduced in NB4 cells 
(Fig. 3E). We then detected the effect of C/EBPα-p42 on 
the sensitivity of NB4 cells to tunicamycin, which showed 
a high basal sensitivity to tunicamycin. After treatment 
with tunicamycin for 48 h, the apoptosis rate of NB4 cells 
overexpressing C/EBPα-p42 was significantly reduced 
compared to that of the vector control (Fig. 3F and Sup-
plementary Fig.  6A). Due to the high sensitivity of NB4 
cells to tunicamycin, C/EBPα-p30 overexpression is dif-
ficult to further increase the sensitivity of NB4 cells to 
tunicamycin. In that case, we chose to overexpress C/
EBPα-p30 in THP-1 cells and repeat the above experi-
ments. As a result, compared with the control group, 
DDIT3 expression was upregulated (Fig.  3G-H) and 
accompanied by an increased rate of apoptosis caused by 
tunicamycin (Fig.  3I and Supplementary Fig.  6B). These 
experiments indicate that C/EBPα two isoforms jointly 
participate in and differentially regulate the expression of 
DDIT3 to determine divergent cell fates.
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Both C/EBPα‑p42 and C/EBPα‑p30 can directly bind 
to DDIT3 promoter but regulate its transcription 
in an antagonistic manner
Since we observed that the expression and repression 
of DDIT3 were regulated by two C/EBPα isoforms, 

we questioned whether these regulations are medi-
ated directly by C/EBPα-p42 and C/EBPα-p30. To iden-
tify potential C/EBPα-binding DNA sequences in the 
genome, we first expressed FLAG-tagged full-length C/
EBPα in HEK293T cells and performed ChIP-seq. A 

Fig. 2 Cebpa knockdown up-regulates Ddit3 expression and enhances myeloid progenitor cells susceptibility to ER stress. A Quantitative 
PCR analysis revealed that the expression of Cebpa was downregulated in 32Dcl3-shCebpa cells compared with the negative control group. 
B Quantitative PCR analysis revealed that the expression of granulocytic differentiation markers Mpo, Elane and Prtn3 was downregulated 
in 32Dcl3-shCebpa cells compared with the negative control group. C CFU assays revealed that Cebpa knockdown 32Dcl3 cells developed 
significantly fewer clones, and rare mature CFU-GM clones could be detected. × 40 magnification. Scale bar, 500 μm. D Quantitative PCR analysis 
revealed that the expression of Cebpa and granulocytic differentiation markers Mpo, Elane and Prtn3 was continuously inhibited in 32Dcl3-shCebpa 
cells. E–F 32Dcl3 cells with Cebpa knockdown exhibit elevated mRNA (E) and protein (F) levels of Ddit3 after granulocytic differentiation induced 
by G-CSF. G 32Dcl3 cells with Cebpa knockdown showed increased apoptotic rate than control cells during granulocytic differentiation induced 
by G-CSF (100 ng/ml, 48 h). H Quantitative PCR revealed that the mRNA levels of several genes encoding proteins in the pro-survival arm 
of the UPR were significantly decreased after Cebpa knockdown in 32Dcl3 cells. Data represent Mean ± SD (n = 3); *P < 0.05; **P < 0.01, ***P < 0.001, 
****P < 0.0001
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peak of C/EBPα-binding DNA sequence (hg38, Chr12: 
57520654–57521026) was found, which is localized 
at the promoter region of DDIT3 (Fig.  4A). We then 
cloned the promoter sequence of DDIT3 gene into lucif-
erase reporter plasmids and co-transfected with CEBPA 
expression plasmids in HEK293T cells. As expected, the 
luciferase assay revealed that C/EBPα-p42 inhibited the 
transcription of DDIT3, while C/EBPα-p30 exerted an 
activation effect (Fig.  4B). After inducing terminal UPR 
with tunicamycin, transcription of DDIT3 increased 
in cells transfected with vector control, and was fur-
ther activated in cells transfected with C/EBPα-p30, but 
showed only a limited increase in cells transfected with 
C/EBPα-p42 (Fig. 4C). To determine the specific binding 
site of the two isoforms of C/EBPα on the DDIT3 pro-
moter, we deleted individual fragments of the DDIT3 
promoter in the luciferase reporter. As shown in Fig. 4D, 
when the peak region found by ChIP-seq was deleted, 
the activation effect of C/EBPα-p30 on DDIT3 transcrip-
tion was disrupted, whereas the suppression effect of C/
EBPα-p42 was sustained. As for other fragments includ-
ing Chr12: 57521027–57521326, Chr12: 57521327–
57521626, Chr12: 57521627–57522036 and Chr12: 
57522037–57522236 (Supplementary Fig.  7A), deletions 
did not affect the function of both C/EBPα-p42 and C/
EBPα-p30 (Supplementary Fig. 7B). To confirm the bind-
ing of C/EBPα to the candidate fragments in DDIT3 pro-
moter, we first predicted the potential C/EBPα binding 
motifs by using the JASPAR database, and obtained two 
motifs in the ChIP-peak region with close positions and 
one base overlap, Chr12: 57520811–57520821 (motif 1) 
and Chr12: 57520821–57520831 (motif 2) (Fig. 4E). Then, 
we performed ChIP-qPCR in HEK293T cells expressing 
Flag-C/EBPα-p42 and Flag-C/EBPα-p30. As shown in the 
schematic diagram in Fig. 4E, both C/EBPα-p42 and C/
EBPα-p30 could bind to the DDIT3 promoter in multi-
ple regions (Fig.  4F-H). However, C/EBPα-p30 showed 
stronger affinity than C/EBPα-p42 in and near the ChIP-
peak region (Fig. 4F-G), and shared the same affinity with 

C/EBPα-p42 at a position far from the peak (Fig.  4H). 
These results indicate that C/EBPα-p42 and C/EBPα-p30 
directly bind to the DDIT3 promoter and exert opposite 
effects on its expression. C/EBPα-p30 has a special bind-
ing site in the proximal promoter region with high affinity 
to exert its activation function (Supplementary Fig. 7C).

Reduction of C/EBPα p42/p30 ratio suppresses BCL2 
and induces Venetoclax resistance by up‑regulating DDIT3
The primary mechanism by which DDIT3 induces cell 
apoptosis is by suppressing the transcription of the anti-
apoptotic protein BCL2 [16]. To investigate whether the 
regulation of DDIT3 directed by C/EBPα further affects 
the intrinsic apoptotic pathway, we analyzed the relation-
ship between CEBPA and BCL2 family proteins in nine 
AML cell lines (Fig. 5A). The mRNA level of CEBPA was 
positively correlated with BCL2 (r = 0.3910, P = 0.0437), 
but negatively correlated with BCL-XL encoding gene 
BCL2L1 (r = -0.5257, P = 0.0049) and MCL1 (r = -0.4106, 
P = 0.0463) (Fig. 5A). We also verified these correlations 
by using the RNA-seq data from Beat AML project and 
microarray data from GEO (GSE38987) (Supplemen-
tary Fig. 8A-8B). Similar correlations were also detected 
at the protein level by western immunoblotting analy-
sis (Fig.  5B and Supplementary Fig.  8C). Since the two 
isoforms of C/EBPα protein have been shown to have 
opposite functions for DDIT3 expression, we further 
correlated the C/EBPα p42/p30 ratio with the level of 
anti-apoptotic proteins, and the results were consistent 
with those obtained for the total C/EBPα protein level 
(Supplementary Fig. 8D). We then detected the sensitiv-
ity of AML cells to the BCL2 inhibitor venetoclax (Sup-
plementary Fig.  9 and Supplementary Fig.  10A). After 
treatment with venetoclax, the rate of apoptosis of AML 
cell lines increased with endogenous CEBPA (Fig.  5C-
D) and BCL2 expression (Supplementary Fig.  10B). To 
directly explore the relationship between C/EBPα and 
anti-apoptotic proteins, we detected changes in protein 
levels of BCL2, BCL-XL and MCL1 in THP-1 cells after 

(See figure on next page.)
Fig. 3 Overexpression of C/EBPα-p42 and C/EBPα-p30 in AML cells differently regulates the UPR genes and cell susceptibility to ER stress mediated 
apoptosis. A The pattern diagram of C/EBPα-p42 and C/EBPα-p30 protein translations. B Western immunoblotting analysis of endogenous 
expression of C/EBPα two isoforms and DDIT3 in AML cell lines. C-D The C/EBPα protein level in NB4 cells, with low endogenous C/EBPα expression 
and relatively high sensitivity to tunicamycin, was induced by the expression vectors of C/EBPα-p42 (pHIV7/SFFV-GFP-C/EBPα-p42) and C/
EBPα-p30 (pHIV7/SFFV-GFP-C/EBPα-p30). The up-regulated levels of C/EBPα, and the correspondingly altered DDIT3 expression were confirmed 
by quantitative PCR (C) and western immunoblotting analysis (D). E Quantitative PCR revealed that the expression levels of the pro-survival genes 
GRP94 and XBP1u were significantly decreased in NB4 cells with induction of C/EBPα-p30. F Compared with the vector control, the apoptosis rate 
of NB4 cells overexpressing C/EBPα-p42 was significantly reduced after the treatment with tunicamycin (100 ng/ml) for 48 h. G-H The C/EBPα 
protein level in THP-1 cells was induced by the expression vector of C/EBPα-p30 (pHIV7/SFFV-GFP-C/EBPα-p30). The up-regulated levels of C/
EBPα-p30, and the correspondingly altered DDIT3 expression were confirmed by quantitative PCR (G) and western immunoblotting analysis (H). 
I Compared with the vector control, the apoptosis rate of THP-1 cells overexpressing C/EBPα-p30 was significantly increased after the treatment 
with tunicamycin (100 ng/ml) for 48 h. Data represent Mean ± SD (n = 3); *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001
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CEBPA knockdown. Among those, we identified that the 
protein level of MCL1 increased significantly (Fig.  5E 
and Supplementary Fig. 11A). Given that levels of MCL1 
demonstrated a trend to anti-correlation with sensitiv-
ity to BCL2 inhibitors [30], we treated THP-1 cells with 

venetoclax and compared the apoptosis rates. The results 
indicated that CEBPA knockdown conferred THP-1 cells 
moderate resistance to venetoclax (Fig.  5F). Based on 
the different regulatory effects of C/EBPα-p42 and C/
EBPα-p30 on DDIT3 expression, we separately examined 

Fig. 3 (See legend on previous page.)
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their regulatory effects on BCL2 family proteins and cell 
sensitivity to venetoclax. The results indicated that C/
EBPα-p30 was able to downregulate BCL2 in NB4 cells 
and THP-1 cells (Fig. 5G-H and Supplementary Fig. 11B-
11C). Accordingly, venetoclax sensitivity was reduced by 
overexpression of C/EBPα-p30 and enhanced by overex-
pression of C/EBPα-p42 (Fig. 5I-J). Together, these data 
demonstrate that C/EBPα-DDIT3 mediates the altered 
AML cells sensitivity to BCL2 inhibition by regulating 
the balance of anti-apoptotic proteins.

Activation of DDIT3 expression synergizes with Venetoclax 
to enhance apoptotic death of BCL2 inhibitor‑resistant 
NB4 cells through MCL1 inhibition in vitro and in vivo
Interestingly, we found that AML cell lines insensitive to 
venetoclax were sensitive to tunicamycin, and vice versa. 
Based on the above experimental results, we speculated 
whether venetoclax and ER stress inducers could exert 
synergistic anti-leukemic effects. In addition to tunicamy-
cin, we have also introduced another clinically approved 
drug, sorafenib, which was confirmed to induce ER stress 
in various types of cells through a mechanism independ-
ent of the MEK1/2-ERK1/2 pathway [31–33]. Firstly, we 
confirmed that tunicamycin and sorafenib could both 
activate the expression of pro-apoptotic DDIT3 in the 
terminal UPR signaling axis (Fig.  6A and Supplemen-
tary Fig.  12A-12B). Then, we detected the susceptibility 
of AML cells to ER stress inducers treatment and found 
negative correlation trends between CEBPA expression 
and drug-induced apoptosis (Supplementary Fig.  12C). 
After venetoclax treatment, MCL1 protein levels in 
venetoclax-resistant NB4 cells significantly increased, 
indicating the occurrence of further acquired resistance. 
However, this alteration could be abrogated by the com-
bination with tunicamycin or sorafenib (Fig.  6B-C and 
Supplementary Fig. 13A-13B). MCL1 has a short half-life 
and is constantly degraded by proteasomes, while MCL1 
T163 phosphorylation induced by p-ERK can help sta-
bilize MCL1 [34, 35]. In order to identify the possible 
reason for the decrease in MCL1 protein after combina-
tion therapy, we detected the altered phosphorylation of 

ERK1/2 in NB4 cells after treatment with ER stress induc-
ers monotherapy or in combination with venetoclax. As 
we expected, a significant suppression of p-ERK in NB4 
cells was observed when treated with tunicamycin or 
sorafenib in combination with venetoclax (Supplemen-
tary Fig.  14A-14B). It is noteworthy that protein levels 
of BCL2 and BCL-XL were stable after treatment with 
each single agent or their combination (Fig.  6B-C and 
Supplementary Fig.  13A-13B). Correspondingly, signifi-
cantly enhanced apoptosis and cell death were observed 
in cells under the combined treatment of tunicamycin 
and venetoclax compared with each drug alone (Fig. 6D 
and Supplementary Fig. 15A). The synergy of tunicamy-
cin and venetoclax is indicated by a combination index 
(CI) of less than 1 (0.456, 0.087, 0.022, and 0.026, for 
each combined concentration, respectively) (Fig. 6E). The 
combination of sorafenib and venetoclax also showed 
increased apoptosis/cell death and synergistic effects 
with CIs of 0.265, 0.162, and 0.001, for each combined 
concentration, respectively (Fig.  6F-G and Supplemen-
tary Fig. 15B). In addition, we examined the effect of the 
combination therapy on the cell cycle. NB4 cells treated 
with a combination of tunicamycin and venetoclax had a 
significantly increased proportion of cells in the G0/G1 
phase and a significantly decreased proportion of cells in 
the G2/M phase compared to cells treated with a single 
drug or DMSO (Fig.  6H). Similar results were obtained 
with the combination of sorafenib and/or venetoclax for 
the increased G0/G1 cells and significantly decreased S 
phase cells (Fig. 6I). Based on our in vitro data, low tran-
scription levels of CEBPA or low p42/p30 ratio helps 
AML cells resist to venetoclax, giving a chance to termi-
nal UPR induction. To address whether the combination 
of venetoclax and a UPR activator would be synergis-
tic against NB4 cells in  vivo, we generated a xenograft 
model with NCG mice by inoculating luc/GFP-labeled 
NB4 cells (Fig.  6J). Unfortunately, the mice in groups 
treated with tunicamycin gavage died shortly after treat-
ment due to drug toxicity. It was difficult to determine 
the appropriate dosage of tunicamycin that exerted an 
anti-leukemic effect while ensuring safety. Alternatively, 

Fig. 4 Both C/EBPα-p42 and C/EBPα-p30 directly bind to DDIT3 promoter but regulate its transcription in an antagonistic manner. A ChIP-seq 
of C/EBPα revealed a C/EBPα binding site localized in the promoter region of DDIT3 (Chr12:57520654–57521026). B C/EBPα-p42 inhibited 
the transcription of DDIT3, while C/EBPα-p30 exerted an activation effect. C After adding tunicamycin (100 ng/ml, 24 h) to induce the terminal 
UPR, the transcriptions of luciferase were further increased on the basis of the original lower level in the HEK293T cells expressing C/EBPα-p42 
and C/EBPα-p30, and the cells in the control group. D When the ChIP-peak region (Chr12:57520654–57521026) was deleted, the activation effect 
of C/EBPα-p30 on DDIT3 transcription was disrupted, whereas the suppression effect of C/EBPα-p42 was sustained. E Schematic diagram of two 
potential C/EBPα binding motifs determined by using the JASPAR database and the potential C/EBPα binding regions detected by ChIP-qPCR. F–H 
ChIP-qPCR revealed that C/EBPα-p30 showed stronger affinity than C/EBPα-p42 in (F) and near (G) the ChIP-peak region, while sharing the same 
affinity with C/EBPα-p42 at a position far from the peak (H). Data represent Mean ± SD (n = 3); *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001

(See figure on next page.)
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based on previous reports, we chose sorafenib as the 
DDIT3 and UPR activator. As presented in Fig.  6K and 
Supplementary Fig. 16A, compared with treatment with 
vehicle, both sorafenib and venetoclax alone slowed the 

progression of AML on day 7 (taken as the time point 
of near-maximal response to the first treatment cycle), 
while the combination therapy group had the low-
est AML burden. After the second treatment cycle (day 

Fig. 4 (See legend on previous page.)
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14), only the combination therapy group showed signifi-
cantly slowed AML progression compared to the vehicle 
group (Fig.  6L and Supplementary Fig.  16B). Treatment 
was withdrawn from the day 15 onwards. According to 
the survival analysis, treatment with venetoclax and 

sorafenib as single agents modestly improved the sur-
vival of mice, whereas co-administration of venetoclax 
and sorafenib significantly prolonged animal survival 
(Fig. 6M). The mice with the longest survival time in the 
vehicle, venetoclax, sorafenib, and combination groups 

Fig. 5 Reduction of C/EBPα p42/p30 ratio suppresses BCL2 and induces Venetoclax resistance by up-regulating DDIT3. A Quantitative PCR 
revealed that the mRNA level of CEBPA in AML cell lines was positively correlated with BCL2, but negatively correlated with BCL2L1 and MCL1. B 
The protein levels of BCL2, BCL-XL, and MCL1 in AML cell lines by western immunoblotting analysis. C-D The sensitivity to venetoclax cytotoxicity 
was positively relevant to the mRNA (C) and protein (D) levels of CEBPA in AML cell lines. E The protein level of MCL1 was significantly increased 
in THP-1 cells with CEBPA knockdown. F Compared with the negative control group, THP-1 cells with CEBPA knockdown showed significantly 
decreased apoptosis rate induced by venetoclax (5 μM, 48 h). G-H The protein levels of BCL2 were significantly reduced in NB4 cells (G) and THP-1 
cells (H) with induction of C/EBPα-p30. I Compared with the negative control group, NB4 cells with induction of C/EBPα-p42 showed significantly 
increased apoptosis rate induced by venetoclax (5 μM, 48 h), while cells with induction of C/EBPα-p30 showed significantly decreased apoptosis 
rate. J Compared with the negative control group, THP-1 cells with induction of C/EBPα-p30 showed significantly decreased apoptosis rate induced 
by venetoclax (5 μM, 48 h). Data represent Mean ± SD (n = 3); *P < 0.05; **P < 0.01, ***P < 0.001
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Fig. 6 Activation of DDIT3 expression synergizes with Venetoclax to enhance apoptotic death of BCL2 inhibitor-resistant NB4 cells through MCL1 
inhibition in vitro and in vivo. A The protein levels of DDIT3 were increased in NB4 cells after the treatment of tunicamycin (100 ng/ml, 24 h) 
and sorafenib (3 μM, 24 h). B-C The protein level of MCL1 could be up-regulated by venetoclax, while down-regulated by tunicamycin (B) 
and sorafenib (C). The MCL1 levels of NB4 cells were further decreased by treatment with tunicamycin + venetocalx and sorafenib + venetoclax. 
D Combined treatment with tunicamycin and venetoclax resulted in increased apoptosis/cell death of NB4 cells compared to each drug alone. 
E The combination indexes (CIs) were calculated for each concentration combination of tunicamycin and venetoclax, and the CIs were all 
less than 1, indicating the synergistic effect. F Combined treatment with sorafenib and venetoclax resulted in increased apoptosis/cell death 
of NB4 cells compared to each drug alone. G The CIs were also calculated for each concentration combination of sorafenib and venetoclax, 
and the values were all less than 1. H NB4 cells treated with combination of tunicamycin (100 ng/ml, 24 h) and venetoclax (5 μM, 48 h) had 
a significantly increased proportion of cells in the G0/G1 phase and a significantly decreased proportion of cells in the G2/M phase compared 
to cells treated with a single drug or DMSO. I NB4 cells treated with combination of sorafenib (3 μM, 24 h) and venetoclax (5 μM, 24 h) had 
a significantly increased proportion of cells in the G0/G1 phase and a significantly decreased proportion of cells in the S phase compared to cells 
treated with a single drug or DMSO. J Treatment schedule and experimental set-up. K Quantification of bioluminescence showed the lowest 
tumor load in mice after treatment with venetocalx (100 mg/kg/d) + sorafenib (40 mg/kg/d) on day 7. L During the process of treatment, the group 
with co-administration of venetoclax and sorafenib continuously showed the lowest leukemia load by quantification of bioluminescence, 
and was the only group that showed a significantly decreased AML burden compared to vehicle group on day 14. M Kaplan-Meyer survival curve 
revealed that co-administration of venetoclax and sorafenib substantially prolonged animal survival compared to vehicle group (statistical analysis 
by Log-rank test, P = 0.0063). Data represent Mean ± SD (n = 3); Each animal group included 5 mice; *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001
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died on days 20, 21, 25, and 28, respectively (Fig. 6M). In 
summary, these experiments demonstrated that ER stress 
inducers, including tunicamycin and sorafenib, can help 
AML cells overcome the resistance to venetoclax by inhi-
bition of MCL1 and cell cycle regulation.

Discussion
The C/EBP family of TFs consists of six members—C/
EBPα, C/EBPβ, C/EBPγ, C/EBPδ, C/EBPε and DDIT3 
[36]. Among those, C/EBPα is the founding member ini-
tially characterized in adipogenesis and later found to be 
one of the most essential TFs involving myeloid differen-
tiation [6, 37]. Interestingly, the mutual regulatory effects 
among members are quite common [20–22]. Here, we 
provided further data on the correlation between DDIT3 
and C/EBPα, which are involved in the terminal UPR 
signaling and leukemogenesis respectively, and their piv-
otal role in leukemia prevalence and drug sensitivity.

UPR signaling plays an important role in maintain-
ing the integrity of hematopoietic stem progenitor cells 
(HSPCs). IRE1α-XBP1, an adaptive signaling of the UPR, 
was shown to protect HSCs from ER stress-induced 
apoptosis [17]. IRE1α knockout leads to reduced recon-
stitution of HSCs whereas the activation of the IRE1α-
XBP1 pathway confers HSCs resistance to proteotoxic 
stress and promotes self-renewal [17]. In addition to 
IRE1α-XBP1 axis, PERK-ATF4-DDIT3 axis is another 
UPR pathway. Under mild ER stress conditions such as 
amino acid deprivation, the ATF4 mediated response has 
a cellular protective effect and promotes the persistence 
of HSCs [38]. However, under severe ER stress condi-
tions, sustained activation of the PERK-ATF4 axis leads 
to the expression of pro-apoptotic factor DDIT3 and con-
fers cell sensitivity to ER stress-induced apoptosis [39]. 
Therefore, the regulation of stress-related genes (such 
as DDIT3) can protect HSPCs and progenitor cells from 
protein toxicity stress and improve their reconstruction 
ability [40]. In the present study, we revealed that in nor-
mal myeloid progenitor cells, C/EBPα-p42 directly sup-
presses the DDIT3 promoter. When C/EBPα-p42 is lost 
in myeloid progenitor cells, cell differentiation is blocked 
and the DDIT3 transcript is unsealed to induce terminal 
UPR related cell death. Through the above mechanism, 
CEBPA maintains a steady state between survival, dif-
ferentiation, and apoptosis by controlling the DDIT3 
axis of the UPR, so as to survey the leukemic transfor-
mation of cells with blocked granulocytic differentiation. 
Therefore, the identification of C/EBPα-DDIT3 axis as a 
regulator of UPR signaling during myeloid differentiation 
helps us better understand the physiological mechanisms 
by which HSPCs with CEBPA deficiency avoid leukemia 
transformation.

Leukemic and preleukemic cells always experience 
harsh environmental conditions, including hypoxia 
and nutritional deprivation, owing to their rapid pro-
liferation [41]. Therefore, it is also vital to study the 
regulation of UPR signaling in AML cells. Several stud-
ies have demonstrated that adaptive UPR activation 
mediated by common oncogenic alterations in leuke-
mia can increase the ability of cells to cope with ER 
stress and restore ER homeostasis, including BCR-ABL 
[42], PML-RARα [43], and enhanced MYC, N-Ras, and 
c-Jun activity [41, 44, 45]. Among these, c-Jun directly 
binds to the promoters of key pro-survival UPR effec-
tors XBP1 and ATF4 to activate their transcription 
and allow AML cells to overcome the damage from ER 
stress [44]. N-RasG12D activates IRE1α-XBP1 through 
the MEK-GSK3β pathway to promote survival of HSCs 
under ER stress [17]. Given the dual direction of the 
UPR to either promote cell survival or induce death, 
inhibiting its pro-survival arm and exaggerating its 
pro-apoptotic arm can be employed to target leuke-
mia cells. ER stress induced by tunicamycin strongly 
increases ATO toxicity in acute promyelocytic leu-
kemia cells, even in retinoic acid (RA)-resistant cells 
[46]. The triple combination of RA, tunicamycin, and 
ATO decreases the colony-forming capacity of pri-
mary leukemic blasts bearing the FLT3-ITD mutation, 
leading to AML cell death without affecting healthy 
HSPCs [18]. Here, we found that C/EBPα-p42 and C/
EBPα-p30 regulate DDIT3 in the opposite way. A low 
C/EBPα p42/p30 ratio resulted in direct activation of 
DDIT3 promoter. The increased expression of pro-
apoptotic DDIT3 enhanced the elimination of AML 
cells by terminal UPR under stress conditions. This 
suggests that targeting the vulnerability of this kind 
of AML cells, such as CEBPAbi whose C/EBPα-p42 
is ineffective and C/EBPα-p30 is elevated, in the face 
of ER stress inducers can be a potential therapeutic 
strategy.

DDIT3 actively promotes cell apoptosis by suppressing 
anti-apoptosis gene BCL2 and increasing the expression 
of pro-apoptotic members in the BCL2 family [16, 47]. As 
a key pathway for regulating cell survival, various small 
molecule inhibitors targeting the BCL2 family proteins 
have been developed. Among them, BCL2 inhibitor vene-
toclax, combined with hypomethylating agents, was ini-
tially approved by the U.S. Food and Drug Administration 
(FDA) in November 2018, for the treatment of patients 
with AML who are older or unfit for intensive chemo-
therapy [48]. Despite significantly improved response 
rates over azacitidine alone, many patients are primary 
refractory to venetoclax-based therapy, or relapsed sub-
sequently due to acquired resistance [48–50]. The resist-
ance to BCL2 inhibitors is associated with various factors, 



Page 15 of 18Du et al. J Exp Clin Cancer Res           (2024) 43:79  

including the dependence of AML cells on BCL2 [51], 
cytogenetic abnormalities [49, 52–56], and changes in 
metabolic pathways [57, 58]. Cytogenetic abnormalities 
are often associated with downregulation of BCL2 and 
elevation of other anti-apoptotic proteins such as MCL1 
and BCL-XL. For example, TP53 mutations in AML are 
associated with primary and secondary resistance of 
venetoclax [49, 53]. Through in-depth exploration, it 
has been shown that the inactivation or loss of p53 pro-
tein can lead to reduced BAX/BAK activation, ineffec-
tive MOMP during apoptosis, altered BCL2 expression 
and upregulated MCL1 expression, leading to resistance 
to venetoclax based therapies [59]. In addition, mutations 
in FLT3 [54–56], PTPN11 [52] and KRAS [52] can also 
cause venetoclax resistance by upregulating MCL1 and/or 
BCL-XL. Based on that, combination therapy is a prom-
ising strategy for overcoming venetoclax resistance and 
has achieved significant therapeutic effects in preclinical 
studies [60–63]. According to our findings, reduction of 
C/EBPα p42/p30 ratio in AML cells suppresses BCL2 and 
induces venetoclax resistance by up-regulating DDIT3. 
This reminds us that patients with CEBPAbi may not ben-
efit from venetoclax monotherapy. Due to the high sen-
sitivity of these cells to ER stress-induced apoptosis, we 

hypothesized that targeting terminal UPR could be used 
to overcome resistance to venetoclax and achieve more 
significant antileukemic effect. According to our results, 
ER stress inducers tunicamycin and sorafenib both syn-
ergized with venetoclax to enhance apoptotic death of 
venetoclax-resistant NB4 cells through DDIT3 activation, 
MCL1 inhibition and cell cycle regulation. It is reasonable 
to surmise that the future of venetoclax-based therapy in 
AML lies in the rational combination of different drugs, 
and the combination of venetoclax and ER stress inducers 
may become a promising newcomer.

Conclusions
Collectively, our results identified a critical regulation of 
C/EBPα on the transcription of DDIT3 in AML cells as 
well as normal myeloid progenitor cells and confirmed 
the importance of this regulation in surveillance and 
elimination of AML cells. Moreover, we demonstrated 
that patients with AML having a low C/EBPα p42/p30 
ratio (e.g., CEBPAbi) may not benefit from monotherapy 
with BCL2 inhibitors. This can be resolved by a combi-
nation of ER stress inducers, including tunicamycin and 
sorafenib (Fig. 7).

Fig. 7 Illustration of the mechanism in a schematic format. When abnormalities in the CEBPA gene (e.g., CEBPAbi) in AML cells cause conversion 
of C/EBPα-p42 to C/EBPα-p30 isoforms, excess C/EBPα-p30 reduces the dependence of AML cells on BCL2 and increases their dependence on other 
anti-apoptotic proteins, thereby making them resistant to venetoclax; The combination of ER stress inducers can overcome the resistance of AML 
cells with low C/EBPα p42/p30 ratio to venetoclax through MCL1 inhibition and cell cycle regulation
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DDIT3 in AML cell lines. Supplementary Fig. 3 Flow cytometric analysis 
revealed that compared with the negative control group, THP-1 cells 
with CEBPA knockdown displayed a significantly increased apoptosis rate 
after the treatment with tunicamycin (100 ng/ml, 48 hours). Supplemen‑
tary Fig. 4. Flow cytometric analysis revealed that compared with the 
negative control group, 32Dcl3-shCebpa cells displayed a significantly 
increased apoptosis rate during granulocytic differentiation induced 
by G-CSF (100 ng/ml, 48 hours). Supplementary Fig. 5. The C/EBPα 
p42/p30 ratio was calculated based on the relative optical density. The 
Pearson’s correlation test was applied to determine the correlation of the 
C/EBPα p42/p30 ratio and DDIT3. A negative linear correlation trend was 
observed between the C/EBPα p42/p30 ratio and DDIT3 at the protein 
level. Supplementary Fig. 6. (A) Flow cytometric analysis revealed that 
compared with the negative control group, NB4 cells with the induction 
of C/EBPα-p42 displayed a significantly reduced apoptosis rate after the 
treatment with tunicamycin (100 ng/ml, 48 hours). (B) Flow cytometric 
analysis revealed that compared with the negative control group, THP-1 
cells with the induction of C/EBPα-p30 displayed a significantly increased 
apoptosis rate after the treatment with tunicamycin (100 ng/ml, 48 hours). 
Supplementary Fig. 7. (A) Other four fragments in the promoter region 
of DDIT3 were deleted (schematic diagram). (B) Deletions of other four 
fragments in the promoter region of DDIT3 including Chr12:57521027-
57521326, Chr12:57521327-57521626, Chr12:57521627-57522036 and 
Chr12:57522037-57522236 did not affect the function of both C/EBPα-p42 
and C/EBPα-p30. (C) Schematic diagram of C/EBPα regulating DDIT3 

and outcome of UPR. In CEBPA wild type AML cells, C/EBPα-p42 is the 
dominant isoform and competitively inhibits the function of C/EBPα-p30 
to keep a low basal DDIT3 level. When faced with ER stress, cells tend to 
initiate adaptive UPR, leading to cell survival. As for low p42/p30 ratio 
AML cells, overexpressed C/EBPα-p30 isoform strongly increases the basal 
DDIT3 level. When faced with ER stress, cells tend to initiate terminal UPR, 
leading to cell apoptosis. Supplementary Fig. 8. (A) The RNA-seq data 
from Beat AML project of AML patients was analyzed using cBioPortal 
database. A positive linear correlation was observed between CEBPA and 
BCL2 expression in these cases, and negative linear correlations were 
observed between CEBPA and BCL2L1 and MCL1. (B) The microarray data 
from GEO (GSE38987) (https://www.ncbi.nlm.nih.gov/gds) of AML patients 
was analyzed. A positive linear correlation was observed between CEBPA 
and BCL2 expression in these cases, and negative linear correlations were 
observed between CEBPA and BCL2L1 and MCL1. (C) The Pearson’s correla-
tion test was applied to determine the correlations between the protein 
levels of C/EBPα and BCL2, MCL1, and BCL-XL in AML cell lines. A positive 
linear correlation was observed between C/EBPα and BCL2 expression, 
and negative linear correlations were observed between C/EBPα and BCL-
XL and MCL1. (D) The Pearson’s correlation test was applied to determine 
the correlation between the C/EBPα p42/p30 ratio and BCL2, MCL1, and 
BCL-XL in AML cell lines. Supplementary Fig. 9. Flow cytometric analysis 
of the apoptosis rates of AML cell lines after the treatment of venetoclax 
(5 μM, 48 hours) and sorafenib (3 μM, 48 hours). Supplementary Fig. 10. 
(A) The histogram of the apoptosis rates of AML cell lines after the treat-
ment of venetoclax (5 μM, 48 hours) and sorafenib (3 μM, 48 hours). The 
results of Kasumi-1 were not shown because of a better survival rate was 
detected after venetoclax treatment. (B)-(C) The sensitivity to venetoclax 
cytotoxicity was positively relevant to the mRNA (B) and protein (C) 
levels of BCL2 in AML cell lines. Supplementary Fig. 11. (A) Quantitative 
analysis of protein levels of BCL2, BCL-XL and MCL1 in THP-1 cells with 
CEBPA knockdown. (B) Quantitative analysis of protein levels of BCL2, BCL-
XL and MCL1 in NB4 cells with induction of C/EBPα-p42 and C/EBPα-p30. 
(C) Quantitative analysis of protein levels of BCL2, BCL-XL and MCL1 in 
THP-1 cells with induction of C/EBPα-p30. Supplementary Fig. 12. (A) 
The mRNA levels of DDIT3 were increased in NB4 cells after the treatment 
of tunicamycin (100 ng/ml, 24 hours) and sorafenib (3 μM, 24 hours). (B) 
Quantitative analysis of protein levels of DDIT3 in NB4 cells after the treat-
ment of tunicamycin (100 ng/ml, 24 hours) and sorafenib (3 μM, 24 hours). 
(C) Correlation analysis using the Pearson model revealed that the mRNA 
levels of CEBPA in AML cell lines tended to be negatively correlated with 
tunicamycin (100 ng/ml, 48 hours) and sorafenib (3 μM, 48 hours) induced 
apoptosis rates. Supplementary Fig. 13. (A) Quantitative analysis of 
protein levels of BCL2, BCL-XL and MCL1 in NB4 cells with combined treat-
ment with tunicamycin and venetoclax and each drug alone. (B) Quantita-
tive analysis of protein levels of BCL2, BCL-XL and MCL1 in NB4 cells with 
combined treatment with sorafenib and venetoclax and each drug alone. 
Supplementary Fig. 14. (A) The protein levels of p-ERK in NB4 cells were 
significantly downregulated by treatment with venetoclax+tunicamycin 
and venetoclax+sorafenib. (B) Quantitative analysis of protein levels of 
p-ERK and ERK after the treatment of DMSO, venetoclax, tunicamycin, 
venetoclax+tunicamycin, sorafenib and venetoclax+sorafenib. Supple‑
mentary Fig. 15. (A)-(B) Flow cytometric analysis revealed that combined 
treatment with tunicamycin (100 ng/ml) and venetoclax (5 μM) resulted 
in increased apoptosis/cell death of NB4 cells compared to either drug 
alone (A), and combined treatment with sorafenib (5 μM) and venetoclax 
(5 μM) also resulted in increased apoptosis/cell death compared to either 
drug alone (B). Supplementary Fig. 16. (A) BLI of leukemia growth on 
day 7 and the histogram. (B) BLI of leukemia growth on day 14 and the 
histogram.
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